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Abstract

Background: A variety of public health measures have been implemented during the COVID-19 pandemic in
Canada to reduce contact between individuals. The objective of this study was to provide empirical contact pattern
data to evaluate the impact of public health measures, the degree to which social contacts rebounded to normal
levels, as well as direct public health efforts toward age- and location-specific settings.

Methods: Four population-based cross-sectional surveys were administered to members of a paid panel
representative of Canadian adults by age, gender, official language, and region of residence during May (Survey 1),
July (Survey 2), September (Survey 3), and December (Survey 4) 2020. A total of 4981 (Survey 1), 2493 (Survey 2),
2495 (Survey 3), and 2491 (Survey 4) respondents provided information about the age and setting for each direct
contact made in a 24-h period. Contact matrices were constructed and contacts for those under the age of 18 years
imputed. The next generation matrix approach was used to estimate the reproduction number (R,) for each survey.
Respondents with children under 18 years estimated the number of contacts their children made in school and
extracurricular settings.

Results: Estimated R, values were 049 (95% Cl: 0.29-0.69) for May, 0.48 (95% Cl: 0.29-0.68) for July, 1.06 (95% Cl:
0.63-1.52) for September, and 0.81 (0.47-1.17) for December. The highest proportion of reported contacts occurred
within the home (51.3% in May), in ‘other’ locations (49.2% in July) and at work (66.3 and 65.4% in September and
December). Respondents with children reported an average of 22.7 (95% Cl: 21.1-24.3) (September) and 19.0 (95%
Cl 17.7-204) (December) contacts at school per day per child in attendance.

Conclusion: The skewed distribution of reported contacts toward workplace settings in September and December
combined with the number of reported school-related contacts suggest that these settings represent important
opportunities for transmission emphasizing the need to support and ensure infection control procedures in both
workplaces and schools.
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Introduction

In March, 2020, as transmission of SARS-CoV-2, the
virus that causes Coronavirus Disease 2019 (COVID-19),
was increasing across Canada, provincial and local gov-
ernments implemented a variety of non-pharmaceutical
public health measures [1]. As a main route of transmis-
sion of SARS-CoV-2 is close contact with an infected
individual [2], these restrictions were implemented to re-
duce contact between individuals and included a variety
of physical distancing measures [1]. Canadian modelling
studies have estimated that a 45-60% reduction in
direct, close proximity contacts would be sufficient to
suppress community transmission, reduce the number
of cases of COVID-19, and protect the health care sys-
tem from becoming overwhelmed [3, 4]. However, these
estimates were based on model assumptions regarding
expected changes in contact patterns under physical dis-
tancing measures during the COVID-19 pandemic.

For directly transmitted respiratory pathogens, trans-
mission opportunities exist anywhere individuals can
have direct close proximity contact including house-
holds, workplaces, and schools. Quantifying age-specific
contact patterns improves our understanding of disease
transmission, allows for the estimation of important
epidemic parameters such as the reproduction number
[5, 6], and provides empirical data for use in mathemat-
ical models which typically rely on estimates of contact
patterns that have been collected in previous studies [6].
Further, quantifying changes in contact patterns at
different time points during a pandemic allows us to
evaluate the impact of public health measures, and
identify the degree to which contacts have returned to
pre-pandemic levels, as well as direct improved public
health messaging efforts toward age- and location-
specific settings.

The reproduction number is defined as the average
number of new cases arising from one existing case [7]
and can be estimated from the growth of cases in sur-
veillance data [8, 9] however, due to variations in testing
and contact tracing as well as delays in reporting, case
counts are not always a reliable indication of transmis-
sion. Real-time estimation of the effective reproduction
number (R,) involves examining the ratio of change in
the contact matrix from one generation of infection to
the next [7]. For respiratory infections that are transmit-
ted by direct contact, we can use survey-derived contact
matrices to estimate how changes in contact patterns
(where each contact represents an opportunity for trans-
mission) influence the reproduction number [5, 6]. If the
average number of opportunities for transmission de-
clines by a certain amount, so should the corresponding
value of the reproduction number.

