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The number of cases of paralytic poliomyelitis has declined in Nigeria since the introduction of newly licensed monovalent oral poliovirus vaccines and new techniques
of vaccine delivery. Understanding the relative contribution of these vaccines and the
improved coverage to the decline in incident cases is essential for future planning.
Methods

We estimated the field efficacies of monovalent type 1 oral poliovirus vaccine and
trivalent oral poliovirus vaccine, using the reported number of doses received by people
with poliomyelitis and by matched controls as identified in Nigeria’s national surveillance database, in which 27,379 cases of acute flaccid paralysis were recorded
between 2001 and 2007. Our estimates of vaccine coverage and vaccine-induced immunity were based on the number of doses received by children listed in the database who had paralysis that was not caused by poliovirus.
Results

The estimated efficacies per dose of monovalent type 1 oral poliovirus vaccine and
trivalent oral poliovirus vaccine against type 1 paralytic poliomyelitis were 67% (95%
confidence interval [CI], 39 to 82) and 16% (95% CI, 10 to 21), respectively, and the
estimated efficacy per dose of trivalent oral poliovirus vaccine against type 3 paralytic poliomyelitis was 18% (95% CI, 9 to 26). In the northwestern region of Nigeria,
which reported the majority of cases during the study period, coverage with at least
one dose of vaccine increased from 59 to 78%. Between 2005 and 2007, vaccineinduced immunity levels among children under the age of 5 years more than doubled, to 56%.
Conclusions

The higher efficacy of monovalent type 1 oral poliovirus vaccine (four times as effective as trivalent oral poliovirus vaccine) and the moderate gains in coverage dramatically increased vaccine-induced immunity against serotype 1 in northern Nigeria. Further increases in coverage in Nigerian states with infected populations are
required to achieve the levels of vaccine-induced immunity associated with the sustained elimination achieved in other parts of the country.
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B

y 2003, the Global Polio Eradication
Initiative had interrupted the transmission
of indigenous wild polioviruses in all but
six countries worldwide, including Nigeria.1 In that
year, however, the temporary suspension of all poliovirus immunization in one Nigerian state contributed to a national epidemic of poliomyelitis and
the reinfection of at least 20 previously wild-type
poliovirus–free countries.2 Although poliovirus
immunization was reinstituted within 12 months,
vaccine coverage remained low across northern Nigeria, and case numbers continued to increase.
In early 2006, Nigerian health authorities adopted new tools and tactics to accelerate poliovirus eradication. To respond to lingering community concerns, Nigeria’s national immunization
days have been replaced by “immunization-plus
days,” during which a range of childhood vaccinations and other health interventions are offered
along with the oral poliovirus vaccine. To enhance
the effectiveness of immunization contacts against
types 1 and 3 paralytic poliomyelitis, trivalent oral
poliovirus vaccine was replaced with monovalent
oral poliovirus vaccine on a number of immunization-plus days from February 2006 to the present (type 1) and from July 2007 to the present
(type 3).3-5 In 2007, type 1 poliomyelitis cases in
Nigeria fell by 86% as compared with 2006, contributing to an overall decline in poliomyelitis
cases of 75% (see Tables 1A and 1B in the Supplementary Appendix, available with the full text
of this article at www.nejm.org). International
exportations of poliovirus also plummeted, suggesting a vast improvement in the prospects for
global eradication.
Although both the use of monovalent type 1
oral poliovirus vaccine and the implementation
of immunization-plus days are generally credited
with the progress in 2007, a critical evaluation of
the interventions used is essential in assessing the
feasibility of completely eliminating wild-type
poliovirus in Nigeria and, ultimately, the world.
An estimate of the efficacy of the poliovirus vaccines is especially important in the context of the
recent resurgence of cases of type 1 poliomyelitis in 2008 in northern Nigeria. We investigated
the protective efficacies of monovalent type 1 oral
poliovirus vaccine and trivalent oral poliovirus
vaccine in Nigeria, the changes in vaccine coverage after the introduction of immunization-plus
days, the resulting vaccine-induced population immunity over time, and the levels of immunity as-

n engl j med 359;16

sociated with local interruption of wild poliovirus
in this setting. We discuss the implications of
these results for the elimination of wild-type poliovirus from Nigeria.

Me thods
Data Collection

We identified cases of poliomyelitis in the national database maintained by the government of Nigeria, which since December 1996 has recorded
all cases of acute flaccid paralysis detected and reported among children under the age of 15 years.6
Acute flaccid paralysis is characterized by the rapid onset of weakness and progression to maximum
severity within several days to weeks, with the absence of spasticity or other signs of disordered
motor tracts in the central nervous system, such
as hyperreflexia, clonus, or extensor plantar responses.7 Since 2001, the quality of national surveillance for cases of acute flaccid paralysis not
caused by poliovirus has exceeded the international
performance standard of at least 1 case reported
annually per 100,000 children.8 Consequently, the
cases of acute flaccid paralysis examined had reported dates of onset of paralysis between January 1, 2001, and December 31, 2007. All such cases
are subject to standard clinical, epidemiologic,
and laboratory investigations, including the collection of two stool samples, at least 24 hours
apart, to test for wild and vaccine poliovirus. The
number of doses of oral poliovirus vaccine received by each child with acute flaccid paralysis
(as reported by a parent or guardian) was recorded during interviews before laboratory testing of
the stool samples to ensure blinding of both parents (or other caregivers) and investigators.
Other data collected in the initial interviews
included date of birth, date of onset of paralysis,
and location of residence (administratively, Nigeria is divided into 6 zones, 37 states, and 774 local
government areas). A total of 27,379 cases of acute
flaccid paralysis were in the data set. The following cases were excluded from the study: those in
which there was residual paralysis compatible with
poliomyelitis and for which two adequate stool
specimens were not available (3.0%), those in
which vaccine virus was isolated from stool (5.4%),
and those in which the number of vaccine doses
received or the age at the onset of paralysis were
not reported (9.3% and 3.9%, respectively). Consequently, a total of 21,815 cases of acute flaccid
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paralysis (79.7%) were included in the study (see
Fig. 1 in the Supplementary Appendix).
A case of type 1 or type 3 poliomyelitis was
defined as any case of acute flaccid paralysis with
virologic confirmation of type 1 or type 3 wild
poliovirus, respectively, from at least one stool
sample. The sensitivity of testing for poliovirus
in two stool samples was estimated with the use
of published methods9 (see the Methods section
in the Supplementary Appendix). In this study,
cases of acute flaccid paralysis not caused by poliovirus were defined as those in which neither
wild nor vaccine-related poliovirus was isolated.
Acute flaccid paralysis not caused by poliovirus
may result from a range of other conditions, including the Guillain–Barré syndrome and infection with other enteroviruses.7 Routine immunization coverage in Nigeria is low; nationwide in
2006, just 37% of children had received three
doses of trivalent oral poliovirus vaccine by 1 year
of age. Routine coverage is extremely heterogeneous nationwide and particularly low in northern
states.10 Most poliovirus vaccine doses are received
through supplementary immunization activities,
which were introduced in 1996. We therefore assumed that children received all doses of oral
poliovirus vaccine through supplementary immunization activities rather than through routine immunization.
The number of these activities during which
a child with acute flaccid paralysis was exposed
to each vaccine type was calculated on the basis
of the child’s date of birth, age at onset of paralysis, and state of residence (see Table 2 in the Supplementary Appendix). The fraction of the rounds
in which each vaccine type was used was multiplied by the number of reported doses received to
yield an expected number of doses of each type
received.11 The sensitivity of the results to the assumption that all doses were received by means
of supplementary immunization activities was assessed by assuming that the first three doses received by randomly chosen children in the analysis were trivalent oral poliovirus vaccine provided
during routine services and that the remaining
doses were provided during supplementary immunization activities and consisted of monovalent type 1 oral poliovirus vaccine, trivalent oral
poliovirus vaccine, and monovalent type 3, as described above. The fraction of children assumed
to have received routine trivalent oral poliovirus
vaccine doses in this sensitivity analysis was based
1668
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on the reported routine immunization coverage
in each zone10; the random analysis was repeated
100 times (see the Methods section in the Supplementary Appendix). The potency of each monovalent vaccine is equivalent to the individual components of the trivalent vaccine. Thus, a dose of
monovalent type 1 oral poliovirus vaccine contains
106 median cell-culture infectious doses (CCID50),
and a dose of monovalent type 3 oral poliovirus
vaccine contains 105.8 CCID50, as found in the trivalent formulation.
Surveillance includes investigation of all potential cases of vaccine-associated paralytic poliomyelitis. Among children who have received the
first dose of vaccine, the incidence of vaccineassociated paralytic poliomyelitis is 1 case per
1 million children, and the incidence is much
lower after subsequent doses.12,13 The Expert Review Committee in Nigeria examines all potential
cases of vaccine-associated paralytic poliomyelitis and has reported no increase in the incidence
since the introduction of monovalent type 1 oral
poliovirus vaccine. Analysis of the National Surveillance database, which tracks the use of standard vaccines licensed by the National Regulatory
Authority of the Government of Nigeria for use
in Nigeria, without potential for individual case
identification, does not require institutional ethics approval. All authors vouch for the completeness and accuracy of the data reported.
Statistical Analysis

Two matched case–control studies (one for type 1
poliovirus, and one for type 3) were used to estimate the efficacies of the vaccines against paralytic poliomyelitis (type 2 wild poliovirus was
eradicated globally in 1999). Children with poliomyelitis were matched in a 1:1 ratio with controls
randomly selected from the database of children
with acute flaccid paralysis not caused by poliovirus; matching was based on the age at onset of
paralysis (within 6 months), the date of onset of
paralysis (within 6 months), and region (same
local government area). These matching criteria
were chosen to maximize the number of case–
control pairs while minimizing the biases that
might be introduced by a failure to control for
differences in exposure between cases and controls. Children with acute flaccid paralysis that
was not caused by poliovirus were considered appropriate controls because all cases of acute flaccid
paralysis were investigated before confirmation
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of poliovirus status, ensuring the blinding of
investigators and parents (or guardian) during
dose-reporting interviews. Conditional logisticregression analysis of the 1:1 matched data was
used to relate the log-odds of disease to the number of doses of vaccine (see the Methods section in
the Supplementary Appendix). To assess the validity of reporting a constant efficacy per dose of
vaccine, the number of doses was entered as a continuous variable and as a categorical variable in
separate models, and these models were compared
by means of a likelihood-ratio test. Variations in
vaccine efficacy by zone and potential interactions
between the vaccines were investigated. The sensitivity of the efficacy estimates to the matching
criteria was also examined.
Vaccine coverage was estimated on the basis of
the reported number of doses in cases of acute
flaccid paralysis not caused by poliovirus, with
cases weighted to match the underlying distribution of the population by state and single years of
age.14,15 Differences in vaccine coverage between
2005 and 2007 were tested with the use of a multinomial chi-square test (see the Methods section
in the Supplementary Appendix). The fraction of
children younger than 5 years of age who were
protected by direct vaccination against type 1 paralytic poliomyelitis (vaccine-induced population
immunity) was calculated from the estimated
coverage with monovalent type 1 oral poliovirus
vaccine and trivalent oral poliovirus vaccine and
their estimated efficacies (see the Methods section in the Supplementary Appendix). Confidence
intervals were estimated with the use of the
delta method (see the Methods section in the
Supplementary Appendix). The contribution of
changes in coverage only to changes in population immunity was estimated by recalculating
these levels with the assumption that trivalent
oral poliovirus vaccine was used in all rounds.
The correlation between the proportion of children younger than 5 years of age who were protected by vaccination in each state and the reported numbers of cases of type 1 poliomyelitis
was estimated with the use of Spearman’s rankcorrelation coefficient.

have type 3 poliomyelitis during the study period.
Of these children, 1174 with type 1 poliomyelitis
(46%) and 502 with type 3 poliomyelitis (46%) were
matched with a suitable control (Table 1). The estimated efficacy of trivalent oral poliovirus vaccine against paralysis from type 1 poliomyelitis
across Nigeria was 16% (95% confidence interval
[CI], 10 to 21) per dose, and the efficacy of monovalent type 1 oral poliovirus vaccine was 67%
(95% CI, 39 to 82) per dose. The estimated efficacy
of trivalent oral poliovirus vaccine against paralysis from type 3 poliomyelitis was 18% (95% CI,
9 to 26) per dose. There was insufficient use of
monovalent type 3 oral poliovirus vaccine to allow the efficacy of this vaccine to be estimated
reliably.
Vaccine efficacies did not differ significantly
according to the zone of the country (Table 1), nor
were there significant differences when efficacies
were estimated separately according to year or age
(see Tables 3A and 3B in the Supplementary Appendix). There was no evidence of an interaction
between monovalent type 1 oral poliovirus vaccine and trivalent oral poliovirus vaccine in the
type 1 model (P = 0.82). Comparisons of the fit of
the model with a constant efficacy per dose of
vaccine with a model that allowed the protective
efficacy to vary according to the dose number
showed that a constant efficacy per dose was a
reasonable assumption for both monovalent type 1
oral poliovirus vaccine and trivalent oral poliovirus vaccine (P = 0.93 and P = 0.085, respectively,
for monovalent and trivalent oral poliovirus vaccine against type 1 paralytic poliomyelitis; P = 0.36
for trivalent oral poliovirus vaccine against type 3)
(see Fig. 2 in the Supplementary Appendix). These
findings are consistent with the all-or-nothing
mode of action of these live-virus vaccines. Tighter
matching of cases and controls according to age
and date at the onset of paralysis did not substantially alter the estimates of vaccine efficacy
(see Table 4 in the Supplementary Appendix). Sensitivity analyses showed that our results were robust with respect to various assumptions regarding the number of doses received through routine
immunization (see Table 5 in the Supplementary
Appendix).
The estimated sensitivity of laboratory testing
R e sult s
for wild poliovirus was 99% and 98% for types 1
Vaccine Efficacy
and 3, respectively. The prevalence of type 1 and
A total of 2532 children were reported to have type 3 poliovirus among cases of acute flaccid
type 1 poliomyelitis and 1092 were reported to paralysis was estimated at 9.3% and 3.9%, respecn engl j med 359;16
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Table 1. Estimated Protective Efficacy of Oral Poliovirus Vaccines against Type 1 and Type 3 Paralytic Poliomyelitis in Nigeria According to
Zone, 2001–2007.
Zone

Protection against Type 1 Poliovirus
Total No.
of Cases

Case–Control
Matches

Efficacy of
Monovalent
Vaccine

no. (%)

Total No.
of Cases

Case–Control
Matches

Efficacy of
Trivalent
Vaccine

no. (%)

% (95% CI)

13 (6–19)

851

402 (47)

17 (7–26)

158 (36)

58 (0–88)

23 (7–37)

173

67 (39)

18 (0–40)

68 (44)

100 (0–100)

23 (1–40)

52

16 (31)

24 (0–56)

—†

54 (4–78)

16

8 (50)

12 (0–54)

1092

502 (46)

18 (9–26)

1899

925 (49)

Northeast

437

North Central

154

All zones

Efficacy of
Trivalent
Vaccine

63 (27–82)

Northwest

South*

Protection against Type 3 Poliovirus

42

23 (55)

2532

1174 (46)

% (95% CI)

67 (39–82)

16 (10–21)

* Results for the South include all three southern zones (Southwest, South-South, and Southeast).
† During the study period, there were no reported cases of type 1 paralytic poliomyelitis in the South after the introduction of monovalent
type 1 oral poliovirus vaccine.

tively. Therefore, the probability of misclassifying
a case of acute flaccid paralysis not caused by
poliovirus as a case of type 1 or type 3 poliomyelitis was 0.0011 and 0.0006, respectively.
Immunization Coverage and Program
Effectiveness

Significant improvements in immunization coverage were registered between 2005 (before the
administration of monovalent type 1 oral poliovirus vaccine and immunization-plus days) and 2007
(after the administration of monovalent type 1 oral
poliovirus vaccine and immunization-plus days)
in the northwestern and northeastern zones,
which reported the majority of poliomyelitis cases
(P<0.001) (Table 2). Coverage in the southeastern
zone declined significantly between 2005 and 2007
(P<0.001) (Table 2). Coverage in the three remaining zones was high, and there were no significant
changes between 2005 and 2007.
The combination of improved coverage and use
of the more efficacious monovalent type 1 oral
poliovirus vaccine has resulted in substantial increases in the proportion of children protected
through direct immunization against type 1 paralytic poliomyelitis (Fig. 1 and Table 2). In the
northwestern zone, 33% of the improvement in
vaccine-induced immunity between 2005 and 2007
was due to improved coverage, whereas in the
southern zones of the country, the improvement
in vaccine-induced immunity was solely due to
the introduction of the monovalent vaccine (see
Tables 6 and 7 in the Supplementary Appendix).
The estimated fraction of children who were
protected against type 1 paralytic poliomyelitis
1670
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strongly correlates with the reported numbers of
cases of type 1 poliomyelitis (Fig. 1). The correlation was significant in all years, rising significantly in more recent years (P = 0.02) (see Table 8
in the Supplementary Appendix). Plotting the fraction of children younger than 5 years of age who
were protected from type 1 paralytic poliomyelitis against the incidence of poliomyelitis for each
year and state suggests that in some areas a level
of 80% protection has been sufficient to achieve
local elimination (Fig. 2).

