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Abstract

Background: Population-based cross-
sectional serosurveys within the Lower
Mainland, British Columbia, Canada,
showed about 10%, 40% and 60% of resi-
dents were infected with SARS-CoV-2 by
the sixth (September 2021), seventh
(March 2022) and eighth (July 2022) sero-
surveys. We conducted the ninth (Decem-
ber 2022) and tenth (July 2023) serosur-
veys and sought to assess risk of severe
outcomes from a first-ever SARS-CoV-2
infection during intersurvey periods.

Methods: Using increments in cumula-
tive infection-induced seroprevalence,
population census, discharge abstract
and vital statistics data sets, we estimated
infection hospitalization and fatality
ratios (IHRs and IFRs) by age and sex for
the sixth to seventh (Delta/Omicron-BA.1),
seventh to eighth (Omicron-BA.2/BA.5)
and eighth to ninth (Omicron-BA.5/BQ.1)
intersurvey periods. As derived, IHR and
IFR estimates represent the risk of severe

outcome from a first-ever SARS-CoV-2
infection acquired during the specified
intersurvey period.

Results: The cumulative infection-
induced seroprevalence was 74% by
December 2022 and 79% by July 2023,
exceeding 80% among adults younger
than 50 years but remaining less than
60% among those aged 80 years and
older. Period-specific IHR and IFR esti-
mates were consistently less than 0.3%
and 0.1% overall. By age group, IHR and
IFR estimates were less than 1.0% and
up to 0.1%, respectively, except among
adults aged 70-79 years during the
sixth to seventh intersurvey period (IHR
3.3% and IFR 1.0%) and among those
aged 80 years and older during all per-
iods (IHR 4.7%, 2.2% and 3.5%; IFR
3.3%, 0.6% and 1.3% during the sixth to
seventh, seventh to eighth and eighth
to ninth periods, respectively). The risk
of severe outcome followed a J-shaped

age pattern. During the eighth to ninth
period, we estimated about 1 hospital
admission for COVID-19 per 300 newly
infected children younger than 5 years
versus about 1 per 30 newly infected
adults aged 80 years and older, with no
deaths from COVID-19 among children
but about 1 death per 80 newly infected
adults aged 80 years and older during
that period.

Interpretation: By July 2023, we esti-
mated about 80% of residents in the
Lower Mainland, BC, had been infected
with SARS-CoV-2 overall, with low risk of
hospital admission or death; about 40%
of the oldest adults, however, remained
uninfected and at highest risk of a severe
outcome. First infections among older
adults may still contribute substantial
burden from COVID-19, reinforcing the
need to continue to prioritize this age
group for vaccination and to consider
them in health care system planning.

Accumulating evidence indicates that people with a history of
both vaccination against SARS-CoV-2 and SARS-CoV-2 infection
are at lower risk of severe outcomes from COVID-19 than those
with neither or either exposure alone.’® Even in the context of
high vaccine coverage, understanding the residual fraction by age
that remains uninfected is important to ongoing risk assessment.
Early in the pandemic, older age and male sex were identified as

independent predictors of severe COVID-19,%® but surveillance-
based estimates of per case risk of hospital admission or fatality
may be skewed by differential health care-seeking behaviours,
testing and case finding. Seroprevalence estimates enable better
capture and quantification of infections,® but their interpretation
and generalizability depend on the source population (e.g.,
blood donors, prenatal screening), which can sometimes exclude
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relevant groups of the population (e.g., young children, older
adults, males).

Between March 2020 and August 2022, the British Columbia
Centre for Disease Control (BCCDC) conducted 8 cross-sectional,
population-based SARS-CoV-2 serosurveys using a longstanding
protocol that was first developed for emerging and pandemic
influenza risk assessment.®*> Sampling included people of both
sexes and all age groups (< 5 yr to > 80 yr) residing in the Lower
Mainland, BC. By the sixth (September 2021, mid-Delta wave),
seventh (March 2022, following the winter 2021-2022 Omicron
epidemic) and eighth (July 2022, Omicron) serosurveys, about
10%, 40% and 60%, respectively, had serological evidence of
SARS-CoV-2 infection (Figure 1 and Appendix 1, Supplementary
Figure 1, available at www.cmaj.ca/lookup/doi/10.1503/
cmaj.230721/tab-related-content).>*%17 Although at least 70% of
children and young adults had been infected by the end of the
8 serosurveys, more than half of adults older than 60 years
remained uninfected.® To understand subsequent changes in

infection-induced seroprevalence, notably among older adults,
we conducted ninth and tenth serosurveys in December 2022
and July 2023, respectively. Using data on cumulative infection-
induced seroprevalence, population census and severe out-
comes, we sought to estimate age- and sex-specific hospitaliza-
tion and fatality ratios (IHRs and IFRs) of first-ever SARS-CoV-2
infection during specified intersurvey periods.

Methods

Study design and sampling

Figure 1 shows the timing of all serosurveys, overlaid on surveillance
case reports of SARS-CoV-2 infections (confirmed by nucleic acid
amplification test [NAAT]).>**1" Table 1 provides details pertaining to
the sixth to tenth serosurveys that we used in the current analyses.
The source population was patients presenting for bloodwork to a
LifeLabs diagnostic service centre, the only outpatient laboratory
network serving residents of the Lower Mainland, which includes the
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Figure 1: Provincial surveillance case reports by epidemiological week and timing of serosurveys, British Columbia, Canada, January 2020 (epidemiological
week 3) to August 2023 (epidemiological week 32). Weekly surveillance case reports of SARS-CoV-2 infections confirmed by nucleic acid amplification test
(NAAT) were reported to the British Columbia Centre for Disease Control (BCCDC) from the Fraser Health Authority (HA) and Vancouver Coastal HA in the
Lower Mainland, as well as other provincial HAs (combined).’” Case tallies are grouped by epidemiological week (7-d period) as per standard surveillance
methods for comparing data by period from year to year. Serosurveys exclude those identified as assisted living, independent living or long-term care facil-
ity residents but provincial case tallies do not apply those exclusions. Epidemic waves are indicated with the predominant variant of concern (VOC).1®
Changes in publicly funded access to NAATs or rapid antigen tests (RATs) are displayed below the x-axis.’
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Fraser and Vancouver Coastal Health Authorities.® Under legal order
of the Provincial Health Officer (B.H.), LifeLabs provided BCCDC inves-
tigators with a convenience sample of 2000 anonymized, residual
sera from Lower Mainland residents collected during the designated
serosurvey period, including 200 samples per age group (0-4 yr, 5-9
yr and by 10-yr category through = 80 yr), with equal numbers by sex.
Specimens collected for SARS-CoV-2 testing and those from long-
term care, assisted living or prison residents were excluded. Stored
residual sera collected during the designated serosurvey period were
pulled concurrently and consecutively by the LifeLabs central pro-
cessing centre until age- and sex-specific quotas were met.

