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Abstract

High levels of notified pertussis in adolescents and adults, persisting severe disease (hospitalization and deaths) in infants despite
high childhood immunization coverage, together with the availability of adult-formulated pertussis vaccines, have made alternate strate-
gies for vaccine control of pertussis an important issue in Australia. An age-structured computer simulation model was used to com-
pare the likely effects of adopting different vaccination strategies in Australia on pertussis transmission by age group over a 50 year
time period. Epidemiological parameters and vaccination coverage in Australia were estimated from previous pertussis modeling stud-
ies and existing data. In the simulations, replacing the pertussis booster at 18 months with a booster dose for adolescents at an age
between 12 and 17 years, assuming 80% coverage, led to decreases in pertussis cases of 30% in children of ages 0—-23 months (whe
have the highest complication rates) and of 25% in adolescents, but an increase of 15% in cases in 2—4-year-old children. The sim-
ulations did not suggest any shift of pertussis cases into the adult child-bearing years. Varying parameter values in the simulations
in a series of sensitivity analyses showed the model predictions to be robust over a plausible range. The results of these simulations
suggest that the recent change in the Australian pertussis vaccination schedule, replacing the 18 month dose with a pertussis booster ir
15-17-year-old adolescents, is very likely to reduce overall pertussis incidence in Australia without increasing the cost of the current vaccine
program.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction The main reason that pertussis is poorly controlled in
older age groups, despite extensive immunization, seems
Of all the diseases preventable by vaccines currently to be related to waning vaccine-induced immunity. Both
on the Australian Standard Vaccination Schedule, pertus-infection-acquired and vaccine-induced immunity to per-
sis is the least well controlled. Despite a well-established tussis wane with time, so previously infected or vaccinated
immunization program that began in the 1950s, pertussisindividuals slowly become more susceptible to pertussis.
re-emerged in Australia in the 1990s following apparently Pertussis infections in older children, adolescents, and
good control in earlier decades. Pertussis now occurs inadults are often atypical with milder symptons-12] and
annual seasonal peaks with large epidemics every 4 yearsso are frequently unrecognized, but they may be the source
[1,2]. Moreover, the disease continues to cause significantof pertussis in unimmunized childrg8,6,13-20]
complications and deaths in infarf@]. In contrast to the Combination vaccines containing diphtheria toxoid,
pre-immunization era, when pertussis was primarily rec- tetanus toxoid, and acellular pertussis antigens (DTaP)
ognized as a disease in children of primary school age, have been licensed in Australia for use in children since
adolescents and adults now account for the majority of 1996. These acellular pertussis (aP) vaccines cause fewer
cases in well-immunized populatiof3-6]. adverse reactions than killed whole-cell pertussis vaccines.
Although the protective efficacy of a primary course varies
* Corresponding author. Tek:1-319-335-0790; fax+-1-310-335-0627.  between different whole-cell and acellular pertussis vac-
E-mail address: hethcote@math.uiowa.edu (H.W. Hethcote). cines [21-24] Salmaso et al[25] recently demonstrated

0264-410X/$ — see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2003.11.053



2182 H.W. Hethcote et al./Vaccine 22 (2004) 2181-2191

that three early doses of acellular pertussis vaccine at 2,2. Methods

4, and 6 months conferred good protection against disease
for at least 6 years. In Australia DTaP vaccinations are

Here we describe the compartmental model for pertussis
currently recommended at 2, 4, 6, 18 months, and 4 years.and the age groups. Then the epidemiological literature and
Unfortunately, the vaccines licensed for children are unsuit- previous modeling studies are used to estimate parameter
able for adolescents or adults because of the high rate ofvalues. Australian data is used to estimate the demographic
local reactions associated with the diphtheria and pertussisstructure and both the current and historical pertussis vacci-
components. Combination diphtheria-tetanus-pertussis vac-nation coverage. All of these estimates are used in the com-
cines (dTpa) with reduced antigen and toxoid concentrations puter simulation model to compare the effects of the current

have been developed specifically for use in people over thepertussis vaccination program and the effects of two changes
age of 10 year$26,27] The availability of these vaccines in this vaccination strategy. Then the sensitivity of the re-

and the sub-optimal control of pertussis have led a numbersults to changes in the parameter values and model structure

of groups to advocate the introduction of routine adolescent are analyzed.

vaccination against pertusgi28]. Adolescent vaccination
has the potential to reduce the burden of disease in the tar
geted age group and possibly also reduce transmission o
pertussis in the community, providing indirect protection to
unimmunized infants. However, developing policies to op-
timize control of pertussis requires an understanding of the
likely impact on the long-term epidemiology of the disease
of changes to the number and timing of doses.

Modeling has been used to study pertussis vaccination
programs in the United Kingdom and the United States.
Grenfell and Andersorj29] found that the force of in-
fection for pertussis is age-dependent, and that pertussis
incidence continues to oscillate as vaccination programs
are introduced. Rohani et aJ30] found that the onset
of pertussis vaccination led to a substantial reduction in
pertussis transmission in England and Wales and to geo-
graphical synchronization of pertussis outbreaks with an
almost 4-year inter-epidemic period. In a cost-effectiveness
analysis Edmunds et aJ31] found greater reductions in
pertussis morbidity and mortality in younger age groups in
the UK with a booster at 4 years compared to 15 years.

In the United States, computer simulations using an
age-structured epidemiological model for pertussis trans-
mission and vaccination have been used to obtain estimates
of the potential effects of the addition of adult pertussis
booster vaccinations every 10 years on pertussis incidence
in both adults and children in the US|82-34] Another
simulation modeling study of adolescent and adult pertussis
vaccination strategies in the USA considered vaccination
of adolescents at age 12 years, young adults at age 20
years, adults at age 50 years, and combining the aP vac-
cine with the current Td (tetanus-diphtheria) booster that is
recommended every 10 yedB5].

