REVIEW ARTICLE

Pediatr Drugs 2002; 4 (5): 299-313
1174-5878/02/0005-0299/$25.00/0

© Adis International Limited. Al rights reserved.

Which Strategy for Pertussis
Vaccination Today?

Dorota Z. Girard

Department of Economics, University of Nantes, LEN-CEBS, Nantes, France

Contents
ADSITACT 299
1. Epidemiology Of Pertussis . . . . . . . . . o 300
1.1 Role of Vaccination . . . . . . . 301
1.2 Controversy Surrounding the Safety of Whole-Cell Vaccines . . . . . . . . . . . o 0 e e e e 302
1.3 DropinVaccination COVEIrage . . . . . . . . o o i 302
1.4 Aftfitude of Health Authorities . . . . . . o o o 303
1.6 Re-Emergence of Pertussis . . . . . . . . o o 304
2. Populations Susceptible to Pertussis . . . . . . . . . 304
2.1 Modificationsin Age Distribution . . . . . . . e 304
2.2 Immunization Schedules . . . . . . . 305
3. Pertussis Vaccinesin Current Use . . . . . . . . 306
3.1 Efficacy of ACellular VACCINES . . . . . . . o o 306
3.2 Choice Between Acellular and Whole-Cell Vaccines . . . . . . . . . 0o 306
3.3 ClinicalUse of Acellular VaCCINes . . . . . . . . . 0 e 307
4. CONCIUSIONS . . o o o 308

Abstract

Pertussis (whooping cough) remains an epidemic disease responsible for infant and child morbidity and
mortality, and is perceived as a serious public health problem. Since the widespread use of whole-cell pertussis
vaccines in the 1940s, vaccination programs have varied greatly between countries. National specificity is a
function of several factors. The most important are: (i) vaccine efficacy and tolerability; (ii) vaccine coverage
and distribution; and (iii) vaccine acceptance by parents and professionals. During the 1970s, Sweden, England,
Wales and Japan provided contrasting examples of the attitude of health authorities to the use of whole-cell
vaccines. The increase in pertussis incidence was noted as a consequence of active opposition to this vaccine.

The re-emergence of pertussis in the 1990s, in countries with high vaccination coverage and increased
incidence of disease in individuals >15 years and <6 months of age, has drawn attention to the role of booster
doses of pertussis vaccines and their introduction into regular vaccination programs. The use of acellular vac-
cines for booster doses for adolescents and adults would seem unambiguous because of their decreased
reactogenicity, although the exact schedule has yet to be established. The choice between the two kinds of
vaccines is more difficult for primary courses, where safety and efficacy profiles are similar, and the attitude
towards acellular vaccines varies from country to country. In this case, the strategy adopted results from the
national history of pertussis infection and from the quality of the available whole-cell vaccine. Two contrasting
examples are the US, where acellular vaccines were licensed for the primary series in the 1990s, and the UK,
where whole-cell vaccines are exclusively used for primary immunization.

The changing epidemiology of pertussis, and its local diversification, would suggest that at present it is
difficult to define a single worldwide strategy with only one kind of vaccine and one schedule. In order to control
pertussis incidence, each country should continue to determine the best national vaccination program established
in very close relation to the past and present epidemiological situation and available healthcare resources.
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The ability to control or eradicate an infectious disease is
made possible by the use of a well tolerated and effective vaccine,
and by institution of an adequate vaccination strategy which en-
sures that high vaccine uptake can be achieved and maintained
with time. Three specific objectives may be sought by a vaccina-
tion program — eradication, elimination or control. The prob-
ability of achieving the objective depends on the characteristics
of the infectious disease. Eradication of infection is more likely
when there is no nonhuman host, the disease is easily diagnosed,
there are no subclinical infections, transmissibility is low, and
lifelong immunity is achieved following vaccination.[!!

Eradication occurs when the disease and its causal agent have
been definitively removed from all human populations. Up to the
present day, smallpox is the only disease to have been eradicated
worldwide by vaccination. Poliomyelitis has also been suggested
as a potential target for global eradication,!?! but only the elimina-
tion of this infection, i.e. regional eradication, has been achieved.
Indeed, the World Health Organization (WHO) Western Pacific
region has recently been certified free of indigenous polio trans-
mission, after the WHO region of the Americas in 1994.[3]

Pertussis (whooping cough) eradication does not seem poten-
tially feasible given the characteristics of the infection, and the
fact that although pertussis vaccines are most effective in prevent-
ing severe disease they may have little impact on transmission of
infection.[*%1 Two other options are then available for a pertussis
vaccination program. Control, defined as the reduction of morbi-
dity and mortality to levels which are no longer perceived to be a
serious public health problem,!!) was considered during the 1980s
as being already achieved. However, several outbreaks of pertus-
sis infection during the 1990s in different age groups of an immu-
nized population have called into question the feasibility of this
goal using current vaccination programs.

The return of epidemic pertussis is a reminder that there are
still many obstacles to overcome before the number of cases of
this disease can be definitively reduced. It also suggests, after
considering the development of acellular preparations, that per-
tussis control can at present only be the long-term objective for
an optimal vaccination strategy.

In this article we discuss the characteristics of current immun-
ization programs being undertaken by health authorities, focusing
on the establishment of vaccination policies from historical and
socioeconomic angles. We investigate the links between the
choice of national strategies for particular pertussis vaccines and
vaccination schedules, and past local experiences with routine use
of whole-cell pertussis vaccine. We examine, in particular, the
consequences of public and professional concerns about safety
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and efficacy of the whole-cell vaccine on the control of pertussis,
and on the development of acellular pertussis vaccines.

