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Abstract 

Despite the availability of pertussis vaccines since the 1940s, pertussis epidemics still occur regularly, 

with significant consequences for families worldwide. Acellular pertussis (aP) vaccine  effectiveness 

estimates vary by age, doses, local epidemiology, surveillance methods, and outcomes of interest. 

Understanding why aP vaccines fail and the factors predict failure may lead to better pertussis control 

in Aotearoa New Zealand (NZ). 

Aim 

To identify and test candidate predictors for pertussis vaccine failure in NZ.  

Methods 

This thesis comprises four data linkage studies investigating the epidemiology of pertussis vaccine 

failure in NZ between 2006 and 2016. Using individually linked data for almost all fully vaccinated 

infants and young children in NZ, the first study reported incidence and described pertussis vaccine 

failure cases. The second and third studies statistically tested host-related candidate predictors. The 

fourth study tested whether there were regional differences in susceptibility for pertussis vaccine 

failure during the 2011 – 2013 pertussis epidemic.  

Findings 

The incidence of pertussis vaccine failure over the study period was 0.3%. A small number of fully 

vaccinated pertussis cases were hospitalised, hospitalisations were not severe, and none died. The 

strongest signals for host-related candidate predictors were from those indicating respiratory 

vulnerability. Increased susceptibility to pertussis vaccine failure was observed in the region with the 

lowest pertussis vaccination coverage indicating some aP herd effect.  
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Chapter 1 

1 

Chapter 1 Introduction 

1.1 Rationale 

Pertussis is an endemic disease, and despite improving pertussis vaccination coverage in Aotearoa 

New Zealand (NZ), regular epidemics continue (Ministry of Health, 2020c). Vaccination coverage and 

vaccine effectiveness (VE) in under four-year-olds are of particular importance because infants suffer 

the highest pertussis mortality and morbidity, and preschool-aged siblings are a significant source of 

pertussis for their infant siblings. Pertussis vaccination is an effective intervention against pertussis-

related complications and death, but acellular pertussis (aP) vaccines have limitations in the level and 

duration of protection conferred (C. C. Grant & Reid, 2010). aP VE estimates vary by age, doses, local 

epidemiology, surveillance methods, and outcome of interest.  

In NZ, the most recent VE1 estimate for three doses of aP in infants is 93%, with 91% effectiveness 

maintained until four years old (Radke et al., 2017). However, due to the small number of vaccinated 

pertussis cases, VE estimates were not available by subgroup, even though social and biological 

characteristics influence VE and disease risk. Most published pertussis VE studies do not provide 

details on vaccinated pertussis cases. Still, these cases offer important information about risk 

heterogeneity and can lead to interventions, such as high-risk schedules. 

There are limited published studies on pertussis vaccine failure, all from the Senegal pertussis trial 

between 1990 and 1994 (Broutin, Simondon, Rohani, Guégan, & Grenfell, 2004; Gaayeb et al., 2014; 

Lacombe, Yam, Simondon, Pinichiant, & Simondon, 2004; Préziosi & Halloran, 2003). Substantial 

differences in living conditions and local epidemiology between The Republic of Senegal and NZ mean 

some findings are not translatable to the NZ context. NZ has linked national administrative data that 

is well suited for data-driven investigation of VE, starting with local vaccine failure cases. This thesis 

 
1 VE against pertussis hospitalisation, VE against non-hospitalised notifications for this group was 87% (Radke, 
Petousis-Harris, Watson, Gentles, & Turner, 2017). 
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is an exercise in signal detection and is the first to explore predictors of aP vaccine failure in a high-

income country. 

1.2 Research objectives 

This thesis investigates aP vaccine failure infants and young children in NZ between 2006 and 2016 

using within-method triangulation2 and linked administrative data. The research question driving this 

thesis's work is: is there evidence of predictors of pertussis vaccine failure? 

The research objectives are as follows: 

1. To estimate the incidence of paediatric pertussis vaccine failure cases in fully vaccinated 

infants and young children in NZ; 

2. To identify and describe candidate predictors for pertussis vaccine failure in this population; 

3. To test host-related candidate predictors for pertussis vaccine failure in this population. 

1.3 Thesis overview 

This chapter presents the objectives and rationale for this doctoral research and the thesis outline.  

Chapter 2 provides the necessary background information on pertussis disease, epidemiology, 

vaccination, and vaccine failure. 

Chapter 3 reviews relevant literature on host-related factors associated with pertussis or reduced 

response to vaccination. Key differences between predictive and explanatory research are outlined. 

Ultimately, this review extracts a list of candidate predictors for investigation in the empirical 

Chapters 5, 6, 7 and 8.  

 
2 Within-method triangulation is defined as the use of several complimentary methods within either a 
quantitative or qualitative research framework aiming to develop a more comprehensive understanding of 
the research phenomenon (Hastings, 2012). 
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Chapter 4 describes the administrative datasets, general data linkage methods, variables, and the 

cohort and sub cohorts used in this thesis. 

Chapter 5 identifies pertussis vaccine failure cases and describes selected candidate predictors for 

vaccine failure cases and the fully vaccinated cohort. The fully vaccinated cohort acts as a comparator. 

Discrepancies between vaccine failure cases and the fully vaccinated cohort are considered signals.  

Chapter 6 conducts a cross-sectional interrogation of the candidate predictors that generated signals 

in the previous chapter using two different logistic regression analysis methods. One method aims to 

identify associations between candidate predictors and pertussis vaccine failure. The other aims to 

develop classification rules for predicting three disease states no vaccine failure, mild vaccine failure 

(non-hospitalised pertussis), and severe vaccine failure (hospitalised pertussis).  

Chapter 7 develops a predictive model for pertussis vaccine failure using survival analysis. Region is 

found to violate the non-proportionality assumption.  

Chapter 8 investigates an explanation for the non-proportionality assumption violation in Chapter 7. 

The hypothesis that there is greater susceptibility to pertussis vaccine failure in regions with lower 

pertussis vaccination coverage during the 2011 – 2013 pertussis epidemic is tested using a new 

inference method.  

Chapter 9 summarises the strengths and limitations, and public health impact of the doctoral 

research and provides some future recommendations. 
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Chapter 2 Background  

2.1 Pertussis disease 

Pertussis is a respiratory disease caused by Bordetella pertussis, a fastidious, human-specific, aerobic 

Gram-negative, pleomorphic coccobacillus (Edwards & Decker, 2013; Ministry of Health, 2020c). 

Neonates, infants, and unvaccinated hosts suffer the most significant pertussis morbidity and 

mortality (Centers for Disease Control and Prevention, 2015). 

2.1.1 Clinical description  

The average incubation period for pertussis is nine days, but incubation periods as short as four days 

and as long as 42 days have been observed (Centers for Disease Control and Prevention, 2020). Classic 

pertussis has three stages catarrhal, paroxysmal, and convalescent (Centers for Disease Control and 

Prevention, 2020). The catarrhal stage lasts between one and two weeks. The signs and symptoms 

are non-specific and consistent with minor upper respiratory tract infections and include rhinorrhoea 

(nasal discharge), sneezing, low-grade fever, and occasional cough. During this stage, individuals are 

most infectious, and antibiotic use is most effective (Edwards & Decker, 2013). 

Dramatically increased frequency, strength, and duration of coughing episodes mark progression into 

the paroxysmal stage (Edwards & Decker, 2013). This stage lasts between one and six weeks. In 

classical pertussis, this stage is defined by rapid, violent coughing episodes called paroxysms. 

Paroxysms have an average frequency of 15 per 24-hour period and are followed by marked post-

tussive inspiratory effort and, in some cases, vomiting and the characteristic 'whoop' sound. Whoop 

is most observed in young children and results from air being pushed through a constricted glottis. 

Most pertussis complications result from paroxysms and occur during this stage (Edwards & Decker, 

2013).  
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The decrease in frequency, strength, and duration of paroxysms marks the progression into the 

convalescent stage (Centers for Disease Control and Prevention, 2015). Convalescence can last from 

weeks to months. However, due to pertussis incapacitation, recurrent symptoms are common, and 

paroxysms can recur with secondary respiratory infections many weeks after initial infection (Centers 

for Disease Control and Prevention, 2015; Child and Youth Mortality Review Committee Te Rōpū 

Arotake Auau Mate o te Hunga Tamariki Taiohi, 2015). 

2.1.2 Complications of pertussis 

Mild paroxysms can result in sub-conjunctival haemorrhages, epistaxis (nose bleeding), facial 

oedema, and lingual frenulum ulcers caused by tongue projection (Edwards & Decker, 2013). 

Inspiratory restriction during severe paroxysms can cause cyanosis, post-tussive vomiting, and rib 

fracture. Post-tussive vomiting can result in undernutrition, particularly in poorly nourished infants. 

Paroxysms resulting in hypoxia and cerebral haemorrhage can cause acute pertussis encephalopathy 

manifesting as abnormal changes in consciousness and seizures, though this is rare. One-third of 

infants or children with acute pertussis encephalopathy suffer permanent neurological damage, and 

another third die (Edwards & Decker, 2013). 

Pertussis toxin (PT) mediated innate immune suppression puts hosts at increased risk of coinfections 

and secondary infections (Ayala, Teijaro, Farber, Dorsey, & Carbonetti, 2011). Evidence of PT 

mediated immune suppression comes from murine models and is supported by the frequent co-

detection of B. pertussis and other pathogens in humans (Arora, Sekura, & Hanna, 1987; Ayala et al., 

2011; Bellettini et al., 2014; Machado & Passos, 2019). Common coinfections include adenovirus, 

respiratory syncytial virus, influenza and parainfluenza viruses, rhinovirus, Chlamydia pneumoniae 

and Mycoplasma pneumoniae; coinfection with multiple respiratory bacteria and viruses is also 

common (Ayala et al., 2011; Jiang et al., 2020; Muloiwa, Dube, Nicol, Hussey, & Zar, 2020; Saiki-

Macedo et al., 2019). Coinfection is associated with a higher risk of severe pertussis (H. Marshall et 

al., 2015). Coinfection estimates for infants hospitalised with pertussis vary between 20% in Australia, 
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40% in China and 47% in Italy (Frassanito et al., 2017; Jiang et al., 2020; H. Marshall et al., 2015). 

Pneumonia and otitis media are common secondary infections (Edwards & Decker, 2013). 

2.1.2.1 Characteristics that increase the risk of complications 

Unvaccinated neonates, infants, and young children are the most likely to experience severe 

complications such as apnoea, cyanosis, encephalopathy, and death (Edwards & Decker, 2013). 

Socioeconomic factors influence vulnerability to complications; in NZ complication rates vary 

significantly by ethnicity and socioeconomic status ("Pertussis: An Avoidable Epidemic", 2012). 

Pacific, Māori, and socioeconomically deprived groups suffer the highest rates of pertussis 

hospitalisations and complications ("Pertussis: An Avoidable Epidemic", 2012).  

2.1.3 Diagnosis  

Pertussis presentation is influenced by numerous factors including but not limited to age, pre-existing 

respiratory conditions, immune status, previous exposure to B. pertussis, B. pertussis strain, and 

vaccination history (Centers for Disease Control and Prevention, 2015; Machado & Passos, 2019). 

Pertussis presentation can vary from asymptomatic, mild, atypical to classical, and this variability 

presents challenges for accurate diagnosis. For disease surveillance, a clinically compatible pertussis 

disease presentation is defined as cough and one or more of paroxysms; cough ending in vomiting, 

cyanosis or apnoea; inspiratory whoop (Ministry of Health, 2012). A positive laboratory test or 

epidemiological link to a laboratory-confirmed case is required for diagnostic confirmation of 

pertussis, but a negative test result does not rule out pertussis.  

2.1.3.1 Diagnostic testing 

Diagnostic test sensitivity is influenced by host and B. pertussis response to antibiotics and 

vaccination and the timing of these events relative to the disease stage at testing (Auckland Regional 

Public Health Service, n.d.). The pathogenesis of B. pertussis in vivo and test specifications determine 

the timeframes for the viability of laboratory tests. The two main laboratory tests for B. pertussis are 

polymerase chain reaction (PCR) and culture, serology is also used, but its value is limited. Culture 
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relies on the collection, survival, and reproduction of live, viable B. pertussis organisms, whereas PCR 

only requires B. pertussis deoxyribonucleic acid (DNA) (Centers for Disease Control and Prevention, 

2015). PCR has greater sensitivity than culture but similar specificity. In NZ, PCR has been used for 

pertussis testing since 1998 and was included in the case definition as a diagnostic test in 2012; since 

then, it has been the preferred test ("Pertussis: An Avoidable Epidemic", 2012). 

Culture is most accurate during the incubation and catarrhal stages when living B. pertussis bacteria 

are at peak concentration in the nasopharynx (Edwards & Decker, 2013). (Table 1). PCR is most 

accurate between zero- and three-weeks post cough onset when B. pertussis DNA concentrations are 

highest.  

Serology measures pertussis antibodies in the blood, anti-PT immunoglobulin G (IgG) has higher 

sensitivity and specificity compared with immunoglobulin A (IgA) and is therefore the preferred 

marker (Ministry of Health, 2012). Serology has low specificity and sensitivity for pertussis, so it is not 

used to confirm a diagnosis in NZ. However, serology is the most appropriate test when patients 

present with a persistent cough late in their illness because culture and PCR would likely give false-

negative results (Centers for Disease Control and Prevention, 2015; Ministry of Health, 2012).  

  



Chapter 2 

8 

Table 1 Test sensitivity by disease stage 

 
 
 
 
 
 

 
 

 
 
 
 
 

Test 
sensitivity 

 Disease stage  

 Incubation  
1-2 weeks 
Asymptomatic 
• B. pertussis 

attaches to 
and 
replicates 
on ciliated 
respiratory 
epithelium. 

Catarrhal 
1-2 weeks 
Non-specific 
symptoms 
• B. pertussis 

begins 
entering 
respiratory 
tract lumen in 
high 
concentration 
until the 
beginning of 
the 
paroxysmal 
stage. 

Paroxysmal  
1-6 weeks 
Cough onset 
• B. pertussis 

concentration 
in the 
nasopharynx 
reduces 
significantly 

Convalescent  
Weeks to months 
Symptom recovery 
• B. pertussis, 

including 
DNA, are 
no longer 
detectable.  

PCR High  High 
 

High but reduces 
substantially three 
weeks post cough 
onset. Positive results 
obtainable up to 4 
weeks post cough 
onset in infants or un-
vaccinated individuals 

Very low 
 

Culture High High at the beginning 
but reduces as the 
paroxysmal stage 
nears. 
 

Very low  Very low  
 

Serology None None High, peak antibody 
titre concentration 
between 2-8 weeks 
after cough onset 
Detectable in 
specimens collected 
before 12 weeks after 
cough onset. 

High in early 
convalesce but 
reduces at the 
end. 

Note. DNA= Deoxyribonucleic acid. The terms high and low are used in a relative sense, e.g., culture sensitivity is high in 

the incubation period relative to the convalescent stage. Information assumes no antibiotic use prior to testing.  

Other considerations for test sensitivity are antibiotic use and vaccination history. The risk of false-

negative PCR and culture results after the first four days of antibiotic use is high, and certain 

antibiotics can clear B. pertussis from the nasopharynx in approximately two to four days (Centers for 

Disease Control and Prevention, 2015; Finger & Wirsing von König, 1996). True positive culture results 

are less likely in vaccinated patients (Centers for Disease Control and Prevention, 2015). Vaccination 

within 12 months of serology will give a positive result because the immunological response to 

vaccination mirrors natural infection. Recently, the Bordetella pertussis human colonisation study 
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reported greater sensitivity for PCR of nasal wash compared with PCR of nasopharyngeal swab (de 

Graaf et al., 2020). This difference may be due to the larger surface area sampled with nasal wash 

than swab (de Graaf et al., 2020). 

2.1.4 Treatment  

Macrolide antibiotics administered during the catarrhal stage effectively shorten the length of illness 

and minimise signs and symptoms (Ministry of Health, 2020c). If macrolides are started after the 

onset of paroxysms, changes in the clinical course are not expected. However, macrolide antibiotic 

use is still worthwhile before the 21st day of illness as this lowers transmission risk by removing B. 

pertussis from the nasopharynx (Altunaiji, Kukuruzovic, Curtis, & Massie, 2012; Ministry of Health, 

2020c). After the 21st day of illness, antibiotic use may be appropriate if there are high-risk contacts, 

such as pregnant women or infants (Ministry of Health, 2020c). 

Recommended macrolide antibiotics are erythromycin, azithromycin, and clarithromycin, for those 

with macrolide allergy, co‑trimoxazole (Institute of Environmental Science and Research Limited and 

Ministry of Health, 2017; Ministry of Health, 2012). Erythromycin is associated with pyloric stenosis 

in infants. Azithromycin is the first-line pertussis treatment, and chemoprophylaxis in infants and 

pregnant women as this serious adverse event appears less frequent with azithromycin (Altunaiji et 

al., 2012; Institute of Environmental Science and Research Limited and Ministry of Health, 2017). 

2.1.5 Agent  

Pertussis is the second most infectious (microbial agent) disease currently in human circulation. In 

household and school contact studies, secondary attack rates for unvaccinated children and other 

susceptible household contacts range between 64% and 90% (Decker & Edwards, 2018; Mertsola, 

Ruuskanen, Eerola, & Viljanen, 1983; Simondon et al., 1997; Storsaeter, Hallander, Gustafsson, & Olin, 

1998). The basic reproduction number (R0) is an average measure of how many secondary cases one 

case could give rise to in a completely susceptible population (Dietz, 1993). Parameters for R0 
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calculation include how long a case is infectious, the probability of infection during contact, and the 

number of new contacts over time, so this estimate varies across populations (Dietz, 1993). The 

estimated R0 for pertussis is 12-17, second only to measles (R0 12-18) (Decker & Edwards, 2018; 

Strebel, Papania, Gastanaduy, & Goodson, 2018).  

Infected hosts are most contagious during the first three weeks of symptomatic infection. Hosts are 

considered contagious until three weeks after cough onset (where no paroxysmal cough); or two 

weeks after onset of paroxysmal cough; or after a five-day course of appropriate antibiotics (Centers 

for Disease Control and Prevention, 2015; Communicable Diseases Network Australia, 2015). The 

human respiratory tract is the only known reservoir and transmission source of B. pertussis. 

Pertussis has traditionally been understood as transmitted during close contact by aerosolised 

respiratory droplets discharged during coughing and sneezing or other respiratory secretions 

(Mertsola et al., 1983; Simondon et al., 1997; Storsaeter & Gustafsson, 1997; Warfel, Beren, & 

Merkel, 2012). This transmission model appeared to be supported by the transmission patterns 

documented in household/school contact studies and pertussis baboon model experiments assuming 

close proximity transmission indicates droplet transmission (Fennelly, 2020). However, relatively 

recent work across several respiratory viruses and bacteria show that humans expel a range of 

infectious particle sizes ruling in the possibility of small particle (less than 5 μm) transmission, in 

addition to respiratory droplet (greater than 5 μm) transmission  (Fennelly, 2020). Small particle 

transmission should be considered for B. pertussis as respiratory bacteria of similar size to B. pertussis 

(Mycobacterium tuberculosis and Pseudomonas aeruginosa) have been found in small particle 

aerosols (Fennelly, 2020). 

2.1.6 Public health measures  

In NZ, public health measures against pertussis have two aims: prevent exposure and minimise harm 

to the unexposed. The main measures are pertussis vaccination, case notification, post-exposure 

chemoprophylaxis, and recommending restriction of active cases from 
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kindergartens/schools/workplaces (Institute of Environmental Science and Research Limited and 

Ministry of Health, 2017; Ministry of Health, 2012). While these measures are necessary for disease 

control, they are not sufficient for prevention. These measures rely on good health care access, 

adequate socioeconomic resources and do not address the social determinants of health which are 

important drivers of infectious disease incidence. Primordial prevention measures are poorly 

addressed in NZ, but there is a desperate need. More than one-quarter of NZ children live in poverty, 

and NZ children experience high rates of poverty-related diseases such as infectious respiratory 

diseases and skin infections, and neglect (Asher & St John, 2016; Child Poverty Action Group, n.d.; 

Duncanson et al., 2020; Oliver et al., 2018).  

2.2 Epidemiology of pertussis 

Pertussis control is problematic; neither infection nor vaccination prevents re-infection (Centers for 

Disease Control and Prevention, 2020). Pertussis epidemiology is influenced by many things, including 

contemporary and historical pertussis vaccination coverage patterns, infectious agent characteristics, 

the type of vaccines used, National Immunisation Schedule (NIS) changes, social determinants of 

health, and population profiles (Domenech de Cellès, Magpantay, King, & Rohani, 2016; Domenech 

de Cellès, Magpantay, King, & Rohani, 2018; Riolo, King, & Rohani, 2013).  

2.2.1 Global epidemiology 

Since the coordinated and wide-reaching administration of pertussis vaccines, global pertussis 

incidence has decreased by three quarters (Centers for Disease Control and Prevention, 2015). The 

most recent estimate of the global pertussis burden is for 2014. It was estimated that greater than 

24.1 million children under five years old had pertussis, and there were approximately 160,700 

pertussis-related deaths (World Health Organization, 2020; Yeung, Duclos, Nelson, & Hutubessy, 

2017). There are significant differences in the global pertussis burden; 95% of pertussis occurs in low 

and middle-income countries (Muloiwa, Kagina, Engel, & Hussey, 2015; World Health Organization, 

2017). Low and middle-income countries tend to have lower pertussis vaccination coverage, poorer 
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health system performance and hygiene, political instability, and high rates of undernutrition (Chow, 

Khandaker, & McIntyre, 2016).  

There is significant concern that some high-income countries with high pertussis vaccination 

coverage, such as NZ, Australia, United States of America (USA), and the United Kingdom (UK), have 

been experiencing a resurgence in pertussis incidence since the early 21st century (Ausiello & Cassone, 

2014). Change of vaccine from whole-cell pertussis (wP) to aP (see section 2.3.1 for a discussion on 

vaccine type) in NZ, Australia, Canada, Spain, Belgium, and the UK has been linked to pertussis 

resurgence (Lapidot & Gill, 2016; Ministry of Health, 2020c). However, experts have not reached a 

consensus on whether there is a resurgence of pertussis in many high-income countries (Ausiello & 

Cassone, 2014; Domenech de Cellès et al., 2016). Some experts suggest the increase in incidence is 

an artefact of increased awareness and diagnostic PCR use. Other experts suggest this increase in 

incidence is due to aP induced immunity that wanes more rapidly and may not be as broad (Aase et 

al., 2014; Althouse & Scarpino, 2015; Ausiello & Cassone, 2014; Domenech de Cellès et al., 2016). 

2.2.2 Aotearoa New Zealand pertussis epidemiology 

In NZ, pertussis hospitalisation rates fell in response to the routine childhood pertussis vaccination 

introduced in the 1960s (C. C. Grant & Reid, 2010). Pertussis epidemiology in NZ is endemic with cyclic 

epidemics occurring three to five-yearly (Ministry of Health, 2020c). Pertussis epidemiology has been 

stable over the last 20 years despite increasing vaccination coverage (Figure 1). During the 2011 – 

2013 pertussis epidemic, three young children died (Ministry of Health, 2020c). Pertussis mortality 

rates are underreported; some evidence suggests that pertussis deaths are sometimes misclassified 

as sudden unexpected death in infancy (Crowcroft, 2002). 



Chapter 2 

13 

 

Figure 1 Number of pertussis notifications and hospitalisations by month and year, 1998-2018 

Figure source: Institute of Environmental Science and Research, 2018. Grey boxes indicate vaccination coverage. 

Vaccination coverage statistics from (Ministry of Health, 2020c). Each asterisk marks an infant pertussis death.  

In NZ, Pacific, Māori, under one-year-olds, and socioeconomically deprived individuals experience 

higher pertussis incidence, pertussis hospitalisations, and complications ("Pertussis: An Avoidable 

Epidemic", 2012). During the five years between 2010 and 2015, over 50% of the 1,075 infants with 

pertussis notifications were hospitalised (Ministry of Health, 2020c). Māori infants are 2.7 times, and 

Pacific peoples infants 3.6 times, more likely to be hospitalised for pertussis than non-Māori/non-

Pacific infants (Child and Youth Mortality Review Committee Te Rōpū Arotake Auau Mate o te Hunga 

Tamariki Taiohi, 2015). Hospitalised infants were also significantly more likely to have low 

socioeconomic status (Radke et al., 2017). One of the reasons for exacerbated hospitalisations in 

Māori and low socioeconomic status infants is likely lower pertussis vaccination coverage (C. C. Grant, 

Turner, York, Goodyear-Smith, & Petousis-Harris, 2010; Statistics New Zealand, 2017). 

2.2.3 Pertussis surveillance in Aotearoa New Zealand 

Surveillance data contributes to developing and evaluating disease control strategies, research, and 

health sector and political priorities (Centers for Disease Control and Prevention, 2008). In NZ, 

pertussis has been notifiable on suspicion to the local Medical Officer of Health since 1996 (Ministry 
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of Health, 2020c). Health practitioners, usually those who treat cases, report case information to the 

Episurv database managed by the Institute of Environmental Science and Research (ESR), this is a 

passive reporting system (Institute of Environmental Science and Research Limited and Ministry of 

Health, 2017).  

Passive reporting is known to produce considerable underestimates; only between 6% - 25% of total 

pertussis cases are captured with passive surveillance (Fine & Clarkson, 1982; C. C. Grant & Reid, 

2010; Sutter & Cochi, 1992). Passive surveillance data is biased; severe cases and younger age groups 

are most likely to interact with health care services for pertussis and therefore are most likely to be 

identified (World Health Organization, 2016). Mild disease presentation, common in adolescents and 

adults, may either not prompt health care visits or be misdiagnosed resulting in significant under-

reporting (World Health Organization, 2016).  

Differences in regional public health unit laboratory testing guidelines, such as when to test for B. 

pertussis, have implications for consistency in interpreting national pertussis patterns, incidence, and 

pertussis research (Auckland Regional Public Health Service, n.d.; Institute of Environmental Science 

and Research Ltd., 2016). Similarly, international differences in testing protocol or behaviour such as 

Australia swabbing many more children than NZ should be considered when comparing pertussis 

incidence (Kaczmarek, Ware, & Lambert, 2016; Radke et al., 2017). The increased use of multiplex 

PCR respiratory panels3 in high income countries such as Australia may be another partial explanation 

for increased ascertainment of pertussis infection. 

Case definitions that are too strict may not identify cases, and case definitions that are too loose risk 

falsely identifying cases (Cherry, 2012). Both the under and overestimation of cases have important 

implications for consideration; for example, a strict case definition will likely lead to over-estimating 

VE and a weak definition to underestimating VE (Cherry, 2012).  

 
3 Multiplex PCR respiratory panels are used to test for at least 18 types of respiratory virus and bacteria 
including B. pertussis (Krause, Panning, Hengel, & Henneke, 2014). 
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2.3 Pertussis vaccination  

2.3.1 Pertussis vaccines 

Current pertussis vaccines are available as wP vaccines (inactivated vaccines) and aP (subunit 

vaccines). wP vaccines appear to induce mucosal immunity, T helper 17 response and compared with 

aP appear to be better at reducing transmission (Lapidot & Gill, 2016). Public concern over the 

reactogenicity of wP vaccines and reduced pertussis vaccine uptake drove the development and 

exclusive use of aP in most high-income countries, including NZ. aP was rolled out in NZ in 2000 (He 

& Chen, 2017). aP induces a T helper 2 response but does not induce strong T-cell or specific antibody 

response and does not appear to induce mucosal immunity (Lapidot & Gill, 2016).  

In NZ, there are three aP vaccines on the NIS. Infanrix®-hexa (combined diphtheria, tetanus, aP, polio, 

hepatitis B, and Haemophilus influenzae type b vaccines) is funded for the infant schedule. Infanrix®-

IPV (combined diphtheria, tetanus, aP, polio vaccines) and Boostrix® (combined tetanus, diphtheria, 

and aP vaccines) are funded for booster vaccination at four years, 11 years, 45 years (for those who 

have not yet had four pertussis vaccinations) and 65 years (Ministry of Health, 2020c). 

The antigenic compounds in aP are made from purified B. pertussis virulence factors thought to 

induce protective immunity (Ministry of Health, 2020c). A list of B. pertussis virulence factors and 

their relationship to pertussis vaccines are available in Table 2. The number pertussis antigen types 

and their combination differ across aP vaccines. All varieties contain between one and five of the 

pertussis antigens: PT, filamentous haemagglutinin (FHA), pertactin, fimbrial hemagglutinins two and 

three, but PT is present in all aP's. Infanrix®-hexa, Infanrix®-IPV and Boostrix® have a trivalent 

pertussis component (PT, FHA and pertactin) (Medsafe, 2015, 2020a, 2020b). There are other 

variations privately available, for example, monovalent (PT only) and bivalent (PT and FHA) (Ministry 

of Health, 2020c). 
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Table 2 Pertussis vaccines and Bordetella. pertussis virulence factors 

Bordetella  pertussis component and 
main actions 

Relevance to pertussis vaccines 

PT 
Induction of lymphocytosis, histamine 
sensitivity,  

An essential component for aP vaccines.  

FHA 
Has a part in the attachment to ciliated 
respiratory epithelium 

A component in the trivalent vaccines Infanrix®-hexa, Infanrix®-IPV and 
Boostrix®. 

Fimbriae and agglutinins 
Has a part in the attachment to ciliated 
respiratory epithelium 

Agglutinins may play a role in vaccine-induced clinical protection. Fimbriae 
types 2 and 3 are present in hexavalent aP (Gorringe & Vaughan, 2014). 
Current evidence suggests Fimbrae type 2 has greater immunogenicity 
(Gorringe & Vaughan, 2014). 

Pertactin 
Involved in the attachment to ciliated 
respiratory epithelium 

A component in the trivalent vaccines Infanrix®-hexa, Infanrix®-IPV and 
Boostrix®. 

Adenylate cyclase toxin 
Inhibition of phagocytic action 

Not currently a component in pertussis vaccines; however, its candidacy is 
being considered (Sebo, Osicka, & Masin, 2014). 
 

Tracheal cytotoxin 
Induces ciliary stasis 

Not currently a component in aP. 

Heat-labile toxin 
Demonstrated vasoconstriction and 
necrosis of the derma in animal models 

All species of virulent Bordetella produce this toxin, making it a candidate 
toxin for vaccines but not yet on the market in aP (Shivanandappa et al., 
2016). Along with PT, FHA, and agglutinogens, the heat-liable toxin may 
also help generate infection or vaccine-induced immunity (Shivanandappa 
et al., 2016). 

Bordetella resistance to killing 
Defends against complement-mediated 
killing and has a part in the attachment 
to ciliated respiratory epithelium 

Recombinant Bordetella resistance to killing is a component in some aP 
(Marr et al., 2008).  

Lipopolysaccharide /endotoxin 
Demonstrated pyrogenic actions in 
animal models 

Not a component in current aP but is a component in wP vaccines 
(Geurtsen et al., 2007). There is increased efficacy in aP when 
lipopolysaccharide is used as an adjuvant; however, aluminium salts are 
currently utilised as adjuvants in aP. 

Note. aP= acellular pertussis, FHA= filamentous haemagglutinin, PT= pertussis toxin, wP = whole cell pertussis. Reference 

for information contained in this table: (Decker & Edwards, 2018). 

2.3.1.1 Bordetella, disease, and vaccine protection 

While B. pertussis is the causative agent of pertussis, three other Bordetella species have been 

documented in humans with pertussis or pertussis-like disease. aP vaccines have been designed to 

induce immunity against B. pertussis, cross-protection within the Bordetella genus is not expected 

because of species diversity (Khelef, Danve, Quentin-Millet, & Guiso, 1993; Martini, Detemmerman, 

Soetens, Yusuf, & Piérard, 2017; L. Zhang, Prietsch, Axelsson, & Halperin, 2012). However, there is 

some evidence of cross-protection. aP vaccines contain between one and five B. pertussis antigens 

(Dewan, Linz, DeRocco, & Harvill, 2020). Table 3 summarises the relationships between Bordetella 
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species documented in humans and any evidence of aP vaccine cross-protection. wP vaccines appear 

to have greater cross-protection for B. parapertussis than aP vaccines (David, Furth, & Mooi, 2004). 

Table 3 Members of the Bordetella genus known to cause human disease and cross-protection from 
acellular pertussis (aP) vaccines 

Bordetella species Description  Evidence for acellular pertussis vaccine 
effectiveness  

B. pertussis  
 

Vaccine-strain pathogen. 
 
Virulence factors that are contained in one or more 
aP:   
PT  
FHA 
Fimbriae (serotypes 2 and 3)  
Pertactin (Dorji et al., 2018) 

The expression of PT is unique to B. 
pertussis. All aP vaccines contain a PT 
component. aP VE varies between 70% 
and 90% (Juretzko et al., 2002). 

B. parapertussis 
 

Causes mild pertussis like disease and has been 
suspected in some instances to cause 'typical' 
pertussis presentation (Liko, Robison, & Cieslak, 
2017). Close phylogenetic relation to B. pertussis. 
 
Virulence factors contained in one or more aP:   
Pertactin 
Bordetella resistant to killing protein  
 
Virulence factors similar to B. pertussis but not 
contained in aP: 
Adenylate cyclase toxin (Dorji et al., 2018) 

Despite the resemblance of virulence 
factors to B. pertussis (excluding PT 
expression), murine models indicate that 
aP vaccines do not confer protection 
against this species (Cherry, 2012; Khelef 
et al., 1993). One study reported a VE 
against B. parapertussis of 66% for two 
month – 10-year-olds (Liko et al., 2017). 
However, two other studies in Europe 
reported no efficacy (Bergfors et al., 
1999; Mastrantonio et al., 1998). 
It should be noted that these studies all 
used different case definitions for 
pertussis disease. 

B. bronchiseptica 
 

More common in non-human animals but has been 
reported in humans, particularly as a coinfection or 
in the immunocompromised.  
A close phylogenetic relation to B. pertussis. 
 
Virulence factors contained in one or more aP:   
Pertactin 
FHA 
Fimbriae (serotypes 2 and 3)  
Bordetella resistant to killing protein  
 
Virulence factors similar to B. pertussis but not 
contained in aP: 
Adenylate cyclase toxin (Dorji et al., 2018) 

This species produces some similar 
virulence factors to B. pertussis such as 
adenylate cyclase. Some evidence of 
cross-protection in murine models 
(Goebel, Zhang, & Harvill, 2009). 

B. holmensii 
 

Rarely causes pertussis-like disease in humans but is 
associated with respiratory disease, particularly in 
immunocompromised humans (Shepard et al., 
2004). Evidence suggests B. holmensii is 
antigenically distinct from B. pertussis (X. Zhang, 
Weyrich, Lavine, Karanikas, & Harvill, 2012). 

One study using a murine model did not 
observe cross-protection from either aP 
vaccines or wP vaccines (X. Zhang et al., 
2012). Some evidence of lack of aP 
vaccine cross-protection in the human 
population with high levels of aP 
vaccination (X. Zhang et al., 2012). 

Note. aP= acellular pertussis, FHA= filamentous haemagglutinin, PT= pertussis toxin, VE= vaccine effectiveness, wP= 
whole-cell pertussis. 
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2.4 Vaccination failure  

Vaccination failure is a broad term that encompasses two concepts 1) vaccine failure and 2) failure to 

vaccinate (Heininger et al., 2012). Vaccine failure is the non-occurrence of a vaccine-specific and 

schedule-specific outcome and is caused mainly by factors relating to the vaccine or the host 

(Heininger et al., 2012). In contrast, failure to vaccinate is the inappropriate administration of a 

vaccine and is mainly caused by factors relating to usage or the NIS. 

2.4.1 Causes and relevance to pertussis vaccination failure 

The four main causes of vaccination failure and their relevance to pertussis vaccination failure are 

described below (Heininger et al., 2012). Many instances of failure are likely a result of interactions 

between these causes. Relationships between these causes can be used to increase VE, for example, 

vaccines with lower immunogenicity such as subunit vaccines are usually scheduled for multiple doses 

to increase VE.  

2.4.1.1 Vaccine-related causes  

Vaccine-related causes describe a lack of vaccine antigen or other vaccine feature efficacy (Heininger 

et al., 2012). For example, incomplete serological coverage, within vaccine antigen interference, and 

escape mutants. There is evidence of vaccine-driven evolution of wild-type B. pertussis strains, such 

as pertactin-deficient, FHA deficient, or PT deficient strains or combinations of these (Bart et al., 2014; 

Jayasundara et al., 2020). Genomic research has demonstrated that B. pertussis has evolved over the 

last 60 years and that antigenic divergence from the vaccine-strain is not bound to geographic areas, 

probably due to the high mobility of B. pertussis between geographic populations (Bart et al., 2014). 

The contribution of antigenic divergence is not yet established. However, modelling suggests 

antigenic divergence alone cannot explain pertussis' persistence and possible resurgence (Lapidot & 

Gill, 2016). 
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2.4.1.2 Host-related causes 

Host-related causes describe issues with the host immune system or exposure risk (Heininger et al., 

2012). For example, immunodeficiency, suboptimal immune response, and immunological 

interference, such as maternal antibodies and waning. Some host-related-causes of pertussis vaccine 

failure have been identified and include birth-season, birth rank, stunting, and undernutrition 

(Gaayeb et al., 2014; Lacombe et al., 2004). However, this research originates from the Senegal 

Pertussis trials and investigation of risk factors more common in high-income countries has not yet 

been published. There are many biologically plausible host-related causes of pertussis vaccine failure, 

but the contribution of these have not yet been quantified. 

2.4.1.3 Usage-related causes 

Usage-related causes describe errors with the storage or administration of a vaccine (Heininger et al., 

2012). For example, non-compliance with the NIS, cold-chain break, expired vaccine, administration 

error such as suboptimal administration route, inadequate dose, or incorrect diluent. Usage-related 

reasons are not likely to be a significant contributor to pertussis vaccination failure. Internationally 

and in NZ, most aP vaccines used are combination vaccines (Ministry of Health, 2020c). Combination 

vaccines usually contain one or more of the following vaccines: tetanus, diphtheria, polio and 

hepatitis B, and these vaccines are more effective than aP suggesting the cause is unique to aP 

(Bisgard et al., 2000; Centers for Disease Control and Prevention, 2016; H. J. Lee & Choi, 2017; Wei et 

al., 2010).  

2.4.1.4 Schedule-related causes  

Schedule-related causes describe issues with the NIS (Heininger et al., 2012). For example, poor 

timing of primary/booster doses or an insufficient number of primary/booster doses. The minimum 

age, timing, and number of doses are critical features of the NIS immunogenicity (Siegrist, 2018). NZ's 

NIS has changed several times since the availability of pertussis vaccines (see Appendix A). 
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Recommendations for the minimum age at vaccination reflect the youngest age that pertussis vaccine 

safety and efficacy have been determined, local epidemiological considerations such as age-specific 

disease and complication risks, age-related propensity for vaccine response, and the possibility of 

maternal antibody interference (Siegrist, 2018). For most vaccines, including aP, six weeks is the age 

at which the current evidence suggests the immune system is mature enough to mount an immune 

response to vaccine antibodies with minimal maternal antibody interference (Centers for Disease 

Control and Prevention, 2011). The Advisory Committee for Immunisation Practices has a four-day 

grace period for the minimum age at first vaccination (Centers for Disease Control and Prevention, 

2011). Doses administered less than or equal to four days before the minimum age or dose interval 

are unlikely to result in an inadequate immune response and are not considered valid (Centers for 

Disease Control and Prevention, 2011).  

The between dose interval can enhance or blunt the immune response. A minimal interval between 

doses prevents interference between primary responses to the first and subsequent doses of a 

vaccine and ensures immunologically valid doses (Siegrist, 2018). Interval timing is a particular 

concern for scheduling the first vaccination in infants born to mothers who were vaccinated during 

pregnancy as there is potential for antenatal vaccination to blunt the infant immune response to 

vaccination (Siegrist, 2018; Voysey et al., 2017). In infants born to antenatally vaccinated mothers, 

the presence of maternal pertussis antibodies has been documented to interfere with infant immune 

responses to pertussis vaccination (Voysey et al., 2017). Recommendations for the timing of maternal 

antenatal vaccination and the start of the NZ NIS (currently at 6 weeks old) should be carefully 

balanced to allow maximum protection.  

The number of recommended doses depends on vaccine type (Siegrist, 2018). Subunit aP vaccines do 

not generate a strong enough immune response with one dose; two or more primary doses are 

usually required for sufficient initial protection (Siegrist, 2018). Also, subunit vaccine protection 

wanes over time, and booster doses are typically required for sustained protection (Centers for 

Disease Control and Prevention, 2011; Ministry of Health, 2020c).  
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High-risk schedules  

Interactions between host-related causes and schedule-related causes have driven the development 

of high-risk schedules. High-risk schedules are developed for those at high risk of disease and often 

include additional NIS vaccine doses or vaccines not included in the NIS. Modification of the NIS is a 

key tool to improve VE among sub-populations.  

Booster dose timing 

The timing of booster doses for vaccines that do not provide life-long immunity, such as aP, is an 

important determinant of disease epidemiology (Z. Wang, Röst, & Moghadas, 2019). A plausible 

schedule-related cause for pertussis vaccination failure is the timing of the first booster dose at four 

years old (Ministry of Health, 2020c; Nowlan, 2019). aP protection appears to wane two years post-

vaccination, and ACIP recommends a 2-year pertussis booster dose to protect children during the 

before school period. The contemporary NIS in the USA has a toddler booster. While this is not 

concrete evidence, it is interesting to note NZ suffers pertussis hospitalisation rates three times that 

of the USA (Ministry of Health, 2020c). NZ health practitioners have raised the idea of introducing a 

toddler (2–year) booster dose as a possible intervention to reduce pertussis hospitalisation in high-

risk toddlers such as those with pre-existing respiratory conditions (Ministry of Health, 2015b).  

2.4.2 Pertussis vaccine failure 

Pertussis vaccine failure is defined as pertussis disease in an appropriately vaccinated host occurring 

after enough time has elapsed to allow for a state of vaccine-induced immunity to precede infection 

(Heininger et al., 2012). True pertussis vaccine failure is pertussis caused by the vaccine strain 

pathogen B. pertussis.  

2.4.3 Models of vaccination failure  

Models or mechanisms of vaccination failure are important for correct interpretation of pertussis 

epidemiology, vaccine efficacy and VE estimates, and generating appropriate solutions to 

problematic epidemiology (Domenech de Cellès et al., 2016). The five models of vaccination failure 
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are described in Table 4. The most well-known model of failure for aP is secondary failure; however, 

pertussis's complicated epidemiology indicates a multimodal failure model is most likely, for example, 

secondary plus at least leaky) (Crowcroft & Klein, 2018).  

Table 4 Models of vaccination failure and relevance to pertussis vaccine failure 

Model of vaccination failure Relevance to pertussis vaccine failure 
Primary vaccination failure 
Failure to seroconvert or failure to engage a protective 
response despite seroconversion (Heininger et al., 2012).  
Primary failure is identified by testing sera samples for 
vaccine-induced antibody titers against established 
thresholds. 

There are no established thresholds for serological 
correlates of protection for pertussis vaccines which 
complicates the determination of primary failure, but a 
threshold of five to 10 units of enzyme-linked 
immunosorbent assay (ELISA) antibodies has been 
suggested as a meaningful quantity indicative of 
protection (Plotkin, 2010).  

Secondary vaccination failure 
The waning of vaccine-induced immunity with time 
(Bonanni et al., 2013). 

Subunit vaccines such as aP tend to induce shorter-lived 
immunity and have a greater association with secondary 
failure than primary (Vetter, Denizer, Friedland, Krishnan, 
& Shapiro, 2018). The prime-boost principle (multiple-
dose primary course and booster doses) induce long-lived 
immunity drives the NIS for these vaccines (Siegrist, 2018; 
Vetter et al., 2018). 

Exposure threshold 
Risk of failure increases with the exposure dose. 
This is mediated by the level of immunity and other host 
characteristics at the time of exposure (Crowcroft & Klein, 
2018; Langwig et al., 2019).  

Limited empirical research. However, this model is 
consistent with the findings of household and preschool 
contact studies. For example, the transmission of 
pertussis to vaccinated infants and young children by 
those with high frequency and duration of contact (i.e., 
mothers, siblings, teachers) (de Greeff et al., 2012; 
Matthias et al., 2016).  

Leaky vaccines 
Lowers the probability of infection in vaccinated hosts but 
does not prevent it, the risk of infection given exposure is 
constant (Crowcroft & Klein, 2018).  

Differentiating leaky and waning immunity models is 
challenging. Further research is needed but indications 
are that pertussis vaccines can result in leaky immunity 
(Magpantay, Domenech de Cellès, Rohani, & King, 2016). 

Multimodal  
Multiple models of failure for a vaccine (Crowcroft & 
Klein, 2018). 

Likely for pertussis (Crowcroft & Klein, 2018; Domenech 
de Cellès et al., 2016). 

Note. aP= acellular pertussis, NIS= national immunisation schedule. 
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Chapter 3 Literature review 

3.1 Chapter aim and relationship to other chapters 

This chapter aims to explore the literature on host-related factors for paediatric pertussis vaccine 

failure. Literature review findings will inform the selection of candidate predictors for the empirical 

work in chapters 5, 6, 7 and 8. 

3.2 Methods  

In finding that literature on host-related factors associated with paediatric pertussis vaccine failure is 

sparse (n=3), an exploratory approach to broader but relevant literature was taken, the review was 

extended to explore host- factors associated with: 

1. Pertussis; 

2. Reduced response to vaccination; 

3. Conditions that may have a relationship with pertussis. 

Combinations of keywords, common synonyms, and Boolean operators were used to search four 

electronic databases: Scopus, Pubmed, the University of Auckland Library, Google Scholar, and the 

journals "Vaccine" and "Vaccines". Keywords and key phrases included: pertussis vaccin* failure, 

pertussis immuni*ation failure, breakthrough, immuni*ed, vaccinated, pertussis, whooping cough, 

Bordetella pertussis, disease, infection, respiratory infection, infant*, child*, pertussis innoculat*, 

pertussis vaccin*, vaccine effectiveness, risk factor, risk, associat*, predict*, characteristic, expos*, 

determinant, vulnerab*.  

Where a factor was found to be associated with pertussis and/or vaccination, a further search was 

conducted for additional literature using the keywords that summarised the relationship, for 

example, asthma pertussis risk. Additional searches for grey literature were conducted in the World 
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Health Organization, Ministry of Health, and the USA Centres for Disease Control and Prevention 

websites. The reference lists of relevant articles were also searched. No timeframe parameters were 

used, but literature published in languages other than English were excluded. An outline of the 

literature review can be found in Figure 2. 

 

                                                           Figure 2 Outline of the literature review 

3.3 Host-related factors for pertussis vaccine failure 

3.3.1 Demographic characteristics 

Demographic characteristics are important determinants of infectious disease acquisition, 

transmission, and disease severity. From a public health perspective, population demographics are 

also an important determinant of epidemic patterns and public health responses (Lopez, Begg, & Bos, 

2006). 

Host-related factors 

Chronic conditions 

Pharmaceutical use 

Demographic 

Genetic 

Perinatal 
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3.3.1.1 Exposure to Bordetella pertussis  

Age and familial/social roles are critical demographic characteristics that influence B pertussis 

exposure and transmission. Waning immunity from childhood pertussis vaccination in adolescents 

makes these age groups reservoirs for pertussis (Centers for Disease Control and Prevention, 2015, 

2020; He, Viljanen, Nikkari, Lyytikäinen, & Mertsola, 1994; Klein, Bartlett, Fireman, & Baxter, 2016; 

Petousis-Harris, Turner, & Poole, 2013). Adolescents and adults are more likely to have asymptomatic 

pertussis infection and mild disease, which may prevent adherence to social 'sick role' norms, e.g., 

social distancing (Centers for Disease Control and Prevention, 2015; Edwards & Freeman, 2006; He 

et al., 1994; Klein et al., 2016; Klein, Bartlett, Rowhani-Rahbar, Fireman, & Baxter, 2012; Parsons, 

1951; Petousis-Harris et al., 2013). 

Family roles and professions are associated with contact patterns varying in frequency, duration, and 

type (e.g., close contact). For example, a mother and her infant would typically have a high frequency, 

long duration, and close contact pattern. Parents and siblings are significant sources of pertussis 

transmission for infants and toddlers, likely due to age-related risk and contact pattern (Biellik et al., 

1988; Bosdure et al., 2008; Centers for Disease Control and Prevention, 2015; Crowcroft et al., 2003; 

de Greeff et al., 2010; Elliott et al., 2004; He et al., 1994; Izurieta et al., 1996; Ministry of Health, 

2015b; Schellekens, Wirsing Von König, & Gardner, 2005; Wendelboe et al., 2007).. 

Households, residential institutions, other institutions, and schools are high-risk settings because 

they are places where people spend regular and prolonged time with others (Biellik et al., 1988; M. 

C. Fisher, Long, McGowan, Kasells, & Smith, 1989). Secondary attack rates are the highest in 

household settings (~80%) (Centers for Disease Control and Prevention, 2000). Residential 

institutions also have relatively high secondary attack rates (67%), in classrooms/schools, attack rates 

are lower and highly variable ranging from 17% to 74% (Aoyama, Harashima, Nishimura, & Saito, 

1995; Brennan et al., 2000; Christie & Marx, 1997; De Serres et al., 1996; Etkind, Lett, Macdonald, 

Silva, & Peppe, 1992; M. C. Fisher et al., 1989; He et al., 1994; Mink, Sirota, & Nugent, 1996; Pepe, 

Janes, Longton, Leisenring, & Newcomb, 2004; Roberts & Williams, 1981).  
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Household/residential composition such as the number and ages of those residing/working in the 

dwelling, and building quality, such as temperature, dampness, and ventilation are modifiers of 

transmission risk in these settings (M.G. Baker et al., 2012; M. G. Baker, McDonald, Zhang, & Howden-

Chapman, 2013).  

3.3.1.2 Maternal parity 

Maternal parity, count of prior pregnancies ending in live or stillbirths, is often used as a proxy for 

family or household size in health research (National Health Board Business Unit, 2011; Winter & 

Harriman, 2018). Evidence for the association between household crowding and pertussis risk has 

come from several different countries using several different study designs, this consistency of 

association strengthens the plausibility of the association (M. G. Baker et al., 2013; Maclure & 

Stewart, 1984; Siegel et al., 1997; Wall, Bell, & Theobald, 2011; Wright & Wright, 1942). A dose-

response pattern of risk has been observed for maternal parity and pertussis, increasing maternal 

parity is associated with increasing pertussis risk, this has also been observed for pertussis vaccine 

failure (Iroh Tam, Menk, Hughes, & Kulasingam, 2015; Lacombe et al., 2004; Winter & Harriman, 

2018).  

3.3.1.3 Age  

The period between birth and first routine vaccination is when humans are most vulnerable to 

fulminant pertussis disease, serious outcomes, and poor response to vaccines (Kroger, Atkinson, & 

Pickering, 2013). Immune system immaturity during infancy limits responses to B. pertussis infection 

and vaccination; infants under one-year-old have the highest pertussis incidence and mortality rates 

(Bento, King, & Rohani, 2017; Kilgore, Salim, Zervos, & Schmitt, 2016; Ministry of Health, 2020c; 

Niewiesk, 2014). There are several differences in innate and adaptive immune response in 

neonates/infants compared with adults that are relevant to age-specific pertussis response.  

