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Reflections on the Efficacy of Pertussis Vaccines

Paul E. M. Fine and Jacqueline A, Clarkson

From the Ross Institute, London School of Hygiene and
Tropical Medicine, London, United Kingdom

The literature on the protection imparted by conventional whole-cell pertussis vaccines
was reviewed, and the extent to which the great variation in estimates of vaccine efficacy
is attributable to methodologic problems in study design and analysis or to biologic fea-
tures of the natural history of pertussis was explored. The protection against disease im-
parted by pertussis vaccines may be greater than that against infection. Estimates of vac-
cine efficacy from case-control studies are higher than those from studies of household
secondary-attack rates; likewise, estimates of efficacy are higher when based on clinically
severe or bacteriologically positive cases rather than simply on notified cases. Some of
the reported differences in protection by different vaccines may be attributable to rela-
tions between the antigenic composition of the vaccine used and that of the circulating
strain of Bordetella pertussis. Failure to consider age trends has sometimes led to spuri-
ously high estimates of efficacy. Many biases can affect efficacy studies, and it is usually
difficult to assess whether the net effect has been to underestimate or to overestimate
“true” efficacy. The immunity imparted by conventional pertussis vaccines may be nei-
ther as solid nor as stable as that imparted by many live-virus vaccines. These issues must

be considered during the evaluation of acellular pertussis vaccines.

The efficacy of pertussis vaccines is a subject of long-
standing controversy, with particular relevance to-
day. The controversy dates back to the first trials of
pertussis vaccines, which were carried out during the
1930s. These were criticized as biased in favor of the
vaccines because they were not randomized; vacci-
nated volunteers were compared with unvaccinated
“nonvolunteers” [1, 2]. Although killed whole-cell
pertussis vaccines were used increasingly in devel-
oped countries during the 1940s and 1950s (they were
first recommended for routine use in all children in
the United Kingdom in 1957), conflicting accounts
of their efficacy have continued to be published. At
least twice these reports have led to major policy
changes. Evidence that the efficacy level of at least
one of the pertussis vaccines used in the United King-
dom was only 20% during the mid-1960s led to a
change in the required composition and concentra-
tion of British standard vaccines in 1968 [3]. In the

Received for publication 4 June 1986 and in revised form 12
January 1987.

This work was supported by a grant from the Department of
Health and Social Security of the United Kingdom.

The authors are particularly grateful to Dr. Elizabeth Miller
for excellent critical comments on a draft of this paper and for
the data presented in table 3 and to Brenda Slessor for prepara-
tion of the manuscript.

Please address requests for reprints to Dr. Paul E. M. Fine,
London School of Hygiene and Tropical Medicine, University of
London, Keppel Street, London WCIE 7HT, United Kingdom.

866

late 1970s pertussis vaccines were totally withdrawn
from use in Sweden because of evidence that their
efficacy had fallen virtually to zero [4, 5]. To what
extent the variation in published estimates of per-
tussis vaccine efficacy is due to methodologic prob-
lems in the studies or to poorly understood biologic
factors remains unclear.

The recent development of a new generation of
acellular pertussis vaccines has been stimulated in
large part by continued dissatisfaction with the ef-
ficacy and safety of traditional whole-cell vaccines
[6, 7]. The demonstration that a new vaccine is in
fact more effective than one or another traditional
product may not be easy, however, and efforts to as-
sess new vaccines may well resurrect many of the
problems confronted in studies of the killed whole-
cell vaccines over the past several decades. It is thus
particularly relevant that we now consider carefully
the problems and controversies relating to the pro-
tective efficacy of pertussis vaccines.

Estimation of Vaccine Efficacy

Table 1 summarizes the results of all published
reports known to us on the efficacy of whole-cell
pertussis vaccines [1, 4, 8-44]. Although the table
may not include all reports actually in print, it should
at least be representative of methods and results
found in the literature. The vaccine efficacies (VE)
reported here are calculated according to the con-
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ventional definition: VE = the percentage reduction
in risk attributable to vaccination among vaccinated
individuals compared with similarly exposed unvac-
cinated individuals; that is, VE = (R, — R))/Rny
= 1 — (Rv/Ru), where Ry, is the risk of pertussis
in the unvaccinated group and R, is the risk of per-
tussis in the vaccinated group.

Some publications provide several different esti-
mates of vaccine efficacy, depending upon different
case criteria, age groups, or vaccines. In some in-
stances the vaccine efficacy given in table 1 was not
calculated by the original authors but by us on the
basis of data in the cited publication.

The table lists the studies in four groups accord-
ing to the method used to derive vaccine efficacy:
(1) controlled trials, in which there was random al-
location of vaccine and placebo and active case de-
tection to provide estimates of R, and Ry; (2) co-
hort studies, based on passive follow-up (i.e, notified
cases) in populations in which vaccines were allo-
cated or accepted on a nonrandom basis; (3) second-
ary attack rate studies, involving active detection of
cases in households after the introduction of a pri-
mary case; and (4) case-control studies, in which vac-
cine efficacy was estimated through comparison of
the vaccination status of ascertained cases with that
of a control group (often the general population).
In this case the vaccine efficacy is derived as illus-
trated in table 2 [45].