In order to point out the impact over time of applied vaccin-
ation coverage on pertussis incidence, we restricted our analysis
to industrialized countries where surveillance systems are unin-
terrupted. Data from these countries allow us to observe changes
in the age distribution of pertussis morbidity. We focus on infant
and child morbidity, although increasing incidence rates in ado-
lescents and adults are highlighted because of the role of this
population in the transmission of pertussis. Adverse events fol-
lowing the primary course of immunization with whole-cell and
acellular pertussis vaccines are noted for infants and children.
Available data on the safety of booster doses with pertussis acel-
lular vaccines in adolescents and adults is still very limited.

1. Epidemiology of Pertussis

Pertussis has been and remains an epidemic disease respon-
sible for significant widespread mortality and morbidity, mainly
among infants and young children.l”-19 It is a highly infectious
disease of the respiratory tract caused by the bacterium Bordetella
pertussis, which was first isolated in 1906.'1-12! This bacterium
is a pathogen for humans and no other reservoir is known. A
second bacterium, Bordetella parapertussis, also causes the per-
tussis syndrome, but generally results in less clinically severe
disease.l13-14] It shares surface antigens with B. pertussis but the
two bacteria differ in many properties, including toxicity, growth
rate, and biochemical activity. Distinction between pertussis and
parapertussis is established on isolation of B. pertussis in labora-
tory culture. Bordetella bronchiseptica is the third species in-
cluded in the genus Bordetella. This natural pathogen from the
respiratory tract of animals is very rarely isolated from humans,
but it causes pertussis-like disease in other mammals.

The most common complication of pertussis infection, and
the cause of most pertussis-related deaths, is secondary bacterial
pneumonia. Neurologic complications such as seizures and en-
cephalopathy may occur as a result of hypoxia from coughing, or
possibly from toxins. Other less serious complications of pertus-
sis include otitis media, anorexia, and dehydration.

At the beginning of the 20th century, pertussis was one of the
most common childhood diseases. In Britain, for example, it
caused more deaths than any other infectious disease except mea-
sles,l31 and in the US only diphtheria and measles were substan-
tially ahead of pertussis.['®! Regular statistics on pertussis have
been available in a small number of countries since the 1920s.
The systematic recording of epidemiological data adequate for
comparative analysis has been possible for some countries only
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since the 1940s, when statutory notifications were introduced for
nations undertaking a pertussis immunization policy. This data
provides the opportunity to examine the effect of pertussis vac-
cination on the epidemiology of pertussis infection, and the na-
tional specificity of applied vaccination programs.

In 1922, when pertussis became nationally notifiable in the
US, 107 473 pertussis cases and 5099 pertussis deaths were re-
ported.['%] During the period 1932 to 1941, the average reported
annual incidence rate for pertussis was 157 cases per 100 000
population in the US,['71 and 153 cases per 100 000 population in
Canada.['8] Pertussis incidence peaked in England and Wales in
1941 at 230 cases per 100 000 population (173 330 cases) and
2383 deaths.['”] The incidence rate for pertussis in Japan was
approximately 185 cases per 100 000 population (152 072 cases)
in 1947, with 17 001 deaths notified.[2%]

1.1 Role of Vaccination

Significant reductions in pertussis incidence and mortality
have been observed since the introduction of routine vaccination.
The first standardized whole-cell pertussis vaccines had entered
into widespread use by World War II (table I). Pertussis vaccines
were subsequently combined with diphtheria and tetanus toxoids

Table I. Examples of current pertussis vaccination programs

in DTP vaccines. Canada and the US were among the first coun-
tries to put pertussis vaccination into practice on a nationwide
scale, in 1943 and 1944, respectively.[102122] Use of the DTP
vaccine was widespread in these countries in the late 1940s. New
Zealand followed, introducing the pertussis vaccine in 1945.[23]
Next came Japan where the pertussis vaccine was first made avail-
able in 1947, and was in general use in 1950.124] For most Euro-
pean countries, the pertussis vaccination program began in the
1950s. In Finland, for instance, general vaccination with a whole-
cell pertussis vaccine was recommended from 1952,[2%1 in Swe-
den from 1953,[?%1 and in England and Wales immunization was
introduced on a national scale from 1957.127:28]

In the years immediately following the start of widespread
immunization, a substantial decline in pertussis incidence was
reported by national disease surveillance systems. In England and
Wales, the pertussis incidence rate fell by more than two-thirds
during the period 1957 to 1961 (from 85 017 to 24 469 cases). Since
then the decrease has continued more slowly, with outbreaks every
3 to 4 years, reaching, at the end of the 1960s, an average annual
notification rate of approximately 35 cases per 100 000 popula-
tion and an average of 23 deaths per year.[33-30 In Japan, a per-
ceptible decline in pertussis incidence started in 1951. During the

Country Introduction of Immunization schedule Booster dose Vaccine in use
pertussis vaccine primary course for primary course
Canada 19431°) 2, 4 and 6 months of age 2 boosters; 1 dose at 18 months of age, 1 dose DTaP
between 4 and 6 years of age
USA 1944118 2, 4 and 6 months of age 2 boosters; 1 dose between 15 and 18 months DTaP
of age, 1 dose between 4 and 6 years of age
New Zealand 194512 6 weeks, 3 and 5 months of age  Since 1996, 1 dose at 15 months of age DTaP
Australia 195000 2, 4 and 6 months of age 2 boosters; 1 dose at 18 months of age, 1 dose DTaP
at 4 years of age
Japan 1947120 Introduction of DTaP in 1981 for 2-year-old children. Currently 3 doses are DTaP
(discontinued in 1975) recommended for children <12 months of age
Finland 195212 3, 4 and 5 months of age 1 dose at 2 years of age DTwP
The Netherlands 1952031 3, 4 and 5 months of age 1 dose at 11 months of age DTwP
Sweden 1953132 Between 1965 and 1979, 3 doses of DTwP at 2, 3 and 6 months of age. Currently DTaP vaccines
(discontinued in 1979)  are licensed and in routine or widening use
England and Wales ~ 1957%%"! 2, 3 and 4 months of age No booster DTwP
France 1959331 2, 3 and 4 months of age 2 boosters; 1 dose between 16 and 18 months DTwP or DTaP