A number of recent studies have examined the effect
of physical distancing measures on risk of SARS-CoV-2
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transmission using empirically collected social contact
data in China [10], Europe [11-13] and the United
States [14] however, there is currently no such data
reported for Canada. The objective of this study is to
provide Canadian-specific data to evaluate the impact of
physical distancing measures on the transmission of
SARS-CoV-2. In doing so, we describe the age-specific
contact patterns derived from survey data at four differ-
ent time points during the COVID-19 pandemic, con-
struct age-specific social contact matrices, and estimate
the reproduction number for each time point.

Methods

Data collection

The study protocol was approved by the University of
Guelph Research Ethics Board (protocol #20-04-011)
and the University of Toronto Research Ethics Board
(protocol #38251). The research company, Dynata
(https://www.dynata.com), was contracted to conduct
four cross-sectional electronic surveys in Canadians over
the age of 18 years from May 7-19 (Survey 1), July 17—
27 (Survey 2), September 21-October 10 (Survey 3), and
December 8-31 (Survey 4). No effort was made to re-
contact previous respondents for each subsequent sur-
vey. A quota sampling design was used to ensure the
sample was representative of the Canadian population.
Quotas for each survey were set for age, gender, official
language and geographic region (i.e., Atlantic, Quebec,
Ontario, and West) based on 2016 Canadian Census
data [15]. Participants were recruited from a panel of
survey respondents and paid a nominal amount for com-
pleting the survey. Panelists who logged into their
Dynata account during the study period were directed to
the survey if they fit the quotas being targeted. Enroll-
ment into the survey within each stratum was on a first-
come, first-served basis. Survey responses were excluded
from analysis if the survey was completed in less than
one-third of the estimated completion time, if the re-
spondent reported their age as less than 18 years, or if
the survey was discontinued for exceeding the age, gen-
der, or region quotas. Responses with duplicated entries
for gender, age, postal code, date, and contact names
were considered duplicate responses and removed from
the dataset.

The survey instrument was adapted from the POLY-
MOD UK [6] and CoMix UK surveys [11]. Respondents
provided information about their age, gender, province
of residence, and household composition and were then
asked to record all direct contacts made between 5am
on the day preceding the survey and 5 am the day of sur-
vey completion including members of their household.
A direct contact was defined as anyone who was met in
person and with whom a short conversation occurred,
or anyone with whom the respondent had physical
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contact [6, 11]. For each contact identified, respondents
recorded the age of the contact and the setting in which
the contact occurred. The survey instrument is available
in the Additional file 1. As the contact diaries excluded
people under the age of 18 years and with schools across
the country reopening in September 2020, additional
questions were added to Surveys 3 and 4. Respondents
with children under 18 were asked whether any of the
children in their household had attended school, taken
the school bus, attended before/after school care, or par-
ticipated in extracurricular activities in the 7 days prior
to survey completion. Respondents were then asked to
estimate the number of contacts each of their children
had in each of these settings.

Given that schools had reopened, and many people
were no longer working remotely by the time Survey 3
was deployed (September, 2020), respondents were also
asked to identify whether their occupation required dir-
ect contact with more than 20 people during a typical
work day. Respondents in these “high contact” occupa-
tions were asked to estimate the number of people in
each age category with whom they would have contact
at work on a typical work day. The number of reported
contacts in Surveys 3 and 4 was truncated at 75 per
respondent.

Data analysis

Respondents and contacts were categorized into age
groups as follows: 18—29 years, 30—39 years, 40—49 years,
50-59 years, 60—69 years, and over 70years. To ensure
the sample was generally representative of the Canadian
population, age, gender, region of residence, and house-
hold size of survey respondents were compared with the
2016 Canadian Census [16, 17]. Post-stratification weights
were then calculated based on age and household size
within Canadian region (Atlantic, Quebec, Ontario, West)
using data from the 2016 Canadian census [16, 17].

The average number of contacts per respondent was
calculated and stratified by age group, gender, household
size, region of residence, and whether the contact diary
was completed for a weekday or weekend day. The aver-
age number of contacts for each survey time period was
compared to the POLYMOD UK study [6], which repre-
sents pre-pandemic contacts, by calculating the percent
reduction from the mean number of contacts reported
in POLYMOD.

