
Yuan et al. Theor Biol Med Model           (2021) 18:17  
https://doi.org/10.1186/s12976-021-00149-8

RESEARCH

Analysis of international traveler mobility 
patterns in Tokyo to identify geographic foci 
of dengue fever risk
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Abstract 

Travelers play a role in triggering epidemics of imported dengue fever because they can carry the virus to other 
countries during the incubation period. If a traveler carrying dengue virus visits open green space and is bitten by 
mosquitoes, a local outbreak can ensue. In the present study, we aimed to understand the movement patterns of 
international travelers in Tokyo using mobile phone data, with the goal of identifying geographical foci of dengue 
transmission. We analyzed datasets based on mobile phone access to WiFi systems and measured the spatial distribu-
tion of international visitors in Tokyo on two specific dates (one weekday in July 2017 and another weekday in August 
2017). Mobile phone users were classified by nationality into three groups according to risk of dengue transmission. 
Sixteen national parks were selected based on their involvement in a 2014 dengue outbreak and abundance of Aedes 
mosquitoes. We found that not all national parks were visited by international travelers and that visits to cemeteries 
were very infrequent. We also found that travelers from countries with high dengue prevalence were less likely to visit 
national parks compared with travelers from dengue-free countries. Travelers from countries with sporadic dengue 
cases and countries with regional transmission tended to visit common destinations. By contrast, the travel footprints 
of visitors from countries with continuous dengue transmission were focused on non-green spaces. Entomological 
surveillance in Tokyo has been restricted to national parks since the 2014 dengue outbreak. However, our results indi-
cate that areas subject to surveillance should include both public and private green spaces near tourist sites.
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Introduction
Human mobility can be classified as migration (i.e., 
unidirectional movement) and circulation (i.e., depar-
ture and return after a first move away); these pro-
cesses take place at different spatial and temporal 
scales [1]. Global travel of humans is recognized as the 
most critical pathway for the rapid spread of emerg-
ing infectious diseases [1–3]. International travel 
allows a disease, or sometimes even an epidemic, 

to be imported from endemic countries to a previ-
ously disease-free country [4, 5]. The population of 
the importing country is often fully susceptible and 
the vectorial capacities of arthropod vectors have 
increased in recent years because of climate change. 
Both factors increase the risk of imported dengue 
fever outbreaks in temperate countries [6]. In light of 
the importance of international mobility, [7] examined 
the transmissibility of infectious diseases (as meas-
ured by the basic reproduction number, R0, the average 
number of secondary cases generated by a single pri-
mary case) in relation to human movement and social 
settings of transmission (e.g., outdoor environments 
and households). Frequent travelers play a role in 
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triggering imported epidemics because they can carry 
pathogens to other countries during their incubation 
period [8].

Despite the critical importance of human mobil-
ity in epidemiology, explicit accounting for human 
movement patterns is rarely achieved because of the 
absence of mobility data with high spatiotemporal res-
olution [9]. In recent years, mobile phones have been 
shown to be a useful data source, enabling cap;ture 
of human movement patterns based on call records 
and WiFi connectivity history and allowing statistical 
inference of human mobility patterns. Mobile phone 
data are considered to be more useful when an epi-
demic develops in populated areas with highly con-
nected contact patterns [10]. Tracing 100,000 mobile 
phone users, [11] found a high degree of temporal and 
spatial regularity in their movement patterns. Indi-
viduals most often traveled over short distances and 
frequently commuted to a limited number of geo-
graphic locations; this information would be useful 
in preventing epidemics. The pros and cons of using 
mobile phone data in modeling infectious disease epi-
demics have been discussed [9]. Published applications 
include modeling of malaria [3], rubella [12], dengue 
[13], and Ebola transmission [14].

Although dengue fever is not endemic in Japan, the 
risk of autochthonous outbreaks of dengue is believed 
to have increased, as demonstrated by a 2014 tran-
sient epidemic in Yoyogi park, Tokyo [15, 16]. One of 
the underlying factors associated with imported den-
gue outbreaks in temperate countries is the increasing 
volume of Japanese travelers returning from dengue-
endemic areas [17–19]. Another factor is the growing 
number of international travelers visiting Japan from 
other countries with dengue transmission. In Tokyo, 
national parks and cemeteries are the major habitats 
for mosquito species [20] including Aedes albopictus, 
a primary vector of dengue transmission in Japan [21]. 
If a traveler carrying dengue virus visits an open green 
space and is bitten by mosquitoes, a local outbreak can 
ensue. By objectively identifying mobility patterns of 
travelers from dengue endemic countries, entomologi-
cal surveillance of Aedes species and associated pre-
vention activities could be targeted to high-risk areas.

In the present study, we aimed to understand the 
movement patterns of international travelers in Tokyo 
using mobile phone data, with the goal of identifying 
geographical foci of dengue transmission. In addition 
to routine mosquito surveys of green space conducted 
in the summer, especially in national parks, we expect 
that mobility patterns of international travelers would 
be a useful source of information.