Russian federation
with DTwP

of age, 1 dose between 11 and 13 years of age

3 doses between 3 and 18 months of age, and 1 dose between 18 and 36 months of age (12-18 months after last infancy dose)

Italy Facultative vaccination independently settled in each region at 3, 5, and 7 months with DTaP or DTwP. One booster dose during

the third year of life is not necessarily included®¥

DTaP = diptheria, tetanus and acellular pertussis; DTWP = diptheria, tetanus and whole-cell pertussis.
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S-year period following the widespread use of the pertussis vac-
cine, the disease incidence rate fell from 122 796 to 14 134 cases
(from 147 to 16 cases per 100 000 population), and attained the
level of 2 cases per 100 000 population at the end of the 1960s.
At the end of the 1960s, an average of 11 deaths per annum were
reported, while 1992 deaths per year were notified for the period
1951 to 1955.[201

A significant but more gradual decline in pertussis morbidity
and mortality has been observed in Canada and the US. After the
introduction of the pertussis vaccine in the 1940s, pertussis inci-
dence fell in the US from an average of 175 000 cases per year
(157 cases per 100 000 population) to 15 000 reported cases (8
cases per 100 000 population) in 1960. During the 1970s, an aver-
age of 2300 cases per year, and an incidence rate of approximately
1 case per 100 000 population, were reported. Overall, by 1970,
the average annual incidence of pertussis had been reduced by
99%.12137.381 In Canada, pertussis incidence decreased from an
average of 17 000 cases (153 cases per 100 000 population) in the
immediate pre-vaccine era to 2600 cases (10 cases per 100 000
population) at the end of the 1970s. This reflects a reduction of
9395 [22,29]

The causal relationship between the widespread use of whole-
cell vaccine and the decline of pertussis incidence confirms that
vaccination was the main explanatory variable for the decrease in
disease incidence.3%] The contribution made by vaccination can-
not, however, be dissociated from other surrounding factors. In-
creased standards of hygiene and health of newborn babies and
older children, and technological advances in healthcare, making
antibacterials and intensive care available, must also be taken into
account.[1540]

1.2 Controversy Surrounding the Safety of
Whole-Cell Vaccines

In the mid-1970s, a considerable debate developed around
the fundamental importance of mass immunization, compared
with improved socioeconomic conditions, in contributing to the
decline of pertussis and associated fatalities. The public contro-
versy about pertussis vaccine and its adverse reactions arose
within the context of low levels of pertussis mortality and mor-
bidity obtained as a result of a high vaccine acceptance rate, and
can be considered a predictable consequence of successful appli-
cation of the pertussis control program.*!! In fact, due to epidem-
iological conditions, which were deemed satisfactory, critics of
the vaccine did not believe that continuation of the immunization
program on a national scale was necessary to control pertussis. In
some countries, including Sweden, Japan and the UK, national
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discussions regarding the marginal protective effect of the vac-
cine, and the risk of serious neurological reactions after use of the
DTP vaccine, gave rise to active movements against whole-cell
pertussis vaccines. Attention has been shifted from complications
of the disappearing disease to adverse effects of the whole-cell
vaccine, considered potentially unsafe during the mid 1970s, and
no longer justified in common use.

All whole-cell pertussis vaccines are composed of a suspen-
sion of formalin-inactivated B. pertussis cells, and they have a
tendency to provoke transient local and systemic reactions.[42-43]
Local sequelae such as redness, swelling and pain at the injection
site, fever, and other mild systemic events are judged as undesir-
able, but generate little apprehension among parents of children
being vaccinated. On the contrary, more severe systemic events
including seizures, hypotonic hyporesponsive episodes and en-
cephalopathic states, which can occur rarely after immunization,
make these pertussis vaccines potentially unsafe.

A lack of faith in the safety and efficacy of the pertussis
vaccines in use was induced by several reports published in West-
ern Europe which have drawn attention to the appearance of al-
leged serious neurological complications following immuniza-
tion against pertussis.[*o->11 These reports, although based on
uncontrolled data, were considered at the time to be important in
medical circles and were taken up by the mass media as support
for public anti-immunization campaigns, which claimed that the
adverse effects of the vaccine posed a greater risk to the popula-
tion than the disease itself.>33 The increasing distrust of parents
towards pertussis whole-cell vaccines, heightened by the reluc-
tance of family doctors to advise immunization, resulted in a gen-
eral and progressive fall in vaccine coverage, and in a dramatic
resurgence of pertussis in several industrialized countries. In-
deed, in Japan, Sweden, and particularly England and Wales,
which changed or interrupted their vaccination policies because
of widespread adverse publicity for pertussis vaccines, signifi-
cant epidemics were recorded during the 1970s. In Ireland, epi-
demics occurred during the 1980s, and in Australia during the
1990s. It should be noted that in the 1990s, as a result of the
Expanded Program of Immunization initiated in the 1970s by the
WHO, global use of the DTP vaccine increased from 5% to the
current level of 80%.54-56]

1.3 Drop in Vaccination Coverage

In England and Wales, a drop in the vaccination rate from 77
to 30% was followed by two of the most serious epidemics during
the immunization period, which peaked with 65 956 cases of per-
tussis in 1978 and 65 810 in 1982 (approximately 133 cases per
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100 000 population), and 12 and 14 deaths, respectively.[30] In
Japan, the pertussis vaccine uptake decreased from 78% in 1974
to 14% in 1976. In 1979 there were 13 092 cases of pertussis in
Japan (11 cases per 100 000 population) and 41 deaths.57] In
Sweden, the incidence of pertussis was already increasing from
the beginning of the 1970s, despite a continuing high vaccination
rate.[?6] The outbreak which appeared in 1977 to 1978 while im-
munization coverage had stabilized at over 80%, suggested that
the protective efficacy of pertussis vaccines had declined. The
vaccination rate fell from 90% in 1974 to 12% in 1979, at which
time the vaccine was withdrawn, and incidence rates rose from
about 25 cases per 100 000 population in 1974 to 100 cases per
100 000 population in 1978.1321 The pertussis outbreak in 1982
occurred in a population in which the youngest age groups were
unprotected.

