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Abstract 

 

Young Indigenous children living in remote central and northern Australia suffer a heavy 

burden of rotavirus and other diarrhoeal diseases. In October 2006, the human rotavirus 

vaccine (Rotarix™, GSK) was introduced into the routine vaccination schedule for all 

Northern Territory (NT) infants. The studies in this thesis aim to evaluate the impact of 

rotavirus vaccination in the NT on serious (hospitalised) disease in children. 

 

Active hospital-based surveillance was undertaken for two years at both major hospitals in the 

NT in order to ascertain hospitalisations for gastroenteritis and to assemble a control-cohort of 

children admitted with respiratory symptoms. Children were tested for rotavirus by enzyme 

immunoassay (EIA), and tested for other enteric pathogens using a combination of 

microscopy, culture and molecular methods. A case-cohort analysis was used to determine the 

effectiveness of rotavirus vaccination against hospitalisation for gastroenteritis. The results 

were validated using a conventional hospital-based case-control analysis, and also a cohort 

analysis nested within the Northern Territory Immunisation Register (NTIR). 

 

Over the study period, 479 hospitalisations for gastroenteritis were ascertained, of which 132 

were rotavirus-confirmed. This included 71 (54%) mixed infections which were also positive 

for a non-rotavirus pathogen. By the primary analysis, vaccine effectiveness (VE) was 59% 

(95%CI: 30 to 76%) against hospitalisations for rotavirus-confirmed gastroenteritis and 

29.4% (95%CI: -4.3 to 52.3) against all-cause gastroenteritis. VE point estimates were lower 

among older children and against mixed infections. Estimates based on the case-control and 

register cohort analyses were similar. 

 

Rotavirus vaccination prevents hospitalisation in this setting, especially among young infants 

who are most susceptible to severe disease. However VE is lower than reported elsewhere in 

the developed world. The finding of reduced effectiveness among older children infected with 
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heterotypic rotavirus strains and among children co-infected with non-rotavirus enteric 

pathogens, may provide an insight into the mechanisms underlying vaccine failure in high 

burden settings. Further reduction of the total burden of diarrhoeal disease in the NT is likely 

to require both improved vaccination strategies as well as basic improvements in hygiene, 

sanitation, and housing. 
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Chapter 1. Background 
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In this chapter I provide a background to the introduction of rotavirus vaccination in the NT 

and the rationale for the Territory Rotavirus Vaccine Effectiveness (TROVE) Study which 

forms the basis of this thesis. Although rotavirus is not generally regarded a disease of 

poverty, severe rotavirus disease disproportionately affects children living in impoverished 

settings, including Indigenous children living in central and northern Australia. Estimates of 

VE for both human rotavirus vaccine (HRV) and pentavalent rotavirus vaccine (PRV) have 

been lower in field trials set in sub-Saharan Africa and Asia than in Europe and the 

Americas. The mediators of protection against rotaviruses are multiple, overlapping and 

poorly understood and the high rate of vaccine failure in high burden settings remains 

unexplained. In addition to providing an overview of the pathophysiology of rotavirus 

infection and a historical perspective of rotavirus vaccine development, I review the literature 

regarding risk factors for rotavirus gastroenteritis which have the potential to confound 

estimates of VE.  

 

Introduction 

In May 2006, the human rotavirus vaccine (HRV) and the pentavalent rotavirus vaccine 

(PRV) were licensed for use in Australia under the trade names Rotarix™ (GlaxoSmithKline) 

and RotaTeq™ (Merck, CSL). In October 2006, the NT Government commenced rotavirus 

vaccination for all infants born in the NT. Vaccination was subsequently funded under the 

National Immunisation Program for all Australian children from July 2007. The decision to 

introduce HRV into the routine NT schedule prior to a funding commitment by the Australian 

Commonwealth Government arose from an appreciation of the high burden of diarrhoeal 

disease in the NT – particularly among Indigenous children
1
.  

 

At the time of introduction of rotavirus vaccination in the NT, the safety and efficacy of both 

HRV and PRV had been demonstrated in Europe and in North and Latin America
2, 3

. 

However, neither vaccine had been trialled in Asia or in sub-Saharan Africa – low income and 
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high burden settings where previous rotavirus vaccine candidates had proven ineffective
4
. 

Because of their uncertain efficacy in these settings, the World Health Organization (WHO) 

delayed endorsement of universal rotavirus vaccination until the results of vaccine field 

studies in Africa and Asia became available
5, 6

. 

 

The NT remains a setting with substantial morbidity and socioeconomic disadvantage, and it 

was uncertain that the efficacy of HRV demonstrated elsewhere would translate into high 

effectiveness in this setting. Unlike other high burden settings, the NT has a comprehensive 

population-based immunisation register, access to first-world clinical and diagnostic facilities, 

and has had extensive notification data for laboratory-confirmed rotavirus infections since 

1994
1
. Three widespread epidemics of G2P[4]-serotype rotavirus strains had been 

documented prior to vaccine introduction
7
. G2P[4] is a serotype which is fully G-P 

heterotypic to the HRV strain and against which efficacy of HRV had not been demonstrated. 

The early introduction of HRV in the NT therefore provided a unique opportunity to evaluate 

the real-world impact of rotavirus vaccination in a high burden setting. A formal effectiveness 

study was not only important for the vaccination program in the NT, but the results were also 

likely to be informative for high burden settings elsewhere.  

 

In 2007, supported by an NHMRC Primary Health Scholarship and an Alan Walker 

Scholarship in Indigenous Child Health, I returned to the NT to study the impact of rotavirus 

vaccination in this setting. Based at the Menzies School of Health Research, and under the 

supervision of Associate Professor Ross Andrews and Professor Jonathan Carapetis, I 

designed and implemented a pilot hospital-based case-control study at Royal Darwin Hospital 

RDH) to measure the VE of HRV. On the basis of this pilot, GSK provided a seed grant to set 

up an expanded prospective hospital-based case-control study at both major NT hospitals, the 

Territory Rotavirus Vaccine Effectiveness (TROVE) Study. Subsequently, we received an 

NHMRC Project Grant (545233) in collaboration with Professor Carl Kirkwood at the 

Murdoch Childrens Research Institute and Professor Roy Robins-Browne at the University of 
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Melbourne, which provided for two years of active hospital-based surveillance at each site. 

The TROVE Study forms the basis of thesis.  

 

The thesis is divided into the following sections: 

1) Section 1: A background chapter providing an overview of the study setting, the 

biology of rotavirus, risk factors for rotavirus disease, and estimates of VE for 

rotavirus vaccines from elsewhere (Chapter 1). 

2) Section 2: An overview of the rationale and design methodologies for observational 

studies of VE (Chapter 2). 

3) Section 3: Three exploratory analyses performed on retrospectively collected data 

which were used to inform the methodology for the TROVE Study (Chapter 3-5). 

4)  Section 4: Methods for the TROVE Study (Chapter 6). 

5) Section 5: Results of the TROVE Study, including an overview of the epidemiology 

of hospitalisations for gastroenteritis, and several separate analyses to measure VE 

including a case-cohort method and a register-nested cohort method (Chapter 7 -11). 

6) Section 6: Consideration of the potential sources of bias in the TROVE Study and 

comparison of the various methods used to estimate VE (Chapter 13). 

7) Section 7: Discussion of the significance and the policy implications arising from the 

TROVE Study (Chapter 14). 

8) Section 8: Appendices. 

 

Overview of study setting 

The NT is a sparsely populated region occupying approximately 1.4 million square kilometres 

spanning much of the tropical north and the arid centre of Australia
8
 (Figure 1.1). Of the total 

population of 227,000, more than 60% live in the major urban centre Darwin in the tropical 

north, while another 10% live in the Central Australian town of Alice Springs in the arid 

south. Major hospitals are located in Darwin and Alice Springs. Each has specialist paediatric 
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inpatient and outreach services and a broad range of diagnostic facilities. Smaller proportions 

of the population live in the towns of Katherine, Nhulunbuy, and Tennant Creek (4%, 2.5% 

and 1.5% respectively) and each of these is serviced by a smaller district hospital without a 

specialist paediatric service. The catchment area for Alice Springs Hospital (ASH) also 

extends to a number of remote Indigenous communities in the remote eastern part of the State 

of Western Australia, and the Anangu Pitjantjatjara Yankunytjatjara (APY) Lands in the far 

north of the State of South Australia. 

 
Figure 1.1. Map of the Northern Territory of Australia. Image from Map data ©2011 Europa 

Technologies, GBRMPA, Google, Whereis(R), Sensis Pty Ltd. http://maps.google.com.au/ 
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Aboriginal and Torres Strait Islanders (Indigenous Australians) comprise almost one-third of 

the NT population and 40% of the almost 4,000 annual birth cohort
9
. Almost 80% of the NT 

Indigenous population live in remote or very remote locations compared with just 2% of the 

Australian non-Indigenous population
10

. Remote communities typically have populations 

ranging from several dozen to several hundred individuals. Despite the vast distances between 

communities, population movement between communities occurs frequently - especially 

between communities connected by cultural or linguistic ties
11, 12

. Relocations are often 

necessary in the tropical north – the ‘Top End’ - when annual wet season rains cut road access 

to some areas. Movement also occurs between remote communities and the larger population 

centres, including for hospital confinement for child birth
13

. While relocations within the NT 

occur frequently among Indigenous people, relocation interstate is much less frequent for 

Indigenous than for non-Indigenous people. Census data from 2001 indicate that 3.0% of 

Indigenous versus 13.2% of non-Indigenous persons in the NT were resident interstate 12 

months previously
12

.  

 

The conditions of those living in remote communities are characterised by poor sanitation, 

household crowding, and morbidity from diseases of poverty – conditions which have been 

compared to those of the developing world
14

. In one study the median number of occupants 

per household in 3 remote communities ranged from 7 to 17
15

. A recent survey of remote 

housing found only 35% had a functioning shower, only half had a bath or tub suitable for 

bathing an infant, and only 6% had adequate facilities for storing food and preparing meals
16

.  

 

Except for the smallest communities, most are serviced by local healthcare clinics staffed by 

nurses and Aboriginal health workers. Most clinics are visited by doctors intermittently 

although a small number of larger communities have a resident medical officer. Remote 

clinics have provision for administering oral and intramuscular medications and for delivering 

oral and/or nasogastric rehydration therapy. Children requiring intravenous therapy or more 

than a few hours of observation usually require aeromedical evacuation.  
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Attendance rates for children at remote clinics are very high. Practically all children visit at 

least once per year, mostly for acute medical problems
17

 rather than specifically for 

vaccination or other preventive healthcare. At two remote clinics, the median number of 

presentations during infancy was 23 – most commonly for treatment of respiratory and skin 

infections or for gastroenteritis
18

.  

 

High clinic attendance rates not only indicate a willingness of remote Indigenous people to 

use primary healthcare, but also reflect a high burden of disease
18

. One third of children 

presenting to remote clinics are recorded as having faltering growth, 43% as having chronic 

ear disease, 25% anaemia and 15% chronic or recurrent respiratory infections
17

. High rates of 

ear disease, anaemia and poor nutrition have also been documented in this population
19-22

 

along with skin infections and infestations, invasive pneumococcal disease, rheumatic fever, 

and trachoma
17, 20, 23, 24

. The infant mortality rate for Indigenous children in the NT remains 3-

fold higher than the national average
25

. 

 

Hospitalisation also occurs frequently for Indigenous children. In 1999-2002, admissions for 

enteric infections occurred at a rate of 306 per 1000 Indigenous infants per year
20

. This was 

10-fold higher than for non-Indigenous infants, and had declined little from rates a decade 

earlier
26

. The rate for older Indigenous children was also over 7 times the rate for non-

Indigenous children
20

. Because the paediatric units in Darwin and Alice Springs service a vast 

geographic area, hospitalisation of remote infants for emergency care usually requires aero 

medical retrieval by plane.  

 

Indigenous children admitted for gastroenteritis often have co-morbid respiratory, skin, ear, 

urinary tract, and blood stream infections
27, 28

. Gastroenteritis is frequently complicated by 

dehydration, acidosis, and severe electrolyte disturbances. This may be partly attributable to 

underlying environmental enteropathy which has been documented in a high proportion of 
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Indigenous children
28

. The average length of stay for rotavirus gastroenteritis in the NT 

declined from 9 days in the mid-1990s
29

 to 5 days more recently
30

, but this is still 

considerably longer than the average 2 day hospitalisation for rotavirus gastroenteritis for 

children elsewhere in Australia
30

. The extent to which the discrepancy in hospitalisation 

reflects increased severity of diarrhoea, the frequency of complications and co-morbidities, or 

the logistical complexity of returning remote Indigenous children to their communities, is 

unclear. 

 

In the NT, all children are eligible for government funded vaccination under Australia’s 

National Immunisation Program (Table 1.1). All routinely administered vaccines in the NT 

and in the APY Lands of northern South Australia are recorded on a centralised electronic 

database. The NTIR is maintained by the NT Immunisation Unit and monitors coverage and 

facilitates vaccination by allowing providers to access vaccination records at the point-of-

care. Monthly recall lists of children due for vaccination are forwarded by the NT 

Immunisation Unit to providers.  

 

Vaccine coverage among Indigenous children in the NT is similar to that for other Australian 

children and vaccination has effectively eliminated measles, diphtheria and polio, and more 

recently has reduced the burden of hepatitis B and hepatitis A, and Haemophilus influenzae 

type B
31

. However poor timeliness of vaccination disproportionately affects Indigenous 

infants in Australia and a delay for scheduled infant vaccines by 6 months or more is 

common
32, 33

. Indigenous children still suffer disproportionately from other vaccine-

preventable disease, namely pneumococcus, influenza and pertussis which have their onset 

from early infancy. 
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Table 1.1 Childhood vaccination schedule for the NT from birth to age 3 years, 2006-2010. 

Vaccine Scheduled age Comments 

Bacille Calmette-Guérin (BCG) 

 

birth. for Indigenous infants from remote 

communities only 

hepatitis B (Engerix B™) birth  

human rotavirus vaccine (Rotarix™) 2 and 4 months.  dose one must be given by age 14 

weeks and 6 days, and dose two by 

age 24 weeks and 6 days. Introduced 

October 2006 for all NT children 

born on or after August 1st 2006. 

diphtheria-tetanus-acellular pertussis plus 

hepatitis B, inactivated poliomyelitis, and 

Haemophilus influenzae type b (Infanrix 

Hexa™) 

2, 4 and 6 months  

pneumococcal conjugate vaccine (PCV)*  

 

2, 4 and 6 months PCV7 (Prevenar 7™) until August 

2009, PCV10 (Synflorix™) from 

September 2009 

Haemphilus influenzae type b (Hiberix™) 12 months  

measles-mumps-rubella (Priorix™) 12 months and 4 years  

meningococcus group C conjugate vaccine 

(NeisvacC™) 

12 months  

hepatitis A (VAQTA™) 

Indigenous infants only 

12 and 18 months  Indigenous children only 

polysaccharide pneumococcal vaccine 

(Pneumovax23™)* 

18 months Indigenous children only 

varicella (Varilrix™) 18 months  

*13-valent peumococcal conjugate vaccine replaced each dose of PCV10 and the polysaccharide pneumococcal 

vaccine in October 2011. 

 

Epidemiology of gastroenteritis in the NT: a global perspective  

Quantifying the burden of diarrhoeal disease  

Worldwide, acute gastroenteritis was estimated to account for around 1.3 million of the 8.8 

million annual deaths of children younger than 5 years in 2008
34-36

. Around one-third of these 

deaths (453,000) are attributable to rotavirus
37-39

 and most occur in sub-Saharan Africa and 

Asia
39-41

. By comparison, rotavirus accounts for fewer than 300 deaths annually in Australia
30

, 

Europe
42

, and the United States (USA)
43

 combined. 
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By age 5 years, it has been estimated that practically all children will have been infected with 

rotavirus, 1 in 5 will seek medical attention, 1 in 50 will be hospitalised and 1 in 205 will die 

from rotavirus infection
44

. Although the risk of developing rotavirus infection is thought to be 

similar for all children
45, 46

, there exists a wide variation in reported hospitalisation rates 

between countries - even between regional neighbours
47, 48

 - perhaps reflecting significant 

differences in hospitalisation practices or testing, rather than true differences in disease 

incidence or severity.  

 

In Australia, estimates of annual rotavirus hospitalisations have varied from approximately 

4000
30

 to 10,000
29, 49

 per year depending on whether only rotavirus-coded admissions are 

counted, or whether indirect methods are used to extrapolate incidence from total 

gastroenteritis admissions. Rotavirus also accounts for approximately 22,000 emergency 

visits and over 100,000 primary health care visits annually in Australia
49

. 

 

The severe burden of diarrhoeal disease among Australian Indigenous children is well 

established
50

, and mirrors an increased burden for a range of infectious diseases
51-55

. The 

burden has been best documented in Western Australia, where rates of gastroenteritis 

hospitalisation for remote Indigenous children remain 8–fold higher than those of non-

Indigenous children despite a decline in absolute rates over the past three decades
56-61

. A 

heavy burden of diarrhoeal disease among Indigenous children has also been documented in 

the NT
54, 62, 63

 where hospitalisations coded for intestinal infectious diseases presently occur at 

a rate which is 10-fold higher than for non-Indigenous infants
20

. The high rate of diarrhoeal 

disease among Indigenous children has been largely attributed to poor sanitation and 

overcrowding in Indigenous communities
51

. Despite on-going morbidity, deaths of Indigenous 

children directly attributable to diarrhoeal disease are now rare
59

, and this likely reflects better 

outpatient management of dehydration in remote communities, prompt aeromedical retrieval, 

and improved inpatient care (A. Walker, personal communication). 
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Studies from developing countries frequently indicate that rotavirus accounts for a smaller 

proportion of all gastroenteritis episodes in resource-poor settings than in the developed 

world, and this is also observed for some socially disadvantaged groups within developed 

countries
64-69

. The lower proportional contribution of rotavirus to diarrhoeal disease in 

resource-poor settings is more likely due to the increased contribution of non-rotavirus 

pathogens; there is little doubt that the absolute rates of severe rotavirus disease are at least as 

high and possibly higher
47, 67

. More recent estimates suggest the proportion of severe cases 

caused by rotavirus in low income countries is now approaching that in high income countries 

(39% versus 44% respectively) and this might be due to the impact that improvements in 

sanitation have had on non-rotavirus pathogens
39, 70

. The proportion of episodes attributable to 

rotavirus is typically higher among younger infants
40

 and among hospitalised rather than 

outpatient cases
47

. Among children in the NT, rotavirus is detectable in about 25% of 

hospitalised episodes of diarrhoea
29, 63

 which is similar to the 24% that has been reported in 

studies from sub-Saharan Africa
47

 and lower than the proportion of gastroenteritis 

hospitalisations attributed to rotavirus elsewhere in Australia (~50%)
29

.  

 

In developing countries, non-rotavirus pathogens - especially enterovirulent strains of 

Escherichia coli (EVEC) like enterotoxigenic E coli (ETEC), typical and atypical 

enteropathogenic E coli (EPEC), and enteroaggregative E coli (EAEC) - are also important 

causes of acute diarrhoea
69, 71-77

. EVEC are also detected frequently in Indigenous children 

with diarrhoea
57, 63

. Other globally important pathogens such as non-typhoidal Salmonella and 

Shigella species, and Giardia and Cryptosporidium are also frequently detected in the stools 

of Indigenous children with acute diarrhoea, but also in the stools of apparently asymptomatic 

children
63, 78

. The long term consequence of enteric infections for Indigenous children has not 

been established, but elsewhere persistent infection with some pathogens has been associated 

with growth-faltering
76, 79, 80

 and cognitive impairment
81, 82

. The contribution of enteric viruses 

like caliciviruses, astroviruses and enteric adenoviruses to diarrhoeal disease among 

Indigenous infants has not been studied. 
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Seasonality of rotavirus disease 

In temperate settings rotavirus disease generally peaks in the winter months
67

, although 

serological evidence suggests that sub-clinical transmission might also occur in non-winter 

months
83

. In the United States of America (USA), a clear wave of rotavirus activity occurs 

annually extending from the southwest to the northeast
84-87

. In Australian states other than the 

NT, rotavirus hospitalisations peak in the winter/ spring months of June to November
30

, with 

rotavirus activity tending to peak earlier in Western Australia than in eastern states, but with 

no clear pattern of spread of rotavirus strains from west to east
88

. The seasonality of 

transmission might impact on individual risk of severe disease. It has been reported that for 

USA infants, being born in late Autumn/ Winter (compared to birth at other times in the year) 

is associated with approximately half the cumulative risk of hospitalisation for rotavirus 

gastroenteritis
89

. Birth cohort effects on the risk of rotavirus hospitalisation have not been 

described in the NT or elsewhere in Australia. 

 

In tropical settings, rotavirus is reported to occur perennially although seasonal peaks of 

rotavirus occur more commonly in cool, dryer months than in warm, wetter months
47, 64, 77, 90-98

 

although exceptions exist
99, 100

. In contrast, bacterial diarrhoea tends to be more common in 

warmer months
90

, perhaps because increased ambient temperatures promote sustained 

contamination of the environment by faecal pathogens
101

. 

 

In the NT, a biennial pattern of severe winter/ dry season epidemics lasting 2 to 4 months was 

noted in the late 1990s
102

. In more recent years widespread outbreaks have occurred at least 

once per year, more frequently in the cooler months, although widespread epidemics have 

also occurred in the warmer months. No consistent pattern has been identified for the 

direction of spread of rotavirus strains either into or within the NT, with apparent spread both 

south to north and north to south recorded at different times
88

. Unlike major urban centres 
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elsewhere in Australia, epidemics in the NT tend to be associated with only a limited number 

of electropherotypes
88

 and usually a single serotype.  

 

Epidemics place a substantial strain on both remote clinics and hospital services
102, 103

. An 

epidemic in Central Australia in 2001 was so overwhelming that administrators at Alice 

Springs Hospital (ASH) resorted to flying in nursing staff from Darwin (~3000 km away) to 

deal with the surge in hospitalisations
102

. Despite being separated by vast distances, epidemics 

usually spread very quickly to affect widely separated communities within days
102

. This is a 

phenomenon which has also been observed on Native American reservations
104

, remote 

indigenous communities in the Brazilian Amazon
105

 and in the Pacific
106

, and it has been 

speculated that rapid spread might indicate respiratory transmission in these settings 
104

. High 

attack rates place large demands on remote clinic staff and can result in the breakdown of 

even basic infection control practices, such as the disposal of soiled nappies from clinical 

areas
103

. Despite the ready availability of oral rehydration therapy, epidemics also result in a 

high demand for aero-medical evacuation from remote communities, especially for very 

young children
103

. This results in massive social disruption to remote families in addition to 

significant morbidity and economic costs.  

 

Economic cost of rotavirus disease 

In low and middle income countries, rotavirus is estimated to result in the loss of 147 

disability-adjusted life years (DALYs) per 1000 children per year, and results in direct and 

societal economic costs of $325 million (95%CI: $202 million to $453 million) and $423 

million (95%CI: $262 million to $590 million) per year respectively
107

. Assuming vaccine 

effectiveness of 85% against severe disease (and somewhat lower effectiveness against less 

severe disease and with partial regimens), it has been estimated that vaccination (at $US5 per 

dose) would cost between $88 to $329 per DALY averted in low and upper-middle income 

countries respectively
107

.  In the United States, it was estimated that rotavirus resulted in 
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direct costs of $318 million per year and non-medical costs of $893 million per year prior to 

vaccine introduction and that one dose of PRV would have to cost $US42 per dose to be cost 

neutral when societal costs were considered
108

. In Australia, the direct and societal costs were 

estimated to be $28 million and $70 million per year respectively
109

. Based on an expected 

cost of $80 per dose, vaccination with HRV in Australia was predicted to cost $60,073 per 

quality-adjusted life year gained, and when societal costs were considered both HRV and 

PRV were predicted to be cost saving
109

. The direct and societal costs of rotavirus in the NT 

have not been separately estimated. However, owing to the 7-fold higher incidence of 

hospitalisation compared to elsewhere in Australia
30

, the longer average length of 

hospitalisation per case (5 days versus 2 days)
30

, and the added costs of aero medical retrieval 

from remote communities, the per capita cost of rotavirus is likely to be considerably higher, 

and the cost-effectiveness of vaccination greater, compared to elsewhere in Australia.  

 

Rotaviruses: virology and clinical features 

Clinical features 

Rotavirus is classically associated with a triad of vomiting, diarrhoea and fever in both 

developed
110, 111

 and developing settings
112

. Vomiting typically precedes the onset of watery, 

non-bloody diarrhoea and this is said to occur within 24-48 hours of infective contact
113

 

although in dose challenge studies among adults the incubation period was 2-4 days
114

 and in 

well-described outbreaks the average incubation period was frequently longer
115

. Diarrhoea 

generally occurs for 4 to 7 days
111, 116

.  

 

Although no clinical features allow reliable distinction of rotavirus infection from other 

causes of gastroenteritis, rotavirus has been associated with more severe vomiting and 

diarrhoea
74, 111, 112, 117, 118

. Among Indigenous children, rotavirus infection is more frequently 

associated with osmotic diarrhoea, greater fluid losses, and metabolic acidosis than infection 

with other enteric pathogens
63

. Worldwide, death is estimated to occur in 34 per 1000 
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rotavirus episodes
41

. While death is assumed to be secondary to severe dehydration, the exact 

mechanism is not well described although severe acidosis and electrolyte abnormalities might 

be contributory. 

  

Viral structure 

Rotaviruses were first discovered as a cause of diarrhoea in humans by Bishop and colleagues 

in Melbourne by electronic microscopy of duodenal biopsy specimens
119

 (Figure 1.2). They 

are members of the Reoviridae family of viruses whose members contain segmented RNA 

genomes. They are large viruses consisting of three concentric protein shells surrounding a 

viral genome of 11 segments of dsRNA. Each segment encodes at least one viral protein 

which can be either a structural viral protein (VP) or a non-structural protein (NSP)
120

. 

 

 

Figure 1.2. Transmission electron micrograph of intact rotavirus particles. Available from the 

Centres for Disease Control Public Health Image Library at http://phil.cdc.gov/phil/details.asp. Content provider 

CDC/ Dr. Erskine Palmer.  

 

Neutralising antibodies are directed at one of two VPs, VP7 - or the ‘G’ protein (glycoprotein) 

- which forms most of the outer protein capsid, and VP4 - or the ‘P’ protein (protease-

http://phil.cdc.gov/phil/details.asp
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sensitive) - which projects from the capsid as spikes on the viral surface. Neutralising 

antibodies directed against the G and P proteins appear to play some part in immunity against 

recurrent infection. VP6 comprises the middle layer of the viral capsid and antigenic 

variations in this highly conserved protein form the basis of the rotavirus grouping system (A 

to G)
121

. Most human infections occur with group A rotaviruses, although infections with 

group B or C rotaviruses also occur. 

 

Pathogenesis  

The exact mechanisms by which rotavirus causes diarrhoea is not completely understood, 

with several mechanisms implicated (Figure 1.3). Both in animal models
122

 and in human 

enterocytes infected in vitro
123

, rotavirus can induce cell death. Viral replication occurs within 

the cytoplasm of mature enterocytes and the release of the progeny causes cell lysis. This 

results in sloughing of enterocytes from the tips of the villi of the proximal small intestine
116, 

124
. Mature enterocytes, important for intestinal absorption, are replaced by secretory crypt 

cells
116

 resulting in both reduced absorption and increased secretion. Due to underlying 

environmental enteropathy, many Indigenous infants have poor baseline absorptive capacity, 

and this is likely to be acutely exacerbated by rotavirus infection
63

.  

 

A viral protein produced during viral replication, NSP4, appears to act as an enterotoxin 

capable of directly inducing secretory diarrhoea
125-127

. NSP4 binds to the surface of 

enterocytes leading to chloride secretion via up-regulation of chloride flux transmembrane 

regulator-independent channels
128

 and intracellular NSP4 also appears important for viral 

replication
129

. NSP4 may disrupt intercellular junctions allowing for paracellular leak and 

might also stimulate diarrhoea via a direct pro-motility effect on the enteric nervous system
128

. 

 

While histopathological changes in children are usually mild, more significant changes 

including villous blunting may be found acutely
130

. Villous atrophy may result in osmotic 

diarrhoea due to the depletion of disaccharidases from the intestinal brush-border
130, 131

 and 
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reducing substances are frequently detectable in the stools of breast-fed Indigenous infants 

with rotavirus infection
63

.  

 

 
Figure 1.3. The cycle of rotavirus infection. "Rotavirus infection" from Epidemiology of 

Infectious Diseases. Available at: http://ocw.jhsph.edu. Copyright © Johns Hopkins Bloomberg School of 

Public Health. Creative Commons BY-NC-SA. 

 

Antigenaemia has been detected in up to 90% of infants with enteric rotavirus infections
132-135

 

but its significance is unclear
132, 133

. The ability to culture rotavirus from sera suggests that 

antigenaemia represents intact virus
133

 and therefore infection of extra-intestinal organs is 

plausible. Respiratory symptoms have been described among some infants with rotavirus 

gastroenteritis
136, 137

 and rotavirus antigens have also been detected in the respiratory 

secretions
138

 and serum
133

 of children with respiratory disease. Although rotavirus antigens or 

RNA have been detected in a number of extra-intestinal sites including cerebrospinal fluid
139-

143
, with the possible exception of respiratory infection, extra intestinal disease manifestations 

are presumably rare and of uncertain significance. 

 

http://ocw.jhsph.edu/
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Serotype classification  

Neutralisation by type-specific antibodies raised against surface G- and P-proteins forms the 

basis of the binary G-type/ P-type classification nomenclature for rotaviruses. Although G and 

P-types are traditionally classified on the basis of neutralisation assays, serotyping of P-types 

by neutralisation assays is difficult and P-typing is now more frequently performed by 

molecular methods. P-genotypes and P-serotypes are not always concordant, so where the P-

type refers to a genotype, it is conventionally placed in square brackets (e.g. P[8] or P[4]). 

 

Currently there are 19 known G-types and 28 P-types. Because of their segmented genome, 

rotaviruses have the capacity for reassortment when two or more viruses co-infect the same 

cell. Progeny rotaviruses inherit parts of each parent virus’ genome - a property exploited in 

the development of so-called ‘modified Jennerian’ vaccines which are based on reassortants 

of human-animal strains
144

.  

 

Although in theory the range of possible G-type/ P-type combinations is enormous
145

, only a 

much more limited number of combinations have ever been observed to cause infection 

suggesting that not all are genetically fit. G-types 1 to 4, and P-types [4] and [8], represent 

nearly 90% of viruses typed globally
146

 with P[4] and P[8] representing subtypes of the same 

P-serotype (P1B and P1A) and share some cross-reactive epitopes
147

.  

 

The specific combinations G1P[8], G3P[8], G4P[8], G9P[8] and G2P[4] are most common 

with G1P[8] strains representing over 70% of strains detected in Australia, the USA, and 

Europe
88, 148

. However the expanded use of reverse transcription polymerase chain reaction 

(RT-PCR) methods has expanded the range of G and P-types identified, particularly in 

developing settings, where the diversity of genotypes appears greatest
146

. G1P[8] represents 

less than one third of detected serotypes in Latin America, Asia and Africa
40, 148

 where 

‘zoonotic’ rotavirus G-types G9, G10 and G12, and P-types P[6] and P[11] are often 

identified either in zoonotic combinations or as reassortants with human G-types or P-types 
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(e.g. G9P[8]). P[6] has been especially common in Africa constituting between one-third and 

one- half of typed isolates
40, 149

. In the 1990s, G9 strains emerged as an important serotype in 

parts of Africa, Asia, South America and Australia
148-153

 and more recently G12 strains have 

emerged as an important G-type (mostly accompanied by P[6]) on the Indian subcontinent
154-

157
, and G8 strains are now commonly identified in sub-Saharan Africa

40
.  

 

Strain diversity  

Rotaviruses may evolve through point mutations, but it is thought that strain diversity arises 

in large part from gene reassortment both between human strains
158

 and between human and 

zoonotic strains
146

. Some have inferred from the very existence of serotype diversity that 

serotype-specific immunity must be a driving influence
159

. Others have argued that the 

relatively limited serotype diversity, at least in developed settings, argues against the 

hypothesis that immunological pressure drives serotype diversity
160

. 

 

G1 strains have predominated in Australia since the 1980s
148, 161

, however sequencing of the 

VP7- encoding gene of G1 strains over this period has suggested some antigenic drift
162

, 

similar to that which occurs for influenza viruses. Epidemics of rotavirus disease in Central 

Australia appear to have followed both the spontaneous mutation of the VP7-encoding 

genome of a circulating strain
153

, and the emergence of a reassortant strain descended from 

viruses of different subgroup
163

. Despite their wide distribution, the high genetic relatedness 

within G9 and G12 strains indicate that they have arisen only in recent years, suggesting that 

sudden antigenic shifts arising from newly emergent mutant or reassortant rotaviruses can 

result in a selective advantage and rapid worldwide spread
164

. 

 

In developing settings there appears to be greater diversity in co-circulating serotypes
165, 166

 

and major shifts in prevailing serotypes can occur every few months
167

. Moreover, concurrent 

infection with more than one rotavirus serotype is not uncommon
99

. Sporadic infection with 

zoonotic strains occurs commonly in some settings
148, 168

, presumably because of greater 
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proximity to domestic animals. It is speculated that this in turn might promote human-animal 

recombinant strains
146

 facilitating the diversity in serotypes observed in these settings.  

 

Of particular interest is the potential for wide-scale vaccination using single or limited 

valency vaccines to promote the selection of rotavirus strains which are heterotypic to the 

vaccine strain
168

. G2P[4] strains have re-emerged to become an important serotype in Brazil 

since the introduction of the monovalent G1P[8] strain HRV in 2006
169

. However the 

emergence of G2 strains in Latin America has also occurred in countries which have not 

introduced vaccination, so this may simply reflect natural variation over time rather than 

vaccine-induced serotype replacement
168

. For Australia, the prevalence and distribution of 

serotypes have been documented and reported annually by the Australian Rotavirus 

Surveillance Program for over a decade
161, 170-178

, providing a baseline upon which to assess 

changes after the introduction of rotavirus vaccination. By mid-2007, each Australian State 

and Territory had decided which of the two licensed rotavirus vaccines to adopt into their 

immunisation program, and this has given rise to a unique opportunity for a quasi-experiment 

in which it might be possible to correlate subsequent changes in serotype distribution with the 

vaccine implemented. In the first year after vaccine introduction, G2 and G9 strains were 

more highly represented among states which adopted the monovalent HRV, and G3 strains in 

States adopting the multivalent PRV
179

, but this has not been observed subsequently
178

.  

 

Associations of serotype with virulence and pathogenicity  

Animal studies suggest that certain serotypes may be associated with increased virulence than 

others
180-183

. Compared to other serotypes, greater severity of infection with G2 and G3 

serotypes was reported among Bangladeshi children
184

 and G4 serotype among Thai 

children
185

. Comparisons between serotypes causing infection in the community with those 

resulting in hospitalisation in a slum district in Vellore also suggested differences in severity 

of infection and age-related attack rates for different serotypes
99

. Others have reported that 
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disease severity was associated with P- type rather than G- type
186

 while no evidence for 

differences in severity among G-types was found among hospitalised children in studies from 

Australia and the USA
187, 188

. 

 

Several studies have reported that G9 serotype strains are associated with more severe disease 

in Latin America
152, 189, 190

 and the emergence of a G9 rotavirus strain in Central Australia 

resulted in an epidemic which overwhelmed medical services
153, 191

. Conversely the 

emergence of G9 strains in Philadelphia did not result in especially high morbidity
192

 and the 

re-emergence of G1 strains in India appeared to result in worse disease than the established 

G9 strains
193

. Taken together, this suggests that serotype-related strain differences are 

probably not explained by intrinsic differences in virulence or pathogenicity alone, and that 

other factors such as population-level immunity might better explain apparent serotype- 

severity associations and the outbreak potential of emergent strains. 

  

Mechanisms of transmission 

Serological data indicate apparent differences in the average age at first rotavirus infection 

between different settings, and this in turn suggests potentially important differences in routes 

or intensity of rotavirus transmission. In Malawi, for example, 40% of placebo-recipients in a 

recent vaccine trial already had serological evidence of infection by around age five 

months
194

. Even within countries, serological data indicates that some groups are exposed and 

infected with rotaviruses at an earlier age, for example Black infants in South Africa
195

 and 

Indigenous infants in Australia
196

.  

 

Symptomatic infants shed rotavirus in extremely high titres of up to 10
12

 particles per gram of 

stool
197

. Peak shedding typically occurs on day three of infection and declines after 1 week
113, 

198
. However virus may be detectable in stools up to five days before the onset of clinical 

symptoms
199

 and shedding has been documented to persist in immunocompetent children for 

several weeks
200

. A relationship exists between the level of viral shedding and disease 
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severity
201

, suggesting the highest risk of infection is likely to be from contact with infants 

with severe disease infected for the first or time.  

 

It has been argued that because infection is practically universal
4
 and occurs with increased 

incidence in winter months when person-to person contact is likely to be greatest
202

, direct 

faecal-oral transmission is likely to be the most important route of transmission. However 

alternative routes, such as by contamination of the environment or water-borne transmission, 

might be important in some settings. A number of food or water-borne outbreaks have been 

described
203-206

. Rotavirus is detectable on fomites
207

 and can survive on environmental 

surfaces for up to 10 days
208, 209

. In one study from Brazil, fatal gastroenteritis during a G9 

rotavirus outbreak was associated with having uncovered household water storage containers, 

implicating contaminated water as a potential source of transmission in that setting
210

.  

 

Rotavirus can be detected in respiratory specimens
133, 138, 211, 212

. It has been suggested that 

nasopharyngeal mucus might buffer ingested rotaviruses and enable transmission by either 

respiratory droplets
116

 or by aerosolised faecal matter. Airborne transmission has been 

hypothesised to explain the rapid and widespread transmission of infection in some well-

described outbreaks
104, 106

, but there is little other direct evidence for this.  

 

Rotavirus is a leading cause of gastroenteritis among adults
213

 although most infections of 

adults are associated with only minor symptoms or are asymptomatic
67, 214

. Serological studies 

suggest that infection in adults may be less subject to seasonal fluctuation than infection in 

children
215, 216

. Adults caring for infected children
217-221

 and travellers to resource-poor 

settings
222-224

 appear to be at highest risk. Transmission between adults has also been 

documented on hospital wards
225, 226

, in nursing homes
227

 and military barracks
228

. 

Considering that rotavirus is typically shed in quantities vastly in excess of that required to 

cause infection in fully susceptible hosts (perhaps as few as 10 viral particles entering the 

small intestine)
229

, infected older children and adults with mild or asymptomatic infection 
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potentially represent a significant reservoir for infection
198, 230

, although their importance to 

transmission remains unknown
213

.  

 

Immunity to rotaviruses 

Immune mechanisms and correlates of protection 

Rotaviruses are excellently and specifically adapted to their hosts making them among the 

most ubiquitous pathogens of humans - to the extent that infection in early childhood is 

practically universal and recurrent infections occur throughout life. Even in developed 

settings, seroprevalence for rotavirus approaches 100% by 2 years
231

.  

 

The ubiquity of rotaviruses relates in part to the fact that they primarily replicate at their 

portal of entry, they have a short incubation period which allows infection to be established 

before adequate immune mechanisms can be generated, and they result in shedding of virus in 

quantities which are well in excess of the amount required to produce infection of susceptible 

hosts
232

. These factors result in an inability of infected hosts to generate ‘sterile immunity’ 

against the virus despite repeated infection and this, together with the existence of animal 

reservoirs, means there is no prospect for eradication of rotaviruses with current vaccines
160

.  

 

Whereas antibodies provide effective protection against most systemic viral infections like 

varicella and measles, the immune mechanisms which afford protection against mucosal 

infection from rotavirus are multiple, overlapping and incompletely understood
233

. Despite 

substantial research effort, large gaps still exist in our understanding of the various mediators 

of protection. Although several immune correlates have been identified, none have proven 

either sufficient or necessary for protection.  

 

Longitudinal studies have clearly established that infection in infancy confers partial 

protection against subsequent infection
214, 234-239

, being greater against severe disease than 
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against mild or asymptomatic infection
214

. In their landmark paper, Velazquez et. al. reported 

that first and second infections resulted in moderate or severe diarrhoea in 28% and 19% of 

cases respectively, but that third and subsequent infections at most resulted in mild disease
214

. 

More recently, a cohort study from Vellore, India, has suggested that protection against severe 

disease may require multiple exposures in some settings
240

. 

 

In challenge studies
229

, less than 20% of adults were infected with a rotavirus dose of 1ffu 

(~1.5 x 10
4 
viral particles) or less, but >70% were infected with doses of 10ffu (~1.5 x 10

5 

viral particles) or greater - inoculums corresponding to as little as 10
-8

 and 10
-7 

grams of 

acutely infected faecal matter respectively
197

. That a 10-fold increase in inoculum size might 

essentially represent the difference between protection and infection in most adults, suggests 

that immunity is rarely if ever absolute and may be dependent on inoculum size.  

 

Current knowledge of the important host-pathogen interactions for rotavirus and mechanisms 

and correlates of protection have been summarised
160, 241

. Firstly, virus must be ingested and 

delivered to the small intestine. Breast milk may either assist in delivery of virus to the 

intestine by neutralising gastric acid
242, 243

, or it may be inhibitory due to the presence of anti-

rotavirus immunoglobulin A
244-247

 or other factors such as lactadherin and trypsin inhibitors
248-

250
.  

 

Next the outer surface P-protein, is proteolysed to proteins which, together with the G-protein, 

facilitate attachment and enterocyte cell entry
251

. Neutralising antibodies in the intestinal 

lumen raised against epitopes on the surface G or P-proteins may prevent the virus from 

attaching to and entering enterocytes. The presence of jejunal neutralising antibodies were the 

best correlate of protection in adult dose challenge studies
252-255

 and hyper immune bovine 

colostrum containing anti-rotavirus antibodies can effectively prevent infection in infants
256

. 

While luminal anti-rotavirus antibodies are mostly of IgA class, IgG and IgM class antibodies 

may also be present in the lumen and may prevent infection
160

. The passive transfer of anti-
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rotavirus antibodies confers protection against infection in an animal model
257

, titres of anti-

rotavirus IgG acquired passively in utero
245, 258

 correlate with protection against rotavirus 

disease among young infants
259

, and levels of serum anti-rotavirus IgA and IgG correlate with 

protection after natural infection in longitudinal studies
159, 160, 231, 234, 238

. Oral administration of 

anti-rotavirus antibodies derived from bovine colostrum protects infants from rotavirus 

infection
256, 260

 and ameliorates disease in infected children
261

. 

 

If the virus successfully infects an enterocyte, the outer proteins are effectively removed 

leaving a dual layer virion capsid with the middle VP6 layer exposed
251

. Because VP6 is 

normally concealed by the surrounding outer capsid layer, IgA raised against this protein is 

not neutralising
262

 but it may nonetheless act within enterocytes to expulse the virus from 

infected cells or to inhibit viral replication
263-265

. Anti-VP6 IgA from infants is typically of 

poor affinity but sequential somatic mutations in the binding domain result in functional 

maturation
266

. Spill-over secretory IgA is detectable in the serum of children in the weeks 

following infection and, together with faecal IgA, correlates with levels of intestinal IgA
267, 268

 

and correlates partially with protection against severe disease
269-271

. In addition to antibodies 

directed against the structural proteins, anti-NSP4 antibodies might also mediate some 

protection by blocking this important virulence factor
126

. 

 

The exact role of T-lymphocytes in protection against rotavirus is unclear but they may aid in 

inhibiting viral replication. T-lymphocyte help appears important in the production of 

intestinal IgA, and T-lymphocytes may also be important for eliminating infection
272

 and 

establishing immune memory
273

.  

 

Homotypic versus heterotypic protection 

The extent to which immunity arising from natural infection or vaccination is serotype-

specific remains unclear
274

, but is important for understanding and comparing the impact of 

monovalent versus multivalent rotavirus vaccines. Some studies have emphasised the 
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predominance of G-type-specific antibodies following natural infection in young infants
275, 276

. 

Serotype-specific neutralising antibodies correlated with protection against subsequent 

infection in consecutive G3 outbreaks in an orphanage
277

, while in some studies failure to 

develop serotype-specific neutralising antibody responses was associated with vaccine 

failure
278

. In their cohort of Mexican infants, Velazquez et. al. found relatively fewer of first 

and second infections were caused by the same G-type than expected by chance
214

, providing 

some evidence that immunity is serotype-specific. But this was not evident in a cohort studies 

of Indian
240

 and Egyptian children
279

, and a case-control study reported that low titres of 

heterotypic (rather than homotypic) anti-rotavirus antibody titres were associated with 

increased risk for infection
280

, suggesting that non- serotype-specific factors are important 

mediators of immunity. 

  

It has been proposed that immunity following primary infection is mostly homotypic while 

subsequent infections illicit broader heterotypic immune responses
278, 281-283

 by stimulating a 

broad class of neutralising antibodies against epitopes contained on multiple serotypes
275, 278

, 

by production of cross-protective anti-VP6 IgA
83, 202, 277, 284-286

, or antibodies against NSP4
287

. 

Cross-protection might be mediated by semi-homotypic neutralising antibodies directed 

against P-types shared among multiple G-type strains, e.g. P[8]. Similarities exist between G-

protein epitopes across different G-types such that neutralising antibodies raised against a 

strain of one G-type might also neutralise a strain of a different G-type
288

. The priming effect 

of prior infection on the generation of heterotypic immunity in response to natural infections 

or vaccinations may partly explain the highly variable heterotypic vaccine-induced immunity 

observed in field trials
83, 289

. It is also thought that infection with homologous ‘human’ 

rotavirus strains results in more broadly cross-reactive immunity than infection with zoonotic 

strains
160

. 
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Persistence of immunity  

It is difficult to determine how long immunity arising from rotavirus infection lasts and what 

role recurrent exposure plays in maintaining protection of older children and adults against 

symptomatic infection. The fact that older children and adults remain partially susceptible to 

symptomatic infection is prima facie evidence that immunity is neither absolute nor lifelong. 

In studies of consecutive outbreaks or rotavirus seasons among closed cohorts of young 

children, recurrent symptomatic infection with both homotypic and heterotypic strains is 

common
115, 277

 suggesting that protection arising from natural infection - at least against non-

severe disease - might be relatively short-lived. In a cohort of Guinean infants, there was 

evidence that infection conferred greater protection against infection during the same seasonal 

epidemic than against subsequent epidemics
239

.  

 

However the true duration of protection afforded by either natural infection or by vaccination 

is difficult to determine, even from carefully conducted cohort studies or vaccine field trials. 

This is because immunity from infection or vaccination is generally obscured by the further 

immunising effect of subsequent natural infection. Increasing immunity generally results in a 

natural decline in the absolute incidence of disease for all children, usually during the second 

year of life
45

. This fact may be important when interpreting the apparent decline in VE which 

has been observed in a number of vaccine field studies
290-292

.  

 

Risk factors for rotavirus infection and severe disease 

Despite the ubiquity or ‘democratic’ nature of rotavirus infection, it is clear that some 

children are at greater risk of severe rotavirus disease than others. Conceptually, risk factors 

for symptomatic infection may be associated with a higher rate of infection, or a higher 

susceptibility to severe disease once infected, or both. Some risk factors may be common to 

diarrhoeal diseases of all aetiologies while others may be specific for rotavirus. 

Understanding both the strength and the nature of the association between risk factors and 

disease is important for the control of confounding in observational studies of VE (Chapter 
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13).  

 

The impact of poor sanitation, crowding, and inadequate health infrastructure 

Globally, rates of diarrhoea and diarrhoea-related deaths occur more frequently in developing 

countries, and this is likely due to a combination of factors which are common to resource –

poor settings such as crowding, proximity to domestic animals, contamination of food and 

water, nutritional deficiencies and lack of health infrastructure
75

. Poor housing quality, 

sanitation infrastructure, and personal hygiene are also implicated in the high rates of 

diarrhoeal disease among remote Indigenous infants
50

. 

 

Whether exactly the same factors contribute to the increased mortality from rotavirus in 

developing countries has been questioned. Rotavirus mortality is commonly attributed to 

deficiencies in health infrastructure - in particular access to oral rehydration therapy – needed 

to prevent death from rotavirus infection, rather than to fundamental differences in 

environmental conditions or in the incidence of disease.  

 

While rotavirus mortality is higher in developing countries, a recent meta analysis of 20 

studies found that variability in the global incidence of symptomatic rotavirus infection 

among young children (pooled IR=0.31 infections/year; 95%CI: 0.19 to 0.50) could not be 

explained by differences in affluence or environmental conditions
45

. Given only four studies 

from developed settings were included, the power to assess differences in incidence by 

affluence may have been limited. Improvements in sanitation in Mexico in recent decades – in 

particular the improved safety of drinking water - appear to have impacted more on diarrhoea 

mortality in summer months than during winter months
293

, suggesting a lesser impact on 

rotavirus transmission. Furthermore, it has been noted that coinciding with broader 

improvement in sanitation in developing countries in recent decades that global diarrhoeal 

mortality has decreased, while the proportion attributable to rotavirus appears to have 

increased
39

. Based on these observations, it has been widely inferred that unlike bacterial and 
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parasitic diarrhoea, morbidity from rotavirus is not significantly influenced by improvements 

in sanitation
4, 46, 294, 295

.  

 

However, there is also ecological evidence that environmental factors do influence rotavirus 

disease. For example, diarrhoea-related infant mortality in New York fell by around 90% in 

the early 20th century
296

. This coincided with improvements in housing and sanitation and 

occurred well before the era of antibiotics and improved treatment of dehydration. Assuming 

that a large part of the prior mortality was attributable to rotavirus, much of this decline was 

presumably an effect of improved environmental factors on rotavirus disease. Poor sanitation 

has been directly implicated as an important contributory factor to observed outbreaks in 

Australia and in Brazil
103, 105

. Arguably, the most plausible explanation for the higher burden 

of severe rotavirus disease among Indigenous infants is the marked discrepancy in sanitation, 

hygiene and household crowding between Indigenous and non-Indigenous Australians rather 

than differences in access to health infrastructure or rehydration therapy. In addition to 

directly facilitating the transmission of rotavirus, crowding and poor sanitation might increase 

the severity of infection by exposing children to higher inoculums of rotavirus
115

 or by 

promoting infection with other enteric pathogens which potentiate the severity of rotavirus 

infection directly, via enteropathy, or through malnutrition.  

 

Race and ethnicity 

Apart from the apparent discrepancies in rotavirus disease experienced between countries, 

differences in severe diarrhoeal disease including that due to rotavirus are also apparent 

among different racial and ethnic groups within countries. In the USA, Black infants have 

twice the rate of hospitalisation and death from rotavirus infection compared with white 

infants
43

, with the discrepancy most apparent among infants < 6 months
297

. Indigenous 

Australians have five times the rate of hospitalisation for rotavirus gastroenteritis compared to 

the national average (107.7 versus 21.9 per 100,000)
30

. Indigenous populations elsewhere 
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have also been documented to experience high rates of gastroenteritis including rotavirus 

disease, often in the form of explosive outbreaks
104, 105, 298-300

.  

 

Age  

The peak age of symptomatic rotavirus infection is generally quoted as lying between 6 and 

24 months
294, 301, 302

, with the inference that both older children and very young infants are less 

susceptible to symptomatic infection. The reduced risk of severe infection among older 

children appears relatively consistent across settings. In one meta-analysis, the incidence of 

symptomatic rotavirus infection declined in most settings after 18 months
45

 presumably 

because older children are more likely to be protected by immunity from past infection.  

 

The risk of young infants to severe rotavirus disease is less clear. A recent multisite 

observational study from Europe found only 1.8% of symptomatic infection occurred among 

infants < 3 months old
303

. Studies of outbreaks in closed communities also found a low attack 

rate among young infants < six months
115

. However, cohort studies indicate that the peak age 

of infection for Mexican infants is between 4 to 6 months
304

. In studies from India and 

Nicaragua more than half of infants had serological evidence of past rotavirus infection by 

age 6 months
240, 244

 suggesting infection occurs much earlier in some settings. Wide variation 

in the age of peak incidence of symptomatic infection was observed in a recent meta analysis 

of cohort studies
45

. The younger age of symptomatic infection observed in many resource 

poor settings has been attributed to the perennial transmission of rotavirus in tropical 

countries
202

. 

 

Neonatal infection which is mild or asymptomatic appears to be endemic in some settings
230, 

305, 306, 307 
, including among hospital-born newborns in resource poor settings in Asia

308-310
, 

Africa
47

 and Latin America
311

. In contrast, neonatal infection among infants born out of 

hospital in these settings is reportedly uncommon
77

. Among Australian infants, neonatal 

infection appeared to confer protection against subsequent symptomatic infection
235

, while in 
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India an early protective effect following neonatal infection appeared to be followed by a 

rebound in the risk of symptomatic infection in the second year
308

. In another study neonatal 

infection did not appear to confer protection at all
312

.  

 

The explanation for why rotavirus infection in early infancy is typically mild or asymptomatic 

is not clear. Endemic ‘nursery strains’ appear to be naturally attenuated
313

 with many 

expressing P-proteins
314

 which are of likely zoonotic origin
147, 313, 315

 – a feature which 

possibly allows for escape of neutralisation by maternally-derived anti-rotavirus antibodies
316, 

317
. It has also been suggested that neonates may be intrinsically less susceptible to severe 

disease. Asymptomatic neonatal infection has been described even with regular pathogenic 

serotypes
318

 and some live rotavirus vaccines have been found to be less reactogenic among 

very young infants 
319, 320

. Lower susceptibility might be due to anti-rotavirus antibodies 

acquired transplacentally or through breast milk
244, 246, 247

, because of a natural deficiency in 

the enzymes required to cleave P-protein – a step required for rotavirus attachment and 

infectivity
250, 321

 - or because of age-dependence of rotavirus-induced chloride secretion
322

. 

 

While mild or asymptomatic rotavirus infection is well recognised among young infants, 

severe infection has also been described in both term and pre-term infants
323-325

. The 

frequency of very severe disease in this group might have been underappreciated. The highest 

incidence of severe morbidity and death from enteric infection of any cause appears to occur 

among young infants
72, 111, 326

. In sub-Saharan Africa, it has been noted that infants < 3 months 

account for up to 15% of rotavirus-related deaths
47

 and even in industrialised settings, the 

highest risk of rotavirus-related death might occur in very early infancy
327

. A recent study 

from a large paediatric referral centre in the USA indicated that 27% of rotavirus admissions 

occurred among infants < 6 months, and the peak incidence occurred in the second month of 

life, challenging the notion that young infants are less susceptible to severe disease
328

. 
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There appear to be differences in the age-pattern of rotavirus hospitalisation across different 

settings. In the USA and Australia, infants < 12 months account for 40% and 25% of rotavirus 

hospitalisations respectively 
30, 329

. By comparison, in sub-Saharan Africa 81% of rotavirus 

hospitalisations are < 12 months and 38% are < 6 months
47

. However, this pattern has not 

been found in all resource-poor settings. In a study from Bangladesh, only 3% of rotavirus 

hospitalisations occurred among infants < 3 months
118

. In the NT, rotavirus hospitalisations of 

infants < 12 months occur at a four to fivefold higher rate compared with infants elsewhere in 

Australia
29, 49

. For Australian Indigenous infants, the rate of hospitalisation for those < 6 

months is more than 10- fold higher than for non-Indigenous infants
30

, and the median age of 

notification of symptomatic infection for NT Indigenous infants is significantly lower than for 

non-Indigenous infants (11 months versus 16 months)
330

. Similarly the average age of 

hospitalisation for Indigenous children in Queensland in the pre-vaccine era was lower than 

for non-Indigenous children 
331

.  

 

Sex  

Male sex has been reported as a risk factor for rotavirus infection in resource poor settings
214

 

and boys have been reported in several studies to have a higher rate of hospitalisation for 

rotavirus in both developing
91, 99, 112, 332

 and in developed
89, 333

 countries. However boys were 

at no greater risk of hospitalisation in one study
110

 and conversely an increased risk for girls 

has been reported in another
334

. 

 

Breast-feeding 

By reducing exposure to contaminated food or water, the role of exclusive breast-feeding for 

preventing global deaths and morbidity from diarrhoeal diseases is well-established
335-338

, and 

benefit from breast-feeding has also been shown in developed country settings
339-341

. Although 

breast milk contains factors which are likely to be protective against rotavirus infection
248

 
244, 

246
, there is less evidence that breast-feeding confers protection against rotavirus specifically. 
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Breast-fed infants were reported to have a lower risk of rotavirus infection than non-breast fed 

infants in some studies
93, 214, 250, 306, 342-344

 but not in others
91, 298, 345-347

. Some studies have 

reported that breast-feeding might ameliorate symptoms
99, 250, 348

 and reduce viral shedding
348

 

rather than prevent infection per se, but this has not been observed in all studies
349

.  

 

In many settings the peak age of gastroenteritis
332

, including that due to rotavirus
67

, appears to 

coincide with the period of weaning. The weeks following cessation of breast-feeding seem to 

be a particular risk-period for rotavirus and all-cause diarrhoea morbidity and mortality
326

. 

However in some settings, most children continue to be breast-fed well beyond the peak age 

of rotavirus infection
350

. There is evidence from both developing and developed settings that 

the protective effect of breast-feeding might be confined to the first year of life
351, 352

. In one 

study the risk of rotavirus gastroenteritis among persistently breast-fed infants appeared to 

rebound in the second year
351

. Overall, the protective effect of breast feeding appears to be 

incomplete and disappears after weaning or when a mixed diet is introduced. 

 

Co-infections 

Among Indigenous children, like for children in resource-poor settings elsewhere, enteric 

infection with multiple pathogens is common
58, 63, 74, 112, 353-357

. Some studies have suggested 

that the detection of multiple enteric pathogens is associated with more severe gastroenteritis 

in general
74, 358

, and that co-infection might potentiate the severity of rotavirus disease in 

particular
63, 353, 359, 360

, although a number of studies have not supported this
112, 304, 361, 362

. 

Infection with EVEC pathotypes has been found to potentiate the effects rotavirus in several 

animal models
363-370

. Studies have suggested rotavirus infected children co-infected with 

bacterial pathogens - most commonly prevalent strains of EVEC - have more severe disease 

than those infected with one or the other
63, 371, 372

.  
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Malnutrition and enteropathy  

Malnutrition has been identified as a significant risk factor for dehydrating diarrhoeal 

disease
326

, persistent diarrhoea
373

, and death
72, 337, 374

. It has also been reported to be a strong 

predictor of death from rotavirus gastroenteritis specifically
184, 374

. In animal models, 

malnutrition results in more severe disease
375

 delayed intestinal recovery and dampened 

immune responses to rotavirus infection
376, 377

. Low birth-weight has been implicated as a risk 

factor for severe diarrhoeal disease in general
326, 378

 and for severe rotavirus disease 

specifically
89

. Among Australian Indigenous infants, underlying environmental enteropathy, a 

consequence of living in a faecally-contaminated environment, has been implicated as an 

explanation for severe rotavirus disease in this population
62

. There is no evidence at present to 

implicate HIV infection as a risk factor for severe disease or worse outcome of rotavirus 

infection among African children
379

, and HIV remains rare in the NT Indigenous population. 

 

Socioeconomic and maternal factors 

Apart from the apparently higher incidence of rotavirus infection among a number of socially 

disadvantaged groups, some other indicators of low socioeconomic status have been found to 

be associated with increased risk for severe infection in some settings, including living in 

council housing
343

, and lack of private medical insurance
89

. In the USA, children enrolled in 

Medicaid programs had a higher incidence of rotavirus hospitalisation than non-enrolled 

children
380

. In India, babies of women of low socioeconomic status were more likely to 

develop rotavirus infection in early infancy than high socioeconomic group women and this 

risk was associated with lower birth weights and lower titres of anti-rotavirus IgG in cord 

blood
259

.  

 

Household crowding, young maternal age and low maternal education have all been 

implicated as risk factors for diarrhoea
326, 332, 378

. Whereas there is evidence from some studies 

that crowding is also a specific risk factor for rotavirus infection
93, 334, 343

, evidence that 

maternal age and education are specific risk factors for rotavirus is lacking
89

. 
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Attendance at day-care 

Transmission of rotavirus within day-care centres is well recognised, and rates of rotavirus 

gastroenteritis appear to be higher in studies of children in day-care than estimates of 

incidence among young children in the broader population
381, 382

, however day-care 

attendance was not found to be associated with increased risk of clinic presentation for 

rotavirus in one study
343

. 

 

Rotavirus vaccines 

Three basic strategies have been employed in the development of live oral rotavirus vaccines. 

All are based on the development of one or more attenuated virus strains with the intention of 

mimicking the protection against symptomatic infection - in particular severe disease - 

conferred by natural infection. These strategies include: 

1. use of naturally attenuated animal rotavirus strains, 

2. use of human rotavirus strains which have been attenuated by serial passage in 

animals and/or cell culture,  

3. use of naturally attenuated rotavirus strains recovered from asymptomatically 

infected neonates. 

 

The literature surrounding the study of various rotavirus vaccine candidates spans three 

decades. Differences in study design, study setting, outcome measures and possibly 

interference from natural infections complicate attempts to synthesise this literature.  

 

Jennerian and modified Jennerian vaccines 

Rotaviruses exhibit host specificity. Human infection with zoonotic or ‘heterologous’ strains 

generally results in asymptomatic or mild infection. It was anticipated that vaccination with 

naturally attenuated animal strains might induce a satisfactory level of protective immunity so 

studies were conducted in the 1980s and early 1990s with animal-derived rotavirus strains. 

The early bovine strain vaccine candidates, RIT4237 and WC3, were each of G6 G-type. 
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WC3 elicited strain-specific neutralising antibody responses in most vaccine recipients but 

only occasionally elicited neutralising antibodies against the ‘human’ G-types, G1 to G4, and 

almost exclusively among those with serological evidence of previous exposure to human 

strains
286

. Evidence of protection for WC3 against disease was moderate during one G1 

outbreak in the USA
383

, modest in another USA-based study
286

, and absent in a further study 

in the Central African Republic
384

. Similarly, RIT4237 against disease appeared strongly 

protective in studies among Finnish infants
385-387

 - a setting where almost all rotavirus vaccine 

candidates have demonstrated good efficacy
388

, and protective but to a lesser extent among 

Peruvian children
389

. However RIT4237 appeared non-protective among Gambian
390

, 

Rwandan
391

 and Native American infants
392

.  

  

The monovalent G3 precursors to the tetravalent rhesus rotavirus vaccine RRV-TV, 

MU18006 and RRV, produced broad immune responses against heterotypic strains when 

administered to adults
393

. Among children the vaccines were shown to be efficacious against 

disease caused predominantly by homotypic G3 rotaviruses both in the USA
288

 and in 

Venezuela
394, 395

. However, protection against non-G3 strains was more variable in studies 

among infants inFinland
396

, Sweden
319

, and the USA
397

. In studies in New York, efficacy 

against infection with heterotypic G1 strains varied from 0%
398

 to 66% in the same setting 

two years later
288

, corresponding to higher rates of seroconversion to G1 strain neutralising 

antibodies in the latter study. Better cross-protection in the latter study may have been due the 

greater frequency of prior natural exposure to G1 which may have effectively primed or 

broadened the immune response of vaccine recipients
288

.  