Materials & Methods
Data source: Mobile phones, dengue transmission 
and national parks
Many international travelers visiting Japan rent a mobile 
phone with WiFi capability. Nippon Telegraph and Tel-
ephone (NTT) DoCoMo is the most popular operator in 
Japan, covering 38.1% of domestic mobile phone users 
and approximately 20% of incoming international visi-
tors. Once users are connected to WiFi networks, their 
locations are traced by the closest tower to the signal 
base station. Accordingly, NTT DoCoMo is able to tie 
location to mobile phone identity, which in turn can be 
matched with customer age and nationality. We obtained 
the deidentified NTT DoCoMo data for academic use 
and measured the spatial distribution of international 
visitors in Tokyo on two specific dates (one weekday, 3rd 
July and another weekday, 7th August, 2017). The data 
were provided as comma separated value files containing 
dates, areas, countries and cumulative numbers of peo-
ple who visited each specific area during daylight hours 
(10 AM to 6 PM). The summary datasets by country are 
provided in the Online Supporting Material. Geographic 
area was coded using an eight-digit number representing 
two-dimensional geographic coordinates (longitude and 
latitude) [22] with a resolution of 1 square kilometer. In 
the subsequent analyses, we focused on central Tokyo at 
a 10 square kilometer resolution as described by four six-
digit mesh codes (533935, 533936, 533945, and 533946).

The potential risk of international travelers carrying 
dengue virus was classified according to their national-
ity. We adhered to the classifications of countries by the 
Centers for Disease Control and Prevention [23] into 
three groups: (i) Group 1 countries with continuous risk 
of dengue transmission (n=9 among all countries with 
international mobile phone user records in Japan), (ii) 
Group 2 countries with occasional outbreaks in some 
regions (regional transmission) (n=4), and (iii) Group 3 
countries with only sporadic cases (n=38).

The 2014 outbreak in central Tokyo occurred in Yoyogi 
park, a national park with substantial green space in a 
major metropolitan area. The park is located within 1 kil-
ometer of Shibuya station, the third busiest train station 
in Tokyo, and later cases in the 2014 outbreak occurred 
in other national parks in Tokyo. Following the outbreak, 
it was demonstrated that Aedes mosquitoes were abun-
dant in national parks. Since then, the Tokyo metropoli-
tan government has continuously monitored mosquitoes 
each summer. In the present study, 16 public green spaces 
were selected in Tokyo: Yoyogi Park, Meiji Jingu Gaien, 
Shinjuku Chuo Park, Sotobori Park, Ueno Park, Toyama 
Park, Hibiya Park, Sarue Onshi Park, Hamarikyu Garden, 
Komazawa Olympic Park, Kasai Rinkai Park, Oi Wharf 
Central Bayside Park, Odaiba Kaihin-Koen, Aoyama 
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Cemetery, Yanaka Cemetery, and Somei Cemetery. These 
sites were part of the 2014 outbreak or were subject to 
routine entomological surveys by the Tokyo Metropoli-
tan Institute of Public Health [24]. The green spaces were 
overlaid with the geographic areas most often visited 
by international travelers. We compared the frequency 
of visits by international travelers to these parks and 
six other popular tourist sites: Senso-ji, Ginza, Skytree, 
Tokyo Tower, Tsukiji Market and the Imperial Palace 
[25].

Statistical analysis
In the following analyses, we counted the frequencies of 
visits by travelers to understand travel patterns. More 
specifically, we analyzed traveler behaviors, in particular, 
visitation frequency was analyzed according to dengue 
transmission level in country of origin.

We calculated interrater reliability, defined as the 
extent of agreement between two or multiple raters [26, 
27]. In principle, the term rater can represent any pair 
of research subjects. In the present study, two raters, 
denoted by rater A and rater B, were defined as travelers 
from foreign countries and national parks, respectively. 
Here binary responses of “Yes” and “No” represent the 
visiting status. For calculation of agreement measures, 
we first constructed 2-by-2 contingency tables describ-
ing how two rates A/B interacted with “Yes” and “No” 
responses (Table  1). The new notation of “Outcome A/
outcome B” was introduced to indicate that outcome A is 
a response of rater A and outcome B is a response of rater 
B, respectively.

We employed four mathematical metrics to measure 
agreement between raters A and B (observed agreement, 
prevalence rate, Cohen’s kappa and Gwet’s AC1) [28]. 
Using Table  1, four agreement measures can be written 
explicitly. Observed agreement is calculated as

where Pa measures the number of times both raters clas-
sify response into either “Yes” or “No” (i.e, Yes/Yes or No/

(1)Pa = (a+ d)/N ,

No), regardless of actual propensity or chance. Exclu-
sively considering double-positive elements alone (i.e., 
Yes only), the trait prevalence [29] is calculated as

Cohen’s kappa is also calculated to adjust the chance 
agreement,

where Pe(k) is the expected agreement by chance, 
representing the sum of the products of the mar-
ginal distributions (i.e., Pe(k) = P1. ∙ P.1 + P2. ∙ P.2), 
where marginal probabilities were defined as 
P1. =

