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Abstract 

Background  Reliable data on whooping cough, a highly contagious disease sometimes fatal for infants, are largely 
lacking in low- and middle-income countries.

Methods  We conducted a hospital-based prospective study (PS) on infants, and a household contact-case inves-
tigation (CCI) for positive cases throughout Cambodia and in the city of Antananarivo, Madagascar, between 2017 
and 2019. The PS, in which Bordetella diagnostics (qPCR) were performed, included infants aged ≤6 months present-
ing with ≥5 days of cough associated with one pertussis-like symptom. CCI was performed using qPCR and serology 
regardless of clinical signs.

Results  In this study, 207 and 173 participants from Cambodia and Antananarivo were respectively enrolled. 
Respectively 26.1% (54/207) and 22.0% (38/173) of the infants were infected in the cohorts from Cambodia and Anta-
nanarivo. Cough longer than 10 days appeared as a risk factor in both countries, as well as coughing spells, apnea 
and normal pulmonary auscultation, having a coughing contact in Cambodia. In Antananarivo, being clinically 
well between coughing spells appeared as a risk factor. Five infants, all positive, died during the study. In Cambodia 
and Antananarivo respectively, 50.9% (118/232) and 67.8% (82/121) of the contact cases were positive. Respectively 
94.4% (51/54) and 90.3% (28/31) of the households had at least one positive contact case.

Conclusion  The data show that pertussis circulates at high levels among infants and in their households 
both in Cambodia and in Antananarivo. Given the vulnerability of youngest infants, who are too young to receive fully 
primary vaccination, they need to be protected through boosters breaking transmission chains. Molecular diagnosis, 
as well as trained medical human resources to detect the disease early, are absolutely key to protect populations.
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Background
Pertussis, or whooping cough, is a highly contagious res-
piratory illness caused by Bordetella pertussis (Bp) and 
Bordetella parapertussis (Bpp) and remains a great con-
cern worldwide despite global vaccination. In a modelling 
study, the World Health Organization (WHO) estimated 
that there were 24.1 million pertussis cases and 160,700 
deaths from pertussis in children younger than 5 years 
in 2014 [1]. National surveillance is generally the norm 
in high-income countries (HICs) but is largely lacking 
in low- and middle-income countries (LMICs) [2, 3], 
although estimates suggest that ninety percent of cases 
are in these countries [4].

Absence of laboratory diagnosis platforms, difficulty 
in clinically identifying the illness, and lack of pertussis 
awareness among the general population, medical profes-
sionals and decision makers contribute to the weakness 
of national surveillance and to the high number of cases 
in LMICs [3, 5]. As for vaccination, whole-cell pertus-
sis vaccines (wPVs) developed in the 1940s have varying 
efficacy and effectiveness across producers [6], in con-
trast with acellular pertussis vaccines (aPVs) developed 
in the 1980s, whose production and quality control are 
more standardized and which can be administered as 
boosters after 6 years of age. There are important differ-
ences between the situation in most LMICs and HICs. 
In LMICs, the Expanded Program on Immunization 
(EPI) provides wPVs, unlike in HICs where aPVs are pre-
dominantly used. The immunization schedule is often 
restricted to three doses during the first year of life due to 
economic limitations in LMICs, while booster doses are 
administered in addition to primo-vaccination in HICs, 
following WHO recommendations, to limit the trans-
mission of pertussis by children, adolescents and adults 
to infants who are too young to be vaccinated [7] and in 
whom pertussis causes a prolonged cough that can be 
fatal.

In Madagascar and Cambodia, the EPI vaccination 
schedule includes three injections using wPVs at six, 
ten and fourteen weeks of age, and national surveillance 
relies on a passive notification system based on WHO 
clinical definition. Recent studies have highlighted the 
significant circulation of Bp in both countries among 
3–15 year olds vaccinated during their first year of life, 
surely due to loss of vaccine-induced immunity over 
time [8, 9]. This finding stands in contrast with the low 
annual number of cases notified in those countries over 
the past ten years, ranging from none to 413 and none to 
54 in Madagascar and Cambodia respectively [10]. This 
gap suggests that the disease burden is grossly underes-
timated, hindering the optimal use of resources and the 
development of vaccination strategies tailored to the 
local epidemiology of the disease.

We present the results of a hospital-based prospective 
study (PS) linked to a contact-case investigation (CCI) 
made possible by the initiation of PCR and serology labo-
ratories at the Institut Pasteur of Madagascar (IPM) and 
the Institut Pasteur of Cambodia (IPC). In the PS, infants 
under six months of age presenting with pertussis-like 
syndrome were included to estimate the proportion of 
whooping cough microbiologically confirmed by PCR. 
We also evaluated vaccination coverage (the proportion 
of eligible, vaccinated individuals) and compliance in 
these populations. The CCI (PCR and serology) was con-
ducted within the households of identified index cases to 
assess pertussis circulation.