Neonates have lower concentrations of and less mature neutrophils, meaning greater difficulty 

eliminating B. pertussis and other gram-negative bacteria (Argondizo-Correia, Rodrigues, & de Brito, 
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2019). Antibodies manufactured by neonates take longer to produce, have a shorter duration, are 

more homogenous, and are not responsive to bacterial polysaccharides (Argondizo-Correia et al., 

2019). All infants are not equally at risk of pertussis; age interacts with ethnicity, deprivation, and 

biological risk factors such as prematurity, birth weight (BW), and sex (Kilgore et al., 2016; Peer, 

Schwartz, & Green, 2020; Winter et al., 2015).  

3.3.1.4 Socioeconomic deprivation  

Socioeconomic deprivation is a complex, multidimensional phenomenon describing a relative lack of 

social and economic determinants of health, including but not limited to income, education, 

employment, nutrition, housing quality, and social connectedness (Salmond & Crampton, 2012; 

World Health Organization, 2010). Accurate and meaningful measurement of socioeconomic 

deprivation is difficult (Butler, Petterson, Phillips, & Bazemore, 2013). Two main approaches to 

measurement are individual-level such as scales based on occupation or income, and area-based 

measures, such as those based on census or administrative data (Salmond & Crampton, 2012). While 

individual measures are not subject to ecological fallacy (attributing area-based values to an 

individual), they are resource-intensive and tend not to capture the multidimensionality of 

deprivation, making accuracy a concern (Lokar, Zagar, & Zadnik, 2019). 

In NZ, a composite small area-based measure of deprivation called the NZ Deprivation index (NZDep) 

is often used as a proxy for socioeconomic status (Salmond & Crampton, 2012). NZDep is derived 

from the quadrennial national census and has eight dimensions of deprivation: communication, 

employment, qualifications, owned home, support, living space, and transport (Salmond & Crampton, 

2012). NZDep provides a deprivation score for mesh blocks (containing between 60 – 110 people) 

that make up NZ. NZDep scores are between one and ten; a score of one indicates the area is within 

10% of the least deprived areas in NZ and a score of ten indicates the area is within 10% of the most 

deprived areas in NZ (Atkinson, Salmond, & Crampton, 2014). The most recent deprivation index for 

which data is available is the NZDep2018. However, issues with the 2018 census such as lower than 

anticipated response rates, in particular for Māori, mean NZDep2013 (NZDep13) is more reliable. 
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Socioeconomic deprivation has a strong association with infectious disease risk, including pertussis 

(Beaulac, Kristjansson, & Cummins, 2009; Hernandez, Montana, & Clarke, 2010; Larson, Story, & 

Nelson, 2009; World Health Organization, 2010). Deprivation may influence susceptibility to pertussis 

and vaccine failure though increasing B. pertussis exposure risk and immunosuppression (McEwen & 

McEwen, 2017). Poor-quality housing, stress, nutrition, overcrowding, and low health care access 

have been proposed as reasons for the relationship between deprivation and infectious disease risk 

(McEwen & McEwen, 2017; World Health Organization, 2010). 

Deprivation, housing, and neighbourhood characteristics 

Poor housing quality, narrowly defined as crowded, damp, poorly ventilated, and cold, is a significant 

risk factor for infectious respiratory diseases, including pertussis (M.G. Baker et al., 2012; Maclure & 

Stewart, 1984; Siegel et al., 1997). Household crowding allows infectious respiratory, enteric, and skin 

diseases to propagate efficiently  (M. G. Baker et al., 2013). This is because close, prolonged contact 

with many individuals in poorly ventilated space describes both household crowding and the 

conditions for high transmission settings. Transmission hot spots defined by higher household 

transmission efficiency probably have an important role in propagating epidemics (Dowdy, Golub, 

Chaisson, & Saraceni, 2012; Lessler, Azman, McKay, & Moore, 2017). Clustering of unhealthy housing 

in geographic regions may lead to community transmission hotspots that can quickly escalate and 

build epidemic pressure. 

Cheap housing is often located in dangerous and residentially undesirable areas, such as areas with 

high environmental pollution from industry or high crime rates (Lin et al., 2017). Inhabiting these 

areas over time can result in chronic exposure to pollutants, such as heavy metal waste or chronic 

stress (Lin et al., 2017). Environmental exposure to heavy metals is particularly concerning for fetuses, 

infants, and young children (Cao et al., 2016). Immune and respiratory systems begin development 

in utero, exposure to environmental toxicants such as heavy metals during this period have adverse 

effects on immune and respiratory function (Alabi et al., 2012; Cao et al., 2016). After controlling for 

confounding, there is evidence that heavy metal exposure, notably lead, zinc, and copper, such as 
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those found in some industrial neighbourhoods, reduce the immune response to pertussis, 

diphtheria, tetanus, polio, measles vaccination (Lin et al., 2017). While there are no serological 

correlates of protection, reduced responses were observed in all vaccines studied, including those 

with established serological correlates of protection such as tetanus and diphtheria, indicating 

possible interference with more general immune responses to vaccine antigens and, therefore also 

pertussis (Plotkin, 2010).  

Deprivation related stress  

Socioeconomic deprivation has a significant influence on subjective stress, and subjective stress has 

physiological manifestations that influence a wide range of health outcomes (Kim, Evans, Chen, 

Miller, & Seeman, 2018). There is strong international evidence of an association between 

deprivation and reduced immune function, mediated by psychosocial stress (Kim et al., 2018; 

McEwen & McEwen, 2017; World Health Organization, 2010). While there is no research explicitly 

examining deprivation-related stress and pertussis, research on other infectious respiratory diseases 

is tentatively applicable to pertussis. Upper respiratory disease and streptococcal infections in 

children are positively associated with stress (Clover, Abell, Becker, Crawford, & Ramsey, 1989; N. M. 

H. Graham, Douglas, & Ryan, 1986; Meyer & Haggarty, 1962; Turner Cobb & Steptoe, 1998). 

Cytomegalovirus positive children with higher stress had higher concentrations of CD8+CD28- and 

CD57+ T cells (a measure of chronic immune activation) and more deficient immunological regulation 

of cytomegalovirus (Caserta et al., 2008). A significant body of psychoneuroimmunology literature 

exists on the effect of chronic stress on immune function  (Thornton, Andersen, Crespin, & Carson, 

2007). 

Deprivation and nutrition 

Malnutrition describes conditions of nutritional deficiency and excess, such as energy and 

micronutrient undernutrition and energy overnutrition (Shetty, 2003). Maternal nutritional status 

during preconception and pregnancy influences fetal immune system development and the lifelong 

immunocompetence of her infant (Moore, 1998; Ramakrishnan, Grant, Goldenberg, Zongrone, & 
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Martorell, 2012). Maternal undernutrition is an established risk factor for poor infant and child health 

outcomes, such as low BW, obesity, diabetes, and reduced immunocompetence (Ceesay et al., 1997; 

da Silva Lopes et al., 2017; Moore, 1998; Pereda, Bove, & Pineyro, 2020; Ramakrishnan et al., 2012). 

Country income classification shapes the relationship between deprivation and malnutrition. In high-

income countries, socioeconomic deprivation is strongly associated with diets of low nutritional 

value, specifically energy-rich and micronutrient poor (Nau et al., 2015). Foods of low nutritional 

quality are cheaper and more accessible in deprived neighbourhoods than foods of high nutritional 

quality, such as fresh vegetables and lean meat (Beaulac et al., 2009; Larson et al., 2009; Loring & 

Robertson, 2014). In high-income countries, malnutrition is the leading cause of immunodeficiency 

and is commonly manifested as a deficiency in one or more micronutrients and an excess in energy 

(Chandra, 1997). While obesity is a common indicator of malnutrition, micronutrient deficiency is not 

a necessary condition of obesity. There is reasonable evidence that adipose tissue, particularly white 

adipose, metabolism negatively influences some immune cell activities, resulting in low-level 

immunosuppression, increasing infection risk (Caspar-Bauguil et al., 2005; Marcos, Nova, & Montero, 

2003). Peripheral adiposity can also reduce the innate immune response to vaccination if subunit 

vaccines are injected into adipose tissue rather than skeletal muscle tissue (Zuckerman, 2000).  

In low- and middle-income countries, deprivation has a strong association with underweight and 

stunting (World Health Organization, 2009). In several vaccine studies, underweight and stunting 

have been associated with a reduced immune response to vaccination. A study in Senegal of 

modulators of the immune response to wP identified both stunting and underweight as risk factors 

for anti-PT IgG immune modulation (Gaayeb et al., 2014). Underweight is associated with the season 

of birth; those born in the dry season (the harvest, a period indicative of greater nutritional resources) 

had better nutritional status and greater anti-PT IgG responses. Another study in The Gambia 

indicated that nutritional status was a modulator of immune response to the oral poliovirus vaccine 

(Deming, Linkins, Jaiteh, & Hull, 1997). Better serological response to the oral poliovirus vaccine 

occurred when administered in the dry season. This seasonal variation was also indicated in a study 
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comparing immune response (interferon-γ) to Bacille Calmette-Guerin vaccine in Malawian infants 

and those born in the UK, but seasonal variation was stronger in infants in Malawi (Lalor et al., 2009).  

Deprivation and health care  

There are well documented socioeconomic barriers to primary health care utilisation, for example, 

financial restriction and inflexible working hours, meaning preventative health care is often forgone 

(Gornick, 2002). Ambulatory sensitive hospitalisations (ASH) are conditions for which hospital 

admission is considered preventable by adequate and timely primary health care utilisation (Becker, 

Karmakar, Tipirneni, & Ayanian, 2022). ASH conditions include asthma, constipation, and vaccine-

preventable diseases such as pertussis (Nationwide Service Framework Library, 2022). ASH rates in 

infants and young children are primarily driven by respiratory hospitalisations and are higher for 

children living in socioeconomically deprived areas (E. Craig et al., 2011). Vaccine coverage in high 

deprivation areas is lower, and circulation of vaccine-preventable diseases is likely to be higher in 

these communities, increasing exposure risk. There is evidence that pertussis incidence clusters in 

high deprivation areas (Ministry of Health, 2020c; Siegel et al., 1997). ASH is used as an indicator of 

complex socioeconomic vulnerability for District Health Boards (DHB) planning activities . 

Deprivation and ethnicity 

Ethnicity is a complex social construct; it describes cultural belongingness or connection within a 

group of people who share historical, social, and physical characteristics (Statistics New Zealand, 

n.d.). Ethnicity is intimately entangled with socioeconomic status. For Māori (tangata whenua4) and 

Pacific people5 in NZ this entanglement has historical roots such as colonisation and Pacific 

immigration to and subsequent exploitation in NZ. 

 
4 A Māori term to describe ‘people of the land’, in this context taken to mean the original inhabitants or 
indigenous peoples of NZ. 
5 Pacific people is a term used to describe collectively a diverse group of cultures from many different Pacific 
Islands such as Samoa, Tonga, Cook Islands, and Fiji. This dynamic and diverse group of people living in NZ 
either migrated from Pacific Islands or identify with Pacific countries due to ancestry or heritage (Ministry of 
Social Development, 2016).  
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In NZ, deprivation profile differs substantially between ethnic groups, with Māori and Pacific People 

more likely to live in medium to high deprivation areas than NZ Europeans6 (Mare, Mawson, & 

Timmins, 2018). Indigenous peoples and ethnic minorities often experience a high burden of disease, 

the causes of which are often closely tied to socio-political and economic contexts (Child and Youth 

Mortality Review Committee Te Rōpū Arotake Auau Mate o te Hunga Tamariki Taiohi, 2015). Notably, 

the presence of ethnic inequalities in disease incidence does not necessitate genetic vulnerability, 

and these assumptions can lead to deficit theorising, an active violation of human rights.  

In NZ, Māori compared to non-Māori/non-Pacific suffer a disproportionate accumulation of risk 

factors for respiratory conditions, such as high deprivation, poor quality housing, and diet (M.G. Baker 

et al., 2012; M. G. Baker et al., 2013; Child and Youth Mortality Review Committee Te Rōpū Arotake 

Auau Mate o te Hunga Tamariki Taiohi, 2015; C. C. Grant & Reid, 2010). Additionally, Māori compared 

to non-Māori /non-Pacific have a young population profile increasing the proportion of these 

populations vulnerable to severe pertussis infection (Ministry of Health, 2015b; Statistics New 

Zealand, n.d.). A special report from the Child and Youth Mortality Review Committee (2015) found 

Māori and Pacific infants, children, and adolescents were 2.7 and 3.6 times more likely than other 

ethnic groups to be hospitalised with pertussis (Child and Youth Mortality Review Committee Te Rōpū 

Arotake Auau Mate o te Hunga Tamariki Taiohi, 2015). 

Asian7 people in NZ are generally described as ‘healthier’ potentially owing to a higher socioeconomic 

profile than other ethnic groups. Indeed, Asian children have high childhood vaccination coverage 

and the low rates of pertussis (Institute of Environmental Science and Research Ltd., 2018). However, 

caution should be exercised in generalising ethnic health and socioeconomic status trends and 

nuances such as the ‘healthy immigrant effect’ should be acknowledged in data interpretation. 

 
6 New Zealanders of European descent. 
7 Asian is a term denoting a diverse group of people with Asian ancestry, this term is sometimes broken down 
into Chinese, Indian/South Asian and Other Asian (Health Navigator New Zealand, 2022).  
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3.3.1.5 Sex 

Many diseases observe sex-differences in incidence; for example, male predominance in infectious 

disease incidence and female-predominance in autoimmune disease incidence (Giefing-Kröll, Berger, 

Lepperdinger, & Grubeck-Loebenstein, 2015; Green, 1992; Peer et al., 2020). Pertussis deviates from 

this pattern as females have a consistently higher incidence of pertussis (Peer et al., 2020). The 

magnitude of the sex-difference is modified by age - sex-differences are least pronounced in infants 

and most pronounced in young adults (Peer et al., 2020). Several reasons for this sex-difference have 

been proposed, but the mechanisms are still poorly understood; explanations predominantly relate 

to sex-related differences in environmental exposure and biology (Peer et al., 2020). 

Sex-differences in health care quality or vaccination coverage are unlikely to account for the disparity 

in infants (Peer et al., 2020). However, sex differences in adults' health-seeking behaviour could 

account for some of the excess incidences in adult age groups, but not for infants and children 

(Bertakis, Azari, Helms, Callahan, & Robbins, 2000; Peer et al., 2020). Also, adult females are more 

likely to live and work in high exposure risk settings such as teaching and caring for children. While 

exposure differences may be a viable explanation for sex-differences in adults, it is not a viable 

explanation for infants and children.  

Sex differences in immunological function due to X chromosome diploidy (female state) has also been 

proposed as a potential explanation (Giefing-Kröll et al., 2015; Peer et al., 2020). The X chromosome 

contains several genes important for immune function, such as T and B cell activity and Toll-like 

receptors (Giefing-Kröll et al., 2015). X chromosome diploidy produces a stronger immune response 

than is possible with an X Y chromosomal pairing. It has been postulated that this may result in 

immune over response to B. pertussis resulting in more symptomatic pertussis presentation 

(Frederiksen et al., 2019).  

The sex hormones progesterone and oestrogen are associated with greater inflammation in 

respiratory disease through cytokine storm phenomenon and enhanced pro-inflammatory pathogen 
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response (Newcomb et al., 2015; Peer et al., 2020; Y. Wang, Cela, Gagnon, & Sweezey, 2010). In 

comparison, the sex-hormone testosterone is known to decrease T-helper 17 cell production, 

associated with upper respiratory tract inflammation, prolonged cough and prolonged respiratory 

tissue pathology (Fuseini et al., 2018). These differences may contribute to the sex-differences 

observed in symptomatic pertussis presentation. However, the role of sex-hormones pre-puberty is 

not well established. Still, there is evidence to suggest females have higher oestrogen levels than 

males during infancy, childhood and mini-puberty . 

3.3.2 Genetic factors 

Genetic factors are not within this thesis's empirical work scope and will only be broadly summarised. 

The variability of susceptibility to pertussis infection, vaccine-induced protection, and disease 

presentation in human populations indicate that host genetic factors are involved in these processes 

(Banus et al., 2006). Murine models demonstrate genetic differences can contribute to vulnerability 

to pertussis infection and disease (Banus et al., 2005). For example, differences in speed of B. 

pertussis clearance from the respiratory tract has been related to genetic differences (Banus et al., 

2005). In humans, toll-like-receptor 4 polymorphisms have been associated with host susceptibility 

to pertussis infection and host immune response to wP vaccine (Pellegrino et al., 2016). Also, in 

humans, polymorphisms in the major histocompatibility complex class II region have been associated 

with host susceptibility to pertussis infection (McMahon, Ring, Davey-Smith, & Timpson, 2015).  

3.3.3 Perinatal factors 

Immune system development and disease susceptibility through infancy and into adulthood are 

influenced by perinatal factors such as BW, gestational age (GA), microbiome, and congenital 

conditions (Moore et al., 2004).  
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3.3.3.1 The bacterial baptism hypothesis 

There is growing evidence that antibody response to vaccination may be programmed by events 

occurring before and during birth and in infancy (Moore et al., 2004). The correlation between the 

rise in paediatric autoimmune diseases, allergic diseases, asthma, adiposity, and the rise in caesarean 

delivery has made delivery mode a variable of increasing interest in paediatric health research 

(Mueller et al., 2019). Bacterial baptism is the hypothesis that vaginal delivery exposures infants to 

commensal microflora of maternal vaginal and intestinal origin and that this is important for the 

development of the infants own gastrointestinal microflora, mucosal immunity, and immune system 

competency (Neu & Rushing, 2011). 

Although no research has investigated bacterial baptism and pertussis risk, pertussis is a bacterial 

infection, and the mechanism described is plausible. Infants born through caesarean section have a 

microbiota reflecting that generally found on the skin rather than maternal vaginal microbiota 

(Mueller et al., 2019). Disturbed intestinal flora (delayed faecal colonisation) has been observed in 

infants born by caesarean delivery in the first six months of life (Gronlund, Lehtonen, Eerola, & Kero, 

1999). Vaginal seeding (artificial transfer of vaginal microbiota to caesarean delivered infants) has 

been shown to restore some infant microbiota in infants born via caesarean section (Mueller et al., 

2019). Less pathogenic early-stage colonisation has been recorded in infants who were vaginally 

delivered compared with caesarean delivered, and the differences in gastrointestinal microflora 

between these groups lasted from months to years (Dominguez-Bello et al., 2010; Neu & Rushing, 

2011). Delays in microbiota development influences immune development, immune competence, 

and infectious disease risk during infancy and early childhood (Kalliomaki et al., 2001; Salminen, 

Gibson, McCartney, & Isolauri, 2004).  

Several immune-related diseases (asthma, immune deficiencies, leukaemia, juvenile arthritis and 

systemic connective tissue disorder) have caesarean delivery as a shared risk factor (Sevelsted, 

Stokholm, Bønnelykke, & Bisgaard, 2015). Proponents of the bacterial baptism hypothesis suggest 

that this is evidence of events occurring around birth that result in disease trajectories, with early 
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deviation in normal immune development proposed as a potential mechanism (Sevelsted et al., 

2015). However, challenges to the bacterial baptism hypothesis claim the correlation results from 

confounding rather than any causal relationship. Instead, the real causal mechanisms are related to 

reasons for caesarean deliveries such as maternal obesity, antibiotic administration antepartum, and 

differences in GA (Stinson, Payne, & Keelan, 2018).  

3.3.3.2 Birth weight (BW) 

BW describes weight at birth and is distinguishable from GA, which describes time spent in utero 

(Berkowitz & Papiernik, 1993). Prematurity and low BW represent distinct aetiologies and pathologies 

but are usually correlated (Berkowitz & Papiernik, 1993). For example, term infants may have low 

BW, especially in intrauterine growth restriction or adolescent mothers (Negrato, Tarzia, Jovanovič, 

& Chinellato, 2013; Riise et al., 2017). Table 5 gives BW classification thresholds used in NZ. 

Table 5 Birth weight classification thresholds 

Birth weight classification  Weight threshold 

Very low <1500 grams at birth 

Low Between 1500 and 2499 grams at birth 

Normal Between 2500 and 4499 grams at birth 

Macrosomia* >4500 grams at birth 

Note. *No consensus of fetal macrosomia, macrosomia has been defined as birth weight of 4000,  

4500 and 5000 grams, but 4500 has been most widely used and is used by the NZ Ministry of  

Health (Ju, Chadha, Donovan, & O’Rourke, 2009; Ministry of Health, 2019c).  

 

Low BW is consistently identified as a risk factor for pertussis in the literature; in some cases, 

independent of GA (American Academy of Pediatrics, 2012; K. N. Chan, Elliman, Bryan, & Silverman, 

1989; Haberling, Holman, Paddock, & Murphy, 2009; Langkamp & Davis, 1996; Riise et al., 2017; T. N. 

Saari, 2003; Vitek, Pascual, Baughman, & Murphy, 2003; Zamir, Dahan, & Shoob, 2015). There is 

evidence of a dose-response relationship between BW and the risk of pertussis notification before 

two years of age (Langkamp & Davis, 1996). Compared to normal BW infants, very low BW and low 

BW infants have 4.4 and 1.86 times the risk of pertussis notification before two years of age 

(Langkamp & Davis, 1996).  
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While the relationship between pertussis antibody titre and VE is not clear, there is some tentative 

evidence of reduced response to vaccination in low BW infants (Schloesser et al., 1999). A significantly 

greater serologic response to aP vaccine has been observed in normal BW compared to low BW 

infants (Schloesser et al., 1999). Also, low BW has been significantly associated with reduced antibody 

response to typhoid vaccination (Moore et al., 2004).  

Reduced muscle mass, immune system immaturity, and abnormalities in low BW infants are plausible 

explanations for some of the increased risk of pertussis in this group (Moore et al., 2004; T. N. Saari, 

2003). Very low BW and low BW infants have reduced muscle mass compared with normal BW infants 

(Schloesser et al., 1999). Muscle fibre plays an important role in the innate immune response to 

subunit vaccines. Appropriate muscle mass and intramuscular vaccine administration are 

determinants of vaccine immunogenicity (Zuckerman, 2000). Muscle fibre is highly vascular, allowing 

for faster mobilisation and processing of vaccine antigens. Vascularity is also important for the fast 

clearance of adjuvants minimising local reactions (Zuckerman, 2000). Inflammatory immune 

response to the puncture site increases blood flow and activates immune cells, and this process is 

more effective in muscle tissue than subcutaneous fat layers (Zuckerman, 2000).  

3.3.3.3 Gestational age (GA) 

The normal duration of a human pregnancy is 40 weeks from the last menstrual period, but 

approximately 70% of women deliver within ten days of the 40-week standard (Jukic, Baird, 

Weinberg, McConnaughey, & Wilcox, 2013). GA is estimated based on either the last menstrual 

period or ultrasound; ultrasound is the preferred method as the last menstrual period tends to 

overestimate gestation (Deputy et al., 2017). GA is categorised as either preterm - born at less than 

37 weeks gestation or term - born at 37 weeks or greater (Ministry of Health, 2011a, 2019c). Preterm 

birth is identified in the literature as a risk factor for pertussis (Riise et al., 2017). Pertussis 

notifications are four times higher in infants born at 28 weeks gestation than term infants (Riise et 

al., 2017). Infants born at 23-27 weeks gestation had a significantly higher notification rate than 

infants born at 37 weeks of GA or older, with an incidence rate ratio of 4.49. This relationship was 
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independent of socioeconomic and vaccination status (Riise et al., 2017). However, third dose 

pertussis VE shows little variation with GA (preterm vaccine effectiveness 88.7%, full-term VE 91.1%) 

(Riise et al., 2017). 

Maternal IgG transfer to fetus begins during 13 weeks gestation. The most significant period for 

maternal IgG transfer is in the last four weeks of a full-term pregnancy, and infants born before this 

are likely to be more susceptible to some infectious diseases due to low maternal antibody (de Voer 

et al., 2009; Riise et al., 2017; Simister, 2003). Additionally, reduced maternal pertussis antibody 

transfer proportional to the amount of time lost has been documented, indicating disease 

susceptibility may be proportional to GA (de Voer et al., 2009; Riise et al., 2017; Simister, 2003). As in 

low BW infants, preterm infants are more likely to have reduced muscle mass, therefore, may have 

reduced response to intramuscular pertussis vaccine administration (Gill, May-Benson, Teasdale, & 

Munsell, 2013; Schloesser et al., 1999). Preterm gestation can result in the immaturity of pulmonary 

structure, leading to pulmonary diseases such as bronchopulmonary dysplasia (Collaco & McGrath-

Morrow, 2017). There is also evidence that preterm infants have under-developed immune systems 

with reduced innate and adaptive immunity capacity (Melville & Moss, 2013; Schloesser et al., 1999).  

3.3.3.4 Five-minute Apgar score 

The five-minute Apgar score, hereafter Apgar score, is used to assess the newborn's overall 

physiological condition outside of the mother’s uterus (Razaz et al., 2016). Apgar scores use five 

categories to describe infant condition: infant colour, muscle activity, heart rate, response to 

stimulation, and respiration. Apgar scores of 0-3 indicate poor condition, scores between 4-6 indicate 

a moderate abnormality, and scores of 7-10 indicate normal condition (American Academy of 

Pediatrics, 2012; Razaz et al., 2016).  

Though not its original purpose, the Apgar score has been used as a predictive tool for neonatal 

morbidity and mortality (Gutbir et al., 2020). Newborns with cardiovascular, respiratory, or 

neurological distress identified by low Apgar scores may be more susceptible to infection. Recently, 
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low Apgar scores have been investigated for their potential association with infectious disease 

hospitalisations during infancy and childhood. Infants with low Apgar scores were more likely to have 

infectious disease hospitalisations, specifically, bronchiolitis, otitis, and mycoplasma. However, the 

authors note that this could be due to the commonality of these infections in paediatric populations 

or because of interventions undertaken in response to low Apgar score (Gutbir et al., 2020).  

The literature investigating Apgar score and infectious disease risk is emerging. No published studies 

have investigated Apgar score in relation to pertussis risk or vaccination, as such caution should be 

exercised in interpretation. Also, there are limitations to the Apgar score as an objective assessment 

of the new-born condition. These include interobserver variability and conditions that influence 

scores such as preterm birth, maternal anaesthesia, and trauma (Committee on Obstetric Practice: 

American Academy of Pediatrics - Committee on Fetus and Newborn, 2017).  

3.3.3.5 Perinatal conditions 

Conditions arising during the perinatal period indicate health trajectories (World Health Organization, 

2010). Many congenital disorders such as Down Syndrome and congenital heart disease are 

associated with deviation from normal immune and organ function and carry an increased risk of 

infectious respiratory diseases, including pertussis (Ram & Chinen, 2011). Down Syndrome is also 

associated with T and B cell lymphopenia, lower concentrations of naïve lymphocytes (Ram & Chinen, 

2011). Reduced response to vaccination, including aP, is observed in children with Down Syndrome 

(Ram & Chinen, 2011).  

3.3.4 Chronic conditions 

Several chronic conditions such as immunodeficiency disorders, obesity, asthma, and chronic 

obstructive pulmonary disease increase the risk of pertussis and/or suboptimal response to pertussis 

vaccination (Jenkins, Savic, & Kandeil, 2020). While chronic obstructive pulmonary disease is 

associated with an increased risk of pertussis and pertussis hospitalisation, it is an adult condition. 

Conditions with greater relevance to the paediatric population and will be discussed below. 



Chapter 3 

40 

3.3.4.1 Immunodeficiency disorders 

Immunodeficiency disorders weaken the immune system and increase susceptibility to disease. 

Immunodeficiency disorders are either congenital or genetic such as X-linked agammaglobulinemia, 

or acquired, such as malnutrition, viral infection, leukaemia, corticosteroid use, and burns (British 

Society for Immunology, 2017; Raje & Dinakar, 2015). Immunodeficient individuals have a greater 

susceptibility to pertussis and are a risk group for severe pertussis disease and hospitalisation (Jenkins 

et al., 2020; Ministry of Health, 2012; Sobh & Bonilla, 2016). While the immune response to 

vaccination is lower in the immunocompromised, vaccination with inactivated vaccines has 

demonstrated benefit for reducing disease severity and complications in this population (Eibl & Wolf, 

2015).  

3.3.4.2 Obesity 

Obesity is a metabolic disorder resulting in constant but low-grade inflammation with known 

immunosuppressive effects (Wiedermann, Garner-Spitzer, & Wagner, 2016). Greater risk of infection 

for obese compared with non-obese individuals has been shown for bacterial infections such as 

pneumococcal, tuberculosis, pneumonia, and influenza (Liu et al., 2012; Wiedermann et al., 2016). 

Recently, evidence of increased risk of pertussis infection and increased disease severity in obese 

adults has been published (Jenkins et al., 2020; Liu et al., 2012; Mbayei et al., 2018). For example, 

obese adults had a relative risk for pertussis of 1.52 (95% confidence interval [CI] 1.06-2.19) (Liu et 

al., 2012). The pathological processes are under investigation, but preliminary findings indicate high 

levels of white fat (endocrine organ) to be a significant cause of the metabolic and 

immunosuppressant effects.  

Obesity may also negatively affect vaccine-induced protection through either hormonal interference 

with the process of vaccination or the higher likelihood of vaccines being administered into 

subcutaneous fat instead of skeletal muscle (Middleman, Anding, & Tung, 2010). Few VE studies 

subgroup by weight; however, some research has investigated the immunological response to 

hepatitis A and B and human papillomavirus vaccines by body mass index classification. These studies 
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report a lesser immune response to these vaccines in those at or above the body mass index threshold 

for overweight and obese (Middleman et al., 2010; Reisinger et al., 2007). Recent research also 

suggests obesity reduces the effectiveness of flu vaccines (Sheridan, Ware, Grimwood, & Lambert, 

2012). Whether obesity also reduces immune response to pertussis vaccines has not been 

investigated, but the relationship is plausible, especially as some of the hepatitis B vaccines 

investigated were recombinant vaccines. High population obesity is a relatively recent phenomenon 

with potential consequences for mass vaccination program success. 

3.3.4.3 Asthma 

Asthma is a chronic respiratory disease that presents as reoccurring episodes of breathlessness and 

wheezing that vary in frequency and severity (World Health Organization, 2021a). In asthma, 

bronchioles are oversensitive, and when they become irritated, they inflame and constrict, reducing 

airflow into and out of the lungs (Asthma New Zealand, 2021). Asthma is rising in prevalence globally; 

in NZ, approximately 13% of children are asthmatic (Health Quality and Safety Commission New 

Zealand, 2020). 

Asthma is an established risk factor for pertussis and is associated with severe pertussis disease (Capili 

et al., 2012). Asthma increases the risk of severe pertussis disease once infected, and recent research 

also suggests that asthma increases the risk of pertussis infection (Capili et al., 2012; Liu et al., 2012; 

Mbayei et al., 2018). Capili et al. (2012) reported a population attributable risk of asthma for risk of 

pertussis of 17% in children and adults. One suggested reason for this is the effect of corticosteroids 

on the immune system. Still, this explanation lacks support from the literature, with no observed 

relationship between corticosteroid use and increased infection risk (Capili et al., 2012). Altered 

pulmonary architecture that reduces host barriers to pathogens may explain some of this observed 

risk increase (Capili et al., 2012). Additionally, dulled innate and acquired immune responses have 

been observed in asthmatics (Grove, Burston, Wellby, Ford, & Forbes, 1975; Lahood, Emerson, 

Kumar, & Sorensen, 1993). 
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A high proportion of infants and young children experience symptoms of asthma (wheeze, cough, 

dyspnoea), but asthma is typically not diagnosed before five years of age due to diagnostic challenges 

of pulmonary function testing in paediatric patients (Beydon et al., 2007; Ng & How, 2014; Zhai et al., 

2019). However, 'recurrent wheeze' is diagnosed in this population and has been observed to precede 

an asthma diagnosis in childhood, although not consistently. Approximately one-third of young 

children with recurrent wheeze will receive an asthma diagnosis after age six years (van Aalderen, 

2012).  

3.3.4.4 Recurrent wheeze  

Recurrent wheeze is a common, non-specific paediatric symptom of respiratory disease and can 

indicate structural (e.g., cystic lesions, cardiomegaly) and functional (e.g., bronchopulmonary 

dysplasia, gastro-oesophageal reflux) diagnoses (Tenero, Piazza, & Piacentini, 2016; Zhai et al., 2019). 

Recurrent wheeze may also indicate sustained or consistent exposure to environmental irritants such 

as second-hand smoke, pollution, or mould (Cho et al., 2006). Recurrent lower respiratory tract 

infections manifesting as recurrent wheeze can indicate immune deficiency (Tenero et al., 2016).  

There is no widely accepted definition of recurrent wheeze, and definitions vary predominantly by 

the frequency and duration of wheezing episodes (Ng & How, 2014). Definitions also differ based on 

their application, for example, within a clinical setting or pharmacoepidemiologic research. Recurrent 

wheeze is treated with asthma medication or antibiotics, and pharmacoepidemiologic research 

exploits this, identifying recurrent wheeze by pharmaceutical prescription patterns (Ng & How, 2014). 

While there is no literature investigating recurrent wheeze and pertussis risk directly, this relationship 

is biologically plausible. 

3.3.5 Pharmaceutical use  

There is limited literature for pharmaceutical safety and efficacy in the paediatric population. Paucity 

has resulted in relying on adult pharmaceutical safety and efficacy research for this population, with 

an assumption that pharmaceutical metabolism and pathophysiology in paediatric patients is 
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identical to adult patients - this is at best a good guess and at worse harmful (Sturkenboom et al., 

2008). This is problematic for pharmacoepidemiologic research, especially for interpreting 

associations between pharmaceutical use and outcomes of interest.  

For consistency, most international pharmaceutical research utilises the World Health Organization's 

anatomical, therapeutic, and chemical (ATC) classification of pharmaceuticals. Anatomical is the 

broadest group, and chemical the most specific. For example, erythromycin would be classified as 

anti-infectives for systemic use (anatomic), antibacterials for systemic use (therapeutic), 

erythromycin (chemical) (Benard-Laribiere et al., 2015). 

There is a high background rate of pharmaceutical use in paediatric populations in high-income 

countries, especially in zero to two-year-olds (Benard-Laribiere et al., 2015). In three European 

countries, under two-year-olds have an estimated user prevalence of 48% for anti-infectives, 30% 

each for respiratory and dermatologicals and 20% for gastrointestinal pharmaceuticals (Sturkenboom 

et al., 2008). The immunomodulatory effects of pharmaceutical use in paediatric populations are of 

particular interest as immune modulation influences the risk of disease and VE. There is emerging 

evidence for this with antibiotic, paracetamol, and gastric acid suppressant pharmaceuticals. 

3.3.5.1 Antibiotics 

Antibiotics are chemicals that inhibit bacterial replication or are bactericidal and are used to treat 

certain bacterial infections (Microbial Society, 2021). Antibiotics are one of the most prescribed 

medications for infants and young children in NZ and other high-income countries. NZ has 

comparatively high antibiotic dispensing rates (Chai et al., 2012; Hobbs et al., 2017; Olsson, Kimland, 

Pettersson, & Odlind, 2011; Sturkenboom et al., 2008; T. Zhang et al., 2013). The Growing up in New 

Zealand study cohort8 had a mean antibiotic dispensing incidence of 1.9 courses per year (Hobbs et 

al., 2017). Māori and Pacific Peoples children have higher antibiotic prescription rates than NZ 

 
8 The Growing Up in New Zealand study cohort comes from the Growing up in New Zealand study, the largest 
longitudinal study on child development. The cohort is approximately 6,000 large and reflects the 
socioeconomic and ethnic diversity of NZ children (Morton et al., 2010). 
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European and Other, as do children living in the most deprived neighbourhoods compared to the 

least deprived neighbourhoods (Whyler, Tomlin, Tilyard, & Thomas, 2018). Higher antibiotic 

dispensing may reflect the higher incidence of infectious diseases in Māori, Pacific Peoples, and high 

socioeconomic deprivation populations (Whyler et al., 2018). 

There is increasing evidence of the microbiome's roles in the development of host immunity (Hagan 

et al., 2019). Antibiotic consumption alters the microbiota, and these changes can last from months 

to years (Costelloe, Metcalfe, Lovering, Mant, & Hay, 2010; Thomas, 2015). Antibiotic-induced 

changes in the microbiota may increase susceptibility to B. pertussis. In a murine model, a weaker 

antibody response to B. pertussis was observed after antibiotic use (Y. Zhang et al., 2019). While there 

is no research relating to pertussis vaccination, there is evidence that antibiotic use before flu 

vaccination can reduce adults' immune response (Hagan et al., 2019). 

Antibiotic use in infancy and young childhood may be particularly problematic as it could negatively 

disrupt the developing microbiome (Bordon, 2019). Infants may be more vulnerable to dysbiosis's 

adverse effects due to the lack of pre-existing immune memory (Bordon, 2019). Recent research also 

suggests a plausible association between antibiotic use during infancy with the development of 

immune-mediated disease and overweight in childhood (Hobbs et al., 2017; Kronman, Zaoutis, 

Haynes, Feng, & Coffin, 2012; Risnes, Belanger, Murk, & Bracken, 2011; A. Saari, Virta, Sankilampi, 

Dunkel, & Saxen, 2015).  

3.3.5.2 Paracetamol  

Paracetamol (acetaminophen) is a non-opioid analgesic used to treat moderate pain and fever (New 

Zealand Formulary, 2021b). Paracetamol is the pharmaceutical most used by NZ children (Tomlin, 

Woods, Lloyd, & Tilyard, 2018). Evidence has emerged suggesting paracetamol use in the first 24 

hours after primary pertussis vaccination may reduce the immunogenicity of pertussis vaccines - a 

significantly lower geometric mean concentration of anti-pertactin was observed in the paracetamol 

group compared with the placebo group (Prymula et al., 2009). This observation led the NZ Ministry 
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of Health to remove the recommendation for routine paracetamol use before and after primary 

vaccination for pyrexia prophylaxis.  

3.3.5.3 Gastric acid suppressants 

Gastric acid suppressants (GAS) are a class of pharmaceuticals indicated for treating gastroesophageal 

reflux symptoms (constant crying, colic in infants) or preventing stress ulceration in neonatal 

intensive care procedures. Proton pump inhibitors and histamine 2 receptor antagonists are major 

pharmaceutical groups in this class (New Zealand Formulary, 2021a). GAS may have some significant 

unintended side effects that accompany gastric acid reduction. Alterations in gastric and intestinal 

microbiota in response to GAS, specifically proton-pump inhibitors, have been documented 

(Minalyan, Gabrielyan, Scott, Jacobs, & Pisegna, 2017). Indeed, proton pump inhibitors are prescribed 

to treat Helicobacter pylori infection (Minalyan et al., 2017). Alteration in the gut microbiome may be 

a mechanism to explain the association between gastric acid-suppressive pharmaceutical use and 

infections, particularly pneumonia (Canani et al., 2006; Hsu et al., 2017; Laheij et al., 2004; Perng et 

al., 2007).  

Gastric acid suppressant pharmaceuticals are increasingly prescribed to infants and young children, 

particularly extremely preterm infants9 and infants with congenital abnormalities (Illueca, 

Alemayehu, Shoetan, & Yang, 2014; Slaughter, Stenger, Reagan, & Jadcherla, 2016). Recently several 

studies have found an increased risk for certain infections such as pneumonia, sepsis, and 

gastrointestinal infections associated with gastric acid suppressant use in infants and young children 

(Chen et al., 2012; Chung & Yardley, 2013; P. L. Graham et al., 2006). It has been postulated that the 

modification of the gastrointestinal and oropharyngeal environment, specifically the gastrointestinal 

pH, results in a change in gut microflora, favouring respiratory pathogens and enabling a 

gastropulmonary route of infection (Bonten, 2011; Canani et al., 2006; Hsu et al., 2017).  

 
9 Extremely preterm infants are defined as those born at gestational age of less than 28 weeks (Glass et al., 
2015). 
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3.4 Discussion of literature review 

The purpose of this chapter was to identify candidate predictors from relevant literature and to 

summarise the evidence relating candidate predictors to pertussis vaccine failure. The literature on 

pertussis vaccine failure is limited; the broader literature on host-related factors for pertussis and 

response to vaccination are derived predominantly from laboratory and epidemiological research.  

Overall, laboratory studies were conducted within an explanatory research framework to identify 

factors causally related to the outcomes (Schooling & Jones, 2018). Interpretation of this literature 

was relatively straight forward. The epidemiological literature was more challenging to interpret due 

to the common use of the term 'risk factor' to describe factors that predict and or explain the risk of 

an outcome (Schooling & Jones, 2018). Explanation and prediction are distinct research activities 

driven by different questions, methods, and epidemiological purpose (Schooling & Jones, 2018). For 

example, explanatory modelling tests specific factors that are part of a causal model of disease and 

methodological concerns relate primarily to confounding and selection bias (Schooling & Jones, 

2018). Predictive modelling is data-driven, so it is critical that the sample represents the population 

for which the model will be used (Schooling & Jones, 2018). The factors selected for modelling are 

usually low cost and highly accessible, such as those from administrative data.  

The conflation of explanatory and predictive factors can easily occur as many explanatory factors are 

also predictive factors; however, the consequences of conflation are high and include delays in 

scientific understanding and resource wastage. For example, the development of an intervention 

targeting a non-causal predictive factor will be unsuccessful. Predictive factors are not necessarily 

causally related to an outcome, so they should be utilised to identify high-risk subpopulations for 

targeted interventions rather than as intervention targets themselves (Schooling & Jones, 2018).  

Explanatory factors are causally related to the outcome of interest, which makes them appropriate 

intervention targets (Schooling & Jones, 2018). Overall, it was difficult to establish whether risk was 

meant in a causal or predictive capacity within the epidemiological literature reviewed. Additionally, 
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recommendations for intervention were often made based on an association with risk where it was 

not clear that the factor under investigation was causally related to pertussis or vaccine response. 

3.4.1 Candidate predictors 

A major criticism of risk-factor epidemiology is that it is an atheoretical search for associations, 

earning it the name black box epidemiology. This criticism is particularly relevant for data-driven 

work. To prevent black box epidemiology, this literature review presents a body of information for 

each candidate predictor, grounding candidate predictor selection in empirical science and/or theory.  

An exploration of the literature has identified several candidate predictors within each of the broader 

host-related categories except genetic factors, which was dismissed for practicality (Figure 3). While 

presents candidate predictors as sitting clearly within one category, this is for practicality. As 

summarised in the review, there are relationships between many of the candidate predictors.  

 
Figure 3 Candidate predictors derived from the literature review 
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Even though disease requires both host susceptibility and exposure, the study data is best suited to 

pull host-related predictors. With this in mind, the literature review aimed to provide sound reasons 

for which candidate predictors could be selected from the available study data. In some cases, host-

related characteristics can indicate exposure likelihood, such as poor-housing and maternal parity, 

summarised in section 3.3.1. 
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Chapter 4 General methods 

4.1 Chapter aim and link to objectives 

This chapter describes the general methods, including key variables for all studies included in this 

thesis. Study-specific methods, timeframes, cohorts, and variables are described in the relevant 

chapters. The broad framework of the general methods has been published (Chisholm, Howe, Best, 

& Petousis-Harris, 2019). 

4.2 Routinely collected health data and data linkage in health research 

Routinely collected health data describes data generated from interactions with health care services, 

e.g., general practice appointment, hospital admission, filling prescriptions at a pharmacy. In NZ, this 

data is collected for administrative purposes such as reporting and billing and is held by the National 

Collections making it a type of secondary data, data collected for purposes other than research 

(Connelly, Gayle, & Lambert, 2016). Administrative data contains a high volume of information about 

the source population. This information is diverse, ranging, for example, from demographic 

characteristics to vaccination records, and accumulates over time.  

In NZ, all healthcare users have a National Health Index (NHI) identifier, a unique alphanumeric 

identifier used consistently across health care services. The NHI identifier is assigned at birth for NZ 

born individuals or on the first interaction with health care services for overseas-born individuals. 

Data linkage is the process of electronically linking individual-level data across different datasets or 

within datasets over time, creating datasets rich in information across diverse domains and over time 

(Bohensky et al., 2010). In NZ, individual-level deterministic linkage across administrative datasets is 

possible through the NHI identifier. Linked health data has been possible in NZ since 1993 (Atkinson 

& Blakely, 2017). With an estimated ninety-eight percent of the NZ population who have an NHI 

identifier linked data is available for most of the population, there are however important ethic rate 



Chapter 4 

50 

differences (Ministry of Health, 2017a). NHI duplication and other errors are a reality, but there are 

processes for identifying and rectifying these (W. C. Chan, 2015).  

Compared with primary data acquisition methods, routinely collected health data have many 

advantages, including cost-effectiveness, availability, high diversity, data volume and reduced 

participant burden. In NZ, linked administrative datasets are an efficient and financially prudent 

option, compared with primary data acquisition methods such as surveys, interviews, or trials. Large 

participant numbers make research involving rare study exposures or outcomes viable (2014; Harron 

et al., 2017). The characteristics listed above enable important exploratory research questions 

previously prohibited by cost or ethical concerns to be investigated. Indeed, linked administrative 

data have been used successfully in health research, generating landmark findings such as the 

meningococcal B VE against gonorrhoea (Petousis-Harris et al., 2017).  

While NZ data and data linkage quality and accessibility is internationally regarded, Scandinavian 

countries have more sophisticated data linkage than NZ. In Scandinavian countries the same unique 

identifier is used across all national administrative data sets; health care, tax, education, justice, and 

military, providing comprehensive individual-level health and sociodemographic data (Harron et al., 

2017). Another important feature of Scandinavian administrative data is that national-level data from 

all Scandinavian nations can be pooled together, generating large, rich datasets (Harron et al., 2017). 

In NZ, the Integrated Data Infrastructure (IDI) also allows linkage across national administrative data 

sets outside of health-related datasets, but the linkage is probabilistic (Kvalsvig, Gibb, & Teng, 2019; 

Statistics New Zealand, 2020b).  

Secondary data also have some limitations, for example, unavailability of or missing information for 

desirable variables. These limitations can be mediated by study design and statistical techniques, e.g., 

complete case analysis, multiple imputation, and development of composite variables (Hughes, 

Heron, Sterne, & Tilling, 2019; Song, Lin, Ward, & Fine, 2013).  
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Some limitations such as unmeasured confounders can have a profound impact and are not easily 

mediated. Changes in disease classification revisions, measurements or reimbursement practices and 

other important variables such as ethnicity over time can create inconsistency, error, and bias. 

Verification of data accuracy is not possible for administrative data because data collection occurs 

without standard operating procedures and for purposes other than the research.  

The advantages of administrative data have resulted in accelerated uptake for research, and the use 

of this data has surpassed guidelines for use and reporting (Benchimol et al., 2015). Robust and 

meaningful interpretation and evaluation of research requires clear and consistent articulation of the 

data sources' bias, strengths, and weaknesses. The development of RECORD Reporting of Studies 

Conducted Using Observational Routinely-Collected Health Data (RECORD) is a response to the 

overall poor quality reporting of research using routinely collected data (Benchimol et al., 2015). 

RECORD guidelines guided the methods section and the reporting of the thesis results. Other 

important considerations are the ethical use of administrative data and in the NZ context also Māori 

data sovereignty or Te Mana Raraunga (Te Manua Raraunga). 

4.3 Data sources for this thesis 

NZ has 15 National data Collections that are used for health research, policy, and funding. These 

collections are held by the Ministry of Health . This research uses the NHI, National Immunisation 

Register (NIR); National Minimum Dataset (NMDS); National Maternity Collection (MAT); 

Pharmaceutical claims data mart (Pharms); Primary Health Organisation enrolment collection data 

mart (PHO data mart), as well as and, EpiSurv, the national notifiable diseases reporting system, each 

is discussed below (Figure 4). 

The variables used consistently throughout this thesis are described below. Any chapter-specific 

variables are described in the relevant Chapters.  
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Figure 4 The relationship between national datasets to the inclusion criteria, outcome, and exposure 
variables 

4.3.1.1 National Health Index (NHI) 

The NHI database is a register governed by the Ministry of Health to enable accurate identification of 

individuals by NHI identifier for medical care and administrative records in NZ (Ministry of Health, 

2017a). The NHI database holds both static demographic information, e.g., sex and date of birth, and 

fluid demographic information such as socioeconomic deprivation score and ethnicity; changes are 

updated in real-time. The demographic variables used throughout the thesis are described in Table 6 

below. 
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Table 6 Description of the demographic variables from the NHI 

Variable Description Format 

Sex Biological sex Dichotomous variable with possible values: 
female or male. 

Socioeconomic status Socioeconomic status is quantified using an 
area-based measure of socioeconomic 
deprivation, the New Zealand Deprivation 
Index 2013 (NZDep13). 

Ordinal categorical variable formatted 
either as values from between 1 (least 
deprived 10% of areas) and 10 (most 
deprived 10% of areas) or, as tertials low 
(NZDep13 deciles 1-3), medium (NZDep13 
deciles 4-7), and high (NZDep13 deciles 8-
10) (Atkinson et al., 2014).  

Ethnicity Ethnic groups share characteristics such as a 
unique community of interests, language or 
culture, common ancestral origins (Statistics 
New Zealand, n.d.). Ethnicity is a self-defined 
social construct of socioeconomic importance 
that can change over time and is regularly 
updated in the NHI. 
 
Prioritised ethnicity was used, but it is 
acknowledged that the practice of prioritising 
ethnicity is recommended to be discontinued 
(Statistics New Zealand, 2004). A cross-
tabulation of prioritised and total response 
ethnicity for this cohort is displayed in 
Appendix B. The use of prioritised ethnicity 
has resulted in missing approximately 11,000 
Pacific Peoples and 60,000 NZ Europeans.  

Level 1 ethnic groups were used, except 
Middle Eastern, Latin American, and 
African, which were collapsed into Other. 
Ethnicity was formatted as a categorical 
variable, with values: ‘Māori’, ‘Pacific 
Peoples’, ‘Asian’, ‘New Zealand European’, 
and ‘Other’.   

DHB  DHB)‘s are agencies appointed with providing 
and or funding health services for their 
geographically defined area (Ministry of 
Health, 2020b). DHB was used as an indicator 
of geographic residence. 

Categorical variable, formatted either as 
one of 20 DHBs or as one of four 
established DHB regions: Northern region 
(Northland, Waitemata, Auckland, Counties 
Manukau), Midlands region (Waikato, 
Lakes, Bay of Plenty, Hauora Tairawhiti, 
Taranaki), Central region (Hawkes Bay, 
Whanganui, Wairarapa, Hutt Valley, Capital 
and Coast), Southern region (Nelson 
Marlborough, West Coast, Canterbury, 
South Canterbury, Southern) (New Zealand 
Health Partnerships, 2017). 

Note. DHB= district health board, NHI= national health index. 

4.3.1.2 National Immunisation Register (NIR) 

The NIR is an electronic collection of registered vaccination enrolments and events for children in NZ 

from 2005 onward; however, NIR data is reliable from 2006 onward10 (Ministry of Health, 2015a). 