There is considerable variation in the estimates of
vaccine efficacy presented in table 1. That this vari-
ation cannot be explained by sampling error alone
is evident from the 95% confidence limits calculated
by standard methods for relative risk analysis [46].
We now discuss some of the other factors that may
underlie these differences.

Protection Against What?

What does it mean to say that a vaccine protects
against pertussis? In surveying the literature we note
that all published studies have used clinical criteria
and thus that reported statistics reflect estimates of
protection against clinical whooping cough rather
than against infection with Bordetella pertussis.
Looking deeper into this distinction, we find consid-
erable evidence that conventional, killed, whole-cell
pertussis vaccines are more effective in protecting
against disease than in protecting against infection
per se. Several observations support or are consis-
tent with this contention.
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First, many authors have reported that clinical per-
tussis is less severe in vaccinated than in unvaccinated
individuals [1, 8, 12, 17, 18, 25, 26, 28, 47]. Indeed,
we know of no study that has examined this ques-
tion and failed to find this result, though the data
are sometimes misleading if not broken down by age,
as the most severe disease generally occurs in infants
too young to have been vaccinated.

Second, it is widely accepted that the development
of pertussis disease represents a two-stage process:
an initial colonization or infection stage during
which the organisms attach to and proliferate on the
respiratory tract mucosa, and an invasive or toxic
stage associated with cell damage attributed to toxic
products of B. pertussis [, 48, 49]. These two stages
are mirrored in the immune response, in that the in-
fection stage stimulates production of secretory IgA
and the invasive stage stimulates production of IgG.
Of particular interest is the recent finding by several
workers that the immune response to conventional
pertussis vaccines involves predominantly IgG, with
little or no IgA component [50, 51], and that the titer
of IgA antibodies to fimbrial hemagglutinin is in-
versely correlated with the persistence of B. pertus-
sis infection in animal models [52]. This observa-
tion provides an immunologic rationale for the better
protection offered by killed whole-cell pertussis vac-
cines against the later morbidity-associated stages
than against the initial colonization stages of B. per-
tussis infection.

Third, pertussis epidemics appear cyclically, ev-
ery 3 or 4 years in large populations (figure 1). The
mechanism underlying these cycles is reasonably well
understood, being a dynamic interaction between the
entry of susceptibles into the population (mainly by
births) and their depletion (mainly by infection or
vaccination and conversion into immunes) [53, 54].
As each epidemic is touched off by the attainment
of a critical density of susceptibles in the popula-
tion (called the epidemic threshold and estimated at
~n3.5 x 10¢ for England and Wales), the interval be-
tween epidemics should reflect the rate of accumu-
lation of susceptibles [55]. High birth rates and/or
low uptake of immunizing vaccine should lead to
a decrease in the interval between epidemics. Con-
versely, low birth rates and/or high uptake of im-
munizing vaccine should lead to an increased inter-
val. On the other hand, if the vaccine were to protect
against disease much more than against infection,
one would predict that the amplitude of disease cy-
cles would be affected by changes in vaccine uptake
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Table 2. The case-control method of vaccine efficacy
(VE) assessment.

Pertussis
cases Control group
Vaccinated A B
Not vaccinated C D
Total A+C B+D

NOTE. The case-control method assumes that the selection
of cases is independent of their vaccination status and that these
cases can therefore be used to estimate the relative risk of per-
tussis among vaccinated and unvaccinated individuals. This es-
timate is obtained by comparison with the distribution of
vaccination in a control group matched for age and other varia-
bles. VE = 1 — (AD/BC) [45].

to a much greater degree than would the frequency.
This is in fact what has been observed in England
and Wales over the past three decades [53].
Fourth, the literature contains several reports of
the isolation of B. pertussis from asymptomatic in-
dividuals with a history of vaccination [26, 56, 571.

Implications of Ascertainment and Diagnostic
Criteria
All published studies of pertussis vaccines have used

clinical criteria to define pertussis. They have thus
assessed protection against disease. There have been
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considerable differences in the actual criteria used
in different investigations, however, and these differ-
ences have undoubtedly affected the numerical esti-
mates of vaccine efficacy. The more important of
these differences are described below.

The greater the clinical severity of cases accepted
as pertussis, the higher should be (and have been)
the estimates of vaccine efficacy. This relation is
predicted by the evidence already presented that vac-
cines are more efficient in protecting against disease
than against infection. Probably for this reason, case-
control studies based upon hospitalized patients yield
high estimates of vaccine efficacy (e.g., >95% in three
studies of hospitalized patients in the United King-
dom [41, 43, 44]). Similarly, clinically severe cases
are more liable to be bacteriologically positive than
are mild cases (table 3), and it is consistently reported
that the protective efficacy of vaccine is higher
against bacteriologically proven cases than against
the total number of cases or against bacteriologi-
cally negative cases [17, 42]. This relation would also
lead to overestimates of vaccine efficacy among pas-
sively notified cases if there was a correlation between
clinical severity and the probability that a physician
both recognizes and notifies a case. It would not be
surprising to us if there was indeed just such a corre-
lation and if this situation had tended to raise esti-
mates of vaccine efficacy in some cohort as well as
case-control studies.

