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• Need to elucidate wastewater surveillance
(WWS) for seasonal vaccination cam-
paigns

• WWS to incidence relation weakens with
peak natural and vaccination immuniza-
tion.

• WWS to hospitalization remains strong
with natural and vaccination immuniza-
tion.

• WWS as indicator of hospitalization dur-
ing future seasonal vaccination cam-
paigns.

• WWS/hospitalization as indicator of VOC
virulence with limited clinical testing.
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Wastewater surveillance (WWS) of SARS-CoV-2 was proven to be a reliable and complementary tool for population-
wide monitoring of COVID-19 disease incidence but was not as rigorously explored as an indicator for disease burden
throughout the pandemic. Prior to globalmass immunization campaigns and during the spread of thewildtypeCOVID-
19 and the Alpha variant of concern (VOC), viral measurement of SARS-CoV-2 in wastewater was a leading indicator
for both COVID-19 incidence and disease burden in communities. As the two-dose vaccination rates escalated during
the spread of the Delta VOC in Jul. 2021 through Dec. 2021, relations weakened betweenwastewater signal and com-
munity COVID-19 disease incidence and maintained a strong relationship with clinical metrics indicative of disease
burden (new hospital admissions, ICU admissions, and deaths). Further, with the onset of the vaccine-resistant Omi-
cron BA.1 VOC inDec. 2021 throughMar. 2022, wastewater again became a strong indicator of both disease incidence
and burden during a period of limited natural immunization (no recent infection), vaccine escape, and waned vaccine
effectiveness. Lastly, with the populations regaining enhanced natural and vaccination immunization shortly prior to
the onset of the Omicron BA.2 VOC in mid-Mar 2022, wastewater is shown to be a strong indicator for both disease
incidence and burden. Hospitalization-to-wastewater ratio is further shown to be a good indicator of VOC virulence
when widespread clinical testing is limited. In the future, WWS is expected to show moderate indication of incidence
and strong indication of disease burden in the community during future potential seasonal vaccination campaigns.
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1. Introduction

Wastewater surveillance (WWS) is a population-wide approach that uses
municipal wastewater for real-time surveillance of public health status. His-
torically, WWS has played a role in the Global Polio Eradication Initiative
(GPEI) in 1988 to monitor poliovirus outbreaks around the world (Asghar
et al., 2014). Wastewater monitoring has further proven to effectively fore-
cast disease outbreaks caused by norovirus (Prevost et al., 2015; Santiso-
Bellón et al., 2020) and hepatitis A (Hellmér et al., 2014). During the spread
of the wildtype and the B.1.1.7 (Alpha) Coronavirus disease 2019 (COVID-
19) between March 2020 andMay 2021, WWS rapidly emerged as a reliable
and complementary indicator of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) infections in various communities around the world.

At the time of writing this article (Jun. 2022), WWS of COVID-19 is ac-
tive worldwide in nearly 60 countries at over 3000 sites (COVIDPoops19,
2022; Naughton et al., 2021) and is playing an increasingly significant
role in the real-time monitoring of SARS-CoV-2 infection dynamics
throughout the world (Ahmed et al., 2020; Bar-Or et al., 2020; Gonzalez
et al., 2020; Haramoto et al., 2020; Kocamemi et al., 2020; La Rosa et al.,
2021; Medema et al., 2020; Nemudryi et al., 2020; Peccia et al., 2020;
Randazzo et al., 2020; Rimoldi et al., 2020; Sherchan et al., 2020; Wu
et al., 2021; Wurtzer et al., 2020; Zhang et al., 2021). Various studies iden-
tified a significant correlation between thewildtype and the early variant of
concern (VOC) B.1.1.7 (Alpha) (dominant in Canada fromMar. 2021 to Jul.
2021) SARS-CoV-2 RNA measurements in wastewater and laboratory re-
ported COVID-19 positive cases of nasopharyngeal testing results with an
anticipation of 0–4 day (lead time of viral detection in wastewater from
the respective clinical metric), thereby establishing wastewater signal of
SARS-CoV-2 RNA as an effective early indicator for disease incidence
(D’Aoust et al., 2021a; Gerrity et al., 2021; Gonzalez et al., 2020; Graham
et al., 2021;Medema et al., 2020; Peccia et al., 2020). Additionally, a strong
relation between wastewater measurements of wildtype and the B.1.1.7
(Alpha) VOC SARS-CoV-2 RNA viral signal and hospitalization of patients
with severe COVID-19 symptoms was reported with a lead time of 19–21
days (Peccia et al., 2020; Saguti et al., 2021) and 3–9 days based on math-
ematical modelling predictions (Galani et al., 2022; Kaplan et al., 2021).
Mathematical modelling predictions further demonstrated wastewater is
an indicator for intensive care unit (ICU) admissions with a lead time of
3–8 days (Galani et al., 2022). With such a considerable time gap between
viral measurements in wastewater and reported hospitalizations and ICU
admissions, the application of WWS for COVID-19 surveillance provided
to be an early prediction of health care demands for COVID-19-related
symptoms, while providing insight into disease burden through its relation
to hospitalizations and ICU admissions during the dominance of the
wildtype SARS-CoV-2 strain and the B.1.1.7 (Alpha) VOC.

With the progression of theCOVID-19 pandemic and the predomination of
new VOCs such as the B.1.617.2 (Delta) VOC (dominant in Canada from Jul.
2021 to Dec. 2021), B.1.1.529.1 (first Omicron BA.1 sub-lineage dominant in
Canada fromDec. 2021 toMar. 2022), initiation of mass vaccination immuni-
zation campaigns, and populationwide SARS-CoV-2 diagnosis using nasopha-
ryngeal testing becoming less applied inmany countries, COVID-19 laboratory
positive caseswas shown to become a less representativemetric of community
incidence and less correlated to wastewater viral signal measurements
(D’Aoust et al., 2022; Nattino et al., 2022; Xiao et al., 2021). Although early
WWS work indicates strong relation between viral signal measurements in
wastewater and hospital admission, there remains a knowledge gap with re-
spect to the predictability of WWS as a metric of community disease burden
throughout the pandemic. Particularly, the relation between wastewater sig-
nal and new hospital admissions, ICU admissions, and COVID-19-caused
deaths during the progression of the pandemic has not currently been as rigor-
ously explored compared to laboratory positive COVID-19 cases, and hence
the effects of the relation todisease burden throughout the pandemic is less ev-
ident. Further into the pandemic, over 16 weeks having passed since 60 % of
the total population in Canada received two doses of the COVID-19 vaccine
(Aug. 3rd, 2021) (Mathieu et al., 2021), the increasingly infectious
B.1.1.529.1 (Omicron BA.1) was identified as a new VOC (Nov. 26th, 2021)
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entering the community and rapidly overtook the B.1.617.2 (Delta) VOC
(WHO, 2021). The effectiveness of the widely used mRNA vaccine against
symptomatic disease from the B.1.1.529.1 (Omicron BA.1) VOC was found
to wane over time from 45.9 to 88 % after 2–9 weeks from receiving two
doses of mRNA vaccine to only 14.9–36.3 % after ≥25 weeks (Andrews
et al., 2022; Iorio et al., 2022; Lin et al., 2021; Tartof et al., 2021). The
mRNA-based vaccine booster (third dose) was found to once more increase
vaccine-induced immunization against symptomatic disease up to 75 % at 2
weeks, 56.6 % at 4 to 5 weeks, and 43.7 % at 10 to 11 weeks from third
dose reception (Iorio et al., 2022). As such, in light of the B.1.1.529.1
(Omicron BA.1) VOC spread in Canada, vaccine booster dose rollout increased
rapidly between Jan. 2022 and Feb. 2022. As of Feb. 27nd, 2022, 45.7 % of
the total population in Canada received a booster vaccine dose (Government
of Canada, 2022); optimizing vaccination immunization in almost half of the
population prior to entering the sixth surge of the COVID-19 pandemic by
mid-March 2022, driven by the B.1.1.529.2 (Omicron BA.2) VOC. Recent
city-wideWWS studies during periods of mass vaccination display divergence
ofwastewater SARS-CoV-2measurements from laboratory positive cases prior
to waning of vaccine effectiveness during the onset of the B.1.1.529.1
(Omicron BA.1) VOC (Cutrupi et al., 2022; Nattino et al., 2022). However, a
gap of knowledge exists with respect to WWS functioning as a predictor and
indicator of disease burden during periods of peak vaccination immunization
(with a significant portion of the population receiving two vaccine doses
2–4 weeks prior to or during the onset of a predominating VOC), and during
periods of limited natural immunization and waning vaccination immuniza-
tion (with a significant portion of the population last receiving two vaccine
doses beyond 20 weeks of the onset of the predominating VOC). With signif-
icantWWSefforts ongoing across the globe for over 24months, there is a pres-
ent opportunity to explore howWWS reflects clinical epidemiological metrics
based on timely distribution of vaccines (limited waning of vaccine effective-
ness), and whether the vaccine is effective for the dominant VOC (limited
vaccine-escape).

