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ARTICLE INFO ABSTRACT
Arﬁclf-’ history: Background: Pertussis is still frequently reported in Canada. In Alberta, pertussis incidence ranged from
Received 25 January 2019 1.8 to 20.5 cases per 100,000 persons for 2004-2015. Most cases occurred in those aged <15 years. In
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Alberta, acellular formulations replaced whole-cell in 1997. We investigated pertussis vaccine effective-
ness (VE) using a test-negative design (TND) study.

Methods: We included all persons who had a real-time PCR laboratory test for Bordetella pertussis
between January 1, 2010 and August 31, 2015, in the province of Alberta, Canada. Vaccination history
was obtained from Alberta’s immunization repository. Vaccination status was classified as complete,
incomplete, or unvaccinated, based on the province’s vaccination schedule. Persons who had received
>one dose of whole cell vaccine were excluded from analysis. Multivariable logistic regression models

Keywords:
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Vaccine effectiveness

Waning immunity were used to estimate adjusted odds ratios (aOR) and 95% confidence intervals (95% CI) for pertussis
Epidemiology infection by time since last vaccination. We adjusted for vaccination status, age, sexX, neighbourhood
Canada income, urban/rural status, and the presence of a co-morbid condition. VE was calculated as

[(1 — aOR) * 100].
Results: Of the 12,149 tests available, 936 (7.7%) were positive for Bordetella pertussis. Among the full
cohort, VE was 90% (95% Cl 87-92%) at 1 year, 81% (95% Cl 77-85%) at 1-3 years, 76% (95% Cl 68-82%)
at 4-7 years, and 37% (95% CI 11-56%) at 8 or more years since a last dose of acellular pertussis vaccine.
Conclusions: Pertussis VE was highest in the first year after vaccination, then declined noticeably as years
since a last vaccination increased. Our results suggest that a large number of adolescents and adults are
susceptible to infection with Bordetella pertussis. Regular boosters throughout childhood, adolescence,
and during pregnancy may be needed.

© 2019 Elsevier Ltd. All rights reserved.

1. Background airborne droplets and is caused by the bacteria Bordetella pertussis
[1]. Pertussis infection often presents first with cold-like symptoms

Pertussis (whooping cough) is a highly infectious respiratory and mild fever, followed by serious coughing episodes that may
disease that is transmitted through direct contact or inhalation of lead to difficulty breathing, choking, and vomiting. Infants are most
susceptible to serious symptoms and complications that could lead

* Corresponding author. to hospitalization and, in severe cases, death [2].
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A whole-cell pertussis vaccine was first developed in the 1930s,
significantly decreasing pertussis incidence upon universal use [3].
Following concerns of high rates of adverse events following vacci-
nation, a new acellular formulation of the vaccine was developed
in the 1980s [4,5]. In Alberta, acellular formulations replaced
whole-cell in 1997 [6].

Pertussis is still a frequently reported disease in Canada. Since
2000, an average of almost 2500 annual cases of pertussis have
been reported in Canada, with many more likely unreported
[7,8]. In Alberta, pertussis incidence has ranged from 1.8 to 20.5
cases per 100,000 persons during 2004-2015, with the majority
of cases reported in those aged <15 years [9]. Low and high periods
of incidence have been observed to occur cyclically, with peaks in
disease every few years [7,9,10].

Ongoing incidence of pertussis in Canada may be an indication
of either low vaccination coverage or secondary vaccine failure.
Nationally, 77% children have received all recommended pre-
school doses of pertussis vaccines, which is below the target of
95% [11,12] The purpose of this study was to estimate vaccine
effectiveness (VE) and duration of protection of acellular pertussis
vaccine in Alberta, Canada.

2. Methods
2.1. Population

In this test-negative design (TND) study, we identified all indi-
viduals who had undergone a laboratory test for pertussis between
January 1, 2010 and August 31, 2015, in the Canadian province of
Alberta (population 4.18 million in 2015).

