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Recent developments in pertussis  
Natasha S Crowcroft, Richard G Pebody

Pertussis causes nearly 300 000 deaths in children every year. Most deaths take place in developing countries, but the 
infection remains a priority everywhere. Pertussis vaccination protects infants and children against death and 
admission to hospital, but breakthrough disease in vaccinated people can happen. In high-mortality countries, the 
challenge is to improve timeliness and coverage of childhood vaccination and surveillance. In regions with low 
mortality and highest coverage, pertussis is frequently the least well-controlled disease in childhood vaccination 
programmes. Some countries have reported a rise in pertussis in adolescents, adults, and pre-vaccination infants, 
but how much these changes are real or a result of improved recognition and surveillance remains uncertain. In 
response, several countries have introduced adolescent and adult acellular pertussis vaccine boosters. The eff ect so 
far is unknown; assessment is impeded by poor data. Uncertainties still persist about key variables needed to model 
and design vaccination programmes, such as risk of transmission from adults and adolescents to infants. New 
vaccination strategies under investigation include vaccination of neonates, family members, and pregnant women. 

Pertussis is a fascinating, important, and challenging 
disease for doctors, microbiologists, epidemiologists, 
and policymakers in every country. Despite being 
preventable by vaccination for several decades, pertussis 
remains one of the top ten causes of death worldwide in 
childhood, mainly in unvaccinated children.1,2 Experts 
still debate basic characteristics of the disease. Why does 
the cough last so long? How does the duration of 
immunity after infection compare with that after 
vaccination? To what extent does herd immunity exist? 
The optimum strategies for improving control of 
pertussis remain uncertain. Every country has a diff erent 
vaccination programme history. Even in countries with 
strong vaccination programmes the infection continues 
to kill young children, doctors still miss the diagnosis, 
and robust data for disease incidence remain sparse. In 
this Seminar we summarise recent developments that 
enhance our understanding of pertussis diagnosis, 
management, prevention, and control, and we identify 
those key points about which questions still remain.

Clinical features of pertussis
Pertussis (whooping cough) is an infectious respiratory 
disease caused by the bacterium Bordetella pertussis, an 
exclusively human pathogen recorded worldwide. The 
diff erential diagnosis includes a wide range of respiratory 
pathogens, such as Bordetella parapertussis and respiratory 
syncytial virus infection.3 

Pertussis is very infectious with high secondary attack 
rates in households.4 Published incubation periods 
range between 5 and 21 days, with 7 days being most 
common, and rarely lasting beyond 10 days.5–7 These 
incubation periods usually take the onset of cough as 
being the onset of disease, although the cough is 
usually preceded by a non-specifi c prodromal coryzal 
illness, which can be easily missed. The infectious 
period is usually taken as the onset of this catarrhal 
prodrome to 3 weeks after onset of illness.  

The cough that follows the prodrome is characteristic 
and is most typically paroxysmal followed by a whoop 
or vomiting, or both. Clinical severity varies widely, 
with mild cases seen particularly in older children, 
adults, and vaccinated individuals (panel 1).4 In recent 
times asymptomatic infection, but not carriage, has 
been recognised.8,9 Infants might not develop paroxysms 
or a whoop and present only with apnoea or sudden 
death. 

Complications of pertussis usually happen in 
childhood and include pneumonia, failure to thrive 
from post-tussive vomiting, seizures, encephalopathy, 
cerebral hypoxia leading to brain damage, secondary 
bacterial infection, pulmonary hypertension, sub-
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Search strategy and selection criteria

In 2005, a literature review was undertaken using MEDLINE 
complemented by a collection provided by WHO Geneva 
originally compiled by Artur Galazka and then extended to 
include articles held in WHO regional databases. MEDLINE 
searches of articles used the MeSH terms “pertussis 
complications”, “epidemiology”, “mortality”, “prevention and 
control”, and “transmission” to identify articles published since 
1966. Papers were prioritised to meet the space constraints of 
the Seminar.

Panel 1: What aff ects the clinical presentation of pertussis?

Age
Adults and older children are less likely to have typical 
symptoms—eg, simple cough
Very young infants might present atypically—eg, with apnoea 
alone—and not cough

Previous infection
Subsequent infections are milder

Previous vaccination

Time since previous vaccination or infection
Longer time, increased severity of infection

Co-infection
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conjunctival haemorrhage, and rectal prolapse. Nearly 
all deaths take place in the fi rst 6 months of life,10,11 with 
substantial underascertainment.10,12  

Evidence is gathering on the occurrence of adult 
pertussis.13,14 Although adolescents, adults, and even 
elderly people can present with typical disease, more 
frequently it is a simple prolonged cough.11 In 13–20% 
of adults with prolonged cough, pertussis is the cause,15 
and 21–86% present with typical symptoms16–22 
frequently with coughing for 7–8 weeks.18,23 
Complications in adults include urinary incontinence,21 
admission to hospital,24 hearing loss, inguinal hernia, 
pneumothorax, aspiration, cracked ribs, carotid artery 
dissection, pneumonia,16 and death (rarely).25

The disease remains underdiagnosed by both 
paediatricians and family doctors, so increasing 
awareness and reporting of pertussis is a priority 
(panel 2). Early diagnosis can lead to more eff ective 
treatment and control measures, such as prophylaxis 
for contacts at risk, thus preventing further cases and 
avoiding inappropriate investigations. Prompt reporting 
allows public-health authorities to know if and why 
vaccination programmes might not be working and  
action can be taken accordingly.

Microbiology
B pertussis is a small gram-negative coccobacillus, 
strictly aerobic, and fastidious, needing special media 
(such as charcoal blood agar with cefalexin) for its 
isolation. The bacterium produces a range of adhesins, 
fi mbriae, and toxins. Some are associated with adhesion 
and colonisation, including fi lamentous haem-
agglutinin, pertactin, and components of pertussis 
toxin, and some are implicated in the pathogenesis of 
clinical pertussis, including other components of 
pertussis toxin, an adenylate cyclase toxin, dermato-
necrotic toxin, tracheal cytotoxin, and pertussis lipo-
oligosaccharide (fi gure 1). The entire genome of 
B pertussis has been sequenced, as have those of 
B parapertussis and Bordetella bronchiseptica.26 The 
pathogenesis is much more complex than some other 
bacterial pathogens because of the range of diff erent 
factors implicated. Although the role and regulation of 
virulence factors has been delineated in some detail, 
there is no sole factor that can be inhibited to prevent 
disease (hence the most eff ective vaccines contain more 
than one or two antigens).

Recent developments in diagnostic methods 
From a worldwide perspective, the challenge is for 
all countries to be able to provide a basic laboratory 
diagnostic service because many developing coun-
tries have none at all.27 In developed countries, lab-
oratory diagnostic methods for pertussis have been 
evolving from culture and serology to antigen detection 
and PCR. Every alternative has its strengths and 
limitations.28,29  

Culture
Culture has been taken as the gold standard diagnostic 
method although, despite being highly specifi c, it is an 
insensitive technique. Sensitivity is lower if the specimen 
is taken later in the illness (falling to 0% by 3 weeks after 
onset), for specimens other than nasopharyngeal aspirate, 
if there are delays in transporting the specimen, in older 
and vaccinated individuals, and in those who have 
received antibiotics (panel 3). Even when patients have 
been coughing for fewer than 21 days, sensitivity of 
culture can be as low as 15–45%.30 –32 

The strength of culture lies in allowing typing and 
antibiotic sensitivity testing (although resistance is 
rare).33,34 Typing has been applied to understand whether 
and why pertussis might be re-emerging and to track 
transmission in families.35 Standard epidemiological 
typing of B pertussis has been proposed on the basis of 
serotyping, pulse-fi eld gel electrophoresis, and gene 
typing.36,37 

PCR
PCR-based diagnostic methods have been developed to 
improve diagnostic sensitivity,38,39 but every protocol 
needs validation to avoid false-positive results.40 Similar 
to culture, PCR is less likely to be positive as the duration 
of the illness progresses but is aff ected less by antibiotic 
treatment. Further developments in rapidity, simplicity, 
and standardisation are continuing.38 A commercial test 

