
Abstract
Lung cancer is the most common cause of cancer-related

death in Michigan. Most patients are diagnosed at advanced stages
of the disease. There is a need to detect clusters of lung cancer
incidence over time, to generate new hypotheses about causation
and identify high-risk areas for screening and treatment. The
Michigan Cancer Surveillance database of individual lung cancer
cases, 1985 to 2018 was used for this study. Spatial and spatio-
temporal clusters of lung cancer and level of disease (localized,
regional and distant) were detected using discrete Poisson spatial
scan statistics at the zip code level over the study time period. The
approach detected cancer clusters in cities such as Battle Creek,
Sterling Heights and St. Clair County that occurred prior to year
2000 but not afterwards. In the northern area of the lower penin-
sula and the upper peninsula clusters of late-stage lung cancer
emerged after year 2000. In Otter Lake Township and southwest

Detroit, late-stage lung cancer clusters persisted. Public and
patient education about lung cancer screening programs must
remain a health priority in order to optimize lung cancer surveil-
lance. Interventions should also involve programs such as
telemedicine to reduce advanced stage disease in remote areas. In
cities such as Detroit, residents often live near industry that emits
air pollutants. Future research should therefore, continue to focus
on the geography of lung cancer to uncover place-based risks and
in response, the need for screening and health care services. 

Introduction
Lung cancer is the second most common cancer worldwide

with more than 2.2 million new cases of lung cancer in 2020 and
with an age-standardized rate (ASR) of 22.4 per 100,000 popula-
tion at risk (World Cancer Research Fund International, 2022).
The ten countries with the highest ASR are Hungary (50.1), Serbia
(47.3), France, New Caledonia (42.9), French Polynesia (40.4),
Turkey (40.0), Montenegro (39.7), Belgium (38.3), Bosnia-
Herzegovina (37.8), North Korea (37.0) and Denmark (36.8)
(World Cancer Research Fund International, 2022). The World
Health Organization’s (WHO) Global Burden of Disease esti-
mates show the lung cancer ASR for the United States (35.1) in
2020 was slightly higher than that of the United Kingdom and
Northern Ireland (32.5). Lung cancer mortality ranged from 42.4
per 100.000 in Hungary to 25.8 in Germany (Eldridge, 2022). 

Smoking is the leading risk factor for development of lung
cancer but people are also at an increased risk if they have previ-
ous lung disease, experienced harmful occupational exposures, or
exposed to indoor and/or outdoor air pollution (Lee et al., 2011;
Alberg et al., 2013; Pui et al., 2014; Zhang et al., 2015; de Groot
et al., 2018). Lung cancers typically start in the cells lining the
bronchi and parenchyma of the lung. Non-small cell lung cancer
(NSCLC) comprises 80% to 85% of all lung cancer diagnoses and
includes adenocarcinoma, squamous cell carcinoma and large cell
carcinoma, while small cell lung cancer (SCLC) comprises only
10% to 15% of all lung cancers diagnoses and tends to be more
aggressive but responds well to treatment if diagnosis occurs early
(American Cancer Society, 2023b). 