Discussion
This study provides estimates of the efficacy of
oral poliovirus vaccines in Nigeria and the effect
of these vaccines on population immunity. Although trivalent oral poliovirus vaccine was successfully used to interrupt transmission of indigenous type 1 wild polioviruses across southern
Nigeria, the recently licensed monovalent type 1
oral poliovirus vaccine, with an estimated efficacy
per dose that is four times that of trivalent oral
poliovirus vaccine, substantially improves the prospects for accelerating elimination in northern Nigeria. Because of improvements in immunization
coverage and the introduction of monovalent
type 1 oral poliovirus vaccine, vaccine-induced immunity in the northwestern and northeastern
zones (which reported 96% of all type 1 cases in
Nigeria in 2006) more than doubled between
2005 and 2007. However, further gains in immunization coverage are required to achieve elimination, since 21% of children in the northwestern
zone (where the majority of cases have occurred)
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Table 2. Vaccine Coverage among Children with Acute Flaccid Paralysis Not Caused by Poliovirus, According to Zone and Estimated
Percentage of Children Less Than 5 Years of Age Who Were Protected against Type 1 Paralytic Poliomyelitis in 2005 and 2007.*
Year

Northwest

Northeast

North Central

Southwest

Southeast

South-South

909

358

529

480

219

229

Whole
Country

2005
No. of children

2724

percentage of children
No. of reported doses
0

41

28

4

2

2

1

15

1–3

44

42

30

28

39

31

37

>3
Children protected (95% CI)

66

70

22 (15–28)

15

31 (28–35)

30

49 (46–52)

56 (51–62)

50 (45–54)

59

53 (49–57)

69

740

318

522

450

273

424

47
42 (40–44)

2007
No. of children

2727

percentage of children
No. of reported doses
0

21

9

3

1

7

3

9

1–3

55

59

38

27

46

31

43

>3
Children protected (95% CI)

24
56 (41–71)

32
61 (48–73)

59

72

65 (53–77)

83 (72–94)

46
71 (57–84)

66
81 (72–91)

48
69 (62–76)

* Distribution of the number of doses among case subjects differed significantly between 2005 and 2007 in the northwestern, northeastern,
and southeastern zones and across the whole country (P<0.001 for all four comparisons between the 2 years).

still have never received a single dose of vaccine,
with a further 55% having received fewer than
the recommended four doses.
The estimated efficacy of trivalent oral poliovirus vaccine in Nigeria is similar to its efficacy
in India, with the exception of the northern Indian state of Uttar Pradesh, where the substantially lower efficacy of oral poliovirus vaccines
appears to be the result of a high prevalence of
diarrheal and other infections that interfere with
seroconversion.16 The efficacy of trivalent oral poliovirus vaccine did not show significant variation across Nigeria, although case numbers in the
South were limited (Table 1). The efficacy of monovalent type 1 oral poliovirus vaccine is higher
in northern Nigeria than in Uttar Pradesh11 and
is similar to rates of seroconversion after administration of monovalent type 1 oral poliovirus vaccine in other developing countries.17 This finding suggests that the persistence of poliovirus in
northern Nigeria is not a result of environmental
conditions that can compromise vaccine efficacy,
as it is in northern India.
The precision of our efficacy estimates could
be affected by the accuracy of the reporting of
oral poliovirus vaccine doses and potential differn engl j med 359;16

ences in exposure to poliovirus between cases and
controls. However, the fact that the parent (or
guardian) is unaware of the poliovirus status of
a child when being interviewed minimizes the
risk of systematic bias in dose reporting. In addition, since controls came from the same area as
case subjects, the two groups are likely to have
had similar exposure to virus; indeed, efficacy estimates were robust to closer matching of case
subjects with controls. Nearly 50% of case subjects were matched to a control, and the resulting
exclusion of some case subjects does not appear
to have introduced any bias (see Tables 9A and
9B in the Supplementary Appendix). Perhaps more
important, irrespective of the precision of the
point estimate of vaccine efficacy, the calculated
relative gain in efficacy for monovalent type 1
oral poliovirus vaccine as compared with trivalent oral poliovirus vaccine against type 1 paralytic
poliomyelitis was robust with respect to these potential biases. Vaccine quality is unlikely to have
been an issue, since temperature monitors on vaccine vials have been used nationwide since 2000
to prevent the administration of vaccine with low
potency.
Our estimates of population immunity do not
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concerns of community leaders and parents that
had contributed to the suspension of the use of
oral poliovirus vaccine in 2003.
The encouraging findings of this study must
be interpreted with caution in assessing the overall outlook for the elimination of poliovirus in
Nigeria. With substantial population movements
and an annual birth rate of approximately 40
births per 1000 population,14 the growth of the
susceptible population is considerable. Although
a level of direct immunity from vaccination of
approximately 30% can reduce the transmission
of type 1 poliovirus in Nigeria (Fig. 2), a level of
at least 80% is required for sustained local elimination of transmission. As of 2007, some degree
of control appears to have been achieved in many
northern states, but considerable further improvements are still required to reach a level at which
poliovirus can be eradicated (Fig. 1). The consequences of such ongoing immunity gaps were evin engl j med 359;16
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resurgence of type 1 cases in early 2008 that have
spread to the South. Nonetheless, giving each
child in the northwestern zone just one additional dose of monovalent type 1 oral poliovirus
vaccine could increase direct population immunity
to more than 80% in much of this area — a substantial increase from the 56% immunity recorded
in 2007.
India and Nigeria reported 88% of poliomyelitis cases worldwide in 2007 and are central to
global eradication. In contrast with India, in
northern Nigeria vaccine coverage remains a significant barrier to completing the elimination of
poliovirus. The relatively high efficacy of monovalent type 1 oral poliovirus vaccine in Nigeria
offers the potential for rapid eradication of type
1 poliovirus, provided that vaccination coverage
continues to improve in the northern part of the
country.
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The largest recorded outbreak of a circulating vaccine-derived poliovirus (cVDPV),
detected in Nigeria, provides a unique opportunity to analyze the pathogenicity of
the virus, the clinical severity of the disease, and the effectiveness of control measures for cVDPVs as compared with wild-type poliovirus (WPV).
Methods

We identified cases of acute flaccid paralysis associated with fecal excretion of type 2
cVDPV, type 1 WPV, or type 3 WPV reported in Nigeria through routine surveillance
from January 1, 2005, through June 30, 2009. The clinical characteristics of these
cases, the clinical attack rates for each virus, and the effectiveness of oral polio vaccines in preventing paralysis from each virus were compared.
Results

No significant differences were found in the clinical severity of paralysis among the
278 cases of type 2 cVDPV, the 2323 cases of type 1 WPV, and the 1059 cases of type
3 WPV. The estimated average annual clinical attack rates of type 1 WPV, type 2
cVDPV, and type 3 WPV per 100,000 susceptible children under 5 years of age were 6.8
(95% confidence interval [CI], 5.9 to 7.7), 2.7 (95% CI, 1.9 to 3.6), and 4.0 (95% CI,
3.4 to 4.7), respectively. The estimated effectiveness of trivalent oral polio vaccine
against paralysis from type 2 cVDPV was 38% (95% CI, 15 to 54%) per dose, which
was substantially higher than that against paralysis from type 1 WPV (13%; 95% CI,
8 to 18%), or type 3 WPV (20%; 95% CI, 12 to 26%). The more frequent use of serotype 1 and serotype 3 monovalent oral polio vaccines has resulted in improvements
in vaccine-induced population immunity against these serotypes and in declines in
immunity to type 2 cVDPV.
Conclusions

The attack rate and severity of disease associated with the recent cVDPV identified
in Nigeria are similar to those associated with WPV. International planning for the
management of the risk of WPV, both before and after eradication, must include
scenarios in which equally virulent and pathogenic cVDPVs could emerge.
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S

ince 1988, when the World Health
Assembly resolved to eradicate poliovirus,
the annual incidence of paralytic poliomyelitis has fallen by more than 99%. However, the
annual number of cases reported for the years
2003 through mid-2009 has remained relatively
constant, and continued transmission in endemic
countries, especially Nigeria, led to a resurgence
of re-infected countries across Africa from 2008
through 2009.1,2 The emergence of a serotype 2
circulating vaccine-derived poliovirus (cVDPV) in
Nigeria has complicated the epidemiology of polio as well as vaccine selection and scheduling for
supplementary immunization activities.3
A cVDPV is defined by the appearance of two
or more cases of acute flaccid paralysis with
closely related vaccine-derived poliovirus; it occurs when a vaccine poliovirus increases in neurovirulence and transmissibility after mutation.1
cVDPVs have usually recombined with other enteroviruses, and their spread is associated with
inadequate vaccine coverage.4 Globally, 12 independent outbreaks of cVDPV have been identified
to date.1,4,5 However, little is known about their
clinical features or the challenges they pose for
eradication. Consequently, their significance has
been much debated, with some scientists arguing that cVDPVs are the death knell for eradication6,7 and others suggesting that these viruses
pose a minor risk.8
Serotype 2 cVDPVs are of particular concern
because serotype 2 wild-type poliovirus (WPV) is
considered to have been eradicated.9 The ongoing
outbreak of paralytic disease associated with this
type 2 cVDPV in Nigeria is unique in being the
largest recorded to date and in occurring in the
presence of extensive transmission of indigenous
type 1 and type 3 WPV. Therefore, steps have
been taken to intersperse the administration of
trivalent oral polio vaccine — the only vaccine
currently licensed in Nigeria that provides protection against type 2 WPV — among more aggressive efforts to administer the more effective
serotype 1 or 3 monovalent oral polio vaccines
in order to limit the national and international
spread of WPVs.10-13
Despite the fact that both large- and smallscale campaigns using trivalent oral polio vaccine were mounted from 2006 through 2008, the
number of cases of acute flaccid paralysis associated with type 2 cVDPV increased in early 2009.
To optimize the balance of trivalent, monovalent,
and the recently developed bivalent (serotypes
n engl j med 362;25

1 and 3) oral polio vaccines14 in upcoming supplementary immunization activities in Nigeria, and
to appropriately plan for risk management after
eradication, we need a deeper understanding of
the relative pathogenicity of the cVDPV and WPVs,
the relative clinical severity of the paralytic polio
caused by the viruses, and the relative effectiveness of the control strategies currently being deployed against them.

Me thods
Data Collection

Intensified surveillance for poliomyelitis involving the detection and reporting of cases of acute
flaccid paralysis15 among all children in Nigeria
younger than 15 years of age began in December
1996.16 Case investigation involves conducting detailed clinical and epidemiologic investigations,
including the collection of two stool samples for
laboratory testing for poliovirus. Samples with
positive results are investigated with the use of
intratypic differentiation tests and genetic sequencing (carried out by the U.S. Centers for Disease Control and Prevention) to determine whether the virus is vaccine-related or wild-type.17 The
number of doses of oral polio vaccine received
before the development of acute flaccid paralysis
is recorded during initial interviews with a senior
medical officer. A follow-up visit at 60 days includes testing for residual paralysis. Clinical data
collected during the initial interview include age,
sex, presence or absence of asymmetrical paralysis, progression to paralysis within 3 days or over a
longer period, presence of fever at onset or absence
of paralysis, and number of limbs paralyzed.
We defined a case of cVDPV paralysis as any
case of acute flaccid paralysis in which vaccinerelated poliovirus isolated from at least one stool
sample differed from the original Sabin vaccine
strain by 1 to 15% of nucleotides in the region
encoding the viral capsid protein VP1.18 Cases of
wild-type poliomyelitis virus were defined as cases
of acute flaccid paralysis in which the wild-type
virus was detected in at least one stool sample.
Cases of nonpolio acute flaccid paralysis were
defined as those in which neither wild-type nor
vaccine-related poliovirus was isolated in two
adequate stool samples collected within 2 weeks
after the onset of paralysis, at least 24 hours
apart. All cases of acute flaccid paralysis with a
reported date of onset between January 1, 2005,
and June 30, 2009, were included in this analy-
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sis. Cases without two adequate stool samples
and with residual paralysis (assessed at least 60
days after the onset of paralysis) that were compatible with poliomyelitis were excluded, as
were cases in which more than one serotype of
WPV was isolated. Estimates of vaccine effectiveness and population immunity also excluded cases
of acute flaccid paralysis in which the number
of oral polio vaccine doses received or the age at
onset of paralysis were not reported.
Most doses of oral polio vaccine received by
children in Nigeria are delivered through supplementary immunization activities rather than routine services. The number of doses of each type
of oral polio vaccine received by children with
acute flaccid paralysis was therefore estimated on
the basis of the reported total number of oral polio
vaccine doses they received and the type of vaccine they were exposed to through supplementary immunization activities, calculated on the
basis of their age and district of residence (for details, see the Methods section in the Supplementary Appendix, available with the full text of this
article at NEJM.org).
Statistical Analysis

The clinical characteristics of acute flaccid paralysis associated with isolation of type 1 WPV, type
3 WPV, and type 2 cVDPV were compared with the
use of Fisher’s exact test (for categorical variables)
or Student’s t-test (for age, allowing for unequal
variances).
Clinical attack rates among districts reporting all three types of poliovirus during the study
period were estimated on the basis of the annual
incidence of acute flaccid paralysis associated with
each poliovirus per 100,000 children younger than
5 years of age and per 100,000 children younger
than 5 years of age who were estimated to be
unprotected by vaccination against the relevant
serotype (for details, see the Methods section in
the Supplementary Appendix). For example, 10
cases of type 1 WPV poliomyelitis isolated from a
population of 100,000 children with 80% vaccine-induced immunity against serotype 1 would
represent a clinical attack rate of 10 cases per
100,000 children and 50 per 100,000 susceptible
children. Bayesian confidence intervals for the
clinical attack rate per 100,000 susceptible children were calculated with the use of a hierarchical model (for details, see the Methods section in
the Supplementary Appendix).
The effectiveness per dose of the different oral
2362
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polio vaccines in providing protection against
paralysis from each poliovirus was estimated with
the use of a matched (1:1) case–control approach
as described previously11,12,19 (for details, see the
Methods section in the Supplementary Appendix).
Population immunity from paralysis induced by
means of direct immunization with oral polio
vaccine among children under 5 years of age was
estimated according to state and year on the basis
of reports of the number of oral polio vaccine
doses received by children with nonpolio acute
flaccid paralysis and the estimated effectiveness
of the vaccines.11,12 Estimates were weighted by
single years of age to reflect the underlying age
distribution of the population,20 and estimates by
zone were weighted to reflect the underlying
population distribution by state.21 The effect of
routine immunization coverage with trivalent oral
polio vaccine on population immunity was assessed on the basis of coverage reported by the
National Immunization Coverage Survey, with a
hierarchical model used to assign trivalent oral
polio vaccine doses to cases of nonpolio acute
flaccid paralysis (see the Methods section in the
Supplementary Appendix). Changes in population
immunity were assessed by fitting a linear trend
to the yearly estimates, with each year weighted
by the sample size.
Monthly estimates of the hazard of a district
reporting its first case of acute flaccid paralysis
caused by type 2 cVDPV were examined as a function of variables representing the force of infection from cases reported in the previous 6 months,
vaccine-induced population immunity, population
size, and population density. These values were
entered as time-varying covariates with the use of
proportional-hazards regression, and the final
model was chosen on the basis of maximum likelihood (see the Methods section in the Supplementary Appendix). The proportional-hazards assumption was assessed with the use of Schoenfeld’s
global test.

