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Abstract

Background: Kawasaki disease (KD) is a common cause of acquired paediatric heart disease in developed countries. KD was
first identified in the 1960s in Japan, and has been steadily increasing since it was first reported. The aetiology of KD has not
been defined, but is assumed to be infection-related. The present study sought to identify the factor(s) that mediate the
geographical variation and chronological increase of KD in Japan.

Methods and Findings: Based upon data reported between 1979 and 2010 from all 47 prefectures in Japan, the incidence
and mean patient age at the onset of KD were estimated. Using spatial and time-series analyses, incidence and mean age
were regressed against climatic/socioeconomic variables. Both incidence and mean age of KD were inversely correlated with
the total fertility rate (TFR; i.e., the number of children that would be born to one woman). The extrapolation of a time-series
regressive model suggested that KD emerged in the 1960s because of a dramatic decrease in TFR in the 1940s through the
1950s.

Conclusions: Mean patient age is an inverse surrogate for the hazard of contracting the aetiologic agent. Therefore, the
observed negative correlation between mean patient age and TFR suggests that a higher TFR is associated with KD
transmission. This relationship may be because a higher TFR facilitates sibling-to-sibling transmission. Additionally, the
observed inverse correlation between incidence and TFR implies a paradoxical ‘‘negative’’ correlation between the
incidence and the hazard of contracting the aetiologic agent. It was hypothesized that a decreasing TFR resulted in a
reduced hazard of contracting the agent for KD, thereby increasing KD incidence.
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Introduction

Kawasaki disease (KD), first reported in the 1960s in Japan [1],

mainly afflicts children younger than 5 years of age. If not

promptly diagnosed and adequately treated, KD patients can

develop potentially fatal cardiac sequelae [2,3]. Although the

advent of intravenous gamma-globulin therapy has dramatically

improved prognosis [4,5], KD is the most common cause of

acquired paediatric heart disease in developed countries [6].

Therefore, KD patients require long-term cardiological follow up

[7].

The aetiology of KD has not been identified. However,

infection is believed to be involved in the pathogenesis of the

disease. Children present with clinical symptoms typical of viral

infection such as fever, enanthem, rash, conjunctival injection, and

adenopathy [8,9]. KD incidence displays a remarkable seasonal

pattern [10]. There is a rapid geographical spread during

epidemic seasons [11], and geographical and temporal clustering

has been observed [12]. Additionally, there is often a short interval

(,10 days) between disease onset among siblings; this delay

possibly corresponds to an incubation period [13]. The age of peak

incidence is 1–2 years, which is similar to common viral infections.

KD rarely occurs in infants younger than 6 months, suggesting

protection by passive immunity [14]. Many common infectious

diseases have been proposed as the cause of KD [8,15–18]. It is

also possible that a novel pathogen is responsible for KD [19].

Epidemiological studies have demonstrated that the incidence of

KD is highest among individuals of Asian descent and lowest

among Caucasians [20,21]. The highest incidence of KD in the

world is in Japan [22]. Children of KD patients experience KD

with a larger frequency than expected [23]. Additionally, multiple

genetic loci have been proposed as predisposing factors for KD

[24–30]. Therefore, genetic background seems to greatly influence

susceptibility to the disease. Collectively, the general consensus is

that KD most likely develops when a genetically susceptible host is

infected with one or more ubiquitous infectious agents [9,31].

Japan experienced three epidemic years of KD in 1979, 1982,

and 1986 [32], after which the annual incidence of KD has

consistently increased [33]. Therefore, elucidating the cause of the

recent increase in KD incidence is of imminent necessity. To

address this concern, the present study examined geographic and

temporal variation of KD endemicity in Japan. Endemicity is often
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expressed as the force of infection (i.e., the hazard of contracting

the aetiologic agent, expressed as the probability of a naive

individual becoming infected in a unit of time). The hazard of

contracting the aetiologic agent may not reliably be represented by

incidence. The relationship between incidence and the hazard of

contracting the aetiologic agent can be influenced, for example, by

endemic stability [34].

In contrast to incidence, the mean age of patients (A) is assumed

to be an inverse surrogate of the force of infection (or the hazard of

contracting the aetiologic agent) (l) for an infectious agent that can

confer life-long sterile immunity [35], as in:

A~1=l ð1Þ

This approximation may not be applicable to a pathogen that

does not confer sterile lifelong immunity, or to a disease that is

caused by multiple pathogens. However, in an environment in

which risk of infection with the pathogen(s) is high, it is expected

that an individual would contract their first infection at an early

age. Therefore, the negative correlation between the mean patient

age and the hazard of contracting the aetiologic agent may still

hold true.

Incidence and mean patient age can be affected by a variety of

factors including climate, availability of health care facilities/

providers, genetic susceptibility, socioeconomics, and demographic

parameters. The impact that birthrate exerts on spatiotemporal

behaviour has been an important topic of investigation in

infectious disease epidemiology [36–38]. The present study

examined the climatic, socioeconomic, and demographic factors

that may have influenced the observed geographic variation and

temporal change of these epidemiologic parameters in Japan.

Methods

KD Data
The nationwide KD surveillance in Japan, which began in

1970, is currently conducted biennially. Questionnaires are sent to

all hospitals with 100 or more beds and a paediatric department

and to hospitals that specialize in paediatrics [39]. When

diagnostic guidelines for KD are revised, they are sent to all of

these hospitals. Prefecture-level data has been available since 1977

for all 47 prefectures in Japan. Since 1979, the reporting rate has

consistently surpassed 60% (Figure 1). In addition, the climatic

data that were used in the present study has been available since

1979. Therefore, the present study used KD case data that has

been collected since 1979. The diagnostic criteria used during the

study period (revisions 3, 4, and 5, Figure 1) were stable (Text S1)

[40].

