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Abstract

Background/Objectives: The whole cell pertussis vaccine was introduced in the United
States in the 1940s and switched to the acellular pertussis vaccine partially in 1992 and
completely in 1997. This study examines the relationship between the resurgence of
pertussis in the United States and the change in the type of pertussis vaccines. Methods:
Pertussis cases from 1922 to 2024 were obtained from the CDC’s national notifiable disease
surveillance system, and vaccination coverage was obtained from the WHO. A trend
analysis and Pearson’s correlation test were conducted between the incidence of cases and
the coverage of the third and fourth doses of the pertussis vaccine. An ANOVA test and
multivariable linear regression were performed to assess the association between the type
of vaccine and the number of pertussis cases. Results: The number of cases increased from
4083 in 1992 to 35,435 in 2024, with cyclical outbreaks in 2010, 2012-2014, and 2024. The
third and fourth doses of pertussis vaccine coverage had mild and moderate correlations
with the number of pertussis cases. The vaccine type had a significant association with the
number of pertussis cases and stayed significant after adjusting for vaccination coverage.
Conclusions: The switch in pertussis vaccine has impacted the epidemiology of pertussis
outbreaks in the United States. A combination of factors, such as different types of immune
response to vaccines, waning of immunity, and selection of non-vaccine bacterial strains,
may explain the observed results. Further research on newer, improved vaccinations
or alternative schedules in children needs to be conducted to address the resurgence of
pertussis in this study.

Keywords: whooping cough; Bordetella pertussis; DTaP; DTP; Tdap; whole-cell vaccine;
acellular vaccine; pertussis

1. Introduction

Pertussis, also known as whooping cough, is a highly contagious disease caused by
the Gram-negative bacterium Bordetella pertussis [1]. The bacterium produces multiple
exotoxins that produce the signs and symptoms associated with the disease. These active
bacterial products include pertussis toxin, pertactin, tracheal cytotoxin, agglutinogens,
and filamentous haemagglutinin and the pathogen is transmitted from person to person
by respiratory droplets. It has a secondary attack rate of 11-18, requiring a vaccination
coverage of 90-95% for population-level immunity and prevention of outbreaks of dis-
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ease [2]. Whooping cough can develop in all age groups, but the disease and associated
complications are more severe in infants or younger children [1].

Before the availability of the vaccine, pertussis was one of the most common diseases
of childhood and childhood mortality in the United States. A whole-cell pertussis vaccine
was introduced in the 1940s, and it helped in reducing the number of cases of the disease
by 75% [3]. However, whole-cell vaccination had several vaccine-associated adverse
events, such as pain, fever, and erythema, leading to refusal from parents to vaccinate
their child [4,5]. The complaint from parents regarding the adverse events of the vaccine
had resulted in a reduction in vaccination coverage in the second half of the 1980s [4—6].
Additionally, the incidents of febrile seizures [7] or acute encephalopathy [8] after whole-
cell pertussis vaccination (DTP) led to reluctance among physicians in developed countries
to administer the whole-cell pertussis vaccine (DTP). This led to the introduction of the
acellular pertussis vaccine (DTaP) with lower adverse events [9]. The introduction of the
acellular vaccine helped in overcoming the fears, and vaccination coverage improved
among the population, reaching the optimum level by 1994 [6]. The acellular vaccine
consists of five purified antigens: pertussis toxin, filamentous hemagglutinin, pertactin,
and fimbria types 2 and 4 and was developed to address the concerns about the safety
profile of the whole-cell pertussis vaccine [9]. This acellular vaccine replaced the whole-cell
vaccines partially as the fourth and fifth doses in 1992 (Figure 1) and altogether in 1997
(Figure 2) [9,10]. The current recommended immunization schedule for children mandates
a primary series of acellular pertussis vaccine (DTaP) at two, four, and six months and two
booster doses, i.e., the fourth and fifth doses of DTaP at 15-18 and four-six years of age

(Figure 3).
2 6 4—6
months months months
-DTP - DTP — DTaP
First Third Fifth
dose dose dose
4 15-18
months months
- DTP — DTaP
Second Fourth
dose dose

Figure 1. Recommended immunization with vaccines with an acellular pertussis component in the
United States in 1992.

2 6 4—6
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Figure 2. Recommended immunization with vaccines with an acellular pertussis component in the
United States in 1997.
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Figure 3. Recommended immunization with vaccines with an acellular pertussis component in the
United States in 2005.

