
Additional File 2.  Parameter Estimation

The model was parameterized using data from 1980-1994.  Incidence and seroprevalence

data for Canada are both available after 1980, and 1994 marks the year of vaccine

licensure in Canada and thus a change in transmission patterns.  Table A1 summarizes

parameter values and relevant literature sources (see main text for references, except for

references 61-65, which appear at the end of this file).  Parameterization is discussed in

greater detail below.

Table A1:  Parameter values used in dynamic model, with literature sources.

Parameter Meaning Value Used Relevant

References

λ1 … λ 7

(used to
estimate βij,

τi)

age-specific force of 
infection

689.7,

488.7,115.9, 129.0,

156.4, 97.7, 117.9

per 100000 per year

[14, 27, 33, 56-

58], Online

Appendix 2

κ1 ... κ7

(used to
estimate βij,

τi)

age-specific proportion of 

cases attributable to travel
0.37, 0.37, 0.37, 0.27, 

0.22, 0.20, 0.15  

[26,52-54],

Online Appendix

2

ρ Under-reporting 7.6 [14,32,33]

Online Appendix

2

B birth rate 400000 [51]

d1 ... d7 age-specific non-HAV

death rate

0, 0, 0, 0, 0.75, 0.67, 1 [51]

N1… N7 population sizes of age

classes

2, 2, 4, 4, 4, 6, 4

(millions)

[51]

1/δ mean duration of latent

period

2 weeks [44,45]
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period

ε Vaccine efficacy 0.97 [49,50]

F Rate of loss of vaccine-

derived immunity

0.0165 year-1 [47]

1/γ1 ... 1/γ7 age-specific mean duration

of infectious period

3.5, 3.0, 2.5, 2.5, 2.5,

2.5, 2.5 weeks

[45,46]

θ1 ... θ7 age-specific death rate in

symptomatic individuals

due to HAV infection

30, 18, 18, 18, 21, 58.5,

272 per 10,000

[47,48]

Domestic transmission rate βij and travel transmission rate τi

The transmission rates βij and τi were obtained from the force of infection λi, the

proportion of cases due to travel in endemic countries κi [26,53-55], and data on volume

of travel to endemic countries over time [52].  The quantities λi and κi in turn were

estimated by integrating incidence data [14] and seroprevalence data [27, 33, 56-58]

through catalytic modelling [31,32].

Catalytic modelling involves fitting a model for the age-specific probability of jaundice

and a model for the force of infection as a function of time and age class.  It is assumed

that the force of infection can be broken down into separate age-related and time-related

components.  Incidence data are reconciled with seroprevalence data by adjusting for the

probability of subclinical infection and for under-reporting via least-squares fitting to the

jaundice and force of infection models.  The catalytic modelling procedure used for this

study was identical to that of a previous study for HAV [31] except that a piecewise

linear jaundice model was used for the present study instead: PJ(A) = βA (for A<α) and

PJ(A) = βα (for A≥α) (where PJ(A) is the probability of developing jaundice at age A, and

where β, α are free parameters that are fitted from the data).  A piecewise linear model

was found to yield estimates of true incidence that were more consistent with the

observed seroprevalence.  The piecewise linear jaundice model was fitted to age-specific
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data on the probability of jaundice from seven studies [6,15-19,31], weighted according

to the sample size of the study.  The probabilities of jaundice thus computed were, for the

seven age classes in order: 0.11, 0.34, 0.70, 0.81, 0.81, 0.81, 0.81.  The under-reporting

factor was computed to be 7.6 (Pham et al, unbpublished data, 2006).   To capture the

effects of targeted vaccination from 1995 to 2005, the travel transmission rate was

reduced such that the average incidence from 1995 to 2005 was recovered.