Estimation of Incidence and Mean Patient Age of KD
The annual incidence of KD was estimated as the total number

of KD cases occurring at any age, over the size of population aged

between 0 and 4 years (unit:/100,000 children/year). In addition,

age-adjusted incidence was estimated using the direct method and

Japan’s age-population structure in 2000 as the standard structure.

From the prefecture-level, KD cases were stratified into 19 age

classes: 0–2 months (m), 3–5 m, 6–8 m, 9–11 m, 12–14 m, 15–

17 m, 18–20 m, 21–23 m, 2 years (y) 22 y 5 m, 2 y 6 m–2 y

11 m, 3 y–3 y 5 m, 3 y 6 m–3y 11 m, 4 y–4 y 11 m, 5 y–5 y

11 m, 6 y–6 y 11 m, 7 y–7 y 11 m, 8 y–8 y 11 m, 9 y–9 y 11 m

and $10 y. Mean patient age was estimated with the following

equation [41,42]:

cAij~

P19

k~1

(Mk|Nijk)

P19

k~1

Nijk

ð2Þ

where cAij denotes the crude mean patient age at the ith prefecture

[i = 1–47] in year j; Mk represents the mid-point for kth age class

[k = 1–19]; Nijk represents the number of patients in this age class.

The demographic structure may affect the mean patient age

estimated by eq. 2. For example, in a prefecture where the

proportions of infants and small children are extremely high, the

proportion of patients in these age groups may also be larger. As a

result, the mean patient age in such a prefecture would be lower

simply because of its demographic structure. To adjust for this

effect of demographic structure, mean patient age was adjusted

[42], as in:

aAij~

P11

k~1

(M0
k|N0ijk|Sk=Cijk)

P11

k~1

(N0ijk|Sk=Cijk)

ð3Þ

where aAij represents adjusted mean patient age. Sk represents the

proportion of the population in the kth age class in the standard

population structure (i.e., Japan’s population structure in 2000),

and Cijk represents the proportion of the population in the kth age

class in the ith prefecture, year j. Because the minimal resolution of

age class in the census data is 1 year, the original 19 age classes (M,

N) were aggregated into 11 age classes (M’, N’): ,1 y, 1 y–1 y

11 m, 2 y–2 y 11 m,., 9 y–9 y 11 m, and $10 y. KD patients

were rarely more than 10 years of age. The midpoint age for this

oldest class was set to 10.5 years or 15 years in two sensitivity

analyses. Because the results of the statistical analyses did not

change (data not shown), the results based upon the former

midpoint age are presented.

Climatic/socioeconomic variables were obtained to explore the

factors that contribute to the spatial and temporal variation in KD

incidence and mean patient age.

Figure 1. Percentage of hospitals that responded to national
surveillance and the diagnostic guideline revisions. Definitions
of revisions 3, 4 and 5 are available in Text S1.
doi:10.1371/journal.pone.0067934.g001
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Table 1. Definition and availability of explanatory variables at the prefectural level.

Variable Unit Interval Oldest prefectural data available Source

Mean temperature uC annual 1979 [43]

Rainfall mm/month annual 1979 [43]

Physician /100,000 individuals biennial 1986 [45]

Population density /km2 annual 1975 [46]

Aged population % annual 1975 [46]

Higher education % annual 1975 [47]

TFR dimensionless annual 1975 [48]

doi:10.1371/journal.pone.0067934.t001

Figure 2. Total fertility rate (TFR), incidence, and mean age of Kawasaki disease, 1979–2010. Prefectures were classified based upon
annual incidence (/100,000 children between 0 and 4 years) (a), crude mean patient age (years) (b), and TFR (c). TFR was also presented in reverse
order (d). The similarity between (a) and (d), and that between (b) and (d) implied negative correlations between incidence and TFR, and between
mean patient age and TFR, respectively. The cut-off values were selected by natural breaks classification algorithm. Only the main islands are
presented.
doi:10.1371/journal.pone.0067934.g002

Kawasaki Disease and Total Fertility Rate
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Climatic Data
A monthly summary of climatic data recorded since 1979 was

obtained from the University Corporation of Atmospheric

Research [43]. Temperature and precipitation were the only

variables reported for 1979–1986. Additional variables were

reported after 1986. To be consistent, the present study included

only temperature and precipitation. Using geographically coded

population data [44] and a geographic information system

software ArcGIS 10 (CA, USA), the present study selected 249

weather stations in Japan that were located in cities, towns, or

villages with a population of at least 10,000 people. Among these

stations, 123 stations that reported data for at least 90% of the

months between 1979 and 2010 were employed. The data

reported from these stations were averaged for the corresponding

prefecture for the following climatic variables: mean temperature

(uC) and rainfall (mm/month).

Socioeconomic/Demographic Variables
Five socioeconomic/demographic variables (Table 1) were

surveyed by multiple government departments in Japan, and were

recorded at least earlier than 1979 [45–48]: number of physicians

per 100,000 individuals (variable ‘‘physician’’), population density (/

km2), percentage of population aged 65 years or older (‘‘aged

population’’), percentage of students who proceeded to education

beyond obligatory education (‘‘higher education’’), and total fertility

rate (TFR). TFR is a measure of the average number of children

that would be born to a woman over her lifetime if she were to

experience the present age-specific fertility rates through her

lifetime, and if she were to survive to the end of her reproductive life.

Regression Analysis
The correlation between dependent variables (incidence and

mean patient age) and explanatory variables (two climatic and five

socioeconomic variables) was quantified. Before regression anal-

yses, the dependent variables were transformed into a normal

distribution using the following equation:

y0~
(yh{1)

h
ð4Þ

where y (the dependent variable before transformation) was

normalized to y’, while h was estimated using the Box-Cox

method [49].

