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Abstract

Introduction

Despite a resurgence of disease, risk factors for pertussis in children in low and middle-
income countries are poorly understood. This study aimed to investigate risk factors for per-
tussis disease in African children hospitalized with severe LRTI.

Methods

A prospective study of children hospitalized with severe LRTI in Cape Town, South Africa
was conducted over a one-year period. Nasopharyngeal and induced sputum samples from
child and nasopharyngeal sample from caregiver were tested for Bordetella pertussis using
PCR (1S481+/h1S1001). History and clinical details were documented.

Results

460 children with a median age of 8 (IQR 4—18) months were enrolled. B. pertussis infection
was confirmed in 32 (7.0%). The adjusted risk of confirmed pertussis was significantly
increased if infants were younger than two months [aRR 2.37 (95% CI 1.03-5.42]), HIV
exposed but uninfected (aRR 3.53 [95% Cl 1.04—12.01]) or HIV infected (aRR 4.35 [95% CI
1.24-15.29]). Mild (aRR 2.27 [95% CI 1.01-5.09]) or moderate (aRR 2.70[95% CI 1.13—
6.45]) under-nutrition in the children were also associated with higher risk. The highest
adjusted risk occurred in children whose caregivers had B. pertussis detected from naso-
pharyngeal swabs (aRR 13.82 [95% CI 7.76-24.62]). Completion of the primary vaccine
schedule (three or more doses) was protective (aRR 0.28 [95% CI 0.10-0.75]).

Conclusions

HIV exposure or infection, undernutrition as well as detection of maternal nasal B. pertussis
were associated with increased risk of pertussis in African children, especially in young
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infants. Completed primary vaccination was protective. There is an urgent need to improve
primary pertussis vaccine coverage in low and middle-income countries. Pertussis vaccina-
tion of pregnant women, especially those with HIV infection should be prioritized.

Introduction

The last decade has seen a resurgence of pertussis in high-income countries to levels experi-
enced over half a century ago [1]. Possible reasons for this include waning immunity following
acellular vaccination, antigenic divergence of circulating strains from vaccine antigens as well
as increased ascertainment due to improved diagnostic tools [2-5].

Introduction of the whole cell (wP) pertussis vaccine in the 1940s greatly reduced the inci-
dence of pertussis. wP has since been succeeded by acellular vaccines (aP), mainly in high-
income countries. The South Africa National Expanded Programme on Immunization (EPI)
replaced wP with a combination formulation aP (DTaP-IPV/HIB; Pentaxim(®), Sanofi Pasteur)
in 2009. The primary schedule comprises doses at six, ten and 14 weeks with a booster at 18
months of age [6]. The only available reliable data indicates that a decade ago vaccine coverage
for the Western Cape Province, where this study was done, was 97% at six weeks, 90.8% at 10
weeks and 85.2% at 14 weeks. By 18 months of age coverage had declined to 58.7% [7]. There
has been no change on policy over the period to change the situation. The current national
schedule does not include vaccinating pregnant women.

Risk factors for pertussis include lack of immunization or impaired immune responses to
vaccination. Laboratory studies suggest that immune responsiveness to pertussis vaccines may
be impaired by both infection and intrauterine exposure to HIV even in HIV-uninfected chil-
dren [8-11]. Another factor associated with reduced immune responses to pertussis vaccine is
poor nutritional status, a common problem among children in low and middle-income coun-
tries (LMIC) [12]. Although household use of biomass fuels, indoor air pollution, and cigarette
smoking have been associated with an increased risk of respiratory illness and bacterial car-
riage in children, it is unclear if these impact on the risk of pertussis [13].

With the resurgence of pertussis, adults and adolescents, who tend to exhibit milder and
atypical symptoms of pertussis, are now recognized as important sources of pertussis in
infants. In particular, household contacts pose the greatest risk to unvaccinated or partially
vaccinated infants [14-16].

We aimed to investigate risk factors for Bordetella pertussis disease in a cohort of African
children less than 13 years of age hospitalized with lower respiratory tract infection (LRTI) in a
high HIV prevalence setting [17].