(a+b)
N

,P2. =
(c+d)
N

,P.1 =
(a+c)
N

and P.2 =
(b+d)
N

 .
Several thorough review studies described statisti-

cal biases and limitations of Cohen’s kappa [28, 30, 31]. 
Cohen’s kappa has been generally used because of a 
simple measure of agreement. However, there are two 
paradoxes associated with Cohen’s kappa described in 
[1, 2]: (1) A high agreement can lead to a low Cohen’s 
kappa; and (2) Unbalanced marginal distributions can 
give higher values of Cohen’s kappa than more balanced 
marginal distributions. We calculated an alternative 
agreement measure, Gwet’s AC1 [28, 30]. Gwet’s AC1 is 
a reasonable chance-corrected agreement coefficient to 
overcome the limitations of existing agreement meas-
ures. Thus, Gwet’s AC1 is calculated as follows.

where the chance agreement is given by 
Pe(γ ) = 2

(

P1.+P.1
2

)(

1−
P1.+P.1

2

)

.
Interrater analysis was applied for three comparisons. 

We divided the central Tokyo represented by four six-
digit mesh codes, i.e., 533935, 533936, 533945, 533946 
to be smaller sub-regions with eight-digit mesh and 
we counted the total number of the sub-regions as the 
N. First, we assessed the agreement between national 
parks. For each sub-region coded using eight-digit 
number, if it overlaps with both the visiting mesh of 
travelers from some country recorded in the mobile 
phone data and the mesh where the park is located in, 
this mesh will be counted in the Yes/Yes category; if 
this sub-region overlaps with either the visiting mesh 
of travelers from some country or the mesh where the 
park is located in, it is Yes/No or No/Yes; if this sub-
region overlaps with neither, then it is categorized as 
No/No. Second, we examined the coherence among 
the three groups of countries of traveler origin. Anal-
ogous 2-by-2 tables as above were created. Groups of 

(2)Pb = a/N .

(3)κ =
Pa − Pe(k)

1− Pe(k)
,

(4)AC1 =
Pa − Pe(γ )

1− Pe(γ )
,

Table 1 Two-by-two table of N subjects evaluated by two raters 
and two response variables

Table modified from [28]

Rater A

Yes No Total Marginal

Rater B Yes a b a+b P1.=(a+b)/N

No c d c+d P2.=(c+d)/N

Total a+c b+d N

Marginal P.1=(a+c)/N P.2=(b+d)/N
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countries were now the raters and the destinations of 
travelers from each group determined the category in 
which each geographic mesh would be counted. To 
be specific, we counted the number of sub-regions 
obtained in the abovementioned way: if one eight-
digit mesh was visited by travelers from both groups of 
countries under consideration, it was counted as Yes/
Yes; if this sub-mesh was visited by only one group of 
countries, it is Yes/No or No/Yes; otherwise, it was in 
No/No category. Third, we investigated the frequen-
cies of international travelers who visited public green 
spaces and popular tourist sites. The 2-by-2 table for 
selected parks and popular tourist sites was filled by 
counting numbers of countries. We counted the num-
ber of countries from which travelers visited both the 
public green spaces and popular tourist sites to be Yes/
Yes, visiting either the public green spaces or popular 
tourist sites to be Yes/No or No/Yes, visiting neither of 
the two spots to be No/No category.

Ethical considerations
The datasets used in our study were fully anonymized and 
the analysis therefore did not require ethical approval.

Data sharing
A summary dataset of the study population by country 
on single weekdays in July and August 2017 is provided in 
the Online Supporting Material.

Results
In total, we analyzed the records of 9,688,405 travelers on 
one weekday in July 2017 and another weekday in August 
2017. Fig.  1 shows the total numbers of international 
travelers according to their country of origin in August. 
The records of international travelers from a total of 51 
countries were analyzed. The geographical locations 
of national parks and destinations of travelers from 
18 countries (nine countries with and without dengue 
transmission, selected based on volume of travelers) are 
shown in Fig. 2. It should be noted that not all national 
parks are visited by international travelers. Visits to cem-
eteries were infrequent.

Table  2 summarizes agreement between the geo-
graphic locations of national parks and travel destina-
tions. Gwet’s AC1 was higher among travelers from 
dengue-nonendemic countries compared with those 
from dengue-endemic countries. Because of the large 