Three regression methodologies were adopted: conventional

regression, spatial regression, and time-series regression analyses.

These regressions were performed as univariate and multivariate

analyses. All independent variables were initially included in the

multivariate analysis; the non-significant variables (P$0.05) were

eliminated in a stepwise manner. Stata 11.1 (TX, USA) was used

for statistical analyses.

Conventional Regression Analysis
Strictly speaking, the inverse relationship between the force of

infection and mean age (eq. 1) holds true only for a long-term

equilibrium. Diverse factors (e.g., mixing pattern, school-term, and

seasonality) generate seasonal oscillations in incidence and mean

patient age for infectious diseases [50] and KD [51]. To maximally

circumvent the interference by these seasonal fluctuations, the age-

stratified number of cases was pooled through the study period of

1979–2010:

Table 2. Regressive models to explain incidence of Kawasaki disease over 0–4 year population, averaged between 1979 and 2010.

Variables h for Box Cox’s transformation = 1.8

Univariate regression (n = 47)

Mean temperature 245 (P = 0.377)

R2 0.017

Rainfall 21.8 (P = 0.675)

R2 0.0039

Physician 2.5 (P = 0.504)

R2 0.010

Population density 0.10 (P = 0.335)

R2 0.021

Aged population 222 (P = 0.628)

R2 0.0053

Higher education 152 (P = 0.139)

R2 0.048

TFR 22,931 (P = 0.001)

R2 0.21

Conventional multivariate regression* (n = 47)

TFR 22,931 (P = 0.001)

R2 0.21

Spatial multivariate regression* (n = 47)

TFR 22,828 (P = 0.001)

R 0.0092

R2 0.21

*: Only TFR remained as the statistically significant contributor to the multivariate model in both conventional and spatial regressions.
doi:10.1371/journal.pone.0067934.t002

Kawasaki Disease and Total Fertility Rate
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Table 3. Regressive models to explain mean age of Kawasaki disease patients pooled between 1979 and 2010.

Crude mean age Adjusted mean age

Variables h for Box Cox’s transformation = 12 h for Box Cox’s transformation = 8.8

Univariate regression (n = 47) (n = 47)

Mean temperature 296 (P = 0.262) 20.22 (P = 0.304)

R2 0.028 0.024

Rainfall 23.9 (P = 0.592) 20.014 (P = 0.440)

R2 0.0064 0.013

Physician 28.3 (P = 0.175) 20.013 (P = 0.394)

R2 0.041 0.016

Population density 20.013 (P = 0.943) 0.0010 (P = 0.016)

R2 0.0001 0.12

Aged population 244 (P = 0.560) 20.39 (P = 0.029)

R2 0.0076 0.10

Higher education 264 (P = 0.715) 20.29 (P = 0.501)

R2 0.0030 0.010

TFR 23,289 (P = 0.039) 211 (P = 0.003)

R2 0.091 0.19

Conventional multivariate regression*

TFR 23,289 (P = 0.039) 211 (P = 0.003)

R2 0.091 0.19

Spatial multivariate regression{

TFR 28.4 (P = 0.009)

R 0.065

R2 0.36

*Only TFR remained as the statistically significant contributor to the conventional multivariate models for both crude and adjusted mean patient age.
{In spatial regression, no variable remained as a significant contributor to crude mean age and only TFR remained as the significant contributor to adjusted mean age.
doi:10.1371/journal.pone.0067934.t003

Figure 3. Fitness (R2) of the time-series regression model, time lag (G), and smoothing radius (W). Incidence (a), and crude mean patient
age (b) of Kawasaki disease were regressed against the TFR estimated for a specific combination of G (time lag) and W (smoothing radius). The G and
W are defined in eq. 6.
doi:10.1371/journal.pone.0067934.g003
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Pooled cAi~

P2010

j~1979

P19

k~1

(Mk|Nijk)

P2010

j~1979

P19

k~1

Nijk

ð2Þ

Pooled aAi~

P2010

j~1979

P11

k~1

(M0
k|N0ijk|Sk=Cijk)

P2010

j~1979

P11

k~1

(N0ijk|Sk=Cijk)

ð3Þ

Incidence over the 0–4 year old population was estimated using

the age-stratified population data averaged for the period and was

completely correlated with the age-adjusted incidence (Figure S1).

Therefore, only the incidence over the 0–4 year old population

was used for the subsequent analyses. The explanatory variables

were averaged for each period. The normalized dependent

variables were regressed against explanatory variables using

conventional linear regression techniques.

Spatial Regression Analysis
The prefectures were not independent samples; prefectures

located next to each other tended to exhibit similar values. Spatial

regression analysis was employed to adjust for this spatial

autocorrelation [52,53], as in:

Y~rUYzXbzConst: ð5Þ

where Y denotes the dependent variable vector, X represents the

independent variable matrix, r represents the spatial autoregres-

sive parameter, b denotes the regression coefficient vector, and U
represents the spatial adjacency matrix. Each element of U
assumed a value of ‘‘1’’ if two prefectures were geographically

adjacent or were connected by a bridge/tunnel, or ‘‘0’’ if

prefectures were not adjacent or connected. Three bridges were

constructed (1988, 1998, and 1999) to connect prefectures. An

alternative spatial adjacency matrix that did not consider these

bridges did not affect the results (data not shown).