Treee BIATHS

Figure 1. Numbers of notified pertus-
sis cases, births, and completed pertus-
sis vaccine courses (by cohort) in En-
gland and Wales per 4-week period,
1940-1984.
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If a physician’s knowledge of vaccination history
influences the diagnosis, estimates of vaccine effi-
cacy will be affected. In particular, if knowledge that
a child has received pertussis vaccine reduces the in-
dex of suspicion that an illness is in fact pertussis,
vaccine efficacy will be overestimated insofar as the
observed risk of pertussis among vaccinees will be
prejudicially reduced. It must be difficult for a phy-
sician to escape such a bias, in particular if he or
she was responsible for the vaccination; a total avoid-
ance of the bias would imply no faith in the protec-
tive properties of the vaccine. It is possible that this
bias has influenced vaccine efficacy estimates derived
in cohort and case-control studies based on notified
disease. Studies of household secondary-attack rates
are also subject to this bias unless the follow-up of
household members is conducted without knowledge
of vaccine status. None of the published household-
contact studies has mentioned stringent measures to
avoid such a bias.

There is also an important potential diagnostic
bias in the opposite direction, in that the inclusion
of illnesses that are not in fact due to B. pertussis
will tend to reduce the observed estimate of pertus-
sis vaccine efficacy. It is shown in figure 2 (and the
appendix at the conclusion of this article) that if only
P% of the apparent pertussis cases among nonvac-

Table 3. Relation between bacteriologic status and
number of paroxysmal coughs per day in cases of infec-
tion with Bordetella pertussis.

No. positive for B. pertussis/
no. swabbed (% positive)*

No. of

paroxysms/day DTP x 3 DT x 3

0 4/47 (9) 15/101 (15)

1-9 42/455 (9) 372/1,661 (22)

210 48/439 (11) 639/2,463 (26)
Total 94/941 (10) 1,026/4,225 (24)

NOTE. Data (kindly provided by Dr. E. Miller) are from
the investigation by the Epidemiological Research Laboratory
(Public Health Laboratory Service) of the efficacy of whoop-
ing cough vaccines in 33 areas of England and Wales [17].

* The association of bacteriologic positivity with an increased
number of paroxysmal coughs per day is highly significant for
individuals who received three doses of diphtheria-tetanus (DT)
vaccine and for both groups considered together (x* >11; P <
.005). This association is not significant for individuals who
received three doses of diphtheria-tetanus-pertussis (DTP) vac-
cine. Note also the implication of greater clinical severity (i.e.,
a higher proportion with >10 paroxysms) among persons not
vaccinated against pertussis (DT recipients) than among those
vaccinated (DTP recipients).
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Figure 2. Diagram showing the impact of false-positive
diagnoses on estimates of vaccine efficacy in cohort
studies. If only P% of apparent pertussis cases among un-
vaccinated individuals represent true Bordetella pertussis
infections, then the observed vaccine efficacy would be
~ P% of the true value, This analysis assumes that the risk
of false-positive diagnosis is independent of vaccination
status and that ascertainment of true pertussis is complete.
The relation shown is derived in the Appendix.

cinees are in fact due to B. pertussis, and if the inci-
dence rate of the condition that is mistakenly diag-
nosed as pertussis is not affected by pertussis vaccine,
then the observed vaccine efficacy will be approxi-
mately P% of the “true value.” This effect of non-
specific diagnoses is enhanced if the ascertainment
(diagnostic sensitivity) of true cases is incomplete.
Given the widely recognized difficulties in diagnos-
ing pertussis [58], it is likely that this bias has af-
fected many studies. It is an additional cause for the
higher vaccine efficacies reported in studies restricted
to bacteriologically confirmed cases.

It is clear from this discussion that diagnostic and
ascertainment criteria can affect the observed level
of vaccine efficacy in different ways. The net effect
of the different biases on any study is in general dif-
ficult to assess.

Implications of Distribution and Ascertainment
of Vaccination

)

The calculation of vaccine efficacy assumes that the
compared vaccinated and unvaccinated groups are
equally exposed to infection. While this equal-
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exposure condition can be assumed in a properly de-
signed controlled trial, it may not be upheld in rou-
tine vaccination programs as investigated by cohort
and case-control methods. (The special problem of
exposure in secondary attack rate studies is discussed
below.) If vaccine uptake within communities is non-
random, or nonuniform, and if groups with high vac-
cine coverage are at low risk of exposure to infec-
tion, then studies will overestimate vaccine efficacy.
If one grants that vaccine coverage is liable to be non-
homogeneous in most human societies, there are two
reasons to suppose a bias in the direction proposed
here. First, it is likely that vaccine uptake will be high
in areas where overall medical services and hygiene
are good. This pattern may be relevant to pertussis
in that several authors have suggested that the dis-
ease is severest in less advantaged social classes [38,
59], among whom vaccine uptake is low [19, 60]. Sec-
ond, insofar as high rates of vaccination may im-
part some indirect protection (herd immunity) to
others in a neighborhood, this indirect effect will be
directed preferentially —if ironically —towards vac-
cinated individuals (in the same neighborhood)
rather than unvaccinated individuals (in other neigh-
borhoods).

On the other hand, the nonuniform distribution
of vaccination in a population introduces the poten-
tial for a bias against the vaccine in studies based
upon notified cases. If the tendency to notify is a
correlate of good public-health practice and hence
is associated with high vaccine uptake, then there
could be preferential reporting of cases in vaccinated
individuals, leading to an underestimate of vaccine
protection.