Panel 2: Clinical management algorithm

Clinical suspicion of pertussis
Suspect pertussis in patients with a cough illness lasting at 
least 2 weeks with one of: 
● paroxysms of coughing
● inspiratory “whoop”
● post-tussive vomiting 
Suspect the diagnosis in anyone with a pertussis-compatible 
illness also linked in time and place to another confi rmed case
Note that young infants can present with apnoea or sudden 
death alone
Note that older children, adults, and vaccinated individuals 
might have a simple cough only

Laboratory investigation
If within 3 weeks of onset then take nasopharyngeal aspirate 
for culture and PCR—pernasal swabs are an alternative 
Transport to the laboratory immediately
If more than 2 weeks from onset consider taking serum for 
pertussis toxin IgG 

If strongly suspect the diagnosis, or on laboratory 
confi rmation
● Treat the patient awaiting diagnosis
● Consider infection control—isolate case if necessary
● Report the case to relevant authorities
● Off er prophylaxis to vulnerable contacts
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approved by the US Food and Drug Administration is not 
yet available, so PCR sensitivity and specifi city might 
vary from laboratory to laboratory. A European assessment 
has shown that false positivity is not an issue in many 
laboratories, but the target chosen is essential for species 
specifi city.41

Diff erent targets have been used for PCR, including 
insertion sequences, the pertussis toxin promoter region 
ptxA, the adenylate cyclase gene, and the porin gene, 
with sensitivities ranging from 73% to 100%.29,42 The 
specifi city of PCR is thought to approach 100%, but this 
is diffi  cult to evaluate against the standard method, 
culture, because PCR has much higher sensitivity than 

culture.27 However,  assessing a new test that has greater 
sensitivity than  culture is diffi  cult.27 Cross-reaction with 
B parapertussis is avoided because this bacterium does 
not produce pertussis toxin. False-positives might be 
produced by Bordetella holmesii and B bronchoseptica 
using the insertion sequence IS481 target, because they 
possess IS481-like sequences.43–45

Serology
Serology has proved especially useful for later diagnosis 
of prolonged cough in older children and adults when 
results of both PCR and culture are negative.42,46–48 
Antibodies to several antigens have been investigated for 
diagnosis, including IgG or IgA antibodies to pertussis 
toxin49 and to fi lamentous haemagglutinin, fi mbriae, and 
pertactin.50–53 Pertussis toxin antibodies are specifi c for 
B pertussis, but antibodies to fi lamentous haemagglutinin, 
pertactin, fi mbriae, and whole sonicated organism might 
be raised after infection with other Bordetella sp including 
B parapertussis.54 Cross-reactions can happen with 
fi lamentous haemagglutinin of non-encapsulated 
Haemophilus infl uenzae, Myco plasma pneumoniae, and 
Chlamydia pneumoniae.55  Anti-pertussis toxin IgA and 
antibodies to fi mbriae and pertactin do not seem to add 
greatly to the diagnosis compared with anti-pertussis 
toxin IgG alone.29 Com bining antigens improves 
sensitivity but is impracticable and expensive for routine 
diagnostic services.9

Serological diagnosis on the basis of anti-pertussis 
toxin IgG or IgA has been used routinely for diagnosis in 
several countries including Australia,56 Austria, Finland, 
France, Netherlands, Norway, and the USA.50,51,57 A single 
high titre of anti-pertussis toxin IgG has good predictive 
value for current infection, with sensitivity of 76% and 
specifi city of 99% for diagnosis of acute pertussis.49 
Concentrations of anti-pertussis toxin  IgG fall below the 
defi ned cut-off  on average about 4·5 months from 
infection, and in most patients (82%) within 1 year. 

Diagnostic algorithms 
Diff erent countries have developed a range of laboratory 
diagnostic algorithms, but in general, culture and PCR 

Antigen 
Attachment to ciliated respiratory epithelium
possibly important for type-specific immunity  
Adhesion and immunomodulation 

Pertactin (PRN) Adhesion. Important immunogen 
Pertussis toxin (PT) Attachment of B pertussis to ciliated

respiratory cells. Important immunogen
Activates cyclic adenosine phosphate
(cAMP), histamine sensitising factor
(HSF), lymphocytosis promoting factor
(LPF), islet-activating protein (IAP),
interferes with leucocyte function,
haemolytic        

Adenylate cyclase toxin (ACT)

Dermonecrotic toxin (DNT) or 
heat-labile toxin 

Unknown role in vivo. Dermal necrosis
and vasoconstriction in vitro  

Tracheal cytotoxin (TCT) Ciliostasis, inhibition of DNA synthesis,
kills ciliated epithelial cells  

Lipooligosaccharide (LOS) Causes fever 
BrkA (Bordetella resistance to
killing genetic locus, frame A)  

Outer membrane protein that mediates
adherence and resists complement  

Agglutinogens including fimbriae (FIM)

Filamentous haemagglutinin (FHA) 

Activates cAMP, interferes with leucocyte
function, haemolytic  
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Figure 1: Bordetella pertussis antigens
IM=inner membrane. OM=outer membrane. S1–5=subunits 1–5. 

Panel 3: What reduces the sensitivity of culture?

Nasopharyngeal aspirate >pernasal swab >throat swab
Incorrect method of taking swab of respiratory mucosa 
(eg, sweep of anterior nares only)
Incorrect swabs (cotton and rayon are inhibitory)
Longer duration of illness (to 0% at >3 weeks) after onset
Delayed transport of specimen to laboratory
Drying of the specimen
Transport in incorrect transport medium (some are 
inhibitory)
Wrong culture media
Laboratory contamination
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are recommended if specimens can be obtained early in 
the illness and serology if specimens are obtained later 
on. Thus, PCR is generally most useful for infants, who 
present acutely unwell, and serology is preferred for older 
children and adults, who tend to present after a prolonged 
coughing illness. In the USA, investigation by culture 
and PCR is recommended during the infectious period, 
3 weeks from onset of cough or 4 weeks from onset of 
symptoms.11 

Treatment and prophylaxis
Treatment
Supportive treatment is most important for infants. For 
optimum clinical eff ectiveness, antibiotic treatment 
should be given rapidly: it also shortens the infectious 
period.33 There is probably no eff ect on outcome if started 
more than 1 week after onset of illness. Erythromycin is 
the traditional treatment, but the newer macrolides 
azithromycin and clarithromycin have similar 
eff ectiveness with fewer side-eff ects.58,59 7 days of 
treatment with erythromycin have been shown to be as 
eff ective as previous regimens of 14 days of erythromycin.60 
If macrolide antibiotics are contraindicated, trimethoprim-
sulfamethoxazole is an alternative.11 Clearance of the 
organism is especially important for those in contact 
with high-risk individuals, such as infants, health-care 
workers, and pregnant women about to give birth.61

Prophylaxis 
Macrolide antimicrobials are also recommended for 
prophylaxis.62 –64 Protection by any antimicrobial is limited, 
however, and potential side-eff ects are important, so their 
use should be restricted to situations in which benefi t is 
likely to be greatest—ie, within 3 weeks of onset of the 
index case and only if there is a vulnerable contact in 
those most closely exposed. 

Vaccination and immunity
Whole-cell and acellular pertussis vaccines 
Whole-cell pertussis vaccines were developed in the 1940s 
and have been used worldwide for many years, having 
been part of the WHO Expanded Program of 
Immunization  since its launch in 1974. Whole-cell 
pertussis vaccine is a suspension of killed B pertussis 
organisms. Safety of whole-cell vaccines has been 
reviewed in detail, and of a range of adverse events 
considered, evidence suggests a causal relation only for 
anaphylaxis, prolonged or inconsolable crying, and 
febrile seizures.65 For other events, including sudden 
infant death syndrome, data do not indicate any causal 
link, and for some disorders the evidence is insuffi  cient 
to draw a defi nitive conclusion. Concerns about safety 
led to the development of acellular pertussis vaccines in 
the 1970s. Acellular vaccines consist of up to fi ve specifi c 
B pertussis antigens, including pertussis toxin, fi lamentous 
haemagglutinin, pertactin, and two fi mbrial antigens 
(FIM 2 and FIM 3). Although clinical trials have reported 

lower rates of adverse events than whole-cell vaccines, 
large and painless local reactions (measuring >50 mm 
and aff ecting whole limbs), with a clinical appearance 
similar to cellulitis, have been seen in 1–2% of booster 
recipients, but without medical sequelae.66,67 The 
probability of a reaction seems to be highest in recipients 
of boosters in whom acellular vaccines were used for 
priming.68

