
per year; table S3). Adolescents 10 to 20 years old accounted for more
than 50% of these cases (Fig. 1, B and C, and table S3). The trends in
adults were even more pronounced: Cases in those 20 years of age and
older increasedmore than 16%per year andmore than 10-fold over the
15-year interval. By contrast, trends were less obvious in children under
the age of 10, and no increase was observed in infants under 1 year of
age, despite the persistently high incidence rate in that age group (aver-
age, 57 cases per 100,000 per year). These trends continue the pattern of
resurgence that began in the mid-1970s (9), and no effects of the switch
from whole-cell to acellular vaccines in 1996 are immediately evident.
The resulting age-specific incidence profile presents two peaks of com-
parable magnitude in infants and in adolescents (Fig. 1B). Conclusions
regarding age-specific disease burden, however, must take into account
the differential sensitivities of ascertainment methods used in different
age groups. Specifically, the serological enzyme-linked immunosorbent
assay used to identify infections in adolescents and adults is considera-
bly more sensitive, and less specific, than the culture-based ascertain-
ment methods used in children under the age of 11 (31).

Resurgence of pertussis is linked to incomplete historical
coverage and slowly waning vaccine immunity
Using these data and likelihood-based inference methods [(34–37),
Model formulation in Materials and Methods, and tables S4 and S5],

we weighed the evidence for four alternative hypotheses of vaccine im-
munity after initial vaccine take: (i) Vaccine protection is perfect in both
duration and degree (“no lossmodel”), (ii) vaccine-derived immunity is
perfect in degree but transient (“waning model”), (iii) protection is per-
manent but imperfect in degree (“leaky model”), and (iv) vaccine im-
munity is imperfect in both degree and duration (“waning + leaky
model”). In each of these, we allowed some primary vaccine failure (that
is, failure in take) to be estimated along with the other parameters. We
assumed that infection-derived immunity is perfect. The waningmodel
received substantially higher support [as quantified by the Akaike
Information Criterion (AIC)] than other models (DAIC > 140; Table 1,
see also tables S6 and S7 and fig. S8). The best-fitting model predicts a
primary vaccine failure probability of 4% [95% confidence interval
(CI), 1 to 8%]. Under this model, vaccine protection wanes slowly on
average; however, there is substantial variability among individuals.
Specifically, there is a 10% risk (CI, 3 to 19%) of protection waning to
zero within 10 years of completing routine vaccination and a 55%
chance that protection remains lifelong. The results further suggest that
post-vaccine infections (defined as infections in individuals in whom
the vaccine took butwhose immunity subsequentlywaned) are as trans-
missible as, but less visible than, naïve infections [relative transmissibil-
ity, 0.99 (CI, 0.40 to 1.00); relative observability, 0.39 (CI, 0.19 to 1.00)].
This finding is consistent with evidence from animal challenge studies
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Fig. 1. Pertussis incidence data in Massachusetts, United States, 1990–2005. The figure displays temporal trends of age-specific pertussis incidence data. (A) Monthly
case reports by age group. (B) Annual case reports (per 100,000) by age group. The black line represents the overall incidence. (C) Case fraction among age groups.
(D) Cumulative case fraction among age groups. For each age group on the x axis, the corresponding value on the y axis represents the fraction of cases of lower or
equal age. Each line represents a distinct calendar year.
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