A related problem arises for cohort and case-con-
trol studies that depend on retrospective ascertain-
ment of vaccination histories. Several studies have
shown that parental recall or school records often
disagree with the vaccination history as recorded in
the clinic where vaccinations were actually given [61,
62]. Classification errors in vaccination status will
in general tend to reduce estimates of vaccine effica-
cy unless there is a bias towards misrepresenting vac-
cinated patients as unvaccinated. Given problems in
record keeping, there is probably a greater tendency
for false-negative rather than false-positive recorded
vaccination histories. Records will thus tend to un-
derestimate vaccinations among cases and may in-
flate the vaccine efficacy observed in cohort studies
that use vaccine uptake statistics for the total popula-
tion in estimating denominators (e.g., the study by

Fine and Clarkson

Church [21]). Case-control studies can in theory over-
come this vaccination-ascertainment bias by using a
group with disease not preventable by vaccination as
controls {40]. If the control disease is itself prevent-
able by vaccination, however, vaccine efficacy will be
overestimated since such controls will tend to come
from social groups with low vaccine uptake [43].

Differences Between Vaccines

It is possible that some of the differences shown in
table 1 are attributable to differences in the compo-
sition and preparation of various vaccines. This sit-
uation is most clearly evident in the results of the
early trials carried out by the Medical Research
Council in the United Kingdom, during which it was
found that vaccines prepared by the Michigan pro-
tocol were appreciably more effective than the others
used [8). Moreover, a significant difference was
found between two vaccines used in the United King-
dom during the 1960s [24]. Unfortunately, in most
investigations the vaccines used either have not been
known or have not been specified.

It has been suggested that the fall in efficacy of
pertussis vaccines in Sweden during the 1970s was
due to a change in vaccine formulation at the begin-
ning of the decade [4].

Despite considerable care taken by manufacturers
to standardize their products, some residual batch
variation is to be expected. This variation may ap-
ply more to pertussis than to other commonly used
vaccines, particularly because the mouse protection
test used to standardize such vaccines is recognized
to be less precise than might be wished [63-65]. Al-
though there may well be some variation between
different batches of vaccine prepared by the same
manufacturer, we expect that this variation is not a
major source of the differences evident in table 1.

Variations in Wild B. pertussis

Several different antigenic types of B. pertussis are
known to coexist in most populations. These are
traditionally defined in terms of three major surface
antigens, often called agglutinogens, found in com-
binations as strains or “serotypes” 1-2, 1-2-3, and 1-
3. There is some evidence for strain specificity of vac-
cines. An increase in the proportion of strain 1-3
among circulating B. pertussis has been reported in
several countries in past decades and has been at-
tributed to widespread use of vaccines including in-
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Table 4. Examples of recommended pertussis vaccination schedules in different countries and at different times.

Time or age of primary-course administration

Country (vaccine) Period First Second Third Boosters
England and Wales (DPT) 1977- 3 mo old 6-8 wet 4-6 mo*t None

1967- 6 mo old 6-8 w 6 mo None

1961- 1-6 mo old 4-6w 46w None

9-12 mo old 4-6w 18-21 mo old  None

United States (DPT) 1957- <3 mo old 24w 24w None

1986 6-10 w old 6-8 w 6 mo old 15 mo of age and school

entry

1977- 6 wto 3 mo old 4-8 w 4-8 w 1 y after 3rd dose

1966- 6 w to 3 mo old 4-6 w 4-6 w 1 y after 3rd dose
Czechoslovakia (DPT) 1984 9 wold 6w 6 mo 3y and 6 y of age
Denmark (pertussis antigen 1984 5 wold 9w old 10 mo old None

alone)

Sweden 1979-1985 Pertussis vaccination not recommended at all

NOTE. The schedules cited here were selected solely to illustrate variations between countries and over time; they are not in-
tended to be representative of vaccination schedules in the world today. DPT = diphtheria-pertussis-tetanus.

* An interval of only one month between doses is recommended during epidemic periods.

t Except for the Danish study, the intervals shown are those between the first and second doses.

i Except for values expressed as ages, the intervals shown are those between the second and third doses.

sufficient or no strain 1-3 component [12, 66-69].
The low reported efficacy of certain British pertus-
sis vaccines during the mid-1960s was attributed in
large part to this factor [24]. Although this conten-
tion of strain specificity has not been accepted
universally [70], it was considered sufficiently com-
pelling to warrant a change in composition (includ-
ing the necessary inclusion of serotype 1-3 organ-
isms) in British vaccines produced after 1968 [3, 24].

There is evidence that the immune response to the
agglutinogen 2 component has been greater than that
to the agglutinogen 3 component of several vaccines
used in England and Wales [71, 72]. This difference
may explain the high proportion of strain 1-3 organ-
isms in some well-vaccinated communities. In this
context it is of interest that the predominant sero-
type of B. pertussis in England shifted from 1-3 to
1-2 subsequent to the fall in vaccine uptake in the
mid-1970s [73, 74]. Recent reports from Finland de-
scribe a situation opposite but complementary to
that in England and Wales. In Finnish pertussis vac-
cines, agglutinogen 2 has proved less immunogenic
than agglutinogen 3 and the vast majority of wild
B, pertussis strains belong to the 1-2 serotype [75,
76). Taken together, these reports from England and
Finland argue strongly in favor of some degree of
strain specificity for whole-cell pertussis vaccines.