Diff erent whole-cell and acellular pertussis vaccines 
give very diverse antibody responses, which are essential 
to distinguish the eff ect of infection and vaccination.51,69 
Some pertussis vaccines (either whole-cell or acellular) 
induce a much lower pertussis toxin response than acute 
infection, whereas others might provoke a much higher 
pertussis toxin response, which can be hard to 
diff erentiate from infection.70

Comparison of natural and vaccine-induced immunity 
Our understanding of duration of immunity after natural 
infection and vaccination and the degree to which these 
are aff ected by exposure to circulating Bordetella sp is 
incomplete.71 The relation between antibody and 
protection is not straightforward, with no particular 
serological correlate of protection,72,73 although antibodies 
to some B pertussis antigens seem more strongly linked 
than others.9 Little is known about the role of cell-
mediated immunity, but it is essential for recovery from 
natural infection and in long-term protective immunity.74

Neonates are protected from many infectious diseases 
by maternal antibodies. For pertussis, less maternal 
protection is provided than for other diseases—eg, 
measles. Some researchers suggest some protection 
exists during the fi rst month of life,75 but by 4 months 
most infants have no detectable maternal antibody.76

Naturally acquired and vaccine-induced immunity 
decline with time, with debate about which declines 
fastest.77,78 The relation is confounded by boosting from 
natural infection.23,79 –82 In a review, duration of immunity 
post-infection ranged from 7 to 20 years and post-
vaccination from 4 to 12 years.71

Measuring the eff ectiveness of pertussis vaccines is not 
straightforward83 and many factors are important, such 
as case defi nition, age at vaccination, the setting of 
exposure, time since vaccination, and vaccine 
characteristics. Duration of protection after vaccination 
also varies between vaccine type, schedule, level of 
exposure, and age at fi rst vaccination.83 In general, any 
vaccine type has good eff ectiveness, but whole-cell 
vaccines tend to have higher short and longer-term 
potency than one or two component acellular vaccines 
and similar eff ectiveness to the three-component or fi ve-
component acellular vaccines. Some whole-cell vaccines 
have had poor eff ectiveness (eg, Connaught whole-cell 
vaccine).84–86 The Evans whole-cell pertussis vaccine used 
in the UK until 1999 had high eff ectiveness of about 
85%.87–89 In recent years, many children have received a 
mixture of diff erent types as new vaccines have become 
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available; children who are primed with a whole-cell 
vaccine and later given an acellular booster seem to have 
the best levels of protection.90 Trial evidence of an acellular 
pertussis vaccine booster for adolescents and adults has 
suggested direct vaccine protection of up to 92%.91

Vaccine eff ectiveness also varies depending on the case 
defi nition. In the fi rst year after vaccination, vaccine 
eff ectiveness of a primary course is estimated as 100% 
against fatal or severe disease, 90% against typical 
disease, and only 70% against mild disease; one dose of 
vaccine is probably eff ective protection against death 
from pertussis.83,92–94 Immunity possibly wanes after 
vaccination from being fully protected through diff erent 
levels—eg, susceptible only to mild disease, typical, and 
then severe disease. Similarly, severity of reinfection 
increases with time since previous infection.95 Thus, high 
coverage, which reduces circulation of the organism, 
reduces exposure and natural boosting of immunity, 
delays time to reinfection (or exposure), and paradoxically 
might heighten the severity of reinfection.96

Vaccination recommendations and schedules 
Most nations use whole-cell vaccines because they are 
cheap, eff ective, and easy to produce. Most developed 
countries have switched to acellular vaccines. Most 
countries have a three-dose primary immunisation series 
starting at 6 weeks to 3 months, usually completed by 
6 months, which forms part of the WHO Expanded 
Program of Immunization. Many schedules include a 
toddler booster, and many a fourth  or fi fth dose at 
4–6 years of age. Current vaccination strategies developed 
in response to perceived changes in the epidemiology of 
pertussis are summarised below.

Epidemiology and eff ect of preventive 
strategies 
Routine surveillance
Surveillance of pertussis is a challenge because the 
clinical range is wide, all ages can be aff ected, and 
laboratory confi rmation is not straightforward. Data from 
diff erent countries are diffi  cult to compare because 
surveillance systems vary greatly: case defi nitions, 
diagnostic methods, clinical and reporting practice, and 
public-health law all diff er.97 Surveillance of pertussis in 
most countries relies on statutory clinical notifi cations 
and laboratory reports.98 Both are recognised to 
underestimate the level of pertussis greatly and to vary in 
sensitivity and specifi city of reporting between epidemic 
and non-epidemic periods, between vaccinated and 
unvaccinated individuals, and between younger and 
older children or adults.99–101

Clinical notifi cations are not sensitive for infection 
with B pertussis, particularly in older children and adults 
who frequently present with atypical symptoms (eg, 
cough alone) and rarely with paroxysms, vomiting, or 
whoop. Notifi cations are likely to greatly underascertain 
people with mild infections, including the very young, 

vaccinated individuals,99 older children, and adults. 
Nevertheless, a clinical case defi nition of 14 or more days 
cough can have a sensitivity as high as 84–92% (better 
than culture) and specifi city of 63–90% during periods 
when pertussis is prevalent.99,102

Laboratory reports are highly specifi c but generally less 
sensitive than clinical notifi cations. Infants are over-
represented in reports because they are more likely to be 
admitted to hospital and appropriately investigated.99 

The case defi nition applied in a surveillance system 
will have a strong eff ect on the sensitivity and specifi city 
of the system. Various case defi nitions for pertussis exist 
that need to be adapted for diff erent circumstances. 
WHO’s clinical trials case defi nition27 is too specifi c and 
not sensitive enough for surveillance purposes. 
Defi nitions suitable for use in outbreaks might not be 
specifi c enough at other times.103 WHO, USA Centers for 
Disease Control, and the European Union now have 
similar surveillance case defi nitions.27,104,105 

Sero-epidemiology 
Population sero-surveys using high titres of anti-pertussis 
toxin IgG as a marker of current infection have shown 
widespread distribution in the general population. 
Infection is substantially more likely in adolescents and 
adults in high-coverage countries (≥90%, Finland, 
Netherlands, France, eastern Germany), but it is more 
likely in children than adolescents or adults in lowest 
coverage countries (<90%, Italy, western Germany, the 
UK).51 This corresponds to recent observations made 
from pertussis surveillance in high coverage countries.
This rise in the mean age at infection when coverage is 
high could be related to interruption in transmission in 
youngest age-groups, waning immunity in vaccinated 
cohorts, or both. However, the public-health importance 
of high titres of anti-pertussis toxin antibody in population 
sero-surveys both clinically and in terms of transmission 
remains uncertain. 

Epidemic cycles, age at infection, and secular trends 
Pertussis shows annual seasonal peaks and a 2–5 yearly 
epidemic cycle. These cycles of pertussis have been seen 
in many countries.106 Before the vaccination era, the 
infection was typically recognised and reported in 
children younger than 10 years old, usually 3–6 years of 
age.5 Although previous analyses have been confl icting, 
work has suggested widespread pertussis vaccination 
does lead to both a rise in the inter-epidemic period and 
the mean age of infection, which is congruent with a 
reduction in pertussis transmission after vaccination.106 
Pertussis has seasonality but it is not consistent in time 
and place.107–110 

Herd immunity
Protection of infants during the fi rst few months of life 
before vaccination has started or is completed depends 
crucially on whether indirect protection is provided by 
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herd immunity. There has been debate about whether 
pertussis vaccination induces herd immunity to the 
extent of other childhood vaccines because epidemic 
cycles continue despite vaccination.83,101,111 Is the vaccine 
more eff ective at protecting the individual from severe 
outcome of infection (eg, death) rather than preventing 
infection (and thus transmission)? 

