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Background. Acellular pertussis (aP) and whole-cell (wP) pertussis vaccines are presumed to have similar short-term (<3 years

after completion of the primary series) efficacy. However, vaccine effect varies between individual pertussis vaccine formulations, and

many originally studied formulations are now unavailable. An updated analysis of the short-term protective effect of pertussis vac-

cines limited to formulations currently on the market in developed countries is needed.

Methods. We conducted a systematic review and meta-analysis of published studies that evaluated pertussis vaccine efficacy or

effectiveness within 3 years after completion (>3 doses) of a primary series of a currently available aP or wP vaccine formulation. The

primary outcome was based on the World Health Organization (WHO) clinical case definitions for pertussis. Study quality was

assessed using the approach developed by the Child Health Epidemiology Research Group. We determined overall effect sizes

using random-effects meta-analyses, stratified by vaccine (aP or wP) and study (efficacy or effectiveness) type.

Results. Meta-analysis of 2 aP vaccine efficacy studies (assessing the 3-component GlaxoSmithKline and 5-component Sanofi-

Pasteur formulations) yielded an overall aP vaccine efficacy of 84% (95% confidence interval [CI], 81%–87%). Meta-analysis of 3 wP

vaccine effectiveness studies (assessing the Behringwerke, Pasteur/Mérieux, and SmithKline Beecham formulations) yielded an over-

all wP vaccine effectiveness of 94% (95% CI, 88%–97%) (both I2 = 0%).

Conclusions. Although all contemporary aP and wP formulations protect against pertussis disease, in this meta-analysis the

point estimate for short-term protective effect against WHO-defined pertussis in young children was lower for currently available

aP vaccines than wP vaccines.
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Despite high rates of vaccine coverage, pertussis incidence has re-

cently increased dramatically in many countries that previously

had achieved good control of pertussis [1, 2]. Some of the largest

increases in incidence have been among age groups that have com-

pleted a childhood pertussis vaccine series [3]. This shift in the

burden of disease has been attributed, in part, to the fact that

immunity to pertussis is not lifelong, whether after natural infec-

tion or vaccination [4].Multiple observational studies have indicat-

ed that the immunity conferred by childhood acellular pertussis

(aP) vaccines rapidly wanes in the first few years after completion

of the childhood series [5–9]. In contrast, receipt of even a single

dose of whole-cell pertussis (wP) vaccine as part of the childhood

series confers more durable protection against pertussis [10, 11].

Acellular pertussis vaccines were initially licensed based on

data suggesting that, as a group, they had similar short-term

(<3 years after completion of a primary series) efficacy as wP

formulations [12], but were less reactogenic [13]. These data

came from multiple large vaccine efficacy and effectiveness

studies that evaluated multiple comparator aP and wP formula-

tions, whose individual performance varied substantially be-

tween studies, and many of which are no longer commercially

available [14–21]. Consequently, modern assumptions regard-

ing both the absolute and relative protective effects of these vac-

cines may not be valid [22]. Evidence-based estimates are

needed to provide context for modeling studies of population-

level disease risk due to waning immunity [23] and for policy

decisions regarding pertussis vaccine implementation. They

can also serve as a performance benchmark for clinical trials

and for novel pertussis vaccines currently in development.

In this systematic review and meta-analysis, we address this

critical knowledge gap by assessing the protective effect of

only those pertussis vaccines currently on the market. Our re-

view applied standards developed by the Child Health Epidemi-

ology Reference Group (CHERG) allowing for the systematic

classification of evidence indicating the effect of various inter-

ventions on child morbidity and mortality. We generated esti-

mates of the protective effect of both aP and wP vaccine against

child morbidity, particularly as modeled by the Lives Saved Tool

(LiST), a resource developed to allow countries to model the im-

pact of maternal, neonatal, and child health interventions prior

to implementation [24].
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METHODS

Literature Search

We conducted our systematic review and meta-analysis according

to the standards for intervention reviews developed by CHERG

[25]. We searched PubMed, the Cochrane Library, Web of Sci-

ence, EMBASE, and the World Health Organization (WHO) Re-

gional Databases, with no date restrictions, for English-language

studies using the following search terms: pertussis, whooping

cough, DTwP, DTaP, vaccine, efficacy, morbidity, and mortality.

Following de-duplication, one reviewer (T. R. F.) screened all titles

and abstracts to assess eligibility for inclusion. Any uncertainty

during the screening process was resolved by discussion between

the reviewer and principal investigator (S. B. O.).

