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Summary of the National Advisory Committee
on Immunization (NACI) Statement: Updated
guidance to protect infants and children from

respiratory syncytial virus disease

April Killikelly™, Winnie Siu'?, Nicholas Brousseau® on behalf of the National Advisory Committee

on Immunization (NACI)

Abstract

Background: Respiratory syncytial virus (RSV) is a leading cause of hospitalization among
Canadian infants. In March 2026, the National Advisory Committee on Immunization (NACI)
released updated guidance reflecting new evidence on the monoclonal antibodies (mAbs)
nirsevimab (Beyfortus®) and clesrovimab (Enflosia) and the RSVpreF pregnancy vaccine
(Abrysvo). This article summarizes NACI's updated guidance on protecting infants and children
from severe RSV disease.

Methods: To develop the statement, NACI used its standard evidence-based process,
reviewing clinical trial data, real world effectiveness studies, RSV epidemiology, and Canadian
cost utility modelling, as well as ethics, equity, feasibility and acceptability considerations, to
inform program recommendations.

Results: Both mAbs and the RSVpreF vaccine demonstrated strong protection against RSV
related hospitalization, intensive care unit (ICU) admission, and medically attended illness in
infants. All products showed favourable safety profiles. The RSVpreF vaccine was effective
when administered >14 days prior to delivery. Economic modelling indicated that a combined
program of RSVpreF vaccination during pregnancy and targeted infant mAb administration
offers the best value for money at current product prices. NACI strongly recommends universal
seasonal RSV immunization for infants. Jurisdictions may choose either 1) a universal infant
mAb program or 2) a combined pregnancy RSVpreF vaccination plus targeted infant mAb
administration program. Infants at increased risk of severe RSV disease should receive mAbs
regardless of gestational RSVpreF vaccination status.

Conclusion: Universal seasonal RSV immunization will substantially reduce RSV associated

morbidity in infants and could likely be achieved through both program approaches. At current
product list prices, the combined pregnancy-infant program offers better value than a universal

mAb program. Jurisdictions should consider local epidemiology, feasibility, cost-effectiveness
considerations and equity when selecting a program model.

Suggested citation: Killikelly A, Siu W, Brousseau N on behalf of the National Advisory Committee on
Immunization (NACI). Summary of the National Advisory Committee on Immunization (NACI) Statement:

Updated guidance to protect infants and children from respiratory syncytial virus disease. Can Commun Dis Rep

2026;52(6):223-6. https://doi.org/10.14745/ccdr.v52i06a01
Keywords: immunization, vaccination, monoclonal antibodies, respiratory syncytial virus, infants, pregnancy
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Introduction

Respiratory syncytial virus (RSV) is one of the most common
respiratory pathogens affecting infants and young children.
Nearly all children acquire RSV by two years of age, with the
highest risk of severe disease—including hospitalization and
intensive care unit (ICU) admission—occurring during the first
months of life. While chronic lung disease, congenital heart
disease, prematurity, immunodeficiency, and certain genetic
conditions increase risk, most infants hospitalized with RSV each
year are otherwise healthy.

In 2026, the authorization of clesrovimab in Canada, alongside
expanding real-world evidence for the previously authorized
products nirsevimab and RSVpreF, prompted the National
Advisory Committee on Immunization (NACI) to review and
update its previous guidance to support national program
planning (1).

Methods

NACI followed its established evidence-based process, which
included:

*  Reviewing randomized controlled trial data for monoclonal
antibodies (mAbs) and RSVpreF.

e Examining real-world vaccine and mAb effectiveness from
multiple countries, including new Canadian evidence.

e Assessing RSV epidemiology in infants and in pregnancy.

e Applying the Ethics, Equity, Feasibility, and Acceptability
(EEFA) framework.

e Evaluating cost-effectiveness using an updated Canadian
cost-utility model incorporating product effectiveness,
protection duration, hospitalization rates, and current
product list prices (2).

Recommendations were formulated through consensus of the
RSV Working Group and approved by the full NACI committee.

Results

Clinical trials and real-world evaluations consistently demonstrate
that the long-acting mAbs, nirsevimab and clesrovimab, and

the RSVpreF pregnancy vaccine, significantly reduce medically
attended RSV illness, hospitalization, and ICU admission in
infants (1). Clesrovimab showed 84% efficacy against RSV
hospitalization with no ICU admissions in the pivotal trial.
Nirsevimab demonstrated strong real-world effectiveness,
lowering hospitalization and ICU admission rates across multiple
jurisdictions. The RSVpreF vaccination in pregnancy reduced
RSV-associated hospitalization and severe disease in infants when
administered at least 14 days prior to delivery, with the highest
protective effects observed during the first three months of life.
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All products demonstrated favourable safety profiles. Clinical
trials found no meaningful differences in severe adverse events
compared with placebo or the previously used short-acting mAb
palivizumab. Surveillance data did not identify significant safety
concerns with nirsevimab. For RSVpreF, an imbalance in preterm
births was observed in a clinical trial between individuals who
received RSVpreF during pregnancy and those who did not (3).
Recent real-world evidence from high-income settings did not
show an increased risk of preterm birth. Monitoring for preterm
birth and for other obstetric outcomes such as hypertensive
disorders continues.

Economic analyses showed that universal programs are not cost-
effective at current list prices. Among broader programs, the
most economically favourable strategy is a combined program of
RSVpreF vaccination during pregnancy for infants expected to be
born during the RSV season, plus targeted mAb administration
for infants at high risk. For healthy infants born before the RSV
season, cost-effectiveness declines with increasing age at season
start, and jurisdictions may consider prioritizing the youngest of
these infants.

Discussion

Key messages
Several key messages emerge from the review of evidence:

*  Respiratory syncytial virus remains a leading cause of
hospitalization in Canadian infants, particularly in those
younger than six months of age.

e New evidence on long-acting mAbs (nirsevimab,
clesrovimab) and the RSVpreF pregnancy vaccine supports
new protection strategies for infants.

e  Either an infant mAb program or a combined pregnancy
vaccine with a targeted infant mAb program could be used
for universal seasonal RSV immunization programs. Infants at
increased risk for severe RSV disease should receive mAbs
regardless of gestational vaccination status.

e Economic modelling indicates that a combined pregnancy
RSVpreF and targeted infant mAb program is the most
economically favourable option at current list prices.

Summary of recommendations

NACI strongly recommends that provinces and territories
implement universal seasonal RSV immunization for infants,
delivered through one of two approaches, with an additional
recommendation for infants at increased risk of RSV disease:

Recommendation 1: NACI recommends to implement
universal seasonal RSV immunization for infants. (Strong NACI
recommendation)
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Recommendation 2: NACI recommends that jurisdictions
implement a seasonal RSV immunization program, based on local
context, feasibility and program priorities:

e Universal Infant Monoclonal Antibody Program
o Administer nirsevimab or clesrovimab to all infants
entering their first RSV season, with second-season doses
for children at continued increased risk.
OR

e Combined Pregnancy + Targeted Infant Program
o Offer RSVpreF vaccination during pregnancy (28-
36 weeks gestation) for infants expected to be born
during RSV season.

Note: NACI recommends RSVpreF vaccine can be given
during pregnancy from 28-36 weeks gestation. The
RSVpreF vaccine is authorized in Canada at 32-36 weeks
gestation. The off-label recommendation from NACI

is supported by safety and efficacy data, supports
broader access and opportunities for immunization,

and aligns with recommendations by the World Health
Organization.

o Offer mAbs to:
e Infants at increased risk of severe RSV disease
e Infants born <14 days after maternal vaccination
¢ Infants born to unvaccinated individuals

(Strong NACI recommendation)

Recommendation 3: Infants at increased risk of severe RSV
disease

e Infants at increased medical risk of severe RSV disease
(List 1) should receive mAbs in both their first and second
RSV seasons. Infants for whom transportation for severe
RSV disease treatment is complex, and/or whose risk of
severe RSV disease intersects with established social and
structural health determinants (such as those experienced
by some individuals in or from First Nations, Inuit and Métis
communities) are also at increased risk and should receive a
mAb in their first RSV season.

Note: Clesrovimab is not authorized for infants and children
at ongoing risk in their second RSV season but could be
considered off-label based on evidence of immunogenicity
and safety.

(Strong NACI recommendation)

Limitations

These recommendations do not include individual-level
recommendations as it is anticipated that immunizations will be
primarily offered through public programs.
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List 1: Infants and children at increased medical risk of
severe respiratory syncytial virus disease

Infants and children at increased medical risk of severe RSV disease are
those with:

e  Chronic lung disease, including bronchopulmonary dysplasia,
requiring ongoing assisted ventilation, oxygen therapy or chronic
medical therapy in the six months prior to the start of the RSV
season

e  Cystic fibrosis with respiratory involvement and/or growth delay
e Haemodynamically significant chronic cardiac disease
e  Severe immunodeficiency

e  Severe congenital airway anomalies impairing clearing of
respiratory secretions

e Neuromuscular disease impairing clearing of respiratory
secretions

e Down syndrome

Premature infants less than 32 weeks gestational age are also at
increased medical risk of severe RSV disease.

Abbreviation: RSV, respiratory syncytial virus

Conclusion

NACI recommends that universal seasonal RSV immunization
programs be implemented, and that either a program of mAbs
for all infants, or the pregnancy vaccination combined with
targeted mAb administration, can be used. At present, the
combined approach of RSVpreF vaccination during pregnancy
and targeted mAbs for infants at high risk offers the best value
for money among universal program options while ensuring that
infants at increased risk receive optimal protection.

Jurisdictions are encouraged to apply local epidemiology,
feasibility, cost considerations, and equity principles when
implementing RSV prevention programs to protect infants across
Canada.
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Summary of the National Advisory Committee
on Immunization (NACI) Statement: Updated
guidance on respiratory syncytial virus (RSV)
vaccines for older adults and for adults at high

risk of severe RSV disease

Joseline Zafack’, Elissa M Abrams'23, Nicholas Brousseau* on behalf of the National Advisory

Committee on Immunization (NACI)*

Abstract

Background: Respiratory syncytial virus (RSV) is a common respiratory virus that can

have serious complications, for older adults and adults with certain medical conditions.

Since July 2024, the National Advisory Committee on Immunization (NACI) has provided
immunization guidance for the protection of older adults against RSV. In April 2026, NACI
updated its guidance to reflect emerging epidemiological data identifying younger adults at
high risk of severe RSV and evidence on the benefits of RSV vaccines in older adults and adults
at high risk.

Methods: NACI reviewed available evidence on the benefits and risks of RSV vaccination in
older adults and individuals at higher risk, as well as additional factors, including ethics, equity,
feasibility, acceptability and cost-effectiveness.

Results: The RSV disease burden in younger adults with certain underlying conditions is
comparable to that in older adults. Among older adults, RSV infection may increase the risk of
cardiovascular events and Guillain-Barré syndrome (GBS). The RSV vaccines demonstrate strong
protection against RSV-associated lower respiratory tract disease and severe outcomes, with
favourable safety profiles. Monitoring for rare adverse events following immunization, total
duration of protection, and need for boosters is ongoing.

Conclusion: NACI| expanded the use of RSV vaccines to some adults at high risk for whom the
balance of clinical benefits, safety and feasibility is favourable. NACI strongly recommends
RSV immunization programs for all adults aged 75 years and older; adults aged 65-74 who

are at increased risk of severe RSV disease; and adults aged 18 years and older who reside in
chronic care facilities, have received a lung or hematopoietic stem cell transplant, are receiving
home or chronic oxygen therapy, or are receiving dialysis. For other adults, vaccination may be
considered on an individual basis.

Suggested citation: Zafack J, Abrams EM, Brousseau N on behalf of the National Advisory Committee on

Immunization (NACI). Summary of the National Advisory Committee on Immunization (NACI) Statement: Updated

guidance on respiratory syncytial virus (RSV) vaccines for older adults and for adults at high risk of severe RSV
disease. Can Commun Dis Rep 2026;52(6):227-30. https://doi.org/10.14745/ccdr.v52i06a02

Keywords: National Advisory Committee on Immunization, respiratory syncytial virus, RSV, adults,
RSVPreF3/Arexvy, RSVpreF/Abrysvo, mRNA-1345/mRESVIA, vaccine
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Introduction

Respiratory syncytial virus (RSV) is a common respiratory

virus that can be associated with serious complications,
including hospitalization, intensive care unit admission, and
death, among older adults and adults with certain medical
conditions (1-3). Risk for severe outcomes increases with age,
residence in chronic care or long-term facilities, presence of
comorbidities (e.g., cardiorespiratory disease, metabolic disease,
immunocompromise, chronic liver or kidney disease, neurologic
disease, or class 3 obesity), or due to factors related to the social
determinants of health (1). Recent data suggest a higher burden
of RSV-associated hospitalization than previously reported (2,3).
Among older adults, RSV infection may increase the risk of
Guillain-Barré syndrome (GBS) and cardiovascular events, such as
ischemic heart disease, stroke, or heart failure (3,4).

There are three vaccines available to protect older adults

and adults at high risk of severe disease from RSV in Canada:
RSVPreF3 (AREXVY, GSK), which is authorized to protect
individuals 60 years of age and older, and individuals

50-59 years of age at increased risk of RSV disease; and
RSVpreF (ABRYSVO®, Pfizer) and mRNA-1345 (mRESVIA®,
Moderna), which are authorized to protect individuals 60 years
of age and older, and individuals 18-59 years at increased risk of
lower respiratory tract disease caused by RSV.

Methods

Evidence synthesis was performed by the National Advisory
Committee on Immunization (NACI) Secretariat and reviewed by
the NACI RSV Working Group. This included such considerations
as the burden of RSV disease in target populations; safety,
immunogenicity, efficacy, and effectiveness of the vaccines;

and other aspects of the overall immunization strategy (ethics,
equity, feasibility, acceptability and cost-effectiveness) (3,5).

The evidence and programmatic considerations were organized
by the NACI Secretariat using a process informed by the
Grading of Recommendations, Assessment, Development

and Evaluation (GRADE) framework and all of the information
was used to facilitate development of NACI guidance. Further
information on NACI's evidence-based methods is available in
Evidence-based recommendations for immunization-Methods of
the National Advisory Committee on Immunization (6).

Recommendations were developed through discussion of the
RSV Working Group, then reviewed and approved by the full
NACI committee.

Results

Clinical trials and observational studies demonstrate that RSV
vaccines provide meaningful protection against RSV-associated
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lower respiratory tract disease. NACI judged that all three
vaccines work well from a clinical perspective, though there
are currently less data available for the safety and efficacy/
effectiveness of mMRNA-1345 compared to the protein subunit
vaccines (3).