Materials and methods
Study population and design
The PS was conducted in Antananarivo city, Madagascar 
from March 2017 to April 2019, and in six provinces of 
Cambodia from May 2017 to July 2019. In Madagascar, 
infants were recruited in two university hospitals in Anta-
nanarivo. In Cambodia, recruitment was implemented in 
eight hospitals and clinics across six different provinces. 
Infants were eligible for enrollment as index cases if they 
were younger than six months and presenting with a per-
sistent cough for a minimum of five days associated with 
at least one symptom among apnea, inspiratory “whoop-
ing” or post-coughing vomiting, or with a confirmed case 
of whooping cough in the entourage. After inclusion, one 
nasopharyngeal swab (NPS) in each nostril was collected 
for PCR analysis. Data on age, sex, size and weight, birth 
information (weight and term at birth), pertussis vacci-
nation history based on vaccination booklets, type and 
duration of pertussis-related symptoms, laboratory test 
results (if available), antibiotic treatment type and dura-
tion, previous consultations, family composition and 
cases of cough in the entourage were recorded. Pertus-
sis-related symptoms, antibiotic treatment, hospitaliza-
tion and disease outcome were followed up, either when 
the infant was discharged from hospital or during a later 
visitat hospital. Individuals for whom post-tussive vom-
iting was reported had the ‘Vomiting’ variable coded as 
present.

For each positive (index) case, up to six contact cases, 
living or not in the same household, were recruited 
within fourteen days of respective index case inclusion. 
The inclusion criterion for close contacts was regular 
contact (> one hour/day) with the index case for at least 
five days before symptom onset in the infant. Upon 
enrollment of contact cases, one NPS in each nostril and 
one capillary blood sample were collected. Data on age, 
gender, the relationship with the index case, pertussis 
vaccination history based on vaccination documents or 
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declarative answers, and type and duration of past and 
current pertussis-related symptoms were recorded.

Data were collected on standardized paper question-
naires and saved in a computer database (Supplementary 
Fig. 2). This questionnaire was already used in the study 
described in [11]. In Madagascar, data were recorded by 
two different data clerks using a double-entry method.

Biological sample collection and analysis
All analyses (PCR and serology) were performed by 
the IPM and IPC laboratories, respectively. To ensure 
the quality and accuracy of results, double validation 
was conducted and, when the results were inconsistent 
between the IPM or IPC and the Institut Pasteur, the test 
was repeated.

Real‑time quantitative Polymerase Chain Reaction (qPCR)
As previously described [11], samples were collected by 
nurses in a standardized manner across the study sites. 
NPS samples were taken using eSwab-containing Amies 
transport medium (Dacron, ref. 482CE). Samples were 
sent (temperature- and time-controlled transport) to the 
Molecular Biology Platforms at the IPM and IPC.

Quality control samples and Bp, Bpp and B. holmesii 
positive control samples were provided by Quality Con-
trol for Molecular Diagnostics (QCMD, Glasgow, Scot-
land), an independent International External Quality 
Assessment organization. Quality controls were blind 
tested before the study began.At laboratories level, NPS 
were kept at 4°C before DNA extraction within 48 hours. 
When not possible, the sample was stored at −80°C until 
processing. Samples were homogenized by vortex and 
the swab was discarded. Total DNA was extracted from 
100 µl of the transport media (pure sample), which was 
then diluted: 10 µl of the transport media were spiked 
into 90 µl of sterile water (diluted sample) using the 
commercial High Pure PCR Template Preparation Kit 
(Roche). For each sample, both pure and diluted DNA 
extract solutions were tested by qPCR to address pos-
sible PCR inhibition: the diluted DNA extract solution 
was meant to detect PCR inhibition in the pure sample 
caused by too large quantity of DNA, to avoid false nega-
tive qPCR results. PCR was carried out using the com-
mercial LightCycler 480 Probes Master kit (Roche), 0.5 
µM forward and reverse primers and 0.2 µM TaqMan 
probe (TIB Molbiol), 2.5% DMSO (Sigma) and 5 µl of 
DNA extract solution. The sequence of Rnase P human 
gene was amplified to ascertain the quality of sampling 
and laboratory procedures. The amplification of inser-
tion elements IS481 (Bordetella spp.) and IS1001 (Bpp) 
was first assessed. IS481 qPCR is very sensitive but not 
specific as it targets the DNA of both B. pertussis and B. 
holmesii [11]. Therefore, IS481 + samples were tested for 

ptxP, IS1002 and hIS1001 amplification to identify Bp 
(ptxP + and/or IS1002+) and B. Holmesii (hIS1001+). In 
cases of IS481 + samples with neither IS1002 nor hIS1001 
amplification, we considered the sample as “Bor+” (Sup-
plementary Figure S1). PCR analyses were carried out 
using the LightCycler 96 Instrument (Roche) and, after 
validation, CFX96 (Bio-Rad). Purified DNA from Borde-
tella reference strains and non-template control samples 
(PCR-grade water) were included as positive and nega-
tive qPCR control samples, respectively, in each qPCR.

Serology analysis
One blood sample (200–400 µl) was also collected in 
SST microtainer tubes from a fingertip using a 23G lan-
cet needle (Becton Dickinson, ref. 365968 and 369523, 
respectively). Once received by the laboratories, the 
blood was immediately spun and the serum was stored at 
−20°C for further analysis.