Time-series Analysis
The conventional and spatial regression analyses did not

consider the effect of time lag. To consider time lag, independent

variables were transformed:

Xij(G,W )~
Xj{GzW

t~j{G{W

xit =(2Wz1) ð6Þ

where Xij (G, W) was an independent variable that was regressed

against a dependent variable recorded in ith prefecture at year j. G

represented the lag and W defined the smoothing radius within

which the independent variables were averaged. For example,

Xi,j = 2010 (G = 20, W = 5) was an average of the values recorded

between 1985 ( = 2010–20–5) and 1995 ( = 2010–20+5). For each

univariate pair of dependent and explanatory variables, the

optimal combination of G and W was selected to generate the

largest overall R2 using the dependent variable recorded between

2000 and 2010. A biennially surveyed explanatory variable–

physician–was linearly interpolated to the year for which the value

was not available.

A random-effect first-order autoregressive model was employed

to adjust for serial autocorrelation:

Yij~azXijbznizeij ð7Þ

where Yij was the dependent variable and Xij was the independent

variable that accounted for the time lag for the ith prefecture, year

j. a was a constant term, b the regression coefficient, and ni was a

random effect term that was distributed independently and

identically. To express serial autocorrelation, eij was assumed to

be correlated over time:

eij~veij-1zgij ð8Þ

where gij is a noise term.

Results

Determinant for Geographic Variation of Incidence and
Mean Age of KD

Normalized incidence was regressed against climatic/socioeco-

nomic variables, aggregated in the study period (Table 2). In both

conventional and spatial regressions, only the TFR consistently

Table 4. Time-series random-effect regressive models to
explain Kawasaki disease incidence over 0–4-year old
population.

Incidence (h = 0.34)

Univariate analysis 2000–2010

G W (n = 517)

Mean temperature 20 1 20.049 (P = 0.423)

R2 0.011

Rainfall 20 1 20.0078 (P = 0.041)

R2 0.013

Physician 19 1 0.039 (P,0.001)

R2 0.22

Population density 21 1 0.00025 (P = 0.105)

R2 0.017

Aged population 13 1 0.46 (P,0.001)

R2 0.069

Higher education 13 1 0.66 (P,0.001)

R2 0.062

TFR 15 2 28.0 (P,0.001)

R2 0.39

Multivariate analysis 2000–2010

G W (n = 517)

Aged population 13 1 0.17 (P,0.001)

TFR 15 2 26.1 (P,0.001)

R2 0.43

Multivariate analysis 1979–2010

G W (n = 893)

Aged population 13 1 0.30 (P,0.001)

TFR 15 2 26.1 (P,0.001)

R2 0.61

doi:10.1371/journal.pone.0067934.t004
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demonstrated a statistically significant (P,0.05) contribution to the

incidence of KD. Regression coefficients derived from normaliza-

tion are difficult to interpret intuitively; therefore, results from

non-normalized dependent variables are presented (Table S1,

Table S2, Table S3 and Table S4) to demonstrate that non-

normalization did not qualitatively affect the results. Table 3

shows the results from the regression of normalized mean patient

age (estimated by eqs. 29 and 39) against climatic/socioeconomic

variables. In conventional multivariate analysis, only the TFR

showed a statistically significant contribution to both crude and

adjusted mean patient ages of KD. In the spatial multivariate

analysis, only the TFR remained as a statistically significant

contributor to adjusted mean patient age. Collectively, the TFR

was inversely correlated with the incidence of KD and with the

mean patient age of KD (Figure 2).

Temporal Shift in Epidemiological Parameters and Shift
Determinants

Using time series regression analysis, normalized incidence and

mean patient age, recorded between 2000 and 2010, were

regressed against climatic/socioeconomic variables (eqs. 7 and

8). A condition of W.0 was assumed, because, at W = 0,

relationships between the fitness of the regression (R2) and G

were unstable for many explanatory variables (Figure 3 and Figure

S2). Multivariate time-series regression analyses (Table 4) demon-

strated that KD incidence was correlated with the TFR (G = 15,

W = 2) and an aged population (G = 13, W = 1). Table 5 showed

that crude and adjusted mean patient ages were correlated with

the TFR (G = 22, W = 1 for crude mean age; G = 20, W = 1 for

adjusted mean age) and physician (G = 2, W = 1). To test the

validity of these results, the multivariate time-series regression

analysis was applied to the entire dataset (i.e., 1979–2010).

Qualitatively similar results were obtained (Table 4 and Table 5).

Reconstruction of KD Incidence and Mean Patient Age
Collectively, these results (Table 2, Table 3, Table 4, and

Table 5) suggested that the TFR was the critical parameter that

affected both KD incidence and the mean patient age (Figure 4).

Therefore, the incidence was reconstructed by incorporating the

nation-level TFR (Figure 5a) into the univariate time-series model

(Table 4). The reconstructed incidence (Figure 5b) captured the

overall upward trend of incidence although the epidemic years

Table 5. Time-series random-effect regressive models to explain mean age of KD.

Crude mean age (h = 0.53) Adjusted mean age (h = 0.41)

Univariate analysis 2000–2010 2000–2010

G W (n = 517) G W (n = 517)

Mean temperature 20 1 20.015 (P,0.001) 14 1 20.0078 (P = 0.031)

R2 0.059 0.015

Rainfall 19 1 20.00069 (P = 0.034) 6 2 20.00066 (P = 0.014)

R2 0.014 0.017

Physician 2 1 20.00056 (P = 0.038) 2 1 20.00060 (P = 0.010)

R2 0.0239 0.022

Population density 3 1 4.161026 (P = 0.675) 1 1 0.000022 (P = 0.003)

R2 0.0009 0.035

Aged population 22 1 20.0020 (P = 0.657) 7 1 20.0079 (P,0.001)

R2 0.0036 0.048

Higher education 11 1 0.016 (P = 0.011) 2 1 20.0078 (P = 0.279)

R2 0.021 0.0024

TFR 22 1 20.25 (P,0.001) 20 1 20.22 (P,0.001)