Seroprevalence estimation

Detection of SARS-CoV-2 antibody was based on commercial chemi-
luminescent immunoassays to detect anti-spike (S1) or anti-
nucleocapsid (NP) antibody (Table 1).%'8% In a previous publication of
the sixth to eighth serosurveys, we applied 3 chemiluminescent
immunoassays per serosurvey and defined seroprevalence by dual-
assay positivity, interpreted orthogonally.® Orthogonal approaches
were initially required in the context of low seroprevalence to address

specificity issues (i.e., to minimize false positives); those concerns are
less important in the context of high seroprevalence.?-26 We therefore
used nonorthogonal testing for the ninth and tenth serosurveys and,
for consistency, similarly reanalyzed findings from the sixth to eighth
serosurveys. We used the findings of 2 chemiluminescent immunoas-
says per serosurvey, omitting findings of the third (anti-S1) assay pre-
viously applied during sixth to eighth serosurveys (Table 1).° We
defined infection-induced seropositivity by detection of anti-NP. We
defined any seropositivity (vaccine- or infection-induced) by detec-
tion of anti-NP, anti-S1 or both (Table 1). We estimated seropreva-
lence with 95% credible intervals (Crls) by Bayesian analysis, adjust-
ing for age, sex and health authority, with median summaries of the
posterior presented (rather than the mean, as in our previous publica-
tion) to address the potential for extreme values (Appendix 1, Supple-
mentary Material 1).%2%-3!

Age- and period-specific risks of severe outcomes

As detailed in Appendix 1, Supplementary Material 1, we estimated
the number of first SARS-CoV-2 infections based on the intersurvey
difference in cumulative infection-induced seroprevalence,

Table 1: Timing of SARS-CoV-2 serosurveys contributing to cumulative and period-specific seroprevalence estimation, Lower

Mainland, British Columbia, Canada

Date range
Serosurvey (epidemiological
number weeks) Applied CLIA*11§9
6 Sept. 26-0ct. 8, 2021 Ortho (S1)
(39-40) and Roche (NP)
7 March 13-24, 2022 Ortho (S1)
(11-12) and Roche (NP)
8 July 31-Aug. 11, 2022 Abbott (S1 RBD)
(31-32) and Roche (NP)
9 December 4-15, 2022 Abbott (S1 RBD)
(49-50) and Roche (NP)
10 July 16-25, 2023 Abbott (S1 RBD)
(29-30) and Roche (NP)

Intersurvey
Predominant
variants
Period Date range** of concerntt

Not applicable Not applicable Not applicable

Sixth to seventh Sept. 26,2021-Mar. 12,2022 Delta

(epi-weeks 39-10) and Omicron BA.1

Seventh to Mar. 13, 2022-July 30, 2022 Omicron BA.2
eighth (epi-weeks 11-30) and BA.5
Eighth to ninth July 31, 2022-Dec. 3, 2022 Omicron BA.5

(epi-weeks 31-48)

Dec. 4,2022-July 15,2023
(epi-weeks 49-28)

and BQ.1/BQ.1.1

Omicron BQ.1.1
and XBB

Ninth to tentht1

Note: CLIA = chemiluminescent immunoassay, NP = nucleocapsid protein, RBD = receptor-binding domain, S1 = spike 1 protein.

*All commercial CLIAs that were used were approved by Health Canada with assay characteristics as previously reported.®!#-2 For all serosurveys, detection of anti-NP
indicates infection-induced antibody as no vaccines used in Canada contain NP antigen. Any (vaccine- or infection-induced) seroprevalence is defined by detection of
anti-S1 or anti-S1-RBD (depending on the serosurvey), with or without detection of anti-NP. Seroprevalence estimates for the sixth to eighth serosurveys were previously
published based on orthogonal interpretation of positivity on at least 2 assays.® Estimates presented here for sixth to tenth serosurveys are instead based on

nonorthogonal interpretation, including re-analysis of sixth to eigth serosurveys.

tWhereas the Siemens CLIA (total S1 RBD antibody) was previously also used as a third assay in the orthogonal interpretation of sixth to eighth serosurvey findings,#192
the Siemens assay findings were omitted for consistency in reanalysis based on nonorthogonal interpretation of sixth to eighth serosurvey findings here, taking into account
the Siemens assay availability for subsequent serosurveys and that infection-induced seroprevalence defined by anti-NP detection was of prime consideration, regardless.
1Ortho assay detects total antibody (immunoglobulin [Ig] A, IgG and IgM) to recombinant S1 using the Vitros XT 7600 analyzer (Ortho-Clinical Diagnostics). Sample signal
was divided by calibrator signal, with resultant signal to cut-off (S/C) ratios of < 1.00 and = 1.00 considered negative or positive, respectively.®:81922

§Roche assay detects total antibody (IgA, 1gG and IgM) to NP using the Roche cobas e601 analyzer (Roche Diagnostics Gmbh), with S/C ratios < 1.00 and = 1.00 considered
negative or positive, respectively.>181%2
YAbbott assay detects IgG to the S1 receptor binding domain (S1 RBD) using the ARCHITECT i2000SR analyzer (Abbott Laboratories, Diagnostic Division), with S/C ratios of
<50.00 and = 50.00 considered negative or positive, respectively.®1819:24
**Date of intersurvey period for purpose of tallying severe outcomes corresponds approximately with intersurvey period for estimated number of infections defined from
the beginning of 1 serosurvey to the end of the complete epidemiological week of a referent date 2 weeks before last specimen collection date of the next serosurvey. For
example, for the eighth to ninth period, the referent date would be Dec. 1, 2022 (i.e., 14 d before last collection date of Dec. 15), which falls within epidemiological week
48, ending Dec. 3, 2022. Severe outcomes are therefore tallied from the start of epidemiological week 31 to the end of epidemiological week 48.