In this paper computer simulations are used to explore
the potential effect on pertussis epidemiology of changes to
the pertussis vaccine schedule including introduction of a
pertussis booster in adolescence in Australia. In view of the
prolonged immunity demonstrated after an infant schedule,
concerns about increased local reactions following multi-
ple doses of DTaP, and the cost implications of adding an-
other dose to the schedule, direct substitution of the fourth

dose at 18 months with a dose in adolescence has been

simulated.

The population is divided into sixteen distinct epidemio-
logical classes as shownlifig. 1, where the arrows indicate
the transfers between classes due to infection, recovery,
waning of immunity, or vaccination. In the model the letters
S, I, R, V, and W correspond to the epidemiological states:
susceptible, infectious, removed with infection-acquired
immunity, and waning of
. vaccine-induced immunity. The compartments in this model
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Fig. 1. Transfer diagram for the Australia pertussis model.
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immunity), R1 (lowest level of naturally acquired immu- of the four types times their relative infectivities. The latent
nity), V4 (highest level of vaccine-induced immunity), V3 period, in which an individual is infected, but not yet infec-
(persons having received three doses of pertussis vaccine)tious, is not included in the model, since it is only about one
V2 (persons having received two doses of pertussis vac-week for pertussif40]. The residence times before moving
cine), V1 (persons having received one dose of pertussisto a different compartment of people in the compartments |1,
vaccine), W3 (high level of vaccine-induced immunity), 12,13, 14, R4, R3, R2, V4, V3, V2, W3, and W2 have neg-
W?2 (intermediate level of vaccine-induced immunity), and ative exponential distributions, so that the mean residence
W1 (lowest level of vaccine-induced immunity). times are the reciprocals of the transfer rate constants. For
As disease-induced immunity wanes over time, people example, the transfer rate ¢fl1 from compartment I1 to
move down from R4 to R3 to R2 to R1. When people over R4 corresponds to an average infectious period for those in
12 months of age with natural immunity (R1, R2, or R3) are 1 of 1/y4, the transfer rate af4R4 for waning of immunity
vaccinated with one dose of acellular pertussis-containing from R4 to R3 corresponds to an average residence time of
vaccine, they are assumed to move back up to R4, the highespeople in R4 of Id4, and the transfer rate af, V4 for wan-
level of immunity. In infants, the immune system is imma- ing of immunity from V4 to W3 corresponds to an average
ture, so that successive pertussis vaccine doses are requiretime in V4 of 1fr4. In the computer simulations, vaccination
to move infants to the V1-V4 classes. As vaccine-induced of a given fraction at specific ages is implemented by trans-
immunity of people in V4 wanes, they move down from V4 ferring the vaccinated people at the given vaccination ages.
to W3 to W2 to W1, but again one dose of vaccine is as- The demographic part of the model uses year 2000 fer-
sumed to move a person back up to V4, the highest leveltility and death rates in Australia to obtain a theoretical
of immunity. Because one pertussis vaccination is generally population whose total size is constant and whose age dis-
protective against severe disease, those in the V1 class nevetribution has reached a steady-state age distribution. The 50
return to the class S of fully susceptible individuals. Those age intervals in the model are 0-1, 2-3, 4-5, 6-11, 12-17,
who miss one of the 2, 4 or 6 month doses, but get another18-23 months, years 2, 3,., 33, 34, and the 5 year in-
dose after 1 year of age are also assumed to move up taervals 35-39, 40-44, 45-49, 50-54, 55-59, 60—-64, 65-69,
the highest level of immunity. This is consistent with sev- 70-74, 75-79, 80-84, and 85 years or older. Newborns enter
eral studies, which found that boosting after 1 year of age the 0—1 month age group. In each age group there is a daily
was equally efficacious after a course of two or three dosesoutflow corresponding to aging into the next age group and
[36—39] Hence when immunity of those in the V2 class a daily death rate. Because the average Australian woman
wanes, they move down to W1, which has a lower immu- has only 1.76 children, the fertilities are increased by 16%
nity level, but has the property that one dose moves themin the model to achieve a constant population size with a
to V4. An ltalian study{25] found that protection from the  steady-state age distribution. The actual situation is slightly
first three pertussis vaccinations persists for at least 6 yearsdifferent, since the Australian population size is maintained
Consequently, when those in the V3 class with three initial by the immigration of people of various ages.
doses leave V3, they move down to W3, which has the same The pertussis model corresponding to the transfer diagram
level of immunity. in Fig. 1 consists of nonlinear differential equations giving
The four types of infectives are 11, 12, 13, and 14. The the rates of daily transfers among the 16 epidemiological
11 infectives have the highest average infectivity. The 11 in- classes and the 50 age groups. The computer simulations are
fectives can have various disease severities, but since theythe numerical solutions of these differential equations with
come from the unvaccinated susceptible class, many of themvaccinations of specific age groups. The age distribution
have typical pertussis disease with a prolonged cough. Theof pertussis cases starts at a pre-immunization steady-state.
12 infectives have a lower, but still high average infectivity; Then after the childhood vaccination program starts in 1953,
many of them have atypical pertussis disease with moderatethe age distribution of cases changes in response to the vac-
severity. The I3 infectives have a medium average infectivity cinations. More details about epidemiological models of this
and often have atypical pertussis disease with mild symp- type are given in the related papé8®,34]
toms. The 14 infectives have the lowest average infectivity
and often have asymptomatic, subclinical pertussis disease?.2. Estimates of the epidemiological parameter values
The residence times (i.e. the average infectious periods) of
people in the compartments 11, 12, 13, and 14 have negative The average infectious period for typical pertussis is at
exponential distributions and mean residence times given byleast 21 dayd440]. In the computer simulations the esti-
1/y1, 1lya, 1lys, and 144, respectively. mates for the average infectious periods are 28 days for
Individuals in many compartments Fig. 1 become in- those in the I1 and 12 classes, 21 days for those in the 13
fected if they have sufficient contact with a person infected class, and 7 days for those in the 14 class. Because the I3
with the pertussis bacillus. The incidence of infection in the and 12 infectives often continue their daily activities dur-
compartments is the product of the force of infection and the ing their iliness, their average effective infectivities may,
numbers of people in the compartments, where the force ofoverall, be similar to the 11 class. In the model, the aver-
infection (1) is the summation of the number of infectives age effective infectivities compared to those in the 11 class
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are assigned as 1 for those in 12 and 13, and 0.2 for thosetween pre-school age children has increased as a result of
in 14. increased use of childcare with a resulting decline in the con-
The median residence period (equal to log 2 times the tact between parents and pre-school age children. Therefore,
mean residence time) before waning in classes R4, R3, andransmission estimates between young adults and pre-school
R2 is estimated to be 8 years. The median residence period irchildren are probably over estimates. Also the increasing age
the vaccinated classes V3 and V2 is 2 years, and the mediarof parents and the increasing use of grandparents for care of
residence time before waning in the classes V4, W3, and W2young children in Australia may mean that mixing between
is estimated to be 4 years. It was shown in a previous studyolder adults and young children has increased.
using a similar mod¢gB2] that these estimates are consistent  Based on case reports of whooping cough in England and
with recent clinical pertussis dafa@,17]. For those in V3 Wales during 1956 (before widespread vaccination), Ander-
with three initial doses, the combined median residence time son and May[41,45] estimated that the forces of infection
in V3 and W3 was modeled as 6 years, consistent with are about 0.09 for less thanl year, 0.11 for 1-2 years, 0.21