R2 0.0653 0.063

Multivariate analysis 2000–2010 2000–2010

G W (n = 517) G W (n = 517)

Physician 2 1 20.0010 (P = 0.001) 2 1 20.00052 (P = 0.013)

Aged population 7 1 20.0059 (P = 0.006)

Higher education 11 1 0.013 (P = 0.013)

TFR 22 1 20.29 (P,0.001) 20 1 20.27 (P,0.001)

R2 0.13 0.12

Multivariate analysis 1979–2010 1979–2010

G W (n = 611) G W (n = 705)

Physician 2 1 20.0010 (P,0.001) 2 1 20.00059 (P = 0.006)

Aged population 7 1 20.0043 (P = 0.029)

Higher education 11 1 0.013 (P = 0.007)

TFR 22 1 20.37 (P,0.001) 20 1 20.32 (P,0.001)

R2 0.17 0.13

doi:10.1371/journal.pone.0067934.t005
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were not reproduced. The reconstruction of incidence was further

extrapolated in a retrograde manner, which suggested that KD

emerged in the 1960s (Figure 5b), following a dramatic fall in the

TFR in 1940–1950s (Figure 5a). The predicted mean patient age

(Figure 5c) reproduced the general increasing trend of the

observed mean age, but failed to reproduce the turbulences in

the epidemic years.

Age-stratified KD Data
To explore the mechanism that could explain the link between

the decreasing TFR and the increasing KD incidence, the

available KD data was examined in detail. The number of KD

cases increased over three decades for all 19 age-classes (Figure

S3). This increase was most notable in infants between 0–2 months

of age, from 0.83/100,000 children 0–4 years of age in 1979 to

4.9/100,000 children in 2010. Proportional expression revealed

heterogeneity between the age-classes (Figure S4). The age classes

were re-classified into 3 categories: 0–5 months, 6 months–2 years,

3 years and above (Figure 6). The number of KD cases increased

in all three categories (Figure 6 a–c). However, the first half of the

three decades was dominated by a proportional increase in KD in

infants 0–5 months, while the latter half was characterized by a

proportional increase in children 3 years or older (Figure 6 d–f).

Discussion

Much attention has been paid to risk factors for KD incidence,

in terms of climate [54–57] and socioeconomic status [54,55,58].

While the climatic risk factors identified by these studies were

inconsistent [54–57], two studies suggested that higher socioeco-

nomic status may be a positive risk factor [54,58]. The present

study attempted to identify factor(s) that contribute to the

changing epidemiology of KD in Japan. It was demonstrated that

the TFR was negatively correlated with both KD incidence and

mean patient age, even after adjusting for climatic/socioeconomic

Figure 4. The relationship of Kawasaki disease incidence and
mean patient age to Total fertility rate (TFR). KD incidence (/
100,000 children between 0 and 4 years) (a), and crude mean patient
age (b) were plotted against the TFR with the time lag (G) and
smoothing radius (W) that provided the largest R2. Each dot represents
an annual record from a prefecture.
doi:10.1371/journal.pone.0067934.g004

Figure 5. Temporal change in Total Fertility Rate (TFR) and
Kawasaki disease incidence and mean patient age. KD incidence
in children of 0–4 years (b) and crude mean patient age (c) were
reconstructed based on the TFR in Japan (a). The reconstruction used a
univariate time-series model based on Kawasaki disease data recorded
either between 2000 and 2010 or between 1979 and 2010.
doi:10.1371/journal.pone.0067934.g005
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conditions. These correlations were statistically significant across

both space and time.

The negative correlation between the TFR and the mean

patient age suggested that a higher TFR may promote the hazard

of contracting the aetiologic agent for KD. This finding can be

explained by the fact that a large total fertility rate indicates the

birth of many children in a family and in the same generation; this

would most likely facilitate sibling-to-sibling and friend-to-friend

transmission. Indeed, presence of a sibling has been reported as an

important risk factor for paediatric infectious diseases [59–62].

As a result, the observed negative correlation between the TFR

and KD incidence may imply an inverse association between the

hazard of contracting the aetiologic agent and KD incidence. This

paradoxical finding is reminiscent of endemic stability [34].

Endemic stability is a state characterized by a stably low incidence

of symptomatic illness at a high force of infection. This peculiar

phenomenon occurs in a pathogen that manifests symptomatic

illness more frequently in older individuals than in younger

individuals. Under a very high force of infection, illnesses from

such a pathogen would be masked because infections occur mainly

in younger children. To explore the possibility of endemic stability,

age-stratified KD data was examined. The first half of the study

period was dominated by an increased percentage of KD cases in

children 0–5 months of age. This finding suggested that endemic

stability was an unlikely cause of the increase in KD incidence

during this period. Instead, the increase in incidence during the

first period may have been driven by a decrease in passive

immunity. This ‘‘inefficient passive immunity’’ hypothesis is

elaborated in Text S2, Figure S5, and Figure S6. In brief,

infection/boosting of a female by her sibling(s) may elevate the

antibody titre in this female who would subsequently transfer a

large amount of protective maternal antibody to her baby. An

alternative, but not exclusive, hypothesis is that an infected child

may boost its mother, who would transfer elevated levels of

protective antibodies to subsequent offspring. The first hypothesis

can be tested with an epidemiological study that compares the

number of siblings among the mothers of KD patients and

mothers of control subjects. The second hypothesis can be tested

by comparing the number of older siblings between KD patients

and control subjects. Comparison of the incidence of KD between

children based upon birth order would be useful as a test of the

second hypothesis.

Another explanation for the proportional increase in 0–5

month-old children during the period from the late 1980’s to late

1990’s is that this may have been the most susceptible age group

that remained after the KD epidemics, which mostly affected the

older age groups. Mathematical modeling methodology could be

used to compare this hypothesis with the inefficient immunity

hypothesis.