All three vaccines have demonstrated favourable safety profiles.
An increased risk of GBS has been identified in individuals

aged 65 years and older following receipt of the RSVpreF and
RSVPreF3 vaccines (3). At this time, it is unclear whether this
increased risk will also be seen following mRNA-1345 or among
adults aged less than 65 years (3). NACI will continue to monitor
safety data on all RSV vaccines (RSVpreF, RSVPreF3, and mRNA-
1345) as they become available.

Available evidence demonstrates that a single dose of RSV
vaccine provides protection from RSV disease for at least three
years (3). It is not yet known if the immune responses to these
vaccines can be boosted with further vaccine doses. As a result,
younger adults at low or moderate risk may wish to defer
vaccination until a time when they are at greater risk.

Economic evidence was derived from an environmental scan
of recently published economic evaluations of RSV vaccination
in adult populations at increased risk of RSV and an updated
Canadian cost-utility model for individuals 50 years and older.
Together, these findings indicate that extending immunization
programs to include some younger adults at increased risk of
severe RSV disease may provide good value for money (3).

Discussion

NACI recommendations on respiratory
syncytial virus (RSV) vaccines for public health
program-level decision making

The following are recommendations for provinces/territories
making decisions for publicly funded immunization programs (3):

Recommendation 1: NACI continues to recommend that RSV
immunization programs should include all adults 75 years of age
and older (Strong NACI recommendation).

Recommendation 2: NACI recommends that RSV immunization
programs should include adults 65-74 years of age who are

at increased risk of severe RSV disease (List 1; Strong NACI
recommendation).

Recommendation 3: NACI recommends that RSV immunization
programs should include adults 18 years of age and older, who:

®  Are residents of nursing homes and other chronic care
facilities.
e Have had a lung transplant.
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e Have had a hematopoietic stem cell transplant (in the
previous two years or who remain on immunosuppression).

e Are on home oxygen or require chronic oxygen therapy
regardless of living at home or elsewhere.

®  Are receiving dialysis (Strong NACI recommendation).

List 1: Clinically significant chronic health conditions
for which respiratory syncytial virus (RSV) vaccination is
particularly important

e Cardiac or pulmonary disorders (includes chronic obstructive
pulmonary disease, asthma, cystic fibrosis, and conditions affecting
ability to clear airway secretions)

e Diabetes mellitus and other metabolic diseases

¢ Moderate and severe immunodeficiency (refer to the list of
immunocompromising conditions developed for COVID-19)

e Chronic renal disease

e Chronic liver disease

* Neurologic or neurodevelopmental conditions (includes
neuromuscular, neurovascular, neurodegenerative [e.g., dementia],
neurodevelopmental conditions, and seizure disorders, but
excludes migraines and psychiatric conditions without neurological
conditions)

e Class 3 obesity (defined as BMI of 40 kg/m? and over)

Abbreviation: BMI, body mass index

Recommendations for individual-level decision
making

The following recommendation is for healthcare providers
advising individual clients:

Recommendation 1: NACI recommends that RSV vaccines
may be considered for adults 18-64 years of age who are at
increased risk of severe RSV disease, based on an individual
decision informed by discussion with their healthcare
provider (Discretionary NACI recommendation).

Conclusion

Respiratory syncytial virus represents a substantial source of
morbidity in older adults and adults at increased risk. In this
update, NACI has recommended a small expansion of the adult
RSV vaccine program to also include some groups of adults with
medical conditions that place them at higher risk of severe RSV
disease. This update reflects recent expanded age indications
authorized by Health Canada and new national and international
data identifying certain medical conditions as being at higher risk
of severe RSV disease.

Successful RSV programs will depend not only on efficacy,

but also on feasibility, access, and equity. Jurisdictions should
consider local epidemiology, resource allocation, and population
needs when considering RSV vaccination strategies.
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Intraseasonal waning of influenza vaccine
effectiveness and implications for the optimal
timing of seasonal vaccination programs:

A scoping review

Pamela Doyon-Plourde'*, Fazia Tadount'?*, Anabel Gil', Calin Lazarescu’, Marie-Michelle Ursu'?,

Nadine Sicard', Winnie Siu'3, Angela Sinilaité’

Abstract

Background: Seasonal influenza vaccination programs aim to provide protection before

the virus circulation begins. However, vaccine effectiveness (VE) may decline within a single
influenza season due to waning immunity, antigenic drift, and season-specific factors, raising
questions about optimal vaccination timing. The purpose of this review was to synthesize
evidence on intraseasonal waning of seasonal influenza VE and examine the implications and
key considerations for optimizing the timing of seasonal vaccination in Canada.

Methods: A scoping review was conducted, with searches of MEDLINE, Embase, Scopus,
Cochrane Library, and ProQuest Public Health Database that identified studies published
from 2010 to June 2024, with an update in July 2025. Eligible studies included clinical trials,
observational studies, systematic reviews, and modelling studies reporting at least two VE
estimates by time since vaccination within a season or assessing vaccination timing and its
impact on influenza outcomes.

Results: Forty-nine studies met inclusion criteria, including 37 assessing intraseasonal waning
and 12 examining vaccination timing. Overall, VE was generally highest within one to three
months post-vaccination and declined over the season (e.g., three to six months post-
vaccination). Waning was more consistently observed for influenza A, particularly A(H3N2), and
among adults aged 60 years and older. Modelling studies suggested that delaying vaccination
could reduce influenza burden under select late-peaking or fast-waning scenarios; however,
estimated benefits were generally small and highly sensitive to assumptions.

Conclusion: Intraseasonal waning of influenza VE is consistently observed, particularly for
influenza A and in older adults, but represents a gradual decline that does not typically
undermine season-long effectiveness. Evidence does not support substantial or consistent
population-level benefits from delaying vaccination.

Suggested citation: Doyon-Plourde P, Tadount T, Gil A, Lazarescu C, Ursu MM, Sicard N, Siu W, Sinilaité A.
Intraseasonal waning of influenza vaccine effectiveness and implications for the optimal timing of seasonal
vaccination programs: A scoping review. Can Commun Dis Rep 2026;52(6):231-45.
https://doi.org/10.14745/ccdr.v52i06a03

Keywords: influenza vaccine, duration of protection, vaccine effectiveness, waning, optimal timing
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Introduction

Seasonal influenza in Canada follows a predictable annual
pattern, typically beginning in December and lasting 12—

16 weeks, although seasons may start as early as October

or as late as February and can extend up to 20 weeks (1).
Influenza activity generally progresses from west to east across
the country (1). Annual vaccination is the primary strategy for
preventing influenza and its complications, and in Canada and
other northern hemisphere countries, immunization programs
typically begin in October to ensure protection before virus
circulation increases (1-3).

While fall vaccination is well established as the recommended
timing for seasonal influenza immunization, research continues
to examine how vaccination timing may influence effectiveness
across the influenza season. Emerging evidence indicates that
vaccine effectiveness (VE) may decline within a season due to
waning immunity, prior immunity, underlying health conditions,
and changes in circulating strains (4-6). Observational studies
have reported increasing odds of laboratory-confirmed
influenza (LCI) with longer time since vaccination, particularly
for A(H3N2), raising concerns that early vaccination could result
in reduced protection later in the season, especially among
populations at higher risk of severe outcomes (7).

Beyond waning immunity, VE and vaccination impact are
influenced by season-to-season variability in influenza circulation,
antigenic drift, vaccine-strain match, and programmatic factors,
such as supply and uptake (8).

While prior reviews have examined intraseasonal waning,

an integrated assessment that jointly considers waning and
evidence informing vaccination timing has been lacking. This
scoping review addresses this gap by mapping the available
evidence and synthesizing insights to support evidence-based
public health decision-making and ongoing national work

to optimize influenza vaccination strategies in Canada. The
objectives were to: i) summarize recent evidence on intraseasonal
waning of protection conferred by seasonal influenza vaccines;
and ii) identify key considerations related to the optimal timing
of seasonal influenza vaccination.

Methods

This scoping review followed the Joanna Briggs Institute
methodological framework and is reported in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses extension for scoping reviews (PRISMA-
ScR) (9,10). The protocol was registered on the Open Science
Framework (OSF ID: Rkzc9) (11).

SCOPING REVIEW @

Search strategy

A comprehensive search strategy was developed with a research
librarian and applied to MEDLINE, Embase, Scopus, Cochrane
Library, and the ProQuest Public Health Database (Appendix,
Supplemental material, Tables S1-S8). Searches included English
and French language publications from January 1, 2010 (post-
2009 H1N1 strain introduction) to June 17, 2024, and were
updated on July 15, 2025.

Eligibility criteria

Studies included individuals six months of age and older in
temperate regions of the northern or southern hemisphere, as
well as Australia and New Zealand, due to their research quality
and mostly having a temperate climate. Eligible study designs
included primary studies (i.e., clinical trials and observational
studies), systematic reviews, and meta-analyses.

For evidence on waning protection conferred by seasonal
influenza vaccination, studies were required to report two VE
estimates by time since vaccination within a single influenza
season, using LCl or influenza-related hospitalization outcomes.
For evidence related to optimal timing of influenza vaccination,
eligible studies assessed vaccination timing through comparisons
of earlier versus later vaccine administration in relation to
influenza outcomes or modelled the impact of vaccination timing
on influenza-related outcomes.

Studies of pandemic monovalent or investigational vaccines,
immunogenicity-only outcomes, relative VE without absolute
estimates, non-human studies, and studies focused solely on
vaccination coverage or uptake were excluded.

Study selection and data extraction

Citations were imported into Zotero for deduplication and
uploaded to DistillerSR (Evidence Partners Inc, Ottawa,
Canada) for screening. Titles and abstracts were screened

by three independent reviewers. A record was included if at
least one reviewer deemed it potentially eligible; exclusion
required agreement by two reviewers. The DistillerSR artificial
intelligence (Al) review tool was used to support exclusion at
title and abstract level using a conservative relevance threshold
of 0.2 (scores near 0 indicating high-confidence exclusion).

All Al-flagged exclusions were manually reviewed. A record
was excluded only when at least one reviewer agreed with the
Al's recommendation. Disagreements were resolved through
discussion. Records not flagged by Al underwent standard dual
human screening. Full-text screening was conducted by two
independent reviewers, with discrepancies resolved through
discussion.

Data extraction was completed by one reviewer and validated
by a second, capturing study characteristics (e.g., population,
setting, design), interventions, outcomes, and findings relevant
to each objective.
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Risk of bias assessment

Risk of bias was assessed to provide context for policy
interpretation. Critical appraisal was conducted by one

reviewer and validated by a second reviewer. Tools included

the revised Cochrane Risk of Bias Tool for randomized

trials (12), the Risk of Bias in Non-randomized Studies of
Interventions (13,14) and A MeaSurement Tool to Assess
Systematic Reviews (AMSTAR 2) (15). Modelling studies were not
assessed for risk of bias.

Evidence synthesis

Findings were summarized narratively and VE estimates stratified
by time since vaccination were presented graphically in a forest
plot. Findings related to optimal timing of influenza vaccination
were synthesized separately, highlighting key assumptions and
factors influencing timing decisions.

Figure 1: PRISMA diagram?®

‘ Identification of studies via databases and registers ‘
c Records identified from:
;9.. MEDLINE (n=2,013) Record‘s rlemoved before
S Embase (n=3,264) screening:
i= _ »| ¢ Duplicate records removed
£ Scopus (n=2,595) (n=4,626)
= Cochrane Central (n=631) . _13'4\( distill
= ProQuest (n=830) rom distifiers
Records screened o | Records excluded®
(n=4,707) Tl (n=4,376)
Reports sought for retrieval
2| | (n=331)
= Reports excluded: 282
g i * Inappropriate outcome (n=221)
& ® Inappropriate intervention/comparator
Reports assessed for eligibility (n=5) X X
(n=331) —> ® Inappropriate study design (n=6)
¢ No original data or insufficient data/
no relevant data (n=30)
® Tropical climate (geographical) (n=10)
e Others (n=10)
PR v
3
] Studies included in review
T:a (n=49)

* Level 1 (title/abstract) screening in DistillerSR used a dual configuration (human reviewer +
Al reviewer). The Al was restricted to suggesting potential exclusions only. All Al-suggested
exclusions (n=3,242) were reviewed and confirmed by a human reviewer

Results

Overall, 49 studies met inclusion criteria (Figure 1), covering
influenza seasons from 2005-2006 to 2023-2024 across multiple
countries (Table 1 and Table 2). Most studies used a test-
negative design (TND) and assessed intraseasonal waning of VE
against LCI.
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Intraseasonal waning of seasonal influenza
vaccine protection

Thirty-seven studies assessed intraseasonal waning, including
34 TND studies, one cohort study, one randomized controlled
trial (RCT), and one systematic review and meta-analysis (Table 1).

The RCT was assessed as low risk of bias (Table 1). Most non-
randomized studies were rated low (n=27) to moderate (n=7) risk
of bias, with one at serious risk. The systematic review received

a moderate confidence rating. Common limitations included
residual confounding (e.g., health status) and missing data.

Overall population-level estimates

Across 28 studies reporting population-level estimates without
age stratification, VE was highest shortly after vaccination

and generally declined over the course of the influenza

season (Figure 2) (4,7,16-41). Waning was more consistently
observed for influenza A than for influenza B, particularly
A(H3N2) (Supplemental material, Table S9). For LCI, most studies
reported waning within three to six months post-vaccination,
although magnitude varied; one study reported no evidence of
decline (Figure 2) (30).

Three studies evaluated VE against influenza-related
hospitalization (25,26,36). Two reported declining VE

with increasing time since vaccination, with reductions of
approximately 20%-35% beyond 120 days (26,36), while one
observed relatively stable VE (~39%) with wider confidence
intervals (Cls) later in the season (25). Strain-specific estimates
from Lewis et al. showed greater stability for influenza B than
influenza A, with VE declining from 72% to 62% for influenza B
and from 42% to 16% for influenza A across comparable time
intervals (26).

A meta-analysis by Young et al., which included studies also
captured in this review, reported significant pooled declines in
VE between early (15-90 days) and later (91-180 days) intervals
for influenza A(H3N2) (AVE=-33%, 95% Cl: =57%——12%, n=11
studies) and influenza B (AVE=-19%, 95% Cl: —33%——6%,

n=6 studies), but not for A(H1N1) (AVE=—8%, 95% Cl: —27%-21%,
n=>5 studies) (7). These results aligned with patterns observed in
individual studies.

Analyses modelling time since vaccination as a continuous
variable further supported waning. Ray et al. reported a 16%
increase in the odds of influenza infection per 28 days post-
vaccination (odds ratio [OR]: 1.16, 95% Cl: 1.13%-1.20%) (33).
Ferdinands et al. estimated average VE declines per 30 days
of 7.5% (95% Cl: 0.3%—16.3%) for A(H3N2), 8.5% (95% Cl:
3.0%-17.0%) for A(H1N1), and 8.0% (95% ClI: 1.4%-21.9%)
for influenza B/Yamagata among hospitalized adults, with
similar findings for infection outcomes reported by Ferdinands
et al. (40,41).