In vitro studies showed acellular pertussis vaccine has similar efficacy as whole-cell
vaccine, i.e., 60-89%; however, there has been an increase in the number of cases of pertussis
in the United States since the introduction of the acellular pertussis vaccine [3,11,12]. This
increased incidence despite the immunization coverage of the three doses of acellular
pertussis vaccine (DTaP) in the United States around the recommended 90-95% has raised
questions on the efficacy of the acellular pertussis vaccine [6]. The incidence of the disease
among vaccinated children suggests the waning of immunity could be a potential reason
behind the increase in incidence [11,13]. To address the issue of the increase in incidence
of disease and potential waning of immunity, a single booster dose of acellular pertussis
(Tdap) vaccine was introduced for those aged 11 or 12 years in 2005 (Figure 3). Despite
this, only 28.6% of the adults aged 18 years or older had received the Tdap vaccine in 2022,
compared to the estimated coverage in 2019 and 2013 of 28.9% [14,15]. In addition, the
possibility of lower vaccination coverage in certain groups or population pockets may be
due to lack ofaccess to healthcare or impacted by the anti-vaccination movement [2,16].

There was significant disparity seen in coverage of vaccination among Black children
and those who were uninsured or covered by Medicaid [16]. Therefore, certain sections
among the population had lower levels of vaccination coverage compared to the required
vaccination coverage for herd immunity.

The primary goal of this study is to evaluate this resurgence of pertussis cases in
the United States, its relationship with vaccination coverage of the pertussis vaccine, and
the distinct types of pertussis vaccines. Further, the available data from the National
Notifiable Disease Surveillance System and surveillance reports of the Centers for Disease
Control and Prevention will be used to make inferences about the epidemiological pattern
of pertussis resurgence.

2. Methods

This study was conducted to evaluate the relationship between the resurgence of
pertussis (whooping cough) cases in the United States and the transition from whole-cell
pertussis vaccine (DTP) to acellular pertussis vaccine (DTaP). Specifically, vaccination
coverage of three doses of whole-cell vaccine or acellular pertussis vaccine was compared
with the annual incidence or annual number of pertussis cases in the U.S.

2.1. Study Design

A population-level ecological study design was employed to assess the impact of
whole-cell versus acellular pertussis vaccine in the population. The whole-cell vaccine for
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pertussis was introduced in the 1940s and was gradually replaced by the acellular pertussis
vaccine (aP), partially in 1992 and fully in 1997 [10]. The normal immunization schedule of
the pertussis vaccine includes three primary doses at two, four, and six months, followed
by boosters at 15-18 months (fourth dose) and four—six years (fifth dose) [1]. Given that
90% of the pertussis cases are found in individuals less than 10 years of age, the study
focused on individuals aged 1 month to 20 years living in the U.S. in the period of 1980
to 2024.

2.2. Data Sources and Statistical Analysis

Pertussis is a national notifiable infectious disease in the United States, and thus,
annual case counts and incidence data categorized by age groups were obtained from
the National Notifiable Disease Surveillance System (NNDSS) and surveillance reports of
the Centers for Disease Control and Prevention (CDC) [3,17]. Vaccination coverage data
for the third and fourth doses of whole-cell pertussis (DTP) or acellular pertussis (DTaP)
vaccination coverage levels were obtained from the World Health Organization (WHO)
databank on immunization coverage in the United States and the CDC [6].

Initially, a trend analysis was conducted to compare the number of cases and vacci-
nation coverage of third and fourth doses of whole-cell and acellular pertussis vaccines,
followed by a correlation analysis between vaccination coverage and the annual number
of pertussis cases. An ANOVA test was then conducted to examine the differences in
mean pertussis cases in the three key periods: before 1992 (whole-cell vaccine era), after
introduction of acellular pertussis vaccine (DTaP) but before introduction of Tdap, i.e.,
1992-2005, and after introduction of Tdap (2005-2023). This was followed by multivariable
linear regression analysis to find the independent effect of vaccine types and coverage
on the pertussis cases. Additionally, age-stratified trend analysis of the annual incidence
number in the age groups of <1 year, 1-6 years, 7-10 years, 11-19 years, and >20 years was
conducted. Graphs for trend analysis were created in Microsoft Excel (2025 ®Microsoft
Corporation, Redmond, WA, USA), and statistical analysis was performed in RStudio
®2025 (Posit Software PBC, Boston, MA, USA).

2.3. Ethical Considerations

The study used publicly available de-identified secondary data, thus the permission
for use of data for analysis was implied with the acknowledgement of the ownership of
the original data. The quality of the data was assessed for accuracy by reviewing the
period of data collection and content of data. Furthermore, suitable analysis of the data
was conducted to follow the principles of ethical usage of data.

3. Results
3.1. Pertussis Incidence

The trend analysis of the annual number of cases from 1922 to 2024 shows a sharp
decline in the number of cases from 107,473 in 1922 to 35,435 in 2024 (Figure 4). However,
a deeper analysis suggests an interesting pattern. Initially, in the period of 1922-1948,
the annual number of pertussis cases was above 100,000, with a peak of 265,269 in 1934.
This was followed by a decline in cases from 120,718 in 1950 to 1730 in 1980. This decline
coincides with the introduction of the whole-cell vaccine in the 1940s. The lowest number of
cases was seen in 1981, with only 1248 cases reported. There were also periodic outbreaks
of pertussis reported in 2010, 2012-2014, and 2024, when cases reported were above
30,000 per year. The trend analysis suggests that the continuation of this pattern should
have resulted in the elimination of the disease in 20022004, but there was a resurgence of
the disease in the 1990s with the increase in the incidence of pertussis, reaching a peak of
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48,277 in 2014. Another interesting pattern to be noticed is the sharp fall in pertussis cases
during and immediately after the COVID-19 pandemic, followed by a sharp rise post-2022.
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Figure 4. Number of pertussis cases in the United States from 1922 to 2024.