Materials and methods

Children less than 13 years of age admitted over a one-year period (07 September 2012 to 06
September 2013) for LRTI to the Red Cross War Memorial Children’s Hospital (RCH), Cape
Town, South Africa, were prospectively screened for enrolment. The hospital provides services
for children up to 12 years of age. Children with WHO-defined severe pneumonia (age specific
tachypnoea or/and lower chest indrawing requiring hospitalization) or apnea were eligible to
be included. A child was included if the legal guardian gave written consent and the child had
not been in contact with a health care facility in the previous 48 hours to two weeks prior to
screening for enrolment. Enrolment was limited to the first four qualifying children per work-
ing weekday.
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History of symptoms of the presenting illness and information on current socio-demo-
graphic factors including type of housing, access to amenities such as tap water, electricity and
toilet facilities, was taken from the caregiver. The mother’s level of education was recorded.
Socio-economic status was categorized into quartiles on the basis of a validated weighted com-
posite score used elsewhere that included asset ownership, employment and education [18].
The use of household biofuels, presence of smokers in the household and the number of people
sharing the bedroom with the child were established. Information on day-care attendance was
also collected.

The mother’s HIV status (and that of the primary caregiver if this was not the mother) was
established. If the mother or caregiver was HIV infected the latest available CD4 count was
recorded and used in the staging of HIV disease according to the Centre for Disease Control
(CDC) classification [19]. History was taken on the presence and duration of recent primary
caregiver respiratory symptoms as well as presence and numbers of other household members
with similar symptoms.

The vaccination status of each child was verified using the national standardized immuniza-
tion handheld record, the Road to Health Card (RTHC); specifically, the date and type of each
vaccine was copied from the record. All children who missed any vaccinations that should
have been received for age, where referred to an immunization catch-up program.

The weight of each child, as measured on admission, was used to evaluate nutritional status
using World Health Organization (WHO) weight for age Z scores (WAZ). Mild under-nutri-
tion was defined as < -1 WAZ > -2, moderate under-nutrition < -2 WAZ > -3 and severe
under-nutrition WAZ < -3 [20].

Each child was screened for HIV infection using an ELISA test (Architect HIV Ag/Ab
Combo, Abbott Diagnostics, Wiesbaden). The diagnosis of HIV infection was made if both
the ELISA and an HIV PCR test (COBAS AmpliPrep/COBAS Tagman HIV-1, Roche Molecu-
lar Diagnostics, Pleasanton, CA) were positive in children younger than 18 months. A positive
ELISA was confirmed with a different ELISA test (Enzygnost Anti-HIV 1/2 Plus, Siemens/
Dade Behring, Erlangen) in children older than 18 months to diagnose HIV infection. Chil-
dren younger than 18 months who were ELISA positive, but PCR negative were classified as
HIV exposed uninfected while older children were classified as HIV exposed uninfected if the
mother was HIV infected at the time of the pregnancy but the child tested HIV negative. Care-
givers who did not know their HIV status were counselled and offered HIV testing. Children
or caregivers with HIV who were not accessing appropriate treatment were referred to public
health facilities for further follow up and treatment of HIV.

Methods employed in the collection of respiratory specimens have been published [21].
Briefly, nasopharyngeal (NP) specimens from caregivers as well as paired NP and induced spu-
tum (IS) specimens from children were tested by PCR for B. pertussis. The NP specimen was
taken with a flocked nylon swab which was transported in a nucleic acid preservation medium
(PrimeStore™ MTM, Longhorn Vaccines and Diagnostics, San Antonio, TX). The IS specimen
was collected after the NP was taken from each child. All specimens were frozen at minus
80°C until they were thawed for batched molecular diagnostic testing.

A commercially validated duplex real-time PCR assay targeting the insertion sequence
1S481 for Bordetella and IS1001 for Bordetella parapertussis (LightMix® Bordetella pertussis
and parapertussis Kit, TIB MolBiol, Berlin, Germany) was used for screening all the respiratory
specimens [22, 23]. All specimens testing positive for IS481 were further tested for the presence
of insertion site hIS1001 in order to exclude Bordetella holmesii (1S481 +, 1S1001-, hIS1001 +)
before the diagnosis of B. pertussis infection was made [24].

Positive cases were offered macrolide treatment and the same offered to household contacts
for prophylaxis.
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Ethics

The study was approved by the Human Research Ethics Committee of the Faculty of Health
Sciences of the University of Cape Town; Reference: 371/2011. Written informed consent was
sought and received from the legal guardian for the participation of both the child and the
guardian/caregiver in the study.

Analysis plan

The study aimed to investigate risk factors for pertussis as a secondary outcome and was thus
not specifically powered to achieve this secondary outcome. The study sample was determined
to attain a 3% precision above and below a point estimate risk of 5% for the primary outcome
(prevalence of pertussis).