Based on these epidemiological experiences, two points
about the characteristics of the pertussis vaccine strategy can be
noted. Firstly, significant pertussis epidemics occurred in coun-
tries which had had an excellent standard of hygiene for a con-
siderable period of time. Given that socioeconomic conditions
remained steady during the period of analysis, the drop in the
level of vaccine uptake appears to be a major factor in the changes
in pertussis incidence.[3981 It therefore seems clear that contain-
ment of pertussis requires a systematic expansion of the vaccina-
tion program and maintenance of vaccination coverage at a high
level, despite the positive effects obtained by improved social
conditions.

Secondly, the mass media can influence the results of public
health vaccination programs. The success of childhood immuni-
zation policy depends on parents’ confidence in the pertussis vac-
cine. Health authorities can partly acquire trust by communicat-
ing in a convincing manner with the public. In order to avoid
anti-vaccine publicity arising from isolated cases of severe sys-
temic reactions, two conditions are required. Parents should be
informed about both the risks of occasional adverse effects and
the benefits of a widespread immunization strategy, and the con-
sequences of an interrupted immunization program must be com-
municated. In addition, the mass media and physicians should be
well informed and, therefore, have access to large-scale studies
of the safety of pertussis vaccines.

It is important to mention that the results of quantitative con-
trolled studies able to allay the suspicions of parents towards the
use of whole-cell pertussis vaccine have only been available since
the 1980s.09-%61 These studies have indicated that, contrary to an
idea generally accepted in the 1970s, there is no causative role of
pertussis vaccine in sudden infant death syndrome, and that
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whole-cell pertussis vaccines are not a proven cause of brain dam-
age, infantile spasms, or Reye’s syndrome.[89-67-6]

1.4 Attitude of Health Authorities

The fall in pertussis vaccination coverage resulted from active
opposition to whole-cell vaccines and provoked differing reac-
tions from health authorities in countries where an increase in
pertussis incidence was reported. In England and Wales, the De-
partment of Health and Social Security resisted pressure to re-
move the vaccine and tried successfully to reassure the public
with the publication in 1981 of a report strongly recommending
the advantages of pertussis immunization with whole-cell vac-
cines.7%711 In Sweden, the Swedish Medical Society considered
discontinuing general vaccination with whole-cell pertussis vac-
cines and waited for a new and safer vaccine. In 1979, pertussis
vaccination was definitively interrupted in Sweden, mainly be-
cause the protective efficacy of the whole-cell vaccines was ques-
tioned.[32721 In Japan, after the occurrence in 1975 of two fatali-
ties in children given the DTP vaccine, the Ministry of Health and
Welfare resolved to stop the program of vaccination with whole-
cell vaccines. Later the program was reopened, but only for chil-
dren >2 years of age.[?>7] To regain public confidence in pertus-
sis vaccination, Japan introduced the acellular vaccine in 1981,
and become the first country to use this new vaccine to control
pertussis incidence.

Since the 1980s, the epidemiology of pertussis has continued
to change as a function of the vaccine health policy undertaken
in different countries. In England and Wales, for instance, regular
progress in the uptake of whole-cell vaccine has been observed
with an increase from 30% in 1978 to 91% in 1992, and this has
resulted in a major decline in the incidence of pertussis.[73! Health
authorities and general practitioners have actively contributed to
this recovery. In Ireland and Australia, the opposition recorded
in the UK to whole-cell vaccines directly influenced the epidemi-
ology of pertussis.[7#731 In Ireland the vaccine coverage fell to
30% in 1976, then increased to 65% in 1990, but pertussis epi-
demics occurred in 1985 and 1989. Australia effectively controlled
pertussis during the 1970s, then the information about neurolog-
ical reactions to the vaccine gave rise to anti-vaccine movements.
Consequently in 1994 the first large outbreak took place. In 1996,
a pertussis epidemic caused the deaths of four infants in New
South Wales, where vaccine uptake for the primary course was
879 .130,76]

In countries where health authorities systematically main-
tained the use of whole-cell vaccines, a stable or increasing vac-
cination rate was observed, and until the 1980s the incidence of
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pertussis seemed the lowest in the post-vaccine era. The US can
be considered as an example of unchanging pertussis vaccination
policy, strongly recommended by pediatricians and primary care
organizations and supported by school-entry immunization re-
quirements.[77-78 This policy made it possible to contain the per-
tussis infection rate, despite actions against whole-cell vaccines
which grew in strength in the early 1980s. In fact, an all-time
record low in the number of cases of pertussis was reached in
1976 with 1010 cases.

1.5 Re-Emergence of Pertussis

A resurgence of pertussis was recorded for the first time in
the US in 1983, with 2463 cases, despite vaccination coverage of
approximately 70% having been maintained since 1962.[79-82]
Subsequently, epidemics occurred at regular time intervals in
1986, 1990 and 1993, but the number of reported cases increased;
the 5457 cases reported in 1993 exceeded the number notified for
any year since 1969.138:83-851 1t is important to note that the inci-
dence based on reported cases increased among all age groups;
however, the most striking rate of increase occurred among ado-
lescents and adults. During 1992 and 1993, 23 deaths attributed
to pertussis were recorded and pertussis became the most com-
mon vaccine-preventable childhood disease in the US.[10-86-89]
The next outbreak occurred in 1996, with 7796 cases, despite the
vaccine coverage rate which had been 95% since 1995.