Contact matrices were constructed for the age-specific
mean number of contacts per 24-h period, adjusting for
the age distribution in the Canadian population and
reciprocity of contacts using the SocialMixr package in
R [18]. The 2016 Canadian census was used to correct
for the probability of contact within the population [17].
Missing contact age was sampled from other partici-
pants’ contacts within the same age group.
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To provide a full contact matrix with which to esti-
mate R, contacts for the 0—4 and 5-17 year age groups
were imputed using a scaled version of the POLYMOD
UK [6] data by multiplying the number of contacts in
corresponding age groups from the POLYMOD UK [6]
study by the ratio of the dominant eigenvalues of the
POLYMOD UK and the observed matrices for all age
groups surveyed in both studies, stratified by location of
contact [11, 19]. As schools were closed during the data
collection periods in Surveys 1 and 2, school contacts
were removed from the POLYMOD UK [6] data for the
analysis of these two surveys only.

Proportions were calculated for those who reported
that at least one of the children in their household par-
ticipated in school-based or extracurricular activities.
The average number of contacts was calculated per child
in different settings per day (school, aftercare, bus) or
per week (extracurricular) among respondents reporting
participation in these activities. These estimates were
not included in the contact matrices.

The next generation matrix approach was used to esti-
mate changes in the reproduction number (Ry) [7]. The
reproduction number was estimated by multiplying R,
prior to physical distancing interventions by the ratio of
the dominant eigenvalues of the POLYMOD UK [6] and
observed contact matrices under the assumptions of the
social contact theory that the transmission rate is pro-
portional to rate of social contacts [5, 20]. A meta-
analysis reported that, prior to interventions, R, followed
a normal distribution with a mean of 2.6 and standard
deviation of 0.54 [11].

To account for sampling variability and assess uncer-
tainty, 10,000 bootstrapped samples were generated from
each of the POLYMOD UK [6] and Survey 1-4 contact
matrices. The ratio between the dominant eigenvalues
were calculated for each bootstrapped sample of the
POLYMOD UK [6] and each of the observed matrices
providing a distribution of the relative change in R; from
the observed matrices and POLYMOD UK matrices [6].
This distribution was scaled with the distribution of
bootstrap samples to estimate R, under physical distan-
cing measures at each of the four survey time points.

The emergence of SARS-CoV-2 variants with in-
creased transmissibility has the potential to require more
stringent public health measures [21]. To assess the the-
oretical impact of a more transmissible variant of SARS-
CoV-2, each of the scaled estimates of R, were multi-
plied by a factor of 1.56 to provide a distribution of R;
estimates consistent with a 56% increase in transmissi-
bility [21].

The sensitivity of the estimates of R, to changes in
child-related contacts was assessed using previously pub-
lished methods [11, 19]. As contact diary data were col-
lected from adults only, there is uncertainty about the
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average number of child-to-child and child-to-adult con-
tacts under COVID-19 public health measures. To esti-
mate the impact of varying the levels of child-related
contacts on the estimates of R, the procedure to
estimate R, was repeated for each Survey (1-4) with a re-
duction of 20, 35, 50, 65, and 80% of contacts from the
POLYMOD UK study [6] for the 5-17 year age group.

All data were analysed using RStudio Version 1.2.5033
[22]. The code is based on the SocialMixr package [18]
as well as on the work of Jarvis et al. [11]. Funding to
support data collection was provided by the Public
Health Agency of Canada (PHAC), The National Collab-
orating Centre for Infectious Diseases (NCCID), and the
University of Guelph. The funders had no role in study
design, data collection and analysis, decision to publish
or preparation of the manuscript.

Results

We aimed to collect data from 5000 Canadians in Survey
1 (May) and 2500 Canadians in each of Surveys 2-4
(July, September, December). A total of 9120 survey re-
sponses were received for Survey 1, 4939 for Survey 2,
5310 for Survey 3, and 9599 for Survey 4. Respondents
that completed the entire survey and were not screened
out for any reason were included in the final sample
resulting in 4981 responses for Survey 1, 2493 responses
for Survey 2, 2495 responses for Survey 3, and 2491 re-
sponses for Survey 4. A summary of the exclusion
process is shown in Additional file 1 Fig. Al.

