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bstract

Otitis media (OM) is a major burden for all children, particularly for Australian Aboriginal children. Streptococcus pneumoniae, Moraxella
atarrhalis, Haemophilus influenzae and viruses (including rhinovirus and adenovirus) are associated with OM. We investigated nasopha-
yngeal microbial interactions in 435 samples collected from 79 Aboriginal and 570 samples from 88 non-Aboriginal children in Western
ustralia. We describe a multivariate random effects model appropriate for analysis of longitudinal data, which enables the identification of

wo independent levels of correlation between pairs of pathogens. At the microbe level, rhinovirus infection was positively correlated with
arriage of S. pneumoniae, H. influenzae and M. catarrhalis, and adenovirus with M. catarrhalis. Generally, there were positive associations
etween bacterial pathogens at both the host and microbe level. Positive viral–bacterial associations at the microbe level support previous

ndings indicating that viral infection can predispose an individual to bacterial carriage. Viral vaccines may assist in reducing the burden of
acterial disease.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Upper respiratory tract (URT) carriage of respiratory bac-
erial pathogens is associated with otitis media (OM), which
s a major burden of disease in young children, particularly
n Australian Aboriginal children [1–4]. Colonisation and
urvival of an individual microbe in the human nasophar-

nx are determined by numerous factors, some of which are
ost-specific, such as environmental exposure to infectious
gents and immune function, and some microbial, includ-

∗ Corresponding author at: Division of Population Sciences, Telethon
nstitute for Child Health Research, P.O. Box 855, West Perth, WA 6872,
ustralia. Tel.: +61 8 9489 7747; fax: +61 8 9489 7700.

E-mail address: peterj@ichr.uwa.edu.au (P. Jacoby).
1 See Appendix A.
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ng interactions between microbial species. It is the extent
nd mechanisms by which microbes interact and the result-
ng potential to cause disease that are of particular interest.
everal studies have suggested that viral infections of the
RT predispose to bacterial respiratory infection and that
iruses in the URT enhance bacterial adherence to respira-
ory tract cells [5–8]. Pathogens can also alter the effects of
o-infecting pathogens by destroying or damaging a physical
arrier, decreasing mucociliary activity, altering immune cell
unction or up-regulating gene expression [9]. Data are lim-
ted on the co-occurrence of bacteria in the URT [10–12] and
n associations between colonising pathogens in the absence

f symptoms.

In a cohort study of young children in Western Aus-
ralia (WA), we noted that age-specific patterns of carriage
f Streptococcus pneumoniae, Moraxella catarrhalis and

mailto:peterj@ichr.uwa.edu.au
dx.doi.org/10.1016/j.vaccine.2006.09.020
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aemophilus influenzae were very similar [13], suggesting
hat the same host factors might influence carriage of all
hree pathogens. In addition, there may be positive interac-
ions between pathogens in the ecological niche of the URT.
acterial interference may also occur: there are reports of
egative associations between carriage of serotypes included
n a 7-valent pneumococcal conjugate vaccine (7vPCV) and
taphylococcus aureus [11,12,14].

A major limitation of cross-sectional analyses of longi-
udinal data is that they do not account for the possibility
hat samples displaying multiple carriage at different time
oints may come from the same individuals. Cross-sectional
nalyses are therefore unable to distinguish between host-
evel (between subjects) associations and associations at the

icrobe-level (within subjects), both of which will result in
o-occurrence of pathogens within samples.

A positive association between pathogens at the host
evel suggests that individuals with high susceptibility to
nfection with one pathogen, as evidenced by higher than
verage incidence over time, are also susceptible to infec-
ion with another pathogen under consideration. Environ-

ental factors and immune function may play a role
15–19].

A positive association at the microbe level is observed
hen co-occurrence of two pathogens within a particular
ost occurs more frequently than would be expected given the
ndependent susceptibilities of the host to these pathogens. In
he case of nasopharyngeal carriage, this might be the result of
mechanism whereby the presence of one pathogen creates

onditions conducive to adherence of another. Conversely, a
egative correlation would suggest that the two pathogens
f interest are competing for colonisation sites in the
asopharynx.

Statistical modelling of longitudinal data, consisting of
epeated sampling of individuals over time, can be used
o differentiate between host- and microbe-level correla-
ions and thus assist in understanding the ecology of the
RT and identifying appropriate interventions. We have

nvestigated patterns of co-occurrence of pathogens identi-
ed in the nasopharynx of Aboriginal and non-Aboriginal
hildren living in a semi-arid area of WA. We describe
multivariate random effects model appropriate for anal-

sis of longitudinal data, which enables the identification
f two independent levels of association between pairs of
athogens.