Table 1: Characteristics of primary research studies (observational studies and clinical trials)

Study population (n)
setting

protection
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Control

(n)

Outcome

Individuals (>6 months),
luding HCWs, and nursi Ll
Castilla et al., | Spain TND ﬁ):r:nue :Zgidentss(nir;S;)ursmg 1IV3-SD (n=193 Unvaccinated hospitalization a
2013 2011-2012 SD(n=193) | (1_564) Low
Hospitals-regional influenza (PCR)
surveillance
i Older adults (=65 years old)
imenez- . A .
Spain and individuals <65 years old Unvaccinated LCI (PCR and/or
%82936 etal, 281 1-2012 TND at high risks with ILI (n=378) |V (n=134) (n=208) culture) Low?
Primary care
F H reland Non-institutionalized
rance, Aungary, Ireland, adults (>18 years old) with ILI
Kissling et al., | Italy, Poland, Portugal, TND or L;jARI ((n=1 )616) ywi IV (n=367) Unvaccinated LCI (PCR or Low?
2013 Romania and Spain . ' . n= (n=649) culture) ow
2011-2012 Primary care and hospitals
part of the sentinel networks
Pebody United Kingdom Individuals with ILI (n=3,869) _ Unvaccinated .
etal, 2013 | 2011-2012 TND Primary care IIV3 (n=745) (n=2,954) LCI(PCR) Low
Individuals (=6 ths) with
Andrews United Kingdom TND |E| E:L;Z;é) menths) v LAIV3 (n=534) Unvaccinated LCI (PCR) Low?
etal., 2014 2012-2013 X ' (n=2,752) °
Primary care
Sullivan et al., | Australia Individuals with ILI (n=600) _ Unvaccinated .
2014 2012 TND Primary care 1IV3 (n=134) (n=466) LCI (PCR) Low
Individuals (=6 ths) with
Pebody United Kingdom TND |E| (I,\:Lzuagg‘f) months) wi LAIV (children) or | Unvaccinated LCI (PCR) Lows
etal,2015 | 2014-2015 o IV (n=732) (n=2,199) ow
Primary care
Gherasim Spain Indivicluals with ILI (n=5,044) Unvaccinated
etal, 2016 | 2014-2015 TND Primary care and hospitals | V3 (1=520) (n=4,524) LCHPCR) Low?
part of the sentinel networks
Germany, Spain, France,
ssli Hungary, Ireland, Italy, Individuals with ILI (n=23,167 i
ggfg”g etal, | poland, Portugal, and TND dividuals with ILI (n=23,167) |\, (2 204 (U”_";gf?'zg;ed LCI (PCR) Lows
Romania Primary care n=2u,
2010-2011 to 2014-2015
Individuals with acute
Pebody United Kingdom TND ILI (n=3,841) LAIV (children) or | Unvaccinated LCI (PCR) Low?
etal., 2016 2015-2016 X 1IV4 (n=892) (n=2,949) °
Primary care
Individuals with febril
Radin etal., | United States TND |-:| (Ir\,”=1u2851\;“ eorte IV and Unvaccinated LCI (PCR) Moderate®
2016 2010-2011 to 2013-2014 ' LAV (n=612) (n=869) ccerate
Outpatient health care
Individuals (>9 years old) with
Ferdinands United States TND AR|“2:1=u20 8(25))/ Jwi IV (n=9,094) Unvaccinated LCI (PCR) Low?
etal, 2017 | 2011-2012 to 2014-2015 o n=v (n=11,731) ow
Qutpatient setting
Older adults (265 years old) | |1v (Stockholm Lénva;cinated
Hergens Sweden and Finland TND |'V'n_9 in Sweden (n=358,583) n=157,477, ( _vx;e()1e?06 LCl Low?
etal,2017 | 2016-2017 or Finland (n=1,144,894) Finland Frland ow
Primary care and hospitals n=532,076) n=612,818)
United States Xg:\lidu;és;ig months) with IV or Unvaccinated
Bietal, 2024 | 55115012 to 2018-2019 | TN (n=55,728) LA (n=27,986) | (n=27,742) LCI(PCR) Moderate®
Qutpatient care
Chiu et al., China TND g:;;;%{,iﬂ EiRT&rLtQSS_11417) Yeas 1 iva or Unvaccinated hCI italization Moderate®
2018 2016-2017 ) ' 1IV4 (n=495) (n=5,019) ospitalizatio oderate
Hospitals (PCR)
Children (6 months—17 years)
Feng etal., | China TND with hospitalized for LAIV3 or Unvaccinated LCI (DIF assay, Moderate?
2018 2012-2013 to 2016-2017 Rl (n=15,695) LAIV4 (n=1,604) | (n=14,091) culture, PCR) ccerate
Hospitals
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Table 1: Characteristics of primary research studies (observational studies and clinical trials) (continued)

Study population (n)
setting

)

Europe, Kenya, Thailand,

Spain Navarra region and
Sweden
2022-2023

Primary care

R Individuals with ARI
Young et al., Australia SR MASf K . IV (NR) Unvaccinated (NR) | LCI (PCR) Moderate®
2018 2009-2016 TND (n=14) Primary care facilities (n=11)
Individuals with acute LAIV4 (children)
Pebody United Kingdom ILI (n=3,080 | Unvaccinated .
etal. 5019 | 2017-2018 TND .(n ,080) ||v_3 or V4 (n=2,242) LCI (PCR) Low
Primary care (n=838)
" | ted Children (6 months—17 years . d LCl
Powell et al., | United States TND old) with ARI (n=3,595) IV (n=632) Un_vaccmate hospitalization Lows
2019 2017-2018 . (n=3,063)
Hospitals (RIT or PCR)
Vaccinated Time since
Rav et al United Stat individuals (>2 years Vacc'nat'zn
ay etal., nited States old) tested for influenza = compare a
2019 2010-2011 t0 2016-2017 | NP ARG perconyean) | =189 o reference LCI(PCR) Low
- ' . period (14—
Primary care and hospitals 41 days)
Regan et al., | Australia Individuals with ILI (n=2,085) _ Unvaccinated N
2019 2016 TND Primary care IV (n=332) (n=1,753) LCI (PCR) Serious
’ hi Healthy children 3—17 years
‘é\(’)az’;)g etal, ;:0;2‘"_ 2017 RCT phase 3 olé (n=1,999) . LAIV3 (n=996) Placebo (n=996) | LCI (PCR) Low*
Primary care and hospitals
Adults (18 years old)
hospitalized for ARI (n=3,016 Lal
Ferdinands United States TND A(H3N2), 1,492 A(HIN1) IV (n=3,589) Unvaccinated hospitalization Low?
etal, 2021 | 2015-2016 to 2018-2019 $dm09,tar)wd 1,060 B/ ' (n=1,979) (P"ég) alizatio °
‘amagata
Hospital-based
Mira-ldlesi Soai Older adults (=65 years old) V3 or IV3 U inated LCI
ira-lglesias pain ith ILl (n=992 or lIV3- nvaccinate T .
etal, 2021 | 2018-2019 TND with L (n=992) Adj (n=662) (n=330) hospitalization | Low
Primary care and hospitals (PCR)
Sahni ot al United Stat Children (=6 months—<18 u inated LCI
ahni et al., nited States Id) with ARI (n=8,430 _ nvaccinate - .
2021 2015-2016 t0 2019-2020 | NP years old) with ARI (n )| IVi(n=4,653) (n=3,777) hospitalization | Low
Hospitals (PCR)
Hu et al United Stat Adults (218 years old) with U inat
uetal, nited States ILl (n=7,114 3 _ nvaccinate .
2022 2016-2017 to 2019-2020 | TND (n=7,114) IV-SD (n=4.071) | (13 043) LCI(PCR) Low
Outpatient care
Adults (=18 years) with IV (n=45,136);
Tenford United Stat visits or hospitalization for gpsgrg’;”’galtﬁ/l}’HD U inated
enforde nited States ARI (n=86,732 , ad IIV-HD, | Unvaccinate .
etal, 2023 | 2021-2022 TND " : 10,559 had IIV- | (=58,401) LCTNR) Low
Hospitals (emergency SD and 11,721
department) had IIV-Adj
. Time since
_\/a;C[réateld( . X vaccination
Chung et al., | Canada individuals (26 months, LAIV3 or compared .
2024 2010-2011 t0 2018-2019 | P n=53,065) LAIVA (n=53,065) | to reference LCI(PCR) Low
Hospital-based E:?T;rd ()14—
ays
Individuals (26 months) IIV-SD (Mid-
Domnich Italy with ILI or hospitalized for October to Unvaccinated N
etal, 2024 | 2018-2019 to 2022-2023 | NP SARI (n=6,490) November, (n=4,857) LCHPCR) Low
Primary care or hospitals n=1,571)
Lewis et al United Stat Adults (218 years old) ”\Ile(nﬂclléﬁtnll'k ly {U inated Lcl
ewis et al., nited States with (n=3,707) ARI older adults likely | Unvaccinate N .
2024 2022-2023 TND ‘ ) received IV-HD | (1=2,010) hospitalization | Low
Hospitals or IV-Adj (PCR)
Croatia, France, Germany,
Hungary, Ireland, the o .
M | | Netherlands, Portugal, Individuals with ARI or U . d
2032‘1{6 etal. | Romania, Spain national, | TND ILI (n=38,058) IV (n=6,380) (nl?f,i,'%}e LCI (PCR) Low?
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Table 1: Characteristics of primary research studies (observational studies and clinical trials) (continued)

Older adults (265 years) with

Influenza-
associated

Outpatient and hospitals

HIV-positive adults in care;
vaccinated predominantly
with IIV-SD (n=1,176 HIV-

RIV and 64,959
IIV-Adj

1IV-SD

Late scenario:

Seppélad Norway Retrospective | SAR| (n=1,005,568) 1IV4 or IIV4- Unvaccinated hospitalisation Low?
et al., 2024 2022-2023 cohort study . o Adj (n=637,827) (n=367,741) and death (ICD- °
Hospitals 10 codes JO9,
J10 or J11)
. Individuals (>6 months) with . LCI
Zhang et al., | China TND ILI (n=8,301) 1IV3-SD or 1IV4- Unvaccinated hospitalization Low?
2024 2022-2023 . SD (n=182) (n=8,119) P
Hospital-based (PCR)
Zhu etal Chi Children (6 months <18 IV-SD Unvaccinated LCI (PCR
uetal, ina Id) with ARI (n=27,670 -SD or nvaccinate or )
2024 2021-2022 to 2023-2024 | NP years old) with AR n LAV (re2,857) | (ne24.813) culture) Moderate
Outpatient setting
Abou Chakra | F Individuals with IV4-SD or IV4- | Unvaccinated
ou Chakra | France ILI (n=146,662 -SD or IIV4- nvaccinate .
etal, 2025 | 2023-2024 TND (n ) HD (n=32,740) | (n=113,922) LCIH(PCR) Moderate
Primary care
Adults (>18 years LCl
Lewis et al., | United States old) hospitalized with Unvaccinated e N
2025 2023-2024 TND ARI (n=7,690) IV (n=3,170) (n=4.520) ?Pog%tahzatmn Low
Hospital-based
IV (n=415,390); of
Zhu et al United Stat Individuals (26 months) with | SV 2O YERIS: | 1 ccinated
uetal, nited States ARI (n=1,382,142 , ad IIV- nvaccinate .
2025 2023-2024 TND " ) HD, 1,260 had | (1=966,752) LCI(PCR) Moderate

Optimal timing of influenza vaccine administration

Glinka et al., | United States Retrospective | positive adults; Early scenario: after Incidence of LCI Serious®
2016 2005-2006 to 2012-2013 | cohort study 4,575 vaccination events September 1- November 15 orILI
across seasons) November 15
Outpatient setting
Cross comparison
Children vaccinated Vaccination E:ncgzi; t;l:;t}:,s
between August 1 timing driven representin Rate of influenza
and January 31 across by birth eaF:Iier versn.?s diagnosis by
Worsham United States Retrospective (n=819,223 children; | month (children A ICD codes or .
seasons (n : children; ’ later vaccination A Low
etal., 2024 2011-2012 to 2017-2018 | cohort study 1,261,164 child-seasons) born in October timing (August vs oseltamivir
. more likely 9 . 9 claim (ICD-9 or
MarketScan commercial vaccinated in October; August |~y 11
insurance claims database October) vs December;
October vs
December)

Abbreviations: ARI, acute respiratory illness; DIF, direct immunofluorescence; HCWs, healthcare workers; ICD, International Classification of Diseases; ICD-9, International Classification of Diseases,
Ninth Revision; ICD-10, International Classification of Diseases, Tenth Revision; IV, inactivated influenza vaccine; IIV-Adj, adjuvanted inactivated influenza vaccine; IIV-HD, high-dose inactivated
influenza vaccine; IIV-SD, standard-dose inactivated influenza vaccine; 1IV3, trivalent inactivated influenza vaccine; 1IV3-Adj, adjuvanted trivalent inactivated influenza vaccine; IIV3-SD, standard-dose
trivalent inactivated influenza vaccine; 1IV4, quadrivalent inactivated influenza vaccine; 1IV4-Adj, adjuvanted quadrivalent inactivated influenza vaccine; IIV4-HD, high-dose quadrivalent inactivated
influenza vaccine; 1IV4-SD, standard-dose quadrivalent inactivated influenza vaccine; ILI, influenza like-illness; IV, influenza vaccine; LAIV, live attenuated influenza vaccine; LAIV3, trivalent live
attenuated influenza vaccine; LAIV4, quadrivalent live attenuated influenza vaccine; LCl, laboratory-confirmed influenza; NR, not reported; PCR, polymerase chain reaction; RCT, randomized controlled
trial; RI, respiratory illness; RIT, rapid influenza test; RIV, recombinant influenza vaccine; RoB, risk of bias; SARI, severe acute respiratory illness; SR-MA, systematic review and meta-analysis; TND, test-

negative design

2 Risk of bias was evaluated using the Risk of Bias in Non-randomized Studies of Intervention tool (ROBINS-I)
b Risk of bias was evaluated using the A Measurement Tool to Assess Systematic Reviews tool for systematic review (AMSTAR 2)
< Risk of bias was evaluated using the revised Cochrane Risk-of-Bias tool for randomized trials (ROB 2.0)
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Table 2: Key characteristics and findings of modelling studies evaluating optimal timing for influenza vaccination

Author, year | Population setting | Timing scenarios compared ij assumptlons Key result relevant to timing
riving results

Lee et al., 2010

Children, United
States

September—October vs later

Early-season protection
emphasized

September—October vaccination most
cost-effective

Myers et al.,
2010

Pregnant individuals,
United States

Early vs delayed (>November)

No explicit waning

Delaying vaccination reduced
effectiveness and cost-effectiveness

Lee et al., 2015

General population,
United States

Earlier vs current practice

Season timing and
variability

Earlier vaccination yielded modest
savings; increasing coverage had larger
impact

Newall et al.,
2018

Adults 65 years of
age and older, United
States

August-November

Fast vs slow waning;
season variability

Optimal timing varied by season and
waning rate

Costantino et al.,

General population,

Early vs delayed (by

Waning; coverage held

Delayed vaccination modestly improved
outcomes only if coverage remained

States

2019 Australia ~2-3 months) constant vs reduced stable; benefits lost with small coverage
declines

Smith et al., ?d::i\jilyde:rrsu(;fited Compressed (October-May) vs | Waning; coverage loss; Small benefit of compression offset by

2019 9 ! extended (August-May) season | season variability reduced uptake

2020

Ferdinands et al.,

Adults 65 years of
age and older, United
States

August-September vs October

Waning; influenza season
timing; VE; coverage loss
with delay

Delaying vaccination increased
hospitalization if more than 14% missed
vaccination

Kahana et al.,
2021

General population,
Israel

Program start dates from July 1
to December 1 (e.g., September
vs October start)

Coverage-dependent
rollout speed; waning

Optimal timing shifted later as coverage
increased

Williams et al.,
2022

Adults 65 years of age
and older

One-dose vs two-dose; October
start

Waning, second-dose
uptake

Benefits depended on late peaks and
high uptake

Spencer et al.,
2024

Multiple age groups

Early vs delayed

Initial VE, waning rate,
peak timing, coverage
held constant

Optimal timing highly sensitive to
waning and peak timing

Abbreviation: VE, vaccine effectiveness

Overall, population-level evidence indicated progressive
intraseasonal waning, with more consistent evidence available for
LClI than for hospitalization outcomes, and more pronounced for
influenza A than for influenza B.