Exclusions included those too young to have their vaccination
status classified (under 3 months of age), those with indeterminate
or inconclusive laboratory results, those with missing data
required for linkage to variables of interest, and those with a his-
tory of receipt of at least one dose of whole-cell vaccine [Fig. 1].

The study was approved by the Conjoint Health Research Ethics
Board of the University of Calgary (Ethics ID: REB15-0732) and
funded by the Canadian Institutes of Health Research (grant #
137470; Canadian immunization Research Network, sub grant
PCO1 ABO03), and a research agreement between the Alberta Min-
istry of Health and the University of Calgary (RSO 1026380).

2.2. Data sources

Alberta has a publicly funded, universally available, health care
insurance system that covers at least 99% of the provincial popula-
tion. Registration with the Alberta Health Care Insurance Plan
(AHCIP) is mandatory for all residents of the province. The registra-
tion system for the AHCIP (Alberta Central Stakeholder Registry)
contains demographic information (age, sex, postal code, urban/
rural residency) about registrants as well as a unique personal
identifier (ULI) that can be used for deterministic linkage across
multiple administrative databases. The postal code is further
linked with Canadian census data (2011) to derive neighbourhood
income levels.

In Alberta, pertussis is a notifiable disease [13]. Reports are cap-
tured in the provincial Communicable Disease Reporting System
(CDRS), which contains records of all cases of communicable dis-
eases notifiable by law in Alberta. Reporting is mandatory for all
health care providers, including laboratories [14]. Only CDRS
records with laboratory confirmation were used as cases in this
study. All B. pertussis laboratory testing in Alberta has been per-
formed by Alberta’s provincial laboratory (ProvLab) since 2004,
using a real-time polymerase chain reaction (PCR) assay. A sepa-
rate collection kit and swab must be requested specifically for B.

pertussis, and testing was not performed as part of a regular panel
of tests for respiratory agents. Specimens were reported as positive
for B. pertussis if the amplification curve was of good quality and
the crossing point was <35 cycles [15]. The final classification
information for specimens (positive or negative) tested for B. per-
tussis was obtained from the Data Integration for Alberta Laborato-
ries (DIAL) system [16]. Persons who were listed in CDRS and had a
positive test result identified in DIAL were classified as cases for
the purpose of this study. Persons who had undergone PCR testing
and for whom the test result was negative were classified as
controls. If an individual had more than one PCR test within a
90-day period, only one result date was used; this was the first
positive PCR date or first PCR test date if all tests were negative.

Income quintiles (one being the lowest, and five being the high-
est) were assigned by using the individual’s postal code as of test
date, and linking it with the Statistics Canada Postal Code Conver-
sion File to obtain the 2011 Canadian National Household Survey
neighbourhood income quintile based on the corresponding dis-
semination area [17].

Alberta’s Immunization and Adverse Reaction to Immunization
(Imm/ARI) repository was used to access individual vaccination
records. Imm/ARI captures all vaccinations administered through
public health programs in the province and has strict guidelines
that promote the submission of high-quality data [9,18]. Business
rules are also in place to reject and flag vaccination records that
contain errors, so providers can investigate, correct, and resubmit.
Pertussis-containing vaccines are administered almost exclusively
by Public Health in Alberta. Imm/ARI has prospectively captured all
provincial vaccination data since 2006 and has received historical
data (retrospectively) from the majority of jurisdictions within
the province back to 2000 or earlier. The study start year of 2010
therefore provided at least ten years of historical vaccination data
for the province. Chronic disease conditions were identified
through physician claims using codes from the International Clas-
sification of Disease, ninth revision (ICD-9), and through the hospi-
tal discharge database using codes from the International
Classification of Disease, tenth edition, Canada (ICD-10-CA)
[19,20].