Fig. 1 Country-specific numbers of international travelers in Tokyo, August 2017. The y-axis of the bar plot is on a log10 scale. According to the 
Centers for Disease Control and Prevention definitions of areas with dengue transmission risk, all 51 countries under consideration were classified 
into three groups: “sporadic cases only” in white, “regional (localized) transmission” in gray, and “continuous transmission” in black
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number of travelers from Korea, the USA and main-
land China (Fig.  1), AC1 took on negative values for 
these regions, reflecting difficulties in capturing the 
agreement between parks and visitation destinations. 
Overall, values of Pb were small between 0.01 and 0.04, 
representing the proportion of Yes/Yes category. In 
other words, the small observed agreement for Yes/Yes 
responses was seen between national parks and visit 
destinations of international travelers by country of ori-
gin. Given low value of Kappa and high value of AC1 for 
given small values of Pb, the finding can be interpreted 
as an agreement that overrepresents high proportion of 
No/No category. This finding indicates that most travel-
ers from countries with small values of Pb did not con-
sistently choose national parks as their destination. On 
the basis of the four agreement measures, values for 
dengue-free countries (or those with sporadic cases; 
e.g., Korea, USA, Hong Kong, Spain, Italy, Canada, 
France, UK, and Singapore) and countries with regional 
and continuous dengue (e.g., Mainland China, Taiwan, 
Thailand, Malaysia, Indonesia, Philippines, Vietnam, 

Mexico, and Brazil) were comparable. The average AC1 
value for the nine dengue-free countries was 4.1, lower 
than the average of 5.7 among countries with dengue. 
National parks showed higher agreement with visit 
destinations among travelers from countries with den-
gue. Comparing Pa and Pb between dengue-free and 
dengue-endemic countries, a smaller proportion of 
geographic meshes occupied by national parks and visit 
destinations were identified among the latter countries. 
This finding highlights the lower frequency of visits 
from travelers from countries with dengue to selected 
national parks.

We also analyzed agreement between the geographic 
meshes of visit destinations among the three differ-
ent groups of countries (Table 3). Countries with con-
tinuous transmission of dengue fever had the lowest 
coherence values for all four agreement measures. 
Cohen’s Kappa and AC1 were calculated as 0.39 and 
0.39 comparing dengue-continuous and dengue-spo-
radic countries. In contrast, kappa and AC1 compar-
ing dengue-sporadic and dengue-regional countries 

Fig. 2 Spatial distribution of national parks and destinations of travelers by country in central Tokyo. In each panel, the horizontal axis shows 
longitude and the vertical axis shows latitude. The blue stars indicate the locations of national parks with potential risk of dengue transmission and 
the red circles represent the destinations of international travelers. While the nine countries on the left were dengue free (sporadic cases only), the 
remaining nine countries on the right were dengue endemic countries (regional transmission and continuous transmission)
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were calculated as 0.58 and 0.72, respectively, indicat-
ing that the travel patterns of individuals from these 
two groups of countries generally agreed well with 
each other. Travelers from dengue-sporadic and den-
gue-regional countries were more likely to visit the 
same geographic mesh codes than the other two pairs 
of count groups, as reflected by a larger Pb value (0.64 
compared with 0.46).

We subsequently examined agreement in each com-
bination of parks (i.e., Yoyogi Park, Ueno Park, Soto-
bori Park and Meiji Jingu Gaien) and tourist sites (i.e. 
Senso-ji, Ginza, Skytree, Tokyo Tower, Tsukiji Market, 

and Imperial Palace) by counting the numbers of coun-
tries/regions for each combination (Table 4). Senso-ji and 
Ginza showed the lowest coherence values with national 
parks. Moreover, similar Pa and Pb values ranging from 
0.38 to 0.77 indicated that almost half of travelers were 
unlikely to visit national parks if they visited Senso-ji or 
Ginza. Among the four national parks, the highest coher-
ence with the six tourist sites was observed for Ueno 

Table 2 Agreement analysis between national parks and visit 
destinations of international travelers by country/region of origin

Abbreviations: Korea Republic of Korea, USA United States of America, UK United 
Kingdom of Great Britain and Northern Ireland. The agreement values of Pa, Pb, 
Kappa and AC1 were calculated for each country according to the distributions 
of traveler destinations and selected parks. Four two-level geographic meshes 
(10 km × 10 km) of central Tokyo were considered to include 400 three-level 
meshes (1 km × 1 km). Numbers of meshes occupied by national parks or visited 
by international travelers were counted

Traveler nationality Pa Pb Kappa AC1

Korea 0.41 0.04 0.04 -0.07

USA 0.27 0.04 0.02 -0.41

Hong Kong 0.68 0.03 0.09 0.54

Spain 0.78 0.03 0.14 0.71

Italy 0.77 0.03 0.13 0.69

Canada 0.83 0.03 0.17 0.78

France 0.81 0.03 0.17 0.76

UK 0.71 0.03 0.10 0.59

Singapore 0.69 0.03 0.10 0.55

Mainland China 0.35 0.03 0.02 -0.20

Taiwan 0.59 0.03 0.07 0.35

Thailand 0.74 0.03 0.12 0.64

Malaysia 0.75 0.03 0.12 0.65

Indonesia 0.83 0.03 0.17 0.79

Philippines 0.89 0.02 0.17 0.87

Vietnam 0.90 0.02 0.22 0.89

Mexico 0.85 0.02 0.16 0.82

Brazil 0.91 0.01 0.13 0.89

Table 3 Agreement analysis between visit destinations of international travelers from countries/regions with or without dengue