As previously described [8, 12, 13], anti-PT IgG titers 
were quantified using a commercial purified PT-con-
taining enzyme-linked immunosorbent assay (ELISA) 
kit (EUROIMMUN; reference EI 2050-G) [14] and the 
WHO reference serum available from the National Insti-
tute for Biological Standards and Control (NIBSC, newly 
MHRA). All tests had internal negative and positive con-
trols and passed the validity criteria. The results were 
reported as International Units (IU)/ml. The lower limit 
of quantitation (LLOQ) was defined as 5 IU/ml. Anti-PT 
IgG levels ≥ 40 IU/ml were considered seropositive.

Case definition
Definition of B. pertussis and B. parapertussis cases

A cycle threshold (Ct) value at 35 was considered for 
IS481 + PCR. Among IS481 + samples, Bp was molecu-
larly confirmed with IS1002 + and/or ptxP+. For an 
individual identified as a Bor + case (only IS481+), Bp 
diagnosis was considered due to epidemiologic reasons 
when, the Bp species was found in at least one contact 
case by serology or PCR. If no contact fulfilled these con-
ditions, cases were considered as negative case as well as 
B. holmesii cases in the main analysis.

Bpp was molecularly confirmed with IS1001+.

Statistical analyses
For continuous variables, medians, interquartile ranges 
[IQR], minimums and maximums were calculated. For 
categorical variables, proportions were computed and 
comparisons made using the two-sided Chi-square or 
Fisher’s exact test whenever the number of observa-
tions in any category was below five; the non-parametric 
Wilcoxon Rank Sum test was used for continuous vari-
ables. When necessary, continuous variables were cat-
egorized based on median values or values commonly 
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acknowledged in the literature. Spearman’s coefficient 
was used to assess rank correlation.

In the PS, anthropometric z-scores for weight-for-
height, height-for-age and Body Mass Index (BMI) for 
age were calculated and interpreted using the WHO 
and Centers for Disease Control and Prevention Child 
Growth Standards [15]. Weight-for-height, height-for-age 
and BMI were interpreted as abnormally low when the 
corresponding z-score was more than two standard devi-
ations below the WHO Child Growth Standards median. 
The scores were computed using the zscorer package in 
R version 4.3.1. Data on infants’ weight and term at birth 
were obtained from their health booklets. Data from 
infant hematological examinations were considered when 
generated up to three days before or after inclusion. We 
created a variable where observations made either before 
inclusion (reports by parents) or at inclusion (observa-
tions by doctors) were considered, so that if a sign had 
been reported at or before inclusion or both, it was con-
sidered as a reported clinical sign.

To define the timeliness of pertussis immunization, 
and due to the population of patients recruited (aged ≤ 6 
months) in the PS, we assessed compliance as the number 
of doses received by an individual relative to the number 
of doses expected at their age among eligible children (i.e. 
older than 6 weeks). Following the pertussis vaccination 
schedule in Cambodia and Madagascar, timeliness with 

the national schedule was defined as having received the 
first injection at ≥ 38 days and before 10 weeks of life, 
and the second and third injections 17 days to 5 weeks 
after the previous dose. Vaccine doses were considered as 
received and active only when injected at least seven days 
before inclusion.

To evaluate the risk factors associated with whooping 
cough infection (identified through a positive PCR), the 
factors associated with the outcome with a p-value ≤ 0.20 
in the univariate analysis were considered in the multi-
variate analysis by logistic regression. Data from infant 
hematological examinations were not included in this 
analysis due to the small sample size in Madagascar. 
Severity of the multicollinearity was checked through the 
Variance Inflation Factor (VIF) test. Only variables with 
VIFs below ten were included in the logistic regression 
model.

Statistical analyses were performed using Stata 18.0 
(StataCorp LLC, Texas, USA).

Results
Hospital‑based prospective study in Cambodia
Study population
A total of 210 infants were enrolled over a period of 25 
months. PCR analyses were carried out on all partici-
pants. Three were excluded from the further analysis due 
to a Ct value above 35 for IS481 (Fig. 1).

Fig. 1  Flowchart of the cohort study and contact cases investigation study. Numbers for Cambodia are written in dark green (left) and numbers 
for Antananarivo are represented in pink (right)
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Among the 207 participants, the gender ratio (M/F) 
was 1.13 and the median [IQR] age was 2.5 [1.6–3.5] 
months, ranging from 13 days to 6.4 months. The popula-
tion description is shown in Table 1. Briefly, 143 (69.1%) 
infants received fewer than two vaccine injections against 
pertussis. 108 of the 162 (66.7%) infants above 6 weeks of 
age were compliant with the EPI.

Birth weights were low for 21 (10.1%) infants. As 
described in the Table  1, before inclusion 168 (81.2%) 
infants had previously attended at least one medical 
consultation. Hundred and twenty (58.0%) had received 
antibiotic therapy. Among them, macrolides had been 
given to 19 (15.8%), and 13 infants (10.8%) had received 
antibiotic therapy independently of any previous con-
sultation. As described in the Supplementary Table  1, 

regarding clinical symptoms, apnea, cyanosis, inspiratory 
whoop and post-tussive vomiting were observed before 
inclusion for 32 (15.5%), 71 (34.3%), 80 (38.6%) and 114 
(55.1%) patients, respectively.

