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Abstract

Background: The temporal investigation of high-risk areas of cancer incidence
and mortality can provide practical implications in cancer control. We aimed to
investigate the changes in spatial clusters of incidence and mortality from 1999
through 2013 by major cancer types in South Korea.

Methods: We applied flexible scan statistics to identify spatial clusters of cancer
incidence and mortality by three 5-year periods and seven major cancer types
using the counts of new cases and deaths and population in 244 districts during
1999-2013. Then, we compared the changes across three periods in the locations
of primary clusters of incidence and mortality by cancer types. To explore the
determinants that possibly affect cancer cluster areas, we compared geographic
characteristics between clustered and non-clustered areas.

Results: While incidence clusters for lung, stomach, and liver cancer remained
in the same areas over 15years, mortality clusters were relocated to the areas
similar to those of incidence clusters. In contrast, colorectal, breast, cervical, and
prostate cancer displayed consistently different locations of clusters over time,
indicating the disappearance of existing clusters and the appearance of new clus-
ters. Cluster areas tended to show higher portions of older population, unemploy-
ment, smoking, and cancer screening compared to non-cluster areas particularly
for mortality.

Conclusions: Our findings of diverse patterns of changes in cancer incidence
and mortality clusters over 15years can indicate the degree of effectiveness in
cancer prevention and treatment depending on the area and suggest the need for
area-specific applications of different cancer control programs.
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1 | INTRODUCTION

Cancer has remained the primary focus of public health
globally for several decades, as cancer incidence and
mortality have increased or been consistent despite the
decline of most other chronic diseases.” In particular,
new cases or deaths of cancer occurred disproportion-
ately over space.>” Spatial understanding of cancer mor-
tality and incidence may provide solutions to reduce the
high burden of cancer. To improve understanding, many
studies of cancer have applied spatial analysis to search
for high mortality or incidence areas, referred as spa-
tial clusters, and subsequent studies identified charac-
teristics that are associated with clustering patterns.>®
Cancer cluster investigation has been indicated as a
useful statistical tool that allows the exploration of high
event areas which are less likely to appear at random
over space without designating a hypothesized asso-
ciation. In addition, it serves as the best fulfillment to
respond to community concerns in public health prac-
tice, although the resulting putative clusters may not
directly indicate associated etiologic agents.” For exam-
ple, studies of colorectal cancer in North America and
Europe attempted to identify spatial clusters and related
various determinants in neighboring physical and built
environments, health behaviors, and socioeconomic
conditions.® A study of lung cancer mortality in China
investigated spatial clusters over 1973-2013 and showed
high smoking rate and advanced industrial development
in identified clusters compared to other areas.®

Cancer incidence and mortality exhibit different path-
ways and progression as well as interplay between the two,
which could result in similar or different locations of clus-
ters. While cancer incidence directly reflects anatomical
and histological characteristics and is directly affected by
various risk factors,” cancer mortality is considered as a
function of incidence and survivorship.'’ Specifically, new
cancer cases could increase with the high prevalence of
health-related risk factors such as health behaviors, and
environmental factors, or limited effectiveness of preven-
tion programs to reduce these factors. On the contrary,
cancer deaths could increase when medical intervention
programs perform poorly, or fail to soften the impact of
ongoing diseases or to avoid disabilities. The spatial varia-
tion in risk factors as well as prevention and intervention
programs could result in spatial clusters of cancer inci-
dence and mortality.

The identification of differences and similarities in
clusters of cancer incidence and mortality over time can
suggest future directions in evidence-based interven-
tions for cancer control. The geographic gap between
incidence and mortality clusters could suggest the
shortcomings in different prevention stages. The areas
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identified as an incidence cluster may indicate the lim-
ited effectiveness of health-promoting and/or successful
implementation of early-detection programs, whereas a
mortality cluster could mean the limitation in prevent-
ing severe symptoms and avoidable disabilities related
to cancer mortality. Besides, the overlap of incidence
and mortality clusters could suggest the difficulty in
all stages of cancer prevention activities. Furthermore,
cluster distribution in incidence and mortality could be
consistent or vary over time and by cancer type, which
provides the insights into the prioritizing areas of future
interventions and the identification of geographic risk
factors.'!2

