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Spatial-temporal analysis of tuberculosis infections in a rural prefecture in Japan
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Background: Japan has remained medium-burden tuberculosis (TB) country for many years. However, a considerable varia-
tion was observed in the TB space-time distribution among Japan’s eight regions. This study aimed to investigate the spatial,
temporal, and space-time dynamics of TB at the machi-level in Nagasaki prefecture.
Methods: Data on the reported TB infections from 2007 to 2018 were collected from the information center for infectious
diseases of the Nagasaki Prefectural Institute of Environment and Public Health. The time series, temporal trends, and spatial
patterns of TB at the machi-level were explored using Moran’s | and Kulldorff’'s space-time scan statistics.
Results: A total of 4,364 TB infections were reported between April 2007 and December 2018 in Nagasaki prefecture. The
infections were frequently reported in October, June, and January, and they showed spatial clustering with Moran’s | value
ranging from 0.07 to 0.17 (p = 0.001). Ten significant clusters were identified, including one most likely cluster and nine second-
ary clusters, which were mainly concentrated in the densely inhabited districts of the two biggest cities in Nagasaki prefecture
(Nagasaki city and Sasebo city), Shimabara peninsula, and Iki island.
Conclusion: This study showed significant and unique spatial-temporal characteristics of TB infections in Nagasaki prefec-
ture. Therefore, such information on the prevailing epidemiological situation of TB infections could help develop strategies that
could effectively eliminate TB in Japan.
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Introduction TB incidence to less than 10 new tuberculosis cases per

100,000 people per year and a 95% decrease in TB deaths by

Tuberculosis (TB) is an infectious disease caused by bacillus
Mpycobacterium tuberculosis (M. tuberculosis), which gener-
ally results in pulmonary TB (PTB) as well as extrapulmonary
TB (1). TB is one of the top 10 causes of death worldwide.
In 2017, an estimated 10 million TB infections occurred, and
1.6 million TB-related fatalities were reported (2). To achieve
the goal of eliminating TB, the World Health Organization
launched the “End TB Strategy,” which aims at reducing the

2035 (3).

As a medium-burden TB country, the Ministry of Health,
Labour and Welfare of Japan (MHLW) has been committed
to promoting international cooperation to fight TB; it also
enhanced its national TB control program through the an-
nouncement of the “Stop TB Japan Action Plan” (4) in 2008
and initiation of the “Stop TB Japan” (5) in 2015. The TB
notification rates in Japan have significantly decreased since
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1980; however, the incidence of TB increased among the
older population (6,7), the younger population (8), and the
foreign-born population from high-burden TB countries (9).
A considerable variation in TB distribution exists among
Japan’s eight regions. According to the Japan Tuberculosis
Surveillance Center’s “Annual Report 2018” (10), the Kinki
region had the highest notification rate (17.2 per 100,000
people), while the Tohoku region had the lowest notification
rate (8.3 per 100,000 people).

Several studies evaluating the spatial and temporal distri-
bution of TB have reported the highly complex dynamics
and spatially heterogeneous (national and provincial) distri-
bution of TB infection in different periods; however, the
variations in small regions are often neglected in such large-
scale analysis (11-13). The Kulldorff's space-time scan
statistical method can detect the distribution characteristics
in temporal and spatial axes, thus reflecting the real-world
scenarios (14). This method has been applied to detect infectious
disease hotspots in recent years (15,16); in terms of identifying
TB clusters, meaningful results were obtained (17,18). A
better understanding of the spatial epidemiology of TB could
help policymakers and different stakeholders to formulate
effective prevention and control strategies (19,20). Thus, the
analysis of TB situations at the first administrative level,
then moving to a smaller administrative level, could help in
the implementation of appropriate and sustainable plans to
eliminate TB. Japanese administration is divided into three
basic levels; national, prefectural, and municipal. The municipal
divisions are subdivided into cities, towns, and villages;
municipal boundary areas are determined by the local public
and called “machi” in this study.

A few studies have explored the spatial epidemiology of
TB at a fine scale in rural areas of Japan. Therefore, this
study aimed to investigate the spatial, temporal, and space-
time dynamics of TB at the machi-level in Nagasaki prefecture.