The selective forces that determine the relative fre-
quencies of the different serotypes of B. pertussisin
unvaccinated populations are inadequately under-
stood, as is the extent of natural cross-protection im-
parted by and between these serotypes. Whatever the
selective forces are, they would be expected to vary
over time and between different human populations;
thus, they could be responsible for some of the ob-

served differences in vaccine efficacy. What is more,
the evidence that pertussis vaccines may in the past
have selected for strains antigenically different from
those in the vaccines argues for continued monitor-

ingof the efficacy of vaccines used in routine pro-
grams.

Doses and Schedules

The recommended pertussis vaccination schedule has
varied between countries and over time, as is illus-
trated in table 4. These varying schedules may well
be responsible for some of the reported differences
in vaccine efficacy (table 1).

There is evidence that for a maximal protective
response to pertussis vaccines, the first dose should
not be given until a child is at least 1 month of age,
presumably because of interference from maternal
antibody in the first month of life [65, 77]. Evidence
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also supports an inverse relation between vaccine-
induced IgG response and cord blood titer [51], but
we have found no convincing data relating the age
of initial vaccination to protection per se. Some
studies on this topic have been seriously flawed —
e.g., children vaccinated at an early age at urban wel-
fare clinics have been compared with rural children
vaccinated at later ages [78]. Given that the severity
of clinical pertussis is also inversely related to age,
the decision as to the optimal age for inifial vacci-
nation will vary between populations and will change
in response to changes in the epidemiology of B. per-
tussis. The lower the risk of infection in the com-
munity (and in particular among young infants), the
longer the initial vaccination may be delayed.

It is recognized that multiple doses of pertussis
vaccines are required for an optimal immune re-
sponse. A primary course of three doses, with inter-
vals of 6-8 weeks between the first and second and
4-6 months between the second and third, is cur-
rently recommended in England and Wales. Al-
though it was once believed that the final response
was impaired if the interval between doses was too
long, this is no longer thought to be true [79]. Few
investigations have permitted estimates of the rela-
tive protection provided by one, two, or three doses
of vaccine, but the few data available suggest a
progressive increase in protection imparted by the
three doses (table 5). Although boosters at 18 months
and/or 5 years of age have been and are still recom-
mended in some countries, we are aware of no data
regarding their protective implications.

Duration of Protection

Pertussis has traditionally been considered a disease
of children and was rarely diagnosed in adults be-
fore the introduction of vaccines. From this simple

Fine and Clarkson

pressed a concern that pertussis immunity may be
only partial among adults, that they may carry
repeated asymptomatic infections, and that such
repeated infections may be necessary to maintain
long-lasting protection against disease:

[These observations] suggest that young adults with
waning immunity and mild illness are a major reser-
voir for transmission of pertussis to infants. [80}

This suggests the possibility that persisting immu-
nity in vaccinated populations depends on subclini-
cal or mild infections to booster waning immunity
in later years. [70]

Before pertussis vaccination was introduced whoop-
ing cough in adults was very uncommon. . . . The
good immunity in adults may have been due to
repeated natural booster doses through exposure to
the disease. [4]

We think that serologic responses in asymptomatic
persons represent a natural booster phenomenon
continuously occurring in relatives of patients with
pertussis and thus maintaining herd immunity. [{82]

observation came the opinion that infection with the

pertussis agent imparts lasting and solid protective

immunity. We have thus been interested to note a
number of recent publications on pertussis in adults
[4, 80, 81]. Of course, these articles may reflect noth-
ing more than the growth of the scientific literature
in general. Alternatively, they may reflect merely a
shift in the age distribution of pertussis cases and
an increasing proportion of adult cases as the dis-
ease is effectively controlled among children. Age-
specific notification data from England and Wales
seem to support the latter interpretation (figure 3).
On the other hand, several authors have recently ex-

The literature contains few data by which the du-

Table 5. Relation between the number of doses of
pertussis vaccine administered and protection against
clinical pertussis.

Protective
ffi L/
Type of study Population cfficacy (%)
[reference} studied 1-2 doses 23 doses
Cohort [16] Male 14 68
Female 42 67
Cohort [21] 1-y-old* 73 93
2-y-old 48 94
3-y-old 53 87
4-y-old 8 88
5-y-old 50 85
Case-control [43] Hospitalized 33 95
patients 0-5
y old
Secondary attack  Contacts of all 37 58
rate [28] index cases
Contacts of all 60 73
bacteriologi-
cally posi-
tive cases
Secondary attack i- to 5-y-old 56 55
rate {30] 11- to 20-y-old 100 50
Secondary attack 0- to 4-y-old 59 93

rate [56]

* Children were the ages listed in 1978.
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Figure 3. Absolute numbers and
proportions of notified pertussis cases
in persons 225 years of age in England
and Wales since 1945.
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ration of vaccine-derived protection against pertus-
sis can be assessed. A few studies give antibody titers
by age, but the implications of such data for protec-
tion are not yet known [50].