R e sult s
Severity of Disease and Clinical Attack Rates

A total of 23,004 children were reported to have
acute flaccid paralysis over the course of the study
period. Among these children, 278 had type 2
cVDPV in their stool, 2323 had type 1 WPV, 1059
had type 3 WPV, and 2 had both type 1 and type
3 WPV (Fig. 1, and Fig. 1 and 2 and Table 1, Sections A through C, in the Supplementary Appen-
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Figure 1. Estimated Proportion of Children Younger Than 5 Years of Age in Nigeria with Vaccine-Induced Immunity
against Paralysis from Poliovirus, According to Type of Poliovirus and State, 2005–2009.
Black dots on the maps indicate the locations of cases of acute flaccid paralysis from the relevant poliovirus type
reported in children. Panel A depicts the proportion of children with vaccine-induced immunity against type 1 wildtype poliovirus (WPV1), Panel B the proportion of children with vaccine-induced immunity against type 2 circulating
vaccine-derived poliovirus (cVDPV2), and Panel C the proportion of children with vaccine-induced immunity against
type 3 wild-type poliovirus (WPV3).

dix). The cases of acute flaccid paralysis with
type 2 cVDPV were broadly similar to those with
type 1 WPV or type 3 WPV in terms of the distribution of age and sex. There were no significant differences in the severity of clinical disease (Table 1).
In districts reporting all three types of poliovirus, the estimated clinical attack rates (measured
according to annual incidence) of paralytic polio
per 100,000 susceptible children under 5 years of
age were 6.8 for type 1 WPV, 2.7 for type 2 cVDPV,
and 4.0 for type 3 WPV (Table 2).
Vaccine Effectiveness

The estimated effectiveness of a dose of trivalent
oral polio vaccine was greater against paralysis
resulting from infection with type 2 cVDPV than
against paralysis from type 1 WPV (P = 0.04) and
type 3 WPV (P = 0.12) (Table 2 and Fig. 2). Seron engl j med 362;25

type 1 monovalent oral polio vaccine was significantly more protective than trivalent oral polio
vaccine against paralysis from type 1 WPV
(P<0.001), and serotype 3 monovalent oral polio
vaccine was nonsignificantly more protective
than trivalent oral polio vaccine against paralysis
from type 3 WPV (P = 0.08). A regression model
with a variable effectiveness per dose of oral polio vaccine did not provide a significantly better
fit than a model with constant effectiveness per
dose (P values for all vaccine and poliovirus types
are available in Fig. 3 in the Supplementary Appendix).
The majority of cases of poliomyelitis were
matched to a suitable control. There were no substantial differences in vaccine effectiveness across
the country or when effectiveness was estimated
separately according to year or age. For instances
in which some significant interactions were noted
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Table 1. Characteristics of Children with Acute Flaccid Paralysis and Type 1 Wild-Type Poliovirus, Type 2 Circulating Vaccine-Derived
Poliovirus, or Type 3 Wild-Type Poliovirus, Isolated from Stool.*
Type 1 WPV
(N = 2323)

Variable

Type 2 cVDPV
(N = 278)

Type 3 WPV
(N = 1059)

P Value†
Type 2 cVDPV vs.
Type 1 WPV

Type 2 cVDPV vs.
Type 3 WPV

0.04

0.11

0.04

0.74

0.37

0.34

>0.99

>0.99

>0.99

0.75

0.06

0.17

0.12

0.06

Sex — no. (%)
Male

1312 (56)

172 (62)

609 (58)

Female

1010 (43)

101 (36)

449 (42)

Missing data

1 (<1)

Mean age — yr

5 (2)

1 (<1)

2.36±0.03

2.57±0.10

2.44±0.05

255 (11)

35 (13)

87 (8)

Yes

1719 (74)

209 (75)

779 (74)

No

570 (25)

60 (22)

265 (25)

34 (1)

9 (3)

15 (1)

Yes

2278 (98)

269 (97)

1038 (98)

No

25 (1)

3 (1)

13 (1)

Missing data

20 (1)

6 (2)

8 (1)

Yes

2286 (98)

269 (97)

1039 (98)

No

18 (1)

2 (1)

13 (1)

Missing data

19 (1)

7 (3)

7 (1)

Missing data — no. (%)
Asymmetric paralysis — no. (%)

Missing data
Progression to paralysis within 3 days
— no. (%)

Fever at onset — no. (%)

No. of limbs affected — no. (%)
0

11 (<1)

0 (0)

9 (1)

1

1197 (52)

142 (51)

567 (54)

2

996 (43)

104 (37)

423 (40)

3

68 (3)

10 (4)

35 (3)

4

44 (2)

12 (4)

23 (2)

Missing data

7 (<1)

10 (4)

2 (<1)

Residual paralysis at 60-day follow-up
— no. (%)
Yes

541 (23)

129 (46)

370 (35)

No

98 (4)

33 (12)

60 (6)

Lost to follow-up

2 (<1)

1 (<1)

3 (<1)

Dead at follow-up

4 (<1)

1 (<1)

6 (1)

1678 (72)

114 (41)

Missing data

620 (59)

* Plus–minus values are means ±SE. Percentages may not total 100 because of rounding. cVDPV denotes circulating vaccine-derived poliovirus, and WPV wild-type poliovirus.
† Analyses excluded children with missing data and those lost to follow-up or dead at follow-up.

between vaccine effectiveness and location or year
(for serotype 1 only), matching on the basis of
district rather than state resolved this bias (which
was the result of supplementary immunization
activities at the district level rather than the state
level), and overall estimates of vaccine effective2364
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ness were unchanged (see Table 3, Sections A
and B, in the Supplementary Appendix). Tighter
matching of cases and controls (on the basis of
age, date, and residence) did not substantially alter the estimates of vaccine effectiveness. Although
matching on the basis of district rather than state

nejm.org

june 24, 2010

The New England Journal of Medicine as published by New England Journal of Medicine.
Downloaded from www.nejm.org at IMPERIAL COLLEGE LONDON on August 3, 2010. For personal use only. No other uses without permission.
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

Circulating Vaccine-Derived Poliovirus in Nigeria

Table 2. Estimated Effectiveness against Paralysis per Dose of Oral Polio Vaccine, According to the Types
of Polioviruses Circulating in Nigeria and the Estimated Annual Rates of Clinical Attack.*
WPV1
(N = 2323)

cVDPV2
(N = 278)

WPV3
(N = 1059)

Cases matched to controls — no. (%)

1739 (75)

184 (66)

812 (77)

Monovalent oral polio vaccine 1 — % (95% CI)

43 (33–51)

NA†

NA†

Trivalent oral polio vaccine — % (95% CI)

13 (8–18)

38 (15–54)

20 (12–26)

NA†

NA†

53 (16–74)

Variable
Per-dose vaccine effectiveness

Monovalent oral polio vaccine 3 — % (95% CI)
Annual clinical attack rate
No. of cases among children <5 yr old‡

1075

211

508

No./100,000 susceptible children <5 yr old — (95% CI)

6.8 (5.9–7.7)

2.7 (1.9–3.6)

4.0 (3.4–4.7)

No./100,000 children <5 yr old, susceptible and vaccinated combined — (95% CI)

5.3 (4.9–5.6)

1.5 (1.3–1.6)

3.2 (2.8–3.5)

* CI denotes confidence interval, cVDPV circulating vaccine-derived poliovirus, NA not applicable, and WPV wild-type
poliovirus.
† The vaccine does not provide protection against this type of polio.
‡ This category represents districts that reported cases of acute flaccid paralysis resulting from each of three poliovirus
types during the study period.

increased the estimate of vaccine effectiveness
against type 2 cVDPV to 54% per dose, only 21%
of cases were matched, which led to wide confidence intervals. Consequently, matching by state
was preferable, although it may have slightly underestimated overall vaccine effectiveness.
Sensitivity analyses showed that our results
were reasonably robust to varying assumptions
regarding the number of doses received through
routine immunization and that trivalent oral polio vaccine was consistently more effective against
paralysis from type 2 cVDPV than against paralysis from type 1 or type 3 WPV (see Table 4,
Sections A through C, in the Supplementary Appendix).
Vaccine-Induced Population Immunity

and results of the tests for trends over time in
each zone are given in Table 5 in the Supplementary Appendix.
Incidence of cVDPV

The final proportional-hazards model for a district reporting its first case of paralysis associated
with type 2 cVDPV included a function accounting for the distance from other reported cases of
type 2 cVDPV paralysis, vaccine-induced population immunity (according to state) in the previous
6 months, and an interaction term between these
two variables (Fig. 3, and Fig. 4 and Table 6 in the
Supplementary Appendix). This model suggests a
strongly localized risk associated with the welldefined geographic spread of this virus. The interaction term indicates that increases in immunity
levels were associated with a greater proportional
reduction in the hazard when fewer cases had
been reported nearby. Variables based on population numbers or density were excluded from the
final model, since they were not significant and
did not confound any other variables in the model substantially. The final model satisfied the assumption of proportional hazards (P = 0.25).

Estimated vaccine-induced population immunity
to type 1 WPV poliomyelitis increased significantly in all zones from 2005 to 2009, particularly in
the North West and North East zones (by 7.4% and
8.1%, respectively, annually) (Fig. 1). However, estimated vaccine-induced population immunity to
type 2 cVDPV poliomyelitis declined significantly
during the study period in all zones (range, −4.7%
to −8.8% annually). Estimated vaccine-induced
population immunity to type 3 WPV poliomyeliDiscussion
tis increased significantly (by approximately 1%
annually) in the North West and North East zones This study shows that in Nigeria the pathogenicand declined significantly in two of the other ity of type 2 cVDPV and the severity of paralytic
four zones. Annual estimates for each serotype disease resulting from infection are similar to that
n engl j med 362;25
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Figure 2. Predicted Proportion of Children Protected
against Paralysis, According to Oral Poliovirus Vaccine
Type and Number of Doses.
Data are based on the estimated effectiveness per
dose. Solid red lines indicate monovalent oral vaccines
against type 1 and type 3 polioviruses (mOPV1 and
mOPV3, respectively) and solid blue lines the trivalent
vaccine (tOPV). Dotted lines indicate 95% confidence
intervals. The number of doses required for 80% protection are shown with arrows for purposes of illustration and of comparing the effectiveness of the monovalent vaccine with that of the trivalent vaccine. Panel A
depicts the proportion of children with protection
against type 1 wild-type poliovirus (WPV1), Panel B the
proportion with protection against type 2 circulating
vaccine-derived poliovirus (cVDPV2), and Panel C the
proportion of children with protection against type 3
wild-type poliovirus (WPV3).

 %%,&"+./)'%/
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n engl j med 362;25

of WPVs. This study also provides an estimate of
the effectiveness of an oral polio vaccine against
paralysis from infection with a cVDPV and indicates that trivalent oral polio vaccine provides
greater protection against infection with type 2
cVDPV than against infection with type 1 WPV or
type 3 WPV. This finding is consistent with the
higher rates of seroconversion to this serotype observed after administration of trivalent oral polio
vaccine in developing countries.22 Our results indicate that interrupting the transmission of a
cVDPV can require control measures and levels of
population immunity similar to those needed to
interrupt an outbreak caused by WPV.
The equivalent severity of disease caused by
cVDPVs and WPVs is consistent with the common
mechanism of disease responsible for poliovirusassociated paralysis.23 In districts where type 2
cVDPV and WPV cocirculated, the clinical attack
rate for type 2 cVDPV was only slightly lower than
that for type 1 and type 3 WPV, which is consistent with the lower rate of clinical attack for
type 2 WPV than for type 1 WPV.24 This observation was made despite the recent introduction and
spread of type 2 cVDPV, suggesting that both the
pathogenicity and transmissibility of type 2 cVDPV
are similar to those of type 2 WPV. A study of
serotype 1 cVDPV in Indonesia (45 cases), where
there was limited cocirculation of type 1 WPV
(8 cases), also suggested similar attack rates for
these WPVs and cVDPVs.25
Although the 11 previously recognized outbreaks of cVDPV were terminated after one to
four immunization campaigns had been conducted with either trivalent oral polio vaccine or seronejm.org
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Figure 3. Estimated Hazard of a District Reporting Its First Case of Type 2 Circulating Vaccine-Derived Poliovirus
(cVDPV2) from November 2006 through May 2009 on the Basis of the Fit of the Proportional-Hazards Model.
Black dots indicate cases of cVDPV2 reported during that month. Colors indicate the estimated hazard of a district
reporting its first case of cVDPV paralysis relative to the theoretical maximum hazard of a district that was 0 km
from all cases of type 2 cVDPV reported in the preceding 6 months and that had 0% immunity to serotype 2. Only
maps from May and November of each year are shown. For a full series of monthly maps, see Figure 4 in the Supplementary Appendix, available with the full text of this article at NEJM.org.

type-specific monovalent oral polio vaccine,4 the
outbreak in Nigeria persisted in spite of six largescale and several smaller-scale campaigns carried
out with the use of trivalent oral polio vaccine.
Given the relatively high estimated effectiveness
of trivalent oral polio vaccine against type 2
cVDPV, its persistence can be attributed to inadequate coverage with this vaccine during supplementary immunization activities. Furthermore,
the six large campaigns were conducted over the
course of 4 years and were interspersed with
several rounds of immunization with monovalent oral polio vaccine to control infection with
WPVs. By 2009, persistent coverage gaps during
supplementary immunization activities, combined
with low levels of routine immunization, resulted
in a further widening of the immunity gap and
the upsurge in the cases of type 2 cVDPV observed
n engl j med 362;25

