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eAppendix 1. Testing Algorithms and Platforms for Detection of Respiratory Viruses 

 

Testing algorithms and platforms varied over time as follows: From January 2009 to March 

2009, all nasopharyngeal (NP) samples were first subjected to direct immunofluorescence 

antigen (DFA) test using monoclonal antibodies from Imagen (Lenexa, KS) for RSV, 

influenza A and B and parainfluenza virus and DFA-negative NP specimens and all other 

respiratory samples were tested using xTAG respiratory viral panel (RVP) from Luminex 

Molecular Diagnostics (Toronto, Ontario, Canada). Starting in March 2009, all respiratory 

specimens, regardless of DFA results, were tested using an in-house influenza A and B 

nucleic acid amplification test and RVP. Starting on June 19, 2009, RVP was performed only 

when respiratory specimens tested negative for influenza using the in-house assay for patients 

seen at emergency departments, hospitalized patients, provincial influenza-like-illness 

community surveillance program, and health regions where all specimens were transferred 

from health centers with no differentiation between specimens from the community versus 

acute care sites. (26).  
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eAppendix 2. Properties of Respiratory Viruses That Inform Model Parametrization 

 

Properties of Respiratory syncytial virus (RSV) 

RSV infection is nearly ubiquitous in infancy, and most children are infected by the age of 2 

years (1). In Alberta, approximately 1.6% of children have one or more RSV hospitalizations 

before the age of 5 years, with most infections occurring in the first year of life (2).  

 

RSV shows striking seasonality, which is accentuated in northern latitudes (3). In temperate 

zones, most RSV cases occur in the cold season and in tropical zones, most cases occur in the 

wet season (4). The mean duration of viral shedding is 6.7 days (range 1-21) (5). Re-infection 

is common, with annual re-infection rates of 20%, 17%, 10%, and 3-6% among children 5-9, 

10-14, 15-19 years of age, and adults, respectively (6). Immunity wanes over time, as 

demonstrated experimentally in adults with previous natural immunity to RSV re-challenged 

with a homologous RSV strain. By 2 months after natural RSV infection, 50% of healthy 

adults became re-infected, and by 8 months, two thirds became re-infected (7). Within 26 

months, 76% had two or more infections and 47% had three or more infections (7). Most 

RSV infections are mild, even in young infants. The rate of hospitalization among infected 

infants is 1.6 to 3.3% (1, 8). 

 

Properties of human metapneumovirus (hMPV) 

Nearly all individuals are infected with hMPV early in life. One quarter of Dutch children 

between 6 and 12 months of age and nearly all five-year-old children had antibodies to 

hMPV (9). Similarly, in a Japanese cohort, 77% and 100% of children 2 to 5 and >10 years 

of age had hMPV antibodies, respectively (10). In a study from Thailand, 99.7% of children 

6-16 years old had positive hMPV serology (11). Four genetic subgroups of hMPV (A1, A2, 
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B1, and B2) are recognized, with variable incidence from year to year (12). They are 

antigenically similar and induce a variable cross-neutralizing antibody response (12, 13).  

 

Reinfection occurs throughout childhood. In Thailand, 5% of children had evidence of 

reinfection over a four-year period, as defined by a 4-fold rise in immunoglobulin titres. 

Many children with acute hMPV exhibit both a positive IgM and IgG at presentation, 

followed by a 4-fold rise in IgG, indicating that they were previously infected, but that 

circulating IgG does not confer complete immunity (10). In non-human primate models, 

antibodies can mediate protection but titers wane over time (14). Taken together, these results 

suggest that transient protective immunity to hMPV allows recurrent infection over the 

lifetime of an individual. 

 

Seasonality of hMPV is well documented in temperate zones. A biennial pattern has been 

described previously, with strong peaks of activity in late spring-summer months every 

second year (15). 

 

Properties of seasonal coronaviruses 

The duration of viral shedding was 5.6 days after experimental challenge with HCoV 229E in 

healthy volunteers (16). 

