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Abstract

Background: Kawasaki disease results from an abnormal immunological response to one or more infectious triggers. We
hypothesised that heritable differences in immune responses in Kawasaki disease-affected children and their families would
result in different epidemiological patterns of other immune-related conditions. We investigated whether hospitalisation for
infection and asthma/allergy were different in Kawasaki disease-affected children and their relatives.

Methods/Major Findings: We used Western Australian population-linked health data from live births (1970–2006) to
compare patterns of hospital admissions in Kawasaki disease cases, age- and sex-matched controls, and their relatives. There
were 295 Kawasaki disease cases and 598 age- and sex-matched controls, with 1,636 and 3,780 relatives, respectively.
Compared to controls, cases were more likely to have been admitted at least once with an infection (cases, 150 admissions
(50.8%) vs controls, 210 admissions (35.1%); odds ratio (OR) = 1.9, 95% confidence interval (CI) 1.4–2.6, P = 7.261026), and
with asthma/allergy (cases, 49 admissions (16.6%) vs controls, 42 admissions (7.0%); OR = 2.6, 95% CI 1.7–4.2, P = 1.361025).
Cases also had more admissions per person with infection (cases, median 2 admissions, 95% CI 1–5, vs controls, median 1
admission, 95% CI 1–4, P = 1.0961025). The risk of admission with infection was higher in the first degree relatives of
Kawasaki disease cases compared to those of controls, but the differences were not significant.

Conclusion: Differences in the immune phenotype of children who develop Kawasaki disease may influence the severity of
other immune-related conditions, with some similar patterns observed in relatives. These data suggest the influence of
shared heritable factors in these families.
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Introduction

Kawasaki disease (KD) is an acute febrile vasculitis of unknown

aetiology that predominantly affects infants and pre-school

children. Probably uniquely amongst childhood illnesses, KD

damages the coronary arteries and is the leading cause of pediatric

acquired heart disease in developed countries.[1,2] The consensus

is that KD is triggered by to one (or more) widely distributed but as

yet unidentified infectious agent(s) that precipitate an abnormal

immunological response in genetically susceptible individuals.[2,3]

There is a significant genetic contribution to KD susceptibility.[4]

Epidemiological data indicate that KD segregates in families, with

the parents of children with KD significantly more likely to have had

the disease themselves in childhood.[5] The heritability (ls) of KD

in the Japanese is 6–10,[6] and a similar value is suggested in

Koreans (Burgner D, unpublished observations); no analogous data

are reported from other populations. The incidence of KD in

Japanese Americans born in Hawaii is higher than that reported in

Japan and over 10 times greater than that in US Caucasians.[7]

Genomic data, both from candidate gene and more recently from

genome-wide linkage[8] and association analyses,[9,10,11] have

identified variants, particularly in immune- and cardiovascular-

related genes, that may contribute to KD susceptibility.

We hypothesised that heritable differences in immune responses

in Kawasaki disease would influence the frequency and severity of

other immune-related conditions. We investigated whether

children with KD and their relatives had different epidemiological

patterns of infectious diseases, asthma/allergy and autoimmune
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diseases using total linked population data, with hospital admission

as a measure of disease severity.

Methods

Objectives
Given the likely immunogenetic contribution to KD suscepti-

bility, we hypothesised that diseases for which immune function is

important in determining susceptibility and severity might show

distinct epidemiological patterns in KD-affected children and their

biological relatives.

Setting
Western Australia (WA, total population ,2.29 million) has a

unique resource of linked population health data (The WA Data

Linkage System, WADLS), which integrates complete population

health (including hospital admissions) and other key demographic

data from 1969 onwards.[12] The WA Family Connections

Genealogical Project has used this resource to develop a system of

linkages within WALDS representing genealogical relationships

for residents of WA.[13] We used these resources to compare the

epidemiology of hospital admissions with infectious diseases,

asthma/allergy, and autoimmune diseases in all KD cases

diagnosed in Western Australia between 1974 and 2006, and

their relatives, with data from matched non-KD children and their

families.

Participants
We analysed data from WADLS, which comprises linked data

from statutory collections, including the WA Registry of Births,

Deaths and Marriages, and the Hospital Admissions Data

Collection (HMDC), from 1970 onwards.[14] These datasets have

been extensively validated previously.[12,15,16] A cohort of KD

cases and controls was selected from the WADLS by firstly

identifying individuals whose births were recorded in the WA

Birth Registry between 1974 and 2006. From this group, all

available KD cases were selected using hospital admission records

(from the HMDC), using a discharge diagnostic coding of KD (the

International Classification of Diseases (ICD) version 10 code,

M30.3, or the ICD version 9 code, 446.1). Two siblings with KD

were identified; one was excluded from analyses to maintain an

unrelated case population. Age- and sex-matched controls for the

KD cases were selected from those individuals with neither a

diagnosis of KD nor a history of KD in their 1st, 2nd or 3rd degree

relatives, according to the HMDC, with a ratio of approximately

two controls to each KD case. All cases and controls were

unrelated to each other to within three degrees. Genealogical

information for cases and controls, available through the linked

Family Connections Project database,[13] was used to identify all

1st, 2nd and 3rd degree relatives of cases and controls. In total 1,636

relatives of KD cases and 3,780 relatives of controls were

identified. Admission to hospital was used as a marker of infection

severity.[17,18] Birth, death and hospital admission data for each

individual were extracted from subsets of the Birth Registry (1974–

2006), Death Registry (1970–2006) and HMDC (1970–2006)

databases. Data on Aboriginality and self-determined ethnicity

were not readily available. Individuals born outside of WA, and

therefore not recorded on the Birth Registry, were not included.

