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Introduction
Pertussis is a highly infectious bacterial disease caused
by Bordetella pertussis. Pertussis is one of the ten most
common causes of death from infectious disease
worldwide, accounting for 300 000–400 000 deaths each
year.1 The manifestations of B pertussis vary with the
host, symptoms ranging from the most typical cough
outbursts with inspiratory whoop, periods of apnoea,
and post-tussive vomiting, to symptoms so mild as to be
confounded with those of a common cold. B pertussis is
increasingly recognised as a principle cause of persistent
cough in adults.2

The introduction of mass vaccination of children in
the mid-20th century decreased the incidence of
pertussis so enormously as to make it an uncommon
disease. Estimates for individual efficacy of pertussis
vaccines are around 70–80% and induced protection is
of limited duration.3–5 Despite high vaccination coverage,
B pertussis remains endemic and reports of increasing
incidence in the USA,6 Canada,7 the Netherlands,8

Australia,9 France,10 the UK,11 and Poland have been
accumulating since the 1980s.12 This increase has been
accompanied by a shift to older age groups,13–15 raising
concerns about household transmission to vulnerable
infants16,17 and calling for a reappraisal of clinical
management in adolescents and adults18,19 and a
reinforcement of vaccination strategies.20 The problem
stimulates further epidemiological research21–23 and
mathematical modelling.24–26

The resurgence of pertussis has been the subject of
considerable debate.27,28 Hypotheses to explain increased
reporting in developed countries have focused mainly on
three aspects: (1) increased recognition of the disease in
adolescent and adults,22,29 (2) waning of vaccine-induced
immunity,2,21,30 and (3) loss of vaccine efficacy due to an
antigenic shift of B pertussis.31

The first hypothesis postulates that increasing
notifications reflect an intensification of the reporting
system. Attempts to demonstrate that the altered
patterns are due to notification trends alone, however,
have so far been unsuccessful.15,18,21,32 The other two views
argue for changes induced by widespread vaccine use.
On the one hand, the waning of vaccine-induced
immunity is likely to shift the incidence to older age
groups, but this does not explain the increase in total
incidence. Furthermore, since estimates for the duration
of vaccine-induced immunity are in the range of
5–10 years, it remains unclear how its introduction
could be responsible for an epidemiological change 30
years later. Antigenic shift and adaptation of B pertussis
to the vaccine with its consequent loss of efficacy, on the
other hand, is not consistent with the data across
countries, being evident in the Netherlands31 but not in
France,33 for example.

Here we propose an alternate explanation based on
two main observations: first, immunity has a limited
effect on transmission of infection and a greater effect
on severity of disease;1,22,34,35 second, immunity wanes
over time.5,36,37 We encapsulate these assumptions into a
mathematical model and conclude that a peak in the
incidence of severe disease is attained at intermediate
transmission. As a result, increased disease and
increased age at infection may be caused simultaneously
by reducing B pertussis transmission. As illustrated in
figure 1, this happens when transmission is above the
reinfection threshold.38,39

The reinfection threshold has a dramatic influence on
overall epidemiology, creating a clear distinction
between two epidemiological scenarios. Whereas below
the threshold the levels of overall infection are low, with
most cases being primary infections likely to lead to
severe disease, above the threshold transmission is
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Since the 1980s, the occurrence of pertussis cases in developed countries has increased and shifted towards older age

groups. This resurgence follows 30 years of intense mass vaccination, and has been attributed primarily to three factors:

(1) more effective diagnosis of the disease, (2) waning of vaccine-induced immunity, and (3) loss of vaccine efficacy due

to the emergence of new Bordetella pertussis strains. Here we develop and analyse a mathematical model to assess the

plausibility of these hypotheses. We consider that exposure to B pertussis through natural infection or vaccination

induces an immune response that prevents severe disease but does not fully prevent mild infections. We also assume

that these protective effects are temporary due to waning of immunity. These assumptions, describing the mode of

action of adaptive immunity, are combined with a standard transmission model. Two distinct epidemiological

scenarios are detected: under low transmission, most infections lead to severe disease; under high transmission, mild

infections are frequent, boosting clinical immunity and maintaining low levels of severe disease. The two behaviours

are separated by a reinfection threshold in transmission. As a result, the highest incidence of severe disease is expected

to occur at intermediate transmission intensities—near the reinfection threshold—suggesting that pertussis

resurgence may be induced by a reduction in transmission, independently of vaccination. The model is extended to

interpret the outcomes of current control measures and explore scenarios for future interventions.

Pertussis: increasing disease as a consequence of reducing
transmission
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strong enough to overcome immunity and, as such, mild
infections are frequent, boosting clinical immunity and
maintaining low levels of severe disease. These effects
are independent of vaccination. On this basis, we
propose that the reported increases in severe pertussis
incidence patterns may be due to a reduction in
transmission occurring independently of vaccine action.
Many factors might account for a reduction in
transmission in developed countries over the past
25 years. These factors range from improvements in
general health-care provision and socioeconomic
conditions to demographic processes such as the general
decreasing trends in birth rates observed consistently in
developed countries in the second half of the 20th
century.

Minimal model
The model structure is defined by classifying the
population according to B pertussis infection and
immunity, and representing the rates of change as
transmission progresses (figure 2). In a broad sense, the
model distinguishes between infections in an
immunologically naive individual, whose level of
protection is minimal, and infections in an individual
with a previously primed response either by infection or
vaccination. In the first instance, and in the interest of
clarity, it is assumed that natural infection and
vaccination induce similar immune protection that is
lost at similar rates.36 The results extend, however, to the
more realistic scenario of vaccine-induced immunity
waning faster5 (see web appendix). The model is
designed to explore the implications of reinfection on
pertussis epidemiology. Reinfection can potentially
occur in individuals with maximum levels of protection,
resulting in mild or atypical symptoms,13,16,37 and these
events change from rare to very common as
transmission increases across the reinfection
threshold.38,39

Individuals are born at a rate � into compartment B,
where they are protected from infection. Birth and death
rates are assigned as to provide an average lifespan of
70 years. Protection of individuals in B can be due to
reduced exposure and this effect is lost at a rate �. A
proportion, v, is vaccinated and transferred to R (partly
immune), while the remaining, 1–v, become
susceptible, S. The latter are subject to a force of
infection, �, and develop severe pertussis with typical
symptoms when infected, I1. Individuals mount an
immune response and recover at a rate � into
compartment R. The recovery rate is set to provide an
average duration of infection of approximately 2 weeks.
Although the symptoms of pertussis last about 2 months
overall, individuals are mostly infectious during that
catarrhal stage that typically takes place during the first
2 weeks of infection. Individuals in R have clinical
immunity but are, nevertheless, still subject to
reinfection, moving to compartment I2 if transmission is

intense enough. Reinfections from R occur at a reduced
rate, ��, and we use �=0·25, which is consistent with
estimates of vaccine efficacy. These infections are mild
or atypical, but likely to have a crucial role in
maintaining a level of partial immunity that prevents the
occurrence of severe disease.

Severe (I1) and mild (I2) infections are distinguished by
the severity of symptoms and infectiousness—we
consider that individuals in I1 are twice as infectious as
those in I2. During a mild infection, although individuals
have an atypical form of disease that can easily be
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Figure 1: Scheme representing increased disease incidence as a consequence
of reducing transmission
The dark blue area refers to the proportion of infections that result in severe disease and the

light blue area represents the contribution of mild infections to the total number of