The NIR pulls data from the General Practice Management System. NIR vaccination records contain 

information on the vaccine antigen, vaccination date, vaccine batch number, and vaccination event 

status (e.g., completed, declined, alternative given). The NIR does not necessarily contain all 

 
10 Since July 2014 adult vaccination records can also be included. 
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vaccination events of infants and young children as parents or legal guardians can withdraw their 

child’s health information. However, the proportion of children whose information is opted off the 

NIR is small, constituting an average of 0.5% of those who have completed age-appropriate 

immunisations in 2020; a similar rate is expected for previous years (Ministry of Health, 2020c). The 

variables derived from the NIR are explained in pertussis vaccine failure below. The NIR has high 

accuracy for scheduled pertussis vaccines over the study period, indicating high sample 

representativeness and external validity for fully vaccinated infants and young children under 4 years 

old in NZ (Chisholm, Paynter, Willing, Turner, & Howe, 2021). 

4.3.1.3 National Minimum Dataset (NMDS) 

The NMDS contains clinical and other information about public and private hospital discharges for 

inpatients and day patients (Ministry of Health, 2014). The current version of the NMDS was 

introduced in 1999. Public hospitals have submitted data to the NMDS electronically since 1993, 

whereas private hospitals have submitted discharge data for publicly funded hospital events since 

1997. The NMDS has been backloaded with public hospital discharge information from 1988. Privately 

funded hospital admissions data is the least reliable in terms of timeliness and completeness because 

private hospitals do not need to report any data for funding. Some private hospitals do not provide 

their data to the Ministry of Health (Ministry of Health, 2020e). However, the proportion of privately 

funded private hospital admissions for infants and young children is likely to be very small, and private 

admissions are more likely to be for procedures than medical events. During the study period, the 

average proportion of all hospital admissions for under five-year-olds that were private hospital 

admissions was 2% (range 4%-2%) (Ministry of Health, 2018b, 2018c).  

The NMDS contains demographic information and admission event information, including start and 

end date, admission type (e.g., acute, elective), admission department, and clinical codes for primary 

and secondary discharge diagnoses. Clinical diagnoses are coded by trained staff at each hospital 

using the International Statistical Classification of Diseases and Related Health Problems, Australian 

Modification (ICD-10-AM). There have been three editions in use over the study period, the 3rd edition 
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(2006 – 2008), the 6th edition (2008 and 2014) and the 10th edition. Code mapping is both backward 

and forward (i.e., codes in the 3rd edition are mapped to the 6th edition, and codes in the 6th edition 

are mapped to the 3rd edition). The consistency of clinical coding is overseen by the NZ Coding 

Authority (NZCA). The NZCA is a group of clinical coding experts whose main aim is to ensure the 

consistency, accuracy and completeness of NZ hospitalisation data (Ministry of Health, 2020a). The 

variables derived from the NMDS are described in Table 7 below. 

Table 7 Description of the hospitalisation variables 

Variable Description Format 

ASH Childhood ASH rates are a common measure used in 
health services research to evaluate access to and 
quality of primary health care services for defined 
populations (Health Quality and Safety Commission 
New Zealand, 2019). Any hospitalisation with any of 
the ICD-10-AM codes detailed in the Health Quality 
and Safety Commission childhood ASH methodology, 
as the primary diagnosis, except for kidney/urinary 
infections and pertussis, were counted (Health Quality 
and Safety Commission New Zealand, 2019). The list 
of childhood ASH conditions and the ICD-10-AM codes 
used are available in Appendix C. 

Formatted as either a discrete 
variable (count) or as a binary 
variable (no ASH, one or more 
ASH). 
 

Respiratory 
Hospitalisations 

Respiratory hospitalisations were used as a proxy for 
respiratory vulnerability and potentially social 
vulnerability. Any hospitalisations with any ICD-10-AM 
code for J00-J99 (diseases of the respiratory system) 
recorded as the principal reason for admission were 
counted. 

Formatted as either a discrete 
variable (count) or as a binary 
variable (no respiratory 
hospitalisations, one or more 
respiratory hospitalisations). 

Perinatal conditions Perinatal conditions were used as a proxy for infant 
fitness. This variable was defined as any condition 
recorded in the NMDS as occurring in the perinatal 
period. The perinatal period is defined as the period 
between 22 completed weeks of gestation to the first 
seven days after birth (World Health Organization, 
2021b). Perinatal conditions include all ICD10-AM 
codes for the category certain conditions originating 
in the perinatal period (P00-P96) except P05-P08 
(disorders related to the length of gestation and fetal 
growth) as these were already accounted for in 
gestational age and birth weight variables. 

Formatted as a discrete 
variable (count). 

Note. ASH= ambulatory sensitive hospitalisation. 

4.3.1.4 Pharmaceutical Claims Data Mart (Pharms) 

Pharms is owned by the Ministry of Health and the Pharmaceutical Management Agency (PHARMAC). 

PHARMAC is a NZ Crown entity responsible for managing the schedule of NZ government subsidised 

pharmaceuticals for use in the community and public hospitals (New Zealand Government, n.d). Only 

data for subsidised community dispensed medications are contained in Pharms, and data is derived 
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from community pharmacist claim and payment information. Claims based data can have high 

missingness for non-mandatory fields (Bounthavong, Watanabe, & Sullivan, 2015). 

While Pharms was introduced in 1992, NHI numbers have only been reported on claims since 2002, 

and by 2006 most (92%) pharmaceutical claims had an NHI attached. In July 2012, reporting NHI 

numbers on specific claims became mandatory, and from July 2013, NHI coverage for claims was 98% 

(Statistics New Zealand, 2015). Bulk and practitioner supply orders are the exception to this. Bulk and 

practitioner supply orders (pharmaceuticals dispensed before they are given to patients) are an 

alternative to pharmacist dispensing. They are used in circumstances where individual prescription 

reduces access to treatment. For example, the rheumatic fever prevention programme uses a 

standing order (written order authorising a class of people without prescribing rights to administer 

or supply certain medications) for nurses, pharmacists, and community health workers to dispense 

antibiotics (amoxicillin, benzathine penicillin, erythromycin ethyl succinate) to treat patients with a 

group A streptococcal throat infection in a school or other setting (Ministry of Health, 2016). Similar 

school-based programmes exist for common skin infections (J. King, Moss, & McKegg, 2014; Vogel, 

Lennon, Gray, Farrell, & Anderson, 2013). While it is possible infants and young children in the study 

cohort have obtained medication from school-aged siblings, this is likely to be a rare event. To my 

knowledge, no analogous preschool based program existed in NZ during the study period (2006-

2016).  

Data from Pharms does not represent the totality of exposure to pharmaceuticals but is an indication 

of pharmaceutical use in the community. Dispensing does not necessarily correspond to 

consumption; medications may be dispensed and not consumed or prematurely stopped, additionally 

inpatient and over the counter pharmaceutical use is not captured (Hobbs et al., 2017). Currently, 

the completeness of Pharms for drugs dispensed in the community is unknown. Still, completeness is 

assumed to be high as pharmacists need to make claims for dispensed prescriptions for financial 

reimbursement (Hobbs et al., 2017). Variables derived from Pharms are described in Table 8 below. 
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Table 8 Description of the variables derived from the pharmaceutical claims collection 

Variable Description Format 

Recurrent wheeze Dispensing of two or more drugs indicated for 
asthma within one year during follow up 
(Zuidgeest et al., 2008). Asthma medication 
were: Inhaled Beta-Adrenoceptor Agonists; 
Inhaled Corticosteroids; Inhaled Corticosteroids 
with Long-Acting Beta-Adrenoceptor Agonists; 
Inhaled Long-acting Beta-adrenoceptor Agonists; 
Leukotriene Receptor Antagonists; Mast Cell 
Stabilisers; Inhaled Beta-Adrenoceptor Agonists 
with Anticholinergic Agents (National Asthma 
Council Australia, 2019). 

Binary with possible values of yes or 
no. 

Antibiotic dispensing 
events 

Antibiotic dispensing events were used as a 
proxy for fitness and exposure to microbial load. 
For standardisation and comparison purposes, 
pharmaceutical dispensing events are reported 
using the anatomical therapeutic chemical 
classification system introduced by the World 
Health Organization in the early 1980s (World 
Health Organization, 2018). All dispensing events 
with the therapeutic classification Antibacterials 
within the study timeframe were counted. 

Formatted as either a discrete variable 
(count) or as a binary variable: 
Low (3 or less); 
High (4 or more).  

Gastric acid 
suppressant dispensing 
events 

Gastric acid suppressant pharmaceuticals treat 
gastroesophageal reflux disease. A list of all the 
chemicals dispensed to the cohort was examined 
for gastric acid suppressant chemicals. Hannah 
Chisholm identified likely candidates, and Emma 
Best provided clinical review of this list. The 
following chemical names: Omeprazole, 
Lansoprazole, Pantoprazole, Famotidine, 
Ranitidine, and Cimetidine were classified as 
gastric acid suppressants and were counted as a 
gastric acid suppressant dispensing event. 

Formatted as a discrete variable 
(count). 

4.3.1.5 National Maternity Collection (MAT) 

The MAT is a collection of demographic and clinical information for publicly funded maternity services 

utilised between nine months before delivery and three months after delivery (Ministry of Health, 

2011a). MAT data are obtained from two sources; Lead Maternity Carer (LMC) payment claims and 

the NMDS, specifically, inpatient, and day-patient hospital event data during the antenatal, delivery 

and, postnatal periods for both mother and infant. Stillborn infants are not usually assigned an NHI 

number; therefore, information on these infants can be found in the Mortality Collection instead of 

MAT. However, each pregnancy resulting in the delivery of a stillborn infant from 20 weeks gestation 

is identifiable in MAT.  

MAT data is complete from July 2002. However, from July 2007, due to a change in how and what 

DHB-midwifery teams submit, the coverage of LMC claims sourced information is approximately 80% 
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of known births, and coverage varies substantially by DHB. These changes have altered the scope and 

quality of information in MAT and should be considered in any interpretation of changes in trends 

between July 2002 and after July 2007. Mother-infant links are stable at 97% coverage from 2003. As 

the study period is between 2006 and 2016, MAT data over this period is relatively stable, except for 

the 2006 to 2007 changes. Variables derived from MAT are described in Table 9 below. 

Table 9 Description of maternity variables 

Variable Description Format 

Gestational age A measure of time (weeks) spent in utero. Formatted as a categorical variable 
with possible values: 

• preterm (born before 37 
weeks); 

• term (born at 37 weeks or 
more). 

Birth weight A measure of weight at birth in grams. Formatted as an ordinal variable, with 
the possible values:  

• very low birth weight (0-1499 
grams);  

• low birth weight (1500-2499 
grams); 

• normal birth weight (2500-
4499 grams);  

• macrosomia (greater than or 
equal to 4500 grams).  

Maternal parity The number of prior pregnancies resulting in live 
births or stillbirths the mother has had as at the 
birth of study infant (Ministry of Health, 2011a). 

Formatted as a discrete variable 
(count).  

4.3.1.6 Primary Health Organisation Enrolment Collection data mart (PHO data mart) 

The PHO data mart holds data for publicly funded primary health care service use for patients enrolled 

with a Primary Health Organisation (PHO) (Ministry of Health, 2021). Specifically, this collection 

contains demographic information, information on interactions with primary health care providers 

such as consultation dates and high health care user or care plus enrolment details (Ministry of 

Health, 2011b). The PHO Enrolment was established in 2005. Only one variable was used from the 

PHO enrolment, and this is described in Table 10 below. 
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Table 10 Description of the PHO enrolment variable 

Variable Description Format 

General practice 
consultation count 

The number of interactions with general practice 
health care services.  

Either discrete (count) or binary: 
• Low (9 or less); 
• High (10 or more). 

Thresholds are based on data 
distribution. 

4.3.1.7 Episurv 

Episurv is the national notifiable disease database, a web assessable application operated by ESR  

built using the Surveillance information NZ framework (Institute of Environmental Science and 

Research Limited & Ministry of Health, n.d.). Pertussis has been a notifiable disease since 1996 and 

has been reported to Episurv (Ministry of Health, 2017b). Episurv allows for real-time recording of 

notifiable disease cases across NZ from public health services, and ESR are under contract from the 

MoH to collect demographic, clinical, laboratory, and risk factor information from reported cases. 

Episurv variables are used in the definition of pertussis vaccine failure and are described in the 

pertussis vaccine failure section.  

4.4 Cohort definition  

Participant NHI numbers were encrypted by the Ministry of Health before data were released. The 

encrypted NHI number linked the exposure, covariate, and outcome variables of participants through 

a one-to-one deterministic matching procedure across all data sets.  

The date of birth field in the NHI was used to select the birth cohort - individuals who were born 

between 1 January 2006 and 31 December 2016. Individuals from the birth cohort who were not 

included in both the NHI and NIR were removed, including those whose information had been 

withdrawn from the NIR. There were a total of 703,636 individuals with at least one pertussis 

vaccination event registered in the NIR, and of these, 540,832 were fully vaccinated according to the 

study criteria (Figure 5). Most (n=126,967) of those not meeting the fully vaccinated criteria received 

their third dose too late (when the infant was older than six months, two weeks old); 65,520 did not 
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receive all three primary doses on time and, 5,231 received their first dose before 38 days old11. One 

thousand three hundred and forty-two fully vaccinated infants and young children were identified as 

pertussis vaccine failure cases during the follow-up period. Most (n=1,257) were non-hospitalised 

notified cases, and a minority (n=85) were hospitalised pertussis cases.  

 

                                                                   Figure 5 Cohort development 

* Some individuals met more than one of these exclusion criteria. 

^ Valid pertussis vaccination event excludes “declined” or “alternative given” pertussis vaccination events in the NIR. 

 
11 Inclusion conditions are not mutually exclusive and as a result the sum of the three exclusion criteria is 
more than 196,911. 

Individuals with at least one pertussis vaccine failure 
hospitalisation event meeting the case inclusion criteria 

(n=85) 
 

Individuals with at least one non-hospitalised pertussis 
vaccine failure notification event meeting the case inclusion 

criteria 
(n=1257) 

 

Excluded (n=198,804) 
• Not meeting the fully vaccinated 

criteria (n=196,911) 
• Fully vaccinated individuals with 

a follow up period of less than or 
equal to 0 (n=1,751) 

• Individuals with hospitalisation 
events before birth (n=137) 

• Individuals with pharmaceutical 
dispensing event before birth 
(n=5) 

Individuals with at least one valid^ pertussis 
vaccination event in the NIR within study time 

frame 
(n=703,636) 

Individuals with at least one pertussis 
vaccine failure notification 

(n=2,246) 

Excluded (n=989)* 
• Notification occurring outside 

study period (n=342) 
• Age at pertussis was four years or 

older (n=848) 
• Notification occurred after the 

fourth pertussis containing booster 
dose (n=752) 

• Hospitalised case with a 
notification for the same event 
(n=38) 

Fully vaccinated cohort 
(n=504,832) 

Individuals with at least one pertussis 
vaccine failure hospitalisation 

(n=103) 

Excluded (n=18)* 
• Age at pertussis was four 

years or older (n=17) 
• Hospitalisation occurred after 

the fourth pertussis 
containing booster dose 
(n=15) 

Excluded (n=504,729) 
No pertussis vaccine failure 

hospitalisation 

Excluded (n=502,586) 
No pertussis vaccine failure 

notification 

Total individuals with at least one pertussis vaccine failure hospitalisation or 
notification event meeting the case inclusion criteria 

(n=1,342) 
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The fully vaccinated cohort is the core cohort from which all study cohorts were drawn (Figure 6). 

 

Figure 6 Fully vaccinated cohort and relationship to study-specific sub cohorts 

4.4.1 Definitions required for pertussis vaccine failure 

4.4.1.1 Fully vaccinated 

The fully vaccinated definition is based on-time interval adjusted administration of the primary 

pertussis course. This definition is flexible, necessary for real-world research while honouring the 

principles of immunology and the available evidence for vaccine schedule immunogenicity. The 

definition has two components; the principles of immunology as they relate to valid vaccination and 

the definition of ‘timeliness’ as per the NZ primary immunisation schedule (C. C. Grant et al., 2010; 

Siegrist, 2018). The principles of immunisation are the chronological age at the administration of the 

first scheduled dose and the timing between the primary doses (Siegrist, 2018). The NZ NIS defines 

timeliness as adherence to the target ages for each of the three doses in the primary series (C. C. 
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Grant et al., 2010). Infanrix®-hexa (DTaP-IPV-HepB/Hib [Diphtheria, Tetanus, Acellular Pertussis, 

Inactivated Polio, Hepatitis B and Haemophilus influenzae Type B]) is the vaccine used in NZ for the 

primary pertussis immunisation schedule (Immunisation Advisory Centre, 2017). Three weeks is the 

minimum interval between primary doses to prevent blunting (Siegrist, 2018). 

Target ages for scheduling are based on age-specific disease and complication risks in the context of 

local epidemiology (Centers for Disease Control and Prevention, 2018). Target (chronological) ages 

for the NZ NIS for pertussis are described in Table 11. 

Table 11 National immunisation schedule target ages 

Dose Target age Margin 

Dose One Six weeks Up to four weeks late 

Dose Two Three months Up to six weeks late 

Dose Three Five months Up to six weeks late 

Note. (C. C. Grant et al., 2010). 

To meet the definition of fully vaccinated, an infant must have had their first dose at greater than five 

weeks and three days of age, but before 10 weeks of age, their second dose must have been 

administered greater than or equal to three weeks after their first dose and before six weeks after 

three months of age, their third dose must have been administered at least three weeks after the 

date of their second dose and before six weeks after five months, summarised in Figure 7 below. This 

definition was built from NIR data (immunisation data) and NHI data (date of birth).  

 

 

 

 

This definition was created to identify aP vaccine failures in the NZ context. 

Dose 3 Dose 2 
Birth >5 weeks 

3 days 

Dose 1 
≥3 weeks ≥3 weeks 

Dose 1 within 4 
weeks after 
target age  
(6 weeks) 

Dose 2 within 6 
weeks after 
target age  
(3 months)  

Dose 3 within 6 
weeks after 
target age 
(5 months)  

Figure 7 Fully vaccinated definition 



Chapter 4 

63 

4.4.1.2 Pertussis vaccine failure 

Pertussis vaccine failure was defined as a hospitalisation or notification occurring at least 35 days 

after the third dose in the primary series but before the end of follow-up in fully vaccinated infants 

and young children. Thirty-five days allows 14 days for the development of a vaccine-induced immune 

response and 21 days for the incubation period of pertussis. This aims to identify those who were 

considered fully vaccinated at the time of exposure to B. pertussis, who subsequently developed 

pertussis, ruling out false positives (Heininger et al., 2012; Siegrist, 2018). Pertussis vaccine failure 

was further defined into hospitalised and non-hospitalised pertussis vaccine failure, where 

hospitalised failure is understood to be more severe (Domenech de Cellès et al., 2016).  

Hospitalised pertussis vaccine failure 

A principle or other diagnosis on hospital discharge of pertussis ICD-10-AM codes A37.0 whooping 

cough due to B. pertussis and A37.9 whooping cough, unspecified. This variable was sourced from the 

NMDS. 

Non-hospitalised pertussis vaccine failure 

Any pertussis case reported to Episurv with a case classification of ‘suspect’, ‘probable’, or ‘confirmed’ 

(Table 12). Suspect, probable or confirmed cases were not treated separately in the analysis, but the 

rarity of pertussis vaccine failure justified this. This variable was sourced from Episurv. 

Table 12 Environmental Science and Research pertussis case notification classification 

Classification Definition 

Suspect Idiopathic presentation of any paroxysmal cough with whoop, vomit, or apnoea. 

Probable Presentation clinically compatible with pertussis with a high B. pertussis IgA test or a 
significant (fourfold increase in titres) in antibody levels between paired sera at the 
same laboratory. 

Confirmed Clinically compatible presentation with either laboratory-confirmed pertussis infection 
(B. pertussis only) or epidemiologically linked to a confirmed case. 

Note. IgA= immunoglobulin A. Source: (Institute of Environmental Science and Research, 2017). IgA pertussis test is a 

serological test that measures IgA antibodies to pertussis antigens (Poynten, Hanlon, Irwig, & Gilbert, 2002). Titres is a 

measurement of the amount of specific antibodies present in serum. 
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Type of failure  

The available data do not allow reliable identification of either primary failure or secondary failure; 

therefore, failure type was not a study outcome.  

Classification 

It is not possible to identify immunological vaccine failure with administrative data; therefore, the 

primary outcome for each study is clinical vaccine failure (Heininger et al., 2012). The under-diagnosis 

of pertussis and limitations of laboratory testing justify the inclusion of clinically suspected alongside 

clinically confirmed cases. Hospitalised cases with the diagnosis whooping cough due to B. pertussis 

and non-hospitalised cases with confirmed status meet the criteria for confirmed clinical pertussis 

vaccine failure. Hospitalised cases with the diagnosis whooping cough, unspecified and probable, and 

non-hospitalised cases with suspect status meet the suspected clinical pertussis vaccine failure 

criteria.  

Multiple events 

Any case with both a notification and a hospitalisation for the same pertussis event was treated as a 

hospitalisation only, as hospitalisation is a more severe outcome. Multiple pertussis events were 

treated as separate events if at least 60 days had elapsed since the preceding pertussis hospitalisation 

or notification. Sixty days is the estimated length of a pertussis disease event12. 

4.5 Ethics 

Ethical approval was granted by the University of Auckland Human Participants Ethics Committee on 

31 March 2017, reference number 018664. Several minor amendments13 to this application were 

approved by the University of Auckland Human Participants Ethics Committee on 19 December 2017 

and 4 February 2020. Ethics and amendment approvals can be viewed in Appendix D.

 
12 60 days account for 14 days for incubation, 11 days for the catarrhal stage, 21 days for the paroxysmal stage 
and 14 days for the convalescent stage. 
13 These amendments were to extend the project for a further three years, to widen the scope of the study, 
include data from 2016 and to add an investigator to research personnel. 
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Chapter 5 Description of pertussis vaccine failure cases 

5.1 Chapter aim and link to thesis objective  

The first and second thesis objectives are addressed in this chapter:  

1. To estimate the incidence of paediatric pertussis vaccine failure cases in fully vaccinated 

infants and young children in Aotearoa New Zealand. 

2. To identify and describe candidate predictors for pertussis vaccine failure in this population. 

Together with the background and literature review, this chapter's findings form the foundations for 

hypothesis testing in thesis chapters 6, 7 and 8. 

5.2 Introduction 

Descriptive epidemiology provides the basic person, place, and time of disease occurrence. Case 

series studies are an important study design for scientific and clinical enquiry. In descriptive 

epidemiology, case series study designs produce descriptions of unusual or undesirable responses to 

interventions (Kempen, 2011). In a clinical setting, case series are often used to start enquiry of rare 

events. Despite the value of case series designs, the Strengthening The Reporting of Observational 

Studies in Epidemiology (STROBE) initiative does not recognise case series study designs in their 

guidelines and case series studies featured in only a minority (19%) of the epidemiology textbooks 

and dictionaries surveyed (Dekkers, Egger, Altman, & Vandenbroucke, 2012; Vandenbroucke et al., 

2007). 

Population-based case series study designs are an extension of clinical case series; case and exposure 

information is obtained from administrative databases rather than the clinical staff at a particular 

clinic (El-Gilany, 2018). The advantages of population-based case series studies are derived from 

administrative data; for example, the large volume and diversity of data can produce detailed case 
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descriptions quickly and cost-efficiently. As vaccine failure is an uncommon and undesirable response 

to vaccination, and there has been limited previous enquiry, a population-based case series is the 

most suitable study design to begin an epidemiological enquiry. 

5.3 Methods  

5.3.1 Study design and study population  

Pertussis vaccine failure cases were selected on the study outcome (pertussis vaccine failure) 

irrespective of specific exposure status. Selected characteristics were described for all cases occurring 

in NZ between January 1, 2006, and December 31, 2016. The study population included 11 birth sub-

cohorts (Figure 8). The birth cohort was defined as born between January 1, 2006, and December 31, 

2016, inclusive, using birth date from the NHI. Participants were not followed up for the same length 

of time or during the same calendar years. However, most birth sub-cohorts included participants 

who reached the maximum age of three years, 11 months, and thirty days.  
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Birth cohorts are read horizontally. For example, the 2006 birth cohort included infants aged between zero and three, and 

the 2016 cohort included infants aged between zero and 11 months old.  

5.3.2 Data collection period 

Data was gathered from the first contact with maternity care services until the end of follow-up, 

defined as the administration of the four-year booster, fourth birthday, death, or December 31, 2016, 

whichever came first. Where no information was available in the MAT, the first entry in any of the 

other administrative datasets was used as the beginning of the data collection period.  

5.3.3 Primary immunisation period 

Operationalised as the period during which pharmaceutical use may interfere with the development 

of vaccine-induced immunity. There is limited data on vaccine-drug interference in the first six weeks 

of life; therefore, birth was chosen as a conservative start point. The primary immunisation period 

ends two weeks after the administration of the third pertussis-containing vaccine in the primary 

series. The endpoint is set to account for immunological response to the vaccine.  
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Figure 8 Birth cohort versus calendar year 
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5.3.4 Variables  

The literature review identified several candidate predictors, and the administrative datasets were 

examined for variables that aligned with candidate predictors in raw, composite, or proxy form. Some 

variables were not available or too low quality (e.g., high missingness) to be utilised. Population case 

series study-specific variables are described in Table 13 below and all other definitions can be found 

in the data source specific section of the General methods Chapter. 
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Table 13 Description of variables only used in the case series study 

Variable name Description  Data source 

Age at pertussis vaccine 
failure 

Age in months at either admission to hospital for pertussis or 
pertussis notification. Formatted as a discrete variable with possible 
values between 5 and 47 months. 

National Health 
Index and National 
Immunisation 
Register. 

Maternal age Mothers age at birth of participant. Formatted as a discrete variable, 
measured in years. 

National Maternity 
Collection. 

Maternal rural/urban 
status 

The status of the mother’s residential address at the birth of a 
participant. Formatted as an ordinal variable, possible values urban, 
semi-rural, rural, or remote rural. 

National Maternity 
Collection. 

5-minute Apgar score A newborn infant's fitness was measured as an ordinal variable with 
possible values of 0-3 low, 4-6 moderately abnormal, 7-10 normal. 

National Maternity 
Collection. 

Parity The number of prior pregnancies resulting in live births or stillbirths 
the mother had . Formatted as a discrete variable with possible 
values between 0 and 7*. 

National Maternity 
Collection. 

Gestational diabetes Gestational diabetes diagnosis recorded at any antenatal or delivery 
event .  Formatted as a categorical variable with two possible values, 
‘yes’ or ‘no’. 

National Maternity 
Collection. 

Eclampsia/preeclampsia Preeclampsia/eclampsia diagnosis recorded at any antenatal or 
delivery event .  Formatted as a categorical variable with two 
possible values, ‘yes’ or ‘no’. 

National Maternity 
Collection. 

Type of LMC Mothers first registration with an LMC. Formatted as a categorical 
variable with possible values ‘midwife’, ‘general practitioner’, ‘district 
health board’, ‘other’, ‘obstetrician’ or ‘no LMC’. 

National Maternity 
Collection. 

Maternal smoking at 
first LMC visit 

Recorded smoking status at first LMC registration visit. Formatted as 
a categorical variable with two possible values, ‘yes’ or ‘no’. 

National Maternity 
Collection. 

Plurality The number of infants delivered, resulting from one pregnancy. 
Formatted as an ordinal variable with possible values ‘singleton’, 
‘twin’ or ‘multiple’. 

National Maternity 
Collection. 

Note. LMC= lead maternity carer. *7 was the highest value for parity in this dataset. 

5.3.5 Sibling pertussis burden 

Sibling pertussis burden was used as a proxy for familial pertussis burden. Siblings of failure cases 

were identified through their mothers NHI number and therefore only represent siblings born to the 

same mother; paternal siblings were not identifiable. Twenty-five non-hospitalised cases did not have 

a maternal NHI number  excluding them from the sibling pertussis burden analysis. Only fully 

vaccinated siblings were identifiable in the fully vaccinated cohort. The days between sibling pertussis 

onset were calculated relative to the sibling with failure (Figure 9). Where both siblings had pertussis 

vaccine failure, Time0 was defined as the date of the earliest pertussis onset between the siblings. 
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Figure 9 Description of the days between onset calculation 

 

Statistical analysis 

All statistical analysis was conducted in Statistical Analysis Software (SAS) software (Enterprise Guide 

7.11HF3 version) (SAS Institute, Inc., Cary, North Carolina). Statistical analysis was descriptive, and as 

appropriate, measures of frequencies and percentages, central tendency, i.e., median, and data 

spread, i.e., interquartile range (IQR), were reported.  

5.4 Results 

Of the 504,832 fully vaccinated infants and young children, 1,342 pertussis vaccine failure cases were 

identified during the 11 year study period (Figure 10). Most (94%) cases were non-hospitalised 

notifications, a minority (6%) had a hospital admission event. The median period of data collection 

was 1,461 days (IQR 0). Hospitalised and non-hospitalised case groups are presented separately as 

differences in disease severity may indicate predictor heterogeneity.  

Characteristics of the fully vaccinated cohort (hereafter cohort) were provided for comparison 

purposes, and differences between the cohort and case groups were taken to be a signal . Other 

forms of comparison, e.g., national averages, are less appropriate as fully vaccinated status makes 

this cohort different from the national cohort in ways that are likely meaningful and could result in 

bias. For example, compared with the national population, the cohort may have better access to 



Chapter 5 

71 

health care services, higher parent or guardian health literacy, and lower risk of diphtheria, tetanus, 

Haemophilus influenzae type b, polio, and hepatitis B14. 

 

Figure 10 Determination of cases from the fully vaccinated cohort 

* Some individuals met more than one exclusion criteria. 

**note, 38 cases had a pertussis hospitalisation and notification for the same event. These cases were included only as 

hospitalised cases.  

 
14 These antigens are present in the combination pertussis vaccination. 

Excluded (n=1,007)* 
Individuals where all pertussis vaccine 
failure events have occurred outside 

study period  
(n=342) 

Individuals who at the time of failure 
were four years or older  

(n=865) 
Failure event occurred after the fourth 

pertussis containing booster dose 
(n=767) 

Individuals who were hospitalised for a 
pertussis vaccine failure notification 

event 
( ) 

Fully vaccinated cohort  
(n=504,832) 

Individuals with at least one pertussis 
vaccine failure notification or 

hospitalisation 
(n=2,349) 

Excluded (n=502,483) 
Individuals that did not have at least 
one pertussis vaccine failure event  

Pertussis vaccine failure cases 
(n=1,342) 

Non-hospitalised pertussis vaccine 
failure cases** 

(n=1,257) 

Hospitalised pertussis vaccine failure 
cases (n=85) 
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5.4.1 Demographic characteristics  

Non-hospitalised cases mirrored the cohort’s demographic characteristics, whereas hospitalised case 

characteristics differed. Hospitalised cases were approximately one year old, lived in high deprivation 

neighbourhoods and had a high proportion of Māori and Pacific Peoples. Non-hospitalised cases had 

a median age of two and a half years, lived in low to average deprivation neighbourhoods, and were 

predominantly NZ European and Other (NZEO). Marginally more hospitalised and non-hospitalised 

cases were female than male (51%:49%), marginally more males than females were present in the 

cohort (49%:51%).  

5.4.1.1 Age 

Almost half (41%) of the hospitalised cases were one year old or younger, and the proportion of 

hospitalised cases decreased with increasing age (Figure 11). The opposite pattern was observed in 

non-hospitalised cases, 15% of non-hospitalised cases were one year old or younger, and the 

proportion of cases increased with increasing age. The median age at failure for all cases was 28 

months (IQR 22), 29 months (IQR 22) for non-hospitalised cases and 15 months (IQR 16) for 

hospitalised cases.  

 
Figure 11 Distribution of age at failure 
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5.4.1.2 Ethnicity  

Hospitalised cases had a higher proportion of Pacific Peoples than the non-hospitalised cases and the 

cohort (Table 14). Compared to the cohort, the proportion of Asian was substantially lower in 

hospitalised and non-hospitalised cases. The proportion of NZEO was substantially higher among the 

non-hospitalised cases compared with hospitalised cases and the cohort. 

Table 14 Ethnic group distribution 

Ethnicity 
All cases 
n=1,342 

n (%) 

Hospitalised  
n=85 
n (%) 

Non-hospitalised  
n=1,257 

n (%) 

Fully vaccinated cohortα 

n=504,832 
n (%) 

Māori 238 (18%) 18 (21%) 220 (18%) 96,206 (19%) 

Pacific Peoples 93 (7%) 19 (22%) 74 (6%) 51,489 (10%) 

Asian 56 (4%) 4 (5%) 52 (4%) 76,154 (15%) 

NZ European and Other 951 (71%) 44 (52%) 907 (72%) 279,543 (55%) 

Note. NZ = New Zealand. n=4 of the non-hospitalised cases were missing ethnicity. 

n=1,485 of the fully vaccinated cohort were missing ethnicity.  

5.4.1.3 Socioeconomic deprivation 

Socioeconomic deprivation was measured using the New Zealand Deprivation Index 2013 (NZDep13), 

where quintile one is the least deprived and quintile five the most deprived. Almost half of non-

hospitalised cases lived in the least deprived neighbourhoods. In contrast, two-thirds of hospitalised 

cases lived in the most deprived neighbourhoods (Table 15). The cohort had a relatively even 

distribution across socioeconomic deprivation quintiles. 

Table 15 Socioeconomic deprivation distribution by New Zealand Deprivation Index 2013 quintile 

Socioeconomic deprivation 
All cases 
n=1,342 

n (%) 

Hospitalised 
n=85 
n (%) 

Non-hospitalised 
n=1,257 

n (%) 

Fully vaccinated 
cohort 

n=504,832 
n (%) 

Quintile 1 330 (25%) 8 (9%) 322 (26%) 101,176 (20%) 

Quintile 2 246 (18%) 8 (9%) 238 (19%) 92,457 (18%) 

Quintile 3 278 (21%) 16 (19%) 262 (21%) 91,321 (18%) 

Quintile 4 272 (21%) 21 (25%) 251 (20%) 99,050 (20%) 

Quintile 5 216 (16%) 32 (38%) 184 (15%) 120,059 (24%) 

Note. n=769 were missing NZDep13 quintile. 
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5.4.1.4 District Health Board (DHB) Region 

Over a third of hospitalised cases resided in the Northern DHB region, almost half of the non-

hospitalised cases resided in the Southern region (Table 16). The greatest proportion of non-

hospitalised cases (19%) were identified in the Nelson Marlborough DHB region; this region also had 

the highest rate of notifications (363.1/10,000 over 11 years) (Table 17). Nelson Marlborough has a 

high proportion of non-Māori non-Pacific and individuals living in the least deprived neighbourhoods 

than the national average; this demographic profile is consistent with the non-hospitalised case 

group.  

Table 16 Regional distribution of failure cases and the denominator population 

District Health Board Region 
All cases 

n (%) 
Hospitalised 

n (%) 
Non-hospitalised       

n (%) 

Fully vaccinated 
cohortα 

n (%) 

Northern 231 (17%) 31 (36%) 200 (18%) 195,262 (39%) 

Central 175 (13%) 21 (25%) 154 (14%) 96,091 (19%) 

Midlands 355 (26%) 10 (12%) 345 (28%) 97,668 (19%) 

Southern 581 (43%) 23 (27%) 558 (46%) 113,804 (23%) 

αN=665 of the fully vaccinated cohort were missing District Health Board Region. 

Counties Manukau DHB had the highest proportion of hospitalised cases. However, West Coast DHB 

had the highest hospitalisation rate, possibly reflecting West Coast DHBs small denominator size. 

Counties Manukau has a high proportion of Māori and Pacific Peoples and people living in high 

deprivation neighbourhoods, this consistent with the demographic profile of hospitalised cases (Lees, 

Lee, & Winnard, 2021) . West Coast DHB has a lower proportion of Māori and Pacific Peoples than 

the national population and a large proportion of their population living in average deprivation 

(Ministry of Health, 2019b). 
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Table 17 Number of cases and failure rates by District Health Board 2006-2016                  

    Hospitalised                                                        Non-hospitalised 

 District Health Board Number of cases 
(%) 

DHB rate per 
10,000* 

Number of cases 
(%) 

DHB rate per 
10,000* 

Northern region     

    Northland 5 (6%) 5.3 24 (2%) 25.7 

    Waitamata 5 (6%) 1.6 70 (6%) 22.9 

    Auckland 5 (6%) 2.1 46 (4%) 19.4 

    Counties Manukau 16 (19%) 4.9 60 (5%) 18.5 

Midlands region     

    Waikato 11 (13%) 5.1 39 (3%) 18.0 

    Bay of Plenty 6 (7%) 5.2 38 (3%) 32.9 

    Lakes 3 (4%) 4.8 17 (1%) 27.2 

    Tairawhiti 0 (0%)  17 (1%) 55.8 

    Taranaki 1 (1%) 1.6 43 (3%) 68.6 

Central region     

    Hawke’s Bay 1 (1%) 1.1 28 (2%) 30.9 

    Whanganui 1 (1%) 2.9 27 (2%) 78.2 

    Midcentral 4 (5%) 4.4 31 (2%) 34.4 

    Wairarapa 1 (1%) 4.7 17 (1%) 79.5 

    Hutt 1 (1%) 1.2           75 (6%) 91.2 

    Capital and Coast 2 (2%) 1.3    167 (13%) 110.3 

Southern region     

    Nelson Marlborough 1 (1%) 1.5 244 (19%) 363.1 

    Canterbury 12 (14%) 4.8 195 (16%) 77.3 

    West Coast 1 (1%) 6.0 32 (3%) 191.3 

    South Canterbury 0 (0%)  16 (1%) 61.2 

    Southern 9 (11%) 14.4 71 (6%) 113.3 

Total 85   1257  

Note. *Zero to three-year-olds over the study period. Numerator: National minimum dataset. Denominator: Statistics New 

Zealand Estimated resident population average 2006-2015 for children aged between 0-3 inclusive.  

5.4.1.5 Summary  

In the NZ context, Māori and Pacific Peoples are over-represented in neighbourhoods of high 

socioeconomic deprivation and have high infectious diseases incidence, including pertussis, the 

hospitalised cases reflected this demographic pattern (M.G. Baker et al., 2012).  

Non-hospitalised cases had high proportions of NZ European and low socioeconomic deprivation 

groups; groups known to have lower paediatric pertussis disease incidence. An explanation for the 

demographic differences between case groups may be the inverse care law that describes higher 

health care use for groups with lower disease burden compared to those with higher disease burden 
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(Tudor, 1971). Pertussis notifications are mainly sourced from primary health care services; the 

demographic profile of the non-hospitalised group may reflect greater engagement with and access 

to primary health care rather than the pertussis burden by ethnicity per se. 

As PCR is a more sensitive test for pertussis, DHB variability in PCR commencement date likely 

influenced the rate and number of pertussis vaccine failure cases identified over the study period. 

PCR testing for pertussis was introduced in NZ laboratories in 1998 but has superseded culture since 

approximately 2012, and this transition was not concurrent for all DHBs ("Pertussis: An Avoidable 

Epidemic", 2012). The other key factor to consider for DHB variability is local geographic variations in 

the timing of pertussis epidemics and inter-epidemic periods. One explanation for geographic 

variability in epidemic onset date could be regional immunisation coverage rates (investigated in 

Chapter 8).  

5.4.2 Pertussis vaccine failure events by year 

The timing of vaccine failure relative to national pertussis incidence may provide important 

information about failure mechanisms. One epidemic occurred during the study period between 

2011-2013, peaking between 2012-2013 (Figure 12). Half of all nationally reported pertussis cases 

and 62% of all pertussis vaccine failure cases occurred during the 2012-2013 peak (Figure 12 and 

Figure 13) (Institute of Environmental Science and Research Ltd., 2018). This observation is consistent 

with an exposure threshold model of failure, where the risk of failure increases with exposure, and 

this has been reported in pertussis, measles, and varicella-zoster VE and efficacy research (Crowcroft 

& Klein, 2018; Gaayeb et al., 2014; Garenne, Leroy, Beau, & Sene, 1993; Lacombe et al., 2004). 

Heightened clinician awareness of pertussis during epidemic periods may increase vigilance and 

result in greater clinical case identification than in inter-epidemic periods. Still, the degree to which 

clinician awareness contributes to pertussis notification rates is unknown.  
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Figure 12 National pertussis notifications and hospitalisations, 2006 – 2016 

Note: includes confirmed, probable, and suspect cases as well as those still under investigation 

Source: modified figure from the Institute of Environmental Science and Research (Institute of 

Environmental Science and Research Ltd., 2018). 

 

Figure 13 Pertussis vaccine failure events by year of onset 
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5.4.3 Pertussis vaccine failure event description 

Of the 504,832 fully vaccinated children, 1,342 (0.3%) developed pertussis vaccine failure resulting in 

hospitalisation or other health care utilisation during the study period. More cases (58%) met the 

clinically suspected than the clinically confirmed pertussis vaccine failure criteria (Figure 14).  

 

                                                                   Figure 14 Vaccine failure case status 

The light grey represents non-hospitalised cases, and the dark grey hospitalised cases. 

There was a median of 9 months (IQR 16) between completion of the primary series and hospitalised 

pertussis vaccine failure. A longer median of 24 months (IQR 22) was observed between primary 

series completion and pertussis notification.  

A short interval between completion of the primary series and disease indicates primary failure 

(insufficient immune response to vaccination), whereas a long interval indicates secondary failure 

(waning) is more likely (Bonanni et al., 2013). Also, severe disease is consistent with primary failure, 

and attenuated disease is more consistent with secondary failure. However, it was impossible to 

establish whether the notified group was on average exposed to B. pertussis at an older age than the 

hospitalised case group. Older age also attenuates disease.  

Pertussis vaccine 
failure

Clinically confirmed 
pertussis vaccine 

failure n=566 (42%)

Confirmed 
notification n=536

Whooping cough 
due to B. pertussis 

hospitalisation n=30

Clinically suspected 
pertussis vaccine 

failure n=776 (58%)

Probable 
notification n=538 

Suspected 
notification n=183

Whooping cough, 
unspecified 

hospitalisation n=55 
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The most recent NZ research suggests aP waning does not occur in the zero to four years age group. 

However, Radke et al. did not conduct subgroup analyses, potentially missing waning in certain risk 

groups (Radke et al., 2017). The Senegal Pertussis Trial reported possible waning in young children, 

approximately 18 months after aP vaccination. However, the authors note this may be accounted for 

by weaning rather than waning protection (Lacombe et al., 2004; Radke et al., 2017).  

5.4.4 Hospitalised pertussis vaccine failure case description 

Six percent of all failure cases (n=85) were hospitalised. Hospitalisation is commonly used to indicate 

severe disease. The length of hospital admission, admission to intensive care, and death during 

hospitalisation are used to define hospitalisation severity (Ministry of Health, 2020c). Vaccine failure 

hospitalisations were of low severity, the median length of stay in hospital was one day (IQR 2), and 

no cases died during hospitalisation. Only one case was admitted to intensive care for one day, but 

pertussis was not the primary diagnosis for this hospitalisation.  

Pertussis was the primary reason for admission for more than four-fifths (82%) of cases. For the 15 

cases where pertussis was not the principal reason for admission, eleven had principal diagnoses 

relating to the respiratory system; these were acute bronchiolitis (n=5), pneumonia (n=2), acute 

upper respiratory infection (n=2), croup (n=1) and asthma (n=1). The remaining four cases were 

admitted for viral infection, unspecified site, status epilepticus, gastroenteritis, and allergic purpura, 

respectively. Although in these cases, identification of pertussis may have been more incidental, 

found as part of a diagnostic workup for other illness, it is unlikely to have been clinically ignored. B. 

pertussis co-infection may be an important component of the clinical presentation.  

Despite public health reporting requirements, less than half (38/85) of hospitalised cases were 

notified (or at least were not identifiable in notification data) (Institute of Environmental Science and 

Research Limited and Ministry of Health, 2017). As most notifications of infectious diseases are done 

in an automated way secondary to a positive laboratory test, junior doctors in the hospital may be 

less aware of their obligation to notify clinically suspected pertussis than general practitioners.  
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For the 38 hospitalised cases who were notified, clinical descriptions (Table 18) and laboratory criteria 

(Table 19) were available from the case report form. A description of the variables used in the 

pertussis case report form can be found in Appendix E. Most hospitalised cases were reported to “fit 

clinical description” of pertussis15. Paroxysmal cough was the most common presenting feature, 

followed by cough ending in vomiting, cyanosis, and apnoea. Almost half had a cough lasting more 

than two weeks, and one quarter had inspiratory whoop.  

Table 18 Clinical features of notified hospitalised cases 

 N (%) 

Total 38 

Fit clinical description, yes 31 (82%) 

No 6 (16%) 

Unknown 0 

Missing  1 (3%) 

Paroxysmal cough, yes 27 (71%) 

No 7 (18%) 

Unknown 4 (11%) 

Missing 0 

Cough ending in vomiting, cyanosis or apnoea, yes  25 (66%) 

No 6 (16%) 

Unknown 5 (13%) 

Missing  2 (5%) 

Cough for > 2 weeks, yes 18 (47%) 

No 16 (42%) 

Unknown 3 (8%) 

Missing 1 (3%) 

Inspiratory whoop, yes 10 (26%) 

No 17 (45%) 

Unknown 9 (24%) 

Missing  2 (5%) 

Cough any duration, yes 0 

Missing 38 (100%) 

The most common laboratory test was PCR, with almost half of these cases having a PCR test record 

(Table 19). No cases were recorded as culture-positive, nor were any serologically confirmed. Two 

 
15 A clinically compatible case is defined as presenting with a cough, and one or more of: paroxysms of cough, 
cough ending in vomiting, cyanosis or apnoea, or inspiratory whoop (Institute of Environmental Science and 
Research, 2017). 
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cases had established contact with a laboratory-confirmed case, and one case was linked to one or 

more other pertussis cases.  

Table 19 Laboratory criteria for notified hospitalised cases 

 N (%) 

Total 38 

Detection of B. pertussis nucleic acid  

Yes 15 (40%) 

Awaiting results 0 

No 0 

Not done 2 (5%) 

Unknown 21 (55%) 

Missing 0 

Isolation of B. pertussis, yes 0 

Missing 38 (100%) 

Contact with a laboratory-confirmed pertussis case  

Yes 2 (5%) 

No 18 (47%) 

Unknown 12 (32%) 

Missing 6 (16%) 

Reported as part of an outbreak, yes* 1 (3%) 

No 0 (97%) 

B. pertussis toxin IgG test result >100IU/ml  

     Unknown 38 (100%) 

Significant increase in increase antibody levels between paired 
sera 

 

Yes 0 

Unknown 38 (100%) 

Not done 0 

No 0 

Note. ‘Unknown’ indicates that it is unknown whether a particular test has been 

commissioned (Institute of Environmental Science and Research, 2017). 

* ESR case report form defines an outbreak as ‘known to be linked to one or more other 

cases of the same disease’. This is different from the occurrence of a case during 

epidemics or outbreaks (Institute of Environmental Science and Research, 2013a).  

5.4.5 Non-hospitalised pertussis vaccine failure case description 

Almost three-quarters of non-hospitalised cases fitted the clinical description of pertussis (Table 20). 

Paroxysmal cough was the most common presenting feature, followed by cough ending in vomiting, 

cyanosis, and apnoea. Over half of the cases had a cough lasting more than two weeks, and one 

quarter had inspiratory whoop. No pertussis deaths were recorded.  
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Table 20 Clinical features of non-hospitalised cases 

 N (%)  

Total 1257 

Fit clinical description, yes 1035 (82%) 

No 127 (10%) 

Unknown 46 (4%) 

Missing  49 (4%) 

Paroxysmal cough, yes 1010 (80%) 

No 122 (10%) 

Unknown 77 (6%) 

Missing 48 (4%) 

Cough ending in vomiting, cyanosis, or apnoea, yes  826 (66%) 

No 280 (22%) 

Unknown 95 (8%) 

Missing  56 (5%) 

Cough for > 2 weeks, yes 783 (62%) 

No 384 (31%) 

Unknown 56 (5%) 

Missing 34 (3%) 

Inspiratory whoop, yes 319 (25%) 

No 658 (52%) 

Unknown 190 (15%) 

Missing  90 (7%) 

Cough any duration, yes 1 (0.08%) 

Missing 1256 (99.9%) 

Note. ‘Unknown’ indicates that it is unknown whether a particular test has been 

commissioned (Institute of Environmental Science and Research, 2017). Likely, most of 

the data for “cough any duration” is missing as cough is mentioned in four of the six 

clinical feature variables, filling this one in may seem redundant. 

5.4.5.1 Cases not fitting the clinical description of pertussis 

Most cases were classic clinical presentations, but a minority (n=127, 10%) were recorded as not 

fitting the clinical description. However, most of these cases had at least one clinical feature 

consistent with pertussis (Table 21). A small proportion of these (16%) did not have a single clinical 

feature consistent with pertussis; for most of these, at least one feature was recorded as either 

unknown or missing; these may have been historical cases. 
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Table 21 Recorded clinical features for non-hospitalised cases not fitting the clinical description of pertussis 

 N (%) 

Total 127 

Paroxysmal cough, yes 80 (63%) 

No 38 (30%) 

Unknown 3 (2%) 

Missing 6 (5%) 

Cough ending in vomiting, cyanosis or apnoea, yes  64 (50%) 

No 53 (42%) 

Unknown 8 (6%) 

Missing  2 (2%) 

Inspiratory whoop, yes 18 (14%) 

No 92 (72%) 

Unknown 13 (10%) 

Missing  4 (3%) 

Cough for > 2 weeks, yes 14 (11%) 

No 104 (82%) 

Unknown 5 (4%) 

Missing 4 (3%) 

Cough any duration, yes 0 

Missing 127 (100%) 

Note. ‘Unknown’ indicates that it is unknown whether a particular test has been 

commissioned (Institute of Environmental Science and Research, 2017). 

5.4.5.2 Laboratory testing 

The most common laboratory test was PCR, almost one-quarter of cases had a record of PCR testing; 

of these, 90% were positive for B. pertussis (Table 22). Culture and serology were rarely used 

diagnostically. Two-hundred and fifty-six cases (20%) had established contact with a laboratory-

confirmed case. Eight percent of cases were identified as being linked to one or more other cases of 

pertussis as part of an outbreak.  
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Table 22 Laboratory criteria for non-hospitalised cases 

 N (%) 

Total 1257 

Detection of B. pertussis nucleic acid  

Yes 277 (22%) 

Awaiting results 3 (0.2%) 

No 28 (2%) 

Not done 118 (9%) 

Unknown 831 (66%) 

Missing 0 

Isolation of B. pertussis, yes 0 

Missing 1257 (100%) 

Contact with a laboratory-confirmed pertussis case  

Yes 256 (20%) 

No 447 (36%) 

Unknown 402 (32%) 

Missing 152 (12%) 

Reported as part of an outbreak, yes* 106 (8%) 

No 1151 (92%) 

B. pertussis toxin IgG test result >100IU/ml  

Unknown 1134 (100%) 

Significant increase in increase antibody levels between 
paired sera 

 

Yes 1 (0.08%) 

Unknown 1067 (85%) 

Not done 183 (15%) 

No 6 (0.5%) 

Note. ‘Unknown’ indicates that it is unknown whether a particular test has been 

commissioned (Institute of Environmental Science and Research, 2017). 

* ESR case report form defines an outbreak as ‘known to be linked to one or more 

other cases of the same disease’ (Institute of Environmental Science and Research, 

2013a). 