The increasing trend in pertussis mortality and morbidity has
also been observed in other countries where high levels of immu-
nization with whole-cell vaccines have been maintained. For in-
stance, in Finland an outbreak was notified in 1992, when about
97% of children were immunized with at least three doses of
vaccine.!?>% In The Netherlands, despite a vaccination coverage
which remained stable at 96%, a sudden increase in pertussis
incidence occurred in 1996. At that time, 4231 pertussis cases
were reported, compared with 341 cases in 1995 and 4 cases in
1976. Five deaths caused by pertussis were notified from 1976 to
1996; however, two of these occurred in 1996.31:91 A resurgence
of pertussis has been also noted in Canada since 1991,°2931 and
an epidemic without any deaths from pertussis was observed in
New Zealand in 1996.194]

In some other countries such as France, a resurgence of per-
tussis is also suspected, but can not be formally confirmed be-
cause of the absence of national surveillance data. There was no
anti-vaccine campaign in France during the 1970s,[!3281 and vac-
cination coverage estimated at about 95% has been maintained
continuously for 30 years. In 1985 only 85 pertussis cases were
reported and routine notification systems were broken off. With
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no surveillance data being available, recent studies have esti-
mated that the current annual incidence of pertussis, identified by
hospital practitioners in children younger than 1 year, is 95 cases
per 100 000 population.133.95]

The re-emergence of pertussis, which has manifested itself
in countries with high vaccination coverage, has led to the sug-
gestion that the current prevention and control strategies for per-
tussis have to be improved. In order to define components missing
from vaccination programs, it is necessary to examine potential
reasons for pertussis outbreaks. A sudden increase in incidence
might be attributed to different factors if it could not be explained
by a fall in vaccination coverage. For example, improvements in
diagnosis and better surveillance data support, use of an ineffec-
tive vaccine, waning vaccine-induced immunity, antigenic changes
in B. pertussis, and increased awareness of pertussis among
healthcare providers and parents, are all factors which could be
taken into consideration.[7-91.96-98]

2. Populations Susceptible to Pertussis

Although pertussis mortality and morbidity remain at its
highest level among infants and young children, changes in the
age distribution of notified cases related to the use of pertussis
vaccine have been observed. After the vaccine came into wide-
spread use, infants <1 year of age of age have remained the most
susceptible to pertussis morbidity,!°-191 while in the pre-vaccine
era the pertussis rate was highest among children aged between
1 and 5 years. This age group still accounts for the highest number
of reported pertussis cases in some countries including Italy,
Sweden and the former West Germany, where immunization
is limited.[10.26.102,103]

2.1 Modifications in Age Distribution

In recent years, two significant modifications in age distri-
bution have to be considered. First, an upward shift in the age
distribution of pertussis morbidity has been demonstrated, char-
acterized by an increased incidence in adolescents and adults, and
explained, in part, by a better recognition and reporting of pertus-
sis in this population. The proportion of pertussis cases occurring
in individuals >15 years of age increased in the US from 15.1%
of the total number of cases in 1977 to 28% in 1994,[78.104] while
only 3% of the cases were reported in this age group before wide-
spread immunization. In England and Wales, the proportion of
notified pertussis cases in patients >15 years of age rose from
4.4% in 1990 t0 9.3% in 1997.11051Tn 1998, a total of 47% of 7405
reported pertussis cases which occurred in the US were in persons
aged >10 years, while this age group accounted only for 29 and
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45% of the cases, respectively, in the periods 1993 to 1995 and
1996 to 1997.11%1 In Canada, children aged <10 years are by far
the most affected group, but the proportion of older patients has
also increased during the 1990s. The average annual incidence
rate was 24.3 per 100 000 population for persons aged between
10 and 19 years, and 2.75 per 100 000 population for those aged
>19 years. In Canada, between 10 and 25% of adults and adoles-
cents are considered as being susceptible to pertussis.[!7] They
are thought to provide a potential source for transmitting infec-
tion to close contacts. It has been estimated that the pertussis
incidence rate among household members exposed to the disease
could range from 11 to 18% in contacts aged between 18 and 29
years, and from 8 to 33% in adults aged >30 years.[107-109]

Second, pertussis cases among infants <6 months of age is
increasing, although the highest number of reported cases contin-
ues to be among children aged <1 year. In England and Wales, the
proportion of cases among children <6 months of age rose from
6.2t0 19.3% between 1990 and 1997.1191 In the US, 24% of reported
cases in 1998 were among children aged <7 months.!'%! Infants who
are too young to have completed primary immunization are at
highest risk of severe pertussis-associated complications, mainly
related to the effects of paroxysms. The incidence of broncho-
pneumonia during pertussis appears to be similar for all children
<5 years of age, but may be more severe in infants. According to
US data from 1989 through 1991, 70% of pertussis infections
occurring among infants <6 months of age result in hospitaliza-
tion, compared with approximately one-third of the total patient
population.l'%! Approximately 16% of infected infants had second-
ary pneumonia and 1.8% had neurological complications, mostly
seizures, compared with 11 and 1.6%, respectively, of the total per-
tussis patient population. In Canada, 75% of infants with pertussis
infection <6 months of age were hospitalized during the last decade,
and 20% of these cases were admitted to an intensive care unit.
Overall, 10% of infants <6 months of age with pertussis had sec-
ondary pneumonia, and 5% had neurologic complications, mostly
seizures.[110]