It was previously proposed by Xiao et al. (2021) to use wastewater sig-
nal/laboratory positive cases (WC) as a means for estimating true disease
incidence and virulence (Xiao et al., 2021). However, continuous and
population-wide representative SARS-CoV-2 diagnosis using polymerase
chain reaction (PCR) testing has presently become less applied in many
countries due to the economic impact of testing and small cohorts of popu-
lations becoming eligible for PCR testing. As such, there currently exists a
high likelihood of underreporting of COVID-19 laboratory positive cases
in many countries, and hence the ability to continue to relate WWSmeasure-
ments to population-wide, representative laboratory COVID-19 positive test-
ing results for estimating community VOC virulence has diminished and will
likely continue to diminish across theworld. This highlights the need to deter-
mine whether the relationships between wastewater and hospital admissions
are a good indicator of VOC virulence in the absence of population-wide clin-
ical testing through a hospitalization-to-wastewater (HW) ratio. Hence, the
objective of this research is to evaluate the relationship between SARS-CoV-
2 wastewater viral measurements and four public health metrics throughout
the pandemic in two long-standing monitored locations in Canada. The four
specific public health metrics that will be related to WWS are i) laboratory
positive cases, ii) new hospital admissions, iii) ICU admissions, and iv)
COVID-19-caused deaths. These relations will be evaluated during the period
preceding significant natural and vaccinated immunity and following signifi-
cant natural and vaccinated immunity to elucidate the use of wastewater in
the future for SARS-CoV-2 surveillance and the use during future potential
seasonal vaccination campaigns. This research also aims to determine
whether hospitalization-to-wastewater (HW) ratio is an effective means to
track changes in disease virulence.

2. Materials and methods

2.1. Wastewater sampling locations and characteristics

Twenty-four-hour composite samples of primary clarified sludge were
collected from the City of Ottawa's (Ontario, Canada) sole water resource
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recovery facilities (WRRF), Robert O. Pickard Environmental Centre
(ROPEC), and from the City of Hamilton's (Ontario, Canada) largest
WRRF that services over 80 % of the community's population (Woodward
Avenue Treatment Plant). Primary clarified sludge samples were first col-
lected on Apr. 8th, 2020, from the Ottawa WRRF, and July 18th, 2020,
from the Hamilton WRRF. Daily sample collection and SARS-CoV-2 RNA
extraction were ongoing in Ottawa from Sep. 10th, 2020, up until the
time of writing of this article (Jun. 2022). A sampling frequency of 3 to 4
days perweekwas performed inHamilton. For the duration of the study pe-
riod, a total of 940 sampleswere analyzed: 648 of those samples being from
the Ottawa WRRF and 292 samples from the Hamilton Woodward WRRF.
The OttawaWRRF services approximately 936,382 people and has an aver-
age daily capacity of 545 million litres. The Hamilton Woodward WRRF
services approximately 485,017 people and has an average daily capacity
of 409 million litres. Composite samples from both WRRFs were collected,
immediately kept on ice and transported to the University of Ottawa labo-
ratory for analysis. Typical primary sludge characteristics from the Ottawa
and Hamilton (Woodward) WRRFs across 2020 are shown in Table 1. It is
noted that the characteristics of the primary sludges do not change signifi-
cantly in the cities year to year.

2.2. RNA extraction and RT-qPCR quantification of SARS-CoV-2, PMMoV, and
variants of concern in wastewater

40 mL of well-mixed, 24-hour composite primary sludge samples from
Ottawa and Hamilton were concentrated by centrifugation at 10,000 ×g
for 45 min at 4 °C. The resulting pellet was well-mixed and 0.250 ±
0.05 g of the resulting pellet was immediately processed for viral extraction
using Qiagen's RNeasy PowerMicrobiome extraction kit (PN 26000-50,
MD, USA) on a QIAcube Connect automated extraction platform with a
modified methodology previously described (D’Aoust et al., 2021b,
2021c). Quantification of SARS-CoV-2 RNA was performed by RT-qPCR
targeting the N1 and N2 gene regions (D’Aoust et al., 2021b, 2021c). The
RT-qPCR quantification of the Alpha (B.1.1.7) VOCwas performed accord-
ing to Graber et al. (2021), and the RT-qPCR quantification of the Delta
(B.1.617.2) VOC was performed according to D’Aoust et al. (2022). Analy-
sis for Omicron BA.1 (B.1.1.529.1) in comparison to Omicron BA.2
(B.1.1.529.2) were performed using the sequences shown in Supplemental
Material (Table S1). Using a CFX Opus Real-Time PCR system (Bio-Rad,
Hercules, CA), reverse-transcriptase incubation was performed at 50 °C
for 15min, followed by polymerase activation at 95 °C for 2min, and 40 cy-
cles of denaturation at 95 °C /5 s, then annealing/elongation at 60 °C/30 s.
Additional RT-qPCR quantifications of the pepper mild mottle virus
(PMMoV) were performed with 1/10 dilution of the same samples. Each
PCR reaction consisted of 3 μL of RNA template. All primer and probes
used in this study are shown in Supplemental Material (Table S1). To
check for inhibition, the samples were diluted by a factor of four and then
a factor of ten and were compared with undiluted samples for the corre-
sponding decline in PMMoV signal. The assay limit of detection (ALOD;
≥95 % detection) is approximately 2 copies/reaction. RNA extraction
Table 1
Yearly average primary sludge characteristics (2020) at Ottawa WRRF and
Hamilton Woodward WRRF.

Yearly average Ottawa WRRF
primary sludge characteristics
(avg. ±standard dev.)

Yearly average HamiltonWoodward
WRRF primary sludge characteristics
(avg. ±standard dev.)

Chemical oxygen
demand (mg/L)

49,959.4 ± 8221.1 41,150.0 ± 12,264.3

Total Kjeldahl
nitrogen (mg N/L)

1202.1 ± 187.4 1453.0 ± 381.2

Total phosphorus
(mg P/L)

376.1 ± 59.7 506.5 ± 104.0

Conductivity
(uS/cm)

1968.5 ± 203.5 1492.8 ± 319.9

3

and RT-qPCR were performed in separate laboratories in Class 2 biosafety
cabinets to avoid contamination. The measured copies of SARS-CoV-2
(N1 and N2 gene regions) per reaction were normalized against measured
PMMoV copies from respective samples.

2.3. Epidemiological data

Daily laboratory confirmed positive COVID-19 cases by report date and
daily new hospital admissions due to COVID-19 infection in Ottawa be-
tween Apr. 8th, 2020, and Feb. 22nd, 2022, were obtained from Public
Health Ontario's COVID-19 online data tool (Public Health Ontario,
2022a) and Ottawa Public Health's online COVID-19 dashboard (Ottawa
Public Health, 2022), respectively. Laboratory positive COVID-19 cases
and daily hospital admissions from COVID-19 infection in Hamilton be-
tween July 18th, 2020 and Feb. 13nd, 2022, were obtained from the City
of Hamilton online COVID-19 database (City of Hamilton, 2022). Further
epidemiological dailymeasurements representing disease burden including
ICU admissions and reported deaths due to COVID-19 complications were
obtained from the Ottawa Public Health's online COVID-19 dashboard
(Ottawa Public Health, 2022) and fromHamilton's public health dashboard
(City of Hamilton, 2022). In this study, the laboratory positive cases, daily
hospital admissions, ICU admissions, and reported deaths are expressed in
per-capita bases (per 100,000 inhabitants) respectively for both communi-
ties. Vaccination information for both Ottawa and Hamilton was obtained
from Public Health Ontario's COVID-19 tool (Public Health Ontario,
2022a).