2.3. Vaccination status

Vaccination status was classified as complete, incomplete, or
unvaccinated, based on the number of age-appropriate doses
within Alberta’s vaccination schedule, using a 30-day grace period
for scheduled doses under 2 years of age. The grace period allows
infants to be up to 30 days late on vaccination before they become
classified as incomplete or unvaccinated. Complete status required
1 dose by 3 months of age, 2 doses by 5 months of age, 3 doses by
7 months of age, 4 doses by 19 months of age, 5 doses by 7 years of
age, and 6 doses by 16 years of age. Those with incomplete status
had a history of vaccination but did not meet the criteria for num-
ber of recommended doses for their age outlined above. Doses
administered <14 days prior to a laboratory test were not consid-
ered as valid doses towards vaccination status.

2.4. Statistical analysis

Multivariable logistic regression models were used to estimate
crude and adjusted odds ratios (ORs) for pertussis infection by time
since last vaccination. Separate (stratified) models were run con-
sidering vaccination status (complete or incomplete), age (<21 or
>21 years), and calendar year (2010-2012 or 2013-2015). An addi-
tional sensitivity analysis was conducted on infants younger than
three years of age. All models were adjusted for age at time of test-
ing, sex, income quintile, urban/rural status, and the presence of a
co-morbid condition. VE was calculated as [(1 — OR) * 100%].
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Fig. 1. Flow diagram of tests that met inclusion/exclusion criteria for analytic dataset.

A p-value of <0.05 was used to assess statistical significance,
and 95% confidence intervals were provided for all parameter esti-
mates. Data were analyzed using SAS 9.3 (SAS Institute Inc., Cary,
NC 2011) and graphed in SigmaPlot 13.5 (Systat Software Inc.).

3. Results

There were 15,350 pertussis laboratory results available
between January 1, 2010 and August 31, 2015 [Fig. 1]. After exclud-
ing 356 with missing information, 7 inconclusive or indeterminate
laboratory tests, 336 laboratory tests for individuals aged <91 days,
154 duplicate tests within 90 days, and 1459 individuals with
receipt of at least one dose of whole-cell vaccine, the final study
sample consisted of 12,149 laboratory tests (from 11,877 individu-
als), with 936 (7.7%) testing positive for pertussis. None of the
patients who tested positive for pertussis had another positive test
>90 days apart.

Cases were younger (mean age of 15.9 vs. 18.9 years; p < 0.001),
more likely to live in rural areas (47.5% vs. 32.8%; p <0.001), and
more likely to be in the lowest income quintile (32.6% vs. 23.7%;
p <0.001) [Table 1]. Controls were more likely to be complete on
their pertussis vaccinations than cases (43.6% vs. 24.8%;
p <0.001), and more likely to have one or more co-morbidities
(20.2% vs. 17.0%; p = 0.017). Fig. 2 shows the number of pertussis
tests and percent positivity per year in our study period.

Vaccine effectiveness was highest within the first year follow-
ing vaccination [VE 90%; 95%Cl (87-92%)], with a noticeable
decline beginning at 6 years [Fig. 3], and mild protection for those
with 8 or more years since a last administered dose (VE 37%; 95%CI
11-56%) [Table 2].

Table 2 shows pertussis VE by years since last vaccination, strat-
ified in three separate models by vaccination status, age cohort,

and year of testing. VE declined by time since last vaccination in
all three models. For all age groups combined, adjusted VE esti-
mates in those with complete vaccination status was 91% (95%Cl
88-94%) at 1 year, 85% (95%ClI 81-89%) at 1-3 years, 80% (95%Cl
72-85%) at 4-7 years, and 27% (95%CI —9 to 51%) at 8 years or
more since the last administered dose of a pertussis-containing
vaccine. A similar decline in pertussis VE was observed for those
with incomplete vaccination status, with an adjusted VE of 84%
(95%CI 74-90%) at 1year, 71% (95%CI 59-80%) at 1-3 years, 67%
(95%CI 49-79%) at 4-7 years, and 56% (95%CI 20-76%) at 8 years
or more since a last administered dose. Vaccine effectiveness point
estimates remained high in children under 4 years of age for each
year that passed since a last pertussis dose.