 

With the failure of zoonotic rotavirus strains to consistently induce heterotypic protection 

against disease caused by ‘human’ rotavirus strains, focus switched in the 1990s to the 

development of human-animal reassortant vaccines. So-called modified Jennerian vaccines 

were based on human-bovine and human-rhesus reassortants comprising 10 of 11 genes from 

the parent bovine WC3 strain and a gene encoding one of the ‘human’ G-types. Like their 
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WC3 parent strain, G1-WC3 reassortant vaccines frequently induced neutralising antibodies 

against the vaccine strain and also, to a lesser extent, against the parent WC3 strain which 

shared a common P-type (P7[5])
399

. In one study, protection against mostly G1 disease of any 

severity was moderate (VE=64% ; 95%CI: 36 to 80%) and against severe disease was high 

(VE 87%;95%CI: 63 to 96%)
400

.  

 

However, RRV reassortants expressing human G-types were more likely to induce antibodies 

directed against homotypic than against heterotypic G-types
401

. They also induced 

neutralising antibodies against both the vaccine and parental strain, suggesting that 

neutralising antibodies were directed in part against their common P- protein rather than the 

G-protein
402

. Also, these reassortants were more immunogenic in previously unexposed 

infants than among adults, with evidence that vaccine ‘take’ was inversely correlated with 

baseline titres of anti-rotavirus antibodies
402, 403

. They appeared to be associated with 

moderate protection against symptomatic infection due to homotypic strains over one year of 

follow-up
288, 404

. However protection against heterotypic G-type infections was more 

variable
290, 401, 404

 as was the apparent protection against both homotypic and heterotypic G-

types after the first year of life
291, 404

.  

 

Demonstration that monovalent human-animal reassortants provided serotype specific 

protection against human G-types provided a proof of principle for the development of 

polyvalent human-animal strain reassortant vaccines, of which one, RRV-TV progressed to 

licensure and was eventually marketed in the USA. Among infants in the USA, RRV-TV at 

high titre (4 x 10
5
 pfu of each strain) proved almost 100% protective against disease resulting 

in dehydration
401

 and was also highly efficacious among Finnish infants (VE= 91%; 95%CI: 

82-96; p<0.001)
405

. However recipients of low titre RRV-TV in a Peruvian study had a 

similar risk of disease as placebo recipients
406

.  
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When studied in Recife, northern Brazil, RRV-TV at low titre (4 x 10
4
 pfu) proved 

moderately efficacious against severe disease but with estimated efficacy declining from 57% 

(p=0.008) in the first year to just 12% (p=0.64) in the second
292

. Likewise, RRV-TV at 4x10
5
 

pfu was moderately efficacious among American Indian infants
290

, with efficacy apparently 

higher among younger infants. Between age groups 6 to12 months and 12 to18 months, 

disease incidence among placebo recipients fell from 38 to 12 cases per 100 child years, while 

it remained static among RRV-TV recipients at 16 and 14 cases per 100 child years 

respectively
290

. As a result the point estimate of efficacy among children >12 months 

declined
290

, although there was no rebound in the absolute rate of infection among vaccine 

recipients. By contrast, in a study of RRV-TV in Finland, although the risk of infection 

among vaccine recipients declined in the second year, the absolute risk among placebo 

recipients actually increased
405

. When studied at higher titre in Venezuela (4x10
5
pfu), RRV-

TV was efficacious for preventing dehydrating gastroenteritis (VE 75%; 95%CI:40 to 90%)
407

 

with protection similarly high among infants (aged 4 to 12months) and older children (aged 

12 to 18months)
407

. 

 

RRV-TV was licensed and marketed as Rotashield™ (Wyeth) in the United States in 1998. 

The vaccine was voluntarily removed from the market, however, in late 1999 after fifteen 

RRV-TV associated cases of intussusception (an uncommon form of bowel obstruction) were 

passively notified to the Vaccine Adverse Event Reporting System within 9 months of 

availability and after more than 500,000 infants vaccinated
408

. Retrospective cohort, case-

control, and self-controlled case series studies subsequently indicated that RRV-TV was 

associated with up to a 20-fold increase in the risk of intussusception in the days following the 

first dose of vaccine, or an absolute risk of 1 in 4,500 to 1 in 9,500 vaccinees
409, 410

. Two post 

licensure studies of RRV-TV were conducted in the USA in the months prior to its 

withdrawal
411

. The first was a retrospective cohort study utilising electronic records from a 

large urban paediatric practice
412

, the second was a hospital-based case-control study
413

. Both 
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studies reported that vaccination was close to 100% effective in preventing hospitalisation for 

rotavirus gastroenteritis. 

  

Following the withdrawal of RRV-TV, development proceeded with the pentavalent human-

bovine reassortant vaccine, PRV. Close to 70,000 infants from Finland and the United States 

were randomised to receive 3 doses of PRV in a large field study (REST) which was powered 

to detect an increased incidence of intussusception of similar magnitude to that observed for 

RRV-TV
3
. VE against severe rotavirus gastroenteritis through the first full rotavirus season 

was 98.0% (95%CI: 88.3 to 100%)
3
, and good VE (>88%) was demonstrated for each of the 

individual G-types G1-G4 and G9. In a Finnish extension study to REST, VE against 

rotavirus-associated hospitalisation and ED visits was 94.0% (95%CI: 91.4 to 95.9%) and was 

sustained for up to 3.1 years
414

. 

 

Following the results of REST, PRV has been licensed in many countries. PRV is widely used 

in the USA and elsewhere including in the Australian states of Queensland, Victoria, South 

Australia where it was licensed in 2006 and included in the NIP in July 2007; PRV replaced 

HRV on the NIP in Western Australia in May 2009. Post-marketing evaluation of laboratory-

based surveillance data in the first full year following introduction of PRV in the USA 

showed a delay in the onset of the 2007-08 rotavirus season (by 2 to 4 months) and a marked 

reduction (>50%) in both testing for rotavirus compared to previous seasons, and the 

proportion of tests positive
415, 416

. These effects were also observed in the second rotavirus 

season post vaccine-introduction
417

. Based on hospital discharge data from 18 USA states, it 

was estimated that all-cause acute gastroenteritis hospitalisations of children <5 years fell by 

45% in 2008 compared to hospitalisations rates in the 7 years prior to licensure of PRV in 

2006
418

. However a lesser fall in gastroenteritis hospitalisations was observed in 2008/09, 

especially among older (and mostly vaccine-ineligible) children
419

. Estimates of VE based on 

USA-wide hospitalisation data suggest effectiveness against hospitalisation and ED 

presentation approximating 100% (95%CI: 87 to 100%)
420

.  
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In Queensland, a 65% reduction in rotavirus notifications among < 2 year olds was detected 

following introduction of PRV as well as substantial reductions in notifications among older 

vaccine-ineligible age groups, including adults
421

. Using the screening method, estimated VE 

of PRV against rotavirus hospitalisation in Queensland was 94% (95%CI: 83 to 98%)
422

. 

Estimates of VE using case-control methods ranged from 82% against ED presentation 

(95%CI: 19 to 96%), and 84% (95%CI:70 to 92%) to 100% (95%CI: 71 to 100%) against 

hospitalisation using hospital controls and register-based cohort controls respectively
423, 424

. In 

South Australia, introduction of PRV was associated with an 83% reduction in rotavirus 

coded admissions for children < 6 years, and a 48% reduction of all admissions with a 

gastroenteritis code
425

. 

 

In the low middle income country Nicaragua, post-licensure estimates of VE for PRV have 

been more modest
426

. Among 265 hospitalised cases of rotavirus gastroenteritis (88% of 

which were G2P[4]) individually matched to neighbourhood and hospital controls, the OR of 

vaccination (3 doses versus none) was 0.54 (95%CI: 0.36 to 0.82). More favourable ORs were 

calculated for disease associated with higher severity scores
426

. In a more recent case-control 

study from Nicaragua, VE against severe rotavirus disease based on 300 medically attended 

cases matched to community and hospital controls was 76% (95%CI: 63 to 84%)
427

. There 

was a trend toward higher VE among infants < 12 months (85%; 95%CI: 66 to 93%) than 

among children in the second year of life (71%; 95%CI: 51 to 82%), but with overlapping 

confidence intervals
427

. 

 

Neonatal strain vaccine candidates 

Four naturally attenuated ‘neonatal’ strains of rotavirus have been investigated for use as 

vaccines. The first, the G1 serotype strain M37, induced IgA responses in up to 76% of 

vaccinees but failed to provide protection against rotavirus disease among Finnish infants
320

. 
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The immunogenicity of the second neonatal G3P[6] strain, RV3, was studied among 

Melbourne infants, was well-tolerated, and resulted in seroconversion (in at least one 

serological parameter) in just under half of recipients
428

. Two naturally occurring bovine-

human reassortant strains, 116E (G9P[10]) and I321 (G10P[11]), have been identified as 

causing mild or asymptomatic infection among Indian neonates and have been considered as 

vaccine candidates
429

. Of these, 116E resulted in a higher rate of IgA seroconversion when 

administered to infants
317

. A subsequent report from Vellore suggested that neonatal infection 

with wild-type G10P[11] strain (similar to I321) did not confer protection against subsequent 

disease, raising doubts about the potential utility of the I321 strain as a vaccine
312

. 

 

Attenuated human strains 

A further approach to vaccine development has been to attenuate naturally occurring and 

disease-causing human strains by serial passage of the strain in animals and/or cell culture. 

This approach led to the 89-12 strain which was developed into RIX4414 and finally licensed 

and marketed as the monovalent G1P[8] strain vaccine, HRV (Rotarix™, GSK). Early 

immunogenicity studies of 89-12 revealed that IgA responses occurred more frequently than 

induction of neutralising antibodies, and that titres of neutralising antibodies were higher 

among infants >16 weeks old than among younger infants
430

. Immunogenicity studies of 

RIX4414 among Latin American infants revealed a good safety profile, evidence of vaccine 

take (viral excretion and/or IgA seroconversion) in at least two-thirds of infants, and no 

interference of co administered vaccine
431

.  

 

Dose-ranging studies among infants in Belem, Brazil, indicated that the vaccine was 

moderately protective against hospitalisation (VE=80%; 95%CI: 51 to 93%) with both 

marginally higher rates of IgA seroconversion and higher protective effect obtained with 

higher doses
432

. When the immunogenicity of RIX4414 was studied among Finnish and 

Singaporean infants, IgA responses and evidence of vaccine take were higher (up to 98%) 
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although only a partial correlation has been observed between IgA responses and subsequent 

protection
433

. 

 

The safety and efficacy of RIX4414 was assessed in Latin America (11 countries) and Finland 

among 63,325 and 20,169 infants respectively
2
. VE against severe gastroenteritis was 85.0% 

(95%CI: 69.6 to 93.5%) up until the first birthday
2
. Against P[8]-containing serotypes, VE 

was high for both G1 serotypes ( 91.8%; 95%CI: 74.1 to 98.4%) and for non-G1 serotypes 

(87.3%; 95%CI: 64.1 to 96.7%), while estimated VE was lower against heterotypic G2P[4] 

strains (41.0%; 95%CI: -79.2 to 82.4) albeit based on only 16 cases
2
. Estimates were similar 

for a sub-cohort of Latin American infants followed through to their second birthday
302

, 

suggesting no rebound in severe disease after the first year of follow-up. When data from the 

Latin American study were pooled with several smaller Phase 2 studies, the integrated 

estimate of VE against severe disease due to G2P[4] strains (based on 21 cases) was 71.4% 

(95%CI: 20.1 to 91.1). 

 

When HRV was studied among European infants, estimates of VE against severe disease 

were even higher
434

. VE was 95.8% (95%CI: 89.6 to 98.7%) for all severe RV-confirmed 

cases over the first rotavirus season and 85.6% (95%CI: 75.8 to 91.9%) over the second 

season
434

. VE against severe G2P[4] disease was 85.5% (95%CI: 24.0 to 98.5%) over the 

combined follow-up period
434

. Estimates of VE for HRV among Malawian and South African 

infants over one year of follow up were more modest
194

. VE against severe rotavirus-

confirmed gastroenteritis was 61.2% (95%CI: 44.0 to 73.2%) across both sites, with a lower 

point estimate of efficacy among Malawian infants (VE 49.4%; 95%CI: 19.2 to 68.3%) than 

among South African infants (VE 76.9%; 95%CI: 56.0 to 88.4%)
194

. VE for more heterotypic 

strains was not reported. An interesting feature of the study setting was the apparent intensity 

of infection, as indicated by 16.7% of South African and 40.4% of Malawian placebo-

recipients already having serological evidence of rotavirus infection 2 weeks after the start of 

the follow-up period
194

. Although the absolute benefit in terms of numbers of severe 
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infections prevented was likely to be greater than in lower burden settings where VE was 

higher
435

. In the European study the absolute rate difference for hospitalisation between 

vaccinated and unvaccinated infants was 1.93 per 100 infant-years
434

; therefore the number of 

infants needed to vaccinate to prevent one infant admission for severe gastroenteritis was 52. 

In the study in Malawi and South Africa the absolute risk difference for severe disease was 

3%, meaning only 34 infants needed to be vaccinated to prevent one severe case in infancy. 

 

Several studies have evaluated the effectiveness of HRV post-licensure. Introduction of HRV 

in Recife, Brazil resulted in an observed decline in rotavirus detection in the first 15 months 

post introduction, over which time G2P[4] emerged as the predominant serotype eventually 

accounting for 100% of cases
436

. A study from Sergipe, Brazil revealed that in the two years 

after HRV introduction, there was a reduction in consultations for gastroenteritis and a 

reduction in the proportion testing positive for rotavirus, with 95% of rotavirus-confirmed 

cases typed as G2P[4] strains
437

. VE using the screening method was estimated to be 79%
437

. 

In Sao Paulo, prospective surveillance at a sentinel hospital estimated a 59% reduction in 

rotavirus hospitalisations following introduction of HRV, and a 29% reduction in all-cause 

gastroenteritis hospitalisations of children < 5 years
438

. 

 

In Mexico, in the first three years after the introduction of HRV there was a 46% (95%CI: 42 

to 50%) decline in deaths from diarrhoea among children <5 years compared to historical 

rates, including a significant reduction in deaths among children older than 2 years
439, 440

. 

Likewise, an ecological analysis of deaths recorded on Brazil’s National Mortality 

Information System indicated a 30%(95%CI:19-41%) and 39%(95%CI:29-49%) reduction in 

diarrhoea-related infant deaths in the first and second full years after HRV introduction in 

Brazil
441

. In a separate analysis, infant deaths from diarrhoea across Brazil were estimated to 

have declined by 22% (95%CI: 6-44%) in the first three years after HRV introduction
442

. In 

that study, the decline in deaths among 1 year olds was also significant (28%; 95%CI: 6-45%) 

but not deaths among 2 to 4 year old children, many of whom were not eligible for HRV.  



Chapter 1  47 

 

In New South Wales, there was a marked blunting of the seasonal increase in Emergency 

Department visits for gastroenteritis and laboratory-confirmations for rotavirus in 2008 

compared with the 7 years average prior to introduction of HRV
443

. In the first two rotavirus 

seasons after introduction of HRV, rotavirus hospitalisations at the state’s largest paediatric 

referral centre declined by 75% compared to historical rates
444

. 

 

Correia and colleagues performed an unmatched case-control analysis to estimate VE of HRV 

against severe G2P[4] strain rotavirus infection (requiring intravenous rehydration or 

hospitalisation) at a single centre in Recife, Brazil
445

. The OR of vaccination for 70 G2P[4] 

cases was compared with two hospital control groups: children with rotavirus-negative 

gastroenteritis and children with acute respiratory infection
445

. VE for infants aged 6 to 11 

months was 77% (95%CI: 42 to 91%) but for children >12 months VE was -24% (95%CI: -

190% to 47%)
445

. These estimates were interpreted as evidence that vaccine-induced 

immunity waned
445

. However, it is important to note that while there was evidence of 

reduction in the relative rate of severe disease, no evidence was presented of a rebound in the 

absolute rate for vaccinated infants.  

 

In a separate case-control study from Brazil, 538 rotavirus cases (82% G2P[4] strain) were 

compared with date of birth-matched hospital and neighbourhood controls
446

. VE against 

rotavirus hospitalisation was 76% (95%CI: 58 to 86%) using neighbourhood controls and 

40% (95%CI: 14 to 58%) using hospital controls. VE was higher among infants aged 3 to 11 

months than among children ≥ 12 months using either neighbourhood controls (VE 96%; 

95%CI: 68 to 100% versus VE 65%; 95%CI: 37 to 81%) or hospital controls (VE 56%; 

95%CI: 12 to 78% versus 32%; 95%CI: -4 to 56%). 

 

In a study from El Salvador, de Palma et al compared the HRV vaccination status of 323 

hospitalised rotavirus cases with matched neighbourhood controls
447

. Overall VE against 
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predominantly G1P[8] strains of rotavirus was 76% (95%CI: 64 to 84%) with higher VE 

among infants aged 6 to 12 months (VE 83%; 95%CI: 68 to 91%) than among children aged 

12 to 25 months (VE 59%; 95%CI: 27 to 77%).  

 

A prospective case-control study in Belgium estimated that the VE of HRV against 

hospitalisation was 90% (95%CI: 81 to 95%) overall with no evidence of reduced VE among 

children older than 12 months compared with those younger, against cases where there was 

co-infection with other enteric viruses, or among recipients of a single dose of vaccine
448

. VE 

against G2P[4] (85%; 95%CI: 64 to 94%), which accounted for 52% of the 215 cases which 

were able to be genotyped, was modestly lower than VE against G1P[8] (95%; 95%CI: 78 to 

99%) albeit with overlapping confidence intervals
448

.  

 

Predictors of rotavirus vaccine failure 

There is some evidence that the immune responses to vaccination with the bovine strain RIT 

4237 vaccine given between birth and 2 months were blunted by high baseline antibody levels 

(presumably of maternal origin), but not by gastric acidity
449

. Similarly an inverse correlation 

was found between cord antibody levels and vaccine take for low-dose RRV-TV administered 

at birth
450

 but not for the ‘neonatal strain’ RV3
428

, suggesting maternal antibodies may 

interfere with immunogenicity of attenuated human and modified Jennerian vaccines, but not 

with the immunogenicity of neonatal strain vaccines.  

 

Seroconversion occurred in a higher proportion of non-breast-fed than breast-fed infants 

administered a single dose of RIT4237 (14 of 14 versus 18 of 26 respectively)
451

. A pooled 

analysis of three studies of single dose RRV administered to infants supported these 

findings
452

. Lower immunogenicity has also been associated with breast-feeding for other 

vaccine candidates
398, 451-453

. One study did not find evidence of either reduced 

immunogenicity or efficacy of RRV-TV among breast-fed USA infants
454

 but a study of the 
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monovalent RRV-S1 found weak evidence of reduced efficacy among breast-fed infants (VE 

28% versus 39% respectively.)  

 

High frequency of spontaneous seroconversion has been noted among the placebo recipients 

of a number of vaccine studies, resulting in high rates of seropositivity among both vaccine 

and placebo recipients
455

. It has been speculated that background transmission of natural 

rotavirus infections might ‘confound’ attempts to measure vaccine efficacy on serological 

grounds and that prior, concurrent or subsequent natural infection during vaccine field studies 

might boost immune responses resulting in improved vaccine efficacy in some settings
83

 . 

Conversely, increasing immunity among placebo recipients might reduce the apparent benefit 

derived from vaccination. 

  

Vaccine performance in resource poor settings 

Rotavirus vaccines have performed less well in developing than in industrialised settings. 

Bresee
202

 identified four potential explanations for this: 

1. high rates of natural infection with rotavirus prior to vaccination 

2. infection with serotypes not covered by the vaccines 

3. the effect of mixed infections on vaccine efficacy 

4. decreased immunogenicity due to host and environmental factors 

 

Like live oral vaccines for poliomyelitis
456, 457

 and cholera
458

, oral rotavirus vaccines appear to 

be less immunogenic in developing settings than in developed settings
459

. Among fully 

vaccinated Indigenous infants in northern Australia, the immunogenicity of both the live oral 

serotype 3 poliomyelitis vaccine and the recombinant hepatitis B vaccine appeared to be 

reduced compared to non-Indigenous infants
460

.  

 

It has been speculated that the poor immunogenicity of rotavirus vaccine candidates in 

resource poor settings may be due to interference from pre-existing antibodies (either 
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maternally derived or from prior infection) or interference from the presence of other 

organisms in the gut
289

. It is also possible that high rates of breast-feeding or higher levels of 

anti-rotavirus antibodies in the breast milk of mothers in developing settings might interfere 

with vaccine immunogenicity. Mothers from resource-poor settings may be more likely to 

have anti-rotavirus antibodies detectable in their breast milk. Antibodies with P-protein 

epitope blocking activity, in particular, appear to interfere with take of some vaccine 

candidates
461

. Breast-feeding impacted on the immunogenicity of rhesus vaccines
452

, but 

subsequent studies have provided conflicting data on the impact of breast-feeding on both the 

immunogenicity
454

 and clinical efficacy
462

 of rotavirus vaccines.  

 

Maternal helminth infestation has been shown to influence immune responses to BCG in both 

mother and their newborns
463

, suggesting that maternal infestation can modulate infant 

immune responses to some antigenic stimuli. Whether helminth infection influences immune 

responses to other vaccines is unclear. Malnutrition seemed to be associated with lower 

efficacy of RRV-TV in a trial among children in northern Brazil
464

 but did not appear to 

impact on efficacy of HRV
465

. 

  

While the cause of poorer immunogenicity is uncertain, it may be possible in theory to 

overcome poor immune responses by using higher titre vaccines and/ or additional doses of 

vaccine
289

. In addition to issues of reduced immunogenicity, other epidemiological factors 

might impact on vaccine impact in resource poor settings, including increased intensity of 

transmission. Crowding, poor sanitation and the potential contamination of drinking water or 

other environmental reservoirs might diminish the population level effects of vaccination. 

Failure of oral vaccines to eliminate poliomyelitis in Bihar and Uttar Pradesh has been shown 

to be associated with both reduced immunogenicity and population density
466

, presumably 

because crowding - compounded by poor sanitation - facilitates transmission and increases the 

vaccine coverage threshold at which sustained polio transmission can be successfully 

interrupted. It is also possible that crowding facilitates the transmission of other enteric 
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pathogens (e.g. endemic non-polio enteroviruses) which are thought to interfere with polio 

vaccine immunogenicity. It is plausible that crowding and poor sanitation might also 

influence the population impact of rotavirus vaccination, but this remains to be determined. 

On a programmatic level, there may be additional barriers to the timely delivery of vaccines 

in early infancy in resource poor countries, and this might impact on program effectiveness. 

Because the association of RRV-TV with the development of intussusception was strongest 

for first doses administered after 90 days of age
411

, current recommendations are that current 

generation vaccines must be given prior to age 15 weeks for HRV or age 13 weeks for PRV. 

This has particular significance for Indigenous infants for whom vaccine timeliness is worse 

than for non-Indigenous Australians
32

.  

 

Rotavirus vaccine safety 

Although pre-licensure studies found no evidence of an association between either HRV or 

PRV and intussusception, post-licensure studies indicate that a small increase in the risk does 

exist with both vaccines
467

. Among 615 hospitalised cases identified by active surveillance in 

Brazil and Mexico, 594 had been vaccinated with HRV
467

. Using both community controls 

and the self-controlled case series methods, the risk of intussusception was increased 

approximately 5-fold in the 7 days after dose 1 was in Mexico (and none in Brazil), and 

approximately 2-fold after dose 2 in Brazil (and none in Mexico)
467

. It was estimated that 

vaccination with HRV resulted in one additional case of intussusception per 51,000 

vaccinated infants in Mexico, and per 68,000 vaccinated infants in Brazil)
467

.  

 

In Australia, the incidence of intussusception after vaccination (identified through heightened 

surveillance) was compared with historical rates based on Australian Institute of Health and 

Welfare data
468

. The risk in the 7 days after either HRV or PRV was increased approximately 

5-fold
468

, corresponding to approximately 2 additional cases per 100,000 vaccine recipients 

per year on top of an estimated baseline rate of 81 per 100,000 infants per year
469

. The results 
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of the study have been validated using a self-controlled case-series approach based on coded 

hospitalisations
470

.  

 

The risk of intussusception appears to be lower among Indigenous than non-Indigenous 

children in the NT (16 versus 92 per 100,000 live births)
471

, corresponding to an apparently 

lower incidence among Indigenous versus non-Indigenous children across Australia (33 

versus 104 cases per 100,000 infants per year.)
469

. Intussusception appears to be a class effect 

of live oral rotavirus vaccines, although the size of risk for HRV and PRV appears many 

times lower than for RRV-TV. The overall benefit in terms of reduced severe disease from 

gastroenteritis would appear to easily outweigh any risk, particularly in settings with the 

highest burden of severe rotavirus disease.  

 

Conclusion and thesis aims 

There are differences in the epidemiology of rotavirus disease across settings, especially 

between developed and resource-poor settings. In Australia, there exists a large disparity in 

rotavirus morbidity between Indigenous and non-Indigenous children, however it is not clear 

which factors drive this. Poor sanitation and household crowding are undoubtedly responsible 

for the excess morbidity experienced by Indigenous children across a spectrum of infectious 

diseases. However, these factors are less clearly associated with rotavirus transmission.  

 

In addition to differences in disease epidemiology, there also exists variation in the 

effectiveness of rotavirus vaccination. Previous vaccine candidates have failed where access 

to treatment is most limited and where the majority of rotavirus deaths occur. Although it is 

now apparent that HRV and PRV both protect against severe disease in these settings, the 

effectiveness is lower. Immunity to rotavirus remains poorly understood and the mechanisms 

underlying vaccine failure among these children is unexplained. Although Australia is a 
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wealthy country with excellent accessibility of medical care, it should not be assumed that the 

high effectiveness of rotavirus vaccination elsewhere in the developed world will also 

translate into equivalent effectiveness among Indigenous children. 

 

The aims of this thesis are: 

1) to quantify the effectiveness of rotavirus vaccination for preventing severe rotavirus 

disease in the NT, accounting for those factors which might otherwise bias these 

estimates, 

2)  to measure the contribution of rotavirus to hospitalisations for gastroenteritis in the 

NT following vaccine introduction, 

3) to explore factors associated with vaccine failure in this setting, in particular: the 

effect of increasing age, serotype mismatch between the vaccine and circulating 

strains, and the influence of high rates of intestinal co-infection. 

 

The purpose of this work is to not only determine whether vaccination is worthwhile in the 

NT, but to identify strategies which might help redress the residual burden of diarrhoeal 

disease among Indigenous children
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Chapter 2. The analysis of observational studies of vaccine effectiveness 
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In this chapter I provide an overview of the application of observational methods for the 

measurement of VE and provide an overview of the methods applied in this thesis. I consider 

both cohort and case-control study designs, concentrating largely on the connection between 

the two approaches and the use of risk-set based control sampling in the nested case-control 

and case-cohort methods.   

 

Introduction 

The rationale for case-control studies 

Case-control studies are used to evaluate the effectiveness of vaccines when formal field trials 

would be impractical or unethical
472-478

 - for example, to confirm the post-licensure 

effectiveness of vaccines under real-world conditions. Several post-licensure evaluations of 

rotavirus vaccines have been published to date
413, 424, 426, 437, 445, 479

. Case-control methods have 

the general advantage over other study designs of being statistically efficient and therefore 

economical. This is especially useful when studying the relationship between vaccination and 

rare outcomes
480

, but case-control designs are nonetheless equally valid for relatively common 

disease events such as rotavirus gastroenteritis. However even relatively simple case-control 

designs are conceptually less intuitive than randomised trials or cohort studies, and their 

reliance on sampling renders them more susceptible to selection bias than other study designs 

(see Chapter 13).  

 

Several features of rotavirus gastroenteritis potentially complicate the use of case-control 

methods to assess rotavirus vaccines. These are: 

1. Infection with rotavirus is practically universal in early childhood. The very high 

incidence of disease could invalidate the ‘rare-disease’ assumption underlying 

conventional ‘cumulative incidence’ case-control designs. 

2. Many episodes of infection are only mild or asymptomatic. Cases presenting for 

medical attention are likely to represent only a fraction of total infections. 
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3. Natural infection confers immunity against subsequent infection, especially against 

severe disease. Immunity from prior or inter-current natural rotavirus infections might 

either boost or interfere with vaccine-induced immunity, potentially obscuring 

vaccine effects.  

 

There is some scepticism about the validity of case-control methods, and this is likely to be 

due in part to their design being non-intuitive. Case-control studies are sometimes regarded as 

hypothesis-generating, and the odds ratio (OR) conceived as merely a guide to a more 

tractable measure of effect, such as the relative risk of infection. However, the aim of post-

licensure evaluation of vaccinations should not be limited to assessing whether any protective 

effect exists, but to accurately quantify the size of the effect and to explore any heterogeneity 

in vaccine effects across sub-populations, for example defined by age. To achieve this, it is 

important first to understand which vaccine effect the OR measures and to understand the 

inherent assumptions in the case-control design. 

 

Interpretation of effect measures from vaccine studies 

Like field trials, case-control studies are usually concerned with measuring the direct benefit 

individuals receive from being vaccinated
481

. The direct benefit is the personal benefit that an 

individual - within a given population and over a given time period - obtains as a consequence 

of being vaccinated. With few exceptions, case-control studies usually do not attempt to 

capture indirect benefits which arise because others are vaccinated, such as the benefit from 

reduced disease transmission in the population. Unlike field trials, case-control studies 

evaluate vaccine performance under ‘real-world’ conditions. The distinction is made by 

referring to the protective effect as effectiveness rather than efficacy, where efficacy refers 

instead to vaccine effects observed under (more or less) ideal experimental conditions such as 

those of a field trial. There is much inconsistency in the use of the term ‘vaccine 

effectiveness’ in the literature. Others use this term to refer to the overall impact of 
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vaccination in a population. Unless stated otherwise, in this thesis I use both efficacy and 

effectiveness to refer to direct protective effects, with the former applying to field studies and 

the latter applying to post licensure studies. I use the abbreviation VE to apply to either. 

 

The most conceptually intuitive measure of direct VE is the proportional reduction in the risk 

of an individual developing disease if vaccinated, compared to the risk for the same individual 

in the same population if not vaccinated (i.e. the ‘baseline’ risk), over some time period.  

 

    
                                            

                      
 

 

Because an individual at any particular moment can only be either vaccinated or 

unvaccinated, the comparison is generally made between a group of vaccinated individuals 

and a group of unvaccinated individuals, who are similar in terms of ‘baseline risk’ of 

disease. Where differences in baseline risk for the vaccinated and unvaccinated groups exist, 

the potential for confounding arises (see Chapter 13).  

 

In field trials and cohort studies, VE is variously quantified as one minus the relative risk, the 

relative rate, or the relative hazard of infection, i.e.:  

                          

                          

                           

 

When VE is calculated using a cumulative incidence case-control study design, VE is 

expressed in terms of another effect measure, the cumulative incidence OR: 
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Measurement of VE using data on full cohorts in open populations 

Observational studies are usually conducted within ‘open’ populations. Individuals enter the 

population and become at risk (by birth or migration or by fulfilling one more inclusion 

criteria); others cease to be at risk because they become infected, reach an age limit for 

censorship or because they die or emigrate from the study population. Vaccination status and 

other important exposure variables can change over time. As a consequence, the total number 

of individuals in the study population and the proportion vaccinated can change and failure of 

study methods to account for the changing composition of the population over time might 

result in biased effect measures
482, 483

. 

 

Because the incidence of rotavirus disease is strongly associated with both age and calendar 

time (see Chapter 1), I use Lexis diagrams to represent the person-time experience of a 

hypothetical study population
484

. Figure 2.1 represents such a cohort of children followed over 

time in an observational study to measure VE of a rotavirus vaccine against hospitalisation for 

rotavirus disease. Calendar time is represented on the horizontal axis, and age on the vertical 

axis. Each of 12 children in the cohort is represented by a diagonal line extending from their 

date of birth (at age 0 months), to the age and date at which they are either:  

1) hospitalised for rotavirus and become a case - represented by a solid circle, or  

2) censored because they turn 36 months old or they reach the date at which the study 

terminates (September 10
th
 2010).  

 

The diagonal lines represent each child’s person time at risk, that is the time he or she is under 

observation and therefore would be included as a case if he or she were to develop disease at 

that moment. An individual’s time at risk ends when he or she becomes a case, or leaves the 

cohort or is censored from further observation. Time at risk can be measured equivalently 

with reference to either calendar time (horizontal axis) or age time (vertical axis). 
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Figure 2.1. Lexis diagram representing the experience of children in a hypothetical open 

cohort. 

 

Children born prior to August 1
st
 2006 were not eligible for vaccination so they are excluded 

from the cohort. The cohort also excludes person-time accrued either prior to age 6 weeks (the 

youngest age at which a valid dose of vaccine can be received), or prior to study 

commencement on September 8
th
 2008. These cut-offs are represented by black horizontal 

and vertical lines respectively. The included person-time experience of the cohort lies within a 

5-sided polygon bounded by the dates of study commencement and termination, and the ages 

6 weeks and 35 months. At the time of study commencement, the oldest child in the cohort is 

~24 months old. Only rotavirus hospitalisations occurring within the defined cohort (i.e. 

within the polygon) are eligible for inclusion as cases.  

 

Unvaccinated person-time is represented by blue lines and vaccinated person-time is 

represented by green lines. Six of 12 children are vaccinated at some (age and date) time-

point, before which they are represented by a blue line and after which time they are 

represented by a green line. Five rotavirus hospitalisations occur among 2 vaccinated and 3 

unvaccinated children within the cohort, represented by green and blue circles respectively. 
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VE based on hazard ratio 

A measure of VE can be obtained by estimating hazard ratio (HR) of disease for vaccinated 

versus unvaccinated children. This approach partitions the cohort into ‘risk-sets’ defined by 

each disease event-time, i.e. the moment at which each case occurs (Figure 2.2).  

 

Figure 2.2. Lexis diagram representing the person-time at-risk experience of children in an 

open population partitioned into a series of ‘risk-sets’ defined by event-time. 

 

Just prior to the moment that the first case occurs, there are seven cohort children in the first 

risk-set – two are vaccinated and five are unvaccinated. Of the seven children, one child – 

who is unvaccinated - becomes the first case. In the 2
nd

 risk-set there are again seven children; 

one child left the cohort because she became the 1
st
 case while another child subsequently 

entered the cohort by turning 6 weeks old. Three are vaccinated and four are unvaccinated, 

one of whom becomes the 2
nd

 case. In the 3
rd

 risk-set there are now eight children – one child 

left the cohort as the 2
nd

 case, one was censored at age 36 months, while three new children 

entered. Three are vaccinated and five are unvaccinated, one of whom becomes the 3
rd

 case. 

The compositions of the 4th and 5th risk-sets are derived similarly. 
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The HR of disease for vaccinated and unvaccinated children is calculated by assuming that at 

any instant, the immediate risk of disease for a vaccinated child is some proportion ‘x’ of the 

immediate risk of disease for an (otherwise equivalent) unvaccinated child. Given that there 

are five unvaccinated and two vaccinated children in the 1
st
 risk-set, the likelihood, l  , that 

the first case should happen to be unvaccinated is given by 5 / (5 + 2x). Furthermore the 

probability or total likelihood, L , of observing that the 1
st
, 2

nd
, and 3

rd
 cases are unvaccinated 

and that the 4
th
 and 5

th
 cases are vaccinated is given by the product of the individual 

likelihoods of the vaccination status of the case for each event, i.e.: 

     L    ={(the likelihood that case 1 is unvaccinated) x 

     (the likelihood that case 2 is unvaccinated) x 

      (the likelihood that case 3 is unvaccinated) x 

       (the likelihood that case 4 is vaccinated) x 

        (the likelihood that case 5 is vaccinated)} 

   {
 

    
 

 

    
  

 

    
  

  

    
 

  

    
} 

 

The most likely value of ‘x’ - the relative instantaneous risk or hazard for vaccinated 

compared with unvaccinated children - is the value which ‘maximises’ the total likelihood of 

the observed data. This value is obtained iteratively using statistical software. In this case x = 

0.85 provides the greatest total likelihood of the observed data, L , and therefore the point 

estimate of VEhazard = 15%.  

 

Unlike relative risks and relative rates, the HR only considers the proportion of vaccinated 

and unvaccinated children in the cohort when the cases actually occur, making no assumption 

about the constancy of transmission or vaccine coverage over time. A limitation of VEhazard is 

that it lacks the readily intuitive interpretation of VErisk. Also it makes an implicit assumption 

that a single value for ‘x’ exists, i.e. that the relative hazard for vaccinated and unvaccinated 
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children remains constant over time and across sub-populations defined by demographic and 

other factors. This is the proportional hazards assumption which I will address later. 

From cohorts to case-control studies 

Case-control studies should be considered as being based within the type of cohort considered 

above. Central to the valid sampling of controls is the clear identification and definition of the 

‘study base’ –the cohort which (implicitly or explicitly) forms the source from which cases 

are ascertained (Chapter 13)
485

. Cases represent incident episodes of disease arising from the 

study base over a defined period, and controls are sampled from the study base such that they 

validly represent the vaccine coverage of the study base over that period. In Chapter 13, I 

consider specific examples of selection bias which arise from invalid sampling of controls, 

either because: 1) controls do not represent the exposure (including vaccination) status of the 

study base, or because 2) the study base does not represent the target population. 

 

The connection between case-control and cohort methods is most easily seen when the study 

base is not only defined, it is also completely enumerable. An enumerable study base is one in 

which it is possible - at least in theory - to identify every member of the study base in the 

same way as it should be possible to account for every individual participant at any time point 

in a cohort study. When the study base is completely enumerable, case-control methods can 

be applied like an abbreviated version of a full cohort study, so long as controls are sampled 

in such that they represent the relative person-time experience of exposed and unexposed 

individuals in the cohort. 

 

Odds ratios 

In a case-control study, the relative risk, rate or hazard of disease for vaccinated versus 

unvaccinated individuals is not measured directly. Instead, it is inferred from the OR of 

vaccination among those with disease compared to sampled controls. Because ORs are 
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reciprocable, the OR of vaccination is equal to the OR of disease for vaccinated versus 

unvaccinated individuals.  

               
                                   

                                     
 

                                            
                                        

                                             
   

                                            
                                         

                                            
  

                   = ORdisease 

 

Cases are sampled such that they reflect the ratio of vaccinated to unvaccinated individuals 

among all incident cases arising from the study base. However case-control designs differ 

with respect to how controls are selected, and these differences influence the nature and 

interpretation of the OR from each study design. Whereas conventional cumulative incidence 

case-control studies measure the cumulative-incidence OR, other variants of the case-control 

design sample controls in such a way as to measure instead the relative risk, rate or hazard of 

disease. Importantly, these variants do not rely on the ‘rare disease assumption’ to be valid
486

. 

 

Cumulative incidence case-control designs  

In the conventional cumulative incidence case-control design, controls are sampled from 

among those free of disease at the end of the study period, for example at the end of a disease 

outbreak. The resultant effect measure, ORcum inc, provides an estimate of the relative risk of 

disease.  

 

                 
                                   

                                                                              
 

 

This estimate is an inherently biased estimate of the relative risk, always being further from 

the null. However the bias is small until the cumulative incidence of disease exceeds around 

10 to 20%. For Indigenous infants in the NT, the cumulative risk of hospitalisation for 
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intestinal infectious diseases occurs at a rate of 226 per 1000 per year
20

, so the ‘rare disease’ 

assumption might not be valid in this high disease burden setting. 

 

Case-base designs  

Alternatively, controls can be sampled from among all children in the cohort at baseline, 

irrespective of whether they have (or subsequently develop) disease. This is the basis of the 

‘screening method’
478

, in which the ratio of vaccinated to unvaccinated cases arising in the 

population is compared to the estimated population vaccine coverage. If vaccine coverage is 

constant over time, this will provide a valid estimate of the relative risk of disease for 

vaccinated versus unvaccinated children
483, 487-489

. Like measuring relative risk in full cohort 

studies, however, the case-base method cannot account for changes in the vaccination status 

of individuals over time, or differences in time spent at risk for vaccinated and unvaccinated 

children.  

 

                
                                            

                                                            
 

     
                                         

                                               
 

     
                                          

                                              
 

      = VErisk 

 

Risk-set based sampling of controls  

Instead of sampling controls from among those who remain disease free at the end of the 

study period, or from among all those in the study population at baseline, controls can be 

sampled from among children who are disease-free immediately prior to each event-time, i.e. 

from the risk-set for each disease event. Instead of including the case and all children in the 

risk-set as in a full cohort time-to-event analysis (Figure 2.2), it is possible to include only the 

case plus a random sample of non-cases in the risk-set. Analogous to the analysis which uses 
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data for the full risk-set, the aim is to find the single value of x (the hazard for vaccinated 

children relative to that of unvaccinated children) which maximises the likelihood of 

observing the vaccination status of each case and its risk-set matched controls over the study 

period.  

 

In Figure 2.2, if two children were selected at random from the ‘non-cases’ in the 1
st
 risk-set, 

and one child was vaccinated and the other unvaccinated, the likelihood that the 1
st
 case is 

unvaccinated given that the case is drawn from one vaccinated and two unvaccinated children 

(one case and two controls) is given by 2/(2 + 1x). Sampling controls from risk-sets in this 

way and finding the value of x which maximises the likelihood of the observed data provides 

an estimate of the relative hazard of disease for vaccinated versus unvaccinated children in the 

cohort
486, 490

. Just like measuring HRs using data for the whole cohort, the validity of the 

approach: 

1) does not rest upon any assumption regarding the rarity of disease, and 

2) does not make any assumption about the constancy of either vaccine coverage or 

infection transmission over the study period, but it 

3) does implicitly assume that the HR for vaccinated versus unvaccinated children 

remains constant over time.  

 

                                                                                       

      [           (
                                             

                                                   
)] 

     [           (
                                          

                                           
)] 

                            = VEhazard 

 

For illustrative purposes, I have defined risk-sets based upon calendar time. However, as will 

be discussed subsequently, it is equally valid (and perhaps preferable) to define risk-sets 

based on age as depicted in Figure 2.3. 



Chapter 2 70 

 

Figure 2.3. Lexis diagram representing the person-time at-risk experience of children in an 

open population, with risk-sets defined by age-time. 

 

In summary, I have reviewed how the various strategies for sampling controls in case-control 

designs have implications for the interpretation of the OR. Using the risk-set based sampling 

strategy, the OR is equivalent to the HR for disease. This holds true even for open populations 

in which the population size and the proportion vaccinated is changing. While alternative 

control sampling strategies have been illustrated, for open populations each of these 

alternatives relies on one or both of the following assumptions  

1. that the proportion of the population vaccinated is constant over time, or 

2. that disease incidence is stable over (age or calendar) time. 

neither of which may be valid. 

 

Construction of the statistical model 

The analysis of risk-set matched case-control data needs to account for the fact that cases and 

controls are not sampled at random. Inclusion as a control for a particular case is conditional 

upon remaining disease-free until that event-time. Ordinary logistic regression models do not 

account for the stratified data structure, necessitating the use of alternative regression 
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methods. Just as the control sampling is best understood within the context of a broader 

cohort or study base, here I provide an explanation of the statistical model used to analyse 

case-control data with risk-set based control sampling by analogy with a Cox regression 

model for the underlying study base. I extend the analogy to consider: 

1) the implicit assumptions when the model is applied to case-control data,  

2) procedures for model refinement including the use of covariate adjustment and 

stratification to account for confounders, and 

3) extension of the model to assess time or age-dependent effects. 

 

Cox survival analysis 

Consider a population-based cohort study to measure rotavirus VE against hospitalisation for 

rotavirus gastroenteritis. The study base is defined by a comprehensive population list which 

includes all children in the population from birth. Hospitalisations of cohort children for 

rotavirus-confirmed gastroenteritis during the study period are ascertained by active case 

ascertainment. The study-base is open. Children aged < 36 months enter the cohort when: 

1) they receive a first dose of any routine childhood vaccination, 

2) they turn 6 weeks old, or 

3) the date of study commencement, 

whichever is the latter. Children exit the cohort when:  

1) they turn 36 months old, 

2) the study period ends on a given date,  

3) they receive an invalid vaccine dose (defined below), or 

4) they are hospitalised for rotavirus-confirmed gastroenteritis,  

whichever occurs first. In theory children might also exit via death or emigration, or enter via 

immigration but these events are assumed to be rare, have and not been ascertained and are 

therefore ignored. 
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The hazard or immediate risk of hospitalisation for a child in the cohort can be expressed in a 

Cox proportional hazards model with n explanatory variables in the functional form: 

                                            

where, 

          is the hazard of a child at time, t, with covariate status x for the set of n explanatory 

variables x1, x2, x3… xn,  

β is the value for the set of n coefficients β1, β2, β3 …βn, and  

      represents the baseline hazard at time t of a child in the cohort for whom the value of all 

explanatory variables (x1 to xn) equal zero. 

 

Letting the variables x1 to xn be: 

Sex: equal to 1 if female, 0 if male, and where βSEX is the coefficient for the influence of being 

female versus male on the hazard,  

Indig: equal to 1 if Indigenous, 0 if non-Indigenous, and where βINDIG is the coefficient for the 

influence of being Indigenous compared with non-Indigenous on the hazard,  

Vax1: equal to 1 if vaccinated with one dose of HRV and 0 otherwise, and where βVax1 is the 

coefficient for the influence of being vaccinated with one dose of HRV versus none,  

Vax2: equal to 1 if vaccinated with two doses of HRV and 0 otherwise, and where βVax2 is the 

coefficient for the influence of being vaccinated with two doses of HRV versus none, and 

Loc1, Loc2, and Loc3: equal to 1 if resident in remote Central Australia, Darwin and rural 

Darwin respectively, 0 if resident in urban Alice Springs, and where βLoc1 to βLoc3 are the 

coefficients for the influence of residence in these locations respectively versus residence in 

urban Alice Springs.  
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The HR of a child vaccinated with two doses versus none at time t, HRVax2(t), is given by: 

                 

                 

 
       

                                                                              

       
                                                                               

 

  
                

                
 

        

 

The Cox model assumes that each of the covariates in the model has a multiplicative effect on 

the hazard at time t. For the influence of vaccination, this can be represented graphically as in 

Figure 2.4: 

 

 

Figure 2.4 Graph of the change in hazard of rotavirus hospitalisation over time for 

vaccinated children. Broken line: vaccinated children; solid line: unvaccinated children. 

 

The assumption implicit in the model is that influence of vaccination (and other covariates) on 

the disease risk is homogenous, multiplicative and unvarying over time
491

. This might be a 
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reasonable assumption to make for a factor which increases the likelihood that rotavirus 

infection is ascertained, for example by enhancing progression to severe disease, or by 

otherwise increasing the likelihood that a severe infection results in hospitalisation. This 

might be true for sex, for example, if infected boys are intrinsically more susceptible than 

girls to progression to severe rotavirus disease, or if there is preferential hospitalisation of 

boys, irrespective of age.  

 

Consider instead the effect of Indigenous status. There is evidence that not only do 

Indigenous children have a higher incidence of hospitalisation for rotavirus disease than non-

Indigenous children, the age-related incidence of disease is different, with Indigenous infants 

being affected at a younger age than non-Indigenous infants (Chapter 1). This might indicate 

that Indigenous children not only have a higher risk of progression if infected, they might also 

be more susceptible to infection per se or experience a higher force of infection. This can be 

represented as in Figure 2.5: 

 

 

Figure 2.5 Graph of the change in hazard of rotavirus hospitalisation over time for 

Indigenous and non-Indigenous children. Blue line: Indigenous; black line: non-Indigenous. 
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If the shapes of the hazard functions for Indigenous and non-Indigenous children are different, 

it would be wrong to assume that the ratio of their hazards is constant over time and that there 

exists a constant value for the HRIndig,  
      , across all ages, t. To relax the proportional 

hazards assumption for Indigenous status, it is possible to stratify the hazard function by 

Indigenous status. 

 

                                                                                               

where               is the hazard at time t for a child with covariate status, x, and            is the 

baseline hazard for a child with the same Indigenous status, Indig.  

 

The stratified model makes the lesser assumption that the influence of vaccination status and 

the other covariates (other than Indigenous status) on the hazard is multiplicative and 

constant, but only within strata defined by Indigenous status. This is represented graphically 

in Figure 2.6. 

 

Figure 2.6 Graph of the change in hazard of rotavirus hospitalisation over time for 

vaccinated children and unvaccinated children by Indigenous status. 
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The proportional hazards assumption can be relaxed even further by stratifying by other 

covariates, e.g. location, sex et cetera, but there are limitations to the stratified model. Firstly, 

because the stratified covariate is no longer in the linear part of the hazard function, 

stratification precludes estimation of the size of the effect on the hazard (the HR) for that 

covariate. It would therefore be counter-productive to stratify by vaccination status, even if 

there were concerns that the hazards for vaccinated and unvaccinated children were non-

proportional over time. Secondly, stratification can be relatively inefficient if the size of the 

sub-cohorts represented by any of the strata becomes ‘thin.’  

 

Because the primary aim of this thesis is to estimate VE, the conservative modeling strategy I 

have adopted is to stratify by each of the categorical variables and to leave vaccination status 

(one or two doses versus none) as explanatory variables in the primary Cox hazard model. As 

an indicator of thin data problems for the fully stratified model, I also use a non-stratified 

model in which all covariates are included in the linear part of the hazard model. Where the 

estimates for the coefficient for vaccination, βVax2, are similar for the stratified and non-

stratified model, I use the non-stratified model to estimate the effect size associated with the 

covariates and also to generate summary cumulative hazard functions for vaccinated and 

unvaccinated children.  The fully stratified Cox model is thus: 

 

                                                           
 

where stratum represents the 2*2*4 = 16 individual strata defined by sex (female versus 

male), Indigenous status (Indigenous versus non-Indigenous) and location of residence (Alice 

Springs versus Top End) and remoteness (urban Alice Springs or Darwin/ Palmerston versus 

elsewhere). 
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Accounting for time-dependent and lag-time covariates  

While some covariates like Indigenous status and sex are time-invariant, others like 

vaccination status and location of residence can vary with time. Time-dependent covariates 

are easily accommodated by the Cox model by specifying that the covariate value of 

relevance at any time, t, is its value at that time. Further, one might consider that there exists a 

time lag for the effect of vaccination such that at any moment a child should only be 

considered immunised if a vaccine dose has been administered some minimum time interval 

previously, where the interval is equal to the time required for a protective vaccine immune 

response to occur. To account for the time-dependence of the covariates Vax1 and Vax2 at 

time t, I annotate these variables with (t-7) to indicate that the relevant vaccination status is 

the value 7 days previously and further modify the stratified Cox model thus: 

  

                                                                                          

 

Accounting for time-varying vaccine effects 

Stratification allowed for a relaxation of the proportional hazards assumption for each of the 

covariates except for the primary explanatory variable. Under some circumstances the HR for 

vaccinated versus unvaccinated children might also change over time, and the proportional 

hazards assumption might not be valid. The influence of vaccination will be non-proportional, 

for example, when vaccine-induced immunity wanes with increasing age, resulting in a HR 

for vaccinated versus unvaccinated children which approaches unity.  

 

In addition to allowing vaccination status Vax1(t-7) and Vax2(t-7) to change over time, it is 

possible to add further flexibility to the model by also allowing the size of the influence of 

vaccination status on the stratum-specific hazard (λstratum) to be a function of time by 

introducing a time-varying coefficient for Vax1 and Vax2 of the general form βVax*g(t), 

where g(t) is some function of time. The extended Cox hazard function therefore becomes: 
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(
                                               

                                          
)

 

where                   is a time-varying coefficient for          , and where the HR at 

time t for a child vaccinated with two doses compared with an unvaccinated child in the same 

stratum is given by:  

HRVax2(t) =                          

 

By allowing the influence of vaccination to vary with time, the introduction of a time-

dependent coefficient effectively relaxes the proportional hazards assumption. The limitation 

of using a time-dependent coefficient is that although it allows for quantification of the effect 

of vaccination (unlike stratification), the effect of vaccination will be different at different 

times unless the value of the coefficient for the time-dependent variable,                = 0. 

I therefore limit the use of time-dependent coefficients to assess for significant time (age-

dependent) vaccine effects, using a natural log function of time for g(t) (i.e.         ) and 

determing its significance using a Wald test. If a significant time-dependent effect is found, I 

estimate the HRVax for children younger and older than 12 months by using a simple step 

function for g(t), i.e. g(t) = 1 if t ≥ 365, and otherwise 0.  

 

The likelihood function for the Cox model 

As described previously (Chapter 2), in a Cox survival model the analysis considers risk-sets 

of children in the cohort who are eligible to be, or ‘at risk’ of being, cases. The influence of a 

covariate on the hazard is estimated using an iterative process to maximize the likelihood of 

the observed data (i.e. the sequence of cases and their covariate status given the covariate 

status of non-cases at the same time). For the i
th 

of n events (rotavirus hospitalisation), , the 

likelihood of observing that the case, ci, is the case rather than one of the non-cases in the 

risk-set is given by, l i, where: 
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l i =  
                              

                                  ∑                                                 
 

and where the total likelihood, L , of observing the sequence of all cases and their covariate 

status (given that one member of each risk-set had to be the case), is the product of all the 

individual likelihoods for each of n events, i.e.: 

 

   L  = l 1 × l 2 ×l 3 ×…× l n 

 

For the stratified Cox model without time-dependent coefficients, the likelihood of the i
th
 

event can be expressed as: 

 

l i = 
λ             

                  
                    

 

∑ λ              
                                     

    

 

where child   is in the i
th
 risk-set,   , either as a case or a non-case, and  

ci is the case for   , and 

            
 and             represent the 2-dose vaccination status of ci 7 days before the i

th
 

event, and 

           and             represent the 1-dose and 2-dose vaccination status of   7 days 

before the i
th
 event.  

 

Because the stratum-specific baseline hazard,             , cancels out of the numerator and 

denominator of the individual likelihoods, the functional expression of the total likelihood 

over the n events is: 

 

L  = ∏
 

                  
                    

 

∑  
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The conditional logistic model for nested case-control analysis 

As discussed previously (Chapter 2), it is possible to estimate the HR by randomly sampling 

controls from the non-cases in each risk-set rather than using data for all children in the risk-

set. Each control is thereby directly matched to a case, and because each child occurs in 

multiple risk-sets, it is possible for the same child to be randomly sampled as a control for 

more than one case. If controls are further matched to cases by the stratifying variables as 

described for the full cohort analysis (i.e. by sex, Indigenous status, region and remoteness), 

the function of the odds of being a case (versus a control) for a child in the i
th
 matched set can 

be expressed as: 

 

     

       
                                            ∑   

 
        

          ∑   
 
                                             

where    corresponds to a set of i-1 design variables for the n risk-set defined matched case-

control sets equal to 1 for risk-set i and 0 otherwise, and  

    is the coefficient for the effect of membership of stratum i on the odds.  

Equivalently to the Cox hazard model, the OR of vaccination (two doses versus none) among 

cases versus matched controls, ORVax2, can be shown to be: 

 

         
      ∑   

 
                  

       ∑   
 
                  

 

          

 

For a given matched set M
i
, corresponding to the i

th
 risk-set and comprising children, j, 

including the case, ci, and m matched controls, the likelihood of observing that the case is the 

case rather than any of the controls given the covariate status of each is given by:  
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l i = 
      ∑   

 
         

                  
                    

 

 ∑       ∑   
 
         

                                     
    

 
 

 

and the overall likelihood, L , of the observed data over all matched sets is given by the 

product of the individual likelihoods of each of each of the n matched sets, i.e.: 

 

 L  = ∏
 

                  
                    

 

∑  
                                     

    

 
    

 

As can be seen, the formulation of the odds function and the hazard function are essentially 

the same, except that the constant term for the i
th
 risk-set,       ∑   

 
          in the odds 

function is substituted for the term for the stratum-specific baseline hazard,              , in the 

hazard model. The value of ORVax2 from the odds model and HRVax2 from the Cox model are 

the same,         . The likelihood function for the odds and Cox models are also entirely 

analogous, except the denominator for the partial likelihood for the Cox model sums the 

hazard of the case and all non-cases belonging to each risk-set, R
i
, whereas the denominator 

of the conditional likelihood for the logistic model sums the odds of the case in each risk-set, 

M
i
, and the odds of m controls sampled at random (and without replacement) from among 

non-cases in the i
th
 risk-set. It can be seen, therefore, that where controls are sampled from 

risk-sets, the conditional logistic model is just an abridged form of the Cox model. 

Alternatively, the Cox model might be considered a special case of the conditional logistic 

model in which all non-cases in each risk-set serve as matched controls for each case. 

 

Case-cohort analysis 

In the nested case-control design, controls are randomly sampled from all non-cases in the 

risk-set, and the sampling of controls for each risk-set occurs independently. In the case-

cohort design, instead of sampling new controls from every risk-set, controls are sampled at 
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baseline and form the risk-set for each case unless censored beforehand. The analysis can be 

performed using either a conditional logistic or a Cox hazard model. When performed as a 

Cox regression analysis, the sampled controls form a sub-cohort of the total population at risk, 

the cohort. In its original proposed form
489

, cases which arise from the cohort, but external to 

the sub-cohort, are included in the cohort analysis by considering that they enter the cohort 

immediately prior to the event time. Cases arising from outside of the sub-cohort thereby 

contribute to their own risk-set but not to others. Modifications to this approach have been 

employed in which cases from outside the sub-cohort are not even included in their own risk-

set
492

. Subsequently, other schemes have been proposed in which the contribution of sub-

cohort members to the likelihood function is weighted according to the inverse of their 

sampling probability from the baseline cohort
493

 or to the ratio of cohort to sub-cohort 

members at-risk
494

.  

 

The likelihood function for the case-cohort design is based on a pseudo likelihood and tests of 

significance based on the likelihood are technically not valid. Also, because the sampling of 

non-cases from each risk-set does not occur completely at random (the same children in the 

sub-cohort may be sampled repeatedly), standard variance estimators are not valid. As 

discussed in detail by Langholz and Jiao
495

, the sandwich variance estimate initially described 

by Huber and White
496, 497

 is the appropriate variance estimator for case-cohort studies, 

including for stratified models
495

. Conventional model-based variance estimation assumes that 

the model is true, the variance completely attributable to chance, and the error constant and 

parametrically distributed. Coefficient values are conceived therefore as determinable with an 

infinite-sized sample. In a case-cohort analysis, however, the assumption that the errors are 

independent and identically distributed (i.i.d.), i.e. that there is no correlation between the 

value of the observation and the size of its departure from the model, is tenuous. One child 

may contribute multiple observations to the analysis – as a case once, and as a non-case more 

than once. Observations from the same child cannot be assumed to be independent, nor can 

the size of their departure from the model be assumed to be independent. In contrast to 



Chapter 2 83 

conventional variance estimates, sandwich variance estimates make no assumption regarding 

the truth of the underlying model nor the independence or identical distribution of the errors - 

that is the variance estimates are ‘robust’ to model misspecification and non-independence of 

the errors. They are based on the lesser concept of the standard error as representing the 

standard error from repeated sampling and estimation, and the parameter coefficient is 

understood to be the value that the estimator would converge to with repeated sampling 

regardless of whether the model is true. Sandwich variance estimates allow for the clustering 

of observations and are generally more conservative than conventional model-based estimates 

without changing the point estimates of the parameter values.  

 

Summary 

There are a number of possible approaches to measure VE in the field. VE based on the 

relative risk of disease is the most intuitive and has been widely used to quantify the benefit 

of vaccination in trials. However, in observational studies of open populations relative risks 

are difficult to quantify because they cannot account for changes in the vaccination status of 

individuals over time, or for changing population vaccine coverage and fluctuation in disease 

incidence. Although HRs are less intuitive, Cox regression analysis provides a much more 

flexible platform for measuring vaccine effects in observational cohorts where full data for 

the cohort is available. Even without full cohort data, estimates of VE based on the HR can be 

made using case-control methods if risk-set based sampling of controls is employed. In this 

thesis I use a combination of strategies - full cohort, as well as nested case-control and case-

cohort methods - to measure VE. The nested case-control approach uses as controls a 

representative sample of the population at risk at each event time. The case-cohort method 

uses children sampled from the study base at baseline and follows them over time as a 

control-cohort. Analogous to Cox regression analysis for full cohort data, both case-control 

methods can be adapted to account for confounding variables by either covariate adjustment 

or by stratification/ matching. Being based on time-to-event, these methods facilitate control 
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over time-related factors including age-related changes in vaccination status and disease risk, 

or population-level fluctuation in vaccine coverage and disease incidence. In addition, the 

models can be extended to assess time-dependent effects like waning vaccine protection with 

increasing age.  
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Chapter 3. The relationship between age and Indigenous status with severity of 

acute gastroenteritis in Central Australia. 

 





Chapter 3 89 

I aimed to assess the influence of age, Indigenous status and other factors on disease severity 

among children hospitalised for acute gastroenteritis. I reviewed the medical records of all 

children hospitalised with gastroenteritis during two widespread rotavirus epidemics in 

Central Australia. Among children hospitalised for gastroenteritis, age < 6 months and 

rotavirus-confirmation were independently associated with disease complicated by moderate 

or severe acidosis. Indigenous children were younger, and were more likely to have metabolic 

acidosis and high symptom score than non-Indigenous children. It is therefore unlikely that 

the high incidence of rotavirus hospitalisation for these children simply represents a low 

threshold for admitting Indigenous children with mild disease. Because much of the burden of 

severe disease in the NT occurs among infants < 6 months, they should not be excluded from 

estimates of VE in this setting. 

 

Background 

Rotavirus is the most important cause of severe gastroenteritis among children throughout the 

world
498

 with virtually all children infected in early childhood
499

. Unlike bacterial and 

parasitic causes of diarrhea, rotavirus transmission occurs in all settings irrespective of 

hygiene and living conditions but deaths occur predominantly in resource poor settings
1, 41

It is 

thought that the excess mortality in developing countries is more likely due to deficiencies in 

health infrastructure and provision of rehydration therapy, rather than differences in disease 

incidence. Within Australia clear disparities exist in rotavirus-related hospitalisation between 

Indigenous and non-Indigenous children
30, 330

(Chapter 1) despite the wide availability of 

community-based rehydration treatment. The reason for the much higher incidence of 

rotavirus hospitalisation, especially among young Indigenous infants, remains unexplained.  

 

Although rotavirus infection is nearly universal, the spectrum of severity is wide and only a 

fraction of episodes result in hospitalisation. Disease severity is likely to be the primary 

influence over which children with gastroenteritis are hospitalised. However, socioeconomic 
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disadvantage, remoteness and under-nutrition are common among Indigenous children, and it 

is plausible that these factors also influence hospitalisation practices. Hospitalisation for 

rotavirus mirrors a pattern of very frequent hospitalisation for a broad range of diseases 

among Indigenous infants
20

 and an audit of presentations at several remote NT clinics 

revealed an exceptionally high use of primary healthcare too
18

. It is unclear whether the high 

rate of rotavirus hospitalisation in this population reflects a truly higher burden of severe 

disease, or instead greater seeking of healthcare or a lower threshold of medical staff to 

hospitalise Indigenous children irrespective of disease severity. 

  

Understanding the influence of age and Indigenous status on severe rotavirus disease and on 

hospitalisation is important. If social, behavioural or other factors drive a low threshold for 

admitting Indigenous children with non-severe disease, estimates of vaccine protection 

against hospitalisation in this setting could be lower than elsewhere, even if VE against severe 

disease is equally high. Also, if the high incidence of hospitalisation reflects a truly high 

burden of severe disease among very young infants in this population, this could have 

implications for the optimal age for vaccination.  