5.4.6 Risk factors for pertussis 

Public health surveillance case report forms have a free text variable titled risk factors, this section 

was completed for a small proportion of hospitalised (5%) and non-hospitalised cases (15%) (Table 

23). The most-reported risk factor was attendance at a childcare centre. Thirty-seven cases had 

reported exposure to a confirmed, probable, or suspected pertussis contact, and in line with the 

literature, most of these contacts were family members. One case each had a recent respiratory 

infection (pneumonia and croup) recorded as a risk factor. 
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Table 23 Reported risk factors 

Type of risk factor reported Number 

Attendance at a childcare centre (including Playcentre, kindergarten, crèche, and nursery) 116 

Exposure to a suspected or probable case or symptomatic individual 31 

Suspected case was a family member (sibling, parent, grandparent) 27 

Suspected case was not a family member (childcare or other contact) 5 

Exposure to a confirmed case 7 

Confirmed case was a family member (sibling, parent, grandparent) 5 

Confirmed case was non-familial (contacts at childcare) 1 

Not specified 1 

Case* in the school or preschool of siblings 6 

Attendance at a music or other playgroup (e.g., mums and tots, church playgroups) 11 

Home-based care (provided by family or commercial agency) 6 

Mother is a teacher or home carer 3 

Recent respiratory infection  2 

No risk factors identified 1 

Total# 222 

Note. # More than one risk factor may be reported per case. *Case status not specified. One individual may have had more 

than one reported risk factor. This information was from free text box ESR pertussis case report forms. 

5.4.7 Sibling pertussis burden 

Nine percent of cases were siblings - there were sixty-two sibling pairs. The highest pertussis burden 

was observed in families where sibling numbers were low, e.g., zero, one and two siblings (Table 24). 

Identification of cases may be attributed to parent or guardian health-seeking behaviours or other 

non-genetic reasons. 

Table 24 Pertussis burden by family size 

Number of siblings 
in family* Total children 

Total pertussis 
n (%) 

Vaccine failure 
pertussis cases 

n (%) 

Non-vaccine failure 
pertussis 

n (%) 

0 475 475 (100%) 475 (100%) 0 

1 1142 654 (57%) 571 (50%) 83 (7%) 

2 525 222 (42%) 175 (33%) 47 (9%) 

3 120 34 (28%) 30 (25%) 4 (3%) 

4 15 5 (33%) 3 (20%) 2 (13%) 

5+ 6 2 (33%) 1 (17%) 1 (17%) 

 2,283 1,392 1,255 137 

Note.* Family is defined as sibling clusters. 
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The order of pertussis onset between siblings may offer useful information, such as, whether and 

when cases could have been exposed to pertussis and whether failure cases may have been a source 

of pertussis for their siblings. The onset pattern between cases and sibling pertussis is shown in Figure 

15. The most common pattern is siblings are infected around the same time, indicating a common 

source of exposure, possibly a parent or other family member. However, this may be an artefact of 

case reporting, and unfortunately, the accuracy of the case reports cannot be verified.  

Nine sibling pairs had an onset pattern consistent with exposure from another parent or sibling either 

before the non-failure sibling was born or at least several months earlier than the non-sibling failure. 

A small number of sibling pairs (n=5) had an onset pattern that suggested failure occurred after 

natural boosting, i.e. there was a large time interval between the pertussis onset in the first sibling 

and the onset of pertussis vaccine failure in the second sibling. Another small number of sibling pairs 

(n=11) had an onset pattern that suggests the failure case could have been the source of pertussis. 

 

Figure 15 Days between the onset of failure cases and sibling pertussis 

Note, for the sibling pair corresponding to the value 3,274 the failure case had pertussis before the birth of their sibling.  

 



Chapter 5 

87 

5.4.7.1 Summary  

Higher sibling pertussis in smaller families may reflect greater health care utilisation in smaller 

families rather than an increased risk of pertussis per se (Hesketh, Qu, & Tomkins, 2003). Although 

not statistically significant, the Senegal pertussis trial reported a reduced risk of pertussis with two or 

more children families relative to families with one child or less (Lacombe et al., 2004). A possible 

explanation may be that there is greater parent/guardian child interaction in families with one or two 

children than in families with many children. Older age groups such as adolescents and adults such 

as parents/guardians are less likely to be recently vaccinated than young children and therefore may 

transmit higher doses of infectious inocula. Most sibling pairs were likely infected around the same 

time, indicating a common exposure source or an artefact of how data was collected. This analysis 

also suggests that some vaccine failures may have transmitted pertussis to their siblings and that 

some cases failed despite natural boosting and vaccination. 

5.4.8 Maternal characteristics 

Numerous biological, social, and environmental characteristics of mothers before, during and after 

pregnancy are associated with infant and child health outcomes, including those that increase the 

risk of respiratory diseases like pertussis (McEvoy & Spindel, 2017; McEwen & McEwen, 2017; Pratt 

& Frost, 2016). 

5.4.8.1 Demographic characteristics 

The demographic profile of the case mothers was unremarkable. For both case groups and the cohort, 

most mothers were NZ residents at the time of delivery, median maternal age at delivery was 30, 

median maternal parity was 1, and approximately two-thirds of mothers resided in urban areas at 

delivery (Table 25). Maternal ethnicity is not reported as there are negligible differences between 

infant and mother ethnicity (see Appendix F for comparison of mother and infant ethnicity). 
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Table 25 Demographic characteristics of mothers by case group 

Characteristic 
All cases 

n (%) 
Hospitalised 
cases n (%) 

Non-
hospitalised 

cases 
n (%) 

Fully vaccinated 
cohort 
n (%) 

New Zealand resident at delivery, yes 96%β 95% 94% 443,029 (88%)∞ 

Maternal age at delivery, years, median, IQR 30 (IQR 8) 28 (IQR 9) 30 (IQR 8) 30 (IQR 9) 

Maternal parity at delivery, median (IQR 1)× 1 (IQR 1.5) π 1 (IQR 1)# 1 (IQR 1)× 

Rurality at delivery     

Urban 63% 65% 63% 312,908 (62%) 

Semi-rural 8% 7% 8% 39,395 (8%) 

Rural 19% 17% 19% 80,895 (16%) 

Remote rural 4% 4% 5% 19,669 (4%) 

Missing rurality 6% 8% 6% 51,965 (10%) 

Note. IQR= interquartile range. As demographic characteristics can change over time, a mother is counted separately each 

time she has an infant included as a case. 

∞ 5% had missing residency status, this likely accounts for the relatively low percentage of mothers who were NZ 

residents at delivery.   
× 64,436 (12%) had missing parity.  

α this is the fully vaccinated cohort excluding all cases. 
β 40 mothers had missing residency status. 
× 165 mothers had missing maternal parity. 
π 9 mothers had missing maternal parity. 
#  156 mothers had missing maternal parity. 

5.4.8.2 Pregnancy risk factors 

Case mothers had more plural16 pregnancies compared with cohort mothers (Table 26). A high 

proportion of hospitalised case mothers reported smoking during pregnancy compared with non-

hospitalised case and cohort mothers. A higher proportion of hospitalised case mothers had 

preeclampsia or eclampsia compared with non-hospitalised case and cohort mothers. The non-

hospitalised case mothers group experienced substantially less gestational diabetes compared with 

hospitalised case and cohort mothers. 

  

 
16 Defined in the National Maternity Collection as two or more infants resulting from one pregnancy (Ministry 
of Health, 2011a). 
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Table 26 Pregnancy risk factors 

 
Mothers of 

all cases 
n (%) 

Mothers of 
hospitalised 
cases  n (%) 

Mothers of non-
hospitalised cases 

n (%) 

Mothers of fully 
vaccinated cohort 

n (%) 

Plurality     

    Singleton 1275 (95%) 80 (94%) 1195 (95%) 466,001 (92%) 

    Twin 29 (2%) 4 (5%) 25 (2%) 12,949 (3%) 

    Other multiple 1 (0.07%) 0 1 (0.07%) 316 (0.06%) 

    Missing 37 (3%) 1 (1%) 36 (3%) 25,566 (5%) 

Smoking at first LMC, yes 159 (12%) 19 (22%) 140 (11%) 45,511 (9%) 

    Missing 208 (16%) 13 (15%) 195 (16%) 122,799 (24%) 

Eclampsia or preeclampsia, yes 61 (5%) 7 (8%) 54 (4%) 24,548 (5%) 

    Missing 25 (2%) 0 25 (2%) 23,710 (5%) 

Gestational diabetes, yes 42 (3%) 6 (7%) 36 (3%) 22,469 (4%) 

    Missing  25 (2%) 0 25 (2%) 23,710 (5%) 

Note. LMC= lead maternity carer. *Value includes twin and other multiple. 

5.4.8.3 Delivery type  

Two-thirds of mothers gave birth vaginally (Table 27). A higher proportion of mothers of hospitalised 

cases delivered by emergency caesarean, but a greater proportion of mothers of non-hospitalised 

cases had an elective caesarean delivery.  

Table 27 Prioritised delivery type 

Delivery type 
Mothers of all 

cases 
n (%) 

Mothers of 
hospitalised cases 

n (%) 

Mothers of non-
hospitalised cases 

n (%) 

Fully vaccinated 
cohort mothers 

n (%) 

Vaginal, spontaneous, and assisted, 
yes 

885 (66%) 57 (67%) 828 (66%) 336,510 (67%) 

Elective caesarean, yes 184 (14%) 8 (9%) 176 (14%) 57,504 (11%) 

Emergency caesarean, yes 195 (15%) 17 (20%) 178 (14%) 71,768 (14%) 

Missing (%) 78 (6%) 3 (4%) 75 (6%) 41,022 (8%) 

5.4.8.4 Summary  

Maternity variables had a high frequency of missing data making interpretation difficult. Maternal 

demographic and delivery characteristics were unremarkable. However, hospitalised case mothers 

had the greatest burden of pregnancy risk factors, including plurality. While the data did not 

demonstrate differences in maternal parity between case mothers and cohort mothers, differences 

were observed for plurality. Plurality is a related concept, but plurality most likely indicates 

prematurity. In the context of the strength of the evidence for larger family size and pertussis 
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infection risk and the possibility of an exposure threshold model of failure, maternal parity is still of 

interest for further investigation. Maternal smoking and other pregnancy risk factors such as body 

mass index had significant missing data making these variables unfavourable for further investigation.  

5.4.9 Health status in the perinatal and postnatal periods 

Hospitalisations in the perinatal period are likely to be dominated by conditions diagnosed at birth. 

In contrast, hospitalisations in the postnatal period may reflect more general circumstances and 

health status in the postnatal period (Iacobelli et al., 2017; Monier et al., 2017). The perinatal period 

is usually defined as between 22 completed weeks of gestation to the first seven completed days 

after birth (World Health Organization, 2021b). The postnatal period is usually defined as the first 92 

completed days after birth17 (Ministry of Health, 2011a).  

A substantially larger proportion of hospitalised cases were born preterm, with very low or low BW 

and very low or moderately abnormal Apgar scores than non-hospitalised cases and the cohort (Table 

28). 

Table 28 Indicators of health at birth 

Indicators of health at 
birth 

All cases 
n (%) 

Hospitalised cases 
n (%) 

Non-hospitalised 
cases 
n (%) 

Fully vaccinated 
cohort  
n (%) 

Gestational age      

    Preterm 105 (8%) 21 (25%) 84 (7%) 33,605 (7%) 

    Term 1,192 (89%) 64 (75%) 1,128 (90%) 437,492 (87%) 

    Missing 45 (3%) 0 45 (4%) 33,735 (7%) 

Birthweight      

    Very Low 25 (2%) 10 (12%) 15 (1%) 3,606 (1%) 

    Low 64 (5%) 7 (8%) 57 (5%) 22,980 (5%) 

    Normal 1,161 (87%) 66 (78%) 1,095 (87%) 428,917 (85%) 

    Macrosomia 29 (2%) 1 (1%) 28 (2%) 11,991 (2%) 

    Missing 63 (5%) 0 62 (5%) 37,378 (7%) 

Apgar score     

    Very low 5 (0.4%) 3 (4%) 2 (0.2%) 866 (0.2%) 

    Moderately abnormal 29 (2%) 8 (10%) 21 (2%) 11,962 (2%) 

    Normal 1,088 (81%) 64 (75%) 1,024 (81%) 413,498 (82%) 

    Missing 220 (16%) 10 (12%) 210 (17%) 78,506 (16%) 

 
17 Hospitalisations occurring between eight and 92 days after birth were considered postnatal period hospitalisations.  
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Approximately 7% of all groups had one or more hospital admission during the postnatal period, but 

hospitalised cases had the longest admissions (Table 29). Diseases of the respiratory system 

contributed one-quarter of these hospitalisations for non-hospitalised cases and the cohort, but 

respiratory hospitalisations accounted for half of the hospitalisations for the hospitalised group. 

Breastfeeding at LMC discharge (between four and six weeks after birth) status did not differ 

meaningfully between either case group and the cohort. 

Table 29 Postnatal hospital admissions and breastfeeding status at LMC discharge comparisons 

 
All cases 

n (%) 

Hospitalised 
cases 
n (%) 

Non-hospitalised 
cases 
n (%) 

Fully vaccinated 
cohort  
n (%) 

One or more admissions during 
the postnatal period 

98 (7%) 7 (8%)* 91 (7%) 33,001 (7%) 

Median days spent in hospital 1 (IQR 2) 4 (IQR 3) 1 (IQR 2) 1 (IQR 3) 

Breastfeeding at LMC discharge 
status 

    

    Exclusive 696 (52%) 37 (44%) 659 (52%) 273,671 (54%) 

    Fully 135 (10%) 9 (11%) 126 (10%) 46,590 (9%) 

    Partial 146 (11%)  13 (15%) 133 (11%) 57,183 (11%) 

    Artificial 162 (12%) 12 (14%) 150 (12%) 53,673 (11%) 

    Missing 203 (15%) 14 (16%) 189 (15%) 73,715 (15%) 

Note. IQR= interquartile range, LMC= lead maternity carer. 

5.4.9.1 Diagnoses during the perinatal and postnatal periods 

Diagnoses during the perinatal and postnatal periods were obtained from hospitalisation data. 

Principle and other relevant diagnoses, including injury, were reported for the perinatal period but 

not the postnatal period, and operations and procedures were not reported for either period. 

Approximately one-third of case groups and the cohort had one or more diagnosis during the 

perinatal period; most of these were from the same day as delivery (Table 30). 
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Table 30 Diagnoses during the perinatal period 

 
All cases 

n (%) 
Hospitalised cases 

n (%) 

Non-hospitalised 
cases 
n (%) 

Fully 
vaccinated 

cohort  
n (%) 

One or more diagnosis during the 
perinatal period 423 (32%) 33 (39%) 390 (31%) 197,132 

(39%) 

The proportion of these diagnoses 
that were given on same day as 
delivery 

91% 96% 81% 84% 

The diagnostic categories: certain conditions originating in the perinatal period and factors 

influencing health status and contact with health care services, contributed three-quarters of all 

diagnoses during the perinatal period for all groups (Table 31). Respiratory and cardiovascular 

disorders specific to the perinatal period and disorders related to the length of gestation and fetal 

growth accounted for over half of the diagnoses in the certain conditions originating in the perinatal 

period category for both hospitalised and non-hospitalised cases but only 20% of cohort diagnoses. 
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Table 31 Diagnoses given during the perinatal period, hospitalised cases 

Category All cases 
n (%) 

Hospitalised 
cases  
n (%) 

Non-
hospitalised 

cases  
n (%) 

Fully vaccinated 
cohort 
n (%) 

Certain conditions originating in the 
perinatal period  553 (54%) 97 (67%) 456 (52%) 230,361 (50%) 

Factors influencing health status and 
contact with health services * 325 (32%) 27 (19%) 298 (34%) 171,084 (37%) 

Congenital malformations, deformities 
and chromosomal abnormalities  62 (6%) 6 (4%) 56 (6%) 27,841 (6%) 

Injury and poisonings and certain other 
consequences of external causes  20 (2%) 8 (5%) 12 (1.1%) 3,146 (0.6%) 

Diseases of the eye and adnexa  7 (0.7%) 3 (2%) 4 (0.5%) 934 (0.2%) 
Diseases of the skin and subcutaneous 
tissue  4 (0.4%) 1 (0.7%) 3 (0.3%) 3080 (0.6%) 

Certain infectious and parasitic 
diseases  11 (0.1%) 1 (0.7%) 10 (1%) 3784 (0.8%) 

Endocrine, nutritional and metabolic 
disorders  8 (0.8%) 1 (0.7%) 7 (0.8%) 1637 (0.1%) 

Symptoms, signs and abnormal 
laboratory findings, not elsewhere 
classified  

18 (2%) 1 (0.7%) 17 (2%) 9,230 (2%) 

Diseases of the genitourinary system 1 (0.1%) 0 1 (0.1%) 985 (0.2%) 
Neoplasms 1 (0.1%) 0 1 (0.1%) 542 (0.08%) 
Diseases of the digestive system 8 (0.8%) 0 8 (0.9%) 1661 (0.3%) 
Diseases of the respiratory system 4 (0.4%) 0 4 (0.5%) 849 (0.2%) 
Diseases of the Musculoskeletal system 
and connective tissue 2 (0.2%) 0 2 (0.2%) 198 (0.01%) 

Diseases of the blood and blood 
forming organs and certain disorders 
involving the immune mechanism 

102 (9%) 0 1 (0.1%) 101 (0%) 

Mental and behavioural disorders 0 0 0 8 (0%) 
Diseases of the nervous system 0 0 0 364 (0.04%) 
Diseases of the ear and mastoid 
process 1 (0.1%) 0 1 (0.1%) 33 (0%) 

Diseases of the circulatory system 0 0 0 484 (0.04%) 
Pregnancy, childbirth, and the 
puerperium 0 0 0 2 (0%) 

Note.*Excludes diagnoses from category Z38 (live-born infants, according to place of birth) and Z762 (supervision of 
healthy infant) as the purpose of this table is to indicate the health of these infants. 
Total = total admissions. The number should be greater than the number of individuals with one or more cases. 

For admissions in the postnatal period, diseases of the respiratory system accounted for half of the 

admissions for hospitalised cases and one-quarter of the admissions for non-hospitalised cases and 

the cohort (Table 32). 
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Table 32 Primary reasons for admission during the postnatal period 

Category 
All cases 

 n (%) 

Hospitalised 
cases  
n (%) 

Non-
hospitalised 

cases  
n (%) 

Fully 
vaccinated 

cohort                   
n (%) 

Diseases of the respiratory system  27 (23%) 5 (50%) 22 (20%) 9,811 (23%) 

Symptoms, signs, and abnormal laboratory findings, not 
elsewhere classified 25 (21%) 2 (20%) 23 (21%) 6,675 (16%) 

Certain conditions originating in the perinatal period 23 (19%) 2 (20%) 21 (19%) 8,013 (19%) 

Certain infectious and parasitic diseases 12 (10%) 0 12 (11%) 4,145 (10%) 

Diseases of the digestive system 12 (10%) 1 (10%) 11 (10%) 3,631 (8%) 

Factors influencing health status and contact with health 
services* 8 (7%) 0 8 (7%) 2,902 (7%) 

Congenital malformations, deformities, and 
chromosomal abnormalities 6 (5%) 0 6 (6%) 2,529 (5%) 

Injury and poisonings and certain other consequences of 
external causes 4 (3%) 0 4 (4%) 1,198 (3%) 

Diseases of the nervous system 2 (2%) 0 2 (2%) 435 (1%) 

Diseases of the genitourinary system 1 (0.8%) 0 1 (0.9%) 1,366 (3%) 

Neoplasms  0 0 0 256 (0.5%) 

Diseases of the blood and blood-forming organs and 
certain disorders involving the immune mechanism 0 0 0 106 (0.2%) 

Endocrine, nutritional, and metabolic disorders 0 0 0 223 (0.4%) 

Diseases of the ear and mastoid process 0 0 0 232 (0.5%) 

Diseases of the circulatory system 0 0 0 152 (0.3%) 

Mental and behavioural disorders 0 0 0 20 (0.04%) 

Diseases of the skin and subcutaneous tissue 0 0 0 987 (2%) 

Diseases of the Musculoskeletal system and connective 
tissue 0 0 0 91 (0.1%) 

Pregnancy, childbirth and the puerperium 0 0 0 1 (0%) 

Total 120 10 110 42,773 

Note. *Excludes diagnoses from categories Z762 (supervision of healthy infants) and Z763 (healthy person accompanying a 

sick person) as the purpose of this table is to indicate the health status of these infants.  

Total = total admissions. The number should be greater than the number of individuals with one or more cases. 

5.4.9.2 Summary  

Hospitalised cases demonstrated lower fitness during the perinatal period than non-hospitalised 

cases in 5-minute Apgar score, preterm delivery, BW, and other conditions originating in the perinatal 

period. Hospitalised cases also had a higher prevalence of maternal antenatal risk factors 

preeclampsia, gestational diabetes, maternal smoking during pregnancy, all of which increase the risk 

of preterm birth, low Apgar score and many perinatal conditions (Davies, Bell, & Bhattacharya, 2016; 

Ion & Bernal, 2015; Mayor, 2017; Suka, Sugimori, Nakamura, Haginiwa, & Yoshida, 2002). There was 
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a high proportion of respiratory hospitalisations for the hospitalised case group during the postnatal 

period.  

5.4.10  Other hospitalisations during infancy and young childhood 

This section describes hospitalisations after the postnatal period, excluding any hospitalisations for 

pertussis vaccine failure. Two-thirds of hospitalised cases and half of the non-hospitalised cases had 

at least one hospitalisation after the postnatal period. In contrast, only 7% of the cohort had at least 

one hospitalisation (Table 33). 

Table 33 Number of hospitalisations occurring after the postnatal period 

 
All cases 

n (%)                  
Hospitalised cases 

n (%)                  

Non-hospitalised 
cases 
n (%)                  

Fully vaccinated 
cohort   
n (%)                  

Individuals with one or more 
admissions after the postnatal 
period 

770 (57%) 54 (64%) 716 (57%) 129,412 (7%) 

While Diseases of the respiratory system were the most common reason for hospitalisation for both 

case groups and the cohort, case groups, in particular, hospitalised cases, had a substantially larger 

proportion of respiratory system hospitalisations (Table 34). The most common diagnoses in this class 

for hospitalised cases were acute bronchiolitis, acute upper respiratory tract infection and 

pneumonia. Asthma, acute upper respiratory infections were the most common diagnoses in this 

class for both non-hospitalised cases and the comparator.  
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Table 34 Principle reasons for admission by ICD-10-AM category 

Category 
All cases 

n (%) 

Hospitalised 
cases 
n (%) 

Non-
hospitalised 

cases 
n (%) 

Fully 
vaccinated 

cohort 
n (%) 

Diseases of the respiratory system 381 (40%) 122 (70%) 259 (34%) 60,509 (29%) 

Certain infectious and parasitic diseases 110 (12%) 13 (7%) 97 (13%) 31,213 (15%) 

Symptoms, signs, and abnormal laboratory 
findings, not elsewhere classified 83 (9%) 11 (6%) 72 (9%) 23,033 (11%) 

Congenital malformations, deformities, and 
chromosomal abnormalities 34 (4%) 6 (3%) 28 (4%) 10,384 (5%) 

Diseases of the digestive system 48 (5%) 5 (3%) 43 (6%) 11,219 (5%) 

Diseases of the ear and mastoid process 52 (5%) 5 (3%) 47 (6%) 13,094 (6%) 

Diseases of the nervous system 24 (3%) 4 (2%) 20 (3%) 3,197 (2%) 

Diseases of the skin and subcutaneous tissue 31 (3%) 2 (1%) 29 (4%) 7,920 (4%) 

Injury and poisonings and certain other 
consequences of external causes 72 (8%) 5 (3%) 67 (9%) 23,974 (11%) 

Diseases of blood and blood forming organs and 
certain disorders involving the immune 
mechanism 

13 (1%) 1 (0.6%) 12 (2%) 1,276 (0.6%) 

Certain conditions originating in the perinatal 
period 3 (0.3%) 1 (0.6%) 2 (0.3%) 195 (0.07%) 

Factors influencing health status and contact 
with health services 39 (4%) 0 39 (6%) 6,293 (3%) 

Diseases of the genitourinary system 19 (2%) 0 19 (2%) 5,578 (3%) 

Diseases of the Musculoskeletal system and 
connective tissue 12 (1%) 0 12 (2%) 3,000 (1%) 

Neoplasm 9 (1%) 0 9 (1%) 2,430 (1%) 

Diseases of the eye and adnexa 6 (0.6%) 0 6 (1%) 1,969 (1%) 

Endocrine, nutritional, and metabolic disorders  3 (0.3%) 0 3 (0.4%) 1,056 (0.4%) 

Diseases of the circulatory system 3 (0.3%) 0 3 (0.4%) 980 (0.4%) 

Certain conditions originating in the perinatal 
period  2 (0.2%) 0 2 (0.3%) 195 (0.07%) 

Mental and behavioural disorders 2 (0.2%) 0 2 (0.3%) 296 (0.1%) 

5.4.10.1 Childhood ambulatory sensitive hospitalisations (ASH)  

Childhood ASH rates are a common measure used in health services research to evaluate access to 

and quality of primary health care services for defined populations (Health Quality and Safety 

Commission New Zealand, 2016). While health system characteristics substantially influence ASH 

rates, drivers of ASH rates are more complex than this and reflect the interaction between health 

service characteristics, socioeconomic resources, health literacy, and health-seeking behaviour 

(Health Quality and Safety Commission New Zealand, 2016). ASH are a cluster of reasons for 

hospitalisation that may be better at identifying patterns such as socioeconomic vulnerability than if 
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these hospitalisations were considered separately. DHBs use ASH rates to indicate complex 

socioeconomic vulnerability to assist with planning and improve health equity (Health Quality and 

Safety Commission New Zealand, 2019).  

In this thesis, ASH rates are utilised as a proxy for complex socioeconomic vulnerability such as 

poverty, poor health care access, and healthcare seeking behaviour patterns. The list of childhood 

ASH conditions and the ICD-10-AM codes used to identify them was obtained from the Ministry of 

Health ASH codes, and a copy is available in Appendix C (Ministry of Health, 2018a).  

One-third of hospitalised cases had one or more ASH, and more than two-thirds of these ASH were 

due to diseases of the respiratory system (Table 35). Seventeen percent of non-hospitalised cases had 

one or more childhood ASH; almost half of these were from diseases of the respiratory system. 

Thirteen percent of the cohort had one or more childhood ASH, but less than half were due to 

diseases of the respiratory system.  

Table 35 Ambulatory sensitive hospitalisations 

 
All cases 

n (%) 

Hospitalised 
cases 
n (%) 

Non-hospitalised 
cases 
n (%) 

Fully 
vaccinated 

cohort  
n (%) 

Individuals with one or more ASH 241 (16%) 30 (35%) 211 (17%) 64,539 (13%) 

The proportion of ASH due to 
diseases of the respiratory system 170 (50%) 42 (77%) 129 (45%) 34,437 (41%) 

Note. ASH= ambulatory sensitive hospitalisation. 

5.4.10.2 Summary 

Consistent with the difference in fitness observed in the perinatal and postnatal periods, hospitalised 

cases demonstrated a greater vulnerability to hospitalisations during older infancy and childhood. As 

observed in this section, respiratory infections are the most significant driver of ASH rates in the 0-4 

years age group (E. Craig et al., 2013). Respiratory hospitalisations are known to be associated with 

vulnerability, in particular socioeconomic deprivation (Ministry of Health, 2000). The differences in 

ethnicity and socioeconomic status between case groups may provide some context for the 
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differences in risk factors observed between hospitalised and non-hospitalised cases. Signals were 

detected for respiratory hospitalisations and ASH.  

5.4.11  Prescription pharmaceutical dispensing events 

Prescription pharmaceutical dispensing events are conventionally used as a proxy for pharmaceutical 

use in pharmacoepidemiology (Benard-Laribiere et al., 2015; Chai et al., 2012; Hobbs et al., 2017; 

Sturkenboom et al., 2008; Tomlin et al., 2018; T. Zhang et al., 2013). Dispensing between birth to the 

end of follow-up may indicate the general fitness of infants and young children. Whereas dispensing 

during the primary immunisation series18 could indicate pharmaceuticals that influence pertussis VE 

(Prymula et al., 2009). 

For standardisation and comparison purposes, pharmaceutical dispensing events are reported using 

the anatomical therapeutic chemical classification system introduced by the World Health 

Organization in the early 1980s (World Health Organization, 2018). This system organises 

pharmaceuticals into increasing levels of detail from anatomical classes, therapeutic levels to 

chemical properties. Some pharmaceuticals can be present in more than one anatomical classification 

depending on the purpose of prescription (World Health Organization, 2018). Only prescription 

pharmaceuticals dispensed in the community are captured in this section. 

5.4.11.1 Pharmaceutical dispensing events between birth and the end of follow up 

Almost all cases and the cohort had one or more pharmaceutical dispensing event between birth and 

the end of follow up (Table 36). 

Table 36 Pharmaceutical dispensing events between birth and the end of follow up 

 All cases Hospitalised cases Non-hospitalised 
cases 

Fully 
vaccinated 

cohort  

Number of cases with one or more 
dispensing event, n (%) 1,341 (99.9%) 85 (100%) 1256 (99.9%) 491,504 

(97%) 

Number of dispensing events per 
individual (range) 0 - 810 0 - 810 0 - 550 0 – 2,463 

 
18 Defined as birth to 12 days after the third vaccination in the primary series. 
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For both case groups, infections- agents for systemic use accounted for the greatest proportion of 

pharmaceuticals dispensed, the highest median number of dispensing events, and almost all cases 

had a dispensing event (Table 37, Table 38, Table 39). For the cohort, dermatologicals accounted for 

the most significant proportion of pharmaceuticals dispensed, and dermatologicals, nervous system 

and infections- agents for systemic use had the highest median number of dispensings. Almost the 

whole cohort had a nervous system dispensing event, but only 85% had a infections- agents for 

systemic use (Table 40). 

Table 37 Pharmaceutical dispensing events between birth and the end of follow up by anatomical class: all 
cases 

Anatomic group 

Total pharmaceuticals 
dispensed from this 

group 
N (%) 

Number of cases with 
one or more 

dispensing event  
N (%) 

Median number of 
dispensing events 

 
Median (IQR) 

Infections - Agents for Systemic Use 11,857 (23%) 1,332 (99%) 7 (IQR 7) 

Nervous System 9,888 (20%) 1,316 (98%) 3 (IQR 7) 

Dermatologicals 9,420 (18%) 1,164 (87%) 5 (IQR 7.5 ) 

Respiratory System and Allergies 5,670 (11%) 879 (66%) 2 (IQR 5) 

Alimentary Tract and Metabolism 3,386 (6%) 719 (54%) 1 (IQR 0) 

Extemporaneously Compounded 
Preparations and Galenicals 2,225 (4%) 142 (11%) 0 (IQR 0) 

Sensory Organs 2,075 (4%) 867 (66%) 1 (IQR 2) 

Musculoskeletal System 1,961 (4%) 816 (61%) 1 (IQR 2) 

Hormone Preparations - Systemic 
Excluding Contraceptive Hormones 1,959 (4%) 273 (20%) 0 (IQR 2) 

Unknown 1,455 (3%) 290 (22%) 0 (IQR 0) 

Blood and Blood Forming Organs 1,009 (2%) 452 (34%) 0 (IQR 1) 

Special Foods 1,056 (2%) 67 (5%) 0 (IQR 0) 

Oncology agents and 
immunosuppressants 192 (0.4%) 4 (0.3%) 0 (IQR 0) 

Cardiovascular System 125 (0.2%) 9 (0.7%) 0 (IQR 0) 

Genitourinary system 11 (0.02%) 9 (0.7%) 0 (IQR 0) 

Various 1 (0%) 1 (0.1%) 0 (IQR 0) 

Total 52,290 1342  
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Table 38 Pharmaceutical dispensing events between birth and the end of follow up by anatomical class: 
hospitalised cases 

Anatomic group 

Total pharmaceuticals 
dispensed from this 

group 
N (%) 

Number of 
hospitalised cases 
with one or more 
dispensing event  

N (%) 

Median number of 
dispensing events 

 
Median (IQR) 

Infections - Agents for Systemic Use 1,137 (21%) 83 (98%) 10 (IQR 9) 
Nervous System 785 (15%) 84 (99%) 8.5 (IQR 6.5) 
Dermatologicals 584 (11%) 76 (89%) 6 (IQR 7) 
Respiratory System and Allergies 667 (12%) 72 (85%) 4 (IQR 7) 
Alimentary Tract and Metabolism 471 (9%) 58 (68%) 2 (IQR 5) 
Extemporaneously Compounded 
Preparations and Galenicals 501 (9%) 14 (17%) 0 (IQR 0) 

Sensory Organs 184 (3%) 62 (73%) 1 (IQR 3) 
Musculoskeletal System 183 (3%) 54 (64%) 1 (IQR 2) 
Hormone Preparations - Systemic 
Excluding Contraceptive Hormones 229 (4%) 58 (68%) 1 (IQR 3) 

Unknown 241 (5%) 22 (26%) 0 (IQR 1) 
Blood and Blood Forming Organs 116 (2%) 48 (57%) 1 (IQR 2) 
Special Foods 258 (5%) 17 (20%) 0 (IQR 0) 
Oncology agents and 
immunosuppressants 0 0 0 (IQR 0) 

Cardiovascular System 22 (0.4%) 5 (6%) 0 (IQR 0) 
Genitourinary system 0 0 0 (IQR 0) 
Various 0 0 0 (IQR 0) 
Total 5378 85  

 

Table 39 Pharmaceutical dispensing events between birth and the end of follow up by anatomical class: 
non-hospitalised cases 

Anatomic group  
Frequency of 

dispensing events 
N (%) 

Number of cases with 
one or more 

dispensing events 
N (%) 

Median number of 
dispensing events 

N (%) 

Infections - Agents for Systemic Use 10,720 (23%) 1,249 (99%) 7 (IQR 7) 
Nervous System 9,103 (19%) 1,232 (98%) 6 (IQR 7) 
Dermatologicals 8,836 (19%) 1,088 (87%) 4 (IQR 7) 
Respiratory System and Allergies 5,003 (11%) 879 (70%) 2 (IQR 4) 
Alimentary Tract and Metabolism 2,915 (6%) 661 (53%) 1 (IQR 2) 
Extemporaneously Compounded 
Preparations and Galenicals 1,724 (4%) 128 (10%) 0 (IQR 0) 

Sensory Organs 1,891 (4%) 805 (64%) 1 (IQR 2) 
Musculoskeletal System 1,778 (4%) 762 (61%) 1 (IQR 2) 
Hormone Preparations - Systemic 
Excluding Contraceptive Hormones 1,730 (4%) 584 (60%) 0 (IQR 2) 

Unknown 1,214 (3%) 268 (21%) 0 (IQR 0) 
Blood and Blood Forming Organs 893 (2%) 404 (32%) 0 (IQR 1) 
Special Foods 798 (2%) 50 (4%) 0 (IQR 0) 
Oncology Agents and 
Immunosuppressants 192 (0.4%) 4 (0.3%) 0 (IQR 0) 

Cardiovascular System 103 (0.2%) 4 (0.3%) 0 (IQR 0) 
Genitourinary System 11 (0.02%) 9 (0.7%) 0 (IQR 0) 
Various 1 (0%) 1 (0.08%) 0 (IQR 0) 
Total 46,912   
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Table 40 Pharmaceutical dispensing events between birth and the end of follow up by anatomical class: 
cohort 

Anatomic group 

Total pharmaceuticals 
dispensed from this 

group 
N (%) 

Number of 
hospitalised cases with 

one or more 
dispensing event 

N (%) 

Median number of 
dispensing events 

N (IQR) 

Infections - Agents for Systemic Use 3,007,501 (22%) 429,042 (85%) 5 (IQR 6) 

Nervous System 2,997,069 (21%) 470,901 (93%) 5 (IQR 6) 

Dermatologicals 3,222,473 (24%) 411,677 (82%) 5 (IQR 7) 

Respiratory System and Allergies 1,353,940 (10%) 293,278 (58%) 1 (IQR 3) 

Alimentary Tract and Metabolism 812,938 (6%) 219,369 (43%) 0 (IQR 2) 

Extemporaneously Compounded 
Preparations and Galenicals 351,758 (3%) 30,792 (6%) 0 (IQR 0) 

Sensory Organs 662,839 (5%) 281,700 (56%) 1 (IQR 2) 

Musculoskeletal System 503,670 (4%) 242,680 (48%) 0 (IQR 1) 

Hormone Preparations - Systemic 
Excluding Contraceptive Hormones 400,842 (3%) 158,346 31(%) 0 (IQR 1) 

Unknown 303,819 (2%) 85,422 (17%) 0 (IQR 0) 

Blood and Blood Forming Organs 383,042 (3%) 182,709 (36%) 0 (IQR 1) 

Special Foods 172,117 (1%) 14,645 (3%) 0 (IQR 0) 

Oncology agents and 
immunosuppressants 13,739 (0.1%) 450 (0.1%) 0 (IQR 0) 

Cardiovascular System 21,549 (0.2%) 2,068 (0.4%) 0 (IQR 0) 

Genitourinary system 5,991 (0%) 4,932 (1%) 0 (IQR 0) 

Various 212 (0%) 109 (0.02%) 0 (IQR 0) 

Total 13,861,741 504,832  

5.4.11.2 Recurrent wheeze 

Acute and recurrent pharmaceutical use are qualitatively different patterns and can provide useful 

insight, the most relevant of which is recurrent wheeze . One-quarter of hospitalised cases, 16% of 

non-hospitalised cases, and 22% of the denominator fit the pharmacoepidemiologic criteria for 

recurrent wheeze at any point during data collection (see here for recurrent wheeze criteria). 

5.4.11.3 Pharmaceutical dispensing events during the primary immunisation period 

Eleven and twelve percent of all dispensing events occurred during this period for hospitalised and 

non-hospitalised cases, respectively. Three-quarters of each case group had at least one 

pharmaceutical dispensing event during this period (Table 41 and Table 42). For hospitalised cases, 

one quarter of dispensing events were from the alimentary tract and metabolism category, and 53% 

of the pharmaceuticals in this group were either GAS (proton pump inhibitors, histamine 2 receptor 
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agonists) or antacids. These chemicals are indicated for gastroesophageal reflux disease or symptoms 

that indicate this (constant crying, colic), peptic ulcer diseases, Helicobacter Pylori infection and 

complications thereof or to prevent stress ulceration in neonatal intensive care procedures (Table 

41). One-quarter of all gastric acid suppressant pharmaceuticals were dispensed in the six-months 

before pertussis hospitalisation. More than one-quarter of hospitalised cases were dispensed one or 

more gastric acid suppressant - one-third of these cases were premature. 

Table 41 Dispensing events during the primary immunisation series for hospitalised cases 

Anatomical group 

Number dispensing events 
during the primary 
vaccination period 

N (%) 

Number of hospitalised cases 
with one or more dispensing 

event 
N (%) 

Alimentary tract and metabolism 149 (25%) 40 (47%) 

Nervous System 103 (17%) 64 (75%) 

Dermatologicals 98 (17%) 36 (42%) 

Extemporaneously Compounded Preparations and 
Galenicals 63 (11%) 4 (5%) 

Infections – agents for systemic use 62 (10%) 35 (41%) 

Unknown 43 (7%) 11 (8%) 

Sensory organs 27 (5%) 18 (21%) 

Respiratory system and allergies 15 (3%) 9 (11%) 

Blood and blood forming organs 11 (2%) 6 (7%) 

Special foods 12 (2%) 6 (7%) 

Hormones preparations systemic excluding 
contraceptive hormones 4 (0.7%) 4 (5%) 

Musculoskeletal system 3 (0.5%) 3 (4%) 

Cardiovascular System 4 (0.7%) 3 (4%) 

Total  594 239 

For non-hospitalised cases, dermatologicals, nervous system, and alimentary tract and metabolism 

constituted the three most dispensed pharmaceuticals by almost equal amounts (Table 42). For the 

dermatologicals, various formulations of hydrocortisone (31%) were the most dispensed, and 

paracetamol (99%) was the most dispensed chemical from the nervous system group. Two-thirds of 

the pharmaceuticals dispensed in the alimentary tract and metabolism group were indicated for 

gastroesophageal reflux disease (omeprazole, ranitidine, and alginic acid). Almost three-quarters of 

all GAS were dispensed before pertussis notification. Eleven percent of non-hospitalised cases had at 

least one gastric acid suppressant drug dispensed, and of these, 13% were premature. 
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Table 42 Dispensing events during the primary immunisation series for non-hospitalised cases 

Anatomic group 

Number of dispensing events 
in this anatomic group during 

the primary series period 
N (%) 

Number of cases with one or 
more dispensing events 

N (%) 

Dermatologicals 1,306 (24%) 516 (41%) 

Nervous System 1,226 (23%) 869 (69%) 

Alimentary tract and metabolism 1,164 (21%) 402 (32%) 

Infections – agents for systemic use 369 (7%) 235 (19%) 

Extemporaneously Compounded Preparations 
and Galenicals 485 (9%) 59 (5%) 

Sensory organs 320 (6%) 228 (18%) 

Unknown 315 (6%) 114 (9%) 

Special foods 72 (1%) 18 (1%) 

Blood and blood forming organs 52 (1%) 39 (3%) 

Respiratory system and allergies 54 (1%) 42 (3%) 

Musculoskeletal system 33 (0.6%) 30 (2%) 

Hormones preparations systemic excluding 
contraceptive hormones 32 (0.6%) 23 (2%) 

Cardiovascular system 21 (0.4%) 3 (0.2%) 

Genitourinary system 1 (0.02%) 1 (0.08%) 

Oncology agents and immunosuppressants 0 0 

Various 0 0 

Total 5,450 1,257 

5.4.11.4 Summary  

Signals were detected for recurrent wheeze, antibiotic and gastric acid suppressant dispensing. The 

criteria for recurrent wheeze in this paediatric population likely captures broad pathologic respiratory 

sensitivity such as asthma, allergies, and sensitivities to respiratory irritants (e.g. second-hand smoke) 

(Hermann et al., 2005). The reasons for signal identification were the high prevalence of recurrent 

wheeze in the hospitalised group and the biological plausibility, i.e. respiratory sensitives, increase 

risk of respiratory infections. While non-hospitalised cases had a lower prevalence of recurrent 

wheeze than the cohort, this was not considered fatal to signal detection because this group’s 

demographic pattern is more closely associated with environments with fewer respiratory irritants. 

Antibiotics are among the most prescribed medications for infants and young children in NZ and many 

other high-income countries (Chai et al., 2012; Hobbs et al., 2017; Olsson et al., 2011; Sturkenboom 

et al., 2008; T. Zhang et al., 2013). However, NZ has higher antibiotic dispensing rates for young 
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children than many European countries (Hobbs et al., 2017). The use of antibiotics in infancy may 

increase the risk of immune-mediated diseases and potentially also the immune response to 

vaccination by affecting the developing microbiome (Hobbs et al., 2017; Y. Zhang et al., 2019). 

Biological plausibility and the high prevalence of antibiotic dispensing for case groups were the basis 

for signal identification.  

While a relationship between gastric acid suppressant use and pertussis has not yet been established, 

there is evidence for gastric acid suppressant use and increased risk for pneumonia, sepsis, and 

gastrointestinal infections (Chen et al., 2012; Chung & Yardley, 2013; P. L. Graham et al., 2006). The 

use of GAS modifies the gastrointestinal and oropharyngeal environment. Specifically, the change in 

gastrointestinal pH results in a change in gut microflora, favouring respiratory pathogens and 

enabling a gastropulmonary route of infection (Bonten, 2011; Canani et al., 2006; Hsu et al., 2017). 

The timing of gastric acid dispensing in cases relative to the onset of pertussis was a key determinant 

in signal identification. However, the relationship between prematurity and gastric acid suppressant 

dispensing and that GAS are commonly prescribed during infancy for colic presentations present 

alternative explanations for the observed signal.  

5.5 Discussion  

A failure rate of 0.3% over 11 years identifies failure as a rare event, and hospitalisation for failure 

was even rarer (0.02%). The rarity indicates this study very likely underestimated pertussis vaccine 

failure; the Senegal Pertussis Trial reported a failure rate of 17% (Lacombe et al., 2004). Passive 

surveillance considerably underestimates pertussis, and vaccine attenuated pertussis such as in 

failure is even more likely to be underestimated owing to mild and atypical disease presentations 

(Fine & Clarkson, 1982; C. C. Grant & Reid, 2010; Sutter & Cochi, 1992). Health system characteristics, 

for example, accessibility, frequency and indications for PCR respiratory pathogen panel testing, and 

clinician awareness, and socioeconomic resource and health behaviours of parents and guardians, 

are also important reasons for underestimation.  
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The ability to identify both hospitalised and non-hospitalised cases and describe them separately was 

a study strength. The differences between these groups, in particular demographic profile, 

demonstrate the difficulty and complexity of using administrative data to study phenomena that are 

influenced by several factors such as health system characteristics, parental/guardian health-seeking 

behaviour and social determinants of health. The observed data likely reflects this complexity rather 

than being a true and accurate representation of reality. Appendix G investigates the possibility of 

the inverse care law.  

Demographic differences between hospitalised and non-hospitalised case groups are consistent with 

different demographic patterns of health care use and quality and social determinants of health. This 

raises concerns about administrative data capability to capture pertussis in populations with poor 

health care access and utilisation, and consequently, the potential misrepresentation of demographic 

pertussis burden. Thus, demographic characteristics will not be utilised as predictive factors in 

subsequent studies. Instead, they will be used to more accurately model associations between 

candidate predictors and the study outcome.  

Descriptions of the who, where, and when of disease is foundational to hypotheses building and the 

subsequent hypothesis testing using analytic epidemiology. To my knowledge, this is the largest case 

series investigating pertussis vaccine failure and the only study to do so using linked data from 

national datasets. Large administrative data has permitted the observation of pertussis patterns, 

candidate predictors, and demographic factors across domains and over time (Jutte, Roos, & 

Brownell, 2011). This study has identified several candidate predictors from the factors investigated 

(Table 43) that will be further investigated using various novel and well established analytical 

epidemiological methods in Chapters 6, 7 and 8. 
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Table 43 Factors for further investigation 

    Maternal parity 

    Birth weight 

    Gestational age  

    Respiratory hospitalisations  

    Ambulatory sensitive hospitalisations  

    Antibiotic dispensing  

    Gastric acid dispensing 

    Recurrent wheeze 
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Chapter 6 Cross-sectional study 

6.1 Chapter aims and link to thesis objective  

This chapter relates to thesis objective 3: to test host-related candidate predictors for pertussis 

vaccine failure in this population. This chapter builds on the background, literature review, and case 

series study chapters by undertaking cross-sectional interrogation of the candidate predictors 

signalled in the earlier chapters.  

This chapter aims to present a bidimensional investigation of candidate predictors using logistic 

regression (odds ratios [OR]) to measure the strength of association between pertussis vaccine failure 

and candidate predictors. A novel classification method called Search Partition Analysis (SPAN) will 

also be used to develop classification rules for a three-state classification problem (no failure, mild 

failure, severe failure). This chapter is the first study to my knowledge to use SPAN to investigate risk 

classification for pertussis vaccine failure. 

6.2 Introduction 

Cross-sectional studies are often used to identify associations between exposures and outcomes, and 

provide cost-effective estimates of disease and exposure prevalence, laying the foundation for more 

costly epidemiological investigations. Temporality is necessary for establishing cause and effect and 

is a key consideration in explanatory research. Temporality is not observed in cross-sectional study 

designs, but this is not necessarily a limitation for predictive research.  

Cross-sectional study designs are commonly used in risk prediction work, and multivariable logistic 

regression for binary outcomes is one of the most common analytical approaches (S. W. Grant, 

Collins, & Nashef, 2018). This approach has recently been met with some criticism due to 

misunderstandings in the literature that association and classification methods have interchangeable 

public health utility. Specifically, that ORs perfectly translate as risk classifiers (Pepe et al., 2004). 
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Association and classification methods have different purposes and interpretations. Still, both are 

acceptable tools for predictive research, where their use and interpretation are faithful to the 

method's proper use. Strong associations are a starting point for identifying predictors that may be 

good classifiers. Classification studies in public health seek to classify subpopulation with varying risk 

levels to allow targeted intervention (Pepe et al., 2004).  

In logistic regression, ORs measure the strength of the association between an exposure and 

outcome. ORs are interpreted as the odds of an outcome occurring with a given exposure, compared 

to the odds of the outcome occurring without the exposure (Szumilas, 2010). Where study outcomes 

are rare enough, OR proxy relative risk (Ranganathan, Aggarwal, & Pramesh, 2015). The statistical 

association between a factor and an outcome does not automatically indicate that this factor is also 

a useful risk classifier (e.g. the factor can discriminate between individuals with high and low risk of a 

future outcome) (Pepe et al., 2004). Any given OR has vastly different values for classification 

performance, e.g., true-positive fractions and false-positive fractions. Only very strong ORs in the 

order of magnitude that would be considered exceptional (e.g. OR = 171) would have guaranteed 

good discriminative ability (Pepe et al., 2004).  

Statistical approaches to risk classification often utilise classification and regression tree methodology 

(R. J. Marshall & Kitsantas, 2012). However, there are two concerns with this methodology. First, the 

instability issue. Tree growing is hierarchical, and each split is dependent on prior splits meaning the 

resulting classification can be highly dependent on the data, potentially producing different 

classifications with different datasets. Second, Boolean structure interpretability can be difficult, 

particularly where subgroups are defined as a mixture of both negative and positive attributes. SPAN 

was developed to deal with these limitations (R. J. Marshall & Kitsantas, 2012).  

SPAN is a non-hierarchical alternative to classification and regression tree methodology and 

overcomes these two concerns (R. J. Marshall, 2006). SPAN avoids the instability issue by conducting 

a non-hierarchical (global) search and overcomes Boolean structures' poor interpretability by 
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prohibiting the combination of positively and negatively associated attributes (R. J. Marshall, 1986). 

SPAN is a data structure exploration method that develops Boolean classification rules for two and 

three state classification problems. Boolean combinations19 of attributes (e.g., high risk = attribute X 

AND attribute Y; low risk = attribute X OR attribute Y) to optimally split the predictor space. The most 

optimal split is determined by the homogeneity of outcome in each group.  

Three state classification or ordinal outcomes are important when disease development is more 

nuanced than disease state yes/no or where disease severity varies meaningfully, as was indicated 

by the case series study. Presumably, the following three states, no pertussis, mild pertussis, and 

severe pertussis, have different costs and potentially different associations with candidate predictors. 

Ordinal analysis aims to achieve a more nuanced understanding of the predictors that discriminate 

between the three disease states, including which predictors may indicate risk escalation from mild 

to severe disease and the absence of which predictors indicate low risk. 

Marshall and Kitsantas (2012) have compared the performance of classification and regression tree 

methodology and SPAN to identify risk factors; SPAN outperformed classification and regression tree 

methodology for both stability and Boolean classification structures (R. J. Marshall, 1986). SPAN 

partitioning is intuitive as it identifies combinations of factors associated with the outcome of interest 

(R. J. Marshall, 1986). This process is analogous to diagnosing a condition based on the presence and 

absence of a combination of clinical signs.  

 
19 Boolean operators are: ‘or’, ‘and’, ‘not’. 
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6.3 Methods  

6.3.1 Study population 

The study cohort was infants born between 1 January 2006 and 31 December 2012, inclusive, living 

in NZ, who met the definition of fully vaccinated and did not receive the four-year booster before 

four years of age (Figure 17). 