The proportion of respondents living in each re-
gion, the male to female ratio, and the proportion of
respondents in each age category were comparable
to the 2016 Canadian Census of the population
(Additional file 1 Table Al).

Contact patterns

Descriptive statistics of reported contacts are included
in Additional file 1 Table A2. Data were analyzed for
11,019 reported contacts in Survey 1, 5608 in Survey
2, 12,289 in Survey 3, and 9703 in Survey 4 with an
average number of 2.21, 2.17, 4.76, and 3.89 contacts,
respectively (Table 1). These represent average reduc-
tions of 79.5, 79.9, 55.9, and 64.0% for Surveys 1, 2,
3, and 4, in the number of contacts compared with
pre-pandemic data from POLYMOD UK [6]. The re-
duction in contacts was consistent across age groups
in Surveys 1 and 2 however, the reduction in contacts
was lower in younger age groups in Survey 3 and
more variable by age in Survey 4.

The age-specific contact matrices with imputed
data for people younger than 18 years for each time
point also reflect these reductions in the average
number of contacts (Fig. 1).
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Estimates of R

The estimated R, values were 0.49 (95% Confidence
Interval [CI]: 0.29-0.69) for Survey 1 (May), 0.48 (95%
CIL: 0.29-0.68) for Survey 2 (July), 1.06 (95% CIL: 0.63—
1.52) for Survey 3 (September), and 0.81 (0.47-1.17) for
Survey 4 (December) (Fig. 2). The estimated R, values
based on a theoretical increase in transmissibility due to
the emergence of a VOC as the dominant virus strain
were 0.76 (95% CI: 0.45-1.08), 0.75 (95% CI: 0.45-1.06),
1.66 (95% CI: 0.98-2.38), and 1.26 (95% CI: 0.74—1.82)
for Surveys 1-4.

The sensitivity analysis assessing the impact of redu-
cing the number of child-related contacts by each of 20,
35, 50, 65, and 80% compared with the POLYMOD UK
study [6] on estimates of R; resulted in estimates that
were similar across the different number of assumed
child-related contacts at each time point (Additional
file 1 Fig. A2).

The proportion of reported contacts by setting chan-
ged over the course of the study (Table 2). Respondents
in Survey 1 reported the highest proportion of their con-
tacts to have occurred within their home (51.3%) while
those in Survey 2 reported the highest proportion of
contacts to have occurred in ‘other’ locations such as
others’ homes and community places (49.2%). Respon-
dents in Surveys 3 and 4 reported the majority of con-
tacts having occurred at work (66.3 and 65.4%,
respectively). School contacts were largely absent from
the data in all waves of the survey because contact diar-
ies were not collected from those under the age of 18
years and most Canadian universities had transitioned to
primarily remote learning for the 2020/2021 academic
year.

Figure 3 represents the average number of age-specific
contacts at each time point stratified by setting in which
the contact occurred. Contacts made in the respondents’
home, at school (i.e., students), and in other locations
are similar across the four surveys. While the average
number of workplace contacts were similar in Surveys 1
and 2, reported contacts in the workplace were notably
higher in Surveys 3 and 4 (Fig. 3).