Children

Eight studies reported paediatric-specific VE estimates (4,16,42—
47). Overall, VE was highest shortly after vaccination and
generally remained stable or declined modestly over

the season. For LCI, early-late differences were small,

with changes in VE of approximately 5%-8% across the

season (4,16,42,43) (Supplemental material, Table S10).

Two studies assessed influenza-related hospitalization in children
and reported VE declines of approximately 20% and 30% within
six or nine months post-vaccination (44,45). Age-stratified
analyses showed broadly similar patterns across paediatric age
groups (e.g., <2 years, 3-5 years, and 6-17 years), with modest
seasonal variation for LCl and larger declines observed for
hospitalization outcomes (16,44,45).

Two studies reported increasing odds of influenza positivity
with time since vaccination (46,47), although significant waning
was observed for A(H3N2) in only one study (46). Overall, VE in
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children remained protective throughout the season, with limited
evidence of substantial intraseasonal waning.

Adults 18 to 64 years of age

Three studies specifically assessed intraseasonal waning of
influenza in adults aged 18-64 years (4,16,46). In general, VE
was highest shortly after vaccination, with variable changes over
time. One study reported a modest decline (~5%) at three to six
months, another reported larger declines (~30%) beyond five
months, and a third found no significant association between
time since vaccination and influenza positivity (adjusted OR: 1.00;
95% Cl: 0.95%—1.06%) (4,16,46).

Overall, evidence in this age group was limited and
heterogeneous, precluding firm conclusions regarding the
extend of intraseasonal waning.

Older adults

Ten studies evaluated intraseasonal waning in adults 60 or

65 years and older (4,16,19,22,24,40,46,48-50). Most reported
declining VE over time, with patterns varying by outcome and
strain. For LCI, VE was generally highest within one to three
months post-vaccination and declined thereafter (Table 3), with
steeper waning for A(H3N2) than influenza B in one study (24).
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Figure 2: Influenza vaccine effectiveness against laboratory-confirmed infection by time since vaccination
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Table 3: Influenza vaccine effectiveness against laboratory-confirmed influenza by time since vaccination in older
adults 60 years of age and older

Age groups VE (95% C)

15 days—3 months 43.11% (37.07-48.61)
Abou Chakra et al., 2025 65 years and older
3-6 months 39.71% (31.31-47.19)
<100 days 47% (—63-83)
Castilla et al., 2013 65 years and older 100-119 days 54% (-55-86)
>120 days 32% (-111-78)
42-69 days -7% (—26-9)
70-97 days -17% (-41-3)
Chung et al., 2024 65 years and older 98-125 days —-30% (-60—-5)
126-153 days —32% (-67—-4)
>154 days -32% (-78-3)
49-88 days 85% (18-97)
Jimenez-Jorge et al., 2013 65 years and older 89-127 days 33% (-102-78)
128-166 days -376% (—4,332-49)
40 days A(H3N2): 45% (7-67)
80 days A(H3N2): 33% (12-49)
120 days A(H3N2): 10% (-18-32)
Lo 160 days A(H3N2): =16% (-93-31)
Kissling et al., 20162 60 years and older
40 days Influenza B: 62% (3-84)
80 days Influenza B: 55% (32-71)
120 days Influenza B: 41% (13-60)
160 days Influenza B: 24% (—39-58)

Abbreviations: Cl, confidence interval; VE, vaccine effectiveness
2 Vaccine effectiveness estimated from plots

Hospitalization outcomes showed similar temporal patterns,
often with less pronounced declines and widening Cls later in
the season. Mira-Iglesias et al. reported VE decreasing from 54%
at 15-82 days to 50% at 123-177 days post-vaccination (48). In
Seppaéla et al., VE among adults 65-79 years declined from 34%
at 7-89 days to —3% beyond 180 days, whereas VE remained
around 40% in adults aged 80 years and older, with Cl widening
over time (49).

Continuous-time analyses generally supported waning (40,46,50).
Domnich et al. reported a significant 6%—7% increase in odds

of influenza per week since vaccination for any influenza and
A(H3NZ2), starting 14 days post-vaccination (46). Ferdinands

et al. estimated average declines in VE of approximately 10%

per 30 days post-vaccination for hospitalization (40). However,
another study observed seasonal declines in VE, but sensitivity
analyses accounting for calendar week and time since vaccination
did not demonstrate a clear gradual decline, with overlapping
Cls across weekly VE estimates (50).

Overall, VE in older adults was highest shortly after vaccination

and declined over the course of the season, with considerable
heterogeneity across studies.
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Optimal timing of influenza vaccine
administration

Twelve studies assessed optimal vaccination timing, including
ten modelling studies and two observational studies (Table 1
and Table 2) (51-62). Modelling studies evaluated vaccination
timing under varying assumptions related to VE, intraseasonal
waning, season timing, and vaccination coverage (Table 2), while
observational studies compared influenza outcomes following
earlier versus later vaccination in specific population (Table 1).

Modelling results suggested that under some late-peaking
or fast-waning scenarios, delaying vaccination by one to

two months could reduce influenza burden when coverage
was held constant (51-53,57,58,60). However, the estimated
gains were generally small, typically corresponding to less
than a 5% difference in prevented cases or hospitalizations
between timing scenarios (51,57,58). Several models further
showed that even modest reductions in vaccination coverage
associated with delayed uptake could offset or reverse these
potential benefits (51,52,58). Economic modelling favoured
earlier fall vaccination, particularly for children and pregnant
individuals (54-56). Models of compressed vaccination
periods (e.g., October-May vs August-May) or two-dose
schedules in older adults showed benefits under select late-




peaking or fast-waning scenarios, which diminished when
coverage or adherence declined (58,59).

Two observational studies reported mixed findings. Glinka et al.
observed higher influenza-related outcomes among HIV-infected
individuals vaccinated earlier (before mid-November) compared
with later (after mid-November) vaccination (61). In contrast,

a population-based cohort study in young children found that
those born in October, who were disproportionately vaccinated
in October, were least likely to receive an influenza diagnosis,
particularly compared with children born in August, who tended
to be vaccinated earlier, and those born in December, who
tended to be vaccinated later (62). Both studies were subject to
potential residual confounding.

Overall, modelling evidence suggests that the impact of
modifying vaccination timing is highly sensitive to assumptions
about waning, season timing, and vaccination coverage, with
potential gains from delayed strategies generally small and easily
negated by reductions in uptake, while observational evidence
remains limited and inconsistent.

Discussion

This scoping review synthesized evidence on intraseasonal
waning of influenza VE and its implications for seasonal
vaccination timing, addressing gaps identified in recent national
evidence syntheses. Across age groups and study designs,

VE was generally highest within one to three months after
vaccination and declined progressively over the influenza
season (e.g., 3-6 months post-vaccination). Waning was most
consistently observed for influenza A, particularly A(H3N2), and
among older adults. Evidence for hospitalization outcomes was
more limited than for LCI, but available studies suggested similar
temporal patterns with greater uncertainty.

These findings align with earlier evidence syntheses, including
the 2017 meta-analysis by Young et al. and a prior systematic
review and meta-analysis of immunogenicity and antibody
persistence, which demonstrated biologically plausible

declines in vaccine-induced immunity by six months post-
vaccination (6,63). However, the magnitude and consistency

of waning varied across studies, likely reflecting differences in
circulating strains, season timing, population characteristics, and
analytic approaches. Importantly, observed late season declines
may reflect not only waning immunity but also antigenic drift
and reduced vaccine-strain match, particularly during A(H3N2)-
dominant seasons (64).

Evidence on vaccination timing suggested that potential
benefits of delaying vaccination are context-dependent and
generally modest. Modelling studies indicated that in specific
scenarios (e.g., late-peaking seasons or rapid waning), later
vaccination could reduce influenza burden when coverage
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was held constant (51-53,57,58,60). However, projected gains
were small and highly sensitive to assumptions about waning,
season timing, and uptake, with several models showing that
modest coverage reductions could negate benefits (51,52,58).
Observational studies examining vaccination timing reported
mixed findings and were subject to residual confounding (61,62).

Overall, maintaining high vaccination coverage appears to

be a dominant determinant of population-level impact. While
waning is a consistent feature of influenza VE, the implications
for modifying vaccination timing remain uncertain and vary by
population, outcome, and season. Early-season vaccination
provides protection across most seasons, whereas delayed
strategies may leave individuals unprotected during early
circulation, given variability in season onset and peak timing.

Limitations

Interpretation should consider methodological limitations. Most
studies relied on observational designs and were susceptible to
residual confounding, time-varying biases and misclassification.
Heterogeneity in definition of time since vaccination and
adjustment for calendar time and circulating strains further
complicates comparisons. Fewer studies assessed hospitalization
outcomes, often with widening Cls later in the season. Modelling
studies additionally depend on assumptions that may not reflect
real-world conditions.

This review provides a comprehensive synthesis across
multiple seasons, regions, age groups, and outcomes,
integrating evidence on waning with vaccination timing.
However, heterogeneity across studies, and limited data
for certain populations, including pregnant individuals and
immunocompromised persons, remain important gaps.

Conclusion

Intraseasonal waning of influenza VE is consistently observed,
particularly for influenza A and among older adults, but
represents a gradual decline that does not typically undermine
season-long effectiveness. Although timing adjustments may
theoretically influence protection under specific scenarios,
current evidence does not demonstrate substantial or consistent
population-level benefits from modifying vaccination timing.
These findings highlight the importance of considering waning
alongside seasonal variability, strain dynamics, and programmatic
factors, and underscore the need for further research on how
these elements interact to influence influenza outcomes.
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Abstract

Background: The COVID-19 pandemic has stimulated the use of wastewater surveillance (WWS)
in Canada.
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Objective: To inform continued investment, the study assessed the cost-utility of WWS,
alongside conventional surveillance, compared to conventional surveillance alone, using

COVID-19 in Ontario as an example.

Methods: This model-based cost-utility analysis measured WWS effectiveness by increased
lead time of 1-10 days for public health response using the Ontario health system perspective.
The model integrated SARS-CoV-2 transmission dynamics, SARS-CoV-2 RNA concentration in
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outcomes (quality-adjusted life years [QALYs]) and cost were discounted at 1.5%. The model ON
s , .
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or more days earlier than conventional surveillance. For a less severe outbreak with lower
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Conclusion: The study findings suggest that long-term investments in WWS are likely cost-

effective for low-frequency but high-impact outbreaks. Maintaining WWS infrastructure will

enhance Canada’s emergency preparedness for emerging and re-emerging pathogens.
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Introduction

As of December 2024, the COVID-19 pandemic has imposed
substantial global burden with over 777 million cases, over seven

admissions and 46,472 resulted in death (4-7). The total
expenditure incurred by the Canadian healthcare system was
million reported deaths (1) and a profound impact on health estimated to be over $9 billion CAD (4-7).
system expenditures (2,3). In Canada, as of September 2023,
at least 374,106 hospital admissions have occurred due to

COVID-19, of which 64,623 included intensive care unit (ICU)

To guide public health interventions to mitigate the impact
of COVID-19, surveillance data must be collected quickly and
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affordably (8). While polymerase chain reaction (PCR) testing

is essential for individual-level detection, it has limitations for
large-scale surveillance during major public health events (9).
These include 1) reduced testing among individuals with mild or
asymptomatic condition leading to underestimation of disease
prevalence (10,11), 2) limited availability of PCR or point-of-care
testing and capacity for laboratory personnel, as well as 3) the
time lag between infection, testing and reporting that delays
detection of community transmission (11).

The need for reliable and efficient population-level monitoring
has highlighted the potential of wastewater surveillance (WWS)
for tracking infectious disease prevalence and spread (12-14).
Studies have shown that SARS-CoV-2 fecal viral load rises
shortly after infection and peaks around symptom onset (15,16);
therefore, PCR testing on wastewater samples may provide
insights into infection trends in a population (17). Wastewater
surveillance may complement conventional surveillance, by
enabling earlier detection of community transmission, and
capturing data from individuals with mild, presymptomatic

and asymptomatic infection, often missed by conventional
surveillance.

Beginning in September 2020, the Public Health Agency of
Canada (PHAC) launched the National Wastewater Monitoring
of Pathogens program, a systematic effort to collect and

analyze wastewater from communities across Canada (18). As

of early 2025, this program routinely samples from more than

90 municipal sites, covering an estimated 36.6% of the Canadian
population. In Ontario, eight sites provide data for an estimated
31.1% of the provincial population. In addition to the federal
program, many provinces and territories in Canada have also
launched their own wastewater programs.

Wastewater surveillance implementation and maintenance
requires resources; for example, the Ontario provincial WWS
program reached a total operating expense of $15 million CAD
in 2023-2024, which reflected a system with 59 monitored sites
with sampling conducted three to five times per week (19,20).

