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Abstract
Objective To assess the effectiveness of reduced acellular pertussis
(Tdap) vaccines in adolescents and adults.
Setting Kaiser Permanente Northern California.
Design Case-control study.
Participants All polymerase chain reaction (PCR) confirmed cases of
pertussis in members aged 11 years and older from January 2006 to
December 2011. We compared the Tdap vaccination status of PCR
positive cases with two control groups: people testing negative for
pertussis by PCR and closely matched people from the general Kaiser
Permanente Northern California population.
Main outcome measure PCR confirmed pertussis. The association of
Tdap vaccination with the odds of pertussis infection was estimated by
conditional logistic regression, with adjustment for calendar time,
pertussis vaccine type received in early childhood, age, sex, race or
ethnic group, and medical clinic. We calculated Tdap vaccine
effectiveness as 1 minus the adjusted odds ratio.
Results The study population included 668 PCR positive cases, 10 098
PCR negative controls, and 21 599 Kaiser Permanente Northern
California matched controls. Tdap vaccination rates were 24.0% in PCR
positive cases and 31.9% in PCR negative controls (P<0.001). The
adjusted estimate of effectiveness of Tdap vaccination against pertussis
was 53.0% (95% confidence interval 41.9% to 62.0%) in the comparison
with PCR controls, and 64.0% (55.5% to 70.9%) in the comparison with
Kaiser Permanente Northern California controls.
Conclusion Tdap vaccination was moderately effective at preventing
PCR confirmed pertussis among adolescents and adults.

Introduction
Pertussis is a worldwide, cyclic illness, which was concentrated
in children under 5 years of age during the pre-vaccine era. After
widespread use of whole cell pertussis, tetanus, and diphtheria
toxoid vaccines for infants starting in the United States in 1948,
the incidence of pertussis decreased noticeably and infants under
6 months and adolescents became the most susceptible age
groups.1 2 Though infants experience most of the mortality from
pertussis, adolescents and adults serve as reservoirs and vectors

of infection2-5 and comprise about half of all cases.6 During the
1990s, safety concerns regarding whole cell pertussis vaccines
prompted the United States to switch to acellular pertussis
vaccines. Despite high vaccine coverage in infants and children,
since the 1980s the United States has experienced periodic
outbreaks of pertussis, with incidence increasing over time.1 7-9
Reasons for the increase are likely varied, but studies of recent
outbreaks have found that acellular pertussis vaccines for
children are less effective than earlier whole cell
formulations,7 10-12 and that protection wanes substantially after
the last dose.13 14

Tetanus toxoid, reduced diphtheria toxoid, and reduced acellular
pertussis (Tdap) vaccines were developed to improve protection
against pertussis among adolescents and adults. Two Tdap
vaccines were licensed in 2005 on the basis of immunogenicity
measures comparable to the acellular pertussis vaccines already
approved for infants,15 16 despite uncertainty about the relation
between these measures and effectiveness.17 18 That same year,
the US Advisory Committee on Immunization Practices
recommended a single dose of Tdap to replace the next
scheduled tetanus diphtheria (Td) booster for all people aged
11-64,19 and in 2012 the committee extended its recommendation
for routine Tdap vaccination to all people aged 65 and older.20
Post-licensure studies of the Tdap vaccines showed high
effectiveness,21-23 but the studies were limited by small numbers
of pertussis cases and by use of populations who had all received
whole cell pertussis vaccines as children. Studies to date provide
little or no information as to the effectiveness of the Tdap
booster when administered to the newly emerging cohort of
adolescents previously vaccinated entirely with acellular
pertussis instead of whole cell pertussis vaccines.
In 2010 the incidence of pertussis in California rose to its highest
level in the past 50 years.24 25 With data from a six year period
including this outbreak, we assessed the effectiveness of Tdap
vaccination in reducing the risk of pertussis among adolescents
and adults who had received whole cell pertussis vaccines as
children as well as among younger adolescents who had only
ever received acellular pertussis vaccines.
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Methods

Study population and setting
Kaiser Permanente of Northern California is an integrated
healthcare delivery system serving 3.2 million members across
16 counties in California. The membership reflects the racial
and economic diversity of the general population in Northern
California, though, as a commercially insured population, it
under-represents people with very low incomes.26-28 Members
obtain almost all their medical care at Kaiser Permanente
Northern California facilities, including 49 outpatient medical
clinics and 19 hospitals. Kaiser Permanente Northern California
databases store detailed information on all encounters,
diagnoses, medications, vaccinations, and laboratory tests, as
well as information on enrollment and demographics, which
are linked using the patient’s unique medical record number.
The medical record includes data on race or ethnic group for
approximately 80% of members. For the rest, we imputed race
or ethnic group using the RAND BISG algorithm,29 which uses
information on surname and home address to infer the
probability of being in each of six race or ethnic groups.