High burden of cancer and well-established cancer
registry in South Korea allow us to investigate cluster
patterns of cancer incidence and mortality over an ex-
tended period. In South Korea, cancer has been a leading
cause of death since 1983."*'* The South Korean govern-
ment established the Korea Central Cancer Registry in
1980, and expanded to include the entire population in
1999 when nationwide cancer control programs began.
District-specific cancer incidence across 251-260 dis-
tricts for 5-year periods over 1999-2013 is available since
2016."* District-specific cancer mortality is also available
since 1998 based on death certificate data. Using these
spatially-resolved cancer statistics data in South Korea,
our study aimed to investigate spatial clusters in both
cancer incidence and mortality by seven major cancer
types in each of the three periods for 1999-2013, to in-
vestigate the changes in the cluster locations over the
three periods, and to examine geographic characteristics
to explain the differences and similarities between clus-
tered and non-clustered areas.

2 | METHODS

2.1 | Data

We obtained cancer counts, population, geographic
characteristics, and district boundaries for each of the
251-260 districts in South Korea for 1999-2013 to apply
spatial cluster analysis and to investigate cluster pat-
terns with geographic characteristics. The total number
of districts included to our cluster analysis was prune
to 244 districts after we modified district boundaries to
obtain the consistency over years. We downloaded the
counts of new cancer cases and deaths by seven major
cancer types for both sexes from the Korean Statistical
Information Services (KOSIS) (https://kosis.kr/eng/).
We selected the seven cancer types based on high in-
cidence or mortality in South Korea. We defined the
type of cancer by the International Classification of
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Diseases 10th revision (Table S1). District-level cancer
incidence is available as the aggregated counts for three
5-year periods (1999-2003, 2004-2008, and 2009-2013)
for confidentiality concerns given small numbers of spe-
cific cancer cases in some districts with relatively small
population. For district-level cancer death counts avail-
able annually, we aggregated to the same three 5-year
periods to those of incidence. We downloaded the mid-
year resident registration population and aggregated to
the same three 5-year periods.

We obtained shapefiles of district boundaries
from the Statistical Geographical Information Service
(https://sgis.kostat.go.kr/). South Korea was composed
of seven Metropolitan Cities and nine Provinces during
1999-2011 (Figure S1). Each Metropolitan City or
Province includes 1-48 districts with a total of 251-263
districts (median area=391 [range=3-1818] km?) for
1999-2013.">!® The number and boundary of districts
have changed over years due to expansions, annexa-
tions, and partitions of district areas. For example, 246
districts for 1999-2000 decreased to 245 for 2001-2002
and increased to 251 for 2010-2013."* To obtain the con-
sistent boundaries to allow the application of cluster
analysis and comparison of spatial clusters over years,
we applied the district boundary in 2010 including 251
districts to the entire study period, and then excluded
seven island districts. We modified the cancer counts
and population in the districts over the other years with
different boundaries from those in 2010. For a single dis-
trict in 2010 combined from a few districts in previous
years, we aggregated the counts from such districts. For
the districts which were separate in 2010 from one dis-
trict, we allocated the same cancer incidence and mor-
tality rates to those multiple districts.

We used 11 geographic characteristics including
demographic, socioeconomic, health-related behav-
ioral, and healthcare features (Table S2). These district-
specific geographic characteristics collected from the
Community Health Survey (CHS) or computed by
local governments are available in the KOSIS (https://
kosis.kr/eng/). The CHS was designed as a nationwide,
community-based, and cross-sectional survey that aims
to produce comparable health statistics across districts."’
This questionnaire-based survey, initiated in 2008, has
collected a variety of health topics such as health behav-
iors and disease history annually from about 900 adults
in each district. Given the data availability since 2008,
we restricted our investigation of geographic character-
istics to the final study period for 2009-2013 and did not
consider for the other two early periods. For this analy-
sis, we used the CHS data for a single year in 2010 that
provides the most complete information. We used the
local statistics data on the same year in 2010.