 

Infection with HCoVs does not confer long-lasting sterile immunity. In a hospital- and 

community-based study of three coronaviruses (HCoV NL-63, OC-43, or 229E) among 

Kenyan children, 4-21% had documented re-infection within 47 and 98 days of the initial 

episode (17). In a serologic study from the Netherlands, ten healthy adults followed for 35 

years experienced 101 infections (3 to 17 per individual) with HCoV NL-63, 229E, OC43, or 
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HKU1, often repeatedly with the same strain (18). In an experimental challenge model with 

HCoV 229E in 15 healthy volunteers, 10 were infected, 8 were symptomatic, and 6 were 

infected a second time with repeat challenge 12 months later, although none of the second 

infections were symptomatic and the duration of viral shedding was reduced (16). Natural 

immunity to other severe and epidemic coronaviruses, SARS-CoV and MERS-CoV, has not 

been reported. 

 

On the other hand, short-lived immunity and associated antibody responses are well 

documented. Volunteers resistant to initial HCoV 229E challenge had significantly higher 

levels of specific serum IgG and nasal IgA, suggesting that prior natural infection conferred 

temporary immunity (16). Although the precise duration of immunity is not known, these 

same volunteers were susceptible to re-infection after a period of 12 months (16). In another 

study, antibodies levels following natural infection decayed by 50% and 75% within 6 and 12 

months of infection, respectively (18). In another modelling study, immunity to HCoV OC43 

and HKU1 lasted approximately 45 weeks (19).  

 

Properties of SARS-CoV-2 

The basic reproduction number (R0) for SARS-CoV-2 (average number of new infections per 

infected at the beginning of the epidemic), has been estimated to be around R0 = 2 – 3 (2.2 

with 90% high density interval 1.4–3.8 (20) or 2.7 with a 95% CrI of 2.47–2.86 (21).  

 

Whether temporary or longer-term immunity to SARS-CoV-2 exists is unknown, but has 

important implications for natural and vaccine-induced immunity. Using a non-human 

primate model, resistance to re-infection with SARS-CoV-2 has been demonstrated one 

month after initial infection, with associated SARS-CoV-2-specific memory B-cells (22). 
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PCR positivity in patients with COVID-19 can return following repeated negative results (23, 

24); however, the relatively short period before repeat positivity suggests they may not have 

cleared the initial infection. Reinfection with SARS-CoV-2 several months after clearing an 

initial infection has been reported (25). It is thus too early to say whether natural immunity to 

SARS-CoV-2 will contribute to herd immunity.  
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eAppendix 3. Cox Proportional Hazard Model for Time to First RSV Hospitalization 

 

This analysis was based on data from the birth cohort of all infants born in the province of 

Alberta between 1 July 2005 and 30 June 2012. A time-to-event analysis (from birth to first 

hospitalization) was used to model RSV hospitalizations as a function of month and year of 

birth (Cox proportional hazard model). 

 

We assumed that all hospitalizations in the birth cohort were included in the Alberta Health 

Services Discharge Abstract Database, which captures discharge diagnoses from all hospitals 

in the province. We included children born between 2005 and 2012, since 5 year follow-up 

data would be available for these children (data extracted for admissions from 2005 to 2017). 

The month and year of birth of all children in the province from 2005 to 2012 were available 

from publicly available vital statistics data 

(https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=1310041401).  

 

The dependent (time-to-event) variable was the interval from birth to the age at first RSV 

admission. The independent variables were the month of the year (e.g., January, coded as a 

12-level categorical variable) and the RSV season (even or odd, coded as a binary variable). 

Members of the birth cohort who were not hospitalized for RSV were censored at age 5 

years.   

https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=1310041401
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eAppendix 4. Qualitative Analysis of Model 

 

To simplify the qualitative analysis, we assumed that the birth rate and death rate were equal, 

such that the population was of constant size. Without loss of generality, we assumed a 

population size N=1, such that S, I and R were interpreted as proportions of the total 

population. The SIRS model has two stationary solutions: a disease free equilibrium (DFE): 

(S, I, R) = (0, 0, 0) and an endemic equilibrium (EE): (S*, I*, R*). The algebraic equations for 

the EE as a function of model parameters are: 

 

𝑆∗ =
𝛿 + 𝜇

𝛽
 

𝐼∗ = (1 −
𝛿 + 𝜇

𝛽
) (

𝛾 + 𝜇

𝛿 + 𝛾 + 𝜇
) 