A total of 688 (27.6%) respondents in Survey 3 and
640 (25.7%) respondents in Survey 4 reported at least
one child under the age of 18 years living in their house-
hold. Of these respondents, 66.6% (95% CI: 62.9-70.0)
(Survey 3) and 62.0% (95% CI 58.2-65.7) (Survey 4)
reported at least one of the children in their household
either participated in school-based or extracurricular ac-
tivities in the 7 days prior to survey completion (Fig. 4A).
Respondents reported an average of 22.7 (95% CI: 21.1-
24.3) (Survey 3) and 19.0 (95% CI 17.7-20.4) (Survey 4)
contacts at school per day per child in attendance. For
children participating in extracurricular activities, the
average number of contacts reported during these
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Fig. 1 Comparison of Survey 1 (May 2020), Survey 2 (July 2020), Survey 3 (September 2020), Survey 4 (December 2020), and POLYMOD UK [6]
(pre-pandemic) contact matrices. Contact matrices show the average total number of daily reported contacts by respondents in different age
groups with individuals in other age groups. Child-child and child-to-adult contacts were imputed for participant age groups younger than 18
years. The number of contacts in Surveys 3 (September) and 4 (December) were truncated at 75 contacts per respondent. Data were weighted
on age and household size. The 2016 Canadian census was used for demographics to correct for probability of contact within the population.
Missing contact age was sampled from age-matched participants’ contacts

activities was 18.3 (95% CI: 15.2-21.5) per week in
Survey 3 and 11.2 (95% CI 8.80-13.6) per week in
Survey 4 (Fig. 4B).

Discussion

A summary of selected Canadian public health restrictions
at each survey timepoint is included in Additional file 1
Table A3 [23]. Briefly, Canadian public health measures
were most restrictive in May 2020 with continued closures
of schools, universities, indoor dining and recreation.
Some daycares and non-essential businesses were just be-
ginning to reopen with limited capacity and private indoor
gatherings were limited to 10 or fewer people. With the

exception of schools and universities, July 2020 saw
relaxing of restrictions and continued reopening of non-
essential services. Elementary and secondary schools reo-
pened for in-person learning in September 2020 and most
non-essential businesses were able to reopen with some
restrictions in place. By December 2020, increasing epi-
demic growth resulted in increasing regional restrictions
and closures of non-essential businesses, indoor dining
and recreation as well as a movement to remote learning
for elementary and secondary students in some regions.
Consistent with the public health restrictions at each
survey time point, this analysis provides evidence that, in
May and July (Surveys 1 and 2), Canadians were having

Survey 1 (May) Survey 2 (July)

=

\ \
\

Survey 3 (Sept) Survey 4 (Dec)
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Fig. 2 Estimated distributions of R, for May, July, September, and December 2020 assuming a baseline normal distribution of R, with mean =26
and SD = 0.54 prior to physical distancing measures. The dotted line represents a theoretical 56% increase in transmissibility with the variant of
concern VOC 202012/01 as the dominant strain [21]
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Table 2 Proportion of reported contacts stratified by setting for each survey timepoint

Survey 1 (May) Survey 2 (July) Survey 3 (September) Survey 4 (December)
n =11,019 contacts n =5608 contacts n =12,289 contacts n =9703 contacts
Home 5649 (51.3%) 1951 (34.8%) 1614 (13.1%) 1384 (14.3%)
Workplace 1742 (15.8%) 855 (15.2%) 8145 (66.3%) 6350 (65.4%)
School 52 (047%) 42 (0.75%) 140 (1.14%) 73 (0.75%)
Other locations 3576 (32.5%) 2760 (49.2%) 2390 (19.4%) 1896 (19.5%)

Table legend: The total number of contacts per respondent was truncated at 75 for survey Surveys 3 and 4. Results are reported as number of contacts
within a 24-h period (%)
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few contacts sufficient to maintain the reproduction
number well below 1, suppressing community transmis-
sion of SARS-CoV-2. The average number of contacts
reported by respondents in Survey 3 (September 2020),
while still more than 55% lower than those reported in
the pre-pandemic POLYMOD UK study [6], had in-
creased sufficiently to raise the reproduction number
above 1 supporting a resurgence of cases of COVID-19.
The contact patterns reported in Survey 4 (December
2020) likely reflect individual- and public health-level re-
sponse to the epidemic growth occurring during this
time period [24]. The estimated R, values for the May,
July, December surveys were lower than reproduction
numbers calculated using reported Canadian case data
recognizing the incubation period of the virus and report-
ing delays [24, 25] suggesting that the POLYMOD study
[6] represents an overestimate of the number of pre-
pandemic contacts in Canada. Indeed, while there are no
published pre-pandemic contact data for Canada, a syn-
thetic pre-pandemic contact matrix for Canada suggests
that POLYMOD UK overestimates Canadian pre-
pandemic contacts in many age groups [26].