An interesting epidemiological trend was noticed when age-stratified incidence of
pertussis cases was analyzed (Figure 5). The incidence of pertussis was highest in the
<l-year-old age group (Figure 5). This was followed by the 1-6, 7-10, 11-19, and 20+
year age groups in ascending order. A steady increase in the incidence was noted in the
7-19 years of age group until the pandemic, i.e., 2020. This was reflected in the outbreak
years of 2010-2014, when the 7-10-year-old age group had the second-highest incidence,
followed by the 11-19-, 1-6-, and 20+-year-old age groups (Figure 5). The incidence per
100,000 population in the less than 1-year-of-age group increased from 38.41 in 1992 to
96.47 in 2005 and 59 in 2019 and then decreased to 23.16 in 2023 (Table 1). In the age groups
of 7-10 years and 11-19 years, the incidence per 100,000 cases was 4.52 and 3.75 in 2023 and
15.05 and 15.01 in 2019, compared to 1.95 and 1.99 in 1992, respectively (Table 1). During
and immediately after the COVID-19 pandemic, a significant dip in pertussis cases was
observed across all age groups, followed by a rise in cases in all age groups except those 20+
years from 2022 onwards. In the outbreak years of 2010, 2012, 2013, and 2014, the incidence
was as high as 31.78, 58.52, 30.61, and 34.04 in the 7-10-year-old age group and 13.3, 38.02,
21.27, and 29.57 in the 11-19-year-old age group (Table 1). The incidence in the age groups
of 1.6 years and 20+ years increased from 3.93 and 0.27 in 1992 to 16.31 and 1.78 in 2019
and 9.22 and 0.76 in 2023 (Table 1).

Table 1. Incidence of pertussis per 100,000 people by age group.

Year <lyr 1-6 yrs 7-10 yrs 11-19 yrs 20+ yrs
1990 47.89 5.57 1.68 1.38 0.19
1991 27.27 3.2 0.96 0.58 0.14
1992 38.41 3.93 1.95 1.99 0.27
1993 68 6.59 3.26 2.08 0.33
1994 42.61 4.35 2.26 2.3 0.27
1995 48.74 471 3.17 241 0.42

1996 63.23 6.07 4.81 525 0.72
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Year <lyr 1-6 yrs 7-10 yrs 11-19 yrs 20+ yrs
1997 52.73 4.49 4.23 4.33 0.66
1998 56.71 5.45 3.8 4.88 0.78
1999 57.12 4.57 3.98 5.17 0.74
2000 54.23 4.15 3.9 7.08 0.74
2001 46.84 5.49 4.09 5.58 0.79
2002 59.01 7.53 494 6.8 1.08
2003 54.98 6.41 4.81 11.34 1.32
2004 79 15.28 12.07 245 3.29
2005 96.47 14.15 12.64 19.17 3.5
2006 48.78 7.47 8.32 11.05 2.63
2007 40.25 5.64 8.48 6.02 1.57
2008 50.54 7.67 18.85 6.58 1.35
2009 75.23 11.16 23.76 7.75 1.73
2010 100.9 23.27 31.78 13.3 3.15
2011 70.89 15.02 20.05 10.26 2.15
2012 126.65 34.09 58.52 38.02 4.51
2013 102.77 22.09 30.61 21.27 2.61
2014 106.68 25.14 34.04 29.57 2.5
2015 68.1 15.6 17.45 17.9 1.9
2016 51.41 13.65 14.84 16.31 1.68
2017 57.78 15.16 15.79 16.83 1.68
2018 52.8 13.5 11.6 13 1.4
2019 59 16.31 15.05 15.01 1.78
2020 19.25 5.39 4.7 4.46 0.68
2021 522 1.94 0.46 0.45 0.49
2022 9.07 3.64 1.3 0.79 0.54
2023 23.16 9.22 4.52 3.75 0.76

140
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80
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40

199019921994 199619982000 20022004 20062008 20102012201420162018 20202022

—<] yr e—l1-6yrs 7—10 yrs 11-19 yrs 20+ yrs

Figure 5. Incidence of pertussis per 100,000 people by age groups in the United States.

3.2. Pertussis Vaccine Coverage

Similar analysis of DTP/DTaP third dose coverage in the population showed consistent
90-92% coverage except for a sudden decline in the late eighties, with coverage being as
low as 69% in 1991 (Figure 6). For the DTP/DTaP fourth dose, a consistent 80-82% coverage
was seen among the population (Figure 7). No decrease in the vaccination coverage of
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the DTaP third and fourth doses was noticed during and immediately after the COVID-19
pandemic (Figures 6 and 7).