To inform continued investment into WWS, this study assessed
the cost-utility of WWS in addition to conventional surveillance
compared to conventional surveillance alone, using COVID-19 in
Ontario as an example. While the focus was on SARS-CoV-2, the
framework may be applicable to other infectious pathogens that
can be monitored through wastewater and is intended to inform
long-term public health surveillance strategies.

Methods

A model-based cost-utility analysis was conducted from the
Ontario health system perspective, following Canadian guidance
on economic evaluation in health (21,22). Because the timing

of a future outbreak is unknown, the analysis considered year-
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round surveillance over 10 years with an outbreak occurring
once in a decade. An outbreak was characterized by one major
wave within the outbreak year. Individuals infected during

the outbreak year were followed over their lifetime time to
capture downstream health outcomes (i.e., life years, quality
adjusted life years [QALYs] and cost, discounted by 1.5% as
recommended (22)). Although WWS is maintained for each of
the 10 years, the model conservatively assumed benefits from
WWS occur only in the outbreak year, with no benefits during
non-outbreak years.

Population

The modelled population reflects epidemiological and
demographic characteristics of the Ontario population who
experienced COVID-19 infection, hospitalization, ICU admission,
or death during selected waves of the recent COVID-19
pandemic or remained uninfected with COVID-19.

Model structure and assumptions

The analysis was based on the epidemic model previously
developed by the PHAC (23), which integrates both the
transmission dynamics of SARS-CoV-2 at the population-level
and the concentration of SARS-CoV-2 RNA in the sewage

system following viral shedding by infected individuals.

Disease progression was captured through several health

states: susceptible; exposed (infected but not yet infectious);
asymptomatically or symptomatically infected; hospitalized;
recovered and no longer infectious but still shedding virus; fully
recovered and permanently immune and no longer shedding

the virus; and deceased (Figure 1). Infection occurred at a
time-dependent transmission rate, which was simultaneously
calibrated on clinical reports, hospital admissions and wastewater
concentrations using real-world surveillance data from Ontario
during the Omicron and XBB waves of the pandemic. The weekly
clinical report and hospitalizations were retrieved from Public
Health Ontario (24,25), and the SARS-CoV-2 RNA concentration
in wastewater was sourced from the PHAC's National Wastewater
Monitoring of Pathogens program covering Toronto, Ontario.
The key model parameters are summarized in Table 1.

Figure 1: Model structure
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(infectious)

Susceptible —  Exposed
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K 5 ——> Non-infectious —  Recovered
(infectious) |

 —
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Detection of SARS-COV-2 in wastewater

Strategies
The analysis assumed that WWS operated in addition to the
conventional surveillance program and did not account for



Table 1: Key parameters

Transmission

Value

MODELLING STUDY @

Source

Calibrated to match reported cases.

Age and life expectancy
Individuals with COVID-19

Reproductive number? Calibrated
(Gov. of ON) (24)
Average latency duration (not infectious yet), days (PHAC, 2021) (26)
Symptomatic individuals who will not be hospitalized in future, days 12 (PHO, 2021) (27)
ﬁverz:zge. durz:ztion among symptomatic individuals who will be 15 (PHO, 2021) (27)
ospitalized in future, days
Average duration among asymptomatic individuals, days 10 (PHO, 2021) (27)
Average duration of shedding after infectiousness, days 21 (Li, 2022), (Zhang, 2021) (28,29)
Proportion asymptomatic cases 0.33 (Oran, 2021), (Sah, 2021) (30,31)
Proportion of hospitalization? Calibrated Calibrated to match reported cases.
(Gov. of ON) (25)
Average LOS in hospital, days 13 (CIHI, 2023) (5)
Days required to build immunity 40 (Carazo, 2023) (32)
Time horizon
Individual level, years Lifetime (CADTH, 2017) (22)
Program level, years 10 Assumption
Case counting during the first wave of Omicron, days 120 Wave duration, (Gov. of Can, 2024) (18)
Case counting during the first wave of XBB, days 270 Wave duration, (Gov. of Can, 2024) (18)

General population

Non-hospitalized 40 Statista Research Department (33)
Hospitalized (no-ICU) 65 (CIHI, 2023) (5)
ICU admitted 62 (CIHI, 2023) (5)
Died 84 (CIHI, 2023) (5)
Life expectancy Age-dependent Lifetables®

Age-dependent

(Yan, 2024) (34)°

Individuals with COVID-19, estimated 360 day average

Non-hospitalized 0.838 (Mao, 2024) (35)
Hospitalized (no-ICU) 0.827 (Mao, 2024) (35)
ICU admitted 0.746 (Mao, 2024) (35)
COVID-19 attributable costs (2023 CAD)*

No hospital stay $295 (Sander, 2025) (36)
Hospital stay (no-ICU), alive at end of follow up $30,030 (Sander, 2025) (36)
Hospital stay (no-ICU), died before end of follow up $30,610 (Sander, 2025) (36)
ICU stay, alive at end of follow up $114,945 (Sander, 2025) (36)
ICU stay, died before end of follow up $91,091 (Sander, 2025) (36)
Post-COVID-19 condition $275 (Sander, 2025) (36)
Average annual costs for general population (2023 CAD) Age-dependent | Estimated based on CIHI expenditures and lifetables®
WWS annual cost (2023 CAD) $15 M Gov. of ON (19)

Abbreviations: CAD, Canadian dollar; CADTH, Canadian Agency for Drug and Technology in Health; CIHI, Canadian Institute for Health Information; Gov. of Can, Government of Canada; Gov. of ON,
Government of Ontario; ICU, intensive care unit; LOS, length of stay; PHAC, Public Health Agency of Canada; PHO, Public Health Ontario; WWS, wastewater surveillance
2 Reproductive number and proportion of hospitalization (of those who were symptomatic) were calibrated separately for the Omicron and XBB waves

b Data available upon request from corresponding author

¢ COVID-19 attributable healthcare costs inpatient hospitalizations, outpatient hospital visits, emergency department visits, publicly funded drugs (for everyone aged 65 years and select younger
individuals based on means) physician services, rehabilitation services, complex care, homecare, long-term care, and other (e.g., laboratory tests/services, assistive devices), rounded to the nearest

dollar, from index to 360 days of follow-up or death, whichever occurred first
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potential cost-savings from reduced reliance on patient-level
testing. The impact of WWS relative to conventional surveillance
was determined by increased lead time of one, three, five

or 10 days for public health response (37,38) assuming that
transmission would be reduced by 75% due to interventions/
restrictions. This assumption was based on calibration of

the epidemic model to the Omicron wave of the COVID-19
pandemic (November 2021-2022) in Ontario (24,25).

Outcomes

Outcomes included the number of individuals who are
asymptomatic, symptomatic and treated in the outpatient
setting, hospitalized, admitted to ICU and died due to
COVID-19. The analysis also considered life years, QALYs and
health system cost associated with COVID-19 management.
The incremental cost-effectiveness ratio, a measure of cost-
effectiveness, was estimated assuming the annual cost of WWS
to be $15 million CAD (19), along with the maximum expenditure
at which a WWS program would still be cost-effective. Cost-
effectiveness was assessed at the commonly used threshold of
$50,000 CAD per QALY gained (39).

Data

Life expectancy: Disease severity is reflected by the need for
hospitalization and ICU admission. The median age of individuals
who were hospitalized, including ICU admissions, was obtained
from the Canadian Institute for Health Information (5). Individuals
who required hospitalization were older, consistent with an age-
related increase in disease severity. However, the analysis did

not specifically address how hospitalizations and ICU admissions
affected life expectancy beyond age-specific mortality. For
individuals who were uninfected, asymptomatic and symptomatic
but not hospitalized, the median age of the general Ontario
population (33) was considered. Age-specific life expectancy was
obtained from Statistics Canada (40) (Table 1; additional data
available from corresponding author).

Quality of life: Health utility reflects the quality of life
associated with a specific health state and is typically anchored
at zero (death) and one (perfect health). Quality-adjusted life
years are calculated as the product of utility and time spent in
a specific health state (41). For uninfected and asymptomatic
individuals, the utility values representative of the Canadian
general population were applied, based on a study using the
EQ-5D-5L instrument (34). For symptomatic individuals the mean
utility 0-12 months post-infection was derived from a scoping
review (35) and assumed the utility of the Canadian general
population after 12 months (Table 1). The review included
over 60 studies, mostly from Europe (N=39), Asia (N=15) and
North America (N=8), with EQ-5D as the most frequently used
instrument.

Cost: The annual cost-associated with WWS maintenance in
Ontario was considered to be $15 million CAD (19). The
COVID-19-attributable one-year costs (Table 1) were based on
an Ontario population-based matched cohort study using health
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administrative data and included all publicly funded health
services (36).

Zero COVID-19-attributable costs were assumed one year after
infection with mean healthcare costs of the general population
applied thereafter. Similarly, individuals with asymptomatic
infections were assumed to incur healthcare costs equal to

that of the general population. Lifetime healthcare costs for
general population, were estimated considering life-expectancy
and annual healthcare expenditures by age groups, based on
Canadian Institute for Health Information data (40,42).

Analysis

The base-case scenario considered deterministic values for costs
and utilities, assuming the Omicron wave pandemic, with no
post-COVID conditions. A year-round surveillance over a 10-year
period was modelled, with an outbreak occurring either in the
first year or in the last year. Benefits from WWS were assumed
only occurred during the outbreak year. Additionally, to address
parameter uncertainty, a probabilistic analysis was conducted,
using beta distributions to sample utility values, gamma
distributions to sample costs, and uniform distribution to sample
the outbreak year.

A range of scenario analyses were conducted. One scenario
assumed that 15% of the infected population would experience
the post-COVID-19 condition, with reduced health utility of
0.005 and increased healthcare utilization continuing one year
post infection for their remaining lifetime. For these individuals,
a lifetime annual cost increment of $275 was applied, based

on Sander et al. (36) who estimated the average net cost of
$7.60 per 10-day interval during months 9-12 post-infection.
Best- and worst-case scenarios were conducted using the
upper and lower bounds of the confidence intervals from the
transmission model predictions. The cost-utility of a WWS
program maintained for 20 years, where an outbreak occurs
during the 20* year, was assessed as the most conservative
scenario. Finally, the cost-effectiveness of the WWS was
estimated assuming an outbreak with a lower transmission rate
similar to the XBB wave, that may occur once or more frequently
per decade.

Results

Scenario considering the Omicron wave
Compared to conventional surveillance, a WWS program that
detects Omicron/BA.1-like outbreaks one to 10 days earlier could
prevent, on average, 735 (95% Cl: 566-939) to 6,345 (95% Cl:
4,794-8,071) hospitalizations, including 169 (95% CI: 130-216)
to 1,459 (95% Cl: 1,103-1,856) ICU admissions, and avert

81 (95% Cl: 66-89) to 702 (95% Cl: 557-795) deaths (Figure 2;
additional data available from corresponding author), assuming a
single wave of an outbreak once in a decade, and no other major
events in the remaining nine years.



Figure 2: Hospitalizations, intensive care unit admissions
and deaths averted per 14 million (i.e., Ontario)
simulated population (base-case scenario)?
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2 Comparator strategies provide 1, 3, 5 and to 10 days earlier detection of outbreaks, and, as
such, 1 to 10 days earlier implementation of infection-control measures compared to conventional
surveillance
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A WWS program with an annual budget of $15 million CAD (in
addition to conventional surveillance) maintained over 10 years
would be considered cost-effective at a $50,000/QALY threshold
if it detects an outbreak three or more days earlier, and cost-
saving if it detects an outbreak 10 or more days earlier than
conventional surveillance, regardless of which year the outbreak
occurs (Table 2). Probabilistic analysis showed that WWS
providing a three-day lead time detection was cost-effective in
77% of simulations compared to conventional surveillance (data
available from corresponding author).

When lifetime disutility and costs associated with the
post-COVID-19 condition are considered, a program that
detects outbreaks three or more days earlier becomes cost-
saving (Figure 3, Table 2). Summary for the outcomes for best-
and worst-case scenarios are available from corresponding
author. With a longer program horizon of 20 years, one outbreak
in year 20*, and an annual budget of $15 million CAD, a WWS

Table 2: Expected quality-adjusted life years, and costs (2023 Canadian dollars) per person

program cost

Outbreak occurring during the 1%t year

Conventional surveillance 27.1267 Ref. $296,863 Ref. Ref. Ref.
1 day earlierc 27.1269 0.00013 $296,861 -$2.20 $58,448 $13,308,549
3 days earliere 27.1271 0.00039 $296,857 -$6.41 $9,250 $38,847,772
5 days earliere 27.1274 0.00063 $296,853 -$10.36 Cost-saving $62,949,902
10 days earliers 27.1279 0.00118 $296,844 -$19.11 Cost-saving $116,599,789
Outbreak occurring during the 10t year

Conventional surveillance 23.7248 Ref. $259,635 Ref. Ref. Ref.
1 day earlierc 23.7250 0.00012 $259,633 -$1.93 $69,186 $11,639,553
3 days earlierc 23.7252 0.00034 $259,629 -$5.61 $12,926 $33,975,960
5 days earlierc 23.7254 0.00055 $259,625 -$9.07 1,737 $55,055,496
10 days earliers 23.7259 0.00103 $259,618 -$16.71 Cost-saving $101,977,270

Outbreak occurring during the 1% year, assuming lifetime post-COVID-19 condition

Conventional surveillance 27.1198 Ref. $297,248 Ref. Ref. Ref.
1 day earlierc 27.1200 0.00019 $297,242 -$5.28 $24,982 $22,108,811
3 days earliere 27.1203 0.00056 $297,232 -$15.42 Cost-saving $64,588,401
5 days earlierc 27.1207 0.00090 $297,223 -$25.00 Cost-saving $104,732,688
10 days earlierc 27.1214 0.00167 $297,201 -$46.32 Cost-saving $194,308,753

Outbreak occurring during the 10%* year, assuming lifetime post-COVID-19 condition

Conventional surveillance 23.7187 Ref. $259,971 Ref. Ref. Ref.
1 day earlierc 23.7189 0.00017 $259,966 -$4.62 $32,553 $19,336,195
3 days earliers 23.7192 0.00049 $259,957 -$13.49 Cost-saving $56,488,515
5 days earlier 23.7195 0.00079 $259,949 -$21.86 Cost-saving $91,598,396
10 days earliers 23.7202 0.00146 $259,930 -$40.51 Cost-saving $169,940,927

Abbreviations: CAD, Canadian dollar; ICUR, incremental cost-effectiveness ratio; max., maximum; Ref., reference category; QALYs, quality-adjusted life years; A, incremental

® Incremental cost-utility ratio has been calculated assuming the incremental cost for the wastewater surveillance program of $15 million annually

b Wastewater surveillance program operational maximum annual cost for the strategy to remain cost-effective at a $50,000 CAD/QALY gained threshold, if maintained over 10 years

¢ Wastewater surveillance program that provides 1 to 10 days earlier detection of outbreaks, and, as such, 1 to 10 days earlier implementation of infection-control measures compared to conventional

surveillance
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Figure 3: Incremental quality-adjusted life years and
healthcare costs for scenarios involving Omicron-like
outbreak®®
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Abbreviations: QALYs, quality-adjusted life years; WWS, wastewater surveillance

2 The graph illustrates the incremental costs in 2023 Canadian dollars (Y-axis) and incremental
QALYs (X-axis) for WWS offering one, three and 10 days earlier detection of outbreaks, and, as
such, one, three and 10 days earlier implementation of infection-control measures compared to
conventional surveillance

 Symbols in the figure represent different scenarios: ¢ (rhombus) denotes the WWS 20-year
scenario, o (circle) represents the base case scenario, A (triangle) indicates the worst-case
scenario and m (quadrant) accounts for the post-COVID condition. All scenarios assume a 10-
year WWS maintenance period, with an outbreak occurring in the 10* year, except for the
“WWS for 20 years” scenario, the most conservative, where the WWS program is maintained for
20 years, and an Omicron-like outbreak occurs in the 20* year. A strategy that detects outbreak
five-day earlier and a best-case scenario were not plotted for better visualisation. The diagonal
red line represents the $50,000 cost-effectiveness threshold, below which the WWS strategy is
considered cost-effective

program would be considered cost-effective at a $50,000/QALY
threshold if it detects an outbreak three or more days earlier
than conventional surveillance (Figure 3, data available from
corresponding author).