2.2 | Statistical analysis

2.2.1 | Spatial cluster analysis

We identified spatial clusters using the scan method
which is the most common approach of spatial cluster
detection.'® The principle of spatial scan has been men-
tioned in previous literature.'® 2! In brief, the spatial scan
method relies on the null hypothesis where there is no
cluster across study areas and searches through the set
of areas as a candidate cluster using a scanning window
with a predefined shape, size, and location. For each clus-
ter candidate, the likelihood ratio is calculated as the ratio
of likelihood inside the cluster candidate to all the areas
outside of the cluster. A cluster candidate with the high-
est likelihood ratio is considered as the most likely clus-
ter which is least likely to occur by chance and tested for
statistical significance based on Monte Carlo simulation.
As each combination of the shape, size, and location in
a searching window could result in the variation of clus-
ter detection, many efforts attempted to improve the ac-
curacy and robustness of cluster detection and minimize
the inconsistency in findings across different parameters.
Previous studies of spatial scan methods commonly ap-
plied the scanning window with a circular or elliptical
shape and a size of the median population over all study
areas. However, real clusters may not have circular or el-
liptical shapes. In addition, some previous studies of clus-
ter analyses showed that the circular scan method tended
to include low-event areas into clusters.”*” *

In our cluster analysis, using the counts of new cases
and deaths as well as population across 244 districts, we
applied flexible scan statistics along with Poisson model
by three different periods and seven cancer types.**
Flexible scan statistics employ the cluster candidate cre-
ated by connecting adjacent areas for each given area (i.e.,
district in our study) using the default maximum window
size as 50% of the total number of areas.* This flexibility
overcomes the limitations of the traditional spatial scan
method that relies on a searching window with a circular
or elliptical shape and population-based size. Moreover,
the restricted likelihood ratio method allows the inclusion
of areas to a cluster only when such areas give the signifi-
cantly large number of cases. This additional restriction
can help avoid the false-positive findings. Since flexible
scan considers connections of each area for cluster detec-
tion, the detection is computationally demanding. To re-
duce the load, we applied the maximum size of a scanning
window as 15% (37 districts), instead of 50%, as a previous
simulation study showed that the number of areas in a sig-
nificant cluster is unlikely to exceed 10%-15% of the total
number of areas.”>** Although multiple clusters could be
reported, we only presented the primary cluster, as the
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most likely cluster which showed the highest likelihood
ratio. We did not consider the secondary clusters, which
provide significantly large likelihood ratios less than pri-
mary cluster, because their significance is assessed by
ignoring the existence of the primary cluster and this ig-
norance could lead to a loss in statistical power.?’

We performed two sensitivity analyses to examine the
robustness of our findings. First, we decreased the win-
dow size to 10% and 5% of the total number of districts and
compared the cluster locations to those from our primary
analysis using 15%. Additionally, we carried out the same
cluster analysis by two sexes separately.

2.2.2 | Relationship of clusters with
geographic characteristics

To examine geographic characteristics that possibly dis-
tinguish clustered districts from non-clustered districts,
we compared 11 health-related characteristics by seven
cancer types during the last period for 2009-2013. We
compared each characteristic between cluster versus non-
cluster districts by incidence and mortality. Because some
clusters are composed of small numbers of districts less
than five, we included all statistically significant clusters
including primary and secondary clusters in order to retain
sufficient numbers of districts for comparison. All statisti-
cal analyses were implemented in R version 4.1.3 with the
“rflexscan” package for cluster analysis (R Development
Core Team https://www.r-project.org/).

3 | RESULTS
3.1 | Spatial distribution of cancer
incidence and mortality

During the 15-year period from 1999 through 2013, the
numbers of district-specific new cancer cases and cancer
deaths in South Korea increased for all cancer types ex-
cept cervical cancer for incidence and stomach cancer for
mortality (Table S3 and Figure S2). Figure 1 shows the
spatial distribution of incidence and mortality rates as
the counts of new cases and deaths relative to the popula-
tion for two cancers, lung and breast cancer. Both showed
temporally consistent patterns of substantial increase in
incidence and mortality rates, while spatially different
patterns were observed in high incidence or mortality
areas. For instance, lung cancer showed consistently high
incidence and mortality in the southern region including
mostly rural areas over time. In contrast, breast cancer
displayed high incidence in Metropolitan Cities includ-
ing Seoul. While stomach and liver cancers had similar
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patterns to those of lung cancer, sex-specific cancers such
as cervical and prostate cancers showed different patterns
(Figure S3).