2.4. Statistical analysis

Spearman's Rank correlation analyses between the 5-day and 3-day
midpoint average of the wastewater viral signal measurements in Ottawa
and Hamilton, respectively, and the 5-day midpoint average of the four
sets of epidemiological data (laboratory positive cases, hospital admissions,
ICU admissions, and deaths). Spearman's coefficients (ρ) values ranging
from 0.00 to 0.19 would suggest very weak correlations, 0.20–0.39 suggest
weak correlations, 0.40–0.59 suggest a moderate correlation, 0.60–0.79
suggest strong correlation and 0.80–1.00 suggest an extraordinarily strong
correlation. To determinewhether a lag time (△t), measured in days, exists
between the wastewater SARS-CoV-2 measurements and epidemiological
metrics, a time step analysis was performed by offsetting wastewater
SARS-CoV-2 measurements forward in time by a period of 1–25 days. The
forward time step (lag time of the epidemiological metric) with the stron-
gest correlation between the data sets, along with visual alignment in re-
corded peaks, was considered when selecting the optimal lag time
between wastewater measurements and epidemiological data.

3. Results and discussion

3.1. Relation between WWS signal and epidemiological metrics prior to signifi-
cant natural and vaccination immunization, wildtype andAlpha (B.1.1.7) surges

The wildtype SARS-CoV-2 and Alpha (B.1.1.7) VOC were dominant in
Ottawa and Hamilton between Apr. 8th 2020–Jul. 31st, 2021. The Alpha
(B.1.1.7) was first detected in Ontario, Canada in Dec., 2020, quickly over-
taking the original wild type SARS-CoV-2 that dominated infections in
Canada since Jan. 2020 (Tuite et al., 2021). As of Mar. 23rd, 2021, over
50 % of the total wastewater signal analyzed in Ottawa was attributed to
the Alpha (B.1.1.7) VOC (D’Aoust et al., 2022). From Apr. 8th, 2020 to
Aug. 29th, 2021, in Ottawa, and July 14th, 2020 to Oct. 9th, 2021, in Ham-
ilton, <70 % of the total population in both cities qualified as “fully vacci-
nated” (two doses of approved vaccine) against COVID-19 (Public Health
Ontario, 2022a). Prior to significant community vaccination immunization,
the asymptomatic proportion is believed to have ranged from 17.9 % to
57 % relative to symptomatic individuals (Kimball et al., 2020; Mizumoto
et al., 2020; Sah et al., 2021). The proportion of symptomatic individuals
likely to display moderate and severe illness are 56.7 % and 0.9 %,



Table 2
Correlations (Spearman's ρ) between normalized SARS-CoV-2 RNA signal (N1-N2 copies/copies PMMoV) and laboratory positive cases, hospital admissions, ICU admissions,
and deaths in Ottawa and Hamilton, prior to significant natural and vaccination immunization.

Under 70 % of the total population fully vaccinated, Apr. 8th, 2020–Aug. 29th (Ottawa)/Oct. 9th (Hamilton), 2021, wildtype and Alpha surges

Ottawa 5-day midpoint avg. laboratory positive cases 5-day midpoint avg. hospital admissions 5-day midpoint avg. ICU admissions 5-day midpoint avg. deaths
Lead time (△t) 5d 10d 10d 19d
Spearman's ρ 0.821 0.808 0.708 0.730

Hamilton 3-day midpoint avg. laboratory positive cases 3-day midpoint avg. hospital admissions 3-day midpoint avg. ICU admissions 3-day midpoint avg. deaths
Lead time (△t) 10d 14d 14d 20d
Spearman's ρ 0.655 0.682 0.352 0.574
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respectively (Inokuchi et al., 2021). A time step analysis demonstrates a
good relationship between the measured SARS-CoV-2 wastewater viral sig-
nal (normalized with PMMoV) and laboratory positive cases and hence
community disease incidence, with a 5-day lead time in Ottawa (△t =
5d) (ρ = 0.821) and a 10-day lead time (△t = 10d) in Hamilton (ρ =
0.655) when under 70 % of both populations were fully immunized
(Table 2, Fig. 1 A and B). These findings are in agreement with reported ob-
servations from previous WWS work performed prior to mass vaccination
immunization (D’Aoust et al., 2021a; Gerrity et al., 2021; Gonzalez et al.,
2020; Graham et al., 2021; Medema et al., 2020; Peccia et al., 2020).

A similar time step analysis further identified WWS as a good indicator
for disease burden prior to significant vaccination immunization based on
hospital admissions from COVID-19, and additionally based on ICU admis-
sions, and deaths due to complications from COVID-19. A strong positive
correlation exists between PMMoV normalized SARS-CoV-2 viral signal
and hospital admissions with a 10-day lead time in the viral signalmeasure-
ments inOttawa (ρ=0.808), andwith a 14-day lead time inHamilton (ρ=
0.682) (Table 2). This is further confirmed visually (Fig. 1 C and D) and
aligns with an observation from previous work demonstrating SARS-CoV-
2 viral signal measurements preceding hospital admissions by over 10
days (D’Aoust et al., 2021a). PMMoV-normalized SARS-CoV-2 viral signal
was further found to have a strong positive correlation with COVID-19 pa-
tients in ICU with △t = 10d in Ottawa (ρ = 0.708); and a weak positive
correlation exists between wastewater measurements and ICU admissions
with △t = 14d in Hamilton (ρ = 0.352) (Table 2, Fig. 1 E and F, respec-
tively). Finally, wastewater measurements maintain a strong positive rela-
tion with COVID-19-caused deaths in Ottawa with △t = 19d (ρ =
0.730) (Table 2, Fig. 1 G) and amoderate positive correlationwith reported
deaths in Hamilton with△t=20d (ρ=0.574) (Table 2). The weak corre-
lations between wastewater signal and epidemiological metrics in the city
of Hamilton compared to the city of Ottawa are partially attributable to a
lower frequency of wastewater testing in the city of Hamilton. Although
weak positive correlations were found between wastewater measurements
and reported ICU admissions and deaths in Hamilton, an apparent similar-
ity in the trends between wastewater measurements and reported deaths in
Hamilton is visually confirmed (Fig. 1 F and H). With these findings, it can
be concluded thatWWS provides affirmative information attributed to both
incidence of COVID-19 infections, and disease burden prior to significant
vaccination immunization.

3.2. Relation between WWS signal and epidemiological metrics post significant
natural and vaccination immunization and prior to vaccination waning, Delta
(B.1.617.2) surge and prior to omicron (B.1.1.529) surge

As of Aug. 29th, 2021, in Ottawa, and Oct. 9th, 2021, in Hamilton,
≥70 % of the total population in these communities were characterized
as having reached significant vaccination immunity (2 approved vaccine
doses) against COVID-19 (Public Health Ontario, 2022a). Amidst the
mass vaccination campaign in both communities, the Delta (B.1.617.2)
overtook the B.1.1.7 (Alpha) VOC as the dominant strain by Jul. 2021 in
Ontario (Fisman and Tuite, 2021); by Jul. 31st, 2021, 50 % of total waste-
water signal analyzed in Ottawa was attributed to the Delta (B.1.617.2)
VOC and remained dominant until Dec. 12th, 2021 (D’Aoust et al., 2022).
Compared to the preceding B.1.1.7 (Alpha) VOC, the B.1.617.2 (Delta)
VOC is distinguished as more transmissible and virulent (Kannan et al.,
4

2021; Y. Liu et al., 2022b; Planas et al., 2021) with higher risk of hospital-
ization to unvaccinated individuals (Paredes et al., 2021). To establish
whether significant vaccination immunization affects the predictive nature
and relation of wastewater measurements to community incidence and
disease burden, the relationships between wastewater and epidemiological
metrics/100,000 inhabitants (laboratory positive cases, new hospital
admissions, ICU admissions, and deaths) were further evaluated using a
time step analysis once significant vaccination immunization to just before
the initial detection of the B.1.1.529.1 (Omicron BA.1) VOC in Ontario in
Nov. 28th, 2021 (Public Health Ontario, 2022b). With significant vaccina-
tion immunization just being achieved in the communities, the majority of
SARS-CoV-2 infections are less likely to exhibit severe COVID-19 symptoms
leading to hospitalization or fatality due to lower viral loads (Levine-
Tiefenbrun et al., 2021). Furthermore, with vaccine efficacy against the
Delta (B.1.617.2) VOC being over 75% at 12weeks since reception of a sec-
ond COVID-19 mRNA vaccine dose (Iorio et al., 2022), waning immunity
was assumed to not be prevalent in either Ottawa or Hamilton between
Aug. 29th, 2021 (Ottawa)/Oct. 9th, 2021 (Hamilton) and prior to the
onset of the Omicron BA.1 (B.1.1.529.1) VOC on Nov. 28th, 2021.