Study Selection

Publications were included if they produced either (1) a pertus-

sis vaccine efficacy or effectiveness estimate against a relevant

outcome (all-cause mortality, pertussis-specific mortality, per-

tussis-specific hospitalization, or incidence or risk of typical

or severe pertussis disease); or (2) an estimate of risk or odds

of acquisition of pertussis with respect to time since completion

of vaccination series. After our initial search, a meta-analysis on

the duration of protection after childhood aP immunization was

published [23]. For this analysis, we focused on the studies iden-

tified during our search that reported estimates of short-term

efficacy or effectiveness to generate point estimates of aP and

wP vaccine effect. We did not exclude publications based on

type of study, which included randomized controlled trials

(RCTs) and observational designs, including case-control, co-

hort, household contact, and screening studies (vaccine effec-

tiveness computed on the basis of population coverage data

and the proportion of cases vaccinated [26]). Studies that did

not evaluate absolute efficacy (ie, compared to a placebo or an

unvaccinated comparison population) were included if they

contained data on the protective effect of wP or aP vaccine

against severe pertussis or hospitalizations due to pertussis.

Studies conducting an intent-to-treat analysis were included if

data against a relevant outcome were available and if >1 dose of

pertussis vaccine was administered; these studies underwent ad-

ditional examination to ensure consistency of assumptions and

strength of evidence.

The included studies evaluated pertussis incidence, odds or

risk of pertussis infection, and vaccine efficacy and effectiveness

estimates for children <6 years of age within 3 years after com-

pletion (>3 doses, with or without booster doses) of a primary

pertussis vaccine series. No minimum duration of follow-up

was required for study inclusion. Study outcomes were required

to be based on the current WHO definition of (1) “typical” per-

tussis (>14 days of cough with at least one of the following: par-

oxysmal cough, inspiratory whoop, or posttussive vomiting, in

addition to laboratory confirmation [27]); or (2) “severe” per-

tussis (>21 days of paroxysmal cough with laboratory confirma-

tion of Bordetella pertussis infection, or epidemiological linkage

[28]). Studies using less stringent clinical criteria were also

included if their laboratory criteria provided a high level of con-

fidence for pertussis infection (eg, positive culture or polymer-

ase chain reaction assay for B. pertussis).

Only studies that evaluated aP or wP formulations that were

available at the time of our search (November 2013) were in-

cluded (Tables 1 and 2). Market availability of pertussis vaccines

was assessed by cross-referencing the formulations used in stud-

ies against 3 sources of market information (when available):

standard reference texts [29, 30], manufacturer product infor-

mation pages, and/or inserts available online. Any uncertainty

regarding the availability of a particular vaccine formulation

was resolved through direct contact with the manufacturer.

Data Extraction

Key variables were abstracted to grade each study according to

the CHERG adaptation of the Grading of Recommendations

Assessment, Development and Evaluation (GRADE) technique

[25]. Effect measures from both efficacy and effectiveness trials

were abstracted, with vaccine effectiveness calculated as 1 minus

the odds ratio or 1 minus the relative risk following the meth-

odology used by the respective study. We defined vaccine effica-

cy as an estimate of protective effect generated from an RCT,

Table 1. Acellular Pertussis Vaccine Preparations Studied in Vaccine Efficacy/Effectiveness Trials

Brand Name(s) Manufacturer Pertussis Antigens in Vaccine

Availablea

Daptacel (Tripacel) Sanofi-Pasteur (Canada) PT, FHA, PRN, FIM-2/FIM-3

Infanrix GlaxoSmithKline (Belgium) PT, FHA, PRN

Triavax Sanofi (France) PT, FHA (not available standalone, see Pentavac)

Pentavac Sanofi (France) PT, FHA + IPV + Hib

Tripedia Sanofi (United States) PT, FHA

No longer availablea

Acel-Imune Wyeth-Lederle (United States) PT, FHA, PRN, FIM-2

Acelluvax (Triacelluvax) Chiron (United States) PT, FHA, PRN

Abbreviations: FHA, filamentous hemagglutinin; FIM, fimbrial protein; Hib, Haemophilus influenzae type b vaccine; IPV, inactivated polio vaccine; PRN, pertactin; PT, pertussis toxin.

a As of 2013.
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and vaccine effectiveness as any estimate of protective effect

measured by studies other than RCTs. For studies publishing

multiple measures against a range of outcomes (eg, absolute

aP efficacy vs aP efficacy relative to wP, or vaccine effectiveness

for multiple vaccine formulations or age groups), only values re-

lated to the outcomes of interest were abstracted. Similarly, we

only abstracted effect measures for the population that received

all scheduled doses of the vaccine. We did not compare end-

points based on the number or schedule of doses received.