All microbiology tests are conducted in Kaiser Permanente
Northern California’s central laboratory. Starting in late 2005,
the central laboratory replaced culture and fluorescent antibody
methods with real time polymerase chain reaction (PCR) for
detection of Bordetella pertussis and B parapertussis.
Nasopharyngeal swabs for testing are collected by physicians
and nurses in clinical areas that are distant from the injection
clinics where children and adults receive their vaccines. Pertussis
PCR test results are reported as positive for B pertussis, positive
for B parapertussis, or negative for both B pertussis and B
parapertussis.

Study design
We conducted a case-control study to examine the association
of Tdap vaccination and pertussis infection among people 11
years and older. We defined cases as people who tested PCR
positive for pertussis during the study period from January 2006
to December 2011. We compared the Tdap immunization status
of these cases with that of two control groups. The first control
group consisted of people who tested PCR negative for pertussis
during the study period. The second control group was selected
from the general Kaiser Permanente Northern California
membership. For each case we selected a set of matched controls
comprised of all Kaiser Permanente Northern California
members who were enrolled on the date the case tested PCR
positive and for whom sex, age (year and quarter of birth), race
or ethnic group, and medical clinic were the same, and who
were inferred—on the basis of birth year—to have received the
same pertussis vaccine type (whole cell or acellular) as infants.
We determined whether each participant had received Tdap at
any time prior to their PCR test date. We established the Tdap
status of Kaiser Permanente Northern California controls on the
PCR test date of their matched case. We did not distinguish
between the two brands of Tdap vaccine used during the study
period: Boostrix (GlaxoSmithKline, Rixensart, Belgium) and
Adacel (Sanofi Pasteur, Swiftwater, PA).
For both cases and controls we excluded those less than 11 years
of age on the PCR test date because Tdap coverage was low
(2% in 10 year olds and negligible below age 10). We excluded
those who had the PCR test within one week after their Tdap
vaccine, to allow time for the booster immune response. We
also excluded those with more than a three month gap in
membership between October 2005 (when Tdap became
No commercial reuse: See rights and reprints http://www.bmj.com/permissions

available in Kaiser Permanente Northern California) or their
11th birthday, whichever was later, and their PCR test date to
ensure complete vaccination history and correct classification
of Tdap status. We excluded any case as a subsequent control.

Statistical analyses
We used conditional logistic regression to estimate the
association of Tdap vaccination with the odds of pertussis
infection. We estimated the odds ratio—the odds of pertussis
in vaccinated people divided by the odds of pertussis in
unvaccinated people—in separate comparisons of the cases with
each of the control groups.
Comparing the cases with PCR negative controls, we first
estimated the odds ratio without adjustment for covariates. We
then calculated the adjusted odds ratio by conditioning on
calendar time and the type of pertussis vaccines received in
early childhood, and including covariates to adjust for age, sex,
race or ethnic group, and medical clinic (49 clinics aggregated
into 12 service areas). The width of the calendar time intervals
varied from yearly when cases were few to monthly during the
epidemic period.