Categorical data are presented as percentages with 95% confidence intervals (CI). All con-
tinuous data are summarized as medians with interquartile ranges (IQR). A ¥ test assessed
strength of association between two categorical variables with a two-tailed cut-off significance
set at p<<0.05.

A causal model employing the current understanding of respiratory disease processes and
pathogenesis of pertussis was constructed using a directed acyclic graph (DAG) to identify var-
iables in the model required for minimal sufficient adjustment sets for estimating total inde-
pendent effects of each assessed risk factor [25].

To adjust for potential confounders for each risk factor as identified by the DAG, a general-
ized linear Poisson regression model with robust error variance was used to estimate adjusted
relative risks (aRR) and their 95% level of confidence in a multivariable analysis. For all analy-
ses, Stata Statistical Software Release 13 (StataCorp LP, College Station, TX) was employed.

Results
Baseline characteristics of children

In total, 987 children hospitalized for acute LRTI were screened; 460 child-caregiver pairs were
enrolled; Fig 1. The median age of children was 8 (IQR 4-18) months with 41 (8.9%) younger
than two months of age. The median duration of symptoms was 3 days (IQR 2-5 days); 173
(37.6%) received antibiotics prior to admission, Table 1. Seven children received both ceftriax-
one and penicillin while another one received both ceftriaxone and cotrimoxazole.

Ninety-two (20.0%) children were HIV exposed while infection was confirmed in 19 (4.1%)
(Table 1) of whom nine were on antiretroviral therapy, four with viral suppression. Of the 19
children, one was WHO HIV stage 1; another was stage 2 while 10 and seven were stage 3 and
4 respectively.

Most children 351(76.3%) were adequately nourished with weight for age Z score > -1.
Only 60 (13.0%) of the children had never been breast-fed. The majority (n = 323, 70.2%) was
breast-fed for the first four months of life and 77 (16.7%) for longer than four months.

Most children (n = 451; 98.0%) had their RTHC available and their immunization status,
including the number of vaccine doses could be verified, Table 1. Nineteen (4.2%) children
were younger than six weeks and had as yet not received the first dose of pertussis vaccine. Of
the 432 (95.8%) with immunization records and old enough to receive at least one vaccine
dose, 369 (85.4%) had received expected doses for age.

The duration of the children’s symptoms was 3 (IQR 2-5) days. In 176 (38.3%) children,
there was a history of another household member [median 1 (IQR 1-2)] with cough
symptoms.
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Fig 1. Enrolment flow diagram of study participants showing number of Bordetella pertussis positive children and

caregivers.
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Confirmed Bordetella pertussis in children

NP specimens were obtained from all child participants. Four children were transferred or dis-
charged out of the ward before an IS specimen could be obtained. For the remaining 456 chil-
dren, IS was successfully obtained with no major adverse events, although two were later lost

to container leakage.
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Table 1. Baseline characteristics of all enrolled children and children with Bordetella pertussis.

Baseline character All (N = 460) B. pertussis+ (n = 32)
n (%) n (%)
Age
< 2 months old | 41 (8.9) 6(18.8)
> 2 months old | 419 (91.1) 26 (81.20
Gender
Female | 202 (43.9) 15 (46.9)
Male | 258 (56.1) 17 (53.1)
Pertussis vaccine doses
0 28(6.1) 6(18.8)
1(57(12.4) 6(18.8)
2 |58(12.6) 5(15.6)
>3 308 (67) 15 (46.9)
Unknown | 9 (2) 0(0.0)
Nutritional status (WAZ)#
Normal nutrition | 351 (76.3) 19 (59.4)
Mild under-nutrition | 64 (13.9) 8 (25)
Moderate under-nutrition | 33 (7.2) 5(15.6)
Severe under-nutrition | 12 (2.6) 0(0.0)
HIV status
Unexposed Uninfected | 349 (75.9) 19 (59.4)
Exposed Uninfected | 92 (20) 10 (31.3)
Exposed Infected | 19 (4.1) 3(9.4)
Presenting symptoms
Cough | 456 (99.1) 32 (100)
Apnoea | 20 (4.5) 3(9.4)
Fever | 288 (63.7) 14 (43.8)
Age-specific tachypnoea | 286 (62.2) 19 (59.4)
Chest indrawing | 376 (81.7) 28 (87.5)
Presence of a household smoker | 162 (35.2) 11 (34.4)
Household use of biofuel | 18 (3.9) 3(9.4)
Pre-hospital antibiotic (n = 173)*
Penicillin | 77 (44.5) 7 (21.9)
Ceftriaxone | 99 (57.2) 10 (31.3)
Cotrimoxazole | 4 (2.3) 0(0.0)
Erythromycin | 1 (0.4) 0(0.0)

# Normal: WAZ > -1, Mild: < -1 WAZ >-2, Moderate: < -2 WAZ > -3, Severe: WAZ < -3
WAZ = World Health Organization weight for age Z score.