During the periods of high natural and vaccination immunization be-
tween Aug. 29th, 2021 (Ottawa)/Oct. 9th, 2021 (Hamilton) and Nov.
28th, 2021, and prior to vaccination waning, the wastewater viral signal
along with epidemiological data fluctuated at low levels as the B.1.617.2
(Delta) VOC spread through in the cities (Fig. 2). Weak to moderate corre-
lations were observed between the PMMoV-normalized SARS-CoV-2 viral
signal measurements in wastewater and laboratory positive cases/
100,000 inhabitants (Table 3). The weak correlations showed time steps
of △t = 0d in Ottawa (ρ = 0.189) and △t = 0d in Hamilton (ρ =
−0.029). This is further visually confirmed with wastewater signals re-
maining at low levels despite slight increases in laboratory positive case
counts/100,000 inhabitants in both Ottawa and Hamilton communities
(Fig. 2 A and B, respectively). A similar divergence of wastewater viralmea-
surements from laboratory COVID-19 positive cases was observed in recent
WWS work during period of peak vaccination immunization (Bivins and
Bibby, 2021; Cutrupi et al., 2022; Nattino et al., 2022). This indicates that
wastewater is no longer leading laboratory COVID-19 positive case counts
in a community with recent, significant vaccination immunity.

While there was no change in PCR testing eligibility in Ontario during
the B.1.617.2 (Delta) VOC surge, it is hypothesized that this loss in relation
betweenwastewater signal and laboratory confirmed positive cases in both
communities is attributed to reduced disease severity during the B.1.617.2
(Delta) VOC surge. As such, a similar time-step analysis was conducted be-
tween wastewater and epidemiological metrics reflective of disease burden
(hospital admissions, ICU admissions, and deaths). A higher, but weak pos-
itive correlation exists between wastewater viral signals and hospital ad-
missions/100,000 inhabitants at △t = 11d in Ottawa (ρ = 0.364)
(Table 3), and at △t = 5d in Hamilton (ρ = 0.312) (Table 3). While the
weak correlations between wastewater and the two clinical metrics are
likely attributed to wastewater data fluctuating at low levels, the trends be-
tween the PMMoV-normalized viral signals and new hospital admission/
100,000 inhabitants in Ottawa and Hamilton display better visual align-
ment at △t = 11d (ρ = 0.364) (Fig. 2 C) and △t = 5d (ρ = 0.312)
(Fig. 2 D), respectively, compared to the overlayed trends of wastewater
and laboratory positive cases (Fig. 2 A and B). Furthermore, theweaker cor-
relation between wastewater signal and hospital admissions/100,000
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Fig. 1.Relation between SARS-CoV-2wastewater signal (advanced by respective “△t” time lag on the x-axis) and A) clinical COVID-19 positive cases/100,000 inhabitants in
Ottawa and B) clinical COVID-19 positive cases/100,000 inhabitants in Hamilton, C) hospital admissions/100,000 inhabitants in Ottawa and D) hospitalization admissions/
100,000 inhabitants in Hamilton, E) ICU admissions/100,000 inhabitants in Ottawa and F) ICU admissions/100,000 inhabitants in Hamilton, and G) COVID-19 caused
deaths/100,000 inhabitants in Ottawa, and H) COVID-19 caused deaths/100,000 inhabitants in Hamilton from Apr. 8th, 2020 to May. 26th, 2022.
*Laboratory positive cases in Ottawa and Hamilton are underreported due to updated PCR eligibility in Ontario as of Dec. 31st, 2021.
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inhabitants in Hamilton, compared to the wastewater signals in Ottawa,
may be due to the lower frequency of wastewater testing in Hamilton com-
pared to Ottawa. A weak positive correlation was observed between
PMMoV-normalized SARS-CoV-2 viral signal and ICU admissions/
100,000 inhabitants in Ottawa at △t = 14d (ρ = 0.316) (Table 3, Fig. 2
E) and in Hamilton at △t = 7d (ρ = 0.524) (Table 3, Fig. 2 F). Finally, a
moderate positive correlation was observed between PMMoV-normalized
SARS-CoV-2 viral signal and reported daily deaths/100,000 inhabitants at
△t = 25d in Ottawa (ρ = 0.501) (Table 3, Fig. 2 G), and at △t = 23d
in Hamilton (ρ = 0.097) (Table 3, Fig. 2 H). Since no >0.2 COVID-19-
related deaths/100,000 inhabitantswere reported inOttawa andHamilton,
the correlations between the wastewater measurements and reported
deaths prior to the Omicron BA.1 (B.1.1.529.1) surge are presumed incon-
clusive. The results show a decline in the relation between wastewater and
5

laboratory positive cases/100,000 inhabitantswith≥70%of the total pop-
ulation of both communities being recently fully vaccinated against COVID-
19 and vaccination occurring prior to anticipated vaccine waning. Compar-
atively, hospitalization and ICU admissions exhibit a better relationship with
the PMMoV-normalized viral signal measurements. These findings suggest
the possibility of wastewater being a less strong lead indicator of disease inci-
dence during possible, future COVID-19 seasonal vaccination campaigns
while being a strong lead indicator of community disease burden.

3.3. Relation between WWS signal and epidemiological metrics during commu-
nity vaccination waning, Omicron BA.1 (B.1.1.529.1) surge

The Omicron subvariant BA.1 (B.1.1.529.1) VOC was first detected in
the Canadian province of Ontario on Nov. 28th, 2021 (Public Health
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Fig. 2.Relation between SARS-CoV-2wastewater signal (advanced by respective “△t” time lag on the x-axis) and A) clinical COVID-19 positive cases/100,000 inhabitants in
Ottawa and B) clinical COVID-19 positive cases/100,000 inhabitants in Hamilton, C) hospital admissions/100,000 inhabitants in Ottawa and D) hospitalization admissions/
100,000 inhabitants in Hamilton, E) ICU admissions/100,000 inhabitants in Ottawa and F) ICU admissions/100,000 inhabitants in Hamilton, and G) COVID-19-caused
deaths/100,000 inhabitants in Ottawa, and H) COVID-19 caused deaths/100,000 inhabitants in Hamilton post 70 % vaccination of total population and prior to Omicron
surge (Aug. 30th, 2021–Nov. 27th, 2021, in Ottawa, and Oct 9th, 2021–Nov. 27th, 2021, in Hamilton).
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Ontario, 2022b). As of Dec. 12th, 2021, 50%of total wastewater signalwas
attributed to the Omicron BA.1 (B.1.1.529.1) VOC in Ottawa's wastewater
(Fig. S1 in Supplemental Material) and as of Dec. 26th, 2021, 50 % of lab-
oratory positive cases were reportedly infected with Omicron BA.1
Table 3
Correlations between normalized SARS-CoV-2 RNA signal (N1-N2 avg. copies/copies
deaths/100,000 inhabitants in Ottawa and Hamilton, post significant natural and vacci

Over 70 % of the total population was fully vaccinated, Aug. 29th (Ottawa)/Oct.9th (Hamilto

Ottawa 5-day midpoint avg. laboratory positive cases 5-day midpoint avg
Lead time (△t) 0d 11d
Spearman's ρ 0.189 0.364

Hamilton 3-day midpoint avg. laboratory positive cases 3-day midpoint avg
Lead time (△t) 0d 5d
Spearman's ρ −0.029 0.312
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(B.1.1.529.1) in Hamilton (Public Health Ontario, 2022a). The Omicron
BA.1 (B.1.1.529.1) VOC remained dominant in both communities until
Mar. 27th, 2022. One of the unique properties of the Omicron BA.1
(B.1.1.529.1) VOC is its higher vaccine-escape capabilities, resulting in
PMMoV) and laboratory positive cases, hospital admissions, ICU admissions, and
nation immunization during the onset of the B.1.617.2 (Delta) VOC.