𝑅∗ = (1 −
𝛿 + 𝜇

𝛽
) (

𝛿

𝛿 + 𝛾 + 𝜇
) 

 

Seasonal forcing was introduced by letting the contact rate be a periodic function of the form 

(3, 27):  

 

𝛽(𝑡) = 𝑏0 [1 + 𝑏1 cos (
2𝜋𝑡

𝑃
+ 𝜙)] 

 

When 𝑏1 was small, the SIRS model had a periodic solution with period T. (eFigure 1). The 

basic reproductive number became a periodic function of time that oscillated between the 

values ℛ0
− =

𝑏0(1−𝑏1)

𝛿+𝜇
 and ℛ0

+ =
𝑏0(1+𝑏1)

𝛿+𝜇
. The endemic point also became a periodic function 

of time that moved back and forth between two extreme points, EE- and EE+. The limit cycle 

was asymptotically stable if  ℛ0(𝑡) > 1 (27) (eFigure 1).  
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When 𝑏1 was larger (𝑏1 > 1 −
𝛿+𝜇

𝑏0
), ℛ0 could cross the boundary of 1 and the endemic point 

changed from stable to unstable during the period. This represents the scenario where 

seasonality was intense and a period-doubling bifurcation in the limit cycle occured (eFigure 

1). 

 

The following race analogy has been used to explain the model’s solution (27). The trajectory 

can be thought of as a hopeless ‘pursuer’ in a race to catch the EE, which plays the role of the 

fast ‘leader’ that cannot be caught (27). While ℛ0(𝑡) > 1, the leader is deemed as stable EE. 

As soon as ℛ0(𝑡) < 1, the leader is deemed unstable and the solution's trajectory pursues the 

DFE. At that moment, the trajectory ‘switches its objective,’ pursues the DFE instead of the 

EE, and continues to do so while ℛ0(𝑡) < 1. The sudden change of objective gives rise to a 

period doubling bifurcation of the limit cycle (eFigure 1).  

 

The stable limit cycle for the nonlinear SIRS model with seasonal forcing under realistic 

assumptions for model parameters showed a biennial pattern in the infectious and recovered 

fractions (eFigure 2).  

 

Under what conditions will the stable limit cycle demonstrate a biennial pattern? We varied 

key model parameters 𝑏1 and 𝛾 and determined the peak infected fraction (eFigure 3). As 

predicted by the bifurcation analysis, a biennial pattern emerged for 𝑏1 > 1 −
𝛿+𝜇

𝑏0
≈ 0.17 

(eFigure 3, Panel A). Furthermore, the biennial pattern was observed only over a range of 

values of duration of immunity: 160 days <
1

𝛾
< 380 days (eFigure 3, Panel B). The 

following biological explanation may account for this observation. Short-lived immunity 
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(<160 days) results in rapid decay of the recovered (immune) fraction before the onset of the 

next season. On the other hand, long-lasting immunity (>380 days) results in the 

accumulation of the recovered (immune) fraction over multiple years. When immunity wanes 

on the order of 1 year, a severe season results in a marked wave of infected individuals who 

enter the recovered (immune) fraction at a time coinciding with the following seasonal peak. 

The large fraction recovered (immune) individuals blunts the seasonal peak, generating the 

observed biennial pattern.  

 

In summary, the following conditions were associated with a biennial seasonal pattern 

(numerical values were computed from plausible model parameters):  

(1) The basic reproduction number of the model without seasonality must be greater than 

unity, in order for a non-zero stable endemic equilibrium to exist. 

𝑏0 > 𝛿 + 𝜇 ≈ 0.0986 𝑑𝑎𝑦−1  

(2)  The seasonal variation must generate a period doubling bifurcation. 

𝑏1 > 1 −
𝛿 + 𝜇

𝑏0
≈ 0.17 

(3)  The duration of immunity must be on the order of one year. 

160 𝑑𝑎𝑦𝑠 <
1

𝛾
< 380 𝑑𝑎𝑦𝑠 
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eFigure 1. SIRS Mathematical Model of Seasonal Respiratory Viruses.  