4. Discussion

In this study, we measured acellular pertussis VE using over five
years of PCR laboratory data in Alberta. Our results suggest a mod-
erately high VE in the first few years following vaccination, with
evidence of waning immunity beginning at six years since a last
vaccine dose received. The indications are that young children
are well protected, which means that the program is achieving
its primary goal of protecting infants from the severe outcomes
of pertussis, as well as aligning with the World Health Organiza-
tions position on pertussis vaccination [21]. Although we observed
significant waning immunity, our analysis indicates the vaccine
may still provide modest protection beyond eight years.

Despite the availability of a vaccine, pertussis remains a preva-
lent disease in Canada and elsewhere [7,10,11]. In our province,
pertussis rates change over the calendar year and follow secular
trends [22,23]. Previous work has indicated that pertussis out-
breaks can impact sub-provincial regions for reasons that are still
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Table 1
Characteristics of those with a positive (case) or negative (control) Bordetela pertussis test.
Cases, n (%) Controls, n (%) p-value Total, n
Age in years, mean (sd) 15.9 (18.4) 18.9 (22.1) <0.001 18.6 (21.9)
Age
3-11 months 100 (10.7) 1513 (13.5) <0.001 1613
1-4 years 220 (23.5) 3074 (27.4) 3294
5-9 years 172 (18.4) 1588 (14.2) 1760
10-21 year 212 (22.7) 1263 (11.3) 1475
22-44 year 122 (13.0) 1799 (16.0) 1921
45-64 year 94 (10.0) 1481 (13.2) 1575
65+ years 16 (1.71) 495 (4.41) 511
Sex
Female 489 (52.2) 6053 (54.0) 0.307 6542
Male 447 (47.8) 5160 (46.0) 5607
Geographic Location
Rural 445 (47.5) 3682 (32.8) <0.001 4127
Urban 491 (52.5) 7531 (67.2) 8022
Income Quintiles
Q1 (lowest) 305 (32.6) 2659 (23.7) <0.001 2964
Q2 164 (17.5) 2240 (20.0) 2404
Q3 161 (17.2) 1914 (17.1) 2075
Q4 164 (17.5) 2218 (19.8) 2382
Q5 (Highest) 142 (15.2) 2182 (19.5) 2324
Time since last vaccination
15-364 days 62 (6.6) 2853 (25.4) <0.001 2915
1-3 years 121 (12.9) 2323 (20.7) 2444
4-7 years 85(9.1) 917 (8.2) 1002
8 or more years 60 (6.4) 234 (2.09) 294
Unvaccinated 608 (65.0) 4886 (43.6) 5494
Vaccination status
Unvaccinated 608 (65.0) 4885 (43.6) <0.001 5493
Incomplete 96 (10.3) 1442 (12.9) 1538
Complete 232 (24.8) 4886 (43.6) 5118
Co-morbidity reported
No 777 (83.0) 8943 (79.8) 0.017 9720
Yes 159 (17.0) 2270 (20.2) 2429
Year of test
2010-2012 267 (28.5) 4393 (39.2) <0.001 4660
2013-2015 669 (71.5) 6820 (60.8) 7489
3000 12.0%
—_ ] — l.
5 Pid
= 2500 = 10.0%
o) ’
= ] rd
g -
2 L &
ié 2000 /,—’ 8.0%
: _-Fe =
2 o1~ &
S 1500 " 6.0% &
o 3
7 ’_,,0’ 5
-
3 1000 L 4o 4.0%
5
g 500 2.0%
Z
- 0.0%
2010 2011 2012 2014 2015
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=@ =DPositive 4% 5% 6% 9% 11%
Year

Fig. 2. Number of pertussis tests (Grey bars, left axis) and % positive (black dotted line, right axis), by year of test.

unexplained [24]. Some prior work suggests that increases in per-
tussis may result from incomplete historical coverage with an
effective vaccine or changes in the actual disease agent [25-27].

The higher proportion of rural cases has been a consistent find-
ing in Alberta over the past decade, likely influenced by lower vac-
cination coverage compared to large urban centres [8]. Cases were
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Fig. 3. Pertussis vaccine effectiveness by years since last dose'. ! Adjusted for age,
sex, income quintile, urban/rural status, and the presence of a co-morbid condition.