. Methods

.1. Study design

This study was conducted in the Kalgoorlie–Boulder area

f the Eastern Goldfields located 600 km east of Perth, WA.
e used data from the Kalgoorlie Otitis Media Research

roject, which aims to investigate causal pathways to OM
nd the epidemiology of URT micro-organism carriage. The

d
s
f
u
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roject design has been described elsewhere [13]. Briefly, 100
boriginal and 180 non-Aboriginal children were enrolled

t birth and followed regularly to age 2 years. Nasopha-
yngeal aspirates (NPA) were collected at ages 1–3, 6–8
nd 4, 6, 12, 18 and 24 months. Primary bacterial isola-
ion of S. pneumoniae, H. influenzae, M. catarrhalis and
. aureus was performed using selective media [13,20]. To
dentify viruses, nucleic acid extraction for nucleic acid
mplification was carried out using QiaAmp Viral RNA
it (QiaGen corp) in accordance to the manufacturer’s
rotocol. In-house nested or semi-nested PCR amplifica-
ion was performed for rhinoviruses, adenoviruses, respi-
atory syncytial virus, human metapneumovirus, influenza
iruses A and B, coronaviruses and parainfluenza virus
ypes 1–3. However, only adenovirus and rhinovirus were
etected in sufficient numbers to be included in this data
nalysis.

.2. Statistical analysis

Data from children who contributed four or more sam-
les were included in the analysis. The presence or absence
f S. pneumoniae, H. influenzae, M. catarrhalis, S. aureus,
denovirus and rhinovirus was recorded for every sample. A
ierarchical logistic model was constructed with joint binary
esponses for each of the pathogens. This provided esti-
ates of multivariate normally distributed random effects

under a logit link) at the host level and also residuals at the
icrobe level which have a multivariate Bernoulli distribu-

ion. Modelling of multivariate longitudinal data is frequently
erformed but in most cases the correlations between depen-
ent variables are regarded as nuisance parameters which
ust be accounted for in order to estimate fixed effects accu-

ately [21,22]. However, in this study, they are the main
ocus of interest. One previous study has investigated sep-
rate levels of multivariate association in longitudinal binary
ata with a similar approach to that used here [23]. Esti-
ated covariances of the random effects and their standard

rrors provide an indication of significance of the associa-
ion between each pair of pathogens, at both the host and

icrobe levels. The models incorporated fixed effects to
djust for a quadratic dependence of log odds of carriage on
ge and also for seasonal effects. Patterns of co-occurrence
ere analysed separately in Aboriginal and non-Aboriginal

hildren. The analysis was conducted using the MLwiN soft-
are package [24] with a penalised quasi-likelihood (PQL)

olution method. A detailed model description is presented
n Appendix B.

Individual children provided between four and seven sam-
les. Random effects modelling require that data are missing
t random (MAR) in order to avoid any bias of parameter esti-
ates [25]. Since data were collected from healthy children
uring routine follow-up visits, there should be little corre-
pondence between a child’s carriage status and attendance
or routine follow-up, and therefore the MAR assumption is
nlikely to be violated.
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Table 1
Numbers (%) of S. pneumoniae, H. influenzae, M. catarrhalis, S. aureus,
adenovirus and rhinovirus identified in NPAs collected from Aboriginal and
non-Aboriginal children

Aboriginal Non-Aboriginal

Number of samples 435 570
S. pneumoniae 219 (50.3%) 158 (27.7%)
H. influenzae 182 (41.8%) 73 (12.8%)
M. catarrhalis 225 (51.7%) 171 (30.0%)
S
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. aureus 88 (20.2%) 147 (25.8%)
denovirus 37 (8.5%) 20 (3.5%)
hinovirus 102 (23.4%) 94 (16.5%)

. Results

A total of 435 samples from 79 Aboriginal children
median 6, mean 5.5/child) and 570 samples from 88 non-
boriginal children (median 7, mean 6.5/child) who had at

east four specimens examined for all relevant pathogens
ere included in this analysis. The frequencies of positive

amples for each pathogen under investigation are shown
n Table 1. The patterns of co-occurrence of S. pneumoniae
ith M. catarrhalis, S. aureus, rhinovirus and adenovirus are

hown in Fig. 1, stratified by Aboriginality and age group. In
boriginal and non-Aboriginal children of all ages, S. pneu-
oniae was isolated more frequently when M. catarrhalis

as also isolated than when M. catarrhalis was not isolated.
similar pattern was observed for S. pneumoniae and H.

nfluenzae, and also for S. pneumoniae and rhinovirus except
n children aged <1 month. On cross-sectional examination,

a
a

a

ig. 1. Proportion of NPAs from which S. pneumoniae was isolated in presence o
ureus by age and Aboriginality.
(2007) 2458–2464

o-occurrence of S. pneumoniae with adenovirus and with S.
ureus varied with age (Fig. 1(b and d)).