Classification of hospital admissions
We initially analysed the data with respect to seven disease

groups; cardiovascular disease, asthma/allergy, autoimmune

diseases, infectious diseases, Crohn disease, ulcerative colitis and

psoriasis. The ICD codes used to define each of the broad disease

groups were defined a priori (Supplementary Table S1). ICD codes

for infectious disease admissions were grouped into clinically

meaningful categories using the Clinical Classification Software

(CCS).[19] All ICD codes for hospital admissions were standard-

ised to ICD Version 10.5 codes prior to analysis. We calculated the

incidence of each disease group (censored after the first admission)

and the total number of admissions per individual in each of the

four study populations (KD cases, non-KD controls, KD case

relatives, non-KD control relatives). The numbers of admissions

with Crohn disease, psoriasis and ulcerative colitis were too low to

permit further analysis. Analysis of cardiovascular disease

admissions was restricted to relatives’ data only, as cardiovascular

disease admissions in cases and controls were only related to

investigation of cardiovascular sequelae of KD.

Statistical methods
Hospital admission data for infectious diseases, asthma/allergy,

and autoimmune diseases in KD cases and controls were initially

analysed by comparing the incidence of diagnoses in each disease

group between cases and controls, using a Monte Carlo method

for sparse data implemented in the CLUMP software v2.3.[20]

The Mann-Whitney test was used to compare the age at admission

and the number of admissions per person for each disease group in

KD cases and controls.

The hospital admission data for the relatives of KD cases and

controls were analysed using generalised linear mixed models

(GLMMs) to model the effects of covariates on disease-related

variables and therefore account for the correlation between related

individuals. The correlation between outcomes from related

individuals must be accounted for in order to obtain appropriate

inferences about the fixed effects (or exposures); the standard

errors of the fixed effect estimates will be incorrect if the

correlation is not modelled. The GLMMs analyses utilised the

glmmPQL function in the statistical analysis package, R

v2.11.0,[21] and accounted for family groups by using the family

ID to describe a contribution to the random effects. The incidence

of each disease was analysed as a binomial outcome, while the age-

at-onset and number of admissions per person were analysed as

continuous outcomes. Age-at-onset outcomes were analysed under

a Gaussian model, with the asthma/allergy, and infectious disease

outcomes being log-transformed prior to analysis. The numbers of

admissions per person for all diseases were analysed under a

Poisson model. For each model, a covariate was included to adjust

for the relationship of an individual to a KD case. Additional

covariates for each model were selected by initially including both

(where appropriate) of the covariates sex and age in the analysis,

and removing those not significantly associated with the outcome

in a step-wise manner. Using a binary covariate indicating the

presence or absence of a relative of any degree (1st, 2nd or 3rd) with

KD, analyses were performed on the population of all relatives of

KD cases and controls, and on male and female relatives

separately. Using a factored covariate indicating the degree of

relatedness of an individual to a KD case (0, 1, 2 or 3), analyses

were performed on a subset of the population of all relatives. This

subset included all 3,780 control relatives plus a reduced set of

1,228 KD case relatives, obtained by excluding the pedigrees of

cases with incomplete or inconsistent family data. With this subset

we were able to calculate the degree of relatedness between cases

and their relatives using R’s Kinship package (http://cran.r-

project.org/web/packages/kinship/index.html).

The incidence of diseases in the relatives of KD cases was also

investigated by calculating the relative risk (RR) of each of the

disease groups in the relatives of KD cases compared to the

relatives of controls, using a random-effects Cox proportional

Hospitalisations in Kawasaki Disease Families
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hazards model. These analyses were performed on a subset of

1,094 KD case relatives and 2,232 control relatives from pedigrees

satisfying all of the criteria of the familycheck function in R’s Kinship

package. Analyses were performed using the coxme function of the

Kinship package. The number of 3rd degree relatives of KD cases

born in WA (and therefore on whom childhood admission data

were available) was too small to permit detailed analysis, which

was therefore restricted to 1st and 2nd degree relatives of KD cases

and controls.

Ethics
This study was approved by the University of Western Australia

Human Research Ethics Committee and the Western Australian

Department of Health Human Research Ethics Committee.