in the first half of 2009. The marked drop in
cases of poliomyelitis associated with type 2
cVDPV in the second half of 2009 (10 cases from
July through December vs. 138 cases from January through June) after the implementation of just
two large-scale campaigns with trivalent oral polio
vaccine of moderate quality in May and August
is consistent with this vaccine’s high level of effectiveness against paralysis from type 2 cVDPV.
This finding bodes well for our ability to interrupt transmission of this virus.
We have previously discussed the limitations
of estimating vaccine effectiveness and population immunity from reported doses of oral polio
vaccine received by children with acute flaccid
paralysis.11,12,19 Although these limitations may
affect the accuracy of our estimates, the finding
of a greater protective effect of trivalent oral polio
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vaccine against type 2 cVDPV than against type 1
or type 3 WPV and the better performance of the
monovalent oral polio vaccines are robust to these
limitations. Furthermore, our estimates of population immunity are predictive of the epidemiology of type 2 cVDPV. Since children with polio
are less likely than control children to have received the more effective vaccine against the polio
serotype with which they were infected, a case–
control approach based on the inferred type of
vaccine received can underestimate the effectiveness of monovalent oral polio vaccines. Despite
this potential bias, the estimated effectiveness of
monovalent oral polio vaccines was high as compared with that of the trivalent oral polio vaccine
and provides a conservative estimate of the effectiveness of these vaccines as compared with
trivalent oral polio vaccine.
Although we did not account for the number
of asymptomatic infections associated with polioviruses in our hazard analysis, we made the reasonable assumption that the number of children
with acute flaccid paralysis who had poliovirus
in their stool was proportional to the number of
infections with this virus. In addition, although
four lineages of circulating serotype 2 VDPV
emerged during the study period, the current outbreak is largely the result of a single lineage (more
than 90% of cases).3 Our estimates of vaccineinduced immunity do not account for exposure to
oral polio vaccine excreted by vaccinees, the presence of maternal antibodies early in life, or asymptomatic infection with circulating polioviruses.
These factors may affect estimates of the attack
rates among susceptible children. However, estimates of the attack rates among all children are
consistent with our finding of only slightly lower
rates for type 2 cVDPV (Table 2).
These findings have important short-term and
long-term implications for the Global Polio Eradication Initiative. First, this analysis supports the
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strengthening of current recommendations that
responses to outbreaks of cVDPVs should be
aligned with responses to outbreaks of WPVs.
Second, although state-level supplementary immunization activities have been sufficient to interrupt the spread of cVDPVs in most settings,
the model shown in Figure 3 indicates that additional, large-scale rounds of immunization with
trivalent oral polio vaccine, such as those conducted in May and August 2009, are required
across northern Nigeria. Finally, the Global Polio
Eradication Initiative’s plans for managing risks
after the eradication of WPV must include scenarios in which transmissible and pathogenic
cVDPVs could emerge, particularly immediately
after the worldwide cessation of the use of oral
polio vaccine.26
The eradication of type 2 WPV globally in 1999
was a remarkable achievement. However, this
study points out the fragility of that achievement,
given the pathogenicity and severity of disease
that can be associated with type 2 cVDPV. Fortunately, trivalent oral polio vaccine is highly protective against this cVDPV, and modest gains in
coverage now appear to be facilitating its rapid
interruption. The steep decline in WPV cases in
northern Nigeria during the second half of 2009
and the concomitant declines in cases of infection with type 2 cVDPV that followed improvements in coverage through supplementary immunization activities,27 together with the potential
role of recently licensed bivalent oral polio vaccine,28 improve the prospects for the eradication
of these polioviruses in Nigeria.
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Abstract
Background: In the British Isles, control of cattle tuberculosis (TB) is hindered by persistent infection of wild badger (Meles
meles) populations. A large-scale field trial—the Randomised Badger Culling Trial (RBCT)—previously showed that
widespread badger culling produced modest reductions in cattle TB incidence during culling, which were offset by elevated
TB risks for cattle on adjoining lands. Once culling was halted, beneficial effects inside culling areas increased, while
detrimental effects on adjoining lands disappeared. However, a full assessment of the utility of badger culling requires
information on the duration of culling effects.
Methodology/Principal Findings: We monitored cattle TB incidence in and around RBCT areas after culling ended. We
found that benefits inside culled areas declined over time, and were no longer detectable by three years post-culling. On
adjoining lands, a trend suggesting beneficial effects immediately after the end of culling was insignificant, and disappeared
after 18 months post-culling. From completion of the first cull to the loss of detectable effects (an average five-year culling
period plus 2.5 years post-culling), cattle TB incidence was 28.7% lower (95% confidence interval [CI] 20.7 to 35.8% lower)
inside ten 100 km2 culled areas than inside ten matched no-culling areas, and comparable (11.7% higher, 95% CI: 13.0%
lower to 43.4% higher, p = 0.39) on lands #2 km outside culled and no-culling areas. The financial costs of culling an
idealized 150 km2 area would exceed the savings achieved through reduced cattle TB, by factors of 2 to 3.5.
Conclusions/Significance: Our findings show that the reductions in cattle TB incidence achieved by repeated badger culling
were not sustained in the long term after culling ended and did not offset the financial costs of culling. These results,
combined with evaluation of alternative culling methods, suggest that badger culling is unlikely to contribute effectively to
the control of cattle TB in Britain.
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opsi.gov.uk/ACTS/acts1992/ukpga_19920051_en_1) – is unpopular with the general public [6].
In 1998, the UK government launched a large-scale field trial
(the Randomised Badger Culling Trial, RBCT) to assess the
potential contribution of badger culling to the control of cattle TB
[7]. The incidence of cattle TB in and around 10 large (100 km2)
areas subjected to annual badger culling was compared with that
in and around 10 matched areas with no such culling. While
culling was ongoing, it was associated with a modest reduction in
the incidence of cattle TB inside culled areas; however this
beneficial effect was almost cancelled out by an increase in cattle
TB incidence on adjoining unculled land [8,9]. These simultaneous beneficial and detrimental effects meant that, over the fiveyear culling period, the financial costs of conducting any form of
culling far outweighed the savings achieved through reductions in
the numbers of cattle herds experiencing TB breakdowns [8,10].

Introduction
Public controversy surrounds efforts to control bovine tuberculosis (TB) in the British Isles. Although bovine TB’s causative agent
(Mycobacterium bovis) primarily affects cattle, other mammalian hosts
can be infected, including humans [1] and a number of wildlife
species [2]. In the British Isles, control of cattle TB has been
hampered by transmission of infection from wild badgers (Meles
meles), and various forms of badger culling have been implemented
to try to reduce such transmission [3]. Despite these efforts, the
incidence of cattle TB remains high in both Britain and Ireland
[4,5], with 2,738 confirmed herd breakdowns in Britain in 2008
[4] and national expenditure of over £100 million. This situation
has provoked heated debate as cattle TB can profoundly affect
farmers’ livelihoods, yet culling of badgers – which are nationally
protected in the UK by their own Act of Parliament (http://www.
PLoS ONE | www.plosone.org
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In the two years after culling ended, however, greater benefits
became apparent: the positive effects inside culled areas became
more pronounced, while the detrimental effects on adjoining land
were no longer apparent [11]. Nevertheless, at that time the
numbers of breakdowns prevented during and after culling were
still not sufficient to offset the financial costs of conducting the culls
[11]. Informed by these findings, and considering other factors
such as practicality and public acceptability, the Secretary of State
for Environment decided against badger culling to control cattle
TB in England (http://www.defra.gov.uk/news/2008/080707b.
htm). However, the Welsh Assembly Government proposes to
implement a badger cull using methods to identify culling areas,
and to cull badgers, very similar to those used in the RBCT
(http://www.wales.gov.uk/bovinetb; though it faces a legal challenge to this proposal http://www.badger.org.uk/_Attachments/
Resources/326_S4.pdf). Culling is also being considered in
Northern Ireland (http://www.dardni.gov.uk/tb-statement.pdf).
The cost-effectiveness of badger culling as a cattle TB control
measure depends in part on the duration of the benefits it imparts.
If the effects are long-lasting, then the long-term benefits (in terms
of breakdowns prevented) might offset the medium-term costs (in
terms of the financial costs of culling, as well as the additional
breakdowns on adjoining land prompted by culling). Here, we use
updated cattle TB incidence data from RBCT areas to determine
the duration of the effects of repeated widespread badger culling
on cattle TB following the cessation of culling.

breakdowns recorded in and around trial areas subjected to the
proactive and no-culling treatments. The regression models
adjusted for triplet, the log of the number of baseline herds at
risk, and the log of the number of confirmed breakdowns recorded
in a three year period before RBCT culling commenced. Where
results were stratified by time, a triplet*time interaction term was
also included in the model. We adjusted confidence intervals (CI)
and p-values for any extra-Poisson overdispersion by using an
adjustment factor (the square root of the model deviance divided
by the degrees of freedom) in all cases where its value was greater
than 1.
Following examination of effects by six-month interval in the
post-trial period, we fitted a linear trend (on a log scale) to the
effects inside trial areas, and tested this trend against the null
hypothesis of no trend. Additionally, in the adjoining areas, we
grouped together the first 18 months of the post-trial period and
tested the effect in this time period against the null hypothesis of no
effect. We used previously published methods [10,11] to
investigate whether the effect of culling varied with distance from
the trial area boundary.
As in previously published analyses [10,11], we extrapolated
from our results to estimate the size of an idealised circular culling
area that would need to be targeted to obtain an overall reduction
in the incidence of confirmed breakdowns, with detrimental effects
outside the targeted area offset by beneficial effects inside. These
extrapolations covered the time period from completion of the first
proactive cull until effects were no longer detectable.
We calculated the financial costs and benefits of culling, using
estimates of the costs of culling, and the benefits of preventing a
breakdown, from ref [16]. The benefits included the prevention of
both direct and indirect costs associated with: the loss of
slaughtered cattle; movement restrictions; isolation; spread to
other herds; as well as cattle testing (of the affected herd until the
breakdown is cleared, of contiguous herds and of traced cattle
linked to the affected herd) [16]. Although updated estimates of
the costs of cage trapping have been published recently [17], in the
absence of updated costs for other culling methods, or for
experiencing a breakdown, we have used the 2005 estimates to
ensure comparability. We based calculations on an idealised
circular culling area large enough to give an overall beneficial
effect over the period from completion of the first proactive cull
until effects were no longer detectable. As in previous analyses
[10], we assumed that only 75% of targeted land was accessible,
reducing the cost of culling.

Methods
Data presented here come from RBCT areas subjected to
proactive culling (widespread culling, repeated approximately
annually) and from their matched no-culling controls. RBCT
methods are described in detail in refs [9] and [10] but, in brief,
thirty 100km2 RBCT areas, arranged as 10 ‘‘triplets’’, were
selected in areas of England with high cattle TB incidence. Triplet
locations are provided in ref [9]. All trial areas within each triplet
were surveyed for badger activity before being randomly assigned
to treatments such that each treatment – proactive culling, no
culling, or localised ‘‘reactive’’ culling (conducted in response to
specific TB breakdowns in cattle herds) – was replicated 10 times,
once within each triplet. Badgers were captured in cage traps and
despatched by shooting with a pistol; capture protocols took
careful account of badger welfare [12,13] and despatch was
deemed ‘humane’ by independent audit [14]. Initial culls for each
proactive trial area were completed between December 1998 and
December 2002. Proactive culls were repeated approximately
annually until culling ended in October 2005.
Data on the incidence of confirmed cattle TB breakdowns were
downloaded from Defra’s VetNet database, for herds inside
RBCT areas and on adjoining land up to 2 km outside RBCT
areas. Following ref [11] (which presented analyses of data
available in January 2008), we analysed incidence data from two
periods. We defined the ‘‘during-trial’’ period as running from the
end of the initial proactive cull in each triplet, to exactly one year
after completion of the last cull in that triplet, when another
annual cull would have been conducted had the proactive
treatment been continued. We defined the ‘‘post-trial period’’ as
running from the end of the during-trial period up to the most
recent data download (7th July 2009). To examine temporal
trends, we further divided the during-trial period into intervals
between successive culls (e.g. third to fourth cull), and divided the
post-trial period into six-month intervals.
As in previously published analyses [8,9,11,15], we used log–
linear Poisson regression to compare the numbers of confirmed
PLoS ONE | www.plosone.org

Results
Inside Culling Areas
Across the entire post-trial period, the incidence of confirmed
breakdowns inside proactive culling areas was 37.6% lower (95%
CI: 24.6% to 48.4% lower) than that inside no-culling areas
(Table 1). Dividing the post-trial period into six-month intervals
revealed a significant (p = 0.038) linear trend (on a log scale) over
time, with the beneficial effect declining by 14.3% with each sixmonth interval (Figure 1). By months 31-36, no beneficial effect
was detectable (Table 1). For the 30-month period when effects
were detectable, proactive culling was associated with a 42.0%
reduction (95% CI: 24.1-55.6% reduction) in the incidence of
cattle TB.
Across the combined during- and post-trial period, the
incidence of confirmed breakdowns was 28.7% lower (95% CI:
20.8% to 35.8% lower) in proactive areas than in no-culling areas.
For the period comprising the during-trial period and the first 30
months of the post-trial period (when beneficial effects were
2
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Table 1. Estimated effects of proactive culling on the incidence of confirmed cattle TB breakdowns inside trial areas.

Triplet-years

Proactive effect

Overdispersion*

Estimate (95% CI)

p-value

P-value for linear
trend over time

factor

p-value

0.67

0.87

0.15

0.038

During-trial period
1st to 2nd cull

12.6

23.5% (230.6% to 34.1%)

0.83

2nd to 3rd cull

13.2

212.8% (236.6% to 20.1%)

0.40

3rd to 4th cull

8.4

239.4% (257.6% to 213.4%)

0.006

After 4th cull to end

21.5

231.5% (246.8%to 211.9%)

0.003

Entire during-trial period

55.7

223.2% (232.7% to 212.4%)

,0.001

Post-trial period
Months 1–6

5.0

252.7% (271.8% to 220.8%)

0.004

Months 7–12

5.0

241.1% (264.0% to 23.8%)

0.034

Months 13–18

5.0

249.4% (267.9% to 220.4%)

0.003

Months 19–24

5.0

227.8% (252.4% to 9.4%)

0.094

Months 25–30

5.0

235.0% (259.5% to 4.3%)

0.074

Months 31–36

3.9

9.9% (236.7% to 90.7%)

0.74

Months 37–42

0.4

–{

Entire post-trial period

29.3

237.6% (248.4% to 224.6%)

,0.001

1.08

0.32

During- and post-trial periods combined

85.0

228.7% (235.8% to 220.8%)

,0.001

0.72

0.85

Analyses adjust for triplet, baseline herds, and historic cattle TB incidence (over three years) and include the entire during- and post-trial periods.
*The analysis dividing both during- and post-trial periods into shorter intervals has overdispersion factor 1.21,p = 0.003; {Insufficient breakdowns to calculate estimates.
doi:10.1371/journal.pone.0009090.t001

detectable), there was no significant linear effect of distance from
the trial area boundary on the magnitude of the beneficial effect
(Table 2).

comparable (5.6% lower, 95% CI: 31.4% lower to 30.0% higher,
p = 0.73) with that #2 km outside no-culling areas (Table 3).
Dividing the post-trial period into six-month intervals revealed
that the effects of culling were estimated to be beneficial for the
first 18 months of the post-trial period but never significantly so
(20.4% lower in the first 18 months, 95% CI: 41.3% lower to 8.0%
higher, p = 0.19) (Table 3). For the 30-month period when effects
were detectable inside trial areas, the incidence of confirmed
breakdowns on lands #2 km outside proactive culling areas was
comparable (6.0% lower, 95% CI: 29.7% lower to 25.7% higher,
p = 0.68) with that #2 km outside no-culling areas.
Across the entire combined during- and post-trial period, the
incidence of confirmed breakdowns on lands #2 km outside
proactively culled areas was comparable (11.7% higher, 95% CI:
12.9% lower to 43.2% higher, p = 0.38) with that #2 km outside
no-culling areas. For the period comprising the during-trial period
and the first 30 months of the post-trial period (when beneficial
effects were detectable inside trial areas), there was no significant
linear effect of distance from the trial area boundary on the
magnitude of the effect (Table 2).

Adjoining Lands
Across the entire post-trial period, the incidence of confirmed
breakdowns on lands #2 km outside proactive culling areas was

Extrapolation to Culling Areas of Different Sizes
Extrapolations to culling areas of different sizes assume an
idealised circular area to be targeted by culling, surrounded by a
2 km-wide annulus of adjoining land. Since there was no significant
trend in the effects by distance from the trial area boundary
(Table 2), extrapolations assumed that effects were consistent
throughout the affected areas. Extrapolations were based on effects
over the entire during-trial period, plus the 30 months of the posttrial period when effects were still detectable. Within these
assumptions, the overall average effect of proactive culling was
predicted to lead to a net reduction in the overall incidence of

Figure 1. Estimated effects of proactive culling on the
incidence of confirmed cattle TB breakdowns. Estimates are
presented for herds inside trial areas as well as those on adjoining lands
#2 km outside trial area boundaries. The estimated effects of proactive
culling are stratified by time periods defined by the cull dates in the
during-trial period, and by 6-month intervals from 1 year after the last
proactive cull (the post-trial period).
doi:10.1371/journal.pone.0009090.g001
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Table 2. Estimated effects of proactive culling on the incidence of confirmed cattle TB breakdowns at varying distances inside and
outside trial area boundaries, over the period from the initial culls to the end of first 30 months of the post-trial period.

Proactive effect

P-value for
linear trend

Overdispersion

Estimate (95% CI)

p-value

factor

p-value

0–1 km inside

220.4%(235.4% to 22.1%)

0.031

1.39

,0.001

1–2 km inside

225.9%(242.8% to 24.1%)

0.022

2–3 km inside

231.3%(250.3% to 25.1%)

0.023

3–4 km inside

222.2%(252.8% to 28.0%)

0.32

4–5 km inside

246.0% (285.7 to 103.6%)

0.36

Entire trial area

228.7%(235.8% to 220.7%)

,0.001

0.86

0.63

1.19

0.017

1.84

0.001

Inside trial areas
0.18

Adjoining lands #2 km outside trial areas
0–0.5 km outside

218.0%(238.0% to 8.5%)

0.16

0.5–1 km outside

35.8% (2.7% to 79.5%)

0.032

1–1.5 km outside

22.9%(228.1% to 31.1%)

0.85

1.5–2 km outside

14.3%(218.7% to 60.7%)

0.44

Entire area of adjoining land

11.7%(213.0% to 43.4%)

0.39

0.61

Analyses adjust for triplet, baseline herds, and historic cattle TB incidence (over three years).
doi:10.1371/journal.pone.0009090.t002

Financial Costs and Benefits

confirmed herd breakdowns when targeted at circular areas larger
than 17 km2 (Figure 2). However, the 95% CI for the average effect
across the entire affected area only excluded net increases in the
overall incidence of confirmed herd breakdowns for culling targeted
at circular areas greater than 141 km2 (Figure 2).

Illustrative calculations of the costs and benefits of culling
covered the five-year during-trial period of annual culls (from the
completion of the initial cull to one year after the fifth cull) plus the
subsequent 2.5 years during which culling effects were detectable.