Comparing the cases with Kaiser Permanente Northern
California matched controls, much finer stratification was
possible, using the matching variables: PCR test date, childhood
pertussis vaccines, age, sex, race or ethnic group, and medical
clinic. The only covariates in addition to Tdap status were the
set of six imputed probabilities of race or ethnic group, to
provide additional adjustment for the people whose race or
ethnicity was missing from the Kaiser Permanente Northern
California database.
We defined five categories of inferred exposure to whole cell
or acellular pertussis vaccines in childhood, based largely on
year of birth. The birth year parameters were derived from
Kaiser Permanente Northern California data on the timing of
the transition from whole cell to acellular pertussis vaccines,
which began in 1991 for the fifth dose and was completed for
all five childhood doses by 1999. The last transition from whole
cell to acellular pertussis vaccines occurred during the birth
cohorts 1996-98 for the three infant doses. We grouped all
individuals as follows: pre-vaccine era before widespread
pertussis vaccination (born before 1950); all whole cell pertussis
vaccines (born 1950-85); first three doses whole cell pertussis
vaccines (born 1986-95, or born 1996-98 with confirmed whole
cell history); first three doses unknown or mix of whole cell
and acellular pertussis vaccines (born 1996-98 and data not
available, or confirmed mix); or all acellular pertussis vaccines
(born after 1998, or born 1996-98 with confirmed acellular
history). We obtained data on vaccine type from electronic
databases for those born 1996-98 who had received their first
three doses at Kaiser Permanente Northern California.

We calculated the effectiveness of Tdap vaccine as 1 minus the
adjusted odds ratio estimated from the conditional logistic
regression model. Separate estimates of vaccine effectiveness
were calculated based on the results for PCR negative and Kaiser
Permanente Northern California controls.
We also estimated Tdap vaccine effectiveness in three subgroups
of people with different pertussis vaccination histories (those
born before pertussis vaccine was widely available, those who
had received all whole cell pertussis vaccines in early childhood,
and those who had received all acellular pertussis vaccines in
early childhood), using the same approach described for the
entire study population.
All statistical analyses were performed using SAS software,
version 9.2.
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Results
During the study period from January 2006 to December 2011,
a total of 30 004 pertussis PCR tests were performed on Kaiser
Permanente Northern California members of all ages, and 1598
(5.3%) were positive for pertussis. Figure 1⇓ depicts the results
of PCR testing and how PCR positive cases and PCR negative
controls were selected for the study. Rates of Tdap vaccination
among those 11 years and older steadily increased over these
six years, rising from near 0% in early 2006 to between 25%
and 30% in early 2010 when the pertussis outbreak started (fig
2⇓).

During the pertussis outbreak from January 2010 through June
2011 (which includes nearly 75% of all cases in the study
population), the incidence of pertussis in the entire Kaiser
Permanente Northern California population was strongly related
to age. Incidence increased sharply after age 5, was highest at
ages 10 and 11, then decreased sharply until age 15, and was
low in adults. Decreasing pertussis rates from ages 11 and up
coincided both with the use of Tdap vaccines and with receipt
of whole cell pertussis vaccines during infancy (fig 3⇓). At the
epidemic’s peak, Tdap vaccination rates were near 0% until age
10, then rose rapidly reaching a high of 72% at age 15, then
decreased to between 25% and 35% for ages 21-64, and to 10%
for ages 65 and older (fig 3).

The case-control analysis compared 668 PCR positive pertussis
cases with 10 098 PCR negative controls and with 21 599 Kaiser
Permanente Northern California controls. The range in the
number of matched controls to each case was 1 to 230. Of the
668 cases in the overall study population, 17 (2.5%) had one
matched control, 41 (6.1%) had 2-4 controls, 76 (11.4%) had
5-9 controls, and 534 (79.9%) had 10 or more controls. Table
1⇓ describes the characteristics of those who underwent PCR
testing for pertussis. Cases and PCR negative controls differed
significantly with respect to PCR test date, pertussis vaccination
history, age, sex, race or ethnic group, and medical clinic. For
Kaiser Permanente Northern California controls, matching
ensured that cases and controls were identical for all of these
characteristics except age, where they were very similar.
Tdap vaccination coverage was 24.0% for PCR positive cases
versus 31.9% for PCR negative controls (P<0.001). The
percentage of recipients of Tdap vaccines who had been
vaccinated within the previous two years was similar for PCR
positive cases (55.6%) and PCR negative controls (57.2%).
Comparing cases with PCR negative controls, the unadjusted
odds ratio was 0.68 (95% confidence interval 0.56 to 0.81).
After controlling for calendar time, pertussis vaccine type
received in early childhood, age, sex, race or ethnic group, and
medical clinic, the adjusted odds ratio was 0.47 (0.38 to 0.58).
Comparing cases with Kaiser Permanente Northern California
matched controls, the adjusted odds ratio was 0.36 (0.29 to
0.45).