1 See Appendix 1, Supplementary Figure 1.%1617
T¥At the time of publication, severe outcome tallies for the ninth to tenth intersurvey period were incomplete, precluding derivation of severe outcome risks for that

period.
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representing the fraction of the whole population acquiring a first-
ever infection during the specified intersurvey period. We simu-
lated first infection risks from a binomial distribution by age, sex,
health authority and intersurvey period, with Bayesian-adjusted
median estimates applied to 2022 estimates of the Lower Main-
land population to generate the number of first infections.3 We
censored negative intersurvey risks of first infection as implaus-
ible. We aggregated results by age and period, and to further
explore risk estimates by sex, we aggregated at the level of age,
sex and period.

The severe outcomes we studied were hospital admissions
for COVID-19 and deaths from COVID-19. We tallied severe out-
comes across intersurvey periods, which spanned the period
from the beginning of 1 serosurvey to the end of the complete
epidemiological week of a referent date 2 weeks before the last
serum collection date of the next serosurvey, accounting for the
typical 10-14-day span of serum collection and comparable lag
to antibody development (Table 1).° We extracted data on
severe outcomes from the BC COVID-19 Cohort (BCC19C), a pub-
lic health surveillance platform that integrates various adminis-
trative data sets, including the discharge abstract database
(DAD) for hospital admissions,* the provincial vital statistics
database for deaths* and the BCCDC integrated COVID-19 case
surveillance data for notifiable (NAAT-confirmed) case reports
(Appendix 1, Supplementary Table 1). We extracted all data on
Aug. 24, 2023. We could not estimate IHR and IFR for the ninth to
tenth intersurvey period because of incomplete data on hospital
admissions and deaths.

We restricted hospital admissions for COVID-19 in the BCC19C
to acute care admissions among Lower Mainland residents for
whom the main DAD diagnostic field was specified as codes
U07.1 or U07.3 (i.e., due to virologically confirmed COVID-19 or
multi-inflammatory syndrome), from the Canadian version of the
International Classification of Diseases and Related Health Prob-
lems, 10th Revision (ICD-10-CA); we similarly restricted deaths by
underlying cause in the vital statistics data set.**-* To correspond
with the denominator of first-ever infections, we excluded people
admitted to hospital for COVID-19 with codes U07.1 or U07.3in a
previous DAD record since Jan. 1, 2020, or who had a NAAT-
positive specimen collected 90 days or more before admission or
death (potential reinfections) identified through patient master
key linkage with the BCC19C’s integrated case surveillance data
set (Appendix 1, Supplementary Table 1).

We derived period-specific IHR and IFR percentages with 95%
Crls by age group and sex as the tally of hospital admissions and
deaths because of COVID-19 divided by SARS-CoV-2 infections. As
derived, IHR and IFR estimates represent the risk of severe out-
comes from a first-ever SARS-CoV-2 infection acquired during the
specified intersurvey period. In addition to the sampled age
groups, we explored other categorizations; we omitted infants
younger than 1 year (considering maternal antibody) and sub-
stratified adults aged 60-69 years as 60-64 years and 65-69 years,
given that Canadian vaccine recommendations emphasize people
aged 65 years and older.* We also explored the effect of not cen-
soring negative infection likelihoods, and of not excluding hospi-
tal admissions or deaths that may have been reinfections.

Ethics approval

The study was approved by the University of British Columbia Clin-
ical Research Ethic Board (H20-00653). Analyses of severe out-
comes were undertaken under the BCCDC population health sur-
veillance and risk assessment mandate, with review waiver
provided by the University of British Columbia Clinical Research
Ethic Board.

Results

Population and participant profiles

We describe provincial vaccine availability, deployment and
coverage in Appendix 1, Supplementary Material 2.° Overall, 1-
and 2-dose vaccine coverage was already high by the sixth sero-
survey at about 80% and 75%, respectively. This varied by age,
with more than 95% of adults aged 70 years and older vac-
cinated twice.

Of 2000 participant serum samples collected during each of
the ninth (December 2022) and tenth (July 2023) serosurveys,
1374 (69%) and 1332 (67%), respectively, were from Fraser
Health Authority residents, which is comparable to previous
serosurveys,® the distribution within the Lower Mainland
source population (61%)3% and reported cases of NAAT-
confirmed SARS-CoV-2 infection within surveillance data
(68%).1" Participant median age (39.5 yr) and sex (50% female)
were also representative of the Lower Mainland source popula-
tion (Table 2 and Appendix 1, Supplementary Table 5 and Sup-
plementary Table 6).%3?

Cumulative seroprevalence estimates

We show crude tallies and cumulative seroprevalence esti-
mates based on nonorthogonal analysis of the sixth to tenth
serosurveys in Appendix 1, Supplementary Table 7. Com-
pared with previous orthogonal analysis,® the absolute dif-
ference in overall and age-specific Bayesian-adjusted esti-
mates of cumulative infection-induced seroprevalence was
less than 2% absolute, with most differing less than 0.5%
(Figure 2 and Table 2).