 

I aimed to determine whether a relationship exists between disease severity and demographic 

factors among children hospitalised for gastroenteritis. I reasoned that if age, Indigenous 

status, remoteness and other demographic factors do not, by themselves, influence 

hospitalisation practices, then these factors should not be associated with severity among 

hospitalised cases . Conversely, if there is a higher underlying propensity for hospitalisation 

of younger or Indigenous infants, these factors are likely to be associated - on average - with 

less severe disease among hospitalised cases. 
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Methods 

Setting  

The study was conducted at ASH in Central Australia. It serves a population of approximately 

50,000 people spread over a vast catchment area of over one million square kilometers. The 

study setting was described in detail previously (Chapter 1).  

Data collection 

Medical records were reviewed of all children aged < 5 years admitted to ASH with 

gastroenteritis during two widespread rotavirus epidemics: in 2004 and in 2007. The epidemic 

periods were defined as beginning 7 days before the first rotavirus-confirmed case until 14 

days after the last rotavirus-confirmed case: December 29
th
 2003 to March 11th 2004 and 

March 12
th
 2007 to July 11th 2007 respectively. Cases were identified from the hospital 

separations database by International Classification of Diseases 10 codes for intestinal 

infectious diseases: A00-A09 (excluding A02.2 (localised Salmonella infections), A06.4-6.8 

(extra-intestinal amoebiasis). Only hospitalisations for which gastroenteritis was judged to be 

the primary reason for admission were included, and readmissions for gastroenteritis within 

14 days were excluded.  

 

Demographic and laboratory data were recorded, as well as information regarding the 

duration and frequency of vomiting and diarrhoea. Metabolic acidosis is a frequent 

complication of severe gastroenteritis in this setting (Chapter 1) and venous pH is routinely 

measured to guide rehydration therapy. A venous pH < 7.25 measured within 24 hours of 

presentation was considered evidence of severe disease. As a secondary outcome, acidosis 

was considered to be severe if pH < 7.15. On the basis of data extracted from the medical 

record, a symptom score out of 20 was applied based on the Vesikari Scale
500

. As a secondary 

analysis, a symptom score ≥ 11was considered to be evidence of severe disease. Vaccination 

status at the time of admission was retrospectively determined from the NTIR, a 

comprehensive population-based vaccination register which records all routinely administered 
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vaccine doses in the NT. A dose of HRV was not counted if administered < 7 days before 

hospitalisation. 

 

Data analysis 

Standard t-tests and Wilcoxon rank-sum tests were used to compare normally and non-

normally distributed continuous variables respectively. To determine independent predictors 

of severe gastroenteritis, logistic regression analyses were performed with the presence of 

either moderate or severe acidosis or symptom score ≥ 11 as the outcome variable, and by 

incorporating all explanatory variables of moderate significance on univariate analysis 

(p<0.10) into a full multivariate model. Variables were then removed by backwards 

elimination on the basis of likelihood ratio tests (p<0.05) to achieve the most parsimonious 

model. Rates of hospitalisation were estimated using available NT birth data from Australian 

Bureau of Statistics
501

, excluding the small number of hospitalisations of children normally 

resident outside of the NT. Statistical analyses were performed using Stata 9.1 (STATA 

Corporation, College Station, TX). Approval for the study was granted by the Central 

Australian Human Research Ethics Committee. 

 

Results 

Pattern of gastroenteritis 

During the two epidemic periods 396 hospitalisations coded for gastroenteritis were 

identified. On chart review, gastroenteritis was not considered the primary reason for 

hospitalisation for 78 cases (20%) which were excluded, and a further 8 medical records 

could not be located. Therefore, 318 children were included in the final analysis: 132 children 

admitted with acute gastroenteritis over 10 weeks in the 2004 rotavirus epidemic, and 186 

admitted over 16 weeks in the 2007 epidemic.  

A venous pH measured within 24 hours of presentation was available for 302 (95%) cases. Of 

the total, 69% had documented acidosis and 65% had a symptom score ≥11. There were no 
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significant differences in the demographic, clinical or biochemical features between the two 

epidemics (Table 3.1).  

Table 3.1. Comparison of children hospitalised in ASH during the 2004 and 2007 

rotavirus epidemics. 

 2004 2007 p-value 

Hospitalisations    

  All cases 132 186  

  Rotavirus-confirmed 65 (49%) 78 (42%) 0.60 

Predominant G serotype G2 G9  

Indigenous 124 (94%) 171 (92%) 0.50 

Urban 41 (31%) 49 (26%) 0.36 

Median length of stay 5 days 6 days 0.13 

Median age    

  All cases 12.9 months 11.7 months 0.47 

  Rotavirus-confirmed 9.3 months 11.3 months 0.58 

Median pH    

  All cases 7.30 7.30 0.81 

  Rotavirus-confirmed 7.26 7.27 0.38 

Median symptom score    

  All 12 12 0.97 

  Rotavirus-confirmed 13 13 0.77 

 

Microbiology 

Of 318 hospitalisations, 293(92%) were tested for rotavirus antigen by stool enzyme EIA 

(Vikia, bioMerieux, France) and 143 (49%) were confirmed rotavirus-positive (Table 3.2). 

Although individual serotype data was not available, routine serotyping performed as part of 

national surveillance reported that 77% of all isolates referred from ASH for 2003/2004 

period were G2 strains
173

, and that all 45 specimens genotyped during the 2007 epidemic were 

G9 strains
175, 502

.  

Fifty-six of 175 (32%) rotavirus-negative cases were positive for one or more alternative 

pathogens, chiefly non-typhoidal Salmonella, Shigella and Campylobacter species and the 

parasites Giardia lamblia and Cryptosporidium parvum. On average, rotavirus-confirmed 

cases were younger, had worse acidosis, a worse symptom score, and a greater estimated 

acute weight loss than non-confirmed cases (Table 3.2). 
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Table 3.2. Comparison of rotavirus confirmed and non-confirmed 

hospitalisations to ASH during the 2004 and 2007 rotavirus epidemics. 

 
Rotavirus-

confirmed 

Not rotavirus-

confirmed 
p-value 

Hospitalisations 143 175  

Indigenous  132 (92%) 163 (93%) 0.78 

Urban  43 (30%) 47 (27%) 0.53 

Median length of stay 6 days 5 days 0.06 

Median age 10.2 months 14.5 months <0.001 

Median pH 7.27 7.33 <0.001 

Cases with pH <7.25 59 (41%) 34 (19%) <0.001 

Median severity score 13 11 <0.001 

Cases with severity score ≥11 114 (80%) 95 (54%) <0.001 

Median weight loss 4.6% 3.5% 0.02 

Non-rotavirus pathogen detected 9 (6%) 56 (32%) 0.001 

 

Predictors of disease severity 

Of the 318 included hospitalisations, 295 (93%) occurred among Indigenous children, 

including 90 of 93 (97%) cases complicated by acidosis (pH<7.25). The risk of hospitalisation 

among Indigenous infants < 12 months was 10.9 and 18.6 per 100 births during the 2004 and 

2007 epidemics respectively, 12.5 times higher than the risk for non-Indigenous infants (95% 

CI: 5.9 to 26.6). Indigenous children with rotavirus-confirmed gastroenteritis were younger 

than non-Indigenous cases (median age 10.0 months versus 17.8 months, p=0.03) and had a 

longer duration of hospitalisation (median 6 days versus 2 days, p<0.001). There were also 

trends toward worse symptom scores (median 12 versus 11, p=0.05) and worse acidosis 

(mean pH = 7.29 versus 7.33, p=0.06) for hospitalised Indigenous children. Three children 

requiring intensive care were Indigenous, including a 5 month-old infant who died from 

profound metabolic acidosis and shock who was negative by rotavirus EIA, a 5 month old 

with rotavirus-confirmed gastroenteritis who required dialysis for renal failure and profound 

metabolic acidosis, and a 7 week old infant with profound acidosis complicating both 

rotavirus-confirmed gastroenteritis and pneumococcal sepsis. 

 

Infants < 6 months accounted for 19% (61 of 321) of hospitalisations and 65% (17 of 26) of 

cases complicated by severe acidosis (Figure 3.1). They had significantly worse acidosis 
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(mean pH = 7.21 versus 7.31, p<0.001) and longer length of stay (median 6 days versus 5 

days, p=0.02) than children ≥ 6 months. On multivariate analysis, age < 6 months was 

associated with a 3.6-fold (95%CI: 2.0 - 6.6) higher odds of moderate or severe acidosis 

(Table 3.3).  Although there was a trend toward infants <6 months being more likely to have a 

symptom score ≥ 11 (OR 1.8, p<0.10), young age was not a significant predictor of high 

symptom score on multivariate analysis. 
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Figure 3.1. The frequency and severity of acidosis among rotavirus confirmed cases by month of 

age. 

 

Children born since August 1
st
 2006 were eligible for vaccination with HRV. VE during the 

2007 epidemic was 77.7% (95% CI: 40.2 to 91.7%) (see Chapter 5). Of the 11 vaccine-

eligible children with rotavirus-confirmed gastroenteritis and severe acidosis, eight were 

unvaccinated including six infants who were < 2 months old, the age of the first scheduled 

HRV. On multivariate analysis, there was no evidence that vaccinated cases (vaccine failures) 

were less severe than unvaccinated cases.  
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Table 3.3. Risk factors for moderate or severe acidosis and high severity score among 

children admitted to ASH with gastroenteritis during the 2004 and 2007 rotavirus 

epidemics. 
 

OR of moderate acidosis 

(pH<7.25)  

OR of severe acidosis 

(pH<7.15) 
OR of symptom score ≥ 11 

 Unadjusted  
Adjusted 

(95% CI)  
Unadjusted 

Adjusted 

(95% CI) 
Unadjusted 

Adjusted 

(95% CI) 

Age < 6m 3.60* 
3.61 

(1.98 - 6.57) 
10.6* 

10.7 

(4.39 – 26.0) 
1.82* - 

Indigenous 2.88* - -# - 1.79 - 

Male 1.54 - 0.92 - 0.59 - 

Remote 1.65* - - - 1.32 - 

rotavirus-

confirmed 
2.91* 

2.92 

(1.75 - 4.91) 
3.68* 

3.70 

(1.43 – 9.55) 
3.28* 

3.28  

(1.99 – 5.40) 

Non-rotavirus 

pathogen 
0.38* - 0.31 - 0.65 - 

Vaccinated 1.48 - 1.47 - 1.57 - 

2004 epidemic 1.05 - 0.87 - 0.95 - 

* p-value < 0.10 on univariate analysis, variable included in the full multivariate model. # Indigenous status 

completely predicted by pH<7.15. 

 

Discussion 

Estimates of rotavirus hospitalisation indicate that the rate for children in the NT is 5 to 7 

times higher than elsewhere in Australia
30, 49

. In Central Australia, most of these excess 

hospitalisations occur among Indigenous infants who have up to a 12-fold higher risk than 

non-Indigenous infants. Many Indigenous children living in rural and remote areas of 

northern and Central Australia live in conditions characterised by poor sanitation and over-

crowding
15, 16

. These conditions have been implicated in the continued burden of skin 

infections and infestations, invasive pneumococcal disease, rheumatic fever, trachoma, and 

malnutrition
17, 20, 23, 24

. The excess burden of rotavirus disease among Indigenous children 

mirrors that of conditions which are more widely accepted as being associated with poverty.  

 

More severe disease or greater propensity for hospitalisation? 

I tested the hypothesis that the very high rate of hospitalisation for young Indigenous infants 

is not due to a truly greater incidence of severe disease, but rather to a higher propensity for 
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healthcare use and/ or a lower threshold for hospitalisation. Because this study could only 

ascertain hospitalisations, it was not possible to directly compare the population-based 

incidence of severe gastroenteritis for Indigenous versus non-Indigenous children. Instead I 

compared Indigenous with non-Indigenous children hospitalised with gastroenteritis to 

determine whether Indigenous cases were, on average, less severe. Although comparisons 

were limited by the small number of hospitalisations for non-Indigenous children, there was 

no evidence that Indigenous children had less severe disease. This suggests that the high rate 

of hospitalisation for Indigenous children cannot be simply attributed to a higher propensity 

for healthcare use or a lower threshold for hospitalisation, but instead reflects a truly 

increased incidence of severe disease.  

 

Young age as a risk factor for severe disease 

On multivariate analysis, the greater severity observed among Indigenous children could be 

partly accounted for by their younger age of hospitalisation which, along with rotavirus-

confirmation, was an independent predictor of moderate or severe acidosis. This observation 

appears to contradict the perception that very young infants are less susceptible to severe 

disease
294, 301, 302

. It is consistent with the high burden of severe rotavirus disease (including 

death) among very young infants reported in some resource-poor settings
47, 202

 and also a 

recent review of hospitalisations at a tertiary centre in the USA which reported that the risk of 

severe disease among infants < 6months might be greater than previously appreciated
328

. The 

burden of severe disease among very young infants in the NT has implications for the optimal 

timing of the first dose. Vaccine uptake and effectiveness will need to be high from early 

infancy, unless young infants benefit indirectly because of reduced transmission from fully 

vaccinated children. Because most episodes complicated by severe acidosis occurred among 

infants < 6 months, evaluations of rotavirus vaccination in this setting should consider these 

infants, including an assessment of the protective effect of the first dose. 
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Rotavirus-confirmed versus rotavirus non-confirmed gastroenteritis 

Approximately half of gastroenteritis hospitalisations during each epidemic were not 

rotavirus-confirmed. A small number of non-confirmed cases were not tested for rotavirus, 

and it is also possible that some which were tested were falsely negative. Non-confirmed 

cases were different from confirmed cases. They were older, had less severe disease, and were 

more likely to have an alternative pathogen detected. This either suggests that test sensitivity 

was lower among these children, or that many older children with less severe disease during 

these epidemics had gastroenteritis due to other causes. It has been reported that basic hygiene 

measures can largely break down when remote community clinics are overwhelmed by 

rotavirus outbreaks
103

, so it is plausible that the transmission of non-rotavirus enteric 

pathogens also increases during rotavirus epidemics. Whatever the explanation for the high 

proportion of rotavirus-negative cases during rotavirus epidemics, from the perspective of 

overall impact, VE should be measured against all-cause gastroenteritis admissions in this 

setting.  

 

Hospital coding issues 

Many of the cases identified by International Classification of Diseases 10, Australian 

Modification (ICD 10 AM) coding were not considered, after review, to be primarily 

hospitalisations for gastroenteritis. Hospitalised children in the NT frequently have acute or 

chronic co-morbidities, and diarrhoea or gastroenteritis is frequently recorded for admissions 

which are primarily for respiratory or other illnesses. Retrospective review of the medical 

record might have failed to exclude all episodes which were incorrectly coded as 

gastroenteritis hospitalisations. Misclassification of these children as admissions for 

gastroenteritis might bias estimates of VE in this setting (Chapter 13), so care should be taken 

to confirm the primary reason for admission among hospitalisations coded for gastroenteritis, 

ideally by prospective case identification. 
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Biochemical markers versus symptom scores to measure severity  

The routine measurement of venous pH in this setting permitted the use acidosis as an 

objective measure of disease severity. While various measures have been used to assess 

severity of acute gastroenteritis, none are perfect and to date no gold standard measurement 

exists 
503

. Acidosis has been used as an end point for studies of rehydration therapy in 

gastroenteritis 
504

 and a review reported that measures of acidosis were the most valid 

biochemical markers of severity of dehydration due to gastroenteritis 
505

. The finding that 

rotavirus-confirmation was itself an independent predictor of severe acidosis supports the 

hypothesis that in addition to causing dehydration, rotavirus might directly precipitate 

acidosis by inducing intestinal loss of bicarbonate 
63

.  I also attempted to apply a symptom 

score using a standardised template to extract relevant data from the medical record. However 

the likelihood of error was high because the information needed to calculate the score (for 

example the duration and maximum frequency of symptoms) was not recorded in the medical 

record in a consistent manner. It is also possible that systematic differences exist between 

Indigenous and non-Indigenous children in how symptoms are reported by their parents and 

carers, or recorded in the medical record by the attending clinician or nurse. Lack of blinding 

could also inadvertently influence application of the score. Failure of age to independently 

predict increased symptom score might reflect these limitations, and argues against the 

reliance on symptom scores to grade severity in this population.  

 

Significance 

This study underscores the high burden of severe disease among remote Indigenous children, 

especially very young infants. Disease among hospitalised Indigenous children is at least as 

severe as that among non-Indigenous children, so estimates of VE in this setting are unlikely 

to be underestimated due to the inclusion of a high proportion of non-severe episodes. 

Estimates of VE should include young infants among whom the risk of severe disease in this 

population appears highest, and VE against all-cause gastroenteritis should be measured as 
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well. Even during epidemics rotavirus is only detectable in up to half of hospitalisations. 

Therefore VE against all gastroenteritis hospitalisations should be measured as an outcome. 
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Chapter 4. Ecological evidence of a birth cohort effect on the risk for rotavirus 

hospitalisation 
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In observational vaccine studies time-related factors, age and calendar time, might confound 

estimates of VE if associated with both the likelihood of vaccination and the risk of rotavirus 

disease. While the relationship between age and risk of rotavirus disease is widely 

appreciated, the potential influence of calendar time on disease risk is less obvious but might 

take the form of a ‘birth cohort effect’. In order to find ecological evidence of such an effect, I 

retrospectively analysed hospitalisations for gastroenteritis during four separate rotavirus 

epidemics in Central Australia. Compared to non-rotavirus hospitalisations, children with 

rotavirus were more likely to have been born in the preceding inter-epidemic period, and this 

was independent of age. If vaccine coverage changes over calendar time, birth cohort effects 

might confound VE in this setting.   

 

Background 

Age is clearly associated with the risk for rotavirus hospitalisation. In most settings the risk of 

hospitalisation diminishes in the second year of life
45

. Although the peak age of severe disease 

is usually said to occur after age 6 months
301

, similar to a number of resource-poor countries
47, 

202
, Indigenous infants in the NT are frequently affected by severe disease in early infancy 

(see Chapter 3).  

 

The influence of date of birth on risk of rotavirus gastroenteritis is less well described, but 

like age, a child’s month of birth has the potential to confound vaccine effects if vaccine 

coverage changes over time (see Chapter 13). In temperate settings, where rotavirus 

transmission is regular and seasonal, a birth cohort effect has been described in which 

children born just prior to the winter peak in transmission have a reduced lifetime risk of 

rotavirus hospitalisation
89

. It is hypothesised that this is because these infants enter their first 

rotavirus season when they are relatively immune to severe disease
89

. Unlike the major urban 

centres in Australia, there is no predictable winter peak of rotavirus disease in the NT. Instead 
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short-lived but widespread epidemics can occur at any time of the year, including during 

summer months
102

.  

 

Because 1) rotavirus infection confers protection against subsequent disease, and 2) most 

transmission in Central Australia appears to occur within well-defined epidemics, I 

hypothesised that there might exist a birth cohort effect which influences the risk of 

hospitalisation during epidemics. I speculated that the risk of hospitalisation might be higher 

for children with a lower likelihood of previous exposure - i.e. those born during the 

preceding inter-epidemic period - than for children with a high likelihood of previous 

exposure -i.e. those born prior to the preceding epidemic. If birth cohort influences the risk of 

hospitalisation independently of age and vaccine coverage changes over time, birth cohort 

would need to be accounted for to minimise confounding of VE (see Chapter 2).  

 

Methods 

Dataset 

A composite dataset of children aged < 36 months hospitalised for acute gastroenteritis at 

ASH was compiled and analysed retrospectively. The dataset comprised: 1) de-identified data 

on children hospitalised over two epidemics in 2001 and 2002 from a clinical trial of the use 

of zinc and vitamin A in acute gastroenteritis
506

, and 2) children hospitalised during two 

epidemics in 2004 and 2007 from a retrospective study of risk factors for severe 

gastroenteritis (see Chapter 3). The methods of recruitment and data collection for these 

studies have been described elsewhere
506

 (see also Chapter 3). In both studies, investigators 

had no influence over decisions regarding the need for hospitalisation. Only cases in which 

gastroenteritis was deemed to be the primary reason for admission were included. Rotavirus 

infection was confirmed on the basis of a commercial stool EIA.  
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Data were available for each episode of gastroenteritis regarding date of hospitalisation, 

Indigenous status, usual place of residence, date of birth, rotavirus confirmation and rotavirus 

vaccination. For each episode, the date of the preceding rotavirus epidemic was ascertained 

from monthly rotavirus notification data for the NT provided by the NT Centre for Disease 

Control. Ten distinct epidemics occurred during the period January 2000 and mid-2009 

(Figure 9.1), each with a peak of at least 20 notifications per month. The date of 

commencement of each preceding epidemic was therefore taken to be the first day of the 

calendar month in which 20 or more rotavirus notifications were recorded.  

 

Formation of birth cohorts 

A new variable was created equal to: the date of onset of the preceding epidemic minus the 

child’s date of birth, and expressed in months. For children born prior to the onset of the 

preceding epidemic, this was equal to their age on that date. Children born after that date had 

a negative value. Based on this variable, children were categorised into seven 4-month 

cohorts: those born 0 to 3m, 4 to 7m, 8 to 11m, or ≥12m prior to the start date of the 

preceding epidemic, and those born 0 to 3m, 4 to 7m, and ≥ 8 months after this date. The birth 

cohort groups were pooled for the four epidemics. 

 

Case-control analysis 

A case-control study was conducted to determine whether a relationship existed between birth 

cohort group and risk of rotavirus hospitalisation. Cases were gastroenteritis hospitalisations 

which were rotavirus-confirmed, and controls were gastroenteritis hospitalisations which were 

not rotavirus-confirmed. The primary explanatory variable was the birth cohort group. The 

OR of rotavirus-confirmation for each cohort group with reference to the 0 to -3m cohort 

group was calculated by univariate analysis. The cohort groups were then collapsed into three 

groups on the basis of similarity of ORs. Indigenous status, remoteness (urban Alice Springs 

versus elsewhere), HRV vaccination status (fully or partially vaccinated versus unvaccinated), 
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and epidemic year were included as explanatory variables in a full multivariate logistic model 

and were removed by backwards stepwise elimination on the basis of nested likelihood ratio 

tests (p < 0.05) until the most parsimonious model was achieved. I was interested in 

measuring the influence of birth cohort beyond the influence of age. Age was therefore 

retained as an explanatory variable in the model regardless of significance testing. 

 

Results 

Pattern of gastroenteritis 

Four distinct rotavirus epidemic periods were captured: April 23rd to June 27th 2001, April 

9th to June 30th 2002, January 2nd to March 5th 2004, and March 6th to July 7th 2007 

(Figure 4.1). Serotyping performed as part of routine national surveillance reported that P[8]-

containing serotypes (G1, G9 and G3) predominated in Central Australia over the period 

covered, except for 2003/04 in which a P[4]-containing serotype (G2) accounted for 77% of 

strains referred from ASH
173

. Of the gastroenteritis hospitalisations included, 49% (274/ 556) 

were rotavirus-confirmed. Rotavirus cases and non-rotavirus controls were well-matched in 

terms of Indigenous status and remoteness (Table 4.1). A lower proportion of hospitalisations 

were rotavirus-confirmed during the 2007 epidemic. 
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Figure 4.1. Weekly hospitalisations for rotavirus-confirmed and non-rotavirus 

gastroenteritis over four rotavirus epidemics in Central Australia. 

 

Table 4.1. Unadjusted comparison of rotavirus confirmed with rotavirus-negative 

gastroenteritis hospitalisations. 

 Non-rotavirus Rotavirus-confirmed p-value 
Unadjusted OR 

(95% CI) 

Number 282 274   

Indigenous (%) 268 (95) 262 (96) 0.74 1.14 (0.52 to 2.51) 

Remote (%) 205 (73) 208 (76) 0.39 1.18 (0.81 to 1.73) 

Epidemic    0.15  

   2001 55 65  1 (reference) 

   2002 57 67  0.99 (0.60 to 1.65) 

   2004 68 66  0.82 (0.50 to 1.35) 

   2007 102 76  0.63 (0.40 to 1.00) 

Median age (months) 13.0 9.6 <0.001 0.94 (0.92 to 0.97) 

Birth cohort (months)   <0.001  

   ≥ 12m 34 15  0.29 (0.15 to 0.60) 

   8 to 11m 31 15  0.32 (0.16 to 0.66) 

   4 to 7m 33 12  0.24 (0.11 to 0.51) 

   0 to 3m 45 45  0.67 (0.39 to 1.15) 

   <0 to -3m 50 75  1 (reference) 

   -4 to -7m 41 56  0.91 (0.53 to 1.56) 

   ≤ -8m 48 56  0.78 (0.46 to 1.32) 
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Odds ratio of rotavirus-confirmation by birth cohort 

Aggregate distributions for age at the time of onset of the preceding epidemic are shown for 

cases and controls in Figure 4.2. Compared to children born after the onset of the preceding 

epidemic (< 0 m), those ≥ 4m at the onset of the preceding epidemic had a lower odds of 

being rotavirus-confirmed (age-adjusted OR = 0.36, 95%CI: 0.16 to 0.83). The age-adjusted 

OR of rotavirus-confirmation for children aged 0 to 3m at the start of the preceding epidemic 

was not significantly lower (OR = 0.76; 95%CI: 0.42 to 1.36). Remoteness, Indigenous status 

and epidemic year did not contribute significantly to the model. 

 
Figure 4.2. Age at date of onset of prior rotavirus epidemic for children hospitalised in 

Central Australia with gastroenteritis. Data aggregated over four epidemic periods. 
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Figure 4.3. The age-adjusted OR (with 95% confidence intervals) of rotavirus 

detection by birth cohort compared with children born in the preceding inter-

epidemic period. The birth cohorts are defined by age 0 to 3 months, and age ≥ 4 months at 

the onset of the preceding rotavirus epidemic.  

 

Discussion 

Velazquez et. al. showed among a cohort of Mexican infants that prior rotavirus infection 

conferred protection against subsequent severe rotavirus disease
214

 and this serves as the 

rationale for vaccination using live attenuated rotavirus strains. In central and northern 

Australia, rotavirus transmission is intensely clustered within brief but widespread epidemics. 

Because prior exposure is likely to be associated with protection against severe disease, I 

hypothesised that birth cohort effects might be observable among hospitalised cases. 

 

I found ecological evidence supporting the existence of a relationship between when a child 

was born and his or her risk of rotavirus hospitalisation during an epidemic. Compared with 

non-rotavirus controls, rotavirus-confirmed cases were more likely to have been born after the 

preceding epidemic period – i.e. in the preceding inter-epidemic period. Although, as 

expected, rotavirus-positive cases were younger than controls, the influence of birth cohort on 

the risk of rotavirus-confirmation remained after adjustment for age. This suggests that the 
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influence of birth cohort was independent of age-related change in susceptibility to severe 

rotavirus disease.  

 

A birth cohort effect was observed for each epidemic except for 2004, although the effect was 

only statistically significant for the aggregated analysis. No birth cohort effect was observable 

during the 2004 epidemic although the confidence intervals were wide and an effect cannot be 

excluded. Of note, 2004 was unlike the other epidemics in that the predominant 2004 strain 

was more heterotypic to the previously circulating strains which were all P[8]-containing 

strains
164-172

. It is plausible that previous exposure to P[8]-containing virus failed to confer any 

cross-protection against infection with G2P[4]- rotavirus strains.  

 

There are limitations to this analysis which should be viewed as exploratory and hypothesis 

generating only. I treated rotavirus non-confirmed cases as though they were rotavirus-

negative. Although rotavirus testing was performed for over 95% of gastroenteritis 

hospitalisations during the 2004 and 2007 epidemics, I was not able to confirm that a 

similarly high proportion was tested during the 2001 and 2002 epidemics. In addition to the 

possibility of untested children, some tested non-rotavirus controls might have been falsely 

negative. Any misclassification of cases as controls would be likely to have reduced the 

apparent size of any birth cohort effect. Because the data were not longitudinal, I was unable 

to determine whether the apparent cohort effects observed during individual epidemics 

translate into an effect on the cumulative risk of hospitalisation during childhood.  

 

Significance 

While the relationship between age and severe rotavirus gastroenteritis is well-appreciated, 

the influence of birth cohort on the risk of rotavirus disease is less well described. I have 

found ecological evidence that birth cohort effects are observable during rotavirus epidemics 

in Central Australia. If vaccination coverage fluctuates over calendar time, birth cohort might 
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be a significant confounder of VE estimates. Direct matching/ stratification by date of birth is 

assumed to be the optimal method to control for birth cohort effects, so this is the strategy 

incorporated into the a priori analysis plan for the TROVE Study (Chapter 12). As will be 

discussed, this results in over-matching and the analysis is therefore modified such that date 

of birth is adjusted for using regression, with fractional polynomial analysis used to assess for 

residual confounding. 
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Chapter 5. A retrospective nested case-control study of rotavirus vaccine 

effectiveness during a G9 strain rotavirus epidemic in Central Australia 
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This chapter was published substantively in 2009
479

. The epidemic occurred within the first 

year of the vaccine program and prior to commencement of the TROVE Study. Despite the 

small number of cases and wide confidence intervals for the VE estimate, this study served as 

a pilot for TROVE, demonstrating the feasibility of the population-based nested case-control 

approach for estimating VE in this setting. Controls were sampled from among children with 

a NT medical record number –including in effect all children born in hospital. Potential 

confounding by age was controlled for by risk-set matching, and confounding by birth cohort 

was controlled for by directly matching controls to cases on date of birth. Two HRV doses 

were associated with an estimated VE of 77.7% (95% CI: 40.2 to 91.7%) against 

hospitalisation for all-cause gastroenteritis and 84.5% (95% CI: 23.4 to 96.9%) against 

rotavirus-confirmed cases.  

 

Introduction 

Two currently available rotavirus vaccines demonstrated good efficacy and safety in large 

pre-licensure studies conducted in North America, Latin America and Europe
2, 3

. However 

before recommending their global introduction, the WHO awaited evidence that they will also 

perform well in resource poor settings in Africa and Asia where previous vaccine candidates 

have performed poorly
507

. From late 2006, vaccination with the monovalent G1P[8] rotavirus 

vaccine HRV (Rotarix, GlaxoSmithKline) was commenced for all infants born in the NT. Six 

months after vaccine introduction, a widespread G9 rotavirus outbreak swept across Central 

Australia, providing an opportunity to evaluate the effectiveness of HRV in a population with 

a high disease burden, but only partial vaccine coverage.  

 

Patients and Methods 

Setting  

The outbreak occurred in Central Australia. The setting has been described in detail 

previously (see Chapter 1).  
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Data collection 

We reviewed the medical records of all children less than five years admitted to ASH with 

gastroenteritis during a widespread outbreak between March 12
th
 and July 11

th
 2007. Cases 

were identified from the hospital information database by ICD 10 AM codes for infectious 

gastroenteritis. After review, only hospitalisations with acute gastroenteritis as the primary 

reason for admission were included. Demographic data were recorded, as well as information 

regarding symptom severity, and biochemical and microbiological results.  

 

To estimate VE, we retrospectively conducted a matched case-control study of children 

hospitalised with gastroenteritis during the outbreak. Cases were included if born on or after 

August 1
st
 2006, and if at least 10 weeks old on the day of hospitalisation (the youngest age at 

which a child could have received 2 valid doses of the vaccine). Up to four children, matched 

to each case by Indigenous status and date of birth (+/- 7 days), were risk-set sampled as 

controls from the population of Central Australian children recorded on the NT hospital 

information database. Vaccination status was determined from the NTIR and referenced from 

the date of hospitalisation of the case in each matched set. A dose was not considered valid if 

administered i) before turning 6 weeks, ii) within 7 days of the date of hospitalisation of the 

matched case, or iii) within 28 days of the previous dose (for dose 2). 

 

Data analysis 

VE was estimated from the OR of vaccination of cases compared with controls as determined 

by conditional logistic regression (VE = 1 – OR). Primary analysis determined the VE of two 

doses against all hospitalisations for gastroenteritis compared with no doses. Secondary 

analyses were performed to assess the VE of 1 or more doses of vaccine, the VE against cases 

of rotavirus-confirmed gastroenteritis only, and the VE against cases complicated by severe 

acidosis (pH<7.25) or a high severity score (≥11). Incidence rates were estimated using 

population data from the Australian Bureau of Statistics for 2004
501

. Data were analysed using 
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Stata 9.1 (STATA Corporation, College Station, TX). Approval for the study was granted by 

the Central Australian Human Research Ethics Committee. 

 

Results 

Pattern of gastroenteritis 

We identified 186 hospitalisations of 173 children over 16 weeks during the 2007 outbreak. 

Of the hospitalisations, 171 (92%) were for Indigenous children and 137 (74%) were from 

remote communities. There were 186 hospitalisations per 1000 Indigenous infants under 12 

months – or almost one admission for every 5 Indigenous infants in Central Australia. Of 171 

hospitalisations tested, 78 (46%) were rotavirus-confirmed by immunoassay (Vikia, 

bioMerieux, France) and 54 of 56 (96%) rotavirus-confirmed cases typed as part of routine 

national surveillance were G9P[8], the remaining 2 cases typed as G1P[8]
175, 502

.  

 

Vaccine effectiveness 

Sixty-one hospitalised infants were born after August 1
st
 2006 and of these 42 were at least 10 

weeks old at the time of hospitalisation. Twenty-one of 42 cases were rotavirus confirmed, 19 

were severely acidotic, and 31 had a high severity score (Table 5.1). Twenty-one cases had 

received at least one valid dose of vaccine. Remote residence, but not sex, was associated 

with hospitalisation (OR 3.3, 95% CI: 1.2 to 9.0), and the estimated VE was adjusted 

accordingly.  

 

The estimated VE of two doses against all hospitalisations for gastroenteritis was 77.7% (95% 

CI: 40.2 to 91.7%). For recipients of at least one dose, the estimated VE was 66.6% (95% CI: 

28.6 to 84.4%). On restricting the analysis to rotavirus-confirmed cases, the VE of two doses 

was 84.5% (95% CI: 23.4 to 96.9%). VE was similarly high against cases complicated by 

severe acidosis or high symptom score (Table 5.1).
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Table 5.1 The number and proportion of cases and their matched controls who had received 

at least one, or two doses of HRV, and the estimated VE during the 2007 Central Australian 

rotavirus outbreak.  

 Casesa vaccinated (%) 
Matched controlsb 

vaccinated (%) 

VEc 

(95% CI) 

All cases†    

  ≥1 dose 21/42 (50%) 120/166 (72%) 66.6% (28.6 to 84.4%) 

  2 doses 11/42 (26%) 72/166 (43%) 77.7% (40.2 to 91.7%) 

Symptom scored ≥ 11    

  ≥1 dose 14/31 (45%) 87/122 (71%) 72.2% (30.0 to 89.0%) 

  2 doses 7/31 (23%) 52/122 (43%) 83.2% (41.7 to 95.1%) 

pH < 7.25    

  ≥1 dose 9/19 (47%) 54/76 (71%) 63.2% (<0 to 88.3%) 

  2 doses 4/19 (21%) 35/76 (46%) 81.0% (13.3 to 95.8%) 

Rotavirus-confirmed    

  ≥1 dose 10/21 (48%) 58/83 (70%) 57.1% (<0 to 83.3%) 

  2 doses 3/21 (14%) 32/83 (39%) 84.5% (23.4 to 96.9%) 

aHospitalised children born in Central Australia on or after August 1st 2006 and at least 10 weeks old on admission 

included in VE analysis. bEach case directly matched by Indigenous status and date of birth (+/- 7 days) to up to 

four non-hospitalised controls. cVE estimates based on relative odds of vaccination (VE=1-OR) for cases and 

matched controls estimated by conditional logistic regression and adjusted for remote residence. dSymptom score 

(maximum 20) based on that of Vesikari and colleagues500 but applied retrospectively. Score ≥ 11 considered 

consistent with severe disease. 

 

Discussion 

The pattern of diarrhoeal disease morbidity among Australia’s remote Indigenous children 

resembles that found in many far less developed countries. In the NT, there are 306 

admissions with diarrhoeal disease per 1000 Indigenous infants in the first year of life
20

. 

Notwithstanding differences in healthcare access, this is several times the rate reported in the 

control arm of Latin American and European infants in the HRV pre licensure study
2
. This 

study confirms the effectiveness of HRV among infants against an important vaccine-related 

serotype in a high burden setting.  

 

This report provides further evidence of the protection of the G1P[8] vaccine against non-G1, 

P[8]-containing rotavirus strains. The estimated VE observed in this setting is comparable to 
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that reported under clinical trial conditions against all rotavirus-confirmed hospitalisations 

(85.0%) and against non-G1, P[8]-containing serotypes (87.3%)
2
. The estimate is also 

consistent with the VE reported against severe G9P[8] disease in a European trial (85.0%)
434

.  

 

Non-G1, P[8]-containing rotavirus outbreaks have occurred regularly in Central Australia 

over the past decade, so the occurrence of a large G9 outbreak at a time when vaccine 

coverage was still low should not be interpreted as evidence of vaccine failure or of selective 

pressure. With the exception of two large G2P[4] outbreaks in 1993 and 2004, non-P[8] 

viruses have been detected infrequently in Central Australia
173

; no non-P[8] viruses were 

identified by routine surveillance in the 9 months following introduction of the vaccine
175

.  

 

While the European trial reported high efficacy of HRV after just a single dose
434

, we 

observed a number of hospitalisations among the small number of infants who had only 

received one dose. It will be important to further evaluate incomplete regimens considering 

the difficulty in delivering multiple vaccine doses in a timely fashion to Indigenous infants.  

 

Both rotavirus-confirmed and non-confirmed cases were included in the primary analysis 

because prevention of all severe gastroenteritis in an outbreak is the main outcome of interest 

from a public health perspective. While a potential pathogen was detected in up to 30% of 

rotavirus-negative stools, it is possible that a number of rotavirus antigen tests were falsely 

negative. In addition, a small number of admitted children (8%) were not tested. Testing for 

other enteric viruses and for enterovirulent pathotypes of E coli (EVEC) – known to be 

prevalent in this setting - was not performed. Controls were derived retrospectively from birth 

records and I could not confirm that every control was residing in the catchment throughout 

the outbreak at the time of sampling. However the ASH catchment is vast and relocations 

outside of this area during infancy are probably uncommon, so any resultant bias is unlikely 

to be large.  
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Significance 

Despite its limitations, this analysis - the first published post licensure assessment of HRV - 

invoked optimism that the ‘real world’ VE in this setting would approximate that reported in 

the large phase 3 studies from Europe and the Americas. It provided proof of principle for the 

use of risk-set based sampling of controls to measure VE in this setting, and highlighted the 

importance of verifying that rotavirus-positive and gastroenteritis-coded hospitalisations are 

true cases. This provided a pilot for the TROVE Study which sought to verify these findings 

using prospective active surveillance of hospitalisations for gastroenteritis in the NT, 

including children up to age 3 years.  

 

Author contributions 

I declare that I was involved in planning the study, designing the methods, extracting the data, 

performing the analysis and had primary responsibility for preparing the report. Dr Rosalie 

Schultz was involved in planning the study and extracting the data. Dr Robert Roseby and 

Professors Graeme Barnes and Jonathan Carapetis, and Associate Professor Ross Andrews 

each contributed to the study design and preparing the report.  
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Chapter 6. Methods for the Territory Rotavirus Vaccine Effectiveness (TROVE) 

Study 
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Following the retrospective case-control study, seed funding from GSK (the manufacturer of 

HRV) followed by a NHMRC Project Grant to conduct a prospective case-control study of VE 

in the NT – the TROVE Study. The a priori study plan is set out in Appendix 8. An overview of 

the methods for recruitment, data collection and analysis is described here and any 

departures from the a priori study plan are stated.  

 

Prospective active hospital-based surveillance 

Case identification 

Recruitment was conducted at RDH and at ASH over two years. For logistical purposes, 

recruitment was staggered: from May 6
th
 2008 to May 18

th
 2010 at RDH, and from September 

8
th
 2008 to September 10

th
 2010 at ASH. 

 

Study staff were nurses, allied health staff and Aboriginal health-workers based at both study 

hospitals over the study period. Staff aimed to identify all children aged up to 35 months 

admitted to either the paediatric or intensive care wards at each hospital with gastroenteritis 

(vomiting, diarrhoea) or with respiratory symptoms (respiratory distress from any cause). The 

electronic support system at each hospital and paper-based admission logs were reviewed 

each work day over the study period, excluding weekends and public holidays. Potentially 

eligible children were reviewed by study staff as soon as practicable (usually on the day of 

admission) and prior to discharge from the ward. No attempt was made to contact the families 

of children discharged prior to review. 

 

Consent 

The adult accompanying the child on the ward was invited to participate in the study unless 

that person was not a usual carer for that child. Information was provided both verbally and in 

writing and, at the discretion of the study staff, supplementary audiovisual material was also 
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provided by portable DVD player. Where necessary, assistance was provided by professional 

translators and by the Aboriginal liaison unit staff at each hospital. 

 

Parent/ carer interview 

After obtaining consent, information was obtained from the carer for the child using a 

structured interview. Demographic information was collected (Indigenous status, location on 

the night before admission) and clinical details regarding the presentation were recorded 

(commencement date and frequency of symptoms) (Table 8.1). The intention had been to 

collect information regarding household size and age-structure, but this was abandoned 

because it took considerable time to collect and was of doubtful quality. 

 

Patient management 

Children were assessed and managed according to hospital protocols which include the 

routine assessment of venous acid-base status and stool analysis for children admitted with 

gastroenteritis. Involvement in the study did not influence patient management. 

 

Collection of pathology specimens 

Stool specimens 

Pathology specimens were collected and referred to the hospital laboratory at the discretion of 

the treating medical team. It is the policy at both hospitals to refer stools for all children 

admitted with diarrhoea or with growth faltering; although in practice many children admitted 

for other reasons also have one or more stools referred for analysis.  

Venous acid-base measurement 

Venous acid-base status was assessed by blood gas analysis for children admitted with 

diarrhoea according to the standard management protocols at each hospital. Blood gas 

determination is used on admission (and on occasions prior to arrival) as a measure of disease 

severity and in order to inform the route and rate of fluid resuscitation, and the need for 



Chapter 6 127 

potassium replacement. Repeat blood gas determinations are used to monitor response to 

therapy and were done at the discretion of the treating medical team. 

 

Review of the medical record 

Six or more weeks after discharge, the medical record was reviewed using a structured data 

extraction template. Data was systematically obtained regarding the clinical details of the 

case: the duration and frequency of symptoms, weight changes and other clinical 

observations, the dates and times of presentation and discharge, and the provisional diagnosis 

at admission and the discharge diagnoses per the treating medical team. Weights recorded in 

clinic prior to transfer, in the emergency department, or on arrival to the ward were 

documented and the lowest taken to be the dehydrated weight. The first weight recorded on 

day 3 of admission (i.e. after at least 24 hours of admission) and the last weight recorded 

before discharge or the first weight recorded on day 7 (whichever occurred first) were 

averaged to estimate the rehydrated weight. The degree of dehydration was estimated as the 

difference between the rehydrated and dehydrated weights as a proportion of the rehydrated 

weight. Standard weight-for-age and weight-for-length z-scores were calculated based on the 

rehydrated weight using standard WHO anthropometric standards (STATA igrowup 

package)
508

. 

 

Ascertainment of vaccination status 

A dataset was obtained containing information on all vaccinations recorded on the NTIR 

administered to children born on or after August 1
st
 2006 (the date defining the 

commencement of the vaccine eligible cohort in the NT). The NTIR is maintained by the NT 

Immunisation Unit and monitors coverage and facilitates vaccination by allowing providers to 

access vaccination records at the point-of-care. Monthly recall lists of children due for 

vaccination are forwarded by the NT Immunisation Unit to providers.  

 



Chapter 6 128 

The dataset was extracted on January 18
th
 2011, four months after the last day of active 

surveillance, to allow for a delay in the entry of vaccination records. The NTIR dataset is 

described in further detail in Appendix 2. Study participants who were reported to have 

previously lived or to have been born interstate also had their vaccination status individually 

cross-checked with the Australian Childhood Immunisation Register. Unrecorded doses were 

considered not administered. Children were considered either unimmunised, or immunised 

with one dose or two doses of HRV from 7 days after the first or second doses respectively. 

Subsequent HRV doses were ignored. A dose was considered invalid if administered at age < 

42 days, or < 28 days after dose 1 (for dose 2). The time interval between 0 and 7 days after 

vaccination was effectively censored to minimise inadvertent misclassification of vaccine 

shedding as rotavirus disease. Sensitivity analyses assessed the influence of this censored 

interval on estimates of VE. 

 

Documentation of rotavirus vaccination in a hand-held record or in the medical record was 

also taken as evidence of vaccination. 

Stool analysis 

Stools were routinely cultured for Salmonella, Shigella and Campylobacter species and 

examined for parasites by direct microscopy of wet and acid-fast preparations. Testing for 

rotavirus antigen was by commercial EIA (Vikia™, BioMerieux at ASH, and Diarlex 

ROTA™, Orion at RDH). Faecal specimens were subsequently frozen and stored at -70C and 

transferred to the Australian Rotavirus Reference Centre in Melbourne. Samples positive or 

equivocal for rotavirus by EIA were G and P genotyped using reverse-transcription 

polymerase chain reaction (RT-PCR) methods described previously
509, 510

. Specimens 

unequivocally positive by either EIA or RT-PCR were considered rotavirus-positive. G1P[8] 

strains were sequenced to exclude infection with the HRV strain. Where specimen was 

sufficient, stools were also tested for noroviruses by EIA.  
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A blind sweep was performed of any growth on MacConkey agar after 24 hours incubation. 

The swab was stored frozen in modified Amies transport medium at -70C and transferred to 

the University of Melbourne for PCR analysis to identify enterovirulent Escherichia coli 

(EVEC) strains. Two separate multiplex PCR assays were designed to detect genes associated 

with EVEC pathotypes. Positive DNA products were confirmed by gene sequencing (Table 

6.1). 

 

Case definitions 

The definitions for gastroenteritis cases and for respiratory controls, including definitions 

employed for secondary outcomes and sensitivity analyses are set out in Table 6.2 and Table 

6.3. Definitions were per the pre-specified criteria except that strains were sub-classified as 

G1 and G2 strains rather than vaccine serotype versus non-vaccine serotype strains because 

all typeable G-types were either G1 or G2.  

Table 6.1. Detection method for enteric pathogens. 

Pathogen Method Gene target 

Rotavirus   

  RDH EIA  NA 

  ASH EIA  NA 

Salmonella spp. culture  NA 

Shigella spp. culture  NA 

Campylobacter spp. culture  NA 

Cryptosporidium sp. microscopy  NA 

Giardia lamblia microscopy  NA 

Strongyloides sp. microscopy  NA 

ETEC PCR hlt, hst 

EAEC PCR aggR, aaiC 

tEPEC PCR eae & bfpA 

aEPEC PCR eae 

EIEC PCR aipaH 

EHEC/ STEC PCR ehxA, stx1, stx2 

RDH: Royal Darwin Hospital, ASH: Alice Springs Hospital, EIA: enzyme immunoassay, PCR: polymerase 

chain reaction,  NA: not applicable, ETEC: enterotoxigenic E coli, tEPEC: typical enteropathogenic E coli, 

aEPEC: atypical enteropathogenic E coli, EAEC: enteroaggregative E coli, EIEC: enteroinvasive E coli, 

EHEC/STEC: enterohaemorrhagic E coli/ shiga-toxin producing E coli. aShigella spp. are also positive for 

ipaH, and were distinguished from E. coli by using traditional biochemical testing and serotyping. 
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Measures of disease severity 

Disease severity was measured in two ways: 

1. severity of metabolic acidosis was taken as the lowest serum bicarbonate measured 

within 24 hours of presentation.  

2. a symptom score out of 20 was calculated based on the Vesikari Scale
500

 using data 

collected from the carer and from the medical record (Table 6.4). 

 

An episode of gastroenteritis was considered to be confirmed to be severe if either: 

1. the symptom score was ≥ 11, or 

2. the lowest bicarbonate within 24 hours of presentation was < 18mmol/L. 

Table 6.2 Gastroenteritis case definitions for the TROVE Study 

Gastroenteritis 

admission 

Diagnosis criteria: 

1a. vomiting, diarrhoea or gastroenteritis were recorded as the first discharge diagnosis by the 

treating medical team, or 

1b. vomiting, diarrhoea or gastroenteritis were recorded a secondary discharge diagnosis, and 

vomiting, diarrhoea or gastroenteritis were recorded as the primary problem on admission by 

the treating medical team,  

and 

Clinical criteria: 

2. the child had 3 or more loose stools reported by the carer or recorded in the medical record 

on any day <72 hours before and up to 48 hour after presentation.  

   All-cause 

gastroenteritis 

1. criteria for gastroenteritis met, regardless of stool test results 

   Rotavirus-

confirmed 

1. the criteria for gastroenteritis were met,  

and 

2a. rotavirus was (unequivocally) detected by EIA on stool collected <72 hours after 

presentation, or 

2b. rotavirus was detected by PCR on stool collected <72 hours after presentation if rotavirus 

equivocal by EIA. 

   Rotavirus-

negative 

1. the criteria for gastroenteritis were met, and 

2. at least one negative rotavirus EIA test on stool collected <72 hours after presentation, and 

3. no positive or equivocal rotavirus EIA tests on stool collected during the admission. 

   G1-genotype  1. criteria for rotavirus-confirmed gastroenteritis met, and 

2. G1 VP7 genotype detected on stool collected during that admission 

   G2-genotype  1. criteria for rotavirus-confirmed gastroenteritis met, and 

 2. G2 VP7 genotype detected on stool collected during that admission 

   Pure rotavirus 1. criteria for rotavirus-confirmed gastroenteritis met, and 
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2. no other pathogens detected on stool collected during that admission 

   Mixed 

rotavirus 

infection 

1. criteria for rotavirus-confirmed gastroenteritis met, and 

2. one or more non-rotavirus pathogens detected on stool collected during that admission 

   Severe disease 1. criteria for gastroenteritis met, regardless of stool test results,  

and 

2a. the symptom score was ≥ 11, or 

2b. the lowest bicarbonate < 12hr after presentation was < 18mmol/L. 
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Table 6.3 Respiratory control definitions for the TROVE Study 

Respiratory admission 1. the child was identified as having respiratory symptoms at admission by the study 

team, and 

2. the child was not identified as having pertussis, or vomiting, diarrhoea or 

gastroenteritis either as a problem at admission or as either a primary or secondary 

diagnosis at discharge, and 

3. the child had no more than 2 loose stools on any day up to 48 hours before or after 

presentation. 

   Modified control 

definition 1 

1. the criteria for a respiratory admission met, and 

2. the child had a primary discharge diagnosis of: lower respiratory tract infection, 

pneumonia, bronchiolitis, or asthma 

   Modified control 

definition 2 

1. the criteria for a respiratory admission met, and 

2. the child had a primary discharge diagnosis of: lower respiratory tract infection, 

pneumonia, bronchiolitis, or asthma , and  

3. the child had no loose stools on any day up to 48 hours before or after presentation. 

 

Analysis 

Vaccine effectiveness 

Four approaches were taken to quantify the direct protective effect of HRV vaccination with 

the analysis presented in the following order: 

1. Validation analysis: hospital-based unmatched case-control analysis (Chapter 10) 

2. Validation analysis: population-based cohort analysis (Chapter 11) 

3. Primary analysis: hospital-based case-cohort analysis (Chapter 12) 

4. A priori analysis: hospital-based risk-set matched case-control analysis (Chapter 

12) 

In addition, a register-nested case-control study was performed as an interim analysis which 

was not pre-specified in the analysis plan (Chapter 9). 

 

Primary and secondary outcomes 

For each analysis, the primary outcome was hospitalisation for rotavirus-confirmed 

gastroenteritis. Pre-specified secondary outcome analyses were conducted for hospitalisation 

for all-cause gastroenteritis, G1 strain (vaccine homotypic) and G2 strain (vaccine 
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heterotypic) rotavirus hospitalisation. Post hoc secondary analyses were performed by age 

(both as a continuous predictor of vaccine effects, and stratified by age 6 weeks to 11 months 

or age 12 to 35 months), by the presence or absence of co-infecting pathogens (pure or mixed 

infection), and by study site (ASH versus RDH).  

 

Table 6.4 Coding of the gastroenteritis symptom score
a
 for the TROVE Study. 

Symptom/ sign Severity Score Comments 

Duration of 

diarrhoea 

1-4 days 1 coded as 0, or else calculated as the difference between the start 

date and end date of diarrhoea (inclusive), in which the start date 

was the first day on which looser than normal stools were 

reported by the parent or recorded in the medical record, and the 

end date was the first day which preceded a full day in which no 

further loose stools were reported or recorded, or on the day of 

discharge (whichever occurred first). 

5 days 2 

≥ 6 days 3 

Duration of 

vomiting 

1 day 1 defined analogously to the duration of diarrhoea 

2 days 2 

≥ 3 days 3 

Frequency of 

diarrhoea 

1-3 stools 1 coded as 0, or else defined as the maximum number of stools 

recorded as passed on any calendar day from the start date to the 

end date of diarrhoea (inclusive). 
4-5 stools 2 

≥ 6 stools 3 

Frequency of 

vomiting 

1 vomit 1 defined analogously to the frequency of diarrhoea. 

2-4 vomits 2 

≥ 5 vomits 3 

Fever ≤37.0 0 coded as 0, or else the maximum temperature recorded in the 

medical record or in the observation chart.  37.1C-38.4C 1 

 38.5C-38.9C 2 

 ≥39C 3 

Dehydration None 0 coded as 0, or else recorded as the percentage difference between 

the average rehydrated weights (first weight on day 3 and the 

weight on discharge or first weight on day 7) and the lowest 

weight on presentation (if recorded in the clinic <24hr prior to 

hospitalisation or on arrival to hospital). 

 1-5% 2 

 ≥6% 3 

Treatment None 0 all children coded as hospitalised. 

 Rehydration 1 

 Hospitalisation 2 
abased on the Vesikari Scale of Ruuska et. al.500 

 

Sensitivity analyses 

Pre-specified sensitivity analyses were performed by including all rotavirus-positive 

admissions regardless of whether the gastroenteritis case criteria were met, and by only 

including cases confirmed to be severe according to the pre-specified severity criteria set out 

above (Table 6.2). Post hoc sensitivity analyses were performed by excluding from the 
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control-cohort children without a primary diagnosis at discharge of lower respiratory illness 

(modified control definition 1) and by also excluding controls with a diagnosis of pneumonia 

(modified control definition 2). The intention as set out in the study plan had been to assess 

the presence of pneumonia using blinded review of the Xrays according to standardised WHO 

criteria, but this analysis has not been performed to date. Further sensitivity analyses were 

performed for each analysis as detailed in the relevant chapters. 

 

Bias analyses 

A post hoc assessment of bias was performed for each analysis by substituting hospitalisation 

for rotavirus-negative gastroenteritis for the outcome, and for the register cohort study by 

substituting respiratory admission for the outcome. VE against rotavirus-negative 

gastroenteritis and respiratory admissions is expected to approximate zero in an unbiased 

analysis. 

 

 Overview of the study designs 

Unmatched hospital-based case-control analysis (Chapter 10) 

This analysis aims to determine the OR of vaccination for gastroenteritis cases compared with 

hospitalised controls. Hospital controls were children meeting the criteria for a respiratory 

admission (see Table 6.2). A secondary control group for rotavirus cases comprises children 

with rotavirus-negative gastroenteritis – referred to as the ‘test-negative’ method. An 

unmatched test-negative analysis was also performed to validate the interim nested case-

control analysis in Chapter 9. In addition to accounting for differences in demographic 

characteristics between cases and controls, clinical characteristics – birth weight, gestational 

age, breast-feeding and weight-for-age Z score – were assessed as potential confounders. 

Children with more than one admission were only included in the analysis once – as either a 

case or as a control - depending on which admission occurred first.  
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Population-based cohort analysis (Chapter 11) 

To validate estimates from the hospital-based analysis, a cohort study was undertaken which 

was nested within the NTIR. The primary outcome was the time-to-event for the first 

ascertained rotavirus hospitalisation. The disease-free survival of vaccinated and unvaccinated 

children was compared using a Cox regression model to determine the HR of hospitalisation. 

Potential confounders were accounted for by adjustment using regression and by 

stratification. The Cox model was analogous to that used for the primary case-cohort analysis 

(Chapter 12), except that the risk-sets comprise all children listed on the NTIR as having 

received at least one dose of any vaccine other than HRV (see Chapter 2). The cohort was 

restricted to children who were listed as resident within the immediate catchments of ASH 

and RDH, because the NTIR coverage for children resident interstate (except for the APY 

Lands of SA) was incomplete, and because NT children who were resident outside of the 

immediate catchments of those hospitals might be hospitalised elsewhere.  

 

Hospital-based case-cohort analysis (Chapter 12) 

In order to improve statistical efficiency, the a priori analysis plan (Appendix 8) was 

modified to a case-cohort approach. The same basic analysis was employed except that 

controls were not limited to four per case, and controls were not required to be matched to 

cases by date of birth (although still matched on the basis of the other variables as per the a 

priori plan). Instead, regression methods were used to account for any potential confounding 

by birth cohort (date of birth), and fractional polynomial analysis used to identify important 

non-linearity of the influence of date of birth on the hazard
511

. The Cox model was analogous 

to a conditional logistic regression model where controls were sampled from risk-sets defined 

by event-time (Chapter 2). Sandwich variance estimates
495

 were used to derive 95% 

confidence intervals, accounting for effective clustering of observations for children who 

serve as a case or non-case on more than one occasion (see Chapter 2). As a sensitivity 

analysis, a separate model was presented in which demographic variables were adjusted for 

using regression rather than stratification/ matching.  
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Hospital-based risk-set matched case-control study 

The a priori analysis plan is set out in Appendix 8. Briefly, a matched hospital-based case-

control study was used to determine the OR of vaccination for rotavirus cases versus control 

children hospitalised with respiratory symptoms. Cases were matched to up to four controls, 

with each control sampled from a cohort of children admitted with respiratory illness over the 

study period. Each control needed to be: 

1. matched to the case by Indigenous status, sex, and date of birth (+/- 14 days), and 

2. admitted to the same hospital (ASH or RDH) as the case and matched to the case by 

remoteness on the night before admission (urban Alice Springs or 

Darwin/Palmerston, otherwise considered rural/remote),  

 

Matched controls were sampled from risk-sets of the control-cohort. The event-time of each 

case admission was considered to define a risk-set comprising all children in the control-

cohort at risk of becoming a case – namely all controls who had not been previously 

ascertained as a case. While a case could not be included as a control at a later date, a child 

could be in multiple control risk-sets and there was no restriction on children being included 

as controls for more than one case, or from being included as a case after already being 

sampled as a matched control for an earlier case. The vaccination status of controls was 

referenced from the event-time defining the risk-set (i.e. the date of admission of the matched 

case) rather than the date of admission of the control. The OR of vaccination was determined 

using conditional logistic regression with further covariate adjustment beyond the matching 

variables. 
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Confounding 

Sex, Indigenous status, and location 

Two methods were used to account for potentially confounding variables. The primary 

method, per the a priori study plan, was by stratification or direct matching. Stratification was 

applied to the categorical demographic variables: sex, Indigenous status, and location. 

Secondary non-stratified models were also created for each analysis in which adjustment for 

all covariates was by regression. The non-stratified models were used to identify potential thin 

data problems and, where the estimates for the effect of vaccination were similar to the 

stratified analysis, to quantify the association between the stratified variables on the risk of 

hospitalisation, and to create summary cumulative hazard functions. For all other purposes, 

effect measures and 95%CIs were from the stratified model unless stated otherwise.  

 

Age 

Age is a strong determinant of vaccination status and was therefore an important potential 

confounder of vaccine effects. The Cox models used in the cohort and case-cohort analyses 

have age as their time axis and thereby intrinsically account for the influence of age on the 

risk of hospitalisation (Chapter 2). For the logistic model used in the hospital-based case-

control analysis (Chapter 10) the influence of age had to be accounted for by regression 

modelling. This was done using a piecewise linear spline function for date of birth, with pre-

specified knots at ages 2, 4 and 6 months - corresponding to the usual age intervals for HRV 

vaccination.   

 

Date of birth 

Two methods were used to account for potential confounding by birth cohort. Where 

permitted by an adequate number of eligible controls per case, controls were directly matched 

to each case by date of birth as set out in the a priori analysis plan. Otherwise, date of birth 

was included as a continuous covariate in the regression model. The algorithm of Sauerbrei et. 
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al.
511

 was used to identify fractional polynomial transformations of date of birth (up to 2 

terms) which resulted in a significant improvement in model fit over a linear term 

 

Breast-feeding, weight-for-age Z score, gestational age, birth weight 

For clinical characteristics, data were available for hospitalised children (i.e. cases and 

hospitalised controls) but not for register controls. To assess for potential confounding by 

these factors, I first assessed for a significant difference between cases and controls using 

Chi-square and Wilcoxon rank sum tests for categorical and continuous variables 

respectively. If significant, the variables were included with demographic variables in a 

multivariate model and removed by backwards stepwise elimination. 

 

Sample size 

The power calculation and sample size determination were made using PS version 2.1.30
512

. 

The aim was to recruit 110 children meeting the rotavirus hospitalisation case criteria 

matched to 4 risk-set matched hospital controls. It was determined that if the true VE was 

65%, this would provide 94% power to detect the protective effect as significant (α = 0.05, 

correlation coefficient = 0.5) (see Appendix 8).  

 

Statistics 

All analyses were performed in Stata version 11 unless stated otherwise. Single variable 

comparisons between cases and controls (or non-cases) were by chi-square tests for 

categorical variables, and by Wilcoxon rank-sum test for continuous variables. Nested models 

were compared using likelihood ratio tests, except for the case-cohort analysis in which 

models were compared based on the Akaike Information Criterion (AIC)
513

. For the case-

cohort analysis robust two-sided 95%CIs based on sandwich variance estimates are quoted. 

Standard two-sided 95% CIs are quoted for all other analyses unless stated otherwise.  
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Ethics 

All aspects of the study were reviewed by the Human Research Ethics Committee of the NT 

Department of Health and Families and the Menzies School of Health Research and by the 

Central Australian Human Research Ethics Committee and by their Aboriginal Ethics 

Subcommittees (HREC 07/35 and HREC 09/29). 

 

Role of funding source 

This study was funded in by an NHMRC Project Grant (545233), and in part by a start-up 

grant from GSK, the manufacturer of HRV. GSK provided comments on the original draft 

study design which was a hospital-based unmatched case-control design as set out in Chapter 

10. As a result, the design was modified to the risk-set matched analysis as set out as the a 

priori analysis in Chapter 12. GSK played no part in the data collection or analysis. GSK 

provided comments on the manuscript for the interim analysis (Chapter 9) prior to 

publication. As a result changes were made which were immaterial to the results or 

conclusions. Full responsibility for the design, conduct, analysis, and reporting of the study 

results rest with the study investigators.  
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Chapter 7. Hospitalisations for gastroenteritis and lower respiratory illness in 

the Northern Territory 
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This chapter provides an overview of the results of two years of active case surveillance at 

ASH and RDH. Over 1800 admission for gastroenteritis or respiratory symptoms were 

captured, including 132 episodes of rotavirus-confirmed gastroenteritis. 

 

Hospitalisations 

Over the study period, 2808 hospitalisations of children aged 0 to 35 months with 

gastroenteritis or respiratory symptoms were identified; 2342 (83%) were screened and 1813 

(77%) were recruited. The proportion of identified and screened children who were consented 

and recruited was higher at ASH than at RDH (Figure 7.1). Of those recruited, 66 were not 

eligible for the VE analysis: 56 were born before August 1
st
 2006 and were therefore not 

vaccine-eligible, 3 episodes had no diagnosis recorded by the treating medical team, and 7 

were diagnosed as having pertussis (Figure 7.2). 