n), 2021–Nov. 27th, 2021, Delta surge

. hospital admissions 5-day midpoint avg. ICU admissions 5-day midpoint avg. deaths
14d 25d
0.316 0.501

. hospital admissions 3-day midpoint avg. ICU admissions 3-day midpoint avg. deaths
7d 23d
0.524 0.097
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reduced protection by vaccination immunization against onset disease se-
verity and higher contagion compared to the Delta (B.1.617.2) VOC
(Hogan et al., 2021; L. Liu et al., 2022a; Smith-Jeffcoat et al., 2022; Wang
et al., 2022). Additionally, at the onset of Omicron BA.1 (B.1.1.529.1),
over 15 weeks have passed since ≥70 % of the total population in the
Ottawa andHamilton communities achieved full vaccination immunization
(two doses of approved vaccine). Evidence suggests waning of vaccine
effectiveness against symptomatic disease from the Omicron BA.1
(B.1.1.529.1) from 75 % at 2 weeks, to 14.9–36.3 % at ≥25 weeks from
the reception of a second COVID-19 mRNA vaccine dose (Andrews et al.,
2022; Iorio et al., 2022; Lin et al., 2021; Tartof et al., 2021). Thus, subject-
ing both communities to waned vaccine-induced immunity against the
highly infections Omicron BA.1 (B.1.1.529.1) VOC. This particularly puts
the most frail groups in the community (the elderly, immunocompromised,
and unvaccinated) at a greater risk of severe COVID-19-related complica-
tions and morbidity during the onset of Omicron BA.1 (B.1.1.529.1). A
booster (third dose) of the mRNA-based vaccine was found to increase
vaccine-induced immunization against symptomatic disease up to 75 % at
2 weeks, 56.6 % at 4–5 weeks, and 43.7 % at 10–11 weeks from reception
of the third vaccine dose (Iorio et al., 2022). As such, a booster COVID-19
vaccine dose campaignwas initiated on Dec. 13, 2021, to provide improved
vaccine-induced immunity against the Omicron BA.1 (B.1.1.529.1) VOC,
with priority given to the most frail groups in the community. The Omicron
BA.1 (B.1.1.529.1) VOC is further distinguished from the preceding VOCs
by its shorter incubation period (the duration between infection and
onset of symptoms) (Lee et al., 2021; Public Health Ontario, 2022c;
Smith-Jeffcoat et al., 2022), and its shorter serial interval (the time from
symptom onset in primary infector and symptom onset in secondarily in-
fected case) (Backer et al., 2022; Public Health Ontario, 2022c). The impli-
cations of these novel characteristics on the relation between wastewater
viral signal and the clinical metrics representing disease incidence and dis-
ease burden require further exploration.

With the onset of the Omicron BA.1 (B.1.1.529.1) VOC from Nov. 28th,
2021, through Feb. 22nd, 2022, measurements of the PMMoV-normalized
SARS-CoV-2 RNA in wastewater from both Ottawa and Hamilton exhibited
an abrupt rise along with laboratory positive case counts, new hospital ad-
missions, ICU admissions, and deaths/100,000 inhabitants (Fig. 1). A sim-
ilar resurgence in SARS-CoV-2 viral signal measurements in wastewater
and laboratory COVID-19 positive case counts was observed in Israel 17
weeks after 60 % of the total population received two mRNA vaccine
doses during the onset of the Delta (B.1.617.2) VOC (Yaniv et al., 2021).
At the peak of the Omicron BA.1 (B.1.1.529.1) surge, clinical case counts
and hospital admissions/100,000 inhabitants reached a record high of
125 laboratory positive cases/100,000 inhabitants and 2.4 hospital admis-
sions/100,000 inhabitant after the wildtype and Alpha (B.1.1.7) surges
(Apr. 8th, 2020–Aug. 29th, 2021) (Fig. 1). On Dec. 31st, 2021, PCR testing
eligibility in the Canadian province of Ontario changed from population-
wide testing to only symptomatic and high-risk individuals being eligible
for testing (Government of Ontario, 2021). Prior to this change in testing el-
igibility, a strong positive correlation between PMMoV-normalized SARS-
CoV-2 viral signal and laboratory positive cases/100,000 inhabitants
were observed in Ottawa at △t = 0d (ρ = 0.861), and at △t = 0d in
Hamilton (ρ = 0.727) (Table 4). Following the Dec. 31st, 2021, change in
testing eligibility, the relation betweenwastewater viral signal and reported
laboratory positive cases/100,000 inhabitants has notably diminished due
Table 4
Correlations between midpoint avg. of N1-N2 copies/copies PMMoV and laboratory pos
Ottawa and Hamilton, respectively, post significant natural and vaccination immunizat

Over 70 % of the total population fully vaccinated, Nov. 28th, 2021–Feb 22nd, 2022, Omicron

Ottawa 5-day midpoint avg. laboratory positive cases 5-day midpoint
Lead time (△t) 0d 4d
Spearman's ρ 0.861 0.947

Hamilton 3-day midpoint avg. laboratory positive cases 3-day midpoint
Lead time (△t) 0d 3d
Spearman's ρ 0.727 0.837
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to reduced clinical testing and underreporting of the laboratory positive
case counts in both Ottawa and Hamilton; this is further visually confirmed
(Fig. 3 A and B). On the contrary, PMMoV-normalized SARS-CoV-2 viral
signal remained in strong agreement with new hospital admissions/
100,000 inhabitants at △t = 4d in Ottawa (ρ = 0.947), and at △t = 3d
in Hamilton (ρ = 0.837) (Table 4) from Nov. 28th, 2021, through Feb.
22nd, 2022; this is further visually confirmed (Fig. 3 C and D), demonstrat-
ing WWS efforts consistently leading new hospital admissions. However,
the lead time betweenPMMoV-normalized viral signal and newhospital ad-
missions/100,000 inhabitants is notably shorter during the onset of the
Omicron BA.1 (B.1.1.529.1) VOC in Ottawa and Hamilton compared to
the onset of the Alpha (B.1.1.7) VOC that displayed lead times of 10 and
14 days in Ottawa and Hamilton, respectively (Table 2, Fig. 1 A and B).
This is likely attributed to the shorter incubation period ranging between
2 and 8 days in individuals infected with the Omicron BA.1 (B.1.1.529.1)
VOC compared to the preceding VOCs (Lee et al., 2021; Smith-Jeffcoat
et al., 2022). Furthermore, PMMoV-normalized SARS-CoV-2 viral signal
measurements maintains a strong positive relation with reported ICU ad-
missions/100,000 inhabitants at △t = 14d in Ottawa (ρ = 0.911), and
at△t=2d in Hamilton (ρ=0.673) (Table 4, Fig. 3 E and F, respectively).
The differences in the lead times of the PMMoV-normalized SARS-CoV-2
viral signals to the ICU admissions/100,000 inhabitants between Ottawa
and Hamilton are likely attributed to the lower ICU admissions/100,000
inhabitants in Hamilton compared to Ottawa (Fig. 3 E and F, respectively).
Finally, a strong positive correlation further exists between PMMoV-
normalized SARS-CoV-2 viral signal and reported deaths/100,000
inhabitants at △t = 18d in Ottawa (ρ = 0.905), and at △t = 9d in
Hamilton (ρ = 0.663) (Table 4, Fig. 3 G and H), supporting the indication
of disease burden. Thus, findings suggest that during the onset of the
Omicron BA.1 (B.1.1.529.1) VOC with its vaccine-escape capabilities and
waned natural and vaccination immunization, wastewater viral signalmea-
surements were strong indicators of disease burden in both the Ottawa and
Hamilton communities.