By the ninth serosurvey (December 2022), cumulative
infection-induced seroprevalence reached 74% overall; sero-
prevalence was highest (> 80%) among people younger than
30 years, decreasing thereafter by 10-year age group, and low-
est (<50%) among adults aged 80 years and older (Figure 2 and
Table 2). Estimates increased only slightly by the tenth sero-
survey (July 2023) to 79% overall, with the highest seropreva-
lence (> 80%) seen in all age groups younger than 50 years,
decreasing by 10-year age group thereafter, and the lowest
seroprevalence (< 60%) seen among adults aged 80 years and
older (Figure 2 and Table 2). Seroprevalence did not meaning-
fully differ when we simultaneously stratified by age group and
by health authority or sex (Appendix 1, Supplementary Table 5
and Supplementary Table 6). Seroprevalence estimates did not
meaningfully differ with further age substratification of those
aged 60-69 years nor among children younger than 5 years
with exclusion of infants younger than 1 year (Appendix 1, Sup-
plementary Table 8).
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Period-specific severe outcome risks

Period-specific changes in cumulative infection-induced sero-
prevalence and estimated first infections are displayed in
Appendix 1, Supplementary Table 9. Figure 3 shows a flowchart

of included hospital admissions with their distribution by age
group and period shown in Table 3.

Estimates of IHR and IFR in the 3 periods studied were con-
sistently less than 0.3% and 0.1% overall. By age group, IHR

Table 2: SARS-CoV-2 cumulative seroprevalence estimates, Lower Mainland, British Columbia, Canada

Bayesian-adjusted seroprevalence, % (95% Crl)*

Age Age Age Age Age Age Age Age Age Age
Variable 0-4yr 5-9yr 10-19yr 20-29yr 30-39yr 40-49yr 50-59yr 60-69yr 70-79yr =80yr  Overall
Sixth serosurvey (Sept. 26-Oct. 8,2021)
Age, yr, mediant 3 7 14.5 25 85 45 55 64.5 74.5 83 40
Vaccine- 19.2 144 84.1 89.9 89.8 91.6 92.4 90.8 94.6 96.7 84.0
or infection- (14.1- (10.3- (78.5- (85.2— (85.3- (87.5- (88.4- (86.7- (91.2- (93.5- (82.5-
induced? 25.2) 19.7) 88.6) 93.6) 93.3) 94.8) 95.4) 94.1) 97.1) 98.5) 85.3)
Infection- 13.2 11.2 111 8.9 10.48 10.1 9.1 5.8 8.2 5.6 9.4
induced§ (9.8- (8.2- (8.1- (6.1- (7.5- (7.2- (6.4- (3.4- (5.5- (3.3- (8.1-
17.5) 15.1) 15.2) 12.3) 14.1) 13.9) 12.6) 8.7) 11.3) 8.5) 10.7)
Seventh serosurvey (Mar. 13-23,2022)
Age, yr, mediant 3 7 14.5 25 34.5 44.5 54.5 64.5 74.5 83 39.5
Vaccine- 74.8 91.4 96.4 97.4 97.7 97.3 96.9 97.7 97.0 94.3 95.8
or infection- (67.9- (87.0- (93.7- (95.0- (95.4- (95.0- (94.4- (95.6- (94.5- (90.6- (94.9-
inducedt 80.6) 94.7) 98.1) 98.8) 99.0) 98.8) 98.5) 99.0) 98.6) 96.7) 96.6)
Infection- 63.3 66.0 55.9 49.8 54.4 44.6 32.6 24.9 14.2 15.2 42.3
induced$ (56.5- (59.8- (49.2- (43.2- (47.8- (38.2- (26.8- (19.6- (9.9- (10.8- (40.1-
69.9) 72.2) 62.9) 56.5) 60.8) 51.1) 38.6) 30.7) 19.4) 20.7) 44.5)
Eighth serosurvey (July 31-Aug. 11, 2022)
Age, yr, mediant 2 7 14.5 24.5 34.5 44.5 54.5 64.5 74.5 85 39.5
Vaccine- 86.3 93.4 98.6 99.2 98.6 98.7 98.8 99.0 97.8 98.6 97.8
or infection- (80.1- (89.8- (96.7- (97.7- (96.3- (96.9- (96.8- (97.4- (95.5- (96.6- (97.1-
induced? 90.9) 96.0) 99.6) 99.8) 99.6) 99.6) 99.7) 99.7) 99.0) 99.6) 98.4)
Infection- 74.4 71.2 78.0 69.7 65.0 64.8 60.1 43.2 43.1 38.1 61.5
induced§ (67.5- (65.4- (72.1- (63.7- (58.4- (58.3- (53.4- (36.9- (36.6— (31.7- (59.1-
80.7) 76.8) 83.0) 75.5) 71.2) 71.0) 66.6) 49.9) 49.5) 44.7) 63.7)
Ninth serosurvey (Dec. 4-15,2022)
Age, yr, mediant 3 7 14.5 24.5 34.5 44.5 54.5 64.5 74 85 BOI5
Vaccine- 94.2 97.2 98.8 99.0 99.0 98.7 99.0 98.3 98.7 97.6 98.4
or infection- (90.9- (94.7- (97.2- (97.5- (97.6- (97.1- (97.5- (96.3- (97.0- (95.2- (97.7-
induced? 96.6) 98.6) 99.6) 99.7) 99.7) 99.6) 99.7) 99.3) 99.5) 99.0) 98.9)
Infection- 84.4 84.0 82.3 84.2 79.6 76.6 69.4 60.8 55,1 47.3 73.6
induced$ (79.4- (78.8- (77.0- (78.8- (74.0- (70.9- (63.6- (54.2- (47.9- (40.5- (71.5-
88.6) 88.6) 86.9) 88.6) 84.4) 81.7) 75.3) 67.2) 61.9) 54.3) 75.6)
Tenth serosurvey (July 16-25, 2023)
Age, yr, mediant 3 7 14.5 24.5 34.5 44.5 54.5 64.5 74.5 84 39.5
Vaccine- 96.8 98.2 98.8 98.8 98.9 98.8 98.6 97.5 98.7 98.6 98.4
or infection- (93.2- (96.4- (97.6- (97.5- (97.7- (97.6- (97.4- (95.1- (97.5- (97.2- (97.8-
inducedt 98.5) 99.1) 99.6) 99.6) 99.7) 99.6) 99.4) 98.7) 99.5) 99.5) 98.9)
Infection- 84.4 86.7 87.9 87.3 82.6 82.9 76.4 69.7 62.4 57.7 79.0
induced$ (79.2- (81.9- (83.5- (82.4- (77.6- (78.0- (70.4- (63.7- (55.5- (50.8- (77.1-
88.6) 90.5) 91.6) 91.2) 87.1) 87.1) 81.3) 75.3) 68.7) 64.3) 80.8)
Note: Crl = credible interval.
*Unless indicated otherwise. Bayesian estimates adjusted for sex and health authority, as well as for age for the overall estimates. Estimates from sixth to eighth
serosurveys based on nonorthogonal interpretation may differ slightly from those previously reported, based on orthogonal dual-assay interpretation.®
tBoundary medians are reported as the mean of the 2 bounds.
iDefined nonorthogonally by anti-spike or anti-nucleocapsid positivity.
§Defined nonorthogonally by anti-nucleocapsid positivity.
CMAJ | October 30,2023 | Volume 195 | Issue 42 E1431