In the present study, climatic factors did not exhibit significant

impact on the epidemiology of KD. This result may seem

inconsistent with the sharp peak of KD incidence which usually

appears in January in Japan. However, between 2000 and 2010,

the number of KD cases which occurred in January constituted

only 11% of the total number of cases. The numbers of cases

which occurred in December-February period, and those which

occurred in June-August period were comparable (i.e., 29% and

26%, respectively). These findings imply that the epidemic with

KD in Japan may have weak seasonality. Therefore, the

relationship between the mean patient age and the hazard of

contracting the aetiologic agent (or force of infection) can be

explained by the traditional mathematical model (i.e., eq. 1), and

not by the recent model proposed by Pitzer and Lipsitch [50].

Figure 6. The proportion of age-stratified number of Kawasaki disease cases. Number of Kawasaki disease cases in each age category was
divided by the population of children between 0 and 4 years (a, b, c). The percentage of patients in each age category was smoothed using the
Lowess spline procedure (dashed line) (d, e, f).
doi:10.1371/journal.pone.0067934.g006
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The results of the present study should be interpreted with

caution because mean patient age is an inverse of the force of

infection when birthrate is equal to mortality (i.e., for a stable

population). When population size changes, mean patient age is

affected not only by force of infection but by population growth

rate and mortality rate [63]. Even for a growing population,

however, mean patient age is a good estimator of the inverse of the

force of infection [64]. A recent study predicted that the mean

patient age is affected by the force of infection much more than by

the population growth rate (page 220 in ref. [65]). Therefore, the

statistically significant negative correlation between the mean

patient age of KD and TFR suggests that TFR is actually

correlated with the hazard of contracting the aetiologic agent of

KD.

Another limitation of the present study is the small sample size

(i.e., 47 prefectures), which made the analysis vulnerable to

confounding factors (i.e., ecological fallacy). Therefore, the aim of

this study is not to present a definitive conclusion but to propose a

hypothesis to facilitate future studies.

The results of the present study suggest that the increasing

incidence of KD in Japan may be an example of an ‘‘epidemi-

ological disequilibrium’’, which has resulted from demographic

disequilibrium [66]. The TFR has been declining not only in

Japan, but in many countries/regions [67]. Therefore, elucidating

the causal link between this demographic parameter and KD using

epidemiological, geographical, and simulation studies is of

paramount importance.

Supporting Information

Figure S1 Correlation between age-adjusted incidence and

incidence over 0–4 year old population.

(TIF)

Figure S2 Fitness of time-series regression compared across G

and W.

(TIF)

Figure S3 Number of KD in 19 age classes.

(TIF)

Figure S4 Percentage of KD patients in 19 age classes.

(TIF)

Figure S5 Hypothesis: decreasing total fertility rate may reduce

the titre of maternal antibody, thereby increasing the incidence of

KD.

(TIF)

Figure S6 Alternative hypotheses. (a) Total fetility rate may

affect the number of antibody species which are passively

transferred. (b) Total fertility rate may affect the efficiency of

passive immunity through children-to-mother interaction.

(TIF)

Table S1 Regression analyses from Table 2 (main text) was

applied to non-normalized incidence of KD over 0–4 year old

population (n = 47).

(DOC)

Table S2 Regressive analyses from Table 3 (main text) was

applied to non-normalized mean age of KD patients (n = 47).

(DOC)

Table S3 Regression analyses from Table 4 (main text) was

applied to non-normalized KD incidence.

(DOC)

Table S4 Regression analyses from Table 5 (main text) was

applied to non-normalized mean patient age.

(DOC)

Text S1 Definition of Kawasaki disease.

(DOC)

Text S2 Hypotheses to explain increasing incidence of KD

based upon decreasing total fertility rate.

(DOC)

Acknowledgments

I am grateful to Yoshikazu Nakamura and Mayumi Yashiro, who provided

the data of nation-wide surveillance of KD. Maurizio Pisati and Gustavo

Sanchez assisted in the spatial and time-series regression analyses,

respectively. I also thank Junji Shiraishi and Kohei Yaguchi for assistance

with the geographical analysis.

Author Contributions

Analyzed the data: YN. Wrote the paper: YN.

References

1. Kawasaki T (1967) Acute febrile mucocutaneous syndrome with lymphoid

involvement with specific desquamation of the fingers and toes in children (in

Japanese). Arerugi 16: 178–222.

2. Kato H, Koike S, Yamamoto M, Ito Y, Yano E (1975) Coronary aneurysms in

infants and young children with acute febrile mucocutaneous lymph node

syndrome. J Pediatr 86: 892–898.

3. Iemura M, Ishii M, Sugimura T, Akagi T, Kato H (2000) Long term

consequences of regressed coronary aneurysms after Kawasaki disease: vascular

wall morphology and function. Heart 83: 307–311.

4. Furusho K, Kamiya T, Nakano H, Kiyosawa N, Shinomiya K, et al. (1984)

High-dose intravenous gammaglobulin for Kawasaki disease. Lancet 324: 1055–

1058.

5. Newburger JW, Takahashi M, Burns JC, Beiser AS, Chung KJ, et al. (1986) The

treatment of Kawasaki syndrome with intravenous gamma globulin. N Engl J Med

315: 341–347.

6. Taubert KA, Rowley AH, Shulman ST (1991) Nationwide survey of Kawasaki

disease and acute rheumatic fever. J Pediatr 119: 279–282.

7. Daniels LB, Gordon JB, Burns JC (2012) Kawasaki disease: late cardiovascular

sequelae. Curr Opin Cardiol 27: 572–577.

8. Shingadia D, Bose A, Booy R (2002) Could a herpesvirus be the cause of

Kawasaki disease? Lancet Infect Dis 2: 310–313.