In general, controlled trials of pertussis vaccines
have not included a follow-up period sufficiently
long for a determination of whether vaccine-derived
protection wanes with time. On the other hand, sev-
eral case-control and cohort studies provide data for
groups of various ages or with various intervals
elapsed since vaccination, Overall, these results in-
dicate either stable vaccine efficacy [17] or a slight
decrease with time [21, 25, 26, 40]. Table 5 includes
data from a cohort study in Hertfordshire that may
suggest a slight fall in protection imparted by three
doses with age and time since vaccination [21). Fig-
ure 4 shows the results of a classical case-control
study; the findings are suggestive of a fall in effi-
cacy with age and hence with the interval since vac-
cination [40]. (The original report did not present
data by age at vaccination, and the trend in figure
4 may be confounded by selective allocation of vac-
cine to children without a history of prior pertus-
sis.) Such observations of falling vaccine efficacy
with time need not necessarily represent waning im-
munity. It has been pointed out elsewhere [45] that
calculated efficacy will fall over time if a vaccine gives
constant but relative protection (i.e., it reduces risk

50

55 60 65 70 75 80 85
YEARS

in all vaccinees but renders none totally immune for
life) and if the efficacy estimates are based either
upon cohort-study incidence risks calculated with
initial population denominators (as in table 5) or
upon case-control studies in which the control group
is selected without regard to a history of pertussis
(as in figure 4).

Protection Under Conditions of Household
Exposure

Vaccine efficacy estimates derived in studies of
household secondary-attack rates have in general
been slightly lower than those obtained by other
methods (table 1), despite the susceptibility of the
former studies to diagnostic bias (as described ear-
lier). The association of a low vaccine-efficacy rate
with household contacts appears to be independent
of diagnostic criteria: in a recent study by the Epi-
demiological Research Laboratory in the United
Kingdom, the efficacy rate in the general popula-
tion was found to be ~84% and ~93% for all cases
and for bacteriologically proven cases, respectively,
but only ~53% and ~81% for the same two case
groups among household contacts (table 1) [17]. We
may ask whether this finding reflects biologic mech-
anism or methodologic artifact.

If pertussis vaccines do indeed protect less well un-
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VACCINE EFFICACY
*
[

AGE

Figure 4. Estimates of pertussis vaccine efficacy by year
of age (which is equal to the approximate time since last
dose), as derived by a case-control method in which noti-
fied cases of measles, chickenpox, and scarlet fever were
used as controls. Figure is based on data reported by Weiss
and Kendrick in 1943 [40].

der conditions of household exposure than under
other conditions, this pattern would suggest that
vaccine-derived protection is dependent upon ex-
posure level or challenge dose. Presumably, house-
hold exposure implies more frequent challenge with
larger doses of B. pertussis than would normally oc-
cur outside the intimacy of a home environment.

It should also be recognized that the secondary
attack rate method involves the study of highly
selected populations — family contacts of ascertained
cases —and that for several reasons this selection may
introduce biases. First, the method requires infor-
mation on both vaccinated and unvaccinated house-
hold contacts. If vaccine uptake is nonrandom, such
that most or all members of some households are
vaccinated and most or all members of the other
households are not vaccinated, then most or all of
the vaccinated individuals in the study will be in-
cluded because of a prior vaccine failure in the house-
hold (i.., the index case). Insofar as risk factors for
vaccine failure —whether they be genetic, socioeco-
nomiic, or a reflection of the quality of the vaccine
provider —are likely to be shared by members of a
household, then the selection process involved in
studies of secondary attack rates introduces a bias
against the vaccine.

Fine and Clarkson

Second, studies of cases in which B. pertussis is
introduced into a household by a vaccinated in-
dividual may be biased in favor of the vaccine. This
statement is again based upon the assumption that
vaccine uptake is nonrandom and thus that house-
hold contacts will in general share the vaccination
status of the index case. Insofar as the clinical severity
of pertussis is likely to be reduced in vaccinated in-
dividuals, the contacts of these individuals may be
exposed to fewer bacilli than are the contacts of un-
vaccinated persons with the disease. This lower level
of exposure should reduce the risk of infection pref-
erentially among vaccinated contacts as a group and
thereby increase the apparent efficacy of the vaccine.
(The opposite could be argued if severely ill patients
were somehow isolated from other household
members.)

Third, the greater the number of pertussis cases
in a family, the greater is the possibility that the fam-
ily will be identified and included in a study. This
ascertainment bias, favoring households with larger
rather than smaller numbers of cases, is presumably
against the vaccine since households in which the
vaccine is working best would be selectively excluded
from study. One way to lessen this bias is to restrict
the analysis to cases with onset after the households
have been identified and visited.

A detailed analysis of data from a large study of
household secondary-attack rates in England has re-
vealed higher vaccine efficacy when patients with in-
dex cases have not been vaccinated (consistent with
the first point just discussed) and when retrospec-
tively ascertained cases have been excluded (consis-
tent with the second point) (P. E. M. Fine, J. A.
Clarkson, and E. Miller, unpublished data).

There is a particularly interesting exception to the
general rule of lower vaccine efficacy associated with
household than with extrahousehold exposure, A di-
rect comparison was made between these situations
in the context of the first trials by the British Medi-
cal Research Council; no difference in vaccine effi-
cacy was found (table 1) [8]. One possible explana-
tion for this observation is that strain 1-2 of
B. pertussis predominated at the time of these early
trials, whereas the poor performance of vaccines un-
der conditions of household exposure has been ob-
served in periods when strain 1-3 predominated (e.g.,
as reported in [24]). On the other hand, because these
trials were based entirely upon prospective follow-
up, the finding of similar levels of vaccine efficacy
in instances of household and extrahousehold ex-
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posure may be interpreted as evidence that the low
efficacy observed in some subsequent household
studies reflects biases in the ascertainment of the
households studied.