All research studies meeting the inclusion criteria and the rel-

evant variables were abstracted into an Excel spreadsheet by one

reviewer (T. R. F.).

Quality Assessment

We employed the CHERG-adapted GRADE process in ranking

the quality of study evidence by 4 criteria: study design, study

quality, relevance to the objectives of the review, and consisten-

cy across studies [25].

Statistical Analysis

Studies yielding sufficient quality of evidence and sharing char-

acteristics with other studies that would make them appropriate

for a pooled analysis underwent fixed- and random-effects meta-

analyses. Meta-analyses were stratified on type of vaccine (aP or

wP) and type of study (efficacy or effectiveness). Per-protocol and

intent-to-treat data were pooled within these strata. Heterogene-

ity between studies was evaluated using the I2 statistic. Studies

demonstrating low heterogeneity (I2 < 50%) were pooled, and

we took a conservative approach and presented overall effect

estimates from the random-effects model rather than the fixed-

effects model [31] to account for known and potential heteroge-

neity in pertussis vaccine performance. We then applied the

Figure 1. Pertussis study selection flowchart. Abbreviation: WHO, World Health Organization.

Table 2. Whole-Cell Pertussis Vaccine Preparations Studied in Vaccine

Efficacy/Effectiveness Trials (Formulations Currently on the Market)

Manufacturer

Manufacturer Country of Origin

(at Time of Original Study)

Availablea

Behringwerke Germany

Pasteur/Mérieux France

SmithKline Beecham United Kingdom

Merck Sharp & Dohme United States

CSL Limited Australia

Abbreviation: CSL, Commonwealth Serum Laboratories.

a As of 2013.
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Table 3. Key Characteristics of Studies Identified by the Search Strategy Used for This Systematic Review and Meta-analysis

Study, First

Author and

Year Design Location Intervention(s)

Dosage

Schedule Outcome/Case Definition

Method for Case

Ascertainment

Duration of

Follow-up

(Mean)

Included in

Meta-

analysis

Included in

Pooled Estimate

Efficacy studies

Greco 1996
[14]

RCT Italy aP: Infanrix (GSK 3-component)
or Acelluvax (Chiron
3-component) wP: Connaught

3 doses at
2–12 wk,
13–20 wk,
21–28 wk

Illness with >21 d of cough with culture- or
serologically confirmed Bordetella
pertussis infection

Active surveillance
nurse follow-up
every month

17.2 mo Yes Yes (for aP
efficacy only)

Gustafsson
1996
[15]

RCT Sweden aP: SKB (2-component) or
Daptacel (Connaught 5-
component) wP: Connaught

3 doses at
2 mo, 4 mo,
6 mo

Illness with >21 d of cough with culture- or
serologically confirmed B. pertussis
infection

Active surveillance
with nurse follow-
up every 6–8 wk

21–23.5 mo Yes Yes (for aP
efficacy only)

Effectiveness studies

Bisgard
2005
[32]

Matched
case-
control

Multisite in
US

aP: Infanrix (GSK 3-component),
Triavax (Sanofi 2-component),
Acel-Imune (Wyeth-Lederle
4-component), or Daptacel
(Sanofi-Pasteur 5-component)
wP: Connaught,
Wyeth-Lederle

5 doses at
2 mo, 4 mo,
6 mo,
15–18 mo,
4–6 y

Illness with >1 d of cough with culture-
confirmed B. pertussis infection, or
illness with >14 d of cough with PCR-
confirmed B. pertussis infection or
epidemiologic linkage with a laboratory-
confirmed case

Confirmed cases
reported to public
health authorities

. . .a Yes No

Juretzko
2002
[34]

Screening
study

Germany aP: Infanrix (GSK 3-component)
or Tetravac/Pentavac (Sanofi
2-component) wP: Various

>3 doses at
2 mo, 3 mo,
4 mo,
12–15 mo

At least 1 of: typical clinical symptoms
(illness with >14 d of cough or
paroxysmal cough with >4 d of whoop),
positive serology, or positive culture,
PCR or direct immunofluorescence test
for B. pertussis

Hospital-based
surveillance for
pertussis cases

. . .a No . . .