Regarding the infants’ household characteristics, the 
median [IQR] number of people per household was 6 
[4–7] ranging from 3 to 17, including 3 [2–4] adults rang-
ing from 2 to 10. The median [IQR] number of people 
between 6 and 15 years old was 0 [0–1], ranging from 0 to 
9 children. The median [IQR] number of people between 
0 and 5 years old was 1 [1–2], ranging from 0 to 7. Cough 
in the entourage was reported by 127 (61.4%) individuals.

As described in the Table  1, at inclusion, the median 
[IQR] duration of cough was 7 [6–10] days, ranging from 
5 to 36 days. Twenty-one (10.1%) infants presented with 

Table 1  Population description, pvalues correspond to comparison between the ‘Positive cases’ and ‘Negative cases’ columns

*DTP-containing vaccines (Diphtheria, Tetanus and Pertussis)

**Percentage among patients having received antibiotic therapy
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a cough for more than 14 days. Forty-seven (22.7%), 56 
(27.1%) and 40 (19.3%) infants had a low BMI, height-for-
age (stunting) and weight-for-height (wasting), respec-
tively. As described in Supplementary Table  2, apnea, 
cyanosis, inspiratory whoop and post-tussive vomiting 
were observed for 39 (18.8%), 86 (41.5%), 92 (44.4%) and 
139 (67.1%) patients, respectively. Fever was noted for 
34 (16.4%) patients and median [IQR] oxygen saturation 
was 97% [95–98]. An abnormal pulmonary auscultation 
was observed for 126 (60.9%) infants (Supplementary 
Table  2). Table  2 describes reports of pertussis-related 
symptoms, when data are considered both before and at 
inclusion.

Biological analyses were performed for 114 infants 
(55.1%). Among them, 31 (27.2%) infants had more than 
9000 lymphocytes/mm3, with a median [IQR] of 6505 
(5240–9450) ranging from 1210 to 34190 lymphocytes/
mm3 (Table 3).

Laboratory diagnosis
Bp and/or Bpp PCR diagnosis was provided for 207 
infants. A total of 54/207 (26.1%) infants were confirmed 

as positive cases. There were 51 (24.6%) Bp positive cases 
only, one (0.5%) Bp/Bpp coinfection and two (1.0%) Bpp 
positive cases only. No B. holmesii positive case was 
detected.

The characteristics of positive and negative cases are 
presented in Tables 1 and 2.

Among the 54 positive cases, 45 (83.3%) were under 
3 months of age and none had received three vaccine 
injections. Antibiotic therapy was received by 33 (61.1%) 
positive cases, of whom four received macrolides, all less 
than three days before inclusion. Duration of cough at 
inclusion was more than 7, 10 and 14 days for 40 (74.1%), 
25 (46.3%) and 11 (20.4%) positive cases, respectively 
(Table  1). Apnea, cyanosis, coughing spells and post-
tussive vomiting were declared or observed before or at 
inclusion for 48 (23.2%), 95 (45.9%), 131 (63.3%) and 154 
(74.4%) of the positive cases, respectively (Table 2). Pul-
monary auscultation, assessed at inclusion, was abnormal 
for 26 (48.1%) infants (Supplementary Table 2).

As reported in the Table  1, among negative cases, 
96 (62.7%) were under 3 months. Antibiotic therapy 
was given to 87 (56.9%), of whom 15 (17.2%) received 

Table 2  Symptomatology, when reports before and at inclusion are considered together (pink: Antananativo: green: Cambodia)

*Patients with post-tussive vomiting are considered as having vomited as well

Table 3  Data from hematological examinations. P-values correspond to comparison between the ‘Positive cases’ and ‘Negative cases’ 
columns. Column headings are in pink for Antananarivo and in green for Cambodia
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macrolides. Among these fifteen infants, two cases 
had been exposed to macrolides more than three days 
before inclusion (one with erythromycin and one with 
azithromycin).

Regarding hematological analysis, the level of lympho-
cytes tended to be higher among positive pertussis cases, 
with 18 infants (51.4%) having more than 9000 lympho-
cytes/mm3 relative to 13 (16.5%) infants among the nega-
tive cases (p < 0.01) (Table 3).

In the multivariate logistic regression analysis (Table 4), 
several factors were significantly associated with a higher 
risk of pertussis infection (Table 4): having received less 
than two doses of vaccine, coughing for more than ten 
days, coughing spells reported at or before inclusion, pre-
senting with apnea reported at or before inclusion, pre-
senting with normal pulmonary auscultation as well as 
having someone coughing around the baby.

Clinical status during the final evaluation
The final evaluation was performed significantly earlier 
among negative cases (p < 0.001), at a median timepoint 
of 7 days [IQR: 6–9] ranging from 1 to 59 days, relative 
to positive cases, at a median timepoint of 14 days [IQR: 
13 to 16] ranging from 3 to 27 days. Of note, 26 (48.1%) 
positive cases and one (0.7%) negative case presented 
with persistent cough. Due to the difference in dura-
tion of follow-up, we could not compare the two groups. 
One infant was lost to follow-up (0.5%). Two infants, 
both positive cases, died (1.0%): one on the day of inclu-
sion and one a day later. The two infants were girls, aged 
30 and 75 days, who died after 10 and 11 days of cough, 
respectively. One girl had had three consultations before 
inclusion, the other none. Neither had received mac-
rolides. Both presented with coughing spells, apnea, cya-
nosis, inspiratory whooping, post-tussive vomiting and 
abnormal pulmonary auscultation.