Countries were divided into: (i) Group 1 countries with continuous risk of dengue transmission (n=9 among all countries with international mobile phone user records 
in Japan), (ii) Group 2 countries with occasional outbreaks in some regions (regional transmission) (n=4), and (iii) Group 3 countries with only sporadic cases (n=38). 
The agreement values of Pa, Pb, kappa and AC1 were calculated according to the distributions of geographic meshes visited by travelers. The numbers of meshes 
visited by travelers from each group of countries/regions were counted for further agreement analyses

Comparison pairs Pa Pb Kappa AC1

Countries with continuous transmission vs sporadic cases only 0.68 0.46 0.39 0.39

Countries with continuous transmission vs regional (localized) transmission 0.78 0.46 0.57 0.57

Countries with sporadic cases only vs regional (localized) transmission 0.83 0.64 0.58 0.72

Table 4 Agreement analysis between national parks and tourist 
sites by international travelers

The agreement values of Pa, Pb, kappa and AC1 were calculated according to 
the distributions of the numbers of origin countries of travelers visiting national 
parks or popular tourist sites. Here only the countries with continuous or 
regional transmission of dengue were considered in this table

National park/tourist site combinations Pa Pb Kappa AC1

Yoyogi Park and Senso-ji 0.54 0.54 0 0.28

Yoyogi Park and Ginza 0.54 0.54 0 0.28

Yoyogi Park and Skytree 0.69 0.54 0.35 0.46

Yoyogi Park and Tokyo Tower 0.77 0.54 0.52 0.58

Yoyogi Park and Tsukiji Market 0.77 0.54 0.52 0.58

Yoyogi Park and Imperial Palace 0.69 0.54 0.35 0.46

Ueno Park and Senso-ji 0.77 0.77 0 0.71

Ueno Park and Ginza 0.77 0.77 0 0.71

Ueno Park and Skytree 0.92 0.77 0.75 0.89

Ueno Park and Tokyo Tower 0.85 0.69 0.57 0.76

Ueno Park and Tsukiji Market 1 0.77 1 1

Ueno Park and Imperial Palace 0.92 0.77 0.75 0.89

Sotobori Park and Senso-ji 0.62 0.62 0 0.44

Sotobori Park and Ginza 0.62 0.62 0 0.44

Sotobori Park and Skytree 0.54 0.38 0.20 0.12

Sotobori Park and Tokyo Tower 0.62 0.38 0.32 0.25

Sotobori Park and Tsukiji Market 0.62 0.38 0.32 0.25

Sotobori Park and Imperial Palace 0.54 0.38 0.20 0.12

Meiji Jingu Gaien and Senso-ji 0.38 0.38 0 -0.07

Meiji Jingu Gaien and Ginza 0.38 0.38 0 -0.07

Meiji Jingu Gaien and Skytree 0.54 0.38 0.20 0.12

Meiji Jingu Gaien and Tokyo Tower 0.62 0.38 0.32 0.25

Meiji Jingu Gaien and Tsukiji Market 0.62 0.38 0.32 0.25

Meiji Jingu Gaien and Imperial palace 0.54 0.38 0.20 0.12
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park, which showed the highest values of Kappa and AC1 
(0.51 and 0.83, respectively). Lower coherence measures 
for the other three parks suggested that travel patterns 
between these public green spaces and popular tourist 
sites were less correlated. We summarized the number 
of international travelers from dengue-positive countries 
and the number of countries of these travelers to six pub-
lic parks in Fig. 3. Hibiya Park and Shinjuku Chuo Park 
were visited by the most travelers from dengue-positive 
countries, revealing the highest risk of the imported den-
gue virus, while the Meiji Jingu Gaien and Sotobori Park 
are the two parks attracting the least number of travelers 
from dengue-positive countries.

In Fig.  4, we calculated the correlation coefficient 
between the population size of visitors to the 16 selected 
parks and the relative distance from Yoyogi Park to other 
15 parks. The correlation coefficient was estimated at 
-0.175, revealing the low correlation between tourists in 
choosing the closer places, i.e., the geographic distance 
was not an important factor to affect the travelers’ choice 
of parks.

Discussion
In the present study, we analyzed the geographic mobility 
patterns of international travelers visiting Tokyo, Japan 
using mobile phone data. Using four coherence meas-
ures, we compared (1) the locations of national parks 
and visit destinations, (2) visit destinations of travelers 
among three groups of countries with different transmis-
sion levels of dengue, and (3) visit experiences of travelers 
to four national parks and six popular tourist sites. We 
found that travelers from dengue-positive countries were 
less likely to visit national parks compared with travel-
ers from dengue-free countries. Travelers from countries 
with sporadic cases and countries with regional trans-
mission visited common destinations, while the travel 
footprints of individuals from countries with continuous 
transmission were focused on non-green spaces. Among 
travelers from countries with dengue, limited coherent 
travel patterns were observed when comparing national 
parks and popular tourist sites.