Materials and Methods
Ethics approval and consent for participation

This study was approved by the Research Ethics Committees
of Nagasaki Prefectural Institute of Environment and Public
Health (No. 2021-9-1). This study did not include any human
subjects, and the patient records were anonymized and de-
identified before the analysis. The study was conducted
according to the guidelines of the Declaration of Helsinki.
The need of informed consent was waived by the Nagasaki
Prefectural Institute of Environment and Public Health ethics
committee.
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Study setting and data sources

Nagasaki prefecture is located on the island of western
Kyushu and consists of four peninsulas centered around Omura
Bay (Kitamatsuura, Nishisonogi, Nagasaki, and Shimabara)
and three remote islands (Tsushima, Iki, and Goto). The
Nagasaki prefecture comprises 13 cities and 8 towns/villages
(Figure 1), with a total population of 1.3 million people in
2018. According to the 2015 national census data, there are
a total of 1,943 machis in Nagasaki prefecture; the most
populated machi is Nameshi in Nagasaki City (12,775 people),
and the median population is 377.5 people. 77 machis contain
0 people due to a lack of data from the 2015 national census.

Data on the reported TB infections were extracted from
the information center for infectious diseases of the Nagasaki
Prefectural Institute of Environment and Public Health. A
total of 4,364 TB infections were notified in Nagasaki
prefecture from April 2007 to December 2018. An epidemi-
ological analysis of the 12-year TB data was performed in a
previous study (21). In this study, using the registration date
of TB infection and the spatial location information in the
TB dataset, 4,364 TB infections were assigned to the appro-
priate machi. The data aggregated at the machi-level monthly
were used to detect the spatio-temporal high-risk areas. The
machi-level Nagasaki prefecture population data from 2015
and shapefile maps of Nagasaki prefecture used in this study
were downloaded from e-Stat (a portal site for Japanese
Government Statistics) (http://www.e-stat.go.jp/en).

Statistical analysis

The global Moran’s I was used to measure whether the
reported TB infections from machi in Nagasaki prefecture are
affected by the neighboring regions (22). The global Moran’s
I value ranging from —1 to 1 was used to detect the degree of
spatial autocorrelation of research object from the whole
region, while Moran’s I value equal to 0 indicates no spatial
clustering (23).

The Kulldorff's space-time scan statistic method implanted
in SaTScan™ v9.6 software (www.satscan.org/) was used to
detect the temporal, spatial, and space-time clusters of TB
infections (24). The potential clusters are the areas with high
TB notification rates that significantly exceeded the TB
notification rates of nearby regions (p < 0.05). Since the TB
notification rate was not very high, the discrete Poisson
probability model was used for scanning (25).

The null hypothesis H, stipulates that the model describes a
constant risk of TB infection with an intensity u (proportional
to the at-risk population). By contrast, the alternative hypothesis



Yixiao Lu et al.: TB in Nagasaki prefecture

T ST TN AT R 100 0 SO T
0
100

100-200

200
N 220400
El 400-1, 000
B - 1000
P |
s | e
5 g
..F‘E 5
a = 50 ko
1

43

Figure 1. The average annual crude notification rate of TB infections (per 100,000 population)
in Nagasaki prefecture, from April 2007 to December 2018

H, supports that the number of observed cases is more than
the expected cases. The expected number of TB infections
was calculated using Equation (1): u =P * C/p (p: popula-
tion in a geographic area (machi); C: the total number of TB
infections; P: the total population in Nagasaki prefecture).
The cluster is identified using the likelihood ratio (LLR) test
in Equation (2):

. bl G
Lo <L>N
u(T)

(n.: the number of cases inside the cylinder n,; u(Z): the
expected number of cases in cylinder Z; N: ; the number of
observed cases for the entire study area during the entire
study period; u(7): the total number of expected cases in the
study area across all time). Risk is elevated for the cylinder
with a likelihood ratio greater than 1.