60,000 120

50,000 - — . 100

40,000 80
30,000 60
20,000

40

10,000 20

1980
1982
1984
1986
1988
1990
1992
1994
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1998
2000
2002
2004
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2012
2014
2016
2018
2020
2022
2024
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Figure 6. Number of pertussis coverage vs. DTaP third dose coverage in the United States.
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Figure 7. Number of pertussis coverage vs. DTaP fourth dose coverage in the United States.

Comparing the annual number of cases vs. DTP/DTaP-3 coverage, the initial decrease
in coverage was correlated with an increase in the number of cases of pertussis. However,
despite the increase in the vaccination coverage, the incidence of pertussis did not decrease
back to levels seen in the 1980s. Pearson’s correlation between number of cases and
DTP/DTaP 3 or DTP/DTaP 4 was 0.1 (p = 0.5) and 0.36 (p = 0.04), respectively. A significant
association was found between the vaccine types and number of pertussis cases (F = 11.75,
p-value < 0.001). A multivariable linear regression showed that the type of vaccine was
significantly associated with the number of cases even after adjusting for third or fourth
vaccine dose coverage (p < 0.05). After adjusting for vaccination coverage, on average
7206 more cases of pertussis were seen after the switch from whole-cell vaccine to acellular
pertussis vaccine in 1992, while after 2005, on average 16,096 more cases of pertussis were
seen (Table 2). The model explained 30-32.5% of the variance in the pertussis cases in
the U.S. and did not violate the assumptions of linear regression, i.e., independence of
independent variables and homoscedasticity of residuals (Figure 8).
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Table 2. Association between vaccine type and pertussis cases adjusting for vaccination coverage.

Vaccine Types Beta Estimate  p-Value
Whole-Cell Vaccine Reference
Acellular Pertussis Vaccine (1992-2005) 7206.6 0.058
Acellular Pertussis Vaccine with Tdap Booster (2005-2024) 16,096.2 0.00001
Residuals vs Fitted g Q-Q Residuals
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Figure 8. Homoscedasticity of residuals.

4. Discussion

The results show that the trend of the incidence of pertussis disease has reversed since
the 1990s, despite the vaccination coverage of the third dose of pertussis vaccine being
about the required 90-95% in the population. Initially, the reversal of the trend in pertussis
incidence was suggested to be due to better surveillance and diagnostic techniques [18],
but it does not explain the exponential growth in cases with periodic outbreaks or the
sudden dip during the COVID-19 pandemic. Despite the high vaccination coverage of the
third dose of the pertussis vaccine, the coverage of the fourth booster dose of the pertussis
vaccine has plateaued and remains around 82-85%. A significant moderate correlation was
observed between the vaccination coverage of the fourth dose of the pertussis vaccine and
the incidence of pertussis cases. These findings suggest a need to educate the parents about
the importance of booster doses, i.e., the fourth and fifth doses of the pertussis vaccine, in
the prevention of pertussis.

The drop in pertussis cases observed during and immediately after the COVID-19
pandemic could be attributed to COVID-19 mitigation factors such as wearing face masks
and social distancing requirements [19]. There was no significant decrease in vaccination
coverage of the third or fourth doses of pertussis in the United States during and after
the pandemic. The reduction in cases during the pandemic, followed by a return to pre-
pandemic levels by 2024 after the cessation of COVID-19 mitigation measures, supports the
hypothesis that this decline was primarily due to social distancing and face masks. This
pattern is similar to the epidemiology of pertussis seen in Europe, as well as middle- and
low-income countries [19,20].

The type of vaccine was significantly associated with the incidence of pertussis cases.
This association remained significant even after adjusting for the third or fourth doses of
vaccination coverage. In 2015, Gambhir et al. proved that acellular pertussis was associated
with higher waning of immunity than the whole-cell pertussis vaccine [21]. The whole-cell
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vaccine series has a rate of loss of immunity at the same rate as natural infection, i.e.,
3 x 107 yr~! and results in lifelong immunity. The acellular pertussis vaccine results in
the loss of immunity at a much higher rate of 0.018 yr—! [21]. Other studies have suggested
that the immunity after the acellular pertussis vaccine starts to wane after 2 years, compared
to 7 years with the whole-cell vaccine or natural infection. Additionally, acellular pertussis
vaccine leads to production of a Th2-polarized immune response, while whole-cell vaccine
leads to a Th1/Th17 immune response [22,23]. The Th2-polarized immune response results
in the persistence of B. pertussis in biofilms, while the Th1/Th17 immune response leads to
its clearance [23]. Therefore, the acellular pertussis vaccine fails to prevent the infection
or transmission of B. pertussis compared to the whole-cell pertussis vaccine [24,25]. The
waning of immune response along with the type of immune response to the acellular
pertussis vaccine and its effect on infection transmission could be one of the reasons behind
the trend seen in the incidence of pertussis in the United States. Furthermore, the waning
of immunity may have resulted in the immunological selective pressure leading to the
emergence of non-vaccine antigen strains of the pertussis bacterium [26,27]. This has
resulted in a change in the antigenic and genotypic features of the circulating pathogenic
B. pertussis strains without the two vaccine antigens: pertactin and pertussis toxin [28-31].
The emergence of strains without vaccine antigens and the ability to cause disease among
vaccinated populations have raised further doubts over the effectiveness of the acellular
vaccines [28,29,31].