Table 2
Pertussis VE by vaccination status and years since last vaccination in all age groups.

also more likely to be in the lowest income quintile compared to
controls, suggesting that socioeconomic factors may play a role
in the distribution of pertussis in the population. Previous studies
in Canada have demonstrated an association between lower
income and decreased vaccination uptake, which may have con-
tributed to the greater number of cases in the lowest income quin-
tile we observed [28]. These findings deserve further exploration
by social scientists in order to fully understand how social determi-
nants are influencing the risk of pertussis.

The vaccine effectiveness estimate of 91% for those with com-
plete vaccination within one year of a vaccination was higher than
the VE of 80% observed in a recent, similarly designed test-negative
study in Canada [29]. Both studies saw significant waning of pro-
tection over time. In our study, waning of immunity began to
accelerate after 6 years since last vaccination, with only modest
protection after 8 years. Other recent observational studies in
North America have shown evidence that early waning of vaccine
induced immunity is occurring [30-32]. Booster dose schedules
should consider this rapid waning, as longer gaps between doses
could leave a period of time where protection is low or non-
existent.

Pertussis Positive
#vaccinated/total

Pertussis Negative
#vaccinated|/total

Crude VE Adjusted VE

82.5 (77.2-86.6) 89.9 (86.6-92.4)
58.1 (48.8-65.8)’ 81.4 (76.7-85.2)!
25.5 (5.5-41.3)' 75.9 (68.1-81.7)!
~106 (—177 to —53.3) 37.1 (10.7-55.7)

75.5 (60-85) 84.1 (73.7-90.3)
46 (24.5-61.4)' 71.1 (58.9-79.6)'
2.8 (—47.2 to 35.9) 67.4 (49.1-79.1)'
—25 (—121 to 29.3) 55.9 (19.6-75.9)

84.2 (78.6-88.4) 91.3 (88-93.7)

Full cohort

15-364 d 62/670 28537739
1-3yr 121/729 2323/7209
4-7 yr 85/693 917/5803
8+ yr 60/668 234/5120
Incomplete vaccination

15-364 d 17/625 574/6067
1-3yr 39/647 619/6112
4-7yr 26/634 241/5734
8+yr 14/622 104/5597
Complete

15-364 d 45/653 22967182
1-3yr 82/690 1743/6629
4-7 yr 59/667 702/5588
8+yr 46/654 144/5030
Under 22 years of age

15-364 d 60/444 27464125
1-3yr 116/500 2187/3566
4-7yr 84/468 902/2281
8+yr 60/444 224/1603
Over 21 years of age

15-364d 2/226 107/3614
1-3yr 5/229 136/3643
4-7 yr 1/225 15/3522
8+ yr 0/224 10/3517
Under 4 years of age

15-364 d 52/245 2289/3178
1yr 20/213 608/1497
2yr 7/200 238/1127
3yr 1/194 28/917
Year 2010-2012

15-364 d 21/211 1127/3170
1-3yr 30/220 836/2879
4-7 yr 15/205 319/2362
8+ yr 11/201 68/2111
Year 2013-2015

15-364 d 41/459 1726/4569
1-3yr 91/509 1487/4330
4-7 yr 70/488 598/3441
8+ yr 49/467 166/3009

62.2 (52.1-70.2)
32.5 (10.7-48.9)’

—157 (—262 to —82.3)"

92.2 (89.6-94.1)
81 (76.3-84.7)
66.6 (57-74) *

3.8 (—30.7 t0 29.2)

70.7 (—19.3 to 92.8)
42.4 (~42 to 76.7)
—4.4 (694 to 86.3)
n/a

89.5 (85.6-92.4)"
84.8 (75.7-90.5)!
86.5 (70.8-93.7)
83.5 (—21.6 to 97.8)