Table 3. Estimated effects of proactive culling on the incidence of confirmed cattle TB breakdowns on lands #2 km outside trial
areas.

Triplet-years

Proactive effect

Overdispersion*

Estimate (95% CI)

p-value

0.091

P-value for linear
trend over time

factor

p-value

1.26

0.13

0.077

0.17

During-trial period
1st to 2nd cull

12.6

43.1%(25.6% to 116.8%)

2nd to 3rd cull

13.2

22.8%(216.9% to 81.7%)

0.30

3rd to 4th cull

8.4

17.8%(223.4% to 81.1%)

0.45

After 4th cull to end

21.5

14.7%(213.8% to 52.6%)

0.35

Entire during-trial period

55.7

24.5%(20.6% to 56.0%)

0.057

Months 1–6

5.0

217.5%(251.2% to 39.5%)

0.47

Months 7–12

5.0

226.9%(260.0% to 33.5%)

0.31

Months 13–18

5.0

219.5%(251.9% to 34.8%)

0.41

Months 19–24

5.0

37.9%(215.5% to 125.2%)

0.20

Months 25–30

5.0

14.1%(233.5% to 95.5%)

0.63

Months 31–36

3.9

22.1%(255.2% to 113.8%)

0.96

Months 37–42

0.4

–{

Entire post-trial period

29.3

25.6%(231.4% to 30.0%)

0.73

1.51

0.025

During- and post-trial periods combined

85.0

11.7%(212.9% to 43.2%)

0.38

1.83

0.001

Post-trial period

Analyses adjust for triplet, baseline herds, and historic cattle TB incidence (over three years) and include the entire during- and post-trial periods.
*The analysis dividing both during- and post-trial periods into shorter intervals has overdispersion factor 1.14, p = 0.030; {Insufficient breakdowns to calculate estimates.
doi:10.1371/journal.pone.0009090.t003
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experimentally-derived estimate of the duration of effects following
the cessation of culling. There has been one other large-scale
replicated trial of the effects of badger culling on cattle TB
incidence, albeit without the randomised allocation of treatments,
or the no-culling control [18]. This study, conducted in the
Republic of Ireland and known as the Four Areas Trial, found
reductions in cattle TB incidence ranging from 51% to 68% over a
five-year culling period [18]. One explanation for the larger
beneficial effect of ongoing culling observed in the Four Areas Trial
is that greater reductions in badger density may have been achieved,
because (i) land occupier compliance was higher; (ii) the use of
snares, rather than cage traps, probably allowed a higher proportion
of badgers to be captured; and (iii) the culling areas were selected to
have geographical barriers such as coastline and rivers which would
impede badger recolonisation. However, since culling is still
ongoing in the Four Areas, that study provides no data on the
duration of impacts post-culling which can be compared with the
results presented here. Similarly, Kelly et al. [19] studied the longterm effects of badger culling on cattle TB using 16 years of
observational data, but badger culling was ongoing throughout
(with some periods having more intensive culling than others).
In the absence of data on badger populations during the posttrial period, we cannot be certain of the ecological and
epidemiological mechanisms underlying the changes in cattle TB
risks that we documented in and around former RBCT culling
areas. However, we suspect that these changes reflect recovery of
badger numbers and spatial organization following the cessation of
culling. Proactive culling markedly reduced local densities of
badgers [20], which would be expected to reduce the overall risk of
cattle coming into contact with badgers. However, culling also
prompted expansions of badger ranging behaviour [21,22],
increasing the number of herds that each badger could potentially
contact. Moreover, culling increased the prevalence of M. bovis
infection among badgers [23,24]; this, combined with badgers’
expanded ranging, would increase the probability of badger-tocattle transmission, undermining the beneficial effects of reduced
badger density. In another study, cessation of culling prompted a
contraction of badger ranging within about two years, but
recovery of badger numbers took around 10 years [25]. We
previously suggested [11] that the marked reductions in cattle TB
incidence observed immediately after the cessation of culling might
reflect contraction of badger home ranges (and consequently
reduced contact with cattle) prior to substantial recovery of badger
numbers. We further speculate that the subsequent decline and
disappearance of these beneficial effects may reflect increasing
badger numbers, and consequently increased badger-cattle
contact. While it is impossible to determine whether the system
has now returned to equilibrium, in other studies badger numbers
have taken five [26] to ten [25,27] years to recover from culls,
suggesting that growth of the badger populations in RBCT
proactive areas may continue for several more years. As the
prevalence of M. bovis infection in badgers was found to rise on
successive culls [23], it is possible that the prevalence in badgers
might still be elevated in RBCT areas (although no data are
available to test this hypothesis). Were this the case, however,
continued growth of the badger populations might be associated
with future increases in the risk of TB transmission to cattle herds
in areas proactively culled during the RBCT. Continued
surveillance of cattle herds will allow characterisation of any
further changes in cattle TB incidence, while studies of badger
population density, spatial organization, and M. bovis infection
prevalence could provide ecological and epidemiological insights
into the long-term impacts of culling, and its cessation, on bovine
TB dynamics.

Figure 2. Extrapolation of overall effects to culling areas of
different sizes. The blue area shows the 95% confidence interval for
the overall impact (combining the impact inside the targeted area with
that seen #2 km2 outside) of different sized circular culling areas. The
red area shows the impact inside the targeted area only. The estimated
overall effect is of increased incidence for areas smaller than 17 km2,
moving to a decreased incidence when areas larger than 17 km2 are
targeted. The effect of decreased overall incidence is statistically
significant for areas larger than 141 km2.
doi:10.1371/journal.pone.0009090.g002

Over these 7.5 years, in the absence of any culling, an idealised
circular area of 150 km2, with a herd density of 1.25/km2 and a
background incidence of 0.08 breakdowns/herd/year, would be
expected to experience 112.5 herd breakdowns. Over the same
period, adjoining lands (99 km2 falling #2 km outside the circular
area) would experience 74.3 breakdowns, giving a combined total of
186.8. During a five-year culling period, annual proactive culling in
the circular area would be expected to prevent 23.2% of 75
breakdowns inside the culled area (17.4 breakdowns prevented),
while increasing the number of breakdowns on adjoining land by
24.5% (prompting 12.1 additional breakdowns), giving an overall
total of 5.3 breakdowns prevented. In the 2.5 years following culling,
the number of breakdowns inside the culled area would be reduced
by 42.0% (15.8 breakdowns prevented), and the number on
adjoining lands would be reduced by 6.0% (1.5 breakdowns
prevented), giving an overall total of 17.3 breakdowns prevented.
Hence, the total impact of culling such an idealised area would be to
prevent 22.6 breakdowns over 7.5 years. This constitutes a saving of
£610,200 at £27,000/breakdown [16]. For comparison, the cost of
conducting five annual culls over a 150 km2 area, 75% of which was
accessible for culling, is estimated as £2.14 million for cage trapping
(as undertaken in the RBCT) at £3,800/km2/year, or £1.35 million
for snaring or gassing at roughly £2,400/km2/year [16].

Discussion
The results presented here show the duration of reductions in
cattle TB incidence associated with widespread badger culling.
Beneficial effects inside culled areas were greatest shortly after
culling ended, but then declined over time and were no longer
detectable four years after the last annual cull (i.e. three years into
the post-trial period). On adjoining lands, the effects of culling
were estimated to be beneficial only for the first 18 months of the
post-trial period but never significantly so.
Although there have been a number of assessments of the effects
of badger culling on cattle TB, our study provides the only
PLoS ONE | www.plosone.org
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training and coordination, licenced culling would almost certainly
be patchy, asynchronous, unsustained and uncoordinated, circumstances highly likely to prompt increases, rather than
reductions, in the incidence of cattle TB [10,15,23,24]. Hence,
although the total cost of licenced culling is slightly lower than the
potential benefits projected from RBCT results (using 2005 cost
estimates [16]), it is extremely unlikely that such benefits could in
fact be realised by this culling method. The costs of conducting
badger culls thus substantially exceed the long-term financial
benefits likely to be achieved.
Our findings are broadly consistent with those of a recent
analysis [29] which assessed the potential financial outcomes of
badger culling by combining a transmission model (incorporating
aspects of badger ecology such as post-cull disruption of badger
social organization, as well as farm management such as cattle
movement) with data on costs and benefits. In this model, cagetrapping of badgers (assumed to remove 70% of badgers),
produced a net economic loss in all simulations, with these losses
being greater than those associated with the other culling options
considered (shooting free-ranging badgers, snaring and gassing).
The authors concluded ‘‘Model results strongly indicate that although, if
perturbation [of badger social groups] were restricted, extensive badger
culling could reduce rates in cattle, overall an economic loss would be more
likely than a benefit.’’
Predicting the financial implications of continuing (rather than
halting) annual proactive culls is speculative. However, we can
estimate the financial costs and benefits to be incurred annually in
and around the idealised circular area of 150 km2 (with a herd
density of 1.25/km2 and a background incidence of 0.08
breakdowns/herd/year) based on the impacts of culling estimated
between the fourth proactive cull and the end of the during-trial
period (the latest estimates available while the proactive culling
treatment was ongoing, Tables 1 and 3). On this basis, each year
of annual proactive culling in the circular area would be expected
to prevent 31.5% of 15 breakdowns inside the culled area (4.7
breakdowns prevented), while increasing the number of breakdowns on adjoining land by 14.7% (prompting 1.4 additional
breakdowns), giving an overall total of 3.3 breakdowns prevented
on average. This constitutes an annual saving of £89,100 at
£27,000/breakdown [16]. For comparison, the cost of conducting
an annual culls over a 150 km2 area, 75% of which was accessible
for culling, is estimated as £427,500 for cage trapping (as
undertaken in the RBCT) at £3,800/km2/year, or approximately
£270,000 for snaring or gassing at roughly £2,400/km2/year [16].
Clearly, continuing to cull would be relatively costly were the
benefits of ongoing annual culling to continue at the levels
observed following the fourth and subsequent proactive culls in the
RBCT.
Our findings have important implications for the development
of cattle TB control policies throughout the British Isles. They
show that, although widespread badger culling can achieve overall
reductions in the incidence of cattle TB, these benefits are not
sustained in the long term once culling is halted. Moreover, the
financial costs of conducting the culling substantially exceed the
overall benefits accrued. In the absence of other practicable culling
methods likely to yield greater benefits, our findings indicate that,
on the basis of cost-effectiveness, badger culling is unlikely to
contribute to the control of cattle TB in Britain.

It is important to note that the effects described here relate only
to culling as conducted in the RBCT, i.e. deployment of cage traps
by highly trained staff in coordinated, large-scale, simultaneous
operations, repeated annually for five years and then halted. As
described elsewhere, culling-induced changes in badger numbers
and movement patterns mean that culling which is small-scale,
patchy, short-term or asynchronous is very unlikely to provide
comparable reductions in the incidence of cattle TB and could
well prompt increases [8,9,10,15,21,23,24]. Other culling methods, such as snares or gassing, might be expected to remove a
higher proportion of local badger populations than did cage traps
(albeit with a likely cost in terms of badger welfare). However,
since there is both ecological [20] and genetic [22] evidence that
badger culling prompts substantial immigration from surrounding
lands, improvements in culling efficiency might not result in
proportional reductions in badger density, and would not therefore
be expected to greatly improve the beneficial effects of culling. In
principle, such immigration could be limited by culling within
geographical features which present barriers to badger movement
(as in the areas selected for culling in Ireland’s Four Areas Trial
[18]). However, such geographical barriers are sparse in TBaffected areas of Britain [e.g., 28]. Detailed consideration of other
potential forms of badger culling [10] suggests that no practicable
methods would be likely to yield benefits markedly greater than
those achieved in the RBCT.
Our results suggest that culling would need to be targeted at
circular areas larger than 141 km2 for long-term benefits to be
realised. Because the relative benefits improve only slowly with
increasing area culled (Figure 2), even larger areas would need to
be targeted to be confident of benefits substantially greater than
break-even. For example, to be confident of achieving at least a
10% reduction in the overall incidence of cattle TB would require
targeting culling at circular areas $568 km2. These extrapolated
figures are somewhat larger than those published most recently,
because earlier extrapolations assumed that the benefits of culling
increased at greater distances inside the culling area boundary
[11]. Since no such trend is detectable in this updated dataset, it
was excluded from the calculations presented here. All such
extrapolations are illustrative: in reality, deviations from perfectly
circular culling areas would increase edge effects and reduce
overall benefits, while positioning of culling areas close to cattlefree areas or geographic barriers to badger movement might
potentially reduce edge effects and increase net benefits [10].
Nevertheless, such extrapolations give a rough indication of the
minimum areas within which culling would need to be conducted
for benefits to be realised.
These updated findings also allow an assessment of the financial
costs and benefits of badger culling as a tool to control cattle TB.
The overall number of breakdowns estimated to be preventable by
proactive culling is fairly modest in comparison with background
TB incidence (e.g. 22.6 breakdowns prevented over 7.5 years in an
area that would otherwise experience roughly 187 breakdowns),
and the consequent financial savings much too low to offset the
costs of culling using cage traps, snares, or gassing. Defra estimated
that the costs of culling would be substantially lower if
implemented by licencing of farmers (roughly £1,000/km2/year
[16], hence £562,500 for the idealised five-year 150 km2 area
described above; note that the Welsh Assembly Government
recently published updated cost estimates of £4,200/km2/year for
government-delivered cage trapping and £1,500/km2/year for
farmer-delivered culling [17].). However, this assumed that
farmers would conduct the culling themselves (and so included
only minimal capital costs) and excluded the costs of training
farmers or coordinating their efforts [16]. In the absence of such
PLoS ONE | www.plosone.org
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A novel influenza A (H1N1) virus has spread rapidly across the globe. Judging its pandemic
potential is difficult with limited data, but nevertheless essential to inform appropriate health
responses. By analyzing the outbreak in Mexico, early data on international spread, and viral
genetic diversity, we make an early assessment of transmissibility and severity. Our estimates
suggest that 23,000 (range 6000 to 32,000) individuals had been infected in Mexico by late April,
giving an estimated case fatality ratio (CFR) of 0.4% (range: 0.3 to 1.8%) based on confirmed and
suspected deaths reported to that time. In a community outbreak in the small community of La
Gloria, Veracruz, no deaths were attributed to infection, giving an upper 95% bound on CFR of
0.6%. Thus, although substantial uncertainty remains, clinical severity appears less than that seen
in the 1918 influenza pandemic but comparable with that seen in the 1957 pandemic. Clinical
attack rates in children in La Gloria were twice that in adults (<15 years of age: 61%; ≥15 years:
29%). Three different epidemiological analyses gave basic reproduction number (R0) estimates in
the range of 1.4 to 1.6, whereas a genetic analysis gave a central estimate of 1.2. This range of
values is consistent with 14 to 73 generations of human-to-human transmission having occurred in
Mexico to late April. Transmissibility is therefore substantially higher than that of seasonal flu, and
comparable with lower estimates of R0 obtained from previous influenza pandemics.