Mathematical model predictions show the trajectory of a seasonal epidemic "seeded" at time 

t=0 with a small number of infected individuals. Over several years, a stable pattern emerged, 

depending on the seasonality. A and B. No seasonality. A. The disease trended toward an 
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endemic equilibrium through several damped oscillations. B. In the I-R phase plane, the 

trajectory spiraled toward a stable steady state (star point *). Grey arrows in the phase portrait 

show the direction of the trajectory at any point (vector field). C and D. Mild seasonality 

(5%). C. Stable annual oscillations were eventually established. D. In the I-R phase plane, the 

trajectory trended toward a stable ovoid limit cycle. Of note, there was not a single point 

equilibrium, but a shifting attractor (line between star points *-*). E and F. High seasonality 

(25%), as in Edmonton, Canada. E. A more complex pattern emerged with biannual high and 

low peaks in the disease prevalence. F. The phase diagram showed large and small loops 

representing alternating years of high and low prevalence. Of note, the shifting equilibrium 

crossed the origin (I=0, R=0), at which point the equilibrium became unstable, and the 

disease temporarily trended toward extinction during this part of the year. This is the period 

doubling bifurcation. 
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eFigure 2. Stable Biennial Limit Cycle.  

A. Using fitted parameters from the data for Edmonton, Canada, and after allowing the model 

to stabilize (50 years run-in time), the proportion of infected (I) and resistant (R) individuals 

displayed a biennial pattern, shown over 10 years. B, C, and D. The R time series plotted 

vertically over two years (B) and the I time series plotted horizontally (C) with high (red) and 

low (green) prevalence years were mapped onto the I-R phase plane (D) to show the stable 

limit cycle with large (red) and small (green) annual loops.   



 

© 2021 Hawkes MT et al. JAMA Network Open. 

 

 

eFigure 3. Sensitivity Analysis and Bifurcation Diagrams, Showing Model Predictions 

With Different Seasonality (b1) and Duration of Immunity (γ).  

A. The parameter 𝑏1 was varied from 0.1 (low seasonality) to 0.3 (high seasonality) and the 

stable limit cycles were analysed. With increasing b1, the amplitude of the oscillations 

increases linearly up to 𝑏1 = 0.17, where a period-doubling bifurcation occurs. Beyond this 

threshold, the local maxima in infected individuals split into high and low years. B. The 

parameter γ was varied from 0.001 days-1 (immunity lasts mean 1000 days) to 0.008 days-1 

(immunity lasts mean 125 days). The greatest biennial difference occurs when the immunity 

wanes over a period of 6 to 12 months. For RSV, the mean duration of immunity was 

estimated to be 200 days. This may be understood as the effect of temporary population 

immunity spilling over into the next year, coinciding with the period of highest seasonal force 

of infection. A large "wave" of infection in year one generates immune individuals in year 2 

which blunts the seasonal epidemic in year 2 but immunity does not extend into subsequent 

years. 
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eTable. Model Parameters That Optimize the Fit Between SIRS Model and Observed Weekly Counts of Respiratory Viruses 

 RSV hMPV HCoV 229E HCoV NL63 HCoV OC43 HCoV HKU1 

Scaling factor [×10-5] 159 50.3 8.99 12.3 12.4 5.69 

b0 [day-1] 0.121 0.121 0.121 0.120 0.121 0.125 

b1 0.246 0.249 0.237 0.245 0.222 0.373 

𝜙 [days] -20 2 20 -18 -42 -18 

𝛿 [×10-2 day-1] 9.86 9.76 9.76 9.86 9.96 9.86 

𝛾 [×10-3 day-1] 4.88 4.69 4.93 4.93 3.95 4.55 
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eFigure 4. Optimization of Model Parameters for RSV. 
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eFigure 5. Optimization of Model Parameters for hMPV. 
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eFigure 6. Optimization of Model Parameters for HCoV 229E. 
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eFigure 7. Optimization of Model Parameters for HCoV NL63. 
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eFigure 8. Optimization of Model Parameters for HCoV OC43. 
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eFigure 9. Optimization of Model Parameters for HCoV HKU1. 
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