To our knowledge, our study is the first to analyze the 
travel patterns of visitors from various countries/regions 

Fig. 3 The numbers of travelers and countries by national park. Filled circles represent the number of the international travelers from 
dengue-positive countries by national park (measured in left vertical axis). The triangle shows the number of the countries from which international 
travelers arrived (measured in right vertical axis). Six parks were selected, including Hibiya Park, Meiji Jingu Gaien, Shinjuku Chuo Park, Sotobori Park, 
Ueno Park and Yoyogi Park
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in Tokyo. Considering that imported dengue cases and 
outbreaks are always triggered by human movement 
from countries with dengue to dengue-free destination 
countries, tracing the movements of travelers and iden-
tifying geographic risk hotspots for outbreaks is vital. For 
current mosquito surveillance efforts, areas of investiga-
tion are focused on public green space, mostly national 
parks [24]. However, our data suggest that not all national 
parks, especially cemeteries, are at high risk of dengue 
transmission from international visitors. In addition to 
mosquito abundance, the risk of a potential outbreak is 
expected to depend on the number of visitors from coun-
tries with dengue. Low coherence was observed between 
park locations and visit destinations among travelers 
from dengue-endemic countries. Given this finding, 
candidate areas for entomological surveillance should 
be explored in a broader scope, balancing frequently 
visited locations with areas having a substantial abun-
dance of Aedes mosquitoes. Heterogeneous coherence 
between selected parks and tourist sites implies that both 

public and private green space nearby tourist sites could 
be potential areas of interest.

For this type of exercise to more explicitly map the 
geographic risk of dengue, modeling of vectorial capac-
ity should be included. Instead of using the locations of 
national parks as the benchmark, it would then be possi-
ble to describe the reproductive number as a function of 
temperature and mosquito abundance across space and 
time; these data could then be overlaid on to the popula-
tion sizes of international travelers. However, mosquito 
abundance in central Tokyo is restricted to very local-
ized areas and conditions (e.g., green spaces with stand-
ing water). Thus, a sensible next step would be to model 
land use at higher resolution near tourist areas to iden-
tify hotspots of Aedes mosquitoes at a local level.

Our study had at least four technical limitations. 
First, in our agreement analysis of visit destinations, we 
counted common destinations through space shared by 
travelers of different nationalities, ignoring the numbers 
of travelers of each nationality. The number of travelers 

Fig. 4 The correlation between the number to visitors to sixteen selected parks and the relative distance from Yoyogi Park to other fifteen parks. 
The X-axis is the relative distance in kilometers from Yoyogi Park to other fifteen parks including Meiji Jingu Gaien, Shinjuku Chuo Park, Sotobori 
Park, Ueno Park, Toyama Park, Hibiya Park, Sarue Onshi Park, Hamarikyu Garden, Komazawa Olympic Park, Kasai Rinkai Park, Oi Wharf Central 
Bayside Park, Odaiba Kaihin-Koen, Aoyama Cemetery, Yanaka Cemetery, and Somei Cemetery. The Y-axis shows the total number of travelers 
from dengue-positive countries who visited each park. The blue line is the linear regression line. The correlation coefficient was calculated by the 
Pearson’s moment correlation
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visiting an identical geographic mesh code may vary 
by nationality. This assumption caused countries with 
small numbers of travelers to have the same weight 
as countries with greater numbers of travelers, possi-
bly increasing coherence levels. Second, to create the 
contingency table of national parks and popular tour-
ist sites (Table 4), we counted the numbers of involved 
countries instead of the volume of travelers by country. 
This simplification ignored the effect of country-specific 
populations, which could again have led to overesti-
mated coherence values. Third, we used mobile phone 
data only from August 2017, so our results might not be 
generalizable across time. In particular, post-coronavi-
rus disease 2019 epidemic travel patterns may involve 
very different tourist behaviors, and thus additional 
surveys must be planned. Fourth, we restricted the 
study area to central Tokyo. Other peripheral regions 
also attract tourists, and so designing an improved risk 
assessment method for such areas would be a significant 
improvement.

The present study identified mobility patterns of inter-
national travelers from various countries in Tokyo using 
mobile phone data. We found that travelers from dengue 
endemic countries were unlikely to visit national parks 
and to travel to both parks and tourist sites. Entomo-
logical surveys should not be restricted to national parks. 
Public or private green space near tourist sites could be 
potential areas of interest.

Acknowledgments
We thank Edanz Group (https:// en- author- servi ces. edanz group. com/ ac) for 
editing a draft of this manuscript.

Authors’ contributions
HN conceived of the study. BY and HL carried out data analysis. BY drafted fig-
ures and tables. HL and HN revised figures and tables. BY and HL drafted origi-
nal version of the manuscript, and HN edited the manuscript. All authors read 
and approved the final manuscript.