O

n 29 April 2009, the World Health Organization (WHO) announced that the rapid
global spread of a strain of influenza A
(H1N1) virus detected in the previous week warranted moving the global pandemic alert level to
phase 5 (www.who.int/csr/disease/swineflu/).
Phase 5 indicates sustained human-to-human transmission of a novel influenza strain of animal origin
in one WHO region of the world, and exported
cases detected in other regions. In this outbreak,
the earliest affected country may have been Mexico,
with many cases in other nations associated with
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travels from that country. There are uncertainties
about all aspects of this outbreak, including the
virulence, transmissibility, and origin of the virus,
and this in turn results in uncertainty in judging
the pandemic potential of the virus and when reactive public health responses, such as recommendations to stay at home or to close schools, should
be implemented in individual countries. Here we
report findings of key early investigations into the
outbreak that could aid such policy decisions.
The presence of fatalities [29 confirmed plus
88 suspected deaths in Mexico as of 4 May 2009
(1), 1 confirmed in the United States as of 5 May
2009 (2)] is not necessarily indicative of the virulence of the infection. The interpretation of these
statistics depends on the total number of infections, including those with mild infection or who
are asymptomatic, which is currently unknown,
given the absence of a specific serological test for
the new H1N1 influenza strain and associated
population-level screening. As of 4 May 2009,
11,356 suspected and 822 laboratory-confirmed
cases have been reported in Mexico (1), but these
may represent an underestimate of true case numbers as surveillance has understandably focused on
severe cases. Furthermore, severe cases in older
individuals will be more difficult to identify because of the higher rate of respiratory illness in
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those over 60 years of age (3), and this could
result in an underestimate of overall morbidity.
Right censoring of mortality data, which occurs
when additional deaths subsequently arise among
cases already included in surveillance data, can
also bias estimates of the true case fatality ratio
(4). Finally, suspected deaths may not all have
been caused by infection with the novel virus.
These uncertainties necessarily affect any estimate
of the case fatality ratio (CFR).
On the basis of international travel patterns,
we would expect a proportion of cases of any
infection spreading widely in Mexico to be exported by travelers (5). Owing to intense surveillance for influenza-like illness in those returning
from Mexico, ascertainment of early cases in newly affected countries was almost certainly more
complete and rapid than local surveillance of mild
cases in Mexico. Airline passenger flow out of
Mexico shows a significant correlation with the
frequency of detected confirmed cases worldwide
(Spearman correlation coefficient: 0.56, P = 0.004)
(Fig. 1, A and B). We thus use data on cases among
travelers and backcalculation methods to estimate
the total number of people infected in Mexico.
Key underlying assumptions in this analysis are
that population mixing in Mexico is equally likely between Mexican residents and tourists, and
tourists and Mexican residents are at equal risk
of infection (despite demographic and other differences). If infections are concentrated away from
traveler destinations (Fig. 1E presents the spatial
distribution, by state, of cases within Mexico by
5 May), the number of people infected in Mexico
will be underestimated, and conversely will be
overestimated if the epidemic has disproportionately affected geographical zones visited by
travelers. Under the assumption that reporting of
infections in travelers was complete, we estimated
the number of infections that occurred in Mexico
by late April from a model of the interval-censored
country case counts, which varied between 18,000
and 32,000 (Table 1), depending on the mean
duration of stay of tourists assumed, with perhaps
the most credible single value (based on journey
duration data) being 23,000. An alternative model
that assumed at least one case had been confirmed
in every country affected by late April gave lower
estimates of the number infected in Mexico, in the
range of 6000 to 11,000. However, this model
may be viewed as a worst case (from the perspective of resulting CFR estimates), and it fitted the
observed number of exported cases in key countries (such as the United States and Canada) substantially worse than did the first model. We used
30 April 2009 as the cut-off date for the data
analyzed, but the case data analyzed are subject
to delays (clinical onset, testing, and reporting) of
up to 1 week, so these estimates may be more representative of infections up to 23 April. The epidemic has subsequently spread further, although
the impact of the nonpharmaceutical interventions introduced in Mexico is not yet known.
On the basis of the 9 confirmed and 92 suspected deaths that were reported by 30 April 2009
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11 sequences, which gave similar estimates highlighting the power of these methods. [See (8) for
further sensitivity analysis and methods.]
The reproduction number, defined as the number of cases one case generates on average over
the course of their infectious period, is a key measure of transmissibility and can be estimated in a
number of ways from the data currently available.
First, by assuming exponential growth, the
growth rate of the epidemic (r) can be inferred
from estimates of the current cumulative number
of infections (Yf) and estimated start date and size
for the outbreak (t0 and Y0, respectively). The
basic reproduction number (R0) can be estimated
from the exponential growth rate if one also
assumes that the generation time distribution for

the new H1N1 strain is similar to that of other
strains of seasonal and pandemic viruses (9, 10)
[Table 1 and (8)]. Using the date of 15 February
as the first case of the La Gloria outbreak (8)
gives reproduction number estimates of between
1.31 and 1.42, depending on which variant of
the geographical backcalculation model is used.
Extending a more sophisticated Bayesian estimation method (11) that allows for stochastic variability intrinsic to epidemic dynamics and parameter
uncertainty gave similar but slightly higher estimates for R0 with wider ranges: posterior median =
1.40; 95% CrI: 1.15 to 1.90 (Fig. 1C).
Second, by assuming a prior distribution on
the generation time distribution informed by previous estimates of influenza, the Bayesian coa-

A

B

C

D

E

Fig. 1. (A). The number of passengers flying out of Mexico by actual destination and the number of
confirmed cases as reported on 30 April 2009. (B) The number of cases exported to country j as
reported on 30 April 2009 as a function of the estimated average number of foreign travelers in
Mexico from country j on any given day in March or April. Black circles: minimal number based on
one exposure per epidemiological cluster; filled red circles, total number of confirmed cases. (C)
Mean assumed generation time distribution (red) and 100 illustrative draws from the prior
distribution, and (D) corresponding posterior distribution of R0 estimates for a stochastic model of
an epidemic within Mexico with travelers infected at a rate proportional to the estimated density of
travelers per local resident. The two bar charts correspond to a 7-day delay between infection and
confirmation (blue) and no delay (orange) in cases among travelers. (E) Number of acute respiratory
infection cases per 100,000 inhabitants by state as reported on 5 May 2009 (1), demonstrating spatial
distribution of disease within Mexico.
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(6) and assuming similar times from infection to
confirmation and from infection to death, we estimated CFRs in the range of 0.3 to 0.6% from the
interval-censored case count model, based on confirmed and suspected deaths combined, or 0.03 to
0.05% for confirmed deaths only. Using the alternative, more pessimistic, country presence/absence
model, we estimated CFRs of 0.9 to 1.8% based on
suspected and confirmed deaths, and 0.08 to
0.16% from the confirmed deaths alone. These
estimates have already changed somewhat as a
result of data available after 30 April, but we deliberately report the earlier analysis because it
formed part of the evidence base used by WHO
to move to phase 5.
Another source of information on severity
comes from the large outbreak of respiratory disease seen in the small, isolated community of La
Gloria in Veracruz province, one case of which
has been confirmed to have been caused by the
novel H1N1 strain. It is possible that other viruses were circulating at the same time as the
outbreak, but the overall attack rate is substantially larger than would be expected for a seasonal influenza outbreak. No fatalities among 616
cases have been attributed to infection during the
full period of surveillance of that outbreak (Fig.
3A), giving a 95% confidence interval (CI) of 0
to 0.60%.
Data on the magnitude of the current outbreak
in Mexico can also be used to estimate the transmissibility of the virus if the start date of the
outbreak is known or can be estimated. Epidemiological investigations into the emergence of
the virus in Mexico have focused on the La Gloria
outbreak, where the first case in that outbreak is
thought to have occurred around 15 February 2009
(Fig. 3A).
An alternative approach to estimating the start
date of the outbreak is to look at the diversity in
the genetic sequences of viral samples collected
from confirmed cases, assuming that diversity
accumulates according to a molecular clock model.
Twenty-three complete publicly available hemagglutinin (HA) gene sequences from cases not
linked in epidemiological clusters were analyzed
with a Bayesian coalescent method that assumes
exponential growth of the viral population (7).
This yielded an estimate of the time of most
recent common ancestor (TMRCA) of 12
January 2009 [95% credible interval (CrI): 3
November 2008 to 2 March 2009]. The genetic
model also gave an estimate of the doubling
time of the epidemic of 10 days (95% CrI: 4.5
to 37.5 days) (Fig. 2). Assuming exponential
growth, the TMRCA is a reasonable estimate
of the start of the outbreak, although it is formally an upper bound due to incomplete sampling of the epidemic and the effects of the
exponential model prior to distribution. These findings from a population genetic analysis are consistent with the epidemiological investigation of
both the start and magnitude of the current epidemic in Mexico. Figure 2 also shows a preliminary version of this analysis based on the first

lescent population genetic analysis yielded a second
set of estimates for R0: posterior median = 1.22;
95% CrI: 1.05 to 1.60 (Fig. 2C).
Third, R0 can also be estimated from analysis
of the dynamics of the epidemic within defined
settings. Detailed data collected by the Mexican
authorities investigating the La Gloria outbreak
indicate that 616 individuals from a resident population of 1575 had acute respiratory infection
between 15 February and 14 April 2009 (Fig. 3A).
Data on the age distribution of cases and the dates
of disease onset were used in our analysis. Figure
3B shows that the clinical attack rate varied markedly as a function of age, with 61% of individuals
under 15 years old affected, dropping to 29% of
people over that age. The corresponding relative

A

B

risk is 2.13, with a 95% CI of 1.89 to 2.39. Based
on all confirmed cases in Mexico as reported on
5 May 2009 (1), the corresponding relative risk is
1.52 (95% C I: 1.33 to 1.73). The overall community attack rates seen in La Gloria are comparable to (or higher than) those seen in previous
pandemics (12).
Fitting alternative epidemic models to the
La Gloria data (8) demonstrated that a model
with heterogeneous mixing by age plus agedependent susceptibility to infection was required
to adequately fit the data with plausible parameter
estimates. The resulting maximum-likelihood
estimate of R0 was 1.58 with a 95% CI of 1.34
to 2.04 (Table 2). This analysis also provided the
only independent estimate of the mean generation
time, Tg (1.91 days; 95% CI: 1.30 to 2.71 days)
(Table 2), shorter than earlier estimates for influenza (9, 10), though not significantly so. It is
biologically plausible that R0 and Tg could be correlated, because both are linked to the underlying
replicative fitness of the virus. More data are
needed. Owing to parameter identifiability issues,
it was not possible to estimate age-dependent
infectiousness, as well as age-dependent mixing,
from these data. Although these estimates are informative, it should be emphasized that some
uncertainties remain regarding the denominator
population and that a range of other models may
fit the data as well as the model choice shown
here. Household data would be particularly useful in reducing remaining uncertainty.
Fourth, the time-dependent reproduction number (Rt) can be estimated from the time series of

reported disease onsets among confirmed cases in
Mexico (Fig. 4). These data are subject to much
uncertainty because of marked changes in surveillance over the reporting interval, plus the nonspecificity of symptoms that are similar to existing
and perhaps simultaneously circulating strains of
influenza. However, we developed methods for
analyzing such data (8) that account for substantial
underreporting, with a change in the underreporting rate from 17 April when surveillance within
Mexico was intensified. The average value of Rt
estimated for Mexico up until the end of April was
1.37 (95% CrI: 1.24 to 1.59) for a model with
Poisson case counts, and 1.47 (95% CrI: 1.21 to
1.88) for a perhaps more plausible negative binomial model allowing daily case counts to be
overdispersed (8).
Given estimates of R0 and the current epidemic size x, we can estimate the number of
generations Nt of transmission of the virus among
humans that is necessary to explain the current
epidemic. Assuming a simple branching process
with reproduction number R0, the mean number
of generations of transmission is given by Nt =
ln(x/x0)/ln(R0), assuming the epidemic was started
by x0 humans being infected from animal sources.
Assuming x0 = 1 gives estimates of Nt between
14 and 73. But even if we assume that 5% of
cases were infected directly from animal sources,
we obtain an estimated 5 to 22 generations of
transmission, indicating sustained human-tohuman transmission in Mexico.
All of the R0 estimates are comparable with,
but perhaps on the low end of, R0 estimates

A
C

Fig. 2. (A) Starting from publicly available HA viral
sequences, a posterior distribution of the estimated
TMRCA was derived using a Bayesian coalescent
model, which assumes exponential population growth
(coded in BEAST 1.4), with the date of the first known
human case highlighted. Details of the BEAST analysis
and parameter estimates are presented in (8).
Posterior distribution of the doubling time of the
epidemic (B) and of R0 (C). The bar charts show the
results obtained from the first 11 sequences available
on 2 May 2009 (orange) and from an updated analysis
with 23 epidemiologically unlinked sequences available on 7 May 2009 (blue). The differences in estimates
arise due to some sequences in the smaller sample
being from epidemiological clusters, highlighting the
importance of careful sampling.

B
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Fig. 3. Results of a detailed investigation into an outbreak in the village of La Gloria. (A) The time series of
cases based on repeat rounds of investigation into the outbreak, and the best fit of an age-stratified transmission model (see Table 2 for estimates). The graph also shows the best fit of a model where the generation
time is constrained to be consistent with earlier estimates for influenza (2.6 days), which does not fit significantly worse than the unconstrained best fit (see Table 2 legend). (B) Observed (bars) and fitted (using best
fit, circles) age-specific attack rates; (C) best fit and constrained estimate of the generation time distribution.
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Assumed average duration
of stay for visitors arriving
by flights

for the case fatality ratio (CFR), the basic reproduction number, and the
exponential growth rate, assuming that infections in travelers occurred in
Mexico.

Case fatality ratio*

Estimated number of
infections among
Mexican residents

Assuming 9
deaths§

Assuming 101
deaths§

Estimated
reproduction
number R0‡

Based on analysis of interval-censored country counts
32,000
0.03%
0.32%
1.42
(26,000, 39,000)
(0.02%, 0.03%)
(0.26%, 0.39%)
23,000
0.04%
0.44%
1.40
(20,000, 280,00)
(0.03%, 0.05%)
(0.37%, 0.52%)
180,00
0.05%
0.55%
1.39
(150,00, 220,00)
(0.04%, 0.06%)
(0.46%, 0.66%)
Based on analysis of presence or absence of confirmed disease in countries
11,000
0.08%
0.90%
1.36
(5,000, 27,000)
(0.03%, 0.20%)
(0.37%, 2.20%)
7,000
0.12%
1.36%
1.33
(3,000, 18,000)
(0.05%, 0.29%)
(0.56%, 3.30%)
6,000
0.16%
1.81%
1.31
(2,000, 14,000)
(0.07%, 0.39%)
(0.74%, 4.40%)

6 days
9 days (23)
12 days

6 days
9 days (23)
12 days

Estimated exponential
growth rate‡
(doubling time in days‡)

0.123
(5.6)
0.118
(5.9)
0.114
(6.1)
0.106
(6.6)
0.098
(7.0)
0.093
(7.4)

*This is a simple estimate of the CFR (4). The numbers of deaths and the data on cases in countries were both obtained as reported on 30 April. Although censoring is important to consider when
estimating the CFR (due to the time interval between case report and death), in these data we have both the time between clinical onset and death within Mexico and the time between clinical
onset and case confirmation in other countries to consider. Given uncertainty surrounding both of these distributions, we have made the simplifying assumption that these time intervals are
similar and thus that the CFR can be estimated by the deaths within Mexico attributed to the novel influenza A (H1N1) divided by the estimated number of infections among Mexican residents
based on data reported up to 30 April. §Based on 9 confirmed and 92 suspected deaths (101 total) that were reported by 30 April 2009 (6). ‡These estimates assume that the estimated
cumulative number of influenza A (H1N1) infections in Mexico among Mexican residents relates to the cumulative number of infections up to 23 April 2009 (i.e., 1 week before the data were
reported).