Results

Infectious disease hospital admissions
There were 295 KD cases and 598 non-KD age- and sex-

matched controls, with 1,636 and 3,780 relatives, respectively. The

median age of KD diagnosis was 3 years (95% confidence interval

(CI) 0–9 years). The KD case group had a higher proportion of

individuals with at least one infectious disease admission (150/295,

50.8%) than the control group (210/598, 35.1%); odds ratio

(OR) = 1.9, 95% CI 1.4–2.6, P = 7.261026 (Table 1, Supplemen-

tary Figure S1). The number of infectious disease admissions per

person was also higher in KD cases (median of 2 admissions, 95%

CI 1–5) than in controls (median of 1 admission, 95% CI 1–4),

P = 1.0961025 (Table 1). Most infectious disease admissions

occurred prior to 10 years of age in KD cases and controls

(Figure 1). The majority of infectious disease admissions in cases

(94% of total) occurred prior to the diagnosis of KD. To account

for the possibility that infectious disease admissions in KD cases

may have been inflated by admissions during the KD illness but

prior to KD diagnosis, 19 infectious disease admissions occurring

two weeks prior to KD admission were excluded. The proportion

of individuals admitted at least once with an infectious disease

remained significantly higher in KD cases than in controls

(OR = 1.5, 95% CI 1.1–2.0, P = 0.01) (Table 1). The number of

admissions per person for infectious diseases also remained

significantly higher in KD cases following adjustment for the two

weeks prior admissions (P = 5.5061026) (Table 2, Figure 1). There

was no significant difference between KD cases and controls in the

age of the first hospital admission with any diagnostic grouping

(Table 1).

The frequencies of clinical diagnostic categories of infectious

diseases showed that admission with clinically diagnosed ‘viral

infection’ (CCS code 7) was significantly more common in KD

cases (61 of 434 total infectious disease admissions, 14.1%) than in

non-KD controls (35/463, 7.6%), P,161026 (Supplementary

Table S2). ‘Skin and subcutaneous infection’ (CCS code 21)

admissions were less common in KD cases (21, 4.8%) than controls

(35, 7.6%), although the differences were not significant. Similar

patterns of infectious disease admissions (i.e. increased viral

infections, decreased skin and subcutaneous infections) were

observed in the relatives of KD cases compared to the non-KD

relative groups, although differences were not significant. Other

clinical infection categories were largely similar in KD cases and

controls and their relatives (Supplementary Table S2).

Asthma/allergy hospital admissions
KD cases were more likely to have been admitted at least once

with asthma/allergy (KD cases 49 admissions (16.6%) vs controls

42 admissions (7.0%); OR = 2.6, 95% CI 1.7–4.2, P = 1.361025

(Table 2). Asthma accounted for 57 of the 90 admissions (63.3% of

total), and allergic disease for the remainder (Supplementary Table

S3). The majority of admissions for asthma/allergy occurred

before the age of 10 years (Figure 2). The number of admissions

per person for asthma/allergy did not significantly differ between

KD cases and controls (Table 2).

The generalized linear mixed models (GLMM) analysis showed

no significant overall differences between the relatives of the KD

cases and controls in incidence, age at onset or number of

admissions per person for any disease group (Table 3). No

significant associations were observed when analyses were

stratified by gender (data not shown). Second degree relatives of

KD cases had more admissions per person with asthma/allergy

(Coefficient = 1.11, 95% CI 0.73–1.49, P,0.0001) (Table 4). The

results of random-effects Cox proportional hazards model analyses

of disease incidence in case and control relatives were consistent

with GLMM results; the risk of hospital admission for infectious

disease was approximately three-fold higher in 1st degree relatives

of KD cases compared to 1st degree relatives of controls, although

this was not statistically significant (data not shown).

Discussion

This is the first study using population-linked data to investigate

the incidence of infection and immune-related diseases in KD

patients and their relatives. We analysed the unique linked health

data resources available in WA and used hospital admission as a

marker of illness severity.[17] Patterns of infection and asthma/

allergy differed significantly between KD cases and controls.

Children with KD were more likely to be admitted to hospital for

Table 1. Population descriptives and comparison of the incidence of diseases in KD cases and controls and their relatives.

KD cases, n(%) Controls, n(%)
Odds ratio
(95% CI)

Chi-square
P value

Relatives of KD
cases, n(%)

Relatives of
controls, n(%)

Cohort 295 (100%) 598 (100%) 1636 (100%) 3780 (100%)

Male 183 (62.0%) 376 (62.9%) 834 (51.0%) 1937 (51.2%)

KD 295 (100%) 0 (0%) 0 (0%) 0 (0%)

Infectious diseases 150 (50.8%) 210 (35.1%) 1.9 (1.4, 2.6) 7.261026 { 561 (34.3%) 1379 (36.5%)

Infectious diseases (adjusted)* 131 (44.4%) 210 (35.1%) 1.5 (1.1, 2.0) 0.01 { - -

Asthma/allergy 49 (16.6%) 42 (7.0%) 2.6 (1.7, 4.2) 1.361025 { 151 (9.2%) 332 (8.8%)

Autoimmune diseases 8 (2.7%) 7 (1.2%) 2.4 (0.7, 7.7) 0.10 37 (2.3%) 70 (1.9%)

{P,0.05; { P,0.001; * admissions #2 weeks prior to KD diagnosis excluded.
doi:10.1371/journal.pone.0028004.t001
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infectious diseases and asthma/allergy and had more infectious

disease admissions per person than non-KD controls. The

majority of these infectious and allergy/asthma admissions

occurred prior to KD and are therefore unlikely to reflect immune

dysfunction resulting from KD itself. Relatives of KD children also

had more hospital admissions for asthma/allergy and for infection,

compared with control relatives matched for degree of relatedness,

although the effect sizes were smaller. Admission diagnoses of viral

infections were more common, and skin and soft tissue infections

less common in KD children and their relatives compared to

control families. These data suggest that inherited immunological

differences and/or differing rates of immune maturation[22] in

KD patients may affect the epidemiologic patterns of other

immune-related conditions.