Evidence suggests pertussis vaccination does reduce 
transmission and provides indirect protection.112 The 
incidence of infection has fallen in infants younger than 
3 months old (who can only be protected indirectly), 
indicating that either vaccination or some other factor 
has reduced transmission.101 In Denmark, the level of 
indirect protection of infants with 90% vaccination 
coverage was estimated at more than 87%.113 In Senegal, 
pertussis vaccine eff ectiveness in preventing infection in 
people exposed to an infected vaccinated individual was 
86%, close to the level of direct protection derived by 
vaccination.114 

Interpretation of present trends 
Pertussis has not been eliminated from any country 
despite decades of high vaccination coverage. A 
resurgence of the disease has been reported in some 
high-coverage countries in adolescents and pre-
vaccination infants, including the Netherlands, Belgium, 
Spain, Germany, France, Australia, Canada, and the 
USA.84,108,109 Rates reported in studies of adolescents and 
adults have risen and reached incidences of 300 to more 
than 500 per 100 000 person-years in several diff erent 
countries.115 Evidence shows adults play an important 
part in passing infection to young infants,116,117 sometimes 
with fatal consequences.118 An increase in the number of 
deaths from pertussis in young infants has been 
reported,109 although case fatality has remained fairly 
constant.108

Is pertussis incidence really rising in adults and infants 
in countries with high coverage or is the increase 
attributable to  enhanced ascertainment? Improvements 
in laboratory methods leading to better surveillance 
probably partly account for the noted rise—particularly 
in adults and adolescents.119 For example, in the USA, 
Massachusetts has reported more pertussis than many 
other states because of better surveillance.

In countries where a resurgence of pertussis has been 
validated, three reasons have been proposed: vaccine 
failure, changes in the organism, and the eff ect of the 
vaccination programme on dynamics of infection. Rises 
in Canada have been linked to use of a poorly eff ective 
vaccine.84 Netherlands had a large resurgence of pertussis 
in 1996, which has been attributed to a change in the 
circulating organism.120 Polymorphisms in the genes 
coding for pertactin and pertussis toxin were reported as 
evidence for vaccine-driven evolution of circulating 
strains leading to a fall in vaccine eff ectiveness.120–122 
Microbiologists in other countries have attempted to 
replicate the studies undertaken in Netherlands and have 

also found evidence of emergence of non-vaccine variants 
of pertactin and pertussis toxin,123,124,37 but not accompanied 
by any changes in vaccine eff ectiveness in countries 
besides Netherlands,125–129 suggesting the role of an 
additional vaccine-related factor. Netherlands has now 
switched from using a domestically produced whole-cell 
vaccine to acellular pertussis vaccine. 

With respect to the eff ect of vaccination on the dynamics 
of infection, in general, countries with high coverage 
have a greater proportion of adolescent and adult cases 
than do those with lower coverage.24,51,110,130 Although 
countries with strong vaccination programmes frequently 
have better surveillance and are perhaps most likely to 
detect cases in adolescents and adults, there is also 
evidence of a true increase—due in particular to waning 
vaccine-derived immunity. Secondary attack rates might 
be used as a proxy for the proportion of susceptible 
individuals. Studies confi rm high rates of susceptibility 
with severity of infection correlating with time since 
vaccination.95 Sources of infection for infants include 
mothers8,116,119 and health-care workers.131 By contrast, 
adolescents tend to be infected by schoolfriends.13 The 
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role of these older age-groups in transmitting infection 
to pre-vaccination infants is being quantifi ed.132,133

The epidemiology of pertussis in high and medium 
mortality countries is poorly described.2 WHO estimated 
in 2002 that the number of deaths due to pertussis—all 
in children younger than 5 years of age—was 294 000. 

Under-reporting is widespread. In 2004, 236 844 cases 
were reported to WHO, which is fewer than the number 
of estimated deaths in 2002 (fi gure 2). Worldwide 
coverage of the third dose of diphtheria toxoid, tetanus 
toxoid, and pertussis vaccine in 2004 was 78%, leaving 
27 million children unprotected, of whom 75% were in 
sub-Saharan Africa and south Asia.134 

Modelling and health economics 
Mathematical models have been developed to try to 
assess the optimum approach to controlling 
pertussis.77,135,136 These models have been limited because 
of uncertainty about factors, such as the eff ect of 
vaccination on transmission of B pertussis at diff erent 
ages,81,135,137 and patterns of mixing of diff erent age-
groups.137 Various assumptions and estimates have been 
made, variation in any of which changes the fi ndings 
from one analysis to another. Eff ectiveness of acellular 
pertussis vaccines has been estimated to be greater or 
less than that of whole-cell vaccines,138 coverage has been 
assumed to have been and to remain stable at 95% for 
most analyses, secondary attack rates have been estimated 
at 12%, and all vaccination is assumed to be given on 
time.139  

Direct costs140 and hospital admission rates vary greatly 
by country. Few studies have measured indirect costs. 
The costs to society in the USA are dominated by non-
health-care elements, including school loss and lost 
working days.141 

Despite these uncertainties, many alternative 
interventions have been investigated. In Canada, a 
diphtheria, tetanus, and acellular pertussis booster at 
12 years has been deemed cost benefi cial.142 By contrast, 
an Australian analysis showed vaccination of baby and 
parents at birth the most cost-eff ective approach (if an 
immunogenic vaccine for neonates existed).143 Uncertainty 
about variables limited the ability to assess seven diff erent 
adult and adolescent booster strategies in a study in the 
USA.144  

Future vaccination strategies 
In summary, designing intervention strategies for 
pertussis is limited by data quality. To be prudent, 
any schedule changes should account for the full range 
of scenarios, including the possibility that mass im-
munisation programmes could increase disease 
burden.

Two collaborations have raised the languishing profi le 
of pertussis, calling for the introduction of adolescent 
and adult boosters.145,146 Unfortunately, vaccine manu-
facturers have funded both, with obvious potential for 
confl ict of interest. Enthusiasm for a worldwide 
resurgence has led some members of the collaboration to 
wrongly cite a rise in pertussis incidence in the UK,147 for 
which there is not good evidence as yet. 

Several strategies have been proposed by the Global 
Pertussis Initiative (panel 4).148 Not one strategy is likely 

Panel 5: Research and development priorities (adapted from 169 and 142)

Developing countries  
●  Burden of disease: mortality, morbidity
●  Evaluating programme impact
●  Sustainable cost-eff ective laboratory methods and algorithms
●  Sustainable integrated surveillance
●  Programme optimisation of schedule, coverage, and timely vaccination

Natural history in high coverage areas
●  Herd immunity, transmissibility of infection in diff erent age groups and with diff erent 

severity of infection 
●  Defi ne the full range of infectious and clinical disease including deaths from pertussis—

eg, sudden unexplained deaths in infancy
●  Eff ect of unreported cases, undiagnosed cases, and misdiagnosed cases
●  Role of subclinical infection in shaping dynamics of infection
●  Phylogenetics of Bordetella: How do diff erent strains of the Bordetella complex interact 

directly or through immunity?  
●  Duration of immunity after infection and vaccination

Older age groups
●  Reservoirs of infection and sources of infection for older age groups
●  Eff ect of adolescent and adult boosters on infant disease
●  Safety and eff ectiveness of vaccination in non-paediatric populations

Surveillance development
●  Determine under-reporting extent by age and country
●  Improve case ascertainment for surveillance 
●  Extend application of sero-epidemiology

Modelling and economic assessment
●  Country and age-specifi c costs per case
●  Epidemiology and costs of infections in special populations such as child-care workers
●  Health utilities
●  Modelling eff ectiveness of alternative intervention strategies with well parameterised 

models
●  Cost-eff ectiveness of alternative vaccination strategies

Panel 4: Pertussis vaccination strategies proposed by the 
Global Pertussis Initiative

Universal adult immunisation
Selective immunisation of mothers and close family contacts 
of neonates
Health-care worker vaccination
Child-care worker vaccination
Adolescent vaccination
Pre-school booster 4–6 years
Re-enforcement and improvement of current infant and 
toddler strategies



Seminar

www.thelancet.com   Vol 367   June 10, 2006 1933

to be appropriate to all.149 In view of concerns about 
possible transmission from adolescents and adults to 
young children, several countries have recommended 
acellular booster doses for adolescents (including 
Australia, Austria, France, Germany, the USA, Canada) 
and some for adults (the USA, Australia, Austria). The 
eff ect of adolescent and adult boosters depends on the 
duration of vaccine-derived immunity and the level of 
indirect protection (to infants) generated. Both of these 
are surrounded with uncertainties, and there are practical 
challenges in achieving good coverage in adolescents 
and adults. Occupational vaccination for obstetric, 
paediatric, midwifery, laboratory staff , and child-care 
workers might be feasible, to protect staff , their patients 
and clients, and this strategy should be considered.150  

Conclusions 
Pertussis is a substantial health burden worldwide, and 
for many developing countries the challenge is simple—
to achieve high vaccination coverage of timely 
immunisation for infants. Public-health authorities could 
do much to improve the quality of routine information 
used to assess changes to vaccination programmes, such 
as adolescent and adult boosters. All countries should 
apply standardised case defi nitions for surveillance and 
outbreak investigation, and make better use of laboratory 
diagnostic methods in all age-groups, including validated 
PCR and single high titre pertussis toxin IgG. For low-
mortality countries, areas needing further research and 
development are many (panel 5). Although doctors, 
mathematical modellers, epidemiologists, researchers, 
and policymakers have made considerable progress in 
recent years in improving our understanding of pertussis, 
controlling this infection continues to present us with a 
complex and fascinating challenge. 
Confl ict of interest statement
We declare that we have no confl ict of interest. The corresponding 
author had fi nal responsibility for the decision to submit for publication.