9. 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.

10. Burns JC, Cayan DR, Tong G, Bainto EV, Turner CL, et al. (2005) Seasonality

and temporal clustering of Kawasaki syndrome. Epidemiology 16: 220–225.

11. Nakamura Y, Yashiro M, Uehara R, Oki I, Watanabe M, et al. (2008) Monthly

observation of the number of patients with Kawasaki disease and its incidence

rates in Japan: chronological and geographical observation from nationwide
surveys. J Epidemiol 18: 273–279.

12. Kao AS, Getis A, Brodine S, Burns JC (2008) Spatial and temporal clustering of
Kawasaki syndrome cases. Pediatr Infect Dis J 27: 981–985.

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

disease in families. Pediatrics 84: 666–669.

14. Tsuchida S, Yamanaka T, Tsuchida R, Nakamura Y, Yashiro M, et al. (1996)

Epidemiology of infant Kawasaki disease with a report of the youngest neonatal

case ever reported in Japan. Acta Paediatr 85: 995–997.

15. Okano M, Thiele GM, Sakiyama Y, Matsumoto S, Purtilo DT (1990)

Adenovirus infection in patients with Kawasaki disease. J Med Virol 32: 53–57.

16. Muso E, Fujiwara H, Yoshida H, Hosokawa R, Yashiro M, et al. (1993) Epstein-
Barr virus genome-positive tubulointerstitial nephritis associated with Kawasaki

disease-like coronary aneurysms. Clin Nephrol 40: 7–15.

17. Turkay S, Odemis E, Karadag A (2006) Kawasaki disease onset during
concomitant infections with varicella zoster and Epstein-Barr virus. J Natl Med

Assoc 98: 1350–1352.

18. Suenaga T, Suzuki H, Shibuta S, Takeuchi T, Yoshikawa N (2009) Detection of

multiple superantigen genes in stools of patients with Kawasaki disease. J Pediatr

155: 266–270.

19. 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.

Kawasaki Disease and Total Fertility Rate

PLOS ONE | www.plosone.org 10 July 2013 | Volume 8 | Issue 7 | e67934



20. Holman RC, Belay ED, Christensen KY, Folkema AM, Steiner CA, et al. (2010)

Hospitalizations for Kawasaki syndrome among children in the United States,
1997–2007. Pediatr Infect Dis J 29: 483–488.

21. Harnden A, Mayon-White R, Perera R, Yeates D, Goldacre M, et al. (2009)

Kawasaki disease in England: ethnicity, deprivation, and respiratory pathogens.
Pediatr Infect Dis J 28: 21–24.

22. Burns JC, Glode MP (2004) Kawasaki syndrome. Lancet 364: 533–544.
23. Uehara R, Yashiro M, Nakamura Y, Yanagawa H (2003) Kawasaki disease in

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

24. 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. doi:10.1371/journal.p-
gen.1000319.

25. 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.

26. Khor CC, Davila S, Breunis WB, Lee YC, Shimizu C, et al. (2011) Genome-
wide association study identifies FCGR2A as a susceptibility locus for Kawasaki

disease. Nat Genet 43: 1241–1246.
27. Khor CC, Davila S, Shimizu C, Sheng S, Matsubara T, et al. (2011) Genome-

wide linkage and association mapping identify susceptibility alleles in ABCC4 for

Kawasaki disease. J Med Genet 48: 467–472.
28. 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. doi:10.1371/journal.-

pone.0016853.
29. Lee YC, Kuo HC, Chang JS, Chang LY, Huang LM, et al. (2012) Two new

susceptibility loci for Kawasaki disease identified through genome-wide

association analysis. Nat Genet 44: 522–525.
30. Onouchi Y, Ozaki K, Burns JC, Shimizu C, Terai M, et al. (2012) A genome-

wide association study identifies three new risk loci for Kawasaki disease. Nat
Genet 44: 517–521.

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

telling us about the etiology? Int J Infect Dis 9: 185–194.
32. Yanagawa H, Yashiro M, Nakamura Y, Kawasaki T, Kato H (1995) Results of

12 nationwide epidemiological incidence surveys of Kawasaki disease in Japan.
Arch Pediatr Adolesc Med 149: 779–783.

33. Nakamura Y, Yashiro M, Uehara R, Oki I, Kayaba K, et al. (2008) Increasing
incidence of Kawasaki disease in Japan: nationwide survey. Pediatr Int 50: 287–

290.

34. Coleman PG, Perry BD, Woolhouse ME (2001) Endemic stability–a veterinary
idea applied to human public health. Lancet 357: 1284–1286.

35. Anderson RM, May RM (1991) Infectious Diseases of Humans: Dynamics and
Control. New York: Oxford University Press.

36. Grenfell BT, Bjornstad ON, Kappey J (2001) Travelling waves and spatial

hierarchies in measles epidemics. Nature 414: 716–723.
37. Pitzer VE, Viboud C, Simonsen L, Steiner C, Panozzo CA, et al. (2009)

Demographic variability, vaccination, and the spatiotemporal dynamics of
rotavirus epidemics. Science 325: 290–294.

38. Pitzer VE, Viboud C, Lopman BA, Patel MM, Parashar UD, et al. (2011)
Influence of birth rates and transmission rates on the global seasonality of

rotavirus incidence. J R Soc Interface 8: 1584–1593.

39. Nakamura Y, Yashiro M, Uehara R, Sadakane A, Tsuboi S, et al. (2012)
Epidemiologic features of Kawasaki disease in Japan: results of the 2009–2010

nationwide survey. J Epidemiol 22: 216–221.
40. Yanagawa H, Sonobe T (2004) History of diagnostic criteria for Kawasaki

disease (in Japanese). In: Yanagawa H, Nakamura Y, Yashiro M, Kawasaki T,

editors. Epidemiology of Kawasaki disease - a 30-year achievement. Tokyo:
Shindan to chiryo sha. 17–21.