The highest incidence of pertussis has been seen in the age group of less than 1 year
of age. This higher incidence in infants could be attributed to the lack of maternal Tdap
vaccination, which may be due to limited access to healthcare, vaccine hesitancy, and other
factors. The Tdap vaccination coverage among pregnant women has stayed consistent
around 52.8% (2019)-55.4% (2023), putting nearly 50% of the infants at risk of pertussis
infection [32,33]. The lack of Tdap vaccination among pregnant women leads to a lack
of transfer of maternal pertussis antibodies to newborns and infants and thus a higher
incidence among infants. This hypothesis is further supported by the highest incidence
among the infants being seen in infants of three months of age [34]. Pre-pandemic (2020),
there was a change in the epidemiological profile of the disease, with nearly one-third of
cases seen among the 7-19-year-old age group. The lack of change of the trend despite
the introduction of the acellular pertussis vaccine (Tdap) booster dose and incidence of
cases among vaccinated individuals supports the hypothesis of waning of immunity and
the emergence of a B. pertussis strain with non-vaccine antigens being responsible for the
increase in pertussis cases and cyclical outbreaks [26,27].

The result of our study shows the significant impact of vaccine type on the resurgence
and epidemiology of the disease in the United States. Similarly, a resurgence of the disease
was seen in Brazil and Mexico [35]. Zerbo et al. (2022) suggested that modification
of the vaccination schedule and new vaccination strategies are needed to counter the
waning of immunity and suboptimal vaccine effectiveness and reduce the prevalence
of the disease [36]. Research studies have shown that children who were primed with
acellular pertussis vaccine in 1997 had a much higher rate of pertussis cases than those
who were primed with a whole-cell vaccine between 1992 and 1997 [37,38]. An alternative
schedule of priming with the first three doses with a whole-cell vaccine and then a booster
with an acellular pertussis vaccine can be considered to address the issue of waning of
immunity, different types of immune responses, and emergence of strains of bacteria
that lack vaccine antigens. The recommendations for Pertussis vaccinations should be
made considering the balance between vaccine side effects and vaccine effectiveness. The
current recommendations of complete immunization with acellular pertussis vaccine and
specifically increasing the coverage of booster doses should be continued until further
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effective vaccines are developed or alternative schedules are recommended by the Advisory
Committee on Immunization Practices.

This study has certain limitations because of its ecological study design. The data used
in the study is group-level data and thus cannot find the temporal association between the
acellular pertussis vaccine and incidence of pertussis. The ecological study design also means
there is a lack of individual data linking the case of pertussis in children less than one year
to the type and time of maternal vaccination. Further, there is a lack of Tdap vaccination
coverage in the analysis. This is primarily because of methodological reasons, as the Tdap
booster was introduced in 2005, and there is no directly comparable data for the whole-cell
pertussis vaccine. Additionally, most of the available data related to Tdap coverage pertains
to administration during pregnancy. However, to address this limitation, we have divided the
vaccine type into three periods to reflect the period before and after the introduction of the
Tdap booster dose. This study also does not consider pockets of the unvaccinated population,
which could be inflating the number of pertussis cases in the population.

5. Conclusions

The resurgence of a disease once thought to be under control reflects a critical chal-
lenge for the public health community and highlights the need for renewed attention
and coordinated action. The resurgence of pertussis suggests the need for continuous
environmental surveillance to understand the effects of immunization on the genotype
of bacteria. Further immunological and microbiological studies are required to explain
the association between the acellular pertussis vaccine, the emergence of new strains of
bacteria, and the increase in the number of pertussis cases. In the future, we would like to
conduct a cross-sectional study comparing the incidence of pertussis in children less than
one year of age to the type and time of maternal vaccination. In addition to further research,
co-operation between different agencies and leadership is necessary to gain control and
prevent the cyclical outbreaks of pertussis.
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Tdap  Tetanus, Diphtheria, Acellular Pertussis

CDC Center for Disease Control and Prevention

WHO  World Health Organization



Vaccines 2025, 13, 841 11 of 12

References

1.  Centers for Disease Control and Prevention. Pertussis | Whooping Cough | Causes and Transmission | CDC. Available online:
https:/ /www.cdc.gov/pertussis/about/index.html (accessed on 1 July 2025).