follow-up from an Italian vaccine trigR5]. Note that if the for 2-5 years, 0.47 for 5-10 years, 0.25 for 10-15 years,
median residence time in a class is 4 years and the residencand 0.06 for 15-25 years. Based on similar data in 1980
time has a negative exponential distribution, then 29% have after pertussis vaccination began, they estimated the forces
moved after 2 years, 50% have moved after 4 years, 65%of infection to be about 0.11 for less thanl year, 0.16 for
have moved after 6 years, and 75% have moved after 8 years1-2 years, 0.32 for 2-5 years, 0.35 for 5-10 years, 0.12 for
The rate of movement from susceptible, removed, and 10-15 years, and 0.07 for 15-25 years. Using the age dis-
vaccinated classes into the infective classes is the product oftribution of whooping cough notifications in England and
the force of infectionX) on an age group times the numberin Wales in 1944-1946, Grenfell and Anderd@8] estimated
that age group in these classes. These incidences are showpertussis forces of infection of 0.22 for 0-5 years, 0.43 for
asARi1, ARz, AR3, AV1, AV, AV3, AW7, AW5, and AW3 5-10 years, 0.19 for 10-15 years, and 0.04 for 15-20 years,
in Fig. 1L The force of infectionX) on an age group is the and 0.04 for >20 years. A personal communication (Nigel
summation of adequate infectious contacts with infectives in Gay, Health Protection Agency, London) suggests that val-
all other age groups, where an adequate infectious contactues from 0.03 to 0.06 are plausible for ages over 15 years.
is one that is sufficient for transmission of an infection from Because 4-23-month-old children have more contacts out-
an infective to a susceptible person during the contact. Noteside the home at play groups, babysitters, and preschool than
that an adequate infectious contact depends on how closeéD—3-month-old infants, the force of infection in 0—3 month
together people come during their daily activities and the babies is assumed to be about half of the force of infection
likelihood of transmission (depending on the infectivity of of 4-23 month children. Based on all of the data available,
the infective) during these encounters. we use the force of infection values of 0.05 for 0-3 months,
Mixing patterns and contact behaviors vary with age. For 0.11 for 4-23 months, 0.32 for 2—4 years, 0.35 for 5-10
example, school age children mix more with other school years, 0.21 for 11-17 years, 0.05 for 18-34 years, 0.04 for
age children than they do with adults. The matrix of trans- 35-64 years, and 0.03 for >65 years.
mission coefficients where each matrix entry depends on
the mixing between two age groups and the probabilities of 2.3. Estimates of pertussis vaccination coverage in
transmission is called a who acquires infection from whom Australia
(WAIFW) matrix [41-43] Here we cluster the age groups
into nine age intervals. Since the age-dependent transmis- The estimates of pertussis vaccination coverage are based
sion coefficients cannot be measured directly, they must beon vaccination data in Australia between 1950 and 2000.
estimated from data on seroprevalence or disease incidenc@ecause future pertussis vaccination strategies are compared
in the pre-vaccination periof#t4]. Once the values of the in the computer simulation modeling, good estimates of the
force of infection are known for the nine age groups in the current pertussis vaccination coverage are needed, while es-
pre-vaccination era and the epidemiological parameters havetimates of the historical vaccination coverage are less cru-
been estimated, then simulations can be used to determineial.
the prevalences in the nine age groups. Then we solve nine
simultaneous equations for the nine forces of infection in 2.3.1. Current pertussis vaccination coverage
terms of the nine unknown transmission coefficients in the  Immunization coverage data on a three month (1 January
WAIFW matrix and the prevalences in the nine age groups. 2000 to 31 March 2000) birth cohort derived from the Aus-
The WAIFW matrix calculated in this way is then assumed tralian Childhood Immunization Register (ACIR) indicate
to remain constant throughout the time period in the simu- that 0.871 of 2—3-month-old children had at least one per-
lation modeling. The underlying assumption in this method tussis dose, 0.793 of 4-5 month children had at least two
is that age dependent mixing patterns and contact behaviordoses, 0.870 of 6-11 month children has at least three doses,
have not changed significantly since the pre-vaccination es-0.928 of 12—17 month children had at least three doses, and
timates of force of infection were made. Although this seems 0.810 of 18—23 month children had at least four doses. These
likely for school age children, it is possible that contact be- estimates and other estimates derived from the ACIR have
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been used to estimate vaccination rates in age groups. Theinated at 4-5 months was 82%, and the percentage of those
fractions receiving no doses are chosen to be consistent within V2 at 4-5 months vaccinated at 6—11 months was 89%.
data from Australian Bureau of Statistics (ABS) surveys in The percentage of those in V1 at 4-5 and 6-11 months was
1977, 1983, and 1989, which show that about 3-5% of Aus- 81% for the regular and the catch-up vaccinations, so that
tralian children never receive any pertussis-containing vac- 4% remained in V1, 30% moved to V2, and 66% moved to
cinations. V3. Finally in 1985, 86% of those in V2 at 6-11 months
In the model no infants of age 0—1 months are vaccinated. were vaccinated at 12—-17 months. Then it was estimated
The first vaccination dose is given to 87% of those in the that these percentages vaccinated with the first three doses
S class. Thus the fractions of 2—-3-month-old infants in the increased linearly up to the coverage levels in year 2000 and
epidemiological classes are 0.13 in S and 0.87 in the V1 remained constant between years 2000 and 2050.
class. The vaccination coverage for the dose given at 4-5 Because its effects after the year 2000 are negligible, the
months is 30% for those in S and 91% for those in V1, so transient introduction between the 1960s and 1977 of the
that 0.091 are still in S, 0.117 are in the V1 class, and 0.792 fourth dose given at 18-23 months is not included in the
are in the V2 class. In the 6-month period corresponding to simulation modeling. When the fourth dose was restarted in
6—-11 months of age, 30% of those in S and 98% of those 1985, the coverage was assumed to be about 60%, because
in the V2 class are vaccinated. Because those in the V1similar or higher coverage was being obtained for other
class at 4-5 months have missed a previous dose, there ipertussis vaccinations (ABS). The percentage receiving the
the regularly scheduled vaccination of 90% between 6 and fourth dose in 1995 was estimated at about 78%4. Thus
11 months plus an extra catch-up vaccination of 90%. Thus in the computer simulation modeling, the percentage receiv-
for infants in V1 at 4-5 months, 1% remain in V1 at 6-11 ing the fourth dose increased linearly from 60% in 1985 up
months, 18% move to V2, and 81% move to V3, so that the to 80% in 1995, then increased linearly up to 90% in year
fraction in V3 is 0.871. 2000, and remained constant after year 2000. The estimate
Although no vaccination is scheduled in the 12—-17 month of the vaccination coverage for the fifth dose at ages 4-6
age group, there is a catch-up vaccination of 20% of those years was about 68% in 1995 (ABS), so that the percentage
in the S class, and a catch-up vaccination of 95% of those inreceiving the fifth dose when it was started in August 1994
the V2 class. Because those in the V1 class at 611 monthsvas 70%. In the computer simulation modeling, the percent-
have missed two previous doses, there is vaccination of 90%age receiving the fifth dose increased linearly from 70% in
at 12-17 months plus an extra catch-up vaccination of 90%. August 1994 up to 85% in year 2000 and is constant after
Thus for those in V1 at 6-11 months, 1% remain in V1 at year 2000.
12-17 months, 18% move to V2, and 81% move to V3, so
that the fraction in V3 is 0.929.
Finally, during the age 18-23 months, 20% of those in 3. Results
the S class and 90% in the V1, V2, and V3 classes receive
vaccine, so that the fraction in V4 is 0.836. This vaccina- 3.1. Pre-immunization era
tion coverage of 90% for the fourth dose is consistent with
the 89% coverage from ACIR derived data on the 3-month  Using the parameter values $ection 2 the simulation
birth cohort born in 1998 receiving the 4th dose at 18-23 model is run until a pre-immunization steady-state epi-
months. Because vaccination data show consistent increasedemiological age distribution is reachélhble 1shows the
in vaccination coverage between 1995-1996 and 2000, it isl1, 12, 13, and 14 cases per 100,000 in age groups in the
assumed that the vaccination coverage for the fifth dose atpre-immunization era (1950) based on the computer simu-