These modifications in age distribution seem to have conse-
quential effects for the epidemiology of pertussis. It has been
confirmed that infection with B. pertussis is the usual cause of a
persistent cough among adolescents and adults. However, as per-
tussis is often unrecognized in this population, adolescents and
adults should be considered as the potential source of an outbreak
of pertussis in a family with a neonate, or an unprotected infant

for whom the morbidity and mortality are very high.
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2.2 Immunization Schedules

The changes in age distribution of pertussis incidence are
closely related to the characteristics of applied vaccination pro-
grams. In fact, widespread immunization has reduced the possi-
bility of individuals acquiring infection-induced immunity, and
current vaccination strategies do not provide the opportunity to
prolong vaccine-induced immunity. Immunization schedules
with whole-cell pertussis vaccines consist of three doses of pri-
mary series injected before the sixth month of life. Completion
of the primary course early in life is essential because of the major
risks of pertussis complications. Booster doses are also recom-
mended at age 2 and 4 to 6 years.[”l A fifth dose of DTP vaccine
is given in the US and Canada; however, in most industrial coun-
tries four-dose schedules are routine because local reactions oc-
cur more frequently with a greater number of doses. In some
countries including the UK, Ireland, Denmark and Spain, no
booster doses are used after 1 year of age,[!! ! while in developing
countries, the WHO Expanded Program on Immunization sched-
ule calls for only three doses injected in the first year of life, with
no boosters. According to these immunization practices, two pop-
ulation groups seem to be particularly susceptible to disease: in-
fants with an uncompleted primary course of vaccination, and
previously vaccinated individuals. Indeed, the protection ensured
by whole-cell vaccines has to be considered as only short-lived
because vaccine-induced immunity wanes 5 to 10 years after the
last injection, and is almost nonexistent after 12 years.[67-112-115]
This means that even in communities with high vaccine uptake
for the primary course, vaccinated children aged >14 years be-
came vulnerable and potentially infectious adults.[116-118]

Therefore, adults and adolescents, especially females, with
vaccine-associated or naturally acquired!'!%1291 waning immu-
nity and mild atypical disease, have been suggested as an impor-
tant reservoir for transmission of pertussis to under-immunized
infants.[9-10.25.99.113,118-130] Epidemiological studies indicate that
the infection rate of adults in the same household as children with
pertussis could reach 83%),[131-1321 but only a small proportion of
these adults would be recognized as clinically ill. The main reason
for underdiagnosis of pertussis in older patients is its atypical
presentation in these populations, characterized by a persistent
cough without whoop and lymphocytosis.!195:133-1421 Apother rea-
son is the persistence of a common perception among physicians
that pertussis is exclusively a disease of children. In order to reduce
the incidence of pertussis among unvaccinated or incompletely
vaccinated young children, it could be necessary to limit the ex-
posure of this age group to pertussis through prevention of disease
among older individuals. It would then appear that the only strat-
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egy to prevent the transmission of pertussis from adults to infants
might be to give booster doses of pertussis vaccine to all adoles-
cents and adults.[9123.143-145]

Booster immunizations with the present whole-cell vaccines
have not been recommended for persons >7 years of age,[80-146]
because pertussis is considered as being less severe in older chil-
dren and adults, and at the same time, the adverse effects of whole-
cell vaccines have been perceived as more common and more
serious in these age groups. The availability of a safer and less
reactogenic acellular vaccine provides an opportunity to consider
adult booster immunizations.

3. Pertussis Vaccines in Current Use

The first acellular vaccines, which contain purified and inac-
tivated components of B. pertussis cells, were licensed in Japan
for immunization of children aged =2 years in 1981, and for in-
fants from the age of 3 months in 1989. These new vaccines
entirely replaced the whole-cell preparations and were reported
to have low reactogenicity and satisfactory control of pertussis
incidence in Japan.[?*371 However, the lack of formal evaluation
of vaccine efficacy in randomized controlled trials delayed the
approval of acellular vaccines in most other countries,['471 where
successful whole-cell vaccination programs have been carried on.

3.1 Efficacy of Acellular Vaccines

During the 1990s, several large trials were set up in Sweden,
Italy, Germany and Senegal in order to measure and compare the
efficacy and adverse event rate of different whole-cell and acel-
lular pertussis vaccines. However, these studies varied in type and
number of vaccines, case definition, and the laboratory method
used to confirm the infection, therefore comparison between stud-
ies is not necessarily relevant.

In the Swedish prospective clinical trial, designed to provide
precise efficacy estimates, whole-cell vaccines were compared
with three acellular vaccines containing two, three and five
components, given to babies at 2, 4 and 6 months.['*81 The whole-
cell vaccine produced in the UK had the highest efficacy against
culture-confirmed pertussis, with at least 21 days of paroxysmal
cough.[14%:150] The five-component acellular vaccine containing
inactivated pertussis toxin, filamentous hemagglutinin, pertactin,
and fimbriae 2 and 3 was more protective against pertussis infec-
tion than the three-component vaccine containing inactivated per-
tussis toxin, filamentous hemagglutinin and pertactin. In contrast,
the whole-cell vaccine licensed in the US and tested in trials in
Italy and Sweden, and a two-component acellular vaccine with
antigens pertussis toxin and filamentous hemagglutinin, had in-
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adequate efficacy.l'>1:152] The efficacy of European whole-cell
vaccines compared with two- and three-component acellular vac-
cines was confirmed in case-control studies in Germany and Sen-
egal.[153.154] These results suggest that the addition of fimbriae in
the multicomponent acellular vaccines has an apparently signifi-
cant role in protection against less severe infection,[54:148.149.155]
and has stimulated discussion about which components should be
included in acellular vaccines. The optimal composition of acel-
lular vaccines is still debated, and it is not known which antigens
are essential in order to ensure optimal efficacy.