The estimated effectiveness of Tdap vaccination against
pertussis, derived from the adjusted odds ratio, was 53.0%
(41.9% to 62.0%, P<0.001) when comparing cases with PCR
negative controls and 64.0% (55.5% to 70.9%, P<0.001) when
comparing cases with Kaiser Permanente Northern California
controls.

Within the subgroups defined by childhood pertussis vaccination
history, the estimates for effectiveness of the Tdap vaccine were
broadly similar to those for the full study population in the whole
cell and acellular pertussis vaccines subgroups, but substantially
lower in the pre-vaccine subgroup. The reduction in pertussis
risk conferred by Tdap vaccination was statistically significant
for the whole cell and acellular pertussis vaccines subgroups
No commercial reuse: See rights and reprints http://www.bmj.com/permissions

but not for the pre-vaccine subgroup in comparisons with both
control groups (table 2⇓). The subgroups differed in age, Tdap
vaccination coverage, and recency of Tdap vaccination. The
acellular subgroup was younger (mean age in PCR tested, 11.4
years) than the whole cell (43.3 years) and pre-vaccine (68.9
years) subgroups. Tdap vaccination coverage was higher in the
acellular (32.0%) and whole cell (27.7%) subgroups than in the
pre-vaccine (17.4%) subgroup. Among recipients of Tdap
vaccines, the percentage vaccinated within two years of their
PCR test was greater in the acellular (91.6%) subgroup than in
the whole cell or pre-vaccine (61.7% and 57.9%, respectively)
subgroups.

Clinical severity
Most of the pertussis cases seemed to be mild or moderate in
severity. Within five days before or after the PCR test, 647 out
of 668 cases (96.9%) had an outpatient visit and 613 (91.8%)
received a macrolide prescription (almost all azithromycin);
497 cases (74.4%) received a diagnosis of exposure to whooping
cough, cough, or pertussis, and another 143 (21.4%) received
a related diagnosis (that is, respiratory tract infection, bronchitis,
asthma, pneumonia, and unspecified viral infections). Review
of all admissions to hospital and emergency room visits within
100 days before or after the PCR test revealed that eight cases
(1.2%) were admitted for pertussis, all within one week of the
test, and 60 cases (9.0%) had 79 emergency room visits related
to pertussis, with all but one visit occurring within one month
of the test.

Discussion
We found that tetanus toxoid, reduced diphtheria toxoid, and
reduced acellular pertussis (Tdap) vaccination was moderately
effective at preventing pertussis in people aged 11 years and
older during a study period that included the large outbreak in
California in 2010 and 2011. Tdap vaccination was estimated
to reduce the risk of polymerase chain reaction (PCR) confirmed
pertussis in our study population by 53% (95% confidence
interval 42% to 62%) in the comparison with PCR negative
controls and by 64% (56% to 71%) in the comparison with
Kaiser Permanente Northern California controls. Both estimates
of vaccine effectiveness and the range covered by their
confidence intervals indicate that Tdap vaccination was
moderately protective against pertussis.
In subgroup analyses, we found that the Tdap booster was
moderately effective both in older people who had received all
whole cell pertussis vaccines as infants and in younger people
who had received all acellular pertussis vaccines. Yet, rates of
pertussis were highest in the acellular subgroup consisting of
young adolescents ages 11-14, probably because protection
from their childhood doses waned substantially over time.13 30
As a result, the absolute benefit of Tdap vaccination was much
greater for people who had received acellular instead of whole
cell vaccines as children. Strategies to decrease the incidence
of pertussis should prioritize giving the Tdap booster to people
who received only acellular pertussis vaccines as children, as
California has done since the 2010 outbreak, requiring Tdap
vaccination for middle school students. To our knowledge this
is the first study to assess the effectiveness of the Tdap booster
in members of this new generation that has received all acellular
vaccines.
We had limited power to assess the effectiveness of Tdap
vaccines in the subgroup of people born before 1950. The
confidence interval suggests that effectiveness was unlikely to
be higher than 68%. This subgroup was at low risk of pertussis,
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perhaps as a result of immunity conferred by natural infection,
receipt of single antigen whole cell vaccines available before
the whole cell pertussis combination vaccines, or less frequent
contact with infected people; this subgroup also had low Tdap
vaccination coverage, since it was not until 2012 that the US
Advisory Committee on Immunization Practices recommended
routine Tdap vaccination for people aged 65 years and older.
Prior post-licensure studies of Tdap vaccine effectiveness have
been limited by low numbers of cases. One controlled study
showed vaccine effectiveness of 92% (95% confidence interval
32% to 99%) in preventing clinical pertussis,21but there were
only 10 people who met the definition of a primary case. More
recently, another study investigating a pertussis outbreak in the
US Virgin Islands found vaccine effectiveness of 66%22 in an
analysis of 51 confirmed or probable pertussis cases. An
observational study from Australia23 evaluating a mass
vaccination program for high school students, found vaccine
effectiveness of 78.0% (95% confidence interval 60.7% to
87.6%) based on 167 cases.