Acknowledgments
Thanks to Liz Miller, Norman Fry, and Gloria Romanin. The authors also 
thank Jennifer Lane for assistance in turning the author’s original sketch 
into a diagram for fi gure 1.

References
1  Murray CJ, Lopez AD. The global burden of disease: a 

comprehensive assessment of mortality and disability from 
diseases, injuries, and risk factors in 1990 and projected to 
20201996. Cambridge: Harvard University Press. 

2  Crowcroft NS, Stein C, Duclos P, Birmingham M. How best to 
estimate the global burden of pertussis? Lancet Infect Dis 2003; 3: 
413–18.

3  Heininger U, Cherry JD, Eckhardt T, Lorenz C, Christenson P, 
Stehr K. Clinical and laboratory diagnosis of pertussis in the regions 
of a large vaccine effi  cacy trial in Germany. Pediatr Infect Dis J 1993; 
12: 504–09.

4  Heininger U. Pertussis: an old disease that is still with us. 
Curr Opin Infect Dis 2001; 14: 329–35.

5  Gordon JE, Hood RI. Whooping cough and its epidemiological 
anomalies. Am J Med Sci 1951; 222: 333–61.

6  Stocks P. Some epidemiological features of whooping-cough. Lancet 
1933; 1: 265–68.

7  Smith RE. A review of recent work on whooping-cough. Q J Med 
1936; 5: 307–26.

8  Crowcroft NS, Booy R, Harrison T, et al. Severe and unrecognised: 
pertussis in UK infants. Arch Dis Child 2003; 88: 802–06.

9  Storsaeter J, Hallander HO, Gustafsson L, Olin P. Low levels of 
anti-pertussis antibodies plus lack of history of pertussis correlate 
with susceptibility after household exposure to Bordetella pertussis. 
Vaccine 2003; 21: 3542–49.

10  Crowcroft NS, Andrews N, Rooney C, Brisson M, Miller E. Deaths 
from pertussis are underestimated in England. Arch Dis Child 2002; 
86: 336–38.

11  Hewlett EL, Edwards KM. Clinical practice: pertussis—not just for 
kids. N Engl J Med 2005; 352: 1215–22.

12  Van Buynder PG, Owen D, Vurdien JE, Andrews NJ, Matthews RC, 
Miller E. Bordetella pertussis surveillance in England and Wales: 
1995–7. Epidemiol Infect 1999; 123: 403–11.

13  De Serres G, Shadmani R, Duval B, et al. Morbidity of pertussis in 
adolescents and adults. J Infect Dis 2000; 182: 174–79.

14  Dworkin MS. Adults are whooping, but are internists listening? 
Ann Intern Med 2005; 142: 832–35.

15  Cherry JD. The epidemiology of pertussis: a comparison of the 
epidemiology of the disease pertussis with the epidemiology of 
Bordetella pertussis infection. Pediatrics 2005; 115: 1422–27.

16  Rothstein E, Edwards K. Health burden of pertussis in adolescents 
and adults. Pediatr Infect Dis J 2005; 24: S44–S47.

17  Wright SW, Edwards KM, Decker MD, Zeldin MH. Pertussis 
infection in adults with persistent cough. JAMA 1995; 273: 1044–46.

18  Thomas PF, McIntyre PB, Jalaludin BB. Survey of pertussis 
morbidity in adults in western Sydney. Med J Aust 2000; 173: 
74–76.

19  Trollfors B, Rabo E. Whooping cough in adults. BMJ 1981; 283: 
696–97.

20  Rosenthal S, Strebel P, Cassiday P, Sanden G, Brusuelas K, 
Wharton M. Pertussis infection among adults during the 1993 
outbreak in Chicago. J Infect Dis 1995; 171: 1650–52.

21  Postels-Multani S, Schmitt HJ, Wirsing von Konig CH, Bock HL, 
Bogaerts H. Symptoms and complications of pertussis in adults. 
Infection 1995; 23: 139–42.

22  Yih WK, Lett SM, des Vignes FN, Garrison KM, Sipe PL, 
Marchant CD. The increasing incidence of pertussis in 
Massachusetts adolescents and adults, 1989–1998. J Infect Dis 2000; 
182: 1409–16.

23  Gilberg S, Njamkepo E, Du C, et al. Evidence of Bordetella pertussis 
infection in adults presenting with persistent cough in a French 
area with very high whole-cell vaccine coverage. J Infect Dis 2002; 
186: 415–18.

24  Farizo KM, Cochi SL, Zell ER, Brink EW, Wassilak SG, Patriarca PA. 
Epidemiological features of pertussis in the United States, 
1980–1989. Clin Infect Dis 1992; 14: 708–19.

25  Gil A, Oyaguez I, Carrasco P, Gonzalez A. Hospital admissions for 
pertussis in Spain, 1995–1998. Vaccine 2001; 19: 4791–94.

26  Parkhill J, Sebaihia M, Preston A, et al. Comparative analysis of the 
genome sequences of Bordetella pertussis, Bordetella parapertussis and 
Bordetella bronchiseptica. Nat Genet 2003; 35: 32–40.

27  WHO. Pertussis surveillance: a global meeting. Geneva, October 
16–18, 2000.Geneva: World Health Organization, 2001. 

28  Guris D, Martin R, Wharton M. Pertussis. In: Wharton M, 
Roush S, eds. Manual for the surveillance of vaccine-preventable 
diseases. Atlanta: Centers for Disease Control and Prevention, 
1999: 1–14

29  Hallander HO. Microbiological and serological diagnosis of 
pertussis. Clin Infect Dis 1999; 28 (suppl 2): S99–106.

30  Grimprel E, Begue P, Anjak I, Betsou F, Guiso N. Comparison of 
polymerase chain reaction, culture, and western immunoblot 
serology for diagnosis of Bordetella pertussis infection. 
J Clin Microbiol 1993; 31: 2745–50.

31  Grimprel E, Njamkepo E, Begue P, Guiso N. Rapid diagnosis of 
pertussis in young infants: comparison of culture, PCR, and 
infant’s and mother’s serology. Clin Diagn Lab Immunol 1997; 4: 
723–26.

32  Halperin SA, Bortolussi R, Wort AJ. Evaluation of culture, 
immunofl uorescence, and serology for the diagnosis of pertussis. 
J Clin Microbiol 1989; 27: 752–57.

33  von Konig CH. Use of antibiotics in the prevention and treatment of 
pertussis. Pediatr Infect Dis J 2005; 24: S66–68.



Seminar

1934 www.thelancet.com   Vol 367   June 10, 2006 

34  Bartkus JM, Juni BA, Ehresmann K, et al. Identifi cation of a mutation 
associated with erythromycin resistance in Bordetella pertussis: 
implications for surveillance of antimicrobial resistance. 
J Clin Microbiol 2003; 41: 1167–72.

35  De Schutter I, Malfroot A, Dab I, Hoebrekx N, Muyldermans G, 
Pierard D. Molecular typing of Bordetella pertussis isolates recovered 
from Belgian children and their household members. CID 2003; 36: 
1391–96.

36  Mooi FR, Hallander H, Wirsing von Konig CH, Hoet B, Guiso N. 
Epidemiological typing of Bordetella pertussis isolates: 
recommendations for standard methodology. Eur J Clin Microbiol 
2000; 19: 174–81.

37  Caro V, Njamkepo E, Van Amersfoorth SC, et al. Pulsed-fi eld gel 
electrophoresis analysis of Bordetella pertussis populations in various 
European countries with diff erent vaccine policies. Microbes Infect 
2005; 7: 976–82.