yoieasay



Research

m Infection-induced antibody

Vaccine- or infection-induced antibody

100
I
= ITITT IT TIITTI IIII IIII ==
5 I
(¥ I
S
L 1] an
& I
o 5
< 4 Il I
7 Il
g
S -
s Il ]
©
3 1l I
s
o 1 =
o 1] x i I
(7]
wn = = = = = = = = = = =
—_ N —_ o~ — N —_ 8] —_ o~ — o~ —_ o~ —_ o~ —_ o~ —_ o~ Py o~
— [ — o — N — o~ — o — [ — o — o — N — o — [}
() o o~ o o o o~ o o o o o o~ o o o o o o~ o o o
889 | 8595 | 897 | «8595 | «8595 | 897 | «8°98 | «8°95 | 8397 | «s8°97 | s8§57
H N S +H N 2 + N h O +H N 2 + N h 2 + N oh O +H N 2 + N h 2 H N S +H N 2 + N oh O
S¥25% | 02T | 052 [ 0525 | 0525 | 0528 | 0528 |02 0528 |02 |og2
T <y TN < T &N < 5 T N < W T & < 3 T N < S ) T &N < 5 T N < @ T N < W T & < 3y
Qoh T Qoh o 7 Qoho T Qoho 7 Qoh o T Qohot T Qoho 7 Qb Qohot 7 ST Qohat 7
REERTE N2 o« REERE N2 o« N2 o« REERTE N2 o« N0 o« REERTE N2 o« REERE
2528 | 5534 | 3538 | 528 | 5538 | 5538 | 5538 | 5538 | 5558 | 5538 | 5Eds
B238 | 8238 | 8238 | 82358 | 8238 | 8238 | 8238 | 42358 | 4238 | 4238 | 4238
O~ oo O~ oo O~ oo O~ oo O~ oo O~ oo O~ oo O~ 0o O~ oo O~ oo O~ oo
0-4 5% 10-19 20-29 30-39 40-49 50-59 60-69 70-79 >80 All ages
Serosurvey and age group, yr
:'100 I T = = G =g =5 =& = == 5 o T = b - T T = =
G o] I
X 80
a
— 70 ]
°
P
S 60
o
O 50 ]
c
9 40 |
(]
a 30
=
a 20 |
o
= 10 |
(7]
(%2] 0
i) g g ) g g S g g ) g
NE=] NR=} NE=] NE=] NR=] NR=} NE=] NE=] NR=} N o N o
S g8 8= S 8 8= 3= S g= sl S
w3 L o L) T3 ) L) w5 L) ) L)
e e T3 e e ] e e T TS e
< > < > < > ¥ > N > N > ¥ > < > N > < > ¥ >
g5 o35 g5 g5 o35 J S (St S5 (S (St (S
j j93 3 3 i 3 3 i 3 j7) 3
o= o= o= o= o= o= o= o= o= a2 o=
— o — o — o — o — o — o — o — o — o — o — o
o~ o~ o~ o~ o~ o~ o~ o~ o — o~ o~
0-4 529 10-19 20-29 30-39 40-49 50-59 60-69 70-79 =80 All ages

Serosurvey and age group, yr

Figure 2: Cumulative vaccine- and infection-induced SARS-CoV-2 seroprevalence by age group, sixth to tenth serosurveys, in the Lower Mainland, British
Columbia, Canada (September 2021-July 2023). (A) Side-by-side comparison of the sixth to ninth serosurveys to illustrate seroprevalence progression.
(B) Ninth and tenth serosurveys, presented separately for comparison of recent age-related patterns. Detailed findings are provided in Table 2. Darker
bars indicate infection-induced seroprevalence. Lighter bars, combined with the darker bars, indicate overall (vaccine-induced, infection-induced or
both) seroprevalence. Infection-induced estimates were defined by anti-nucleocapsid positivity. Overall estimates were defined by anti-spike or anti-
nucleocapsid positivity. Estimates were based on Bayesian analyses, standardized for age, sex and health authority. Estimates from the sixth to eighth
serosurveys are updated from our previous study,’® consistently applying the same nonorthogonal approach. Note: Crl = credible interval.

and IFR estimates were less than 1% and up to 0.1%, respect-
ively, except among adults aged 70-79 years during the sixth to
seventh intersurvey period (IHR 3.3% and IFR 1.0%) and among
adults aged 80 years and older during all periods (IHR 4.7%,
2.2% and 3.5%; IFR 3.3%, 0.6% and 1.3%) (Figure 4 and
Table 3). The risk of severe outcomes consistently followed a
J-shaped age pattern. Risks were higher among those aged

80 years and older compared with all other age groups each
period except those aged 70-79 years, with whom Crls over-
lapped during the sixth to seventh period.