2. Plans-Rubi6, P. Evaluation of the Establishment of Herd Immunity in the Population by means of Serological Surveys and
Vaccination Coverage. Hum. Vaccines Immunother. 2012, 8, 184-188. [CrossRef]

3.  Centers for Disease Control and Prevention. Pertussis | Whooping Cough | Surveillance | Cases by Year | CDC. Available online:
https:/ /www.cdc.gov/pertussis/php /surveillance /pertussis-cases-by-year.html (accessed on 1 July 2025).

4. Cody, C.L.; Baraff, L.].; Cherry, ].D.; Marcy, S.M.; Manclark, C.R. Nature and Rates of Adverse Reactions Associated with DTP
and DT Immunizations in Infants and Children. Pediatrics 1981, 68, 650-660. [CrossRef]

5. Long, S.S.; Deforest, A.; Smith, D.G.; Lazaro, C.; Wassilak, G.F. Longitudinal Study of Adverse Reactions Following Diphtheria-
Tetanus-Pertussis Vaccine in Infancy. Pediatrics 1990, 85, 294-302. [CrossRef]

6. World Health Organization. Diphtheria Tetanus Toxoid and Pertussis (DTP) Vaccination Coverage. Available online:
https:/ /immunizationdata.who.int/global /wiise-detail-page/diphtheria-tetanus-toxoid-and-pertussis- (dtp)-vaccination-
coverage?CODE=USA&ANTIGEN=DTPCV3&YEAR= (accessed on 20 June 2025).

7. Barlow, WE,; Davis, R.L.; Glasser, ].W.; Rhodes, P.H.; Thompson, R.S.; Mullooly, J.P.; Black, S.B.; Shinefield, H.R.; Ward, ].I.; Marcy,
S.M.; et al. The Risk of Seizures after Receipt of Whole-Cell Pertussis or Measles, Mumps, and Rubella Vaccine. N. Engl. ]. Med.
2001, 345, 656-661. [CrossRef] [PubMed]

8. Cowan, L.D,; Griffin, M.R.; Howson, C.P; Katz, M.; Johnston, R.B., Jr.; Shaywitz, B.A.; Fineberg, H.V. Acute encephalopathy and
chronic neurological damage after pertussis vaccine. Vaccine 1993, 11, 1371-1379. [CrossRef]

9.  Centers for Disease Control and Prevention. Pertussis Vaccination: Use of Acellular Pertussis Vaccines Among Infants and Young
Children Recommendations of the Advisory Committee on Immunization Practices (ACIP); Centers for Disease Control and Prevention:
Atlanta, GA, USA, 1997.

10. Clark, T.A.; Messonnier, N.E.; Hadler, S.C. Pertussis Control: Time for Something New? Trends Microbiol. 2012, 20, 211-213.
[CrossRef]

11. Clark, T.A. Changing Pertussis Epidemiology: Everything Old is New Again. J. Infect. Dis. 2014, 209, 978-981. [CrossRef]

12.  Salmaso, S.; Mastrantonio, P.; Tozzi, A.E.; Stefanelli, P.; Anemona, A.; Ciofi degli Atti, M.L.; Giammanco, A.; Stage, LLLW.G.
Sustained Efficacy during the First 6 years of life of 3-component Acellular Pertussis Vaccines Administered in Infancy: The
Italian Experience. Pediatrics 2001, 108, E81. [CrossRef] [PubMed]

13.  Skoff, T.H.; Cohn, A.C.; Clark, T.A.; Messonnier, N.E.; Martin, S.W. Early Impact of the US Tdap Vaccination Program on Pertussis
Trends. Arch. Pediatr. Adolesc. Med. 2012, 166, 344-349. [CrossRef] [PubMed]

14. Hung, M.-C,; Srivastav, A.; Lu, P.-j.; Black, C.; Lindley, M.C.; Singleton, J.A. Vaccination Coverage Among Adults in the United
States, National Health Interview Survey. 2022. Available online: https://www.cdc.gov/adultvaxview /publications-resources/
adult-vaccination-coverage-2022.html (accessed on 6 July 2025).

15. Lu, PJ; O'Halloran, A.; Ding, H.; Liang, J.L.; Williams, W.W. National and State-Specific Td and Tdap Vaccination of Adult
Populations. Am. J. Prev. Med. 2016, 50, 616—626. [CrossRef]

16. Hill, H.A.; Elam-Evans, L.D.; Yankey, D.; Singleton, J.A.; Dietz, V. Vaccination Coverage Among Children Aged 19-35 Months—
United States, 2015. MMWR. Morb. Mortal. Wkly. Rep. 2016, 65, 1065-1071. [CrossRef] [PubMed]

17. Centers for Disease Control and Prevention. Reported Pertussis Incidence by Age Group and Year | CDC. Available online:
https:/ /www.cdc.gov/pertussis/php /surveillance / pertussis-incidence-by-age-group-and-year.html (accessed on 6 July 2025).