The average true incidence Ij for 1980-1994 was estimated by adjusting the average

reported incidence from 1980-1994 for jaundice and under-reporting.  The force of
infection λi in turn was estimated by dividing Ij by the proportion of individuals

susceptible in age class i, as determined from the seroprevalence surveys [33].  Since the

total force of infection is 

€ 

λi = τ i + β ij I j /N jj=1

7
∑ , and since 

€ 

τ i = λiκ i , we have that

€ 

λi(1−κ i) = β ijI j /N jj=1

7
∑ .  With the values of λi and Ij estimated as above and the values

for 

€ 

κ i known [26,52-54], it is possible in principle to solve for βij.  The set of 49 values

for βij form a “Who Acquires Infection From Whom” matrix.  However, because there

are more unknown matrix entries (49) than equations (7), it is necessary to assume that
each WAIFW matrix entry can take on only one of 7 distinct values, denoted ω1 through

ω7.

We assumed that β11=

€ 

ω 1, β12=β22=β21=

€ 

ω 2, β13=β23=β33=β32=β31=

€ 

ω 3, etc (Table A2).  After

experimenting with various types of WAIFW matrices [39], we found that this WAIFW

matrix gave good agreement with seroprevalence data, while also being the most robust
to changes in parameter values (this robustness is needed for uncertainty analysis, Online

Appendix 3).  Hence, this WAIFW matrix was used throughout.  Other forms of the
WAIFW matrix, such as those incorporating specific entries for parent-child

transmission, assymmetric transmission between parents and children, or elements of

assortative mixing, were found to be less robust to changes in parameters and/or gave less
accurate fits to the seroprevalence data.  The form used here is similar to forms that have

been used for other viral diseases spread by person-to-person contact and in which
childhood transmission is very important, such as measles [39].
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The values of 

€ 

ω i  obtained by solving the equation 

€ 

βij I j /N j = (1−κ i)λij=1

7
∑  using the

WAIFW matrix in Table A2 are 

€ 

ω 1..7= 7.33, 4.30, 0.81, 1.06, 1.39, 0.87, and 1.11 yr-1.

Transmission rates are largest in the youngest age classes, and generally decrease along

the diagonal of the WAIFW matrix as one moves in the direction of older age classes,

except for a noticeable increase in the 30-39 age class.  The transmission rates also
decrease in the direction of the cross-diagonal, ie, in the direction of greater disassortative

mixing.  This pattern is observed for WAIFW matrices for many infectious diseases [61].

The parameter κi is the proportion of Hepatitis A cases presenting in Canada that were

acquired by Canadian residents travelling in endemic countries in age class i [25,52-55].

We scaled vaccine-era age specific data to match pre-vaccine era non-age-structured data
to obtain the following age-specific values for κi from 1980-1994: 37% (0-4, 5-9, 10-19),

27% (20-29), 22% (30-39), 20% (40-59), 14% (60+).  The values of 

€ 

τ i  were then

computed from 

€ 

τ i = λiκ i .

Table A2: WAIFW Matrix used in the dynamic model.

Index case

Age

Class

0-4 5-9 10-19 20-29 30-39 40-59 60+

0-4 ω1 ω2 ω3 ω4 ω5 ω6 ω7

5-9 ω2 ω2 ω3 ω4 ω5 ω6 ω7

10-19 ω3 ω3 ω3 ω4 ω5 ω6 ω7

20-29 ω4 ω4 ω4 ω4 ω5 ω6 ω7

30-39 ω5 ω5 ω5 ω5 ω5 ω6 ω7

40-59 ω6 ω6 ω6 ω6 ω6 ω6 ω7

In
fe

ct
ed

 c
as

e

60+ ω7 ω7 ω7 ω7 ω7 ω7 ω7

 Who Acquires Infection from Whom Matrix
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Total number of births per year (b):  Each year we assume that 400,000 individuals are

born.  This value is close to the average annual number of births in Canada from 1980-
1994 [51].

Population sizes (Ni):  We took the sizes of the age classes to be N1=2, N2=2, N3=4,

N4=4, N5=4, N6=6, and N7=4 (in millions).  These estimates are close to the average sizes

for 1980-1994 [51].