Funding
This research was mainly supported by the Environment Research and 
Technology Development Fund (JPMEERF20S11804) of the Environmental 
Restoration and Conservation Agency of Japan. B.Y. received scholarship sup-
port from the China Scholarship Council. H.N. received funding from Health 
and Labor Sciences Research Grants (19HA1003, 20CA2024, and 20HA2007), 
the Japan Agency for Medical Research and Development (19fk0108104 and 
JP20fk0108140), the Japan Society for the Promotion of Science KAKENHI 
(17H04701), the Inamori Foundation, and the Japan Science and Technology 
Agency CREST program (JPMJCR1413). The funders played no role in study 
design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Declarations

Competing interests
The authors declare that co-author H. Nishiura is the Editor-in-Chief of 
Theoretical Biology and Medical Modelling. This does not alter the authors’ 
adherence to all the Theoretical Biology and Medical Modelling policies on 
sharing data and materials.

Author details
1 Graduate School of Medicine, Hokkaido University, Kita 15 Jo Nishi 7 Chome, 
Kita-ku, Sapporo-shi, Hokkaido 060-8638, Japan. 2 CREST, Japan Science 
and Technology Agency, Honcho 4-1-8, Kawaguchi, Saitama 332-0012, Japan. 
3 School of Mathematics, South China University of Technology, 381 Wushan 
Rd, Tianhe District, Guangzhou, China. 4 Department of Statistics, Kyungpook 
National University, Daegu 41566, South Korea. 5 Kyoto University School 
of Public Health, Yoshidakonoecho, Sakyoku, Kyoto 6068501, Japan. 

Received: 23 June 2021   Accepted: 21 September 2021

References
 1. Prothero RM. Disease and mobility: A neglected factor in epidemiology. 

Int J Epidemiol. 1977;6:259–67.
 2. Mari L, Bertuzzo E, Righetto L, Casagrandi R, Gatto M, Rodriguez-Iturbe I, 

et al. Modelling cholera epidemics: The role of waterways, human mobil-
ity and sanitation. J R Soc Interface. 2011;9:376–88.

 3. Wesolowski A, Eagle N, Tatem AJ, Smith DL, Noor AM, Snow RW, 
et al. Quantifying the impact of human mobility on malaria. Science. 
2012;338(6104):267–70.

 4. Tatem AJ, Rogers DJ, Hay SI. Global transport of networks and infectious 
disease spread. Adv Parasitol. 2006;62:293–343.

 5. Ratnam I, Leder K, Black J, Torresi J. Dengue fever and international travel. 
J Travel Med. 2013;20(6):384–93.

 6. Rocklöv J, Dubrow R. Climate change: An enduring challenge for vector-
borne disease prevention and control. Nat Immunol. 2020;21(5):479–83.

 7. Stoddard ST, Morrison AC, Vazquez-Prokopec GM, Paz Soldan V, Kochel 
TJ, Kitron U, et al. The role of human movement in the transmission of 
vector-borne pathogens. PLoS Negl Trop Dis. 2009;3:e481.

 8. Hollingsworth TD, Ferguson NM, Anderson RM. Frequent travelers and 
rate of spread of epidemics. Emerg Infect Dis. 2007;13(9):1288–94.

 9. Wesolowski A, Buckee CO, Monsen KE, Metcalf CJE. Connecting mobility 
to infectious diseases: The promise and limits of mobile phone data. J 
Infect Dis. 2016;214(S4):S414–20.

 10. Panigutti C, Tizzoni M, Bajardi P, Smoreda Z, Colizza V. Assessing the use 
of mobile phone data to describe recurrent mobility patterns in spatial 
epidemic models. R Soc Open Sci. 2017;4:160950.

 11. González MC, Hidalgo CA, Barabási AL. Understanding individual human 
mobility patterns. Nature. 2008;453:779–82.

 12. Wesolowski A, Metcalf CJE, Eagle N, Kombich J, Grenfell BT, Bjørnstad ON, 
et al. Quantifying seasonal population fluxes driving rubella transmis-
sion dynamics using mobile phone data. Proc Natl Acad Sci U S A. 
2015;112(35):11114–9.

 13. Wesolowski A, Qureshi T, Boni MF, Sundsøy PR, Johansson MA, Rasheed 
SB, et al. Impact of human mobility on the emergence of dengue epi-
demics in Pakistan. Proc Natl Acad Sci U S A. 2015;112(38):11887–92.

 14. Peak CM, Wesolowski A, Erbach-Schoenberg E, Tatem AJ, Wetter E, Lu X, 
et al. Population mobility reductions associated with travel restrictions 
during the Ebola epidemic in Sierra Leone: Use of mobile phone data. Int 
J Epidemiol. 2018;47(5):1562–70.

 15. Kutsuna S, Kato Y, Moi ML, Kotaki A, Ota M, Shinohara K, et al. Autochtho-
nous dengue fever, Tokyo, Japan, 2014. Emerg Infect Dis. 2015;21:517–20.

 16. Yuan B, Lee H, Nishiura H. Assessing dengue control in Tokyo, 2014. PLoS 
Negl Trop Dis. 2019;13(6):e0007468.

 17. Nakamura N, Arima Y, Shimada T, Matsui T, Tada Y, Okabe N. Incidence of 
dengue virus infection among Japanese travelers, 2006 to 2010. Western 
Pac Surveill Response J. 2012;3(2):39–45.