The incidence and the total number of infectious disease

admissions remained significantly increased in KD patients when

the admissions in the two weeks prior to the KD diagnosis were

excluded. Previous studies have shown that around the time of the

KD diagnosis, children often have symptoms of other infectious

diseases.[23] This partly reflects the diagnostic difficulties in KD,

where the differential diagnosis is broad and there is no diagnostic

test.[2] However there is also a high incidence of microbiologically

confirmed concurrent infections at the time of KD diagnosis;[24]

therefore exclusion of infectious admission in the two weeks prior

to the KD diagnosis may be overly conservative and is likely to

have underestimated the true effect size of infection-related

admissions in the KD group. Viral infections, which were

diagnosed clinically (the study period predates the introduction

of rapid viral diagnostics), are amongst the most common

concurrent infections at the time of KD diagnosis[24] and

accounted for some of the overall increased infectious disease

admissions in KD patients and their families. It is possible that the

immunogenetic determinants of KD also alter the susceptibility to

(or the severity of) viral infection. A viral trigger may be involved

in initiating the abnormal immune response in KD.[25]

Children with KD were more likely to be admitted to hospital

with allergy and asthma, with the majority of these admissions

occurring before the KD admission. This suggests that a distinct

immune phenotype may be associated with an increased risk of

both KD and asthma/allergy. In acute KD there is sustained

neutrophil activation, with increased release of human neutrophil

elastase and matrix metalloproteinases,[26] and similar patterns

may be important in childhood asthma.[27] Immunogenetic

variation in the innate immune response may contribute to the

shared risk of KD and infection and/or asthma/allergy. For

example common functional variants in the gene for mannose

binding lectin (MBL), a key complement-like constituent of innate

immune defence, have been associated with susceptibility to

KD,[28] and also coronary artery damage.[29] A role for MBL

variants in susceptibility to certain infections, and to asthma and

atopy has been reported, but data are inconsistent.[30] The

available data suggest that KD is unlikely to be triggered by

common allergens.[31]

The balance of T helper (Th) 1 and 2 responses is perturbed in

acute KD,[32,33,34] and during the sub-acute phase there is a

Th2 predominance.[35] Persistent immunological changes are

also observed in the weeks following KD and persist for some

months. These changes include a selective and prolonged T cell

unresponsiveness to activation via the T cell antigen receptor CD3

and an incomplete responsiveness to measles-mumps-rubella

vaccination.[22] A number of studies report increased asthma

and allergy following KD, including an increased risk of atopic

dermatitis suggested in US children.[36] A Japanese epidemio-

logical survey reported that KD-affected children were almost

twice as likely to develop dermatitis and/or allergic rhinitis and

more likely to have a family history of allergy than non-KD

controls.[37] Similar findings are reported from a sibling study

from Singapore; KD-affected children had more allergy and

asthma following KD than their non-KD affected siblings.[38]

Table 2. Comparison of age at onset and number of hospital admissions per person, of diseases in KD cases (n = 295) and controls
(n = 598).

Age at onset Hospital admissions per person

KD cases, median
years (95% CI)

Controls, median
years (95% CI)

Mann-Whitney
P value

KD cases, median
years (95% CI)

Controls, median
years (95% CI)

Mann-
Whitney P
value

Infectious diseases 1 (0, 8) 1 (0, 12) 0.31 2 (1, 5) 1 (1, 4) 1.0961025 {

Infectious diseases (adjusted)* 1 (0, 9) 1 (0, 12) 0.38 2 (1, 5) 1 (1, 4) 5.5061026 {

Asthma/allergy 2 (0, 8) 2 (0, 14) 0.46 1 (1, 4.6) 1 (1, 4) 0.81

Autoimmune diseases 4.5 (0.4, 8.6) 9 (1.9, 15.7) 0.12 1 (1, 1) 1 (1, 3.8) 0.35

{P,0.001; *admissions #2 weeks prior to KD diagnosis excluded.
doi:10.1371/journal.pone.0028004.t002

Figure 1. Age at hospital admission with infectious diseases in
KD cases and controls. KD case admissions coded as infectious
disease up to 2 weeks prior to KD diagnosis have been excluded.
doi:10.1371/journal.pone.0028004.g001
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These data may also reflect the immunological consequences of

KD, as well as an underlying susceptibility to both KD and

asthma/allergy; the investigation of children following the KD

illness does not differentiate between the two possibilities. In our

study the majority of infectious and allergy/asthma admissions in

KD patients occurred prior to the KD illness, suggesting that there

may be underlying immunological differences in this population

and that the increased admissions do not reflect perturbation of

immune function due to the KD itself.