80 (68.4-87.3)'
61.4 (42.8-74)!
49.4 (13.3-70.5)'
~73.9 (~235 to0 9.6)

83.8 (77.6-88.3)

58.4 (47.3-67.1)'

20.4 (~4.1 to 39.1)
~101 (—181 to —43.6)

85.1 (80.5-88.6)
79.6 (71.8-85.2)’
27 (~9.20 to 51.2)

89.9 (86.5-92.4) !
82 (77.3-85.8) |

76.5 (68.8-82.3) !
38.8 (12.7-57.1) |

70.6 (—20.3 to 92.8)
40.9 (~46.3 to 76.1)
0 (—666 to 86.9)
n/a

88 (83.4-91.4)"
83.1 (72.8-89.5)"
84.6 (66.7-92.9)
80.9 (—41.7 to 97.4)

89.7
83.1
79.9
241

83.2-93.7)!
73.8-89.1)
63.6-88.9)'
~59.9 to 64)

90.7 (86.8-93.4)
82.2 (76.7-86.4)"
77.2 (68.4-83.6)
48 (21.9-65.4)!

Adjusted for age, sex, income quintile, urban/rural status, and the presence of a co-morbid condition.

 p<0.05.
i p<0.001.
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Canada’s pertussis vaccination coverage and disease reduction
targets have a strong emphasis on infants, as the majority of hos-
pitalizations and deaths occur in those under 1 year of age, with
three pertussis vaccination doses scheduled (2, 4, 6 months) during
this period for all jurisdictions [33,34]. We found the vaccine to be
highly effective in preventing pertussis cases in those younger than
4 years of age, prior to the 4- to 6-year recommended booster in
Canadian jurisdictions. The waning immunity observed is primar-
ily a concern in the older age groups, as the gap between scheduled
doses is greater than the younger age cohorts we analyzed. The
pertussis dose scheduled at 4-6 years of age is vital for preventing
significant vaccine waning in early school-aged children, as the
next scheduled booster in the majority of jurisdictions in Canada
does not occur until teenage years in schools [33].

Infants younger than two months of age, who are at greatest
risk for severe outcomes from pertussis infection, must rely on
maternal antibodies and herd immunity for protection. Pregnant
women with more than 7 years since a last vaccination may not
be able to pass on sufficient passive immunity to their babies, as
they themselves are unlikely to be protected against pertussis
infection if relying on immunity from immunization during their
own childhood. The National Advisory Committee on Immuniza-
tion (NACI) recommended in March 2018 that pregnant women
be immunized with a combined tetanus-diphtheria-acellular per-
tussis vaccine (Tdap) during every pregnancy, regardless of vacci-
nation history [35]. In light of this recommendation, further
study should be undertaken to determine the impact on VE after
infant doses.

4.1. Limitations

Vaccination data completeness in Edmonton (an area contain-
ing ~25% of the provincial population), is considered to be inferior
to the rest of the province prior to the year 2006. With our study
period beginning in 2010, it is possible some Edmonton residents
may have been missing vaccination data as early as 4 years prior
to a pertussis test. This misclassification may have impacted our
VE estimates.

Although the misclassification of cases as controls is possible,
the likelihood was low as we used PCR for the whole duration of
the study, which would detect infection for a longer period of time
than traditional testing [36].

In the >21 years age group, very few pertussis cases were vacci-
nated with acellular vaccine, leading to unstable estimates and the
inability to provide a VE point estimate in the 8 or more years since
a last dose strata. This was a result of excluding whole-cell vaccine
recipients, who were over-represented in the older age group.

The test-negative design using routinely submitted specimens
without a case definition has not been validated for pertussis. Fur-
ther investigation by comparing results from pertussis VE studies
using different methodologies is required.

4.2. Conclusion

We have observed that the pertussis vaccine affords moderately
high protection to those within the first six years of an adminis-
tered dose. However, significant waning of protection began there-
after, with mild to no protection beyond 8 years since a last
vaccination. Regular boosters throughout childhood, adolescence,
and during pregnancy may be needed.
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