The potential cluster with the maximum likelihood ratio
was defined as the most likely cluster, while the rest of clusters
with statistically significant LLR were defined as the second-
ary clusters (p < 0.05). The p-value of LLR was estimated
using 999 Monte Carlo simulations (26). The space-time
scan statistics were used to calculate the infinite number of
discrete, cylindrical windows with a circular geographic
base and height corresponding to time (27). Each cylindrical
window was evaluated as a possible TB infection space-time
cluster.

The relative risk (RR) of TB in each cluster was calculated

to evaluate the risk of TB in the clustered areas (28) using
Equation (3):

c/e

G)RR = /(o)

(c: the total number of cases in a cluster; e: the number of
expected cases in a cluster; C: the total number of observed
cases in the Nagasaki prefecture).

TB data from 2007 were used to determine the spatial
scanning windows by increasing the cluster size from 4% to
50% of the population at risk; the value was restricted to
50% to identify no overlap in candidate clusters and cover the
largest high-incidence geographic areas as much as possible
(29). The TB data from 2007 to 2011 were used to determine
the temporal scanning window set. For the same reason, a
maximum temporal cluster size of 50% of the total study
period was set. Furthermore, each candidate cluster must
include at least two cases and have a minimum duration of 2
days. The previous study found a significant difference in
the distribution of TB infections in terms of sex and age;
therefore, these variables were used as covariate variables
for covariate adjustment in the retrospective space-time scan
statistics.

Additionally, the time-series analysis based on the additive
decomposition model was used to estimate the seasonal effects
on the reported TB infections in Nagasaki prefecture from
2007 to 2018 (30): Xt = seasonal (St) + trend (Tt) + random,
where Xt is the number of TB infections, and t is the time in
the unit of the month.



44

All statistical analyses were performed using RStudio
version 1.4.1717 (31); the spatial autocorrelation analysis
was applied using the spdep R package (32); the choropleth
maps representing the detected disease clusters were created
using QGIS 3.20.2-Odense.

Results

A total of 4,364 TB infections were included in this study.
1206/1943 machis in Nagasaki prefecture have reported at
least one case of TB infection. The average annual crude
notification rate of TB infections (per 100,000 population) at
the machi-level in Nagasaki prefecture from April 2007 to
December 2018 is shown in Figure 1. The average annual
crude notification rate across the 12 years of data reviewed
for this study ranged from 2.15 to 2083.33 per 100,000 pop-
ulation.
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Temporal pattern of reported TB infection

The time-series analysis based on the additive decomposition
model of TB infections indicated slightly upward and down-
ward trends between 2007 and 2013, followed by a sudden
increase until early 2014, a decrease in mid-2014 and mid-
2015, and a slowly increasing trend after 2015 (Figure 2a:
trend). TB infection had no apparent periodicity seasonality
and seasonal effects between 2007 and 2018 (Figure 2b).
Nevertheless, two vague seasonal patterns were shown from
2007 to 2011 and between 2013 and 2017 (Figure 2a: seasonal).
The maximum seasonal index values were 1.15 in October,
1.14 in June, and 0.83 (the lowest value) in January (Figure 2¢).

The temporal cluster analysis identified four significant
temporal clusters in 2007, 2008, 2011, and 2014 (Table 1).
The temporal cluster analysis showed that TB infection
occurred sporadically in the autumn, winter, and early spring
from September to mid-March. The highly aggregated period
for TB was from February 20, 2014 to March 19, 2014, with
84 reported TB cases (LLR =36.9, p=0.001).

e
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Figure 2. Seasonal distribution of monthly TB infection in Nagasaki prefecture, from April 2007 to December 2018
(a) The monthly TB infections are decomposed into three parts: trend, seasonal and irregular; (b) The blue line shows
the time-series TB infections adjusted for seasonal effect. The grey and red lines are the non-adjusted time-series TB
infections and trends from (a); (c) The seasonal index is calculated for each month. The blue and black lines show
the average seasonal index and the yearly seasonal index of each month, respectively.
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Table 1. Temporal clustering of TB infection in Nagasaki prefecture from April 2007 to December 2018

. Duration  Observed Expected
Year Cluster time frame RR LLR p-value
(day) cases cases