 

Gastroenteritis cases 

Both the diagnosis criteria and clinical criteria for a gastroenteritis case were met for 479 

(27%) episodes, and 132 of these gastroenteritis cases were rotavirus-confirmed. Of the 

rotavirus-confirmed cases, 126 were aged ≥ 6 weeks at presentation, 121 were confirmed as 

rotavirus positive by the reference laboratory, 125 met the a priori definition for a severe 

episode, 61 were G1 genotype-confirmed, 52 were G2 genotype-confirmed, and 71 also had a 

non-rotavirus pathogen detected (Table 7.1 and Figure 7.2). Further characteristics of all 

gastroenteritis cases are provided in Chapter 8. 

 

Rotavirus positive children not meeting the case criteria 

In addition to the 132 episodes meeting the criteria for rotavirus-confirmed gastroenteritis, 

rotavirus was detected in a further 54 episodes which did not fulfil the full case inclusion  



Chapter 7 146 

 

Figure 7.1. Weekly and cumulative recruitment to the TROVE Study by study hospital. 

 

criteria. Of these, gastroenteritis was not recorded as the primary reason for admission 

(diagnosis criteria not met) in 35 episodes, 3+ loose stools were not documented (clinical 

criteria not met) in 10 episodes, and in 9 episodes rotavirus was first confirmed > 72 hours 

after presentation (including in 2 otherwise meeting the case criteria). In a further 10 episodes, 

a rotavirus EIA was equivocal and could not be confirmed by PCR, including 7 episodes 

which would have otherwise met the case criteria.  
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Table 7.1. Results of confirmatory rotavirus testing and genotyping of rotavirus-confirmed 

gastroenteritis cases in the TROVE Study at the Australian Rotavirus Reference Centre. 
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G1 - - 60 - - - - 60 

G2 49 - - 1 - 1 - 51 

G1 and G2 1 - - - - - - 1 

G non-typeable 3 1 2 3 - - - 9 

negative by 

reference EIA 
- - - - 4 - - 4 

insufficient - - - - - 5 - 5 

not referred - - - - - - 2 2 

Total 53 1 62 4 4 6 2 132 

 

Admissions for respiratory illnesses 

Of 1747 hospitalisations, 748 met the criteria for an admission with respiratory symptoms 

(primary hospital control criteria) and 700 of these occurred among children ≥ 6 weeks old. 

Of the respiratory control admissions, 557 received a primary diagnosis at discharge of 

bronchiolitis, pneumonia, asthma or lower respiratory tract infection and of these, 272 had no 

looser than normal stools recorded within 48 hours of hospitalisation and thereby met thereby 

met the modified control criteria set out in Table 6.2 used in the sensitivity analyses.  
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Figure 7.2. Recruitment to the TROVE Study. URTI/OM: upper respiratory tract infection/ otitis media; UTI: urinary tract infection. 
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Chapter 8. A case-control study of the causes of gastroenteritis after introduction 

of rotavirus vaccination in Australia’s Northern Territory. 
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I estimated the individual contribution of rotavirus and other enteric pathogens to 

hospitalisations for gastroenteritis following the introduction of rotavirus vaccination. For 

each pathogen this was done by comparing its frequency of detection among children with 

gastroenteritis with control children hospitalised for respiratory illnesses, and adjusting for 

co-infection. Pathogens were detected in the stools of 84% of gastroenteritis cases and 52% 

of controls. Rotavirus accounts for 26% (95% CI: 22 to 31%) of gastroenteritis 

hospitalisations in this setting after vaccine introduction, with a high proportion of 

hospitalisations also accounted for by EVEC pathotypes, Salmonella species, and 

Cryptosporidium parvum.  

 

Background 

In Australia, like other developed countries, deaths from gastroenteritis are rare. However for 

Australia’s remote Indigenous children gastroenteritis remains an important cause of 

morbidity
50

. This has been attributed to overcrowding, poor sanitation and poor environmental 

conditions which prevail in many remote Indigenous communities in Australia
51

.  

 

A number of strategies are available to impact upon diarrhoeal disease (e.g. zinc, promotion 

of breast-feeding, provision of clean water, rotavirus vaccination) and many have been shown 

to be effective and affordable
514

. However the value of each strategy is likely to vary by 

setting, depending on local factors including the relative contribution of individual viral, 

bacterial and parasitic pathogens to acute gastroenteritis. While obvious for pathogen-specific 

strategies like vaccination, this may also be true for generic strategies like improved sanitation 

which may be less effective against pathogens which are mostly transmitted directly from 

person-to-person rather than through contaminated food or water. In order to prioritise future 

preventive strategies, I aimed to determine which pathogens were important contributors to 

severe gastroenteritis after introduction of HRV in the NT in late 2006. 
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For many enteric pathogens, non-severe or asymptomatic infection is common and 

coincidental infection may be confused for causation in episodes of acute gastroenteritis (see 

Chapter 13). Also, under conditions which are conducive to faecal-oral transmission, mixed 

infection with more than one pathogen is common and the contribution of weaker pathogens 

may be overestimated unless co-infection is accounted for. I sought to determine the 

contribution of a range of pathogens to hospitalisations for gastroenteritis– the population 

attributable fraction (PAF) – by adjusting the crude prevalence of each pathogen among 

hospitalised cases 1) for the prevalence among hospitalised children without gastroenteritis, 

and 2) for the presence of co-infecting pathogens.  

 

Methods 

Study Setting 

This study was nested within the TROVE Study. The study setting is described in detail in 

Chapter 1.   

  

Recruitment and data collection 

Active hospital-based surveillance was used to identify and recruit children aged < 36 months 

admitted with gastroenteritis or with respiratory symptoms as detailed in Chapter 6.  

 

Microbiology 

Stools were collected from all children with gastroenteritis per hospital protocol and 

opportunistically from children hospitalised with respiratory symptoms (see Chapter 6). 

Stools were analysed for the presence of ova, cysts and parasites, conventional bacterial 

pathogens by standard culture, rotavirus by EIA, and EVEC by multiplex PCR assays as 

described in Chapter 6 and Table 6.1. 
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Calculation of odds ratios and population attributable fractions 

A hospital-based unmatched case-control study was performed. I included the subset of 

children aged 6 weeks to < 36 months admitted during the study period for whom complete 

results were available for rotavirus EIA, routine microscopy and culture, and EVEC PCR. 

Cases were children meeting the criteria for an all-cause gastroenteritis admission and 

controls were children meeting the primary criteria for a respiratory admission (Table 6.2). 

Children who were positive for viruses > 72 hours after presentation were excluded as 

nosocomial infection could not be discounted. 

 

Ordinary (unconditional) logistic regression was used to calculate the adjusted OR of 

detection of each pathogen among cases versus controls. Estimates were adjusted for the 

presence of co-infection with other enteric pathogens. In addition, age, date of birth, 

Indigenous status, breast-feeding (partial versus exclusive versus none), location (central 

versus northern Australia), remoteness (urban Darwin or urban Alice Springs versus 

elsewhere), weight for age z-score, and rotavirus vaccination status (0, 1, or 2 doses) were 

also included in the full model and eliminated using a backwards stepwise approach based on 

nested likelihood ratio tests (p < 0.10). The influence of the continuous covariates age, date of 

birth and weight-for-age z-score were modelled using fractional polynomials 
511

 executed in 

Stata by the mfp command. For pathogens with an aOR > 1, I used the logistic model to 

calculate the aPAF 
515

 as executed in Stata by the user-written aflogit command. The presence 

of two-way interactions were assessed between pathogens, and between each pathogen and 

age (<12 months versus 12 to 35 months), and between rotavirus and demographic factors 

retained in the preliminary main effects model. Overall goodness of fit was assessed by the 

Pearson chi square statistic and the influence of outlying observations assessed by delta chi 

square, delta deviance and Pregibon’s beta statistics. Outlying observations were scrutinised 

for possible errors in diagnostic coding. Because norovirus was not tested for all children, the 

aOR and aPAF of this pathogen were calculated by a separate analysis of tested children. 
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Inclusion of multiple episodes was permitted for children hospitalised more than once and 

clustering accounted for by calculation of robust 95% confidence intervals based on sandwich 

variance estimates. Statistics were performed using Stata v9.  

 

Results 

Pattern of gastroenteritis 

Of the 1747 hospitalisations captured over the study period (Figure 7.1), 893 (51%) had stools 

collected and had sufficient data for analysis. Of these 415 met the gastroenteritis case criteria 

and 324 met the control criteria (Figure 8.1). Indigenous children accounted for 385 (92%) 

cases and 271 (84%) controls. Other demographic and clinical characteristics are detailed in 

Table 8.1. 

 

One or more pathogens were detected among 84% of cases (348/415) and 52% (170/324) of 

controls. For most pathogens, > 90% of detections were made on the first tested specimen. As 

a group, EVEC strains were detected in 228 (55%) cases and 128 (40%) controls, with 

enteroaggregative E coli (EAEC) the single most frequently detected pathogen (Table 8.2). 

Rotavirus was the second most frequently detected pathogen. In 69 (57%) rotavirus-positive 

cases and in 14 (67%) rotavirus-positive controls, mixed infection with 1 or more co-infecting 

pathogens was detected. Rotavirus detections were clustered in two epidemics: a G2P[8] 

strain epidemic in mid-2009, and a G1P[8] strain epidemic in mid-2010 (Figure 8.2). The 

detection of EVEC appeared to be clustered during these epidemics, but temporal clustering 

was less evident for other pathogens. Compared to bacterial and parasitic pathogens, viruses 

tended to be detected among younger children (Figure 8.3) 
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Figure 8.1. Recruitment and inclusion/ exclusion of gastroenteritis cases and hospital controls for determination of pathogen-

specific attributable morbidity. LRTI: lower respiratory tract infection, URTI: upper respiratory tract infection 
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Table 8.1. Profile of hospitalised cases of gastroenteritis and hospitalised controls. 

 Cases Controls 

Total 415 324 

Median age in months (range) 13.0 (1.2 to 31.8) 7.0 (0.5 to 32.7) 

Male (%) 225 (54%) 170 (52%) 

Median date of presentation (range) 
21/May/09  

(17/Aug/08 to 22/Jul/10) 

16/Sep/09 

(07/Jul/08 to 19/Aug/10) 

Indigenous (%) 382 (92%) 271 (84%) 

Central Australian (%) 327 (79%) 217 (67%) 

Urban (%) 219 (53%) 141 (44%) 

Partially breast fed (%) 229 (55%) 133 (41%) 

Exclusively breast fed (%) 53 (13%) 84 (26%) 

Weight-for-age Z score (IQR) -0.5 (-1.2 to 0.3) -0.2 (-1.2 to 0.7) 

Days of admission (IQR) 4.8 (3.0 to 7.5) 4.7 (2.9 to 6.6) 

Serum bicarbonate (mmol/L) (IQR)a  16.9 (14.0 to 19.5) 21.1 (19.6 to 22.4) 

Symptom score (out of 20) (IQR) 14 (12 to 16) n/a 

HRV vaccinated, 2 doses (%) 222 (53%) 157 (48%) 

HRV vaccinated, 1 dose (%) 87 (21%) 66 (20%) 

Any pathogen detected 348 (84%) 170 (52%) 

Rotavirus detected 122 (29%) 21 (6%) 

Rotavirus alone 53 (13%) 6 (2%) 

Rotavirus + another pathogen 69 (17%) 15 (5%) 

Rotavirus + EVEC 57 (14%) 11 (3%) 

IQR: inter-quartile range, n/a: not applicable, HRV: Human rotavirus vaccine, EVEC: enterovirulent pathotype of 

Escherichia coli. aLowest serum bicarbonate measured <12hr after presentation available for 365 cases and 127 

controls. 

 

Population attributable fractions 

Compared with controls, cases were older (median age: 13.0 versus 7.0 months) and a higher 

proportion were urban and from Central Australia (Table 8.1). The best fitting logistic model 

included a logarithmic transformation for age, as well as covariates for Indigenous status and 

remoteness (both dichotomous), and date of birth (linear). Rotavirus, Cryptosporidium 

parvum, and Salmonella, Shigella, and Campylobacter species were detected significantly 

more frequently among cases than controls and were associated with the highest aORs (Table 

8.2). Of EVEC strains, only enterotoxigenic E coli (ETEC) and EAEC were detected 

significantly more frequently among cases than controls. Rotavirus was estimated to account 
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Table 8.2. Comparison of gastroenteritis cases and unmatched hospital controls: proportion with each 

organism detected in stool, adjusted OR and adjusted population attributable fractions (PAF). 

 Cases positive 
Controls 

positive 

Crude OR 

95%CI 

Adjusted OR
a,e 

95% CI 

Adjusted PAF
a,e 

95% CI 

Any pathogen 84% (348/415) 52% (170/324)  4.7 (3.3 – 6.7) -- -- 

Rotavirus 29% (122/415) 6% (21/324) 6.0 (3.6 - 10.3) 9.4 (5.4 – 16.2) 26% (22 - 31%) 

  G1 genotype 13% (52/415) 2% (5/324) 9.1 (3.6 – 29.6) 16.8 (6.1 – 46.6) 12% (8 – 15%) 

  G2 genotype 13% (53/415) 1% (3/324) 20.1 (6.4 – 101.2) 29.9 (7.8 – 114.1) 12% (9 – 16%) 

  Otherd 4% (18/415) 4% (13/324) 1.2 (0.4 – 4.1) 1.9 (0.8 – 4.8) 2% (-2 to 6%) 

Shigella spp. 5% (20/415) 1% (3/324) 5.4 (1.6 - 28.7) 4.0 (1.0 – 16.1) 4% (0 – 8%) 

Salmonella spp. 11% (47/415) 4% (12/324) 3.3 (1.7 – 7.0) 6.2 (2.9 – 13.4) 10% (5 – 13%) 

Campylobacter spp. 4%  (17/415) 0% (1/324) 13.8 (2.1 - 578.2) 17.3 (1.6 – 191.3) 4% (0 – 7%) 

Cryptosporidium parvum 10% (42/415) 2% (6/324) 6.0 (2.5 - 17.8) 4.5 (1.7 – 11.8) 8% (3 – 12%) 

Giardia lamblia 4% (18/415) 6% (19/324) 0.7 (0.4 - 1.5) 0.4 (0.2 – 0.9) -- 

Strongyloides stercoralis 1% (4/415) 2% (5/324) 0.6 (0.1 - 2.9) 0.2 (0.0 – 1.0) -- 

ETEC 16% (68/415) 6% (21/324) 2.8 (1.7 – 5.0) 2.6 (1.5 – 4.6) 10% (4 - 16%) 

tEPEC 2% (9/415) 2% (8/324) 0.9 (0.3 - 2.6) 0.5 (0.2 – 1.4) -- 

aEPEC 14% (57/415) 13% (41/324) 1.1 (0.7 - 1.7) 0.9 (0.5 – 1.5) -- 

EAEC 33% (135/415) 25% (80/324) 1.5 (1.0 - 2.1) 1.4 (1.0 – 2.2) 10% (0 - 19%) 

EIEC 4% (18/415) 2% (8/324) 1.8 (0.7 - 4.8) 1.4 (0.5 – 3.9) 1% (-4 – 6%) 

EHEC/ STEC 0% (1/415) 0% (1/324) -- -- -- 

Norovirusb 13% (18/144) 8% (10/133) 1.8 (0.7 – 4.4) 2.1  (0.7 – 6.2) 7% (-4 –16%) 

Adenovirus 0% (0/232) 1% (3/203) -- -- -- 

OR: odds ratio, CI: confidence interval, ETEC: enterotoxigenic E coli, tEPEC: typical enteropathogenic E coli, aEPEC: 

atypical enteropathogenic E coli, EAEC: enteroaggregative E coli, EIEC: enteroinvasive E coli, EHEC: enterohaemorrhagic E 

coli. 

 aORs and PAFs adjusted for age, date of birth, remoteness and Indigenous status. Robust 95% confidence intervals. Enteric 

adenoviruses and enterohaemorrhagic E coli were detected so infrequently they were excluded.  bOR and PAF for norovirus 

calculated using based on only 144 cases and 133 controls tested for this pathogen. bcompared to negative for all pathogens.d6 

cases and 4 controls insufficient for genotyping, 1 control G8 genotype, 9 cases and 4 controls not typable, 3 cases and 4 

controls not confirmed by PCR. eOne control positive for rotavirus, Salmonella species and EAEC, and with moderate 

diarrhoea (symptom score 16/20) excluded because of suspected coding error. 
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Figure 8.2. The detection of rotavirus and other enteric pathogens by study week. EVEC: enterovirulent pathotypes of Escherichia coli. ETEC: enterotoxigenic E coli, 

tEPEC: typical enteropathogenic E coli, aEPEC: atypical enteropathogenic E coli, EAEC: enteroaggregative E coli, EIEC: enteroinvasive E coli.  
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Figure 8.3. Age distribution (in months) of identifications per pathogen. EAEC: enteroaggregative E coli, ETEC: enterotoxigenic E coli, 

tEPEC: typical enteropathogenic E coli, aEPEC: atypical enteropathogenic E coli, EIEC: enteroinvasive E coli.  
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for 26% (95% CI: 22 to 31%) of gastroenteritis hospitalisations. Salmonella species, 

Cryptosporidium parvum, ETEC and EAEC also accounted for a significant proportion of 

hospitalisations. 

 

Sensitivity analysis 

The exclusion of specimens collected > 72 hours after presentation had minimal influence on 

the aOR calculated for each pathogen. When only first tested specimens were included, point 

estimates for the aOR were lower and confidence intervals wider for both Campylobacter 

species (aOR=5.2; 95%CI: 0.5 to 56.9) and Shigella species (aOR=1.2; 95%CI: 0.3 to 5.9). 

 

The aOR of the detection of ETEC and Salmonella was influenced by age, but this was not 

observed for any other pathogens. For ETEC, the aORs were 1.1 (95%CI: 0.5 to 2.5) for 

infants <12 months, and 7.0 (95% CI: 2.4 to 20.4) for children aged 12-35 months 

(interaction, p=0.007). For Salmonella, the aORs were 10.1 (95%CI: 3.8 to 27.0) for infants 

<12 months and 3.1 (95%CI: 1.1 to 8.6) for children aged 12-35 months (interaction, p=0.05). 

The aORs of detecting rotavirus among cases versus controls were not significantly different 

for older versus younger children (p=0.28), Indigenous versus non-Indigenous (p=0.88), or 

for remote versus urban children (p=0.37). The aOR of detection of rotavirus among cases 

versus controls was lower when one or more non-rotavirus pathogens were detected 

(aOR=4.1; 95%CI: 2.1 to 7.8), than when no other pathogens were detected (aOR=22.6; 

95%CI: 8.9 to 57.8). This trend was observed for each rotavirus and non-rotavirus pathogen 

interaction, but was only statistically significant when non-rotavirus pathogens were pooled 

(interaction, p=0.003). 

 

Discussion 

We estimated the burden of gastroenteritis attributable to pathogens by first estimating the 

aOR of detection of each among cases versus non-gastroenteritis controls, adjusting for co-
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infection and other potentially confounding factors. The aOR here is similar to the 

‘pathogenicity index’ reported elsewhere
296

 which is based instead on the relative proportion 

of cases versus controls positive for each pathogen. While conceptually analogous, the OR is 

likely to be marginally higher, especially for pathogens detected in a high proportion of cases. 

For each pathogen I used the aOR to estimate the aPAF, commonly interpreted as the relative 

reduction in total disease burden expected if that factor was eliminated from the population.  

 

Rotavirus remains the most important infective cause of hospitalisation for gastroenteritis in 

this setting; it was detected in 29% of cases, while 26% (95% CI: 22 to 31%) of 

hospitalisations for gastroenteritis were estimated to be attributable to it. This is less than the 

50% estimated for all Australian children prior to vaccine introduction
29

 but similar to the 

25% prevalence among hospitalised cases in this setting reported previously
29, 63

. As 

elsewhere, rotavirus was detected much more frequently among cases than controls. The 

estimated aOR for rotavirus in this study was 9.4 (95%CI: 5.4 – 16.2). This is similar to the 

point estimate of 8.0 from a multicentre study across Asia and Central America in the 1980s
69, 

296
 but higher than some more recent estimates

70, 516
. I found no evidence of a difference in the 

aOR for G1 compared with G2 rotavirus strains.  

 

In more than half of rotavirus cases, non-rotavirus pathogens were also detected. In those 

cases, it is unclear whether gastroenteritis is attributable to rotavirus, the non-rotavirus 

pathogen, both, or perhaps neither. For children infected with one or more non-rotavirus 

pathogens, the aOR of detecting rotavirus among cases versus controls was 4.1 (95%CI: 2.1 - 

7.8), suggesting that around 1 in 5 of co-infected cases may not be attributable to rotavirus. In 

contrast, gastroenteritis was almost always attributable to rotavirus for cases where it was 

detected alone (aOR=22.6; 95%CI: 8.9 – 57.8). Because rotavirus vaccines are more likely to 

prevent disease than infection per se, possible misattribution of some rotavirus infections to 

disease might be relevant in interpreting VE, especially in settings where co-infection is 

common (Chapter 13). 
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Similar to a previous study in this setting
63

, EVEC strains were detected frequently. However 

EVEC was also detected frequently in the stools of controls, and only the ETEC and EAEC 

pathotypes are likely to contribute significantly to hospitalisations in this setting. Together 

these pathotypes accounted for around 20% of hospitalisations. Both ETEC and EAEC are 

associated with contamination of food and water and are recognised as important causes of 

diarrhoea among those travelling to less developed countries
517-519

. The prevalence of ETEC 

among cases in this study (16%) was similar to the rate reported in a meta-analysis of studies 

from low and middle development level countries (13%)
517

. I found evidence that the ratio of 

symptomatic to asymptomatic ETEC infection was significantly higher among children aged 

12-35 months than among infants < 12 months. Breast-feeding, which is very common among 

young infants in this population, may protect against the development of ETEC diarrhoea 

rather than colonisation per se
520, 521

, perhaps due to toxin-neutralising antibodies
520, 522

 or by 

reducing the likelihood of exposure to larger inoculums via contaminated food
523

. EAEC has 

also been reported to be a cause of gastroenteritis in middle and high income settings
516, 524, 525

. 

The frequency of EAEC detection among cases (33%) was high compared to other studies 

from developed and developing countries
524

, but similar to that reported in this setting 

previously (29%)
63

. Neither typical nor atypical enteropathogenic E coli (EPEC) were 

detected more frequently among cases than controls. However this does not exclude an 

important contribution of these pathogens to milder gastroenteritis, or to morbidity from 

chronic diarrhoea or malnutrition, which might be more important for these pathogens
526

. 

 

Limitations 

I used hospitalised children without gastroenteritis as controls because using directly matched 

community controls – although preferable – was not feasible. Under-reporting of 

gastroenteritis symptoms may have resulted in misclassification of some cases as controls and 

it is also possible that enteric infection contributed indirectly to hospitalisation of some 

controls, for example through impacts on nutrition. Some detected pathogens may have been 
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nosocomially-acquired even though I only included as cases children who had gastroenteritis 

on admission and excluded those who were first positive for viruses > 72 hours after 

presentation. The most likely direction of any bias from these sources would have been 

toward underestimation of the aPAFs. However on the whole the aORs reported here are 

either similar to - or higher than – pathogenicity indices reported elsewhere, so I do not expect 

that any overall bias was large.  

 

Routine culture or microscopy was used to detect many pathogens and detection rates might 

have been higher if other methods were used. However if more sensitive assays only improve 

detection of mild or asymptomatic infections, the effect on the estimated aPAF would be 

small.  

 

PAFs can logically sum to > 100% because more than one factor may be necessary for disease 

to occur. In this study the sum of the aPAFs for each pathogen was 80%. Considering that not 

all pathogens were tested for, this sum is likely to be higher than the overall proportion of 

hospitalisations which are attributable to these pathogens.  

 

Significance 

Rotavirus remains an important cause of hospitalisation for gastroenteritis in the NT after the 

introduction of routine vaccination of infants. An even larger part of the total disease burden 

is due to bacterial and parasitic pathogens which are more clearly associated with 

environmental factors, reflecting the slow progress towards improved living conditions in 

remote Australian communities. Further reductions in severe gastroenteritis are likely to 

require not only the optimisation of the vaccination strategy, but also fundamental 

improvements in housing, sanitation, and hygiene.  
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Chapter 9. Interim nested case-control study of rotavirus VE during a G2P[4] 

outbreak in Central Australia. 
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This chapter was published substantively in 2011
2
 as an unscheduled interim analysis of the 

TROVE study. The analysis was prompted by a widespread G2P[4] rotavirus strain epidemic 

in Central Australia in 2009. At the time of the analysis the control-cohort of hospitalised 

children was not of sufficient size to permit a case-cohort analysis. I therefore nested the 

case-control study in a population-based cohort, risk-set sampling controls from the NTIR. 

No overall protective effect against hospitalisation was shown raising concerns over the 

durability of vaccine protection against strains which are G-P type heterotypic to the vaccine 

strain. On post hoc analysis, evidence was found for a protective effect against disease 

complicated by severe acidosis among infants < 12 months. 

 

Introduction 

In 2009, the WHO recommended rotavirus vaccines be used in all countries, with 

prioritisation in countries where diarrhea-related deaths account for more than 10% of child 

mortality
6
. Central to this was the observed effectiveness in several settings post licensure and 

the demonstration that efficacy of HRV was satisfactory in sub-Saharan Africa
6
, a setting 

where previous vaccine candidates had failed
384, 390, 391

. Important questions remain about the 

persistence of vaccine protection, protection against heterotypic serotypes, and the potential 

for strain replacement with these serotypes.  

 

Widespread rotavirus epidemics were documented in Central Australia most years for the past 

decade (Figure 9.1). During a G9P[8] rotavirus outbreak several months after HRV 

introduction in the NT, vaccination was found to have reduced the rate of hospitalisation for 

rotavirus-confirmed disease among infants by 85%
479

 (Chapter 5). Two years later, a 

widespread outbreak of a G2P[4] rotavirus strain occurred in the same region providing the 

opportunity to perform a comparable evaluation against an important heterotypic serotype. 

This was conducted as an unplanned interim analysis of the TROVE Study and includes all 

cases enrolled at ASH up until June 30th 2009. 
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Methods 

The Central Australian study setting was described in detail in Chapter 1. Methods for 

prospective case ascertainment via hospital-based surveillance and case definitions are set out 

in Chapter 6.  

 

Vaccine effectiveness 

A case-control study was nested within a population-based cohort of vaccine-eligible children 

listed on the NTIR. The cohort was dynamic and comprised Central Australian children born 

on or after August 1
st
 2006, the earliest date of birth for eligibility for HRV vaccination. 

Details regarding criteria for cohort entry and exit are provided in Chapter 11. Each case 

occurring in a child in the cohort was individually matched by date of birth +/- 7 days and 

Indigenous status with 4 children randomly selected from the cohort risk-set, where the risk-

set comprised all children in the cohort on the date of hospitalisation of the case. The 

vaccination status of cases and controls was referenced with respect to the date of case 

hospitalisation.  

 

The sample size calculation for the primary analysis is presented in Chapter 6. Assuming 2-

dose vaccine coverage of 50% among controls, it was estimated for the interim analysis that 

30 cases each matched to 3 controls would have 87% power to detect a 2-dose VE of 85% - 

the estimate of VE during the previous epidemic (see Chapter 5).  

 

VE estimates were validated using a ‘test-negative’ case-control analysis as described in 

Chapter 6. Here any vaccine-eligible child hospitalised for a first episode of gastroenteritis 

during the study period was included whether listed on the register or not. Cases were 

children testing positive for rotavirus and unmatched controls were those testing negative – 

untested children were excluded. 
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Figure 9.1. Rotavirus notifications and hospitalisations in Central Australia from January 2000 through July 2009. Monthly rotavirus notifications (blue 

bars) and rotavirus-coded hospitalisations (red line) for children aged < 5 years in the study catchment area. The HRV program was commenced in Central Australia in October 2006 

for children born on or after August 1st 2006. Source of notification data: Dr Peter Mackey. 
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Data analysis 

Conditional logistic regression was used to determine the OR of vaccination for cases 

compared to matched population controls as described in Chapter 2. Post hoc analyses 

included stratification by age (cases younger or older than 12 months) and restriction of the 

analysis to cases meeting the a priori criteria for a severe episode (see Table 6.2). ORs were 

adjusted (aOR) for sex and/or remote domicile (Alice Springs versus elsewhere in Central 

Australia) where this changed the point estimate of the coefficient for the effect of two doses 

by more than 5%. Estimates of VE were based on the OR (VE = 1 – aOR) under the 

assumption that the vaccine effect was homogenous, multiplicative and not waning, and 

where the aOR was interpreted as equivalent to the HR of hospitalisation for vaccinated 

versus unvaccinated children in the cohort (see Chapter 2).  

 

For the test-negative analysis, ordinary logistic regression was used. Age, sex, Indigenous 

status, remoteness, breast feeding status (any versus none) and date of birth were incorporated 

into the full model. Variables were removed from the model by backwards stepwise 

elimination on the basis of likelihood ratio tests (p>0.05) until the most parsimonious model 

was achieved.  

 

Results 

Pattern of gastroenteritis 

Up until June 30
th
 2009, there were 310 hospitalisations at ASH with diarrhoeal symptoms. Of 

these, 237 (76%) episodes involving 213 children were captured by the study (Figure 9.2). Of 

237 hospitalisations, 177 (75%) met the criteria for a gastroenteritis episode and 46 (26%) of 

these were rotavirus-confirmed. Of 46 rotavirus-confirmed episodes, 44 (96%) occurred from 

February 20
th
 to May 18

th
 2009 (Figure 3), 42 (91%) were Indigenous children, 37 (80%) had 

documented acidosis and 39 (85%) had a symptom score ≥ 11 (Table 9.1). All except one of 
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the rotavirus-confirmed episodes were referred for genotyping with 41 (91%) confirmed as 

containing the G2 or P[4] genotype or both. No G1 or P[8]- containing strains were detected.  

 

Vaccine effectiveness 

Among the 2307 children in the register cohort, there were 41 rotavirus hospitalisations and 

all were included in the primary population-based analysis. Five rotavirus hospitalisations 

occurred among children not within the cohort: 3 were ineligible for vaccination, and 2 were 

not listed on the immunisation register (Figure 9.2).  

 

Nineteen of 41 cases (46%) compared to 87 of 164 matched population controls (53%) had 

received two doses of HRV. The aOR for two doses versus none was 0.81 (95%CI: 0.32 to 

2.05, p=0.65) resulting in a VE estimate of 19% (95%CI: -105 to 68%). Restricting the 

analysis to cases with acidosis and to cases with a symptom score ≥ 11, the aOR for two doses 

versus none was 0.89 (95%CI: 0.30 to 2.64, p=0.84) and 1.06 (95%CI: 0.33 to 2.67, p=0.91) 

respectively. The aOR for one dose versus none was 0.99 (95%CI: 0.34 to 2.86, p=0.99).  

 

In the test-negative analysis, there were 36 cases and 94 non-rotavirus gastroenteritis controls. 

Ten rotavirus episodes were excluded: 3 were not eligible for vaccination and 7 had been 

previously included as a control (Figure 9.2). A comparison of demographic and clinical 

features is provided in Table 9.1. The aOR for two doses versus none was 0.81 (95% CI: 0.30 

to 2.19, p=0.68) for all rotavirus hospitalisations and 0.83 (95%CI: 0.27 to 2.51, p=0.74) for 

those complicated by acidosis respectively.  



Chapter 9. 172 

 
Figure 9.2. Recruitment and exclusion of cases and controls for the population control group 

and hospital control group for the interim VE analyses. 

 

Among infants < 12 months in the register control group analysis, aOR was 0.49 (95%CI: 

0.12 to 1.92, p=0.30) for hospitalisation of any severity, 0.15 (95%CI: 0.026 to 0.84, p=0.03) 

for those complicated by acidosis, and 0.68 (95%CI: 0.15 to 3.00, p=0.61) for those 

associated with a symptom score ≥ 11. Among children ≥ 12 months, the aOR was 0.91 

(95%CI: 0.21-3.83, p=0.89). Analysis by age and severity using the test-negative analysis, 

albeit limited by small numbers, was consistent with the population-based analysis (Table 

9.2). The introduction of an interaction term between vaccination status and age did not result 

in a statistically significant improvement in the fit of the regression model for the hospital 

control group analysis (p=0.19).Vaccinated and unvaccinated cases are compared in Table 9.3 
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Table 9.1: Demographic and clinical characteristics of hospitalised rotavirus cases compared with population and hospital controls 

 Population-based analysis Hospital control group analysis 

 Cases Population controlsa p-valueb Casesc Hospital controlsd p-valuee 

Total 41 164  36 94  

Median age (months) (IQR) 10.1 (5.6 to 17.2) 10.2 (5.5 to 17.2) matchedf 10.5 (5.4 to 17.6) 13.8 (8.4 to 18.9) 0.20 

Indigenousg (no.) 40 (98%) 160 (98%) matched 33 (92%) 89 (95%) 0.68 

Male (no.) 23 (56%) 92 (56%) 1.00 19 (53%) 51 (54%) 0.88 

Remoteh (no.) 23 (56%) 108 (66%) 0.23 15 (42%) 49 (52%) 0.29 

Breast fed: any (no.) 29 (71%)  n/ai  27 (75%)  59 (63%) 0.19 

Breast fed: exclusive (no.) 9 (22%) n/ai  9 (25%) 10 (11%) 0.04 

Median weight for length z-score (IQR) -0.7(-1.3 to -0.1) n/ai  -0.9 (-1.4 to -1.0) -0.4 (0.9 to 0.4) 0.04 

Median serum bicarbonate (mmol/L) (IQR) 14.0 (11.9 to 16.3) n/ai  15.0 (12.4 to 17.4) 17.0 (14.6 to 20.0) 0.02 

Median symptom score (out of 20) (IQR) 14 (13 to 15) n/ai  14 (13 to 15) 13 (10 to 15) 0.03 

Rehydration: nasogastric; (no.) 11 (27%)    10 (28%)  31 (33%)  0.05 

Rehydration: IV or intraosseous (no.) 30 (73%)   26 (72%) 49 (52%) 0.05 

Total cases referred for genotyping (no.) 39   34   

G2P[4] 33   29   

G2/P-nontypable 2   2   

G-nontypable/P[4] 2   1   

G-nontypable/P-nontypable 2   2   

G1 or P[8]-containing genotypes 0   0   

aPooled data for population controls in which four controls were directly matched to each case by Indigenous status and date of birth (+/- 7 days). bConditional logistic regression. 

cOnly cases rotavirus-positive on first hospitalisation for gastroenteritis during the study period included. dChildren age-eligible for rotavirus vaccination and hospitalised for 

rotavirus-negative gastroenteritis during the study period. eKruskal-Wallis test for continuous variables and chi-square test for categorical variables.  fControls matched to cases on age 

by virtue of matching on date of birth. gChildren identified as Aboriginal, Torres Strait Islander, or both by immunisation register (primary analysis) or by parental report (secondary 

analysis). hDefined as “other than Alice Springs” for usual place for primary healthcare attendance according to immunisation register (primary analysis) or location on the night 

before hospitalisation (secondary analysis). in/a Rates of breast-feeding and anthropometric measures not available (and severity data not applicable) for population controls.  
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Figure 9.3. Weekly number of hospitalisations to Alice Springs Hospital for gastroenteritis by rotavirus antigen result and genotype over the study period.  
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Discussion 

At the time of publication, this was the second post-licensure evaluation that had failed to find 

high effectiveness of HRV against hospitalisation for G2P[4] disease, in particular for 

children older than 12 months
445

. However numbers were too small to exclude a more modest 

protective effect. The findings are in contrast to the VE estimate of 85% (95%CI: 23-97%) 

observed in the same population during the earlier G9P[8] outbreak
527

 (Chapter 5), and 

estimates from field trials elsewhere
528

. Estimates of VE against severe disease were high in 

large pre licensure trials in Latin America (85%)
2
 and Europe (90%)

434
, but lower in a more 

recent trial based in South Africa (77%) and Malawi (50%)
194

. It has been suggested that 

rotavirus vaccines are less immunogenic in resource poor settings, and this has been attributed 

to a number of potential host or environmental factors such as malnutrition or vaccine 

interference by breast milk factors or concurrent enteric infection
296, 459

.  

 

In this outbreak the predominant strain was heterotypic to the vaccine genotype: most cases 

were confirmed as G2P[4]. In the Latin American trial, VE against severe G2P[4] disease was 

45% (95%CI: -82 to 86%)
2
. When pooled with 3 smaller studies, the aggregate VE against 

severe G2P[4] disease was 71% (95%CI: 20 to 91%)
528

, although this estimate was based on 

only 21 cases. An increase in the proportion of G2-containing strains has also been detected 

elsewhere in Australia following introduction of HRV
179

, however on-going surveillance is 

required to determine whether this represents selective replacement or a chance event. 

 

A second feature of this study is that the population cohort included children up to 3 years 

old. Post hoc analyses suggested the presence of age-related heterogeneity in the protective 

effect of the vaccine.  The OR of vaccination among infants younger than 12 months for 

disease with acidosis was consistent with VE estimates reported elsewhere, and the apparently 

greater protective effect against severe disease is also consistent with observations from other 
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Table 9.2: The OR for vaccination with human rotavirus vaccine (HRV) for all rotavirus hospitalisations and those complicated by severe acidosis, compared 

with population-based and hospital-based controls. 

 Population-based analysis Test-negative analysis 

 
Proportion fully  

vaccinated (%) 
ORa  

(95% CI) 
p-value 

Proportion fully 

 vaccinated (%) 

ORb 

 (95% CI) 
p-value 

 Casesc Population 

Controlsd   Casese Hospital 

Controls 
  

a) All hospitalisations         

Age 0-35 months 19/41 (46) 87/164 (53) 0.81 (0.32 to 2.05)f 0.65 17/36 (47) 54/94 (57) 0.81 (0.30 to 2.19) 0.68 

   Age 0-11 monthsg 6/24 (25) 40/96 (42) 0.49 (0.12 to 1.92) 0.30 6/20 (30) 20/39 (51) 0.61 (0.10 to 3.63) 0.58 

   Age 12-35 monthsh 13/17 (76) 47/68 (69) 0.91 (0.21 to 3.83) 0.89 11/16 (69) 34/55 (62) 0.82 (0.21 to 3.23) 0.77 

b) Severe acidosisi         

Age 0-35 months 15/34 (44) 73/136 (54) 0.89 (0.30 to 2.64) 0.84 13/30 (43) 54/94 (57) 0.83 (0.27 to 2.51) 0.74 

   Age 0-11 monthsg 3/21 (14) 38/84 (45) 0.15 (0.03 to 0.84) 0.03 3/17 (18) 20/39 (51) 0.17 (0.01 to 2.20) 0.17 

   Age12-35 monthsh 12/13 (92) 35/52 (67) -j  10/13 (77) 34/55 (62) 1.73 (0.33 to 9.08) 0.52 

aOdds ratio (OR) for two doses of HRV (versus no doses) of cases compared with matched controls estimated by conditional logistic regression and adjusted for remoteness. bOR for two doses of 

HRV (versus no doses) of cases compared with unmatched hospital controls estimated by ordinary logistic regression and adjusted for age and date of birth. cVaccine-eligible rotavirus-confirmed 

hospitalisations registered on the population immunisation register. dPooled data for cases and controls, where four population controls were directly matched to each case by Indigenous status and 

date of birth (+/- 7 days). eVaccine-eligible rotavirus-confirmed hospitalisations and first hospitalisation for gastroenteritis during the study period. fPrimary outcome. gExcluding cases (+/- matched 

controls) ≥12 months on the date of hospitalisation. hExcluding cases (+/- matched controls) <12 months on the date of hospitalisation.  iExcluding cases (+/- matched controls) without a serum 

bicarbonate <18mmol/L documented within 12 hr of presentation. jNo cases ≥12 months with severe acidosis were unvaccinated, so the OR is not calculable. 
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studies. I did not find evidence of significant protection against disease associated with higher 

symptom scores, nor a difference in symptom scores between vaccinated and unvaccinated 

cases. However, symptom scores rely in part on parental report and may have less reliably 

discriminated between grades of severity among hospitalised cases in this setting.  

Table 9.3. Comparison of demographic and clinical features of vaccinated with partially 

vaccinated and unvaccinated rotavirus hospitalisations. 

 0 doses 1 dose 2 doses p-valuea 

Total 12 10 19  

Median age (months)  

(IQRb) 

7.3 

(3.4 to 10.6) 

5.9 

(4.7 to 10.1) 

14.7 

(11.0 to 22.2) 
<0.01 

Indigenousc (no.) 12 (100%) 9 (90%) 18 (95%) 0.722 

Male (no.) 10 (83%) 6 (60%) 7 (37%) 0.04 

Remoted (not urban Alice Springs) 

(no.) 
5 (42%) 4 (40%) 14 (74%) 0.12 

Breast fed (any; exclusive) (no.) 
10 (83%);  

4 (33%) 

6 (60%);  

4 (40%) 

13 (68%);  

1 (8%) 
0.33 

Median weight for length z-score 

(IQR) 

-1.3  

(-1.5 to -0.5) 

-0.3  

(-1.6 to 0.3) 

-0.6  

(-1.2 to -0.1) 
0.19 

Median serum bicarbonate (mmol/L) 

(IQR) 

12.7  

(9.5 to 15.0) 

12.6  

(11.4 to 13.9) 

16.0  

(14.0 to 17.5) 
0.01 

Median symptom score (out of 20) 

(IQR) 

13 

(11 to 14.5) 

15  

(13 to 16) 

14  

(12 to 15) 
0.27 

Rehydration (nasogastric;parenteral) 

(no.) 

3 (25%);  

9 (75%) 

2 (20%);  

8 (80%) 

6 (31.6%);  

13 (68.4%) 
0.72 

Total cases referred for genotyping 

(no.) 
10 10 19  

G2P[4] 10 8 15  

G2/P-nontypable 0 1 1  

G-nontypable/P[4] 0 1 1  

G-nontypable/P-nontypable 0 0 2  

G1 or P[8]-containing genotypes 0 0 0  

aFisher’s exact test for dichotomous variables. Kruskal-Wallis test for continuous and ordinal variables. bIQR=Inter-

quartile range. cIdentified on the immunisation register as Aboriginal, Torres Strait Islander, or both.  dDefined as 

“other than Alice Springs” for usual place for primary healthcare attendance according to immunisation register. 

 

The lack of observable protection among older children contrasts with the persistence of 

protection observed for HRV in clinical trials, although existing data are limited with regard 

to protection against heterotypic strains. Significant protection against disease of any severity 

was reported over two rotavirus seasons in Europe, although the point estimate of VE against 

G2 strains in the second year of that study was modest (VE=57%, 95%CI: <0 to 83%)
434

. 
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Protection in the second year of life against severe infection was reported in a Latin American 

trial (VE=79%, 95%CI: 66 to 87%), but there were too few G2P[4] cases in the second year 

to assess persistence of heterotypic protection
302

. In contrast, a study from northeast Brazil 

recently reported apparently poor VE against G2P[4] infection in the second year of life
445

. 

Reduced estimates of efficacy after the first 12 months of life were also reported for PRV in a 

field study in sub-Saharan Africa (19.2%; 95%CI: -15.7 to 44.4% in the first year of life 

versus 64.2%; 95%CI: 40.2 to 79.4% in the second year of life)
529

, but not in a field study of 

PRV in Bangladesh and Vietnam
530

.  A more modest trend toward reduced VE after the first 

year of life was also observed in a post-licensure study of PRV in Nicaragua
427

. 

 

Our results, like those from Brazil
445

, raise concerns about the quality and durability of 

immune responses to rotavirus vaccination in these populations particularly against 

heterotypic strains. Comparisons of antibody titres and seroconversion rates suggest poorer 

immune responses to rotavirus vaccines in less developed settings
459

 and suboptimal antibody 

responses have been documented for other vaccines among Australian Indigenous children
460, 

531
. Serological studies might help to determine the extent to which these results could be 

explained by primary vaccine failure or by waning antibody titers. However, even in the 

absence of poor or waning immune responses, an apparent decline in VE with age might also 

be partially explained by incomplete ascertainment of prior or incident infection
532

. Because 

natural infection itself confers protection, it is plausible that the relative benefit of vaccination 

among older (previously exposed) children could be lower than the relative benefit among 

younger children. While the relative rate of hospitalisation of vaccinated compared with 

unvaccinated children appeared higher for older than for younger children, I was unable to 

determine if this was accompanied by a rebound in the absolute rate of hospitalisation.  

 

A number of measures were taken to minimise bias. Selection bias was minimised by nesting 

the primary analysis within a fully enumerable source population - a cohort of children listed 

on a population-based immunisation register. Only 1 of 94 children in the hospital control 
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group was not listed on the register which indicates that the register is comprehensive and is 

therefore likely to be representative of the total population of NT children. The register is 

actively maintained by the regular issuance of recall and reminder lists to providers, so 

vaccination records are also likely to have been accurate. 

 

Despite matching and further controlling for confounders using regression, the possibility 

remains of residual bias due to differences in propensity for hospitalisation between 

vaccinated and unvaccinated children (see Chapter 13). Children were broadly matched by 

location of residence to minimise confounding by correlation between regional differences in 

vaccine coverage and exposure to circulating rotavirus or access to hospitalisation. Because of 

the small population and the desire to match by age and date of birth (deemed a priori to be 

the strongest potential confounders), these regions were vast. It is possible that important 

variation in coverage and exposure to virus occurred within these regions resulting in residual 

confounding. If the high coverage is associated with low circulation of virus due to herd 

immunity, the most likely direction of any bias would have been toward overestimation of the 

direct vaccine effects due to indirect (herd) vaccine effects. Further, VE may have been 

underestimated if unvaccinated children with severe gastroenteritis were less likely to access 

healthcare, or overestimated if medical staff had a lower threshold for hospitalizing 

unvaccinated children.  

 

Such biases are less likely to have occurred in the test-negative analysis. Because controls 

were also hospitalised with gastroenteritis, it can be reasonably assumed that they also would 

have been hospitalised (and would have been cases) if their gastroenteritis was due to 

rotavirus. Because of the delay in collecting and processing stool specimens, the rotavirus 

status of hospitalised children was generally only known after admission to the ward. At the 

time the decision was made to admit a child, medical staff would have been - in effect - 

blinded to the case/ control status. Therefore the influence of vaccination status on threshold 
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for hospitalisation, if any, is likely to have applied equally to cases and controls (see Chapter 

13).  

 

However there was potential for other biases in the test-negative analysis. Although the 

rotavirus antigen test used is reported to be up to 96.6% sensitive
533

, it is possible that some 

rotavirus infections were misclassified as non-rotavirus on the basis of falsely negative tests 

(see Chapter 13). It is reassuring that the estimate from the test-negative analysis was in broad 

agreement with the population-based analysis, even though differences in the control 

sampling methods mean that the ORs do not represent exactly the same measure (see Chapter 

2). It remains possible that both were affected by different - but quantitatively similar - net 

biases. However, the fact that high VE was observed during an earlier outbreak in the same 

setting using an analogous population control group and control sampling strategy
479

(Chapter 

5) suggests that the methods were not intrinsically biased against demonstrating a protective 

effect.  

 

Significance 

An overall protective effect of rotavirus vaccination against hospitalisation could not be 

demonstrated during a G2P[4] epidemic, although a modest protective effect could not be 

excluded, especially among young infants. The results contrast with clinical trial data and 

with observations in this same setting during an earlier outbreak. Potential explanations 

include:  

1) serotype mismatch between the vaccine and the outbreak strains, and  

2) the older age of children included in this study. 

It will be important to determine whether any decline in VE among older children is 

associated with a rebound in the risk of hospitalisation.  
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These results do not preclude other benefits such as a reduction in severity among hospitalised 

cases or a reduction in overall disease transmission (see Chapter 13). Measuring the total 

benefit of rotavirus vaccination will require population-level studies in multiple settings. Even 

a vaccine providing only short-lived protection has the potential to save many of the 600,000 

lives lost annually to rotavirus
39

 especially considering that many of those deaths are likely to 

occur in early infancy.  
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Chapter 10. Unmatched case-control analysis of rotavirus vaccine effectiveness  
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A conventional hospital case-control analysis is used to estimate VE among children 

hospitalised at RDH and ASH using the full data from the TROVE Study. The analysis is 

presented as a validation of the primary case-cohort analysis set out in Chapter 12. The OR 

of vaccination for gastroenteritis cases versus respiratory controls is determined using 

logistic regression. As a sensitivity analysis, a test-negative approach is used in which 

controls are rotavirus-negative gastroenteritis hospitalisations. No evidence is found for 

significant confounding by breast-feeding status, weight-for-age z-score, gestational age or 

birth-weight. VE for two doses versus none is 59.6% (95%CI: 28.6 to 77.2%).  

 

Methods 

Recruitment 

Active hospital-based surveillance was used to identify all hospitalisations for gastroenteritis 

or respiratory illness at ASH and RDH over the study period. The methods of case and control 

recruitment are detailed in Chapter 6 . Supplementary details regarding the methods and 

analysis are provided in Appendix 1. 

 

Analysis 

Cases were first presentations (by age) for rotavirus gastroenteritis, and controls were first 

presentations for lower respiratory illness. Presentations before age 6 weeks were excluded 

because this is the youngest age at which a valid first dose of HRV can be administered. 

Logistic regression was used to determine the OR of vaccination with one dose or two doses 

(versus none) for cases compared with respiratory controls. A set of design variables were 

used to code for vaccination status, with 0 doses the referent value. Age, sex, Indigenous 

status, hospital (RDH versus ASH), and remoteness (urban Alice Springs or Darwin versus
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Table 10.1. Summary of the case-control analysis 

Eligibility 1. Born on or after August 1st 2006,  

2.  admitted to RDH between May 6th 2008 and May 18th 2010 or the ASH between September 8th 

2008 and September 10th 2010, 

3. admitted with gastrointestinal symptoms (diarrhoea and/ or vomiting illness) or respiratory 

symptoms, and  

4. not previously included as a case or control 

Case 

criteria 

1. gastroenteritis recorded as the primary diagnosis at discharge, or 

2. gastroenteritis recorded as the primary problem at admission and as a secondary diagnosis at 

discharge; and  

3. 3+ looser than normal stools recorded on any day 48hr prior to 48hr after presentation to 

hospital. 

Control 

criteria 

1. gastroenteritis not recorded as a primary or secondary diagnosis at discharge or recorded as the 

primary problem at admission, and  

2. no record of 3+ looser than normal stools on any day 48hr prior to 48hr after presentation to 

hospital. 

Primary 

explanatory 

variable 

Vaccination with HRV, either: 

1. no doses (reference), or 

2. < 7 days after dose 1, or  

3. ≥ 7 days after dose 1, or 

4. < 7 days after dose 2, or  

5. ≥ 7 days after dose 2. 

Covariates 1. sex (male or female) 

2. Indigenous status (Indigenous or non-Indigenous) 

3.  hospital (RDH or ASH) 

4.  location night before hospitalisation (urban Darwin/ Palmerston, Alice Springs or rural/remote 

if elsewhere)  

5.  date of birth 

6.  breast fed (exclusive versus partial versus none) 

Event of 

interest 

1. Primary: hospitalisation for rotavirus-confirmed gastroenteritis versus hospitalisation for 

respiratory illness during the study period 

2.  Secondary: hospitalisation for all-cause gastroenteritis  

3.  Secondary: hospitalisation for G1 genotype rotavirus-confirmed gastroenteritis 

4.  Secondary: hospitalisation for G2 genotype rotavirus-confirmed gastroenteritis 

Effect 

measure 

OR of HRV vaccination for cases versus controls: 

1. 2 valid doses versus none 

2. 1 valid dose versus none 

Sensitivity 

analysis 

OR of HRV vaccination for cases versus controls, where: 

1. repeat hospitalisations meeting the case or control criteria are included 

2. controls are restricted to children with a respiratory primary diagnosis (modified control 

definition 1) 

3. controls are restricted to children with a respiratory primary diagnosis and no loose stools 

recorded within 48hr of presentation (modified control definition 2) 

4. controls are rotavirus-negative gastroenteritis cases (test-negative controls) 

5. controls include any non-rotavirus hospitalisation 
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elsewhere on the night before admission) were accounted for using two separate methods. In 

the first – the stratified model – cases and controls were stratified based on sex, Indigenous 

status, hospital (RDH or ASH) and remoteness (urban Alice Springs or Darwin/ Palmerston, 

otherwise remote), and regression was used to adjust for other variables. In the non-stratified 

model, all covariates were included as covariates in the regression model. Stratified and non-

stratified models were analysed using conditional logistic and ordinary logistic regression 

respectively. Breast-feeding, weight-for-age z-score, gestational age and birth weight - were 

included in the full main effects model if associated with a Wald test p-value < 0.10 on 

univariate analysis (Table 10.1) and removed by backwards stepwise elimination on the basis 

of nested likelihood ratio tests (p < 0.05), provided removal did not result in a > 10% change 

in the coefficient for the effect of two dose vaccination. No interaction terms were considered.  

 

The influence of age was modelled using a linear spline function with knots at 2, 4, and 6 

months as described in Chapter 6 and detailed in Appendix 1. Fractional polynomial analysis 

was used to assess non-linearity of the relationship between of date of birth and the logit, and 

the best fitting one or two term function retained if it provided a significantly improved model 

fit as assessed by nested likelihood ratio tests (p<0.05).  

 

Sensitivity analysis 

A ‘test- negative’ analysis was performed by comparing rotavirus-confirmed cases with 

rotavirus-negative gastroenteritis controls. Other sensitivity analyses were performed by 

including all case and control admissions regardless of previous inclusion (i.e. not just first 

admissions), and by restricting eligible controls to respiratory admissions with a primary 

respiratory discharge diagnosis (modified control definition 1), and by restricting controls to 

only those children with no loose stools recorded (modified control definition 2). The 

modified control definitions used for the sensitivity analyses are set out in Table 6.2.  
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Results 

Hospitalisations 

There were 466 admissions for gastroenteritis of children ≥6 weeks - of whom 126 were 

rotavirus-confirmed - and 700 admissions with respiratory illness (Figure 7.1). Of the 

rotavirus and respiratory admissions, 109 and 587 respectively were first presentations and 

were included in the VE analysis.  

 

Compared to controls, rotavirus cases were more likely to be admitted to ASH, and were 

more likely to be urban, Indigenous and breast fed (Table 10.2). Although the age distribution 

of cases and controls was not significantly different, age was – as expected - a strong and non-

linear determinant of vaccination status (see Appendix 1). A spline function for the influence 

of age provided a significantly improved model fit over a linear term (nested likelihood ratio 

test, p=0.02). There was no evidence of significant non-linearity in the influence of date of 

birth by fractional polynomial analysis. There was little evidence of age-dependence for the 

effect of 2 vaccine doses on case-control status (interaction term Wald statistic, p =0.20). 

Supplementary details regarding model fitting and assessment of out-lying observations are 

provided in Appendix 1. 

 

In the stratified analysis, the adjusted OR of rotavirus vaccination (two doses versus none) 

was 0.40 (95%CI: 0.23 to 0.71) for rotavirus cases versus controls and 0.74 (95%CI: 0.47 to 

1.13) for all-cause gastroenteritis cases versus controls. Estimates from the non-stratified 

model were similar (Table 10.3 and Table 10.4).  

 

Vaccine effectiveness 

The estimated overall VE of two doses versus none was 59.6% (95%CI: 28.6 to 77.2%) 

against rotavirus-confirmed gastroenteritis and 26.3% (95%CI: -13.1 to 48.0%) against all-

cause gastroenteritis. Secondary analyses are detailed in Table 10.5.  
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Table 10.2. Comparison of rotavirus-confirmed and all-cause gastroenteritis cases with hospital controls in the case-control analysis 

 Rotavirus cases versus respiratory controls All gastroenteritis cases versus respiratory controls 

 Controls (%) Cases (%) p-value Controls (%) Cases (%) p-value 

Total 587 (100%) 109 (100%)  558 (100%) 357 (100%)  

RDH 254 (43%) 26 (24%) <0.001 252 (45%) 109 (31%) <0.001 

ASH 333 (57%) 83 (76%)  306 (55%) 248 (69%)  

Urban 362 (62%) 63 (58%) 0.001 346 (62%) 179 (50%) 0.001 

Remote 216 (37%) 46 (42%)  203 (36%) 175 (49%)  

Not determined 9 (2%) 0 (%)  9 (2%) 3 (1%)  

Male 336 (57%) 57 (52%) 0.52 322 (58%) 193 (54%) 0.28 

Indigenous 391 (67%) 105 (96%) <0.001 364 (65%) 318 (89%) <0.001 

Age (months) 

  Median  

  IQR 

  Range 

 

10.3 

5.2 to 17.8 

1.4 to 35.9 

 

11.0 

5.7 to 15.6 

1.7 to 35.6 

0.99 

 

10.3 

5.2 to 17.5 

1.4 to 35.9 

 

12.5 

6.5 to 18.0 

1.5 to 35.6 

0.02 

Date of birth 

  Median 

  IQR 

  Range 

 

28/07/08 

26/11/07 to 19/05/09 

03/08/06 to 02/08/10 

 

01/12/08 

18/04/08 to 10/07/09 

03/08/06 to 05/07/10 

0.006 

 

11/06/2008 

31/10/07 to 15/04/09 

03/08/06 to 25/06/10 

 

23/06/08 

28/10/07 to 01/03/09 

02/08/06 to 18/04/10 

0.52 

Breast fed (exclusive; 

partial) 

 

85 (14%); 212 (36%) 

 

21 (19%); 56 (51%) 
0.003 

 

84 (15%); 199 (36%) 

 

51 (14%); 192 (54%) 
<0.001 

aGestational age 

  Median 

  IQR 

 

39 

37 to 40 

 

39 

37.5 to 40 

0.62 

 

39 

37 to 40 

 

39 

37 to 40 

0.97 

bBirth weight (g) 

  Median 

  IQR 

 

3160 

2700 to 3520 

 

3125 

2730 to 3465 

0.97 

 

3173 

2720 to 3530 

 

3160 

2750 to 3500 

0.82 

cWeight Z score 

  Median 

  IQR 

 

-0.2 

-1.15 to 0.65 

 

-0.51 

-1.18 to 0.35 

0.22 

 

-0.17 

-1.10 to 0.68 

 

-0.52 

-1.29 to 0.24 

<0.001 

HRV doses   

0.028 

  

0.37 
  0 doses 134 (23%) 32 (29%) 130 (23%) 87 (24%) 

  1 dose 108 (18%) 30 (28%) 101 (18%) 76 (21%) 

  2 doses 336 (57%) 46 (42%) 318 (57%) 188 (53%) 
aGestational age known for 502 controls, 96 rotavirus cases, and 313 all-cause gastroenteritis cases   

bBirth weight known for 467 controls, 98 respiratory cases, and 314 all-cause gastroenteritis cases. 

cWeight for age Z score calculable for 435 respiratory controls, all rotavirus cases,  and 352 all-cause gastroenteritis cases   
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Table 10.3. Estimates of the OR for predictors of rotavirus hospitalisation among children in 

the case-control analysis. 

 Univariate analysis Non-stratified model Stratified model 

Variable OR 95% CI OR 95% CI OR 95% CI 

0 doses 1  1  1  

1 dose 1.16 0.67-2.03 0.91 0.48-1.72 0.85 0.45-1.61 

2 doses 0.57 0.35-0.94 0.41 0.23-0.72 0.41 0.23-0.72 

Non-Indigenous 1  1    

Indigenous 13.16 4.78-36.24 8.97 3.10-25.92   

Male 1  1    

Female 1.22 0.81-1.84 1.24 0.80-1.93   

Darwin  1  1    

Alice Springs 2.43 1.52-3.90 1.28 0.76-2.17   

Remote 1  1    

Urban 0.44 0.29-0.66 0.79 0.50-1.25   

No breast-feeding 1      

Breast fed partial 2.39 1.49-3.81     

Breast fed exclusive 2.23 1.22-4.07     

Date of birth 1  1  1  

 (+365 days) 1.00 0.97-1.02 1.65 1.13-2.39 1.57 1.09-2.28 

Weight for age Z 

score 
1      

 (+ 1) 0.95 0.82 – 1.11     

Gestational age  1      

 (+ 1 week) 1.06 0.98 – 1.15     

Birth weight 1      

 (+ 1000g) 1.11 0.83 – 1.48     

Age (+365/12 days) 1  1  1  

≥0 to <2m 3.22 0.02-448.8 2.16 0.13-351.3 2.19 0.01-344 

≥2 to <4m 1.18 0.56-2.49 1.36 0.60-3.07 1.36 0.60-3.07 

≥4 to <6m 1.18 0.74-1.88 1.68 0.96-2.97 1.47 0.87-2.50 

≥6m 0.98 0.95-1.01 1.04 1.00-1.09 1.03 0.99-1.08 

 

Sensitivity analysis 

Of 367 first gastroenteritis hospitalisations in which a rotavirus test was performed, 109 were 

rotavirus-confirmed and 258 tested negative. The VE for two doses versus none based on the 

OR of vaccination for rotavirus-positive versus rotavirus-negative gastroenteritis cases was 

50.6% (95%CI: 7.5 to 73.7%) (see Appendix 1, Table A1.4). When all 126 hospitalisations 

for rotavirus-confirmed gastroenteritis and 700 hospitalisations for respiratory illness were 

included, VE for two doses versus none was 55% (95%CIrobust: 25 to 73%) (see Table A1.3). 

VE was 54.3% (95%CI: 10.6 to 76.6%) when controls were restricted to children with a 
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respiratory primary diagnosis (lower respiratory tract infection, pneumonia, bronchiolitis or 

asthma) and 54.3% (95%CI: 20.1 to 73.9%) when all non-rotavirus hospitalised children were 

included as eligible controls (see Appendix 1).  

 

Table 10.4. Estimates of the OR for predictors of all-cause hospitalisation among children in 

the case-control analysis. 

 Univariate analysis Non-stratified model Stratified model 

Variable OR 95% CI OR 95% CI OR 95% CI 

0 doses 1  1  1  

1 dose 1.12 0.75 - 1.68 1.02 0.65 - 1.61 1.01 0.63 – 1.61 

2 doses 0.88 0.64 - 1.22 0.71 0.49 – 1.04 0.72 0.49 – 1.07 

Non-Indigenous 1  1    

Indigenous 4.35 2.99 - 6.33 3.81 2.47-5.87   

Male 1  1    

Female 1.16 0.89 - 1.51 1.12 0.85 – 1.49   

Darwin  1  1    

Alice Springs 1.87 1.42 - 2.48 1.26 0.92 – 1.73   

Remote 1  1    

Urban 0.60 0.46 - 0.79 0.46 0.11 – 1.79   

Breast fed 

partial 
2.34 1.74 - 3.14     

Breast fed 

exclusive 
1.50 1.00 - 2.26     

Weight for age 

Z score 
1      

 (+ 1) 0.85 0.76 – 0.94     

Gestational age  1      

 (+ 1 week) 1.02 0.97 – 1.08     

Birth weight 1      

 (+ 1000g) 1.08 0.89 – 1.31     

Date of birth 1  1  1  

 (+365 days) 0.96 0.83 - 1.10 1.00 0.79 – 1.27 1.00 0.79 - 1.28 

Age (+365/12 

days) 
1  1  1  

≥0 to <2m 0.51 0.04 - 7.19 0.32 0.02 – 5.00 0.38 0.02 - 6.05 

≥2 to <4m 1.44 0.88 - 2.36 1.26 0.74 – 2.14 1.30 0.76 - 2.23 

≥4 to <6m 1.06 0.78 - 1.44 1.30 0.92 – 1.85 1.27 0.88 - 1.82 

≥6m 1.00 0.98 - 1.02 1.01 0.98 – 1.04 1.01 0.98 - 1.04 

 

Discussion 

Among children hospitalised in the NT, those admitted for rotavirus-confirmed gastroenteritis 

were less likely to have received two doses of HRV than children admitted with respiratory 

symptoms. Because ORs are reciprocable and because the OR of disease approximates the 



Chapter 10.  192 

relative risk, it can be inferred that two doses of HRV reduces the risk of hospitalisation by 

approximately 60%. 