Associations between pairs of bacteria at host and microbe
evels obtained from longitudinal models are shown in
able 2. There were significant positive host-level associa-

ions between S. pneumoniae, M. catarrhalis and H. influen-
ae in both Aboriginal and non-Aboriginal children. Only
he association between S. pneumoniae and H. influenzae
n non-Aboriginal children failed to reach significance. We
lso observed significant positive associations at the microbe
evel between S. pneumoniae, M. catarrhalis and H. influen-
ae in both Aboriginal and non-Aboriginal children; only the
ssociation between S. pneumoniae and H. influenzae in Abo-
iginal children failed to reach significance. There were no
ignificant bacterial associations involving S. aureus with the
xception of a negative association with M. catarrhalis at the
icrobe level in non-Aboriginal children.
Associations for each bacterium/virus pair at host and

icrobe level are shown in Table 3. Generally, there were
o significant associations between the viruses under investi-
ation and bacteria at the host level. At the microbe level, we
bserved significant positive associations between the pres-
nce of rhinovirus and the three major respiratory bacteria in
ll children. There was no consistent pattern of co-occurrence
etween adenovirus and bacteria but a significant positive

ssociation of adenovirus with M. catarrhalis in all children
nd with H. influenzae in Aboriginal children.

The covariances computed by our models as indicators of
ssociation may perhaps be more easily understood in terms

r absence of: (a) rhinovirus, (b) adenovirus, (c) M. catarrhalis and (d) S.
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Table 2
Associations between pairs of bacteria in Aboriginal and non-Aboriginal children

Host-level covariance Microbe-level covariance

Aboriginal Non-Aboriginal Aboriginal Non-Aboriginal

S. pneumoniae × H. influenzae 1.26 (0.72,1.81) 0.32 (−0.10,0.75) 0.09 (−0.01,0.19) 0.20 (0.12,0.28)
S. pneumoniae × M. catarrhalis 1.34 (0.72,1.96) 0.71 (0.31,1.11) 0.27 (0.18,0.36) 0.25 (0.17,0.33)
H. influenzae × M. catarrhalis 1.14 (0.57,1.71) 0.56 (0.11,1.00) 0.19 (0.09,0.29) 0.26 (0.18,0.34)
S. pneumoniae × S. aureus −0.26 (−0.76,0.24) −0.40 (−0.88,0.08) 0.04 (−0.07,0.14) 0.05 (−0.04,0.14)
H. influenzae × S. aureus 0.25 (−0.24,0.74) −0.24 (−0.79,0.31) −0.04 (−0.15,0.06) −0.04 (−0.12,0.05)
M. catarrhalis × S. aureus 0.07 (−0.47,0.61) −0.04 (−0.51,0.42) −0.05 (−0.15,0.06) −0.10 (−0.19,−0.01)

Associations are statistically significant (p < 0.05) where the confidence interval for the covariance does not include zero.
Ninety-five percent confidence limits are shown in parentheses; significant values appear in bold.

Table 3
Associations between bacterium/virus pairs in Aboriginal and non-Aboriginal children

Host-level covariance Microbe-level covariance

Aboriginal Non-Aboriginal Aboriginal Non-Aboriginal

S. pneumoniae × Rhinovirus 0.44 (0.05,0.83) −0.01 (−0.32,0.31) 0.14(0.04,0.23) 0.14 (0.05,0.23)
H. influenzae × Rhinovirus 0.39 (0.00,0.77) −0.11 (−0.47,0.26) 0.25 (0.16,0.35) 0.12 (0.04,0.21)
M. catarrhalis × Rhinovirus 0.36 (−0.07,0.78) 0.12 (−0.19,0.43) 0.21 (0.12,0.31) 0.14 (0.05,0.22)
S. aureus × Rhinovirus 0.34 (−0.07,0.74) 0.20 (−0.21,0.61) 0.01 (−0.10,0.11) 0.12 (0.03,0.20)
S. pneumoniae × Adenovirus 0.61 (0.00,1.22) −0.33 (−0.97,0.32) −0.05 (−0.15,0.05) 0.21 (0.13,0.29)
H. influenzae × Adenovirus 0.41 (−0.18,1.00) 0.52 (−0.23,1.26) 0.15 (0.05,0.25) 0.07 (−0.02,0.16)
M. catarrhalis × Adenovirus 0.33 (−0.33,0.99) 0.00 (−0.65,0.64) 0.11 (0.01,0.20) 0.33 (0.25,0.40)
S. aureus × Adenovirus 0.12 (−0.51,0.76) 0.56 (−0.28,1.39) −0.05 (−0.15,0.05) 0.08 (−0.01,0.17)
A .02 (−0
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denovirus × Rhinovirus 0.48 (−0.01,0.96) −0