Inflammatory and autoimmune diseases show clustering in

epidemiologic studies, with shared pathophysiology,[39] and

increasing evidence of common genetic determinants.[40,41] It

has been suggested that environmental insults in early life may

lead to broad patterns of immune dysfunction and clustering of

conditions characterised by immune dysfunction.[42] Investiga-

tion of common pathogenic pathways may therefore be informa-

tive about KD and other inflammatory diseases where the

aetiology and pathogenesis remain incompletely understood.

The strengths of our analysis include the novelty of the

approach, the use of population data and the linked family data,

which has been extensively validated in previous studies.[12] We

excluded individuals that were born outside of WA, for whom

childhood admission data were unavailable. As the diagnosis of

KD is made largely on a constellation of non-specific clinical

features that appear sequentially, the syndrome is often initially

misdiagnosed as infectious and patients may be admitted to

hospital more than once during the KD illness. We therefore

excluded all admissions with infectious disease codings in the two

weeks preceding the KD-related admission, to reduce likely

inflation of infectious disease-related admissions in KD patients

that were part of the KD diagnostic process.

We acknowledge some limitations to the study. The use of

linked anonymised population data meant that the diagnosis of

KD could not be confirmed on an individual case basis from the

clinical notes. Previous studies involving KD patients in WA[9]

indicate that the diagnosis of KD is made in accordance with the

internationally accepted case definition (Burgner D, unpublished

observations).[2] We are therefore confident that the KD coding is

likely to be specific and any mis-diagnoses would not introduce

systematic bias. Data on Aboriginal status were not readily

available for the current analysis. Approximately 3.8% of the

population of WA is Aboriginal, and Aboriginal children have a

higher rate of hospitalisations for many infectious diseases than

non-Aboriginal children.[17] Interestingly KD appears relatively

rare in Aboriginal children; in the only published Australian KD

epidemiology, only 2 of 139 children identified by active

surveillance were Aboriginal.[43] The analyses are therefore

unlikely to be biased by Aboriginal status. We used hospital

admission as a proxy for disease severity, as previously,[17]

because data for primary care and emergency department

attendances were not available as part of the WADLS. Moreover,

health-seeking behaviour differs between families and may not

necessarily reflect illness severity. This may be an important

consideration in families of children who have had KD, as the

diagnosis results in considerable parental anxiety,[44] and medical

consultations in ambulatory care may be increased. Analysis using

more severe phenotypes is relatively conservative, but gives greater

confidence in the validity of the findings. Clinical criteria for

hospitalisation are likely to be uniform across WA pediatric

centres. We are unable to comment on the epidemiologic patterns

of less severe manifestations of immune-related illnesses, which

account for the majority of pediatric morbidity. This is particularly

true of mild infections and allergic conditions, as well as diseases

such as psoriasis, which rarely require hospitalisation. Investiga-

tion of less severe, non-hospitalised illness would require

prospective surveillance and is not amenable to population-based

linkage analysis. Western Australia has a largely Caucasian

population (detailed ethnicity data were not available for this

analysis),[17] and the incidence of KD is therefore lower than in

high incidence Asian countries. Further studies in high incidence

populations are warranted to confirm the epidemiological patterns

described. As the clinical phenotype and epidemiology of KD is

Figure 2. Age at hospital admission with asthma/allergy in KD
cases and controls.
doi:10.1371/journal.pone.0028004.g002

Table 3. Generalized linear mixed model analyses of the incidence, age at onset, and number of hospital admissions per person of
diseases in relatives of KD cases and controls, clustering by family.

Incidence Age at onset (years) Hospital admissions per person

OR (95% CI) P value Coefficient (95% CI) P value Coefficient (95% CI) P value

Asthma/allergy1 1.11 (1.11, 0.12) 0.35 1.12 (21.16, 1.44) 0.40 0.13 (20.09, 0.34) 0.25

Autoimmune diseases# 1.23 (1.22, 1.23) 0.38 4.87 (4.26, 5.47) 0.13 20.21 (20.48, 0.05) 0.12

Infectious diseases1 1.06 (1.05, 1.06) 0.49 21.01 (21.17, 1.15) 0.91 0.02 (20.10, 0.13) 0.76

Results given are for a binary term indicating the presence or absence of a relative with KD.
1The asthma/allergy, and infectious disease age at onset outcomes were adjusted for sex; # The autoimmune disease incidence outcome was adjusted for sex and age
in 2008. The autoimmune disease number of hospital admissions per person outcome was adjusted for age in 2008.

doi:10.1371/journal.pone.0028004.t003

Hospitalisations in Kawasaki Disease Families

PLoS ONE | www.plosone.org 5 November 2011 | Volume 6 | Issue 11 | e28004



consistent worldwide, it is plausible that similar patterns of co-

morbidities will be present in other populations, reflecting shared

underlying heritable mechanisms. Finally our study lacked power

to comment with confidence on the incidence of cardiovascular

disease in relatives of KD patients. As KD is suggested to

predispose to accelerated atherosclerosis,[45,46] and atheroscle-

rosis-related outcomes may have genetic determinants,[47] this is

clearly of interest. The low incidence of autoimmune diseases in

children and their management without hospital admission limited

meaningful analyses of these conditions.