 18. Fukusumi M, Arashiro T, Arima Y, Matsui T, Shimada T, Kinoshita H, et al. 
Dengue sentinel traveler surveillance: Monthly and yearly notifica-
tion trends among Japanese travelers, 2006–2014. PLoS Negl Trop Dis. 
2016;10:e0004924.

 19. Yuan B, Nishiura H. Estimating the actual importation risk of dengue virus 
infection among Japanese travelers. PLoS One. 2018;13:e0198734.

 20. Centers for Diseases Control and Prevention (CDC). Dengue and the 
Aedes aegypti mosquito. National Center for Emerging and Zoonotic 
Infectious Diseases 2012.https:// www. cdc. gov/ dengue/ resou rces/ 30Jan 
2012/ aegyp tifac tsheet. pdf (Accessed 30 September 2020)

https://en-author-services.edanzgroup.com/ac
https://www.cdc.gov/dengue/resources/30Jan2012/aegyptifactsheet.pdf
https://www.cdc.gov/dengue/resources/30Jan2012/aegyptifactsheet.pdf


Page 10 of 10Yuan et al. Theor Biol Med Model           (2021) 18:17 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 21. Kobayashi M, Nihei N, Kurihara T. Analysis of northern distribution of 
Aedes albopictus (Diptera: Culicidae) in Japan by geographical informa-
tion system. J Med Entomol. 2002;39(1):4–11.

 22. Multisoup Co., Ltd. Drawing regional meshes on Google maps [in 
Japanese]. Available at https:// maps. multi soup. co. jp/ blog/ 2852/, 2018 
(Accessed 30 June 2020).

 23. Centers for Disease Control and Prevention (CDC). Dengue around the 
world. https:// www. cdc. gov/ dengue/ areas withr isk/ around- the- world. 
html, 2020 (Accessed 30 September 2020).

 24. Tokyo Metropolitan Institute of Public Health. Infectious disease vector 
mosquito surveillance. Available at http:// www. tokyo- eiken. go. jp/ kj_ 
kankyo/ mosqu ito/ kanse nsyou- surve illan ce/ data/, 2017 (Accessed 30 
September 2020).

 25. Tokyo Convention and Visitors Bureau. Go Tokyo – The official travel 
guide. Available at https:// www. gotok yo. org/ en/, 2019 (Accessed 30 
September 2020).

 26. McHugh ML. Interrater reliability: The kappa statistic. Biochem Med. 
2012;22(3):276–82.

 27. Gisev N, Bell JS, Chen TF. Interrater agreement and interrater reliabil-
ity: Key concepts, approaches and applications. Res Soc Adm Pharm. 
2013;9(3):330–8.

 28. Xie Q. Agree or disagree? A demonstration of an alternative statistic to 
Cohen’s Kappa for measuring the extent and reliability of agreement 
between observers. Proceedings of the Federal Committee on Statistical 
Methodology Research Conference. Available at https:// s3. amazo naws. 
com/ sites usa/ wp- conte nt/ uploa ds/ sites/ 242/ 2014/ 05/ J4_ Xie_ 2013F 
CSM. pdf, 2013 (Accessed 30 September 2020).

 29. Manuel A, Jlópez J, Ana B. A simulation study of rater agreement meas-
ures with 2x2 contingency tables. Psicológica. 2011;32:385–402.

 30. Wongpakaran N, Wongpakaran T, Wedding D, Gwet KL. A comparison 
of Cohen’s Kappa and Gwet’s AC1 when calculating inter-rater reliability 
coefficients: A study conducted with personality disorder samples. BMC 
Med Res Methodol. 2013;13:61.

 31. Eugenio BD, Glass M. The kappa statistic: A second look. Comput Linguist. 
2010;30(1):95–101.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://maps.multisoup.co.jp/blog/2852/
https://www.cdc.gov/dengue/areaswithrisk/around-the-world.html
https://www.cdc.gov/dengue/areaswithrisk/around-the-world.html
http://www.tokyo-eiken.go.jp/kj_kankyo/mosquito/kansensyou-surveillance/data/
http://www.tokyo-eiken.go.jp/kj_kankyo/mosquito/kansensyou-surveillance/data/
https://www.gotokyo.org/en/
https://s3.amazonaws.com/sitesusa/wp-content/uploads/sites/242/2014/05/J4_Xie_2013FCSM.pdf
https://s3.amazonaws.com/sitesusa/wp-content/uploads/sites/242/2014/05/J4_Xie_2013FCSM.pdf
https://s3.amazonaws.com/sitesusa/wp-content/uploads/sites/242/2014/05/J4_Xie_2013FCSM.pdf

	Analysis of international traveler mobility patterns in Tokyo to identify geographic foci of dengue fever risk
	Abstract 
	Introduction
	Materials & Methods
	Data source: Mobile phones, dengue transmission and national parks
	Statistical analysis
	Ethical considerations
	Data sharing

	Results
	Discussion
	Acknowledgments
	References