Scenario considering the XBB wave

Compared to conventional surveillance, a WWS program that
detects outbreaks similar to the XBB wave one to 10 days earlier
could prevent 87 (95% Cl: 63-98) to 901 (95% ClI: 678-1,017)
hospitalizations and avert eight (95% CI: 8-10) to 79 (95% Cl:
79-101) deaths (data available upon request). For outbreaks

like XBB, which have a lower transmission rate, WWS was not
found to be cost-effective if the outbreak occurs only once per
decade (data available upon request). A WWS program with an
annual budget of $15 million CAD (in addition to conventional
surveillance) maintained over 10 years and providing a three-day
detection lead time, would be considered cost-effective if an
XBB-like outbreak occurs in at least six out of the 10 years (data
available upon request).

Discussion

The study findings suggest that long-term investment in WWS is
likely cost-effective for low-frequency but high-impact outbreaks.
In scenarios with Omicron-like outbreaks, a WWS program with
an annual budget of $15 million CAD maintained over 10 or even
20 years along with the implementation of public health policies
that reduce transmission by 75% during the outbreak would

be considered cost-effective at a $50,000/QALY threshold if it
detects outbreaks three or more days earlier than conventional
surveillance. For less severe outbreaks with lower transmission

Page 251 CCDR e June 2026 © Vol. 52 No. 6

rates, like the XBB sub-variant, the WWS program was generally
not cost-effective, unless outbreaks were frequent. However,
these findings rely on the assumption of highly effective public
health policies, which may not be feasible to sustain over
multiple outbreaks. The observed differences between the two
epidemiological scenarios are attributable to the substantially
lower transmission rate of XBB, meaning that interventions,
which limit transmission, would have a smaller impact compared
to outbreaks with higher transmission rates.

The study findings align with studies showing that population-
wide testing may not be cost-effective for pathogens with lower
transmission rates. For example, Neilan et al., in their modelling
study, showed that compared to testing of symptomatic cases
only, PCR testing of the entire population was cost-effective
when the virus’ reproductive number exceeded 1.6 (43). While
this study focuses on WWS for population-wide monitoring,

it similarly highlights the impact of transmission rates on
cost-effectiveness. Unlike large-scale testing, which can be
challenging to implement, WWS provides a more feasible
approach. In Canada, for example, testing in March 2020

was limited to individuals with severe infection requiring
hospitalization, long-term care residents and those with
respiratory symptoms (44,45). Testing of selected population was
later shown to be not cost-effective than testing all symptomatic
individuals (43).

Cost-effectiveness data on WWS remains limited. Yoo et al.
evaluated the cost-benefit of COVID-19 screening with antigen
tests vs. WWS in a residential facility in Japan (46). They
reported that WWS was economically justifiable at moderate,
but not at high or low incidence levels; however, their model
was constrained to a closed environment of 100 individuals and
a program duration of just four days. In contrast, the current
analysis considers the operation of WWS in Ontario, a province
with a population of 14 M, over a 10- to 20-year time horizon,
providing estimates of cost-effectiveness for a population-based
surveillance program. Similarly, Mvundura et al., using an agent-
based model, showed that WWS could avert 300-600 disability-
adjusted life years over a six-month outbreak period and be cost-
effective particularly in settings with high disease severity (47).

The effectiveness of WWS depends on several factors,

including population density, wastewater infrastructure,
pathogen detectability in wastewater, sampling frequency and
analytical methods. Wastewater surveillance can complement
conventional surveillance and enable community-wide
monitoring regardless of healthcare access, healthcare-seeking
behavior, testing disparities or socio-economic factors, providing
a more affordable alternative to individual testing. Sanjak

et al. compared the costs of WWS and clinical swab testing in

82 United States military bases under various outbreak scenarios,
finding that WWS had $10.5 million-$18.5 million lower annual
direct costs (48). Moreover, they estimated that over two-

thirds of clinical swab testing could be replaced by WWS at no



additional cost when accounting for lost work time due to swab
testing requirements (48).

Limitations

This study has several limitations. First, it focused solely on
SARS-CoV-2, and a single outbreak within a ten-year period. This
results in a conservative estimate, as Canada has experienced
multiple waves of COVID-19 outbreaks spanning beyond one
year (49). Second, the analysis did not incorporate the costs

of downstream response measures that might follow WWS-
triggered alerts; however, such public health responses would
likely be implemented under conventional surveillance as well,
albeit later, and therefore, incorporating these costs would
likely have minimal impact on the overall cost-effectiveness
conclusions. Third, the analysis did not account for the broader
applicability of WWS in concurrently monitoring multiple
pathogens, such as respiratory syncytial virus, influenza or
enteroviruses (12,14,50). Detecting multiple pathogens

using the same infrastructure could enhance public health
preparedness at minimal additional cost. Furthermore, the study
did not evaluate WWS from a broader societal perspective.
Incorporating productivity losses would likely increase the value
of WWS. Conversely, WWS may have limited value in detecting
novel viruses during earlier waves of an outbreak, as assays
development takes time, which can delay reliable detection.

Strengths

This study has several strengths. This is one of the few economic
evaluations of WWS based on a large scale, population-wide
setting. The model was calibrated using real-world data on
infections, hospitalizations and deaths, which strengthens the
validity of the findings. By considering high- and low-transmission
outbreaks and a broad range of scenarios, the study provides
valuable insights for decision-making.

Conclusion

Wastewater surveillance provides benefits that extend beyond
the pandemic response, yet many of these benefits are difficult
to quantify. This analysis focused on one measurable benefit for
COVID-19 pandemic surveillance, where the most immediate and
direct impact has been demonstrated. Wastewater surveillance
appears to be cost-effective under various COVID-19 outbreak
scenarios, especially for high-transmission events like Omicron/
BA.1, with substantial health and economic benefits arising from
early detection. However, this narrow scope likely underestimates
WWS's full potential. Beyond pandemic settings, WWS could
enable year-round, population-wide surveillance of multiple
pathogens, potentially reducing surveillance lag and providing
critical lead time for public health response. Leveraging the
existing WWS infrastructure will enhance Canada’s preparedness
for emerging and re-emerging pathogens.
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Background: Management of Mycobacterium abscessus (M. abscessus) skin and soft tissue

infections outbreaks require collaboration between clinicians, public health authorities and

reference laboratories providing bacterial molecular identification and genotyping. Affiliations

Objective: This study reports on a M. abscessus skin and soft tissue outbreak linked to See Appendix
mesotherapy treatments in Montréal, Canada. We present an innovative approach combining

Nanopore long read and Illumina short read whole-genome sequencing data with a novel open

access bioinformatic molecular epidemiology pipeline to support public health investigations *Correspondence:

by identifying genomically related isolates. simon.grandjean.lapierre@

umontreal.ca
Methods: Public health investigations and physician questionnaires were used for outbreak
identification and investigation. The complete genomes of six isolates from four individuals
were sequenced. Nanopore and lllumina data were combined to assemble genomes de novo
using a hybrid approach. Single nucleotide polymorphisms (SNPs) were identified within each
genome by mapping the short reads to a reference genome. Single nucleotide polymorphisms
distances among isolates, and between isolates and the reference genome were used
alongside core SNP alignment analyses to evaluate genetic similarity between isolates and
other contemporary M. abscessus genomes.

Results: Identified individuals had received mesotherapy injections from the same esthetician
within a one-month period. Outbreak isolates were genomically nearly identical, differing by
only 0-2 SNPs when using the earliest collected isolate as a reference. A phylogenetic tree
revealed genetic distinctness between outbreak isolates and other contemporary M. abscessus
isolates from Montréal.

Conclusion: Genomic sequencing and the presented bioinformatic approach can identify
M. abscessus genomic relatedness suggestive of clinical outbreaks. This approach can support
public health investigations, particularly when epidemiological links are uncertain.

Suggested citation: Quan-Nguyen X, Waglechner N, Veillette M, Vasil P-A, Point F, Tannir B, Zarandi-Nowroozi M,
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abscessus soft tissue infections associated with subcutaneous injection of lipolytic agents: An outbreak report and
novel molecular epidemiology analysis approach. Can Commun Dis Rep 2026,;52(6):256-63.
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Introduction

Nontuberculous mycobacteria are ubiquitous organisms that
can be found in healthcare and other environments and cause
outbreaks of skin and soft tissue, pulmonary, lymph nodes, and
joint infections (1-4). Diagnosis and treatment of Mycobacterium
abscessus (M. abscessus) soft tissue infections is particularly
challenging due their frequently atypical nodular and mildly
inflammatory presentation, the inability of conventional bacterial
cultures to identify this rapidly growing mycobacteria and

its innate and acquired resistance to available antimicrobial
agents (3,5). Outbreaks of M. abscessus skin and soft tissue
infections have been previously reported in immunosuppressed
individuals, following exposure to contaminated water, as post-
operative complication of plastic surgery or following tattooing,
acupuncture and mesotherapy treatments—a procedure in which
multiple injections of pharmaceuticals or vitamins are delivered
into the mesodermal layer of skin tissues to promote the loss

of fat or cellulitis (5-7). Past outbreak investigations required
coordinated efforts between public health, clinical professionals
and reference laboratories providing bacterial molecular
identification and genotyping (8,9).

The increased availability of next-generation sequencing
platforms and the development of semi-automated data analysis
pipelines support the increased uptake of next-generation
sequencing-based molecular typing for outbreak investigation
by public health and clinical microbiology laboratories (10).
Bacterial whole-genome sequencing (WGS) allows much
greater discrimination of epidemiologically clustered isolates
and therefore helps support or refute the results of standard
public health investigations (11-13). By combining WGS and
epidemiological investigations, Olawoye et al. recently showed
that health care-associated human-to-human transmission

of M. abscessus was rare on the island of Montréal (14). In

a multi-country study comparing strains from distinct global

M. abscessus outbreaks, Tettelin et al. highlighted that while
strains from the same outbreak were clustered together,

high genomic relatedness could also be observed between
epidemiologically unrelated isolates (15). Next-generation
sequencing-based molecular typing systems must be well
adapted to pathogens’ intrinsic genomic diversity and evolution
to best complement public health investigations and accurately
support or refute the relatedness of isolates.

We report on the investigation of a M. abscessus skin infections
outbreak associated with mesotherapy procedures in Québec.
We also describe a unique innovative approach combining long
read and short read sequence data to improve the resolution of
our molecular epidemiology analysis. This novel bioinformatic
pipeline for the phylogenetic analysis of M. abscessus isolates is
openly accessible.
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Methods

Public health investigation

In 2021, an infectious disease clinician reported a case of
disseminated panniculitis lesions associated with mesotherapy
injections to the Montréal public health department. Although
M. abscessus infections are not a mandatory reportable disease
in Québec, the attending physician had perceived a potential risk
for the public since aesthetic injections were the only identifiable
risk factor. An investigation was initiated to identify and

attempt to eliminate the infection source. An interview with the
esthetician was conducted to catalog the injection products that
were used and to review infection control practices. A detailed
list of past clients having underwent mesotherapy procedures
using the same injectable product and procedures was
obtained. Putative outbreak cases were defined as individuals
with microbiologically confirmed M. abscessus skin and soft
tissue infections having been injected with the same product

by the same esthetician. Cases were identified by reviewing the
clients’ medical charts, including skin infections and positive
culture results for M. abscessus. Attending physicians of all
newly identified infected individuals were asked to complete a
questionnaire collecting basic epidemiology, clinical presentation
and microbiology data (Appendix, Supplementary material).

Genomic sequencing and bioinformatic
analysis

Mycobacterial isolates had initially been cultured by hospital-
based clinical laboratories and referred to the Laboratoire de
santé publique du Québec for M. abscessus speciation using
16s RNA sequencing. All available isolates from all individuals
were retrieved and included in the molecular analysis. One
randomly selected contemporary M. abscessus clinical

isolate (control X) from Montréal was included as control for
laboratory procedures and bioinformatic analyses. Mycobacterial
DNA was extracted from pure culture and sequenced using
lllumina and Oxford Nanopore next-generation sequencing
platforms (Appendix, Supplementary material). All isolates
passed sequencing quality controls including pre-alignment
genomic coverage and absence of contaminating

data (Appendix, Supplementary material).

Sequencing data was analyzed following previously described
methods from Waglechner et al. (13). Both Nanopore and
lllumina sequencing data were analyzed together using the
Snakemake workflow engine (version 7.32.4) to execute the
following pipeline using the "hybrid” branch (16). Kraken2 v2.1.3,
using a prebuilt MiniKraken database (version k2_plusfp_
20220908_16) containing bacterial, viral, human, archaeal,
vector, plasmid, protozoa and fungal sequences, was used

for taxonomic assignment and contamination checking of

each raw sequence data set (Nanopore and Illumina) for each



sample (17,18). Using short read data, de novo assembly

was performed and assigned to the most appropriate
subspecies using mashtree along with reference sequences of
Mycobacterium tuberculosis H37Rv (outgroup) (NC_000962)
and the three M. abscessus subspecies: M. abscessus
subspecies abscessus ATCC 19977 (NCBI GCF_000069185.1),
M. abscessus subspecies massiliense CCUG 48898/

JCM 15300 (NCBI GCF_000497265.2) and M. abscessus
subspecies bolletii BD (NCBI GCF_003609715.1) (18). A hybrid
de novo assembly was also prepared for each sample with long
and short read data using dragonfly v1.2.1 with three rounds of
short read polishing with polypolish v0.6.0 (19,20).