infections. Reducing transmission is illustrated by the arrow.
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Figure 2: Model for the B pertussis transmission dynamics
Five epidemiological classes are organised into two major groups. The
uninfected (three compartments on the left) are classified as follows.
B=protected for a short period after birth; R=recovered from infection or
vaccinated, with partial immunity; S=susceptible after losing protection
conferred in B or R. The infected (two compartments on the right) are classified
as: I1=severe disease resulting from exposure of susceptible individuals; and
I2=mild infection resulting from exposure of recovered individuals. The
parameters are described in the table, and the model equations are: 
	B/	t + 	B/	a = –(�+�)B; 
	S/	t + 	S/	a = (1–v)�B + �R – (�+�)S;
	R/	t + 	R/	a = v�� + � (I1 + I2) – (��+�+�)R;
	I1/	t + 	 I1/	a = �S – (�+�) I1;
	I2/	t + 	 I2/	a = ��S– (�+�) I2.
The boundary conditions at age a=0 are B(t,0) =� and S(t,0) = R(t,0) = I1(t,0) =
I2(t,0) = 0.
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confounded with other upper respiratory infections, they
have the capability of transmitting B pertussis. The broad
spectrum of clinical presentations of pertussis poses
serious difficulties to the precise determination of the
parameters that characterise the infectious states, but
the accuracy of these estimates is not critical given the
generic tendencies of our results. Although it is possible
to estimate a period of about 2 months for the resolution
of pertussis symptoms, it is nonetheless important to
consider that individuals are especially infectious during
the catarrhal stage that takes place in the first 2 weeks of
infection. Therefore, we use a recovery rate of 2 weeks.
Individuals in R lose their immunity at a rate �, unless it
is boosted by reinfection. This rate is assumed so that
clinical immunity lasts on average 20 years, which is
consistent with empirically determined values of waning
immunity.6–15

The rate of infection, �, is considered proportional to
the frequency of infectious individuals, �=
(I1 + �I2),
where � represents the infectiousness of mild infections
relative to severe infections. For the purpose of
illustration we set this parameter to �=0·5, but this value
is not critical to the results. The constant of
proportionality, 
, is designated the “transmission
coefficient” and varies between populations. The basic
reproduction number, R0, is proportional to 
, and their
relation is given by R0=
�(�+�). This parameter
represents the number of secondary infections that an
index case is expected to generate in a totally susceptible
population, and is a crucial measure in setting targets for
disease elimination. All parameters are summarised in
the table. 

Results
Changes in infectious disease epidemiology are often
attributed to thresholds in transmission, and these [Au:

these what?] are detected through observed trends and
comparative studies. We consider the transmission
coefficient (or R0) as an independent parameter and
describe the importance of this measure on the
epidemiology. 

Analysing the proportion of infectious individuals at
equilibrium as a function of the basic reproduction
number, we can identify two evident transmission
thresholds (figure 3A). The epidemic threshold
indicates the transmission coefficient required for

infection to invade a susceptible population and is
realised when R0=1. The reinfection threshold, at
R0=1/��, represents the transmission coefficient above
which reinfection dominates the dynamics.38,39 This [Au:

crossing the reinfection threshold?] is associated with a
major increase in mild infections (I2) and consequent

4 http://infection.thelancet.com Vol 6   February 2006

Parameter Definition Value

� Birth and death rate 1/70 years-1

� Rate of loss of protection after birth 2 years-1

� Rate of recovery from infection 24 years-1

� Rate of loss of acquired immunity 1/20 years-1

�
 Relative rate of mild/severe infections 0·25

 Transmission coefficient Variable
� Relative infectiousness of mild/severe infections 0·5
� Vaccination coverage 95%