Among children younger than 5 years, most (60%-65%) hospi-
tal admissions for COVID-19 were among infants younger
than 1 year (Appendix 1, Supplementary Table 10). With the
exclusion of infants in sensitivity analyses, IHR estimates among

E1432

CMAJ | October 30,2023 | Volume 195 | Issue 42



children aged 1-4 years were consistently halved but were still
higher than among those aged 5-9 years. We lacked sample size
to reliably model estimates for infants, but because about one-
third of admissions among those younger than 5 years occurred
among those aged 1-4 years, compared with two-thirds among
infants younger than 1 year, we anticipate infant IHRs could be
about 8-fold higher than those aged 1-4 years. Compared with
adults aged 60-64 years, the IHR and IFR estimates were some-
what higher among those aged 65-69 years; in the eighth to
ninth intersurvey period, the IHR was 0.07% and the IFR was
0.01% among those aged 60-64 years, compared with 0.21% and
0.04%, respectively, among those aged 65-69 years (Appendix 1,
Supplementary Table 10). By sex, we observed a consistent pat-
tern of higher IHR and IFR estimates among males compared
with females, although Crls largely overlapped when simultan-
eously stratified by age and sex (Figure 5 and Appendix 1, Sup-
plementary Tables 11-13). Finally, we observed minimal change
from primary estimates in sensitivity analyses with and without
censoring of negative infection likelihoods and with and without
exclusion of hospital admissions and deaths potentially owing to
reinfection (Appendix 1, Supplementary Table 14 and Supple-
mentary Table 15).

Interpretation

To inform population risk assessment and response to the
COVID-19 pandemic, we used seroprevalence estimates and
severe outcome data to derive estimates of the risk of hospital
admissions and death per first-ever SARS-CoV-2 infection. By the
end of the third year of the pandemic (ninth serosurvey, Decem-
ber 2022) and middle of the fourth year (tenth serosurvey,
July 2023), at least 75% and 80%, respectively, of Lower Main-
land residents showed serological evidence of a previous SARS-
CoV-2 infection. Whereas more than 80% of children and adults
younger than 50 years had been infected and were at low risk of
hospital admission or death, nearly half of adults aged 80 years
and older remained uninfected and at highest risk of severe out-
come upon first infection.

Our seroprevalence findings align with a report from Can-
adian Blood Services, which stated that about 80% of donors
nationally were infected by June 2023.* They also found that
infection rates were highest at 90% in their youngest cohort (17-
24 yr) and lowest at 70% in their oldest cohort (= 60 yr). A recent
compilation of Canadian studies similarly reported that 76% of
participants had evidence of infection by March 2023.#2 Our sero-
prevalence approach offers the advantage of serial and simulta-
neous sampling of both sexes across the life span, including the
extremes of age, both the very young and very old, which are
under-represented in other serosurvey approaches. Moreover, by
combining population seroprevalence estimates and severe out-
come statistics, we can directly compare their age- and sex-
specific risks of severe outcomes.

As previously reported for influenza,* we observed a
J-shaped pattern of age-related risk of severe outcomes that
started to increase at about 50 years of age, although risks of
hospital admission and fatality from COVID-19 were consistently

U07.1 (n=25067) or U07.3 (n =101) codes
specified anywhere in discharge abstract of
acute care hospital admission of VCHA or FHA

resident since Jan. 1, 2020 (as of Aug. 24, 2023)
n=25143
(acute care hospital admission for or with COVID-19)

Excluded:
+ Hospital admissions only ever

associated with (never for) COVID-19
n =13 346 (53.1%)

U07.1 (n =11 747) or U07.3 (n =50)
specified as main diagnostic field
(acute care hospital admission for COVID-19)
n=11797

Excluded:
« Outside intersurvey periods
n = 6448 (54.7%)

U07.1 (n=5327) or U07.3 (n=22)
with admission date between epidemiological weeks 39
of 2021 and 48 of 2022
(during intersurvey periods)
n=5349

Excluded:
« With a previous hospital admission for
or with COVID-19 since Jan. 1, 2020

n =507 (9.5%)

U07.1 (n=4825) or U07.3 (n=17)
with no previous U07.1 or U07.3 anywhere in discharge
abstract since Jan. 1, 2020
(first-ever COVID-19 hospital admission)
n=4842

Excluded:
« With a NAAT-positive specimen
=90 days before admission
within surveillance database

n =44 (0.9%)

U07.1 (n=4783) or U07.3 (n=15)
and no NAAT-positive specimen = 90 days before admission

(excluding potential reinfections)
n=4798

Figure 3: Flowchart of hospital admissions for COVID-19 attributed to first-
ever SARS-CoV-2 infection. We used the British Columbia COVID-19 Cohort.
All data were extracted on Aug. 24, 2023. Where step-specific tallies of
U07.1- and U07.3-coded hospital admissions do not sum to the displayed
total, it is because both diagnostic codes were specified. In addition, but not
displayed here, of 1346 deaths identified within the vital statistics database
since Jan. 1, 2020, among Lower Mainland residents with underlying cause
specified as U07.1 (none specified as U07.3) during the span of intersurvey
periods, we excluded 59 (4.4%) with a SARS-CoV-2 NAAT-positive test
90 days or more before date of death. Fewer than 1% of hospital admissions
identified provincially were missing information to assign health authority
to the Lower Mainland. We did not exclude any hospital admissions or
deaths on the basis of missing age or date of admission or death. We did not
exclude any hospital admissions on the basis of missing sex, and excluded
fewer than 10 fatalities on this basis, handled as indicated in Appendix 1,
Supplementary Material 1. Note: FHA = Fraser Health Authority, NAAT =
nucleic acid amplification test, VCHA = Vancouver Coastal Health Authority.
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Table 3: Estimated period-specific risk of hospital admission and death from first-ever SARS-CoV-2 infection, by age group,

Lower Mainland, British Columbia, Canada

Period-specific estimates, % (95% Crl)*

Age Age Age Age Age Age Age Age Age Age
Variable 0-4yr 5-9yr  10-19yr 20-29yr 30-39yr 40-49yr 50-59yr 60-69yr 70-79yr =80yr  Overall

Sixth to seventh serosurvey (Sept. 26, 2021-Mar. 12, 2022; mixed Delta and Omicron BA.1 predominance)