Liese 1997
[18]

Matched
case-
control

Germany aP: Tripedia (Sanofi 2-
component) wP:
Behringwerke

3 doses at
2 mo, 4 mo,
6 mo

Illness with >21 d of paroxysmal cough
with culture-confirmed B. pertussis
infection or epidemiologic linkage to a
laboratory-confirmed case

Passive surveillance of
cough illnesses
lasting >7 d
presenting for
physician evaluation

. . .a Yes Yes (for wP
effectiveness
only)

Misegades
2012 [6]

Matched
case-
control

Multisite in
US
(California)

aP: Infanrix (GSK 3-component)
or Daptacel (Sanofi-Pasteur
5 component)

5 doses at 2
mo, 4 mo,
6 mo,
15–18 mo,
4–6 y

Illness with >1 d of cough with culture-
confirmed B. pertussis infection, or
illness with >14 d of cough with PCR-
confirmed B. pertussis infection or
epidemiologic linkage with a laboratory-
confirmed case

Suspected, probable,
and confirmed
cases reported to
public health
authorities

. . .a Yes No

Preziosi
2003
[35]

Prospective
cohort

Senegal aP: Triavax (Sanofi 2-component)
wP: Pasteur/Mérieux

3 doses at
2 mo, 4 mo,
6 mo

Severe pertussis (study-defined) with
laboratory confirmation (culture or
serology) of B. pertussis infection or
epidemiologic linkage to a culture-
confirmed case

Active surveillance
with field worker
follow-up every
week

None listed,
cohort
followed
since
1983

No . . .

Rendi-
Wagner
2006
[33]

Screening
study

Austria aP: Tetravac (Sanofi 2
component), Infanrix (GSK
3-component), or Hexavac
(Sanofi-Pasteur 2-component)
wP: Merck Sharp & Dohme

3 doses (given
between
3 and 5 mo)

Illness with >14 d of cough with at least 1
of: paroxysmal cough, whoop, or
posttussive vomiting with culture- or
serologically confirmed B. pertussis
infection

Hospital-based
surveillance for
pertussis cases

. . .a No . . .

Schmitt
1996
[21]

Prospective
cohort

Germany aP: Infanrix (GSK 3-component)
wP: Behringwerke or SKB

3 doses at
3 mo, 4 mo,
5 mo

Illness with >21 d of paroxysmal cough
with culture- or serologically confirmed
B. pertussis infection

Active surveillance
with medical field
supervisor follow-
up every week

23 mo Yes Yes (for wP
effectiveness
only)
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CHERG rules for generating estimated intervention effects for

use in LiST as appropriate. We did not perform comparative

analyses of protective effect among the different aP vaccines.

We conducted 2 sensitivity analyses, first removing the lowest

GRADE-ranked study from the meta-analysis and assessing

changes in effect size and significance, then removing any

study contributing >50% of the total weight to determine im-

pact on pooled effect size.

Meta-analyses were performed, and forest plots generated,

using Microsoft Excel 2013 and Review Manager 5.2 software.

RESULTS

Literature Search Results

The initial literature search yielded 3985 titles. Of these, 175 ab-

stracts were reviewed for eligibility; from these, 28 full articles

were assessed for eligibility (Figure 1). Ten articles were consid-

ered ineligible for various reasons, principally because the vac-

cines studied were no longer on the market. There were 6

articles with data on longer-term protective effect; however,

for this analysis we focused on the 12 articles that evaluated

the short-term (<3 years after the primary series) effect of per-

tussis vaccines (Table 3). Following convention for CHERG in-

tervention reviews, details of each of these studies and key

variables were abstracted into a spreadsheet (Supplementary

Table).