Table: Model parameters
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Figure 3: Peak in severe disease at intermediate transmission and the impact
of vaccination [Au: units for y-axes?]
(A) Proportion infected at equilibrium (in logarithmic scale) without vaccination
(full lines) and with 95% childhood vaccination (broken lines). The thin lines are
mild infections (I2), and heavy lines are severe disease (I1). (B) Severe disease
burden (in linear scale) without vaccination (full line), with 95% childhood
vaccination (broken line), and an extension to boosting vaccination of
adolescents and adults at 10-year intervals on average (broken line). [Au: what
do circles indicate?] (C) Proportion of severe disease in children under 1 year
without vaccination (full line) and with 95% childhood vaccination (broken line).
(D) Proportion of severe disease without vaccination (full line) and with 95%
childhood vaccination with a vaccine that confers long lived protection against
disease.
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boosting of immunity. As a result, there is a noticeable
decrease in severe disease (I1) as transmission increases
above the reinfection threshold. Altogether, these
epidemiological processes induce a peak in the
incidence of severe disease at intermediate
transmission—ie, near the reinfection threshold (more
evident in figure 3B).

The key underlying processes are sketched by focusing
on the possible fates of individuals who have been
previously infected or vaccinated, and retain a level of
partial immunity. These individuals are subject to two
competing rates: they either loose their immunity, or
they are subject to a mild infection that boosts their
immunity. The epidemiological outcome is very
sensitive to which of the two processes dominates the
dynamics. Waning of immunity is dominant below the
reinfection threshold and underlies the trend of
increasing disease with transmission. Boosting of
immunity becomes dominant above the reinfection
threshold, and underlies the less intuitive trend of
decreasing disease with increasing transmission. In the
limiting situations of very high transmission settings,
only susceptible newborns have an episode of severe
disease and the adult population acts as a reservoir.

The impact of childhood vaccination on the incidence of
severe disease is substantial throughout all values of R0,
especially in the younger age groups (figure 3C). Mild
infections, by contrast, are practically insensitive to
vaccination when transmission is above the reinfection
threshold, maintaining the partly immune status of the
population, but simultaneously posing major obstacles to
further control (dotted lines in figure 3B). This
observation has important implications for the debated
issue of introducing boosting vaccination of adolescents
and adults in 10-year intervals as a strategy to maintain
lifelong immunity.20,28 The model analysed here suggests
that such strategy has serious limitations when
transmission is above peak incidence, but this first insight
should be followed by more detailed models based on
more detailed data. As such, boosting vaccination should
not be discouraged by these results, but rather taken as a
unique opportunity to do cohort studies and learn more
about the dynamics of immunity to pertussis. 

We extended the model to test the potential of
improving vaccines as to induce longer protection (the
model extension described in the web appendix). Above
the reinfection threshold, where control is a greater
challenge, increasing the duration of protective
immunity can lead to major reductions in severe
disease, despite not having a substantial impact on
infection overall (figure 3D). Comparison with figure 3B
suggests that the effectiveness of long lasting immunity
is not easily reproduced by repeated boosting, because
above the reinfection threshold the levels of
transmission are constantly high, effectively hitting
individuals whose immunity dropped below protective
levels before the next booster.

Age profiles of reported cases are important indicators
of infectious disease transmission. We simulated a
cohort using the force of infection at each of the three
equilibria marked as dots in figure 3B, under a
childhood vaccination programme with 95% coverage.
The resulting age profiles are represented in figure 4.
For R0=4·5, which is well below previous estimates for
pertussis40 and below the peak incidence for our model,
the profile shows an increase in incidence from infants
to older children. At R0=9, which is above the peak
incidence, the burden of severe disease is approximately
the same as for R0=4·5, but the age profile gives higher
incidence in infants, thus showing a reversed trend.
When transmission is at R0=14, the overall incidence of
disease is lower and the average age at infection is also
lower. The trends in pertussis epidemiology that
motivated this work are therefore simulated [Au: ok?] by
reducing transmission from R0=14 to R0=9, for example.
The simultaneous occurrence of increasing disease
incidence and a shift to older age groups, which conflicts
with traditional epidemiological models, is here linked
to the role of waning and partial immunity in regulating
reinfection.