3.4. Relation between WWS signal and epidemiological metrics following gained
natural immunity via recent surge, Omicron BA.2 (B.1.1.529.2) post protection
surge

A facemaskmandate and other public health protections such as gather-
ing limits, and proof vaccination requirementswere present throughout the
entirety of the studied period until Mar. 21st, 2022, when facemasks were
no longer required in most indoor public settings (except for public transit,
health care settings, long-term care homes, and congregate settings)
(Government of Ontario, 2022). Facemasks were proven to provide the
highest level of personal protection against contracting COVID-19 in indoor
public settings (Andrejko et al., 2022). However, immediately following
the removal of facemask mandates on Mar. 21st, 2022, a steep rise in the
PMMoV-normalized SARS-CoV-2 viral signal measurements was observed
in both Ottawa and Hamilton as the Omicron BA.1 (B.1.1.529.1) VOC re-
surges, along with a concurring surge of the highly transmissible Omicron
BA.2 (B.1.1.529.2) subvariant. As of Mar. 27th, 2022, 50 % of total waste-
water signal in Ottawa's wastewater was attributed to the Omicron BA.2
(B.1.1.529.2) VOC (Fig. S2 in Supplemental Material) in Ottawa; the
Omicron BA.2 (B.1.1.529.2) VOC remained dominant until the end of this
study. During the Omicron BA.2 (B.1.1.529.2) surge since Mar. 27th,
itive cases, hospital admissions, ICU admissions, and deaths/100,000 inhabitants in
ion and during the onset of the Omicron BA.1 (B.1.1.529.1) VOC.

BA.1 surge

avg. hospital admissions 5-day midpoint avg. ICU admissions 5-day midpoint avg. deaths
14d 18d
0.911 0.905

avg. hospital admissions 3-day midpoint avg. ICU admissions 3-day midpoint avg. deaths
2d 9d
0.673 0.663
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Fig. 3. Relation between SARS-CoV-2 wastewater signal (advanced by respective “△t” time lag on the x-axis) and A) laboratory COVID-19 positive cases/100,000
inhabitants in Ottawa and B) laboratory COVID-19 positive cases/100,000 inhabitants in Hamilton, C) hospital admissions/100,000 inhabitants in Ottawa and
D) hospitalization admissions/100,000 inhabitants in Hamilton, E) ICU admissions/100,000 inhabitants in Ottawa and F) ICU admissions/100,000 inhabitants in
Hamilton, and G) COVID-19 caused deaths/100,000 inhabitants in Ottawa, and H) COVID-19 caused deaths/100,000 inhabitants in Hamilton during the Omicron BA.1
(B.1.1.529.1) surge (Nov. 28th, 2021, to Feb. 22nd, 2022).
*Laboratory positive cases in Ottawa and Hamilton are underreported due to updated PCR eligibility in Ontario as of Dec. 31st, 2021.
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2022, the 5-day average PMMoV-normalized SARS-CoV-2 measurement
reached the highest recorded peak throughout the entirety of the
study period after the previous highest peak measured during the
Alpha (B.1.1.7) surge in both Ottawa and Hamilton (Fig. 1). Unusually
during this surge, however, all the four studied epidemiological metrics
per 100,000 inhabitants (laboratory positive cases, hospital admissions,
ICU admissions, and deaths) exhibited lower values compared to those
recorded during the preceding Alpha (B.1.1.7) and Omicron BA.1
(B.1.1.529.1) surges in both communities (Fig. 1), even though evi-
dence suggests a similar risk for individual infected with the Omicron
BA.1 and BA.2 subvariants to be hospitalized and develop severe
COVID-19 symptoms (Wolter et al., 2022). This observation is dissimi-
lar to those made during the previous surges where all the clinical
8

metrics reached peaks that were proportional to the wastewater mea-
surements during the preceding wildtype, Alpha (B.1.1.7), Delta
(B.1.617.2), and Omicron BA.1 (B.1.1.529.1) surges (Fig. 1). This is
likely attributed to enhanced natural immunization in the most frail
members of the community (the elderly and immunocompromised)
due to reinfection (at least 90 days after first infection) from the Omi-
cron BA.1 (B.1.1.529.1) surge (Abu-Raddad et al., 2021), and enhanced
vaccination immunization from receiving a booster COVID-19 vaccine
dose which provides up to 90 % protection against severe or fatal dis-
ease by the Omicron BA.2 (B.1.1.529.2) VOC at 7 weeks since reception
of a third COVID-19 mRNA vaccine dose (Iorio et al., 2022); resulting in
a lower hospitalization and fatality outcomes throughout the course of
the Omicron BA.2 (B.1.1.529.2) surge.
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A moderate positive correlation between PMMoV-normalized SARS-
CoV-2 viral signal and laboratory positive cases/100,000 inhabitants was
observed in Ottawa at△t = 0d (ρ = 0.579), while a stronger correlation
was observed at△t = 0d (ρ=0.847) in Hamilton (Table 5). It is notewor-
thy that during this period, PCR eligibility in Ontario was still limited to
only symptomatic and high-risk individuals. It is thus very likely that the re-
ported laboratory positive cases in both studied communities are
underreported, and a stronger correlation could have been observed as
shown previously during the Omicron BA.1 (B.1.1.529.1) surge before
Dec. 31st, 2021 (Table 4, Fig. 3 A and B). According to personal communi-
cations, personnel from a high-risk occupational setting who were still eli-
gible for PCR testing of COVID-19 in Ontario post-Dec. 31st, 2021,
reported a higher magnitude of positive COVID-19 test results during the
Omicron BA.2 (B.1.1.529.2) compared to the previous Omicron BA.1
(B.1.1.529.1) surge. The trends displayed by those institutions displayed a
similar visual trend with the wastewater viral signal with a lead time of ap-
proximately 5 days from the PMMoV-normalized viral signal measured in
wastewater, further suggesting an underestimation of the true population-
wide laboratory positive cases/100,000 inhabitants in both Ottawa and
Hamilton. This further aligns with evidence of higher transmissibility of
the Omicron BA.2 (B.1.1.529.2) sub-lineage compared to the preceding
BA.1 (B.1.1.529.1) sub-lineage (Lyngse et al., 2022). Therefore, even as
clinical testing eligibility was restricted and testing results are less represen-
tative of community incidence, wastewater viral signal measurement likely
remained an indicator of incidence during the Omicron BA.2 (B.1.1.529.2)
surge.

Findings from the previous wildtype, Alpha (B.1.1.7), Delta (B.1.617.2),
and the first Omicron BA.1 (B.1.1.529.1) surges have suggested that waste-
water was a reliable indicator of disease burden based on its relationship
with the clinical metrics of hospitalization, ICU admissions, and deaths/
100,000 inhabitants. During the Omicron BA.2 (B.1.1.529.2) surge, al-
though the PMMoV-normalized SARS-CoV-2 viral signal measurements
displayed strong correlations with new hospital admissions/100,000 in-
habitants at△t= 5d in Ottawa (ρ= 0.784) and at△t= 3d in Hamilton
(ρ = 0.612) (Table 5), they are notably weaker compared to the correla-
tions from the previous Omicron BA.1 (B.1.1.529.1) surge (ρ = 0.947 at
△t = 4d in Ottawa and ρ = 0.837 at △t = 3d in Hamilton) prior to the
removal of facemask mandate in both communities (Table 4). This is likely
because hospitalizations/100,000 inhabitants during this Omicron BA.2
(B.1.1.529.2) surge fluctuate more irregularly at lower counts (between 0
and 1.6) (Fig. 5 C and D) compared to the previous Omicron BA.1
(B.1.1.529.1) surgewhere hospital admissions/100,000 inhabitants ranged
from 0 to 2.4 (Fig. 4 C and D). Furthermore, amoderate positive correlation
exists between the PMMoV-normalized viral signalmeasurements inwaste-
water and ICU admissions/100,000 inhabitants at △t = 14d in Ottawa
(ρ = 0.557) and at △t = 2d in Hamilton (ρ = 0.445) (Table 5). Lastly, a
weak positive correlation was observed between the PMMoV-normalized
viral signal and COVID-19-related deaths/100,000 inhabitants at △t =
18d in Ottawa (ρ = 0.356) and at △t = 16d in Hamilton (ρ = 0.252)
(Table 5). COVID-19 caused deaths during the Omicron BA.2
(B.1.1.529.2) surge does not visually exhibit a notable curve-like trend
with increasing wastewater viral signal in both Ottawa (Fig. 4 G) and
Hamilton (Fig. 4H), unlikewhatwas been previously observedwith preced-
ing VOC surges prior to Mar. 21st, 2022 (Fig. 1). Compared to the previous
Omicron BA.1 (B.1.1.529.1) surge, not only are the correlations weaker
Table 5
Correlations between midpoint avg. of N1-N2 copies/copies PMMoV and laboratory pos
Ottawa and Hamilton, respectively, post significant natural and vaccination immunizat

Over 70 % of the total population fully vaccinated Mar. 21st, 2022–May 26th, 2022, 2022, Om