38  Riff elmann M, Wirsing von Konig CH, Caro V, Guiso N. Nucleic acid 
amplifi cation tests for diagnosis of Bordetella infections. 
J Clin Microbiol 2005; 43: 4925–29.

39  Fry NK, Tzivra O, Li YT, et al. Laboratory diagnosis of pertussis 
infections: the role of PCR and serology. J Med Microbiol 2004; 53: 
519–25.

40  Lievano FA, Reynolds MA, Waring AL, et al. Issues associated with 
and recommendations for using PCR to detect outbreaks of pertussis. 
J Clin Microbiol 2002; 40: 2801–05.

41  Muyldermans G, Soetens O, Antoine M, et al. External quality 
assessment for molecular detection of Bordetella pertussis in European 
laboratories. J Clin Microbiol 2005; 43: 30–35.

42  Reizenstein E, Lindberg L, Mollby R, Hallander HO. Validation of 
nested Bordetella PCR in pertussis vaccine trial. J Clin Microbiol 1996; 
34: 810–15.

43  Kosters K, Riff elmann M, Wirsing von Konig CH. Evaluation of a 
real-time PCR assay for detection of Bordetella pertussis and 
B parapertussis in clinical samples. J Med Microbiol 2001; 50: 436–40.

44  Mazengia E, Silvia EA, Peppe JA, Timperi R, George H. Recovery of 
Bordetella holmesii from patients with pertussis-like symptoms:use of 
pulsed-fi eld gel electrophoresis to characterize circulating strains. 
J Clin Microbiol 2000; 38: 2330–33.

45  Yih WK, Silva EA, Ida J, Harrington N, Lett SM, George H. Bordetella 
holmesii-like organisms isolated from Massachusetts patients with 
pertussis-like symptoms. Emerg Infect Dis 1999; 5: 441–43.

46  Nennig ME, Shinefi eld HR, Edwards KM, Black SB, Fireman BH. 
Prevalence and incidence of adult pertussis in an urban population. 
JAMA 1996; 275: 1672–74.

47  Schmitt HJ, von Konig CH, Neiss A, et al. Effi  cacy of acellular 
pertussis vaccine in early childhood after household exposure. JAMA 
1996; 275: 37–41.

48  Miller E, Fleming DM, Ashworth LA, Mabbett DA, Vurdien JE, 
Elliott TS. Serological evidence of pertussis in patients presenting 
with cough in general practice in Birmingham. 
Commun Dis Public Health 2000; 3: 132–34.

49  de Melker HE, Versteegh FG, Conyn-van Spaendonck MA, et al. 
Specifi city and sensitivity of high levels of immunoglobulin G 
antibodies against pertussis toxin in a single serum sample for 
diagnosis of infection with Bordetella pertussis. J Clin Microbiol 2000; 
38: 800–06.

50  Giammanco A, Chiarini A, Maple PAC, et al. European 
sero-epidemiology network:standardisation of the assay results 
for pertussis. Vaccine 2003; 22: 112–20.

51  Pebody RG, Gay NJ, Giammanco A, et al. The seroepidemiology of 
Bordetella pertussis infection in Western Europe. Epidemiol Infect 2005; 
133: 159–71.

52  Meade BD, Deforest A, Edwards KM, et al. Description and evaluation 
of serologic assays used in a multicenter trial of acellular pertussis 
vaccines. Pediatrics 1995; 96: 570–75.

53  Baughman AL, Bisgard KM, Edwards KM, et al. Establishment of 
diagnostic cutoff  points for levels of serum antibodies to pertussis 
toxin, fi lamentous hemagglutinin, and fi mbriae in adolescents and 
adults in the United States. Clin Diagn Lab Immunol 2004; 11: 1045–53.

54  Stehr K, Cherry JD, Heininger U, et al. A comparative effi  cacy trial 
in Germany in infants who received either the Lederle/Takeda 
acellular pertussis component DTP (DTaP) vaccine, the Lederle 
whole-cell component DTP vaccine, or DT vaccine. Pediatrics 1998; 
101: 1–11.

55  Vincent JM, Cherry JD, Nauschuetz WF, et al. Prolonged afebrile 
nonproductive cough illnesses in American soldiers in Korea: a 
serological search for causation. Clin Infect Dis 2000; 30: 534–39.

56  Poynten IM, Hanlon M, Irwig L, Gilbert GL. Serological diagnosis 
of pertussis: evaluation of IgA against whole cell and specifi c 
Bordetella pertussis antigens as markers of recent infection. 
Epidemiol Infect 2002; 128: 161–67.

57  Marchant CD, Loughlin AM, Lett SM, et al. Pertussis in 
Massachusetts, 1981–1991: incidence, serologic diagnosis, and 
vaccine eff ectiveness. J Infect Dis 1994; 169: 1297–305.

58  Lebel MH, Mehra S. Effi  cacy and safety of clarithromycin versus 
erythromycin for the treatment of pertussis: a prospective, 
randomized, single blind trial. Pediatr Infect Dis J 2001; 20: 
1149–54.

59  Langley JM, Halperin SA, Boucher FD, Smith B. Azithromycin is 
as eff ective as and better tolerated than erythromycin estolate for 
the treatment of pertussis. Pediatrics 2004; 114: e96–101.

60  Halperin SA, Bortolussi R, Langley JM, Miller B, Eastwood BJ. 
Seven days of erythromycin estolate is as eff ective as fourteen days 
for the treatment of Bordetella pertussis infections. Pediatrics 1997; 
100: 65–71.

61  Granstrom G, Sterner G, Nord CE, Granstrom M. Use of 
erythromycin to prevent pertussis in newborns of mothers with 
pertussis. J Infect Dis 1987; 155: 1210–14.

62  Steketee RW, Wassilak SG, Adkins WNJ, et al. Evidence for a high 
attack rate and effi  cacy of erythromycin prophylaxis in a pertussis 
outbreak in a facility for the developmentally disabled. J Infect Dis 
1988; 157: 434–40.

63  Health Canada. National Consensus Conference on Pertussis. 
Can Commun Dis Rep 2003; 2953: 1–33.

64  Tiwari T, Murphy TV, Moran J. Recommended antimicrobial 
agents for the treatment and postexposure prophylaxis of 
pertussis: 2005 CDC Guidelines. MMWR Recomm Rep 2005; 54: 
1–16.

65  Howson CP, Howe CJ, Fineberg HJ, eds. Adverse eff ects of 
pertussis and rubella vaccines. Washington DC: National Academy 
Press, 1991.

66  Casey JR, Pichichero ME. Acellular pertussis vaccine safety and 
effi  cacy in children, adolescents and adults. Drugs 2005; 65: 
1367–89.

67  Rennels MB, Deloria MA, Pichichero ME, et al. Extensive swelling 
after booster doses of acellular pertussis-tetanus-diphtheria 
vaccines. Pediatrics 2000; 105: e12.

68  Miller E, Waight P, Laurichesse H, et al. Immunogenicity and 
reactogenicity of acellular diphtheria/tetanus/pertussis vaccines 
given as a pre-school booster: eff ect of simultaneous 
administration of MMR. Vaccine 2001; 19: 3904–11.

69  Nardone A, Pebody R, Maple PAC, Andrews N, Gay NJ, Miller E. 
Sero-epidemiology of Bordetella pertussis in England and Wales. 
Vaccine 2004; 22: 1314–19.

70  Miller E, Ashworth LA, Robinson A, Waight PA, Irons LI. Phase II 
trial of whole-cell pertussis vaccine vs an acellular vaccine 
containing agglutinogens. Lancet 1991; 337: 70–73.

71  Wendelboe AM, van Rie A, Salmaso S, Englund JA. Duration of 
immunity against pertussis after natural infection or vaccination. 
Pediatr Infect Dis J 2005; 24: S58–61.

72  Storsaeter J, Hallander HO, Gustafsson L, Olin P. Levels of anti-
pertussis antibodies related to protection after household exposure 
to Bordetella pertussis. Vaccine 1998; 16: 1907–16.

73  Cherry JD, Gornbein J, Heininger U, Stehr K. A search for 
serologic correlates of immunity to Bordetella pertussis cough 
illnesses. Vaccine 1998; 16: 1901–06.