No. of hospital 89 22 22 37 94 179 315 461 517 629 2365
admissions
No. of deaths 0 0 0 1 6 13 40 82 153 443 738
IHR 0.13 0.026 0.015 0.019 0.041 0.12 0.31 0.62 3.27 4.71 0.22
(0.11- (0.023-  (0.013-  (0.016- (0.035- (0.01- (0.24-  (0.46-  (L.72-  (2.97- (0.20-
0.15) 0.030) 0.019) 0.023) 0.049) 0.15) 0.43) 0.90) 10.48) 9.65) 0.24)
IFR 0 0 0 0.0005 0.0026 0.009 0.04 0.11 0.97 3.32 0.068
(0.0004- (0.0022- (0.007- (0.03- (0.08- (0.51- (2.05- (0.063-
0.0006) 0.0032) 0.011) 0.05) 0.16) 3.10) 6.79) 0.074)
Seventh to eighth serosurvey (Mar. 13-July 30, 2022; Omicron BA.2 and BA.5 predominance)
No. of hospital 73 10 9 21 26 28 73 183 310 691 1424
admissions
No. of deaths 2 0 0 1 1 1 8 34 51 206 304
IHR 0.41 0.10 0.013 0.022 0.04 0.03 0.06 0.25 0.42 2.17 0.22
(0.24- (0.05-  (0.009-  (0.015- (0.02- (0.02- (0.05-  (0.17-  (0.33-  (1.61- (0.19-
0.99) 0.59) 0.020) 0.035) 0.10) 0.06) 0.09) 0.45) 0.59) 3.26) 0.26)
IFR 0.011 0 0 0.0010 0.002 0.0011 0.007 0.05 0.07 0.65 0.05
(0.007- (0.0007- (0.001- (0.0008- (0.005- (0.03- (0.05- (0.48- (0.04-
0.027) 0.0017) 0.004) 0.0020) 0.010) 0.08) 0.10) 0.97) 0.06)
Eighth to ninth serosurvey (July 31-Dec. 3,2022; Omicron BA.5 and BQ.1.1 predominance)
No. of hospital 43 2 12 10 20 19 46 112 228 517 1009
admissions
No. of deaths 0 0 0 0 0 2 9 18 35 187 251
IHR 0.29 0.010 0.06 0.014 0.03 0.03 0.11 0.16 0.73 3.51 0.24
(0.17- (0.006- (0.03- (0.009- (0.02- (0.02- (0.06- (0.11- (0.42- (1.99- (0.20-
0.84) 0.021) 0.28) 0.029) 0.05) 0.08) 0.34) 0.32) 1.95) 9.85) 0.31)
IFR 0 0 0 0 0 0.004 0.02 0.03 0.11 1.27 0.06
(0.002- (0.01- (0.02- (0.06- (0.72- (0.05-

0.009) 0.07) 0.05) 0.30) 3.56) 0.08)

Note: Crl = credible interval, IFR = infection fatality ratio, interpreted as risk (%) of dying due to a first-ever SARS-CoV-2 infection acquired during the specified period, IHR =
infection hospitalization ratio, interpreted as risk (%) of hospitalization due to a first-ever SARS-CoV-2 infection acquired during the specified period.

*Unless indicated otherwise. Period-specific estimates represent a percentage of first-ever SARS-CoV-2 infections. Seroprevalence participants excluded long-term care or
assisted living facility residents but neither could be reliably identified among records of hospital admissions and deaths, and were retained. Note that where rounding
would otherwise suggest Crls equal to point estimates, additional decimal points are displayed.

low at less than 1% and up to 0.1% or less, respectively, until  IFRs correspond with about 1 COVID-19 death per 900 newly
80 years of age (age 70-79 yr during the sixth to seventh inter-  infected adults aged 70-79 years and about 1 per 80 newly
survey period). Very old adults were at highest risk, contributing  infected adults aged 80 years and older, indicating a risk at least
half of all hospital admissions for COVID-19 and two-thirds to ~ 10-fold higher for the latter group. Earlier seroprevalence-based
three-quarters of all COVID-19 deaths during the final 2 analysis  studies documented higher risk for males,*-*" notably older
periods. During the eighth to ninth intersurvey period between  males.***" In our study, older males also tended to be at highest
July and December 2022, estimated IHRs among children younger  risk of severe outcome, although Crls largely overlapped when
than 5 years, and adults aged 70-79 years and 80 years and older ~ analyses were stratified by both age and sex.

correspond with about 1 hospital admission for COVID-19 per 300, Our estimates of the risk of hospital admission or death from
100 and 30 newly infected people, respectively, indicating at  a first-ever SARS-CoV-2 infection were low overall but derived in
least a 3- to 10-fold higher risk for the oldest adults. During the  a highly vaccinated population. Risks are anticipated to be
same period, no child or young adult died, whereas estimated  greater among unvaccinated and lower among previously
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Figure 4: Estimated risk of hospital admission and death from first-ever SARS-CoV-2 infection acquired during the specified intersurvey period, by age
group, Lower Mainland, British Columbia, Canada. (A) Period-specific infection hospitalization ratios (IHRs) and (B) infection fatality ratio (IFRs) by age
group. Panels A and B do not show 95% credible intervals (Crls) (but are provided in Table 3) for better resolution, given that upper Crls extended past
10%. (C) Period-specific IHRs (log,, scale) and (D) IFRs (log,, scale) with 95% Crls.

infected groups of patients, with the lowest risk among those
who are both vaccinated and previously infected.’> Before Omi-
cron, when vaccine coverage was lower, severe outcome risks
estimated by others were higher than we report here;*->3 I[FRs by
single-year of age were estimated to reach 1% from age
60 years, 3% from age 70 years, 8% from age 80 years and 20%
from age 90 years.*® Post-Omicron, fewer seroprevalence-based
estimates are available, but among Danish blood donors aged
17-72 years, more than 95% of whom were vaccinated twice,
the IFR from January to March 2022 was 0.02% among the old-
est adults (61-72 yr).>* Danish estimates are lower than our IFR
for adults aged 60-69 years (0.11%) during our overlapping sixth
to seventh intersurvey period (September 2021-March 2022),
when we observed the highest period-specific risks, notably

among adults aged 80 years and older (3.3%). Unlike the Danish
context, however, our sixth to seventh intersurvey period
spanned both Delta and Omicron circulation, with other studies
showing that, independent of other variables, Delta was more
severe than Omicron.*>® Thereafter, during our seventh to
eighth intersurvey period of mostly Omicron BA.2 followed by
BA.5, severe outcome risks were lower but increased again
among older adults during the eighth to ninth intersurvey
period of mostly BA.5 followed by BQ.1. Greater severity of BA.5
infections than BA.2 infections has been noted by others and
may have influenced the pattern we observed.*