* 8 children received more than one antibiotic

https://doi.org/10.1371/journal.pone.0240717.t001

PCR for IS481 was positive in 17 NP specimens and 25 IS specimens. There was an overlap
of positive NP and IS specimens in 10 participants giving a total of 32 (7.0%; 95% CI 4.8-9.7%)
children with confirmed B. pertussis infection. B. parapertussis (IS1001+) was detected in
seven (1.5%; 95% CI 0.6-3.2%) children. B. holmesii was excluded in all the positive specimens
by the absence of hIS1001.

Caregiver baseline characteristics. All 460 primary caregivers took part in the study of
whom 450 (97.8%) were mothers. For the remaining 10 children, the caregiver was the father
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in two (0.4%) instances, grandmother in five (1.1%) and another relative in the other three
(0.7%) children. The caregiver was the mother in all 32 cases with confirmed pertussis. In 451
(98.0%) of the recruited pairs, the caregiver slept in the same room as the child. The median
age of the caregivers was 28 (IQR 24-33) years. In the week the child presented to hospital, 171
(37.2%) of the caregivers had respiratory symptoms. The symptoms, predominantly of an
upper respiratory tract infection, were present in 10 (31.3%) of caregivers whose children had
confirmed pertussis and in 161 (37.6%) whose children did not have pertussis; p = 0.466. Base-
line characteristics of the caregivers are summarized in Table 2.

HIV infection was present in 111 (24.1%) of caregivers of which 55 (49.5%) were on antire-
troviral treatment.

Cigarette smoking was recorded in 162 (35.2%) of the households although only 33 (7.2%)
of the caregivers were themselves smokers. The use of biofuels for cooking or heating was
uncommon and reported in 18 (3.9%) households.

Confirmed Bordetella pertussis in caregivers. NP specimens were successfully obtained
from all 460 caregivers. IS481 was positive in 15 (3.3%; 95% CI 1.8-5.3%) of the caregivers, 10
in mothers of children with confirmed B. pertussis infection, Table 2. Al IS481 positive speci-
mens were negative for the hIS1001 B. holmesii locus.

Caregivers with detected nasal B. pertussis were all mothers of enrolled children and all
slept in the same bedroom with the child. No association was noted between presence of
maternal symptoms and confirmed B. pertussis infection [4/171 (2.3%) symptomatic versus
11/289 (3.8%) asymptomatic; p = 0.392]. There was no difference in the duration of symptoms
between caregivers with confirmed pertussis and those without: median 3 (IQR 2.5-5) days
and 2 (IQR 2-5) days respectively; p = 0.513. B. pertussis was detected in 6 (5.4%) of HIV
infected caregivers compared to 9 (2.6%) of those who were not; p = 0.214.

Effect of risk factors

Unadjusted and adjusted effects of factors on risk of pertussis disease in children are shown in
Table 3.

Clinical features of children with and without pertussis were similar except for fever which
was present in 274 (64.0%) of children without pertussis compared to 14 (43.8%) in children

Table 2. Caregiver characteristics by child’s Bordetella pertussis PCR status.

Baseline character PCR negative (n = 428) PCR positive (n = 32) P value
n (%) n (%)
Gender
Female 426 (99.6) 32 (100.0) 0.805
HIV status
Infected 98 (22.9) 13 (40.6) 0.024
Presenting symptoms
Cough 96 (22.4) 7 (21.9) 0.931
Runny nose 107 (25) 6 (18.8) 0.409
Wheeze 35(8.2) 3(9.4) 0.831
Fever 100 (23.4) 6 (18.8)
Caregiver B. pertussis NP
PCR positive 5(1.2) 10 (31.3) < 0.001
PCR negative 423 (98.8) 22 (68.7)

NP = nasopharyngeal swab specimen

https://doi.org/10.1371/journal.pone.0240717.1002
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Table 3. Risk factors for confirmed Bordetella pertussis infection in study children.