Table 10.5. Summary of the vaccination status of cases and controls, and estimates of vaccine 

effectiveness (two doses versus none) against hospitalisation for gastroenteritis among children 

admitted in the NT: case-control analysis. 

 Hospital controls (N) Rotavirus cases (N) 
VE% (1-OR)  

(95%CI) 

 Totala HRV doses Totala HRV doses 
Non-stratified 

analysis 

Stratified 

analysis 
  0 1 2  0 1 2 

Rotavirus- 

gastroenteritis 
587 134 108 336 109 32 30 46 

58.8  
(27.6 to 76.5) 

59.1  
(27.8 to 76.8) 

All rotavirus-

positives 
582 133 107 333 140 37 43 58 

52.1  

(17.9 to 72.1) 

51.0  

(15.7 to 71.5) 

G1-genotype 

gastroenteritis 
590 135 110 336 49 14 15 20 

64.1  

(12.4 to 85.3) 

63.0  

(8.4 to 85.0) 

G2-genotype 

gastroenteritis 
590 135 108 338 44 12 13 19 

53.1  
(-9.2 to 80.6) 

54.0  
(-10.0 to 80.7) 

Central Australia 333 79 60 188 83 25 24 33 
57.2  

(18.0 to 77.7) 

57.5  

(18.8 to 77.8) 

Top End 254 55 48 148 26 7 6 13 
79.2  

(15.4 to 94.9) 

81.9  

(24.2 to 95.7) 

Rotavirus-only 

gastroenteritis 
591 135 110 337 49 18 13 17 

73.7  
(42.6 to 88.0) 

71.8  
(38.4 to 87.1) 

Mixed rotavirus 

gastroenteritis  
589 135 108 337 61 14 17 30 

37.9  

(-29.6 to 70.3) 

41.0  

(-23.6 to 71.8) 

All-cause 

gastroenteritis  
558 130 101 318 357 87 76 188 

28.8  

(-4.4 to 51.4) 

27.6  

(-7.0 to 51.0) 

Rotavirus-negative 

gastroenteritis 
564 132 103 320 244 56 45 139 

13.5  
(-33.6 to 44.1) 

10.4  
(-40.0 to 32.7) 

HRV: human rotavirus vaccine; CI: confidence interval; OR: odds ratio.aTotal includes children vaccinated < 7 days 

previously and may therefore exceed the sum of vaccinated and unvaccinated children. 

 

Confounding 

Children admitted with respiratory illness were selected as the primary control group. I 

expected they would be comparable to children admitted with gastroenteritis, in terms of age 

distribution and other relevant demographic and clinical characteristics. I also reasoned that 

the factors that influence which children with gastroenteritis are hospitalised (and which are 

not) would be similar for respiratory hospitalisations, so selection bias would be minimised 

(see Chapter 13).  
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Nonetheless, there were a number of significant differences between cases and controls. 

Although Indigenous children accounted for most respiratory hospitalisations (67%), the 

proportion of gastroenteritis hospitalisations accounted for by Indigenous children was even 

higher (96%). There were also differences between cases and controls in other demographic 

characteristics and these were accounted for using stratification and covariate adjustment by 

regression. Despite these differences, the adjusted HR estimates for vaccination were only 

marginally different from the unadjusted estimates. 

 

In addition to differences in demographic characteristics, there were also differences between 

cases and controls in the likelihood of being breast-fed (children admitted for rotavirus were 

more likely to be breast-fed) and, to a lesser extent, weight-for-age Z score. However, 

adjusting for these characteristics did not significantly affect the OR of vaccination suggesting 

that unlike demographic factors, these factors are not important confounders of vaccine 

effects in this setting.  

 

Limitations 

I included as controls children presenting with respiratory symptoms, regardless of the 

primary diagnosis recorded at discharge. Loose stools were frequently recorded, even among 

children without diarrhoea listed as a discharge diagnosis. Diarrhoea is a non-specific feature 

of many childhood illnesses (e.g. pneumonia), and perhaps also environmental enteropathy 

which is common in this population
28

. Exclusion of these children would have greatly 

diminished the number of eligible controls. I cannot exclude that diarrhoea contributed – in 

part - to the hospitalisation of some controls, even if this was mild and not recorded as a 

diagnosis at discharge. Any misclassification of cases as controls could have resulted in under 

estimation of VE (see Chapter 13). However, when controls were restricted to only 

admissions with a respiratory-coded primary discharge diagnosis and to admissions with no 

loose stools recorded (modified control definition 2), estimates of VE were similar.  
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It is also possible for a child’s vaccination status to influence his or her likelihood of 

hospitalisation. For example, clinic or hospital staff might have a lower threshold for referring 

or admitting children known to be unvaccinated. However, VE estimates were similar using a 

test-negative approach, in which controls were those gastroenteritis hospitalisations which 

tested negative for rotavirus. Because the rotavirus infection status was rarely known before 

admission, the risk of this type of selection bias is minimised by the test-negative approach 

(see Chapter 13). 

 

An important limitation of the case-control analysis was the need to account for differences in 

the age-distribution of cases and controls. Even though these differences were not statistically 

significant on univariate analysis, age was a significant confounder of vaccine effects because 

it is strongly predictive of vaccination status (Appendix 1). To account for this, I used a 

piecewise linear spline function to model the relationship between increasing age and the 

changing odds of being a case (versus a control). The spline was designed to accurately model 

any change in this relationship occurring between the age windows for scheduled vaccination. 

This provided a significantly better fit than either a model without age as a covariate, or a 

model including a simple linear relationship for age (see Appendix 1). Nonetheless, the 

accuracy of the VE estimate is dependent on the accuracy of the modelled age-logit 

relationship, and VE will be confounded to the extent that the model was inadequately 

specified. Uncertainty about the adequacy of the model also precluded meaningful exploration 

of age-dependent vaccine effects. 

 

The OR was used as a surrogate for the relative risk for vaccinated versus unvaccinated 

children, but lacks a simple or intuitive interpretation in its own right. This approximation is 

likely to be adequate for the outcome of rotavirus disease, but may be less valid for all-cause 

gastroenteritis for which the ‘rare disease assumption’ is relatively tenuous in this population. 

ORs are intrinsically further from the null than other effect measures (see Chapter 2), so VE 
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against all cause gastroenteritis might have been appreciably lower if VE was based on the 

relative risk or the HR instead.  

 

Significance 

A conventional hospital case-control approach suggested that vaccination was protective. 

Some characteristics (breast-feeding, nutritional parameters and birth parameters) do not 

appear to be important confounders of VE estimates. The major source of uncertainty about 

the accuracy of the VE estimate stems from the adequacy of the modelled adjustment for 

confounding by age. In the following chapters, I use time-to-event analyses which do not rely 

upon model-specified adjustments for the influence of age. 
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Chapter 11. A population-based cohort analysis of vaccine effectiveness 
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VE was estimated by nesting a time-to-event cohort analysis within a comprehensive 

population-based immunisation register. This is presented as a validation of the primary 

case-cohort analysis set out in Chapter 12. VE estimates were based upon a Cox model 

stratified by sex, Indigenous status and location. Covariate-adjusted (non-stratified) 

cumulative hazard functions were estimated and plotted based on a non-stratified Cox model. 

VE for two doses versus none was 49.0% (95%CI: 14.8 to 69.5%).  

 

Introduction 

In Chapter 10 VE was estimated from the OR of vaccination for children hospitalised for 

rotavirus gastroenteritis compared with a control group of children hospitalised with 

respiratory illnesses. While the conventional case-control design is familiar and relatively 

straight-forward, there were several limitations which can be addressed – in part -using a 

population-based cohort study.  

 

Here I present a cohort analysis nested within the NTIR – a comprehensive population based 

immunisation register that records all vaccinations delivered via the National Immunisation 

Program in the NT. Cox regression models were used to measure the HR of vaccinated 

compared with unvaccinated children in the cohort, adjusting for potentially confounding 

demographic variables recorded on the register. The models are based on time-to-event and 

because age is used as the time axis, potential confounding by age is intrinsically accounted 

for within the model (see Chapter 2). Moreover, unlike the OR, the HR has a more tangible 

interpretation as the ratio of the instantaneous risk of hospitalisation of vaccinated versus 

unvaccinated children. Supplementary details regarding the methods and analysis are 

provided in Appendix 2.  
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Methods 

Construction of the study cohort  

The vaccination register was taken to represent a dynamic or ‘open’ cohort of HRV-eligible 

children - hereafter referred to as the register cohort – into and out of which children entered 

and exited. The effective observation period for cohort children aged between age 6 weeks 

and 35 months occurred within the period of active surveillance (see Table 11.1). Changes in 

vaccination status were recorded on the NTIR, admissions were captured by active hospital-

based surveillance as described in Chapter 6.  

 

HRV-eligible children were born on or after August 1
st
 2006, so the register cohort only 

included children listed on the NTIR born on or after this date. Children who were recorded 

on the NTIR but who were listed as having a usual place of vaccination outside the immediate 

catchment areas of RDH or ASH were excluded. Among these were included children listed 

on the NTIR as living in the Barkly, Katherine and East Arnhem regions of the NT who 

would usually be hospitalised at Tennant Creek, Katherine and Nhulunbuy district hospitals 

respectively. The APY Lands of northern South Australia lie within the catchment of ASH 

and vaccinations of children in these remote communities are covered by the NTIR, so these 

children were included in the register cohort. Although a number of communities in the 

remote east of Western Australia also fall within the ASH catchment, children from these 

communities do not routinely have their vaccinations captured by the NTIR so they were also 

excluded. 

 

Dataset creation 

The NTIR cohort analysis dataset was created by merging the hospitalisations data – the 

TROVE dataset – which contained information about all hospitalisations captured by active 

surveillance, with a dataset containing records of all vaccinations registered on the NTIR for 

children born since August 1
st
 2006 – the NTIR dataset. A description of these datasets and 

the procedure for merging them are set out in Appendix 2.
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Table 11.1. Summary of the register cohort analysis 

Cohort entry 

 

Children born on or after August 1
st
 2006 listed on the NTIR as having received 

a dose of any vaccine between October 1
st
 2006 and the latest of: 

1. May 6
th

 2008 if usual place of vaccination is Darwin/ Darwin rural, 

September 8
th

 2008 if Central Australia  

2. Age 42 days 

3. first dose of any vaccine other then HRV listed on the NTIR 

Cohort exit The earliest of: 

1. May 18
th

 2010 if usual place of vaccination is Darwin/ Darwin rural, Sept 

10
th

 2010 if Central Australia 

2. turning 36 months old 

3. the date of any invalid dose of HRV 

4. the date of any dose of PRV 

5. the date of becoming a case 

Analysis time Age: days since birth 

Primary 

explanatory 

variable 

Vaccination with HRV, either: 

1. no doses (reference), or 

2. < 7 days after dose 1, or  

3. ≥ 7 days after dose 1, or 

4. < 7 days after dose 2, or  

5. ≥ 7 days after dose 2. 

Covariates 1. sex (male or female) 

2. Indigenous status (Indigenous or non-Indigenous) 

3.  usual place of vaccination (Darwin/ Palmerston, Darwin rural, Alice 

Springs, central NT remote, or APY Lands) 

4. date of birth 

Event of 

interest 

1. Primary: time to first hospitalisation for rotavirus-confirmed gastroenteritis 

during the study period 

2.  Secondary: time to first all-cause gastroenteritis hospitalisation 

3. Secondary: time to first G1 genotype hospitalisation 

4. Secondary: time to first G2 genotype hospitalisation 

Effect measure HR for HRV vaccinated versus unvaccinated children: 

1. 2 valid doses versus none 

2. 1 valid dose versus none 

Sensitivity 

analysis 

Inclusion of NTIR-registered children who are listed as having a usual place of 

vaccination which is outside of the immediate catchments of ASH and RDH, or 

outside of the NT and APY Lands. 

Bias analysis Measurement of the HR of respiratory admission for HRV vaccinated compared 

with unvaccinated children. 
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The primary outcome was the time to the first ascertained hospitalisation for rotavirus-

confirmed gastroenteritis during the study period meeting the case definition. Secondary 

outcomes are set out in Table 11.1. Cases ascertained through active ascertainment among 

children who were not part of the register cohort were not included.  

 

VE analysis 

An explanation of the model and an overview of the modelling strategy are provided in 

Chapter 2 and Chapter 6 respectively. Briefly, a Cox hazard model was used to determine the 

HR of hospitalisation for gastroenteritis for vaccinated (two doses and one dose) versus 

unvaccinated children in the cohort. Vaccination status was coded using a set of design 

variables (Table 11.1), with no vaccination as the reference level. These were taken to be the 

primary dependent variables in the Cox model, where the baseline hazard corresponded to 

that of unvaccinated children in the cohort, and the HRs for two dose recipients and one dose 

recipients (versus none) were taken as the exponentiated coefficients for the corresponding 

variables. VE was estimated from the HR of hospitalisation for two doses recipients versus 

none, and for one dose recipients versus none. 

 

The analysis was stratified by the categorical variables sex, Indigenous status (Indigenous 

versus non-Indigenous as recorded on the NTIR), and location (Darwin/ Palmerston, Darwin 

rural, Alice Springs, remote central NT, or APY Lands). Fractional polynomial analysis
511

 

was used to identify transformations of date of birth (up to 2 terms) which would improve 

model fit over a linear term (p<0.05).  

 

Assessment of age-dependent vaccine effects 

Implicit in the proportional hazards assumption is the assumption that the size of any vaccine 

effects occur independently of age. To enable visual assessment of the age-dependence of 

vaccine effects, separate adjusted cumulative hazard functions for 0, 1 and two vaccine dose 
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recipients were created from a covariate-adjusted model stratified by vaccination status; 

further details are provided in Appendix 4. A time-dependent coefficient for the effect of 

vaccination (allowing the effect of 2 HRV doses to vary by the natural log of age) was used to 

formally assess for age-dependency of vaccine effects. To better quantify any change in the 

HR for older versus younger children, HRs were stratified by age group: age 6 weeks to 11 

months and age 12 to 35 months. Further details regarding the construction and the fitting of 

the time-dependent coefficient models are provided in Appendix 5. 

 

The influence of genotype and the presence of co-infection on VE 

To assess whether VE was significantly different for G1 versus G2 strains or for ‘pure’ versus 

‘mixed’ rotavirus cases, I used competing risk models as described by Lunn and McNeil
570

, 

with stratification by infecting genotype (G1 versus G2 versus non-G1/non-G2). Wald 

statistics were used to assess whether genotype or co-infection significantly influenced the 

overall effect of two vaccine doses, or the age-dependence of two-dose VE (see Appendix 7).  

 

Bias analysis 

As an indicator of bias, analogous analyses were performed using time to first respiratory 

admission, and time to first rotavirus-negative gastroenteritis as outcomes (defined in Chapter 

6.) VE estimates were corrected for bias by dividing the HR of gastroenteritis hospitalisation 

by the HR of respiratory hospitalisation, with the point estimate and 95%CI taken from the 

distribution of bias-corrected HRs generated by 10
5
 independent random samples from the 

log normal distribution of each HR (see Appendix 6).   

 

Results 

The register cohort 

During the study period, 16,799 children aged 6 weeks to 35 months and born on or after 

August 1
st
 2006 were recorded on the NTIR as having received at least one National 
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Immunisation Program vaccine other than HRV. Of these, 13,253 (79%) children had a 

recorded usual place of vaccination within the immediate catchments of RDH or ASH and 

were included in the register cohort. Of children in the cohort, 4,172 (31.5%) were recorded 

as Indigenous with the proportion higher among children from remote Central Australia 

(85%), rural Darwin (72%), and the APY Lands (99%), than among children from urban 

Alice Springs (34%) or Darwin/ Palmerston (16%).  

 

Vaccine coverage 

At age 12 months, vaccine coverage was 86.2% for any dose of HRV, and 76.8% for two 

doses. The two dose vaccine coverage ranged from 71.0% in remote Central Australia to 

80.2% in urban Darwin. Vaccine coverage was 71.7% for Indigenous children and 81.4% for 

non-Indigenous children. Adherence to the age restrictions for HRV dosing was high, with 

almost all recorded first doses given between 6 weeks and 14 weeks (98.7%), and almost all 

recorded second doses given before age 25 weeks (99.3%) (Figure 11.1). 

  

Figure 11.1. Age (in weeks) at the first and second dose of HRV for children in the register 

cohort. 

 

Hospitalisations 

Of all hospitalisations captured by active surveillance (Chapter 7), 98.6% (1788/1813) 

occurred among children listed on the NTIR, including 97.7% (129/132) of rotavirus 

hospitalisations. Of the rotavirus hospitalisations ascertained through active surveillance, 105 

were first presentations of children in the register cohort (Figure 11.2). The overall incidence 
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of first admissions for rotavirus-confirmed and all-cause gastroenteritis was 0.59 (95%CI: 

0.49 to 0.72) and 1.88 (95%CI: 1.69 to 2.10) per 100 child-years respectively. The crude 

incidence of rotavirus hospitalisation varied by region from 0.07 (95%CI: 0.03 to 0.14) cases 

per 100 child years in urban Darwin to 4.70 (95%CI: 2.61 to 8.49) cases per 100 child years 

in the APY Lands (Table 11.3). Crude incidence also varied by age, declining from 1.50 

(95%CI: 1.18 to 1.91) per 100 child years between age 6 weeks to 11 months, to 0.29 

(95%CI: 0.22 to 0.38) per 100 child years between age 12 to 35 months.  

Of the 105 register cohort cases: 26 were unvaccinated, 27 were vaccinated with one dose of 

HRV, and 50 were vaccinated with two doses; a further 2 cases had received the first dose of 

HRV <7 days prior to presentation. Stratifying by sex, Indigenous status, and location, the 

Mantel-Haenszel summary incidence rate ratios for children vaccinated with two doses and 

one dose versus unvaccinated children were 0.57 (95%CI: 0.35 to 0.92) and 1.06 (95%CI: 

0.63 to 1.81) respectively.  

 

 
Figure 11.2. Rotavirus-confirmed cases ascertained by active surveillance which were not 

included in the register cohort analysis. TROVE: Territory Rotavirus Vaccine Effectiveness; NTIR: 

Northern Territory Immunisation Register; NT: Northern Territory; WA: Western Australia; HRV: human 

rotavirus vaccine; PRV: pentavalent rotavirus vaccine. 
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Comparison of cases and non-cases in the register cohort 

Of 105 cases, 97% (102 of 105) were identified as Indigenous on the NTIR, although 

Indigenous children accounted for only 31% of children in the register cohort (Table 11.2). 

There was also a significant difference in the usual place of vaccination for cases compared 

with non-cases (Pearson Chi-square[4df]=310.9, p<0.001); 75% (79 of 105) cases were from 

Central Australia (Alice Springs, remote central NT, or APY Lands of SA) although these 

children accounted for only 24% of the register cohort.  

Table 11.2. Comparison of rotavirus cases with non-cases in the register cohort. 

 Rotavirus cases Cohort non-cases Chi-square 

Total 105 (100%) 13,137 (100%)  

Darwin  8 (8%) 8,419 (64%) <0.001 

Darwin rural 20 (19%) 1,636 (12%) 

Alice Springs 30 (29%) 2,052 (16%) 

Central Australia remote 38 (36%) 860 (7%) 

APY Lands 11 (10%) 170 (1%) 

Male 61 (57%) 6851 (52%) 0.320 

Indigenous 104 (99%) 4056 (31%) 0.001 

Median date of birth 

  (IQR)  

  (range) 

29/Nov/08 

(14/Apr/08 to 03/Jul/09) 

(03/Aug/06 to 18/Apr/10) 

14/Jun/08 

(30/Jun07 to 15/May/09) 

(01/Aug/06 to 29/Jul/10) 

0.001 

 

Compared to non-cases, children who became rotavirus cases were - on average - born in later 

months (Figure 11.3) with the peak month of birth for cases occurring in late 2008 and the 

distribution of birth months for cases suggesting a non-linear relationship between date of 

birth and the risk for rotavirus hospitalisation during the study period. 

 

  
Figure 11.3. Distribution of date of birth for cases compared with non-cases in the register 

cohort. Date of birth categorised by calendar month commencing August 2006. 
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Table 11.3. Comparison of incidence rates of rotavirus hospitalisation for all children and for Indigenous children only, by location and 

vaccination status.  

 All NT children NT Indigenous children 

Location 
HRV 

doses 
Child-years Cases 

Incidence rate  

per 100 child years 

HRV 

doses 
Child-years Cases 

Incidence rate 

 per 100 child years 

All locations 

Total 17799 (100%) 105 0.59 (0.49 – 0.71) Total 5578 (100%) 102 1.82 (1.51 – 2.22) 

0 3328 (19%) 26 0.78 (0.53 – 1.15) 0 1033 (19%) 26 2.52 (1.71 – 3.70) 

1 2316 (13%) 27 1.17 (0.80 – 1.70) 1 1033 (19%) 26 2.52 (1.71 – 3.70) 

2 11935 (68%) 50 0.42 (0.32 – 0.55) 2 3446 (63%) 48 1.39 (1.05 – 1.85) 

Alice Springs 

Total 2713 (100%) 29 1.07 (0.74 – 1.54) Total 931 (100%) 27 2.90 (1.99 – 4.23) 

0 500 (19%) 11 2.20 (1.24-4.29) 0 168 (18%) 11 6.53 (3.66 - 13.00) 

1 370 (14%) 9 2.43 (1.29 - 5.16) 1 187 (20%) 8 4.28 (2.18 - 9.59) 

2 1810 (68%) 9 0.50 (0.26 - 1.06) 2 564 (61%) 8 1.42 (0.72 - 3.18) 

Remote Central 

Australia 

Total 1185 (100%) 37 3.12 (2.26 – 4.31) Total 1000 (100%) 37 3.70 (2.68 – 5.11) 

0 263 (22%) 5 1.90 (0.80 - 5.63) 0 213 (21%) 5 2.35 (0.99 - 6.95) 

1 182 (16%) 10 5.48 (2.99 – 11.00) 1 167 (17%) 10 6.00 (3.26 - 12.00) 

2 726 (62%) 22 3.03 (2.02 – 4.76) 2 609 (61%) 22 3.61 (2.40 - 5.68) 

Darwin 

Total 11514 (100%) 8 0.07 (0.03 – 0.14) Total 1839 (100%) 7 0.38 (0.18 – 0.80) 

0 2057 (18%) 2 0.10 (0.02 - 0.98) 0 357 (20%) 2 0.56 (0.12 - 5.62) 

1 1393 (12%) 1 0.07 (0.03 - 0.03) 1 359 (20%) 1 0.28 (0.09 - 0.11) 

2 7921 (70%) 4 0.05 (0.02 - 0.18) 2 1102 (61%) 3 0.27 (0.09 - 1.33) 

Rural Darwin 

Total 2153 (100%) 20 0.93 (0.60 – 1.44) Total 1576 (100%) 20 1.27 (0.82 – 1.97) 

0 473 (22%) 6 1.27 (0.58 - 3.34) 0 259 (17%) 6 2.32 (1.06 - 6.11) 

1 343 (16%) 6 1.75 (0.80 - 4.60) 1 292 (19%) 6 2.05 (0.94 - 5.41) 

2 1310 (62%) 8 0.61 (0.31 - 1.37) 2 1004 (65%) 8 0.80 (0.41 - 1.78) 

APY Lands 

Total 234 (100%) 11 4.70 (2.61 – 8.49) Total 232 (100%) 5 4.73 (2.62 – 8.55) 

0 036 (15%) 2 5.62 (1.25 - 52.00) 0 36 (15%) 2 5.62 (1.25 - 52.00) 

1 028 (12%) 1 3.59 (1.01 - 1.90) 1 28 (12%) 1 3.59 (1.01 - 1.90) 

2 168 (73%) 7 4.17 (2.03 - 9.93) 2 166 (72%) 7 4.21 (2.05 - 10.00) 
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Risk factors for rotavirus hospitalisation 

After adjusting for other demographic factors and for vaccination status, Indigenous status 

remained the strongest independent risk factor for rotavirus hospitalisation (Table 11.4), 

although location and date of birth were also significantly associated with rotavirus 

hospitalisation. On fractional polynomial analysis there was no evidence of significant non-

linearity of the effect of date of birth on the hazard. Estimates of the HR for two doses and for 

one dose (versus none) from the stratified and non-stratified (covariate adjusted) models were 

similar (Table 11.4).  

Table 11.4. Estimates of the HR for predictors of rotavirus hospitalisation among children in 

the register cohort. 

 Univariate analysis Non-stratified model Stratified model 

Variable HR 95% CI HR 95% CI HR 95% CI 

0 doses 1  1  1  

1 dose 1.55 0.86-2.78 1.06 0.59-1.89 1.07 0.60-1.91 

2 doses 0.47 0.29-0.79 0.53 0.32-0.88 0.51 0.30-0.85 

Non-Indigenous 1  1    

Indigenous 74.5 23.6-234.8 32.8 10.1-1.06.3   

Male 1  1    

Female 0.85 0.58-1.25 0.92 0.62-1.35   

Alice Springs  1  1    

Central remote 2.97 1.83-4.85 1.24 0.76-2.02   

Darwin  0.06 0.03-0.14 0.15 0.07-0.34   

Darwin remote 0.86 0.49-1.52 0.50 0.28-0.90   

APY Lands (SA) 4.80 2.40-9.61 1.92 0.95-3.84   

Date of birth 1  1  1  

 (+365 days) 3.31 2.30-4.76 2.09 1.49-2.94 2.09 1.49-2.95 

 

Analysis of Schoenfeld residuals found no evidence of a significant violation of the 

proportional hazards assumption for either model (global test, p=0.62 and p=0.79 for the non-

stratified and stratified models respectively). Further details regarding composition of the 

risk-sets, assessment of model fit for individual covariates, and scrutiny of influential and 

poorly fit observations are provided in Appendix 2.



Chapter 11.  209 

Vaccine effectiveness 

By the stratified model, VE for two doses versus none was 49.0% (95%CI: 14.8 to 69.5%) 

against rotavirus gastroenteritis and 17.3% (95%CI: -12.4 to 39.0%) against hospitalisation 

for all-cause gastroenteritis. There was no difference in the overall VE against G1-genotype 

(vaccine homotypic) strains compared with G2-genotype (vaccine-heterotypic) strains (Table 

11.7, competing risks model Wald statistic for interaction, p=0.84, see Appendix 7). Higher 

estimates of VE were observed against hospitalisations in which rotavirus was the sole 

pathogen detected, than against hospitalisations in which rotavirus was detected in addition to 

non-rotavirus pathogens, but the difference was not statistically significant (Table 11.7, 

competing risks model Wald statistic for interaction, p=0.14).  

Table 11.5. Estimates of the HR for predictors of hospitalisation for all-cause 

gastroenteritis among children in the register cohort. 

 Univariate analysis Non-stratified model Stratified model 

Variable HR 95% CI HR 95% CI HR 95% CI 

0 doses 1  1  1  

1 dose 1.38 0.95 – 2.01 1.03 0.71-1.49 1.03 0.71-1.49 

2 doses 0.72 0.53 – 0.97 0.85 0.63-1.15 0.83 0.61-1.12 

Non-Indigenous 1  1    

Indigenous 18.57 13.1-26.3 10.14 6.98-14.7   

Male 1  1    

Female 0.85 0.69 – 1.06 0.95 0.76-1.18   

Alice Springs  1  1    

Central remote 2.91 2.22 – 3.81 1.32 1.00 – 1.75   

Darwin  0.11 0.08 – 0.16 0.19 0.13 – 0.27   

Darwin remote 0.64 0.46 – 0.90 0.35 0.25 – 0.49   

APY Lands (SA) 2.86 1.80 – 4.55 1.17 0.73-1.86   

Date of birth 1  1  1  

 (+365 days) 1.70 1.41 – 2.05 1.20 1.01–1.44 1.21 0.95-1.18 

 

Sensitivity analysis 

Among all rotavirus cases ascertained by active surveillance, 12 had a usual place of 

vaccination outside of the immediate catchments of ASH and RDH (Figure 11.2). When the 

register cohort was expanded to include all age-eligible NTIR-registered children 

(irrespective of their recorded usual place of vaccination) the estimated HR for two doses 

versus none was 0.54 (95%CI: 0.33 to 0.87) (Table A10.6). 
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Assessment of age-dependent vaccine effects 

The crude incidence of rotavirus hospitalisation for children aged 6 weeks to 11 months was 

1.48 (95%CI: 0.96 to 2.26) and 2.30 (95%CI: 1.45 to 3.65) per 100 child years for vaccinated 

and unvaccinated children respectively. The crude incidence for children aged 12 to 35 

months was lower for both vaccinated and unvaccinated children: 0.28 (95%CI: 0.19 to 0.40) 

and 0.31 (95%CI: 0.16 to 0.63) per 100 child years respectively (Figure 11.4). The Wald 

statistic for the interaction between the effect of vaccination (two doses versus none) of 

rotavirus of any G-type and the natural log of age was not significant (p=0.16). The HR for 

two dose recipients (versus unvaccinated children) was 0.39 (95%CI: 0.20-0.77) for children 

aged 6 weeks to 11 months, and 0.65 (95%CI: 0.33-1.27) for children aged 12 to 35 months 

(Figure 11.5.) The age-dependent decline in VE against G2 strains was significantly different 

from the decline against G1 strains, but the decline in VE against ‘mixed’ rotavirus infections 

was not significantly different from that against ‘pure’ rotavirus infection (competing risks 

model Wald statistic for interaction, p=0.03 and p=0.73 respectively, see Appendix 7). 

 

Table 11.6. Estimates of the HR for predictors of hospitalisation for respiratory illness among 

children in the register cohort. 

 Univariate analysis Covariate adjusted model Stratified model 

Variable HR 95% CI HR 95% CI HR 95% CI 

0 doses 1.00  1  1.00  

1 dose 1.38 1.09-1.75 1.18 0.94-1.49 1.14 0.90-1.43 

<7 days after dose 2 0.96 0.46-1.98 1.03 0.51-2.12 1.08 0.53-2.22 

2 doses 0.98 0.81-1.19 1.16 0.96-1.41 1.13 0.93-1.38 

Non-Indigenous 1.00  1.00    

Indigenous 6.75 5.84-7.79 4.39 3.72-5.19   

Male 1.00  1.00    

Female 0.84 0.74-0.95 0.90 0.79-1.03   

Alice Springs  1.00  1.00    

Central remote 2.71 2.27-3.23 1.46 1.21-1.76   

Darwin  0.25 0.21-0.29 0.33 0.28-0.40   

Darwin remote 0.76 0.62-0.93 0.45 0.36-0.55   

APY Lands (SA) 3.36 2.51-4.49 1.57 1.16-2.11   

Date of birth       

 (+365 days) 1.29 1.16-1.44 1.06 0.95-1.18 1.06 0.95-1.18 
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Assessment of bias 

There were 965 respiratory admissions and 226 rotavirus-negative gastroenteritis admissions 

ascertained among children in the register cohort. The HR of respiratory admission was 1.13 

(95%CI: 0.93 to 1.38) (Table 11.6), with a non-significant change in the HR with increasing 

age (interaction, p-value= 0.22) (Figure 11.5). Over 10
5
 simulations, the median of the 

distribution of the VE corrected for the HR of respiratory admission was 55.0% (95%CI: 22.1 

to 74.0%) against rotavirus gastroenteritis and 26.9% (95%CI: -5.3 to 49.2%) against all-

cause gastroenteritis admissions (see Appendix 6).  

 

Discussion 

Among children listed on the NTIR, those vaccinated with two doses of HRV were less likely 

to be hospitalised for rotavirus gastroenteritis than unvaccinated children, and this is likely to 

be due to a direct protective effect of the vaccine. The findings validate the apparent 

protective effect observed in the hospital based case-control analysis. 

 

Indigenous status as a risk factor for hospitalisation 

Indigenous children had a crude incidence of hospitalisation for all-cause gastroenteritis 19-

fold (95%CI: 13 to 26-fold) higher than non-Indigenous children. The HR of rotavirus 

gastroenteritis for Indigenous versus non-Indigenous children was even higher, but was 

imprecise because of the relatively few hospitalisations of non-Indigenous children. Part of 

the excess in hospitalisations was attributable to under-vaccination and residence outside of 

urban Darwin – which were more common among Indigenous children and which were 

independently associated with rotavirus hospitalisation. Even adjusting for these differences, 

however, Indigenous status remained by far the strongest predictor of risk for rotavirus 

hospitalisation, as it also was for all-cause gastroenteritis and respiratory admissions. 
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Figure 11.4. Adjusted cumulative hazard functions for hospitalisation for vaccinated and unvaccinated children in the register cohort.  

Functions are derived from Cox models stratified by vaccination status (0, 1, or 2 doses) and adjusted for sex, Indigenous status and usual place of vaccination. The functions are adjusted to reflect the 

cumulative hazard for vaccinated and unvaccinated Indigenous male children from urban Alice Springs.  
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Figure 11.5. Model-adjusted HR of hospitalisation for vaccinated and unvaccinated 

children by age in the register cohort. 

 HR taken as the exponentiated time-varying coefficient for the effect of two doses of human rotavirus vaccine 

from a Cox hazard model stratified by sex, Indigenous status and usual place of vaccination, where the effect of 

vaccination was taken to vary with the natural log of age. Solid line: point estimate of the HR; dotted lines: 

upper and lower 95% confidence limits. 

 

The influence of age 

Below age 6 months, HRV vaccination status was strongly associated with age. Because age 

is also associated with risk of rotavirus hospitalisation, it is an important potential confounder 

of vaccine effects among young infants. Infants < 6 months account for up to one third of 

rotavirus hospitalisations and most cases complicated by severe or profound acidosis (Chapter 
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3). It is therefore preferable not to simply exclude them from analysis. An advantage of the 

register-nested cohort method in this regard is that being based on time-to-event, the age-

dependency of risk is intrinsically incorporated in the analysis (Chapter 2). Cases were 

effectively directly matched to cohort non-cases by age, so no further model-based adjustment 

for age was necessary.  

 

One of the inherent assumptions in the register cohort analysis is the proportional hazards 

assumption, and in particular that vaccine effects are independent of age. Rather than being a 

limiting factor of the Cox analysis approach, the calculation and plotting of covariate-adjusted 

cumulative hazard functions and the analysis of residuals allowed both a qualitative and 

quantitative exploration of the validity of this assumption, and the use of time-varying 

coefficients allowed for the quantification of any age-dependency in vaccine effects. 

Inspection of the cumulative hazard curves suggested a decline in vaccine effect with 

increasing age. This was also reflected by a trend toward lower VE among older children, 

although the difference was not statistically significant.  

 

Comparison with estimates from the case-control analysis 

The point estimates of VE against rotavirus-confirmed and all-cause gastroenteritis were 

slightly lower than those from the hospital-based case-control analysis (VE=49% versus 60%, 

and VE=17% versus 28%), although confidence intervals overlapped widely. For common 

disease outcomes, ORs will be intrinsically further from the null than risk, rate or HR 

(Chapter 13), but for rotavirus gastroenteritis the incidence of hospitalisation was too low for 

this to be an influential factor.  
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Table 11.7. Summary of cases and time at-risk by vaccination status, and estimates of VE of HRV 

(two doses versus none) against hospitalisation of children listed on the NTIR. 

 

Cases (N) 

Child-years at-risk 

VE% (2 doses versus none) 

(95% CI) 

(1 – IRRMH
b) 

*100%  
(1 – HR)*100% 

Totala 
HRV Doses 

 Non-stratified Stratified 
0 1 2 

Rotavirus- 

gastroenteritis 

105 

17,799 

26 

3,328 

27 

2,316 

50 

11,935 

43.1  

(8.3 to 64.6) 

47.3  

(12.0 to 68.5) 

49.0  

(14.8 to 69.5) 

All rotavirus-

positives 

133 

17,771 

30 

3,325 

36 

2,313 

64 

11,913 

36.9 

 (2.7 to 59.0) 

36.2 

 (-3.2 to 60.6) 

37.0 

 (-2.1 to 61.1) 

G1-genotype 

gastroenteritis 

52 

17,868 

10 

3,343 

15 

2,333 

26 

11,970 

24.8 

 (-57.0 to 64.0) 

45.1 

 (-17.3 to 74.3) 

49.9 

 (-7.3 to 76.6) 

G2-genotype 

gastroenteritis 

41 

17,828 

12 

3,333 

12 

2,324 

17 

11,950 

58.3  

(11.6 to 80.3) 

51.0 (-10.2 to 

78.2) 

55.2  

(0.3 to 80.4) 

Central Australia 
77 

4,132 

18 

798 

20 

580 

38 

2,704 

35.8 

 (-13.2 to 64.6) 

38.9  

(-12.4 to 66.7) 

40.3 

 (-9.9 to 67.6) 

Top End 
28 

13,667 

8 

2,530 

7 

1,736 

12 

9,231 

58.7 

 (-0.4 to 83.0) 
63.7 (4.7 to 86.2) 

66.0 

 (10.3 to 87.1) 

Rotavirus-only 

gastroenteritis 

50 

17,846 

15 

3,337 

16 

2,328 

18 

11,960 

65.1 

 (29.7 to 82.7) 

64.5 

 (24.6 to 83.3) 

62.9 

 (21.0 to 82.6) 

Mixed rotavirus 

gastroenteritis  

57 

17,835 

11 

3,337 

12 

2,325 

33 

11,952 

11.8 

 (-74.0 to 55.2) 

28.7 

 (-48.7 to 64.8) 

33.5 

 (-37.2 to 67.7) 

All-cause 

gastroenteritis  

331 

17,573 

68 

3,293 

65 

2,284 

192 

11,776 

14.7  

(-12.5 to 35.3) 

15.3 

 (-14.9 to 37.5) 

17.3 

 (-12.4 to 39.0) 

Rotavirus-negative 

gastroenteritis 

226 

17,657 

46 

3,308 

39 

2,305 

137 

11,824 

8.2  

(-28.2 to 34.3) 

7.9 

 (-33.1 to 36.3) 

9.5 

 (-31.1 to 37.5) 

Respiratory illness 
955 

16,873 

182 

3,206 

189 

2,190 

559 

11,263 

4.5 

 (-13.0 to 19.3) 

-16.3  

(-41.3 to 4.3) 

-13.3 

 (-37.8 to 6.9) 

aTotal includes children vaccinated < 7 days previously and may therefore exceed the sum of vaccinated and unvaccinated 

children. 
bMantel-Haensel incidence rate ratio. 

 

Limitations 

I used stratification and regression methods to account for confounding demographic factors 

recorded on the NTIR. Because the study was population-based, I was not able to account for 

potential confounding by factors which are not recorded on the NTIR. In particular, it was not 

possible to account for birth-related factors (birth weight and gestational age), nutritional 

status and breast-feeding which are plausibly associated with the risk of rotavirus 

hospitalisation, and might also be associated with the likelihood of vaccination. Even though 
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the hospital case-control study did not find these factors to be important confounders of 

vaccine effects among hospitalised cases, this does not exclude the possibility of important 

confounding on a population level. 

 

There were 3 potential sources of selection biases, arising from: 

1. Restriction of the study base by excluding children not listed on the NTIR, and NTIR-

registered children listed as having a usual place of vaccination outside of immediate 

catchments of ASH and RDH. 

2. Potentially different rates of emigration from the catchment areas for vaccinated 

versus unvaccinated cohort children. 

3. Potentially different propensities of vaccinated and unvaccinated children to access 

healthcare or different thresholds for hospitalisation. 

 

Unlike the case-control analysis, the register cohort analysis excluded children not listed on 

the NTIR at the time of admission as well as children listed on the NTIR as having a usual 

place of vaccination outside of the immediate catchments of ASH and RDH. Only 3 cases 

ascertained by active surveillance were children who were not listed on the NTIR, which is 

indicative of the high population coverage of the register and therefore the likely 

generalisability of VE for the register cohort to the broader target population of NT children. 

Two excluded cases were children who had recently arrived from interstate and had received 

no vaccine doses in the NT, and one occurred in a child whose parents were conscientious 

objectors to vaccination. It was appropriate to exclude these children from the analysis 

because they could not contribute to the denominator of children at risk – the ‘risk-set’ - as 

there was no way of knowing they were at risk until they were ascertained as cases. 

 

The rationale for excluding children resident outside of the immediate catchments of RDH 

and ASH was that hospitalisations of these children are likely to have been missed by active 

surveillance. Overall 13.9% of hospitalisations for gastroenteritis occurred among children 
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listed on the NTIR as normally receiving vaccinations (i.e. normally resident) in the East 

Arnhem, Barkly or Katherine regions, including 3 children from Barkly and 4 from the 

Katherine region hospitalised with rotavirus gastroenteritis. The rationale for excluding 

children recorded as living interstate (even if living within the catchment of ASH) was that 

these children are not routinely recorded on the NTIR. Of all hospitalisations for 

gastroenteritis, 2.2% occurred among children recorded as having a usual place of vaccination 

which was interstate, including 4 children from remote WA and one child normally resident 

in Victoria admitted for rotavirus gastroenteritis. While inclusion of these children would be 

expected to bias measures of the absolute rate of hospitalisation, it would not be expected to 

bias the relative rate of hospitalisation of vaccinated versus unvaccinated children, unless the 

pattern of hospitalisation (i.e. at ASH or RDH versus elsewhere) is different for vaccinated 

versus unvaccinated children from those areas. In the sensitivity analysis, inclusion of this 

group of NTIR-registered children in the register cohort (including 12 cases whom were thus 

excluded) resulted in only a trivial change in the VE estimate.  

 

It was assumed that children listed on the register as having received any dose of vaccine 

were at risk of hospitalisation throughout the study period. However, absence of a recorded 

vaccination might indicate that a child has, in fact, left the NT. Also, under-vaccination might 

indicate a lower propensity to access healthcare and, if so, unvaccinated children might 

thereby have a lower propensity for hospitalisation compared to vaccinated children. By 

either mechanism, the incidence of hospitalisation among unvaccinated children could 

underestimate their risk of severe gastroenteritis and VE would thereby be underestimated. 

HRV vaccinated children were found to have a slightly higher rate of hospitalisation for 

respiratory illness than unvaccinated children (with a confidence interval for the HR that 

included 1) suggesting that any bias from differential ascertainment of severe cases among 

vaccinated and unvaccinated children is likely to be small. After correcting for the higher rate 

of respiratory hospitalisation amongst vaccinated children, VE against rotavirus 

hospitalisation was only modestly higher than the uncorrected estimate. 
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Significance 

The register cohort analysis broadly supports the conclusion from the hospital-based case-

control analysis that HRV is protective against rotavirus hospitalisation, although estimates of 

VE were slightly lower. Being population-based, the register cohort method allowed for 

calculation of absolute rates of hospitalisation and the assessment of other demographic risk 

factors for hospitalisation. The time-to-event analysis permitted calculation of HR and an 

exploration of waning vaccine effects. However, the assumption that vaccinated children have 

the same propensity to hospitalisation as unvaccinated children might not be valid, and this 

might have resulted in a small under estimation of VE.  
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Chapter 12. Primary analysis: a case-cohort analysis of vaccine effectiveness 

against rotavirus hospitalization
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For the primary analysis, a case-cohort approach was used to determine VE, comparing 

children hospitalised for rotavirus with a cohort of children admitted with respiratory 

illnesses. VE for two doses versus none was 58.8% (95%CI: 30.0 to 75.7%) against 

hospitalisation for rotavirus-confirmed gastroenteritis, and 29.4% (95%CI: -4.3 to 52.3%) 

against hospitalisation for gastroenteritis of any cause. On post hoc analysis, evidence was 

found for significant age-related change in vaccine effects, in particular against heterotypic 

vaccine strains. Evidence was also found for lower VE against mixed rather than pure 

rotavirus infections. 

                                                                                                                        

Introduction 

In the preceding chapters, VE was estimated using a hospital-based case-control analysis 

(Chapter 10) and then a population cohort analysis (Chapter 11). Both analyses were 

conceptually simple but had their limitations and provided slightly different estimates for VE. 

The cohort design was necessarily restricted to only children listed on the NTIR and children 

living in the immediate catchments of RDH and ASH, which resulted in the exclusion of a 

number of ascertained cases that otherwise met the case inclusion criteria but which arose 

among children outside of these areas. Also, the cohort design might systematically 

underestimate the risk of severe disease for unvaccinated compared to vaccinated children, 

and therefore underestimate VE. The advantage of the cohort over the case-control design was 

that it lent itself to time-to-event survival analysis using Cox regression models. The influence 

of age on risk was intrinsically accounted for within the analytic risk-sets. Also, time-

dependent vaccine effects (including waning vaccine-induced immunity) were able to be 

assessed and quantified. 

 

In this chapter, features of the case-control and register cohort designs are merged into a case-

cohort design. This addresses some of the issues regarding the potential non-comparability of 

cases and non-cases inherent in the register nested cohort analysis, while still lending itself to 
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a time-to-event analysis including the assessment and quantification of age-dependent vaccine 

effects. Further details are provided in Appendix 3. 

 

Methods  

Hospitalised children were recruited by active surveillance as described previously (see 

Chapter 6). Cases were first rotavirus hospitalisations occurring during the study period 

among children aged 6 weeks to 35 months.  

 

Formation of the control-cohort 

A dynamic or ‘open’ control-cohort was formed of children born on or after August 1
st
 2006 

who had a non-gastroenteritis hospitalisation during the study period, hereafter referred to as 

the ‘control-cohort.’ Children with an admission with respiratory symptoms (as defined in 

Chapter 6) were included in the control-cohort, regardless of their normal place of residence 

and regardless of whether they were recorded on the NTIR or not. Control-cohort children 

were observed for hospitalisation over the study period by active surveillance at RDH and 

ASH, while changes in vaccination status during the study period were determined from the 

NTIR.  

 

The effective period of observation for control-cohort children aged between age 6 weeks and 

35 months occurred within the TROVE Study surveillance period (see Table 12.1). In 

addition to cases arising from children within the control-cohort – cohort cases - cases arising 

among children external to the control-cohort – non-cohort cases - were also included. For the 

purpose of the analysis, non-cohort cases, in effect, entered the cohort at the instant of 

hospitalisation 
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Table 12.1. Summary of the case-cohort analysis 

Control-cohort Children born on or after August 1st 2006 with at least one admission with respiratory illness 

over the study period.  

Cohort entry The latest of: 

1. May 6th 2008 if hospitalised at RDH, September 8th 2008 if hospitalised at ASH  

2. Age 42 days 

Cohort exit The earliest of: 

1. May 18th 2010 if hospitalised at RDH, September 10th 2010 if hospitalised at ASH 

2. Becoming 36 months old 

3. The date of any invalid dose of HRV 

4. The date of any dose of PRV 

5. On the date of becoming a case 

Cohort cases Children in the control cohort meeting the case inclusion criteria for the outcome event of 

interest (see below)  

Non-cohort cases Children ascertained by TROVE, meeting the case inclusion criteria for the outcome event of 

interest (see below), but not in the control-cohort (i.e. not having at least one admission with 

respiratory illness over the study period.) 

Analysis time Age: days since birth 

Primary 

explanatory 

variable 

Vaccination with HRV, either: 

1. no doses (reference), or 

2. < 7 days after dose 1, or  

3. ≥ 7 days after dose 1, or 

4. < 7 days after dose 2, or  

5. ≥ 7 days after dose 2. 

Covariates 1. sex (male or female) 

2. Indigenous status (Indigenous or non-Indigenous) 

3. hospital (RDH or ASH) 

4. location night before hospitalisation (urban Darwin/ Palmerston, Alice Springs or 

rural/remote if elsewhere)  

5. date of birth 

Event of interest 1. Primary: time to first hospitalisation for rotavirus-confirmed gastroenteritis during the 

study period 

2. Secondary: time to first all-cause gastroenteritis hospitalisation 

3. Secondary: time to first G1 genotype hospitalisation 

4. Secondary: time to first G2 genotype hospitalisation 

Effect measure HR for HRV vaccinated versus unvaccinated children: 

1. 2 valid doses versus none 

2. 1 valid dose versus none 

Sensitivity analysis HR of rotavirus-confirmed gastroenteritis for HRV vaccinated versus unvaccinated children,  

1. restricting the number of non-cases per risk-set to a maximum of 4, and matched to each 

case by date of birth (+/- 14 days) – the a priori analysis 

2. excluding cases not confirmed to be severe 

3. nested completely within the control-cohort (i.e. excluding non-cohort cases). 

4. censoring control-cohort children after their last respiratory admission 
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The primary outcome was the first ascertained hospitalisation for rotavirus-confirmed 

gastroenteritis. Secondary outcomes were the first all-cause gastroenteritis admission, and 

first G1 and G2 genotype rotavirus admissions.  

 

Summary of the dataset creation 

The case-cohort analysis dataset was created by firstly setting the TROVE dataset in to time 

span format, sampling all children in the control-cohort from the dataset, separately sampling 

all non-cohort cases, and then merging the two. The procedures for constructing the case-

cohort dataset are described in Appendix 3. 

 

Summary of the VE analysis 

A descriptive overview of the analysis was provided in Chapter 2, and details of the 

modelling strategy are provided in Chapter 6. Briefly, a Cox hazard model was used to 

determine the HR of hospitalisation for gastroenteritis for vaccinated (two doses and one 

dose) versus unvaccinated children in the cohort. Vaccination status was coded using a set of 

four dichotomous design variables with no vaccination as the referent level. The design 

variables were included as the primary explanatory variables in a Cox model, where the 

baseline hazard corresponded to that of unvaccinated children in the control-cohort. HRs for 

two dose recipients and one dose recipients (versus none) were taken as the exponentiated 

coefficients for the corresponding design variables.  

 

Differences between vaccinated and unvaccinated children in the demographic variables sex, 

Indigenous status (Indigenous versus non-Indigenous as recorded on the NTIR), hospital 

(RDH versus ASH), and location on the night before admission (urban Darwin/ Palmerston, 

or Alice Springs, versus rural/ remote Top End or Central Australia) were controlled for by 

stratification, resulting in 16 strata. A separate non-stratified model was also created to assess 
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for thin data problems, and to allow for the creation of summary cumulative hazard functions 

(see Appendix 4).  

 

The influence of the continuous variable, date of birth, was controlled for using adjustment by 

regression. Fractional polynomial analysis was used to identify fractional polynomial 

transformations of date of birth (up to 2 terms)
511

 which significantly improved model fit over 

a model with date of birth as linear in the hazard. As detailed in the TROVE Study Plan 

(Appendix 8), the a priori plan had been to control for the influence of date of birth instead by 

sampling from each stratified risk-set the four children in the control-cohort most closely 

matched to the case by date of birth (up to +/- 14 days). A sensitivity analysis was performed 

according to this plan. The methods used for sampling controls from the cohort risk-sets and 

construction of the conditional logistic regression model for the a priori analysis are set out in 

Appendix 3. 

 

Model fit was assessed by analysis of Schoenfeld and scaled Schoenfeld residuals. Influential 

and poorly fit observations were identified by efficient score residuals and likelihood 

displacement values and scrutinised for potential data errors. The validity of the proportional 

hazards assumption for the effect of vaccination was further assessed by the inclusion of a 

time-varying coefficient for the effect of two vaccine doses (interacted with the natural 

logarithm of age). To better quantify any age-dependence of vaccine effects, an interaction 

term for the effect of vaccination and age - stratified into age <12 months and age ≥ 12 

months - was used. Age-dependent vaccine effects were judged to be significant on the basis 

of a Wald test of the age-vaccination interaction term and where found, both overall and age-

stratified VE estimates (6 weeks to 11 months versus 12 to 35 months) are reported.  

 

Competing risk models
570

 were used to assess whether VE was significantly different for G1 

versus G2 strains or for ‘pure’ versus ‘mixed’ rotavirus cases. Wald statistics were used to 
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assess whether genotype or co-infection significantly influenced the overall effect of two 

vaccine doses, or the age-dependence of two-dose VE (see Appendix 7). 

 

Covariate-adjusted cumulative hazard functions for unvaccinated and vaccinated children 

were created from a covariate-adjusted model stratified by vaccination status (see Appendix 

4). The functions were calibrated to represent the average cumulative hazard of 

hospitalisation for a male Indigenous child living in urban Alice Springs, and adjusted for the 

sampling fraction of non-cases from the study base. Robust 95%CI based on sandwich 

variance estimates
495

 with clustering by individual are quoted for all HR and VE estimates, 

executed in Stata using the vce(cluster clusterID) option.  

 

Results 

Hospitalisations 

Clinical and demographic characteristics of all hospitalisations captured by active surveillance 

via the TROVE Study are described in detail in Chapter 7. Of 132 ascertained rotavirus 

hospitalisations, 120 were included in the case-cohort analysis. Of the excluded cases: six 

were < six weeks old at presentation, three were repeat rotavirus episodes occurring in the 

same child, two had received a dose of PRV and one had received an invalid dose of HRV.  

 

Table 12.2. The number of hospitalisations for rotavirus-confirmed and all-cause gastroenteritis 

for control-cohort children by location of residence, and the expected number of hospitalisations. 

 Rotavirus gastroenteritis cases All-cause gastroenteritis cases 

 Observed  Expecteda SMRb (95%CI) Observed Expecteda SMRb (95%CI) 

Alice Springs 13 1.7 7.9 (4.6-14.4) 33 14.9 2.2 (1.6-3.2) 

Central Australia 

remote 
5 1.7 2.9 (1.2-8.5) 22 20.0 1.1 (0.7-1.7) 

Darwin 0 1 0 3 1.5 1.9 (0.6-9.6) 

Darwin remote 1 0.8 1.3 (0.4-0.5) 4 2.5 1.6 (0.6-5.5) 

APY Lands (SA) 0 0.02 0 0 0.1 0 

Total  19 5.2 3.7 (2.4-6) 62 39.1 1.6 (1.2-2.1) 
aExpected number of hospitalisations in the control-cohort based on the rate of hospitalisation in the register cohort 

analysis stratified by sex and Indigenous status. bSMR: standardised morbidity ratio.:  
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Control-cohort 

During the study period, 700 admissions for respiratory illness were captured among 625 

vaccine-eligible children, and these children were included in the control-cohort. Among 

these children, 19 rotavirus-confirmed and 64 all-cause gastroenteritis cases occurred at a 

crude incidence of 2.20 (95%CI: 1.42 to 3.58) rotavirus-confirmed, and 7.80 (95%CI: 6.13 to 

10.13) all-cause gastroenteritis hospitalisations per 100 child-years. Adjusting for Indigenous 

status, sex and location of residence, the number of observed hospitalisations of control-

cohort children living in the ASH and RDH catchments (19) was higher than the number 

expected (5.2) based on the rate observed in the register cohort (standardised morbidity ratio 

(SMR) = 3.7; 95%CI: 2.4 to 6.0) for rotavirus gastroenteritis, and for all-cause gastroenteritis 

(62 versus 39.1, SMR = 1.6; 95%CI: 1.2 to 2.01) (Table 12.2). 

 

Comparison of cases and non-cases 

Compared to non-cases, cohort and non-cohort cases were more likely to be Indigenous and 

were more likely to be hospitalised at ASH and to be referred from a remote location (Table 

12.3).  

Table 12.3. Comparison of cohort cases and non-cases, and non-cohort cases in the case-cohort 

analysis. 

 Cohort Non-cohort  

 Non-cases % Cases % Cases % p-value 

Total 606 (100%) 19 (100%) 101 (100%)  

RDH 280 (46%) 1 (5%) 24 (24%) <0.001 

ASH 326 (54%) 18 (95%) 77 (76%)  

Urban 360 (59%) 10 (53%) 42 (42%) 0.001 

Remote 234 (39%) 8 (42%) 59 (58%)  

Not determined 12 (2%) 1 (5%) 0 (0%)  

Male 345 (57%) 11 (58%) 54 (53%) 0.803 

Indigenous 396 (65%) 19 (100%) 97 (96%) <0.001 

Median date of birth 

IQR 

Range 

31/Jul/08 

29/Nov/07 to 23/May/09 

03/Aug/06 to 26/Jul/10 

01/Nov/08 

26/Jun/08 to 13/Apr/09 

14/Apr/08 to 16/Nov/09 

31/Oct/08 

30/Jan/08 to 03/Jul/09 

03/Aug/06 to 18/Apr/10 

0.115 
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Risk factors for gastroenteritis hospitalisation 

Among hospitalised children, Indigenous status, site of hospitalisation and date of birth were 

independently associated with hospitalisation for rotavirus in the non-stratified model (Table 

12.4). There was no evidence of significant non-linearity of the effect of date of birth on the 

risk of rotavirus hospitalisation using either the best fitting one term (3) or two term (3,3) 

fractional polynomial functions (AIC for the linear, 1 term and 2 term models: 810, 943 and 

940 respectively). Indigenous status and site of hospitalisation were independently associated 

with all-cause gastroenteritis admission (Table 12.5) 

Table 12.4. Estimates of the HR for predictors of rotavirus gastroenteritis from the case-cohort 

analysis 

 Univariate analysis Non-stratified model Stratified model 

Variable HR 95% CI HR 95% CI HR 95% CI 

0 doses 1  1  1  

1 dose 1.10 0.62-1.97 1.00 0.54-1.85 0.92 0.49-1.76 

2 doses 0.39 0.24-0.66 0.42 0.25-0.72 0.41 0.24-0.70 

Non-Indigenous 1  1    

Indigenous 14.93 5.43-41.02 8.71 2.96-25.7   

Male 1  1    

Female 1.05 0.71-1.56 1.02 0.67-1.55   

Darwin  1  1    

Alice Springs 3.43 2.15-5.48 1.82 1.03-3.20   

Remote 1  1    

Urban 0.47 0.32-0.70 0.88 0.57-1.35   

Date of birth 1  1  1  

 (+1 days) 2.19 1.54-3.11 1.60 1.09-2.35 1.56 1.07-2.28 

 

Age-dependent vaccine effects 

Analysis of Schoenfeld and scaled Schoenfeld residuals revealed evidence of non-

proportionality of the hazards (global test, p=0.05). Specifically there was evidence of age-

dependency of the effect of two vaccine doses (chi-square = 2.3, p=0.13). Further details 

regarding assessment of goodness of fit for individual covariates and scrutiny of influential 

and poorly fit observations are provided in the Appendix 3. 

 

The effect of two vaccine doses on hospitalisation was age-dependent for rotavirus-confirmed 

cases, but not for all-cause gastroenteritis cases (Wald test of the 2-dose vaccination-
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logarithm of age interaction, p-value = 0.03 and p=0.16 respectively) (Figure 12.1). Among 

rotavirus cases, there was a trend toward more rapid waning of vaccine effects against G2 

strains than against G1 strains (Figure 12.2, competing risks model Wald statistic for 

interaction, p=0.05, see Appendix 7).  The age-dependence of vaccine effects against mixed 

infections compared with that against pure rotavirus infections was not statistically significant 

(Figure 12.2, competing risks model Wald statistic for interaction, p=0.62). 

Vaccine effectiveness and subgroup analyses 

For children hospitalised in the NT, overall VE against rotavirus-confirmed gastroenteritis 

was 58.8% (95%CI: 30.0 to 75.7%), with evidence of significant change in VE with 

increasing age (p=0.03) (Figure 12.3). VE against rotavirus hospitalisation was higher among 

infants aged 6 weeks to 11 months (VE=73.0%, 95%CI: 46.7 to 86.3%) than among children 

aged 12 to 35 months (VE=37.6%, 95%CI: -20.9 to 67.8%) (p=0.04). VE against all-cause 

gastroenteritis admissions was 29.4% (95%CI: -4.3 to 52.3%).  

 

There was no difference in the overall VE against G1-genotype (vaccine homotypic) strains 

compared with G2-genotype (vaccine-heterotypic) strains (Table 12.6, competing risks model 

Wald statistic for interaction, p=0.28), although there was evidence of more rapid waning in 

VE (Figure 12.2).  Higher estimates of VE were observed against hospitalisations in which 

rotavirus was the sole pathogen detected, than against hospitalisations in which rotavirus was 

detected in addition to non-rotavirus pathogens (Table 12.6 and Table 12.7), but the 

difference was not statistically significant (competing risks model Wald statistic for 

interaction, p=0.10).   
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Table 12.5. Estimates of the HR for predictors of all-cause gastroenteritis from the case-cohort 

analysis. 

 Univariate analysis Covariate adjusted model Stratified model 

Variable HR 95% CI HR 95% CI HR 95% CI 

0 doses 1  1  1  

1 dose 1.08 0.69-1.68 1.07 0.67-1.71 1.04 0.64-1.68 

2 doses 0.60 0.42-0.86 0.67 0.46-0.99 0.71 0.48-1.04 

Non-Indigenous 1  1    

Indigenous 5.10 3.49-7.45 4.04 2.68-6.08   

Male 1  1    

Female 1.01 0.78-1.31 0.96 0.73-1.28   

Darwin  1  1    

Alice Springs 2.37 1.80-3.12 1.72 1.23-2.40   

Remote 1  1    

Urban 0.58 0.44-0.76 1.01 0.75-1.36   

Date of birth 1  1  1  

 (+1 days) 1.12 0.92-1.37 0.86 0.69-1.08 0.85 0.68-1.07 

 

 

Figure 12.1. Model-adjusted VE of two doses of HRV (versus none) by age against rotavirus 

hospitalisation in the case-cohort analysis. 

 Vaccine effectiveness = (1 - HR)*100%. HR taken as the exponentiated sum of the main effects coefficient and 

the time-varying coefficient for the effect of two doses of human rotavirus vaccine from a Cox hazard model 

stratified by sex, Indigenous status and location on the night before admission, where the effect of vaccination was 

taken to vary with the natural log of age. Solid line: point estimate of the HR; dotted lines: upper and lower 95% 

confidence limits. 
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Figure 12.2. Model-adjusted VE of two doses of HRV (versus none) against hospitalisation by age: sub-group analysis. 

 Vaccine effectiveness = (1 - HR)*100%. HR taken as the exponentiated sum of the main effects coefficient and the time-varying coefficient for the effect of two doses of human rotavirus 

vaccine from a Cox hazard model stratified by sex, Indigenous status and location on the night before admission, where the effect of vaccination was taken to vary with the natural log of age. 

Solid line: point estimate of the HR; broken lines: upper and lower 95% confidence limits. 
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Figure 12.3. Covariate-adjusted cumulative hazard functions for hospitalisation for the case-cohort analysis. 

Functions are derived from Cox models stratified by vaccination status (0, 1, or 2 doses) and adjusted for date of birth, sex, Indigenous status, hospital and remoteness of location on the night 

before admission. The functions are adjusted to reflect the cumulative hazard for vaccinated and unvaccinated Indigenous male children from urban Alice Springs. To account for the 

oversampling of cases in the case-cohort analysis, cumulative hazard functions are multiplied by the estimated sampling fraction of the control-cohort from the total at-risk population (cohort 

cases / total cases).   
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Table 12.6. Summary of cohort and non-cohort cases and time at-risk by vaccination status, and 

estimates of VE (two doses versus none) against hospitalisation in the NT: case-cohort analysis. 