First, to assess outbreak individuals’ isolates relatedness,
samples’ short read de novo assemblies for cases A through D
were mapped against 1) the M. abscessus subspecies massiliense
CCUG 48898 and 2) the hybrid short-read polished assembly of
the putative outbreak earliest case (case B) using bwa-mem2 v2.2.1
with default parameters (19). Single nucleotide polymorphisms (SNPs)
were identified using samtools mpileup v1.14 (15). Variants were
extracted into an alignment and subjected to recombination
correction using gubbins v3.3.0 and counted using snp-

dists v0.8.2 to assess relatedness of isolates (21). Core SNP
alignments were analyzed by igtree v2.3.6 with ultrafast
bootstraps to examine the relatedness of outbreak isolates in

the context of using either an outbreak isolate (case B hybrid
assembly) or a subspecies type (M. abscessus subspecies
massiliense CCUG 48898) as the reference genome. ETE (v3.1.1)
was used to visualize maximum likelihood phylogenetic

trees (22).

Second, to confirm outbreak isolates’ clustering within local
circulating M. abscessus strains, a core genome was estimated
from predicted open reading frames present in 99% or more
of all assemblies from the outbreak isolates and 220 additional
recent Montréal M. abscessus genomes from Olawoye et al.
using the pangenome workflow from bactopia v3.1.0 using
default parameters (14,23).

Data availability

Whole genome sequencing data is available on the
National Center for Biotechnology Information GenBank
database (bioproject ID 1221978).

Public health investigation

The initial investigation included only the first two clients and
revealed that an esthetician had performed mesotherapy
injections in a rented commercial space. Esthetic services were
advertised on social media as part of a spa package and were
performed in a total of five clients during a one-month period.
Among those, the public health investigation and medical chart
review concluded that four clients were infected (Figure 1).
Within days following the injection procedures, all four
individuals had presented with subcutaneous, erythematous
nodules at various sites where injections occurred, including
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Figure 1: Montréal Mycobacterium abscessus outbreak
timeline derived from medical records and attending
clinical reports®
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2 Months are numbered based on the first clients injections (month 0). Incubation period refers
to the time between injection and first reported symptoms. Definitive treatment duration refers
to the length of Mycobacterium abscessus specific treatment following positive culture. Time of
sample refers to the months in which the clinical samples were collected. Repeated sampling was
performed for two individuals due to persistent skin lesions. Time of surgery refers to the months
in which a surgical intervention was performed for the panniculitis lesions. End of activities refers
to cessation of at risk injection treatments by the esthetician

the waist, lower back and thighs, accompanied by systemic
symptoms (fever, chills, fatigue). Infected individuals had

no other risk factors for mycobacterial infection, such as
immunosuppression, implanted foreign material or other
surgeries. Skin biopsy cultures had confirmed M. abscessus as
the etiologic agent in all four individuals, including two with
two distinct cultured isolates each (C-1 and C-2, D-1 and D-2).
Each individual’s clinical management and treatment were
retrieved (Appendix, Supplementary material).

A registered letter based on regulations in Québec's public
health law ordered the esthetician to assure a cessation of all
activities. The esthetician had discarded all injection products
after clients reported adverse reactions, so these products
were unavailable for culture. The mesotherapy product lacked
a Drug Identification Number in Health Canada’s Drug Product
Database and was not a licensed natural product on Health
Canada'’s Licensed Natural Health Product Database (24,25).
Health Canada’s Central Triage Unit, Regulatory Operations and
Enforcement Branch was alerted to the possible M. abscessus
contamination of the product. The case was referred to the
Health Product Compliance East Unit of Health Canada which
performed a compliance verification for the product; however,
the results of the investigation, including additional information
obtained from direct communication with the manufacturer,
were not shared in accordance with the Privacy Act. As of
February 2025, the Health Product Compliance East Unit
reported “no more noncompliance” for the product. Also, no
recalls or safety alerts have ever been issued for the product
according to the Government of Canada'’s Recalls and Safety
Alerts database (26).
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Outbreak isolates relatedness molecular
analysis

All outbreak-related isolates were identified as M. abscessus
subspecies massiliense. The contemporary clinical control
isolate was identified as M. abscessus subspecies abscessus
and excluded from further pairwise SNP comparisons using the
outbreak-specific hybrid assembly reference. Short read data
from the outbreak isolates mapped against a polished assembly
of an early outbreak isolate (Case B) showed 100% mapping
coverage. The outbreak isolates were nearly identical with each
other by pairwise SNP distance, ranging from 0 to 2 SNPs. The
same procedure using M. abscessus subspecies massiliense
CCUG 48898 as a reference yielded pairwise SNP distances
ranging from 32 to 50 SNPs between outbreak isolates, while
outbreak isolates ranged from 26,612 to 26,644 pairwise SNPs

apart from the reference (Figure 2, Figure 3). Sequentially
cultured clinical isolates from the same individual (e.g., C-1 vs.
C-2, D-1 vs. D-2) sampled up to eight months apart were not
more closely related to the earliest isolate in each pair than to
isolates from other individuals.

Outbreak isolates clustering amongst locally
circulating strains

The pangenome was constructed using assemblies from the
six outbreak isolates as well as the Control X isolate along with
220 additional M. abscessus isolates collected from 2010 to
2018 recently published from the island of Montréal and other
Québec laboratories (5). The core genome (sequences found
in 99% or more of genomes) consisted of 3,403 open reading

Figure 2: Maximum likelihood phylogenetic trees of Montréal Mycobacterium abscessus outbreak isolates®
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Abbreviation: M. massiliense, Mycobacterium abscessus subspecies massiliense

2 Core genome single nucleotide polymorphism (SNP) alignments were produced by mapping short read data against a) the M. abscessus subspecies massiliense CCUG 48898 reference genome and
b) a de novo long read assembly of an early outbreak case polished with short read data. Reference sequences used for mapping in each tree are indicated in bold

Figure 3: Outbreak isolates pairwise® single nucleotide polymorphisms distance matrices
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CCUG 48898 20,624 20,644 20,612 20,628 20,641 20,629
Case B 20,624 0 a7 32 39 44 39
Case D-1 20,644 47 0 42 a7 40 45
Case D-2 20,612 32 42 0 38 40 37
Case C-2 20,628 39 a7 38 0 50 43
Case C-1 20,641 a4 40 40 50 0 36
Case A 20,629 39 45 37 43 36 0
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(de novo) 0 0 0 0
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Abbreviation: M. massiliense, Mycobacterium abscessus subspecies massiliense

2 Pairwise distances using a) lllumina data mapped against M. massiliense CCUG 48898, b) lllumina data mapped against de novo long read assembly polished with lllumina data against an early

outbreak case
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frames totaling 3,951,644 bp when aligned. After recombination
detection and masking with ClonalFrameML, pairwise SNPs were
counted from this alignment and used to produce a phylogenetic
tree of 227 Montréal M. abscessus isolates from all three
subspecies (Figure 4). This tree shows that the outbreak isolates
are distinct from other subspecies massiliense isolates previously
sequenced except for one. This isolate had been cultured from
the respiratory track of a cystic fibrosis patient who had not
received mesotherapy treatments and shared no epidemiological
links with the outbreak individuals.

Discussion

During this M. abscessus infection outbreak investigation,

we confirmed the ability of a conventional epidemiological
investigation to comprehensively identify individuals involved

in a point-source outbreak. We also developed an improved
molecular approach leveraging both short (lllumina) and

long (Nanopore) read sequence data to confirm the relatedness
of epidemiologically linked cases and assess their bacterial
isolates’ molecular clustering within an extended catalog of
locally circulating strains.

Esthetician services and easy access to injection products on-line
do not fall under Health Canada regulations. In Québec, anyone
who wishes to receive regulated product injections for cosmetic
purposes must undergo a prior medical evaluation so that a
doctor can establish an individualized treatment plan. A nurse or
licenced practical nurse, if prescribed to do so, may undertake
such treatments. Since esthetician services are not regulated, it is
important for the public to be aware of the risks associated with
invasive treatments which should only be provided under medical
supervision. In this context, we highlight the importance of case
signaling by health professionals to Public Health departments.
This outbreak investigation was initiated following physicians’
report of a post-injection infection. Public health authorities

have a responsibility to investigate real and perceived threats to
the public’s health; as seen in this investigation, they use their
authority under the law to order the cessation of activities or use
of suspected products, until a public health investigation can be
completed and the threat removed or diminished.

A strength of our investigation is the combination of traditional
epidemiological investigation and multi-modal sequencing
molecular epidemiology. Using clinically related isolates from this
outbreak investigation, we extended our previously published
M. abscessus bioinformatic pipeline to make use of long read
data from Oxford Nanopore instruments (15). Long read data
enabled the production of essentially closed and complete
genome assemblies of the outbreak isolates and enabled the
use a more relevant reference for pairwise SNP analysis. Before
the common availability of long read sequencing, mapping
relied on using the closest publicly available genome sequence
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Figure 4: Core-genome single nucleotide
polymorphisms phylogeny of Mycobacterium abscessus
isolates from Montréal in 20252
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* The core genome was estimated from open reading frames of the assembled outbreak isolates
along with 220 additional isolates from the island of Montréal. Mycobacterium abscessus subsp.
massiliense isolates cultured from the skin infection outbreak individuals exhibit high relatedness
compared to the Montréal M. abscessus catalog

CCDR e June 2026 © Vol. 52 No. 6 Page 260



@ OUTBREAK REPORT

that, in practice, could result in bias in SNP calling. This bias

can be seen when mapping our outbreak isolates against the

M. abscessus subspecies massiliense CCUG 48898 strain where
the clinical isolates were collectively approximately 28,000 SNPs
apart from the reference. More importantly, bias was introduced
at the mapping and SNP calling stages that exaggerated the
differences between outbreak isolates. Using the complete

de novo Case C-1 assembly as a reference 100% of the reference
was covered revealing limited genomic variability between
outbreak isolates where each was within 0-2 SNPs of each other.

In this study, all outbreak isolates were found to be almost
genetically identical. Sequentially sampled isolates from the
same infected individuals did not exhibit higher or lower
genomic relatedness (e.g., C-1 and C-2, D-1 and D-2). Previous
studies suggested that M. abscessus subspecies massiliense

has a lower mutation rate than other M. abscessus (27-29). In a
previous M. abscessus molecular epidemiology study conducted
over nine years, clinical isolates collected from the same
individual did preferentially clustered together (14). Bryant et al.,
suggested that SNP distances of less than 25 were associated
with related M. abscessus subspecies massiliense isolates

and that SNP distances of 50 to 200 correlated with distinct
clusters (27). Doyle et al. found median SNP distances of 2,084
within the same sequence cluster and advocated for variant
calling against more genetically similar reference sequences or
when unavailable, the first isolated sample, to better highlight
differences between strains and decluster genetically similar
sequences (30). We believe the differences between within-

host bacterial evolution in lungs and soft tissue infections, the
bioinformatic analytic approach and the choice of alignment
reference sequence explain these differences between previously
published results and ours. Among other previously reported

M. abscessus skin and soft tissue outbreaks, one included short-
read sequencing-based WGS analysis and also found related
isolates to be within three SNPs of each other and source
environmental isolates (6).

Conclusion

Nontuberculous mycobacteria skin infections outbreaks can be
associated with aesthetic injection products. Bacterial WGS and
the presented bioinformatic pipeline can support M. abscessus
outbreak investigations. Combining Nanopore and Illlumina
sequencing data for molecular clustering analyses represents

a novel approach to improve M. abscessus clinical isolates
clustering analysis. Genomic sequencing is of important value
when molecular clustering further supports a clinically suspected
iatrogenic infectious.
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Background: An understanding of real-world nirmatrelvir/ritonavir (NMV-r; Paxlovid™) use in

Canada is needed to inform strategies for therapy access and use.
Affiliations

Objective: To describe the characteristics of adults who received NMV-r in Alberta, Canada. i
See Appendix

Methods: Population-level administrative data was used to describe adults (18 years and older)

who received an outpatient dispensation of NMV-r between January 2022 and March 2023 in

Alberta. Omicron variants predominated during this period. *Correspondence:
swk@ualberta.ca

Results: Mean age of the cohort (n=11,793) was 65 years (standard deviation=18), 60.4% were

female and 83.9% had one or more health condition associated with a risk for the development

of severe COVID-19 outcomes. In comparison to the general Alberta population, a larger

proportion of those that received NMV-r resided in urban areas (Alberta: 82.3%; NMV-r: 89.8%)

and were more socioeconomically well-off (Material Deprivation Index quintile 1-Alberta:

20.0%; NMV-r: 25.8%). A total of 81.6% received three or more COVID-19 vaccine doses and

7.0% received one or no dose. The majority of dispensed NMV-r prescriptions were from

physicians (83.6%), with 13.5% from pharmacists and 2.9% from other healthcare providers.

Conclusion: In Alberta, adults who received outpatient NMV-r displayed characteristics associated
with risk for progression to severe COVID-19 outcomes (related to age and health conditions)

and healthcare-seeking behaviour (older age, female sex, presence of health conditions, higher
socioeconomic status and highly vaccinated). Provision by urban/rural and socioeconomic status
were noted. Findings can be used to inform strategies for overcoming barriers and ensuring
equitable access to COVID-19 therapy for all who are most likely to benefit.

Suggested citation: Vu K, Randall JR, Martins KJB, Aponte-Hao S, Saxinger L, Leal J, Rennert-May E, Rafferty E,
Nguyen PU, Williamson T, Klarenbach SW. Characteristics of outpatient nirmatrelvir/ritonavir recipients during the
2022/2023 era in Alberta, Canada: A retrospective observational population-based study. Can Commun Dis Rep
2026;52(6):264-72. https://doi.org/10.14745/ccdr.v52i06a06

Keywords: Paxlovid, COVID-19, oral antiviral therapy, outpatient use, real-world, administrative data,
observational, population-based

Introduction

The COVID-19 pandemic, caused by severe acute respiratory widespread immunization (which began December 2020 in
syndrome coronavirus 2 (SARS-CoV-2), has been the most Canada), immunity from previous infections and prevalence of
disruptive public health crisis of the 215t century. While newer variants associated with milder disease have contributed
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to a reduction in the risk of severe COVID-19 illness (1,2), some
individuals remain at high risk, particularly older adults and
those living with a higher comorbid burden and certain health
conditions (3). Among these individuals, antiviral therapies for
the treatment of COVID-19 and prevention of severe outcomes
such as hospitalization and death are valuable tools.