Table 2. Epidemiological parameters estimated by fitting an age-stratified mathematical model to
the outbreak in the village of La Gloria (Fig. 3). For sensitivity analysis and model selection, we
tested several reduced model variants. None fitted significantly worse, but several produced
implausible estimates of the generation time. The respective best-fit values are as follows: 1. No
asymptomatics and no misreporting, no assortative mixing: psymp ≡ 1, q ≡ 0, R0 = 1:37, Tg = 1:39,
and rchild = 2:80. 2. No asymptomatics and no misreporting: psymp ≡ 1, R0 = 1:41, Tg = 1:53 days,
q = 0:31, and rchild = 2:22. 3. No assortative mixing: same as variant 1. 4, model with long
generation time consistent with previous estimates from influenza (also shown in Fig. 3), Tg ≡ 2:60
days, R0 = 1:97, rchild = 2:52, q = 0:51, and psymp = 0:72. (The symbol “ ≡ ” denotes parameters
defined to take fixed values.)
Best estimate
R0
Tg
psymp
rchild
q

1.58
1.91
86%
2.06
0.50

fL
fchild

Assumed value
1/3
1

95% confidence
interval
1.34–2.04
1.30–2.71
69–100%
1.60–3.31
0.00–0.72

Assumed
Assumed

Description
Basic reproduction number
Mean generation time (days)
Proportion of cases that are symptomatic and ascertained
Susceptibility of children relative to adults
Assortativity of mixing between children and adults
(0 = random, 1 = fully assortative)
Fraction of the generation time that is latent (uninfectious)
Infectiousness of children relative to adults

obtained from analysis of previous pandemics
[1.4 to 2.0 for 1918, 1957, and 1968 (9, 13–15)].
Overall, our transmissibility estimates are consistent with the lowest values used in earlier detailed computer simulations used to study scenarios
in pandemic mitigation (16, 17), indicating that
the conclusions regarding control policy effectiveness reached by those analyses could be relevant
to the current epidemic. However, the key tradeoff remains the balancing of the economic and
societal cost of interventions, such as school clo-

1560

sure, against the numbers of lives saved through
use of such measures. Where substantial antiviral
stockpiles are available, a secondary trade-off is
the extent to which large-scale prophylaxis is justified, given the potential risks of high-level resistance developing (18–21). At present, estimates
of disease severity are insufficiently robust to allow these trade-offs to be properly evaluated, but
that uncertainty should diminish rapidly in coming
weeks as more data on severe cases in the United
States and other countries become available.
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As the situation develops, a key issue is to
optimize study designs and surveillance protocols to be most informative in estimating some of
these unknown factors, thus potentially informing and refining the public health response. Clearly, detailed investigations of transmission in
households and schools will be useful, as would
be the consistent collection and dissemination of
electronic patient records, which could be used to
detect cofactors in the severity of infection.
In conclusion, while the emerging data from
Mexico and other countries have enabled important insights into the origin, extent, transmissibility, and severity of the unfolding pandemic
[including detailed epidemiological analysis of
data from the U.S. outbreak recently published
(22)], many uncertainties remain and should not
be underestimated. The incubation and infectious
periods have not yet been reliably ascertained,
leaving uncertainty in estimates of the generation
time. Much remains to be done to estimate clinical severity of infection, to understand regional
variations seen so far (or indeed, whether they
exist). As the epidemic spreads further, it is likely
that severity will vary from country to country
depending on health care resources and the public health measures adopted to mitigate impact.
The existence of any cross-immunity (perhaps not
mediated via HA-specific antibodies) from past
exposure to prior influenza A subtypes is unknown, but the strong age dependence in clinical
attack rates seen in La Gloria is intriguing. Crossimmunity would imply that R0 could be higher in
fully susceptible populations than estimated here.
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Table 1. Parameter estimates (and 95% confidence intervals) for the
cumulative number of influenza A (H1N1) infections in Mexico among
Mexican residents by late April 2009, along with corresponding estimates

Fig. 4. (A) Time course
A
B
of the Mexican epidemic
with (B) the posterior estimates (median and 95%
CrI) of the reproduction
number over time obtained under Poisson and
negative binomial models from the analysis of
confirmed cases. The estimate of the negative binomial dispersion parameter
k is for a low-to-moderate
overdispersion, but this is enough to greatly increase the uncertainty in R(t).
The future evolution of the transmissibility, antigenicity, virulence, and antiviral resistance profile of this or any influenza virus is difficult to
predict. It is also unclear whether this strain will
displace existing influenza A subtypes from the
human population, as occurred in the past three
pandemics. The extent to which seasonal damping of transmission in North America and Europe
is responsible for the moderate transmissibility
seen to date is uncertain; the progress of transmission in the Southern Hemisphere (which is just
entering its influenza season) needs to be carefully monitored in the next few months. To reduce all these uncertainties, it is essential that
public health agencies around the world continue
to collect high-quality epidemiological data in a
focused, resource-efficient manner despite the expected increases in case numbers in coming weeks.
Epidemiological analysis and modeling are useful
tools for guiding such efforts and interpreting the
resulting data.
Note added in proof: We cited two sources
(1, 6) for confirmed and suspected deaths in
Mexico, reported by 4 May 2009 and 30 April
2009, respectively. These sources are not publicly available at present. However, similar reports
are publicly available: The Mexican government
Web site (24) gives some data on the 5 May
situation report (25) documenting 26 confirmed
deaths and 114 suspected deaths (77 without
samples for analysis), and Morbidity and Mortality Weekly Report (26) lists 7 confirmed and 77
suspected deaths posted on 30 April. Since this
article appeared online, the number of deaths in
Mexico up to 23 April has been determined to be
21, resulting in a revised estimate of the CFR of
0.091% (range: 0.066 to 0.35%) (24).
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Inferring an accurate evolutionary tree of life requires high-quality alignments of molecular
sequence data sets from large numbers of species. However, this task is often difficult, slow, and
idiosyncratic, especially when the sequences are highly diverged or include high rates of insertions
and deletions (collectively known as indels). We present SATé (simultaneous alignment and tree
estimation), an automated method to quickly and accurately estimate both DNA alignments and
trees with the maximum likelihood criterion. In our study, it improved tree and alignment accuracy
compared to the best two-phase methods currently available for data sets of up to 1000 sequences,
showing that coestimation can be both rapid and accurate in phylogenetic studies.

P

hylogeny estimation from molecular sequences typically has two phases: An alignment is estimated, and then a tree is produced
for the alignment. Alignment methods like MAFFT
(1), Probcons (2), Probtree (3), Prank (4), and Mus-
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cle (5) provide more accurate alignments than earlier
methods (3, 4, 6), and maximum likelihood (ML)
methods of phylogeny estimation [e.g., RAxML
(7, 8), GARLI (9), and Phyml (10)] produce
more accurate trees for large data sets than other

19 JUNE 2009

1561

International Journal of Infectious Diseases (2008) 12, 457—465

http://intl.elsevierhealth.com/journals/ijid

The effects of annual widespread badger culls on
cattle tuberculosis following the cessation of culling
Helen E. Jenkins a, Rosie Woodroffe b, Christl A. Donnelly a,*
a

MRC Centre for Outbreak Analysis and Modelling, Department of Infectious Disease Epidemiology,
Faculty of Medicine, Imperial College London, Norfolk Place, London W2 1PG, UK
b
Institute of Zoology, Regent’s Park, London, UK
Received 20 March 2008; received in revised form 3 April 2008; accepted 9 April 2008
Corresponding Editor: William Cameron, Ottawa, Canada

KEYWORDS
Bovine TB;
Mycobacterium bovis;
Badger culling;
Cattle

Summary
Background: The effective control of human and livestock diseases is challenging where infection
persists in wildlife populations. The Randomised Badger Culling Trial (RBCT) demonstrated that,
while it was underway, proactive badger (Meles meles) culling reduced bovine tuberculosis (TB)
incidence inside culled areas but increased incidence in neighboring areas, suggesting that the
costs of such culling might outweigh the benefits.
Objectives and design: The objective of this study was to investigate whether culling impacts
persisted more than one year following the cessation of culling (the ‘post-trial’ period). We
compared TB incidence in and around RBCT proactive culling areas with that in and around
matched unculled areas.
Results: : During the post-trial period, cattle TB incidence inside culled areas was reduced, to an
extent significantly greater ( p = 0.002) than during culling. In neighboring areas, elevated risks
observed during culling were not observed post-trial ( p = 0.038). However, the post-trial effects
were comparable to those observed towards the end of the trial (inside RBCT areas: p = 0.18 and
neighboring areas: p = 0.14).
Conclusions: Although to-date the overall benefits of culling remain modest, they were greater
than was apparent during the culling period alone. Continued monitoring will demonstrate how long
beneficial effects last, indicating the overall capacity of such culling to reduce cattle TB incidence.
# 2008 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.

Introduction
The effective control of human and livestock diseases is
challenging where infection persists in wildlife populations.
* Corresponding author. Tel.: +44 20 7594 3394.
E-mail address: c.donnelly@imperial.ac.uk (C.A. Donnelly).

The Randomised Badger Culling Trial (RBCT)1 demonstrated
that, while it was underway, proactive badger (Meles meles)
culling reduced bovine tuberculosis (TB) incidence inside
culled areas but increased incidence in neighboring
areas,2—5 suggesting that the costs of such culling might
outweigh the benefits.1,6,7
Bovine tuberculosis (TB), a serious disease of cattle, was
eliminated from most of Britain by 1960, when the whole
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country was declared attested, using a policy of routine
testing of cattle combined with slaughter of affected animals.8 However, infection remained in areas of southwest
England, where it was linked to infection of local badger
(Meles meles, Figure 1) populations with Mycobacterium
bovis, the causative agent of the disease.9 Since 1979 incidence in British cattle has increased and the infection has
become more geographically widespread.10 This increase has
occurred despite badger culling being an additional component of the British TB control policy from 1973 until the start
of the RBCT in 1998.10
The RBCT1 was designed to evaluate the effectiveness of
two badger culling strategies, by comparing the incidence of
cattle TB under three experimental treatments–—repeated
widespread (‘proactive’) culling, localized (‘reactive’) culling, and no culling (‘survey-only’)–—each replicated ten
times in large (100 km2) trial areas. Results from the RBCT
published at the completion of the proactive strategy, after
roughly five years of annual culling,2,3 showed that proactive
culling reduced cattle TB incidence inside the culled areas.
However, incidence was elevated in neighboring unculled
areas (up to 2 km outside the culled areas). The latter effect
apparently occurred because culling induced changes in
badger behavior,11 which increased the transmission of infection both between badgers,12 and from badgers to cattle.
Localized reactive culling as a once-only event in response to
each herd breakdown, likewise was associated with an overall detrimental effect,4,5 apparently for similar ecological
reasons.11 At the scale and over the period on which RBCT
culling was conducted, the detrimental effects (24%
increased incidence) observed outside proactive culling
areas counteracted the benefits (23% reduced incidence)
experienced inside; the relative magnitude of these effects
would be expected to vary with the size of the area culled.2
The evidence available at the end of the RBCT indicated that
a circular culled area of at least 265 km2 would be required to
provide 95% confidence that the overall impact would, on
average, be a net reduction in the incidence of confirmed
herd breakdowns.1
There has been considerable debate about the importance
of the detrimental effects associated with badger culling
compared to the associated beneficial effects, observed
while annual culling was ongoing.13—16 Available data from
the RBCT suggested that only modest reductions in confirmed
herd breakdowns would be achievable by badger culling,
even if large areas were culled, repeatedly, systematically,
and simultaneously (and hence at substantial cost), while
small-scale, short-term, or patchy culling was expected to
make matters worse; this called into question whether badger culling could meaningfully contribute to the control of
cattle TB in Britain.1 Stakeholders made clear their strongly
held and diverse (often directly opposing) views on the form
of future TB control policy17—19 in a public consultation on
badger culling,20 which followed the first publication of
results of proactive culling within the RBCT:3 the consultation
received more than 47 000 replies,21 reflecting the level of
public concern in the badger culling issue.
The utility of badger culling as a TB control measure will
be influenced not only by the magnitude of its beneficial and
detrimental effects, but also by their persistence. The last
proactive culls occurred in 2005, but monitoring of cattle TB
incidence has continued in and around all trial areas as part
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of routine TB surveillance. We therefore compared cattle TB
incidence in and around proactively culled areas with that in
and around survey-only areas, to determine whether the
effects of proactive culling observed during the RBCT persisted following the cessation of culling. We also re-evaluated
whether the size of the culled area required to achieve an
overall net reduction in the incidence of confirmed herd
breakdowns has changed in light of the additional data.

Materials and methods
Trial design
Thirty trial areas, selected on the basis of high cattle TB
incidence, were recruited sequentially as 10 matched ‘triplets’ denoted A—J (see supplementary material for map).
Nearby trial areas were separated by at least 3 km. Each trial
area was surveyed for badger activity and then randomly
allocated to treatments (except in triplet I, for which security concerns directed a specific allocation) such that each
treatment–—proactive culling, reactive culling, or no culling
(‘survey only’)–—was repeated once within each triplet.
Immediately following treatment allocation, initial proactive culls were conducted on all land for which landholder
consent was obtained (see supplementary material for data
on proportion of proactive trial area land for which consent
was obtained; note that analyses show that the culling
methods used were successful in removing badgers from land
for which no access was obtained2). The boundaries of the
areas to be culled were delineated (beyond trial area boundaries as necessary) using field survey data to ensure that
culling targeted the home ranges of all badgers likely to use
farms inside the trial areas; where possible, culling area
boundaries followed likely geographical barriers to badger
immigration. Badgers were captured in cage traps placed
primarily at setts, with no trapping between 1 February and
30 April each year, to avoid killing mothers with dependent
cubs below ground.22 Few badgers were found to have traprelated injuries23,24 and badger killing (by gunshot) was
deemed ‘humane’ by independent audit.25
Initial culls for each proactive trial area were completed
between December 1998 and December 2002, with ‘followup’ culls repeated approximately annually (with longer
delays in seven areas incurred due to a nationwide epidemic
of foot-and-mouth disease in 2001). The final culls for all 10
proactive areas were completed between May and October
2005. Field surveys indicated that badger activity in trial
areas changed according to the culling treatment received,26
with no evidence that treatment comparisons were substantially compromised by illegal culling in survey-only areas.
Once each initial proactive cull was complete, cattle TB
incidence inside, and up to 2 km outside, each trial area was
monitored using established veterinary surveillance. Effects
were sought up to 2 km outside trial areas because culling
had been shown to influence badger numbers and movement
patterns on this spatial scale.11 The ‘during-trial period’ was
defined as the period from the completion of the initial
proactive cull in each triplet, to exactly one year after
completion of the last cull in each triplet, when another
annual cull would have been conducted had the proactive
treatment been continued. The subsequent time period was
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termed the ‘post-trial period’. Data were available until 6
January 2008, and consisted of accrued totals from 55.7
‘triplet-years’ in the during-trial period and 14.3 ‘tripletyears’ in the post-trial period (where a ‘triplet-year’ is one
triplet observed for 12 consecutive months). Analyses were
restricted to ‘confirmed breakdowns’ (incidents in which
post mortem examination of slaughtered cattle led to detection of TB lesions or culture of M. bovis); some breakdowns
detected in late 2007 would not have been confirmed in time
to be included in these analyses.

Statistical analysis
As in previously published analyses,2—5 we used log-linear
Poisson regression to compare the numbers of confirmed
breakdowns recorded in and around trial areas subjected
to the proactive and survey-only treatments. The regression
models adjusted for triplet, the log of the number of baseline
herds at risk, and the log of the number of confirmed breakdowns recorded in a three-year period before RBCT culling.
Where results were stratified by time, a triplet by time
interaction term was also included in the model. Confidence
intervals (CI) and p-values were conservatively adjusted for
extra-Poisson overdispersion by using an adjustment factor
(the square root of the model deviance divided by the
degrees of freedom) in all cases where its value was greater
than 1. We used a Chi-square test, summing confirmed herd
breakdowns over triplets, to look for any difference between
the effect of proactive culling on the incidence of confirmed
herd breakdown observed in the last two years of the duringtrial period and that observed in the first year post-trial.
Cattle herd locations from the national animal health
information system VetNet were used to identify herds inside
trial areas. Parallel analyses were performed using the RBCT
database to identify herd locations; the results obtained
were similar but less consistent (see supplementary material). Herds up to 2 km outside trial area boundaries were
identified more comprehensively using VetNet, because the
Table 1

RBCT database did not include all farms on neighboring land.
Any herds within 2 km of more than one trial area boundary
(whether proactive, reactive, or survey-only) were omitted
from these analyses. Analyses based on VetNet herd locations
include 2659 herds inside trial areas and 2262 herds in
neighboring areas, up to 2 km outside trial area boundaries
(proactive and survey-only areas combined).
As in previously published analyses,1 we attempted to
estimate the area of land that would need to be targeted
by culling to obtain an overall reduction in the incidence of
confirmed herd breakdowns (with detrimental effects outside the culled area offset by benefit effects inside). To do
this, we investigated whether the effect of culling varied
with distance from the trial area boundary, combining the
data from the during- and post-trial periods. Any change in
effect with distance would have implications for extrapolation to areas larger or smaller than the 100 km2 used in the
RBCT. Tests for trends in culling effects, with distance from
the trial area boundary, were undertaken using weighted
least squares on the estimated logarithms of the relative risks
associated with each distance category (0—1, 1—2, 2—3, 3—4,
and >4 km inside the trial area boundaries or 0—0.5, 0.5—1,
1—1.5, and 1.5—2 km outside the trial area boundaries).
These estimates were obtained from models fitted simultaneously to data from distance categories inside the trial area
boundaries (with negligible correlation between estimates of
effects associated with different distance categories — see
supplementary material), and in a separate model to the data
from distance categories outside the trial area boundaries.