Strengths and limitations of this study
One strength of our study was the large number (n=668) of PCR
confirmed cases of pertussis. Another strength was that we
estimated the effectiveness of Tdap vaccines separately using
two sets of controls. Comparisons with both control groups
support our finding of moderate effectiveness. Our use of two
control groups adds to our confidence in ruling out very high
effectiveness, but also adds uncertainty about the precise level
of effectiveness. Each control group had different strengths and
weaknesses in terms of mitigating bias. On the one hand, PCR
negative controls were probably more similar to the PCR
positive cases than Kaiser Permanente Northern California
controls in their propensity to seek care. Care seeking may be
an important source of confounding since it is related to the
likelihood of receiving both a PCR test and Tdap vaccination.
On the other hand, Kaiser Permanente Northern California’s
large population allowed us to precisely match controls to cases,
and Kaiser Permanente Northern California controls were more
similar to cases than were PCR negative controls on all measured
covariates. Some of these covariates were important confounders
as evidenced by the large increase in the adjusted compared
with the unadjusted estimates for vaccine effectiveness (53% v
32%) in the analysis with PCR negative controls. Studies of
acellular pertussis vaccines for infants have shown that estimated
effectiveness can vary with the criteria used to identify pertussis
cases. In general, the vaccines seem to be more effective as the
case definition becomes stricter (that is, more specific) and
requires higher severity.31 Since we included mild cases of
pertussis in our study, protection against more severe disease
may be greater than indicated by our results. However, for this
particular vaccine, intended more to prevent spread of pertussis
to infants than to avert illness in vaccinees themselves,
prevention of even mild disease is important.
Our results reflect the average effectiveness of Tdap vaccination
over all available follow-up time. We were not able to assess
whether effectiveness waned over time because the vaccine is
relatively new. In the subgroup who received all acellular
pertussis vaccines as infants, 92% of Tdap recipients were
vaccinated within two years prior to PCR testing. Recent studies
have found early waning of immunity for the childhood acellular
pertussis vaccines,13 30 32 and future studies should examine
whether there could be waning for the Tdap booster as well.

Our study has limitations. As an observational study, it is subject
to confounding from unmeasured factors related to both Tdap
No commercial reuse: See rights and reprints http://www.bmj.com/permissions

vaccination and pertussis infection, such as the presence of
pertussis infection in the household. The potential for
confounding may have been greater among people aged 65 and
older in whom Tdap vaccine was not routinely administered;
in this group, vaccination may have been related to perceived
risk, which could lead to an underestimate of vaccine
effectiveness. If vaccinated cases were milder and care was
delayed, this could result in more cases of pertussis who are
PCR negative, leading to an underestimate of vaccine failures,
and a corresponding overestimate of vaccine effectiveness,
especially in the comparison of cases with PCR negative
controls. In addition, problems with sensitivity or specificity of
the PCR test that are non-differential (that is, not related to
vaccination status) would lead to an underestimate of vaccine
effectiveness.33

Conclusion
In conclusion, Tdap vaccination was moderately protective
against pertussis in the setting of a large outbreak in California.
Tdap was moderately effective for those vaccinated with either
whole cell or acellular pertussis agents as infants, though the
acellular subgroup was more in need of protection. Our findings
draw attention to the need for more effective vaccines to prevent
pertussis outbreaks.
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Tables
Table 1| Characteristics of people tested for pertussis, Kaiser Permanente Northern California, January 2006 to December 2011. Values

are numbers (percentages) unless stated otherwise
Characteristics

PCR positive cases (total=668)

PCR negative controls (total=10 098)

P value*
<0.001

Childhood pertussis vaccination history:
Pre-vaccine era

61 (9.1)