Nirmatrelvir/ritonavir (NMV-r; Paxlovid™), which became
available in Canada on January 18, 2022, is an oral antiviral
medication for the treatment of COVID-19 in adults that can
be taken within five days of mild-to-moderate symptom onset
in those who test positive for SARS-CoV-2 and who are at
high risk for developing severe COVID-19 outcomes (4). Due
to early supply constraints, initial eligibility in Canada was
limited to those who were considered to benefit most, with
varied provincial criteria. As knowledge and availability of
therapy increased, access to NMV-r expanded with broader
eligibility criteria, and inclusion of pharmacist prescribers
and nurse practitioners to provide increased access to timely
treatment for COVID-19 and ease pressure on the healthcare
system (Appendix, Supplemental material, Table S1) (5-11).

Although outpatient NMV-r therapy has been shown to
significantly reduce the risk of severe COVID-19 outcomes
among those at high risk (12-15), previous reports from the
United States have shown that NMV-r is underused in the eligible
population (16-18). An understanding of real-world population-
level NMV-r prescribing and use in the outpatient setting would
inform strategies to improve therapy access and use, which, in
turn, could reduce serious COVID-19 outcomes and attendant
strain of the healthcare system. Limited information is available
in Canada. Sicard et al. (2023) described the characteristics

of NMV-r recipients from eight jurisdictions across Canada
during the first several months of its availability (19). Updated
and additional information describing the demographic and
clinical characteristics of this population of interest in Canada,
along with healthcare prescriber type would be beneficial. The
objective of this study was to describe the characteristics of
adults who received an outpatient dispensation for NMV-r in
Alberta, Canada between January 2022 and March 2023.

Methods

Ethics approval was received from the University of

Alberta (Pro00132799) and informed consent was waived. Data
custodian approvals were received from Alberta Health and
Alberta Health Services for the use of administrative health
data. A retrospective, observational, population-based study
was conducted using administrative health data from several
databases in Alberta (Appendix, Supplemental material,

Table S2).

Eligibility criteria included those who 1) were 18 years of age
or older on the index NMV-r dispensation date (date of the
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first NMV-r dispensation during the inclusion period between
January 18, 2022 to March 31, 2023; Omicron BA1.1, BA.2,
BA.2.12.1, BA.4, BA.5, BQ.1, BQ.1.1 and XBB.1.5 variants
predominated during this period) and 2) had provincial
healthcare coverage for two or more years before the index
NMV-r dispensation date. Canadian provinces have single-payer
health systems and provide publicly funded medically necessary
care for all residents. While the majority of prescription drugs
are not publicly funded, the Public Health Agency of Canada
procured, allocated and paid for NMV-r during the inclusion
period of this study.

Demographic characteristics recorded on the index NMV-r
dispensation date included age, sex, urban/rural residence,
those residing within long-term care or supportive living

and socioeconomic status (20). Clinical characteristics

included the Charlson Comorbidity Index score (Appendix,
Supplemental material, Table S3) (21,22) and health conditions
that were eligible for NMV-r in Alberta during the inclusion
period (Appendix, Supplemental material, Table S4) (7,9,21,23-
39). The proportion of those who had a prior infection of
SARS-CoV-2, and the previous number of COVID-19 vaccine
doses received, were reported. Descriptive statistics included
counts and percentages for categorical variables and means and
standard deviations (SDs) for continuous variables. In accordance
with data custodian privacy standards, outcomes with one to
nine individuals were reported as “fewer than 10" (40); where
applicable, other outcomes were censored. Analysis was
performed using SAS (version 9.4; SAS Institute, Cary, North
Carolina).

Results

Cohort selection is shown in Figure 1 (Appendix, Supplemental
material, Figure S1 includes data linkage). Mean age of the
cohort (n=11,793) was 65 years (SD=18), 60.4% were female,
the majority lived in urban areas (cohort: 89.8%; Alberta general
population residing in an urban area: 82.3% (41)) and 7.8% lived
in long-term care or supportive living (Table 1). Socioeconomic
status was presented based on quintiles that represent the
Alberta general population (five groups with 20% in each);
comparatively, the cohort was more likely to be materially
well-off (Material Deprivation Index [MDI] 1: 25.8%) and less
likely to be materially deprived (MDI 5: 15.1%) (Table 1). The
most commonly (>10%) identified health conditions of interest
that the cohort were living with were an immunocompromised
status (60.0%), obesity (22.0%), chronic kidney disease (21.0%),
diabetes and taking medication for the condition (17.9%),

and chronic obstructive pulmonary disease (13.7%); 83.9%

had >1 health condition of interest (Table 2). Most individuals
received >3 doses of a COVID-19 vaccine on or before the index
NMV-r dispensation date (81.6%), 11.4% received 2 doses, and
7.0% received <1 dose (0 doses: 5.9%; 1 dose: 1.1%) (Table 2).



Figure 1: Cohort selection flow diagram

Number of nirmatrelvir/ritonavir dispensations
between January 18, 2022, and March 31, 2023
N=12,568

v

Individuals with >1 nirmatrelvir/ritonavir dispensation
between January 18, 2022, and March 31, 2023
N=12,174

Excluded: aged <18 years
on the index date
N=86

Aged >18 years on the first nirmatrelvir/ritonavir
dispensation date (index date)

N=12,088
Excluded: did not have the
—»  required AHCIP coverage
N=295
Cohort
N=11,793

Abbreviation: AHCIP, Alberta Health Care Insurance Plan

Among those with an identified prescriber type (n=10,072;
85.4% of the cohort), 83.6% (n=8,418) had NMV-r prescribed

by a physician; the most common types were primary
healthcare providers (78.8%; n=6,630) and emergency medicine
specialists (14.2%; n=1,197) (Table 3). Other providers included
pharmacists (13.5%; n=1,360) and other types of healthcare
providers (2.9%; n=294), of whom the majority were nurse
practitioners (54.1%; n=159) and those from pulmonary function
laboratories (41.5%; n=122) (Table 3).

Discussion

This retrospective, observational, population-based study
characterised adults who received outpatient NMV-r in Alberta,
Canada between January 2022 and March 2023. Recipients were
generally older in age and were living with health conditions
associated with a high risk for the development of severe
COVID-19 outcomes. This is an important finding as individuals
who are at low risk have been shown to not benefit from

NMV-r use (42,43). Individuals were also highly vaccinated, with
81.6% having received three or more COVID-19 vaccine doses.
There was evidence of higher use among those who resided in
urban areas and in areas with a higher socioeconomic status,
indicating potential urban/rural and socioeconomic inequalities.
The majority of dispensed NMV-r prescriptions were from
physicians (83.6%), with 13.5% from pharmacists and 2.9% from

EPIDEMIOLOGIC STUDY @

Table 1: Demographic characteristics of the total cohort

. . .. n (%)
Demographic characteristics (N=11,793)

Age, years
Mean (SD)

Category

18-49 2,460 (20.9%)
50-59 1,636 (13.9%)
60-69 2,428 (20.6%)
70 or older 5,269 (44.7%)
Female 7,127 (60.4%)
Male 4,666 (39.6%)

Residence
Urban

10,589 (89.8%)
1,204 (10.2%)
916 (7.8%)

Rural

Long-term care/supportive living

Socioeconomic status

Material Deprivation Index

1 (most well-off) 2,824 (25.8%

2 2,423 (22.1%
4 2,033 (18.5%

( )
( )
3 2,027 (18.5%)
( )
( )

5 (most deprived) 1,657 (15.1%
Missing 829

Social Deprivation Index

1 (most well-off) 2,366 (21.6%

( )
2 1,915 (17.5%)
3 2,044 (18.6%)
4 2,255 (20.6%)
5 (most deprived) 2,384 (21.7%)
Missing 829

Abbreviation: SD, standard deviation

other types of healthcare providers. Findings show that while
NMV-r was received by adults at high risk for progression to
severe COVID-19 outcomes, strategies are needed to address
barriers and ensure equitable access to COVID-19 therapy for all
who are most likely to benefit.

Sicard et al. (2023) investigated the characteristics of NMV-r
recipients in Canada during the first several months of its
availability (19). The authors found that 61% of individuals were
70 years of age and older, 56% were female, 67% had one or
more health conditions and 84% had received three or more
COVID-19 vaccine doses, with 5% unvaccinated (19). Similar
results were observed in this study regarding the proportion

of those who were female and COVID-19 vaccination status;
differences were observed with age and health conditions.

In this study, a lower proportion who received NMV-r were
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Table 2: Clinical characteristics of the total cohort

Clinical characteristics (N

Charlson Comorbidity Index

Overall score, mean (SD)
Category

0; no comorbidity

3,066 (26.0%

1-2; mild comorbidity

5,317 (45.1%

3-4; moderate comorbidity

2,118 (18.0%

5 or more; severe comorbidity
Health conditions

Type of condition

(
(
(
(

1,292 (11.0%

Immunocompromised

7,073 (60.0%

Obesity

2,600 (22.0%

Chronic kidney disease

2,478 (21.0%

Diabetes, taking medication

(
(
(
(

2,106 (17.9%

COPD

Asthma

1,000 (8.5%

Congestive heart failure

832 (7.1%

Pregnant

)
)
)
)
1,613 (13.7%)
)
)
)

97 (0.8%

Number of above conditions

COVID-19-related characteristics

0 1,907 (16.2%)
1 4,798 (40.7%)
2 3,073 (26.1%)
3 or more 2,015 (17.1%)

Prior SARS-CoV-2 infection 603 (5.1%)
COVID-19 vaccine doses received

0 697 (5.9%)
1 131 (1.1%)
2 1,344 (11.4%)
3 or more 9,621 (81.6%)

Abbreviations: COPD, chronic obstructive pulmonary disorder; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2; SD, standard deviation

70 years of age and older (44.7%) and a higher proportion had
one or more health condition (83.9%). The longer time frame
over which the current study inclusion period occurred included
broadening eligibility at younger ages (Appendix, Supplemental
material, Table S1). The number and type of included health
conditions, and the methodology used to define and identify
these conditions differed between studies, likely contributing to
the varying proportion of people living with health conditions of

interest who received NMV-r.

Large retrospective, observational studies from the United
States have shown that among individuals who were SARS-
CoV-2-positive and eligible to receive NMV-r, the likelihood of
receiving NMV-r increased with having a higher socioeconomic
status (versus lower), being female and receiving COVID-19
vaccine doses (particularly three or more versus none) (18,44).
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Table 3: Healthcare prescriber type of outpatient
pharmacy dispensed nirmatrelvir/ritonavir

Prescriber type identified,

Healthcare provider type n (%)
(N=10,072)
Primary healthcare provider 6,630 (78.8%)
Emergency medicine 1,197 (14.2%)
Obstetrics and gynecology 208 (2.5%)
Infectious disease 0 (1.1%)
Cardiology 8 (0.9%)
Internal medicine 57 (0.7%)
Hematology 4 (0.4%)
Mental health 3 (0.4%)
Paediatrics 7(0.2%)
Other fewer than 10 of each type
Pharmacist 1,360 (13.5%)
Other types 294 (2.9%)

159 (54.1%)
122 (41.5%)
Other fewer than 10 of each type

Nurse practitioners

Pulmonary function laboratory

Findings from the current study extend these previous reports
by indicating urban residents may also be more likely to receive
NMV-r. A number of the characteristics associated with higher
use of NMV-r are consistent with healthcare-seeking behaviour,
which has been shown to be more prevalent in those with a
higher socioeconomic status, female sex/gender, older age,

the presence of chronic conditions, knowledge of illness
prevention and health maintenance, and trust in healthcare
providers (45). Although not investigated in this study due to
data limitations, previous reports have also shown racial and
ethnic disparities in the use of outpatient NMV-r (17,46). Policies
and programs addressing barriers to equitable healthcare access
and COVID-19 vaccine acceptance and uptake may provide
insights for initiatives to reduce outpatient COVID-19 therapy
disparities (47). This is of particular importance now that the
Government of Canada is no longer supplying COVID-19 rapid
antigen tests and NMV-r free of charge, and coverage for these
costs varies across provinces and territories (48).

Although prescribing of NMV-r was expanded to pharmacists
and nurse practitioners to provide increased access in Alberta,
83.6% of dispensed NMV-r prescriptions were still from
physicians. Gold et al. (2022) found that despite a substantial
increase in the number of COVID-19 oral antiviral dispensing
sites in the United States, population-adjusted dispensing
rates in areas with a low socioeconomic status (versus higher)
were substantially lower even though these areas had the
most dispensing sites (49); therefore, addressing outpatient
COVID-19 therapy disparities among high risk individuals will



require initiatives beyond pharmacist prescribing and pharmacy
proximity.

Although the clinical profile of individuals at high risk for

severe COVID-19 outcomes has evolved since the inclusion
period of this study, data support NMV-r as an ongoing first-
line treatment (14,15). Consequently, addressing disparities in
outpatient treatment access among this population remains a
relevant need. Current guidelines suggest outpatient NMV-r
treatment for those with older age, immunocompromising
conditions, or multiple comorbidities, regardless of vaccination
status; particularly, adults aged 75 years and older, adults of any
age living with an immunocompromising condition, and adults
who are immunocompetent living with multiple risk factors for
progression to severe COVID-19 illness (e.g., aged 65 years and
older, medical complexity, certain health conditions) (3).

Limitations

This study has several important strengths including the large
size and population-based design; however, this study is also
subject to limitations that should be taken into consideration
when interpreting results. Retrospective claims-based

studies use administrative data with consequent potential for
misclassification of study cohorts or measures; validated case
definitions were used, where available, to address this limitation.
Socioeconomic status was determined at the neighbourhood
dissemination area level (a small geographic area), as opposed
to the individual living within the neighbourhood; therefore,
there is a potential for misclassification of some participants
within the quintiles. Race and ethnicity are not included in
administrative health data and therefore could not be assessed.
The Pharmaceutical Information Network database only provides
information on prescription medication dispensations, and,
therefore, does includes neither medications prescribed but not
dispensed nor uptake by individuals.

Conclusion

Results from this real-world study showed that adults who
received outpatient NMV-r in Alberta displayed characteristics
consistent with a high risk for progression to severe COVID-19
outcomes (related to age and health conditions) and healthcare-
seeking behaviour (older age, female sex, presence of health
conditions, higher socioeconomic status and highly vaccinated).
Results also suggested potential urban/rural and socioeconomic
differences.

Achieving the optimal use of NMV-r will require iterative
refinement of high risk criteria to reflect the evolving epidemic
and evidence of benefit, ensuring high risk groups can access
diagnostic testing, along with addressing barriers such as drug
costs, knowledge gaps and inequities. The implementation of
initiatives should be paired with assessment to confirm their
effectiveness. If risk-based deployment of NMV-r is successful
and barriers are overcome, serious COVID-19 outcomes and
attendant strain of the healthcare system could be reduced.
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