age 4-6 years is 85% in year 2000. lations. Note that most of the |11 pertussis cases with highest
average infectivity occur in children, which is consistent
2.3.2. Historical pertussis vaccination coverage with the concept that most children had a typical case of

Vaccination with three early doses began in the Aus- pertussis in the pre-immunization era. For a birth cohort in
tralian states/territories in 1953. The vaccination coverage the simulations for the pre-immunization era steady-state
increased, so that it was between 66 and 96% in the 1970sbefore 1953, 99.75% of them have an |1 pertussis infection
and 1980s. Vaccination coverage values were chosen to(which is often a typical case) during their lifetime. Each
match reported coverage in 1962, where 0.44 of 2—-3 monthindividual in this steady-state cohort also has an average of
children received a first dose, 0.35 of 4-5 month children 0.5 cases of 12 pertussis with high average infectivity (often
received a second dose, and 0.28 of 6-11 month childrenwith moderate symptoms), 0.5 cases of 13 pertussis with
received a third dosig6]. Then it was assumed that the per- medium average infectivity (often with mild symptoms),
centage of eligible children vaccinated with each of the first and 1.2 cases of 14 pertussis with low average infectivity
three doses increased linearly from 1953 to 1962 values to a(often asymptomatic) during their lifetime.
level in 1985 that was 0.09 below the year 2000 levels. Thus As explained inSection 2.2the forces of infection and
in 1985 the percentage of 2—3-month-old infants vaccinated prevalences in the infectious classes at the pre-immunization
was 78%, the percentage of those in V1 at 2—3 months vac-steady-state are used to determine the entries ir 8 €on-
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Table 1
Computer simulations of incidences in age groups (entries are given as cases per 100,000)