1888 (18.7)

All whole cell vaccines

129 (19.3)

4303 (42.6)

First 3 doses whole cell vaccines

191 (28.6)

2397 (23.7)

106 (15.9)

685 (6.8)

181 (27.1)

825 (8.2)

2006

85 (12.7)

1521 (15.1)

2007

17 (2.5)

834 (8.3)

2008

22 (3.3)

718 (7.1)

2009

32 (4.8)

662 (6.6)

2010

393 (58.8)

4481 (44.4)

First 3 doses unknown or mix of whole cell and
acellular vaccines
All acellular vaccines
Year of PCR test:

2011

<0.001

119 (17.8)

1882 (18.6)

24.2, 18.8 (11-89)

36.9, 21.5 (11-101)

<0.001

11-19

466 (69.8)

3734 (37.0)

<0.001

20-29

22 (3.3)

562 (5.6)

30-39

30 (4.5)

1177 (11.7)

40-49

53 (7.9)

1415 (14.0)

50-59

37 (5.5)

1381 (13.7)

60-69

41 (6.1)

1079 (10.7)

≥70

19 (2.8)

750 (7.4)

337 (50.4)

3669 (36.3)

<0.001

4 (0.6)

72 (0.7)

<0.001

Asian or Pacific Islander

68 (10.2)

1281 (12.7)

Black

27 (4.0)

656 (6.5)

128 (19.2)

1594 (15.8)

Mean, SD (range) age (years)
Age distribution (years):

Male sex
Race:
American Indian or Alaska Native

Hispanic (regardless of race)
Multiracial

0 (0.0)

3 (0.0)

White

354 (53.0)

5579 (55.2)

Imputed

87 (13.0)

913 (9.0)

PCR=polymerase chain reaction.
*P values are based on comparisons between PCR positive cases and PCR negative controls. P values were derived from t test for continuous age variable and
2

from χ test for rest of variables.
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Table 2| Effectiveness of Tdap (reduced acellular pertussis) vaccination in preventing polymerase chain reaction (PCR) confirmed pertussis

in selected subgroups defined by childhood pertussis vaccination history
Childhood pertussis vaccination history and
comparison group for PCR positive cases

No of cases

No of controls

Vaccine effectiveness (%) (95%
CI)

P value

PCR negative controls*

61

1887

24.1 (−58.7 to 63.7)

0.464

KPNC controls

61

2725

26.7 (−65.4 to 67.5)

0.455

PCR negative controls*

129

4300

68.3 (45.8 to 81.5)

<0.001

KPNC controls

129

4970

63.6 (37.3 to 78.9)

<0.001

PCR negative controls*

181

822

57.6 (34.1 to 72.7)

<0.001

KPNC controls

181

4776

74.4 (60.4 to 83.4)

<0.001

Pre-vaccine era:

All whole cell vaccines:

All acellular vaccines:

KPNC=Kaiser Permanente Northern California.
*Each of these models deleted a small number of observations for PCR negative controls because of missing covariate data (one observation in pre-vaccine
model, three observations in all whole cell model, and three observations in all acellular model.
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Figures

Fig 1 Inclusion and exclusion of cases and polymerase chain reaction (PCR) negative controls. January 2006 to December
2011, Kaiser Permanente Northern California (KPNC)

Fig 2 Pertussis incidence (all ages) and Tdap (reduced acellular pertussis) vaccination coverage (ages 11 and older), by
month, January 2006 to December 2011, Kaiser Permanente Northern California
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Fig 3 Pertussis incidence and Tdap (reduced acellular pertussis) coverage by age, January 2010 through June 2011, Kaiser
Permanente Northern California. Incidence of pertussis for each age was calculated as: all cases of polymerase chain
reaction (PCR) confirmed pertussis divided by all person years at risk and then multiplied by 100 000. Tdap vaccination
coverage was calculated as of 14 August 2010, the median diagnosis date of cases during the 18 month period. Inferred
history of childhood pertussis vaccines indicates the vaccine type that health plan members likely received in their childhood
series based on their age on 14 August 2010. *Adolescents (12-14 years) with different pertussis vaccination histories (all
acellular vaccines, first 3 doses a mix of acellular and whole cell vaccines, and first 3 doses whole cell vaccines)
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