The choice of antigen content for acellular pertussis vaccines
is of crucial importance because a reduction in the number of
components could decrease the excessive cost of acellular vac-
cines and make them more affordable. It could also, however,
diminish their protective efficacy and make the new vaccines less
competitive with whole-cell vaccines. At present it is recognized
that the best whole-cell and acellular vaccines are both highly
efficacious in preventing typical mild pertussis.l5156-160] Acellu-
lar vaccines were estimated to provide approximately 85% pro-
tection in field trials, and whole-cell vaccines that have been used
around the world and in field studies of efficacy have been shown
to be 85 to 95% protective against pertussis infection.[?7-161 Tt is
important to note that efficacy may vary considerably within
these two groups of pertussis vaccine, depending on the compo-
nents involved and the study design.[147:151.162-165]

3.2 Choice Between Acellular and Whole-Cell Vaccines

Assuming that the efficacy of whole-cell and acellular vac-
cines is similar in preventing pertussis infection, the choice be-
tween these two types of vaccines for public health immunization
programs involves essentially a trade-off between safety and cost.
In industrialized countries, which have faced difficulties in the
control of pertussis outbreak because of adverse effects following
whole-cell vaccination, safety would appear to be the priority.
Decreased reactogenicity of acellular vaccines is likely to im-
prove public acceptance of pertussis vaccination and to maintain
vaccination coverage at a high and stable level. However, given
that acellular vaccines are not as efficacious as the best current
whole-cell vaccine,!'49! exclusive use of acellular vaccines might
result in less successful pertussis control at significantly higher
cost. It seems, nevertheless, that currently the most important
aspect of acellular vaccines is their safety rather than efficacy.

The reduced reactogenicity of acellular vaccines compared
with whole-cell vaccines was first established in Japan from their
extensive use in that country, and confirmed in recent safety and
efficacy trials.24147.151,155,166-1871 Data from studies comparing
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various diphtheria-tetanus vaccines containing an acellular per-
tussis component (DTaP) and a whole-cell pertussis component
(DTwP) have established that the DTaP vaccines have produced
significantly fewer and less severe adverse events during the pri-
mary course.[148.150.187.188] Tndeed, local and systemic vaccine-
associated adverse events, including injection site erythema,
swelling, tenderness, fever and crying occurred less frequently
among infants given the new vaccines, and with a similar fre-
quency to rates observed with diphtheria and tetanus toxoid vac-
cines. A large, multicenter trial reported that 20 to 33% of infants
had a high temperature after administration of DTaP vaccines
compared with 60% after DTwP injections.[!8!] Redness was ob-
served in 47 and 73% of children who received the DTaP com-
pared with the DTwP injection, respectively, swelling in 34 and
61%, and pain in 11 and 40%. The incidence of serious adverse
events, for example high fever, persistent crying and hypotonic
hyporesponsive episodes, has also been reported to be lower with
DTaP vaccines. However, this finding could be considered a de-
batable point, because data from other studies have shown that
there is no significant difference in the occurrence of severe re-
actions after DTaP compared with DTwP vaccination.[54.163.189]

Adverse events have been reported to be, in general, signif-
icantly less common and less reactogenic after DTaP vaccines,
compared with DTwP vaccines, when given as a booster dose in
18-month-old children.[171:188.190] For example, fever was ob-
served in 5% of children vaccinated with DTaP compared with
85% of those given DTwP.I'71] Respective rates of other adverse
events are as follows: tenderness, 22 and 100%; swelling, 10 and
35%; anorexia, 2.5 and 35%; and vomiting, 0 and 10%. DTaP vac-
cines given as a booster dose at preschool age have also been
shown to have a good safety profile and to be immunogenic,
but they did result in a higher frequency of local reactions
compared with primary immunization with DTaP and booster
with DT.[191.192]

Decreased reactogenicity has been considered in several de-
veloped countries, in which reactions to whole-cell vaccines have
caused problems, as the main achievement of pertussis acellular
vaccination, and despite a high cost, the new vaccine has been
recommended for booster doses or primary courses. It is impor-
tant to emphasize that the current attitude of national health au-
thorities towards acellular vaccines differs from country to coun-
try, and that the strategy adopted for pertussis vaccination is a
factor of the national history of pertussis infection and the quality
of whole-cell vaccines (table I). For example in the US, where
the efficacy of whole-cell vaccines has been questioned by recent
trials, acellular vaccines were licensed in 1991 for the fourth and
fifth doses of the pertussis series and in 1996 for the primary
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series.[!93] A diametrically opposed situation can be observed
in the UK where booster doses for infants and children have
never been recommended, and where a highly effective whole-
cell vaccine is exclusively used for the primary immunization
course with an accelerated schedule.[’3194-1961 This vaccination
strategy is unlikely to be modified at present because of the high
acceptance rate for the current vaccine, its lower cost, the high
coverage level which can generate herd immunity, and very low
pertussis incidence in England and Wales.[1%7l However, it is en-
visaged that a booster dose of pertussis vaccine could be recom-
mended in the near future in order to confer continued and ade-
quate immunity against pertussis in preschool years. After an
evaluation of its acceptability at this age, the use of acellular
vaccines with reduced reactogenicity could then be justified for
booster doses.[108.147.198-202]

The intermediate current vaccination strategy applied in
most European countries consists of the use of highly potent
whole-cell vaccines in primary immunization schedules for in-
fants, and the potential application of less reactogenic acellular
vaccines for booster doses. However, in most Eastern European
countries, only whole-cell vaccines are used for all doses of the
vaccination schedule because of the deterioration of healthcare
resources secondary to the economic transition.!203 In developing
countries, the WHO does not recommend the choice of acellular
vaccines as these are considerably more expensive than current
vaccines. In such countries whole-cell vaccines, highly effective
in preventing pertussis, should remain the choice for public health
pertussis immunization programs.24! However, the WHO approves
the use of acellular vaccines in countries where pertussis vacci-
nation has been questioned because of adverse effects of whole-
cell vaccines.