 

Control-

cohort 

(N) 

Control-

cohort 

years at-

risk 

Cohort cases; non-cohort cases 

(N) 

VE% (95% CI) 

(1 – HR)*100% 

Totala 
HRV Doses 

Non-stratified Stratified 
0 1 2 

Rotavirus- 

gastroenteritis 
625 864.9 19;101 4;28 6;27 9;44 

57.9  

(27.8 to 75.5) 

58.8  

(30.0 to 75.7) 

All rotavirus-

positives 
622 856.3 25;127 4;32 9;37 12;55 

47.0  

(10.8 to 68.5) 

46.8 

 (11.6 to 68.0) 

G1-genotype 

gastroenteritis 
625 877.2 11;44 1;11 3;14 7;18 

60.2 

 (12.0 to 82.1) 

67.7  

(26.5 to 85.8) 

G2-genotype 

gastroenteritis 
625 867.9 9;41 3;11 4;11 2;19 

48.5  

(-9.7 to 75.9) 

53.2 

 (-2.4 to 78.6) 

Alice Springs 348 454.2 18;77 4;23 5;22 9;32 
58.1 

 (22.7 to 77.3) 

56.7 

 (21.3 to 76.2) 

Darwin 282 410.1 1;24 0;5 1;5 0;13 
74.7 

 (5.1 to 93.2) 

70.6  

(-3.1 to 91.6) 

Rotavirus-only 

gastroenteritis 
625 871.9 9;47 2;17 3;13 4;16 

70.4 

 (37.3 to 86.1) 

72.1 

 (42.3 to 86.5) 

Mixed rotavirus 

gastroenteritis  
625 873.2 11;55 2;11 4;14 5;29 

37.4 

 (-24.4 to 68.5) 

34.1 

 (-32.1 to 67.1) 

All-cause 

gastroenteritis  
624 817.6 64;312 15;70 14;65 34;171 

32.6 

 (0.8 to 54.2) 

29.4 

 (-4.3 to 52.3) 

Rotavirus-negative 

gastroenteritis 
624 833.1 46;207 11;44 9;38 25;122 

17.3 

 (-27.4 to 46.4) 

11.0 

 (-39.3 to 43.1) 

aTotal includes infants with HRV doses administered <7 before admission and may therefore be greater than sum of 0, 1, 

and 2 dose recipients.  

 

Sensitivity analysis 

Of 120 cases, 7 were not confirmed to be severe according to the a priori definition (Chapter 

6). Excluding these cases had a minor influence on the point estimate for VE (VE = 58.6%; 

95%CI: 28.4 to 76.0%). It was assumed that control-cohort children remained at risk of 

hospitalisation for gastroenteritis after admission for respiratory illness, although emigration 

from the catchment area could not be excluded. Censoring children from the time of their last 

respiratory admission resulted in little change in the VE estimate (VE = 60.3%; 95%CI: 31.7 

to 76.9%). Of 625 children in the control-cohort, 64 became all-cause gastroenteritis cases 

and 19 became rotavirus-confirmed gastroenteritis cases. Point estimates of VE from an 

analysis nested completely within the control-cohort (i.e including only the 19 cohort cases) 
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was 47.5% (95%CI: -70.8 to 83.8%) against rotavirus-confirmed gastroenteritis and 11.6% 

(95%CI: -70.8 to 54.3%) against all-cause gastroenteritis.  

 

A priori analysis 

When controls were matched to cases by date of birth (+/- 14 days) and sampled from the 

stratified risk-sets per the a priori analysis plan, only 80 of 120 rotavirus-confirmed cases and 

240 of 376 all-cause gastroenteritis cases had one or more suitably matched controls (see 

Appendix 3). Compared to included cases, rotavirus-confirmed cases without an eligible 

control were more likely to be born at an earlier date (Wilcoxon rank sum, p=0.005) and to be 

hospitalised at RDH (chi-square, p=0.001). VE by the a priori analysis plan was 43.0% 

(95%CI: -23.6 to 73.7%) and 14.8% (95%CI: -36.5 to 46.8%) against hospitalisation for 

rotavirus-confirmed and all-cause gastroenteritis respectively. 

 

Discussion 

Among children who are hospitalised in the NT, those vaccinated with two doses of HRV are 

less likely to be hospitalised for rotavirus-confirmed gastroenteritis than unvaccinated 

children. While encouraging, the overall estimates of the size of the protective effect of 

vaccination are lower than reported from field trials and observational studies in other 

developed settings. I used prospective, active hospital-based surveillance to ascertain a high 

proportion of rotavirus cases and to assemble a control-cohort of children hospitalised for 

other reasons. This permitted confirmation of the disease status of cases, assessment of 

severity, and detailed microbiological analysis. I also explored factors which might modify 

vaccine protection in this high disease-burden setting. In particular I was able to examine the 

potential influence of increasing age, infecting genotype and intestinal co-infection on VE.  
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Table 12.7 . Sensitivity of overall and age-stratified VE estimates (two doses versus none) to variation of the rotavirus case definition.  

 6 weeks to 35 months  6 weeks to 11months 12 to 35 months 

 
Total 
cases a 

Doses received 
VE % (95% CI) 

(2 doses vs. none) 
Total 
cases a 

Doses received 
VE % (95% CI) 

(2 doses vs. none) 
Total 
cases a  

Doses received 
VE % (95% CI) 

(2 doses vs. none) 
 0 1 2 0 1 2 0 1 2 

Rotavirus gastroenteritis* 120 32 33 53 58.8 (30.0 to 75.7) 67 21 24 20 73.0 (46.7 to 86.4) 53 11 9 33 37.7 (-20.7 to 67.9) 

G1 genotype 55 12 17 25 67.7 (26.5 to 85.8 27 7 10 9 72.7 (15.0 to 91.2) 28 5 7 16 63.3 (8.5 to 85.3) 

G2 genotype* 50 14 15 21 53.2 (-2.4 to 78.6) 29 11 12 6 77.0 (36.9 to 91.6) 21 3 3 15 -3.5 (-223.8 to 66.9) 

Rotavirus-only 56 19 16 20 72.1 (42.3 to 86.5) 34 14 11 8 79.1 (44.4 to 92.2) 22 5 5 12 63.1 (9.5 to 84.9) 

Mixed infection* 66 13 18 34 34.1 (-32.1 to 67.1) 33 7 13 12 61.6 (8.3 to 83.9) 33 6 5 22 -6.6 (-164.4 to 57.0) 

All-cause gastroenteritis 376 85 79 205 29.4 (-4.3 to 52.3) 179 49 49 74 41.9 (6.9 to 63.8) 197 36 30 131 25.7 (-15.1 to 52.1) 

Rotavirus-negative 

gastroenteritis 
253 55 47 147 11.0 (-39.3 to 43.1) 112 28 26 54 4.3 (-69.5 to 55.9) 141 27 21 93 14.7 (-42.0 to 48.7) 

Symptom score (out of 20)                

  >=13 97 23 32 41 57.3 (21.9 to 76.6) 58 17 23 17 71.2 (39.2 to 86.4) 39 6 9 24 32.1 (-47.1 to 68.6) 

  >=15 77 18 25 33 53.9 (9.2 to 76.6) 46 14 17 14 66.9 (22.2 to 85.9) 31 4 8 19 32.4 (-57.0 to 70.9) 

  >=17 30 10 9 11 79.4 (48.0 to 91.9) 16 6 6 4 85.8 (47.4 to 96.1) 14 4 3 7 72.5 (4.0 to 91.7) 

Lowest bicarbonate                

  <18mmol/L 99 27 30 40 65.0 (38.5 to 80.1) 55 18 21 15 76.2 (50.4 to 88.6) 43 9 9 25 49.7 (-1.8 to 75.2) 

  <16mmol/L 81 22 26 31 78.6 (52.1 to 90.4) 50 17 19 12 78.6 (52.1 to 90.4) 31 5 7 19 37.5 (-41.1 to 72.3) 

  <14mmol/L 55 17 18 19 68.9 (34.0 to 85.3) 40 14 16 9 81.0 (52.9 to 92.3) 15 3 2 10 24.0 (-150.1 to 76.9) 

aTotals include infants with HRV doses administered <7 before admission and may therefore be greater than sum of 0, 1, and 2 dose recipients.  

*Statistically significant age-varying vaccine effects as assessed by Wald test for the vaccination-log age interaction (p<0.05). 
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Comparison with VE estimates elsewhere 

The estimate of VE in the TROVE Study is lower than estimates reported for HRV elsewhere 

in the developed world, and comparable to estimates of VE for HRV reported in trials from 

sub-Saharan Africa
194

, and for PRV from sub-Saharan Africa
529

 and Vietnam and 

Bangladesh
530

. Field trials and post licensure studies of both HRV and PRV have indicated a 

correlation between VE and the level of economic development of the setting. For HRV, field 

trial estimates of VE ranged from 49% in Malawi
194

 to 97% in Europe
434

. There is evidence 

that rotavirus vaccines invoke poorer immune responses among infants in resource-poor 

settings
459

, although no serological markers have been shown to correlate well with clinical 

protection and I was not able to measure them in this study. I was unable to detect a 

significant protective effect of a single HRV dose (the upper limit of the 95%CI was 36%). 

The apparent failure of the first dose to stimulate an immune response might indicate 

neutralisation of the first dose at age 2 months, perhaps due to persistence of transplacental 

anti-rotavirus antibodies or high titres of antibody in breast milk. Levels of anti-rotavirus 

antibodies in cord blood and breast milk have not been studied in this population. 

 

 

The influence of co-infection on VE 

Co-infection, most commonly with EVEC, was detected in more than half of rotavirus-

positive cases. I observed a trend toward lower VE against rotavirus infections in which non-

rotavirus pathogens were detected compared with when rotavirus was detected alone. Mixed 

infections are a feature of diarrhoeal disease in many resource-poor settings, presumably 

because of the shared faecal-oral route of transmission for enteric pathogens (see Chapter 1). 

The significance of co-infection in rotavirus-associated gastroenteritis has not been 

established (Chapter 1). While rotavirus gastroenteritis has been found to be enhanced by co-

infection with EVEC and other pathogens in animal models 
363-370

, this has not been 

conclusively shown in human studies
63, 112, 304, 353, 359-362

. Nonetheless, if vaccine protection is 

poorer against low grade than against high grade infection, disease enhancement of low grade 
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rotavirus infection due to the presence of co-infecting pathogens would remain a plausible 

mechanism for the lower VE observed against mixed infections.  

 

Furthermore, in mixed infections it is not always clear whether one pathogen was causative or 

the other, or both or neither (see Chapter 8). Longitudinal cohort studies have demonstrated 

that rotavirus infections which are either asymptomatic or which result in only mild disease 

are common, especially after the second or third infection
214, 240

. It is plausible that for some 

cases attributed to rotavirus, infection was low grade, coincidental and non-causative (see 

Chapter 8). Assuming again that vaccination is less protective against low grade infection, VE 

may appear lower where a higher proportion of detected rotavirus infections are coincidental, 

as might be expected among older children and in settings like ours where diarrhoea due to 

non-rotavirus pathogens is also common (see Chapter 13). Alternatively, mixed infection 

might simply reflect heavy exposure to enteric pathogens from the environment and social 

deprivation, which might in turn be associated with other factors which cause vaccine failure. 

 

Age and age-dependent vaccine effects 

Accurate modelling of the effect of age on the risk of hospitalisation is important, because age 

is strongly associated with both hospitalisation for rotavirus gastroenteritis and with 

vaccination (see Chapter 13). Like the register cohort analysis, a strength of this analysis is 

that the influence of age was embedded within the model. In effect, cases were directly 

matched by age to non-cases in the risk-set, so no further model-based adjustment for age-

related effects were required, increasing confidence in the robustness of the VE estimates.  

 

Furthermore, basing the analysis on time-to-event permitted a formal assessment of the age-

dependence of vaccine effects. It is reasonable to equate age-related change in vaccine effects 

with waning VE because the narrow age windows for vaccination means that age is highly 

correlated with the time elapsed since vaccination in this instance. I found evidence that VE 

was lower among older children than among infants. Analysis of residuals identified some 
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violation of the proportional hazards assumption for the effect of vaccination, and this was 

supported by the statistical significance of a time-dependent coefficient for vaccination. The 

apparent decline in VE with increasing age reiterates the findings of the interim analysis
534

 

(Chapter 9), and is consistent with observational studies from northern Brazil
445

 and El 

Salvador
447

.  

 

The mechanism for this is not clear, but it is important to interpret age-varying effects within 

the context of the change in absolute risk of disease with increasing age. If immunity waned 

among vaccinated children, it might be expected that vaccinated children would have become 

more susceptible to hospitalisation with increasing age; however inspection of the cumulative 

hazard curves (Figure 12.3) provides little evidence of this. What is more apparent is a natural 

plateau in the cumulative risk of hospitalisation which occurred from around 18 months 

among older unvaccinated children but to a lesser extent among vaccinated children. A 

decline in the incidence of symptomatic rotavirus infection in the latter part of the second year 

of life has also been documented in other settings
45

. The decline in hospitalisation for all-

cause gastroenteritis is less marked, so part of the normal fall in rotavirus incidence with 

increasing age is likely to be due to the acquisition of immunity from infection rather than 

declining susceptibility to gastroenteritis per se. It is possible that vaccination interfered with 

and delayed the acquisition of high level natural immunity.  

 

I found evidence that VE declined more markedly against rotavirus-positive episodes 

associated with mixed infection than against pure rotavirus infections, perhaps indicating that 

rotavirus was more likely to be low grade or coincidental in older children with mixed 

infection. I did not find that VE was lower against G2 genotype strains than against G1 

genotype strains overall, however I did find some evidence that VE against G2 strains – 

which are more heterotypic to the vaccine strain - declined markedly with increasing age 

(Figure 12.2). In fact, older vaccinated children appeared to be at greater risk of G2 strain 

rotavirus hospitalisation than unvaccinated children. This result is suggestive of more rapid 
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decline in vaccine-induced immunity against G-P heterotypic strains than against strains that 

are homotypic to the vaccine strains. The mechanisms underlying both natural and vaccine 

induced immunity are multiple and complex (Chapter 1); it is plausible that mediators of G-P 

type specific protection (e.g. neutralising antibodies) are longer lasting than less specific 

mediators of rotavirus immunity (e.g. anti-rotavirus IgA directed against conserved VP6 

epitopes) in this setting. However most G2 genotype cases occurred during a single epidemic 

in Alice Springs in 2009, so it is not possible to determine whether this apparent age-related 

reversal in vaccine effects was due to strain mismatch, or due to other factors which were 

unique to that epidemic, or chance. While a rebound in the risk of disease would seem to be 

biologically unlikely prima facie, age-related reversals in the risk of rotavirus disease have 

been observed in other contexts. Among Bangladeshi children the early protective effect of 

breast-feeding was found to be offset by a rebound in risk in the second year of life
308, 351

, 

possibly because breast-milk antibodies interfered with the development of protective 

immune responses to natural exposure. In India, neonatal infection resulted in a protective 

effect in the first year of life which was followed by an increased risk of symptomatic 

infection in the second year. As reviewed in detail in Chapter 1, the mediators of protection 

against mucosal infection with rotavirus are multiple, overlapping, and poorly understood. It 

is plausible that stimulation of short-lived immune responses could impair the development of 

longer lasting downstream immune mechanisms resulting in apparently paradoxical effects 

with increasing age. I found no evidence of a rebound in the absolute risk of disease overall in 

this setting, although age-related risk might be dependent on the prevailing serotypes. Future 

studies should attempt to determine more clearly the extent to which vaccine protection 

against severe disease in infancy is offset by disease in later childhood. 

 

Overview of the study design 

Previously I presented a hospital-based case-control analysis and a population cohort analysis 

(see Chapter 10 and Chapter 11). Estimates of VE from those analyses were similar but not 

identical, being slightly (and non-significantly) lower in the register cohort analysis. An 
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advantage of the cohort analysis was that it facilitated the assessment and quantification of 

age-dependent vaccine effects. However, the analysis assumed that there are no important 

unmeasured differences between children who are hospitalised and those who are not, and the 

results would have been biased if this assumption is wrong. In this chapter, I proposed a 

modified case-cohort analysis which – as its name suggests - blends features of the case-

control and population cohort approach. As for the latter, the case-cohort analysis is based on 

time-to-event. However, rather than all children listed on the immunisation register, the 

referent cohort here is all children with an admission for respiratory illness.  

 

As for all case-control designs, the validity of the method and potential for bias is best 

assessed by couching the design within the context of a longitudinal cohort, which I have 

done in Chapter 2. A key point for this chapter is that the departure of the case-cohort from 

the case-control approach occurred in the analysis rather than in the recruitment - cases and 

hospital controls were recruited no differently. Children with respiratory admissions served as 

controls more than once in the analysis - controls effectively appearing as a matched control 

separately for each case. The exception was controls who became cases - cohort cases were 

only matched to cases occurring before the age at which they became a case. While the 

repeated sampling of controls seems, prima facie, to be a departure from first principles of 

case-control analysis, the rationale for this is explained in Chapter 2 within the context of 

time-to-event analysis and in this respect, is analogous to the nested case-control approach.  

 

Although the analysis was performed using Cox regression, it was entirely analogous to a 

conditional logistic regression analysis of a directly matched case-control study, and I have 

verified that the point estimates derived from each model are identical (see Appendix 3). For 

each precise age at which cases occurred (i.e. each event-time), the vaccination (and 

covariate) status of the case was compared to the vaccination (and covariate) status of all 

controls at that same age, except any who had become a cohort case at a younger age. Thus 
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the vaccination status of controls is referenced from the age at which their matched case was 

hospitalised, not when they were hospitalised.  

 

For each rotavirus hospitalisation, a function was formulated expressing the (conditional) 

likelihood of observing that the child hospitalised for rotavirus should have been the case 

rather than of one of its controls; 1) given that either the case or one of the controls were 

hospitalised; 2) given the vaccination status of the case and controls at that moment and the 

unknown effect of vaccination; and 3) given the covariate status of the case and its controls at 

that moment and the unknown effect of those covariates on the risk. 

 

Because clinical characteristics like breast-feeding, and weight-for-age Z-score were specific 

to the time of admission for controls, it was inappropriate to include them in the case-cohort 

analysis even though they are plausibly associated with risk of rotavirus disease (Chapter 1). I 

do not expect that failure to account for these factors resulted in significant residual 

confounding because these factors did not appear to be important confounders of vaccine 

effects in the case-control analysis (Chapter 10). 

 

The vaccination and covariate status for each case and all the controls were assumed to be 

known for each event time. For the time-varying covariate, vaccination, the status of each 

child at each event time was determined from the immunisation register. For the other 

covariates, the child’s status was assumed to be the same as that recorded on the date of 

admission. The most likely effect of vaccination and of the covariates was determined to be 

that which would best explain why – given each child’s vaccination and covariate status at the 

time of each event - the cases were cases and the controls were not. This was solved 

iteratively in Stata which substitutes different values for the effect of vaccination (and each of 

the covariates) until the value which ‘maximises the likelihood’ of the observed data is found. 

Further details regarding the structure of the pseudo-likelihood and hazard function are 
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provided in Chapter 2, and a more detailed description of the method within a cohort survival 

analysis framework is offered.  

 

Selection issues 

I included as cases any child with a first admission for gastroenteritis meeting the case 

definition, with inclusion not predicated upon usual place of residence, or registration on a 

health database or other population list. The study base (or the source of cases), was therefore 

considered to be the whole population of children ‘hospitalisable’ at RDH or ASH during the 

study period. Notably, this includes a number of NT children who normally reside outside of 

the immediate catchment of ASH and RDH, a small number of NT children who are not listed 

on the NTIR, non-NT children living within the ASH catchment but in the adjoining regions 

of remote SA and WA, and children who are temporarily or newly resident in the NT.  

 

In order to sample from this non-enumerable population, controls were selected from among 

children hospitalised for respiratory illnesses during the study period. I hypothesised that the 

source population of hospitalisations for gastroenteritis and for respiratory illness are 

analogous, although I found some differences between children admitted for respiratory 

illnesses and children admitted for gastroenteritis. I accounted for these differences using 

stratification and by covariate-adjustment using regression, although the estimates using each 

method were similar to each other and little different from the crude unadjusted estimates.  

 

In the register cohort analysis, it was assumed that a child’s vaccination status is not 

associated with their likelihood of hospitalisation, apart from any direct effect of vaccination. 

This was not a small assumption to make because not all children with gastroenteritis are 

admitted to hospital - not even all severe episodes. Most are managed as outpatients while 

some may never present for medical attention. Presumably some families have better access 

to - or acceptance of - health-care than others. In the register cohort analysis (Chapter 11), I 

found a trend toward a higher rate of admission for respiratory illness among HRV vaccinated 
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children listed on the immunisation register, suggesting that underlying rates of 

hospitalisation of vaccinated compared with unvaccinated children might be different. If the 

immeasurable factors which influence the propensity for hospitalisation are also associated 

with the likelihood of vaccination, VE estimates will be biased. I reasoned that whichever 

factors influence hospitalisation for gastroenteritis (other than severity of symptoms) are also 

likely to influence admission for respiratory illness, and that therefore children admitted for 

respiratory illnesses may be more representative of the effective source population for 

gastroenteritis cases than the population of all children listed on the vaccination register.  

 

However, using hospitalised controls is not without its own potential for bias and the most 

easily recognised source of bias occurs when the condition or conditions which define the 

control group are also vaccine-preventable. I chose children with respiratory symptoms 

(excluding pertussis) because this, along with gastroenteritis, is the most common reason for 

hospitalisation of young children in this population. I reasoned that these children would be 

similar demographically and that the factors which determine which children with respiratory 

symptoms and which children with gastroenteritis are hospitalised or transferred from district 

hospitals, are likely to be similar. However, if rotavirus vaccination was in some way 

associated (directly or indirectly) with admissions for respiratory illnesses, bias could arise. 

For example, rotavirus vaccination is likely to be associated with pneumococcal vaccination, 

and if this in turn was protective against admission with respiratory symptoms, rotavirus 

vaccine coverage in the control-cohort could underestimate rotavirus vaccine coverage in the 

source population of cases, and VE in turn would be underestimated. However pneumococcal 

vaccination has had, at most, a very modest effect on respiratory hospitalisations in the NT
535

, 

even against strictly defined radiologically-confirmed pneumonia, so I do not expect that 

vaccine coverage in the source population was significantly underestimated.  
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Other study limitations 

The similarity of VE estimates from the case-cohort analysis to those from the register-nested 

cohort and case-control analyses is reassuring, although I cannot exclude the existence of 

biases in all analyses which although different in nature, were similar in effect. It was 

assumed that children in the control-cohort were at risk of hospitalisation for gastroenteritis at 

the age at which cases occurred, and would have become cases if they had developed severe 

gastroenteritis. I assumed that children in the cohort were effectively at risk from age 6 weeks 

through to age 35 months and within the recruitment period, regardless of the age at which 

they were admitted for respiratory illness. This assumption ignores the possibility that some 

cohort children might have subsequently emigrated from the study area, or at least assumes 

that the rates of emigration are not different for vaccinated versus unvaccinated children. A 

sensitivity analysis showed VE estimates were little different if control-cohort children were 

censored from the age of respiratory admission, indicating that significant bias from 

differential emigration is unlikely. 

 

Modification of the a priori study design 

A retrospective analysis suggested that there could be a significant birth cohort effect on the 

risk of hospitalisation for rotavirus (see Chapter 4). It was therefore decided a priori to 

directly match controls to cases by narrow date of birth callipers (+/- 14 days) and this was 

applied to an interim case-control analysis which was nested within the register (see Chapter 

9). Unfortunately, the number of fully eligible hospital controls was fewer than expected, in 

part because 39% (489 of 1244) of children admitted with respiratory symptoms also had 

loose stools (Figure 7.2), and were therefore deemed ineligible as controls. As a consequence, 

one third of rotavirus cases had no eligible controls according to the a priori definition. In 

addition to causing a reduction in estimate precision, the cases with no eligible controls were 

also significantly different from cases with matched controls, so over-matching might have 

also resulted in biased VE estimates. The stratified Cox regression analysis which is presented 

here as the primary analysis is entirely analogous to the a priori case-control analysis, except 
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that 1) no restriction was imposed on the number of risk-set matched controls per case, and 2) 

controls were not directly matched to each case by date of birth – as a consequence no eligible 

cases were excluded by over-matching.  

 

Conclusion 

Rotavirus vaccination protects against severe rotavirus disease in this setting, especially 

among young infants. Estimates of VE are lower than reported in other settings in developed 

countries and the reasons for this are unclear. In addition to poorer primary vaccine immune 

responses, possible explanations include: age-related decline in vaccine-induced protection 

particularly against heterotypic strains; and reduced protection against mixed infections which 

are common in this setting. 
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Section 6 
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Chapter 13. Sources of bias in measuring vaccine effectiveness 
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In this chapter I review the potential sources of bias which may have affected the estimation 

of VE. Errors in interpretation of VE results can arise from misunderstanding exactly which 

vaccine effect is being measured, and how it was measured, so I start by defining this. I then 

consider particular types of confounding and selection bias facilitated by a proposed causal 

diagram which relates vaccination to severe disease, hospitalisation, and ascertainment. 

Finally I consider how information biases may also have affected estimation of VE. 

 

The different measures of vaccine effect 

Individual versus population-level effects 

I set out to measure the direct protective effect of vaccination – the reduction in a child’s 

personal risk of developing rotavirus gastroenteritis because he or she is vaccinated. I have 

not attempted to capture any indirect effects which might arise because other children are 

vaccinated
536

. In a highly vaccinated population, even unvaccinated children might benefit 

from rotavirus vaccination due to:  

1) lower rotavirus transmission because the population is largely immune,  

2) lower exposure to rotavirus because of reduced viral shedding among vaccine-

recipients who become infected, or  

3) Inadvertent immunisation through lateral transmission of the live vaccine virus.  

 

Indirect vaccine effects might be significant even for vaccines with modest direct effects as 

exemplified by the population-level impact of oral cholera vaccines in an endemic setting
537

. 

The impressive reduction in rotavirus notifications observed in Queensland and the USA 

following introduction of PRV, including in age groups not eligible for vaccination
418, 538

, 

suggests that indirect effects might be considerable for rotavirus vaccines as well.  
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Relative versus absolute measures of disease reduction 

I followed the convention of expressing VE as the relative reduction in the risk of disease for 

vaccinated versus unvaccinated individuals. However vaccines with modest VE can still result 

in substantial absolute benefit in settings of high disease burden
539

. For example, despite the 

apparently lower VE for HRV among Malawian compared with European infants (~50% vs. 

>95%)
194, 434

, it is likely that HRV will prevent more cases of severe disease among African 

infants for whom the baseline risk is higher
435

. As discussed in Chapter 1, the number of 

infants needed to vaccinate to prevent one infant admission for severe gastroenteritis in a 

European study was 52, while in the study in Malawi and South Africa only 34 infants needed 

to be vaccinated to prevent one severe case in infancy. In the register cohort study, the 

incidence of hospitalisation for unvaccinated Indigenous children in Alice Springs was 6.5 per 

100 years for children < 36 months (Table 11.3); several-fold higher than the incidence (1.3 

per 100 years for children < 24 months) from the European field trial
434

. Despite a lower 

estimate of VE in this setting (~60%), as few as seven Indigenous children in Alice Springs 

would need to be vaccinated in order to prevent one admission in the first three years of life. 

 

It is also important to consider absolute changes in risk when interpreting changes in VE with 

increasing age. I found that VE of HRV declined from 73.0% (95%CI: 46.7 to 86.4%) before 

to 37.7% (95%CI: -20.7 to 67.9%) after age 12 months, and similar observations for rotavirus 

vaccines have been made in other settings
290-292, 445, 529

. In the NT, where most hospitalisations 

occur before age 18 months, even a large reduction in relative efficacy after the first year may 

be unimportant if the absolute risk of disease is low. For unvaccinated children in the register 

cohort, the incidence of rotavirus hospitalisation before and after age 12 months declined 

from 2.30 to 0.31 per 100 child years, while among vaccinated children, the incidence 

declined from 1.48 to 0.28 per 100 child years (see Chapter 11). Although the point estimate 

of VE declined, it is important to note that there was no evidence that vaccinated children 

became more susceptible, in absolute terms, to rotavirus hospitalisation as they became older.  
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Choice of effect measure: the relative odds versus relative risks, rates or hazards 

Different effect measures have been used to capture the size of direct vaccine effects, and 

these are often used interchangeably without considering the differences between them. VE is 

usually conceived in terms of the relative risk reduction or ‘caseload reduction’ of disease 

attributable to vaccination
482

. However, relative risks fail to capture differences in cumulative 

exposure to infection or opportunity for disease, and so are difficult to apply in observational 

studies (see Chapter 2). Relative rates account for this by capturing as a denominator the time 

at risk for vaccinated and unvaccinated children rather than the number of children. Like 

relative rates, HRs effectively account for differences in total time at risk. However, by only 

considering the relative risk of hospitalisation at the moments they occur, HRs are better able 

to account for the fluctuations in disease incidence which typify infectious diseases
540

(see 

Chapter 2).  

 

The values of the OR and relative risk, rate and hazard are usually similar for uncommon 

diseases. However, as the cumulative incidence of disease in the study population increases, 

VE will be higher if based on the cumulative incidence OR, HR or relative rate than if based 

on the relative risk. VE based on the relative rate or HR might increase over time as the 

vaccinated group becomes progressively depleted of vaccine failures and ‘enriched’ with 

immune children
541

. Conversely, VE based on the relative risk might decline as vaccinated 

children eventually receive enough cumulative exposure to become infected
541

. Although the 

cumulative risk of rotavirus hospitalisation in our study was too low for the HR to differ 

appreciably from the relative risk, the cumulative hazard of hospitalisation for all-cause 

gastroenteritis approached 30% among unvaccinated Indigenous children from Central 

Australia (Figure 11.4 and Figure 12.3),. This is within the range where the OR and HR might 

be noticeably different from the relative risk. 
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Confounding bias 

Confounding has been described simply as a ‘confusion of effects’
542

. In observational 

rotavirus vaccine studies, the protective effect of vaccination is likely to be confounded if 

vaccinated children are at higher or lower risk of severe rotavirus gastroenteritis than 

unvaccinated children, for reasons other than the fact that they are vaccinated. This occurs 

when risk factors for rotavirus gastroenteritis are unequally distributed between vaccinated 

and unvaccinated children in the study population.  

 

Targeted vaccination 

If rotavirus vaccination is targeted toward high-risk children, failing to account for this fact 

could have resulted in ‘confounding by indication’ or ‘channelling’
543

 and underestimation of 

VE. While confounding of VE estimates due to targeting has been described for influenza 

vaccination in the elderly
544

, the extent to which targeting occurs for routinely scheduled 

vaccines is less clear. In the NT, children who receive a booster pneumococcal vaccine are 

more likely to be subsequently hospitalised for pneumonia
545

. While this could represent a 

true negative effect of vaccination, it might also be explained by partial channelling of booster 

vaccination toward high risk infants. Conversely, inter-current infections in infancy are 

(anecdotally) a frequent reason for vaccine deferral and poor vaccine timeliness for 

Indigenous children. If higher risk children are more likely to have vaccination deferred due 

to illness in infancy, they might be less likely to be vaccinated and this could result in 

overestimation of VE.  

 

Causal pathway between vaccination and severe disease 

Failure to control for confounding factors results in biased VE estimates. However controlling 

for non-confounders can diminish study power, or worse, create bias where none existed. 

Figure 13.1 is a directed acyclic graph (DAG) for the proposed causal pathway for the 

relationship between vaccination and severe rotavirus disease which provides a conceptual 

framework to facilitate identification of potential confounders of vaccine effects, and for 
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distinguishing them from non-confounders
542

. The direction of the arrows on the vaccine-

disease causal pathway indicates the proposed direction of causal effects. Vaccination is 

represented as causally influencing the risk of severe rotavirus disease by two mechanims: 1) 

by decreasing the risk of infection, and 2) by preventing the progression of infection to severe 

disease. Of interest is the net effect of vaccination on the risk of severe disease by both 

mechanisms. Hospitalisation and recruitment are represented as lying beyond severe disease 

on the causal pathway, reflecting that hospitalisation is only a proxy for severe disease, and 

that factors other than disease severity might influence which children are hospitalised, and in 

turn which hospitalised children are ascertained as cases.  

 

On the left hand side of Figure 13.1 are represented a number of proposed risk factors (or 

their surrogates) for severe rotavirus gastroenteritis based on a review of the literature 

presented in Chapter 1. Arrows from these factors are directed toward the step on the vaccine-

disease causal pathway at which each is proposed to have its influence. Risk factors which I 

have judged to be best supported by the literature are represented with solid lines and more 

speculative risk factors with broken lines. Some factors like nutrition are represented as 

having a direct influence on risk for severe disease; others like Indigenous status (ethnicity) 

are represented as having their effect via one or more intermediary risk factors. In Figure 

13.1, to be a confounder of the effect of vaccination on the risk of severe rotavirus disease, a 

factor must be both: 

1. a risk factor for either infection or progression to severe disease, i.e. have an arrow 

leading from itself into either infection or severe disease (or both), and  

2. associated with vaccination without being a consequence of vaccination, i.e. have an 

arrow leading from itself into vaccination (either directly or via an intermediary 

factor) but not vice versa. 
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Risk factors for infection and severe disease 

Conceptually, risk factors for severe rotavirus disease can be divided into risk factors for 

infection per se, and risk factors for progression to severe disease if infected, even though in 

many instances it is not possible to distinguish whether a factor is associated with one or the 

other, or both. Factors which influence the risk of infection do so by influencing exposure to 

infection or immunity or both. Progression of infection to severe disease might be due to 

heavy infection, or to increased susceptibility to the effects of infection. The relevance of this 

distinction is that a confounder which is a risk for progression to severe disease might be 

accounted for using regression; a risk factor for infection per se is more likely to require 

stratification (see Chapter 2). 

 
Figure 13.1. Directed acyclic graph of the proposed causal pathway and potential 

confounders of the protective effect of vaccination against severe rotavirus disease. 

 

Indigenous status 

Before vaccine introduction, Indigenous children were at substantially higher risk of 

hospitalisation for rotavirus disease than non-Indigenous children
30

 and Indigenous status 

remains the strongest risk factor hospitalisation after vaccine introduction. Indigenous 
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children were 33 (95%CI: 10 to 106) times more likely to be hospitalised for rotavirus 

gastroenteritis than non-Indigenous children (Chapter 11). This may be due to increased risk 

of infection, increased risk of progression to severe disease if infected, or increased 

propensity for hospitalisation, or all three. Increased infection might occur as a consequence 

of greater exposure to rotavirus due to living in conditions of crowding and poor sanitation. In 

addition infected Indigenous infants might have increased susceptibility to developing severe 

diarrhoea because of poor nutrition, higher frequency of co-infection or underlying 

enteropathy
62

.  

 

Indigenous status has also been associated with poor timeliness of vaccination
32, 33

. In the 

register cohort, however, the proportion of total child years which were fully vaccinated was 

only modestly lower for Indigenous children in the register cohort than for all children (63% 

versus 68%, Table 11.3). Even though Indigenous status is very strongly associated with risk 

for hospitalisation, failure to account for Indigenous status (by stratification) would have had 

minimal impact on the point estimate of VE (61% versus 59%). 

 

Age 

Reflecting the dynamic nature of rotavirus transmission, time-related factors – both by age 

and by calendar time - are clearly important risk factors for severe rotavirus disease, but the 

mechanisms by which they influence risk are multiple and complex. Increasing age is 

associated with decreasing risk, presumably because of increasing immunity from prior 

infection, and perhaps also because older children are intrinsically less susceptible to the 

effects of infection and are less likely to require medical intervention. However, the influence 

of age on risk may be non-linear as there is evidence that very young infants are also less 

susceptible to severe disease
230, 305, 306, 307 

. Among unvaccinated children in the register cohort, 

the crude incidence of hospitalisation decreased from 2.30 per 100 child years from age 6 

weeks to 11 months to 0.31 per 100 child years from 12 to 35 months (Chapter 11). 

Vaccination status is also strongly age-dependent because the vaccine schedule is age-
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defined. In the register cohort, 99% of first doses were given between 6 weeks and 4 months, 

and 98% of second doses were given between 4 months and 6 months. Because of the strong 

relationship between age and both risk of hospitalisation and vaccination status, it has the 

potential to be a strong confounder of vaccine effects. 

 

Calendar time is also associated with risk because transmission of rotavirus in the NT occurs 

in sporadic epidemics, resulting in highly variable risk of exposure to virus at different times. 

Over the two year study period, 104 of 120 rotavirus hospitalisations (87%) occurred in 20 

weeks: from February 20
th
 to April 30

th
 2009 and from May 2

nd
 to June 11

th
 2010. Birth 

cohort effects were evident among children hospitalised for rotavirus gastroenteritis at ASH 

during four separate epidemics (Chapter 4) and a study from a temperate setting suggested 

that a birth cohort effect on the cumulative childhood risk of hospitalisation for rotavirus 

exists related to season of birth
89

. Date of birth might also be expected to influence the 

likelihood of vaccination because of changing availability or attitudes toward rotavirus 

vaccination after program introduction. However there was no indication of changing vaccine 

coverage over time in the register cohort, with 2-dose vaccine coverage by age 12 months 

among children born before July 1
st
 2009 (78%) little different from that of cohort children 

born after that date (79%). If no regression adjustment was made for the influence of date of 

birth, VE will have been only modestly different (60%; 95%CI: 32 to 76%).  

 

Time-to-event analysis affords excellent control over time-related effects. Using age as the 

time axis affords excellent control over changing incidence with increasing age but not over 

the epidemic fluctuations in transmission. Conversely, using calendar time as the time axis 

affords good control over week-to-week fluctuations in incidence but not age-related changes 

in incidence or vaccine coverage. Because age is clearly associated with both rotavirus 

incidence and vaccination, whereas calendar time (birth cohort) is strongly associated with 

incidence of disease but only weakly (if at all) with vaccine coverage, it was decided to 

conduct the analysis with age as the time axis. Basing the analysis in calendar time instead, 
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would have given a lower point estimate of VE (49%; 95%CI: 17 to 69%), but also an inferior 

model fit (AIC=874 versus AIC=812). 

 

Over-matching or over-stratification 

Several strategies were used to address confounding, namely matching, stratification, 

covariate adjustment by regression, and a form of stratification by time which is intrinsic to 

Cox and other time-to-event analyses. Confounding can be controlled by matching or targeted 

control selection. Matching forces controls to be more like cases, and less like the background 

population. It can minimise the variance in co-variables and result in improved statistical 

efficiency - and therefore precision -although this is usually only significant when the 

relationship between the outcome and the matching factor is strong
546

. Stratification is 

equivalent in analytic terms to matching. Matching and stratification might have an advantage 

over simple regression adjustment when the relationship between the confounder and 

vaccination status or disease is strong but complex or difficult to specify with a simple 

functional form - for example, the non-linear relationship between risk of severe rotavirus 

disease with age and possibly date of birth. Dividing the continuous variable into narrow 

categories allows for a complex relationship to exist, without needing to specify the 

relationship.  

 

Over-matching or over-stratification 

Matching can be very effective for achieving control over a confounder when there is 

abundance of eligible controls or, in the case of stratification, when controls are evenly 

distributed over the strata. In expectation of significant and complex birth cohort effects on 

the risk of hospitalisation, the a priori analysis plan had been to directly match four risk-set 

cohort controls to cases by date of birth. This was used effectively in an interim analysis in 

which controls were sampled from the immunisation register (Chapter 9). However, when 

controls were limited to the much smaller group of children in the control-cohort, a suitably 
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matched control could only be identified for 40 of 120 cases and many others had only one or 

two suitable controls. Failure to match some cases resulted in inefficiency. In addition, cases 

with no match were found to be older, more likely to be non-Indigenous, and more likely to 

be admitted at RDH than cases with a match (see Appendix 3); the resultant point estimate 

VE was lower (43%; 95%CI: -24 to 74%) suggesting that over-matching by following the a 

priori plan may have resulted in bias. 

 

Selection bias  

Deduction of the study base and valid sampling from it are the central and unique challenges 

of case-control designs. Importantly, this needs to not only consider the total population from 

which cases could possibly arise (e.g. all children in central and northern Australia), but also 

the selective pressures which influence the ascertainment of these cases. Once again, this is 

facilitated by considering a causal diagram (Figure 13.2).  

 

Bias from non-representativeness of the study base 

It has been suggested that as a general rule for case-control studies, cases should be 

representative of all cases in the target population, and that controls should be representative 

of all ‘non-cases’
475

. Failure to achieve this might render the VE estimate non-applicable to 

the target population if vaccine effects are heterogeneous (i.e. if there is important effect 

modification). Ideally, if the outcome of interest is severe rotavirus gastroenteritis, then cases 

should be sampled from all episodes of severe gastroenteritis arising in the study population. 

Logistically this was not practicable in this setting; instead I selected cases from among the 

minority of episodes which result in hospitalisation. Hospitalisations are a convenient and 

easily identifiable source of severe cases, but hospitalisation is an imperfect surrogate for 

severity because other factors are also likely to influence whether a child is hospitalised (and 

whether he or she is ascertained as a case.) Arguably, children come to be hospitalised and 

sampled as a case by the following pathway: 
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1. He or she acquires rotavirus infection. 

2. The infection progresses to gastroenteritis which is severe, or at least of sufficient 

severity to warrant hospitalisation. 

3. The parent or carer brings the child to clinic or hospital. 

4. The decision is made by the clinic staff or medical officer that admission is required. 

5. A stool rotavirus antigen test is performed. 

6. The antigen test is positive. 

7. The child is identified and recruited by the study team. 

8. The child is correctly classified as being a case. 

 

Figure 13.2. Directed acyclic graph of the proposed causal pathway for the protective effect 

of vaccination against severe rotavirus disease, and the influence of illness severity and 

propensity to use healthcare on hospitalisation.  

 



Chapter 13 262 

The intention is to measure the influence of vaccination on steps 1 (infection), and 2 

(progression to severe disease warranting hospitalisation). If vaccination status also influences 

any of the subsequent steps from 3 to 8, the process of case selection might result in bias. To 

understand how selection bias can arise when hospitalisation is used as a surrogate for severe 

disease, I have summarised steps 3 to 8 as just 2 steps on the causal pathway in Figure 13.2, 

where severe disease is represented as being causally related to hospitalisation which in turn 

is causally related to recruitment as a study subject.  

 

Potential bias from differences in propensity for hospitalisation 

Children with acute surgical emergencies like appendicitis, or diseases like diabetes or cancer 

almost invariably present to hospital for treatment (at least eventually), so hospitalised cases 

are likely to be representative of all cases occurring in the population. In contrast, only a 

small fraction of cases of rotavirus gastroenteritis are hospitalised. Why are some children 

with rotavirus infection hospitalised, while most children are not? 

 

While disease severity is probably the most important determinant of which children with 

gastroenteritis are hospitalised, other influences might exist. Some children might be more 

likely than others to present for medical attention, to be referred for hospitalisation, or to 

accept hospitalisation if it is recommended. Some families might be more removed from the 

medical system because of social isolation or perhaps personal philosophy or lifestyle choice. 

Other parents might insist on hospital referral or admission even if it is not considered 

necessary by medical staff. Some children might be hospitalised – in part - because there are 

concerns about a parent’s ability to care for the sick child, or because of poverty or isolation 

or other factors. I summarise all of these factors which might influence whether a child is 

hospitalised – independent of the severity of their symptoms – as the ‘propensity for 

hospitalisation’, although this actually captures multiple disparate influences which are 

difficult to identify and probably impossible to quantify.  
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It seems plausible that the propensity for hospitalisation might also be associated with the 

propensity to utilise other healthcare including vaccination. Through this broader ‘propensity 

to use healthcare’, there exists potential for confounding of the relationship between 

vaccination and hospitalisation. For example, if parents who reject vaccination for their 

children are also less likely to seek healthcare when their children are sick, VE is likely to be 

underestimated unless this can be accounted for. In the register cohort, I looked for evidence 

of higher or lower frequency of hospitalisation for rotavirus-unrelated conditions among HRV 

vaccinated compared to unvaccinated children. I found a modest trend toward increased 

hospitalisation for respiratory illnesses among vaccinated children (HR=1.14; 95%CI: 0.90 – 

1.43), which was of borderline significance when all non-gastroenteritis admissions were 

included (HR=1.24; 95%CI: 0.98 – 1.57). When a bias correction was applied to account for 

this trend, the corrected VE was only modestly higher than the uncorrected point estimate 

(55%; 95%CI: 22 to 74%) (see Chapter 11). 

 

Minimising selection bias by selecting hospitalised controls  

Whichever factors influence the propensity for hospitalisation, it might be reasonable to 

expect that children hospitalised for gastroenteritis will be more similar - in terms of those 

factors- to children hospitalised for other conditions than they are to other (non-hospitalised) 

children. This is the basis for choosing a hospitalised control group. However, like any 

attempt to control for confounding, making selection conditional upon hospitalisation can fail 

to adequately address the bias and may also introduce new types of bias. For example if 

controls include children hospitalised for vaccine-preventable conditions (e.g. pertussis), the 

controls are likely to be poorly vaccinated for pertussis compared with the source population 

for controls. Because vaccination against rotavirus and vaccination against other diseases are 

likely to be correlated, VE will be underestimated unless children with vaccine-preventable 

diseases are excluded as controls.  

 



Chapter 13 264 

For the primary hospital control group, I used children with an admission for respiratory 

illness. To the extent that respiratory illness is preventable by pneumococcal vaccination, the 

control group may have been more poorly vaccinated than the source population for cases, 

and VE thereby underestimated. However, the available evidence suggests that pneumococcal 

vaccination has had limited impact on respiratory hospitalisations in the NT, even for 

radiologically confirmed pneumonia 
535

. As a sensitivity analysis, I excluded from the control-

cohort admissions coded for pneumonia, with little effect on the point estimate of VE (54%; 

95%CI: 18 to 74%).   

 

Influence of known vaccination status on patient management 

Selection bias might occur more directly if the decision by health professionals to hospitalise 

a child or to test for rotavirus, is - consciously or sub-consciously - influenced by knowledge 

of that child’s vaccination status. The ‘test-negative’ approach to control sampling potentially 

avoids this type of bias by selecting as controls children hospitalised with a condition which is 

clinically indistinguishable (but different) from the disease of interest. Medical staff are 

effectively blinded to the outcome so even if hospitalisation or testing is influenced by 

vaccination status, this will apply equally for cases and controls. This approach has been used 

to estimate serotype specific VE for pneumococcal vaccines and to estimate VE for influenza 

vaccination where controls are test-negative individuals.  

 

For rotavirus, children hospitalised with gastroenteritis who test negative for rotavirus provide 

a readily identifiable control group. In the NT, where rotavirus antigen testing is usually done 

after a child has been admitted, a child’s vaccination status is unlikely to influence the 

decision to hospitalise a child, and even if any influence exists it is likely to apply equally for 

cases and controls. When rotavirus-negative controls were used to define the control-cohort, 

the point estimate of VE was slightly lower (50%; 95%CI: 28 to 89%). As discussed below, a 

limitation of the test-negative method is that it is uniquely sensitive to misclassification from 

false negative test results which can result in significant underestimation of VE. 
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Bias introduced by excluding controls who are infected 

Another form of over-matching which results in bias occurs when controls are matched to 

cases on factors which are intermediaries on the causal pathway, for example matching on 

rotavirus infection status. One would not usually be tempted to purposefully select as controls 

children who are infected with rotavirus. Doing so would limit VE to a measure of its 

effectiveness against progression of infection to disease, ignoring any effect against infection 

in the first place. It might be tempting, however, to do the opposite – test controls for 

rotavirus in order to exclude those who are infected. The argument being that it is important 

to know that controls are not infected with rotavirus.  

 

However making control selection conditional upon rotavirus infection would be an error 

because infection is an intermediary on the vaccine-disease causal pathway. Instead of 

controlling bias, this form of over-matching (in fact reverse matching) might introduce bias 

when none existed. Many (perhaps most) children in the control-cohort will have had 

rotavirus gastroenteritis at some time, and by chance some may have been infected at the time 

they were sampled as controls. Likewise, many children in the register cohort will have had 

rotavirus infection which was not ascertained as an episode of severe disease. If vaccination 

provides any protection against infection per se (rather than just protection against severe 

disease) excluding infected children as controls might result in controls being better 

vaccinated than the source population – resulting in an overestimation of VE. 

 

Community-based controls 

This is often considered the preferred method of control sampling, and has been used to 

estimate VE for PRV in Nicaragua
426

 and HRV in El Salvador
447

 and in Brazil
446

. If controls 

are sampled at the same time as cases, bias caused by changes in population vaccine coverage 

over time as well as regional differences in transmission of rotavirus can be minimised. 
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Failure to adequately account for any regional and temporal clustering of vaccination might 

result in overestimation of direct vaccine effects because herd effects effectively reduce 

transmission (and rotavirus exposure) among children in the most highly vaccinated settings. 

If there is an abundance of eligible controls, matching on age (or date of birth), sex and other 

factors can also be used to address confounding by these factors. However sampling of 

community controls can be logistically challenging. Procedures for sampling controls by 

moving systematically from household-to-household away from that of the index case might 

not be applicable in all settings. The TROVE study population was small but dispersed over 

hundreds of thousands of square kilometres. There may have been no suitably age-matched 

community controls for many hundreds of kilometres. Travel to some communities can be 

restricted by adverse weather conditions (especially during the monsoonal wet season in the 

tropical north) or because of funerals and other cultural ceremonies which effectively close 

Indigenous communities to field visits. Also, households in the NT are often poorly defined 

with a near constant turnover in occupancy. Many Indigenous people, including some 

children, are effectively homeless and might not belong to an identifiable household at all. 

While properly sampled community controls represent the preferred control group, barriers to 

their systematic identification might result in bias. Because of these inherent difficulties, 

controls might inadvertently reflect a more easily accessible and perhaps better vaccinated 

population than the source population for cases, and this would result in an overestimate of 

VE. Use of a hospital control-cohort, stratified by broad geographic regions and controlling 

for age and date of birth, was an imperfect compromise in a study setting where the use of 

contemporaneous community-matched controls was not feasible due to vast geographic 

distances and population scarcity. It is difficult to predict the likely size or direction of any 

resultant bias. 

 

Studies nested within electronic health databases 

Electronic databases can provide a readily available study base in which to nest both cohort 

and case-control VE studies. A major advantage over using community-matched controls is 
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that the population list obviates the need to physically identify controls in the community. 

Depending on the detail and accuracy of demographic information recorded, it might be 

possible to account for important potential confounding factors. Where comprehensive 

population-based vaccination registers exist, they provide an obvious database for this 

purpose because they provide both a sampling frame for controls and also information on 

vaccination status.  

 

However, nesting the study base or cohort within an electronic health database makes the 

assumption that controls from the database would have been ascertained as cases if they had 

been hospitalised for severe rotavirus disease. This assumption would clearly be invalid for a 

child listed on the register who has since emigrated from the study area. VE estimates could 

be underestimated if emigration occurs disproportionately among unvaccinated children. For 

example, a child who emigrates after being listed on the register but before being age-eligible 

for HRV could be wrongly considered to be unvaccinated and at risk of rotavirus 

hospitalisation. 

 

Census data indicate that 3.0% of Indigenous and 13.2% of non-Indigenous persons in the NT 

were resident interstate 12 months previously
12

. The low frequency of emigration for 

Indigenous children makes emigration an unlikely source of bias in the TROVE Study, 

because Indigenous children accounted for almost all rotavirus hospitalisations. I nonetheless 

searched for evidence that differential emigration biased the VE estimate for the case-cohort 

analysis by censoring control-cohort children after their last admission for respiratory illness 

(i.e. making no assumption that they remained in the control-cohort). The point estimate of 

VE was effectively unchanged (60%; 95%CI: 32 to 77%).  

 

Restricting the study base to children listed on an immunisation register is likely to select for 

children who, by definition, are more likely to be vaccinated than the target population, and 

who might differ from the entire target population in other important ways as well. Children 
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who are not listed on the register might represent a disadvantaged or marginalised sub-

population among whom the vaccine might be less immunogenic. In the case of important 

effect modification of vaccination (for example due to malnutrition, co-infection, or other 

factors predisposing to vaccine failure among unregistered children), VE among children in 

the study base might not be generalisable to the target population unless population coverage 

for the register is high. Of 1747 hospitalisations ascertained by the TROVE Study, only 25 

(1.3%) were excluded from the register cohort analysis because they were not listed on the 

register at the time of hospitalisation (3 rotavirus hospitalisations and 22 others). Even if VE 

was different for unregistered children, it appears this group is too small to influence VE for 

the total target population.  

 

Hospital controls 

The hospital-control group approach has been used to evaluate PRV in Nicaragua
426

 and at 

Texas Children’s Hospital
423, 424

, and HRV in Brazil
445

. As discussed, hospital controls may be 

more comparable to hospitalised cases than population or register-based controls, but they 

could provide a biased estimate of the odds of vaccination if they have conditions which are 

vaccine-preventable. Some studies included hospitalised controls presenting for non-

gastroenteritis illnesses
426

, while the other studies used both respiratory infection controls and 

gastroenteritis test-negative controls
424, 445

. In one Nicaragua study, very similar point 

estimates for VE were obtained when either hospitalised non-gastroenteritis controls or 

community controls were used
426

, while in a later study estimates of VE were lower when 

cases were compared with hospital rather than community controls (64% versus 87%)
427

. 

Likewise, in one study from Brazil, point estimates of VE were significantly lower when 

hospital controls were used than when community controls were used (40% versus 76%). In 

the other Brazilian study
445

, point estimates of VE for infants <12 months were the same 

using either respiratory controls or test-negative controls, but the point estimate among 

children >12months was lower using the test-negative approach (-24% vs. 15%), albeit with 
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wide confidence intervals. In the Texas study, the point estimate of VE was very similar 

whether test-negative or respiratory controls were used (83% versus 86%)
423

. 

 

Information bias 

Bias can result from misclassification of either the disease outcome or vaccination status, or 

incorrect classification or measurement of any of the confounding variables.  

 

Misclassification of disease status 

Misclassification of severe rotavirus disease can occur in one of several ways: 

1. Failure to test for rotavirus, 

2. Failure to detect rotavirus when infection is present and the cause of severe rotavirus 

gastroenteritis (i.e. false negative rotavirus test),  

3. Incorrectly detecting rotavirus in the stool of a child with gastroenteritis when 

infection is not present (i.e. false positive rotavirus test), 

4. Detecting rotavirus when infection is present but when it is not the cause of the 

gastroenteritis (coincidental, non-causative rotavirus infection), or 

5. Incorrect classification of severe disease as non-severe, or non-severe disease as 

severe. 

 

Poor sensitivity for detecting cases 

Rotavirus gastroenteritis cannot be reliably distinguished from other causes of acute non-

bloody gastroenteritis on clinical grounds. Because rotavirus is shed in the stool in high 

quantities in infected individuals, it is generally possible to detect rotavirus in the stool for a 

number of days after the onset of infection
113, 198, 200

. Most diagnostic laboratories test for 

rotavirus by using one of a number of commercially available EIAs which require relatively 

little technical expertise. EIAs use polyclonal or monoclonal antibodies targeting the VP6 

antigen which is highly conserved among group A rotaviruses
116

. Other virus-detection 
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methods which may be less sensitive include latex agglutination
547

, culture and electron 

microscopy.  

 

In the research setting, reverse transcription polymerase chain reaction (RT-PCR) has been 

shown to be up to 100 times more sensitive than antigen detection methods which might 

require up to 10
5
 to 10

6
 virus particles per gram of stool to be positive

70, 509, 548-553
. Because 

rotavirus is typically shed in very high titres - especially in severe disease - the clinical 

significance of the lower sensitivity of non-PCR methods is unclear. In most studies
533, 554

 (but 

not all
70

) the sensitivity of commercial antigen detection kits was reported to be similar to RT-

PCR, although the discrepancy might be greater for mild or community episodes than for 

hospitalised episodes
551, 555

. Furthermore, reduced sensitivity of EIAs among symptomatic 

individuals during well-described outbreaks
103, 115, 556

 raises the possibility that the sensitivity 

of EIAs might be lower under field conditions. Although most comparative studies have only 

addressed issues of sensitivity, false positive rotavirus EIA tests have also been reported
557

. 

 

If the proportion of cases missed is the same for vaccinated and unvaccinated children, failure 

to detect episodes of severe rotavirus gastroenteritis will usually only affect the precision of 

the VE estimate, without affecting its accuracy. An exception occurs in ‘test-negative’ designs 

in which children hospitalised with non-rotavirus gastroenteritis are used as controls. Any 

misclassification of cases is, ipso facto, compounded by misclassification of controls. This is 

because misclassified non-cases are, by definition, included as controls. In TROVE, the VE 

point estimate using test-negative gastroenteritis controls was lower than when respiratory 

controls were used (50%; 95%CI: 28 to 89%), which might be explained by partial 

effectiveness of vaccination against rotavirus-negative gastroenteritis due to misclassification.  

 

Poor specificity of the outcome measure 

False positive rotavirus EIA tests have also been reported
557

. In contrast to failure to ascertain 

cases (i.e. test insensitivity) which will only cause bias under certain conditions (e.g. test-
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negative studies), misclassifying non-cases as cases (i.e. test non-specificity) will usually 

result in some degree of underestimation of VE. I assessed for bias due to the inclusion of 

false positives by excluding 11 of 120 cases which could not be confirmed by PCR (five were 

insufficient for typing, two were not referred for typing, and four could not be G-typed or P-

typed). Excluding these as cases had a negligible effect on point estimate of the VE (57%; 

95%CI: 26 to 75%). 

 

Non-specificity of the case definition 

In the NT, children hospitalised with gastroenteritis frequently have one or more co-

morbidities and it can be difficult to determine whether gastroenteritis is the primary reason 

for hospitalisation. Including as cases children who would not have been hospitalised if not 

for their co-morbid conditions might result in dilution of the protective effect of vaccination. 

In TROVE, 37 rotavirus-positive hospitalisations were excluded as cases because diarrhoea 

was not confirmed (evidence of 3+ looser than normal stools) or because gastroenteritis was 

not recorded as the primary reason for admission. A number of these excluded cases may 

have been legitimate cases of severe rotavirus gastroenteritis, however when all rotavirus-

positive cases were included, the point estimate of VE was lower (47%; 95%CI: 12 to 68%). 

 

Coincidental and mixed infections 

Longitudinal studies indicate that many rotavirus infections are mild or asymptomatic
214, 349

. 

The more frequently a pathogen is detectable in asymptomatic children, the higher the 

likelihood that infection is coincidental rather than causative in a given case of gastroenteritis 

even if no other pathogens are identified. This likelihood is reflected by the ‘pathogenicity 

index’ which is simply the ratio of the prevalence of the pathogen in the stools of 

symptomatic versus asymptomatic individuals
296

. The pathogenicity index has been reported 

to be higher for rotavirus than most enteric pathogens (up to 8.0
69, 296

), but it might vary across 

settings. In settings where the pathogenicity index is lower, VE against rotavirus might be 
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lower because of dilution of symptomatic infections with coincidental infections, against 

which the vaccine would be expected to be less effective. I found that the crude OR of 

rotavirus detection among hospitalised cases versus controls was 6 (see Chapter 8), 

corresponding to 1 coincidental infection for every 6 infections in which rotavirus is 

causative. Others have found that the pathogenicity index for rotavirus might be lower in 

older age groups
558

. I found that the crude OR of rotavirus detection was lower among 

children >12 months than among infants (4.1 versus 8.5) although this difference was not 

significant (Mantel-Haenzel test of homogeneity, p=0.17) (Chapter 8). Nonetheless, if a 

higher proportion of rotavirus infections among older children are coincidental or non-

causative, this might partially explain the observed age-related decline in VE (Chapter 12).  

 

The likelihood that rotavirus infection is coincidental rather than causative is arguably 

greatest when co-infecting pathogens are detected (Chapter 8). Mixed infections occur 

frequently in resource poor settings like in sub-Saharan Africa where up to 64% of rotavirus 

infections may be mixed
47

. Mixed infection were also detected frequently in studies of RRV-

TV from Peru and Brazil
289, 292

. In the TROVE Study, a non-rotavirus pathogen was detected 

in 55% (66 of 120) of cases. The point estimate of VE was higher against rotavirus 

hospitalisations in which no other pathogens were detected than against mixed infections (VE 

72%; 95%CI: 42 to 87% versus VE 34%; -32 to 67%). Exclusion of known mixed infections 

in studies from Venezuela and Belgium did not appear to alter estimates of VE
407, 448

 although 

those studies tested for a more limited range of pathogens. It is likely that any influence of co-

infection, like the effect of rotavirus vaccination itself, is heterogeneous and possibly 

dependent on the regional prevalence of specific pathogens. Not all pathogens detected in 

TROVE were shown to be pathogenic (Chapter 8); future studies should explore the influence 

of specific pathogens on VE. 
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Inclusion of nosocomial cases  

Because nosocomial infections are, by definition, hospitalised regardless of clinical severity, 

their inclusion is likely to result in underestimation of VE if VE is lower against less severe 

disease. Because the short incubation period for rotavirus can be as short as 24 hours (Chapter 

1), it can be difficult to exclude nosocomial acquisition unless stool is collected shortly after 

presentation. I included cases for which rotavirus was first detected in stool collected up to 72 

hours after the time of presentation. This was a pragmatic cut off to maximise the opportunity 

for stool collection. For 10 of 120 cases, rotavirus was first confirmed on stool collected 24 to 

72 hours after presentation. Exclusion of those cases had no effect on the point estimate of VE 

(59%; 95%CI: 32 to 76%).  

 

Differential misclassification of disease status 

There might be differences in how vaccinated and unvaccinated children are tested for 

rotavirus. Knowledge that a child is unvaccinated might prompt – consciously or not - a 

heightened effort to detect rotavirus, by lowering the threshold to test, by re-testing in the face 

of a negative result, or by using a more sensitive assay - the effect of each would be 

overestimation of VE. A partial safeguard against differential testing of stools might be to 

only consider results from first stool tests, however this would not protect against failing to 

refer stool from vaccinated or unvaccinated infants at all. Of 120 cases, eight were diagnosed 

on a second or subsequently collected stool. Exclusion of those cases had little effect on the 

point estimate of VE (60%; 95%CI: 32 to 76%).  

 

Mistaking vaccination for infection 

Because rotavirus vaccines are live strains, vaccine antigen might be detectable in stools for a 

number of days after vaccination, and perhaps for several weeks
559, 560

. Commercial EIAs are 

unlikely to distinguish vaccine virus from wild-type rotavirus and so it is plausible that infants 

hospitalised for non-rotavirus gastroenteritis in the days following vaccination might be 

misclassified as having wild-type rotavirus disease. Including these as cases is likely to result 
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in underestimation of VE. Two safeguards can be employed against this form of 

misclassification. The first is to exclude as cases all infants hospitalised for gastroenteritis 

within one to two weeks of vaccination (in which case matched controls vaccinated in that 

time must also be excluded). However excluding vaccine strain-positive cases or effectively 

censoring from observation the days which follow vaccination might result in failure to detect 

a true increase in severe disease due to vaccination, so the possible bias from misclassification 

of post-vaccination shedding as rotavirus disease must be weighed against the potential bias 

from failure to ascertain vaccine-related disease. An alternative safeguard is to genotype 

rotavirus-positive specimens and to exclude as cases those found to be shedding the vaccine 

strain. In TROVE, cases occurring < 7 days after vaccination were excluded and all G1P[8] 

genotype strains in TROVE were sequenced to exclude infection with vaccine strain virus.  