Ten studies evaluated vaccine efficacy or effectiveness of aP

formulations currently on the market. Among these were 2 aP

efficacy studies—these were RCTs conducted in Italy [14] and

Sweden [15] that used similar vaccine dose schedules, methods,

and duration of follow-up, and laboratory assays for pertussis in-

fection, and reported vaccine efficacy against an identical out-

come (ie, WHO-defined pertussis). There were no vaccine

efficacy studies of on-market wP formulations (the Connaught

wP formulation evaluated in the Italian [14] and Swedish [15] ef-

ficacy trials is no longer on the market). There were 8 aP effec-

tiveness [6, 18, 20, 21,32–35]and 7 wP effectiveness [18, 20, 21, 33,

35–37] studies; these studies varied in design (case-control, pro-

spective cohort, or screening), number and schedule of vaccine

doses evaluated (ie, before or after booster doses), duration of fol-

low-up, and methods for case ascertainment (eg, hospital-based

surveillance, cases reported to public health authorities). All stud-

ies evaluated outcomes corresponding to the WHO clinical case

definitions for pertussis; however, there were slight differences in

the specific definitions used in each study—for example, one

study assessed effectiveness against laboratory-confirmed “severe

pertussis” according to a protocol-defined severity scale [35].

Applying the CHERG-adapted GRADE procedure to each

study (Table 4) and averaging the adjusted scores over each out-

come resulted in the assignment of an overall outcome-specific

quality of evidence grade of “high” to aP efficacy trials, “mod-

erate-low” to aP effectiveness trials, and “moderate-low” to wP

effectiveness trials (Table 5 and Supplementary Table).T
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Table 4. Quality Assessment of Studies Exploring Pertussis Vaccine Efficacy or Effectiveness

Study, First Author

and Year

Quality Assessment Summary of Findings

CommentsDesign Limitationsa Consistencyb

Directness

No. of Events/No. of

Children Effect

Generalizability to

Population of Interest

Generalizability to

Intervention of Interest Intervention Control

Vaccine

Effectiveness

(95% CI)

Outcome: acellular vaccine efficacy/effectiveness among children <6 y

Efficacy against typical pertussis (outcome-specific quality: high)

Greco 1996 [14] RCT None No concerns Multisite trial
conducted in
Europe (Italy)

Healthy infants receive
primary series at
2–12 wk, 13–20 wk,
21–28 wk

37/4481 74/1470 84% (76%–89%)

Gustafsson
1996 [15]

RCT None No concerns Multisite trial
conducted in
Europe (Sweden)

Healthy infants receive
primary series at
2 mo, 4 mo, 6 mo

59/2551 371/2538 85% (81%–89%)

Effectiveness against typical pertussis (outcome-specific quality: moderate-low)

Bisgard
2005 [32]

Matched
case-
control

Effect estimates of
multiple aP
vaccines combined

No concerns Multisite conducted
in multiple states
in US

Healthy infants receive
primary series at 2, 4,
6 mo; booster at
15–18 mo and 4–6 y

20/146 48/62 97% (91%–99%)

Juretzko
2002 [34]

Screening
study

Hospital cases only;
effect estimates of
multiple aP
vaccines combined

Not included in
meta-analysis

Nationwide screening
conducted in
Germany

Healthy infants receive
primary series at 2, 3,
4 mo with booster
between 12–15 mo

1/. . .c . . ./. . .c 100% (99%–100%)

Liese 1997 [18] Matched
case-
control

Low number of cases
and controls

No concerns Multisite conducted
in Germany

Healthy infants receive
primary series at 2, 4,
6 mo with booster
between 15–24 mo

4/290 81/987 93% (63%–99%)

Misegades
2012 [6]

Matched
case-
control

Effect estimates of
multiple aP
vaccines combined

No concerns Multisite conducted
in US (California)

Healthy infants receive
primary series at 2, 4,
6 mo; booster at
15–18 mo and 4–6 y

629/2626 53/72 89% (79%–94%)

Preziosi
2003 [35]

Prospective
cohort

Combined wP and aP
effectiveness
estimate

Not included in
meta-analysis

Rural, conducted in
Senegal;
applicability to
developing
contexts

Healthy infants receive
primary series at
2 mo, 4 mo, 6 mo

190/594 149/243 48% (39%–55%) Follow-up study from
Senegal RCT ([20]);
evaluates effect of aP
in reducing clinical
severity

Rendi-Wagner
2006 [33]

Screening
study

Hospital cases only;
effect estimates of
multiple aP
vaccines combined

Not included in
meta-analysis

Nationwide screening
conducted in
Austria

Healthy infants
administered 3 doses
between 3–5 mo of
age and booster at 2 y

65/. . .c . . ./. . .c 92% (no CI given)

Schmitt
1996 [21]

Prospective
cohort

Low number of cases
and controls

No concerns Multisite conducted in
Germany

Healthy infants receive
primary series at 3, 4,
5 mo

7/112 96/173 89% (77%–95%)

Simondon
1997 [20]

Case-contact
nested in
RCT

Low number of cases
and controls

Borderline
heterogeneity
from meta-
analysis (P = .11)

Rural, conducted in
Senegal;
applicability to
developing
contexts

Healthy infants receive
primary series at
2 mo, 4 mo, 6 mo

24/197 8/17 74% (51%–86%)
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Table 4 continued.