Ottawa 5-day midpoint avg. laboratory positive cases 5-day midpoint avg.
Lead time (△t) 0d 5d
Spearman's ρ 0.579 0.784

Hamilton 3-day midpoint avg. laboratory positive cases 3-day midpoint avg
Lead time (△t) 0d 3d
Spearman's ρ 0.847 0.612
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between the clinical metrics/100,000 inhabitants indicative of disease bur-
den (hospitalization, ICU admissions, and deaths) and wastewater viral sig-
nal during the Omicron BA.2 (B.1.1.529.2) surge, but the magnitudes of all
the three metrics are reportedly lower (Fig. 1). It is hypothesized that the
lower hospitalizations, ICU admissions, and deaths/100,000 inhabitants
during the Omicron BA.2 (B.1.1.529.2) surge are attributed to enhanced
natural immunization and enhanced vaccination immunization against se-
vere disease outcomes. Another contributor to higher hospitalizations/
100,000 inhabitants between Dec. 2021 and Feb. 2022 during the Omicron
BA.1 (B.1.1.529.1) surge compared to Mar. 2022 onwards during the
Omicron BA.2 (B.1.1.529.2) surge could be a form ofmorbidity ormortality
displacement inwhich themost frail members of the population are affected
by the first Omicron BA.1 (B.1.1.529.1) surge. Due to reduced protection
posed by Omicron's vaccine-escape capabilities, the most frail people in
the community (the elderly, immunocompromised) who were protected
from previous VOCsmay have had severe COVID-19-related complications
(hospitalization, ICU admission, or death) early in the Omicron BA.1
(B.1.1.529.1) surge. During the onset of the Omicron BA.2 (B.1.1.529.2)
from Mar. 2022 onwards, those frail members of the community have
either succumbed to the illness or had recovered leaving a less-frail popula-
tion for which significant natural and vaccination immunization may still
convey protection from severe outcomes. Therefore, during the surge of a
less virulent VOC in a community with significant natural and vaccination
immunization, wastewater is shown to be less of an indicator of disease
burden.

Post significant vaccination immunization, between the past 3–4
months of authoring this article (Jun. 2022), the WWS link to disease inci-
dence was weakened, but the link to hospitalizations/100,000 inhabitants
was not. During the post protection Omicron BA.2 (B.1.1.529.2) surge,
wastewater is shown to be an indicator of incidence and infections of a
less virulent VOC, and less of an indicator of disease burden either due to
significant natural and vaccination immunization or due to morbidity dis-
placement.

3.5. Progression of hospitalization data as an indicator of disease virulence

Wastewater signal as a predictor and indicator of community disease
burden is demonstrated during wildtype SARS-CoV-2 and the spread of
the B.1.1.7 (Alpha), B.1.617.2 (Delta), and B.1.1.529.1 (Omicron BA.1 –
prior to protection removal) VOCs, but not during the B.1.1.529.2 (Omi-
cron BA.2 – post protection/facemask removal). During the onset of the
wildtype SARS-CoV-2 between Dec. 2020 and Mar. 2021, wastewater
viral signal was a predictor and indicator of both incidence (laboratory pos-
itive cases) and disease burden (hospital admissions) in both Ottawa (Fig. 1
A and C) and Hamilton (Fig. 1 B and D). The B.1.1.7 (Alpha) VOC further
caused infectious surges of COVID-19 disease between Mar. 23rd, 2021
and July 31st, 2021 while vaccine rollout was still limited and only 2.2 %
and 2.7 % of the Ottawa and Hamilton population were fully vaccinated
against COVID-19 (2 approved vaccine doses) by Mar. 23rd, 2021 (onset
of B.1.1.7 (Alpha) VOC), respectively (Public Health Ontario, 2022a).
With the majority of the population in both communities lacking natural
and vaccination immunity, the B.1.1.7 (Alpha) surge had the highest mor-
bidity outcome (i.e., the highest counts of hospital admissions, ICU admis-
sions, and deaths/100,000 inhabitants due to COVID-19 complications)
throughout the studied period (Fig. 1). The elevated magnitude of the
itive cases, hospital admissions, ICU admissions, and deaths/100,000 inhabitants in
ion and during the onset of the Omicron BA.2 (B.1.1.529.2) VOC.

icron surge

hospital admissions 5-day midpoint avg. ICU admissions 5-day midpoint avg. deaths
14d 18d
0.557 0.356

. hospital admissions 3-day midpoint avg. ICU admissions 3-day midpoint avg. deaths
2d 16d
0.445 0.252
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Fig. 4.Relation between SARS-CoV-2wastewater signal (advanced by respective “△t” time lag on the x-axis and A) laboratory COVID-19 positive cases/100,000 inhabitants
in Ottawa and B) laboratory COVID-19 positive cases/100,000 inhabitants in Hamilton, C) hospital admissions/100,000 inhabitants in Ottawa and D) hospitalization
admissions/100,000 inhabitants in Hamilton, E) ICU admissions/100,000 inhabitants in Ottawa and F) ICU admissions/100,000 inhabitants in Hamilton, and G) COVID-
19 caused deaths/100,000 inhabitants in Ottawa, and H) COVID-19 caused deaths/100,000 inhabitants in Hamilton during the Omicron BA.2 (B.1.1.529.2) surge post
removal of protection/face masking protection (Mar. 21th, 2022 to May 26th, 2022).
*Laboratory positive cases in Ottawa and Hamilton are underreported due to updated PCR eligibility in Ontario as of Dec. 31st, 2021.
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corresponding hospitalization-to-wastewater (HW) ratio is further indica-
tive of the virulence of the B.1.1.7 (Alpha) VOC in both communities
(Fig. 5). In the course of the wildtype COVID-19 and the B.1.1.7 (Alpha)
VOC surge, the wastewater signal strongly correlated to both COVID-19
positive laboratory positive cases/100,000 inhabitants and hospital admis-
sions/100,000 inhabitants in Ottawa and Hamilton (Fig. 1). Thus, prior to
significant vaccination immunization, wastewater functioned as an effec-
tive predictor and indicator of both incidence (laboratory positive cases)
and disease burden (hospital admissions) with virulent dominant VOC.

Although vaccine rollout was limited during the onset of the B.1.1.7
(Alpha) VOC, vaccination rates increased rapidly from Jun. 2021 through
Aug. 2021 concurrently as the more transmissible B.1.617.2 (Delta) VOC
surged through the cities from Jul. 31st, 2021 to Dec. 12th, 2021. By
23rd Jul. 23rd/Aug. 5th, 2021, at least 60 % of the total population in Ot-
tawa/Hamilton were fully immunized (2 approved vaccine doses) and by
10
Aug. 29th/Oct. 9th, 2021, in Ottawa/Hamilton, at least 70 % of the total
population were fully immunized (Public Health Ontario, 2022a). With sig-
nificant vaccination immunization achieved in both cities<2–4weeks from
the onset of the B.1.617.2 (Delta) VOC, both communities benefited from
peak vaccination immunity. There was further the benefit of enhanced nat-
ural immunity for recovered individuals previously infected with the
B.1.1.7 (Alpha) VOC during its dominance. Consequently, both studied
communities experienced the lowest laboratory confirmed positive cases/
100,000 inhabitants (Fig. 1 A and B) and hospital admissions/100,000 in-
habitants (Fig. 1 C and D) throughout the entire studied period during the
B.1.617.2 (Delta) VOC surge. With lower proportions of symptomatic infec-
tions occurring in the general population during the B.1.617.2 (Delta) VOC
surge, the link between wastewater signal and COVID-19 incidence was
weakened (population-wide PCR testing in Ontario was available during
this period) (Fig. 2 A and B) while the relation to disease burden was
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preserved (Fig. 2 C and D). While the lowest hospitalizations/100,000 inhab-
itants and wastewater signals were experienced in both communities during
the dominance of the B.1.617.2 (Delta) VOC, an elevated HW ratio is still ob-
served, reflecting the virulent nature of the B.1.617.2 (Delta) VOC (Fig. 5).