Age-Distribution Artifacts

Vaccine efficacy studies can be seriously in error if
data are not analyzed separately for narrow age
groups or are not otherwise standardized for age. An
example of this error is shown in table 6, which
presents data from a household secondary-attack
rate study of the efficacy of pertussis vaccines [30].
The authors concluded that the overall rate of vac-
cine efficacy was 63%, but a close examination shows
that the efficacy was lower than this figure in the
only two age groups permitting an estimate. Insofar
as the proportion of persons completely vaccinated
will generally increase with age and the actual risk
of pertussis in either vaccinated or unvaccinated
groups will generally decrease with age (if for no
other reason than that older individuals are more
liable to have acquired natural immunity), a failure
to take age into account will usually lead to overes-
timates of vaccine efficacy. Age standardization of
the data shown in table 6 (by means of the Mantel-
Haenszel method [46]) provides an overall efficacy
estimate of 54%, considerably lower than that de-
rived by crude analysis. The literature contains sev-
eral other obvious examples of this bias [27, 31], and
we suspect that many other studies presenting no
data on age have been similarly affected.

Relation Between Serology and Protection

A serologic marker correlating strongly with protec-
tion would be useful for the measurement and moni-
toring of the efficacy of pertussis vaccines. Early in-
vestigations measured only agglutinin responses [71,
77, 83-85], but more recent studies have examined
IgG and IgA responses to other specific components
of B. pertussis [6, 50-52, 86, 87]. In general, serocon-
version rates and titers increase with successive doses
of vaccine and are higher if the vaccination course
is initiated after 3 months of age, presumably be-
cause of blocking by maternal antibody in a propor-
tion of younger infants. The implications of these
results for protection are not yet clear. High agglu-
tinin titers have been shown to correlate with pro-
tection in several studies involving the follow-up of
children of known serologic status [83, 84, 88]; how-

879

Table 6. Pertussis vaccine efficacies as estimated by
a study of household secondary-attack rates.

No. of cases/total no.
of contacts (rate)

Vaccine
Age (y) Vaccinated* Unvaccinated efficacy (%)
<1 0/0(..) 8/9 (0.89) ..
1-5 10/22 (0.45) 5/5 (1.00) 55
6-10 12/37 (0.32) 0/0(...) ce.
11-20 5730 (0.17) 1/3 (0.33) 50
Total 27/89 (0.30) 14/17 (0.82) 63t

NOTE. Data are from [30].

* Three to five doses.

t The overall figure of 63% for ages 0-20 y is an overesti-
mate because an increase in the proportion of individuals vacci-
nated and a decrease in pertussis risk occur simultaneously with
age.

ever, the observation that some children lacking ag-
glutinins failed to contract clinical pertussis after ex-
posure may indicate that the agglutinin response was
itself a correlate of other “true” protective antibod-
ies. The randomized controlled trials carried out by
the British Medical Research Council in the 1950s
included one acellular vaccine, “Pillemer’s antigenic
fraction,” which was shown to provide a high level
of protection against disease but to elicit almost no
agglutinin response [64]. No recent investigators have
succeeded in monitoring the serologic status of suf-
ficient numbers of children to assess the protective
implications of specific antibody types. On the other
hand, the evidence that acellular vaccines contain-
ing few antigens may be protective against pertussis
[7] may be a strong indication of which antibodies
are important for protection. It may turn out that
IgA antibodies to fimbrial hemagglutinin provide
the main protection against infection and coloniza-
tion, whereas IgG antibodies to lymphocytosis-pro-
moting factor provide the main protection against
systemic illness. The situation is still unclear.

Discussion

From this review it is obvious that assessment of the
efficacy of pertussis vaccines is by no means simple,
The variety of difficulties encountered is such that
it is often impossible to assess whether the net effect
in any particular study has been to underestimate
or to overestimate vaccine efficacy. Few publications
have provided sufficient data or have been suffi-
ciently critical in their analyses to allow such an as-
sessment. On the other hand, some authors (e.g.,
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Noabh [14]) have been sufficiently aware of the prob-
lems to shy away from calculating vaccine efficacy
and have been content to conclude only that the vac-
cine was providing statistically significant protection.
In this context we admit having been less cautious
than some of the original investigators in calculat-
ing the efficacy values cited in table 1. We believe
that these calculations are justified, however, in that
it is not enough merely to conclude that there is some
protection—i.e., that a vaccine’s efficacy is signifi-
cantly greater than zero, as judged by statistical cri-
teria. The fact that pertussis vaccine is generally given
in combination with diphtheria and tetanus toxoids
means a low marginal cost for the pertussis compo-
nent and may justify the vaccine’s use even at rela-
tively low efficacy. However, given the cost of provid-
ing any vaccine and the inevitable —if low —risk of
adverse effects, one may question whether it is worth-
while for a government to administer a pertussis vac-
cine whose efficacy against recognizable clinical per-
tussis is, say, <50% in a general population [89].
Although we have delineated the problems in-
volved in defining protective efficacy and in clarify-
ing that against which the vaccinee is protected
(death, severe disease, mild disease, or infection), we
hesitate to insist upon one or another criterion. Each
has its place. If the objective of a control program
is merely to reduce morbidity, then a high rate of
coverage with a vaccine protecting only against dis-
ease may be considered satisfactory. In contrast, if
herd immunity is considered desirable or if eradica-
tion of pertussis is contemplated then the concern
must be over whether or not the vaccine protects
against infection. It might also be useful to consider
a third form of protection: that against infectious-
ness or transmissibility. Insofar as conventional per-
tussis vaccines appear to be particularly effective in
protecting against bacteriologically positive disease,
they may indirectly reduce transmission in a popu-
lation — even if they do not protect against infection
per se— by reducing the potential for transmission
by those vaccinated individuals who do become in-
fected. We recognize that this argument appears in-
consistent with the unchanged periodicity of pertus-
sis epidemics in England and Wales in recent years
(see the above discussion, our earlier article [53], and
the paper by Anderson and May [54]). Indeed, this
is one of the unresolved problems relating to the