Study, First Author

and Year

Quality Assessment Summary of Findings

CommentsDesign Limitationsa Consistencyb

Directness

No. of Events/No. of

Children Effect

Generalizability to

Population of Interest

Generalizability to

Intervention of Interest Intervention Control

Vaccine

Effectiveness

(95% CI)

Outcome: whole-cell vaccine efficacy/effectiveness among children <6 y

Effectiveness against typical pertussis (outcome-specific quality: moderate-low)

Liese 1997 [18] Matched
case-
control

Low number of cases
and controls

No concerns Multisite conducted in
Germany

Healthy infants receive
primary series at 2, 4,
6 mo with booster
between 15–24 mo

1/196 81/987 97% (79%–100%)

Preziosi
2003 [35]

Prospective
cohort

Combined wP and aP
effectiveness
estimate

Not included in
meta-analysis

Rural, conducted in
Senegal;
applicability to
developing
contexts

Healthy infants receive
primary series at 2
mo, 4 mo, 6 mo

190/594 149/243 48% (39%–55%) Follow-up study from
Senegal RCT ([20]);
evaluates effect of aP
in reducing clinical
severity

Rendi-Wagner
2006 [33]

Screening
study

Hospital cases only;
effect estimate of
multiple aP
vaccines combined

Not included in
meta-analysis

Nationwide screening
conducted in
Austria

Healthy infants
administered 3 doses
between 3–5 mo of
age and booster at 2 y

11/. . .c . . ./. . .c 79% (no CI given)

Simondon
1997 [20]

Case-contact
nested in
RCT

Low number of cases
and controls

No concerns Rural, conducted in
Senegal;
applicability to
developing
contexts

Healthy infants receive
primary series at 2
mo, 4 mo, 6 mo

7/190 8/17 92% (81%–97%)

Schmitt
1996 [21]

Prospective
cohort

Low number of cases
and controls

No concerns Multisite conducted in
Germany

Healthy infants receive
primary series at 3, 4,
5 mo

1/75 75/173 98% (83%–100%)

Torvaldsen
2003 [36]

Screening
study

None Not included in
meta-analysis

Multisite screening
conducted in New
South Wales,
Australia

Healthy infants receive
primary series at 2, 4,
6 mo; boosters at 18
mo and 4–5 y

223/. . .c 198/. . .c 87% (83%–90%) Confounding due to
patients receiving 4
doses instead of
intended 3

Zielinski
2004 [37]

Screening
study

None Not included in
meta-analysis

Nationwide screening
conducted in
Poland

Healthy infants complete
primary series by age
2 years; no intervals
given

157/1 569 956 12/31 817 74% (52%–85%)

Abbreviations: aP, acellular pertussis vaccine; CI, confidence interval; RCT, randomized controlled trial; wP, whole-cell pertussis vaccine.

a Limitations listed are in addition to those inherent in study design.

b Applies only to studies included in meta-analysis.

c Data not available.
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Effects of Interventions

Acellular Vaccine Efficacy

Meta-analysis of the 2 aP vaccine efficacy studies [14, 15] gen-

erated a random-effects pooled vaccine efficacy of 84% (95%

confidence interval [CI], 81%–87%; P < .00001; Figure 2). Het-

erogeneity was not significant at I2 = 0%. This pooled analysis

combined efficacy estimates for a complete 3-dose series of

the GlaxoSmithKline 3-component (Infanrix) and Connaught

5-component (Daptacel) formulations.

Acellular Vaccine Effectiveness

Five [6,18,20,21,32]of the 8 aP vaccine effectiveness studies were

deemed appropriate for inclusion in further meta-analysis. Two

of the 3 excluded studies [33, 34] computed aP vaccine effective-

ness utilizing the screening method; these studies were consid-

ered low quality because of the potential for substantial bias in

the input estimates of vaccine coverage and pertussis incidence

on which the effectiveness calculation is based [26].The third ex-

cluded study estimated vaccine effectiveness against a study-

specific (not WHO-defined) outcome [35], which differed from

all of the other studies. Meta-analysis of the 5 included aP vaccine

effectiveness studies generated significant heterogeneity with

I2 = 74% (Figure 3); therefore, we did not compute a pooled

estimate. The estimates of vaccine effectiveness reported in

these studies ranged from 74% (95% CI, 51%–86%) to 97%

(95% CI, 91%–99%).