Hospital‑based prospective study in Antananarivo 
(Madagascar)
Study population
A total of 202 infants were enrolled over a period of 27 
months. Bp and Bpp diagnosis could be evaluated for 173 
of them (Fig. 1). Twenty-six patients were excluded due 
to protocol deviation or high Ct value (> 35).

Among the 173 participants, the gender ratio (M/F) 
was 1.28. The median [IQR] age was 2.1 [1.4–2.9] 
months, ranging from 14 days to 6.0 months. The popula-
tion description is shown in Table 1. Briefly, 133 (76.9%) 
infants received fewer than two vaccine injections against 
pertussis. 84 of the 132 infants (63.6%) above 6 weeks of 
age were compliant with EPI.

Birth weights were low for 34 (19.7%) infants. As 
reported in Table 1, before inclusion 127 (73.4%) infants 

had previously attended at least one medical consulta-
tion. Antibiotic exposure was reported by 139 (80.3%), 
of whom 29 (20.9%) independently of any consultation 
declared. Sixty-one of the 139 patients with antibiotic 
therapy (43.9%) had received macrolides. As reported in 
the Supplementary Table 1, apnea, cyanosis, inspiratory 
whoop and post-tussive vomiting were observed before 
inclusion for 9 (5.2%), 45 (26.0%) and 27 (15.6%) and 52 
(30.1%) infants, respectively.

Regarding the infants’ household characteristics, the 
median [IQR] number of people per household was 5 
[4–6] ranging from 2 to 13, including 2 [2–3] adults rang-
ing from 1 to 9, 0 [0–1] between 6 and 15 years old rang-
ing from 0 to 4 children, and 1 [1–2] child between 0 and 
5 years old ranging from 0 to 3. Cough in the entourage 
was reported for 84 (48.6%) individuals.

As reported in the Table  1, at inclusion the median 
[IQR] duration of cough was 7 [6–11] days, ranging 
from 5 to 55. Twenty-eight infants (16.2%) presented 
with more than 14 days of cough. Forty-four (25.4%), 70 
(40.5%) and 28 (16.2%) infants had a low BMI, stunting 
and wasting, respectively. Apnea, cyanosis, inspiratory 
whoop and post-tussive vomiting were observed for 20 
(11.6%), 51 (29.5%), 19 (11.0%) and 33 (19.1%) patients, 
respectively. Fever was noted for 21 (12.1%) patients. An 
abnormal pulmonary auscultation was observed for 155 
(89.6%) infants. Only eight infants had oxygen saturation 
recorded. The median [IQR] oxygen saturation was 90.5% 
[80–95] (Supplementary Table 2).

Biological analyses were performed for 34 infants 
(19.7%). Among them, 5 (14.7%) had more than 9000 
lymphocytes/mm3, with a median [IQR] of 4425 [3230–
7090] ranging from 582 to 16000 lymphocytes/mm3 
(Table 3).

Laboratory diagnosis
A total of 38/173 (22.0%) infants were confirmed as posi-
tive cases. There were 26 (15.0%) Bp positive cases only, 
two (1.2%) Bp/Bpp coinfections and 10 (5.8%) Bpp posi-
tive cases only. No B. holmesii positive case was detected. 
The characteristics of positive and negative cases, aggre-
gated across observations preinclusion and at inclusion, 
are presented in Table 2.

Among the 38 positive cases, one (2.6%) had received 
three vaccine injections. This infant was a 41-week-old 
full-term girl with 16 days of cough at inclusion who 
received her vaccine doses at 6, 11 and 15 weeks. Anti-
biotic therapy was given to 31 (81.6%) positive cases, of 
whom 17 (54.8%) received macrolides. Among them, 
four (23.5%) had received macrolides (erythromycin) 
more than three days before inclusion. Duration of 
cough was more than 7, 10 and 14 days for 30 (78.9%), 
22 (57.9%) and 13 (34.2%) positive cases, respectively. 
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Table 4  Factors associated with positivity in Cambodia, based on logistic regression
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Apnea, cyanosis, coughing spells and post-tussive vom-
iting were declared or observed before or at inclusion 
for 5 (13.2%), 15 (39.5%), 34 (89.5%) and 18 (47.4%) of 
the positive cases, respectively. Pulmonary ausculta-
tion, assessed at inclusion, was abnormal for 31 (81.6%) 
infants.

As reported in Table  1, among negative cases, 104 
(77.0%) were under three months. Antibiotic exposure 
was reported in 108 (80.0%) children, of whom 44 (40.7%) 
had received macrolides. Duration of macrolide expo-
sure was above three days before inclusion for fourteen 
of them (31.8%), specifically erythromycin for twelve, 
pristinamycin and spiramycin for the two others. Five 
of these fourteen infants (35.7%) had had no previous 
consultation.

In the hematological analysis, there was no difference 
regarding the level of lymphocytes between the positive 
and negative pertussis cases (p = 0.9) (Table 3).

In the multivariate logistic regression analysis, several 
factors were significantly associated with a higher risk 
of pertussis infection (Table 5): coughing for more than 
ten days and presenting clinically well between coughing 
spells, reported before inclusion.