Death rates (di): The death rate in Canada from 1980 to 1996 is very small in all age

classes except for 40-59 and 60+ [51].  The sizes of age classes reflect both age-specific
mortality rates and demographic factors (e.g. the ‘baby boom’).  To reproduce the

average population sizes of the age classes between 1980 and 1996, and to take into
account the increased death rate in older age classes, we assumed a proportion 0.75 of

individuals die upon entering the 40-59 age class, a proportion 0.67 die upon entering the

60+ age class, and no individual lives more than 80 years.  With these birth and death
rules, the total population size and the size of each age class remained constant.

Although population size has actually increased over the past century, assuming a fixed

population will not affect predictions of measures that indicate the proportion of
individuals subject to a certain condition, such as incidence rates or mortality rates.  This

is because we use “standard” incidence function for dynamic modelling (incidence

=

€ 

βij I j /N j∑ ) [62] instead of the more traditional but less accurate “mass-action”

incidence function (incidence = 

€ 

βij I j∑ ).   For standard incidence, the force of infection

is proportional to the percentage infected, not the absolute number. Hence, a gradually
increasing population size will not affect the force of infection, so long as population

density (and thus the average number of social contacts of a susceptible individual) is

constant.

Rate of loss of immunity (f):  f is the rate at which a vaccinated individual loses vaccine-
derived immunity.  By fitting an exponential function to a waning immunity curve
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arrived at by expert consensus [47], we estimate an annual rate of decline of 1.65% for

vaccine-derived immunity from a two-dose course.

Vaccine efficacy (ε):  ε is the vaccine efficacy (proportion of vaccinated individuals who

thereby obtain immunity against infection).  We estimate the efficacy of a two-dose
course to be ε = 0.97, based on the average result from two different randomized trials

[49,50].

Mean latent period (1/

€ 

δ):  

€ 

δ  is the mean rate at which an exposed individual becomes

infectious, and is the inverse of the mean latent period.  The average incubation period

for HAV is 28 days [44], and the average time between the start of viral shedding and the
onset of symptoms is 14 days [45], so the average latent period, which is the time from

infection to the onset of viral shedding, is 28-14 days = 14 days.  Hence we take δ =

365/14 = 26.07 year-1.  There does not appear to be significant age-related variation in the
latent period.

Mean effective infectious period (1/ iγ ):  iγ is the average rate at which an infected

individual moves from the infectious compartment to the removed compartment, and

hence the inverse 1/ iγ  is the mean duration of infectiousness.  HAV is shed from one to

three weeks before the onset of symptoms and continues to be shed for a week or more

after the onset of symptoms [46], and children shed the virus longer than adults [45]. The
duration of viral shedding can vary from between a few days to 6 months in infants [63]

and up to 3 months in older children and adults [64]. However, data from epidemiological
studies suggest that peak infectivity occurs during the two weeks before the onset of

symptoms and the week after jaundice appears [7, 65].  However, epidemiologic data

suggest that relatively few transmission events occurs after the onset of symptoms (with
or without exclusion), despite the continued shedding of the virus.  Hence we assume the

mean effective infectious period was 3.5 weeks in the 0-4 age class, 3.0 weeks in the 5-9

age class, and 2.5 weeks for all other age classes.  This yields  γ1 = 14.9 year –1, γ2 = 17.4

year –1, and γ3 = γ4 = γ5 = γ6 = γ7 = 20.9  year –1.
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Age-specific mortality rates:  We based our parameter values for mortality rates
attributable to HAV in symptomatic individuals on previous estimates (per 10,000): 30 in

0-4 [47,48], 18 in 15-19, 18 in 20-29, 21 in 30-39, 36 in 40-49, 81 in 50-59, 149 in 60-69,
283 in 70-79, and 385 in 80+.  We averaged these estimates for the 40-59 and 60+ age

classes and assumed the 15-19 rate applied to the 10-19 age class.  We adjusted for the

probability of jaundice to obtain age-specific mortality rates per infected case.
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