Discussion
Epidemiological changes provide unique opportunities
to investigate fundamental aspects of infection and
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Figure 4: Age profiles of the annual incidence of severe disease obtained for
the model populations marked by dots in figure 3B
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disease. The accumulating reports of increased pertussis
incidence in developed countries and the associated shift
to older age groups have been calling for an explanation.
Pertussis is elusive. Behind a small number of reported
cases of severe typical pertussis, there is a vast infectious
process where most cases are mild and atypical
reinfections of partly immune individuals remain
unreported. The epidemiology of clinical pertussis
cannot be detached from this wider context. Because
B pertussis infection is mostly unreported, its
epidemiology is a subject of animated debate and
controversy.

Given the level of uncertainty, we constructed a
mathematical model based on two assumptions
regarding immunity and transmission that are mostly
consensual: immunity has a limited effect on
transmission but a substantial effect on the severity of
disease, and immunity wanes over time. Model analysis
identifies a peak in severe disease at intermediate levels
of transmission. As the potential for transmission
increases, the incidence of severe disease initially
increases. However, this trend is reversed when the so-
called reinfection threshold is crossed and, from then
on, severe disease decreases as transmission is further
increased. On this basis, we propose that pertussis
transmission occurs above the reinfection threshold and
that increases in incidence reported in developed
countries result directly from reducing transmission. A
similar idea has been proposed for malaria41 and may be
more generally applicable to diseases where immunity
has a limited effect on transmission of infection and a
greater effect on disease severity. The mechanism also
requires that these effects wane over time.

The waning of immunity continually replenishes the
susceptible pool, thus becoming a serious obstacle to
control even with regular boosting of the adult
population through vaccination. Regular boosting will
raise individual immunity, but this protective effect will
gradually decrease until the next boosting. This
vaccination strategy is unlikely to eliminate the wide
variation in immunity and thus in severity of symptoms
unless vaccination effectively interrupts transmission or
provides uninterrupted protection against disease.
Interruption of transmission can be achieved below the
reinfection threshold but not above. That would require
a vaccine that confers more protection than that
conferred by infection. As for uninterrupted protection,
the ideal would be a vaccine that could provide life-long
protection. The closest option is regular boosting with
vaccines that provide shorter-lived protection. The model
described here suggests that the ups and downs in
immunity inherent to such strategy, together with its
inability to interrupt transmission above the reinfection
threshold, make effectiveness very uncertain. Given that
high levels of transmission will be maintained, disease
will strike at any opportunity, and this is supported by
more elaborate models24 and clinical trials.30 However, if

transmission is somehow reduced to levels below the
reinfection threshold, there will be a substantial
decrease in disease incidence as a result of boosting
vaccination of adolescents and adults. Overall, our
results do not indicate that boosters given as a part of the
recommended vaccination schedule would be useless or
in any case harmful. On the contrary, boosters will
provide unique opportunities to monitor the dynamics
of immunity to pertussis through specially designed
cohort studies. The resulting knowledge would be
extremely valuable to intervention design and could
provide important insights into vaccine research. 

The most optimistic scenarios were explored by
analysing the potential impact of vaccines that could be
more protective than natural immunity. Two
improvements were implemented: one induced stronger
protection against reinfection and the other increased
the duration of protection. Improving vaccines to induce
longer protection is the best option. Even under high
transmission, increasing the duration of protective
immunity can lead to major reductions in disease
incidence, despite not having a substantial impact on
infection overall.

Mathematical models of infectious diseases are
standard tools in public health. They can sharpen our
understanding of the specific aspects of infectious
disease dynamics, and can be extended to assess the
possible impact of alternative control strategies.
Moreover, models can be used to compare different
hypotheses and generate new ones. The minimal model
presented here integrates B pertussis transmission with
disease incidence. The mode of action of immunity—
partly protective and waning—was identified as the basis
for all the results. The simplicity of this model facilitates
the clarity of interpretation, but makes extreme
conclusions unavoidable. Therefore, this initial insight
should be taken as a hypothesis to be followed by more
detailed models and observational studies. 
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