41. Nagao Y, Koelle K (2008) Decreases in dengue transmission may act to increase
the incidence of dengue hemorrhagic fever. Proc Natl Acad Sci U S A 105:

2238–2243.

42. Nagao Y, Svasti P, Tawatsin A, Thavara U (2008) Geographical structure of
dengue transmission and its determinants in Thailand. Epidemiol Infect 136:

843–851.
43. University Corporation for Atmospheric Research (2012) Global summary of

day/month observations, 1979-continuing (ds512.0). Available: http://dss.ucar.
edu/datasets/ds512.0/. Accessed September 20 2012.

44. ESRI Japan (2012) Cities, towns and villages in Japan. Available: http://www.

esrij.com/products/gis_data/japanshp/japanshp.html. Accessed September 26

2012.

45. Ministry of Health, Labor and Welfare (1986–2010) Surveillance of physicians,

dentists and pharmacists [Ishi, Shikaishi, Yakuzaishi chosa]. Available: http://

www.e-stat.go.jp. Accessed September 3 2012.

46. Ministry of Internal Affairs and Communications (1975–2010) Estimated

population [jinko suikei]. Available: http://www.e-stat.go.jp. Accessed Septem-

ber 24 2012.

47. Ministry of Internal Affairs and Communications (1975–2010) Statistical

indicators for social life [Shakai seikatsu tokei shihyou]. Available: http://

www.e-stat.go.jp. Accessed 8 March 2013.

48. Ministry of Health, Labour and Welfare (1975–2010) Specific report for

dynamic demographic surveillance [Jinko dotai chosa tokushu hokoku].

Available: http://www.e-stat.go.jp. Accessed September 24 2012.

49. Box GEP, Cox DR (1964) An analysis of transformations. Journal of the Royal

Statistical Society, Series B 26: 211–243.

50. Pitzer VE, Lipsitch M (2009) Exploring the relationship between incidence and

the average age of infection during seasonal epidemics. J Theor Biol 260: 175–

185.

51. Pitzer VE, Burgner D, Viboud C, Simonsen L, Andreasen V, et al. (2012)

Modelling seasonal variations in the age and incidence of Kawasaki disease to

explore possible infectious aetiologies. Proceedings Biological sciences/The

Royal Society 279: 2736–2743.

52. Anselin L, Hudak S (1992) Spatial econometrics in practice. A review of software

options. Regional Science and Urban Economics 22: 509–536.

53. Pisati M (2001) Tools for spatial data analysis. Stata Technical Bulletin 55: 33–

47.

54. Bronstein DE, Dille AN, Austin JP, Williams CM, Palinkas LA, et al. (2000)

Relationship of climate, ethnicity and socioeconomic status to Kawasaki disease

in San Diego County, 1994 through 1998. Pediatr Infect Dis J 19: 1087–1091.

55. Chang RK (2002) Epidemiologic characteristics of children hospitalized for

Kawasaki disease in California. Pediatr Infect Dis J 21: 1150–1155.

56. Checkley W, Guzman-Cottrill J, Epstein L, Innocentini N, Patz J, et al. (2009)

Short-term weather variability in Chicago and hospitalizations for Kawasaki

disease. Epidemiology 20: 194–201.

57. Rodo X, Ballester J, Cayan D, Melish ME, Nakamura Y, et al. (2011)

Association of Kawasaki disease with tropospheric wind patterns. Sci Rep 1: 152.

58. Bell DM, Brink EW, Nitzkin JL, Hall CB, Wulff H, et al. (1981) Kawasaki

syndrome: description of two outbreaks in the United States. N Engl J Med 304:

1568–1575.

59. Lanphear BP, Hall CB, Black J, Auinger P (1998) Risk factors for the early

acquisition of human herpesvirus 6 and human herpesvirus 7 infections in

children. Pediatr Infect Dis J 17: 792–795.

60. Chang LY, King CC, Hsu KH, Ning HC, Tsao KC, et al. (2002) Risk factors of

enterovirus 71 infection and associated hand, foot, and mouth disease/

herpangina in children during an epidemic in Taiwan. Pediatrics 109: e88.

61. Chang LY, Tsao KC, Hsia SH, Shih SR, Huang CG, et al. (2004) Transmission

and clinical features of enterovirus 71 infections in household contacts in

Taiwan. JAMA 291: 222–227.

62. Zerr DM, Meier AS, Selke SS, Frenkel LM, Huang ML, et al. (2005) A

population-based study of primary human herpesvirus 6 infection. N Engl J Med

352: 768–776.

63. McLean AR, Anderson RM (1988) Measles in developing countries. Part I.

Epidemiological parameters and patterns. Epidemiol Infect 100: 111–133.

64. May RM, Anderson RM (1985) Endemic infections in growing populations.

Math Biosci 77: 141–156.

65. Inaba H, Nishiura H (2008) The basic reproduction number of an infectious

disease in a stable population: the impact of population growth rate on the

eradication threshold. Mathematical Modelling of Natural Phenomena 3: 194–

228.

66. Tuljapurkar S, John AM (1991) Disease in changing populations: growth and

disequilibrium. Theor Popul Biol 40: 322–353.

67. World Bank (2012) Fertility rate, total (births per woman) Available: http://data.

worldbank.org/indicator/SP.DYN.TFRT.IN.Accessed November 8 2012.

Kawasaki Disease and Total Fertility Rate

PLOS ONE | www.plosone.org 11 July 2013 | Volume 8 | Issue 7 | e67934