2007 October 18, 2007 to October 19, 2007 2 21 2.66 8.31 25.51 0

2008 November 25, 2008 to December 5, 2008 11 31 11.93 2.73 11.01 0.01

2011 September 16, 2011 to September 16, 2011 1 8 1.11 7.35 8.98 0.02

2014 February 20, 2014 to March 19, 2014 26 84 36.44 2.59 25.27 0
Allyear  February 20, 2014 to March 19, 2014 26 84 27.87 3.05 36.9 0

The non-significant (p-value > 0.05) temporal clustering results are not shown in Table 1 (2009, 2010, 2012, 2013, 2015, 2016, 2017, 2018)

Spatial pattern of reported TB infections

The annual global Moran'’s I value at the machi-level indicated
a positive spatial autocorrelation in Nagasaki prefecture,
ranging from 0.07 to 0.17 (p = 0.001). The spatial clustering
analysis of 12 years identified five significant spatial clusters,
covering 215 machis in Nagasaki prefecture (Table 2). The
most likely cluster was identified in T-machi in Nagasaki
city (LLR = 59.72, p < 0.001); the secondary clusters were
identified near Nagasaki port and Sasebo port, in the
Shimabara peninsula, and A-machi in remote Goto island.
The notification rate of TB infection inside the cluster areas
was higher than that in the areas outside.

Spatio-temporal pattern of TB infection

Figure 3 shows the spatio-temporal clusters of TB infection
in Nagasaki prefecture using retrospective space-time scan
statistics. Ten significant clusters were identified, including
one most likely cluster and nine secondary clusters. The

clusters are distinguished in different colors in Figure 3, and
the characteristics of these clusters are summarized in Table
4. The most likely cluster was identified in T-machi in Nagasaki
city, with 34 reported TB cases, and the high-risk period was
from September 1 to December 31, 2007 (LLR=167.81,p <
0.001). The secondary clusters were identified in Nagasaki
city, Sasebo city, Shimabara peninsula, Goto island, and Iki
island.

The secondary clusters from Nagasaki city and Sasebo
city were identified in the densely inhabited districts (DIDs)
(33) in those two primary cities of Nagasaki prefecture. In
addition, five spatio-temporal clusters containing just one
machi were detected (including the most likely cluster). The
four secondary clusters (containing a single machi) occurred
in 2013 and 2014 in less than 2 months; the relative risk of
these secondary clusters was extremely high (varying from
343.49 to 589.46). The cluster with the most extended duration
(secondary cluster 3) was detected in the Shimabara peninsula,
including almost the entire Unzen city and Minamishimabara
city.

Table 2. Spatial clustering of TB infection in Nagasaki prefecture from April 2007 to December 2018

) Observed Expected Relative )
Cluster type Radius (km) . p-value Machi (total) Population
cases cases Risk

Most likely cluster 0 39 3.4 11.57 <0.001 1 995
Secondary cluster 1 10.2 351 198.88 1.83 <0.001 70 63,040
Secondary cluster 2 2.08 265 150.4 1.81 <0.001 38 49,983
Secondary cluster 3 1.85 273 191.81 1.45 <0.001 105 64,246
Secondary cluster 4 0 8 0.63 12.68 0 1 124

The spatial cluster with a 0 km Radius indicates only one machi is included in the cluster; a Relative Risk greater than 1 indicates higher risk of TB
infection for machis inside the cluster than machis outside the cluster; the Population is the total population included within the cluster.



Yixiao Lu et al.: TB in Nagasaki prefecture

Table 3. Global Moran’s index of TB infection in Nagasaki prefecture from April 2007 to December 2018

Year Moran's I Z-score p-value
2007 0.08 7.12 0
2008 0.08 5.17 0
2009 0.08 5.32 0
2010 0.13 8.53 0
2011 0.17 11.39 0
2012 0.14 9.14 0
2013 0.11 7.47 0
2014 0.14 9.64 0
2015 0.08 5.07 0
2016 0.1 6.61 0
2017 0.07 4.54 0
2018 0.07 4.47 0