3.2 | Cluster locations of incidence and
mortality over 15years across cancer types

Locations of primary clusters were similar or different
depending on the incidence and mortality as well as can-
cer type in the earliest period, period 1, for 1999-2003
(Figure 2). The clusters of lung and liver cancer incidence
were found in the southwestern region, while stomach
and colorectal cancer incidence showed the clusters in
the central region. For reproductive cancers, the cluster
of breast cancer incidence was seen in two Metropolitan
Cities including Seoul and Daegu, whereas the clusters of
cervical and prostate cancer incidence were located in the
northern areas of Seoul. Mortality clusters were located
in the neighboring regions of incidence clusters for lung,
stomach, and liver cancer. However, reproductive cancer
clusters were found in distant locations from incidence
clusters.

The changes of cluster locations in the later periods
for 2004-2013 from the period 1 also varied by cancer
outcomes and sites (Figures 2 and 3). For lung, stom-
ach, and liver cancer, primary clusters of incidence
seen in the southwestern region in the period 1 was also
found in the same region in the periods 2 and 3, shown
as the Types 1 and 2 of cluster change in Figures 3 and
Figure S4. Moreover, mortality clusters in the eastern
region in the period 1 did not exist any longer in the
period 3 (Type 7) and remained in the same region as
completely overlapped clusters with incidence (Type 2).
Different from these cancers, colorectal cancer showed
the change of cluster locations in both incidence and
mortality. The incidence cluster found in the western
region for the periods 1 and 2 was not displayed in the
period 3 (Type 6) and new cluster areas appeared in the
east (Types 4 and 5). The new cluster area is also found
for mortality in the southeastern area (Type 8), while
some mortality cluster areas remained and overlapped
with the new incidence cluster (Type 7). Although it is
not common, a few areas without any clusters in the pe-
riod 1 became identified as the cluster for both incidence
and mortality (Type 3) The change of cluster locations
was most notable in reproductive cancer. Breast cancer
showed the change of mortality cluster locations in the
period 2 and the disappearance in the period 3, while in-
cidence clusters were found in similar or new areas over
time. Cervical and prostate cancer showed changes in
both incidence and mortality clusters over time. These
findings were generally consistent when we reduced the
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FIGURE 1 Maps of crude incidence
(above) and mortality (below) for lung
and breast cancer across 244 districts in

. the first and last 5-year periods over
1999-2013 in South Korea.

Breast
cancer

window size to 10% of the total number of districts in
our sensitivity analysis (Figure S5). When we stratified
by sex, the pattern was also consistent between males
and females but with different locations of the clusters
(Figure S6).

3.3 | Relationships of cancer clusters
with geographic characteristics

In our investigation of geographic characteristics in the
period 3, some characteristics showed the differences
between cluster and non-cluster areas of cancer inci-
dence and mortality. Incidence clusters in most cancer
types were found in the areas with higher proportion of
older adults, smokers, and cancer screening compared
to non-cluster areas (Table S4). In addition, the cluster

areas were characterized by lower socioeconomic status
including lower educational attainment, higher unem-
ployment, and lower gross regional domestic product.
As one exception, the cluster areas of breast cancer in-
cidence were composed of urban, relatively young, and
highly educated population. Clusters of cancer mortal-
ity generally showed similar but larger differences com-
pared to those of incidence (Table S5). For instance,
unemployment rate, proportion of current smoking,
and participation in cancer screening were much higher
in mortality cluster areas than non-cluster areas com-
pared to incidence. It is worth noting that breast cancer
incidence and mortality showed different patterns of the
geographic characteristics in cluster versus non-cluster
areas. The average current and secondhand smoking
rates were similar between cluster and non-cluster areas
in incidence, while it was higher in mortality cluster
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FIGURE 2 Maps of cluster areas for Cancer type  1999-2003

incidence and mortality by seven cancer

types and three time periods for

1999-2013 in South Korea.
Lung
Stomach
Liver
Colorectal
Breast
Cervical
Prostate

areas. Although incidence cluster areas had lower av-
erage rate of breast cancer screening than that in non-
cluster areas, the opposite is found in mortality.

4 | DISCUSSION

Our study applied a flexible approach to identify spatial
clusters of cancer incidence and mortality, as potential
high-risk areas, across seven major cancer types and to ex-
plore the changes over 15years from 1999 through 2013.