In summary, this is the first description of patterns of hospital

admission with common immune-related diseases in KD patients

and their families. We have shown that KD-affected children have

more admissions with infectious diseases and allergy/asthma, which

may reflect common host determinants and pervasive differences in

immune phenotype that result in differential disease risks.
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Figure S1 Number of times KD cases (n = 295) and controls
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admissions coded as infectious disease up to 2 weeks prior to KD

diagnosis have been excluded.

(TIF)

Table S1 ICD codes and diagnostic groups by CCS.

(DOC)

Table S2 Infectious disease admissions by CCS diagnostic code

in KD cases, controls, KD case relatives and control relatives.

(DOC)

Table S3 Asthma/allergy admissions by CCS diagnostic code in

KD cases and controls.

(DOC)

Author Contributions

Conceived and designed the experiments: DB AL RW SZ LP. Performed

the experiments: RW AL SZ KC. Analyzed the data: RW AL NW SZ KC

DB. Contributed reagents/materials/analysis tools: SZ LP. Wrote the

paper: DB RW KC SZ TK. All authors contributed to editing of the

manuscript.

References

1. Burns JC, Glode MP (2004) Kawasaki syndrome. Lancet 364: 533–544.

2. Newburger JW, Takahashi M, Gerber MA, Gewitz MH, Tani LY, et al. (2004)

Diagnosis, treatment, and long-term management of Kawasaki disease: a

statement for health professionals from the Committee on Rheumatic Fever,

Endocarditis, and Kawasaki Disease, Council on Cardiovascular Disease in the

Young, American Heart Association. Pediatrics 114: 1708–1733.

3. Harnden A, Takahashi M, Burgner D (2009) Kawasaki disease. BMJ 338:

1133–1138.

4. Burgner D, Harnden A (2005) Kawasaki disease: what is the epidemiology

telling us about the etiology? Int J Infect Dis 9: 185–194.

5. Uehara R, Yashiro M, Nakamura Y, Yanagawa H (2003) Kawasaki disease in

parents and children. Acta Paediatr 92: 694–697.

Table 4. Results of generalized linear mixed model analyses of the incidence, age at onset and number of hospital admissions per
person, of diseases in relatives of KD cases (n = 1,636) and controls (n = 3,780), clustering by family, and stratified by degree of
relatedness to an individual with KD, with data from the relatives of controls acting as the baseline.

Incidence Age at onset (years) Hospital admissions per person

Factor n (%) OR (95% CI) P Coefficient (95% CI) P Coefficient (95% CI) P

CVD* Relatives of controls 59 (1.6%) Median = 47 Median = 1

1u relatives of cases 11 (1.3%) 0.79 (0.79, 0.80) 0.50 20.45 (21.26, 0.37) 0.90 20.07 (20.63, 0.49) 0.81

2u relatives of cases 5 (2.7%) 1.54 (1.52, 1.57) 0.43 22.92 (24.08, 21.76) 0.57 20.34 (21.24, 0.57) 0.47

3u relatives of cases 0 (0%) 2.4661029 (0,‘) 1 - - - -

Asthma/
allergy1

Relatives of controls 332 (8.8%) Median = 7 Median = 1

1u relatives of cases 69 (8.1%) 0.99 (0.98, 0.99) 0.92 1.10 (21.28, 1.55) 0.59 20.10 (20.37, 0.16) 0.45

2u relatives of cases 16 (8.6%) 1.09 (1.09, 1.10) 0.73 1.41 (21.37, 2.72) 0.31 1.11 (0.73, 1.49) ,0.001{

3u relatives of cases 2 (6.7%) 0.81 (0.79, 0.82) 0.75 26.07 (269.81, 1.89) 0.15 - -

Autoimmune
diseases#

Relatives of controls 70 (1.8%) Median = 24 Median = 1

1u relatives of cases 19 (2.2%) 1.01 (1.00, 1.01) 0.98 3.88 (3.05, 4.71) 0.37 20.15 (20.47, 0.17) 0.40

2u relatives of cases 1 (0.5%) 0.48 (0.47, 0.49) 0.23 12.51 (9.28, 15.75) 0.43 - -

3u relatives of cases 1 (3.3%) 2.44 (2.38, 2.49) 0.22 217.49 (220.72, 214.25) 0.30 - -

Infectious
diseases1

Relatives of controls 1379 (36.5%) Median = 4 Median = 1

1u relatives of cases 267 (31.2%) 0.95 (0.94, 0.95) 0.55 1.07 (21.13, 1.29) 0.48 20.09 (20.24, 0.05) 0.21

2u relatives of cases 60 (32.4%) 0.96 (0.96, 0.97) 0.83 1.24 (21.14, 1.76) 0.23 20.14 (20.42, 0.14) 0.34