The Global Moran’s I measures spatial autocorrelation using feature locations and
values simultaneously. The Moran’s I indicates the degrees of clustering of similar
values of adjacent machis, a z-score greater than 2.58 suggests that there is less than
1-percent likelihood that the clustered pattern is a result of random chance.
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Figure 3. Spatio-temporal clustering of TB infection at the machi-level in Nagasaki prefecture, from April 2007 to December 2018
The machis included in each detected space-time cluster are shown and distinguished by different colors, additional information
for each cluster including period, number of machi, relative risk, and the ratio of observed cases and expected cases are annotated.
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Table 4. Spatial-temporal clustering of TB infection in Nagasaki prefecture from April 2007 to December 2018

Cluster type Time frame Duration  Radius Observed Expected R.elative pvalue Machi Population
(day) (km) cases cases risk (total)
Most likely Sep 1 to Dec 31, 2007 121 0 34 0.1 326.8  <0.001 1 1,026
SC1 Jan 1 to April 30,2014 119 5.19 69 8.98 7.79  <0.001 78 105,073
SC2 Oct 1 to Oct 31, 2007 30 5.57 20 0.21 96.17  <0.001 13 7,954
SC3 April 1,2008 to Jan 31,2014 2131 11.84 242 109.65 228  <0.001 84 64,728
SC4 July 1 to Aug 31, 2013 61 0 6 0.01 589.46  <0.001 1 210
SCs5 Oct 1, 2007 to Jan 1, 2008 122 2.84 42 10.31 4.1 <0.001 168 110,713
SC6 Sep 1 to Sep 30, 2013 29 0 4 0.01 872.69  <0.001 1 132
SC7 Jan 1 to Jan 31, 2013 30 0 4 0.01 35846  <0.05 1 576
SC8 Feb 1 to Feb 28,2014 27 0 4 0.01 34349  <0.05 1 382
SC9 Dec 1, 2013 to June 30, 2014 211 6.27 33 9.79 339 <0.05 87 69,941

Most likely: the most likely cluster; SC: secondary cluster

The spatial-temporal cluster with a 0 km Radius indicates only one machi is included in the cluster; a Relative Risk greater than 1 indicates higher risk of

TB infection for machis inside the cluster than machis outside the cluster; the Population is the total population included within the cluster.

Discussion

This study analyzed the spatial-temporal situation of the
reported TB infections from 2007 to 2018 in Nagasaki pre-
fecture using the smallest administrative unit on the machi-
level scale. This study was the first to investigate the status
of TB infections at the machi-level in a rural prefecture with
a relatively high TB notification rate in Japan. Our study
demonstrated a significant space-time clustering in the dis-
tribution of TB infections in Nagasaki prefecture. The high-
risk areas were mainly concentrated in the DIDs of Nagasaki
city and Sasebo city, the two biggest cities in Nagasaki prefecture,
Shimabara peninsula, and Iki island. Temporal clustering
was sporadic in the autumn, winter, and early spring from
September to mid-March.

The Kulldorff's retrospective scan statistics could take
multiple factors into account, making it a helpful cluster
detection technique for evaluating the geographical and tem-
poral distribution using routinely collected data (25). In the
case of TB, public health officials are required to evaluate
local disease indicators, it is of significant importance to
distinguish the cluster alarms needed further investigation
from those that are likely to occur by chance. Moreover, the
systemic utilization of cluster detection is essential in the TB
control programs by providing information on the spatial-
temporal status of TB incidence (34), showing usefulness in
the detection of clusters of designated diseases in a range of

settings and identification of factors behind the spread of the
diseases. Therefore, to help guide the provision, planning,
and optimization of TB control strategies.