Age group (years)

0-3 months 4-23 months 2-4 years 5-10 years 11-17 years 18-24 years 25-34 years 35-64 years >64 years

Pre-immunization era (1950)

11 (highest infectivity) cases 4937 9660 15517 4982 622 64 43 15 5
12 (high infectivity) cases 0 0 17 9 207 186 518 966 1022
11 and 12 cases 4937 9660 15534 4991 829 250 561 981 1027
13 (medium infectivity) cases 0 5 160 600 854 472 768 678 484
14 (low infectivity) cases 1 81 1586 4055 3872 1353 1457 983 647
2002 with childhood vaccination
11 (highest infectivity) cases 847 153 156 167 128 6 4 2 1
12 (high infectivity) cases 650 106 143 314 1152 168 295 489 489
11 and 12 cases 1497 259 299 481 1280 174 299 491 490
13 (medium infectivity) cases 0 285 265 489 1262 192 289 243 156
14 (low infectivity) cases 0 1516 1068 1483 3084 426 446 270 160
2050 with childhood vaccination
11 (highest infectivity) cases 1107 189 177 162 130 8 5 2 1
12 (high infectivity) cases 848 130 162 320 1267 249 462 740 736
11 and 12 cases 1955 319 339 482 1397 257 467 742 737
13 (medium infectivity) cases 0 352 315 575 1582 252 356 286 169
14 (low infectivity) cases 0 1866 1282 1743 3630 533 542 315 175
2050 with no 18 month boosting
11 (highest infectivity) cases 1194 207 214 174 117 7 5 2 1
12 (high infectivity) cases 913 167 409 438 1267 255 474 766 765
11 and 12 cases 2107 374 623 612 1384 262 479 768 766
13 (medium infectivity) cases 0 419 721 701 1528 266 383 310 186
14 (low infectivity) cases 0 2791 3950 2069 3638 578 591 347 196
2050 with adolescent boosting
11 (highest infectivity) cases 776 121 132 139 79 11 8 4 1
12 (high infectivity) cases 597 98 259 361 361 193 409 632 595
11 and 12 cases 1373 219 301 500 440 204 417 636 596
13 (medium infectivity) cases 0 245 449 542 514 210 265 184 107
14 (low infectivity) cases 0 1643 2382 1474 1419 399 352 188 103

tact matrix between age groups. Using the prevalence in theoscillatory behavior with a period of about 4 years has oc-
age groups from the pre-immunization era computer simu- curred in previous pertussis models and is consistent with
lations and the forces of infection values $®ction 2 the the 4-year periods that are observed in pertussis incidence
nine unknowns in the matrix are determined. This contact data in many countrief83]. The incidences are close to a
matrix is used in all subsequent computer simulations to de- steady-state when the 18-month vaccination introduced in
termine the forces of infection, which change as vaccination 1985 causes a rapid decrease in the incidence. When vacci-
occurs in the population. Other initial forces of infection nation of 4-year-old is introduced in August 1994, there is
and other forms of the contact matrix are investigated in the another drop followed by a damped oscillatory approach to

sensitivity analysis. a steady-state. Note that the solid curvefig. 2 are close
to a steady-state equilibrium by 2050.
3.2. Childhood vaccination between 1950 and 2050 Table 1shows the cases per 100,000 people, in the 11, 12,

I3, and 14 classes for the age groups in 2002 and in 2050
The pre-immunization epidemiological steady-state is based on the computer simulations when the current child-
used as a starting point for the simulations between 1950 andhood vaccination is extended out to 2050. Childhood vac-
2050 using the estimates of childhood vaccination coverage.cination leads to a 97% reduction in 11 highest infectivity
Fig. 2shows the incidences of the four types of pertussis as cases, a 25% reduction in 12 high infectivity cases, a 43%
the Australian childhood vaccination programs are phasedreduction in I3 medium infectivity cases, and a 45% reduc-
in over time. After 2000 the solid curves correspond to tion in 14 low infectivity cases in year 2002 compared to
continuation of the year 2000 childhood vaccination at con- 1950. Continuation of the current childhood vaccination out
stant levels until year 2050. Note that after the introduction to 2050 leads to a 97% reduction in 11 highest infectivity
of vaccination in 1953 and after other vaccination changes, cases, a 3% increase in 12 high infectivity cases, a 31% re-
there is a damped oscillation towards a steady-state. Thisduction in I3 medium infectivity cases, and a 45% reduction
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Fig. 2. The incidence curves up to 2003 correspond to the historical childhood vaccination program. After 2003 the solid curves are the incidences if
the current childhood vaccination program is continued, and the dashed curves correspond to stopping the 18 month vaccination and adding vaccinatio
of 80% of 12-year-old adolescents in 2003.

in 14 low infectivity cases in year 2050 compared to 1950. a 21% increase, but also includes a 4% increase in high-
Note that childhood vaccination greatly decreases the 11 (of- est infectivity (I11) cases, a 6% increase in 12 cases, and a
ten typical) pertussis cases occurring in children but causes9% increase in 13 medium infectivity cases. Most of the in-
an increase in |12 cases in children up to age 17 years. Thecrease occurs in cases in 2—4-year-old children, with some
computer simulations lead to I1 and 12 pertussis incidencesincreases in adjoining age groups. This is expected because
in adults in 2002 that are consistent with a recent United this 2—4-year-old age group will be the one primarily af-
States estimate from active surveillance of 507 cases perfected by lower immunity without the 18-month vaccination.
100,000 adults per yeg4].