In U.S., the year 2023 is expected to add an estimated 238,234
new cases of lung cancer despite a recent 5-year (2015-2019)
declining trend in incidence (ASR = 56.3, trend -2.6, 95% CI -3.5,
-1.8) (American Cancer Society, 2023a). Previous studies in the
U.S. (2016-2020) have shown that lung cancer rates are higher in
males (61.1 per 100,000 population) compared to females (48.6)
although this gap varies by race and ethnicity, non-Hispanic
African American males (71.4), non-Hispanic white males (64.4),
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non-Hispanic American Indian and Alaskan Native males (56.4)
and non-Hispanic white females (53.9) having the highest rates.
Overall, the gender gap has narrowed over time (Centers for
Disease Control and Prevention, United States Cancer Statistics
2023) in part because women started smoking in large numbers
later than men and have also been slower to quit smoking (Thun et
al., 2013). The lifetime risk of developing lung cancer is about
6.2% for men and 5.8% for women, i.e. 1 in 16 men and 1 in 17
women are expected to develop lung cancer during their lifetime
and this risk is influenced by smoking history (American Cancer
Society, 2023a). Lung cancer develops over many years before
symptoms appear, therefore most (83%) patients are diagnosed at
ages 65 years and older (American Cancer Society, 2023a). There
are also social determinants of risk, in particular educational lev-
els, ranging from 166.6 per 100,000 in men without a high school
diploma to 57.6 with a college degree (Torre et al., 2016). Higher
education levels are associated with higher incomes and lower
tobacco exposure (Wang et al., 2018), likely explaining part of the
lower incidence of lung cancer. In contrast, people of lower socioe-
conomic statuses tend to have less access to health care and may
be diagnosed at more advanced stages (Barta et al., 2019; Van der
Heyden et al., 2009; Walters et al., 2013; Goss et al., 2014; Siegel
et al., 2018). Finally, survival rates for lung cancer are highly
dependent on the stage of diagnosis with lower survival rates likely
reflecting less access to early detection, curative-intent surgeries
and new therapies (Landsdorp-Vogelaar et al., 2012; Javid et al.,
2014; Lovly, 2022). Public education among the general popula-
tion and patient education and screening for lung cancer among
high-risk groups are thus very important interventions for the early
detection and survival of lung cancer.

In 2018 the rate of new lung cancer cases (59.7 per 100,000) in
Michigan was higher than the national rate (54.9) using a direct
method of standardization and the 2000 U.S. standard population
despite a dramatic decline in lung cancer incidence since 1985
(84.1 per 100,000 population at risk) and recent (2015-2019) 5-
year trend (-1.6, 95% CI -1.8, -1.4). In Michigan, the percentage of
all patients diagnosed with lung cancer at an early (localized) stage
(26.6%) was lower than that of the national rate (28.8%). In con-
trast, the percentage of patients diagnosed with lung cancer at a
late stage in Michigan, i.e. regional (23.8%) or distant (49.6%),
were higher than that of the national rates (regional 23.7%) or dis-
tant (47.6%). Late-stage lung cancer also varies by county (2017-
2019) ranging from 47.6% to 79.1%. While most research on lung
cancer in Michigan has been population-based, there is a need to
further understand the spatial, temporal, and spatio-temporal pat-
terns of lung cancer at finer resolutions. Understanding these pat-
terns will help to generate new hypotheses about risk factors for
lung cancer - e.g., environmental pollutants and reasons underlying
the high proportion of late diagnoses as well as target areas for
early screening and treatment interventions. Detection of clusters
is important for disease surveillance and spatial epidemiological
research (Torabi & Galloway, 2018). A purely spatial cluster is
defined as the unusual aggregation of case counts within certain
group(s) of people in a geographic area. A space-time cluster is the
same aggregation but in a geographic area over a specific time
period (Lawson, 2006; Amin et al., 2010). This study aimed to
detect spatial and spatio-temporal clusters of lung cancer overall
and for each of the three stages of disease (localized, regional or
distant) at time of diagnosis, with findings intended to inform
future epidemiological and health system studies and public health
and health care interventions. 

Materials and Methods

Study area
Michigan, a U.S. state located in the Midwest Region in Health

and Human Service Region 5 (Figure 1), served as the study area.
This study was conducted at the zip code level across 83 counties
and 10 Prosperity Regions. Prosperity Regions are economic
regions with an array of services distributed within boundaries
used as reference when describing lung cancer clusters as well as
when generating new hypotheses about processes underlying the
spatial patterns found.