population effects of pertussis vaccines.
In attempts to assess the efficacy of a vaccine cur-
rently in use, it may be useful to look beyond the

Fine and Clarkson

confines of the data gathered in any particular study.
If a vaccine is in widespread use, then we would ex-
pect its efficacy to be reflected in regional and na-
tional trends in pertussis morbidity. Thus, the dra-
matic decreases in notified pertussis cases both in
the United States [90] and in England and Wales 3,
90] subsequent to the introduction of widespread
vaccination have reasonably been cited as evidence
of the effectiveness of the vaccines in use. Trends in
pertussis-specific mortality may be less convincing
evidence of vaccine effects, since the introduction
of effective antibiotic therapy corresponded closely
in time with the introduction of vaccines [91]. On
the other hand, evidence that the efficacy of much
of the pertussis vaccine used in England and Wales
fell to only 20% during the mid-1960s [24] and then
rose to 80% after the change in vaccine composi-
tion [17] is inconsistent with the notification trends
illustrated in figure 1. Indeed, we suspect that the
low efficacy values were in part due to the second-
ary attack rate methods used to derive the estimates.

In this context it is appropriate to note that sev-
eral authors have recently recommended use of the
household secondary-attack rate method for routine
assessment of the efficacy of pertussis vaccines [30,
92, 93]. This approach has numerous methodologic
difficulties and has often given estimates of vaccine
efficacy lower than those obtained by other methods
(P. E. M. Fine, J. A. Clarkson, and E. Miller, un-
published data). In a recent comparison of methods
used to assess the efficacy of mumps vaccine, the
highest estimates were obtained with the household

secondary-attack rate method [61]. The low estimates
of pertussis vaccine efficacy obtained by this method
may indicate that challenge dose is more important
and immunity less “absolute” in bacterial than in vi-
ral infections. There is evidence that immunity to
some bacterial infections is dose dependent and can
be overwhelmed by a sufficiently large challenge
[94] — as, perhaps, during pertussis exposure within
the intimacy of the home. Whatever the explanation,

the relative simplicity of the household secondary-
attack rate method should not be taken as a license
for its uncritical application and interpretation.
We are impressed that several lines of evidence in-
dicate that immunity to pertussis —in particular, the
immunity derived through vaccination with killed
whole-cell vaccines —is neither permanent nor ster-
ile (i.e., protective against infection per se). It is un-
like the immunity provided by live-virus vaccines,
such as those for measles, mumps, or rubelia. Con-

TT0Z ‘9 |udy uo 1sanb Ag Blo sjeuinolpiojxo’pio woll papeojumod


http://cid.oxfordjournals.org/
Hilary Butler
Highlight

Hilary Butler
Highlight

Hilary Butler
Highlight

Hilary Butler
Highlight

Hilary Butler
Line

Hilary Butler
Highlight

Hilary Butler
Rectangle

Hilary Butler
Highlight


Efficacy of Pertussis Vaccines

ventional pertussis vaccines appear to raise titers of
IgG but not those of IgA, to protect against disease
to a greater extent than against infection, to protect
against low but not high levels of challenge, and to
decrease in protective efficacy with time (as predicted
by the model of relative but not absolute protection)
[45]. All of these are attributes that those investigat-
ing the properties of new acellular vaccines would
do well to keep in mind.
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Appendix

The effect of nonspecific (false-positive) diagnoses
upon observed vaccine efficacy, as illustrated in fig-
ure 2, is derived below. If one assumes that x = the
true incidence rate of pertussis in unvaccinated in-
dividuals, that y = the incidence rate of some other
condition (or clinical form of a condition) that is
mistaken for pertussis and that occurs with equal
frequency among vaccinated and unvaccinated in-
dividuals, that E; = the true efficacy of vaccine
against pertussis, and that E, = the observed effi-
cacy of vaccine against pertussis, then

E,=0ty-x) -0l -E)+y-x1-E)y

x+y-x)
X=Xy
=E’x+y—xy

But the second-order term xy is in general trivially
small, and thus
~ X
Eo=Ei (x + ¥ )

which is the relation shown in figure 2. This argu-
ment assumes that all true cases are ascertained. If
this assumption does not hold, then the observed
vaccine efficacy is reduced even further [95].
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