Incidence and mortality clusters showed different pat-
terns in changes over time depending on the cancer type.
For lung, stomach, and liver cancer, incidence clusters re-
mained in the same areas, while mortality clusters disap-
peared or moved to similar areas to those of incidence. In
contrast, colorectal, female breast, cervical, and prostate
cancer generally displayed different locations of incidence
and mortality clusters over time, indicating the presence
of new clusters and the absence of existing clusters. The
clustered areas were commonly characterized by older
population, higher smoking rate, and higher participation
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Incidence & mortality
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Type of cluster change

1: Incidence - Incidence and mortality

2. Incidence and mortality cluster in both periods
: No cluster - Incidence and mortality

: No cluster - Incidence

: Mortality - Incidence and mortality

: Incidence - No cluster

: Mortality - No cluster

: No cluster - Mortality
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FIGURE 3 Eight types of changes in cancer incidence and mortality clusters between the period 1 (1999-2003) and period 3 (2009-

2013) by stomach and colorectal cancer in South Korea.

rate in cancer screening compared to non-clustered areas,
particularly for mortality.

This study adds important findings of the changing
patterns of potential high-risk areas in cancer incidence
and mortality jointly over time, which can improve our
understanding of the relationships with cancer control
programs and provide practical guidance for future in-
terventions. While many studies investigated high-risk
areas of cancer using cluster analysis, some studies fo-
cused on temporal changes.ﬁ’u’zg’29 However, there were
few studies that looked at both incidence and mortality
collectively with the consideration of multiple cancer
types. Along with increasing cancer incidence and mor-
tality worldwide over a few decades, there have been
tremendous efforts of cancer control including various
prevention and treatment interventions which affect the
spatial patterns of incidence and mortality sequentially
rather than simultaneously. As South Korea established
the nationwide cancer control programs in late 1990s,
cancer survival rate of 42.9% in 1993-1995 dramati-
cally increased to 70.7% in 2015-2019°**" and cancer
screening rates increased from 1.2%-4.2% to 33.6%-—
73.6% depending on the cancer type.** Our investigation
of incidence and mortality clusters over the follow-
ing 15years since this establishment can highlight the

advances and challenges resulting from the expansion
of cancer control efforts.

As an attempt to provide practical guidance based on
our findings, we summarized in Figure S7 the eight types
of cluster changes between periods 1 and 3, which are
visualized in Figures 3 and S4, and provided their possi-
ble explanations related to cancer control. For example,
the Type 1 indicates the areas found as the cancer inci-
dence cluster in the period 1 and turned into the cluster
of incidence as well as morality in the period 3, possibly
suggesting the lagged effect of incidence increase on mor-
tality reduction. Increased incidence might have resulted
in mortality increase in a short time while effective treat-
ment interventions were not yet implemented. Our find-
ing of high proportion of cancer screening in incidence
clusters and much higher proportion in mortality clus-
ters may also mean this lag effect where effective cancer
screening increases early detection but mortality decrease
does not follow yet. The change from no cluster to inci-
dence cluster in the Type 4 may suggest the increase in
incidence resulting from active implementation of cancer
screening or prolonged effect of early-life exposure.****
The identification of these areas with less effective preven-
tion and/or treatment environments can provide guidance
to future cancer control. In contrast, the disappearance of
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incidence and mortality clusters may mean effective pre-
ventive interventions and improved treatment advances
as the success of cancer control.

Our findings showed similar change patterns of cluster
locations for one set of cancer types but different patterns
for the other: lung, stomach, and liver cancer versus col-
orectal, breast, prostate, and cervical cancer. Over 15years,
lung, stomach, and liver cancer tended to show incidence
clusters consistently in the same areas with some overlap
for mortality clusters. However, colorectal, female breast,
cervical, and prostate cancer generally displayed changes
of cluster locations for both incidence and mortality
clusters with little overlap. These two classes of cancer
types align with preventable and treatable cancer mor-
tality conceptualized by the Organization for Economic
Co-operation and Development (OECD). Preventable
death is defined as causes of death that can be avoided
by implementing effective public health and primary pre-
ventive interventions before the stage of disease onsets,
while treatable death is characterized as avoidable deaths
through timely and effective health care interventions
including secondary prevention and treatment after the
onset of disease.”> The OECD applied these concepts to
cancer and classified cancer types into two classes: lung,
stomach, and liver cancer as preventable mortality and
colorectal, breast, cervical, and prostate cancer as treatable
mortality.*® Our findings of non-overlapping clusters such
as high incidence but low mortality in the same area for
cancers related to treatable mortality could be derived by
their slow progress and favorable prognosis. These cancer
types, in particular, generally showed increasing or consis-
tent patterns in age-standardized incidence and mortality
rates over time in most middle- and high-income coun-
tries, even though most other cancer sites displayed de-
creasing trends.’*** Furthermore, their survivorship has
considerably improved compared to cancers in prevent-
able mortality.>” These recent patterns of cancers in treat-
able mortality suggest further attentions in cancer control.