6.3.1.1 Missing data 

Complete case analysis was considered acceptable as the missing data mechanism was most likely 

missing at random, and 5% of participants had one or more variable missing information. A 

description of the missingness, interrogation of missing data and fuller rationale for using complete 

case analysis is available in Appendix H, along with a description of the excluded overseas vaccinated 

infants. 

6.3.2 Variables 

6.3.2.1 Logistic regression 

Prevalence ORs are commonly used for estimating the odds of disease for a given exposure in cross-

sectional studies (Viera, 2008). Variables used in the logistic regression analysis are detailed in Table 

44. These variables were chosen for their a priori relationship to pertussis vaccine failure; the 

relationship and direction were indicated by the literature, case series study findings, expert advice, 

data distributions, and the adjusted OR results.  
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Table 44 Variables used in logistic regression 

 
Variable 

Format  Adjusted for  

Outcome variables   

All pertussis vaccine 
failure 

Binary Not applicable  

Hospitalised pertussis 
vaccine failure 

Binary Not applicable 

Non-hospitalised 
pertussis vaccine failure 

Binary Not applicable 

Exposure variables   

Recurrent wheeze Binary Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness, gestational age, and sex 

Gastric acid suppressant 
use 

Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness, gestational age, and sex 

Total dispensings Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness, gestational age, and sex 

Antibiotic dispensings Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness, gestational age, and sex 

Ambulatory sensitive 
hospitalisations 

Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
pharmaceutical dispensings as a proxy for sickness, gestational age, and 
sex 

Respiratory 
hospitalisations 

Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
pharmaceutical dispensings as a proxy for sickness, gestational age, and 
sex 

Perinatal conditions Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
pharmaceutical dispensings as a proxy for sickness, gestational age, and 
sex 

Birthweight Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness and sex. 

Gestational age Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness and sex. 

Maternal age Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness, gestational age, and sex 

Maternal parity Continuous Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness, gestational age, and sex 

Covariates  

Ethnicity Categorical Year of birth, deprivation, District Health Board region, hospitalisations 
as a proxy for sickness, gestational age, and sex 

Sex Binary Year of birth, ethnicity, deprivation, District Health Board region, 
hospitalisations as a proxy for sickness and gestational age 

District Health Board 
region 

Categorical Year of birth, ethnicity, deprivation, hospitalisations as a proxy for 
sickness, gestational age, and sex 

Deprivation Categorical Year of birth, ethnicity, District Health Board region, hospitalisations as 
a proxy for sickness, gestational age, and sex 

6.3.2.2 Search partition analysis ordinal (SPAN.O) 

Variables are called attributes in this model. Every attribute has a complement, defined as the 

opposite of the attribute—for example, the attribute recurrent wheeze has its complement no 

recurrent wheeze (R. J. Marshall, no date). The variables in Table 44 were converted to a binary format 
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for use in SPAN. The thresholds for continuous variables and the direction of the association between 

attributes and study outcome were specified a priori.  

Demographic covariates (deprivation, ethnicity, sex, DHB) were not included for two reasons. First, 

the inclusion of demographic variables is against investigator judgement. Pertussis vaccine failure is 

likely to be substantially under-reported for populations with poor health care access. Demographic 

variables would likely not reflect the demographic burden of pertussis vaccine failure in NZ and, 

therefore, may be unhelpful and harmful. Second, SPAN ordinal (SPAN.O) allows a maximum of 11 

variables; exceeding this limit would result in unnecessary computational difficulty.  

Eleven attributes were used to develop classification rules: multiparty; teen mother; low BW; 

prematurity; one or more ASH; one or more respiratory hospitalisations; one or more perinatal 

diagnoses; high pharmaceutical dispensings; high antibiotic dispensings; gastric acid suppressant 

dispensings; and recurrent wheeze (Table 45). 
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Table 45 Attributes for Search Partition Analysis Ordinal 

Attributes  Values  Variable name Definition  Rationale for threshold 

Pertussis vaccine failure 0= no, 1= 
yes 

vax_failure See general methods chapter Not applicable 

Non-hospitalised 
pertussis vaccine failure 

0= no, 1= 
yes 

hosp See general methods chapter Not applicable 

Hospitalised pertussis 
vaccine failure 

0= no, 1= 
yes 

notif See general methods chapter Not applicable 

Multiparous  0= no, 1= 
yes 

multiparous Maternal parity of greater 
than or equal to one 

Variable distribution 

Teen mother  0= no, 1= 
yes 

teen_mum Mother between 12 – 20 years Indicated in literature 

Low birth weight 0= no, 1= 
yes 

low_bw Born between 400 – 2499g Established in literature 

Prematurity  0= no, 1= 
yes 

premature Born between 23-36 weeks Established in literature . Twenty-
three weeks is the lower limit of 
viability 

Ambulatory sensitive 
hospitalisation/s 

0= no, 1= 
yes 

ASH One or more ambulatory 
sensitive hospitalisation 

Variable distribution 

Respiratory 
hospitalisation/s 

0= no, 1= 
yes 

resp One or more respiratory 
hospitalisation 

Indicated in literature 

Perinatal condition/s 0= no, 1= 
yes 

perinatal One or more perinatal 
diagnosis 

Indicated in literature 

High pharmaceutical 
dispensing  

0= no, 1= 
yes 

high_dispens Greater than or equal to 60 
dispensing events during 
follow up.  

Fifteen dispensing events per year 
was considered higher than average 
based on the distribution of 
pharmaceutical dispensings in this 
dataset. The median number of 
pharmaceutical dispensings during 
follow up was 60 (15 x 4 = 60) 

High antibiotic 
dispensing  

0= no, 1= 
yes 

high_ab Greater than or equal to 8 
courses dispensed during 
follow up.  

Two courses per year was indicated as 
high antibiotic dispensing (2 times 4 
years = 8) 

Gastric acid suppressant 
dispensing 

0= no, 1= 
yes 

GAS One or more gastric acid 
suppressant dispensed 

Variable distribution 

Recurrent wheeze 0= no, 1= 
yes 

recurr_wheeze Dispensing of 2 or more drugs 
indicated for recurrent wheeze 
(asthma medication). These 
were: inhaled Beta-
Adrenoceptor Agonists; 
Inhaled Corticosteroids; 
Inhaled Corticosteroids with 
Long-Acting Beta-
Adrenoceptor Agonists; 
Inhaled Long-acting Beta-
adrenoceptor Agonists; 
Leukotriene Receptor 
Antagonists; Mast Cell 
Stabilisers; Inhaled Beta-
Adrenoceptor Agonists with 
Anticholinergic Agents .  

The most commonly used definition 
for recurrent wheeze is two or more 
recurrent wheeze episodes per year  

6.3.3 Statistical analysis 

6.3.3.1 Logistic regression 

Results from the logistic regression analyses were reported as unadjusted and adjusted ORs. 

Covariates plus one general measure of health, either number of hospitalisations or pharmaceutical 
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dispensing count, were used as adjustment variables for adjusted ORs. Hospitalised and non-

hospitalised cases were heterogeneous for disease severity, covariates, and predictors, warranting 

both combined and separate logistic regression analyses. Both unadjusted and adjusted ORs are 

presented for all cases first, then hospitalised cases, and finally non-hospitalised cases. Logistic 

regression and ORs were conducted in SAS software (Enterprise Guide 7.11HF3 version) (SAS 

Institute, Inc., Cary, North Carolina) using the 'proc logistic' statement (maximum likelihood 

estimation). As the outcome prevalence is less than or equal to 10%, the rare disease assumption 

holds, meaning the ORs should be similar to the relative risk (Viera, 2008). For categorical variables 

ethnicity, deprivation, sex and DHB region, the reference groups were NZ European/Other, low 

deprivation, female, and Northern DHB region, respectively.  

6.3.3.2 Search partition analysis (SPAN) 

SPAN was conducted in R software version 3.5.1 using the spanr package (v1.1; Marshall, 2019) (R 

Core Team, 2017). SPAN searches different Boolean combinations of attributes for the combination 

that most optimally splits the predictor space in two P = (A, Ā) (R. J. Marshall, 1999). The differences 

in both outcome severity, predictor prevalence, and covariates between hospitalised and non-

hospitalised cases made a strong case for a three-state classification problem, with the ordinal 

outcomes: no pertussis, non-hospitalised pertussis, and hospitalised pertussis. Therefore, the ordinal 

analysis extension (spanr.o) was used to model ordinal outcomes. In spanr.o, a SPAN approach is 

applied to a three-state classification problem. Figure 16 broadly illustrates how spanr.o works. 
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The predictor space comprises data points (participants) who each have an observed outcome (disease status). 

 

Each data point also has a set of attribute values (presence or absence of predictors). The coloured rings represent 

a particular attribute's presence. 
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Spanr.o sorts the predictor space into subgroups that are as homogenous as possible concerning the outcome. 

  

Most of the dots in the low-risk class are blue (no disease), most of the dots in the medium-risk class are orange 

(mild disease), and most of the dots in the high-risk class are green (severe disease).  

The combination of attributes that best describe each of these classes are identified and expressed as Boolean 

combinations. Sometimes multiple patterns of attributes are identified within classes. The Boolean operator 'OR' 

indicates that there is more than one attribute pattern that best describes a class.  

The results can be interpreted as low-risk class predicts no disease, medium-risk class predicts mild disease, and 

high-risk class predicts severe disease.  
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Each blue ring encloses a class, and each class should be composed mostly of the disease states that relate to the 

class.  

All correct predictions, for example, low risk predicts no disease; medium risk predicts mild disease, and high risk 

predicts severe disease, are positioned in the diagonal – highlighted by the red line. Real-world data will usually 

result in imperfect diagonals (some data points outside the diagonal). 

 

Figure 16 Description of how Spanr.o works 

Spanr.o partitions the predictor space into three classes by mean square error reduction. As the 

outcome variable is ordinal, classes increase in risk from 'low risk', 'medium risk', and 'high risk'. Each 

class is described by a Boolean expression (R. J. Marshall, 1999). The high-risk class is nested within 

the medium-risk class as disease risk/severity is conceptualised as increasing from low to high; 
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logically, mild risk precedes high risk. The low-risk class predicts no disease (no failure), the medium-

risk class predicts mild disease (non-hospitalised), and the high-risk class predicts severe disease 

(hospitalised pertussis). One model parameter adjustment was made to forbid the change in the 

direction of association for two attributes. Two attributes, perinatal conditions, and teen mother, had 

the reverse relationship in the model: no perinatal conditions and no teen mother indicated higher 

pertussis vaccine failure, which was considered spurious.  

6.3.3.3 Scaled rectangle diagrams 

A scaled rectangle diagram presents epidemiological data by converting frequencies to rectangular 

areas that indicate the relative frequency and the extent to which factors are shared (R. J. Marshall, 

2001, 2005). Scaled rectangle diagrams were used to represent risk factor distribution and lower risk 

and higher risk subgroups. All scaled rectangle diagrams were conducted using the srd (v1.1, Marshall, 

2019) package in R versions 3.5.1. 

6.3.3.4 Search Partition Analysis Ordinal (SPAN.O) classification performance metrics 

Precision, recall, F1 score (weighted average of precision and recall) and macro-averaged F1 score 

were used to measure classification performance. The formulas used for each are described below. 

where A1 = no pertussis class; A2 = mild pertussis class; A3 = severe pertussis class. 

Precision = True positives/ (true positives + false positives) 

Recall = True positives/ (true positives + false negatives) 

Average precision = (precision of !A1 + precision of A1-A2 + precision of A2) / 3 

Average recall = (recall of !A1 + recall of A1-A2 + recall of A2) / 3 

F1 score = 2 x (precision x recall)/ (precision + recall)  

Macro-averaged F1 score = (F1 score class !A1 + F1 score class A1-A2 + F1 score A2) / 3  
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6.4 Results  

Of the 504,847 participants in the original cohort, 300,062 were included in this cross-sectional study, 

exclusions related to viability for cross-sectional analysis (Figure 17). Of the 300,062 participants 

included in this cohort, 1042 had pertussis vaccine failure (rate of 0.3%). Sixty-eight were hospitalised, 

and 974 were non-hospitalised failure cases. 

 

Figure 17 Consort for search partition analysis 

  

Original cohort 
n=504,847 

Excluded: 
Overseas vaccinated 

n=22,218 
DHB overseas 

n=605 
Born after 31 December 2013 

n=166,407 
Received pertussis booster early 

n=466 
Implausible values for variables 

n=354 
Missing data 

n= 14,735 

Cohort for 
crosssectional 

analysis 
n=300,062 
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6.4.1 Demographic description 

The study population was similar to the NZ population in terms of ethnicity, sex, and deprivation 

(Table 46). Both case groups had a lower proportion of Asian infants compared with the NZ 

population. Notably, non-hospitalised cases had a substantially higher proportion of NZ European 

infants and lower proportions of Pacific and Māori infants than the NZ population and non-

hospitalised infants. Hospitalised cases had a greater proportion of Pacific infants and infants living 

in high deprivation areas than non-hospitalised cases and the NZ population.  

Table 46 Demographic description of the study population, case groups, and the Aotearoa New Zealand 
population 

 Total study 
population 

N (%) 

Non-hospitalised 
cases 
N (%) 

Hospitalised cases 
N (%) 

Aotearoa New 
Zealand population of 

up to 4year olds 
N (%) 

Ethnicity     

Māori 55,960 (19%) 169 (17%) 14 (21%) 21 (25*%) 

Pacific 
Peoples 

31,278 (10%) 52 (5%) 14 (21%) 21 (10*%) 

Asian 38,725 (13%) 45 (5%) 3 (4%) 4 (12*%) 

Other 5,938 (2%) 13 (1%) 0 - 0 - 

NZ European 168,161 (56%) 695 (71%) 37 (54%) 54 (53*%) 

Sex     

Female 146,263 (49%) 486 (50%) 33 (49%) 49 (48#%) 

Male 153,799 (51%) 488 (50%) 35 (51%) 51 (52#%) 

Deprivation      

Quintile 1 62,349 (21%) 239 (25%) 6 (9%) 9 (14*%) 

Quintile 2 55,687 (19%) 190 (19%) 7 (10%) 10 (18*%) 

Quintile 3 54,011 (18%) 200 (21%) 13 (19%) 19 (19*%) 

Quintile 4 57,703 (19%) 200 (21%) 18 (26%) 26 (22*%) 

Quintile 5 70,312 (23%) 145 (15%) 24 (35%) 35 (28*%) 

Note. NZ= New Zealand. *Statistics New Zealand estimated resident population ages 0-4 averages by ethnicity and 

deprivation 2006-2015. 
#  From (Ministry of Social Development, 2008). 

6.4.2 Logistic regression 

An α=0.01 was chosen and for all pertussis vaccine failure, adjusted ORs indicated an association 

between pertussis vaccine failure and recurrent wheeze, ASH, and respiratory hospitalisations (Table 
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47). The odds of having pertussis vaccine failure is 1.9 times higher in young children with recurrent 

wheeze compared with no recurrent wheeze. For every ASH, an increase in the odds of pertussis 

vaccine failure increases by 20%. For every respiratory hospitalisation, the odds of notified or 

hospitalised pertussis vaccine failure increase by 10%. 

Table 47 Unadjusted and adjusted odds ratios for all pertussis vaccine failure 

Candidate predictor Unadjusted odds 
ratio (95% CI) P-value Adjusted odds ratio 

(95% CI) P-value 

Recurrent wheeze* 1.8 (1.6 – 2.1) <0.0001 1.9 (1.7 – 2.2) <0.0001 
Gastric acid suppressants* 1.4 (1.1 – 1.7) 0.002 1.1 (0.9 – 1.3) 0.6 
Ambulatory sensitive 
hospitalisations† 1.2 (1.2 – 1.3) <0.0001 1.2 (1.1 – 1.2) <0.0001 

Respiratory hospitalisations† 1.2 (1.1 - 1.2) <0.0001 1.1 (1.1 – 1.2) <0.0001 
Antibiotic dispensings* 1.0 (1.0 – 1.0) <0.0001 1.0 (1.0 – 1.0) <0.0001 
Total dispensings* 1.0 (1.0 – 1.0) <0.0001 1.0 (1.0 – 1.0) <0.0001 
Perinatal conditions† 1.0 (1.0 – 1.0) 0.05 1.0 (1.0 – 1.0) 0.5 
Maternal parity* 0.99 (0.94 – 1.1) 0.7 1.0 (0.9 - 1.1) 0.9 
Maternal age* 1.0 (0.99 – 1.0) 0.9 1.0 (1.0 – 1.0) 0.6 
Birthweight £ 1.0 (1.0 – 1.0) 0.2 1.0 (1.0 – 1.0) 0.6 
Gestational age£ 0.96 (0.93 – 0.99) 0.005 1.0 (0.9 – 1.0) 0.03 
Covariates 
Ethnicity*     

New Zealand European 
and Other (reference) 1  1  

Māori 0.8 (0.6 0.9) 0.001 0.9 (0.8 – 1.1) 0.2 
Pacific Peoples 0.5 (0.4 – 0.6) <0.0001 0.8 (0.6 – 1.0) 0.1 
Asian 0.3 (0.2 – 0.4) <0.0001 0.4 (0.3 - 0.6) <0.0001 

Sex *     
Female (reference) 1  1  
Male 1.0 (0.8 – 1.1) 0.5 1.0 (0.8 – 1.1) 0.4 

Deprivation*     
Low (deciles 1-4) 
(reference) 1  1  

Medium (deciles 5-7) 1.0 (0.81.1) 0.7 1 (0.9 – 1.2) 0.8 
High (deciles 8-10) 0.7 (0.6 – 0.8) <0.0001 0.9 (0.8 – 1.1) 0.3 

DHB*     
Northern region 1  1  
Midlands region 1.6 (1.2 – 2.0) 0.0002 1.4 (1.1 – 1.7) 0.01 
Central region 3.7 (3.0 – 4.4) <0.0001 3.3 (2.7 – 4.0) <0.0001 
Southern region 4.8 (4.0 – 5.8) <0.0001 4.1 (3.4 - 4 9.) <0.0001 

Note. DHB= district health board, CI= confidence interval. * Adjusted for the year of birth, ethnicity, deprivation, district 

health board region, gestational age, sex, and a measure of "sickness": hospitalisations, this proxy for health was chosen 

because it was not structurally related to predictors obtained from the pharmaceutical dataset. 

† Adjusted for the year of birth, ethnicity, deprivation, district health board region, gestational age, sex, and a measure of 

"sickness": number of pharmaceutical dispensings, this proxy for health was chosen because it was not structurally related 

to predictors obtained from the national minimum dataset. 

£ adjusted for year of birth, ethnicity, deprivation, district health board region, some measure of "sickness": 

hospitalisations, sex. 
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For hospitalised pertussis vaccine failure, adjusted ORs indicated an association between pertussis 

vaccine failure and recurrent wheeze, ASH, respiratory hospitalisations, and GA, at the ≤0.01 

significance level (Table 48). The odds of having pertussis vaccine failure is 3.4 times higher in young 

children with recurrent wheeze compared with no recurrent wheeze. For every ASH, the odds of 

pertussis vaccine failure increase by 40%. For every respiratory hospitalisation, the odds of notified 

or hospitalised pertussis vaccine failure increase by 20%. For every week spent in utero, the odds of 

hospitalised pertussis vaccine failure decrease by 20%.  
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Table 48 Univariate analysis: unadjusted and adjusted OR of risk factors for hospitalised pertussis vaccine 
failure 

Candidate predictor Unadjusted odds 
ratio (95% CI) P value Adjusted odds 

ratio (95% CI) P value 

Recurrent wheeze* 4.2 (2.6 – 6.7) <0.0001 3.4 (2.1 – 5.5) <0.0001 

Gastric acid suppressants* 1.3 (0.5 – 2.9) 0.6 0.9 (0.3 – 2.1) 0.7 

Ambulatory sensitive 
hospitalisations † 1.5 (1.4 – 1.6) <0.0001 1.4 (1.3 – 1.5) <0.0001 

Respiratory hospitalisations † 1.3 (1.3 – 1.4) <0.0001 1.2 (1.1 – 1.3) <0.0001 

Antibiotic dispensings* 1.00 (1.0 – 1.1) <0.0001 1.0 (1.0 – 1.1) 0.0003 

Total dispensings* 1.0 (1.0 – 1.0) <0.0001 1.0 (1.0 – 1.0) 0.2 

Perinatal conditions † 1.1 (1.1 – 1.1) <0.0001 1.0 (1.0 – 1.1) 0.02 

Maternal parity* 1.2 (1.0 – 1.4) 0.03 1.1 (1.0 – 1.4) 0.2 

Maternal age* 1.0 (0.9 – 0.9) 0.02 1.0 (0.9 – 1.0) 0.2 

Birth weight£ 0.9 (0.9 – 0.9) <0.0001 1.0 (1.0 – 1.0) 0.8 

Gestational age£ 0.8 (0.7 – 0.8) <0.0001 0.8 (0.8 – 0.9) <0.0001 

Covariates 

Ethnicity*     

New Zealand European and 
Other (reference) 1  1  

Māori 1.2 (0.6 – 2.2) 0.6 0.9 (0.5 – 1.7) 0.7 

Pacific Peoples 2.1 (1.1 – 3.9) 0.01 1.8 (0.9 – 3.8) 0.1 

Asian 0.4 (0.1 – 1.2) 0.09 0.4 (0.1 – 1.2) 0.09 

Sex*     

Female (reference) 1  1  

Male 1 (0.6 – 1.6) 0.9 1.0 (0.6 – 1.6) 0.9 

Deprivation*     

Low (deciles 1-4) 
(reference) 1  1  

Medium (deciles 5-7) 2.3 (1.1 – 4.7) 0.02 2.1 (1.0 – 4.4) 0.04 

High (deciles 8-10) 2.7 (1.3 – 5.6) 0.006 2.3 (1.0 – 4.9) 0.04 

DHB*     

Northern region 
(reference) 1  1  

Midlands region 1.5 (0.8 – 2.7) 0.2 1.4 (0.7 – 2.8) 0.4 

Central region 0.6 (0.3 – 1.3) 0.2 0.6 (0.3 – 1.5) 0.3 

Southern region 1.4 (0.8 -2.6) 0.3 1.7 (0.9 – 3.3) 0.1 

Note. DHB= district health board, CI= confidence interval.* Adjusted for the year of birth, ethnicity, deprivation, district 

health board region, gestational age, sex, and a measure of "sickness": hospitalisations, this proxy for health was chosen 

because it was not structurally related to predictors obtained from the pharmaceutical dataset. 

† Adjusted for the year of birth, ethnicity, deprivation, district health board region, gestational age, sex, and a measure of 

"sickness": number of pharmaceutical dispensings, this proxy for health was chosen because it was not structurally related 

to predictors obtained from the NMDS dataset. 

£ adjusted for year of birth, ethnicity, deprivation, district health board region, some measure of "sickness": 

hospitalisations, sex. 
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For all non-hospitalised pertussis vaccine failure, adjusted ORs indicated an association between 

pertussis vaccine failure and recurrent wheeze and respiratory hospitalisations at the ≤0.01 

significance level (Table 49). The odds of having pertussis vaccine failure is 1.9 times higher in young 

children with recurrent wheeze compared with no recurrent wheeze. For every ASH, an increase in 

the odds of pertussis vaccine failure increases by 10%. For every respiratory hospitalisation, the odds 

of notified or hospitalised pertussis vaccine failure increase by 10%. 

Table 49 Univariate analysis: unadjusted and adjusted OR of candidate risk factors for hospitalised pertussis 
vaccine failure 

Variable Unadjusted odds 
ratio (95% CI) P value Adjusted odds 

ratio (95% CI) P value 

Recurrent wheeze* 1.7 (1.5 -1.9) 0.0001 1.9 (1.6 – 2.2) <0.0001 

Gastric acid suppressants* 1.4 (1.1 – 1.7) 0.003 1.1 (0.9 – 1.4) 0.5 

Ambulatory sensitive 
hospitalisations† 1.2 (1.0 – 1.2) <0.0001 1.1 (1.0 – 1.2) 0.02 

Respiratory hospitalisations† 1.1 (1.1 – 1.2) <0.0001 1.1 (1.0 – 1.2) 0.001 

Antibiotic dispensings* 1.0 (1.0 – 1.0) <0.0001 1.0 (1.0 – 1.0) <0.0001 

Total dispensings* 1.0 (1.0 – 1.0) <0.0001 1.0 (1.0 – 1.0) <0.0001 

Perinatal conditions† 0.9 (0.9 – 1.0) 0.2 1.0 (1.0 – 1.0) 0.02 

Maternal parity* 0.9 (0.9 – 1.0) 0.4 1.0 (0.9 – 1.1) 0.6 

Maternal age* 1.0 (0.99 -1.0) 0.5 1.0 (1.0 – 1.0) 0.9 

Birth weight £ 1.0 (1.0 – 1.0) 1.0 1.0 (1.0 – 1.0) 0.7 

Gestational age£ 0.9 (0.9 – 1.0) 0.4 1.0 (1.0 – 1.0) 0.7 

Covariates 

Ethnicity*     

New Zealand European and 
Other (reference) 1  1  

Māori 0.7 (0.6 – 0.8) 0.0005 0.9 (0.8 – 1.1) 0.3 

Pacific Peoples 0.4 (0.3 – 0.5) <0.0001 0.7 (0.5 – 0.9) 0.02 

Asian 0.3 (0.2 – 0.4) <0.0001 0.4 (0.3 – 0.6) <0.0001 

Sex*     

Female (reference) 1  1  

Male 0.9 (0.8 – 1.1) 0.5 1.0 (0.8 – 1.1) 0.4 

Deprivation*     

Low (deciles 1-4) 
(reference) 1  1  

Medium (deciles 5-7) 0.9 (0.8 – 1.0) 0.4 1.0 (0.9 – 1.1) 0.8 

High (deciles 8-10) 0.6 (0.5 – 0.7) <0.0001 0.9 (0.7 – 1.0) 0.1 

DHB*     

Northern region 
(reference) 1  1  

Midlands region 1.5 (1.2 – 2.1) 0.0003 1.4 (1.1 – 1.8) 0.02 

Central region 4.2 (3.4 – 5.1) <0.0001 3.7 (3.0 – 4.6) <0.0001 

Southern region 5.4 (4.5 – 6.6) <0.0001 4.5 (3.7 – 5.5) <0.0001 
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Note. DHB= district health board, CI= confidence interval.* Adjusted for the year of birth, ethnicity, deprivation, district 

health board region, gestational age, sex, and a measure of "sickness": hospitalisations, this proxy for health was chosen 

because it was not structurally related to predictors obtained from the pharmaceutical dataset. 

† Adjusted for the year of birth, ethnicity, deprivation, district health board region, gestational age, sex, and a measure of 

"sickness": number of pharmaceutical dispensings, this proxy for health was chosen because it was not structurally related 

to predictors obtained from the NMDS dataset. 

£ Adjusted for year of birth, ethnicity, deprivation, district health board region, some measure of "sickness": 

hospitalisations, sex.  

6.4.3 Search partition analysis (SPAN) 

The study population's most common attributes were maternal multiparty and one or more perinatal 

diagnoses (Table 50). In contrast, the least common were low BW, prematurity and one or more 

gastric acid suppressant dispensed. For the non-hospitalised cases, the most common attributes were 

maternal multiparty and high antibiotic dispensing; the least common attributes were low BW and 

prematurity. For the hospitalised cases, the most common attributes were one or more ASH and high 

antibiotic dispensing. The least common attributes were one or more gastric acid suppressant 

dispensed and low BW. Overall, hospitalised cases had a higher proportion of attributes compared 

with non-hospitalised cases and the total study population. As discussed in the case series chapter, 

demographic covariates were not considered candidates for SPAN.  
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Table 50 Attribute distribution 

Attributes  
Total study population 

N (%) 
Non-hospitalised cases 

N (%) 
Hospitalised cases 

N (%) 

Pertussis vaccine failure 1042 (0.4%) 974 (100%) 68 (100%) 

Multiparous  156,752 (52%) 524 (54%) 44 (65%) 

Teen mother  27,729 (9%) 85 (9%) 10 (15%) 

Low birth weight  16,342 (6%) 56 (6%) 12 (18%) 

Prematurity  20,796 (7%) 66 (7%) 17 (25%) 

One or more ambulatory 
sensitive hospitalisation 54,825 (18%) 220 (23%) 63 (93%) 

One or more respiratory 
hospitalisation 43,998 (15%) 190 (20%) 38 (56%) 

One or more perinatal diagnosis 156,857 (52%) 419 (43%) 46 (68%) 

High pharmaceutical dispensing  24,037 (8%) 99 (10%) 17 (25%) 

High antibiotic dispensing  111,777 (37%) 444 (46%) 48 (71%) 

One or more gastric acid 
suppressant dispensed 21,361 (7%) 93 (10%) 6 (9%) 

Recurrent wheeze 55,332 (18%) 273 (28%) 33 (49%) 

The classification rules or optimal partitions for no, mild, and severe pertussis vaccine failure are 

reported below. 

Here, A1 is indicative of mild pertussis vaccine failure. The optimal partition (p) was obtained with 

the complementary partition of order-2 with subordinates p1= 2 and p2 = 2 : 

A1=( recurrent wheeze AND one or more ASH ) 

( premature AND one or more ASH ) 

The complement of A1 is !A1 and is indicative of not mild pertussis vaccine failure. The optimal 

partition was obtained with the complementary partition of order-2 with subordinates p1= 2 and p2 

= 1: 

!A1 =( no recurrent wheeze AND not premature ) 

( no ASH ) 

Here, A2 is indicative of severe pertussis vaccine failure. A2 is nested within A1 but defined by an 

additional attribute that indicates increased severity/risk. The optimal partition was obtained with 

the complementary partition of order-2 with subordinates p1= 3 and p2 = 3: 
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A2=( multiparous AND recurrent wheeze AND one or more ASH) 

( multiparous AND one or more ASH AND premature ) 

The attribute that indicates increase in risk/severity is maternal multiparty. 

The complement of A2 is !A2 as is indicative of not severe pertussis vaccine failure. The optimal 

partition was obtained with the complementary partition of order-2 with subordinates p1= 1 and p2 

= 1 

!A2 =( no maternal multiparity ) 

( not A1 ) 

Simply put, neither of the subordinates of A1. Figure 18 is a scaled rectangle diagram illustrating the 

relationships between A1 (mild pertussis vaccine failure) and A2 (severe pertussis vaccine failure) and 

the rest of the cohort. The rectangle's sizes are proportional to the frequency of individuals classified 

in each partition and the areas of overlap are in proportion to the joint frequencies of attributes that 

define each partition (R. J. Marshall, 2001).  
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Figure 18 Scaled rectangle drawing of partitions 

Numbers show the mean pertussis vaccine failure values for each partition. The yellow background is the cohort not 

included in A1 and A2. A1 is mild pertussis vaccine failure, and A2, severe pertussis vaccine failure. A2 is nested within A1.  

Figure 19 is a 90-degree rotation of the scaled rectangle diagram in Figure 18 illustrating the 

relationships between A1 and A2 and the rest of the cohort in terms of mean pertussis vaccine failure 

(R. J. Marshall, 2001). The top axis shows increasing mean pertussis vaccine failure, A1 and A2 are 

marked clearly, and the left-most line depicts the rest of the cohort (the yellow space in Figure 18). 
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Figure 19 Scaled rectangle drawing - visual representation of partitions 

6.4.3.1 Performance metrics for multi-class classification 

This classification tool aims to identify individuals at risk of pertussis vaccine failure for public health 

activities, e.g., screening. Screening aims to identify those with sufficient risk of developing a 

condition to justify some preventative action, rather than identify those who have a particular 

condition (diagnostic classification) (Gilbert, Logan, Moyer, & Elliott, 2001). The most used 

classification performance metric is accuracy. However, imbalanced class distribution will result in a 

misleading accuracy metric as accuracy does not consider accuracy by each class (Galar, Fernández, 

Barrenechea, Sola, & Herrera, 2012). The confusion matrix (Table 51) demonstrates an imbalanced 

class distribution, with class !A1 holding 93% of all observations. The most appropriate performance 

metrics are, therefore, precision, recall and F1 score. 
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Table 51 Error matrix and failure risk 

 
 

Truth  

  No failure Mild failure Severe failure Failure risk Total 

 Low risk 
(!A1)  278,357 854 31 0.3% 279,242 

Class 
Medium risk 
(A1-A2) 10,142 51 10 0.5% 10,203 

 High risk (A2) 10,521 69 27 0.7% 10,617 

 Total 
 299,020 974 68 0.3% 300,062 

Note. !A1= not pertussis vaccine failure, A1= mild pertussis vaccine failure, A2= severe pertussis vaccine failure.  

Precision indicates the proportion of predicted positives that are truly positive and is the most 

important performance metric when the cost of false positives is high (Tharwat, 2020). Recall 

indicates the proportion of true positives that are correctly classified and is the most important 

performance metric when the cost of false negatives is high. The macro F1 score balances precision 

and recall and can be used as an alternative to accuracy when the class distribution is imbalanced and 

where there are multi-class classifiers. Although the F1 score is helpful for quick comparison between 

classification models, it does not deal with the different implications of different error types (Tharwat, 

2020) . 

Table 51 presents vaccine failure risk for each class; the risk of vaccine failure increases with the risk 

class. Failure risk in the low-risk class is 0.3%, which is the same as the cohort failure rate. Failure risk 

in the medium risk class is 0.5%. Failure risk is highest in the high-risk class - 0.7%, though small it is 

more than double the failure risk for the low-risk class.  

As shown in Table 52, the low-risk class had the highest precision, precision for the remaining classes 

was considerably lower. This is likely related to the low number of mild and severe failure cases and 

means that a large proportion of those classified as medium or high risk are not truly medium or high 

risk. The low-risk class had the highest recall at 93%, followed by the high-risk class with 40% and the 

medium risk class with 5%. The low-risk class exhibits high recall and high precision and has a high F1 

score. However, the medium and high-risk classes exhibit low recall and low precision, but medium 
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and high-risk groups have higher recall than precision. This classification tool suffers more from over-

classification in the high-risk class than under classification. Many of those at high risk are classified 

as such, but many who are not at high-risk are classified as high-risk. The recall is too low in the 

medium risk class for any meaningful inferences. 

Table 52 Performance metrics 

Class Precision Recall Per class F1 score 

Low risk (!A1) 99.7% 93% 96% 

Medium risk (A1-A2) 0.6% 5% 0.9% 

High risk (A2) 0.02% 40% 0.6% 

Note. !A1= not pertussis vaccine failure, A1= mild pertussis vaccine failure, A2= severe 
pertussis vaccine failure. 

The average recall was 46%, and the average precision was 33%. Though these scores are low, the 

model overall will have more true positives and false positives than false negatives and true 

negatives. While the macro F1 score for this classifier is 32.6% indicating poor overall classification 

performance, this is a broad metric and is less meaningful than recall in this study.  

6.5 Discussion  

In this chapter, two different aspects were investigated: factors associated with the outcome and 

factors that classify outcome risk. The OR and the SPAN results were obtained using logistic 

regression; ORs were derived with maximum likelihood and SPAN from mean square error reduction. 

The candidate predictors for which signals were detected were consistent between analysis methods 

except for respiratory hospitalisation and maternal multiparity (Figure 20). 
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Recurrent wheeze, ASH, and prematurity were identified by both analyses, and this consistency could 

be interpreted as additional evidence that these factors might be important for further investigation. 

This was an interesting finding because, as noted in the introduction, attributes associated with an 

outcome do not necessarily have good discriminatory power. 

While recurrent wheeze had the strongest association with pertussis vaccine failure, all the 

statistically significant ORs were small. ORs are a relative measure, so do not indicate the absolute 

risk; if the magnitude of association is small such as those observed in this study, this could be due to 

factors not accounted for in adjusting rather than an actual effect. 

SPAN identified two combinations each of attributes predictive of mild and severe vaccine failure. 

Each of these combinations contained the attribute ASH. ASH was used as an indicator of complex 

socioeconomic vulnerability. Childhood ASH are driven by respiratory hospitalisations, which in this 

study contributed 42% of ASH. ASH indicates a complex pattern of cumulative and possibly diverse 

socioeconomic and biological risk exposures beyond respiratory sensitivity or pathology. For 

example, poverty, poor housing quality and nutrition, and poor health care access. The case series 

ORs SPAN 

Recurrent wheeze 

ASH 

Prematurity 

Maternal multiparity Respiratory hospitalisation 

Figure 20 Relationship between candidate predictors identified by both analyses 
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chapter signalled demographic signatures of the non-hospitalised group might be consistent with 

better health care use and less need than other groups (inverse care law). However, the findings of 

this chapter and a supplementary analysis exploring this (see Appendix G) point to a scenario where 

there may be several groups who are legitimately more vulnerable for pertussis vaccine failure, but 

some of these groups are more visible through administrative data.  

6.5.1 Exposure dose and pertussis vaccine failure 

SPAN identified maternal multiparity as the defining attribute for severe pertussis vaccine failure. 

However, ORs did not demonstrate any relationship of interest between vaccine failure and maternal 

multiparity. The two most likely explanations for this are that either 1) SPAN identified all other 

attributes as correlated with those accounted for already in A1-A2, leaving maternal multiparity as 

the only available attribute. Or 2) maternal multiparity is the attribute that best indicates an increased 

risk of severe pertussis disease in vaccinated young children.  

Older siblings are a common source of household exposure to B. pertussis (Biellik et al., 1988; Centers 

for Disease Control and Prevention, 2015; Crowcroft et al., 2003; Ministry of Health, 2015b). Maternal 

parity was used as a proxy for household exposure. Maternal multiparity (one or more siblings) 

indicated a greater risk of exposure in the household than maternal primiparity (no siblings). The 

available literature suggests the possibility of an exposure threshold model of failure20 for pertussis. 

Lacombe et al. (2004) identified the degree of exposure21 to B. pertussis as a risk factor for pertussis 

vaccine failure. Additionally, recently published phase A results of the Bordetella pertussis 

colonisation and immunity trial demonstrated a threshold for colonisation. 103 colony forming units 

failed to colonise any human participants, but 105 colony forming units achieved colonisation of 80% 

of participants (de Graaf et al., 2018).  

 
20 Defined as increasing failure risk with increasing B. pertussis exposure. 
21 The degree of exposure was measured by a composite of variables: size of living compound and household, 
birth rank and sharing a compound with an index case 28 days before or after cough onset of a pertussis case 
. 
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Further, the SPAN results suggest that there may be a dose-response relationship between exposure 

dose or frequency and disease severity. Evidence indicating a relationship between exposure dose 

and disease severity for infectious respiratory diseases such as measles, Severe Acute Respiratory 

Syndrome, Middle Eastern Respiratory Syndrome, Influenza and Streptococcus pneumoniae have 

emerged (Aaby, 1995; Aaby & Coovadia, 1985; Al-Abdely et al., 2019; Chu et al., 2005; Chu et al., 

2004; Han et al., 2019; Hancioglu, Swigon, & Clermont, 2007; Memoli et al., 2015; Van Damme, 

Dahake, van de Pas, Vanham, & Assefa, 2021; Watson et al., 2015; Yershov, Jordan, Guymon, & 

Dubick, 2005). Put crudely, a low exposure dose, particularly in a vaccinated individual, is likely to 

lead to immune boosting, a medium dose may result in infection, and a high dose may overwhelm 

the immune system resulting in severe disease (Lavine, King, & Bjørnstad, 2011; Van Damme et al., 

2021). While published work on investigating a dose-response relationship between exposure and 

pertussis disease severity is not yet available, the biological plausibility of this mechanism holds 

promise.  

6.5.2 A classification tool for predicting pertussis vaccine failure 

High-risk schedules are a common tool for targeted reduction of vaccine-preventable disease burden 

in high-income countries. High-risk schedules identify groups at high risk of vaccine-preventable 

disease and usually recommend an additional vaccination or a different vaccination for these groups 

(Centers for Disease Control and Prevention, 2011; Ministry of Health, 2020c).  

The motivation for the use of SPAN was to investigate a classification tool for the identification of 

higher-risk individuals. The costs of vaccine failure, for example, health care costs, time off work for 

parents, time of school for children, and potential transmission to younger siblings or others, are 

greater than the cost of additional vaccination for those identified as high risk but who are not. 

Especially because vaccines are among the safest and most studied medical interventions available, 

that is to say, the greatest concern is for false negatives (Tau, Yahav, & Shepshelovich, 2020). Recall 
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is, therefore, the most important evaluation metric for this classification problem. The average recall 

was higher than the average precision but was still below 50%.  

The rarity (0.3%) of identified pertussis vaccine failure is a study limitation. It is difficult to predict 

failure more accurately than predicting no one will fail (irrespective of risk factors) as this would be 

accurate 99.7% of the time, referred to as the plurality rule. A greater portion of pertussis vaccine 

failure cases would need to be identified to remedy the plurality rule. SPAN’s outputs were shaped 

by the available data and therefore are less practical in a general practice setting where vaccinations 

and high-risk schedules are usually administered. Prematurity and maternal multiparity may be easy 

to identify, but recurrent wheeze and ASH require greater administrative effort. This classifier is 

probably not good enough to recommend its use in the population for failure prevention. Even 

relatively simple high-risk identifiers can be difficult to implement in practice. 

This study is the first of its kind in investigating pertussis vaccine failure risk in NZ and the use of SPAN 

for this problem. The large nationally representative study population and cross-sectional study 

design in a natural setting are indicators of high external validity (Carlson & Morrison, 2009). This 

study also yielded estimates of the prevalence of factors associated with vulnerability of pertussis 

vaccine failure and pertussis vaccine failure, and both are important parameters for public health.  

 

. 
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Chapter 7 Using survival analysis to investigate candidate 

predictors of pertussis vaccine failure 

7.1 Chapter aim and link to thesis objectives 

This chapter relates to thesis objective 3: to test host-related candidate predictors for pertussis 

vaccine failure in this population. Building on the previous chapters' work, this chapter develops a 

prediction model using multiple parameters to estimate the hazard of pertussis vaccine failure in 

young children in NZ.  

7.2 Introduction 

Time is a necessary condition for the development of pertussis vaccine failure. Vaccine-induced 

protection, exposure to B. pertussis and B. pertussis infection and disease are processes that occur 

over time. Time is also an important indicator of the mechanism of vaccine failure. For example, if 

failure occurs soon after primary vaccination, this indicates primary failure, but failure long after 

primary vaccination is more likely to indicate secondary failure (waning protection).  

Time-to-event analysis is a collection of statistical methods that analyse time until event data. Time 

to event data are unique in that the outcome of interest is both a specified event and the time at 

which the event occurs. The relationships of interest are between failure time and candidate 

predictor variables. Time-to-event analysis is frequently used to investigate predictive factors in 

infectious disease epidemiology (Cole & Hudgens, 2010). Cox Proportional Hazards analysis is one of 

the most common time-to-event analysis methods and has been successful in public health research 

(Harrell, 2001; Moolgavkar, Chang, Watson, & Lau, 2018). It is one of the most accurate 

semiparametric statistical methods and allows for simultaneous investigation of multiple predictor 

variables and covariates in relation to failure-free time (Schober & Vetter, 2018).  
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Hazards for infectious epidemic diseases are not constant over time; during epidemic periods, the 

risk of infection should be substantially higher than inter-epidemic periods. The hazard ratio (HR) 

allows for changes in the hazard over time as long as the ratio of hazards is constant, making Cox 

proportional hazards particularly suitable for infectious diseases research (Knol, Le Cessie, Algra, 

Vandenbroucke, & Groenwold, 2012). ORs and HR are relative measures of association. ORs are 

estimated using logistic regression and HR using Cox proportional hazards analyses, but the most 

important difference is that Cox proportional hazards allow different periods of follow up between 

participants, whereas logistic regression models assume the same follow-up time (van der Net et al., 

2008). This difference means Cox proportional hazards modelling has greater power than logistic 

regression modelling as more information is derived from the relationship between predictors, 

covariates, and outcomes (van der Net et al., 2008). Cox proportional hazards offer information 

beyond whether the event occurred. Additionally, the risk of bias is high when logistic regression is 

applied to data with varied follow-up lengths.  

Previous chapters have investigated candidate predictors using case series and cross-sectional study 

designs. Signals were consistently detected for recurrent wheeze and ASH across study designs. 

Whereas maternal parity, antibiotic dispensing, and prematurity were inconsistently indicated. This 

study aims to utilise survival analysis to investigate the time from fully vaccinated to pertussis vaccine 

failure and its relationship to candidate predictors. 

7.3 Methods  

The STROBE and RECORD statements were used to report study methods and results (Benchimol et 

al., 2015; von Elm et al., 2008). Methods in this chapter are specific to this study. References are made 

to the General methods Chapter where appropriate. 
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7.3.1 Study population 

The study population consists of all fully vaccinated infants born between 1 January 2006 and 31 

December 2016, who did not receive the four-year booster before four years of age, have more than 

14 days of follow-up, and have no missing or implausible data values. 

7.3.2 Follow-up 

The outcome of interest was incident pertussis vaccine failure. Follow up began on the date 

participants met the fully vaccinated criteria and ended on the date of pertussis vaccine failure, date 

of death, date of the fourth birthday, date of administration of the 4-year pertussis booster 

vaccination, or study end date (31 December 2016), whichever occurred first (Figure 21). Left 

censoring is unlikely as the date of pertussis diagnosis is observable with notification and 

hospitalisation data. 

The most accurate estimate of the follow-up length is the reverse Kaplan Meier curve, as it considers 

both the timing and the extent of loss to follow up (Clark, Bradburn, Love, & Altman, 2003; Schemper 

& Smith, 1996). The reverse Kaplan Meier curve is achieved by reversing the ‘event’ and ‘censor’ of 

the standard Kaplan Meier curve (Xue et al., 2017). The reverse Kaplan Meier estimate for follow-up 

length will be reported together with the median and range of follow up.  

The minimum period of follow up should allow sufficient time for the study outcome to occur. This 

study must also account for the delay between outcome onset and outcome appearance in 

administrative data. Fourteen days is a reasonable estimation of the time between pertussis onset 

and the date of pertussis reporting22 for primary pertussis vaccine failure. The minimum follow-up 

period was 14 days; those with follow up less than 14 days were excluded. The study data sources 

 
22 The median number of days between onset and report date in the dataset was 13 days (IQR 15), with a 
mode of 14. 
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minimise potential loss to follow up. The biggest concern for loss to follow up is not identifying if an 

individual has moved overseas during data collection. 

7.3.3 Variables  

Participant data is available from their mother's first interaction with maternity services until the end 

of follow up. The splitting of some variables into before and during follow up is an artefact of the 

conversion of time dependant variables. This demarcation also corresponds with the meaningful 

periods of infancy and young childhood. Specifically, the before follow up period starts at the 

mother's first interaction and lasts until fully vaccinated (approximately seven months of age) (Figure 

21). This period also corresponds with infancy. The follow-up period begins once fully vaccinated 

status is reached and ends at death, booster administration, fourth birthday or end of the study 

period. This period corresponds with older infancy and young childhood  

 

 

 

 

While the Cox model allows the modelling of longitudinal variables as time-dependent covariates. 

Sensible use of time dependant covariates requires a sound understanding of the relationship 

between the longitudinal variables and the study outcome to prevent bias (L. D. Fisher & Lin, 1999). 

As this research is exploratory, knowledge about the relationship between the study outcome and 

the longitudinal variables is not established. Therefore, longitudinal variables were converted to 

binary variables by dichotomising into occurring above or below a specific threshold during follow up; 

a star indicates these variables in Table 53. The thresholds for dichotomisation were based on 

meaningful partitions in variable distribution (see Appendix I). The complete list of candidate 

Mother’s first 
interaction with 
maternity services 

Death or administration 
of 4-year booster or 4th 

birthday or 31 
December 2016 Fully vaccinated 

Follow up period Before follow up period 

Figure 21 Relationship between data collection and follow up periods 



Chapter 7 

140 

predictors for selection can be found in Table 53. The variables not already described in the General 

methods Chapter or Chapter 6 are described in detail below.  
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Table 53 Description of candidate predictors 

Variable Units Variable 
type 

Sex Male, Female Categorical 

Deprivation 

Socioeconomic deprivation tertials derived from the 
NZ Deprivation Index 
1 = low deprivation 
2 = medium deprivation 
3 = high deprivation 

Categorical 

Ethnicity  Māori, Pacific Peoples, Asian, Other, NZ European Categorical 

DHB Region Northern, Midlands, Central, and Southern Categorical 

Sibling cluster - Categorical 

Birth weight Grams Continuous 

Gestational age Weeks Continuous 

Recurrent wheeze 
0 = no recurrent wheeze 
1 = recurrent wheeze 

Categorical 

History of reported or hospitalised pertussis 
before follow up period 

0 = no 
1 = yes 

Categorical 

Perinatal diagnoses Number of diagnoses given during the perinatal 
period Continuous 

Respiratory hospitalisations before the 
beginning of follow up 

Respiratory hospitalisation count before the 
beginning of follow up Continuous 

Respiratory hospitalisations during follow up 
0 = no 
1 = yes  

Categorical 

Ambulatory sensitive hospitalisations before 
the beginning of follow up Count Continuous 

Ambulatory sensitive hospitalisations during 
follow up* 

0 = no (none) 
1 = yes (one or more) 

Categorical 

Antibiotic dispensing events before the 
beginning of follow up Count Continuous 

Antibiotic dispensing during follow up* 
0 = low (3 or less) 
1 = high (4 or more) 
Thresholds based on data distribution 

Categorical 

Gastric acid suppressant dispensing events 
before the beginning of follow up Count Continuous 

GP consultations before the beginning of 
follow up Count Continuous 

GP consultations during follow up* 
0 = low (9 or less) 
1 = high (10 or more) 
Thresholds based on data distribution 

Categorical 

Mothers age at delivery Years Continuous 

Mothers parity at delivery The number of pregnancies resulting in the birth of a 
fetus at gestational age 24 weeks or more. Continuous 

Note. DHB= district health board, GP= general practitioner. * Dichotomised time-dependent variables. 

7.3.3.1 General practitioner (GP) consultations  

General practitioner consultations were identified using the PHO Data Mart. Any record of a visit in 

this dataset was counted as a consultation.  
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7.3.3.2 History of notified or hospitalised pertussis before follow up period 

Pertussis was identified using NMDS data and Episurv data. History of notified or hospitalised 

pertussis before the follow-up period was defined as any recorded pertussis event (i.e., notification 

or hospitalisation) that occurred between birth and the day before the beginning of follow-up.  

7.3.3.3 Maternal siblings 

Maternal siblings were used to control for familial clustering. Maternal siblings of pertussis cases 

were identified using the encrypted maternal NHI linked to the encrypted NHI numbers of their birth 

children from the MAT. An identifier was assigned to each sibling cluster.  

7.3.4 Statistical analysis  

The dataset was prepared in SAS software (Enterprise Guide 7.11HF3 version) (SAS Institute, Inc., 

Cary, North Carolina). R has superior capabilities for survival analyses; therefore, all components of 

survival analysis were conducted in R Studio platform, software version 1.2.5019 (R Core Team, 2017), 

including the “survival” package (Therneau, 2020). The full reducible R code for analysis is available 

in Appendix J.  