Note that the current strategy has reduced the 12 case 3.4. Effects of replacing the 18-month booster with an
rate out to about age 10 years, but then as immunity wanesadolescent booster in 2003
after vaccination at age 4 years, the case rate increases up to

a maximum in the 11-17-year-old age group. TheH12 In the computer simulations the adolescent vaccinations
case rate drops in the 18-24-year-old age group, partly duegre given at age 12 years, but results would be similar for
to immunity from their infections as 11-17-year-old and adolescent vaccinations at any age between 10 and 17 years,
partly due to the decreased contact rate of 18-24-year-oldyjth 15-17 years being the age group for a pertussis booster
as they leave secondary school. Beyond age 25 years the Ikecommended in Australia in September 2003. Based on re-
+ 12 case rate per 100,000 increases as the immunity wanesent experience with hepatitis B immunization, compliance

in these adults. with recommendations is anticipated to be relatively good

at ages 10-17 years in a school-based program, so, it is as-
3.3. Effects of eliminating the 18-month booster sumed that 80% coverage would be obtained for a recom-
vaccination in 2003 mended adolescent pertussis booster.

The results of computer simulations in which the vaccina-

If the pertussis vaccination at 18 months is removed from tion at 18 months is replaced by vaccination of 80% of ado-
the current childhood vaccination schedule, then the generallescents at age 12 years at the beginning of 2003 are shown
level of immunity in children 19-47 months of age would be in Fig. 2and inTable 1 This schedule is estimated to lead
predicted to decrease. The model estimates that this changéo a 23% reduction in 11 highest infectivity cases, a 25%
leads to an increase of about 13% in total pertussis cases irreduction in 12 high infectivity cases, a 39% reduction in
2050 in this age group compared to the number predicted 3 medium infectivity cases, and a 34% reduction in 14 low
with continuation of the current childhood vaccination pro- infectivity cases in year 2050. Note that adolescent vacci-
gram (Table J). This increase in total 19—-47 month cases in nation leads to decreases in cases in the 11-17-year-old age
2050 comprises mostly the lowest infectivity (14) cases with group to about 1/3 of the values estimated for the year 2050
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with continuation of the current schedule. But the elimina- and 2050 by factors ranging from 2 to 8, but again relative
tion of the 18-month vaccination still leads to increases of differences between program options do not change. The
15% in 11 and 12 cases, 43% in I3 medium infectivity cases, pre-immunization forces of infection and the contact matrix
and 85% in 14 low infectivity cases in the 2—4 year age are strongly affected by the number of 11 cases with full
group. The incidences in most other age groups are predictednfectivity. After vaccination there are not as many 11 cases
to be slightly lower than expected with the current schedule. with full infectivity and there are many more atypical cases
In Fig. 2 each change in the vaccination strategy causeswith lower infectivities, so that the new forces of infection
a sudden change in the incidence, followed by damped os-and the resulting incidences are much lower. In this case
cillations towards a new steady-state. Note that all of the replacing the 18-month booster by a 12-year booster causes
damped oscillations have a period of about 4 years, which more dramatic reductions in the incidences than using the
is consistent with the period of the observed oscillations in baseline parameter set; e.g., typical 11 cases decreased by
reported cases of pertus$8?2]. Although the predicted in-  75% in both 2—4-year-old and 11-17-year-old.
cidence with adolescent boosting is still oscillating in 2050,  If the average infectious periods are changed to 4 weeks
the new steady-state value is below the steady-state valudor those in the I1 class, 3 weeks for those in the 12 class,
in 2050 using the current childhood vaccination program. 2 weeks for those in the 13 class, and 1 week for those in
Thus replacing the booster at 18 months with an adolescentthe 14 class, then the incidences in 2050 are about 20-50%
booster in 2003 is predicted to lead to fewer total pertus- lower. However, 12-year boosters are still more effective
sis cases, especially in adolescents, but with more caseshan 18-month boosters and cause decreases of 53% in
in 2—-4-year-old children. Importantly, the change from 2-4-year-old and 56% in 11-17-year-old. If the median resi-
18-month boosters to adolescent booster doses is estimatedence times in R4, R3, and R2 are changed from 8 to 4 or 16
to cause about a 30% decrease in cases in children of agegears, then boosting at age 12 years is still better than boost-

0-23 months, who have high complication rates. ing at 18 months of age. Changing the median residence
times in the V2 and V3 compartments from 2 to 1 or 4 years
3.5. Sensitivity to changes in parameter values causes only small changes in the incidences in 2002 and
and model assumptions 2050, so that the improvement of the 12-year boosting over
the 18 month boosting is about the same as in the baseline
3.5.1. Changing the forces of infection and simulations. For the four changes in the median residence
the contact matrix times above, typical 11 cases decreased by at least 20% in

Because there is some uncertainty about the values of2—4-year-old and by at least 22% in 11-17-year-old, when
the forces of infections in adults, the effects of increas- boosters were given to adolescents instead of 18 month chil-
ing the forces of infection by 50% in adults over age 18 dren.
years are explored with computer simulations. These values Changing the median residence times in the V4, W3, and
lead to an increase in cases in adults of about 50% in theW2 compartments from 4 to 2 years causes large increases in
simulations, but the comparisons between the vaccinationthe incidences. In this situation people move down through
strategies are similar. For other types of WAIFW matrices the V4-W3-W2 chain of compartments much faster, so there
[43] the incidences change, but the comparisons of the vac-are more people in the W2 compartment where they get 12
cination strategies are similar. For example, typical |11 casesinfections. However, vaccination at age 12 years is still better
decreased by 16% in 2—4-year-old children and by 37% in than vaccination at 18 months, but the reductions are less
11-17-year-old adolescents, when boosters were given todramatic than with the baseline parameter set with decreases
adolescents instead of 18 month children. A proportionate of only 4% in 2—4-year-old and 21% in 11-17-year-old in
mixing matrix is based on the assumption that each agetypical I1 cases. When the median residence times in V4,
group has a mixing activity level defined as the average W3, and W2 are changed from 4 to 8 years, then there are
number of adequate contacts per day in that age group. Therarge decreases in the incidences. With this new value people
each entry is the product of the activity levels of the two move down through the V4-W3-W2 chain of compartments
interacting group$32]. With a proportionate mixing matrix ~ much slower, so there are more people in the V4 and W3
the incidence of infection decreases by a factor of up to 3, but compartments with high immunity and the 2050 incidences
the comparisons of vaccination strategies are similar. Whenin the 12 compartment age groups are up to 1/12 of those in
boosters were given to adolescents instead of 18 monththe baseline simulations. In this case the 12-year boosters
children, typical I1 cases decreased by 16% in 2—4-year-old are much better than the 18-month boosters.
children and by 13% in 11-17-year-old children.