In this study, a total of 4,364 TB infections were notified
between April 2007 to December 2018 in Nagasaki prefecture;
the majority of reported TB were older than 65 years, and the
notification rate in older adults was extremely high, especially
in men aged >85 years (21). The findings of our study
showed no apparent periodicity seasonality; the seasonal
index value indicated that the registration peak months of TB
infections were June and October. Meanwhile, the temporal
cluster analysis identified a high-risk period for TB infections
in 2007, 2008, 2011, and 2014, mainly occurring from September
to mid-March, specifically, October 18 to 19 in 2007, November
25 to December 5 in 2008, on September 16 in 2011, and
February 20 to Mach 19 in 2014. A study on the periodic
structures of active TB in Japan (8) reported that the TB
epidemic in individuals aged >70 years occurred in August
and September, while that in individuals aged 10-39 years
occurred in June and July. Environmental conditions such as
increased time of indoor activities (35) and vitamin D defi-
ciency due to limited exposure to sunlight (36, 37), and
biological factors such as seasonal immunocompetence (38)
were related to the seasonality of TB infections. Another
study suggested that health checkups in young adults, reacti-
vation of latent TB infection due to aging, and lifestyle habits
in older adults might influence the seasonality of TB incidence
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in Japan (39).

The results obtained in this study show a dramatic upward
followed by a downward trend in TB infections between
2013 and 2016. No such trend was observed in other time
intervals. The highest TB infection was reported in early
2014, while the lowest TB infection was reported in 2015. A
possible explanation for this is that TB outbreaks occurred in
this period. Hence, further investigation, including molecu-
lar genotyping of M. tuberculosis, is needed.

Compared with the spatial and temporal scanning models,
the time-space scanning could make a more real-world-
related conclusion (29). The retrospective space-time scan
statistics identified one most likely cluster and nine secondary
clusters in this study. The most likely cluster was identified
in T-machi within Nagasaki city, a typical less populated
suburban area consisting of relatively stable inhabitants and
equipped with clinics, social welfare centers, schools, etc.
The two secondary clusters identified in Sasebo city shared
similar living conditions. Secondary clusters 1, 5, and 7 were
identified in the DIDs within Nagasaki city and Sasebo city;
they are widely known as port or coastal cities, with relatively
mass population mobility and more migrant workers or
foreigners. Another type of cluster was detected in the remote
or offshore islands (secondary clusters 2, 6, and 8); these
areas are sparsely populated but have seasonal tourists. A
significant proportion of TB from these areas was aged under
65 years. The cluster with the most extended duration (sec-
ondary cluster 3) was detected in the Shimabara peninsula, a
popular hot spring and hiking destination. The continuous
report of TB infections from 2008 to 2014 could be due to
regular annual health check-up reports or introduction from
outside by seasonal tourism. Further molecular investigation
regarding the spreading strains of TB and MDR/SDR-TB is
needed.

The TB incidence in the older population has already become
a crucial global health problem (40). The incidence of TB
among older adults in Japan is extremely high compared
with that in other age groups (39). A similar notification rate
of TB infections was reported in Nagasaki prefecture (21).
After initially implementing the international control TB
program (“Stop TB Japan Action Plan”) in 2008, MHLW
further released the “Stop TB Japan” (4) in 2015. This
approach re-addresses priorities and adjusts measures to
extensively screen and treat people with latent TB, especially
for high-risk groups (older adults, immigrants, etc.); restructure
the medical provision system; reinforce TB control in mega-
cities. In Japan, TB is primarily detected during regular health
checkups among schoolchildren and workers, which is regu-
lated by the Industrial Safety and Health Act (41). However,
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the fixed timing of annual health checkups could cause
problems like delays in healthcare seeking (42) and non-de-
tection of TB cases during regular screening. Therefore, the
provision of geographical information on TB infections on a
small scale could help adopt appropriate measures for the
early diagnosis of TB among high-risk populations.

Although our study demonstrated the usefulness of spatial
and temporal clustering analysis, several limitations were
observed. First, the power of cylindrical scan statistics could
be limited in some irregular and complex geography. Second,
the factors associated with the high-risk clustering, such as
socioeconomic factors, were not assessed. Third, the recent
transmission was not distinguished from the reactivation of
latent TB due to the lack of laboratory evidence. Hence, we
hope to improve our findings by conducting further molecular-
based studies.

Conclusion

This study analyzed the spatial, temporal, and space-time
clusters of TB infection at the machi-level in Nagasaki
prefecture from April 2007 to December 2018. Results
showed significant and unique spatial-temporal characteristics
of TB infection in the region. Therefore, using existing data,
such information on the prevailing epidemiological situation
of TB infection could help in the development of strategies
to effectively eliminate TB in Japan.
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