18. Wang, S.; Zhang, S.; Liu, J. Resurgence of pertussis: Epidemiological trends, contributing factors, challenges, and recommenda-
tions for vaccination and surveillance. Hum. Vaccines Immunother. 2025, 21, 2513729. [CrossRef]

19. Locht, C. Pertussis before, during and after Covid-19. EMBO Mol. Med. 2025, 17, 594-598. [CrossRef]

20. Bricks, L.E; Vargas-Zambrano, J.C.; Macina, D. Epidemiology of Pertussis After the COVID-19 Pandemic: Analysis of the Factors
Involved in the Resurgence of the Disease in High-, Middle-, and Low-Income Countries. Vaccines 2024, 12, 1346. [CrossRef]

21. Gambhir, M,; Clark, T.A.; Cauchemez, S.; Tartof, S.Y.; Swerdlow, D.L.; Ferguson, N.M. A change in vaccine efficacy and duration
of protection explains recent rises in pertussis incidence in the United States. PLoS Comput. Biol. 2015, 11, e1004138. [CrossRef]
[PubMed]

22.  Damron, FH.; Barbier, M.; Dubey, P.; Edwards, KM.; Gu, X.X,; Klein, N.P; Lu, K.; Mills, KH.G.; Pasetti, M.E; Read, R.C.; et al.
Overcoming Waning Immunity in Pertussis Vaccines: Workshop of the National Institute of Allergy and Infectious Diseases. J.
Immunol. 2020, 205, 877-882. [CrossRef]

23. Hall, ].M,; Gutiérrez-Ferman, J.L.; Shamseldin, M.M.; Guo, M.; Gupta, Y.A.; Deora, R.; Dubey, P. Opposing effects of acellular and
whole cell pertussis vaccines on Bordetella pertussis biofilm formation, Siglec-F+ neutrophil recruitment and bacterial clearance in
mouse nasal tissues. bioRxiv 2024. [CrossRef]

24. Warfel, ].M.; Zimmerman, L.I.; Merkel, T.J. Acellular pertussis vaccines protect against disease but fail to prevent infection and

transmission in a nonhuman primate model. Proc. Natl. Acad. Sci. USA 2014, 111, 787-792. [CrossRef]


https://www.cdc.gov/pertussis/about/index.html
https://doi.org/10.4161/hv.18444
https://www.cdc.gov/pertussis/php/surveillance/pertussis-cases-by-year.html
https://doi.org/10.1542/peds.68.5.650
https://doi.org/10.1542/peds.85.3.294
https://immunizationdata.who.int/global/wiise-detail-page/diphtheria-tetanus-toxoid-and-pertussis-(dtp)-vaccination-coverage?CODE=USA&ANTIGEN=DTPCV3&YEAR=
https://immunizationdata.who.int/global/wiise-detail-page/diphtheria-tetanus-toxoid-and-pertussis-(dtp)-vaccination-coverage?CODE=USA&ANTIGEN=DTPCV3&YEAR=
https://doi.org/10.1056/NEJMoa003077
https://www.ncbi.nlm.nih.gov/pubmed/11547719
https://doi.org/10.1016/0264-410X(93)90163-R
https://doi.org/10.1016/j.tim.2012.03.003
https://doi.org/10.1093/infdis/jiu001
https://doi.org/10.1542/peds.108.5.e81
https://www.ncbi.nlm.nih.gov/pubmed/11694665
https://doi.org/10.1001/archpediatrics.2011.1093
https://www.ncbi.nlm.nih.gov/pubmed/22213608
https://www.cdc.gov/adultvaxview/publications-resources/adult-vaccination-coverage-2022.html
https://www.cdc.gov/adultvaxview/publications-resources/adult-vaccination-coverage-2022.html
https://doi.org/10.1016/j.amepre.2015.09.033
https://doi.org/10.15585/mmwr.mm6539a4
https://www.ncbi.nlm.nih.gov/pubmed/27711036
https://www.cdc.gov/pertussis/php/surveillance/pertussis-incidence-by-age-group-and-year.html
https://doi.org/10.1080/21645515.2025.2513729
https://doi.org/10.1038/s44321-025-00199-2
https://doi.org/10.3390/vaccines12121346
https://doi.org/10.1371/journal.pcbi.1004138
https://www.ncbi.nlm.nih.gov/pubmed/25906150
https://doi.org/10.4049/jimmunol.2000676
https://doi.org/10.1101/2024.01.23.576795
https://doi.org/10.1073/pnas.1314688110

Vaccines 2025, 13, 841 12 of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wilk, M.M.; Borkner, L.; Misiak, A.; Curham, L.; Allen, A.C.; Mills, K.H.G. Immunization with whole cell but not acellular
pertussis vaccines primes CD4 T(RM) cells that sustain protective immunity against nasal colonization with Bordetella pertussis.
Emerg. Microbes Infect. 2019, 8, 169-185. [CrossRef] [PubMed]

Mooi, ER.; Van Der Maas, N.a.T.; De Melker, H.E. Pertussis Resurgence: Waning Immunity and Pathogen Adaptation—Two
Sides of the Same Coin. Epidemiol. Infect. 2014, 142, 685-694. [CrossRef]