3.5.3. Changing the new vaccination coverage
3.5.2. Changing the infectivities and average residence If the adolescent boosting is given to 70% of 12-year-old
times in compartments instead of 80%, then the incidences in 2050 are higher by

If the average effective infectivities are changed to 0.75 about 20% than when using the baseline parameter set, but
for those in 12, 0.5 for those in 13, and 0.25 for those in the boosting of 12-year-old is still better than boosting of
14, the values of the cases per 100,000 are reduced in 2002L.8-month-old children. In the simulations vaccination of
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70% at age 12 years leads to an 11% overall reduction in 11 V2 instead of going to W3 or W2 when immunity wanes.
highest infectivity cases (reductions of 12% in 2—4-year-old This change reverses the comparison conclusion in all of the
and 26% in 11-17-year-old), a 14% reduction in 12 high previous simulations, and thus identifies the crucial model
infectivity cases, a 27% reduction in I3 medium infectivity assumption that a single booster dose after 1 year of age, in
cases, and a 21% reduction in 14 low infectivity cases in year a child who has had three initial doses, induces a high level
2050 compared to the values in year 2050 using the cur-of immunity with good protectiofi36—39]

rent childhood vaccination strategy. Boosting at least 20% of

adolescents leads to lower 0—23 month and total 11 highest

infectivity cases in 2050 than the current 18 month boosting. 4. Discussion

3.5.4. Changing to different models This paper describes the results of using computer sim-
The sensitivity of the simulation results to changes in the ulation modeling to compare new pertussis vaccination
model structure irFig. 1is now examined by looking at  strategies in Australia. Although, as with most models, there
three model variations. The first revised model assumes thatis some uncertainty in the model formulation and in the
a booster after 1 year of age does not induce the highest im-parameter estimates, the comparisons are consistent over
munity level in children who have only received two doses a wide range of parameter values, so that the vaccination
of the primary series, so that children in V2 go back to strategy comparisons seem robust.
V1 instead of W1 when their immunity wanes. This change In the computer simulations, the historical childhood
leads to only small changes in the results. For example, typ-pertussis vaccination program between 1953 and 2002 in
ical 11 cases decreased by 29% in 2—4-year-old and by 41%Australia reduced the I1 highest infectivity cases (often with
in 11-17-year-old, when boosters were given to adolescentstypical, severe symptoms) by 97%. Thus the model simula-
instead of 18 month children. If the three initial doses do not tions predict that the current pertussis vaccination program
give as much immunity as found in the Italian sty@p], is very effective in reducing the 11 highest infectivity cases
then those who leave the V3 class would go to the W2 class of pertussis in children. Moreover, 11 and |12 cases decreased
instead of the W3 class. In the simulations with this sec- by 60-70% in the 0—3 month age group, and by about 97%
ond revised model, the boosters at 12 years and 18 monthsn the 4-23 month and 2—4 year age groups. Thus a major
are about equally effective overall in controlling pertussis; benefit of the current pertussis vaccination program is that
however, there were increases of 54% in 2—-4-year-old andit provides direct, temporary protection for vaccinated chil-
decreases of 45% in 11-17-year-old in typical 11 cases.  dren against |11 and 12 pertussis infections, which are often
If a vaccination at or after 1 year of age of a partially associated with more serious disease symptoms, higher com-
vaccinated child does not give a high level of immunity, plication rates, and higher mortality rates. The |1 (often typ-
then a child who moves out of the V2 or V3 class due to ical) cases among young children in the pre-immunization
waning of immunity would move down to a lower V class era are replaced by atypical 12, I3, and 14 cases occurring
instead of goingd a W class. In this third revised model, in the removed and vaccinated classes, which often have
children in the V2 and V3 classes move back down through moderate, mild, and asymptomatic disease symptoms.
the V classes as immunity wanes and move back up one Replacing the current pertussis booster at 18 months in
class when they are vaccinated. As in the base model, chil-2003 with a booster for 80% of those who are 12 years of
dren who do reach the V4 class move down through the W age leads to reductions of 2-39% in total cases at the vari-
classes. In simulations with this third revised model, the in- ous infectivity levels in year 2050. In the simulations vacci-
cidences increase significantly when the 18-month boosternation of adolescents instead of 18 month children reduced
is eliminated. This is expected since many children would |11 and 12 cases by 69% in the 11-17-year-old age group,
get at most three initial doses and the third revised model but increased the 11 and |12 cases by 15% in the 2—4 year
requires four initial doses to achieve high immunity. When age group. Overall the increase in cases when the 18-month
the vaccination at 18 months is replaced by vaccination of vaccination is eliminated is more than counterbalanced by
adolescents, there is still a 15% overall increase in |11 high- the addition of the booster vaccinations at 12 years of age.
est infectivity cases, a 23% increase in 12 high infectivity It is significant that cases in children of ages 0-23 months,
cases, a 46% increase in I3 medium infectivity cases, and awho have high complication rates, decrease by about 30%.
29% increase in 14 low infectivity cases in year 2050 com- A general concern about the introduction of adolescent
pared to the values using the current childhood vaccination. pertussis boosters is the possibility that the peak age of per-
For typical 11 cases there are increases of 32, 40, 71, andtussis susceptibility and infections might shift from adoles-
17% in the 0-3 month, 4-23 month, 2—4 year, and 5-10 yearcents to young adults, who may have greater contact with
age groups, but respectively; there is a decrease of 59% ininfants than adolescents. Bldble 1shows that the 14 12
the 11-17-year-old age group. Thus using this third revised case rates increase after age 18 years in simulations of the
model, boosting of 80% of 12-year-old children is worse three vaccination strategies. Thus in the simulations of ado-
than the current boosting of 18-month-old children. The im- lescent vaccination, an additional shift to higher case rates
portant model change is that children in V3 are moved to from adolescents to young adults does not occur. Indeed,
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adolescent vaccination seems to lower the community reser-favorable, particularly since dT is already recommended
voir of infection, so that case rates are lower in both adoles- for adolescents in Australia. However, high coverage of the
cents and adults. adolescent age group is best achieved through school-based