Whole-Cell Vaccine Effectiveness

Three [18, 20, 21] of the 7 wP vaccine effectiveness were deemed

appropriate for inclusion in further meta-analysis. Similar to the

meta-analysis of aP effectiveness studies, we excluded 3 studies

because they provided vaccine effectiveness utilizing the screen-

ing method [33, 36, 37], and the fourth was excluded because it

provided aP vaccine effectiveness against a study-specific (not

WHO-defined) outcome [35],different from the 3 included stud-

ies. Meta-analysis of the 3 included wP vaccine effectiveness stud-

ies generated a random-effects pooled vaccine effectiveness of

94% (95% CI, 88%–97%; P < .00001; Figure 4). Heterogeneity

was not significant at I2 = 0%. This pooled analysis combined ef-

fect estimates for a complete 3-dose series of wP formulations

from Pasteur/Mérieux, Behringwerke, and SmithKline Beecham.

On the strength of evidence of effect of aP and wP vaccines

againstWHO-defined pertussis, we applied Rule 5 of the CHERG

rule set for generating estimated intervention effects for use in

LiST to the pooled estimate of aP vaccine efficacy and wP vaccine

effectiveness (Table 5) [25]. The estimated effects of aP vaccine

Table 5. Application of Standardized Rules for Choice of Final Outcome to Estimate the Effect of Pertussis Vaccine on Pertussis-Specific Morbidity

Outcome Measure Studies Effect Size Application of Standard Rules

Acellular pertussis outcome measurea

All-cause mortality 0 NA Rule 1: do not apply

Cause-specific mortality 0 NA Rules 1, 2, 3, 4: do not apply

Incidence of severe pertussis (≥21 d paroxysmal cough) 2 84% (81%–87%) Rule 5: applyb

Whole-cell pertussis outcome measurec

All-cause mortality 0 NA Rule 1: do not apply

Cause-specific mortality 0 NA Rules 1, 2, 3, 4: do not apply

Incidence of severe pertussis (≥21 d paroxysmal cough) 3 94% (88%–97%) Rule 5: apply

Abbreviation: NA, not applicable.

a Strong evidence of serious morbidity reduction with acellular vaccine: highly plausible.

b Pooled acellular pertussis vaccine efficacy estimate used (high heterogeneity in pooled acellular pertussis vaccine effectiveness estimate).

c Strong evidence of serious morbidity reduction with whole-cell vaccine: highly plausible.

Figure 2. Forest plot of acellular pertussis vaccine efficacy studies. Abbreviations: aP, acellular pertussis; CI, confidence interval.
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and wP vaccine on WHO-defined pertussis in children aged

<5 years recommended for LiST use were thus 84% (95% CI,

81%–87%) and 94% (95% CI, 88%–97%), respectively.

DISCUSSION

In this systematic review and meta-analysis, we found that a

complete 3-dose initial series of currently available aP or wP

vaccines provides short-term protection against WHO-defined

pertussis disease in children <6 years of age. However, our

meta-analysis yielded a lower pooled effect size for on-market

aP vaccines than for wP vaccines. Our study differs from previ-

ous meta-analyses that have focused only on vaccine efficacy tri-

als, safety studies, aP (but not wP) vaccines, or longer-term

effectiveness, or have not restricted their evaluation to studies

of vaccines that are currently available on the market, or gener-

ated point estimates [23, 38].

These point estimates for on-market aP and wP vaccine effect

corroborate observations regarding their relative real-world per-

formance, and provide context for the resurgence in pertussis

seen in some countries. Multiple hypotheses have been put for-

ward to explain why aP vaccines have not prevented, or have

contributed to, this rise in pertussis incidence [22]. The lower

initial potency of aP vaccines compared with wP vaccines—as

reflected by the lower pooled estimate of protective effect—is

probably one reason why pertussis has reemerged among age

groups that have just completed their pertussis vaccine series,

even before their immunity has begun to wane. Indeed, the

lower primary efficacy of aP vaccines compared with that of

wP vaccines may partly explain why the protection conferred

by aP vaccines wanes more rapidly [23].

The results of this study have public health implications.