Other factors may have contributed to the higher risk
among older adults during the autumn of 2022. By the eighth
serosurvey in July 2022, more than half of older adults had
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Figure 5: Estimated period-specific risk of hospital admission and death from first-ever SARS-CoV-2 infection by sex, overall and by age group, Lower
Mainland, British Columbia, Canada. (A) Period-specific infection hospitalization ratios (IHRs) and (B) infection fatality ratio (IFRs) with their 95% cred-
ible intervals (Crls), using log,, scale. Because of fewer severe outcomes, we did not stratify IHR and IFR estimates by sex for separate age groups
younger than 50 years. All ages refers to all age groups combined from younger than 5 years to 80 years and older. Details are provided in Appendix 1,

Supplementary Tables 11-13.

received 4 doses of mostly monovalent, ancestral SARS-CoV-2
vaccines, increasing to more than two-thirds by the ninth sero-
survey in December 2022, when as many as one-third of older
adults had received 5 doses (bivalent BA.1 or BA.4/5)
(Appendix 1, Supplementary Material 2).° Earlier receipt and
repeat doses of monovalent or bivalent products containing
antigenically distinct (e.g., original or BA.1) strains may have
contributed to reduced or waning cross-protection, especially
against more immune-evasive BQ.1 subvariants.®*% The extent
to which original priming and its booster reinforcement may
affect response to subsequent antigenically distinct variants,
and the capacity to overcome that through updated antigen or

other approaches, remain under debate for both influenza and
SARS-CoV-2.707

To date, recommendations for prioritization of updated
vaccines by age for the fall of 2023 have varied, with some
jurisdictions in Europe targeting people aged 60 years and
older,? and other countries, including Canada and the United
Kingdom, targeting those aged 65 years and older.3*7 Our
exploratory analyses showed some gradation in the risks of
hospital admission and fatality per first infection between
those aged 60-64 years (about 1 per 1400 and 10000, respect-
ively) versus 65-69 years (about 1 per 500 and 2500, respect-
ively). The 65-year threshold aligns more closely with seasonal
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influenza immunization programs in most provinces.” The
greatest risk of severe outcomes from SARS-CoV-2 infection,
however, was among patients aged 80 years and older. Ultim-
ately, in addition to the risk of severe outcomes, the popula-
tion impact of COVID-19 by age is also determined by the abso-
lute size of the age cohort and the likelihood of having been, or
becoming, infected.

Limitations

All serosurveys are subject to potential biases and, as previously
discussed,® our use of residual clinical specimens will have
tended, on balance, to underestimate seroprevalence. The inter-
survey differences in cumulative infection-induced seropreva-
lence we report de facto subtract previous infections, thereby
representing the risk of first-ever infection as acquired during the
specified period. Our serial, cross-sectional, population-based
approach does not follow the same cohort of people longi-
tudinally and cannot predict or account for antibody waning or
its complex variation by, for instance, age or vaccine status. As
such, our estimates are best interpreted as indicating at least
that number infected between serosurveys. Risks of hospital
admission and fatality per infection would then conversely be
overestimates. Even though our estimates of the risk of severe
outcomes were low, they are likely even lower for most of the
population, particularly among those both previously vac-
cinated and infected who are now the majority overall.*> In that
context, and given lower likelihood of previous infection among
older adults, the overall J-shaped age pattern we reinforce is
likely robust. To identify severe outcomes and assign attribution
to COVID-19, we used the DAD and vital statistics databases,
allowing sufficient lag (> 37 wk) to ensure completeness of data
(typically requiring up to 6 mo). Although we used well-
established DAD and vital statistics data sets, including vali-
dated ICD-10-CA codes for COVID-19 outcomes,**-3 we have no
official standards against which to verify our data. Reassuringly,
the 47% of hospital admissions we identified as for COVID-19
(Figure 3), is comparable to the proportion (45%) assigned as for
(v. with) COVID-19 based on more limited chart review within
the Vancouver Coastal Health Authority.”>" The proportion we
excluded (11%) on the basis of potential reinfection is similar to
the proportion with multiple hospital admissions (n = 1906,
12%) among 16333 total hospital admissions for people with a
positive SARS-CoV-2 test as identified in a separate BCCDC
review between Apr. 1,2022, and Mar. 31, 2023.”® We cannot rule
out some misclassification or omission, and given targeted
NAAT testing, our efforts to further reduce potential reinfections
among hospital admissions or deaths, could not capture those
not tested. Reassuringly, our estimates did not vary with or
without exclusion of identified potential reinfections. Our find-
ings address severe acute outcomes but do not take into
account longer-term post-COVID-19 conditions, nor did we fac-
tor reasons for or durations of admission, which likely vary by
age. Finally, we did not have data on ethnicity, socioeconomic
factors or comorbidities, and our use of sex as specified within
available data sets may or may not represent people’s self-
identified gender.

Conclusion

By July 2023, around 80% of Lower Mainland, BC, serosurvey par-
ticipants had been infected with SARS-CoV-2. In the context of high
vaccine coverage contributing to hybrid protection, most children
and adults were at low risk of severe outcomes from COVID-19.
A substantial proportion (> 40%) of the oldest adults, however,
remained uninfected and at highest risk of hospital admission or
death. First-ever SARS-CoV-2 infections among older adults may
still contribute substantial COVID-19 burden, reinforcing the
importance of their continued prioritization for vaccination and
their consideration in health care system planning.
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