Geographic characteristics partly explain the distinc-
tive properties in cluster areas compared to non-cluster
areas. The cluster areas of incidence in 2009-2013 were
characterized by older population, higher unemploy-
ment, higher current smoking rate, and higher cancer
screening rate than those of non-cluster areas in all but
breast cancer. These patterns were found even stronger
in mortality. Breast cancer was an exception in that can-
cer screening rate in incidence clusters was higher than
non-cluster areas, while the lower rate was found in mor-
tality clusters. These findings are consistent to previous
literature. For example, lung cancer clusters were found
in the areas with high smoking rate in China and low so-
cioeconomic status in Pennsylvania, United states, while
colorectal cancer clusters were detected in the areas with

.. 17425
Cancer Medicine _ “WI LEYJ—

high screening rates in North Carolina, United states.*®*°

Another U.S. study of breast cancer incidence and mortal-
ity across more than 3000 counties showed that the coun-
ties with low socioeconomic status had low rates of breast
cancer screening possibly resulting in low incidence and
high mortality.*

We applied flexible scan statistics that allow us to
overcome the limitations of traditional scan methods.*
Cancer could be developed over extended time periods
related to built and/or physical environments and vari-
ous geographic characteristics including socioeconomic
conditions and public health interventions shared across
neighboring administrative units, such as districts. Thus,
the application of a window that identifies the cluster
based on such commonly-affected areas could be a more
favored approach compared to fixed shapes such as cir-
cles or elliptics used in traditional approaches. Moreover,
the large variation of the district size with small districts
in urban areas and large districts in rural areas of South
Korea could make it difficult to apply a predefined shape
to detect a cluster.

Our study includes several limitations that promote
further studies. First, we investigated the patterns of
changing clusters from 1999 through 2013, but this 15-
year period may not be sufficient to observe the complete
pattern of changes. The decreasing trend of nationwide
cancer incidence and mortality rates beginning in the
middle of 2010s, as interpreted as the achievement of
nationwide cancer control programs, also suggests
the need of the extended investigation. Future studies
should re-examine the changes by adding the updated
cancer data for the latest periods. Second, we did not
account for age structure in our cluster detection. As
cancer incidence and mortality tend to be high in the
areas with high proportion of order adults, cluster anal-
yses for cancer could have used age-standardized rate
or have adjusted for age when aiming to identify new
clusters or new risk factors after excluding the impact
of age structure. However, our study focused on the
temporal changes in the locations of spatial clusters
and their potential relationships with cancer control ac-
tions which also include older adult population. Third,
our investigation of geographic characteristics focused
on the difference between clustered and non-clustered
areas in the period 3 rather than the change of cluster
locations across three periods, because of data limita-
tion. The addition of geographic characteristics in addi-
tion to cancer incidence and mortality data in the latest
periods can allow us to investigate the relationships of
changes in geographic characteristics and changes in
cancer clusters. Finally, the local characteristic descrip-
tion of cluster versus non-cluster areas may not confirm
the causal relationship between health risk factors and
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cluster areas. Further studies could investigate whether
cluster locations change depending on the adjustment
and apply a novel approach to investigate the causal as-
sociation with geographic risk factors.*

5 | CONCLUSIONS

Our study investigated the temporal changes in the spatial
clusters of incidence and mortality over 15years since na-
tionwide cancer control programs began in South Korea
and found various types of sequential changes depend-
ing on the cancer type. The change including persistence,
relocation, removal, or introduction of clusters may sug-
gest enhanced or limited effectiveness of cancer preven-
tion and/or treatment interventions and provide practical
guidance to future cancer control programs for such area.
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