74  Mills KH. Immunity to Bordetella pertussis. Microbes Infect 2001; 3: 
655–77.

75  van Rie A, Wendelboe AM, Englund JA. Role of maternal pertussis 
antibodies in infants. Pediatr Infect Dis J 2005; 24: S62–65.

76  Van Savage J, Decker MD, Edwards KM, Sell SH, Karzon DT. 
Natural history of pertussis antibody in the infant and eff ect on 
vaccine response. J Infect Dis 1990; 161: 487–92.

77  van Boven M, de Melker HE, Schellekens JF, Kretzschmar M. 
Waning immunity and sub-clinical infection in an epidemic model: 
implications for pertussis in The Netherlands. Math Biosci 2000; 
164: 161–82.



Seminar

www.thelancet.com   Vol 367   June 10, 2006 1935

78  Grimprel E, Begue P, Anjak I, Njamkepo E, Francois P, Guiso N. 
Long-term human serum antibody responses after immunization 
with whole-cell pertussis vaccine in France. Clin Diagn Lab Immunol 
1996; 3: 93–97.

79  Cherry JD. The science and fi ction of the “resurgence” of pertussis. 
Pediatrics 2003; 112: 405–06.

80  von Konig CH, Halperin S, Riff elmann M, Guiso N. Pertussis of 
adults and infants. Lancet Infect Dis 2002; 2: 744–50.

81  Hethcote HW. An age-structured model for pertussis transmission. 
Math Biosci 1997; 145: 89–136.

82  Olin P, Gustafsson L, Barreto L, et al. Declining pertussis incidence 
in Sweden following the introduction of acellular pertussis vaccine. 
Vaccine 2003; 21: 2015–21.

83  Fine PE, Clarkson JA. Refl ections on the effi  cacy of pertussis 
vaccines. Rev Infect Dis 1987; 9: 866–83.

84  Ntezayabo B, De Serres G, Duval B. Pertussis resurgence in 
Canada largely caused by a cohort eff ect. Pediatr Infect Dis J 2003; 
22: 22–27.

85  Gustafsson L, Hallander HO, Olin P, Reizenstein E, Storsaeter J. 
A controlled trial of a two-component acellular, a fi ve-component 
acellular, and a whole-cell pertussis vaccine. N Engl J Med 1996; 
334: 349–55.

86  Greco D, Salmaso S, Mastrantonio P, et al. A controlled trial of two 
acellular vaccines and one whole-cell vaccine against pertussis. 
Progetto Pertosse Working Group. N Engl J Med 1996; 334: 341–48.

87  Miller E. Overview of recent clinical trials of acellular pertussis 
vaccines. Biologicals 1999; 27: 79–86.

88  Olin P, Rasmussen F, Gustafsson L, Hallander HO, Heijbel H. 
Randomised controlled trial of two-component, three-component, 
and fi ve-component acellular pertussis vaccines compared with 
whole-cell pertussis vaccine. Ad Hoc Group for the Study of 
Pertussis Vaccines. Lancet 1997; 350: 1569–77.

89  Blennow M, Olin P, Granstrom M, Bernier RH. Protective effi  cacy 
of a whole cell pertussis vaccine. BMJ 1988; 296: 1570–72.

90  Bisgard KM, Rhodes P, Connelly BL, et al. Pertussis vaccine 
eff ectiveness among children 6 to 59 months of age in the United 
States, 1998–2001. Pediatrics 2005; 116: e285–e294.

91  Ward JI, Cherry JD, Chang SJ, et al. Effi  cacy of an acellular 
pertussis vaccine among adolescents and adults. N Engl J Med 2005; 
353: 1555–63.

92  Cherry JD. Epidemiological, clinical, and laboratory aspects of 
pertussis in adults. Clin Infect Dis 1999; 28 (suppl 2): S112–17.

93  Salmaso S, Mastrantonio P, Tozzi AE, et al. Sustained effi  cacy 
during the fi rst 6 years of life of 3-component acellular pertussis 
vaccines administered in infancy: the Italian experience. Pediatrics 
2001; 108: E81.

94  Plotkin SA, Cadoz M. Acellular vaccine effi  cacy trials. 
Pediatr Infect Dis J 1997; 16: 913–14.

95  Versteegh FG, Schellekens JF, Nagelkerke AF, Roord JJ. Laboratory-
confi rmed reinfections with Bordetella pertussis. Acta Paediatr 2002; 
91: 95–97.

96  Fine PE. Adult pertussis: a salesman’s dream—and an 
epidemiologist’s nightmare. Biologicals 1997; 25: 195–98.

97  Tan T, Trindade E, Skowronski D. Epidemiology of pertussis. 
Pediatr Infect Dis J 2005; 24: S10–18.

98  White JM, Fairley CK, Owen D, Matthews RC, Miller E. 
The eff ect of an accelerated immunisation schedule on pertussis 
in England and Wales. Commun Dis Rep CDR Rev 1996; 6: R86–R91.

99  Ramsay ME, Farrington CP, Miller E. Age-specifi c effi  cacy of 
pertussis vaccine during epidemic and non-epidemic periods. 
Epidemiol Infect 1993; 111: 41–48.

100  Fine PE, Clarkson JA, Miller E. The effi  cacy of pertussis vaccines 
under conditions of household exposure. Further analysis of the 
1978-80 PHLS/ERL study in 21 area health authorities in England. 
Int J Epidemiol 1988; 17: 635–42.

101  Gay NJ, Miller E. Pertussis transmission in England and Wales. 
Lancet 1999; 355: 1553–54.

102  Patriarca PA, Biellik RJ, Sanden G, et al. Sensitivity and specifi city 
of clinical case defi nitions for pertussis. Am J Public Health 1988; 
78: 833–36.

103  Cherry JD, Grimprel E, Guiso N, Heininger U, Mertsola J. Defi ning 
pertussis epidemiology: clinical, microbiologic and serologic 
perspectives. Pediatr Infect Dis J 2005; 24: S25–34.

104  CDC. Pertussis outbreak—Vermont, 1996. mmwr. 46, 822–826. 
5-9-1997. Atlanta: CDC MMWR, 1996.

105  Commission decision of 19th March 2002 laying down case 
defi nitions for reporting communicable diseases to the Community 
network under Decision No 2119/98/EC of the European Parliament 
and of the Council. Offi  cial J European Comm 2002.

106  Broutin H, Guegan JF, Elguero E, Simondon F, Cazelles B. Large-
scale comparative analysis of pertussis population dynamics: 
periodicity, synchrony, and impact of vaccination. Am J Epidemiol 
2005; 161: 1159–67.

107  Fine PE, Clarkson JA. Seasonal infl uences on pertussis. 
Int J Epidemiol 1986; 15: 237–47.

108  Tanaka M, Vitek CR, Pascual FB, Bisgard KM, Tate JE, Murphy TV. 
Trends in pertussis among infants in the United States. 1980–1999. 
JAMA 2003; 290: 2968–75.

109  Vitek CR, Pascual FB, Baughman AL, Murphy TV. Increase in deaths 
from pertussis among young infants in the United States in the 
1990s. Pediatr Infect Dis J 2003; 22: 628–34.

110  Skowronski DM, De Serres G, MacDonald D, et al. The changing age 
and seasonal profi le of pertussis in Canada. J Infect Dis 2002; 185: 
1448–53.

111  Cordova SP, Gilles MT, Beers MY. The outbreak that had to happen: 
Bordetella pertussis in north-west Western Australia in 1999. CDI 
2000; 24: 375–79.

112  Taranger J, Trollfors B, Bergfors E, et al. Mass vaccination of children 
with pertussis toxoid—decreased incidence in both vaccinated and 
nonvaccinated persons. Clin Infect Dis 2001; 33: 1004–10.

113  Nielsen A, Larsen SO. Epidemiology of pertussis in Denmark: the 
impact of herd immunity. Int J Epidemiol 1994; 23: 1300–08.

114  Preziosi MP, Halloran M. Eff ects of pertussis vaccination on 
transmission: vaccine effi  cacy for infectiousness. Vaccine 2003; 21: 
1853–61.

115  Strebel P, Nordin J, Edwards K, et al. Population-based incidence of 
pertussis among adolescents and adults, Minnesota, 1995–1996. 
J Infect Dis 2001; 183: 1353–39.

116  Baron S, Njamkepo E, Grimprel E, et al. Epidemiology of pertussis in 
French hospitals in 1993 and 1994: thirty years after a routine use of 
vaccination. Pediatr Infect Dis J 1998; 17: 412–18.