Data 
The Michigan Cancer Surveillance Program (MCSP) database

is a state government-funded surveillance program that collects
demographic and clinical information on all patients diagnosed
with cancer at a participating treating institution. This study uti-
lized the MCSP data on newly diagnosed lung cancer patients
between 1985 and 2018 (n=253,572). Lung cancer diagnoses were
comprised of the following International Classification of Disease
(ICD-10) codes: C34.00, C34.01, C34.02 and C34. Demographic
information collected for analysis included sex, age and zip code
of residence. Tumour information was categorized according to the
program surveillance, epidemiology and end results (SEER).
According to SEER categorization, localized disease was SEER 1.
Regional disease was SEER 2, 3, 4 and 5. Distant disease was
SEER 7. Advanced disease (late stage) was defined as the presence
of either regional or distant disease. Counts of lung cancer cases
overall and by stage were summed by zip code (residential loca-
tions of patients at time of diagnosis) as the numerator for subse-
quent cluster detection of high relative risk. 

Population counts at the zip code level were used to calculate
expected lung cancer counts as outlined below for the year 2010
(Summary File 1, decennial census) to identify purely spatial clus-
ters. Population counts were used for the years 1980, 1990, 2000,
2010, and 2020 (Summary File 1 decennial census) for the detec-
tion of temporal, spatial and spatio-temporal clusters. Since all
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Figure 1. Reference map of the State of Michigan by the Health
and Human Service Regions in the United States.
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patients diagnosed with lung cancer within the Michigan Cancer
Surveillance database were adults, the population data utilized in
this study were referred to people >18 years of age. Since some zip
codes changed over time, the zip code map for 2010 was used as
the baseline from which all other zip codes were matched. Zip
codes that did not match were re-coded by searching their histori-
cal locations in Google Maps and assigning a timely zip code for
that area. An online global positioning system (GPS) program was
used to search for 336 such zip codes. Of the total, 16 zip codes
were recoded. The remaining 320 zip codes were either not found
(305) or removed (15). A population threshold of 50 residents was
used in this study to ensure a stable denominator. The 320 records
removed from the dataset represented less than 0.5% of the patient
data (n=2,887 patient records). The counties of these missing
records were queried, and it was found that the missing data were
not clustered in space or time and would thus not impact subse-
quent spatial, temporal and spatio-temporal cluster detection. The
final dataset comprised a total of n=250,685 lung cancer cases for
analysis. 

Spatial cluster detection
SaTScan (v.9.7) software by Martin Kulldorf (2023) was used

to detect spatial, temporal and spatio-temporal clusters of lung can-
cer relative risk (RR) at the zip code level in Michigan from 1985
to 2016. SaTScan was used because of its functionality to detect
clusters from within points patterns (centroids of zip codes) rather
than area-level clusters, e.g., using spatial autocorrelation cluster
detection techniques and its ability to model lung cancer (relatively
rare numbers of cases in many underlying zip code level popula-
tions) using a Poisson modelling process. First, a retrospective dis-
crete Poisson model was implemented to detect areas with high
lung cancer RR = observed/expected lung cancer cases, assuming
that the number of lung cancer cases in each zip code was Poisson-
distributed. Under the null hypothesis, the expected number of
lung cancer cases was assumed to be similar to that of the popula-
tion size. As noted above, the population for the purely spatial scan
was the 2010 adult population within each zip code:

Eq. 1

where c was the observed number of lung cancer cases; p the num-
ber of adult population in the zip code of interest; C the total num-
ber of lung cancer cases; and P the adult population in Michigan.
The RR was derived by dividing the observed cases by the expect-
ed number of cases. The alternative hypothesis is that there was an
elevated risk within the window compared to the outside. Under
the Poisson assumption, the likelihood function for a specific win-
dow was proportional to:

Eq. 2

where C was the total number of lung cancer cases; c the observed
number of cases within the window; and E [c] the adjusted expect-
ed number of cases within the window under the null hypothesis.
C-E [c] was the expected number of lung cancer cases outside the
window, and I() an indicator function. When SaTScan scans for
clusters with high rates, I() was equal to 1 when the window had
more cases than expected under the null hypothesis, and otherwise

zero. This study focused on the high risk of lung cancer (in contrast
to low risk). Hypothesis testing was conducted using 999 Monte
Carlo simulations. Finally, a test statistic was calculated for each
random replication and the real dataset (herein defined by the log-
likelihood ratio). If the latter was among the 5% highest, then the
test was significant at the 0.05 level. The significance level of clus-
ters is herein defined by their log-likelihood ratio and p-values. In
this study, SaTScan scanned for geographic sizes that would cap-
ture between zero and 3% of the adult population at risk for lung
cancer. A 3% threshold was used to ensure the sensitive capture of
residents <50 years of age who are at lower-risk for lung cancer,
compared to older residents residing in the same area. Here, there
were no geographic overlap of clusters. 