According to recent modelling studies, the reduction
in the average number of contacts required to suppress
transmission of SARS-CoV-2 ranged from 45 to 60%
[3, 4, 27] in comparison with study assumptions alone
or with POLYMOD UK data [6], respectively. The
current analysis implies epidemic growth was occur-
ring at 55% reduction in contacts, providing empirical

evidence that the reduction in contacts required to
suppress a resurgence in cases is at the higher end of
the spectrum of previously published estimates. Other
studies of contact patterns during the COVID-19
pandemic have found that a 62-82% reduction in
contacts resulted in R; values below 1 [11, 14, 28]
while others have found that 67-74% reduction in
contacts resulted in R, values greater than 1 [12, 14].
It must be noted that changes in R, are not solely a
result of changes in contact patterns but are also in-
fluenced by factors such as travel restrictions, in-
creased use of face masks, and increased distancing
when in public places [13].

The emergence of genetic variants of SARS-CoV-2
that are more easily transmitted has the potential to im-
pact our ability to control epidemic growth. The theoret-
ical estimates of R, based on 56% higher transmissibility
of the virus [21] suggest that while control measures
resulting in contact patterns seen in Surveys 1 and 2
(May and July) are likely to be enough to suppress trans-
mission, those seen in Surveys 3 and 4 (September and
December) are unlikely to be sufficient to maintain R
below 1 should these variants become dominant in
Canada.

At the time Surveys 1 and 2 were deployed in May
and July 2020, public health restrictions were beginning
to be lifted and non-essential businesses and workplaces
were beginning to open however, schools and daycares
remained closed across the country. These restrictions
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are reflected in the contact matrices and associated R
values in this analysis demonstrating that physical
distancing was similar at the two time points. At the
time of Surveys 3 and 4, daycares and schools had also
reopened with the associated increase in teachers, bus
drivers, and other high contact occupations returning to
work. The results of our analysis are consistent with this
as the higher number of contacts reported in Surveys 3
and 4 was driven by increases in contacts in the work-
place rather than increases in contacts in social and
other settings.

Expected increases in school contacts were not cap-
tured in this study because of the age range of respon-
dents and the fact that many colleges and universities
offered mainly remote learning opportunities at the time
of the study. However, the data presented demonstrate
that children are having many contacts associated with
school-based and extracurricular activities. Given that
large proportions of identified SARS-CoV-2 infections in
children have been asymptomatic [29], these child-
related contacts may represent important and over-
looked opportunities for transmission. Whereas private
social gatherings often bear the weight of blame for the
second wave of COVID-19 cases the findings from this
study suggest that contacts made during the course of
the work/school day represent important opportunities
for transmission. This highlights the importance of
developing and enforcing stringent infection prevention
and control practices in these settings.

Limitations

The inherent risk in all surveys of being unrepresentative
of the target population may have been amplified by the
online nature of the survey which limited participation
to those who use the Internet. Self-reporting of behav-
iours introduced the potential for recall and response
bias. Social desirability bias carries with it the risk of
underestimating the true number of total contacts as
well as contacts in socially undesirable settings. These
data provide no information about mitigation measures
such as mask use associated with each contact. The re-
sults provide evidence that the POLYMOD UK [6] study
is an imperfect representation of contact patterns in the
Canadian population, however in the absence of
published pre-pandemic contact data for Canada, it is a
commonly used comparator. Finally, this analysis is
based on contacts across Canada and does not account
for any geographic variation in the number of contacts
across regions potentially masking local differences.

Conclusion

In this paper, we have quantified the effect of reducing
social contact numbers on the reproduction number of
COVID-19. The skewed distribution of reported
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contacts toward workplace settings in Surveys 3 and 4
combined with the large numbers of reported school-
related contacts provides evidence that these settings
represent important opportunities for transmission.
While transmission opportunities exist in many different
settings, these data emphasize the need to support and
ensure evidence-based infection prevention and control
procedures in both workplaces and schools.
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