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Measles is a highly infectious and potentially
dangerous disease. Before mass vaccination was
started in the United Kingdom, measles caused
an average of 100 deaths per year (1). Since the
introduction of vaccination, vaccine uptake has
risen from around 50% in 1968 to 76% in 1988.
After the introduction of the combined measles,
mumps, and rubella (MMR) vaccine in 1988,
vaccine uptake rose rapidly to a national average
of 91% by 1998 (2), at which time the alleged
side effects of the MMR vaccine began to be

widely discussed. Although all of the claims of
serious side effects have been refuted, there has
been a decline in the uptake of the MMR vaccine
in the United Kingdom leading to a growing pool
of susceptible individuals (2). The drop in vac-
cine uptake has coincided with a number of large
measles outbreaks (Fig. 1A).

Although the population biology of measles
depends on many factors, such as seasonality of
transmission and the social, spatial, and age struc-
ture of the population, the fate of an epidemic can

be predicted by a single parameter: the reproduc-
tive number R, defined as the mean number of
secondary infections per infection (3, 4). The
reproductive number is approximately propor-
tional to the fraction of the population that is not
immunized (5). If the reproductive number is
smaller than one, the disease will not persist but
will manifest itself in outbreaks of varying size
triggered by importations of the disease. If the
reproductive number approaches one, large out-
breaks become increasingly likely, and, if it ex-

ceeds one, the disease can become endemic. If
the reproductive number equals one, the situation
is said to be at criticality. A decline in vaccine
uptake will lead to increasingly large outbreaks
of measles and, finally, the reappearance of mea-
sles as an endemic disease (fig. S1).

We used data on recent outbreaks in England
and Wales to estimate the reproductive number.
Isolated cases were excluded because they tend to
be misrepresented in the data. The reproductive
number depends on the average size of outbreaks

m, as R � 1 – 2/m (5). The estimated reproduc-
tive number for the years 1995–1998 and
1999–2002 were R � 0.47 and R � 0.82,
respectively [with 90% bootstrap confidence
intervals of (0.36, 0.55) and (0.71, 0.87), re-
spectively]. This is a significant increase (boot-
strap method, P � 0.00011). Estimates of the
reproductive number per year show that the
increase in the reproductive number occurred
almost immediately after the decrease in the
MMR vaccine uptake in 1998 (Fig. 1B), al-
though the residual effects of previous changes
to the vaccination program might have contrib-
uted to this effect (1). An indication that the
situation is close to criticality, i.e., reproductive
number equal to one, is provided by the distri-
bution of outbreak sizes. At criticality, the prob-
ability of an outbreak of size x or larger is
approximately proportional to x�1/2 (5). By
comparing the distribution of outbreak sizes be-
fore 1999 with the distribution for the years
1999–2002, it can be seen that the shape of the
distribution is close to the distribution at criti-
cality (Fig. 1C). Similar power laws have been
observed in the distribution of measles out-
breaks in small islands (6).

If the current low level of MMR vaccine
uptake persists in the UK population, the in-
creasing number of unvaccinated individuals
will lead to an increase in the reproductive num-
ber and possibly the re-establishment of endem-
ic measles and accompanying mortality. In their
attempt to avoid the perceived risk associated
with vaccination, parents’ behavior collectively
results in a substantial increase in the real risk of
exposure to measles.
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Fig. 1. (A) Recentmeasles outbreaks in England andWales. Caseswere assigned to the sameoutbreaks if they
had had epidemiological contact. Isolated cases and outbreaks caused by deliberately bringing susceptible and
infected children together were excluded. Dashed line, the vaccine uptake measured as the percentage of
children that had completed a primary course with the MMR vaccine at their second birthday [from (2)]. (B)
The reproductive number per year; bars indicate 90% bootstrap confidence intervals. (C) The frequency
distribution of outbreaks of a certain size or larger (stepped lines) for the years 1995–1998 and 1999–2002
and the theoretically predicted distributions (curved lines). Dashed line, distribution for R � 1.
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