The primary aim of exploratory research is signal detection, and in public health research, this aim is 

often met by testing multiple candidate predictors. However, testing multiple predictors within the 

same study carries a high risk for type 1 error (multiple comparison problem). Balancing this statistical 

concern with the exploratory goals meant each candidate predictor had a theoretical justification for 

selection, and an α level of 0.001 was considered significant. Ceteris paribus, the larger the sample 

size, the more likely a significant relationship will be identified where one exists. In this context, an α 

level of 0.001 is appropriately restrictive for exploratory research aims using this large dataset 

(Thiese, Ronna, & Ott, 2016).  
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7.3.4.1 Cox Proportional Hazards Model building  

Cox proportional hazard regression analysis was chosen to investigate multivariable models and the 

effects of covariates. Results will be reported as HR with associated 95% CI’s and p values. For binary 

explanatory variables, the HR is defined as the hazard in the exposed group divided by the hazard in 

the unexposed group. For continuous explanatory variables, the HR is defined as the change in hazard 

per 1 unit increase in the explanatory variable (Zwiener, Blettner, & Hommel, 2011).  

7.3.4.2 Clusters 

The possibility of clustered genetic traits and/or environmental circumstances, including exposure to 

B. pertussis between siblings, violates the independent observations assumption. Sibling clusters 

were identified through their mother’s encrypted NHI number, and an identifier was assigned to each 

sibling cluster. Sibling clustering was accounted for using the cluster function in the Survival package. 

A limitation of this is that it was impossible to verify whether siblings shared a dwelling for any length 

of time, and paternal siblings, adopted, or whāngai23 siblings could not be identified as sibling clusters 

within this study population.  

7.3.4.3 Variable selection  

Demographic covariates (sex, ethnicity, region, and deprivation) were not subject to variable 

selection as they are important for model adjustment. A two-step process was used to select from 

the candidate predictors described in Table 53. First, candidate predictors were identified using a 

method of forward selection. Univariate Cox analyses were run for each of the candidate predictors, 

and all predictors with a p-value of <0.001 were selected for inclusion in the second step. Second, 

those candidate predictors were entered into a multivariable Cox regression model, one by one, to 

identify possible interactions between candidate predictors and covariates (defined as significant 

changes in size or direction of HRs or statistical significance). Once the candidate predictors are 

 
23 Whāngai is fostering and adoption, usually by relatives, customary to Māori culture .  
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entered into the model, those which were not significant at α= <0.001 were filtered out for the final 

model. 

Ethnicity and deprivation are important determinants of primary health care use in NZ. To investigate 

whether there was an interaction between GP consultations and ethnicity or deprivation, interaction 

terms for these variables were tested in the Cox model. The Wald’s type III test was used to identify 

any statistically significant interactions. Interactions that are meaningful, i.e., associations in the 

expected direction, but do not meet the specified α level, will be considered for inclusion in the final 

model. The concordance statistic will be calculated to assess the goodness of model fit (Harrell, Lee, 

& Mark, 1996).  

7.3.4.4 Proportional Hazards assumption   

The proportional hazards assumption was checked for each candidate predictor and covariate using 

a statistical test based on the scaled Schoenfeld residuals. If the global test result is statistically 

significant, a Stratified Cox model, with stratification by the violating variable or variables, will be 

used. Where one or more variables violate the proportional hazards assumption, and the global test 

result is close to the specified α, threshold sensitivity analysis will be undertaken to determine the 

most robust model. Where there is no difference in the HRs for the candidate predictors between 

the two models, the Cox Proportional Hazards model will be chosen. Where there are differences in 

the HRs of candidate predictors, the Stratified Cox model will be chosen. Compared to the Cox Model, 

the Stratified Cox model offers additional complexity in interpretation and does not produce HRs for 

the stratifying variable (Kleinbaum, 1998; Therneau, 2020). 

7.4 Results  

Of the 504,837 participants in the original cohort, 458,536 had complete linked data for the variables 

investigated in this study and were included (Figure 22). Pertussis vaccine failure was identified in 

1,269 cases (0.3%); the remaining participants were censored at the end of follow-up. The reverse 
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Kaplan-Meier estimate was 1,280 days (95% CI: 912 – 1,292 days) or 3.5 years (Clark et al., 2003; 

Schemper & Smith, 1996). Median duration of follow up was 1,285 (range: 14-1,350) days.  

 

Figure 22 Consort diagram 

7.4.1 Demographic characteristics of the study population  

A description of the demographic characteristics is available in Table 54. There were slightly more 

males than females in the study cohort. NZ European were the largest ethnic group, followed by 

Māori, Asian, Pacific Peoples and Other. Almost half of the study population lived in the most 

deprived area tertial, and the remaining were almost equally distributed between the lowest and 

medium deprivation tertials. Over a third of study participants lived in the Northern region. For the 

remaining two-thirds, an almost equal proportion of the study population lived in the Southern, 

Midlands and Central regions. 

  

Fully vaccinated 
infant cohort 

n=504,832 

                    Excluded: 
Vaccinated overseas and/ or 

DHB overseas 
n=22,875 

Missing data or implausible 
data values 
n= 21,556 

Follow up period of less than 
14 days 
n=1,918 

Cohort for 
survival analysis 

n=458,536 
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Table 54 Demographic characteristics of the study population 

Characteristics N (%) 

Total 458,536 (100%) 

Sex  

Female 223,171 (48.7%)  

Male 235,365 (51.3%) 

Prioritised Ethnicity  

Māori 88,913 (19.4%) 

Pacific Peoples 47,136 (10.3%) 

Asian 66,779 (14.6%) 

Other 9,502 (2.1%)  

European 246,206 (53.7%)  

Area Level Deprivation (NZDep13)  

Low (deciles 1-3) 133,195 (29.1%) 

Medium (deciles 4-7) 125,247 (27.3%) 

High (deciles 8-10) 200,094 (43.6%) 

DHB Region  

Northern 178,449 (38.9%) 

Midlands 89,365 (19.5%) 

Central 86,908 (19%) 

Southern 103,814 (22.6%) 

7.4.1.1 Use of demographic variables in the Cox model 

The demographic variables sex, region, ethnicity, and socioeconomic were included in the final model 

as adjustment variables. There are different reasons for adjustment for each demographic variable. 

There is a unique association between female sex and paediatric pertussis infection mortality (Peer 

et al., 2020). In NZ research, it is common to include ethnicity and deprivation in risk models. 

However, decisions to include these variables should be carefully considered.  

The nature of the available data and the health outcome under investigation are key factors for 

consideration. For example, the use of routinely collected health data to identify non-life-threatening 

health outcomes is likely to be biased toward the identification of health outcomes in demographic 

groups with good health care access. Then burden of disease reflects demographic patterns of health 

care access rather than the demographic distribution of disease. Where there is suspicion of this, it is 

appropriate not to include these variables.  
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7.4.2 Kaplan-Meier analysis 

Kaplan-Meier analyses were performed, but because median survival time was not reached for any 

of the covariates or candidate predictors, the results were not reported. Median survival time was 

therefore undefined but was greater than 1,350 days (last time point on the survival curve) for each 

candidate predictor and covariate.  

7.4.3 Cox survival analysis  

7.4.3.1 Univariate  

Fourteen out of the twenty variables tested were statistically significant (Table 55). These variables 

were selected for inclusion in the multivariable model. See Appendix K for results of discarded 

predictor variables.  

Table 55 Hazard ratios for failure risk by univariate Cox regression analysis 

Variable  HR (95% CI) P-value 

Categorical variables 

Socioeconomic deprivation tertial (NZDep13)   

Low (1-3) 1 - 

Medium (4-7) 0.94 (0.82 – 1.09) 0.430 

High (8-10) 0.76 (0.67 – 0.87) <0.001 

Ethnicity   

   Māori 0.77 (0.67 – 0.90) <0.001 

   Pacific Peoples 0.58 (0.46 – 0.73) <0.001 

   Asian 0.24 (0.18 – 0.32) <0.0001 

   Other 0.74 (0.50 – 1.12) 0.154 

   European 1 - 

DHB Region   

   Northern 1  

   Midlands 3.0 (2.52 – 3.59) <0.0001 

   Central 1.61 (1.31 – 1.98) <0.001 

   Southern 4.02 (3.42 – 4.72) <0.0001 

Sex   

   Female 1  

   Male 0.9 (0.82 – 1.02) 0.111 

Recurrent wheeze   

   No 1 - 

   Yes 1.80 (1.60- 2.04) <0.0001 

History of respiratory hospitalisation during follow up   
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Variable  HR (95% CI) P-value 

No 1 - 

Yes 1.7 (1.46 – 1.94) <0.001  

History of Ambulatory Sensitive Hospitalisations during 
follow up 

  

No 1 - 

Yes 1.7 (1.52 – 2.0) <0.001 

Antibiotic dispensing count during follow up   

Low (less than 4) 1 - 

High (4 or more) 1.9 (1.68 – 2.21) <0.001 

GP consultations during follow up   

Low (less than 10) 1 - 

High (10 or more) 1.4 (1.23 -1.53) <0.001 

Continuous variables 

Perinatal diagnoses 1.03 (1.01 – 1.04) <0.001 

Gestational age 0.95 (0.92 – 0.98) <0.001 

Respiratory hospitalisations before follow up 1.6 (1.43 – 1.86) <0.0001 

Ambulatory Sensitive Hospitalisations before follow up 1.5 (1.21 – 1.81) <0.001 

Gastric acid suppressants before follow up 1.07 (1.03 – 1.10) <0.001 

GP consultations before follow up 1.2 (1.08 – 1.28) <0.001 

Maternal parity 1.1 (1.08 – 1.19) <0.001 

Note. DHB= district health board, CI= confidence interval , GP= general practitioner HR = hazard ratio.  

7.4.3.2 Multivariate Cox Model 

The proportional hazards assumption was checked for each predictor and covariate using a statistical 

test based on the scaled Schoenfeld residuals. DHB region was the only variable that violated this 

assumption (P=<0.001). However, the global test result was not significant at the specified P threshold 

(P=0.005). The Global test result was close to the specified α threshold; therefore, sensitivity analysis 

comparing the Cox model to the stratified Cox model was undertaken. The HRs for the candidate 

predictors from the Stratified Cox Model and the Cox model were the same, but there were minor 

differences in the HRs for ethnicity (see Appendix L for the Stratified Cox Model analyses). The Cox 

Model had a higher Harrell’s C statistic (0.71) than the Stratified Cox Model (0.66) and is more 

parsimonious. Therefore, the Cox model was chosen. 

Predictors included in the final Cox Model were maternal parity at delivery, recurrent wheeze, GP 

consultation count before follow up, respiratory hospitalisations before follow up, ASH during follow 
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up, and antibiotic dispensing during follow-up, adjusting for demographic variables ethnicity, sex, 

deprivation. and region. Summary statistics for candidate predictors can be found in Table 56. 

Table 56 Summary statistics for candidate predictors used in the model 

Characteristics  Value, n (%) 

Maternal parity  

Median (range) 1 (0-14) 

Recurrent Wheeze  

Yes 70,840 (15.5) 

No 387,696 (84.5) 

GP consultations before follow up  

Low (less than 10) 308,636 (67%) 

High (10 or more) 149,900 (33%) 

Respiratory Hospitalisations before follow up  

Median (range) 0 (0 - 9) 

Ambulatory Sensitive Hospitalisations during follow up*  

Yes 62,826 (13.7%) 

No 395,710 (86.3%) 

Antibiotic dispensing during follow up  

Low (less than four) 210,702 (46%) 

High (four or more)  247,834 (54%) 

Note. GP= general practitioner. *96% had no respiratory hospitalisations before follow up, 4% had one 

or more.  

Despite the interaction between GP consultations and Pacific ethnicity being above the specified 

threshold (P=0.017), the direction of the effect was meaningful, indicating less frequent visits (poorer 

health care utilisation). Sensitivity analysis also supported the inclusion of this interaction. The HR for 

both GP consultations and Pacific Peoples were higher, i.e., closer to the expected direction (increase 

in hazard) than the model without this interaction. The model without this interaction has been 

included in Appendix M. 

The final model results are presented in Table 57. The Harrells’ C statistic for this model was 0.71. The 

risk of failure is almost double for those with high antibiotic dispensing during follow-up than for 

those with low antibiotic dispensing (at any particular point in time, HR=1.99, 95% CI 1.73-2.29). For 

those with recurrent wheeze, the risk of failure is 1.53 times as high (95% CI 1.35 – 1.74) as those 
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without a history of recurrent wheeze. For those with one or more ASH during follow up, the risk of 

failure was 45% higher. For each respiratory hospitalisation that occurred before the beginning of 

follow-up, the risk of failure increases by 45%. The risk of failure increased by 26% for each GP 

consultation that occurred before the beginning of follow up. The risk of failure increased by 14% for 

each increase in maternal parity.  

The Midland and Southern regions had almost three (95% CI 2.35 – 3.38) and four (95% CI 3.09 – 4.38) 

times the Northern region's hazard, respectively, these were statistically significant. No other 

demographic variables reached statistical significance.  
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Table 57 Hazard ratios for failure risk by multivariate Cox regression analysis 

Variable HR (95% CI) P 

Antibiotic dispensing count during follow up   

Low (less than four) 1 - 

High (4 or more) 1.99 (1.73 – 2.29) <0.001 

Recurrent wheeze   

No history of recurrent wheeze 1 - 

History of recurrent wheeze 1.53 (1.35 – 1.74) <0.001 

History of Ambulatory Sensitive Hospitalisations during follow up   

No  1 - 

Yes 1.45 (1.27 – 1.65) <0.001 

Respiratory hospitalisations before the beginning of follow up  1.45 (1.25 – 1.68) <0.001 

GP consultations before the beginning of follow up 1.26 (1.13 – 1.40) <0.001 

Maternal parity 1.15 (1.09 – 1.20) <0.001 

Socioeconomic deprivation tertial (NZDep13)   

Low (1-3) 1 - 

Medium (4-7) 0.96 (0.83 – 1.11) 0.598 

High (8-10) 0.83 (0.72 – 0.97) 0.016 

Sex   

Female sex 1 - 

Male sex 0.85 (0.76 – 0.95) 0.004 

Ethnic Group   

European ethnicity 1 - 

Māori ethnicity 0.83 (0.53 – 1.31) 0.429 

Pacific Peoples ethnicity 1.49 (0.82 – 2.71) 0.188 

Other Ethnicity 1.07 (0.34 – 3.38) 0.913 

Asian Ethnicity 0.59 (0.30 – 1.15) 0.121 

DHB Region   

Northern region 1 - 

Midlands region  2.82 (2.35 – 3.38) <0.001 

Central region 1.38 (1.11 - 1.71) 0.003 

Southern region 3.68 (3.09 – 4.38) <0.001 

Interaction terms 

NZ European: GP consultations before the beginning of follow 
up 

1 - 

Māori: GP consultations before the beginning of follow up 0.98 (0.78 – 1.24) 0.878 

Pacific Peoples: GP consultations before the beginning of 
follow up 

0.67 (0.48 – 0.93) 0.017 

Other: GP consultations before the beginning of follow up 0.93 (0.52 – 1.68) 0.808 

Asian: GP consultations before the beginning of follow up 0.79 (0.55 – 1.11) 0.172 

Note. DHB= district health board, CI= confidence interval, HR= hazard ratio, , GP= general practitioner. Model adjusted for 

ethnicity, socioeconomic deprivation and sex, and region. Concordance= 0.71 (se=0.008). 
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7.5 Discussion 

This investigation extends the work of the previous chapters. Overall, findings across chapter analyses 

have been relatively consistent. Six candidate predictors were associated with an increased hazard of 

pertussis vaccine failure. These were: antibiotic dispensing during follow-up, recurrent wheeze, ASH 

during follow-up, respiratory hospitalisations before follow-up, GP consultation count before follow-

up, and maternal parity. Each candidate predictor identified by survival analysis is discussed in turn 

below. Prematurity is also discussed as signals were detected in previous analyses. In general, where 

the outcome of interest is rare, the influence of risk factors is weak and follow up is short, the OR and 

HR estimates are likely to be close (Ingram & Kleinman, 1989). 

The demarcation between before follow-up and during follow-up periods is artificial. All candidate 

predictors for which a signal was detected were identified as significant in one of the time periods 

but not both. This finding may be an artefact or could indicate differential importance of risk factors 

during infancy or young childhood. The exploratory nature of this research makes it impossible to 

disentangle this, and it is an avenue for further research.  

7.5.1.1 Antibiotic dispensing during follow up 

The strongest signal detected was for antibiotic dispensing; high antibiotic dispensing was associated 

with twice the hazard for failure than those with low antibiotic dispensing. Antibiotic dispensing 

during follow up was considered a proxy for health during the early childhood period. The assumption 

was high antibiotic dispensing indicates greater environmental exposure to bacterial diseases and/or 

greater susceptibility to bacterial infections. However, the reverse must also be considered- changes 

in the microbiota caused by antibiotic use may increase the risk for subsequent infection and/or 

reduce VE. Associations between antibiotic use and subsequent infections, including upper 

respiratory tract infection, have been observed (Malik et al., 2018; Margolis, Bowe, Hoffstad, & Berlin, 

2005). The proposed mechanism of action is antibiotic-induced microbiota disruption (cutaneous, 

respiratory, and gut), resulting in increased susceptibility to certain microorganisms. While this has 
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not been formally investigated for B. pertussis, there is some evidence of increased risk of Group A 

Streptococcus colonisation of the oropharynx in individuals taking antibiotics compared to those who 

are not (Margolis et al., 2005). There is also evidence of polymicrobial colonisation whereby one or 

more type of microorganism moderates the infectivity of others; again, this has not been studied for 

B. pertussis (Brogden, Guthmiller, & Taylor, 2005). 

Another explanation may be antibiotic-induced gut dysbiosis reducing VE. There is robust evidence 

that gut microbiota can modulate both enteric and systemic immune responses (Cerf-Bensussan & 

Gaboriau-Routhiau, 2010). Gut dysbiosis caused by antibiotic use has been investigated for its role in 

reducing tuberculosis and influenza A VE (Ichinohe et al., 2011; Nadeem, Maurya, Das, Khan, & 

Agrewala, 2020). Nadeem et al. (2020) investigated the immune response to Mycobacterium 

tuberculosis challenge in Bacillus Calmette Guerin vaccinated mice with and without antibiotic-

induced gut dysbiosis. Compared to control mice, antibiotic-treated mice demonstrated reduced 

CD4+ and CD8+ T cell activation; lower CD4+ and CD8+ T cells in the lungs and secondary lymphoid 

organs; and suppressed immune response (lower cytokine secretion) to M. tuberculosis.  

Antibiotic dispensing has been investigated in both Chapter 5 and Chapter 6. The case series found 

that systemic antibiotics were the most dispensed anatomic group of pharmaceuticals for failure 

cases over the data collection period, and antibacterials were the most dispensed therapeutic class 

for recurrent use. In Chapter 6, high antibiotic dispensing was one of the most common attributes of 

vaccine failure cases, but no formal signals were detected from either OR SPAN.O analyses. However, 

the high antibiotic prescribing in NZ children may have influenced the discrepancy in results between 

studies as SPAN.O aimed to identify variables with high discriminatory power and the commonality 

of antibiotic dispensing may have prohibited the selection of this variable (Hobbs et al., 2017). It may 

be that additional statistical power was needed to identify this effect. Alternatively, this finding could 

be an artefact of the difference in variable format, continuous in logistic regression to binary in 

survival analysis.  
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7.5.1.2 Recurrent wheeze  

Consistent with the findings of previous chapters, recurrent wheeze increases the hazard for pertussis 

vaccine failure. Recurrent wheeze was indicated by both SPAN.O and logistic regression analyses 

making this one of the most consistent signals. Recurrent wheeze is recognised as a significant risk 

factor for respiratory morbidity in infancy, and it is plausible that recurrent wheeze increases the risk 

for pertussis vaccine failure (Mallol, García-Marcos, Solé, & Brand, 2010). As discussed in Chapter 6 

Chapter recurrent wheeze may indicate respiratory vulnerability/sensitivity and or environmental 

exposure to respiratory irritants or infectious agents. Additionally, wheezy infants may present with 

more severe pertussis and may be more likely to be identified than pertussis in non-wheezy infants.  

7.5.1.3 ASH during follow up 

ASH increases the hazard for pertussis vaccine failure and, together with recurrent wheeze, have the 

most consistent signals across analyses. ASH was used as an indicator of complex socioeconomic 

vulnerability and captures those with health care utilisation patterns consistent with poor primary 

health care access. ASH was indicated as an important predictor in SPAN.O analysis, and it was the 

only variable present in all risk partitions.  

7.5.1.4 Respiratory hospitalisations before the beginning of follow up 

Signals have been detected by the case series study and the OR analysis but not by SPAN.O. As 

mentioned in the antibiotic dispensing section, the high frequency of respiratory hospitalisations 

among the infants and young children in the cohort may explain this discrepancy. Respiratory 

infections are the most common reason for avoidable paediatric hospitalisation and are the reason 

for about half of GP visits for infants and young children (Dowell et al., 2017; Kusel, De Klerk, Holt, 

Landau, & Sly, 2007). The identification of an increased hazard for respiratory hospitalisations has 

strengthened the signal for this predictor. The respiratory system has the most significant exposure 

to harm from the external environment through constant exposure to air and the infectious agents, 

chemicals and other particles contained therein. Therefore, respiratory infections may act as a 
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‘canary in the coal mine’, being a strong and early indicator of biological and socioeconomic 

vulnerability, e.g., living in overcrowded, damp, and mouldy homes.  

7.5.1.5 General practitioner consultations before the beginning of follow up 

An artefact of the evolution of ideas throughout the PhD research, GP consultations has not been 

included in previous chapter analyses but has been used in the supplementary study to investigate 

the inverse care law (Appendix G). GP consultations were introduced to the Cox Model to adjust for 

some of the possible effects of the inverse care law (greater health care need and less utilisation). 

Stepwise introduction was used to introduce variables into the Cox Model, and the effect of GP 

consultations was only seen on Pacific Peoples ethnicity, while the effect direction changed (0.73 

95%CI: 0.57 – 0.93 to 1.49 95% CI: 0.82 – 2.71) statistical significance did not.  

Increasing GP consultations during infancy were associated with increasing hazard of pertussis 

vaccine failure. There are two different scenarios that may account for this finding. First, infants with 

greater health care utilisation may be more likely to have their pertussis vaccine failure identified 

than those with low health care utilisation. This explanation is strengthened by the observation that 

most failure cases were identified in general practice. Primary health care access is an integral part 

of case identification.  

Alternatively, increasing GP consultations may indicate increasing number of respiratory health issues 

or lower fitness generally in infants. Approximately half of childhood general practice visits are for 

respiratory conditions (Dowell et al., 2017). It is beyond the limits of the available data to determine 

which of the above scenarios is the most responsible for this finding. Also worth considering is that 

GP consultations may indicate different things for different ethnicities. For Pacific Peoples, it may be 

an inappropriate proxy for infant health, indicating issues with health care access instead. However, 

for other ethnicities with greater health care access, such as NZ European, GP consultations may be 

an appropriate proxy for infant health status. Indeed, parental psychosocial factors such as maternal 
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health care use, parental stress, need for support and parental socioeconomic status influence infant 

health care utilisation patterns (Goldfeld, Wright, & Oberklaid, 2003; Riley et al., 1993). 

7.5.1.6 Maternal parity 

Pertussis literature identifies the household as a key location for exposure, certain features of 

household composition, for example, the number of people living in the household and the age 

structure are important risk parameters (R. Craig et al., 2020; Wiley, Zuo, Macartney, & McIntyre, 

2013). As discussed in Chapter 6, maternal parity was used to indicate household exposure to B. 

pertussis. The assumption was the greater the parity, the greater the risk of B. pertussis exposure. 

The hazard for pertussis vaccine failure increased with each additional maternal sibling; SPAN.O 

identified parity as a predictor of severe failure; however, logistic regression analysis did not identify 

maternal parity.  

The Case Series Chapter described pertussis occurrence in siblings. Sibling pairs constituted nine 

percent of failure cases, and the highest proportion of pertussis cases were observed in families with 

one or two children. This latter finding may be an artefact of the higher frequency of families with 

one or two children or a reflection of greater health care utilisation within families with fewer 

children. The most common source of pertussis was likely a shared exposure, e.g., parent, or other 

older sibling who was not a reported pertussis case. As young children are more likely to be recently 

vaccinated than their parents, adolescent siblings, or grandparents, this may indicate some effect of 

aP on transmission, at least for recently vaccinated individuals. A smaller proportion of cases 

appeared to be infected by one of the sibling pairs who developed pertussis earlier. On balance, 

maternal parity signals are relatively strong. 

7.5.1.7 Prematurity  

Prematurity is the candidate predictor with the most variability across studies, and this variability 

may be explained by the heterogeneity of this predictor between hospitalised and non-hospitalised 

cases. Where hospitalised cases were analysed separately, signals for prematurity were detected by 
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both SPAN.O and odds ratios. Prematurity was not signalled by this analysis, possibly because of the 

assimilation of hospitalised and non-hospitalised cases, diluting the influence of prematurity. 

Alternatively, other predictors may be more potent than prematurity, and the results of the survival 

analysis reflect this.  

7.5.1.8 Demographic characteristics 

The demographic characteristics of sex, ethnicity, socioeconomic deprivation, and region were used 

to more accurately model associations between candidate predictors and the study outcome rather 

than as predictors. This was because the Case Series Chapter raised concerns about administrative 

data's ability to capture pertussis in populations with poor health care access and utilisation, and 

consequentially the potential misrepresentation of demographic pertussis burden. Inclusion of the 

GP consultations and ASH variables may have helped control for different patterns of health care 

utilisation, i.e., poor primary health care use with overuse of hospital services.  

There were expected regional differences in hazard, the Southern DHB region had almost four times 

the hazard, and Midlands had nearly three times the hazard than the Northern region. As discussed 

in the following Chapter, the Southern region had the highest reported cases of all DHB regions, and 

the Midlands region has a higher risk profile than other regions (lowest immunisation coverage rates, 

high proportion living in high deprivation areas and a high proportion of Māori).  

Survival analysis utilises more information and is statistically more robust than logistic regression 

analysis, SPAN and descriptive analysis (case series) (Ingram & Kleinman, 1989). Overall, the survival 

analysis results were harmonious with the findings from previous study chapters with some 

fluctuations. This builds a strong case for signals from some novel predictors for pertussis vaccine 

failure, for example, recurrent wheeze ASH.  

The non-proportionality of the DHB region is in itself a valuable finding. Regional differences in 

vaccination coverage during epidemic years may account for the non-proportionality. Within this, it 

would be essential to know if regional vaccination coverage has any relationship to pertussis 
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susceptibility during pertussis epidemic periods. The potential significant public health impact of this 

assumption warrants further investigation. Chapter 8 addresses this.  
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Chapter 8 Regional vaccination coverage and susceptibility to 

pertussis vaccine failure during the 2011-2013 pertussis epidemic 

8.1 Chapter aim and link to thesis objective  

In the previous chapter, the DHB region's relative effect on the pertussis vaccine failure hazard was 

shown to be non-proportional over time. One explanation for non-proportionality is that DHB region's 

effect is substantially different during interepidemic and epidemic periods. DHB region may be an 

important determinant of susceptibility during epidemic periods. Specifically, regional vaccination 

coverage may be an important determinant of B. pertussis circulation and transmission and, 

therefore, susceptibility to pertussis during the epidemic period.  

This chapter investigates the hypothesis that there is greater susceptibility to pertussis vaccine failure 

in regions with lower pertussis vaccination coverage during the 2011 – 2013 pertussis epidemic. A 

new inference method using risk ratios (RR) to identify groups with higher transmission and 

susceptibility during an epidemic will be used to test this hypothesis. This analysis completes the 

methodological triangulation (Figure 23) and is the final interrogation of this thesis's central question, 

is there evidence of predictors of pertussis vaccine failure? 
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8.2 Introduction  

During interepidemic periods where B. pertussis circulation is low, regional pertussis vaccination 

coverage rates may be of minimal importance. However, when B. pertussis circulation is high, i.e., 

epidemic periods, regions with lower vaccination coverage may have faster and greater B. pertussis 

circulation and transmission than regions with high vaccination coverage. The assumption underlying 

this is that aP vaccination has some effect on transmission. This assumption is contrary to much of 

the published aP vaccination literature that claim aP vaccination attenuates disease but has no effect 

on transmission.  

The origin of this understanding is a study by Fine and Clarkson (1982) which examined the periodicity 

of pertussis epidemics in England and Wales during wP vaccination (Fine & Clarkson, 1982; Rohani, 

Earn, & Grenfell, 2000). The extension of the interepidemic period indicates a reduction in disease 

transmission, a herd effect - Fine and Clarkson did not observe any extension of the interepidemic 

period of pertussis in response to pertussis vaccination, concluding that pertussis vaccination had no 

effect on transmission (Fine & Clarkson, 1982; Rohani et al., 2000). aP were not in use during the 

period for which Fine and Clarkson had data. However, the belief that pertussis vaccines do not 

Risk ratio  
inference 

Longitudinal 

Case series Cross-sectional 

Figure 23 Methodological triangulation 
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prevent transmission was easily transferred to aP, probably because of the reduced reactogenicity 

compared with wP vaccines and the continued regularity of pertussis epidemics in high-income 

countries with relatively high vaccination coverage.  

However, pertussis periodicity in England and Wales has more recently been investigated over a 

longer time frame and greater geographic region than the Fine and Clarkson study. A widening of the 

interepidemic period of approximately two years was observed, evidence of some effect on 

transmission (Broutin, Viboud, Grenfell, Miller, & Rohani, 2010; Rohani et al., 2000). While Broutin et 

al. did not distinguish between aP and wP vaccines in their analysis, and Rohani et al. utilised data 

from the wP vaccination era, there is epidemiological evidence that aP also has some effect on 

transmission. Using data from Sweden24 , Domenech de Celles et al. (2014) argue that there was a 

substantial reduction of pertussis in infants not old enough to be vaccinated after introducing aP 

vaccination; this is a signature of reduction in B. pertussis transmission - a herd effect (Domenech de 

Cellès, Riolo, Magpantay, Rohani, & King, 2014). Indeed, Domenech de Celles et al. also demonstrated 

that the only models able to account for the observed pattern of pertussis in Sweden following the 

use of aP were those that assumed some effect on transmission.  

The Domenech de Celles study directly responded to a critical study by Warfel et al. (2014) 

demonstrating that aP vaccinated baboons could transmit B. pertussis; Warfel et al. extrapolated this 

finding to human populations (Warfel, Zimmerman, & Merkel, 2014). However, the baboon model 

Warfel et al. used cannot show herd effects. This extrapolation is suspicious, and the Domenech de 

Celles study provides some epidemiological evidence of this. Additional epidemiological evidence is 

the cyclic nature of pertussis epidemics explained most parsimoniously by the state of herd immunity 

following an epidemic and subsequent development of a pool of susceptibles over the next three to 

five years, ultimately resulting in another epidemic (Decker & Edwards, 2018).  

 
24 Sweden has pertussis data available from 1910 onward. 1910 - 1952 was the pre-vaccine era, 1953 to 1979 
was the wP vaccination era. 1980 to 1995 there was no pertussis vaccination and aP vaccination commenced 
in 1996 (Rohani, Zhong, & King, 2010). Sweden’s history and data allow for an ideal natural experiment.  
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It is possible that the disease attenuation, such as reduced cough, may reduce transmission. However, 

this would rely on the premise that pertussis is transmitted by droplet transmission. Droplet 

transmission is currently understood as the transmission mode for most respiratory diseases, but this 

has recently been challenged (Fennelly, 2020). Several pathogenic bacterial and viral agents have 

been found in both large droplets and aerosols. While B. Pertussis is not yet among those agents 

studied, the implication is that the traditional understanding of respiratory droplet transmission may 

be flawed (Fennelly, 2020). If this is true for B. pertussis, this proposed explanation may need to be 

reconsidered.  

A new inference method to identify groups with higher transmission and susceptibility during an 

epidemic has been proposed (Worby, Chaves, et al., 2015; Worby, Kenyon, Lynfield, Lipsitch, & 

Goldstein, 2015). Worby et al. (2015) have applied this method to identify groups with high 

transmission and susceptibility during pertussis and influenza epidemics in Minnesota using the ratio 

of risks for each age group between epidemic ascent and descent (Worby, Kenyon, et al., 2015). This 

method is based on the premise that groups with higher transmission and susceptibility will 

experience faster relative depletion of susceptibles during an epidemic (Worby, Kenyon, et al., 2015). 

Faster relative depletion of susceptibles manifests as a higher case incidence during the epidemic 

ascent than during the epidemic descent.  

Worby et al.’s inference method will be extended to investigate regional vaccination coverage as a 

predictor of susceptibility to pertussis vaccine failure during the 2011 – 2013 pertussis epidemic in 

NZ. The underlying assumption is there is greater transmission in regions with lower vaccination 

coverage. There is already substantial evidence that greater exposure to B. pertussis results in greater 

susceptibility to pertussis for all vaccination statuses (Lacombe et al., 2004). In the Senegal pertussis 

trials, vaccine failure risk increased with household exposure. This was echoed in Chapter 6, where 

maternal multiparity, a proxy for household exposure, was a discriminating attribute for severe 

vaccine failure (Lacombe et al., 2004).  
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8.3 Methods  

8.3.1 Population  

The study population was all fully vaccinated infants and young children in NZ with notified or 

hospitalised pertussis during the ascent and descent of the 2011 to 2013 pertussis epidemic. 

Consistent with Worby et al.’s method, cases during the epidemic's peak were not included (Worby, 

Kenyon, et al., 2015). The 2011 - 2013 epidemic was defined by the Ministry of Health as beginning 

in August 2011 and ending in December 2013 (Figure 24) (Ministry of Health, 2020c). The ascent 

(before-peak) period was defined as beginning on 1 August 2011 and ending on 31 October 2012 

(green panel, Figure 24). The epidemic peak was defined as beginning on 1 November 2012 and 

ending on 30 November 2012. The descent (after-peak) period was defined as beginning on 1 

December 2012 and ending on 31 December 2013 (orange panel, Figure 24). 

 

Figure 24 Pertussis epidemic curve over the study period 

This figure is modified from the June 2018 pertussis report (Institute of Environmental Science and Research Ltd., 2018). 

The green bar indicates the before-peak period, the orange bar indicates the after-peak period, and the blue panels 

indicate interepidemic periods. 
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8.3.2 District Health Board (DHB) region 

DHB region was defined as a categorical variable with values: Northern region (Northland, 

Waitamata, Auckland, Counties Manukau DHB), Midlands (Waikato, Bay of Plenty, Lakes, Hauora 

Tairawhiti, Taranaki), Central (Hawkes Bay, Whanganui, MidCentral, Wairarapa, Hutt Valley and 

Capital and Coast DHBs), Southern (Nelson Marlborough, West Coast, Canterbury, South Canterbury 

and Southern DHBs). 

8.3.3 Statistical analysis 

As per Worby et al. (2015), the RR was used to assess temporal variations in risk during the 2011 – 

2013 pertussis epidemic. The ratio of risks for pertussis for a DHB region (r) in the before-peak period 

B(r) relative to the risk in the after-peak period A(r) is given by: 

RR (r) = B (r) 

A (r) 

Cases during epidemic peak were excluded because the peak is an indeterminate period - neither the 

epidemic ascent (pre-peak) or descent (post-peak). CI’s were calculated using confidence limits for 

the ratio of two rates given by Graham et al. 2003 calculated using an excel template created by 

Newcombe (P. Graham, Mengersen, & Morton, 2003; Newcombe, 2016).The proportion of young 

children fully immunised at 24 months were compared across the four DHB regions between 2011 – 

2013.  

8.4 Results  

Eight hundred and forty (54%) of the 1,516 pertussis vaccine failure cases captured during the 

broader study timeframe (2006 – 2016) occurred during the 2011 – 2013 pertussis epidemic (Figure 

25). Four hundred and ninety-two cases occurred during the epidemic ascent, and 320 cases occurred 

during the epidemic descent, giving 812 cases for this investigation. 
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                                          Figure 25 Consort diagram 

8.4.1 Pertussis vaccine failure during the interepidemic and epidemic 

periods 

The pattern of pertussis vaccine failure incidence followed the national epidemic and inter-epidemic 

periods (Figure 26). During the seven years of the inter-epidemic period, 676 cases occurred, equating 

to an average rate of 84 cases per year. However, during the three-year epidemic period, 840 cases 

occurred, equating to an average rate of 280 cases per year, a rate of more than three times that 

during the interepidemic period. 

 

Figure 26 Failure cases by month over the study period 

The grey box indicates the pertussis epidemic period based on the Ministry of Health determination. The graph starts in 

2007 because there were no pertussis vaccine failure cases captured in 2006. 
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8.4.2 Risk ratio analysis  

Table 58 presents the RR estimates per DHB region. A high and significant RR was observed for the 

Midlands DHB region, indicating this region experienced a significantly greater depletion of 

susceptibles during the epidemic. A low and significant RR was observed for residence in the Northern 

DHB region, indicating a reduced risk of pertussis during the epidemic ascent.  

The Northern DHB region had a greater proportion of cases during the epidemic descent. The Midland 

DHB region experienced a higher proportion of cases during the epidemic ascent. The Central DHB 

region had a relatively low and stable proportion of cases during the epidemic ascent and descent 

periods. The Southern DHB region had a relatively high proportion of cases during the epidemic, with 

more cases occurring during the epidemic ascent, but the RR was not significant.  

Table 58 The number of cases, risk ratio (RR) and 95% confidence interval (CI) for each DHB region 

 Total cases Percent  
DHB region Before-peak After-peak Before-peak After-peak RR (95% CI) 

Northern 47 71 10% 22% 0.4 (0.3 – 0.6) 

Midlands 156 72 32% 23% 1.4 (1.1 – 1.9) 

Central 50 39 10% 12% 0.8 (0.6 – 1.3) 

Southern 239 138 49% 43% 1.1 (0.9 – 1.4) 

Note. DHB= district health board. 

8.4.3 Vaccination coverage rates by region 

The Central region had the highest vaccination coverage over the 2011 – 2013 epidemic years (Table 

59). The Southern and Northern regions had the next highest vaccination coverage during the 

epidemic years. The Midlands DHB region had the lowest coverage during the epidemic.  

Table 59 Percent fully vaccinated by 24 months and epidemic year 

DHB region 2011 2012 2013 Average 

Northern 88% 90% 92% 90% 

Midlands 89% 89% 90% 89% 

Central 93% 93% 93% 93% 

Southern 90% 89% 90% 90% 

Note. DHB= district health board. Data collated from (Ministry of Health, 2020d). 
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8.5 Discussion 

Worby et al.’s inference method was used to investigate transmission in DHB regions with different 

vaccination coverage during the 2012 – 2013 pertussis epidemic. Consistent with an exposure 

threshold effect25, pertussis vaccine failure occurred at a substantially higher rate during the epidemic 

than the interepidemic period. The Midlands region had the lowest immunisation coverage rates and 

a high RR, indicating faster depletion of susceptibles in this region, possibly due to higher 

transmission. Additionally, recent spatio-temporal analyses of vaccination coverage in NZ between 

2007 and 2017 have identified several large clusters of low vaccination coverage for all milestone 

ages except 60 months in the Midlands DHB region (Marek et al., 2021).  

Sustained low coverage over years in the Midlands DHB region could account for greater regional 

transmission and susceptibility to vaccine failure during the 2011-2013 epidemic. In addition to the 

epidemiological evidence presented in the introduction, low pertussis vaccination coverage in 

low/middle-income countries and high-income countries have been associated with increased 

pertussis incidence (Kilgore et al., 2016; Omer et al., 2006). Further, in the USA, Colorado schools with 

pertussis outbreaks also had a higher number of unvaccinated children (Feikin et al., 2000). 

The Northern DHB region had the second-highest vaccination coverage and the lowest RR indicating 

a slower depletion of susceptible and reduced transmission during the epidemic ascent. Worby et al. 

(2015) found fully vaccinated children five years and eight to ten years old compared to under-

vaccinated children in the same age groups had a reduced relative role in the epidemic ascent, 

indicating a protective effect against susceptibility and transmission. Cautiously, this Chapter's 

findings in the context of the literature suggest there is a relationship between regional vaccination 

coverage and pertussis susceptibility in fully vaccinated young children most likely mediated through 

regional pertussis transmission levels (Broutin et al., 2010; Domenech de Cellès et al., 2014; Rohani 

et al., 2000; Suryadevara & Domachowske, 2015; Worby, Kenyon, et al., 2015). 

 
25 Greater protection against lower exposure dose.  
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Worby et al.’s inference method is relatively new and was derived using Minnesota's notification data 

with a population size similar to NZ. While passive reporting data suffer from underreported pertussis 

incidence, this method is stable if the ratio of reported to incident cases does not change during the 

epidemic (Worby, Kenyon, et al., 2015). Still, there may be limitations that have not yet been 

identified (Worby, Kenyon, et al., 2015). For example, defining the before and after peak periods as 

per the national epidemic may be problematic when there are regional deviations in the onset of an 

epidemic. These analyses were also unadjusted, meaning the crude exposure-outcome relationship 

may be a biased estimate (P. H. Lee, 2014). However, this work gives essential context to the other 

studies that focused on host-related candidate predictors. The following chapter will discuss the 

overall strengths and limitations and general conclusions of the thesis.  
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Chapter 9 Overarching discussion 

9.1 Summary of research  

This thesis aimed to identify and test candidate predictors for pertussis vaccine failure in NZ, using 

within-methods triangulation26 and linked administrative data. The background and literature review 

chapters explored relevant literature on candidate predictors for aP vaccine failure. Case series, cross-

sectional, and longitudinal study designs were employed to develop and test hypotheses and meet 

the thesis objectives. 

The case series study described pertussis vaccine failure cases and the fully vaccinated cohort in terms 

of the candidate predictors available in the study datasets. The fully vaccinated cohort acted as a 

comparator; signals for candidate predictors were detected where there were discrepancies between 

pertussis vaccine failure cases and the fully vaccinated cohort. This study earmarked eight candidate 

predictors for hypothesis testing in the subsequent empirical chapters. Case descriptions highlighted 

the differences in demographic profiles between hospitalised cases and non-hospitalised cases. In 

subsequent analysis, to avoid the possible demographic misrepresentation of pertussis vaccine 

failure burden, demographic variables were used for model adjustment rather than prediction.  

The cross-sectional study tested candidate predictors for their association with pertussis vaccine 

failure and performance as predictive classifiers. Both analyses identified recurrent wheeze, ASH, and 

prematurity. While recurrent wheeze had the strongest association with pertussis vaccine failure, 

ASH was present in all classification rules for mild (non-hospitalised) and severe (hospitalised) 

pertussis vaccine failure. Maternal multiparity was the defining predictor for severe pertussis vaccine 

failure, indicating an exposure threshold model of failure.  

 
26 Within methods triangulation refers to the use of multiple quantitative methods within one investigation 
(Hastings, 2012). 
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The longitudinal study investigated candidate predictors using survival analysis, the most robust 

statistical method employed in this thesis. The greatest hazards were observed for antibiotic 

dispensing and recurrent wheeze. The findings of this study were broadly consistent with the findings 

of previous thesis analyses. The variable DHB region violated the non-proportionality assumption.  

The final study was conducted in response to the violation of non-proportionality and investigated 

whether there was greater susceptibility to pertussis vaccine failure in regions with lower pertussis 

vaccination coverage during the 2011 – 2013 pertussis epidemic. Young children living in the DHB 

region with the lowest coverage had the highest susceptibility to pertussis vaccine failure, and young 

children living in the DHB region with the second-highest coverage had the lowest susceptibility. 

Overall, signals for ten candidate predictors were reported across empirical chapters (Table 60). 
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Table 60 Summary of candidate predictors and methods they have been detected 

Candidate 
predictors 

Indication Explanation * Analyses that 
detected signals  

Recurrent wheeze Respiratory 
vulnerability. 

Recurrent wheeze is a non-specific 
paediatric symptom of respiratory disease or 
environmental pollutants.  

Case series, ORs, 
SPAN, survival analysis. 

ASH Respiratory 
vulnerability and 
exposure dose. 

Respiratory hospitalisations contribute most 
of the ASH. ASH are associated with 
conditions of poverty, especially household 
crowding (E. Craig et al., 2013; E. Craig, 
Anderson, & Jackson, 2008). 

Case series, ORs, 
SPAN, survival analysis. 

Maternal parity Exposure dose. Increasing maternal parity increases the risk 
of exposure (frequency and amount).  

Case series, SPAN, 
survival analysis. 

Prematurity Respiratory 
vulnerability, possibly 
immune vulnerability. 

Prematurity indicates the under-
development of lungs and immune system. 

Case series, ORs, 
SPAN, survival analysis. 

Respiratory 
hospitalisations 

Respiratory 
vulnerability, possibly 
immune vulnerability. 

Respiratory hospitalisation indicates a 
history of severe respiratory disease.  

Case series, ORs, 
survival analysis. 

Antibiotic 
dispensing 

Respiratory 
vulnerability, possibly 
immune vulnerability. 

High antibiotic dispensing indicate 
susceptibility to bacterial infection due to 
either biological or environmental factors. 
Amoxicillin was the antibiotic most 
dispensed to cases and is the most 
commonly prescribed antibiotic to children 
generally (Hales, Kit, Gu, & Ogden, 2018). 
Amoxicillin is a first-line antibiotic treatment 
for childhood pneumonia, otitis media, 
group A streptococcal pharyngitis, severe 
sinusitis, severe infections such as cellulitis 
(Best Practice Advocacy Centre New 
Zealand, 2017). 

Case series, survival 
analysis. 

General practice 
consultation 
count~ 

Respiratory 
vulnerability. 

Approximately half of childhood general 
practice visits are for respiratory conditions 
(Dowell et al., 2017).  

Survival analysis. 

Birth weight Respiratory 
vulnerability, immune 
vulnerability. 

Low birth weight infants can have reduced 
muscle mass and immune system 
immaturity. Correlation between birth 
weight and prematurity may account for this 
finding as it was not identified in any of the 
statistical tests. 

Case series. 

Gastric acid 
dispensing 

Respiratory 
vulnerability. 

Gastric acid suppressant use has been 
associated with an increased risk of 
respiratory infections by altering the gut 
microbiome, gastropulmonary route of 
infection.  

Case series. 

District Health 
Board region~ 

Exposure dose / 
disease circulation 

Regions with low pertussis vaccination 
coverage may have a higher circulation of 
Bordetella pertussis than regions with high 
coverage.  

Survival analysis, RR. 

Note. ASH= ambulatory sensitive hospitalisation, OR= odds ratio, RR= relative risk, SPAN=search partition analysis.*All 

indications and mechanisms are discussed in greater depth in the literature review chapter. 

In addition to the eight candidate predictors identified in the case series study, two further candidate predictors emerged 

from other thesis work (general practice consultation count, District Health Board region).  
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9.2 Discussion  

The descriptions of pertussis vaccine failure cases and testing of candidate predictors have resulted 

in two overarching findings. First, there is a strong indication that respiratory vulnerability is 

predictive of pertussis vaccine failure. The predictors recurrent wheeze, respiratory hospitalisations, 

prematurity, and antibiotic dispensing are proxies for respiratory vulnerability. Second, findings 

involving the predictors maternal parity, ASH, DHB region, and some observations from the case 

series study suggest an exposure threshold model of failure and some aP vaccination herd effect. 

Ultimately, the evidence of models of failure, the timing of failure events, and the regional analysis 

results suggest the strongest predictor of pertussis vaccine failure is exposure to high B. pertussis 

circulation rather than any host-related characteristic per se.  

9.2.1 Tip of the iceberg 

Reported pertussis is a fraction of the total community burden of pertussis, the degree to which this 

is true will depend on country-specific testing norms; for example, NZ is likely to have a more 

significant unreported burden than Australia due to different testing norms. Who are the 

unreported? Severe (hospitalised) pertussis represents the tip of the pertussis burden iceberg (Figure 

27). In most cases, disease requiring hospitalisation forces health care presentation and is, therefore, 

the most visible in administrative data. Hospitalisation is, therefore, the most reliable indication of 

infectious disease burden in the community (World Health Organization, 2015). 
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Figure 27 Pertussis iceberg: presentation and health care options 

Estimating burden by using the spectrum of symptomatic but not severe disease is far more 

complicated because antecedents to health care utilisation are complex and vary demographically 

(Figure 27, grey area, pun intended). The demographic profile of the undetected cases may more 

closely reflect the demographic profile of the hospitalised cases as there is likely some relationship 

between disease severity and disease incidence in demographic subgroups. Communities with 

higher disease prevalence will also probably have higher hospitalisations, especially if there is a 

relationship between infectious inoculum and disease severity. 

Māori, Pacific Peoples, and high deprivation groups have the highest pertussis hospitalisation rates 

(Child and Youth Mortality Review Committee Te Rōpū Arotake Auau Mate o te Hunga Tamariki 

Taiohi, 2015). High socioeconomic deprivation and Pacific groups constituted a high relative 

proportion of the hospitalised cases but a small relative proportion of non-hospitalised cases. A large 

portion of undetected pertussis vaccination cases are likely in Pacific children and children living in 

Hospitalisation 

Community based 

health care sought 

No health care sought 
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high socioeconomic deprivation areas. Important contextual information that supports this 

supposition is briefly outlined below and relates to health care access, material deprivation, and 

infectious disease burden.  

9.2.1.1 Why are there likely to be discrepancies? 

Detection of cases requires health care interaction, and in NZ, poorer health care access is often due 

to income (Raymont, 2004). High deprivation groups are defined by, among other things, a lack of 

material wealth. Material deprivation and infectious diseases have an established association, 

reasons for this include the immunomodulatory effects of deprivation that increase infectious disease 

susceptibility, compounded by the circumstances of poverty, such as unhealthy homes (crowded, 

damp, cold) and limited access to preventative health care and treatment (M.G. Baker et al., 2012; 

Raymont, 2004). Material deprivation is not equally distributed across ethnicity. Approximately one-

quarter of Pacific and Māori children live in material poverty, compared with 10% of European 

children (Statistics New Zealand, 2020a).  

9.2.2 Respiratory vulnerability 

Existing research has investigated the relationship between pertussis vaccine failure and nutritional 

status, season, heavy metal exposure, demographic characteristics, and birth rank (Broutin et al., 

2004; Cao et al., 2016; Gaayeb et al., 2014; Lacombe et al., 2004; Préziosi & Halloran, 2003). To my 

knowledge, literature investigating respiratory vulnerability as a predictor for pertussis vaccine failure 

has not yet been published. However, literature exploring the relationship between respiratory 

vulnerability and pertussis disease has. This work indicates that asthma is associated with an 

increased risk of pertussis disease and that chronic lung diseases such as asthma and chronic 

obstructive respiratory disease are associated with more severe pertussis (Blasi et al., 2020; Capili et 

al., 2012; Kendirli et al., 2009). Young children with respiratory vulnerability may be more susceptible 

to pertussis disease upon exposure to B. pertussis, possibly making pertussis vaccination less effective 

in this group compared to those without underlying respiratory vulnerability.  
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However, evidence from a murine model suggests aP vaccination has a protective effect against B. 

pertussis-induced exacerbation of allergic asthma (Ennis, Cassidy, & Mahon, 2005). Additionally, the 

prevalence of asthma in NZ is high, and more pertussis vaccine failure cases would be expected if aP 

vaccination did not offer some protection against pertussis in this group. aP vaccination in this group 

may reduce disease severity and complications and so is especially important.  