117  Bass JW, Wittler RR. Return of epidemic pertussis in the United 
States. Pediatr Infect Dis J 1994; 13: 343–45.

118  Heininger U, Stehr K, Schmidt-Schlapfer G, et al. Bordetella pertussis 
infections and sudden unexpected deaths in children. Eur J Pediatr 
1996; 155: 551–53.

119  Guris D, Strebel PM, Bardenheier B, et al. Changing epidemiology of 
pertussis in the United States: increasing reported incidence among 
adolescents and adults, 1990–1996. Clin Infect Dis 1999; 28: 1230–37.

120  Mooi FR, van Loo IH, King AJ. Adaptation of Bordetella pertussis to 
vaccination: a cause for its reemergence? Emerg Infect Dis 2001; 7: 
526–28.

121  He Q, Makinen J, Berbers G, et al. Bordetella pertussis protein pertactin 
induces type-specifi c antibodies: one possible explanation for the 
emergence of antigenic variants? J Infect Dis 2003; 187: 1200–05.

122  van Loo IH, van der Heide HG, Nagelkerke NJ, Verhoef J, Mooi FR. 
Temporal trends in the population structure of Bordetella pertussis 
during 1949–1996 in a highly vaccinated population. J Infect Dis 1999; 
179: 915–23.

123  Mastrantonio P, Spigaglia P, van Oirschot H, et al. Antigenic variants 
in Bordetella pertussis strains isolated from vaccinated and 
unvaccinated children. Microbiology 1999; 145: 2069–75.

124  Gzyl A, Augustynowicz E, van Loo I, Slusarczyk J. Temporal 
nucleotide changes in pertactin and pertussis toxin genes in 
Bordetella pertussis strains isolated from clinical cases in Poland. 
Vaccine 2001; 20: 299–303.

125  Njamkepo E, Rimlinger F, Thiberge S, Guiso N. Thirty-fi ve years’ 
experience with the whole-cell pertussis vaccine in France: vaccine 
strains analysis and immunogenicity. Vaccine 2002; 20: 1290–94.

126  Peppler MS, Kuny S, Nevesinjac A, et al. Strain variation 
among Bordetella pertussis isolates from Quebec and Alberta 
provinces of Canada from 1985 to 1994. J Clin Microbiol 2003; 41: 
3344–47.

127  Fry NK, Neal S, Harrison TG, Miller E, Matthews R, George RC. 
Genotypic variation in the Bordetella pertussis virulence factors 
pertactin and pertussis toxin in historical and recent clinical isolates 
in the United Kingdom. Infect Immun 2001; 69: 5520–28.



Seminar

1936 www.thelancet.com   Vol 367   June 10, 2006 

128  Kodama A, Kamachi K, Horiuchi Y, Konda T, Arakawa Y. 
Antigenic divergence suggested by correlation between antigenic 
variation and pulsed-fi eld gel electrophoresis profi les of 
Bordetella pertussis isolates in Japan. J Clin Microbiol 2004; 
42: 5453–57.

129  Hallander HO, Advani A, Donnelly D, Gustafsson L, Carlsson RM. 
Shifts of Bordetella pertussis variants in Sweden from 1970 to 2003, 
during three periods marked by diff erent vaccination programs. 
J Clin Microbiol 2005; 43: 2856–65.

130  Grimprel E, Baron S, Levy-Bruhl D, et al. Infl uence of vaccination 
coverage on pertussis transmission in France. Lancet 1999; 354: 
1699–700.

131  Gehanno JF, Pestel-Caron M, Nouvellon M, Caillard JF. Nosocomial 
pertussis in healthcare workers from a pediatric emergency unit in 
France. Infect Control Hosp Epidemiol 1999; 20: 549–52.

132  Wirsing von Konig CH, Postels-Multani S, Bock HL, Schmitt HJ. 
Pertussis in adults: frequency of transmission after household 
exposure. Lancet 1995; 346: 1326–29.

133  Schellekens J, von Konig CH, Gardner P. Pertussis sources of 
infection and routes of transmission in the vaccination era. 
Pediatr Infect Dis J 2005; 24: S19–24.

134  WHO. The World Health Report 2005: make every mother and 
child count. Geneva: World Health Organization, 2005. 

135  Hethcote HW. Simulations of pertussis epidemiology in the 
United States: eff ects of adult booster vaccinations. Math Biosci 
1999; 158: 47–73.

136  Lee GM, Lebaron C, Murphy TV, Lett S, Schauer S, Lieu TA. 
Pertussis in adolescents and adults: should we vaccinate? Pediatrics 
2005; 115: 1675–84.

137  Edmunds WJ, Brisson M, Melegaro A, Gay NJ. The potential cost-
eff ectiveness of acellular pertussis booster vaccination in England 
and Wales. Vaccine 2002; 20: 1316–30.

138  Iskedjian M, Einarson TR, O’Brien BJ, et al. Economic evaluation of 
a new acellular vaccine for pertussis in Canada. Pharmacoeconomics 
2001; 19: 551–63.

139  Tormans G, Van Doorslaer E, van Damme P, Clara R, Schmitt HJ. 
Economic evaluation of pertussis prevention by whole-cell and 
acellular vaccine in Germany. Eur J Pediatr 1998; 157: 395–401.

140  Lee LH, Pichichero ME. Costs of illness due to Bordetella pertussis in 
families. Arch Fam Med 2000; 9: 989–96.

141  Lee GM, Lett S, Schauer S, et al. Societal costs and morbidity of 
pertussis in adolescents and adults. Clin Infect Dis 2004; 
39: 1572–80.

142  Iskedjian M, Walker JH, Hemels ME. Economic evaluation of an 
extended acellular pertussis vaccine programme for adolescents in 
Ontario, Canada. Vaccine 2004; 22: 4215–27.

143  Scuff ham PA, McIntyre PB. Pertussis vaccination strategies for 
neonates—an exploratory cost-eff ectiveness analysis. Vaccine 2004; 
22: 2953–64.

144  Purdy KW, Hay JW, Botteman MF, Ward JI. Evaluation of strategies 
for use of acellular pertussis vaccine in adolescents and adults: a 
cost-benefi t analysis. Clin Infect Dis 2004; 39: 20–28.

145  Campins-Marti M, Cheng HK, Forsyth K, et al. Recommendations 
are needed for adolescent and adult pertussis immunisation: 
rationale and strategies for consideration. Vaccine 2001; 20: 641–46.

146  Forsyth KD, Campins-Marti M, Caro J, et al. New pertussis 
vaccination strategies beyond infancy: recommendations by the 
global pertussis initiative. Clin Infect Dis 2004; 39: 1802–09.

147  Wirsing von Konig CH, Campins-Marti M, Finn A, Guiso N, 
Mertsola J, Liese J. Pertussis immunization in the global pertussis 
initiative European region:  recommended strategies and 
implementation considerations. Pediatr Infect Dis J 2005; 24: 
S87–92.

148  Forsyth K, Tan T, von Konig CH, Caro JJ, Plotkin S. Potential 
strategies to reduce the burden of pertussis. Pediatr Infect Dis J 
2005; 24: S69–74.

149  Tan T, Halperin S, Cherry JD, et al. Pertussis immunization in the 
global pertussis initiative North American region: recommended 
strategies and implementation considerations. Pediatr Infect Dis J 
2005; 24: S83–86.

150  Ward A, Caro J, Bassinet L, Housset B, O’Brien JA, Guiso N. Health 
and economic consequences of an outbreak of pertussis among 
healthcare workers in a hospital in France. 
Infect Control Hosp Epidemiol 2005; 26: 288–92.


	Recent developments in pertussis
	Clinical features of pertussis
	Microbiology
	Recent developments in diagnostic methods
	Culture
	PCR
	Serology
	Diagnostic algorithms

	Treatment and prophylaxis
	Treatment
	Prophylaxis

	Vaccination and immunity
	Whole-cell and acellular pertussis vaccines
	Comparison of natural and vaccine-induced immunity
	Vaccination recommendations and schedules

	Epidemiology and effect of preventive strategies
	Routine surveillance
	Sero-epidemiology
	Epidemic cycles, age at infection, and secular trends
	Herd immunity
	Interpretation of present trends
	Modelling and health economics
	Future vaccination strategies

	Conclusions
	Acknowledgments
	References