3u relatives of cases 13 (43.3%) 1.41 (1.40, 1.43) 0.37 23.01 (28.15, 21.12) 0.03{ 20.34 (20.99, 0.31) 0.30

Missing results indicate categories for which insufficient numbers were available for analysis.
*The CVD incidence outcome was adjusted for sex and age in 2008; 1 The asthma/allergy and infectious disease age at onset outcomes were adjusted for sex; # The
autoimmune disease incidence outcome was adjusted for sex and age in 2008. The autoimmune disease number of hospital admissions per person outcome was
adjusted for age in 2008; { P,0.05.

doi:10.1371/journal.pone.0028004.t004

Hospitalisations in Kawasaki Disease Families

PLoS ONE | www.plosone.org 6 November 2011 | Volume 6 | Issue 11 | e28004



6. Fujita Y, Nakamura Y, Sakata K, Hara N, Kobayashi M, et al. (1989) Kawasaki

disease in families. Pediatrics 84: 666–669.
7. Holman RC, Curns AT, Belay ED, Steiner CA, Effler PV, et al. (2005)

Kawasaki syndrome in Hawaii. Pediatr Infect Dis J 24: 429–433.

8. Onouchi Y, Gunji T, Burns JC, Shimizu C, Newburger JW, et al. (2008) ITPKC
functional polymorphism associated with Kawasaki disease susceptibility and

formation of coronary artery aneurysms. Nat Genet 40: 35–42.
9. Burgner D, Davila S, Breunis WB, Ng SB, Li Y, et al. (2009) A genome-wide

association study identifies novel and functionally related susceptibility Loci for

Kawasaki disease. PLoS Genet 5: e1000319.
10. Tsai FJ, Lee YC, Chang JS, Huang LM, Huang FY, et al. (2011) Identification

of novel susceptibility Loci for kawasaki disease in a han chinese population by a
genome-wide association study. PLoS One 6: e16853.

11. Kim JJ, Hong YM, Sohn S, Jang GY, Ha KS, et al. (2011) A genome-wide
association analysis reveals 1p31 and 2p13.3 as susceptibility loci for Kawasaki

disease. Hum Genet 129: 487–495.

12. Stanley FJ, Croft ML, Gibbins J, Read AW (1994) A population database for
maternal and child health research in Western Australia using record linkage.

Paediatr Perinat Epidemiol 8: 433–447.
13. Glasson EJ, de Klerk NH, Bass AJ, Rosman DL, Palmer LJ, et al. (2008) Cohort

profile: The Western Australian Family Connections Genealogical Project.

Int J Epidemiol 37: 30–35.
14. Holman CD, Bass AJ, Rouse IL, Hobbs MS (1999) Population-based linkage of

health records in Western Australia: development of a health services research
linked database. Aust N Z J Public Health 23: 453–459.

15. Gee V, Dawes VP (1994) Validation study of the Western Australian midwives’
notification system, 1992. Perth: Health Department of Western Australia.

16. Read A, Garfield C (1996) Indigenous Identification in Maternal and Child

Health Research in Western Australia.Indigenous identification in administra-
tive data collections-best practice and quality assurance:report on proceedings of

the Brisbane workshop, November 1996. Australian Institute of Health and
Welfare and Australian Bureau of Statistics. Cat. no. AIHW 3783. Canberra:

AIHW.

17. Carville KS, Lehmann D, Hall G, Moore H, Richmond P, et al. (2007) Infection
is the major component of the disease burden in aboriginal and non-aboriginal

Australian children: a population-based study. Pediatr Infect Dis J 26: 210–216.
18. Nielsen NM, Hansen AV, Simonsen J, Hviid A (2011) Prenatal stress and risk of

infectious diseases in offspring. Am J Epidemiol 173: 990–997.
19. Elixhauser A, Steiner C, Palmer L (2006) Clinical Classifications Software (CCS)

2006. U.S. Agency for Healthcare Research and Quality. Available at http://

www.hcup-us.ahrq.gov/toolssoftware/ccs/ccs.jsp. (Accessed May 2010).
20. Sham PC, Curtis D (1995) Monte Carlo tests for associations between disease

and alleles at highly polymorphic loci. Ann Hum Genet 59: 97–105.
21. Ihaka R, Gentleman R (2001) R: A language for data analysis and graphics.

Journal of Computational and Graphical Statistics 5: 299–314.

22. Kuijpers TW, Wiegman A, van Lier RA, Roos MT, Wertheim-van Dillen PM,
et al. (1999) Kawasaki disease: a maturational defect in immune responsiveness.

J Infect Dis 180: 1869–1877.
23. Baker AL, Lu M, Minich LL, Atz AM, Klein GL, et al. (2009) Associated

symptoms in the ten days before diagnosis of Kawasaki disease. J Pediatr 154:
592–595 e592.

24. Benseler SM, McCrindle BW, Silverman ED, Tyrrell PN, Wong J, et al. (2005)

Infections and Kawasaki disease: implications for coronary artery outcome.
Pediatrics 116: e760–766.