 

Misclassification of vaccination status 

As for misclassification of disease status, misclassification of vaccination status in a case-

control study may occur equally for cases and controls or differently. Reliance on memory 

recall is clearly prone to error which may be differential because the parents of cases might be 

more likely to recall vaccinations than the parents of controls. Comprehensive population-

based registers offer a clear advantage over other sources of information, but are still prone to 

misclassification of vaccination status due to errors or delays in recording. If vaccination 

status is verified by written or electronic evidence, the most likely error is failure to ascertain 

a record of a received vaccination. This can result in bias, even if it occurs equally for cases 

and controls. Furthermore, if most children are vaccinated, misclassifying a child as 

unvaccinated when they are in fact vaccinated generally results in a greater bias than 

misclassifying a child as vaccinated when they are not
542

. If a child has no vaccination record 

at all, for example if a child is not listed on a vaccination register, assuming that she is not 

vaccinated might be more likely to result in bias than assuming that she is.  

 

Field trials for rotavirus have traditionally censored the observation period until 14 days after 
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the first or second dose of vaccination, assuming that it takes this interval to develop an 

immune response to vaccination. As these are typically efficacy studies which are designed to 

maximise the likelihood of detecting a significant protective vaccine effect if any is present, 

this is not unreasonable. For effectiveness studies, however, it is unclear whether any 

censoring should be allowed post vaccination, and if so how long this period should be. Any 

censoring can give rise to bias in the event of a transient post-dose increase in risk of 

diarrhoea, and this is a distinct possibility for live vaccines although severe diarrhoea 

resulting in hospitalisation is admittedly unlikely. Such bias will result in overestimation of 

the protective effect. As discussed above, asymptomatic post-vaccine shedding can be 

mistaken for rotavirus gastroenteritis in children hospitalised for gastroenteritis due to other 

causes, and this could lead to underestimation of VE, unless typing or sequencing can be used 

to distinguish vaccine strain from wild-type rotaviruses.  As a compromise, I censored the 7 

day interval after vaccination, assuming that this would cover the peak duration of shedding. 

In TROVE, no cases occurred in the 14 days after vaccination; if a 14 day censoring interval 

had been used instead, VE would have been little different (57.7%; 95%CI: 27.9 to 85.3%). 

Likewise, if no post-vaccination censoring interval was used, VE would have been essentially 

unchanged (59.4%; 95%CI: 31.4% to 85.9%). 

 

Pseudo-misclassification because of contagious intervention 

A form of pseudo-misclassification of vaccination status might occur if unvaccinated infants 

are immunised by the transmission of live vaccine from vaccinated to unvaccinated infants, a 

so-called ‘contagious’ intervention
561

. Transmission of vaccine to unvaccinated infants is 

thought to occur with live attenuated poliomyelitis vaccines
473

 and has also been documented 

to have occurred with RRV-TV
407, 562

. A small number of horizontal transmission events have 

been documented for HRV although the extent of this under program conditions remains to be 

clarified
559, 560, 563

. In a recent study among twins, horizontal transfer of HRV was observed to 

occur among 15 of 80 pairs, and none were associated with clinical symptoms
564

. Unlike true 
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misclassification, the significance of unapparent immunisation via horizontal transmission of 

vaccine on estimation of VE is less predictable. Exposure to horizontally transmitted HRV is 

likely to provide immunity to unvaccinated infants, and might also boost immunity (or 

broaden serotype cross-protection) of vaccinated infants. If the benefit from primary 

immunisation of unvaccinated infants is greater than any boosting among vaccinated children 

then VE may be underestimated. If vaccinated and unvaccinated children benefit equally from 

lateral transmission (through immunisation and boosting respectively) and if rotavirus 

vaccination is not clustered, exposure of vaccinated and unvaccinated infants to horizontally 

transmitted vaccine should be approximately equal, so its overall contribution to immunity is 

likely to be small.  

 

Summary of design issues and implications for assessing VE in the NT 

Assessment of VE in this setting needed to consider the heterogeneity in demography and 

incidence of severe rotavirus gastroenteritis. Unadjusted measures of VE are likely to be 

insufficient because they fail to adequately address confounding and other biases. In 

particular, age was identified as a strong potential confounder of the protective effect of 

vaccination. Because of the strong non-linear association between age with both vaccination 

status and the risk for severe disease, survival methods were used as the primary analytic 

approach, however case-control methods with risk-set sampling controls was shown to be 

analytically equivalent.  

 

Hospitalisation for rotavirus gastroenteritis is a valid disease endpoint because 

hospitalisations result in significant economic costs and create an appreciable social burden 

on families as well. Hospitalisations also represent a readily identifiable source of severe 

cases. However hospitalisation is an imperfect surrogate for severity, and conditioning case 

selection on hospitalisation can introduce a selection bias due to those factors – other than 
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disease severity – which influence which children present for medical attention and are 

hospitalised, and which children are not.  

 

The preferred method for sampling controls, by systematically identifying as matched 

controls from each case’s community of origin, was not feasible because of the sparse and 

widely disseminated study population. The use of hospitalised children as controls was 

convenient and may have overcome potential selection bias incurred when cases are 

themselves hospitalised. Using children hospitalised with rotavirus-negative gastroenteritis as 

controls in a ‘test-negative’ approach was intuitively appealing, but there was an inherent risk 

that even low level insensitivity of the rotavirus assay could significantly bias the estimation 

of VE. Because the same trade-off between severity of illness and propensity for 

hospitalisation is likely to also influence hospitalisation for respiratory illnesses, this group 

represented an alternative hospital control group.  

 

The NTIR represented an alternative study base. Because the register covers up to 95% of the 

NT childhood population
565

, studies nested within the register are likely to be generalisable to 

the broader target population. The register contains data on Indigenous status, location of 

residence and date of birth, so it was possible to directly stratify on those potentially 

important confounders. However, the use of non-hospitalised controls raises the prospect of 

residual selection bias if vaccinated children have higher propensity for hospitalisation, even 

if the study base is effectively restricted to children who have received at least one dose of 

any vaccine. 

 

It was important to exclude from the primary analysis cases in which clinical gastroenteritis 

could not be confirmed and where gastroenteritis was not the primary reason for 

hospitalisation. VE could have been underestimated if non-severe cases were included, or if 

cases were included in which gastroenteritis was not the exclusive reason for admission or 

where rotavirus was not the exclusive cause of gastroenteritis. In keeping with the intention of 
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making a ‘real-world’ estimate of VE, co-infected cases were included in the primary case 

definition. Nonetheless VE estimates appeared to be somewhat higher when they were 

excluded. Because of the public health interest in measuring VE against hospitalisations for 

all-cause gastroenteritis, this was included as a secondary outcome measure. 

 

Finally, measurement of direct VE is an important part of evaluating the impact of HRV in 

the NT, and has allowed for comparisons to be made with other settings. However, because of 

the potential for broader population-level effects which could not be captured by this study, 

these results need to be interpreted within the context of changes in the overall incidence of 

severe disease. 



 

Section 7 
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Chapter 14. Implications for policy and directions for future research 
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Even though rotavirus continues to be the most important infectious cause of hospitalisation 

for gastroenteritis in the NT, vaccination has been effective in reducing morbidity in this 

setting. Vaccination prevents hospitalisation, with the protective effect highest among young 

infants who are at greatest risk of severe disease. Even though estimates of effectiveness are 

lower than for elsewhere in the developed world, the absolute benefit from vaccinating 

Indigenous children is high, because their underlying risk of hospitalisation is many times 

higher than that of other Australian children. 

 

Finding more effective vaccination strategies in this population should be a priority for future 

research. The options for optimising the performance of rotavirus vaccination include: 

1. changing the timing of vaccine administration, 

2. increasing the number of vaccine doses, 

3. increasing the titre of the administered dose, or 

4. changing to alternative rotavirus vaccines. 

 

Timing of vaccination 

Population coverage for rotavirus vaccination is below that of other routine vaccines in the 

NT. Vaccine coverage was lowest for Indigenous children in Central Australia (~70% at age 

12 months), where the incidence of rotavirus hospitalisation is highest. This is likely due to 

the poor timeliness of vaccination and the restrictive age-windows which are mandated for 

vaccination. Current Australian guidelines follow the manufacturer’s recommendation that the 

second vaccine dose should not be given after age 24 weeks
566

. The American Committee on 

Immunization Practices and the WHO have moved to harmonise the dose recommendations 

for HRV with those for PRV by relaxing this upper age limit to 32 weeks
567

. Adherance to the 

Australian recommendations is very high in the NT, with only 1% of second doses given after 

24 weeks (Chapter 11). It is likely that relaxation of this upper age limit for Indigenous 

infants would improve vaccine coverage, and benefits in terms of reduced hospitalisation for 
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rotavirus are likely to outweigh any increased risk of intussusception which is uncommon in 

this population
471

.  

 

From a program perspective, an effective birth dose of rotavirus vaccine would be optimal 

both in terms of achieving high vaccine coverage, and providing protection against disease 

among the youngest infants. This is particularly relevant in the NT where there exists an 

appreciable burden of severe disease among very young infants (Chapter 3). The major barrier 

to this approach is the stimulation of adequate immune responses in this age group. Maternal 

antibodies have been shown to interfere with the immunogenicity of previous vaccine 

candidates
452

. I found no evidence that the first HRV dose at two months, by itself, conferred 

protection although the number of one-dose recipients were too few to exclude a modest 

protective effect. Little data are available from elsewhere regarding the benefit of single 

vaccine doses, apart from limited evidence of ‘between dose’ efficacy from field trials. It may 

be that even at age two months, high levels of breast milk or transplacental antibodies in this 

population effectively neutralised the first dose. Levels of maternally-derived anti-rotavirus 

antibodies in breast milk and cord blood have not been tested in this population, but this may 

help inform the likely effect of earlier dosing in the population. A potential advantage of 

vaccines derived from neonatal strains is the avoidance of neutralization by maternal 

antibodies (Chapter 1), possibly allowing for dosing from birth. One neonatal strain 

candidate, RV3, is undergoing Phase 2 studies in New Zealand and Indonesia including 

investigation of the immunogenicity of a birth dose
568

. If such candidates are shown to be 

immunogenic from birth they could have particular utility in settings where maternal 

antibodies limit VE. It is interesting that a recent cohort study from India found that a single 

natural rotavirus infection conferred no protection against subsequent disease, with protection 

only observed after two or more exposures
240

. It may be that the first exposure to rotavirus 

(whether natural or by vaccination) acts to prime the immune system, but does not confer 

protection without subsequent boosting, and this is an alternative explanation for the lack of 

effectiveness observed after a single vaccine dose.  
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Increasing the number of vaccine doses 

The cohort study from India suggested that in some settings multiple rotavirus exposures may 

be necessary to confer high level protection against severe disease 
236

.  This finding provides 

the rationale of scheduling one or more additional vaccine doses to the existing schedule. In 

the sub-Saharan African field trial of HRV, infants vaccinated at 6, 10 and 14 weeks received 

no better protection than infants receiving doses at 10 and 14 weeks only
194

. It is possible that 

earlier doses provide no additional protection because of immune interference; providing later 

doses may be a more effective strategy. In the NT, VE diminished with increasing age, 

especially against disease caused by G2 strains which are heterotypic to the vaccine strain. It 

might be possible to maintain the protective effect by providing a later dose, for example at 

12 months. Just under half of rotavirus hospitalisations occurred among children > 12 months, 

so any protective effect is likely to result in a measurable reduction in hospitalisations. 

 

Increasing the titre of the administered dose 

The immunogenicity of live oral vaccines might be improved by increasing the titre of the 

dose. Higher titres may help by directly increasing stimulation of mucosal immune mediators, 

or by overcoming neutralisation by maternal antibodies. Unfortunately simple dose ranging 

studies are hampered in this regard by the lack of any clear serological correlates of protection 

for rotavirus vaccines. Because of the burden of severe disease among very young infants, and 

the recognised difficulty in the timely administration of infant vaccines in this setting, the 

retention of a 2-dose schedule with higher doses might have advantages over the addition of 

later doses. These alternatives – increasing the titre versus increasing the number of doses – 

should be the subject of a head-to-head comparative field trial in settings like the NT where 

severe rotavirus disease remains an important cause of morbidity. Such studies will need to be 

powered for a clinical rather than a serological end-point.  
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Changing to alternative rotavirus vaccines  

Despite concerns following the G2 strain epidemic in 2009, analysis of the complete TROVE 

data found that the point estimate of overall VE against G2 strains was only modestly lower 

than that against G1 strains, and 95% confidence intervals overlapped widely. Evidence was 

found that VE declined more quickly against G2 strains, but it is uncertain whether the 

decline was related to the strain, or due to other factors specifically related to the 2009 Alice 

Springs epidemic. Considering the similar VE estimates for HRV and PRV from field trials in 

developing settings, and the programmatic advantages of delivering two vaccine doses by 24 

weeks for HRV compared with 3 doses by 32 weeks for PRV, the TROVE Study has not 

provided a compelling argument for the NT to change to a multivalent vaccine. If future 

vaccine candidates, such as the neonatal strain vaccines RV3
428

 and 116E
429

, prove to be 

immunogenic from early life, these vaccines might offer a significant advantage in this 

setting. One strategy to consider in that case would be a mixed schedule using a birth dose of 

a neonatal strain vaccine followed by one or more doses of HRV or PRV.  

 

Improvements in hygiene, sanitation, and housing 

Poor sanitation and household crowding are known to promote infection with the endemic 

bacterial and parasitic pathogens which are responsible for most gastroenteritis 

hospitalisations in the NT. They might also contribute to rotavirus disease directly by 

facilitating virus transmission, or indirectly by enhancing disease due to co-infection with 

endemic pathogens or by promoting environmental enteropathy. Further, these results support 

the growing evidence that rotavirus vaccines are less effective in impoverished environments, 

although the exact mechanisms for vaccine failure are unclear. While vaccination offers a 

powerful strategy against severe gastroenteritis, diarrhoeal disease remains, fundamentally, a 

symptom of poverty. Strategies to redress the large residual burden of disease in the NT 

should not look past the importance of improving the living conditions for Australia’s remote 

Indigenous children.  
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The use of active hospital-based surveillance to monitor vaccine performance 

This work has shown the value of active hospital-based surveillance for identifying episodes 

of severe vaccine-preventable disease. I have shown how this data can be used to perform VE 

analyses nested within the vaccine register, or analyses where the comparator comprises a 

control-cohort of children hospitalised for other reasons. Not only can these methods provide 

credible and timely measures of VE, they can be extended to identify potential causes of 

vaccine failure such as strain-vaccine mismatch, co-infection, and waning immunity. 

Australia should invest further in the development of nationwide systems for evaluating the 

safety and effectiveness of its National Immunisation Program. Multi-centre hospital-based 

surveillance for both vaccine preventable diseases and adverse events following immunisation 

should be an important part of this strategy. This work demonstrates how such a platform can 

be used to address policy-driven questions of both national and international significance. 

 

Conclusion 

Rotavirus vaccination protects against severe rotavirus disease in this setting, especially 

among young infants. Estimates of VE are lower than reported in other settings in developed 

countries. Although the effectiveness of rotavirus vaccines may be lower for these children, 

the absolute benefit is likely to be higher because of the higher burden of disease. The 

challenge remains to find effective strategies which will improve vaccine-induced protection 

and further reduce the global burden of this disease. 
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Appendix 1. The conventional case-control analysis 

 

This is an appendix to the ordinary case-control analysis of the TROVE Study set out in 

Chapter 10. 

Hospitalisations 

There were 1620 admissions of 1216 children aged 6 weeks to 35 months: 826 admissions of 

696 children were for respiratory illnesses (700) or for rotavirus gastroenteritis (126). Of 

these, the rotavirus admission occurred first for 109 children and the respiratory admission 

occurred first for 587 children. A comparison of cases and controls with respect to the 

distribution of vaccination status and the categorical covariates is summarised in Table 10.1.  

 

Risk factors for rotavirus case status  

A more detailed assessment of the functional form of the continuous covariates, age and date 

of birth, is provided here. The functional form both with respect to the outcome variable ( i.e. 

case-control status) and with respect to the primary dependent variable(s) (vaccination status) 

is assessed. Only data from the 696 first presentations for rotavirus gastroenteritis and 

respiratory illness (i.e. excluding repeat presentations) is assessed as only first presentations 

were included in the primary analysis. 

 

Relationship between age and case-control status and vaccination status 

The distribution of age for both cases and controls was strongly skewed to the right (Figure 

A1.1). Of note, there is an apparent increase in the number of cases from age 6 weeks to about 

6 months, while for controls the peak occurs shortly after birth and thereafter decreases. This 

mismatch between the early part of the age distribution of cases and controls is reflected by 

the lowess smoothed relationship between age and the crude log odds of case status (Figure 

A1.2), which reveals a period of initial increase in the logit between 6 weeks and 6 months, 

with flattening off thereafter. This is consistent with the cases and controls being, for the most 

part, well matched by age, except for the first few months of life where admissions were more 
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likely to be for respiratory illness than for rotavirus gastroenteritis. This is consistent with the 

known epidemiology of these conditions. Although young infants are clearly at risk of 

rotavirus hospitalisation the risk increases over the first few months of life, presumably 

because of waning maternal antibodies or other factors (see Chapter 2). In contrast, maternal 

antibodies provide little protection against the common respiratory viruses (e.g. respiratory 

syncitial virus and the parainfluenza viruses) and the highest risk occurs shortly after birth. 

Any mismatch in the early age distribution of cases and controls is important because the age 

distribution of 0, 1, and 2 dose recipients are different (Figure A1.1) - increasing age over the 

first months is strongly associated with changing vaccination status. The lowess smoothed 

plot of the relationship between age and vaccination status shows it to be non-linear with the 

greatest change in vaccination status occurring (as expected) in the first months of life (Figure 

A1.2). This gives rise to the significant potential for age to confound the relationship between 

vaccination status and case-control status unless the non-linear relationship is adequately 

accounted for.  

  

Figure A1.1. The age distribution of rotavirus cases and respiratory controls in the case-

control analysis. By case-control status and by vaccination status. 

 

Piecewise linear spline to account for the relationship between age the log odds of case status 

To account for the non-linearity of the relationship between age and vaccination status, age 

was modelled as a piecewise linear spline function with knots at 2, 4 and 6 months, 

corresponding to the age windows for the first and second dose of HRV (i.e. dose 1: 2 to 4m; 
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dose 2:4 to 6m) and also the points of inflection on the lowess smoothed plots of vaccination 

status versus age (Figure A1.2). The spline function was defined thus: 

AGECAT0 = AGE – 0 if AGE ≤ 2, otherwise 0 

AGECAT2 = AGE – 2 if AGE > 2 and AGE ≤ 4, otherwise 0 

AGECAT4 = AGE – 4 if AGE > 4 and AGE ≤ 6, otherwise 0 

AGECAT6 = AGE – 6 if AGE > 6, otherwise 0. 

where AGE is the age at hospital presentation in months.  

 

Consistent with the changing slope of the logit versus age Figure A1.2, the coefficients for the 

newly formed covariates AGECAT0, AGECAT2 and AGECAT4 were positive when 

included in the full logistic model, indicating increasing likelihood of being a case versus a 

control with increasing age up to age 6 months, while the OR for AGECAT6 was close to 1 

(1.03; 95%CI: 0.99 to 1.08) indicating only a slight increase in the likelihood of being a case 

versus a control with increasing age after 6 months (Table 10.3). The model which included 

the spline function afforded a significantly improved fit over the model which had age as 

linear in the logit (p=0.02 for both the non-stratified and stratified models) and influenced the 

OR of vaccination for cases and controls (Table A1.1).  

   

Figure A1.2. Lowess smoothed relationship between age and the log odds of being a case, and 

the odds of vaccination (two doses and one dose versus none) in the case-control analysis. 

 

Relationship between date of birth and case-control status and vaccination status 

Inspection of the histograms of date of birth for cases versus controls suggests that the 

distributions are similar (Figure A1.3). The lowess smoothed relationships between date of 

birth and the crude logit and vaccination status show a gradual increase in the logit with later 
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date of birth, and lower likelihood of two dose vaccination status and higher likelihood of one 

dose vaccination status with later birth (Figure A1.4). These relationships are expected 

because of confounding by age (children born later were younger when admitted), and give 

rise to no particular concern about potential non-linearity. There is no suggestion of a 

significant overall birth cohort effect on the risk of hospitalisation for rotavirus, with the 

exception that infants born in the last few months of the study (after January 1st 2010) were 

seemingly less likely to be cases than controls. This is expected because these children had 

lesser exposure to rotavirus than children born earlier, or at least if they were exposed it was 

more likely to have occurred when they were younger and infection (or hospitalisation) was 

perhaps less likely. These infants born in the latter months of the study were also more likely 

to be vaccinated with one dose and less likely to be vaccinated with two doses.  

Table A1.1. Estimates of the OR of vaccination for cases and controls with and without 

adjustment for age using a piecewise spline function in the case-control analysis. 

 Ordinary regression model Conditional regression model 

Variable Age linear Spline for age Age linear Spline for age 

0 doses  1.00  1.00 

1 dose 0.95 (0.52 to 1.72) 0.89 (0.47-1.71) 0.91 (0.50 to 1.65) 0.85 (0.44-1.62) 

2 doses 0.51 (0.30 to 0.89) 0.40 (0.23-0.71) 0.52 (0.30 to 0.90) 0.40 (0.23-0.71) 

 

To assess for the presence of significant non-linearity of date of birth in the logit of the full 

logistic model, I used fractional polynomial analysis to determine the best-fitting 1 and 2 term 

functions for date of birth for the full model. Neither the best fitting 1 term (-2) nor 2 term (-

2,-2) fractional polynomial functions provided a significantly improved fit over the model 

which had date of birth as linear in the logit (p(1 term)=0.65 & p(2 term)=0.76, and p(1 term)=0.71 

and p(2 term)=0.87 for the non-stratified and stratified (conditional) logistic models 

respectively). 

 

As a further test, a piecewise linear spline function was created with a single knot 

corresponding to February 1
st
 2010, the approximate point of inflection of the lowess 

smoothed logit versus date of birth (Figure A1.4a). A model containing the spline function did 
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not provide a better fit than a model which included a monotonous linear effect of date of 

birth on the logit (p=0.43 and p=0.40 for the non-stratified and stratified models respectively.) 

Although children born in the latter part of the study were less likely to be cases and also less 

likely to be fully vaccinated, confounding was adequately addressed by accounting for age 

with the spline function. 

 

Figure A1.3. Distribution of the date of birth for cases versus controls in the case-control 

analysis. 

 

   

Figure A1.4. Lowess smoothed relationship between date of birth and the log odds of being a 

case and the odds of vaccination (two doses and one dose versus none) for the case-control 

analysis 
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Model fit and identification of outlying observations 

The overall Hosmer-Lemeshow goodness of fit statistic did not suggest a significant problem 

with fit the non-stratified (ordinary) logistic model (p=0.60), and the area under the receiver-

operator-curve was 0.75 indicating that the case-control discrimination was acceptable 

(Figure A1.5). 

 

Figure A1.5. Receiver-operator curve for the non-

stratified logistic regression model of the case-control 

analysis. 

 

Plots of the Δχ
2
 , change in deviance (ΔD), and Pregibon’s β (Δβ) versus the estimated 

logistic probability from the ordinary logistic regression model revealed seven outlying 

observations, all of which related to cases (Figure A1.6). The four the observations associated 

with the largest Δχ
2 
statistic related to the only four non-Indigenous children who were 

rotavirus cases (Table A1.2): because Indigenous status was a strong predictor of case status, 

each had an estimated logistic probability of being a case of <2.5%. The observation 

associated with the greatest Δβ statistic was the sole case who had been vaccinated within 

seven days of hospitalisation. This case was strongly influential of the coefficient for the 

design variable coding for the OR of vaccination within seven days of dose one (versus being 

unvaccinated) and did not affect estimates of the OR of either one or two doses versus none. 

The final two cases were only unique in that they were very young and not breast-fed; in our 

sample, absence of breast-feeding was associated (albeit non-significantly) with being a 
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control (respiratory case). In summary, each outlying observation had plausible albeit unique 

covariate values and were therefore retained in the final model.
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Figure A1.6. Plots of the Δχ
2
 , change in deviance (ΔD), and Pregibon’s β (Δβ) versus the estimated logistic probability from the ordinary 

logistic regression model 

 

 

Table A1.2. Summary of outlying or poorly fit observations from the non-stratified (ordinary) logistic regression model.  

Study No. Outcome Age (m) DOB Indigenous Sex Urban Hospital Breast-fed HRV status Δχ2 ΔD Δβ  ̂ 

138201 case 2.14 22Mar10 Yes M No ASH Exclusive <7d post d1a 3.50 3.50 1.37 0.28 

88401 case 1.97 11Jun09 Yes M No ASH None 0 11.38 5.12 0.33 0.08 

70402 case 2.10 13Mar09 Yes M No ASH None 0 12.19 5.25 0.34 0.08 

65101 case 14.89 30Dec07 No M Yes ASH Partial 0 19.59 6.12 0.35 0.05 

87401 case 12.79 12Jul08 No F Yes RDH Exclusive 2 27.51 6.77 0.40 0.04 

64901 case 23.21 20Apr07 No F Yes ASH None 2 58.20 8.20 0.32 0.02 

63701 case 4.67 31Oct08 No M Yes ASH None 1 60.85 8.29 0.43 0.02 
aDose 1 received 2 days prior to admission. 
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Sensitivity analysis including all ascertained cases and controls 

For the primary analysis, only one hospitalisation per child was included to avoid statistical 

clustering, even though some children had more than one admission; 17 rotavirus 

hospitalisations were thereby excluded because they occurred subsequent to a hospitalisation 

for respiratory illness. In a sensitivity analysis, all 126 rotavirus cases and 700 respiratory 

control hospitalisations were included in a fully covariate-adjusted model (without 

stratification), with robust confidence intervals based on sandwich covariance estimates 

calculated to account for within individual-level clustering. There was a small change in the 

point estimates for the OR of one dose and two doses versus none (Table A1.3). 

Table A1.3. Comparison of ORs from the ordinary logistic regression model which 

included only one hospitalisation per child, with a sensitivity analysis in which all 

ascertained admissions meeting the case and control criteria were included. 

 First admission per child All admissions 

Variable OR 95% CIa OR 95% CIa 

0 doses 1  1.00  

1 dose 0.91 0.48-1.72 1.04 0.58-1.89 

2 doses 0.41 0.23-0.72 0.45 0.27-0.75 

Non-Indigenous 1  1.00  

Indigenous 8.97 3.10-25.92 8.41 2.87-24.7 

Male 1  1.00  

Female 1.24 0.80-1.93 1.03 0.68-1.57 

Darwin  1  1.00  

Alice Springs 1.28 0.76-2.17 1.39 0.81-2.40 

Remote 1  1.00  

Urban 0.79 0.50-1.25 0.95 0.62-1.47 

Date of birth 1  1  

 (+365 days) 1.65 1.13-2.39 1.58 1.11-2.23 

Age (+365/12 days) 1  1  

≥0 to <2m 2.16 0.13-351.3 2.23 0.07-75.4 

≥2 to <4m 1.36 0.60-3.07 1.19 0.53-2.68 

≥4 to <6m 1.68 0.96-2.97 1.78 1.05-3.04 

≥6m 1.04 1.00-1.09 1.03 0.99-1.07 
a95%CI based on robust sandwich variance estimates. 

 

‘Test negative’ sensitivity analysis including all ascertained cases and controls 

A further sensitivity analysis was performed in which rotavirus-negative gastroenteritis cases 

were used as the control group – the so-called test-negative approach (Table A1.4). Because 
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the result was only known after hospitalisation for almost all cases, decisions regarding 

hospitalisation are unlikely to have been influenced by the result, or therefore to have been 

different for cases versus controls. This minimises the bias risk posed by vaccination status 

influencing the decision to hospitalise. Of 367 first gastroenteritis hospitalisations in which a 

rotavirus test was performed, 109 were rotavirus-confirmed and 258 tested negative. The 

point estimates of the OR for both the covariate-adjusted and stratified analyses were slightly 

lower than when respiratory hospitalisations were used as the control group.  

Table A1.4. Test negative sensitivity analysis: estimates of the OR of 

vaccination for rotavirus-confirmed gastroenteritis cases versus rotavirus-

negative gastroenteritis controls.  

 Covariate adjusted Stratified 

Variable OR 95% CI OR 95% CI 

0 doses 1.00  1.00  

1 dose 0.74 0.36 – 1.53 0.79 0.39 – 1.61 

2 doses 0.46 0.24 – 0.87 0.49 0.26 – 0.93 

Non-Indigenous 1.00    

Indigenous 2.13 1.31   

Male 1.00    

Female 1.17 0.72 – 1.90   

Darwin  1.00    

Alice Springs 1.14 0.62 – 2.09   

Remote     

Urban 0.90 0.54 – 1.51   

Breast fed partial 0.69 0.39 – 1.22 0.70 0.39 – 1.24 

Breast fed exclusive 1.25 0.51 – 3.11 1.26 0.51 – 3.12 

Age (+365/12 days) 1  1  

≥0 to <2m 7.66 0.02 – 3819 4.16 0.01 – 2122 

≥2 to <4m 1.54 0.60 – 3.96 1.50 0.59 – 3.84 

≥4 to <6m 1.19 0.61 – 2.33 1.20 0.61 – 2.33 

≥6m 1.05 1.00 – 1.11 1.05 1.00 – 1.11 

 

Restriction of controls to children with a respiratory diagnosis and those with no loose stools 

recorded 

In the primary analysis, I included as controls children with respiratory symptoms regardless 

of whether they had a respiratory condition recorded as their primary diagnosis at discharge. 

Of 587 included controls, 145 had a non-respiratory primary diagnosis recorded at discharge 

and a further 232 had one or two looser than normal stools recorded within 48 hours of 

admission.  
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When controls were restricted to only admissions which had a primary diagnosis of lower 

respiratory tract infection, pneumonia, bronchiolitis or asthma (i.e. excluding all with a non-

respiratory primary diagnosis) VE against rotavirus gastroenteritis was 60.3% (95%CI: 29.2 

to 77.8%) by the non-stratified analysis and 60.4% (95%CI: 29.1 to 77.9%) by the stratified 

analysis. When controls were restricted to those with a respiratory primary diagnosis and no 

loose stools recorded, VE was 55.2% (95%CI: 13.1 to 77.0%) and 54.3% (95%CI: 10.6 to 

76.6%) by the non-stratified and stratified analyses respectively. When all non-rotavirus 

hospitalised children were eligible controls, VE was 54.8% (95%CI: 21.0 to 74.1%) and 

54.3% (95%CI: 20.1 to 73.9%) by the non-stratified and stratified analyses respectively. 
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Appendix 2. The register-based cohort analysis  

This is an appendix to the population cohort analysis which is set out in Chapter 11. 

 

Immunisation register cohort 

The NTIR dataset was extracted from the register by the database manager on January 18
th
 

2011. The dataset contained a line entry for each National Immunisation Program vaccine 

dose administered in the NT and APY Lands to children born on or after August 1
st
 2006 and 

recorded by January 18
th
 2011. For each of 247,215 vaccines delivered, the dataset contained 

a line entry recording the vaccine name, the vaccine dose order, the child’s name, date of 

birth, usual place of vaccination, Indigenous status and unique medical record number.  

 

For each vaccination location recorded, a location code was generated based on standard NT 

statistical regional divisions: Darwin, East Arnhem, Katherine, Barkly and Alice Springs. In 

addition, Darwin locations were divided into Darwin urban (Darwin and Palmerston) and 

Darwin rural, and Alice Springs into Alice Springs urban and Central Australia remote. 

Vaccine provider locations in the APY Lands of South Australia were coded separately from 

locations interstate elsewhere and overseas. Of all recorded vaccines delivered, 48% were in 

the Darwin urban area, 12% in Alice Springs, 11% in Darwin remote and 6% in remote 

Central Australia (see Table A2.1 ). 

Table A2.1. Location listed as the usual place of vaccination for children 

listed on NTIR 

Location Vaccinations % 

Darwin urban 118,390 47.9 

Darwin remote 28,106 11.4 

Alice Springs 29,416 11.9 

Central remote 14,496 5.9 

APY Lands 3,178 1.3 

East Arnhem 14,895 6.0 

Katherine 23,821 9.6 

Barkly 7,314 3.0 

Interstate 6,727 2.7 
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The age range for administration of all recorded doses was 0.0 to 52.0 months, with the 

median at 4.4 months. Most children were first recorded on the register shortly after birth. Of 

18,347 first recorded vaccine doses, 80% were either the birth dose of hepatitis B vaccine or 

BCG (Table A2.2). Of first doses: 79% occurred by age 7 days, 86% by 2 months, and 96% 

by age 4 months (Figure A2.1). The median age at the last recorded dose for each child was 

18.0 months (IQR 8.0 months to 19.6 months, range 0 to 52.0 months); only 7% of children 

had a last recorded vaccine dose after age 36 months. 

Table A2.2. First vaccine dose recorded for children listed on the NTIR 

Vaccine type and dose order Number % Cumulative % 

HepB - Paediatric - 1 12,641 68.63 69 

BCG - 1 2,133 11.58 80 

Pneumococcal Conjugate (7vPCV) - 1 637 3.46 84 

Rotarix - 1 549 2.98 87 

HEXA - DTPa-HepB-IPV-Hib - 1 453 2.46 89 

PENTA - DTPa-HepB-IPV - 1 403 2.19 91 

PedvaxHIB - 1 329 1.79 93 

Pneumococcal Conjugate (10vPCV) - 1 232 1.26 94 

RotaTeq - 1 128 0.69 95 

DTPa-IPV - 1 100 0.54 96 

Varicella - 1 98 0.53 96 

Comvax (Hib+HepB) - 1 75 0.41 97 

Hep B Immunoglobulin - 1 70 0.38 97 

MMR - 1 46 0.25 97 

H1N1 Pandemic Influenza - Paediatric (0 45 0.24 97 

Meningococcal C - 1 43 0.23 98 

H1N1 Pandemic Influenza (0.5ml) - 1 40 0.22 98 

OPV - 1 38 0.21 98 

PENTA - DTPa-HepB-IPV - 2 21 0.11 98 

Pneumococcal Conjugate (7vPCV) - 2 21 0.11 98 

PedvaxHIB - 3 20 0.11 98 

HIBERIX - 4 19 0.1 98 

Pneumococcal Conjugate (10vPCV) - 4 19 0.1 99 

Pneumococcal Conjugate (7vPCV) - 3 19 0.1 99 

PENTA - DTPa-HepB-IPV - 3 17 0.09 99 

HibTITER - 1 16 0.09 99 

MMR - 2 16 0.09 99 

HEXA - DTPa-HepB-IPV-Hib - 3 15 0.08 99 

DTPa-IPV - 4 14 0.08 99 

HEXA - DTPa-HepB-IPV-Hib - 2 14 0.08 99 

PedvaxHIB - 2 12 0.07 99 

Pneumococcal Conjugate (10vPCV) - 3 12 0.07 99 

Pneumococcal Conjugate (10vPCV) - 2 11 0.06 99 

HepA - Paediatric - 1 10 0.05 99 

HepA - Paediatric - 2 9 0.05 99 

HepB - Paediatric - 3 9 0.05 100 

RotaTeq - 2 8 0.04 100 

Rotarix - 2 8 0.04 100 
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Table A2.2. First vaccine dose recorded for children listed on the NTIR 

Vaccine type and dose order Number % Cumulative % 

DTPa - 1 6 0.03 100 

HIBERIX - 1 5 0.03 100 

PedvaxHIB - 4 5 0.03 100 

dTpa - Adult/Adolescent - 1 5 0.03 100 

ActHib - 1 3 0.02 100 

Comvax (Hib+HepB) - 2 3 0.02 100 

DTP - 1 3 0.02 100 

Influenza - Fluvax Junior (0.25ml) - 1 3 0.02 100 

NeisVac-C - 1 3 0.02 100 

RotaTeq - 3 3 0.02 100 

Typhoid - 1 3 0.02 100 

DTPa-IPV - 2 2 0.01 100 

HIBERIX - 3 2 0.01 100 

HepB - Paediatric - 2 2 0.01 100 

IPV - 1 2 0.01 100 

Influenza - Fluvax (0.5ml) - 1 2 0.01 100 

Pneumococcal Polysaccharide (23vPPV) - 2 0.01 100 

Twinrix - Adult - 1 2 0.01 100 

ADT - Booster 1 0.01 100 

DTPa-IPV - 3 1 0.01 100 

DTPa-hepB - 1 1 0.01 100 

DTPa-hepB - 3 1 0.01 100 

H1N1 Pandemic Influenza (0.5ml) - 2 1 0.01 100 

H1N1 Pandemic Influenza - Paediatric (0 1 0.01 100 

Immunoglobulin-Human(2ML) - 1 1 0.01 100 

Influenza - Influvac Paediatric (0.25ml 1 0.01 100 

OPV - 4 1 0.01 100 

Quadracel - 1 1 0.01 100 

Rabies - 1 1 0.01 100 

Zoster Immunoglobulin (Human) - ZIG - 1 1 0.01 100 

ADT - 1 1 0.01 100 

 

  

Figure A2.1. Age (in days) at first receipt of the first and last recorded vaccine dose for 

children listed on the NTIR 

 

The TROVE dataset was appended to the NTIR dataset keeping only pertinent demographic 

and clinical covariates, resulting in a dataset with 248,969 line entries corresponding to either 
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vaccinations or hospitalisations. In the appended dataset, I created a variable corresponding to 

the age of the child in days on the date of vaccination or hospitalisation. Because vaccination 

was only recorded as a date (without the time of administration), it was assumed to have 

occurred at midnight. Hospitalisations were recorded as both a date and time. A study time 

was missing for two observations, both first doses of hepatitis B vaccination, and these 

observations were excluded.  

 

Hospitalisations 

The TROVE dataset contained a single line entry for every hospitalisation captured by active 

surveillance. Each of the 1757 hospitalisation entries contained (among other things) the 

unique study number and episode number, the child’s name, date of birth, unique medical 

record number, and the date and time of hospitalisation, reason for admission along with other 

clinical and demographic details. Three of 1757 episodes were dropped because no diagnosis 

was recorded. Of the 1754 remaining episodes, 479 (27%) met the criteria for a gastroenteritis 

case. Of these, 132 met the criteria for a rotavirus-confirmed case; of which 125 met the a 

priori definition for a severe case, 60 were G1-confirmed, 51 were G2 confirmed, and 71 also 

had a non-rotavirus pathogen detected (Table 7.1)  

 

In addition to the 132 rotavirus-confirmed cases, rotavirus was either detected or was 

equivocal in a further 64 episodes for which the case inclusion criteria was not met; in 35 

episodes gastroenteritis was not recorded as the primary reason for admission (diagnosis 

criteria not met), in 10 episodes 3+ loose stools were not confirmed (clinical criteria not met), 

in 10 episodes rotavirus EIA was equivocal and could not be confirmed (including in 7 

otherwise meeting the case criteria), and in 9 episodes rotavirus was first confirmed > 72 

hours after presentation (including in 7 otherwise meeting the case criteria). In 748 episodes 

the criteria for a respiratory admission was met. 
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Over the study period, 16,799 children aged 6 weeks to 35 months were listed on the NTIR. 

Of these, 13,253 (79%) had a usual place of vaccination within the immediate catchments of 

RDH or ASH. Of children in the cohort, 4,172 (31.5%) were recorded as Indigenous with the 

proportion ranging from 16% of children from urban Darwin/ Palmerston, to 85% of children 

from remote Central Australia and 99% of children from the APY Lands. Of 132 ascertained 

rotavirus hospitalisations meeting the case definition, 105 arose from among children in the 

defined cohort at an incidence rate of 0.59 episodes per 100 child-years. 6 were < 6 weeks at 

admission, 3 were repeat rotavirus episodes occurring in the same child, 2 had received a dose 

of PRV and 1 had received an invalid dose of HRV. 12 children had a usual place of 

vaccination outside of the ASH and RDH catchments (including 5 from interstate) and 3 were 

not listed on the register at the time of admission (2 were previously resident interstate and 1 

was the child of parents who objected to vaccination.)  

 

Right censoring 

Children in the cohort were assumed to be under observation until age 36 months (or until the 

final study date) even though only 7% of the cohort had a vaccine doses recorded after 36 

months. To achieve this, a dummy observation was produced for each child on the date of the 

third birthday by duplicating the final observation, and resetting the covariates such that the 

study time was the date of the third birthday and the variable coding for vaccine name and the 

outcome were set to missing. A unique censor date was created for each child equal to the last 

date of observation at each hospital (18
th
 May 2010 if usual place of vaccination recorded in 

Darwin/ Darwin remote, 10
th
 September if usual place of vaccination recorded in Alice 

Springs/ remote Central Australia/ APY Lands) or the date of the 3
rd

 birthday – whichever 

occurred first.  

 

1825 children had a recorded dose of PRV and were censored on that date. 22 children 

received an invalid dose of HRV and were censored on that date. Three of 132 cases occurred 
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after censoring: one case occurred in a child who had received an invalid HRV dose (dose 2 < 

28 days after dose 1), and two cases occurred among children who had received one or more 

doses of PRV. 

 

Left truncation 

A unique truncation date was generated for each child corresponding to the first date of 

recruitment at each hospital (6
th
 May 2008 if usual place of vaccination recorded in Darwin/ 

Darwin remote, 8
th
 September 2008 if usual place of vaccination recorded in Alice Springs/ 

remote Central Australia/ APY Lands) or the date on turning 42 days old (the youngest age 

for receipt of a valid HRV dose) – whichever occurred last. Six of 132 ascertained cases 

occurred among children in the truncated period, all occurring before age 42 days. 

 

Coding of vaccination status 

Children were not considered to be immunised with one or two doses of HRV until seven 

days after the first or second dose respectively. To achieve this, a dummy observation was 

created by duplicating observations associated with the first or second HRV doses, resetting 

the study time to seven days later, and setting the variable coding for immunisation name to 

null. I created a new design variable for HRV vaccination status coded: 

 as zero for all observations with study time before (and including) any observation 

relating to the first HRV dose,  

 as 9 for any subsequent observations up to and including any (dummy) observation 

relating to seven days post dose one,  

 as 1 for any subsequent observations up to and including any observation relating to 

the second HRV dose,  

 as 99 for any observations up to and including any (dummy) observation relating to 

seven days post dose two, and then  

 as 2 for any subsequent observations up to and including the final observation.  
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Finally I set the dataset into an analysable form using the stset command in Stata, setting: 

 study time as the analysis time, 

 the variable coding for rotavirus confirmed gastroenteritis as the outcome variable, 

 the date of birth as the analytic origin, 

 the date of truncation for each child as the entry date, and 

 the censor date for each child or the date of becoming a case (whichever occurred 

first) as the exit time  

 

Of 132 rotavirus cases captured by active surveillance, 120 were first presentations of 

children aged 6 weeks to 35 months who had not received any doses of PRV or invalid doses 

of HRV(Figure 11.2). Of these, three occurred among children who had not been registered 

on the NTIR before the date of hospitalisation, including one case in a child of 

conscientiously objecting parents who was never listed on the NTIR. Of the 117 NTIR 

registered rotavirus cases, 105 had a recorded usual place of vaccination within the immediate 

RDH/ASH catchments. Of hospitalised non-case children captured by active surveillance, 22 

were not listed on the NTIR. These children were not included in the register cohort. 

 

Formation of risk-sets 

The analysis of time-to-event survival data using Cox hazard models is based upon the 

creation of risk-sets corresponding to each event time. The risk-set corresponding to each of 

event time comprises all children under observation and therefore ‘at risk’ of becoming a case 

at the moment each case occurs (i.e. a child in the cohort is hospitalised for rotavirus 

gastroenteritis.) To assist with examination of the risk-sets, I used the stsplit command in 

Stata to divide every observation spanning each event time at the event time. The observation 

ending at the event time was coded as belonging to the risk-set for that event, while the 

observation beginning at the event time was not. Risk-sets were coded 1 to 117 (including 

cases occurring among NTIR registered children outside the RDH/ASH catchments) in 
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Table A2.3. Register cohort: vaccination status of the case and the number vaccinated and 

unvaccinated non-cases for each risk-set ordered by event time 

Risk-set Case Non-cases 

 Age (months) 
Vaccination 

status 
No doses 

<7 days after 

dose 1 
1 dose 

<7 days after 

dose 2 
two doses Total 

1 1.763656 0 7,076 162 50 0 0 7,288 

2 1.826584 0 6,857 351 68 0 0 7,276 

3 1.831207 0 6,856 351 68 0 0 7,275 

4 1.971062 0 5,575 1,454 164 0 0 7,193 

5 1.998416 0 5,185 1,774 213 0 0 7,172 

6 2.136729 0 3,302 2,766 1,023 0 0 7,091 

7 2.162735 0.9 3,023 2,760 1,281 0 0 7,064 

8 2.759204 0.9 1,299 297 5,334 0 3 6,933 

9 3.137992 0 1,018 130 5,761 9 5 6,923 

10 3.151477 1 1,018 130 5,760 9 5 6,922 

11 3.631978 1 939 14 5,887 67 35 6,942 

12 3.673716 0 941 13 5,848 98 37 6,937 

13 4.047303 1 912 10 3,719 1,748 531 6,920 

14 4.13232 1 902 6 3,118 2,125 763 6,914 

15 4.276798 1 897 6 2,347 1,786 1,877 6,913 

16 4.360081 1 889 8 1,962 1,167 2,887 6,913 

17 4.483883 1 883 7 1,612 741 3,659 6,902 

19 4.671319 1 868 9 1,287 481 4,245 6,890 

20 4.735595 1 867 8 1,203 414 4,401 6,893 

21 4.850342 1 869 2 1,037 318 4,663 6,889 

23 5.274401 0 857 6 735 146 5,162 6,906 

24 5.580886 2 849 2 621 91 5,330 6,893 

26 5.647795 2 850 1 617 71 5,358 6,897 

27 5.672003 0 845 1 616 55 5,378 6,895 

28 5.708733 0 844 1 615 35 5,404 6,899 

29 5.73583 2 842 0 617 25 5,413 6,897 

30 5.877933 2 845 0 611 6 5,435 6,897 

31 5.95229 1 842 0 610 7 5,429 6,888 

32 6.065304 2 840 1 607 5 5,424 6,877 

33 6.259225 2 838 0 603 5 5,424 6,870 

34 6.457641 2 842 0 607 1 5,415 6,865 

35 6.600963 1 845 0 608 0 5,414 6,867 

36 6.642251 2 842 0 609 0 5,420 6,871 

37 6.669734 2 842 0 609 0 5,419 6,870 

38 7.117038 1 827 0 603 3 5,405 6,838 

40 7.554324 2 817 0 605 1 5,407 6,830 

41 7.787992 2 817 0 603 1 5,426 6,847 

42 8.152141 2 830 0 596 0 5,418 6,844 

43 8.193172 2 828 0 597 0 5,405 6,830 

44 8.746233 0 834 0 598 0 5,395 6,827 

45 8.829709 0 835 0 601 0 5,395 6,831 

46 8.892958 2 838 0 601 0 5,390 6,829 

48 8.971169 0 841 0 601 0 5,396 6,838 

49 8.982342 1 846 0 600 0 5,388 6,834 

50 9.101776 1 844 0 596 0 5,390 6,830 

51 9.17697 1 846 0 598 0 5,395 6,839 

52 9.195013 0 845 0 598 0 5,395 6,838 

53 9.62774 2 858 0 592 0 5,412 6,862 

54 10.0534 2 855 0 588 1 5,407 6,851 

55 10.07877 1 855 0 586 1 5,405 6,847 

57 10.83256 2 861 0 588 0 5,433 6,882 

58 10.96753 2 866 0 585 0 5,424 6,875 

59 10.97145 2 866 0 585 0 5,423 6,874 

60 11.07354 0 865 0 587 0 5,415 6,867 

61 11.0738 0 864 0 587 0 5,415 6,866 
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Table A2.3. Register cohort: vaccination status of the case and the number vaccinated and 

unvaccinated non-cases for each risk-set ordered by event time 

Risk-set Case Non-cases 

 Age (months) 
Vaccination 

status 
No doses 

<7 days after 

dose 1 
1 dose 

<7 days after 

dose 2 
two doses Total 

62 11.43776 1 878 0 588 0 5,409 6,875 

63 11.49902 0 881 0 594 0 5,412 6,887 

64 11.63059 2 883 0 596 0 5,404 6,883 

65 11.88577 2 895 0 591 0 5,385 6,871 

66 12.09202 0 900 0 587 0 5,380 6,867 

68 12.3174 2 896 0 590 0 5,387 6,873 

69 12.46027 2 906 0 588 0 5,377 6,871 

70 12.51845 2 910 0 588 0 5,384 6,882 

71 12.62646 2 918 0 583 0 5,384 6,885 

72 12.68656 1 919 0 582 0 5,378 6,879 

73 12.81235 2 929 0 582 0 5,381 6,892 

75 13.46436 2 947 0 571 0 5,381 6,899 

76 13.67536 0 949 0 577 0 5,384 6,910 

77 13.9028 2 949 1 578 0 5,393 6,921 

78 14.02346 2 948 0 583 0 5,386 6,917 

79 14.12055 1 950 0 585 0 5,373 6,908 

80 14.15394 2 951 0 586 0 5,366 6,903 

81 14.52181 2 972 0 589 0 5,351 6,912 

82 14.55873 1 977 0 588 0 5,352 6,917 

83 14.68292 2 989 0 590 0 5,353 6,932 

84 14.9494 1 1,001 0 583 0 5,340 6,924 

86 15.35548 1 1,023 0 582 0 5,315 6,920 

88 16.46385 2 1,067 0 583 0 5,261 6,911 

89 16.69392 0 1,083 0 587 0 5,262 6,932 

90 17.01517 1 1,094 0 590 0 5,265 6,949 

91 17.1603 2 1,100 0 590 0 5,260 6,950 

92 17.18418 1 1,101 0 589 0 5,262 6,952 

94 17.42427 2 1,110 0 585 0 5,245 6,940 

95 18.00661 2 1,134 0 590 0 5,262 6,986 

96 18.82378 0 1,176 0 596 0 5,237 7,009 

97 19.28887 0 1,195 0 602 0 5,236 7,033 

98 20.7732 2 1,268 0 606 0 5,199 7,073 

99 21.45148 2 1,290 0 600 0 5,128 7,018 

100 21.55345 2 1,288 0 600 0 5,104 6,992 

101 22.21804 2 1,278 0 580 0 4,989 6,847 

102 22.55619 1 1,274 0 570 0 4,924 6,768 

103 22.92965 2 1,264 0 564 0 4,841 6,669 

104 23.22066 2 1,262 0 562 0 4,775 6,599 

106 23.46839 0 1,255 0 556 0 4,740 6,551 

107 24.80631 0 1,229 0 546 0 4,448 6,223 

108 24.90302 2 1,231 0 545 0 4,423 6,199 

109 25.17708 1 1,229 0 540 0 4,384 6,153 

110 25.20886 2 1,224 0 539 0 4,372 6,135 

111 25.42795 2 1,216 0 533 0 4,329 6,078 

112 28.96714 2 1,075 0 450 0 3,530 5,055 

113 31.38397 2 986 0 378 0 3,025 4,389 

114 32.33868 2 944 0 354 0 2,804 4,102 

115 32.83703 2 927 0 340 0 2,713 3,980 

116 34.13271 2 877 0 312 0 2,435 3,624 

117 35.66282 0 809 0 273 0 2,111 3,193 

12 of 117 cases occurred among children from outside of the immediate RDH/ASH catchments which were excluded from 

the primary analysis. 
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chronological order of the corresponding event time. This resulted in 1,013, 806 additional 

observations, an average of 8519 additional observations per event. Of particular importance 

for the analysis is the vaccination status of children in the risk-set, and the vaccination status 

of the case. The composition of each risk-set by vaccination status of the case and each non-

case is tabulated in Table A2.3. 

 

 

Figure A2.2 The size and proportional composition by vaccination status of non-cases in 

each of the risk-sets of the cohort analysis ordered by event time. In the primary analysis, only 

105 of 120 risk-sets are included. 
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Figure A2.3. The proportional composition of risk-sets of the register cohort by vaccination 

status, stratified by sex, Indigenous status, and location. Risk-sets corresponding to 105 of 120 cases 

included in the register cohort analysis shown. 

 

Figures A2.3 displays the size and composition by vaccination status of the non-cases in each 

of the risk-sets which are ordered by event time. To assist with an assessment for potential 

confounding, Figures A2.4 displays the composition of non-cases in each risk-set stratified by 
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sex, Indigenous status, and location. Inspection reveals some differences in vaccine coverage 

by location and by Indigenous status, but not by sex. 

 

Univariate analysis and main effects multivariate model adjusting for Indigenous status, sex, 

location and date of birth 

Table 11.4 presents the unadjusted and adjusted HRs for each of the main effects covariates. 

Each was a significant predictor of risk except for sex. By far the strongest predictor of risk is 

Indigenous status, although location and date of birth are also strong predictors. Neither the 

best fitting one term (-2) nor two term (-2,-2) fractional polynomial functions for date of birth 

provided a significantly better model fit than date of birth modelled as a linear function 

(partial likelihood ratio test, p=0.85 and p=0.99 respectively). For the covariate-adjusted 

model, I calculated Schoenfeld and scaled Schoenfeld residuals to test for overall and 

variable-specific evidence for violation of the proportional hazards assumption. The overall 

test did not provide evidence of a significant violation (p=0.62); variable specific tests are 

given in Table A2.4.  

Table A2.4. Assessment of the overall and covariate specific proportional 

hazards assumptions for the register cohort analysis. 

Variable Chi-square PH testa, Prob>χ2 

1 dose 0.03 0.85 

2 doses 2.13 0.14 

Indigenous 0.16 0.69 

Female 0.36 0.55 

Central remote 1.08 0.30 

Darwin 0.87 0.35 

Darwin remote 2.41 0.12 

APY Lands (SA) 3.35 0.07 

Date of birth 0.06 0.81 

Global test 8.09 0.62 

abased on a test of the Schoenfeld and scaled Schoenfeld residuals 

 

A plot of the scaled residuals for date of birth reveals no trend over analysis time (Figure 

A2.4). There is a slight trend in the residuals for two vaccine doses although this is not 

statistically significant (p=0.15). Comparisons of the Kaplan Meier with the Cox survivor 
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functions for each of the categorical covariates are displayed in Figure A2.5 which suggest a 

relatively good fit between the observed and modelled survival functions. 

  
Figure A2.4. Scatter plot of the scaled Schoenfeld residuals for date of birth and the effect of 

vaccination (two doses versus none) for the non-stratified model of the register cohort 

analysis. 

  

  

  

Figure A2.5. Comparison of the Cox model adjusted survivor functions with the Kaplan-

Meier survivor function for the register cohort analysis.  By vaccination status, location (usual 

place of vaccination),  Indigenous status, and sex. 
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Influential observations 

I searched for the presence of influential points by estimating score residuals for each of the 

covariates and also by estimating the likelihood displacement for each observation. 

Scrutinising the score residuals for the design variables coding for vaccination with one dose 

and two doses revealed no outlying observations. For date of birth score residuals, there was 

one outlying observation relating to an Indigenous child from Darwin born in March 2007 

vaccinated with a single dose of HRV who became a case in June 2008 at 467 days old. For 

the likelihood displacement values, there was a single outlying observation relating to an 

Indigenous infant in Darwin who became a case <1 day after receiving the first dose of HRV 

at age 83 days. On scrutiny, the infant had vomiting and diarrhoea for two days prior to 

vaccination, and was then hospitalised the evening after vaccination with gastroenteritis and 

dehydration. Three hours after presentation a stool specimen was collected from which 

Salmonella was cultured and rotavirus detected by EIA. Subsequently, both G1 and G2 VP7 

genotypes and a P[4] VP4 genotype were detected. Whether vaccination directly contributed 

to hospitalisation in that case cannot be determined. Exclusion of the observation from the 

analysis changed the point estimate of the HR for two doses versus none changed by <1% 

(HR=0.50: 95%CI: 0.31 to 0.81) and for one dose versus none changed by <5% (HR=1.09; 

95%CI:0.64 to 1.86). 

 

Fully stratified analysis 

In the previous model I controlled for potential confounding by adjusting HR estimates using 

regression methods. Implicit in this approach is the assumption that the shape of the baseline 

hazard for all children is the same (see Chapter 2), and that covariates in the model (including 

vaccination) have a simple multiplicative effect on this hazard. In the stratified model, the 

baseline hazard is not assumed to be constant across sub-cohorts of children stratified by 

demographic factors. Because the assumptions are lesser, this is therefore an intrinsically 

more conservative approach. 
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The NTIR cohort is stratified by: 

1) sex: male or female, 

2) Indigenous status: Indigenous or non-Indigenous, 

3) location: Darwin urban, Darwin rural, Alice Springs, remote Central Australia, and 

the APY Lands of SA. 

 

Fit of the stratified model 

The global test of the proportional hazards assumption based on the Schoenfeld residuals 

found no significant evidence of violation (p=0.79). Graphs of the scaled Schoenfeld residuals 

for date of birth and the effect of two vaccine doses are shown in Figure A2.6, suggesting no 

evidence of a violation for date of birth. For the effect of two vaccine doses, there is a small 

trend over time although this is not statistically significant (p=0.15). Neither the best fitting 

one term (-2) nor two term (-2,3) fractional polynomial transformations for date of birth 

provided a significantly improved fit compared to a stratified model with date of birth as 

linear in the log hazard (partial likelihood ratio, p=0.96 and p=1.00 respectively.) 

  
Figure A2.6. Scatter plot of the scaled Schoenfeld residuals for date of birth and the effect of 

vaccination (2 doses versus none) for the stratified model of the register cohort analysis. 

 

Scrutiny of the outlying observations for the stratified identified four observations with a 

likelihood displacement statistic > 0.1 which were separate from the other observations. The 

most outlying observation (ld=0.63) occurred in a child who developed rotavirus 

gastroenteritis < 24 hours after receiving the first dose of HRV as described above. The other 
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three outliers were associated with smaller likelihood displacement values (ld=0.14 to 0.16) 

and were associated with cases occurring in two unvaccinated children (both of which were 

plausible) and in one recently vaccinated child. For the recently vaccinated child, diarrhoea 

commenced two days before first vaccination and hospitalisation with gastroenteritis occurred 

on the day after vaccination (in May 2010), and a stool specimen was collected several hours 

later (24 to 48 hours after vaccination). The stool was EIA positive for rotavirus. Insufficient 

stool was available for genotyping and so vaccine strain could not be excluded. Elimination of 

both cases which followed recent vaccination had minimal effect on the HR for one dose vs. 

none (HR=0.97;95%CI: 0.55 to 1.71) or for two doses vs. none (HR=0.47; 95%CI: 0.29 to 

0.78) and both were retained in the model. 

 

Stratified model with all locations/ cases included 

Table A2.5 shows the HRs and confidence intervals for children with one or two doses of 

vaccine versus none from the stratified analysis and non-stratified analyses after inclusion of 

all ascertained cases listed on the NTIR, regardless of their usual place of vaccination.  

Table A2.5. Sensitivity analysis: adjusted HRs of rotavirus hospitalisation for 

vaccinated versus unvaccinated children with inclusion of all NTIR registered children 

 

Covariate adjusted analysis 

All register cases included
a 

Stratified analysis 

All register cases included
a
 

Variable HR 95% CI HR 95% CI 

0 doses 1.00  1.00  

<7 days after dose 1 1.99 0.38-10.4 1.99 0.35-11.2 

1 dose 1.13 0.66-1.95 1.15 0.67-1.98 

<7 days after dose 2 -- -- -- -- 

2 doses 0.55 0.34-0.89 0.54 0.33-0.87 
aincluding children with a usual place of vaccination recorded as interstate or outside of the immediate 

catchments of Alice Springs and Royal Darwin Hospitals. 
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Appendix 3. Case- cohort analysis 

 

This is an appendix to the primary case-cohort analysis which is set out in Chapter 12. 

 

In this analysis, the study base is all children in the population who have the potential to be 

hospitalised for gastroenteritis at ASH or RDH. Unlike for the register cohort which was 

purposefully limited to children registered on the NTIR, the study base in the case-cohort 

analysis is hypothetical and cannot be readily enumerated. It includes some children who live 

outside of the immediate catchments of the two hospitals and also children who are not listed 

on the register.  

 

From this hypothetical study base of ‘all children who are hospitalisable for rotavirus 

gastroenteritis,’ I sampled a sub-cohort which is expected to be representative - in terms of 

distribution of vaccination status – of the entire study base. The sub-cohort of children was 

sampled from those children who were hospitalised with lower respiratory illness. The 

assumption was that children hospitalised with lower respiratory illnesses are a valid 

representation of children who are hospitalisable for rotavirus gastroenteritis. The basis of 

this assumption is discussed in Chapter 13. 

 

The sub-cohort was then taken to represent a dynamic population of children monitored over 

time. For the purpose of this analysis, age was used as the primary time axis. Sub-cohort 

children entered the sub-cohort (or were considered to be observed) from age 6 weeks and 

censored when they turned 36 months old, regardless of the age at which they were 

hospitalised with lower respiratory illness. Cohort children were censored whenever they 

received an invalid dose of HRV (administered < 6 weeks for dose one, or < 4 weeks after the 

preceding dose for dose two) or any dose of PRV. 
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The analysis was conducted as for the case-cohort survival analysis design described by 

Prentice
569

 where the outcome was the first ascertained hospitalisation for rotavirus-confirmed 

gastroenteritis. Cases were sampled not only from among children in the sub-cohort, but from 

the entire study population which also included children not hospitalised for lower respiratory 

illness. Cases were therefore classified as either coming from the sub-cohort – cohort cases – 

or from outside of the sub-cohort – non-cohort cases.  

 

A Cox hazard model was used to determine the HR of rotavirus hospitalisation for vaccinated 

(two doses and one dose) versus unvaccinated children in the cohort. The analysis is stratified 

by sex, Indigenous status (Indigenous versus non-Indigenous as recorded on the NTIR), 

location (Top End versus Central Australia) and remoteness (urban Darwin/ Palmerston or 

Alice Springs versus elsewhere). The stsplit command in Stata was used to break observations 

at age 12 months and to introduce an additional variable coding for the vaccination status (one 

or two doses) after age 12 months. Age varying vaccine effects were considered significant if 

the Wald statistic for this new variable had a p-value < 0.05 when added to the main effects 

model. 

 

TROVE dataset 

The TROVE dataset has been described previously (see Appendix 2).  

 

Of 132 rotavirus-confirmed cases, 126 occurred among children ≥ 42 days old (and therefore 

age-eligible for at least 1 valid dose of HRV). Of these case children, 98 (78%) case children 

had a first dose of HRV recorded on the NTIR, and 69 (55%) had a second dose recorded on 

the NTIR. Of the 748 children in the control-cohort, 700 were hospitalised for lower 

respiratory illness when ≥ 42 days old. Of these, 590 (84%) had a first dose of HRV recorded 

and 504 (72%) had a second dose recorded. One case and 8 children in the control-cohort had 

received an invalid 2
nd

 dose of HRV (<28 days after dose 1) prior to admission and were 
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censored from that date. Also two cases and 19 children in the control-cohort (including one 

cohort case) had a recorded dose of PRV and were censored from that date. 