From the standpoint of disease control, our point estimates

Figure 4. Forest plot of whole-cell pertussis vaccine effectiveness studies. Abbreviations: CI, confidence interval; wP, whole-cell pertussis.

Figure 3. Forest plot of acellular pertussis vaccine effectiveness studies. Abbreviation: CI, confidence interval.
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for both aP and wP vaccine effect are below or just meet the pro-

jected crude herd immunity threshold for pertussis of 92%–94%

[39]. Thus, although pertussis vaccines have had a dramatic im-

pact on the overall disease burden in many countries, the cur-

rently available formulations will be insufficient to achieve

complete elimination, even if vaccine coverage could be in-

creased to 100%.

Our meta-analysis has some limitations. Pooled estimates for

aP and wP vaccine effect may not be representative of all vaccine

formulations, which may limit the generalizability of our effect

estimates to vaccines that were not included in the meta-

analysis. Heterogeneity in performance between individual aP

and wP vaccines is well known. For example, the aP vaccine for-

mulations used in the Italian [14] and Swedish [15] efficacy trials

were superior to the comparator wP vaccine, a Connaught-

developed wP preparation that is no longer on the market.

This variability in aP and wP vaccine performance is one reason

that previous systematic reviews have avoided estimating overall

effect sizes for aP and wP vaccines [38]. In contrast, we focused

only on currently available vaccines, and excluded studies from

the pooled analysis that combined data from multiple aP or wP

formulations (some of which are no longer available) prior to

reporting effect estimates, as well as observational studies of

insufficient consistency in methodology (eg, screening studies)

or reporting (eg, nonstandard case definitions) to warrant

inclusion in our analysis, even if they offered effect estimates

for a wider range of vaccines. As a result, we were able to

generate pooled estimates that are both precise (nonoverlapping

confidence intervals) and relevant.

We did not compute a pooled estimate for the 5 aP vaccine

effectiveness studies included in the meta-analysis due to sig-

nificant heterogeneity (I2 = 74%). These studies exhibited vari-

ability in study design, dosage schedules, methods for case

ascertainment, and reporting of overall effect (Table 3), which

may introduce substantial bias. Estimates from case-control

(and case-contact) studies may have varying degrees of bias

(eg, classification and/or ascertainment) due to differences in

the approach to identifying vaccination status and pertussis

cases. Three of these 5 studies evaluated 3 doses of vaccine,

whereas the other 2 assessed >3 doses [32] or 5 doses [6]. Two

studies combined data from multiple aP formulations and re-

ported only a single estimate of vaccine effectiveness [6, 32], pre-

cluding evaluation of any individual formulation; furthermore,

one of these combined estimates included data from a formula-

tion that is no longer available [32]. Finally, 3 studies [18, 20, 21]

had a small number of cases, resulting in wide confidence inter-

vals for the effect estimate.

Another limitation is that most of the studies represented in

the pooled estimate utilized a 2-, 4-, 6-month dosing schedule

(only one study [21] used a 3-, 4-, 5-month schedule). Similarly,

there were too few studies with outcome data after <3 doses to

adequately evaluate an incomplete vaccine series. As such, our

pooled estimates may not be generalizable to populations ex-

posed to alternative dose schedules or to <3 vaccine doses.

Only one of the studies included in the meta-analyses assessed

aP vaccine effectiveness in a low-income country (Senegal) [20],

and this difference in setting may impact pertussis vaccine per-

formance and thereby contribute to statistical heterogeneity.

This could be attributable to regional differences in pertussis

epidemiology or other factors known to impact the immunoge-

nicity or effectiveness of childhood vaccines (eg, interference by

maternal antibodies, nutritional status, household size). Nota-

bly, the Senegal study also found that aP vaccine was inferior

to the comparator wP vaccine [20], similar to our overall find-

ings. More data are needed from a broader range of countries

employing a variety of dose schedules to provide a more com-

plete assessment of pertussis vaccination strategies.

In conclusion, in this systematic review and meta-analysis fo-

cusing on the short-term protective effect of currently available

childhood pertussis vaccines, we determined an overall protective

effect of 84% for aP vaccines and 94% for wP vaccines. These re-

sults provide context for the observed resurgence in pertussis and

the apparent rapidly waning immunity to pertussis in the popu-

lation, and present a standard against which newer immunization

strategies or vaccine formulations should be evaluated. Improved

vaccines may be needed to achieve pertussis control.
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