Clinical status during the final evaluation
The final evaluation was performed significantly earlier 
among negative cases (p < 0.001), at a median timepoint 
of 4 days [IQR: 3–6] ranging from one to 27 days, rela-
tive to positive cases, at a median timepoint of 13 days 
[IQR: 13 to 14] ranging from 1 to 17 days. Because of this 

Table 5  Factors associated with positivity in Madagascar, based on logistic regression
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difference, final status could not be compared between 
the infected and noninfected infants. Five negative cases 
were lost to follow-up (3.7%) and three infants, all posi-
tive cases, died (1.7%) during the course of the study. 
These infants were one girl and two boys, aged 43, 38 
and 56 days, who died two, three and seven days after 
inclusion, respectively. They had been coughing for less 
than seven days. Before inclusion, the girl had attended 
two consultations, one boy had not attended any and the 
other boy had attended one. The girl had received eryth-
romycin one day before inclusion and had low BMI, and 
one of the two boys also had low BMI compared to the 
second.

Comparison between populations studied in Cambodia 
and Madagascar
The infants in the two groups presented with a similar 
duration of cough at inclusion (median [IQR], 7 [6–11] 
in Madagascar, 7 [6–10] in Cambodia, p-value > 0.3), and 
with a similar positivity rate (22.0% in Madagascar, 26.1% 
in Cambodia, p-value > 0.3). In Antananarivo, infants 
were significantly younger (p < 0.02), with a higher pro-
portion of premature births (p < 0.001), low birth weights 
(p < 0.001) and stunting (p < 0.001). Of note, abnormal 
pulmonary auscultation was more often reported in the 
Madagascan infants when the general study population 
was considered (p < 0.001), as well as when positive cases 
were considered (p < 0.001).

Contact‑case investigation in Cambodia
During the contact-case investigation, households of 
the 54 positive index cases were investigated. A total of 
232 individuals were recruited; all accepted the NPS and 
blood sampling (Fig.  1). The median [IQR] age of con-
tact cases was 26.7 [9.3–36.9] years, ranging from 1.1 to 
79.7 (Supplementary Table 3). Among them, 151 (65.1%) 
were females and 151 (65.1%), 48 (20.7%) and 33 (14.2%) 
were adults (i.e. ≥15 years old), children aged 6 to 15 and 
children under 5, respectively. The median [IQR] num-
ber of contact cases investigated per household was 5 
[4–5], ranging from 2 to 5. Contact cases consisted of 
50 (21.6%) mothers; 43 (18.5%) grandparents; 42 (18.1%) 
siblings and cousins above 5 years old; 35 (15.1%) uncles 
or aunts; 32 (13.8%) fathers; and 30 (12.9%) siblings and 
cousins 5 years old or younger (Table Supplementary 3).

Two thirds of the contact cases (178 (76.7%)) presented 
with cough.

Laboratory diagnosis
The median [IQR] interval between index identification 
as a positive case and contact investigation was 8 [6–9] 
days and ranged from 3 to 13. The median [IQR] interval 

between the onset of symptoms in index cases and the 
investigation was 16 [12–19] days, ranging from 9 to 32.

Bp and/or Bpp positive cases were confirmed by PCR 
and/or serology for 118/232 (50.9%) contact cases, 
among which 75/232 (32.3%) by PCR and 74/232 by 
serology (31.9%), with a serology titration above the 40 
IU/mL threshold. Both positive serology and PCRs were 
observed for 31 (13.4%) contact cases. In the PCR results, 
Bp, Bpp cases and coinfections were found for 70 (30.2%), 
2 (0.9%) and 3 (1.3%) individuals, respectively. B. holmesii 
were detected for two individuals, with no coinfection. 
36/232 (15.5%) had a serology result above 100 UI/mL.

The median [IQR] number of positive cases by PCR or 
serology investigated per household was 2 [1–3], rang-
ing from 0 to 5, with a median of 50% [30–80] of posi-
tive cases in a household, ranging from 0–100%. A large 
majority of households (51/54; 94.4%) had at least one 
positive case. If only Bp-positive index households are 
considered (infection or coinfection), the proportion 
of households with at least one case positive by PCR or 
serology was 96.2% (50/52).

No pertussis infection was detected in three house-
holds, representing twelve people. The index cases from 
these three households consisted of two Bp cases and 
one Bpp case. For one Bp case, four adults were recruited 
for the CCI. For the other Bp case, two adults and one 
child were recruited. A vast majority of these individu-
als reported cough (83.3%, 10/12), with a median [IQR] 
duration of 8 [3–11] days.

Contact‑case investigation in Antananarivo (Madagascar)
During the contact-case investigation, 32 households 
were included with 128 individuals. Six households were 
not investigated due to unwillingness to participate. PCR 
and serology analyses were carried out on 124 partici-
pants following the exclusion of four participants belong-
ing to the same household. Two more participants were 
excluded from PCR analyses due to a Ct value above 
35, and one due to an aberrant PCR result, resulting in 
121 individuals with PCR results. One individual was 
excluded from the serology analysis due to a problem 
with the diagnosis by ELISA, resulting in 120 individu-
als with ELISA results. The individuals belonged to 31 
households (Fig. 1).