While high antibiotic dispensing and respiratory hospitalisations were indicators of respiratory 

vulnerability, they are also associated with conditions of poverty such as household crowding, cold, 

damp homes. In the context of the other significant predictors, ASH and maternal parity, high 

dispensing and respiratory hospitalisations may also indicate greater exposure to B. pertussis in 

addition to respiratory vulnerability (M. G. Baker et al., 2013; Maclure & Stewart, 1984; Siegel et al., 

1997).  

9.2.3 Multimodal model of pertussis vaccine failure 

Neither natural infection nor aP vaccination induce sterilising mucosal immunity, and the 

mechanisms underlying modern pertussis epidemiology are complex (A. A. King, Domenech de Cellès, 

Magpantay, & Rohani, 2018; Lapidot & Gill, 2016). This research in the context of other literature 

provides some evidence of the multimodality of pertussis vaccine failure. 

The exposure threshold model of failure, where VE is higher against lower infectious inoculum doses, 

has been hypothesised as a mechanism for aP vaccine failure (Crowcroft & Klein, 2018). In the Senegal 

Pertussis Trials, the risk of pertussis vaccine failure increased with increasing exposure (proximity) to 

a pertussis case for both wP and aP vaccinated children, indicating vaccination does not modify the 

nature of the dose-response relationship (Lacombe et al., 2004). However, vaccination may alter the 

thresholds for colonisation, infection, and disease. This thesis found that a substantial proportion of 

pertussis in fully vaccinated children occurred during the 2011-2013 pertussis epidemic but at a 
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substantially lower rate27 , indicating the possibility of a higher exposure threshold for disease 

development in fully vaccinated individuals.  

9.2.3.1 Infectious inoculum dose-response  

A minimum infectious dose of B. pertussis is required for colonisation, and as the infectious inoculum 

dose increases, so do the risks for infection and disease severity (de Graaf et al., 2020). Proof of 

concept comes from the human Bordetella pertussis colonisation study (de Graaf et al., 2017). The 

key findings of the pertussis colonisation study as they relate to this are: 

1. The proportion of participants colonised rose as the infectious inoculum dose increased. Most (80%) 

participants were colonised when inoculated with 105 colony-forming units.  

2. Five out of the 12 participants exposed to the highest infectious inoculum dose (105 colony-forming units) 

had a 400% increase in serum anti-pertussis IgG concentration, indicating systemic immune response.  

3. Eleven participants had minor symptoms on one or more days (headache, rhinorrhoea, cough, sore 

throat, nasal congestion, sneezing, tiredness). Symptoms were most common and more severe in the 

group exposed to the highest infectious inoculum dose (105 colony-forming units). 

(de Graaf et al., 2020).  

Higher infectious inoculum dose has been linked to more severe disease, possibly because high doses 

may overwhelm the host immune response (Van Damme et al., 2021). The dose-response 

relationship is mediated by the interactions between pathogen and host immune response. It 

probably accounts for some variation in colonisation, systemic immune response, and symptoms for 

any given dose (Van Damme et al., 2021). This mechanism is plausible for pertussis and has been 

observed in measles, tuberculosis, influenza, Streptococcus pneumoniae, and coronaviruses (Van 

Damme et al., 2021). Aligning with this, SPAN.O identified maternal parity, a proxy for greater 

exposure, as the predictor that indicated severe pertussis disease in fully vaccinated young children, 

consistent with an exposure threshold model of failure. 

 
27 Than calculated for the census population of 0-4 year olds: crude estimates: 0.5%, 1.9%,0.7% of 0-4 year 
old’s in NZ had a pertussis notification in 2011, 2012, and 2013 compared with 0.03%, 0.1% and 0.07% of fully 
vaccinated infants/young children.  
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Since the introduction of pertussis vaccines in high-income countries, the most significant increase in 

pertussis burden is in adolescent and adult age groups, attributed to waning vaccine-induced 

immunity (Domenech de Cellès et al., 2018). Adolescents and adults with waning immunity are an 

important reservoir of B. pertussis (Centers for Disease Control and Prevention, 2015; Sanstead et al., 

2015). The pertussis onset pattern between siblings with pertussis (case series) indicated the 

exposure source was frequently a common source, most likely a parent or older sibling. Older children 

and adults are less recently vaccinated than young children; immunity from childhood vaccinations 

or wild-type pertussis may wane in these age groups. Secondary failure (waning) is likely the main 

mechanism responsible for the continued circulation of B. pertussis, contributing toward and 

potentially even driving epidemics. Under epidemic conditions, the main failure mechanism is likely 

exposure threshold.  

9.2.4 Small but not insignificant herd effect 

A growing body of literature is challenging the traditional view that aP vaccines have no effect on 

transmission (summarised in Chapter 8). There is evidence of a small widening of the inter-epidemic 

period, most likely in response to pertussis vaccination. If there is some protection against 

transmission from aP, one would expect greater susceptibility in regions with low vaccination 

coverage and vice versa, consistent with what was suggested in Chapter 8. These findings in the 

context of the cited literature indicate aP vaccination probably has some small but significant herd 

effect and is of public health significance. 

The herd immunity threshold for pertussis is estimated to be between 80 and 94% (Decker & 

Edwards, 2018). Herd immunity is thought to account for the cyclic nature of pertussis epidemics, e.g. 

herd immunity develops following an epidemic, and over the subsequent three to five years, the pool 

of susceptibles slowly grows until a threshold of susceptibility triggers another epidemic (Decker & 

Edwards, 2018). 
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It is possible that adolescent and adult groups have a pivotal role in developing herd immunity 

following pertussis epidemics. Assuming a relatively high proportion of adolescents and adults were 

susceptible due to waning immunity, a large proportion of this group would need to encounter 

natural infection or receive a pertussis booster vaccination to reach herd immunity. While there is no 

reliable record of booster immunisation coverage in NZ for adolescents and adults during the 2011-

2013 epidemic in NZ, groups aged between 10 – 70 + years contributed 65% of pertussis cases 

(Institute of Environmental Science and Research, 2013b, 2013c, 2013d, 2013e). This is likely a 

substantial under-estimation28 of the true pertussis incidence in 10-70-year-olds during the epidemic, 

further strengthening this argument.  

9.3 Strengths and limitations  

To my knowledge, this thesis is the first investigation into host-related predictors for pertussis vaccine 

failure in NZ and has several important strengths and limitations that are discussed below.  

9.3.1 Not black box epidemiology 

Where there is little prior research, there is a greater propensity for black box epidemiology, 

described as the use of epidemiological methods to draw unwarranted conclusions about the nature 

of the relationship between disease and factors of interest (Greenland, Gago-Dominguez, & Castelao, 

2004). The most significant criticisms of black box epidemiology were anticipated and addressed in 

the study design. Specifically, candidate predictor selection at each stage was grounded in literature, 

data, and principles of biological plausibility; the size of the dataset supported the number of tests 

conducted; and this research was positioned within a predictive framework, where causal claims 

were not made (Greenland et al., 2004; Schooling & Jones, 2018). 

 
28 An estimated 10% of adult pertussis are reported; this is even less than the under-reporting for children, 
meaning 65% is a substantial underestimate of pertussis burden (Sanstead et al., 2015).  
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9.3.2 National linked administrative data  

9.3.2.1 Strengths  

A significant strength of national linked administrative datasets is the availability of enormous sample 

sizes that allow the detection of small effects. Pertussis vaccine failure is a rare outcome29 requiring 

a large sample size to identify cases and undertake modelling. Large sample size has significant 

statistical advantages, including more precise estimates, lower random error, greater capacity to 

detect significant relationships, and can support multiple testing of many candidate predictors.  

Other significant strengths of administrative data are the diversity and longitudinally of data. These 

features encouraged frugal innovation and resulted in a broad exploration of candidate predictors 

from pregnancy into young childhood and the development and investigation of composite or derived 

variables30 such as recurrent wheeze and ASH. However, working within the confines of available data 

meant some important variables such as B. pertussis exposure frequency and dose were not directly 

available. While proxy variables, such as maternal parity, were available, the use of proxy variables is 

accompanied by limitations for the interpretation and confidence of study findings.  

9.3.2.2 Limitations 

Pattern recognition and inferences are more nuanced with longitudinal data and can be a study 

limitation. Over the 11-year study period, changes in data quality over time and between regions 

were expected. For example, variable completeness is affected by funding policies and these change 

over time. Variables for which funding depends on their collection usually have high completeness. 

Whereas variables without financial or clinical collection incentives typically suffer from high 

missingness. Health care provider behaviour can change over time in response to new knowledge or 

professional guidelines (such as those for antimicrobial stewardship), affecting the consistency of a 

variable's meaning over time. It was not possible to identify if or when participants emigrated or went 

 
29 Where passive surveillance is used. 
30 Composite/derived variables are composed of two or more original variables (Song et al., 2013). 
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on holiday overseas during the study period, meaning the completeness of follow up is unknown. 

However, it is unlikely that a significant loss to follow up occurred.  

Administrative health data is derived from the utilisation of health care services. Health care 

utilisation drivers are broader than risk factors and illness, especially for primary health care 

utilisation. Infant and young children’s health care utilisation is also dependent on parental and 

guardian decision-making. Parental health care service utilisation is influenced by many things, 

including but not limited to, health care service access, health system characteristics and 

performance, social determinants of health, psychosocial factors, and perception of condition 

severity (Goldfeld et al., 2003; Jatrana & Crampton, 2009; Ministry of Health, 2003; Riley et al., 1993). 

The inherent issues with the relationship between administrative health data and actual health status 

cause careful interpretation. Where conditions are not life-threatening, the absence of records in 

administrative data (indicating a condition or risk factor is absent) may not reflect reality. In the 

context of the study outcome, vaccine attenuated disease is usually mild, and administrative health 

records may not reflect the true burden of pertussis disease in a vaccinated population. 

Administrative data is also most accurate for groups with high health care access and utilisation.  

9.3.3 Passive surveillance  

While there are significant differences in living conditions and background infection rates between 

Senegalese and NZ populations, there is a substantial difference in the failure rate identified in this 

study (0.3%) compared with 17% in the Senegal Pertussis Trial (Lacombe et al., 2004; Simondon et 

al., 1997). Reliance on a passive reporting system (Episurv) for pertussis identification likely resulted 

in considerable under-identification of pertussis vaccine failure cases. Passive surveillance is known 

to under-estimate pertussis incidence, capturing between 6 and 25% of pertussis cases compared 

with active surveillance (Fine & Clarkson, 1982; C. C. Grant & Reid, 2010; Sutter & Cochi, 1992). This 

proportion may be lower given vaccine modified disease usually presents less severely, and the NZ 
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context where young children are not as routinely swabbed as in Australia (Kaczmarek et al., 2017; 

Labtests, 2018; Ministry of Health, 2015b).  

Cases reported passively are likely to be more severe; have classical presentation31; from children 

whose parents have reasonable health care access or prudent health-seeking behaviour. The findings 

of this research may not be generalisable to unidentified pertussis vaccine failure cases if they differ 

from identified pertussis vaccine failure cases. Additionally, thesis research findings are not likely to 

be generalisable to older age groups, groups with different health care use patterns, lifestyles, and 

biological vulnerability. 

9.3.4 Multiple tests problem 

The type I error (false positive) rate is expected to be higher in exploratory research because of the 

hypothesis-generating nature of this research and the high volume of available data (Sainani, 2009). 

The multiple tests problem is a statistical phenomenon that describes the compounding of type I 

error rates when running multiple hypothesis tests; by chance alone, approximately one in 20 tests 

will be statistically significant where α=0.05 (Sainani, 2009). 

The most significant source of multiple testing for this study is the use of multiple predictors rather 

than multiple outcomes (Sainani, 2009). To address the multiple tests problem, several measures 

were put in place. First, the exploratory nature of this research was made explicit. Second, stricter 

alpha thresholds were set, for example, P<0.01. Third, the hypotheses that were tested were 

supported by theoretical knowledge. These measures were discussed with biostatistics advisors.  

9.4 Implications 

Effective modification of NZ’s pertussis vaccination strategies relies on understanding the 

multimodality of pertussis vaccine failure and how this contributes to pertussis epidemiology in NZ. 

 
31 Almost three-quarters of non-hospitalised cases fit the clinical description of pertussis. This data is available 
via the pertussis case report form. One of the clinical criteria on the form is ‘fits the clinical description of 
pertussis’ answerable with yes, no, unknown (Institute of Environmental Science and Research, 2013a). 
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While this thesis is only the starting point for pertussis vaccine failure research in NZ, the findings 

appear to challenge the common understanding that aP vaccines do not have a herd effect. As more 

reliable data over longer periods becomes available, a body of literature is beginning to build evidence 

of some small but significant herd effect, to which the research in this thesis contributes (Decker & 

Edwards, 2018; Domenech de Cellès et al., 2014; Rohani et al., 2000; Wearing & Rohani, 2009). 

The host-related candidate predictors identified in this thesis may not apply or may apply differently 

to undetected cases given the anticipated demographic differences. The important exception is DHB 

region as a measure of regional vaccination coverage, and it is as a proxy of regional B. pertussis 

circulation. In this case, the predictive effect for the undetected cases may be more potent given the 

greater exposure and susceptibility associated with material deprivation. High B. pertussis circulation 

in populations with low immunity is probably the most accurate and reliable predictor of pertussis 

for unvaccinated, under-vaccinated, and fully vaccinated individuals. This claim can be made in good 

faith as exposure is a necessary condition for disease regardless of vaccination status. 

The traditional view that aP vaccination does not result in herd immunity has probably driven the 

primary endpoint of vaccination programs toward preventing severe disease in infants and away from 

herd immunity. Dismissing aspirations of herd immunity may be short-sighted. The significant 

interaction between age groups in human societies implies that low immunity in one group can affect 

other groups. Infants too young to be vaccinated are our canary in the coalmine; reduced disease 

incidence in this group is an epidemiological signature of herd immunity. Conversely, high rates in 

this group likely indicate low population immunity. 

The current NIS's primary endpoint is preventing pertussis disease in infants and the two vaccination 

strategies employed are timely infant pertussis vaccination and maternal vaccination in pregnancy. 

In NZ, fragmented maternity care has left the delivery and uptake of maternal vaccination during 

pregnancy wanting, missing many mothers and their infants. Broadening the second strategy to 

include on-time and up to date booster vaccinations for adolescents and adults will likely result in a 
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higher level of immunity in our communities. It may be possible to achieve significant herd effects 

through a combination of strategies targeting different age groups and considering mechanisms of 

failure. 

High-risk schedules are an important tool for improving vaccine-induced protection for high-risk 

groups, but they are likely an ill-fit intervention for pertussis vaccine failure. The primary aim of a 

high-risk schedule is preventing severe disease in vulnerable groups. However, aP vaccination, as per 

the NIS, does protect against severe disease. Also, high-risk schedules are unlikely to have a significant 

impact on B. pertussis circulation. 

It is widely touted that vaccination is one of the most powerful public health interventions, second 

only to clean water, sanitation, and recently added to this list, improvements in housing (Howden-

Chapman, Baker, & Bierre, 2013; Tusting et al., 2020). NZ’s paediatric infectious disease rates and 

their over-representation in groups experiencing material deprivation indicate we have taken for 

granted the quality of housing in NZ and ignored the role it plays in childhood infectious disease. 

Complacency is making children sick.  

Primordial prevention, interventions that reduce risk exposure through social and environmental 

policies, such as those that improve housing conditions, are central to infectious disease control. 

Improving housing conditions has direct implications for exposure threshold failure mechanisms, 

circumventing them by reducing exposure and thereby increasing aP effectiveness. Improved housing 

will directly impact those most affected by it, namely, Māori, Pacific Peoples, and high socioeconomic 

deprivation groups. It will have positive effects for communities by reducing transmission hot spots 

and give aP vaccination a fairer opportunity to equalise risk. The benefits of safer housing are wide 

reaching, with the potential to impact most common childhood infectious diseases such as scabies, 

rheumatic fever, and other respiratory diseases. 



Chapter 9 

184 

9.5 Recommendations for action 

“Better put a strong fence ‘round the top of the cliff, than an ambulance down the valley”. 

Joseph Malins (1895). 

To build a strong fence against pertussis, public health efforts must address key drivers of B. pertussis 

circulation and low immunity, such as low adult vaccination coverage and material deprivation. 

Recommendations for action are to increase vaccination coverage across all age groups, particularly 

adolescents and adults, and to address child poverty, in particular unhealthy housing. 

Central to both research and intervention efforts is the ability to identify the vaccinated population. 

It is important to estimate the level of vaccine-related immunity in the whole population, not only in 

children. Currently, immunisation rates are only available for children up to five years old. The NIR 

can record adult pertussis vaccinations administered in general practices since July 2014 (Ministry of 

Health, 2019a). However, it is unclear how routinely adult vaccinations are recorded; additional 

administration efforts likely discourage routine recording in the NIR32. The lack of a national 

centralised complete and reliable record of adult pertussis vaccination in NZ must be addressed. User-

friendly recording of adult vaccinations should be considered if and when a new NIR is developed.  

9.5.1 A window of opportunity – 2022 pertussis epidemic? 

While increased pathogen circulation increases exposure and susceptibility, decreased circulation in 

a population with low immunity can increase the susceptible population by limiting boosting 

exposure and natural disease. Epidemiologists observing influenza and respiratory syncytial virus 

patterns in response to SARS-CoV2 related social distancing measures in the USA found increased 

susceptibility to these endemic pathogens (R. E. Baker et al., 2020).  

Social distancing measures such as travel restrictions, mask-wearing, school and workplace closures, 

and stay-at-home orders implemented to reduce SARS-CoV2 circulation, also reduce other endemic 

 
32 Permission from adult patients must be sought to upload vaccination data to the NIR. 
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airborne respiratory diseases (R. E. Baker et al., 2020). The reduction in circulation and a 

corresponding reduction in immunity can lead to an increasingly susceptible population and affect 

transmission dynamics (R. E. Baker et al., 2020). Disruptions in the cyclic patterns of such diseases 

alter the timing and severity of subsequent epidemics, i.e., epidemics with delayed onset but greater 

severity (R. E. Baker et al., 2020). 

It is possible that this has happened for pertussis before during the 2009-2010 H1N1 influenza 

pandemic. In 2009, a pertussis epidemic was due, pertussis notifications were increasing, but a sharp 

decline was observed shortly after the first recorded community transmission of H1N1 in NZ in June 

2009 (Figure 28, grey box). Containment measures at international borders, school closures and 

voluntary isolation for suspected cases were the social distancing measures used in response to this 

(New Zealand Parliament, 2009). The 2009 decline was followed by the largest reported pertussis 

epidemic in NZ, and it is possible that these two events were directly related through the mechanism 

outlined above.  

The NZ government SARS-CoV2 pandemic response has relied heavily on strict social distancing 

measures. The strictness and time period – intermittent over at least one year of the social distancing 

measures likely means a large pool of pertussis susceptibles has been developing. Another pertussis 

epidemic is due in 2022, and it may be the largest yet by a significant magnitude.  Auckland may be 

the most poorly hit region due to more frequent and stricter social distancing interventions than 

anywhere else in NZ. Figure 28 demonstrates the reduction in pertussis notification and 

hospitalisation from the beginning of SARS-CoV2 social distancing intervention in NZ. 
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Figure 28 Reported pertussis incidence between 1998 and 2017 

Source:(Institute of Environmental Science and Research Ltd., 2018). 

Alarmingly, reducing childhood vaccination rates and increasing vaccine hesitancy in the Northland 

region will likely lead to vulnerable pockets and greater disease in this already vulnerable area 

(Ministry of Health, 2020d). We have a window of opportunity to act now. Community immunity in 

all age groups must increase through higher vaccination coverage, especially in groups where 

coverage is low. Hospitals and general practices should be warned so they can prepare. The 

government must ensure appropriate measures are in place to protect our pacific neighbours from 

the exportation of pertussis, this was not done during the most recent (2019) NZ measles epidemic 

resulting in many avoidable childhood deaths in Samoa and other Pacific Islands (A. T. Craig, 

Heywood, & Worth, 2020).  

This requires urgent action. 
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9.5.2 Future research directions  

Statistics New Zealand’s IDI offers significant advancements in the types and quality of secondary 

data available to epidemiologists investigating vaccine-preventable diseases. Microdata at the 

individual and household level is available across diverse data domains such as health, education, 

social services, justice, migration, income, and housing (Statistics New Zealand, 2020b). 

Epidemiological research using the IDI can address a significant limitation of longitudinal cohort 

studies using secondary data, such as loss to follow-up using migration and immigration data. 

There is much research that could be conducted in the IDI. The most important of which may be 

investigating reported pertussis at the household level, specifically looking at the ages, vaccination 

status, and numbers of individuals sharing a dwelling and their relationship to reported pertussis. 

Large observational population studies provide important context to laboratory and clinical research, 

and together, these research disciplines generate a more complete picture. 

The PERtussis COrrelates of Protection Europe (PERISCOPE), started in 2016, is a consortium aiming 

to generate a greater understanding of current pertussis vaccines and accelerate the development 

and licensing of more effective pertussis vaccines (Innovative Medicines Initiative, n.d.). The human 

Bordetella colonisation study is the second work package of PERISCOPE. This consortium will likely be 

the source of several pieces of essential information obtainable through clinical research, such as 

immune signatures of B. pertussis infection and pertussis vaccination in humans, human colonisation 

models, and identification of correlates of protection (Innovative Medicines Initiative, n.d.) 

9.5.2.1 Modifiable factors  

An explanatory relationship between antibiotic use and pertussis is biologically plausible through 

antibiotic mediated changes in the microbiota. This relationship requires further investigation for the 

potential explanatory role in pertussis vaccine failure to prevent possible true iatrogenic disease, 

where the risks of the treatment, i.e., antibiotic therapy, outweigh the potential benefit. The 

prescription of antibiotics where it is not necessary to treat disease is a modifiable factor, and the 
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risks of this, should they exist, must be adequately appreciated. The relationship between antibiotic 

use and pertussis could be further investigated using an ecological study design comparing similar 

countries with high and low antibiotic dispensing and pertussis and pertussis vaccine failure rates. If 

signals are detected, a more resource-intensive study design such as a clinical trial.  

9.6 Conclusion  

aP vaccination as per the current childhood NIS protects against severe pertussis disease and has 

some small but significant herd effect. There is evidence of predictors of pertussis vaccine failure, the 

strongest of which is probably high B. pertussis circulation and low community immunity. Low B. 

pertussis circulation and high community immunity will protect everyone, and they are public goods. 

High vaccination coverage and up to date vaccination status across age groups, particularly adults, is 

an important goal for public health attention.  

 



 

189 

Appendix A Historical overview of pertussis vaccine schedule changes 

Table 61 Historical overview of pertussis vaccine schedule changes 

1945 1953 1960 1971 1984 1994 2000 2002 2006 2008 2013 2015 2020 

First 
pertussis 
vaccine 
(monovalen
t wP) 
available on 
request. 

Combinatio
n 
diphtheria, 
tetanus and 
wP vaccine 
available 
for 
restricted 
use. 

Routine 
childhood 
immunisatio
n with DTwP 
(Diptheria, 
Tetanus, 
Whole cell 
Pertussis), 
three doses 
(3, 4 and 5 
months). 

Four-
month 
dose 
removed 
to lessen 
the risk 
of 
serious 
adverse 
reactions
. 

Re-
introductio
n of a third 
dose of 
DTwP dose 
at 6 weeks 
to increase 
protection 
earlier in 
life. 

Quadrivalen
t wP, 
diphtheria, 
tetanus and 
Haemophilu
s influenzae 
vaccine 
(DTwPH 
[Whole-cell 
Pertussis, 
Diphtheria, 
Tetanus and 
Haemophilu
s 
Influenzae]) 
introduced. 
15 month 
booster 
dose added. 

Switch 
to aP 
vaccin
e in 
August
. 

Additional 
booster dose 
recommende
d at four 
years  

Additiona
l booster 
dose at 
11 years.  

DTaP IPV-
HepB/Hib 
funded for 
the primary 
vaccination
s. DTaP-IPV 
for the 4-
year 
booster. 
Tetanus, 
diptheria, 
aPs (Tdap) 
for the 11-
year 
booster. 

Tdap 
booster 
dose for 
pregnant 
women in 
the third 
trimester 
introduce
d under 
outbreak 
policy. 

Tdap 
booster for 
pregnant 
women 
was 
moved to 
the 'high 
risk' 
funded 
vaccine 
criteria. 
Pertussis 
containing 
vaccines 
DTaP-IPV-
HepB/Hib, 
DTaP  
(Diphtheri
a, Tetanus, 
Acellular 
Pertussis) 
and Tdap 
funded for 
adults with 
high-risk 
conditions. 

Tdap 
funde
d for 
adults 
at 45 
and 
65 
years 
old. 

Adapted from (Ministry of Health, 2020c).
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Appendix B Ethnicity total response and prioritised 

The results of Table 62 demonstrate that prioritisation did not alter the number of Māori; this is 

expected as Māori is the highest group on the prioritisation list. The largest differences were for the 

number of Pacific Peoples and NZ Europeans. However, ethnic group composition was not 

substantially different between the prioritised and total response ethnic groups, with NZ European 

comprising a larger proportion and Māori, a smaller proportion in total response count.  

Table 62 Comparison between prioritised and total response ethnicity count 

Prioritised ethnicity Prioritised count (%) Total response count (%) Difference between prioritised 
and total response count 

Māori 92,206 (19%) 92,206 (16%) 0 

Pacific 51,498 (10%) 62,514 (11%) -11,016 

Asian 76,154 (15%) 80,479 (14%) -4,325 

Other 10,672 (2%) 11,933 (2%) -1,261 

NZ European 268,826 (53%) 330,846 (57%) -62,020 

Note. NZ= Aotearoa New Zealand. 
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 Appendix C Ambulatory Sensitive Hospitalisation ICD-10-AM 

CODES 

Table 63 shows which ICD10-AM codes were used for the childhood ASH variable, and this list is from 

the Health Quality and Safety Commission New Zealand Atlas of Healthcare variation methodology 

(Nationwide Service Framework Library, 2022). 

Table 63 Ambulatory Sensitive Hospitalisation ICD-10-AM codes 

Condition ICD-10-AM code 

Asthma J45–J46 

Cellulitis H00.0, H01.0, J34.0, L01–L04, L08, L98.0 

Constipation K59.0 

Dental conditions K02, K04–K05 

Dermatitis and eczema L20–L30 

Gastroenteritis/dehydration A02–A09, R11, K52.9 

Gastro-oesophageal reflux disease (GORD) K21 

Nutrition deficiency and anaemia D50–D53, E40–E46, E50–E64 

Respiratory infections – pneumonia J13–J16, J18 

Rheumatic fever/heart disease I00–I02, I05–I09 

Upper respiratory tract and ENT infections J00–J04, J06, H65–H67 

Vaccine-preventable disease – meningitis, pertussis, hepatitis B, 
pneumococcal disease, other 

A33–A37, A40.3, A80, B16, B18 

Vaccine-preventable disease measles, mumps, rubella B05, B06, B26, M01.4 
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Appendix D Ethics approval and amendment approvals 

Ethics approval 31 March 2017: 
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First ethics amendment, approved 19 December 2017: 
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Second ethics amendment, approved 4 February 2020: 
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Appendix E Description of the variables used from the pertussis 

case report form for notified cases 

Table 64 Description of the variables used from the pertussis case report form 

Date of notification Date recorded on the case report form for pertussis. Formatted as an interval variable with 
many possible values. 

Notification status Status of pertussis notification. Formatted as a categorical variable with possible values, 
‘confirmed’, ‘probable’ or ‘suspect’. 

Fit clinical pertussis 
description  

Clinical description of pertussis is characterised by a cough and one or more of the following: 
paroxysms, cough ending in vomiting, cyanosis or apnoea, or inspiratory whoop. Formatted 
as a categorical variable with two possible values, ‘yes’ or ‘no’. 

Cough any duration Reported cough of any duration. Formatted as a categorical variable with two possible 
values, ‘yes’ or ‘no’. 

Cough for > 2 weeks Reported cough lasting more than two weeks. Formatted as a categorical variable with two 
possible values, ‘yes’ or ‘no’. 

Paroxysmal cough Reported paroxysmal cough. Formatted as a categorical variable with two possible values, 
‘yes’ or ‘no’. 

Inspiratory whoop Reported inspiratory whoop. Formatted as a categorical variable with two possible values, 
‘yes’ or ‘no’. 

Cough ending in 
vomiting, cyanosis or 
apnoea  

Reported cough ending in vomiting, cyanosis or apnoea. Formatted as a categorical variable 
with two possible values, ‘yes’ or ‘no’. 

Isolation of B. pertussis Isolation of B. pertussis with culture. Formatted as a categorical variable with two possible 
values, ‘yes’ or ‘no’. 

Detection of B. 
pertussis nucleic acid 

Detection of B. pertussis nucleic acid with PCR. Formatted as a categorical variable with 
possible values, ‘yes’, ‘no’, ‘awaiting results’, ‘not done’ or ‘unknown’. 

B. pertussis toxin IgG 
test result >100IU/ml 

B. pertussis toxin IgG test result >100IU/ml, this fulfils laboratory evidence for a probable 
case. Formatted as a categorical variable with two possible values, ‘yes’ or ‘unknown’. 

Significant increase in 
increase antibody 
levels between paired 
sera 

A significant increase in increase antibody levels between paired sera this fulfils laboratory 
evidence for a probable case. Formatted as a categorical variable with two possible values 
‘yes’, ‘no’, ‘not done’ or ‘unknown’. 

Contact with a 
laboratory confirmed 
case of pertussis 

Reported contact with a laboratory-confirmed case of pertussis, together with clinically 
compatible presentation this fulfils the epidemiological criteria for confirmed case. 
Formatted as a categorical variable with possible values, ‘yes’, ‘no’, or ‘unknown’. 

Note. IgG= immunoglobulin G. Source: (Institute of Environmental Science and Research, n.d.). 
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Appendix F Comparison between infant and maternal ethnicity 

Table 65 Ethnicity of infants and mothers by case group and denominator status 

 Hospitalised Non-hospitalised Denominator 

Ethnicity Mothers Cases Mothers Cases Mothers Denominator 

Māori 20% 21% 17% 18% 20% 19% 

Pacific Peoples 20% 22% 6% 6% 11% 10% 

Asian 4% 5% 5% 4% 14% 15% 

NZ European Other 56% 52% 72% 72% 55% 55% 

Note. NZ=  Aotearoa New Zealand.      
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Appendix G Inverse care law investigation 

Introduction 

The case series study described non-hospitalised cases as predominantly NZ European living in low to 

medium deprivation areas. These demographic characteristics are usually associated with greater 

health care access and utilisation and lesser disease burden (Brabyn & Barnett, 2004). This pattern is 

formally recognised as the inverse care law (Tudor, 1971; Webb, 1998). The inverse relationship 

between health care utilisation and health care need is well documented in high-income countries; 

high deprivation and ethnic minority/indigenous ethnicities are consistently associated with greater 

health care need but lower health care utilisation (Fiscella & Shin, 2005). In NZ, people living in high 

deprivation areas, Māori and Pacific Peoples experience both lower health care utilisation and a 

higher burden of disease compared with people living in low deprivation areas and NZ European 

ethnic groups (Brabyn & Barnett, 2004; Ministry of Health, 2018c). 

The non-hospitalised cases identified in this thesis may have been captured because of greater than 

average primary health care utilisation, especially as pertussis cases are under-reported and a lack of 

health care utilisation is a significant reason for this (Solano et al., 2016). If this is the case, the concern 

is that the study findings privilege a more visible but potentially less vulnerable group, exacerbating 

any inequities. Testing for the existence of other more or equally vulnerable groups would, among 

other things, require the identification of all true cases of pertussis vaccine failure, an impossible task 

for passive surveillance data (Fine & Clarkson, 1982; C. C. Grant & Reid, 2010; Sutter & Cochi, 1992). 

While the subsequent analyses cannot rule out other more or equally vulnerable groups, it can test 

the hypotheses that non-hospitalised cases 1) have greater health care utilisation and 2) less need 

for it.  

Health care utilisation is often measured by counting the number of general practice visits per 

individual over a calendar year (Cumming, Stillman, Liang, Poland, & Hannis, 2010). Health care 

utilisation is the product of health care users' characteristics, e.g. biological fitness, health care-



 

199 

seeking behaviour, and the health care system therefore, there are limitations to using this variable 

to measure utilisation as a function of need (Carrasquillo, 2013). Hospitalisation frequency has been 

used as a crude proxy for sickness or vulnerability in health literature (Thacker et al., 2006). This 

variable only measures specific manifestations of vulnerability rather than biological vulnerability 

itself and includes some accident and social admissions that do not reflect biological vulnerability. 

Hospitalisation frequency was chosen because it provided the most objective measure of a child's 

sickness/vulnerability from the available variables. BW was used as an additional proxy for biological 

vulnerability.  

Methods 

Study population  

The study population was all fully vaccinated infants and young children in NZ between 2006 – 2016, 

who had no missing data, no implausible data values, and were vaccinated in NZ (Figure 29). One 

thousand and seventy-two of the 460,514 infants/young children had non-hospitalised notified 

pertussis vaccine failure, and 84 had hospitalised pertussis vaccine failure. Only data from the first 

year of life were used as it standardised the time to develop outcomes for all cohort members. 

 

Figure 29 Consort diagram 

 

Fully vaccinated  
cohort 

n=504,847 

Excluded: 
DHB overseas 

n=658 
Overseas vaccinated 

n=22,165 
Implausible or missing 

values for variables 
n=21,510 

Study cohort 
n=460,514          
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Table 66 Variable list 

Variable 
name 

Description  

Ethnicity Formatted as a categorical variable, based on prioritised ethnicity, with values: 'Māori', 'Pacific 
Peoples', 'Asian', 'New Zealand European and Other' (NZEO). 

Socioeconom
ic deprivation  

Area-based measure of socioeconomic deprivation. Formatted as an ordinal categorical variable with 
values low (New Zealand Deprivation 2013 [NZdep13] deciles 1-3 ), medium (NZDep13 deciles 4-7) and 
high (NZDep13 deciles 8-10).  

Primary 
health care 
use in first 
year of life 

Defined as low/normal (between 0-4 visits) and high (greater than or equal to 5 visits). The threshold 
was based on the distribution of data (Figure 30) and the results of a sensitivity analysis. Mean visits 
was 4, median was 4, and IQR was 0, the maximum was 39. The first, less conservative candidate 
threshold was low/normal (between 0-4 visits) and high (greater than or equal to 5 visits), 75% of the 
cohort had between 0 and 4 visits. The second, more conservative candidate was low/normal 
(between 0-5 visits) and high (greater than or equal to 6 visits), 97% of the cohort had between 0 and 
5 visits in the first year of life. Sensitivity analysis was conducted to test the candidate thresholds, both 
had the same trends (directions of OR), but the less conservative candidate had less variability in the 
95% CI and more significant p values and therefore this was chosen over the more conservative 
threshold.  

 
Figure 30 Frequency of primary health care use during the first year of life 

Hospitalisatio
n frequency 
in first year 
of life 

Defined as low/normal (between 0 - 2) and high (greater than or equal to 3). Thresholds were based 
on the distribution of data (Figure 31), the true range was 0 – 120, but 99.9999% of the cohort had a 
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Variable 
name 

Description  

hospitalisation count between 0 and 50. It was easier to display a graph with values between 0 and 50. 

 
Figure 31 Frequency of hospitalisation in the first year of life 

Birth weight Formatted as ordinal variable with the values low (less than 2500g at birth) and normal greater than 
or equal to 2500g at birth (Ministry of Health, 2019c). 

Non-
hospitalised 
case  

Formatted as binary variable, yes (non-hospitalised notified case) and no (either no reported pertussis 
or hospitalised pertussis). For the purpose of this investigation hospitalised cases are grouped with the 
rest of the cohort (individuals with no reported pertussis vaccine failure) because hospitalised 
pertussis vaccine failures were demographically different to the non-hospitalised cases (see case 
series chapter). There were a total of 1072 non-hospitalised cases. 

Note. IQR= interquartile range, OR= odds ratio. 

Statistical analysis  

Health care utilisation and health care need were investigated separately. A multiple logistic 

regression model was built to obtain ORs for primary health care utilisation in the first year of life 

(outcome). Hospitalisation frequency in the first year of life, BW, ethnicity, and socioeconomic status 

were predictors. Similarly, a multiple logistic regression model was built to obtain ORs for 

hospitalisation frequency in the first year of life (outcome). Primary health care utilisation in the first 

year of life, BW, ethnicity, and socioeconomic status were predictors.  
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Self-selection bias  

The fully vaccinated cohort is different from the total cohort of children in NZ by being fully 

vaccinated, therefore there is a possibility of self-selection bias. Descriptive statistics were used to 

compare ethnicity and socioeconomic status differences between the non-hospitalised cases and the 

fully vaccinated cohort; these differences were then tested using chi-square tests. Descriptive 

statistics were also used to compare the differences in ethnicity and socioeconomic status between 

the non-hospitalised cases, the fully vaccinated cohort and the census population comparator (total 

population of 0-4-year olds during 2006 – 2016). 

Results  

Primary health care utilisation  

The primary health care utilisation section reports the analyses for the first hypothesis, do non-

hospitalised cases have greater primary health care utilisation than the rest of the cohort. The non-

hospitalised case group had a lower proportion of individuals (20%) with high primary health care 

utilisation compared with the fully vaccinated cohort (24%). Non-hospitalised cases had lower odds 

of having high primary health care use than the fully vaccinated cohort (Table 67). 

Table 67 Unadjusted and adjusted odds ratios for primary health care use for non-hospitalised cases and 
fully vaccinated cohort 

Variable Unadjusted 
OR 95% CI P-value Adjusted OR 95% CI P-value 

Group       

    Fully vaccinated cohort ref - - ref - - 

    Non-hospitalised cases 0.8 0.7 – 0.9 0.0072 0.8 0.7 – 0.9 0.016 

Note. CI= confidence interval, OR= odds ratio. 

Fully vaccinated cohort 

Looking at the fully vaccinated cohort, infants with high hospitalisation frequency had lower odds of 

high primary health care use than infants with low hospitalisation frequency (Table 68). Infants of low 

BW had lower odds of high primary health care use compared with normal infants. The odds of having 

high primary health care use were higher for Pacific Peoples and Asian infants than NZEO infants after 
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adjusting for hospitalisation frequency. Infants living in high deprivation areas had greater odds of 

high hospitalisations compared with infants living in low deprivation areas.  

Table 68 Fully vaccinated cohort unadjusted and adjusted odds of high primary health care utilisation in the 
first year of life by characteristic (n=459,442) 

Variable Unadjusted 
OR 95% CI P-value Adjusted OR 95% CI P-value 

Hospitalisation frequency       

    Low ref - - ref - - 

    High  0.8 0.8 –0.8 <0.0001 0.8 0.8 – 0.8 <0.0001 

Birth weight       

    Normal ref - - ref - - 

    Low 0.8 0.8 – 0.8 <0.0001 0.8 0.8 – 0.8 <0.0001 

Ethnicity       

    NZEO ref - - ref - - 

    Māori 1.1 1.1 – 1.1 <0.0001 1.1 1.0 – 1.1 <0.0001 

    Pacific Peoples 1.0 1.0 – 1.0 0.113 1.0 1.0 – 1.0 0.489 

    Asian 1.1 1.1 – 1.1 <0.0001 1.1 1.1 – 1.1 <0.0001 

Deprivation       

    Low ref - - ref - - 

    Medium  1.0 1.0 – 1.1 <0.0001 1.0 1.0 – 1.1 <0.0001 

    High  1.1 1.1 – 1.1 <0.0001 1.1 1.1 – 1.1 <0.0001 

Note. CI= confidence interval, NZEO= New Zealand European and Other, OR= odds ratio. 

The overall interaction between ethnicity and deprivation was significant, p = 0.003. Ethnicity and 

deprivation interactions are graphed in Figure 32. 
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Figure 32 Odds ratios with 95% confidence intervals of high primary health care use by ethnicity and 
deprivation subgroups 

Non-hospitalised cases only  

The only statistically significant difference between non-hospitalised cases and the fully vaccinated 

cohort was that infants in the non-hospitalised group with high hospitalisations had lower odds of 

high primary health care use than infants with low hospitalisation frequency (Table 69).  
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Table 69 Odds of high primary health care utilisation in the first year of life for non-hospitalised cases 
(n=1,072) 

Variable Unadjusted OR 95% CI P-value Adjusted 
OR 95% CI P-value 

Hospitalisation frequency       
    Low ref - - ref - - 
    High  0.4 0.2 – 0.9 0.018 0.4 0.2 – 0.9 0.027 
Birth weight       
    Normal ref - - ref - - 
    Low 0.7 0.4 – 1.4 0.325 0.9 0.5 –1.9 0.847 
Ethnicity       
    NZEO ref - - ref - - 
    Māori 0.8 0.5 – 1.2 0.302 0.8 0.5 – 1.2 0.297 
    Pacific Peoples 0.5 0.2 – 1.1 0.074 0.5 0.2 – 1.1 0.081 
    Asian 1.1 0.6 – 2.2 0.733 1.1 0.5 – 2.1 0.825 
Deprivation       
    Low ref - - ref - - 
    Medium 0.8 0.6 - 1.2 0.294 0.8 0.6 – 1.2 0.341 
    High 1.0 0.7 – 1.5 0.910 1.2 0.8 – 1.7 0.457 

Note. CI= confidence interval, NZEO= New Zealand European and Other, OR= odds ratio. No interaction was seen between 

ethnicity and deprivation (p=0.290). 

Need  

The need section reports the analyses for the second hypothesis, do non-hospitalised cases have less 

health care need than the rest of the cohort. Seven percent of both non-hospitalised cases and the 

fully vaccinated cohort had high hospitalisations. The odds of having high hospitalisations for non-

hospitalised cases was 10% higher than the fully vaccinated cohort after controlling for ethnicity, 

deprivation, and BW; however, this was not statistically significant (Table 70). 

Table 70 Unadjusted and adjusted odds ratios for high hospitalisations for non-hospitalised cases and fully 
vaccinated cohort 

Variable Unadjusted OR 95% CI P-value Adjusted OR 95% CI P-value 

Group       

    Rest of the cohort ref - - ref - - 

    Non-hospitalised case 1.1 0.8 – 1.3 0.634 1.1 (0.9 – 1.4)  0.4667 

Note. CI= confidence interval, OR= odds ratio. 

Fully vaccinated cohort 

Infants with high primary health care use had lower odds of high hospitalisations than infants with 

low primary health care use (Table 71). This is consistent with the association between 

hospitalisations and primary care use in the previous section. The odds of high hospitalisations are 
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almost four and a half times as large for low BW infants compared with normal BW infants. However, 

low BW was negatively associated with high primary health care utilisation. 

The odds of high hospitalisations are almost two times as large Pacific infants as for NZEO infants. 

However, for primary health care utilisation, ORs for Pacific infants were not significant. For Māori 

infants, the odds of high hospitalisations are 1.5 times that of NZEO infants, Māori infants also had 

higher odds of high primary health care use. Asian infants had lower odds of high hospitalisations 

compared with NZEO infants but had higher odds of primary health care use. Infants living in medium 

deprivation are 1.1 times more likely to have high hospitalisations than infants living in low 

deprivation areas. However, no difference was observed for primary health care utilisation. Infants 

living in high deprivation are 1.3 times more likely to have high hospitalisations than infants living in 

low deprivation areas. Infants living in high deprivation also had higher odds of high primary health 

care use. 

Table 71 Odds of high hospitalisations in the first year of life for the fully vaccinated cohort (n=459,442) 

Variable Unadjusted OR 95% CI P-value Adjusted OR 95% CI P-value 

Primary health care 
utilisation       

    Low ref - - ref - - 

    High  0.8 (0.8 – 0.8)  <0.0001 0.8 (0.8 – 0.8)  <0.0001 

Birth weight       

    Normal ref - - ref - - 

    Low 4.2 (4.1 – 4.4)  <0.0001 4.3 (4.1 – 4.4)  <0.0001 

Ethnicity       

    NZEO ref - - ref - - 

    Māori 1.6 (1.6 – 1.7)  <0.0001 1.5 (1.4 – 1.5)  <0.0001 

    Pacific Peoples 2.0 (2.0 – 2.1)  <0.0001 1.9 (1.8  – 2.0)  <0.0001 

    Asian 0.9 (0.9 – 0.9)  <0.0001 0.9 (0.8 – 0.9)  <0.0001 

Deprivation       

    Low ref - - ref - - 

    Medium 1.2 (1.1 – 1.1)  <0.0001 1.1 (1.0 – 1.1)  <0.0001 

    High 1.6 (1.6 -1.7)  <0.0001 1.3 (1.2 – 1.3)  <0.0001 

Note. CI= confidence interval, NZEO= New Zealand European and Other, OR= odds ratio. The overall interaction between 

ethnicity and deprivation was significant (p=0.001). Ethnicity and deprivation interactions are graphed in Figure 33. 
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Figure 33 Odds ratios with 95% confidence intervals of high hospitalisations by ethnicity and deprivation 
subgroups 

Non-hospitalised cases  

For low BW infants, the odds of high hospitalisations are almost twelve times as large as the odds for 

normal BW infants (Table 72). The odds of high hospitalisations are lower for infants with high primary 

health care use compared with infants who had average/low primary health care use. There were no 

statistically significant differences between Māori, Pacific Peoples and Asian ethnicity compared with 

NZEO. Infants living in medium deprivation are less likely than infants living in low deprivation to have 

high hospitalisations. There are no statistically significant differences for infants living in high 

deprivation areas compared with infants living in high deprivation areas. 
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Table 72 Odds of high hospitalisations in the first year of life for non-hospitalised cases (n=1,072) 

Variable Unadjusted 
OR 

95% CI P-value Adjusted 
OR 

95% CI P-value 

Primary health care 
utilisation 

      

    Low ref - - ref - - 

    High 0.4 0.2 – 0.9 0.018 0.4 0.2 – 0.9 0.030 

Birth weight       

    Normal ref - - ref - - 

    Low 11.1 6.3 – 19.5 <0.0001 11.8 6.5 – 21.3 <0.0001 

Ethnicity       

    NZEO ref - - ref - - 

    Māori  1.7 1.0 – 3.0 0.074 1.6 0.8 – 2.9 0.173 

    Pacific Peoples 3.1 1.5 – 6.4 0.003 2.2 0.9 – 5.1 0.081 

   Asian 0.6 0.1 – 2.6 0.523 0.6 0.1 – 2.7 0.501 

Deprivation       

    Low ref - - ref - - 

    Medium 0.6 0.4 – 1.1 0.122 0.5 0.2 – 0.9 0.016 

    High 1.6 1.0 – 2.8 0.076 1.2 0.6 – 2.2 0.627 

Note. CI= confidence interval, NZEO= New Zealand European and Other, OR= odds ratio. No interaction between ethnicity 

and deprivation were seen (p>0.05).  

Self-selection bias 

It is challenging to understand the differences between the study cohort and all NZ children because 

childhood vaccination is not merely an indicator of good health care access but parental health-

seeking behaviour, education, and the success of outreach from Plunket and other groups (Best 

Practice Advocacy Centre New Zealand, 2010). The following section compares key demographic 

characteristics between the fully vaccinated cohort, and the census population, and the fully 

vaccinated cohort and non-hospitalised cases.  

The fully vaccinated cohort is demographically similar to the 2013 census population of 0 - 4-year 

olds. The major differences are that the fully vaccinated cohort contains less Māori (5%) and more 

NZEO and Asian (Figure 34). The fully vaccinated cohort also contains less medium and high 

deprivation infants and more low deprivation infants (Figure 35). These differences are relatively 

small but indicate predictable patterns of ethnic differences in health care access or utilisation.  
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                                                                Figure 34 Ethnic profile of census versus cohort 

 

 

                                                       Figure 35 Deprivation profile of census versus cohort 

Another important comparison is between non-hospitalised cases and the fully vaccinated cohort. 

Non-hospitalised cases had a higher proportion of NZEO, and a lower proportion of Māori, Pacific 
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composition were statistically significant X2 (3, N = 460,514) = 158.8, p=<0.001. Non-hospitalised 

cases also had a higher proportion of low and medium deprivation infants and lower proportion of 

high deprivation infants compared to the rest of the cohort (Figure 37). The differences in deprivation 

were statistically significant X2 (2, N = 460,514) = 47.1, p=<0.001. However, the large sample size may 

have allowed for the detection of small but not meaningful differences.  

 
                                  Figure 36 Ethnic profile of the cohort compared to non-hospitalised cases 
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                           Figure 37 Deprivation profile of the cohort compared with non-hospitalised cases 

Discussion 

NZEO and low socioeconomic deprivation are demographic characteristics generally associated with 

lower disease burden and greater health care utilisation in NZ (Brabyn & Barnett, 2004; Ministry of 

Health, 2018c). Higher proportions of NZEO and low socioeconomic deprivation infants were present 

in the non-hospitalised case group compared with both the rest of the cohort and the census 

population. For the fully vaccinated cohort, Māori ethnicity and high deprivation were positively 

associated with high primary health care use, but the magnitude of this relationship was small. Free 

primary care for infants and children in NZ may have modified the strength of the relationship, making 

primary health care utilisation easier for these demographic groups who traditionally under-utilise 

health care (Ministry of Health, 2019a).  

Non-hospitalised cases had no statistically significant associations between any demographic 

characteristics and primary health care use. For both groups, infants of Pacific Peoples and Māori 

ethnicity were more likely to have high hospitalisations compared with NZEO infants, and infants 

living in high deprivation were more likely to have high hospitalisations compared with infants living 
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in low deprivation. This is consistent with both NZ and international literature (Brabyn & Barnett, 

2004; Ministry of Health, 2018c). 

However, low BW was the strongest predictor of hospitalisations in the first year of life for both non-

hospitalised cases and the rest of the cohort, indicating that hospitalisations were driven by biological 

vulnerability and that hospitalisations may perform well as a proxy for need. This is also consistent 

with the literature, as many studies observe low BW predicts higher hospitalisation rates in infancy 

(Aber, Bennett, Conley, & Li, 1997; Hviid & Melbye, 2007). There was no evidence of different 

need/biological vulnerability between non-hospitalised cases and the rest of the cohort. Both groups 

had the same proportion of infants with a high hospitalisation frequency. The same direction and 

similar magnitude of associations between 'need' and the other variables were observed for both 

non-hospitalised cases and the fully vaccinated cohort. 

In summary, the results of this investigation do not support the hypotheses that the non-hospitalised 

case group 1) has greater health care utilisation and 2) less need than the fully vaccinated cohort. The 

results indicate that non-hospitalised cases have lower primary health care use but similar need. The 

clinical descriptions available in the notification case reports for non-hospitalised cases indicate an 

uncomfortable illness and the need for health care (refer to Case Series Chapter) rather than an 

incidental finding related to high primary health care use in the absence of a sufficiently sick infant. 

However, this interpretation should be cautious because of the limitations of measuring both 

utilisation and need with the data available.  
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Appendix H Missing data investigation 

Missing data is common in studies using administrative data. It is important to document the 

percentage of missing data, missing data mechanisms, missing data patterns and the procedures used 

to deal with missing data. Failure to do so can have serious ramifications for the validity of study 

findings (Dong & Peng, 2013). The following is a description of the missing data and rationale for 

complete case analysis and against multiple imputation. 