Relative Risk (95% Confidence Interval)

Risk factor Risk n/N (%) Crude Adjusted”
Age
> 2 months old | 26/419 (6.2) 1 1
< 2 months old | 6/41 (14.6) 2.36 (1.03-5.40) 2.37 (1.03-5.42)
Nutritional status
Normal | 19/351 (5.4) 1 1
Mild under-nutrition | 8/64 (12.5) 2.31 (1.06-5.05) 2.27 (1.01-5.09)
Moderate under-nutrition | 5/33 (15.2) 2.80 (1.12-7.02) 2.70 (1.13-6.45)
Severe under-nutrition | 0/12 (0.0) NA NA
HIV status
Unexposed uninfected | 19/349 (5.4) 1 1
Exposed uninfected | 10/92 (10.9) 2.00 (0.96-4.15) 3.53 (1.04-12.01)
Infected | 3/19 (15.8) 2.90 (0.94-8.96) 4.35 (1.24-15.29)
Pertussis vaccine doses
None | 5/28 (17.9) 1 1
One | 4/57 (7.0) 0.39 (0.11-1.35) 0.39 (0.11-1.33)
Two | 5/58 (6.9) 0.39(0.11-1.33) 0.33 (0.09-1.19)
Three and more | 19/308 (6.2) 0.34 (0.14-0.86) 0.28 (0.10-0.75)
Caregiver B. pertussis
PCR negative | 22/455 (4.9) 1 1
PCR positive | 10/15 (66.7) 13.48 (7.84-23.21) 13.82 (7.76-24.62)
Home cigarette smoking
No home smoker | 21/298 (7.0) 1 1
Home smoker | 11/162 (6.8) 0.96 (0.48-1.95) 0.98 (0.49-1.99)
Bio-fuel use
No bio-fuel 29/442 (6.6) 1 1
Use of bio-fuel 3/18 (16.7) 2.54 (0.85-7.57) 2.40 (0.73-7.91)

n/N (%) = stratum specific proportion and percent.
* Multivariable models adjusted for age, sex, HIV status, socio-economic status, breast-feeding and number of
household members with cough. (HIV not adjusted for in model for HIV status as a risk factor) Risk ratio 95%

confidence intervals that do not cross the null value of 1 are shown in bold

https://doi.org/10.1371/journal.pone.0240717.1003

with pertussis; p = 0.022. LRTI cases with confirmed B. pertussis had a median age of 8 months
(IQR 2-21), similar to LRTI cases without pertussis [8 months (IQR 4-18)]; p = 0.43). How-
ever, the risk of pertussis was significantly increased in young infants less than two months of
age; 14.6% versus 6.2%; aRR 2.37 (95% CI 1.03-5.42).

No association was found between household air pollution or smoking, and risk of pertussis
even after adjusting for potential confounders.

Both HIV exposure and HIV infection were independently associated with an increased
risk of confirmed B. pertussis infection with aRR 3.53 (1.04-12.01) and 4.35(1.24-15.29)
respectively. The risk of B. pertussis declined with each extra dose of pertussis vaccine indepen-
dent of age, although the reduction only became significant after completion of the 3-dose pri-
mary vaccine schedule; aRR 0.28 (95% CI 0.10-0.75).

Mild and moderate under-nutrition were also associated with an increased risk of pertussis
in the adjusted model, however no cases occurred in severely under-nourished children,

Table 3.
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Detection of maternal nasal B. pertussis was most strongly associated with an increased risk
of pertussis in the children with aRR 13.82(7.76-24.62). HIV infected caregivers were more
likely to have children with confirmed pertussis infection with 13/111 (11.7%) compared to
19/349 (5.4%) in HIV negative caregivers; p = 0.024.

Outcome. Supplemental oxygen was required by 12 (37.5%) children out of 32 with con-
firmed B. pertussis and 102 (23.8%) of the 428 who were negative for the bacterium; p = 0.084.
Similarly, there were 3 (9.4%) children requiring high care or critical care admission in chil-
dren with confirmed compared to 11 (2.6%) in the negative group; p = 0.66. The length of hos-
pital stay was a median of 2 (IQR 1-4.5) days and 2 (IQR 1-4) days in B. pertussis positive and
negative groups, respectively; p = 0.418.