The median [IQR] age of contact cases was 19.9 [7.45–
30.25] years, ranging from 1.6 to 68.5 years (Supplemen-
tary Table 3). Among them, 71 (58.7%) were females and 
71 (58.7%), 28 (23.1%) and 22 (18.2%) were adults (i.e. 
older than 15 years), children aged 6 to 15 and children 5 
years old or below, respectively.

The median [IQR] number of contact cases investigated 
per household was 4 [3–5], ranging from 1 to 6 individu-
als. Contact cases consisted of 29 (24.0%) mothers; 22 
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(18.2%) siblings and cousins under 5 years; 22 (18.2%) 
siblings and cousins above 5 years; 19 (15.7%) fathers; 16 
(13.2%) uncles or aunts; 11 (9.1%) grandparents and two 
(1.7%) nurses (Table Supplementary 3).

Just over half of the contact cases (63 (53.7%)) pre-
sented with coughs.

Laboratory diagnosis
The median [IQR] interval between index identifica-
tion as a positive case and contact investigation was 7 
[4–8] days and ranged from 3 to 13. The median [IQR] 
interval between the onset of symptoms in index cases 
and the contact case investigation was 18 [14–21] days, 
ranging from 7 to 44. Bp and/or Bpp positive cases were 
confirmed by PCR and/or serology for 82/121 (67.8%) 
contact cases, among which 71/121 (58.7%) by PCR and 
35/121 by serology (28.9%). PCR results revealed that Bp, 
Bpp infection and coinfection were found for 58 (47.9%), 
7 (5.8%) and 6 (5.0%) individuals, respectively. No B. hol-
mesii positive case was detected.

The median [IQR] number of positive cases by PCR or 
serology per household was 3 [2–4], ranging from 0 to 6, 
with a median of 80% [40–100] of positive cases among 
all the contacts in a household, ranging from 0–100%. A 
large majority of households (28/31, 90.3%) had at least 
one positive case. When only Bp-positive index house-
holds were considered (infection or coinfection), the pro-
portion of households with at least one case positive by 
PCR or serology was 96.0% (24/25). No pertussis infec-
tion was detected in three households, representing nine 
people. The index cases of these households were two 
Bpp cases and one Bp case. For the Bp case, only two 
adults were recruited during the CCI. Three out of nine 
(33.3%) individuals reported cough, with a median [IQR] 
duration of five [2–7] days; none reported apnea, cyano-
sis or vomiting. Inspiratory whoop was reported by one 
of them (11.1%).

Discussion
Using PCR and serology, we evidenced high pertussis cir-
culation in Cambodia and Antananarivo among infants 
and their contacts across all age categories.

Bp or Bpp positive cases were confirmed in 26.1% and 
22.0% of the infants in Cambodia and Antananarivo, 
respectively.

In Cambodia, 51 (24.6%) infections were caused by 
Bp versus 26 (15.0%) in Antananarivo. Two infants in 
Cambodia (1.0%) and ten in Antananarivo (5.8%) were 
Bpp positive cases. In Cambodia and Antananarivo, one 
infant (0.5%) and three infants (1.2%) respectively were 
coinfected with Bp and Bpp. This study therefore shows 
that pertussis circulates highly in both Cambodia and 
Antananarivo, with noticeably more Bpp infections in 

Antananarivo than in Cambodia, as well as compared to 
Tehran data collected with a similar protocol [11].

It is worth noting that the high number of infections 
reported here might be underestimated, especially in 
Antananarivo, where two Madagascan infants with a 
negative PCR had been coughing for 45 and 50 days at 
inclusion. Moreover, fourteen (8.0%) of the negative cases 
had received macrolides more than three days before 
inclusion. In Cambodia, two infants were affected (9.0%). 
Generally, the study reveals high exposure to antibiot-
ics, especially in Antananarivo, where over four in five 
infants (80.3%) had received antibiotic therapy, versus 
58.0% in Cambodia, raising questions over the possible 
impact of prescription on antibiotic resistance in these 
two geographical areas. Our study also revealed antibi-
otic uptake independently of medical consultations for as 
much as 20.9% of the cohort in Antananarivo (resp. 10.8% 
in Cambodia). These antibiotics were presumably bought 
at traditional or urban markets and have unknown effec-
tiveness and toxicity. It is important to note that in Anta-
nanarivo, four positive cases had received macrolides 
(erythromycin) more than three days before inclusion. 
Our data do not enable us to decipher whether this is 
linked to a problem with absorbance, the fact that the 
macrolides could not be fully ingested for various reasons 
relating, for instance, to the population’s young age, or to 
pertussis strains resistant to macrolides.

Regarding deaths, all died within the first week of 
inclusion. Duration of cough and number of consulta-
tions before inclusion among these children highlight 
both the disease’s potential severity and the need for 
early diagnosis.