ssociations are statistically significant (p < 0.05) where the confidence inte
inety-five percent confidence limits are shown in parentheses; significant

f more frequently used measures such as the odds ratio (OR)
26]. A microbe-level covariance of zero for two pathogens
escribes a situation where the probability of presence of
ne pathogen is unaffected by whether the other pathogen
s also present, i.e. an OR of 1. Similarly, a positive covari-
nce will always equate to an OR of greater than 1. However,
here is no simple correspondence between non-zero covari-
nces and ORs when the prevalence of carriage or infection
hanges over time and individuals have differing suscep-
ibilities. Nevertheless, some indications can be provided:
he most significant microbe-level covariances found in this
tudy were in the region of 0.25 which would correspond
o an OR of 2.8 if both pathogens were to have a constant
revalence of 50% in all individuals. This rises to an OR of
.9 for less frequently occurring pathogens with a prevalence
f 10%.

. Discussion

Statistical modelling of longitudinal data has the potential
o distinguish two independent levels of association between
airs of pathogens, each of which has a distinct biologi-
al interpretation. To our knowledge this approach has not

een used before in the area of infectious diseases. A similar
ethod of analysis has, however, been reported for longitu-

inal data consisting of the incidence of different symptoms
n a palliative care trial [23]. This study used an identical

l
r
[
a

.59,0.55) 0.09 (−0.01,0.19) 0.27 (0.19,0.35)

the covariance does not include zero.
ppear in bold.

odelling approach to that used in the current study and
dentified associations between symptoms both between and
ithin subjects. The statistical properties of the models were

lso investigated.
Through statistical modelling we found positive host-

evel associations between carriage of the three bacterial
athogens causing OM, which is consistent with previ-
us studies showing that environmental factors such as
rowding, presence of siblings in the household, day care
ttendance or exposure to environmental tobacco smoke are
ssociated with high rates of bacterial carriage [15–18,27].
oncurrent multiple bacterial infections may be more
athogenic than single infections. It has been suggested that
he more persistent severe OM experienced by Aboriginal
hildren compared with non-Aboriginal children may be
elated to simultaneous prolonged carriage of multiple
M pathogens in the nasopharynx of Aboriginal children

2]. Hence the host-level social and environmental factors
iving a high force of infection must be addressed to reduce
he concurrent carriage of pathogens in the URT and the
esulting severe outcomes of OM in Aboriginal children.
nvironmental factors are also likely to contribute to the
ositive host-level association observed between rhinovirus
nd S. pneumoniae in Aboriginal children. At the host

evel, mucosal immune function may play an important
ole in preventing colonisation by potential pathogens
28,29]. Salivary IgA to OM pathogens has been measured
s part of the Kalgoorlie OM Research Project and we will
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nvestigate associations between immune status and URT
arriage.

We also found positive associations at the microbe level
etween carriage of all the bacterial OM pathogens, sug-
esting that these pathogens have an affinity to colonise
imultaneously. Our findings are supported by an in vitro
tudy by Budhani and Struthers who showed that S. pneu-
oniae was protected from benzylpenicillin and amoxycillin
hen grown in the presence of �-lactamase-producing M.

atarrhalis but susceptible to these antibiotics when grown
ith non-�-lactamase-producing moraxellae [30]. Thus, �-

actamase-producing M. catarrhalis may act as an indirect
athogen. On the other hand, micro-organisms may com-
ete for successful colonisation in the URT [31] and we
ound negative associations at the microbe level between S.
ureus and both M. catarrhalis and H. influenzae. We did not
nd significant negative associations between all serotypes
f S. pneumoniae and S. aureus. However, significant nega-
ive associations have been reported between S. aureus and
he serotypes included in 7vPCV [11,12,14] and the poten-
ial for serotype and species replacement after immunisation
ith 7vPCV exists [32]. Density of colonisation may also
lay a role in bacterial interactions and we will examine this
urther.