Percentage of missing data 

Missing data affects the validity of study findings, but no consensus of a threshold for missing data 

below which missingness is of negligible concern exists (Dong & Peng, 2013). Commonly used 

thresholds are 5% and 10% above, which bias is believed to be probable (Bennett, 2001; Schafer, 

1999). Of the cohort selected for SPAN.O (n=315,151), 14,735 participants (5%) had one or more 

missing data values for the variables of interest (Figure 17). More recently, a greater emphasis has 

been placed on the mechanism for missing data, and missing data patterns as these parameters are 

held to have more significant influence than the percent of missing data (Dong & Peng, 2013; 

Tabachnick & Fidell, 2012).  

Missingness by variable 

Table 73 shows variables ranked by missingness; birthweight has the highest missingness followed by 

maternal parity, maternal age and GA - these variables come from the Maternity Collections Dataset. 

Ethnicity, NZDep13 score and DHB variables also have a small amount of missing data, but 0% are 

missing. All derived variables have no missing data, this is likely artificial, and it is impossible to 

decipher the true missingness for these variables. Sex is the only non-derived variable without any 

missing values. Based on the data collection method, there should be no missing information in the 

outcome variable. However, as noted in previous chapters, pertussis, particularly vaccine-modified 

pertussis, are under-reported, so some participants are likely incorrectly identified as non-cases. 

Assuming 6% - 25% of pertussis vaccine failure cases are not identified through passive reporting, the 
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true number of cases may be between 4,168–17,367, potentially resulting in between 3,126 – 16,325 

missed cases. Still, we have no way of knowing the true extent of outcome misclassification.  

Table 73 Missingness by variable 

Variable Infants missing this variable 

Birthweight 13,503 (4%) 

Maternal parity 5,217 (2%) 

Maternal age 5,208 (2%) 

Gestational age 4,474 (1%) 

Ethnicity 103 (0%) 

New Zealand deprivation index 2013 score 2 (0%) 

District Health Board 4 (0%) 

Sex 0 (0%) 

Perinatal diagnoses count 0 (0%) 

Ambulatory sensitive hospitalisations count 0 (0%) 

Respiratory hospitalisations count 0 (0%) 

Pharmaceutical dispensings count 0 (0%) 

Antibiotic dispensings count 0 (0%) 

Recurrent wheeze 0 (0%) 

Gastric acid suppressant dispensings count 0 (0%) 

Pertussis vaccine failure 0 (0%) 

Missing data mechanism 

There are three missing data mechanisms; each is discussed below. 

Missing completely at random  

Missing completely at random is where data is missing by chance; this is the only missing data pattern 

that statistical tests can accept or refute (Dong & Peng, 2013). For each of the four variables missing 

data, a relationship between this variable and ethnicity, socioeconomic status, lead maternity care 

provider and study outcome were tested. The large sample size may mean statistical significance is 

easily reached, so proportions were presented to assess the differences' meaningfulness.  

Birthweight  

A chi-square test of independence was performed to test whether ethnicity differed between those 

missing birthweight and those not missing birthweight. These groups were significantly different X2(4, 

n=315,048) = 177.70, p <0.0001. The large sample size could account for the statistical significance, 

and the proportional differences are small (Table 74). 
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Table 74 Ethnic distributions for those missing and not missing birthweight 

Ethnicity 

Missing birthweight (%) 

Māori Pacific Peoples Asian Other European 

21 9 10 3 58 

Not missing birthweight (%) 19 11 13 2 56 

A chi-square test of independence was performed to test whether deprivation decile score differed 

between those missing birthweight and those not missing birthweight. These groups were 

significantly different X2(9, n=315,627) = 56.06, p <0.0001. The large sample size could account for 

the statistical significance, but the proportional differences are small (Table 75). 

Table 75 Deprivation distributions for those missing and not missing birthweight 

 Deprivation decile score (NZDep13) 

 1 2 3 4 5 6 7 8 9 10 

Missing birthweight (%) 9 9 9 9 10 9 10 10 12 13 

Not missing birthweight (%) 11 10 9 9 9 9 10 10 11 12 

A chi-square test of independence was performed to test whether LMC type differed between those 

missing birthweight and those not missing birthweight. LMC was chosen as these variables are from 

the Maternity Collections and different maternity care providers may have different proportions of 

complete data. LMC groups were significantly different X2(5, n=309,943) = 1314.14, p <0.0001. There 

does seem to be a difference in the distribution (Table 76), and the chi test statistic is large. Those 

missing birthweight had a greater proportion of midwife lead carer and less DHB and obstetrician 

lead care than those not missing birthweight. 

  



 

216 

Table 76 Lead maternity carer distributions for those missing and not missing birthweight 

Lead maternity carer type 

Missing birthweight (%) 

Midwife 
District 
Health 
Board 

General 
practitioner Obstetrician 

No lead 
maternity 

carer 
Other 

85 0 1 5 4 5 

Not missing birthweight (%) 70 8 2 11 4 5 

A chi-square test of independence was performed to test whether the outcome proportions differed 

between those missing birthweight and those not missing birthweight. These groups were not 

significantly different X2(1, n=315,151) = 2.44, p 0.1. There is no difference in the distribution of 

outcome (Table 77).  

Table 77 Outcome distribution for those missing and not missing birthweight 

 No vaccine failure Vaccine failure 

Missing birthweight (%) 99.7 0.4 

Not missing birthweight (%) 99.7 0.4 

Maternal parity  

A chi-square test of independence was performed to test whether ethnicity differed groups. These 

groups were significantly different X2(4, n=315,048) = 755.71, p <0.0001. As Table 78 indicates, there 

are some ethnic differences. A higher percentage of those missing maternal parity were of Pacific 

Peoples, Asian and Other ethnicities, and a lower percentage were Māori and European. 

Table 78 Ethnic distributions for those missing and not missing maternal parity 

Ethnicity 

Missing maternal parity (%) 

Māori Pacific Peoples Asian Other European 

12 15 21 5 48 

Not missing maternal parity (%) 19 10 13 2 56 

A chi square test of independence was performed to test whether deprivation decile distribution 

differed between groups. These groups were significantly different X2(9, n=315,149) = 37.48, p 

<0.0001. As Table 79 indicates, there are some slight differences, a higher percentage of those missing 

maternal parity were of higher deprivation. 
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Table 79 Deprivation decile distribution for those missing and not missing maternal parity 

 Deprivation decile score (NZDep13) 

 1 2 3 4 5 6 7 8 9 10 

Missing maternal parity 
 (%) 

11 11 9 8 9 8 9 10 13 14 

Not missing maternal parity (%) 11 10 9 9 9 9 10 10 11 12 

A chi-square test of independence could not be performed as the total number of participants missing 

maternal parity and missing LMC type was 9, too small for an accurate result. Table 80 shows the 

difference between distributions, and these differences are large but unreliable, given the small 

number forming the missing maternal parity group. 

Table 80 Lead maternity carer distributions for those missing and not missing maternal parity 

Lead maternity carer type 

Missing maternal parity*  (%) 
Not missing maternal parity (%) 

Midwife 
District 
Health 
Board 

General 
practitioner Obstetrician 

No lead 
maternity 

carer 
Other 

11 22 0 11 56 0 

71 8 2 11 4 5 

Note. * Total number missing parity and lead maternity carer type left 9 participants who were missing parity and not lead 

maternity carer type.  

A chi-square test of independence was performed to test whether the outcome proportions differed 

between those missing maternal parity and those not missing maternal parity. These groups were 

significantly different X2(1, n=315,151) = 5.61, p 0.02. However, the chi-square statistic is small, and 

there is only a small difference in the outcome distribution (Table 81). 

Table 81 Outcome distribution for those missing and maternal parity 

 No vaccine failure Vaccine failure 

Missing maternal parity  (%) 99.9 0.2 

Not missing maternal parity (%) 99.7 0.4 

Maternal age  

A chi-square test of independence was performed to test whether ethnic distribution differed 

between groups. These groups were significantly different X2(4, n=315,048) = 761.80, p <0.0001. As 
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Table 82 indicates, there are some differences. A higher percentage of those missing maternal age 

are Pacific Peoples, Asian, and Other, and a lower percentage were Māori and European. 

Table 82 Ethnic distributions for those missing and not missing maternal age 

Ethnicity 

Missing maternal age (%) 

Māori Pacific Peoples Asian Other European 

12 15 21 5 48 

Not missing maternal age (%) 19 10 13 2 56 

A chi-square test of independence was performed to test whether deprivation differed between 

groups. These groups were significantly different X2(9, n=315,149) = 36.86, p <0.0001. As Table 83 

indicates, those missing maternal age have a slightly higher proportion of higher deprivation. 

Table 83 Deprivation decile distribution for those missing and not missing maternal age 

 

Deprivation decile score (NZDep13) 

1 2 3 4 5 6 7 8 9 10 

Missing maternal age  (%) 11 11 9 8 9 8 9 10 13 14 

Not missing maternal age (%) 11 10 9 9 9 9 10 10 11 12 

It was impossible to perform a chi-square test of independence to test whether LMC differed between 

groups. All those missing maternal age were also missing LMC observations (Table 84). 

Table 84 Lead maternity carer distributions for those missing and not missing maternal age 

Lead maternity carer type 

Missing maternal age  (%) 

Midwife 
District 
Health 
Board 

General 
practitioner Obstetrician 

No lead 
maternity 

carer 
Other 

- - - - - - 

Not missing maternal age (%) 71 8 2 11 4 5 

A chi-square test of independence was performed to test whether the outcome proportions differed 

between those missing maternal age and those not missing maternal age. These groups were 

significantly different X2(1, n=315,151) = 5.58, p 0.02. However, the chi-square statistic is small, and 

there is only a small difference in the outcome distribution (Table 85). 
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Table 85 Outcome distribution for those missing and maternal age 

Missing maternal age  (%) 

No vaccine failure Vaccine failure 

99.9 0.2 

Not missing maternal age (%) 99.7 0.4 

Gestational age (GA) 

A chi-square test of independence was performed to test whether ethnicity differed between groups. 

These groups were significantly different X2(4, n=315,048) = 738.62, p <0.0001. As Table 86 indicates, 

those missing maternal age have a slightly higher proportion of Pacific Peoples and Asian and a lower 

proportion of Māori and European.  

Table 86 Ethnic distributions for those missing and not missing gestational age 

Ethnicity 

Missing gestational age (%) 

Māori Pacific Peoples Asian Other European 

10 14 21 5 50 

Not missing gestational age (%) 19 10 13 2 56 

A chi-square test of independence was performed to test whether deprivation decile differed groups. 

These groups were significantly different X2(9, n=315,149) = 17.54, p 0.04. As Table 87 indicates, the 

proportion differences are only slight. 

Table 87 Deprivation decile distributions for those missing and not missing gestational age 

 

Deprivation decile score (NZDep13) 

1 2 3 4 5 6 7 8 9 10 

Missing gestational age (%) 11 12 9 9 9 9 9 10 12 13 

Not missing gestational age (%) 11 10 9 9 9 9 10 10 11 12 

A chi-square test of independence was performed to test whether deprivation decile differed groups. 

These groups were significantly different X2(5, n=309,943) = 8441.72, p <0.0001. Table 88 indicates 

the differences are substantial. Most with missing maternal age had no LMC, and most of those with 

maternal age had a midwife as LMC. 
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Table 88 Lead maternity carer distributions for those missing and not missing gestational age 

Lead maternity carer type 

Missing maternal age*  (%) 

Midwife 
District 
Health 
Board 

General 
practitioner Obstetrician 

No lead 
maternity 

carer 
Other 

1 2 0 0 97 0 

Not missing maternal age (%) 71 8 2 11 4 5 

Note.*Total n = 375. 

A chi-square test of independence was performed to test whether the outcome proportions differed 

between those missing gestational age and those not missing gestational age. These groups were 

significantly different X2(1, n=315,151) = 7.13, p 0.008. However, the chi-square statistic is small, but 

there is a small difference in the outcome distribution (Table 89).  

Table 89 Outcome distribution for those missing and gestational age 

 No vaccine failure Vaccine failure 

Missing gestational age (%) 99.9 0.1 

Not missing gestational age (%) 99.7 0.4 

Missing at random and missing not at random 

Investigator knowledge of reasons for missing data are essential for understanding whether data are 

missing not at random or missing at random as it is not possible to test these assumptions using only 

observed data (Hughes et al., 2019).  

For maternal parity and maternal age, it is likely that missingness results from mothers not seeking 

care until delivery or delivering overseas. Those infants not missing maternal parity and not missing 

maternal age had an ethnic distribution closer to the ethnic distribution of children in NZ. In contrast, 

those missing maternal parity and maternal age were quite different (a greater proportion of Pacific 

Peoples, Other and Asian and less Māori and European) (Childrens Commissioner, 2018). Also, only 

0.2% of those missing maternal parity had data for LMC type; over half of these had no LMC. None of 

those missing maternal age had any LMC data. Missing data mechanism is likely to be missing at 

random (low engagement with maternity care services or birth overseas). Missing not at random is 
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less likely, although stigma of high or low maternal age and/or high parity may have also contributed 

to missingness. 

Those missing birthweight were similar to those not missing birthweight in terms of ethnicity and 

deprivation. However, a greater proportion of those missing birthweight had a midwife as LMC, and 

a smaller proportion had an obstetrician as LMC. The differences in completeness of birthweight data 

could reflect different practitioner protocols for data collection or birth location. It might be more 

challenging to collect data at home births than at hospital births. Midwives tend to deliver at home 

and in hospital, whereas obstetricians deliver only in hospitals. The higher obstetrician care could 

either be reflective of high-risk pregnancies or health literacy and behaviour. The mechanism is more 

likely missing at random. Missing not at random is less likely; it does not make sense in a health 

context to fail to record BW or GA because of their values.  

Those missing GA had similar deprivation distribution but an ethnic distribution similar to those 

missing maternal variables (greater proportion of Pacific Peoples, Other and Asian and less Māori and 

European) (Childrens Commissioner, 2018). Ninety-two percent of those missing GA were also 

missing LMC data. Therefore, missing data may also result from little to no maternity care service use 

or delivery overseas and, therefore mechanism likely to be missing at random.  

Complete case analysis is appropriate if the chance of being a complete case is not associated with 

the study outcome when adjusted for other covariates. After adjusting for ethnicity, deprivation, and 

BW, the odds of having pertussis vaccine failure are 1.4 times higher for those missing maternal parity 

than those not missing maternal parity, but this was not statistically significant (p=0.5) (95% CI 0.6 – 

3.3). 

After adjusting for ethnicity, deprivation, and BW, the odds of having pertussis vaccine failure are 1.5 

times higher for those missing maternal age than those not missing maternal age, but this was not 

statistically significant (p=0.4) (95% CI 0.6 – 3.6). 
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After adjustment for ethnicity, deprivation and number of pharmaceutical dispensing, the odds of 

having pertussis vaccine failure are 40% less for those missing GA compared with those not missing 

GA; this was statistically significant (p=0.03) (95% CI 0.2 – 0.9). 

After adjustment for ethnicity, deprivation and number of pharmaceutical dispensing, the odds of 

having pertussis vaccine failure are 80% less for those missing BW compared with those not missing 

BW; this was not statistically significant (p=0.2) (95% CI 0.6 – 1.0). 

The chance of being a complete case is only associated with the outcome for GA, but there is likely 

another explanation (those missing GA may also be missing other variables such as the outcome 

variable). Including deprivation, ethnicity, and GA in the logistic regression will mean no bias (Hughes 

et al., 2019). Complete case analysis will not bias the logistic regression results. It is an appropriate 

method in this case.  

National maternity collection (MAT) 

All variables missing 1% or more were sourced from the MAT database. Missingness is likely to be a 

product of the way maternity data is collected. MAT receives data from three sources 1) LMC claims 

(maternal parity, maternal age); 2) NMDS (GA, BW, maternal age); 3) DHB maternity services 

(maternal parity, maternal age) (Ministry of Health, 2011a).  

Missingness is probably due to mothers who sought care late or not at all in pregnancy or mothers 

who did not give birth in NZ. Therefore, most likely, data is missing at random. Missing not at random 

is the least plausible; it seems unlikely that medical and allied maternity professionals would not enter 

data because of the data values themselves. 

Institutional and interpersonal racism as a reason for missingness cannot be excluded and may be 

responsible for a smaller proportion of missingness. The ethnic profile of those missing data, and that 

Asian, Pacific Peoples and Other ethnic groups make up a substantial proportion of migrants to NZ. 

Additionally, the proportion of Māori infants missing data is lower than the proportion of Māori 
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infants not missing data, and institutional racism is well documented for Māori in NZ. It is likely that 

if this is a cause, it would be most evident in this ethnic group. 

Missing data pattern 

Table 90 shows that the missing data pattern is multivariate (more than one variable is missing) and 

arbitrary (variables appear to be missing randomly). This Table shows the most common group is 

group 1 (complete cases), followed by group 11 missing only BW; there are 16 missing data patterns 

(groups) in total.  

Table 90 Missingness matrix for the whole cohort 

 

Method for dealing with missing data 

1) Amount of missing data  
2) Reasons for missing data 
3) Missing data patterns 
4) Availability of auxiliary information  

Complete case analysis was chosen to deal with missing data because missingness is equal to or less 

than 5% for all variables and the reason for this missingness is likely missing at random. Including 

deprivation, ethnicity, and GA in the logistic regression will mean complete case analysis will not bias 

logistic regression results (Hughes et al., 2019).  

The group missing data may not have been in NZ at the time of birth. Therefore, important variables 

may not have been collected. Variables used to impute maternal parity, maternal age, GA and BW 

would likely be missing resulting in low imputation quality. The best option is, therefore, complete 

case analysis as the limitations are more certain with this method.  
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Differences between those missing one or more variable and those with complete data were minor  

Table 91 Missingness by ethnicity 

Ethnicity 

Missing data (%) 

Māori Pacific Peoples Asian Other European 

19 11 13 2 56 

Not missing data (%) 22 10 11 3 56 

 

Table 92 Missingness by deprivation 

 Deprivation decile score (NZDep13) 

Missing data (%) 

1 2 3 4 5 6 7 8 9 10 

11 10 9 9 9 9 10 10 11 12 

Not missing data (%) 9 9 8 9 10 9 10 11 12 13 

 

Table 93 Missingness by study outcome 

 No vaccine failure Vaccine failure 

Missing data (%) 99.7 0.3 

Not missing data (%) 99.7 0.3 

Of the original cohort of fully vaccinated infants (n=504,847), there were 22,218 (4%) infants had one 

or more primary pertussis vaccination administered overseas. No hospitalised case received any of 

the primary pertussis course overseas, but eighteen non-hospitalised cases had one or more primary 

pertussis vaccination administered overseas. The overseas primary course vaccinated group differed 

from the NZ primary course vaccinated group on ethnicity and deprivation. A chi-square test of 

independence was performed to test whether ethnicity differed between overseas and NZ vaccinated 

groups. These groups were significantly different X2(4, n=504,589) = 6280.54, p <0.001. The overseas 

primary course vaccinated group had a greater proportion of Asian and Other ethnicities and a lower 

proportion of European and Māori compared with the NZ primary course vaccinated group (Table 

94).  
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Table 94 Ethnicity in overseas and Aotearoa New Zealand primary course vaccinated groups 

Ethnicity 

Overseas primary course 
vaccinated (%) 

Māori Pacific Peoples Asian Other European 

8 10 31 5 46 

Aotearoa New Zealand primary 
course vaccinated (%) 20 10 14 2 54 

A chi-square test of independence was also performed to test whether deprivation decile score 

differed between overseas and NZ vaccinated groups. These groups were significantly different X2(9, 

n=504,589) = 677.95, p <0.001. The overseas primary course vaccinated had a greater proportion of 

lower deprivation decile scores than the NZ primary course vaccinated group (Table 95). 

Table 95 Deprivation score distribution in overseas and Aotearoa New Zealand primary course vaccinated 
groups 

 

Deprivation decile score (NZDep13) 

1 2 3 4 5 6 7 8 9 10 

Overseas primary 
course vaccinated (%) 

13 12 10 9 10 9 9 8 10 9 

Aotearoa New Zealand primary  
course vaccinated (%) 

10 10 9 9 9 9 10 10 12 13 
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Appendix I Thresholds for dichotomisation  

1. Antibiotic dispensing count during follow up 

Based on variable distributions in Figure 38 and Figure 39 the most appropriate thresholds are ≤ 3 

and ≥ 4.  

 

Figure 38 Variable distribution: antibiotic dispensing count during follow up visualisation 

2. GP consultation count during follow up  

Based on the variable distribution in Figure 39, the most appropriate thresholds are ≤ 9 and ≥10.  



 

227 

 
Figure 39 Variable distribution: GP consultations during follow up 
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Appendix J R code for Cox regression analysis  

For univariate Cox regression analyses 

# cite R software  

citation() 

 

# cite survival analysis package 

citation("survival") 

 

#Variable selection process. 

 

#step 1 - run univariate CoxPH models (to identify candidate predictors with p value <0.001) 

 

#load required packages 

library("ggplot2") 

library("ggpubr") 

library("magrittr") 

library("survival") 

library("survminer") 

library("dplyr") 

 

# bring in dataset with all fixed variables and the tdc converted to binary variables. 

surv_data <-read.csv(file.choose(), header = TRUE) 

 

# sight dataset to make sure it is the correct one containing all variables of interest adn with the correct n 

summary(surv_data) 

 

#check the format of all of the variables to make sure they are correct 

class(surv_data$length_of_followup_day) #integer 

class(surv_data$event) #integer 

class(surv_data$PARITY_COUNT) #integer 

class(surv_data$gender) #factor 

class(surv_data$ethnicgp2) #factor 

class(surv_data$perinatal_diag_count1) #integer 

class(surv_data$MOTHER_AGE) #integer 

class(surv_data$recurrentwheeze) # factor 

class(surv_data$region) #factor  

class(surv_data$BIRTHWEIGHT) #integer 
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class(surv_data$GESTATIONAL_AGE) #integer 

class(surv_data$resphosp_before_fu) #integer 

class(surv_data$ASH_before_fu_count) #integer 

class(surv_data$AB_before_entry_count) #integer 

class(surv_data$GAS_before_entry_count) #integer 

class(surv_data$consults_before_followup) # intger 

class(surv_data$binary_resp_hosp_fu) # factor 

class(surv_data$ASH_fu) # factor 

class(surv_data$consult_fu) # factor 

class(surv_data$alt_binary_ab) # factor 

class(surv_data$alt_binary_consult) # factor 

class(surv_data$dep_tert) # intger 

# dep_tert should be factor, change this  

surv_data$dep_tert <- factor(surv_data$dep_tert, levels = c("1", "2", "3")) 

class(surv_data$dep_tert) # factor 

class(surv_data$previous_pertussis) # intger 

#previous_pertussis should be factor 

surv_data$previous_pertussis <- factor(surv_data$previous_pertussis, levels = c("0", "1")) 

class(surv_data$previous_pertussis) # factor 

 

# reset reference group to European, R automatically sets reference group using alphabetical order  

surv_data$ethnicgp2 <- factor(surv_data$ethnicgp2, levels = c("European", "Māori", "Pacific Peoples", 
"Other", "Asian")) 

 

# rest reference group to Northern 

surv_data$region <- factor(surv_data$region, levels = c("Northern", "Midlands", "Central", "Southern")) 

 

# rest reference group to hi 

surv_data$alt_binary_ab <- factor(surv_data$alt_binary_ab, levels = c("low", "hi")) 

 

#compute univariate analysis for each predictor 

 

#1 parity 

parity.cox <- coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT, data= surv_data, 
cluster=Family_ID) 

summary (parity.cox) 

ggforest(parity.cox, data = surv_data)  

 

#2 gender 

gender.cox <- coxph(Surv(length_of_followup_day, event) ~ gender, data= surv_data, cluster=Family_ID) 
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summary (gender.cox) 

ggforest(gender.cox, data = surv_data)  

 

#3 ethnicity 

ethnicgp2.cox <- coxph(Surv(length_of_followup_day, event) ~ ethnicgp2, data= surv_data, 
cluster=Family_ID) 

summary (ethnicgp2.cox) 

ggforest(ethnicgp2.cox, data = surv_data) 

 

#4 perinatal diagnoses 

perinat.cox <- coxph(Surv(length_of_followup_day, event) ~ perinatal_diag_count1, data= surv_data, 
cluster=Family_ID) 

summary (perinat.cox) 

ggforest(perinat.cox, data = surv_data) 

 

#5 mother age  

mage.cox <- coxph(Surv(length_of_followup_day, event) ~ MOTHER_AGE, data= surv_data, 
cluster=Family_ID) 

summary (mage.cox) 

ggforest(mage.cox, data = surv_data) 

 

#6 region 

region.cox <- coxph(Surv(length_of_followup_day, event) ~ region, data= surv_data, cluster=Family_ID) 

summary (region.cox) 

ggforest(region.cox, data = surv_data) 

 

#7 recurrent wheeze 

recurrentwheeze.cox <- coxph(Surv(length_of_followup_day, event) ~ recurrentwheeze, data= surv_data, 
cluster=Family_ID) 

summary (recurrentwheeze.cox) 

ggforest(recurrentwheeze.cox, data = surv_data) 

 

#9 birth weight 

bw.cox <- coxph(Surv(length_of_followup_day, event) ~ BIRTHWEIGHT, data= surv_data, cluster=Family_ID) 

summary (bw.cox) 

ggforest(bw.cox, data = surv_data) 

 

#10 gestational age 

ga.cox <- coxph(Surv(length_of_followup_day, event) ~ GESTATIONAL_AGE, data= surv_data, 
cluster=Family_ID) 

summary (ga.cox) 
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ggforest(ga.cox, data = surv_data) 

 

#11 respiratory hospitalisation count before follow up 

resp_hosp_before_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ resphosp_before_fu, data= 
surv_data, cluster=Family_ID) 

summary (resp_hosp_before_fu.cox) 

ggforest(resp_hosp_before_fu.cox, data = surv_data) 

 

#12 respiratory hospitalisation count during follow up  

resp_hosp_during_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ binary_resp_hosp_fu, data= 
surv_data, cluster=Family_ID) 

summary (resp_hosp_during_fu.cox) 

ggforest(resp_hosp_during_fu.cox, data = surv_data)  

 

#13 ASH before follow up count 

ASH_before_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ ASH_before_fu_count, data= surv_data, 
cluster=Family_ID) 

summary (ASH_before_fu.cox) 

ggforest(ASH_before_fu.cox, data = surv_data) 

 

#14 ASH during follow up count 

ASH_during_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ ASH_fu, data= surv_data, 
cluster=Family_ID) 

summary (ASH_during_fu.cox) 

ggforest(ASH_during_fu.cox, data = surv_data) 

 

#15 antibioitic dispensing count before follow up 

Ab_before_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ AB_before_entry_count, data= surv_data, 
cluster=Family_ID) 

summary (Ab_before_fu.cox) 

ggforest(Ab_before_fu.cox, data = surv_data) 

 

#16  antibioitic dispensings during follow up 

Alt_ab_during_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ alt_binary_ab, data= surv_data, 
cluster=Family_ID) 

summary (Alt_ab_during_fu.cox) 

ggforest(Alt_ab_during_fu.cox, data = surv_data)  

 

#17 Gastric acid suppressant dispensing count (before follow up) 

GAS_before_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ GAS_before_entry_count, data= 
surv_data, cluster=Family_ID) 

summary (GAS_before_fu.cox) 
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ggforest(GAS_before_fu.cox, data = surv_data)  

 

#18 GP consultations before follow up 

consults_before_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ consults_before_followup, data= 
surv_data, cluster=Family_ID) 

summary (consults_before_fu.cox) 

ggforest(consults_before_fu.cox, data = surv_data)  

 

#19 GP consultations  during follow up binary  

alt_consult_during_fu.cox <- coxph(Surv(length_of_followup_day, event) ~ alt_binary_consult, data= 
surv_data, cluster=Family_ID) 

summary (alt_consult_during_fu.cox) 

ggforest(alt_consult_during_fu.cox, data = surv_data)  

 

#20 previous_pertussis 

previous_pertussis.cox <- coxph(Surv(length_of_followup_day, event) ~ previous_pertussis, data= surv_data, 
cluster=Family_ID) 

summary (previous_pertussis.cox) 

ggforest(previous_pertussis.cox, data = surv_data)  

 

#21 deprivation tertiles 

deprivation_ter.cox <- coxph(Surv(length_of_followup_day, event) ~ dep_tert, data= surv_data, 
cluster=Family_ID) 

summary (deprivation_ter.cox) 

ggforest(deprivation_ter.cox, data = surv_data) 

 

For multivariate Cox regression analyses 

# step 2. Introduce into the model one by one all those significant at <0.001 level, look for interactions.  

 

# 1 add parity 

multivar1.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT, 

                      data= surv_data, cluster=Family_ID) 

summary(multivar1.cox) 

# visualise using forest plot 

ggforest(multivar0.cox, data = surv_data)  

 

# 2 add ethnicity 

multivar2.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2, 

                      data= surv_data, cluster=Family_ID) 



 

233 

summary(multivar2.cox) 

# visualise using forest plot 

ggforest(multivar2.cox, data = surv_data)   

 

# 3 add perinatal diagnoses 

multivar3.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1, 

                      data= surv_data, cluster=Family_ID) 

summary(multivar3.cox) 

# visualise using forest plot 

ggforest(multivar3.cox, data = surv_data)  

 

# 4 add region 

multivar4.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region, 

                      data= surv_data, cluster=Family_ID) 

summary(multivar4.cox) 

# visualise using forest plot 

ggforest(multivar4.cox, data = surv_data)  

 

# 5 add recurrent wheeze 

multivar5.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze, 

                      data= surv_data, cluster=Family_ID) 

summary(multivar5.cox) 

# visualise using forest plot 

ggforest(multivar5.cox, data = surv_data) 

 

# 6 add gestational age 

multivar6.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze 

                      + GESTATIONAL_AGE, 

                      data= surv_data, cluster=Family_ID) 

summary(multivar6.cox) 

# visualise using forest plot 

ggforest(multivar6.cox, data = surv_data) # parity count HR 1.1, p= <0.01. perinatal diag = 1.03, p=<0.01 

 

# 7 add respiratory hospitalisations before follow up 

multivar7.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 

                        resphosp_before_fu, 
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                      data= surv_data, cluster=Family_ID) 

summary(multivar7.cox) 

# visualise using forest plot 

ggforest(multivar7.cox, data = surv_data) # parity count HR 1.1, p= <0.01. perinatal diag = 1.03, p=<0.01 

 

 

# 8 add ASH before entry 

multivar9.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 

                        resphosp_before_fu +  ASH_before_fu_count , 

                      data= surv_data, cluster=Family_ID) 

summary(multivar9.cox) 

# visualise using forest plot 

ggforest(multivar9.cox, data = surv_data) # parity count HR 1.1, p= <0.01. perinatal diag = 1.03, p=<0.01 

 

 

# 9 add GAS before follow up 

multivar10.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 

                         resphosp_before_fu + ASH_before_fu_count + GAS_before_entry_count + 
consults_before_followup + binary_resp_hosp_fu 

                       + ASH_fu, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar10.cox) 

# visualise using forest plot 

ggforest(multivar10.cox, data = surv_data) # parity count HR 1.1, p= <0.01. perinatal diag = 1.03, p=<0.01 

 

# 10 add consults before follow up 

multivar11.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 

                         resphosp_before_fu + ASH_before_fu_count + GAS_before_entry_count + 
consults_before_followup + binary_resp_hosp_fu 

                       + ASH_fu + consults_before_followup, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar11.cox) 

# visualise using forest plot 

ggforest(multivar11.cox, data = surv_data) # parity count HR 1.1, p= <0.01. perinatal diag = 1.03, p=<0.01 

 

# 11 add respiratory hospitalisations during follow up 

multivar12.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 
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                         resphosp_before_fu + ASH_before_fu_count + GAS_before_entry_count + 
consults_before_followup + binary_resp_hosp_fu 

                       + ASH_fu + consults_before_followup + binary_resp_hosp_fu, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar12.cox) 

# visualise using forest plot 

ggforest(multivar12.cox, data = surv_data) # parity count HR 1.1, p= <0.01. perinatal diag = 1.03, p=<0.01 

 

# 12 add ASH during follow up 

multivar13.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 

                         resphosp_before_fu + ASH_before_fu_count + GAS_before_entry_count + 
consults_before_followup + binary_resp_hosp_fu 

                       + consults_before_followup + binary_resp_hosp_fu + ASH_fu, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar13.cox) 

# visualise using forest plot 

ggforest(multivar13.cox, data = surv_data) # parity count HR 1.1, p= <0.01. perinatal diag = 1.03, p=<0.01 

 

# 13 add deprivation tertiles 

multivar14.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 

                         resphosp_before_fu + ASH_before_fu_count + GAS_before_entry_count + 
consults_before_followup + binary_resp_hosp_fu 

                       + consults_before_followup + binary_resp_hosp_fu + ASH_fu + dep_tert, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar14.cox) 

# visualise using forest plot 

ggforest(multivar14.cox, data = surv_data) 

 

# 14 add antibiotics during follow up 

multivar15.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 

                         resphosp_before_fu + ASH_before_fu_count + GAS_before_entry_count + binary_resp_hosp_fu 

                       + consults_before_followup + binary_resp_hosp_fu + ASH_fu + dep_tert + alt_binary_ab, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar15.cox) 

# visualise using forest plot 

ggforest(multivar15.cox, data = surv_data) 

 

# 15 add GP consultations during follow up 
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multivar16.cox <-coxph(Surv(length_of_followup_day, event) ~ PARITY_COUNT + ethnicgp2 + 
perinatal_diag_count1 + region + recurrentwheeze + GESTATIONAL_AGE + 

                         resphosp_before_fu + ASH_before_fu_count + GAS_before_entry_count + binary_resp_hosp_fu 

                       + consults_before_followup + binary_resp_hosp_fu + ASH_fu + dep_tert + alt_binary_ab + 
alt_binary_consult, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar16.cox) 

# visualise using forest plot 

ggforest(multivar16.cox, data = surv_data) 

 

# 16 add gender 

multivar17.cox <-coxph(Surv(length_of_followup_day, event) ~ ethnicgp2 + gender + region + dep_tert + 
PARITY_COUNT +  perinatal_diag_count1  

                       +recurrentwheeze + GESTATIONAL_AGE + resphosp_before_fu + ASH_before_fu_count + 
GAS_before_entry_count  

                       + alt_binary_consult + binary_resp_hosp_fu + ASH_fu + alt_binary_ab + 
consults_before_followup, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar17.cox) 

# visualise using forest plot 

ggforest(multivar17.cox, data = surv_data) 

 

# remove all candidate predictors having p value of >0.001 OTHER THAN ADJUSTMENT FACTORS: deprivation, 
sex, ethnicity and region. 

# candidate predictors to remove: preinatal diagnoses, gestational age, ASH before follow up, GAS before 
entry, binary resp_follow up, alt_binary_consult. 

# add ethnicity * GP interaction into the model 

 

# run this above model 

multivar18.cox <-coxph(Surv(length_of_followup_day, event) ~  dep_tert + gender + ethnicgp2 + region + 
recurrentwheeze + PARITY_COUNT + 

                         resphosp_before_fu + consults_before_followup + ASH_fu + alt_binary_ab + 
ethnicgp2*consults_before_followup, 

                       data= surv_data, cluster=Family_ID) 

summary(multivar18.cox) 

# visualise using forest plot 

ggforest(multivar18.cox, data = surv_data) 

 

# test proportional hazards assumption for this model 

test.ph <- cox.zph(multivar18.cox) 

test.ph # region violates PH assumption. Gloabl result is p=0.005 

# look at Schoenfeld plots  



 

237 

ggcoxzph(test.ph) 

 

# Stratify by region to deal with the violation  

multivar_strata.cox <-coxph(Surv(length_of_followup_day, event) ~  dep_tert + gender + ethnicgp2 + region + 
recurrentwheeze + PARITY_COUNT + 

                               resphosp_before_fu + consults_before_followup + ASH_fu + alt_binary_ab + 
ethnicgp2*consults_before_followup 

                             + strata(region), 

                             data= surv_data, cluster=Family_ID) 

summary(multivar_strata.cox) 

# the HRs for candidate predictors are the same. HRs for ethnicity are somewhat different.  

 

# final decision, no stratification as the candidate predictors are unchanged. 
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Appendix K Univariate results for discarded predictor variables  

Table 96 Univariate results for the discarded predictor variables 

Variable  HR (95% CI) P-value 

Categorical variables   

History of pertussis   

No 1  

Yes 0.58 (0.08 – 4.1) 0.587 

Continuous variables   

Birth weight 1.0 (1.0 – 1.0) 0.253 

Antibiotic dispensing count before follow up 1.07 (1.00 1.13) 0.024 

Mother age at delivery 1.00 (0.99 – 1.01) 0.498 

Note. HR= hazard ratio. 
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Appendix L Stratified Cox Model  

The stratified Cox model was explored for its suitability; however, this model did not offer any 

significant advantage over the unstratified model and was substantially more complex. This section 

discusses the stratified model and the reasons for not selecting it.  

The Stratified Cox model is an extension of the Cox proportional hazards model that controls for 

variables violating the proportional hazards assumption through stratification (Kleinbaum, 1998; 

Therneau, 2020). Stratification allows for different baseline hazards for each stratum, but the 

regression coefficient for each predictor is assumed not to vary. Therefore, only one HR is given for 

each covariate. The cost of the Stratified Cox model is that HRs are not produced for the stratifying 

variable because violating the proportional hazards assumption means the HR varies over time 

(Kleinbaum, 1998). Stratification is, therefore, best used when the stratifying variable is not of 

primary interest, as is the case with the region variable. Also, stratification by region or study site is 

often advisable as participant characteristics are known to vary, and comparison by region is not of 

interest (Borucka, 2013; Breheny, 2017). The strata were naturally defined as belong to DHBs in the 

Northern (n=178,449), Midlands (n=89,365), Central (n=86,908) and Southern (n=103,814) areas. 

A sensitivity analysis was conducted to compare a no-interaction and interaction version of the 

Stratified Cox Model. A no interaction model does not assume interaction between the strata and 

covariates. This seemed reasonable because DHB region was included in the model for adjustment 

purposes, and for some covariates such as ethnicity, estimates by strata are not particularly reliable 

(e.g. wide 95% CI’s) due to the concentrated distribution of Asian, Other and Pacific Peoples in the 

Northern region and relative scarcity in other regions. For example, there were only three failure 

cases for Pacific People in the Central region (Table 97). An interaction version of the Stratified Cox 

model was also constructed and the additional complexity in interpretation did not warrant the small 

increase in Harrells’ C statistic, from 0.664 to 0.676 especially given that 0.7 is the threshold for 
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modest predictive performance (Kansagara et al., 2011). The no-interaction model can be seen in 

Table 98 and the interaction model in Table 99. 

Table 97 Number of cases by region and ethnicity 

Northern 

Asian 
failure 

European 
failure 

Māori 
failure 

Other 
failure 

Pacific Peoples 
failure 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

43319 18 67486 101 28469 43 4855 9 34105 44 

Midlands 

Asian 
failure 

European 
failure 

Māori 
failure 

Other 
failure 

Pacific Peoples 
failure 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

8530 14 51420 234 20907 64 1700 9 6470 17 

Central 

Asian 
failure 

European 
failure 

Māori 
failure 

Other 
failure 

Pacific Peoples 
failure 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

6879 5 49730 114 26100 43 1210 1 2823 3 

Southern 

Asian 
failure 

European 
failure 

Māori 
failure 

Other 
failure 

Pacific Peoples 
failure 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

No 
failure 

(n) 

Failure 
(n) 

7996 18 76684 437 13219 68 1713 5 3652 22 
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Table 98 Stratified Cox Model without interaction 

 HR (95% CI) P 

Low antibiotic dispensing count during follow up  1 - 

High antibiotic dispensing count during follow up 1.99 (1.73 – 2.29) <0.001 

No history of recurrent wheeze 1 - 

History of recurrent wheeze 1.53 (1.35 – 1.74) <0.001 

No history of ASH during follow up 1 - 

History of ASH during follow up 1.45 (1.27 – 1.66) <0.001 

Respiratory hospitalisations before the beginning of follow up  1.44 (1.25 – 1.68) <0.001 

GP consultations before the beginning of follow up 1.19 (1.13 – 1.40) <0.001 

Maternal parity 1.15 (1.09 – 1.20) <0.001 

Demographic adjustment variables    

Deprivation tertial 1 1 - 

Deprivation tertial 2 0.96 (0.83 – 1.11) 0.594 

Deprivation tertial 3 0.83 (0.71 – 0.97) 0.015 

Female sex 1 - 

Male sex 0.85 (0.80 – 0.95) 0.004 

European ethnicity 1 - 

Māori ethnicity 0.80 (0.68 – 0.95) 0.008 

Pacific Peoples ethnicity 0.73 (0.57 – 0.94) 0.015 

Other ethnicity 0.93 (0.62 – 1.40) 0.719 

Asian Ethnicity 0.38 (0.28 – 0.51) <0.001 

Northern region NA NA 

Midlands region  NA NA 

Central region NA NA 

Southern region NA NA 

Note. , ASH= ambulatory sensitive hospitalisation, CI= confidence interval, GP= general practitioner, HR= hazard ratio. 
Model is adjusted for ethnicity, socioeconomic deprivation, and sex, and controlled for region. Concordance = 0.663  
(se=0.009). 

 

 

 

 

 

 

 



 

242 

Table 99 Stratified model with interaction results 

 HR 95% CI P 

No history of recurrent wheeze 1 - - 

History of recurrent wheeze 1.92 1.44 – 2.57 <0.001 

No history of ASH during follow up 1 - - 

History of ASH during follow up 2.02 1.50 – 2.71 <0.001 

Low antibiotic dispensings during follow up  1 - - 

High antibiotic dispensings during follow up 2.40 1.56 – 3.70 <0.001 

Respiratory hospitalisations before the beginning of 
follow up  1.42 1.10 – 1.83 0.006 

Maternal parity 1.13 1.02 – 1.26 0.017 

GP consultations before the beginning of follow up 1.49 1.10 – 2.01 0.009 

Demographic variables    

Deprivation tertial 1 1 - - 

Deprivation tertial 2 0.87 0.59 – 1.27 0.470 

Deprivation tertial 3 0.96 0.67 – 1.38 0.839 

Female sex 1 - - 

Male sex 1.06 0.81 – 1.39 0.662 

European ethnicity 1 - - 

Māori ethnicity 0.47 0.14 – 1.54 0.213 

Pacific Peoples ethnicity 0.92 0.75 – 4.49 0.175 

Other ethnicity 2.60 0.49 – 13.75 0.2599 

Asian Ethnicity 0.18 0.03 – 0.91 0.038 

Northern region NA NA NA 

Midlands region  NA NA NA 

Central region NA NA NA 

Southern region NA NA NA 

Interactions    

Deprivation tertial 2*Midlands 0.78 0.49 – 1.24 0.292 

Deprivation tertial 3*Midlands 0.48 0.31 – 0.75 0.001 

Deprivation tertial 2*Central 1.49 0.83 – 2.69 0.183 

Deprivation tertial 3*Central 0.96 0.54 – 1.69 0.884 

Deprivation tertial 2*Southern 1.27 0.83 – 1.96 0.269 

Deprivation tertial 3* Southern 1.19 0.79 – 1.80 0.413 

Midlands*Male 0.70 0.50 – 0.99 0.047 

Central*Male 0.64 0.43 – 0.97 0.036 

Southern*Male 0.85 0.62 – 1.16 0.303 

Midlands*recurrent wheeze (yes) 0.68 0.47 – 1.00 0.052 

Central* recurrent wheeze (yes) 0.81 0.52 – 1.28 0.369 

Southern* recurrent wheeze (yes) 0.78 0.55 – 1.11 0.168 

Midlands* parity 0.96 0.83 - 1.11 0.548 

Central* parity 1.11 0.95 – 1.29 0.193 

Southern* parity 1.01 0.88 – 1.15 0.889 

Midlands* respiratory hospitalisations before follow 
up 0.94 0.60 – 1.49 0.807 

Central* respiratory hospitalisations before follow up 1.19 0.84 – 1.69 0.333 

Southern* respiratory hospitalisations before follow 
up 0.87 0.58 – 1.29 0.475 
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Midlands* consultations before follow up 0.80 0.56 – 1.16 0.242 

Central* consultations before follow up 0.95 0.63 – 1.45 0.814 

Southern* consultations before follow up 0.79 0.57 – 1.11 0.180 

Midlands* ASH during follow up 0.71 0.48 – 1.05 0.089 

Central* ASH during follow up 0.86 0.55 – 1.36 0.5199 

Southern* ASH during follow up 0.59 0.41 – 0.85 0.004 

Midlands* high antibiotic dispensings during follow up 1.03 0.62 – 1.72 0.899 

Central* high antibiotic dispensings during follow up 0.82 0.44 – 1.50 0.514 

Southern* high antibiotic dispensings during follow up 0.74 0.46 – 1.18 0.206 

Midlands* Māori 1.0 0.23 – 4.46 0.997 

Central* Māori 4.87 1.04 – 22.72 0.044 

Southern* Māori 1.06 0.58 – 9.89 0.797 

Midlands* Pacific Peoples 2.39 0.16 – 4.21 0.229 

Central* Pacific Peoples 0.84 0.02 – 11.86 0.832 

Southern* Pacific Peoples 0.498 0.12 – 2.78 0.667 

Midlands* Other 0.46 0.03 – 6.72 0.574 

Central* Other 0.12 0.0001 – 128.8 0.556 

Southern* Other 0.098 0.002 – 3.65 0.208 

Midlands* Asian 5.02 0.58 – 43.26 0.142 

Central* Asian 3.83 0.19 – 75.25 0.377 

Southern* Asian 11.29 1.58 – 80.55 0.014 

Māori: GP consultations before follow up 1.34 0.76 – 2.35 0.307 

Pacific Peoples: GP consultations before follow up 0.53 0.32 – 0.86 0.011 

Other: GP consultations before follow up 0.63 0.26 – 1.54 0.311 

Asian: GP consultations before follow up 1.28 0.60 – 2.75 0.521 

New  Zealand European: GP consultations before 
follow up 1 - - 

Midlands: Māori: GP consult before follow up 1.01 0.49 – 2.07 0.981 

Central: Māori: GP consult before follow up 0.36 0.17 – 0.78 0.009 

Southern: Māori: GP consult before follow up 0.65 0.33-1.31 0.2298 

Midlands: Pacific People: GP consult before follow up 1.13 0.46 – 2.77 0.7896 

Central: Pacific People: GP consult before follow up 1.15 0.20 – 6.56 0.872 

Southern: Pacific People: GP consult before follow up 1.88 0.81 – 4.34 0.141 

Midlands: Other: GP consult before follow up 1.73 0.44 – 6.84 0.436 

Central: Other: GP consult before follow up 1.69 0.06 – 47.92 0.759 

Southern: Other: GP consult before follow up 2.36 0.40 – 14.03 0.344 

Midlands: Asian: GP consult before follow up 0.489 0.16 – 1.48 0.206 

Central: Asian: GP consult before follow up 0.562 0.12 – 2.53 0.452 

Southern: Asian: GP consult before follow up 0.33 0.12 – 0.92 0.033 

Note. ASH= ambulatory sensitive hospitalisation, CI= confidence interval, GP= general practitioner, HR= hazard ratio. 

Concordance 0.676, (standard error 0.009).  
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Appendix M Model without ethnicity and GP consultation count 

interaction term 

Table 100 Cox Proportional Hazards Model, without interaction 

 HR (95% CI) P 

Low antibiotic dispensing during follow up  1 - 

High antibiotic dispensing during follow up 1.99 (1.73 – 2.29) <0.001 

No history of recurrent wheeze 1 - 

History of recurrent wheeze 1.53 (1.35 – 1.74) <0.001 

No history of ASH during follow up 1 - 

History of ASH during follow up 1.45 (1.27 – 1.65) <0.001 

Respiratory hospitalisations before the beginning of follow up  1.45 (1.25 – 1.68) <0.001 

GP consultations before the beginning of follow up 1.20 (1.09 – 1.31) <0.001 

Maternal parity 1.14 (1.09 – 1.20) <0.001 

Demographic adjustment variables    

Deprivation tertial 1 1 - 

Deprivation tertial 2 0.96 (0.83 – 1.11) 0.591 

Deprivation tertial 3 0.83 (0.72 – 0.97) 0.017 

Female sex 1 - 

Male sex 0.85 (0.76 – 0.95) 0.004 

European ethnicity 1 - 

Māori ethnicity 0.80 (0.68 – 0.95) 0.008 

Pacific Peoples ethnicity 0.74 (0.58 – 0.95) 0.197 

Other ethnicity 0.93 (0.62 – 3.40) 0.729 

Asian Ethnicity 0.97 (0.28 – 1.51) <0.001 

Northern region 1 - 

Midlands region  2.81 (2.33 – 3.37) <0.001 

Central region 1.38 (1.11 - 1.71) 0.004 

Southern region 3.67 (3.09 – 4.36) <0.001 

Note. ASH= ambulatory sensitive hospitalisations, CI= confidence interval, GP= general practitioner, HR= hazard ratio. 

Model is adjusted for ethnicity, socioeconomic deprivation and sex, and region. Concordance= 0.709 (se=0.008). 
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Table 101 Stratified Cox model with interaction 

 HR (95% CI) P 

Low antibiotic dispensings during follow up  1 - 

High antibiotic dispensings during follow up 1.99 (1.73 – 2.29) <0.001 

No history of recurrent wheeze 1 - 

History of recurrent wheeze 1.53 (1.35 – 1.74) <0.001 

No history of ASH during follow up 1 - 

History of ASH during follow up 1.45 (1.27 – 1.66) <0.001 

Respiratory hospitalisations before the beginning of follow up  1.45 (1.25 – 1.68) <0.001 

GP consultations before the beginning of follow up 1.26 (1.13 – 1.40) <0.001 

Maternal parity 1.14 (1.09 – 1.20) <0.001 

Demographic adjustment variables    

Deprivation tertial 1 1 - 

Deprivation tertial 2 0.96 (0.83 – 1.11) 0.592 

Deprivation tertial 3 0.83 (0.71 – 0.96) 0.015 

Female sex 1 - 

Male sex 0.85 (0.76 – 0.95) 0.004 

European ethnicity 1 - 

Māori ethnicity 0.84 (0.53 – 1.32) 0.450 

Pacific Peoples ethnicity 1.50 (0.83 – 2.71) 0.183 

Other ethnicity 1.09 (0.34 – 3.47) 0.885 

Asian Ethnicity 0.60 (0.35 – 1.17) 0.134 

Northern region NA NA 

Midlands region  NA NA 

Central region NA NA 

Southern region NA NA 

Interactions   

NZ European: GP consultations before the beginning of follow up 1 - 

Māori: GP consultations before the beginning of follow up 0.98 (0.78 – 1.23) 0.847 

Pacific Peoples: GP consultations before the beginning of follow up 0.66 (0.48 – 0.92) 0.014 

Other: GP consultations before the beginning of follow up 0.92 (0.51 – 1.66) 0.776 

Asian: GP consultations before the beginning of follow up 0.78 (0.55 – 1.10) 0.156 

Note. ASH= ambulatory sensitive hospitalisations, CI= confidence interval, GP= general practitioner, HR= hazard ratio. 

Model is adjusted for ethnicity, socioeconomic deprivation and sex, and controlled for region. Concordance = 0.664  

(se=0.01). 
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