The multivariate analysis shows that coughing for more 
than ten days at inclusion is a risk factor for pertussis in 
both the Madagascan and Cambodian cohorts, consist-
ent with the known long duration of cough in pertussis 
cases [16, 17]. In addition, consistent with a pertussis 
protection level of at least 80% with two doses [18], hav-
ing received at least two vaccine doses appears to be a 
protective factor in Cambodia. In this cohort, infants 
under three months were overrepresented among the 
sick infants, highlighting the vulnerability of this popu-
lation, too young to receive two or three doses of vac-
cine. Indeed, virtually all deaths by pertussis occur, in the 
present era, in infants under four months [16], and the 
vulnerability of infants under three months has repeat-
edly been shown, recently in Mexico [19] and Panama 
[20] for instance. More surprisingly, having received two 
doses does not appear to be a protective factor in Mada-
gascar, although older infants had received more doses 
than younger infants, as expected. Several factors might 
explain this result, such as weak effectiveness of the vac-
cine itself, which varies greatly across wPV producers [6]. 
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Issues with cold chain management have been reported 
as an area of improvement in African countries and could 
also be at play [21]. Finally, it is possible that nutritional 
deficiencies weakened the vaccines’ protective effect in 
some infants since the literature suggests links between 
malnutrition and ineffective immunological memory 
mechanisms [22, 23]. In Madagascar, nearly 40% of chil-
dren are malnourished, and 40.5% of our cohort had 
stunting, a possible sign of malnutrition.

Clinical signs identified as pertussis risk factors in 
Cambodia were the following: presenting with normal 
pulmonary auscultation, coughing spells or apnea. The 
presence of someone coughing and in close contact also 
appeared, unsurprisingly, to be a risk factor. These find-
ings are consistent with the symptomatology of pertussis 
commonly described in infants. Greenberg et al. report 
that coughing spells, when they are observed, occur more 
than twelve times per day and at night in this population, 
and that 35–53% of neonates present with apnea [17], 
while normal chest examination has been described as a 
typical sign for pertussis [16]. The results of hematologi-
cal analyses were also consistent with the literature [16, 
17], with more hyperlymphocytosis and hyperleukocyto-
sis observed among positive than negative cases.

In contrast with the multitude of risk factors identified 
in the Cambodian cohort, in Antananarivo, apart from 
cough longer than ten days, the only risk factor identi-
fied was being clinically well between coughing spells, a 
characteristic also found in the literature [17]. An impor-
tant observation though is that 89.6% of the Madagascan 
cohort presented with abnormal pulmonary auscultation, 
significantly more than in Cambodia (60.9%), suggesting 
a very high rate of bacterial coinfections. In Madagascar, 
acute respiratory infections from etiologies other than 
pertussis are frequent [24, 25] and the situation was pos-
sibly worsened here by a plague outbreak from August 
2017 to November 2017, overlapping with the recruit-
ment period. In addition, the infants might have been 
more likely to develop respiratory tract infections due to 
nutritional deficiencies [26, 27].

On one hand, the long list of risk factors identified in 
Cambodia validates the robustness of the study. On the 
other, coinfections with pertussis and additional bacteria 
possibly obscured clinical presentation of the disease in 
Antananarivo, leading to only two identified risk factors. 
This is a general reminder of the critical importance of 
laboratory techniques such as PCR and serology to detect 
the disease reliably due to the lack of specific symptoms 
in cases of whooping cough [28] and especially in infants, 
who appear deceptively well [16].

With 353 contact cases investigated in total with PCR 
and serology, we present here the results of a large inves-
tigation study. The CCI shows the high circulation of 

pertussis among individuals in all age categories and very 
high transmission within households, thereby extend-
ing the results obtained in infants. More than two thirds 
(67.8%) of the contact cases were infected in Antanana-
rivo, with positive cases found in 90.3% of the house-
holds. Over half of the contact cases were infected in 
Cambodia (50.9%), with positive cases found in 94.4% 
of the households. Ten percent of the contact cases 
were found to be Bpp positive cases or Bp/Bpp cases in 
Antananarivo, five times more than in Cambodia. The 
composition of investigated households and the lack of 
serological detection of Bpp infection may explain the 
rare cases of households with no positive cases detected.

The evidence we find of substantial circulation in the 
households of infected infants is consistent with the few 
but recent seroepidemiological studies conducted in 
these two countries [8, 9, 29].

Limitations
As discussed previously, previous exposure to macrolides 
and/or long duration of cough could lead to an underes-
timation of the number of positive cases. Indeed, PCR 
positivity starts to decrease after 21 days of cough [30, 
31]. Another limitation of the study is that, in Antana-
narivo, we had a very high number of missing values in 
the hematological results, certainly due to lack of access 
to laboratory tests for financial reasons. For the same 
reasons, we have no information on co-infections with 
pertussis. As for the CCI, we might have missed positive 
contact cases infected with Bpp, and therefore slightly 
underestimated the level of infection in households, since 
serology cannot detect Bpp.

Conclusion
We have highlighted high pertussis circulation among 
infants with at least five days of cough and at least one 
pertussis-like symptom, as well as in their households, 
across all age categories. Given the vulnerability of young 
infants, who are too young to receive full primary vacci-
nation and of whom five died in this study, boosters are 
clearly needed to interrupt transmission chains. Mada-
gascar’s results further indicate that laboratory access to 
dedicated molecular diagnostics is key to detect cases 
early independently of symptomatology, and act effec-
tively at an individual and collective level. This is espe-
cially needed in settings where the clinical presentation 
can be obscured by secondary infections.
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