25. Rowley AH, Baker SC, Shulman ST, Rand KH, Tretiakova MS, et al. (2011)
Ultrastructural, immunofluorescence, and RNA evidence support the hypothesis

of a "new" virus associated with kawasaki disease. J Infect Dis 203: 1021–1030.

26. Biezeveld MH, van Mierlo G, Lutter R, Kuipers IM, Dekker T, et al. (2005)

Sustained activation of neutrophils in the course of Kawasaki disease: an
association with matrix metalloproteinases. Clin Exp Immunol 141: 183–188.

27. Gualano RC, Vlahos R, Anderson GP (2006) What is the contribution of

respiratory viruses and lung proteases to airway remodelling in asthma and
chronic obstructive pulmonary disease? Pulm Pharmacol Ther 19: 18–23.

28. Sato S, Kawashima H, Kashiwagi Y, Fujioka T, Takekuma K, et al. (2009)
Association of mannose-binding lectin gene polymorphisms with Kawasaki

disease in the Japanese. Int J Rheum Dis 12: 307–310.

29. Biezeveld MH, Geissler J, Weverling GJ, Kuipers IM, Lam J, et al. (2006)
Polymorphisms in the mannose-binding lectin gene as determinants of age-

defined risk of coronary artery lesions in Kawasaki disease. Arthritis Rheum 54:
369–376.

30. Worthley DL, Bardy PG, Mullighan CG (2005) Mannose-binding lectin: biology
and clinical implications. Intern Med J 35: 548–555.

31. Glode MP, Brogden R, Joffe LS, Adinoff A, Leung DY, et al. (1986) Kawasaki

syndrome and house dust mite exposure. Pediatr Infect Dis 5: 644–648.
32. Shikishima Y, Saeki T, Matsuura N (2003) Chemokines in Kawasaki disease:

measurement of CCL2, CCL22 and CXCL10. Asian Pac J Allergy Immunol 21:
139–143.

33. Kimura J, Takada H, Nomura A, Ohno T, Mizuno Y, et al. (2004) Th1 and

Th2 cytokine production is suppressed at the level of transcriptional regulation
in Kawasaki disease. Clin Exp Immunol 137: 444–449.

34. Matsubara T, Katayama K, Matsuoka T, Fujiwara M, Koga M, et al. (1999)
Decreased interferon-gamma (IFN-gamma)-producing T cells in patients with

acute Kawasaki disease. Clin Exp Immunol 116: 554–557.
35. Kuo HC, Wang CL, Liang CD, Yu HR, Huang CF, et al. (2009) Association of

lower eosinophil-related T helper 2 (Th2) cytokines with coronary artery lesions

in Kawasaki disease. Pediatr Allergy Immunol 20: 266–272.
36. Brosius CL, Newburger JW, Burns JC, Hojnowski-Diaz P, Zierler S, et al. (1988)

Increased prevalence of atopic dermatitis in Kawasaki disease. Pediatr Infect
Dis J 7: 863–866.

37. Matsuoka S, Tatara K, Nakagawa R, Mori K, Kuroda Y (1997) Tendency

toward atopy in Kawasaki disease. Eur J Pediatr 156: 30–32.
38. Liew WK, Lim CW, Tan TH, Wong KY, Tai BC, et al. (2011) The effect of

Kawasaki disease on childhood allergies - a sibling control study. Pediatr Allergy
Immunol.

39. Mackay IR (2009) Clustering and commonalities among autoimmune diseases.
J Autoimmun 33: 170–177.

40. Maier LM, Hafler DA (2009) Autoimmunity risk alleles in costimulation

pathways. Immunol Rev 229: 322–336.
41. Anaya JM, Gomez L, Castiblanco J (2006) Is there a common genetic basis for

autoimmune diseases? Clin Dev Immunol 13: 185–195.
42. Dietert RR, Zelikoff JT (2010) Identifying patterns of immune-related disease:

use in disease prevention and management. World J Pediatr 6: 111–118.

43. Royle JA, Williams K, Elliott E, Sholler G, Nolan T, et al. (1998) Kawasaki
disease in Australia, 1993-95. Arch Dis Child 78: 33–39.

44. Chahal N, Clarizia NA, McCrindle BW, Boydell KM, Obadia M, et al. (2010)
Parental anxiety associated with Kawasaki disease in previously healthy children.

J Pediatr Health Care 24: 250–257.
45. Selamet Tierney ES, Newburger JW (2007) Are patients with Kawasaki disease

at risk for premature atherosclerosis? J Pediatr 151: 225–228.

46. Cheung YF, Wong SJ, Ho MH (2007) Relationship between carotid intima-
media thickness and arterial stiffness in children after Kawasaki disease. Arch

Dis Child 92: 43–47.
47. Ding K, Kullo IJ (2009) Genome-wide association studies for atherosclerotic

vascular disease and its risk factors. Circ Cardiovasc Genet 2: 63–72.

Hospitalisations in Kawasaki Disease Families

PLoS ONE | www.plosone.org 7 November 2011 | Volume 6 | Issue 11 | e28004