 

Right censoring 

Children in the sub-cohort were assumed to be under observation until age 36 months (or until 

the final study date). To achieve this, a dummy observation was produced for each child in the 

sub-cohort on the date of the third birthday by duplicating the last observation for each child 

(by age), resetting the covariates such that the study time was the date of the third birthday 

and the variable coding for the outcome were set to the null.  

 

A unique censor date was created for each child equal to the last date of recruitment at each 

hospital (18
th
 May 2010 if hospitalised at RDH, 10

th
 September if hospitalised at ASH) or the 

date of the 3
rd

 birthday – whichever occurred first. Also, children were censored on the date of 

receipt of any invalid doses of HRV (dose 1 prior to age 42 days, or the second dose < 28 

days after dose 1) or on the date of receipt of any doses of PRV. Three of 132 cases occurred 

after censoring: 1 case occurred in a child who had received an invalid HRV dose (dose 2 < 

28 days after dose 1), and 2 cases occurred among children who had received one or more 

doses of PRV. 

 

Cohort entry 

A unique entry date was generated for each control child corresponding to the first date of 

recruitment at each hospital (6
th
 May 2008 if usual place of vaccination recorded in Darwin/ 

Darwin remote, 8
th
 September 2008 if usual place of vaccination recorded in Alice Springs/ 

remote Central Australia/ APY Lands) or the date on turning 42 days old (the youngest age 

for receipt of a valid HRV dose) – whichever occurred last. 6 of 132 ascertained cases 

occurred among children in the truncated period, all occurring before age 42 days (age range: 

0.76 months to 1.35 months). 
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Setting the data into duration format for the control-cohort 

The dataset for the control-cohort (only) was converted from a ‘long snap-shot’ format into an 

analysable ‘duration’ format using the stset command in Stata, setting: 

 study time = age as the analysis time, 

 the variable coding for rotavirus confirmed gastroenteritis as the outcome variable, 

 the date of birth as the analytic origin, 

 the date of truncation for each child as the entry date, and 

 the censor date for each child or the date of becoming a case (whichever occurred 

first) as the exit time  

 the condition that to be included in the control-cohort, children had to have met (at 

some time) the criteria of being a respiratory admission using stset’s ‘ever’ option. 

 

This gave 625 children in the control-cohort (i.e. children with an admission with respiratory 

symptoms), of whom 19 become cohort cases. The median time at risk for children in the 

cohort was 558 days (mean = 505 days). 

 

Splitting observations at the times of vaccination 

Children were not considered to be immunised with one or two doses of HRV until seven 

days after the first or second dose respectively. To achieve this, a dummy observation was 

created by using the stplit command in Stata to split all observations spanning the analysis 

time at each first or second vaccine dose, and splitting again all observations spanning the 

analysis time seven days later. A series of new variables coding for the newly created (split) 

observations were created: 

 CHANGEVax1=1 for all newly created observations beginning at the analysis time of 

any first dose of HRV for that child, and otherwise equal to zero,  
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 CHANGEVax2=1 for all newly created observations beginning at the analysis time 

seven days after any first dose of HRV for that child, and otherwise equal to zero,  

 CHANGEVax3=1 for all newly created observations beginning at the analysis time of 

any second dose of HRV for that child, and otherwise equal to zero,  

 CHANGEVax4=1 for all newly created observations beginning at the analysis time 

seven days after any second dose of HRV for that child, and otherwise equal to zero.  

 

Creating a 100% sample of the control-cohort 

The user-written program implemented in Stata by the stcascoh command was used to create 

an effective 100% sample (sampling fraction set at α=0.999) of the control-cohort. This 

program effectively coded each child in the control-cohort as being a sub-cohort member. The 

usual purpose of the stcascoh command is to sample a truly random sub-cohort from the 

entire cohort as would be done if one had a fully enumerable study population. In this case, I 

already had what I assumed to be a representative sample of the (non-enumerable) study base, 

however it was necessary to use this command to create the appropriate weighting codes 

needed to perform the analysis. In particular, it was necessary to separately code which 

children were non-cases, and which children were cohort and non-cohort cases because in the 

Cox analysis these children are weighted differently in the pseudo-likelihood function. By 

setting the sampling fraction at almost 100% for the stcascoh command, Stata was effectively 

‘tricked’ into sampling all control-cohort children into the sub-cohort
1
. 

 

Setting the data into duration format for non-cohort cases 

The next step was to create a dataset in the duration format for all non-cohort cases (i.e. cases 

who never had a hospitalisation with respiratory symptoms.) This was done in an analogous 

manner to the creation of the dataset for the control-cohort and using the same long snapshot 

format of the TROVE dataset, except that instead of using the ‘ever’ option for the stset 

                                                        

1
 Here I take the advice of Enzo Coviello recorded on the Stata help archive accessed on 7/01/2011. 

(See http://www.stata.com/statalist/archive/2008-08/msg01199.html) 



Appendix 3  354 

command (which includes all children who have ever had a respiratory admission), the 

‘never’ option was used, thereby stipulating that children who had ever had a respiratory 

admission (i.e. control-cohort children) were excluded. Similarly, observations were split at 

the times of first and second doses of HRV (and 7 days thereafter), creating new variables 

coding for the periods up to and including 7 days after vaccination, and from 7 days after 

vaccination in an identical manner to the control-cohort dataset. Again the stcascoh command 

was used to create a sampled subset of observations from the dataset, coding non-cohort cases 

as such. This time the sampling fraction, α, was set as ‘0’ so that only the non-cohort cases 

were sampled and stcascoh automatically coded all of these 101 cases as non-cohort cases. 

 

Merging the non-cohort case dataset and the control-cohort dataset 

At that stage there were two datasets; the first containing control-cohort children in duration 

format coded as cohort cases or cohort non-cases, the second containing only non-cohort 

cases. These two datasets were then appended using the append command in Stata. 

 

Coding of vaccination status 

Children were not considered to be immunised with one or two doses of HRV until 7 days 

after the first or second dose. To achieve this, the newly created observations which had been 

split at each of the vaccination times were used to create a new design variable for HRV 

vaccination status coded: 

 as ‘0’ for all observations with CHANGEVax1-CHANGEVax4=0,  

 as ‘9’ for all observations if CHANGEVax1=1, and all subsequent observations up to 

but not including any (dummy) observation for which CHANGEVax2=1,  

 as ‘1’ for all observations if CHANGEVax2=1, and all subsequent observations up to 

but not including any (dummy) observation for which CHANGEVax3=1, and then  

 as ‘99’ for all observations if CHANGEVax3=1, and all subsequent observations up 

to but not including any (dummy) observation for which CHANGEVax4=1, and then  
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 as ‘2’ for all observations if CHANGEVax4=1 and all subsequent observations.  

 

Comparison of non-cohort cases, cohort cases and cohort non-cases  

Cohort cases and non-cases and non-cohort cases were compared in Table 12.2. The values 

shown are for the first presentation of the child (whether as a case, a control, or neither), and 

comparisons are by Chi-square tests for categorical variables and Kruskal-Wallis rank sum 

tests for continuous variables, applied across the three groups. There were significant 

differences in Indigenous status, the place of hospitalisation and remoteness.  

 

Assessment of relationship between month of birth and case-cohort status 

Figure A3.1 shows a histogram distribution of cases and non-cases by month of birth starting 

from August 2006 (the first cohort to be eligible for HRV). The number of cohort non-cases 

per month of birth varied from 5 to 28 children, being lower at both the earliest and latest 

birth months than in the middle. For cases, the distribution was skewed to the left with the 

peak between the 24
th
 and 30

th
 months, corresponding to August 2008 to January 2009, 

suggesting a non-linear relationship between date of birth and risk for rotavirus hospitalisation 

during the study period. 

   
Figure A3.1. Distribution of cohort non-cases, cohort cases, and non-cohort cases in the case-

cohort analysis by month of birth. Birth cohorts starting August 2006. 

 

Formation of risk-sets 

The risk-set corresponding to each of 120 rotavirus hospitalisation event times comprised all 

children considered under observation and therefore ‘at risk’ of becoming a case at the 

moment each case occurred. In the case-cohort analysis, the risk-set did not comprise all 

children in the study population who were at risk, but was instead confined to all children at 
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risk who were in the control-cohort. As described elsewhere, this is valid to the extent that the 

control-cohort represents an unbiased sample of all children in the study base (see Chapter 2). 

To define the risk-sets, I used the stsplit command in Stata to divide every observation 

spanning each rotavirus hospitalisation at the event time. The observation ending at the event 

time was coded as belonging to the risk-set for that event, while the observation beginning at 

the event time belonged to the risk-set for the next hospitalisation. Risk-sets were thus coded 

from 1 to 120 in chronological order. Splitting the observations at each event time resulted in 

42,580 additional observations, an average of 355 additional observations per event roughly 

corresponding to the number of children in the control-cohort.  

 

Of particular importance for the analysis was the vaccination status of control children in each 

risk-set, and the vaccination status of the case. The composition of each risk-set by 

vaccination status of the case and each non-case in the control-cohort is tabulated in Table 

A3.1. Risk-sets for which the case was a cohort-case are shaded. The size of the risk-sets 

varies from 360 to 390 children, except for the risk-sets corresponding to cases aged > 30 

months reflecting that the earliest vaccine recipients only started turning 36 months old 

toward the latter part of the recruitment period, so the observed experience of children late in 

the third year of life was relatively brief. 

 

Figure A3.2 displays the size and composition by vaccination status of the non-cases in each 

of the 120 risk ordered by event time and the proportional composition of each risk-set by 

vaccination status.  
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Table A3.1. Vaccination status of the case and the number vaccinated and unvaccinated 

control-cohort non-cases per risk-set in the case-cohort analysis. 

Risk-set Case Risk-set non-cases 

 
Age 

(months) 

Vaccination 

status 
No doses 

<7 days 

after dose 

1 

1 dose 

<7 days 

after dose 

2 

2 doses Total 

1 1.74 0 340 1 0 17 0 358 

2 1.81 0 332 3 0 25 0 360 

3 1.81 0 332 3 0 25 0 360 

4 1.94 0 285 15 0 58 0 358 

5 1.97 0 270 18 0 68 0 356 

6 2.10 0 199 43 0 113 0 355 

7 2.14 9 184 54 0 116 0 354 

8 2.73 9 82 242 0 25 0 349 

9 3.12 0 63 274 0 11 1 349 

10 3.12 1 63 274 0 11 1 349 

11 3.62 1 56 305 2 3 0 366 

12 3.65 0 55 304 2 3 0 364 

13 4.04 1 57 222 22 0 69 370 

14 4.11 1 57 196 34 0 86 373 

15 4.27 1 55 149 97 2 74 377 

16 4.34 1 55 136 123 2 61 377 

17 4.47 1 54 120 164 2 35 375 

18 4.47 1 54 120 164 2 35 375 

19 4.67 1 51 98 196 3 25 373 

20 4.73 1 50 92 206 3 23 374 

21 4.83 1 51 88 221 0 15 375 

22 5.13 1 51 73 246 1 11 382 

23 5.26 0 52 68 253 1 9 383 

24 5.26 0 52 68 253 1 9 383 

25 5.56 2 51 65 266 1 4 387 

26 5.59 1 51 65 266 1 4 387 

27 5.62 1 51 66 268 0 3 388 

28 5.65 0 50 66 269 0 2 387 

29 5.69 0 50 66 272 0 0 388 

30 5.72 2 50 66 272 0 0 388 

31 5.85 2 50 66 273 0 0 389 

32 5.95 1 50 67 274 0 0 391 

33 6.05 2 49 64 275 1 0 389 

34 6.25 2 49 64 278 0 1 392 

35 6.44 2 49 64 277 0 0 390 

36 6.58 1 50 62 277 0 0 389 

37 6.64 2 50 62 278 0 0 390 

38 6.64 2 50 62 278 0 0 390 

39 7.10 1 48 58 283 0 1 390 

40 7.36 0 48 57 284 0 1 390 

41 7.53 2 48 56 287 0 0 391 

42 7.69 0 48 56 288 0 0 392 

43 7.76 2 49 56 289 0 0 394 

44 8.12 2 50 56 284 0 0 390 

45 8.19 2 50 56 284 0 0 390 

46 8.75 0 49 56 286 0 0 391 

47 8.81 0 49 56 285 0 0 390 

48 8.88 2 50 56 285 0 0 391 

49 8.91 2 50 56 285 0 0 391 

50 8.94 0 50 56 286 0 0 392 

51 8.98 1 50 56 285 0 0 391 

52 9.07 1 51 53 285 0 0 389 

53 9.17 1 50 52 286 0 0 388 

54 9.17 0 49 52 286 0 0 387 

55 9.60 2 50 51 287 0 0 388 

56 10.03 2 50 49 285 0 0 384 

57 10.06 1 50 47 285 0 0 382 

58 10.06 1 50 47 285 0 0 382 

59 10.82 2 50 47 287 0 0 384 

60 10.95 2 50 46 285 0 0 381 

61 10.95 2 50 46 284 0 0 380 

62 11.05 0 49 46 284 0 0 379 

63 11.05 0 49 46 284 0 0 379 
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Table A3.1. Vaccination status of the case and the number vaccinated and unvaccinated 

control-cohort non-cases per risk-set in the case-cohort analysis. 

Risk-set Case Risk-set non-cases 

 
Age 

(months) 

Vaccination 

status 
No doses 

<7 days 

after dose 

1 

1 dose 

<7 days 

after dose 

2 

2 doses Total 

64 11.41 1 50 47 288 0 0 385 

65 11.47 0 50 48 289 0 0 387 

66 11.61 1 50 49 287 0 0 386 

67 11.87 2 50 47 285 0 0 382 

68 12.07 0 50 46 285 0 0 381 

69 12.26 2 49 46 288 0 0 383 

70 12.30 2 49 46 287 0 0 382 

71 12.46 2 52 45 287 0 0 384 

72 12.49 2 52 45 287 0 0 384 

73 12.62 2 53 45 286 0 0 384 

74 12.66 1 53 45 286 0 0 384 

75 12.79 2 53 45 286 0 0 384 

76 13.02 2 53 44 290 0 0 387 

77 13.45 2 53 44 284 0 0 381 

78 13.64 0 52 45 283 0 0 380 

79 13.87 2 51 43 281 0 0 375 

80 14.01 2 51 42 283 0 0 376 

81 14.10 1 51 42 282 0 0 375 

82 14.14 2 51 42 281 0 0 374 

83 14.50 2 51 41 280 0 0 372 

84 14.53 1 51 41 280 0 0 372 

85 14.66 2 51 41 280 0 0 372 

86 14.89 0 51 41 279 0 0 371 

87 14.93 1 51 41 279 0 0 371 

88 15.25 0 50 40 277 0 0 367 

89 15.35 1 50 40 278 0 0 368 

90 15.55 1 51 41 279 0 0 371 

91 16.44 2 49 38 267 0 0 354 

92 16.67 0 49 38 265 0 0 352 

93 17.00 1 49 36 261 0 0 346 

94 17.13 2 49 35 262 0 0 346 

95 17.16 1 48 34 262 0 0 344 

96 17.33 0 48 33 265 0 0 346 

97 17.39 2 47 33 267 0 0 347 

98 17.98 2 46 33 263 0 0 342 

99 18.81 0 48 32 257 0 0 337 

100 19.27 0 49 32 254 0 0 335 

101 20.75 2 52 32 239 0 0 323 

102 21.44 2 52 30 234 0 0 316 

103 21.53 2 52 29 234 0 0 315 

104 22.19 2 51 29 229 0 0 309 

105 22.55 1 50 29 228 0 0 307 

106 22.92 2 48 29 224 0 0 301 

107 23.21 2 48 29 219 0 0 296 

108 23.44 2 47 29 216 0 0 292 

109 23.44 0 47 29 216 0 0 292 

110 24.79 0 43 26 209 0 0 278 

111 24.89 2 44 26 207 0 0 277 

112 25.15 2 44 25 203 0 0 272 

113 25.18 2 44 25 203 0 0 272 

114 25.41 2 42 24 200 0 0 266 

115 28.96 2 31 14 149 0 0 194 

116 31.36 2 28 10 119 0 0 157 

117 32.32 2 24 10 110 0 0 144 

118 32.81 2 23 10 104 0 0 137 

119 34.13 2 20 10 92 0 0 122 

120 35.64 0 17 7 83 0 0 107 

Each risk-set ordered by event time. Risk-sets in which the case is from the control-cohort are shaded. 
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Figure A3.2. The size and proportional composition by vaccination status of control-cohort 

non-cases in each risk-set of the case-cohort analysis. Risk-sets ordered by event time.  

 

To further facilitate assessment of potential for confounding, Figures A3.3 displays the 

absolute number and proportion of non-cases by vaccination status in risk-sets stratified by 

sex, Indigenous status, place of hospitalisation and remoteness. Inspection revealed some 

differences in vaccine coverage by Indigenous status and remoteness, but not by sex. 

 

Univariate analysis and main effects multivariate model adjusting for Indigenous status, sex, 

location and date of birth 

Table 12.4 presents the unadjusted and adjusted HRs for each of the main effects covariates. 

Each of the covariates is a significant predictor of risk except for sex. By far the strongest 

predictor of risk is Indigenous status, although location and date of birth are also strong 

predictors. Comparisons of the Kaplan Meier with the unadjusted Cox survivor functions for 

each of the categorical covariates are displayed in Figure A3.4. Inspection of these plots 

provides little indication that the proportional hazards assumption is not valid for these 

variables, with the possible exception of the effect of zero and two vaccine doses which 

display some divergence between the observed (Kaplan-Meier) and model predicted 

(unadjusted Cox model) survivor functions. 
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Figure A3.3. The proportional composition of risk-sets in the case-cohort analysis by 

vaccination status, stratified by sex, Indigenous status, and remoteness and hospital.  
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Figure A3.4. Comparison of the Cox model adjusted survivor functions with the Kaplan-

Meier survivor function for the case-cohort analysis. By vaccination status, hospital (ASH versus 

RDH), Indigenous status, sex, and remote status (versus urban). 
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For the non-stratified (covariate-adjusted) model, the Schoenfeld and scaled Schoenfeld 

residuals were calculated to test for overall and variable-specific evidence of violation of the 

proportional hazards assumption. The global test indicated a possible violation of the 

proportional hazards assumption (p=0.08); variable specific tests based on the scaled 

Schoenfeld residuals indicated violation of the proportional hazards assumption for the effect 

of two vaccine doses (Chi-square[1df]=4.08; p=0.04) and lesser evidence of violation of the 

hospital indicator and date of birth. A plot of the scaled Schoenfeld residuals for the effect of 

two vaccine doses confirms an upward trend in the distribution of residuals (Figure A3.5). A 

plot of the scaled residuals for date of birth over analysis time reveals a slight downward 

slope initially, while inspection of the plot of scaled residuals for Alice Springs revealed no 

trend. 

 

Identification of outlying observations 

Influential observations were identified by estimating score residuals for each of the 

covariates and also by estimating the likelihood displacement for each observation. 

Scrutinising the score residuals for the design variables coding for vaccination with one dose 

revealed three outlying observations with efficient score residuals < -0.5. All three were non-

cohort cases. Two observations were unvaccinated children hospitalised for rotavirus-

confirmed gastroenteritis at age three months and after scrutiny were considered to otherwise 

have a plausible covariate status. Another observation related to a child who had been 

vaccinated < seven days before hospitalisation and also had an outlying likelihood 

displacement value (see below). For the score residuals for date of birth, there was one 

outlying observation relating to an Indigenous child from Darwin born in March 2007 

vaccinated with a single dose of HRV who became a case in June 2008 at 467 days old. For 

the likelihood displacement values, there was a single outlying observation (ld=0.64) relating 

to a remote Indigenous infant who became a case at RDH <1 day after receiving the first dose 

of HRV at age 83 days. On scrutiny, the infant had vomiting and diarrhoea for two days prior 

to vaccination, and was then hospitalised the evening after vaccination with gastroenteritis  
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Figure A3.5. Scatter plot (with lowess smoother) of the scaled Schoenfeld 

residuals in the non-stratified model of the case-cohort analysis. Date of birth 

and the effect of two doses of HRV versus none and hospital (ASH versus RDH)  
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and dehydration. Three hours after presentation a stool specimen was collected from which 

Salmonella was cultured and rotavirus detected by EIA. Subsequently, both G1 and G2 VP7 

genotypes and a P[4] VP4 genotype were detected. The contribution of vaccination to 

hospitalisation in that case cannot be determined. Exclusion of the observation from the 

analysis changed the point estimate of the HR associated with receipt of one dose < 7 days 

ago versus none (HR=3.54; 95%CI: 0.36 to 34.44), but the HR for two doses versus none 

changed by <1% (HR=0.41: 95%CI: 0.26 to 0.66) and for one dose versus none changed by 

~5% (HR=0.95; 95%CI:0.56 to 1.60). 

 

Fully stratified case-cohort analysis 

In the covariate-adjusted model, potential confounding was controlled for by adjusting HR 

estimates using conventional statistical regression. Implicit in this approach is the assumption 

that the shape of the baseline hazard for all children is the same, and that covariates in the 

model (including vaccination) have a simple multiplicative effect on this hazard (see Chapter 

2). In the stratified model, the baseline hazard is not assumed to be constant across sub-

cohorts of children defined by the stratifying variables. Because the assumptions are lesser, 

the stratified model is intrinsically more conservative. 

 

The control-cohort was stratified by: 

4) sex: male or female, 

5) Indigenous status: Indigenous or non-Indigenous, 

6) hospital of admission: RDH versus ASH  

7) remoteness: urban Alice Springs or Darwin/Palmerston versus elsewhere. 

 

Table 12.4 shows the HRs and confidence intervals for children with one or two doses of 

vaccine versus none from the stratified analysis and compares these estimates with those from 

the non-stratified model - the HRs are similar. The global test of the proportional hazards 

assumption based on Schoenfeld residuals indicated a violation of the proportional hazards 
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assumption (Chi-square[4df],p=0.045), and the scaled Schoenfeld residuals indicate possible 

non-proportionality of the effect of date of birth (p=0.07) and to a lesser extent for the effect 

of two vaccine doses (p=0.13). 

 

A graph of the scaled Schoenfeld residuals for date of birth over time revealed a trend in the 

distribution of the residuals and suggested the existence of a nonlinear relationship between 

date of birth and the hazard (Figure A3.6). Fractional polynomial analysis was used to 

identify a better fitting non-linear function. However neither the best fitting one (3) or two 

term (3,3) fractional polynomial functions for date of birth offered a better fit than the linear 

term on the basis of the AIC (AIC=810, 940 and 943 for the linear, 1 term and 2 term 

fractional polynomial models respectively).  

  

Figure A3.6. Scatter plot of the scaled Schoenfeld residuals for date of birth and the effect of 

two doses of HRV versus none for the stratified model. 

 

Identification of outlying observations 

Assessment of efficient score residuals for each of the covariates and the likelihood 

displacement of each observation revealed two outlying observations for the stratified model 

with large efficient score residuals for date of birth. One was associated with a fully 

vaccinated child who developed rotavirus gastroenteritis at age 31.4 months; the other was a 

partially vaccinated child who was hospitalised for rotavirus gastroenteritis at age 15.4 

months. Scrutiny of both episodes gave no reason to suspect a data error. The observation 

associated with the highest likelihood displacement was the same as that in the non-stratified 
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model discussed above. Again, exclusion of this observation had only a small effect on the 

estimates of the HR for either two vaccine doses versus none (HR=0.42; 95%CI: 0.25 to 0.69) 

or for one dose versus none (HR=0.90;95%CI: 0.51 to 1.58). 

 

The a priori analysis: sampling four matched controls from each risk-set  

In both the non-stratified and stratified models, the influence of date of birth on the hazard 

was controlled for by including date of birth as a linear predictor of hazard. Although scrutiny 

of the scaled Schoenfeld residuals for date of birth revealed suboptimal fit, no fractional 

polynomial terms offered a significantly better fit. The a priori plan to control for 

confounding by date of birth had been to directly match risk-set controls to each case by date 

of birth (+/- 14 days), but this was abandoned because it resulted in significant inefficiency. 

Many recruited controls could not be directly matched to a case and more importantly, there 

were many cases for whom there were no eligible matched controls. Moreover, further 

analysis found significant differences between cases thus excluded, and those included, 

resulting in a heightened risk of bias for the fully matched analysis (Table A3.3). For 

completeness, the analysis according to the a priori plan is described here, and the results 

were presented as a sensitivity analysis in Chapter 12.  

 

To sample matched controls from the risk-sets, Stata’s stsplit command was used as described 

previously (see ‘defining risk-sets’ above) to define the 120 risk-sets ordered by event time 

(the age at which they occurred). For each risk-set, new variables were created coding for the 

sex, Indigenous status, hospital (Alice Springs versus Darwin), urban status, and the date of 

birth of the case for that risk-set. A further variable was created, ‘matched,’ equal to ‘1’ if 

each of the values for sex, Indigenous status, hospital and urban status for the non-cases were 

equal to those of the case for that risk-set, and 0 otherwise. Then another variable was created 

equal to the absolute difference in days between the date of birth of the non-cases and that of 

the case for that risk-set. For each risk-set, non-cases who were not matched to the case were 

thereby eliminated. Matched non-cases were then ranked on the basis of the absolute 
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difference in their date of birth with that of the case and where more than four matched 

controls were available, the additional controls were eliminated. 

Stata’s clogit command was used to perform conditional logistic regression analysis with the 

grouping defined by each risk-set. The point estimates for the OR for one or two doses of 

HRV are different from the point estimates of the HR from the stratified Cox model, albeit 

with widely overlapping confidence intervals Table A3.2).  

Table A3.2. Sensitivity analysis: comparison of adjusted estimates of the ORs and HRs of 

rotavirus hospitalisation in the case-cohort analysis with and without direct matching of controls 

to cases on date of birth  

Model 
a) Stratified 

conditional logistica 
b) Stratified 

conditional logistic 

c) Stratified 

conditional logistic 
d) Stratified Coxb  

Number of controls ≤ 4 controls ≤ 4 controls unrestricted N/A 

Adjustment for DOB matching (+/- 14d) matching (+/- 28d) regression regression 

Included cases (of 

120) 
80 106 120 120 

Variable 
OR 

95% CI (robust) 

OR 

95% CI (robust) 

OR 

95% CI (robust) 

HR 

95% CI (robust) 

0 doses 1.00 1.00 1.00 1.00 

1 dose 0.84 (0.34 - 2.10) 0.96 (0.47 – 1.96) 0.92 (0.52 - 1.65) 0.92 (0.49 -1.76) 

2 doses 0.57 (0.26 - 1.24) 0.48 (0.27 – 0.89) 0.41 (0.26 - 0.66) 0.41 (0.24 - 0.70) 

Date of birth (+365d) -- -- 1.56 (1.08 - 2.25) 1.56 (1.07 - 2.28) 

aA priori analysis.  

bModified primary analysis. 

All analyses are stratified by sex, Indigenous status, hospital and urban/remote status. In (a) and (b) up to 4 risk-set 

matched controls are further matched to cases by date of birth (+/- 14 days and +/- 28 days respectively). In (c) and (d) 

adjustment for date of birth is by inclusion as a linear term in the regression model. In (a) and (b), there were no eligible 

matched controls for 40 and 16 of 120 cases respectively.  

 

Comparison of the (a priori) conditional logistic analysis and the (primary) stratified Cox 

analysis  

As discussed in Chapter 2, the stratified Cox model and the conditional logistic model are 

entirely analogous as are the structure of their conditional likelihood and pseudo-likelihood 

functions respectively. To confirm this, the conditional logistic regression analysis was 

repeated, this time accounting for date of birth by including it as a linear term in the logistic 
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regression model (rather than matching controls to cases by date of birth) and imposing no 

restriction on the number of eligible risk-set matched controls per case. As expected, the point 

estimates for the HRs were identical to those from the stratified Cox model albeit with 

slightly narrower robust 95% CIs (Table A3.2).  

 

By the a priori analysis, no eligible date of birth matched controls could be identified for 40 

of 120 cases which were thereby eliminated from the analysis. Compared to the 80 included 

cases with at least one matched control, the 40 excluded cases were equally likely to have 

been vaccinated, but were older/ had an earlier date of birth, and were more likely to have 

been hospitalised at RDH (Table A3.3). Because unmatched cases were different from 

matched cases, bias could not be excluded (even though the proportion of cases vaccinated 

was the same), and so the a priori analysis plan to directly match controls to cases by date of 

birth was abandoned in favour of the stratified Cox model, with adjustment for date of birth 

using standard regression methods.   

Table A3.3. Comparison of included rotavirus cases with unmatched cases in the a priori 

analysis. 

 
Cases with ≥ 1 matched 

control 

Cases with no matched 

controlsa 
Chi-

square 

Total 80 (67%) 40 (33%)  

0 doses 21 (26%) 11 (28%) 

0.96 1 dose 22 (28%) 11 (28%) 

2 doses 36 (45%) 17 (43%) 

RDH  10 (13%) 15 (38%) 
0.001 

ASH 70 (87%) 25 (62%) 

Urban 38 (48%) 17 (43%) 
0.60 

Remote 42 (52%) 23 (57%) 

Male 44 (55%) 21 (53%) 0.80 

Indigenous 79 (99%) 37 (93%) 0.07 

Median age (month) (IQR) 10.0 (5.6 to 14.3) 13.9 (7.2 to 17.4) 0.06 

Median date of birth 

(range) 

16/Dec/08 

 (15/Mar/07 to 18/Apr/10) 

18/Jun/08 

 (03/Aug/06 to 23/Feb/10) 
0.005 

aCases excluded because no eligible matched hospital controls (matched by sex, Indigenous status, hospital, 

urban/rural status and date of birth (+/- 14 days) were identifiable. 
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Appendix 4. Estimation of covariate-adjusted cumulative hazard functions 

 

This Appendix 4escribes how Cox models were used to generate covariate-adjusted 

cumulative hazard functions for both the register cohort and case-cohort analyses. 

 

It is not possible to determine single summary cumulative hazard functions of vaccinated and 

unvaccinated children from a model stratified by the covariates. Cumulative hazard functions 

were therefore based instead on models which were stratified by vaccination status and 

adjusted for sex, Indigenous status, and usual place of vaccination (for the register cohort 

analysis) or hospital and remoteness (for the case-cohort analysis). The hazard function for 

the model for the case-cohort analysis was:  

                                                                          

where the stratification is by vaccination status (unvaccinated or vaccinated with one dose or 

vaccinated with two doses) and where the baseline hazard for each stratum represents the 

model-adjusted hazard of remote, male, non-Indigenous children with an admission at RDH. 

  

The coefficients βSex, βIndig, βUrban, and βHosp, were estimated using Stata’s stcox command, and 

the baseline cumulative hazard function for each vaccination stratum was estimated using the 

post-estimation command, basechazard. The baseline cumulative hazards for each of the 3 

strata (unvaccinated, vaccinated with one dose, and vaccinated with two doses) were 

subsequently adjusted to reflect the cumulative hazard of an urban Indigenous male child 

from Alice Springs by multiplying the baseline cumulative hazard by the relative hazard for 

Alice Springs versus RDH, and for urban versus remote residence, and for Indigenous versus 

non-Indigenous status based on the relationship between the cumulative hazard and the 

baseline cumulative hazard: 

           ∫          
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                ∫           
 

 

 

                                                                        

 

Because the case-cohort method effectively over-samples cases, the cumulative hazard 

functions for the case-cohort analysis were further adjusted by multiplying the cumulative 

hazard by the fraction of total cases which were cohort cases (i.e.19/120).  

 

Interpretation 

Because the Cox hazard function is stratified by vaccination status rather than adjusted for it 

in the linear part of the function, the proportionality of the hazards for vaccinated and 

unvaccinated children is not assumed. Inspection of the hazard functions for vaccinated and 

unvaccinated children can therefore reveal changes in vaccine effect over time. If vaccine 

effects are constant, the rate of separation of the curves for vaccinated and unvaccinated 

children (if any) should be constant. If the curves separate at an increasing rate, vaccine 

effects are increasing with increasing age; if the curves are separating at a decreasing rate or 

are narrowing, vaccine effects are decreasing with increasing age. Also, the cumulative 

hazard functions can reveal the nature of the absolute change in risk with increasing age. In 

particular, it can reveal whether a decline in VE with increasing age is associated with a 

decline in the absolute risk among unvaccinated children, an increase (or rebound) in the 

absolute risk among vaccinated children, or both.  
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Appendix 5. Assessment of age-dependent vaccine effects 

 

This appendix describes the method for calculating age-specific VE for the cohort and case-

cohort analyses.  

 

To assess the possible age-dependence of vaccine effects, I fit a model including a time-

varying coefficient for vaccination using the tvc option to the stcox command in Stata to 

create a time-vaccination interaction term. The stratified model is:  

       

           
                                                                                                  

in which the influence of two doses on the hazard is dependent upon the age. The HR for two 

doses versus none is given by: 

                                   

 

For both the stratified and non-stratified models for the case-cohort analysis, the Wald 

statistics associated with the interaction term for the natural log of age with the effect of two 

vaccine doses were significant (p=0.029 and p=0.020) but not for the interaction between the 

natural log of age with the effect of one vaccine dose (p=0.232 and p=0.311). For the register 

cohort analysis, the point estimates of the interaction of two doses with age suggested a trend 

toward increasing HR with increasing age but the Wald statistics was not significant (p=0.103 

for the interactions of two doses with the natural log of age.)  

 

Estimates of the HR for two doses versus none with 95%CI were calculated using the 

coefficient estimates for the main effects and age interaction terms for two doses and the 

respective values from the robust variance-covariance matrix using the formula: 

                                                                        

where
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  (                       )

 (                          (        )                 (              )) 

 

To facilitate interpretation, I provide estimates of the HR of two doses versus none by 

creating a dichotomous covariate for age (<12 months versus ≥ 12 months) and an interaction 

between this covariate and vaccination status. Stata’s stsplit command was used to divide 

observations at age 12 months and to introduce an additional variable coding for the 

vaccination status (for two doses) after age 12 months. Age-varying vaccine effects were 

considered significant if the Wald statistic for this new variable had a p-value < 0.05 when 

added to the preliminary main effects model. The equation for the stratified model is:  

       

           
                                                                                                    

in which the HR for two doses versus none is given by, 

                 for children aged 6 weeks to 11 months, and 

                                     for children aged 12 to 35 months. 

 

The estimates of the HRs for two doses versus none by age group from the stratified model 

are given in Table A5.1, along with the same estimates from the non-stratified model. The 

Wald statistic for the age-vaccination interaction terms for both the covariate adjusted and 

stratified models were significant (p= 0.049 and p=0.041, respectively). 
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Table A5.1 Estimates of the HR of rotavirus hospitalisation of vaccinated and unvaccinated 

children by age (6 weeks to 11 months or 12 to 35 months) by the non-stratified and 

stratified models in the case-cohort analysis. 

 Non-stratified analysis Stratified analysis 

Variable HR 95% CI p-value HR 95% CI p-value 

0 doses 1    1   . 

1 dose 0.97 0.53 1.79 0.920 0.91 0.48 1.71 0.765 

2 doses         

  Age < 12m 0.27 0.14 0.55 <0.001 0.27 0.14 0.53 <0.001 

  Age ≥ 12m 0.62 0.32 1.20 0.155 0.62 0.32 1.21 0.162 

Date of birth 

(+1d) 
1.0012 1.0002 1.0023 0.016 1.0012 1.0002 1.0022 0.023 

 

 





Appendix 6  377 

Appendix 6. Bias-correction of the HR estimates 

 

This appendix describes the method for bias-correcting the VE estimate against rotavirus 

hospitalisation from the register cohort analysis by adjusting for the HR of respiratory 

admission. 

 

As a sensitivity analysis for the register cohort analysis, the HR of respiratory admission was 

calculated using a stratified Cox regression model analogous to that used to calculate the HR 

of rotavirus hospitalisation. On the assumption that any departure of the HR of respiratory 

admission from unity represents an intrinsic bias in the model, this value was used to correct 

the HR of rotavirus gastroenteritis for two doses of HRV versus none. Under the assumption 

of the log normal distribution of the HR of each, 10
5
 pairs of values were drawn at random 

from each distribution and the HR of rotavirus gastroenteritis divided by the HR of respiratory 

admission for each pair, resulting in 10
5
 bias corrected estimates of the HR of gastroenteritis 

hospitalisation. The distribution of the bias-corrected HRs are shown in Figure A6.1 and 

95%CIs for the bias-corrected HR are taken from this distribution. 
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Figure A6.1. Bias-corrected HRs of rotavirus-confirmed and all-cause gastroenteritis 

hospitalisation for vaccinated versus unvaccinated children. For all children and for infants aged 

6 weeks to 11 months and children aged 12 to 35 months.  
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Appendix 7. Comparing vaccine effectiveness against different infection types 

 

This appendix describes the Lunn-McNeil method for competing risks Cox regression 

analysis
570

, which was used to formally assess differences in overall VE, and differences in 

the age-dependency of VE, against G1 versus G2 strains, and against pure rotavirus 

infections versus infections in which intestinal co-infection was demonstrated.  

 

Overall VE against G1 versus G2 strains was compared using the method described by Lunn 

and McNeil
570

, where disease due to G1, G2 or non-G1/non-G2 strains were considered 

‘competing risks’. This was achieved by duplicating each observation twice using the expand 

command in Stata, and creating a variable, Gstrata, with value 1, 2, or 3 corresponding to the 

original and each duplicate respectively. Also three dichotomous variables (Gstrata 1, 

Gstrata2,and Gstrata3) were created equal to one if Gstrata equals 1, 2, or 3 respectively and 

otherwise equal to zero. The outcome variable was reset to zero for G1 cases in Gstrata 2 and 

3, for G2 cases in Gstrata 1 and 3, and for non-G1/non-G2 cases in Gstrata 1 and 2. I then 

created six new dichotomous interaction variables equal to the product of each of the three 

main effects term and the value of Gstrata2 and Gstrata3.  

 

A competing events Cox model was generated stratified by Gstrata (in addition to location, 

sex and Indigenous status) and with two new interaction explanatory variables.   

 

                                                (

 

                                      
                                                     

                                                        
                                                       )
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where                          is the stratum-specific hazard of hospitalisation at time t due to a given 

G-type, given explanatory variables x, and their coefficients β, 

                    is the baseline hazard of hospitalisation at time t due to a specific G-type for 

the stratum,  

DOB is the date of birth, and VAX1 and VAX2 are equal to one if vaccinated with one or two 

doses respectively, and otherwise equal to zero,  

                     are the coefficients for the effect of date of birth, 1-dose and 2-dose 

vaccination respectively,  

                     are coeffiecients for the interaction term between date of birth and G2 

strain infection and between date of birth and non-G1/ non-G2 strain infection respectively,  

                       are coeffiecients for the interaction term between vaccination with 

one dose and G2 strain infection and between vaccination with one dose and non-G1/ non-G2 

strain infection respectively,  

                       are coeffiecients for the interaction term between vaccination with 

two doses and G2 strain infection and between vaccination with two doses and non-G1/ non-

G2 strain infection respectively, and  

                      are indicator variables equal to one for strata 2 and strata 3 

respectively, and otherwise equal to zero. 

 

The model allowed the effect of vaccination and date of birth to be different for each G-type, 

without assuming that the baseline hazard of disease for each genotype was the same.  A 

significant Wald statistic (p<0.05) for the interaction term                       in the 

competing risks model was taken as evidence that VE was not the same against non-G1 

strains as against G1 strains. 
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To assess whether the decline in VE was different against each G-type, I expanded the 

competing risk model by adding a time varying covariate (interaction between the covariate 

and the natural log of time) for the main effects term for the effect of vaccination with two 

doses,      , and for each of its new interaction terms,                       . A 

significant Wald statistic (p<0.05) in the competing risks model was taken as evidence that 

any age-related change in VE was not the same for each G-type.  

 

To assess for significant differences in overall VE and age-related change in VE by the 

presence or absence of co-infecting pathogens, and analogous competing risks approach was 

used for ‘pure’ rotavirus cases versus ‘mixed’ rotavirus cases. 
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Appendix 8. The TROVE Study Plan 

 

Study Title: Effectiveness of the human rotavirus vaccine for the prevention of gastroenteritis 

hospitalisations in the Northern Territory (NT), Australia 

Short Title: TROVE Study 

Date and Version of 

Document: 

Study Protocol, version 2: 13 February 2008 

(version 1 approved – 30 August 2007, HREC 07/58) 

Principal 

Investigator: 

Associate Professor Ross M Andrews1 

Investigators:  A/Prof Ross Andrews,1  

Professor Jonathan R Carapetis,1  

A/Prof Carl Kirkwood,2  

Dr Robert Roseby,3  

Prof Roy Robins-Browne,4  

Dr Thomas Snelling (PhD student).1 

Affiliations: 1. Menzies School of Health Research, Charles Darwin University 

2. Enteric Virus Research Group, Murdoch Children’s Research Institute 

3. Department of Paediatrics, Alice Spring’s Hospital 

4. Department of Microbiology, University of Melbourne 

Confidentiality 

Statement: 

All information found within is the property of Menzies School of Health Research, and 

therefore provided to you in confidence. Authorised personnel may only access this 

information and it is understood that its contents shall not be disclosed without written 

authorization from the Principal Investigator. 

Study Product: Live attenuated human rotavirus vaccine strain RIX4414 (Rotarix™) 

Clinical Phase IV (post licensure) 

Proposed 

Supporters: 

GlaxoSmithKline Biologicals 

NHMRC Centre for Clinical Research Excellence in Child and Adolescent Immunisation  

Menzies School of Health Research 

Hypothesis: Rotavirus immunisation reduces admissions for all-cause diarrhoea as well as rotavirus 

diarrhoea in the Northern Territory 

Primary aim: To determine the effectiveness of RIX4414 in reducing hospitalisations for rotavirus 

diarrhoea in the NT. 

Secondary aims: 1. To determine the effectiveness of RIX4414 in reducing hospitalisations for all-

cause diarrhoea in the NT. 

2. To determine the effectiveness of RIX4144 against hospitalisations for vaccine-

serotype and non vaccine serotype strains of rotavirus.  

3. To determine the effectiveness of RIX4414 against hospitalisations for severe and 

non-severe rotavirus gastroenteritis. 
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Significance:  The monvalent attenuated human rotavirus vaccine RIX4414 was recently 

introduced into the routine infant immunisation program in the NT.  

 A widespread rotavirus outbreak has already occurred post vaccine introduction in 

Central Australia  

 The NT is a population with a high burden of diarrhoeal disease but access to world 

standard diagnostics. 

 The setting therefore provides an ideal opportunity to investigate the direct and 

indirect benefits of rotavirus vaccine in a population with an extremely high 

incidence of rotavirus disease. Such a population was not included in the phase III 

clinical trials of these vaccines.  

 Rotavirus vaccination may provide indirect protection against non rotavirus 

diarrhoea which accounts for an even greater part of the diarrhoea burden in the NT.  

 Whilst important for quantifying the benefit of rotavirus vaccination in an 

Australian context, the results are likely to also be of benefit in developing country 

settings where prevention of all-cause diarrhoea is likely to be the primary outcome 

of interest. 

 

Study Design: Matched case-control study with risk-set sampling of controls 

 

Methods: 

A prospective matched case-control study will be conducted at the Royal Darwin Hospital 

and Alice Springs Hospital for 36 months commencing early 2008 to determine apparent 

vaccine effectiveness (VE). Matching will be undertaken utilising risk-set sampling of 

controls. The criteria for selection of cases and the ‘risk-set’ of eligible controls are outlined 

below. Cases and controls will be matched on age, race and geographic location. The 

exposure of interest will be the vaccination status of cases and controls at the time of first 

hospitalisation of the case for rotavirus (Group 1) and all-cause acute gastroenteritis (Group 

2). Controls will be drawn from the cohort of children hospitalised at any time during the 

study period for lower respiratory tract illness (LRTI). 
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Inclusion/Exclusion criteria for cases and controls: 

 Case Control 

Inclusion 

criteria 

Hospitalisation at RDH or ASH at any time 

during the study period of a child who is born 

on or after 1 August 2006 and aged between 

42 days and 36 months at the time of 

admission 

Hospitalisation at RDH or ASH at any time 

during the study period of a child who is born 

on or after 1 August 2006 and aged between 

42 days and 36 months at the time of 

admission 

AND Has diarrhoea (3 or more looser than normal 

stools on any day) within 72 hours prior or 48 

hours following presentation to the hospital 

+/- vomiting  

Does not have diarrhoea (1 or more looser 

than normal stools on any day) within 72 

hours prior to or 48 hours following 

presentation to the hospital 

AND Has gastroenteritis (AGE) or diarrhoeal 

illness as the primary diagnosis on discharge 

or as a secondary diagnosis if it was 

identified as the primary indication for 

hospitalisation at the time of admission 

Has bronchiolitis, asthma, or lower 

respiratory tract infection as the primary 

diagnosis on discharge or as a secondary 

diagnosis if it was identified as the primary 

indication for hospitalisation at the time of 

admission 

Exclusion 

criteria 

Receipt of any doses of an alternative 

rotavirus vaccine (e.g. a bovine-human 

reassortant rotavirus vaccine) at any time 

since birth 

Receipt of any doses of an alternative 

rotavirus vaccine (e.g. a bovine-human 

reassortant rotavirus vaccine) at any time 

since birth  

OR Diagnosis of any chronic condition giving 

rise to non-infectious diarrhoea (e.g. short gut 

syndrome, cystic fibrosis, coeliac disease) at 

the time of study entry 

Diagnosis of any chronic condition giving 

rise to non-infectious diarrhoea (e.g. short gut 

syndrome, cystic fibrosis, coeliac disease) at 

the time of study entry  

OR Has an indeterminate vaccination record* 

 

Has an indeterminate vaccination record* 

OR An invalid dose of RIX4414 received# or a 

dose administered less than 7 days prior to 

the hospital admission date 

An invalid dose of RIX4414 received# or a 

dose administered less than 7 days prior to the 

matched case hospital admission date 

OR Hospitalised for any cause within 7 days prior 

to current hospitalisation  

Hospitalised for any cause within 7 days prior 

to date of matched case hospitalisation  

OR Previous inclusion as a case of rotavirus 

(Group 1 analysis) or all-cause gastroenteritis 

(Group 2 analysis)  

Previous admission with diarrhoea (1 or more 

looser than normal stools on any day) within 

72 hours prior to or 48 hours following 

presentation to the hospital, at any time prior 

to date of matched case hospitalisation 

* see definition of “indeterminate vaccine” dose below, 

#
 see definition of “invalid dose” below 
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Matching:  

Risk-set sampling of controls for matched analysis 

At the completion of the study, a dynamic “risk-set” cohort of controls will be constructed 

with individual participants as the primary unit (rather than hospitalizations) and with age as 

the primary time scale based on the method described by Niccolai et al (Niccolai, Ogden et al. 

2007). The risk-set represents an at-risk community cohort of children (i.e., never hospitalised 

with gastroenteritis prior to the age at which the case is hospitalised) who would have become 

hospitalised cases of gastroenteritis if they had disease of comparable severity.  

 

All study participants who are admitted with LRTI (irrespective of whether they are ever 

hospitalised as a case) will enter the theoretical risk-set cohort from birth. They will remain in 

the risk-set until age 36 months old or until the age of their first hospitalisation as a case of 

all-cause gastroenteritis (see example below.) 

 

For every hospitalised Group 1 and Group 2 case, the first four controls will be identified 

from children still in the risk-set cohort at the age the case was hospitalised. They will be 

matched by: 

1. Age (birth date within 14 days of case patient) 

2. Indigenous status (Indigenous or Non-Indigenous) 

3. Sex (male or female) 

4. Geographic location: 

a. Alice Springs urban 

b. Central Australia remote  

c. Darwin/Katherine/Gove urban 

d. Top End remote 
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Specific conditions: 

 A child who has been included as a control will not be withdrawn from the control risk-

set until they turn 36 months or until they have a first hospitalisation with gastroenteritis 

(i.e., they may be included as a control for more than one case).  

 For the Group 1 and the Group 2 analysis, a child may be included as a case only once for 

each analysis even if they have more than one hospitalisations for AGE. 

 A child who subsequently becomes a case, may be included as a matched control if they 

are in the risk-set cohort up until the age at which they become an all-cause AGE case 

(i.e., they also have at least one admission which meets the control inclusion criteria). 

 Prior to inclusion as a control, a review of the child’s case notes will be performed to 

ensure that there have been no hospitalizations with gastroenteritis which have not been 

ascertained in the primary recruitment process. 

 The vaccination status of the case and its controls will be determined as of the date on 

which the case is hospitalised. 

 

Ethics Approval and Recruitment 

Approval has been obtained from the relevant Human Research Ethics Committee to conduct 

the study at the Royal Darwin Hospital (HREC 07/58) and Alice Springs Hospital. The study 

will commence at the Royal Darwin Hospital and will be extended to Alice Springs Hospital 

one month later. At the Royal Darwin Hospital, the study will run simultaneously with a 

separate study into the burden of influenza disease hospitalisations (HREC07/33); participants 

may be enrolled in one or both studies.  

 

A research assistant will liaise with the children’s ward at each hospital each weekday to 

identify all potential new cases (children with diarrhoea) and controls (children with LRTI). 
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The parent/carer will be given a study information sheet (Appendix 1) and (where 

appropriate) will also be shown a brief DVD explaining the purpose and nature of the study. 

Consent will be sought to obtain information via a questionnaire (Appendix 2), to review the 

case notes and laboratory results, to ascertain vaccination status by reference to the NT 

Immunisation register (+/- the local clinic or vaccine provider), and to collect and store stool 

specimens for testing. Where necessary, an interpreter will be used.  

 

Case sub classification: 

Cases will be classified into two groups as defined below: Rotavirus AGE (Group 1) and All-

cause AGE (Group 2). Further sub classification of the rotavirus cases in Group 1 will be 

undertaken on the basis of genotyping results. Those Group 1 cases sero/genotyped as being 

G1P8 will be considered “vaccine serotype”, whilst all other non-G1P8 strains will be 

considered “non-vaccine serotype”.  

Group 1  

Rotavirus AGE 

At least one stool specimen collected within 48 hours of presentation that: 

a) tests positive for rotavirus by enzyme immunoassay (EIA) as defined below; 

OR 

b) tests equivocal by EIA and positive by polymerase chain reaction (RT-PCR)  

subgroup Vaccine  

serotype  

Rotavirus AGE cases (Group 1) sero/genotyped as being G1P8 

subgroup Non-vaccine 

serotype  

Rotavirus AGE cases (Group 1) sero/genotyped as being non 

G1P8 

Group 2 

All-cause AGE 

All cases of AGE, regardless of stool testing, will be included as all-cause AGE 

cases. By definition, Group 2 includes all admissions in Group 1 

 

Subgroup analysis of VE against the vaccine serotype (G1P8) or for other individual 

serotypes will be undertaken where numbers permit (5 or more cases of a particular serotype). 
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In the event that multiple sero/genotypes are identified from the same child, the case will be 

excluded from the serotype sub-analysis. 

 

Severity sub classification 

Information regarding the duration and frequency of vomiting and diarrhoea, and the presence 

and height of fever will be systematically collected by parental questionnaire and review of 

the case notes. A severity score will be ascribed based on the scale of Vesikari and colleagues 

(Ruuska and Vesikari 1990). Where available, the lowest bicarbonate in the first 24 hours 

after presentation will be recorded by case note review. Group 1 cases with a Vesikari score 

of ≥11 or bicarbonate of ≤18 mmol/L will be considered ‘severe’ for the purposes of a 

severity sub-analysis. All other Group 1 cases will be considered ‘non-severe’. 

 

Group 1  

Rotavirus AGE 

At least one stool specimen collected within 48 hours of presentation that: 

c) tests positive for rotavirus by enzyme immunoassay (EIA) as defined below; 

OR 

d) tests equivocal by EIA and positive by polymerase chain reaction (RT-PCR)  

subgroup Severe  Rotavirus AGE cases (Group 1) with Vesikari score ≥11, or 

lowest recorded bicarbonate ≤ 18mmol/L in the first 24hr 

subgroup Non-vaccine 

serotype  

Rotavirus AGE cases (Group 1) with Vesikari score < 11, and 

no recorded bicarbonate ≤ 18mmol/L in the first 24hr 

Group 2 

All-cause AGE 

All cases of AGE, regardless of stool testing, will be included as all-cause AGE 

cases. By definition, Group 2 includes all admissions in Group 1 

 

Vaccination status: 

Ascertainment of vaccination status 
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As a prospective study, there is a potential that a delay in reporting the administration of a 

vaccine could lead to misclassification for some vaccinated cases and controls. We will 

therefore ensure that vaccination records will not be accessed from the NT Immunisation 

Register until a minimum of 2 months following the date of discharge for the individual study 

subject. 

 

Parents will also be asked about the timing and source of any rotavirus vaccination that their 

child may have received and will be asked to display their child’s personal vaccination record 

book. In the event that a parent indicates that his or her child has been vaccinated for 

rotavirus, but a record cannot be found on the Register and there is no documentation 

provided by way of the personal record, a team member will (with consent) contact the child’s 

local clinic or vaccine service provider in an attempt to obtain written evidence that the 

vaccine has been given. A dose of rotavirus vaccine will be considered confirmed if a date of 

vaccine administration is obtained from: 

1. the NT Childhood Immunisation Register 

2. the child’s handheld immunization record- signed and dated 

3. other clear contemporaneous documentation in clinic notes – signed and dated 

 

If there is no documented record of rotavirus vaccination, the child will be considered to be 

unvaccinated.  

 

In the unmatched analysis, immunization status will be taken from the date of hospitalisation 

for each case and control. 
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Definition of vaccination status 

Immunisation status of the case and all of its controls, will be taken from the time of 

hospitalisation of the case patient as follows: 

“Not 

immunised” 

No valid doses of the RIX4414 vaccine received  

“Partially 

immunised” 

One valid dose of the RIX4414 vaccine received at least 7 days prior to admission 

of the designated case patient 

“Fully 

immunised” 

Two valid doses of the RIX4414 vaccine received at least 7 days prior to 

admission of the designated case patient 

 

An invalid vaccine dose is defined as any dose of RIX4414  

1. administered prior to 42 days of age 

2. administered within 28 days of a previous dose 

3. a dose administered within 7 days prior to admission 

 

An indeterminate vaccine dose is defined as a written record of rotavirus immunization in the 

register, personal immunization record, or clinic notes where the date of immunization is not 

provided or is not plausible (e.g. prior to the child’s birth date.) 

 

If the recorded date of any vaccination is considered indeterminate or invalid, the child will be 

excluded from the study as documented above. 
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Collection and analysis of stool specimens: 

From each case patient at least one stool specimen will be collected with the assistance of the 

nursing staff. The specimen will be referred to the microbiology laboratory and tested for the 

presence of enteric pathogens as per standard practice.  

 

Wherever possible, at least one stool specimen for each gastroenteritis hospitalization will be 

analysed for: 

1. Rotavirus by stool enzyme immunoassay (EIA) 

2. Microscopy for ova, cysts and parasites on unconcentrated stool 

3. Conventional culture for enteric pathogens including for Salmonella, Shigella, and 

Campylobacter species.  

 

In addition, a blind sweep of colonies present after 24 hours of growth on the MacConkey 

agar plate will be placed into transport medium and sent to the Microbiology Research 

Laboratory at the Royal Children’s Hospital in Melbourne for molecular testing for the 

presence of enterovirulent E. coli using gold standard methodology established by Associate 

Investigator (RRB).  

 

The G and P genotype of each rotavirus isolate will be determined by hemin nested RT-PCR 

assay already established in the laboratory of the Investigator (CK). Isolates identified with 

either a G1 or P8 genotype will be sequenced to determine whether they constitute wild-type 

rotavirus types or are vaccine derived. Rotavirus VP7 and VP8 sequence will be conducted 

using ABI dye terminator chemistry. Phylogenetic analysis will conducted using the suite of 

programs available from ANGIS.  
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Any stool specimen remaining after the diagnostic laboratory analysis will be frozen in a –

70
o
C freezer at the earliest opportunity as dictated by the requirements of the diagnostic 

laboratory but preferably within 24 hours. 

 

Assessment of chest Xrays: 

For the purpose of a sensitivity analysis eliminating consolidation positive LRTIs as controls, 

a team member will use the pathology database interface to identify any chest Xrays taken 

during the hospitalisation and a de-identified high resolution electronic copy of all available 

chest Xrays will be generated using software developed for this purpose.  

The de-identified Xray copies will be compiled onto a disk and distributed to three experts 

reviewers who will independently assess them for the presence of consolidative pneumonia as 

per standard WHO guidelines (Organisation 2001). Where 2 of 3 reviewers agree that 

consolidative pneumonia is present on at least one chest Xray for each hospitalisation, the 

child will be considered to have consolidative pneumonia for that hospitalization. 
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Analysis 

Defining risk-set cohort: example using 6 hypothetical patients 

 

LRTI: lower respiratory tract illness admission 

RV: rotavirus-confirmed gastroenteritis admission 

nonRV: non-rotavirus gastroenteritis admission 

 

Eligible risk-set cohort for all-cause AGE (Group 2) case, patient 4 

 Patient 2&5, all-cause AGE admission prior to Patient 4, therefore not in risk-set 

 Patient 1,3&6, no all-cause AGE admission prior to Patient 4, therefore in risk-set  

 

Eligible risk-set cohort for RV (Group 1) and all-cause AGE (Group 2) case, patient 1 

 Patient 4, no LRTI admission, therefore never in risk-set 

   RV 

   nonRV 

   nonRV 

 LRTI 

 

 LRTI 

 

 LRTI 

   nonRV 

 LRTI 

0m         12m      24m     36m 

Patient 1 

Patient 2 

Patient 3 

Patient 4 

 LRTI 

 

   RV 

Patient 5 

   nonRV 

Patient 6 
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 Patient 2&5, all-cause AGE prior to Patient 1 RV admission, not in risk-set 

 Patient 3&6, no all-cause AGE prior to Patient 1 RV admission, therefore in risk-set 

Matched VE analysis 

A Conditional logistic regression model will be employed to determine the OR for full or 

partial vaccination among:  

1. Cases with first presentation of rotavirus AGE (Group 1) compared to matched 

controls from the eligible risk-set cohort – primary endpoint. 

2. Cases with first presentation of all-cause AGE (Group 2) compared to matched 

controls from the eligible risk-set cohort – secondary endpoint. 

Participants with more than one case admission will be included only once, on their first case 

admission. 

 

All statistical analysis will be performed using Stata version 9.0.  

The logistic regression model will determine the relative odds of being a case compared to 

control on the basis of vaccination status (full vs. partial vs. no vaccination) applied across the 

case-control matched groups. The potential confounders of age, sex, race and location will be 

accounted for directly by matching, while sundry covariates of breast-feeding status (any or 

none at time of hospitalisation) and crowding (number of co habituating children younger 

than 5 years) will be included in the model if they are associated with case status (p<0.2) on 

univariate analysis. Covariates will be dropped from the model by backwards stepwise 

elimination on the basis of likelihood ratio testing. There will be no interaction terms.  

 

An estimate of apparent VE will be obtained by estimating the relative risk from the OR 

calculated by the logistic regression analysis and applying the formula, VE = 1-RR (i.e. 

estimated VE = 1-OR). Subgroup analyses will be performed using the same method but by 
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limiting the case definition, where numbers permit, to assess apparent vaccine effectiveness 

against  

 individual rotavirus sero/genotypes, 

 ‘severe’ and ‘non-severe’ disease.  

 

Unmatched analyses: 

As a validation of the VE estimated against all-cause gastroenteritis (Group 2) by the matched 

analysis, a non-conditional (unmatched) logistic regression models will be employed to 

determine the OR for full or partial vaccination among: 

 all cases of all-cause gastroenteritis (Group 2) compared to all controls (Group 3). – first 

secondary end point 

Cases and controls will be included only once in the analysis. Participants with at least one 

admission as a case will be considered to be cases and not controls, even if they have also had 

an admission for LRTI. 

Individual univariate regression analyses will be performed to determine an association 

between case status and sex, Indigenous status, location of residence, age, breastfeeding and 

crowding (defined above). The factors associated with a near significant association with case 

status (p<0.20) on univariate analysis will be incorporated (along with vaccination status) into 

the full multivariate model. Backwards stepwise elimination will be performed on the basis of 

likelihood ratios until the most parsimonious model which best describes the data is obtained. 

No interaction terms will be employed. 

An estimate of VE will be obtained by estimating the relative risk from the OR calculated by 

the logistic regression analysis and applying the formula, VE = 1-RR (i.e. estimated VE = 1-

OR). 
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Sensitivity analyses 

As a validation of the primary analysis a sensitivity analysis will be performed in which 

hospitalizations in which there is radiological evidence of consolidative pneumonia will be 

excluded as controls for the unmatched analysis. For the matched analysis, children will only 

be included in the risk-set cohort if they have at least one hospitalization during the study 

period with non-consolidative lower respiratory tract illness. 

 

Sample size and Recruitment:  

Based on the estimation that in the pre vaccine era there were at least 250 hospitalisations 

every 3 years for rotavirus gastroenteritis at RDH and ASH (and at least 1000 total AGE 

hospitalisations) in the target age group, and conservatively expecting up to 75% coverage for 

2 doses with 75% effectiveness, we anticipate at least 110 hospitalisations for acute RV AGE 

in the study period and 775 hospitalisations for all-cause AGE and (based on pilot 

recruitment) a participation rate of at least 85%.  

 

The primary endpoint of VE against RV by matched analysis, has a power of 0.94 for a VE of 

65% (=0.05, 110 cases, cases: controls=1:4, corr. coeff.=0.5). This means that if the vaccine 

truly prevents at least 65% of RV hospitalisations, the study will have a 94% chance of 

detecting it as significant. The table below shows the effect of changes in VE and vaccine 

coverage on RV case recruitment (in brackets) and study power.  
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            coverage 

VE                        55% 65% 75% 85% 

55% (148)    0.93 (137)    0.90 (125)    0.82 (113)    0.64 

65% (137)    0.99 (122)    0.98 (110)    0.94 (95)      0.80 

75% (125)    0.99 (109)    0.99 (93)      0.99 (77)      0.92 

85% (113)    0.99 (95)      0.99 (77)      0.99 (60)      0.98 

  

The secondary endpoint of VE against all-cause gastroenteritis by matched analysis, has a 

power of 0.80 for a VE of 30% (=0.05, 660 cases, cases: controls=1:3, corr. coeff.=0.5). 

This means that if the vaccine truly prevents at least 30% of all-cause gastroenteritis 

hospitalisations, the study will have an 80% chance of detecting it as significant. For the 

comparative unmatched analysis of VE against all-cause gastroenteritis, the power is 0.84. 

 

Summary and Study Outcomes:  

There is preliminary evidence that the RIX4414 vaccine may prevent non-rotavirus as 

well as rotavirus diarrhoea. Considering the total burden of diarrhoeal disease burden in NT 

children, it will be important to assess the protection afforded by routine rotavirus 

immunisation against all-cause gastroenteritis hospital admissions. This will be studied by a 

prospective hospital-based case-control study of gastroenteritis admissions at two sites in the 

NT over 24 months. Rotavirus will be detected by EIA and confirmed by RT-PCR while 

enterovirulent E. coli will be detected by Gold standard molecular methods. It is expected that 

the study will quantify the effectiveness of RIX4414 against rotavirus in the NT, as well as 

the apparent effectiveness against non-rotavirus gastroenteritis which account for more 

gastroenteritis hospitalisations in this population. 
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