3.3 Clinical Use of Acellular Vaccines

The use of acellular vaccines for primary immunization and
for booster doses seems to be promising for effective control of
pertussis. The lower reactogenicity of acellular vaccines appears
to be a deciding factor in their use. Firstly, the safety profile of
acellular vaccines could improve acceptance of wide application
of pertussis vaccination in infants, and decrease the risk of sudden
interruption of the vaccination program.

Secondly, public confidence in new vaccines could also
make the introduction of additional booster doses of pertussis
vaccine into regular vaccination programs easier. The use of well
tolerated vaccines in adolescents and adults could significantly
reduce disease transmission. However, the age at which the
booster dose is given, considered to be an important point of the
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strategy, remains undetermined because the duration of protec-
tion after primary immunization with acellular vaccines has not
yet been established. Currently, the routine use of acellular per-
tussis vaccines for adolescents and adults is not recommended.
France is the only country where the official schedules include a
booster dose of pertussis acellular vaccine for teenagers. This sec-
ond booster dose has been applied since 1998 at 11 to 13 years of
age.[205]

Several clinical trials and other studies have been undertaken
to determine the safety and efficacy of acellular vaccines used for
adolescents and adults, but additional data on the potential benefit
of booster doses in this population are needed. Some preliminary
results have already reported that the acellular vaccines are im-
munogenic and are associated with relatively limited local ad-
verse effects, including erythema, swelling or induration, while
previous experiences with whole-cell vaccines among adults had
demonstrated an unacceptable rate of adverse effects. A Canadian
clinical trial evaluating the frequency of adverse events after vac-
cination with the DTaP vaccine licensed for use in people aged
between 12 and 54 years, found that the most frequent local re-
action was pain (89% of vaccinated adolescents and adults), fol-
lowed by swelling (17%) and erythema (12%). Systemic adverse
events such as headache (39%), generalized bodyache (20%) and
fever (9%) were also reported.20%] Adverse reactions after vacci-
nation of adults with whole-cell vaccines were observed in a hos-
pital outbreak in Cincinnati in 1974. The results indicated that
among vaccinated hospital staff, erythema occurred in 45% of
adults, 29% had swelling or induration, 27% had limitation of
motion in the inoculated arm, and 10% had fever.[200]

Thirdly, acellular pertussis components are likely to be more
suitable than whole-cell composition for inclusion in combina-
tion vaccines. The use of these vaccines could increase ease of
administration, reduce the number of injections required, and
could lead to extended vaccination coverage. Currently, all types
of pertussis vaccines can be successfully combined with diphthe-
ria and tetanus vaccines. Whole-cell pertussis vaccines can also
be combined with hepatitis B, inactivated polio and Hemophilus
influenzae type b (Hib) vaccines. Such combinations are licensed
in some countries. At present, acellular pertussis vaccines can be
combined with inactivated poliovirus vaccine and Hib vaccines.
Combinations with hepatitis B are under development. However,
not all pertussis acellular vaccines are at present available in
multicomponent form because of a reported reduction in the anti-
body response to one or more antigens in the combined product.
Combinations of diphtheria, tetanus, acellular pertussis and Hib
vaccines have indeed led to a decrease in the immunogenicity of
the Hib component.[34163]
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The main obstacle to wider application of acellular vaccines,
apart from their high price, is uncertainty about the magnitude of
the protection against severe disease, duration of effect, and effect
on transmission. Other questions regarding an association be-
tween acellular vaccines and serious adverse events, and the
safety of repeated booster doses, still remained unresolved. Post-
launch monitoring and studies of effectiveness of acellular vac-
cines in a large population, including adults, are required to eval-
uate the role of the new vaccines in the epidemiology of pertussis.
Analysis of accumulated pertussis surveillance data would deter-
mine whether or not widespread use of acellular vaccines should
be encouraged in the long term.

4. Conclusions

The current strategy for successful control of pertussis infec-
tion, which is the common goal of many national public health
policies, requires the realization of two conditions. Increased vac-
cination coverage has to be achieved among young children, and
this must be maintained at a high level over time. In addition, an
immunization program for adolescents and adults has to be intro-
duced, with periodic booster doses to extend immunity effects.

If the optimal strategy is defined as a health policy providing
the best possible control of pertussis infection within a given set
of circumstances, the changing epidemiology of pertussis would
suggest that at present it seems difficult to define a single world-
wide optimal strategy for pertussis vaccination.

In fact, the manner in which the common goal could be
achieved is determined in each country by a proper national vac-
cination program established in very close relation to the past and
actual epidemiological situations and available healthcare re-
sources. Programs could involve two kinds of vaccines and dif-
ferent immunization schedules. The use in several countries of
whole-cell vaccines for the primary course should remain the
appropriate choice for immunization programs focused on lower
cost, better protection and proven high efficacy. However, vacci-
nation programs in other countries could be based on the sole use
of acellular vaccines because of reduced reactogenicity and con-
sequently better acceptance in a population, despite high cost. Rec-
ommendations for the use of each kind of pertussis vaccine for
the primary course could take into consideration local risk-benefit
and cost-benefit analyses based on the price of two vaccines, and
the evaluation of direct and indirect costs of disease and adverse
events following immunization.

If the safety and efficacy of acellular vaccines are confirmed
in the long term for use among children and adults, and if these
vaccines become less costly, widespread replacement of whole-
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cell pertussis vaccines with acellular vaccines might lead to more
standardized conditions for the realization of vaccination pro-
grams. The idea of a single optimal strategy for pertussis vacci-
nation could then be taken into consideration. However, it does
not seem likely that a single optimal strategy could result in per-
tussis elimination or eradication in the near future.
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