In Dec. 12th, 2021, the highly infectious B.1.1.529.1 (Omicron BA.1)
VOC became dominant in both studied communities. By then, there is a
possibility of waning vaccination protection as over 15 weeks have passed
since≥70 % of the total population in both communities achieved full vac-
cination immunization, along with the vaccine-escape qualities of the
B.1.1.529.1 (Omicron BA.1) VOC. These factors have likely contributed to
the highest surge in laboratory positive cases (Fig. 1 A and B) with the
second-highest morbid outcomes (i.e. second highest peaks in hospital ad-
missions, ICU admissions, and COVID-19 related deaths/100,000 inhabi-
tants after the B.1.1.7 (Alpha) VOC) in Ottawa (Fig. 1 C, E and G) and
Hamilton (Fig. 1 D, F, and H). The virulence of this VOC is further reflected
by an elevated HW ratio (Fig. 5), similarly to the preceding VOCs. During
this period (Dec. 12th, 2021–Mar 27th, 2022), wastewater viral signalmea-
surements likely have a strong correlation to incidence (by Dec. 31st, 2021,
laboratory positive cases/100,000 inhabitants in both communities are
underreported due to province-wide updated PCR eligibility in Ontario)
and once again maintained a strong correlation to hospitalization/
100,000 inhabitants, albeit with shorter lead times of 4 days (Ottawa)
and 3 days (Hamilton) (Fig. 3 C and D), which are likely attributed to the
shorter incubation time of the B.1.1.529.1 (Omicron BA.1) VOC compared
to the preceding VOCs.
Table 6
Evolution of WWS relation to clinical epidemiological metrics throughout the studied p

Surge Vaccination immunity Natural immunity

Alpha (Apr. 8th, 2020, to
Jul. 31st, 2021)

<70 % of total population fully vaccinated
(two doses of approved vaccine)

Limited natural immu
surge is the first expo
COVID-19 disease for
of the infections

Delta (Jul. 31st, 2021–Dec.
12th, 2021)

Significant vaccination immunity with
≥70 % of total population fully vaccinated
against COVID-19 (two doses of approved
vaccine) with limited waned immunity with
vaccine efficacy against the Delta VOC
being 75 % at 17 weeks since reception of a
second COVID-19 mRNA vaccine dose

Higher natural immu
limited vaccine immu
(indication of re-infec
Alpha VOC)

Omicron (BA.1) (Dec. 12th,
2021–Mar 27th, 2022)

Waned vaccination immunity for
individuals receiving two doses of vaccine
5 months from the onset of the Omicron
(BA.1) VOC

Limited natural immu
significant immune e
VOC

Omicron (BA.2) (Mar. 27th,
2022–May 26th, 2022)

Significant vaccination immunity (due to
rollout timing of booster vaccine dose)

Higher natural immu
(indication of re-infec
Omicron BA.1 VOC)
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In Mar. 27th, 2022, the highly infections B.1.1.529.2 (Omicron BA.2)
VOC predominated the latest surge in Ottawa and Hamilton (Fig. 1 &
Fig. 4). By early Feb. 2022/early Mar. 2022 (prior to the onset of the
B.1.1.529.2 (Omicron BA.2)), 50 % of the total population received a
booster dose (third dose of approved COVID-19 vaccine) in Ottawa/Hamil-
ton (Public Health Ontario, 2022a); increasing vaccine-induced effective-
ness for both communities against the B.1.1.529.1 & B.1.1.529.2
(Omicron BA.1 & BA.2) VOC. Natural immunity is further heightened due
to SARS-CoV-2 infections during the previous B.1.1.529.1 (Omicron
BA.1). As such, the populations are at peak vaccination and natural immu-
nity during the B.1.1.529.2 (Omicron BA.2); a similar scenario to the
B.1.617.2 (Delta) VOC surge. Concurrently, the mandatory facemask re-
quirement in most public indoor spaces was removed province wide as of
Mar. 21st, 2022, whilst the B.1.1.529.2 (Omicron BA.2) VOC began to
spread through the cities between Mar. 27th, 2022 through the last sam-
pling date of May 26th, 2022. Lower morbidity outcomes were observed
during the B.1.1.529.2 (Omicron BA.2) VOC despite being of similar sever-
ity to the B.1.1.529.1 (Omicron BA.1) VOC. This is further reflected by a
lower magnitude of HW ratio in both Ottawa and Hamilton during the
B.1.1.529 (Omicron BA.2) surge, indicative of less virulent dominant VOC
during a period of peak vaccination and natural immunization (Fig. 5). Dur-
ing this surge, wastewater relation to the clinical metrics/100,000 inhabi-
tants is expected to be similar to that observed during the B.1.617.2
(Delta) surge due to being of similar immunization dynamics. However,
the removal of facemask protection during the second Omicron BA.2
eriod of the COVID-19 pandemic.

WWS relation to clinical metrics HW ratio

nity as this
sure to the
the majority

WWS strong and moderate correlations to both incidence (ρ
= 0.821 at△t= 5d in Ottawa and ρ=0.655 at△t=
10d in Hamilton) and hospitalizations (ρ= 0.808 at△t =
10d in Ottawa and ρ= 0.682△t= 14d in Hamilton)

Elevated ratio,
indicative of
virulent
dominant VOC

nity, and
ne escape
tion from

WWS very weak correlation to incidence (ρ = 0.189 at
△t = 0d in Ottawa and ρ = −0.029 at △t = 0d in
Hamilton) (this shown to decrease) and weak
correlation to hospitalizations (ρ = 0.364 at △t = 11d
in Ottawa and ρ = 0.312 at △t = 5d in Hamilton)

Elevated ratio,
indicative of
virulent
dominant VOC

nity, and
scape via

WWS strong correlation to incidence again (ρ =
0.861 at △t = 0d in Ottawa and ρ = 0.727 at △t =
0d in Hamilton) and a strong correlation to
hospitalizations (ρ = 0.947 at △t = 4d in Ottawa and
ρ = 837 at △t = 3d in Hamilton)

Elevated ratio
indicative of
virulent
dominant VOC

nity
tion from

WWS moderate and strong correlation to incidence again (ρ
= 0.579 at△t = 0d in Ottawa and ρ= 0.847 at△t =
0d in Hamilton) and strong correlations to hospitalizations
(ρ=0.784 at△t = 5d in Ottawa and ρ=0.612 at△t =
3d in Hamilton) (weaker compared to preceding the
Omicron BA.1 surge due to lower morbidity)

Low ratio,
indicative of
less virulent
dominant VOC
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(B.1.1.529.2) VOC surge has resulted in a rapid surge in laboratory positive
cases/100,000 inhabitants (albeit being underreported due to limited
population-wide PCR testing), hence strongly correlating to the wastewater
signal in Ottawa (Fig. 4 A) and Hamilton (Fig. 4 B). The wastewater viral
signal measurements is once more displayed as a strong indicator of hospi-
tal admissions/100,000 inhabitants in both communities (Fig. 4 C and
D) with peak vaccination and natural immunity during the Omicron BA.2
(B.1.1.529.2) VOC surge. The evolution of the relation betweenwastewater
and community disease incidence and burden throughout the studied pe-
riod of the COVID-19 pandemic is summarized in Table 6.

4. Conclusions

This study demonstrates the dynamic progression of WWS of SASR-
CoV-2 as predictor and indicator of disease incidence and disease burden
in various stages of the pandemic. During periods with limited/waned vac-
cinated or natural immunity (when the wildtype COVID-19, the Alpha
(B.1.1.7) and the Omicron BA.1 (B.1.1.529.1) VOCs predominated), waste-
water is a strong predictor and indicator for both disease incidence and bur-
den. During periods with peak vaccination immunization (when the Delta
(B.1.617.2) and the Omicron BA.2 (B.1.1.529.2) VOCs predominated),
wastewater weakened as an indictor of laboratory positive cases, but is a
strong indicator for disease burden. The morbidity outcomes experienced
by the studied communities were reflected by the HW ratio during the
surges of the respective VOCs. While both the Omicron BA.1 and BA.2 are
characterized with similar virulence, the studied communities experienced
lower morbidity outcomes during the Omicron BA.2 surge due to signifi-
cant natural and vaccination immunization. This is further reflected by a
lowHWratio. In future caseswhere individuals would require seasonal vac-
cination for COVID-19 such that vaccination waning becomes limited, and
while the vaccine is effective for the dominant VOC, WWS is expected to
showmoderate indication of incidence and strong indication of disease bur-
den in the community. Thewastewater to hospitalization data is also a good
indicator of virulence when widespread clinical testing is limited.
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