Results
Analyses revealed that, during the post-trial period, the
incidence of confirmed cattle herd breakdowns was 54%
lower inside proactive trial areas than inside survey-only
areas ( p < 0.001 for the null hypothesis of no effect; 95%
confidence interval (CI): 39—66% reduction; Table 1,
Figure 2). This result was consistent across all ten triplets

Estimated effects of proactive culling on the incidence of confirmed cattle TB breakdowns inside trial areas
Proactive effect

Overdispersion

Estimate

95% CI

p-Value

1st to 2nd cull
2nd to 3rd cull
3rd to 4th cull
After 4th cull to end of during-trial period
First year of post-trial period
Second year of post-trial period

!3.6%
!12.9%
!39.6%
!31.8%
!48.7%
!60.8%

!33.1
!38.8
!59.3
!48.5
!65.6
!80.7

38.9%
24.2%
!10.3%
!9.7%
!23.2%
!20.5%

0.85
0.45
0.013
0.007
0.001
0.009

All during-trial period combined
All post-trial period combined
(1st and 2nd year combined)

!23.2%
!54.4%

!32.7 to !12.4%
!66.2 to !38.5%

1st cull to 6 January 2008

!30.2%

!38.1 to !21.3%

to
to
to
to
to
to

Factor

p-Value

1.33

0.001

<0.001
<0.001

0.67
0.77

0.87
0.76

<0.001

0.73

0.81

95% CI, 95% confidence interval.
Analyses adjust for triplet, baseline number of herds, and historic TB incidence (over three years). Results are split by cull sequence duringtrial and by year post-trial and include breakdowns from the initial cull to 6 January 2008. During-trial results include all confirmed
breakdowns in the period from completion of the initial proactive cull (in each triplet) to one year after the last proactive cull (in each
triplet) and use the January 2007 data download as reported in the ISG Final Report. The post-trial results include all reported confirmed
breakdowns from one year after the last proactive cull (in each triplet) to 6 January 2008 and use the download from 6 January 2008. All
results are based on locations from the VetNet database.
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Table 2 Estimated effects of proactive culling on the incidence of confirmed cattle TB breakdowns up to 2 km outside the trial
area boundaries
Proactive effect

Overdispersion

Estimate

95% CI

1st to 2nd cull
2nd to 3rd cull
3rd to 4th cull
After 4th cull to end of during-trial period
First year of post-trial period
Second year of post-trial period

43.9%
24.4%
20.0%
17.3%
!16.2%
!30.1%

!8.6
!19.0
!25.0
!14.4
!45.4
!67.3

All during-trial period combined
All post-trial period combined
(1st and 2nd year combined)

24.5%
!22.7%

!0.6 to 56.0%
!44.3 to 7.3%

12.5%

!8.5 to 38.3%

1st cull to 6 January 2008

p-Value
to
to
to
to
to
to

126.7%
91.0%
92.1%
60.9%
28.9%
49.2%

Factor

p-Value

1.25

0.007

0.057
0.12

1.26
0.91

0.13
0.56

0.27

1.33

0.091

0.12
0.32
0.45
0.32
0.42
0.35

95% CI, 95% confidence interval.
Analyses adjust for triplet, number of baseline herds, and historic TB incidence (over three years). Results are split by cull sequence duringtrial and by year post-trial and include breakdowns from the initial cull to 6 January 2008. During-trial results include all confirmed
breakdowns in the period from completion of the initial proactive cull (in each triplet) to one year after the last proactive cull (in each
triplet) and use the January 2007 data download as reported in the ISG Final Report. The post-trial results include all reported confirmed
breakdowns from one year after the last proactive cull (in each triplet) to 6 January 2008 and use the download from 6 January 2008. All
results are based on locations from the VetNet database.

Figure 1 European badgers (Meles meles). In populations undisturbed by culling, badgers are highly social; disruption of this
social behaviour is thought to lead to expanded ranging, and increased disease transmission both among badgers and from badgers
to cattle. Photos credited to Richard Yarnell.
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Table 3 Estimated effects of proactive culling on the incidence of confirmed cattle TB breakdowns inside trial areas and up to
2 km outside trial areas
Proactive effect

Overdispersion
p-Value

Factor

p-Value

0.3%
2.5%
!9.9%
20.2%
75.8%

0.053
0.074
0.011
0.20
0.26

1.33

<0.001

0.083

Outside trial areas and within 2 km of the trial areas
!18.6%
!38.6 to 7.8%
0—0.5 km outside a
0.5—1 km outside
28.0%
!3.0 to 68.8%
1—1.5 km outside
1.6%
!25.0 to 37.6%
1.5—2 outside
16.7%
!16.8 to 63.7%

0.15
0.081
0.92
0.37

1.08

0.18

0.46

Inside treatment areas
0—1 km inside
1—2 km inside
2—3 km inside
3—4 km inside
4—5 km inside

Estimate

95% CI

!19.5%
!22.1%
!36.3%
!28.9%
!53.5%

!35.4
!40.8
!55.0
!58.0
!87.7

p-Value for
linear trend

to
to
to
to
to

95% CI, 95% confidence interval.
Analyses adjust for triplet, number of baseline herds, and historic TB incidence (over three years). Results are split by distance from the trial
area boundary and include breakdowns from the initial cull to 6 January 2008. During-trial results include all confirmed breakdowns in the
period from completion of the initial proactive cull (in each triplet) to one year after the last proactive cull (in each triplet) and use the
January 2007 data download as reported in the ISG Final Report. The post-trial results include all reported confirmed breakdowns from one
year after the last proactive cull (in each triplet) to 6 January 2008 and use the download from 6 January 2008. All results are based on
locations from the VetNet database.
a
Treatment areas, within which culling was conducted, were slightly larger than trial areas, and were delineated according to the
estimated boundaries of social group territories so that all badgers using farms inside the trial areas could be targeted. As a consequence,
some culling was conducted on land immediately outside trial area boundaries (see supplementary material for parallel analyses).

(the test for overdispersion was not significant, p = 0.76).
However, this effect in the post-trial period was substantially
greater than that observed in the during-trial period (23%
reduction (95% CI: 12—33% reduction),2 p = 0.002 for the null
hypothesis of the same effect in the during- and post-trial
periods). There was no evidence of a difference between the
effect in the latter part of the trial (last two years duringtrial) and the first year of the post-trial period ( p = 0.18).
Pooling results over the whole time period (during- and posttrial) showed that incidence was reduced by 30% (95% CI: 21—
38% reduction); however, this estimate hides the significant
improvement in the impact of proactive culling on the incidence of confirmed cattle herd breakdowns inside proactive
trial areas.
On land neighboring proactive trial areas, no detrimental
effects were observed in the post-trial period: the incidence
of confirmed cattle herd breakdowns was 23% lower (95% CI:
44% lower to 7.3% greater) than that on land neighboring
survey-only trial areas ( p = 0.12 for the null hypothesis of no
effect; the test for overdispersion was not significant showing
that the effect was consistent across all 10 triplets, p = 0.56;
Table 2, Figure 2). However, again, the effect in the post-trial
period was significantly different from the detrimental effect
(24% greater incidence (95% CI: 1% lower to 56% greater))
observed in the during-trial period (Figure 2, p = 0.038 for the
null hypothesis of the same effect in the during- and posttrial periods). As with inside trial areas, there was no evidence of a difference between the effect in the latter part of
the trial (last two years during-trial) and the first year of the
post-trial period ( p = 0.14 for neighboring areas). Pooling
results over the whole time period (during- and post-trial)
showed that incidence was increased by 13% (95% CI: 8%
reduction to 38% increase); however, this estimate hides the

significant improvement in the impact of proactive culling on
the incidence of confirmed cattle herd breakdowns on land
neighboring proactive trial areas.
We used these results to predict the effects of culling
targeted at areas of different sizes assuming a herd density of
1.25 per km2 (roughly that seen in the RBCT areas) and an
incidence rate in the absence of culling of eight confirmed
breakdowns per 100 herds per annum (a reasonable approximation based on data from the survey-only areas during the
RBCT). For example, five annual proactive culls targeting a
circular area of 125 km2 would be predicted to prevent, on
average, only roughly three confirmed breakdowns (14.5
prevented within the 125 km2 targeted area and 11.2 induced
in the 92 km2 neighboring area) in the during-trial period. An
additional roughly nine confirmed breakdowns would then be
prevented, on average, in the following 12 months (6.8
prevented within the targeted area and 2.1 prevented in
the neighboring area). Combining the results from these two
time periods gives roughly 12 fewer confirmed breakdowns
predicted, on average, in a six-year period including five
annual proactive culls with culling then discontinued. For
comparison, in the absence of culling 130 confirmed breakdowns would have been expected in the affected area
(125 km2 targeted plus 92 km2 neighboring) over the same
six-year time period.
Over the whole time period (during- and post-trial combined), there was a non-significant trend for the benefits of
culling to increase as one moves deeper inside trial area
boundaries ( p = 0.083; Table 3); this was expected as more
thorough badger removal was achieved deep inside trial
areas.26 There was no evidence of a trend for the effects
of culling to change with distance outside the trial area
boundary ( p = 0.46; Table 3). In extrapolating to areas of
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Figure 2 Estimated effects of proactive culling on the incidence of confirmed cattle TB breakdowns inside trial areas and up to 2 km
outside trial area boundaries. The estimated effects of proactive culling are stratified by time periods defined by the timings of the
culls during the trial, and by year from 1 year after the last proactive cull (post-trial period). The black line shows the effects inside the
trial areas and the dotted red line shows the effects in the neighboring areas. These figures are also shown in Tables 1 and 2.

Figure 3 Effects of varying the size of the area targeted for
badger culling on the projected impacts on confirmed cattle TB
incidence. Red shading shows the 95% confidence interval for the
overall impact (combining impacts inside and up to 2 km outside
the targeted area) of culling targeted at circular areas of
different sizes; blue shading shows the impact inside the targeted area only. The estimated overall effect is for increased
incidence when culling targets areas less than 29 km2, moving to
a decreased incidence when areas of more than 29 km2 are
targeted. The effect of decreased overall incidence is statistically significant for areas over 119 km2. Likewise, on average
culling is expected to lead to an overall reduction in cattle TB
incidence of !10% if targeted at areas larger than 111 km2, with
the expected reduction significantly greater than 10% for areas
over 330 km2. Calculations assume a trend with distance going
deeper inside the trial area from the trial area boundary. To avoid
extrapolation beyond the available data, when the beneficial
effects of culling are assumed to be linearly dependent on the
distance from the boundary, the effect on land more than 4 km
inside the trial boundary was assumed to equal to that estimated
for such land in the roughly 100 km2 RBCT trial areas, even
though for much larger culling areas some land will be much
further than 4 km from the nearest boundary.

different sizes, we therefore assumed that the beneficial
effects of proactive culling inside targeted areas varied with
the distance from the boundary, while the detrimental effect
on neighboring lands was constant. On this basis, across the
combined during- and post-trial periods (including typically
five annual proactive culls with culling then discontinued),
and considering effects both inside and outside the targeted
area, the overall average effect of proactive culling was
predicted to lead to a net reduction in the overall incidence
of confirmed herd breakdowns, considering the whole
affected area, when targeted at circular areas larger than
29 km2 (Figure 3). However, the 95% CI for the average effect
across the entire affected area only excluded net increases in
the overall incidence of confirmed herd breakdowns, again
considering the whole affected area, for culling targeted at
circular areas of 119 km2 or more. If assumptions were
modified so that the treatment effect was constant across
the targeted area, the 95% CI excluded net increases in the
overall incidence of confirmed herd breakdowns for circular
areas of 110 km2 or more (see supplementary material).
For comparison, we also investigated the size of the area
at which culling would need to be targeted to achieve an
overall reduction in the incidence of confirmed herd breakdowns (considering effects both inside and outside the targeted area) of 10% or more. On average, such benefits could
be expected if culling were targeted at circular areas larger
than 111 km2 (see Figure 3). However, the 95% CI around this
average value only excluded benefits of <10% for culling
targeted at circular areas of 330 km2 or more (Figure 3). If
assumptions were modified so that the treatment effect was
constant across the targeted area, the 95% CI excluded
benefits of <10% for circular areas of 443 km2 or more
(see supplementary material).

Discussion
Our results show that the reductions in cattle TB incidence
achieved through proactive badger culling, as conducted in
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the RBCT, persisted for more than one year after culling was
discontinued. Beneficial effects inside culling areas
increased in magnitude, and detrimental effects were no
longer observed on neighboring lands.
The epidemiological mechanisms causing this increase in
the beneficial effects of badger culling are uncertain. This is
unfortunate, because an insight into these mechanisms
would help to predict how long the benefits might be
expected to persist.
On the basis of available data, we speculate that the
changes observed in cattle TB risks following the cessation
of culling reflect changes in the behavior and ecology of
badgers, noting that these changes in the risks to cattle were
non-significant compared with the final two years of the
during-trial period. In the during-trial period, proactive culling was shown to have caused a substantial reduction in
badger density inside culled areas, and a smaller reduction on
neighboring unculled lands.11,26 In both types of area, badgers ranged more widely;11 the consequently greater opportunities for each infected badger to come into contact with
cattle was thought to have caused the detrimental effects on
cattle TB outside culling areas, and also to have undermined
the beneficial effects inside.3 This expanded ranging behavior also promoted opportunities for transmission among
badgers, and probably explains the greater prevalence of
M. bovis infection observed in badgers on successive culls,
which would have further undermined the benefits of
reduced badger density.12
The subsequent cessation of RBCT culling is likely to have
had several consequences for the badger population. It would
allow the population to grow, as the abundant, unexploited
food source available for badgers would allow high reproductive rates and cub survival.27,28 In addition, a stable social
organization would be re-established, leading to contraction
of home ranges and greatly reduced immigration.29 These
two aspects of badger population recovery are likely to occur
at different speeds, with changes in badger behavior occurring more rapidly than changes in badger numbers: at two
removal sites previously studied in Gloucestershire, badger
ranging behavior contracted markedly within two years, but
it took 10 years for the original badger densities to be reestablished.29 These two effects would have contrasting
implications for the incidence of cattle TB: growth of the
badger population would be expected to increase the risks of
cattle becoming infected from badgers, while the reduction
in badger mobility would reduce those risks. We suspect that
the reductions in confirmed herd breakdowns recorded in and
around proactive areas following the suspension of culling,
noting that these estimates were non-significantly different
from those observed in the final two years of the during-trial
period, reflect contractions in badger ranging at a time when
badger numbers were still suppressed by past culling. If this
explanation is correct, it suggests that the benefits observed
in the first years post-culling will dissipate as badger numbers
increase. Continued monitoring will allow testing of this
prediction; the timescale on which benefits would be
expected to disappear cannot yet be determined. It is likewise not possible to predict how culling over different periods
of time, or at different intervals, would have influenced the
results, since the outcome would depend upon a complex
array of factors including badger movements, dispersal,
reproduction, and trappability, all of which are likely to have

changed in response to repeated culling as well as showing
strong seasonal variation.
When considering the available data in their entirety, our
analyses suggest that the overall reduction in the incidence
of confirmed herd breakdowns associated with widespread
badger culling remains modest (e.g., on average only 12
confirmed breakdowns prevented over six years by five
annual culls targeting a 125 km2 area, compared with 130
confirmed breakdowns expected in the absence of culling).
As published previously, culling that is small-scale, patchy, or
short-term is likely to increase, rather than reduce, TB risks
to cattle.1—3,5 In the during-trial period,1 the 95% CI indicated
that culling could be expected to lead to a net reduction in
the overall incidence of confirmed herd breakdowns if targeted at circular areas greater than 265 km2; the addition of
data from the post-trial period reduced this minimum area to
119 km2. While this area is considerably smaller than previously estimated, achievement of an effective cull across
such an area would still require a coordinated and sustained
effort; furthermore the economic costs of implementation
(when considering the impact over the whole affected area)
would exceed the savings achieved through reduced breakdown incidence (based on the estimated costs of performing
culling and experiencing a breakdown1,6).
Our results suggest that the cessation of annual proactive
badger culling influenced the dynamics of M. bovis infection
in cattle and badgers. However, it must be stressed that these
results refer only to the time course of badger culling that
was implemented in the RBCT, within areas selected for
inclusion in the RBCT based on their historic high TB incidence rates in cattle herds: no reliable predictions can be
made concerning what would have happened had annual
culling been continued for longer, or halted sooner. The
reductions in confirmed herd breakdowns we describe from
the post-trial period must be considered in the context of the
smaller reduction (and indeed increased number of breakdowns in neighboring areas) observed when culling was
ongoing. Continued monitoring will determine how long
the beneficial effects last, and will thus provide a measure
of the overall capacity of badger culling (as conducted in the
RBCT) to reduce cattle TB incidence.
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