The positive viral–bacterial associations observed at the
icrobe level, particularly those involving rhinovirus, do not

ecessarily indicate any causal relationship between viral
nfection and subsequent bacterial colonisation or vice versa.
owever, our findings support previous studies, which postu-

ate that an existing respiratory viral infection can predispose
n individual to bacterial colonisation of the URT by cre-
ting conditions for increased adherence [7,8,33,34]. Thus,
accines targeting URT viruses might have a role in reducing
. pneumoniae-related disease. Conversely, a trial in South
frica reported that 7vPCV provided some protection against
iral pneumonia, suggesting that S. pneumoniae plays an
mportant role in the development of viral pneumonia [35].

We have presented here our initial investigation of host-
nd microbe-level associations between potential pathogens
n the URT. Future analyses of data collected as part of the
algoorlie OM Research Project will consider density of bac-

erial colonisation and specific subtypes of bacteria and we
ill investigate the impact of social and environmental factors
n associations between pathogens. Statistical modelling of
ongitudinal data is a powerful tool to examine the ecology of
he URT and will assist in determining appropriate interven-
ions aimed at reducing the burden of URT microbial carriage
nd infections.
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ppendix A. List of investigators and participating
nstitutions of the Kalgoorlie Otitis Media Research
roject 1998–2006

Telethon Institute for Child Health Research (ICHR),
entre for Child Health Research, The University of West-
rn Australia (UWA): J. Aalberse, A. Arumugaswamy, K.
arville, D. Elsbury, J. Evans, J. Finucane, M. Firth, C. Gor-
on, P. Jacoby, N.H. de Klerk, D. Lehmann, J. Mackenzie,
. Mason, R. Monck, F. Nichols, K. Sivwright, F.J. Stanley,
. Stokes, K. Watson and K. Wood.
Kulunga Research Network: J. Johnston, D. McAullay.
The University of Western Australia: H. Coates, Paediatric

tolaryngologist; J. Spencer, C. Jeffries-Stokes (also ICHR),
. Richmond, pediatricians.

Division of Microbiology and Infectious Diseases, Path-
est Laboratory Medicine: T.V. Riley (also Microbiology &

mmunology, UWA), D. Smith, J. Bowman, A. Taylor, B.
restovac and G. Harnett.

Audiologists: K. Meiklejohn, Country Audiology, Esper-
nce, WA; S. Weeks, Professional Hearing Services, Perth,
A.
Ngunytju Tjitji Pirni Inc., Kalgoorlie: E. Edwards, J.

arter, A. Forrest, G. Jones, T. Lewis, P. McIntosh, J. Tam-
oy and S. Sorian.
Bega Garnbirringu Health Services Aboriginal Corpora-

ion, Kalgoorlie: D. Dunn, L. Dorizzi, S. Coleman, R. Bonney
nd P. Bonney.

University of Canberra: A.W. Cripps (also Griffith Uni-
ersity, Qld), J. Kyd, S.M. Kyaw-Myint and R. Foxwell.

Menzies School of Health Research, Darwin, NT: A.J.
each, B. Harrington and J. Beissbarth.

Public Health Bacteriology Laboratory, Centre for Public
ealth Sciences, Brisbane, Qld: D. Murphy.

ppendix B. Model details

For pathogen i (i = 1–6 representing the four bacterial and
wo viral pathogens) sampled from subject j on occasion k,
he outcome Yijk is modelled as

ijk = πijk + eijk

ith Yijk = 1 if the pathogen is present in the sample and
ijk = 0 if absent. The {π} represent the modelled probabili-

ies of a positive sample with

ogit(πijk) = b0 + b1tijk + b2t
2
ijk + sijk + uij.

tijk is a continuous fixed effect representing the age of sub-
ect j on sampling occasion k and sijk is a four-level categorical
xed effect representing the season of the year when the sam-

le was taken. The {u} are subject level random intercepts
ith

ij = MVN(0, Ωh)
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here Ωh is the between-subjects 6 × 6 variance/covariance
atrix with off-diagonal elements representing the host-level

ovariances.
The {e} are the within-subjects residuals, which are

ssumed to have a multivariate binomial distribution with
ariance/covariance matrix, Ωm, which has variances

ar(eijk) = σ2πijk(1 − πijk)

s diagonal elements and off-diagonal elements representing
he microbe-level covariances. The dispersion parameter, σ2,
s constrained to equal 1.
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