Discussion

This study reports important, novel findings of significant increased risk of pertussis in chil-
dren exposed to HIV in utero and in children with HIV infection as well as in children with
poor nutritional status. In addition, the highest risk of pertussis-associated LRTI in hospital-
ized African children was in those whose mothers had B. pertussis detected in nasopharyngeal
specimens, with more than 13 fold increased risk. This study also confirms known factors,
namely, incomplete primary vaccination and early infancy as important risks for pertussis in
an LMIC setting.

Sub-Saharan Africa, where this study was conducted, carries a high burden of HIV, includ-
ing a large number of infected or exposed children. In the current study, after adjusting for
potential confounding, HIV-infected children had a four-fold increase in the risk of pertussis,
possibly due to reduced vaccine effectiveness due to both poor responses to vaccination as well
as low persistence of immunoglobulin following vaccination [8, 9]. The large proportion
(more than 50% each) of HIV infected children not on antiretroviral therapy and lack of viro-
logic suppression for those on treatment may have increased the risk in this population. A
Nigerian study showed a 20-fold risk of pertussis in adolescents not yet initiated on antiretro-
viral therapy [26]. Other recent studies have reported an increased risk of pertussis in HIV
infected individuals [27-31]. The quality and duration of immunity to pertussis in HIV
infected children once they are started on antiretroviral therapy is uncertain [32]. The small
number of HIV-infected children in our study made it impossible for us to investigate these
aspects.

HIV-exposed, but uninfected, children are increasingly emerging as a group more suscepti-
ble to developing disease compared to unexposed children, due to successful implementation
of prevention of mother to child transmission strategies with a reduction in vertically transmit-
ted HIV [33]. This study identifies HIV exposure in ufero as a significant important risk factor
for pertussis, consistent with other reports that suggested an increased risk in infants, even if
the findings were not statistically significant [28-31, 34]. In our study a quarter of the mothers
were HIV infected. The increased risk in HIV exposed uninfected children seems related to
reduced immunoglobulin levels passively transmitted from the mother, increased exposure to
pertussis in a HIV-household as well as possible impaired responses to vaccination that are not
yet clearly understood [10, 11].

Since the current data were collected, regimens for antiretroviral therapy (including
PMTCT) have continued to evolve and improve [35]. These developments will hopefully serve
to reduce the risks associated with HIV status observed in this study.

The high risk of pertussis-associated LRTI in children whose mothers had nasopharyngeal
B. pertussis is consistent with studies showing that most infants acquire pertussis from an older
sibling or parent. Consequently, attempts to protect young infants have advocated cocooning,
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which involves vaccinating household members, as well as antenatal and postnatal vaccination
of mothers of neonates. Whereas cocooning does not seem cost-effective, antenatal vaccina-
tion of mothers has shown promising protection for infants with no added risk to either the
mother or the pregnancy [36-40]. In our study, the risk of pertussis may be partially explained
by the high proportion of HIV infected caregivers who exhibited a higher risk for nasopharyn-
geal carriage compared to HIV uninfected caregivers (5.4% vs 2.6%) although these findings
were not statistically significant, most likely due to small numbers. Due to lack of data, we
could not explore the impact of maternal HIV control on the risk of pertussis on both children
with HIV in utero exposure as well as HIV infected.

The risk of B. pertussis infection independently decreased with each extra dose of vaccine
received, but as observed in other studies, statistically significant reduction was only seen with
completion of at least three doses [41, 42]. This highlights the great risk pertussis poses to chil-
dren in LMIC who, according to WHO, largely receive incomplete vaccination [43, 44]. This
risk is further increased by the high incidence of endemic childhood malnutrition [45]. The
South African National Department of Health has commissioned a study to update data on
vaccine coverage as well as to better understand factors behind the observed decline in vaccine
coverage. The results are anticipated before the end of 2020.

The study is limited by low frequencies of pertussis in some subgroups. Even when the
study possessed sufficient power to demonstrate statistically significant risk, the estimated
magnitude had low precision in some instances. A further limitation is that the study was done
in children hospitalized with LRTI so the generalizability of the results to children with less
severe illness requires further study.

Conclusions

In this study we set out to investigate risk factors for pertussis in children with severe LRTL.
Our findings indicate an urgent need for interventions in LMICs to address modifiable risk
factors for pertussis-associated LRTI. Such interventions should include nutritional support
and immunization. Immunization programs should be strengthened to ensure high levels of
coverage for children with at least three vaccine doses and include catch-up immunization for
missed doses. A key consideration is to prioritize vaccination of pregnant women, particularly
those who are HIV infected, as maternal infection is the greatest risk for disease in infants [46].
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