Schmidtke, A.J.; Boney, K.O.; Martin, S.W.; Skoff, T.H.; Tondella, M.L.; Tatti, K.M. Population Diversity among Bordetella pertussis
Isolates, United States, 1935-2009. Emerg. Infect. Dis. 2012, 18, 1248-1255. [CrossRef] [PubMed]

Barkoff, A.-M.; Mertsola, J.; Guillot, S.; Guiso, N.; Berbers, G.; He, Q. Appearance of Bordetella pertussis Strains not Expressing the
Vaccine Antigen Pertactin in Finland. Clin. Vaccine Immunol. CVI 2012, 19, 1703-1704. [CrossRef]

Bodilis, H.; Guiso, N. Virulence of Pertactin-Negative Bordetella pertussis Isolates from Infants, France. Emerg. Infect. Dis. 2013, 19,
471-474. [CrossRef] [PubMed]

Ma, L; Caulfield, A.; Dewan, K. K.; Harvill, E.T. Pertactin-Deficient Bordetella pertussis, Vaccine-Driven Evolution, and Reemergence
of Pertussis. Emerg. Infect. Dis. 2021, 27, 1561-1566. [CrossRef]

Queenan, A.M.; Cassiday, PK.; Evangelista, A. Pertactin-negative Variants of Bordetella pertussis in the United States. N. Engl. J.
Med. 2013, 368, 583-584. [CrossRef]

Calhoun, K.; Kahn, K.E.; Razzaghi, H.; Garacci, E.; Lindley, M.; Black, C. Association of Vaccine Hesitancy with Maternal Influenza
and Tdap Vaccination Coverage—United States, 2019-20 to 2022-23. Awvailable online: https://www.cdc.gov/fluvaxview/
coverage-by-season/pregnant-2022-2023.html (accessed on 2 July 2025).

Razzaghi, H.; Kahn, K.E.; Calhoun, K.; Garacci, E.; Skoff, T.H.; Ellington, S.R.; Jatlaoui, T.C.; Black, C.L. Influenza, Tdap, and
COVID-19 Vaccination Coverage and Hesitancy Among Pregnant Women—United States, April 2023. MMWR Morb. Mortal.
WKkly. Rep. 2023, 72, 1065-1071. [CrossRef]

Masseria, C.; Martin, C.K.; Krishnarajah, G.; Becker, L.K.; Buikema, A.; Tan, T.Q. Incidence and Burden of Pertussis Among
Infants Less Than 1 Year of Age. Pediatr. Infect. Dis. ]. 2017, 36, e54—e61. [CrossRef]

Sansone, N.M.S.; Boschiero, M.N.; Marson, FA.L. The 2024 resurgence of Bordetella pertussis in Brazil and a decade-long
epidemiological overview. Front. Public Health 2025, 13, 1549735. [CrossRef] [PubMed]

Zerbo, O.; Fireman, B.; Klein, N.P. Lessons from a mature acellular pertussis vaccination program and strategies to overcome
suboptimal vaccine effectiveness. Expert Rev. Vaccines 2022, 21, 899-907. [CrossRef]

Liko, J.; Robison, S.G.; Cieslak, PR. Priming with Whole-cell versus Acellular Pertussis Vaccine. N. Engl. |. Med. 2013, 368,
581-582. [CrossRef]

Sheridan, S.L.; Ware, R.S.; Grimwood, K.; Lambert, S.B. Number and order of whole cell pertussis vaccines in infancy and disease
protection. JAMA 2012, 308, 454-456. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/22221751.2018.1564630
https://www.ncbi.nlm.nih.gov/pubmed/30866771
https://doi.org/10.1017/S0950268813000071
https://doi.org/10.3201/eid1808.120082
https://www.ncbi.nlm.nih.gov/pubmed/22841154
https://doi.org/10.1128/CVI.00367-12
https://doi.org/10.3201/1903.121475
https://www.ncbi.nlm.nih.gov/pubmed/23621904
https://doi.org/10.3201/eid2706.203850
https://doi.org/10.1056/NEJMc1209369
https://www.cdc.gov/fluvaxview/coverage-by-season/pregnant-2022-2023.html
https://www.cdc.gov/fluvaxview/coverage-by-season/pregnant-2022-2023.html
https://doi.org/10.15585/mmwr.mm7239a4
https://doi.org/10.1097/INF.0000000000001440
https://doi.org/10.3389/fpubh.2025.1549735
https://www.ncbi.nlm.nih.gov/pubmed/40496447
https://doi.org/10.1080/14760584.2021.1984891
https://doi.org/10.1056/NEJMc1212006
https://doi.org/10.1001/jama.2012.6364
https://www.ncbi.nlm.nih.gov/pubmed/22851107

	Introduction 
	Methods 
	Study Design 
	Data Sources and Statistical Analysis 
	Ethical Considerations 

	Results 
	Pertussis Incidence 
	Pertussis Vaccine Coverage 

	Discussion 
	Conclusions 
	References