A follow-up study of the Italian acellular pertussis vaccine programs and the costs of establishing and maintaining a
trial [25] found that protection from the first three pertussis school-based program where none currently exists would
vaccinations persists up to 6 years, a crucial finding in deter- have to be included in any economic analysis.
mining that the fourth dose at 18 months could be postponed. In this paper we have only considered the impact on
The duration of immunity following five doses of either acel- pertussis epidemiology. It is possible that removing the 18
lular pertussis vaccines or a combination of acellular and month booster may have important implications for immu-
whole cell vaccines is unknown, but it is likely that by 12—15 nity to diphtheria and tetanus, although the evidence indi-
years of age many adolescents will have low immunity since cates that the 18 month booster is not needed to maintain
the last dose was at least 7 years earlier. This would resultdiphtheria immunity into the school years. Italy recom-
in vaccination of these adolescents having a larger marginalmends the first diphtheria booster at 5-6 years and the UK at
effect, as reflected in the computer simulations. 3-5 years, and seroprevalence data show that in both these

The sensitivity analysis shows that the comparisons are countries greater than 90% of children aged between 2 and
not sensitive to assumptions about the force of infection, 5 years have protective levels of anti-diphtheria antibodies
form of WAIFW matrix, relative infectivity of infectious  [48]. In addition, the risk that schedule changes either at 18
classes, average duration of infectious period, average du-months or in adolescence might adversely impact the future
ration of natural immunity or average duration of vaccine delivery of other vaccines that may be considered for inclu-
derived immunity. Reduction of vaccine coverage at age sion in the schedule must be taken into account. Neverthe-
12-15 years from 80 to 70% increased estimated cases byess, the simulation results of the effects on pertussis trans-
20% at steady-state, but an advantage for the adolescenmission over time suggest that the recent replacement of the
strategy remained. However, should much lower coverage 18 month dose with a pertussis booster in 15-17-year-old
be achieved, such as might be anticipated with a private adolescents is likely to reduce overall pertussis incidence in
sector rather than school-delivered program, this advan-Australia without increasing the cost of the current vaccine
tage could be lost. Thus program measures to ensure highprogram.
adolescent coverage are important.

The comparison results are, however, sensitive to model
assumptions about the immune response to boosting dosesacknowledgements
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we saw that if three primary doses do not give good pro- e thank Dr. Niels Becker and Dr. Jim Butler at the Na-
tection, then loss of the 18 month dose could lead to more jgna| Centre for Epidemiology and Population Health at the
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cepted that for a child whose immunity has waned after two some demographic data. NCIRS is supported by The Com-
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2 and 3, future experimental studies should be designed to
verify the results of the Italian stud@5] and the serologic
response studie86—39] regarding the level and duration

of immunity after 2 or 3 primary doses and a booster [1] Cordova SP, Gilles MT, Beers MY. The outbreak that had to

dose. happenBordetella pertussisin north-west western Australia in 1999.
The computer simulations, which are based on the best =~ Commun Dis Intell 2000;24:375-9.
data and information available at this time, suggest that sub- [2] Mcintyre P, Gidding H, Gilmour R, Lawrence G, Hull B, Horby P,
stituting the 18 month booster with a booster in adolescence e; a\'/- N?“C’”TD' Ce”ttrebflor 'g_’m“”izaﬁo\;‘ Research a”‘: E;vazi_"ance
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WI", res",“t m_ improved C(_)ntml of p?rt,USSIS in Australia. apd vaccination coverage in Australia, 1999 pto 2000. Commun
Epidemiological, economic, and logistic factors that need Dis Intell 2002;(Suppl i-xi):1-11http:/Awww.health.gov.au/pubhith/
to be considered when developing policy in Australia or cdi/pubs/pdf/ivpd9DO.pdt
other countries include the current vaccination program, the [3] Guris D, Strebel PM, Bardenheier B, Brennan M, Tachdjian R,
local epidemiological situation, the costs of pertussis cases  Finch E, et al. Changing epidemiology of pertussis in the United

; ; il AL States: increased reported incidence among adolescents and adults,
in various age groups, and the accessibility and vaccina 1090-1996. Clin Infect Dis 1999:28:1230-7.

t'?” costs fO!’ th_e target pOpUIatlon' Since we are proposing [4] Strebel P, Nordin J, Edwards K, Hunt J, Besser J, Burns S, et
direct substitution of one booster dose for another, the al. Population-based incidence of pertussis among adolescents and

cost-effectiveness of this schedule change is likely to be adults, Minnesota, 1995-1996. J Infect Dis 2001;183:1353-9.
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