Temporal cluster detection
Temporal clusters of overall lung cancer and lung cancer

defined as localized, regional and distant were estimated across
Michigan for the time period 1985 to 2020 using a retrospective
purely temporal Poisson process and 1-year time aggregation
(cluster range, 1-5 years). Here the total number of lung cancer
cases was summed and the population groups averaged over the
study time period. Years with significantly high lung cancer rates
were reported. 

Spatial-temporal cluster detection
This kind of scan explored the geographical distribution of

lung cancer risk clusters from 1985 to 2020. The RR values were
calculated based on 1990, 2000, 2010 and 2020 adult populations,
corresponding to incidence data from 1985-1994, 1995-2004,
2005-2014 and 2015-2018. Considering that different criteria for
reporting high RR clusters may result in different cluster collec-
tions, we conducted a sensitivity analysis by applying 10, 30, 40,
50, and 90 percent of the study period and 3, 5, and 10 years as the
maximum temporal cluster size. The boundaries for Michigan’s
counties (n=83) and Prosperity Regions (n=10) were overlaid onto
the spatial and spatio-temporal cluster maps for reference and to
help generate new hypotheses about lung cancer.

Results

Spatial clusters of lung cancer
Figure 2 shows 31 significant spatial clusters of lung cancer

across the time period 1985 to 2018.The most significant cluster
was in Region 10, encompassing the city of Detroit, with a
RR=1.74 (n=11,521 patients). There were also highly significant
clusters in the city of Battle Creek in Calhoun County Region 8,
with a RR=2.44 (n=1,296 patients) and Mount Clemens in
Macomb County Region 10, with a RR=2.0 (n=859 patients).
Other significant clusters with lower RRs but high patient-counts
were in south-western Detroit, with a RR=1.6 (n=10,046 patients),
west Detroit, RR=1.39 (n=9,000 patients) and Sterling Heights in
southern Macomb County, RR=1.52 (n=11,173 patients). There
were also significant spatial clusters with high case counts in rural
locations, in particular in the northern part of the lower peninsula
(Regions 2 and 3) and the central and eastern parts of the upper
peninsula (Regions 1b and 1c). Supplemental Table 1S shows the
RR and patient count for each of the 31 purely spatial clusters for
lung cancer in Michigan.

                   Article
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Temporal clusters of lung cancer
Across the study’s time period the rate of localized lung cancer

was 18.6 per 100,000 followed by regional lung cancer (22.0) and
distant lung cancer (41.1). These findings of temporal clusters are
consistent with the space-time clusters of lung cancer across the
study time period as outlined below. The first temporal cluster that
emerged was regional lung cancer (25.1) occurring between 1993
to 1997 (RR = 1.17, n=8,960). Thereafter, a significant cluster of
distant lung cancer (52.9) emerged between 2009 and 2013 (RR =
1.36, n=19,945). Most recently between 2015 to 2017 there was a
significant cluster of localized lung cancer (23.4) (RR = 1.29,
n=5,536). These findings show that distant lung cancer remains the
highest form of lung cancer diagnosed while also suggesting some
earlier detection of localized lung cancer in more recent years. 

Spatio-temporal clusters of lung cancer
Figure 3 shows 31 significant space-time clusters of lung can-

cer in Michigan between 1985 and 2018. Of these, 17 (61.3%)
clusters were detected prior to year 2000 including a cluster
encompassing Detroit (RR=1.64, n=3,762 patients) 1985-1994,
Battle Creek (RR=3.37, n=545 patients) 1988-1997, Sterling
Heights (RR=1.55, n=3,480 patients) 1989-1998 and St. Clair
County (RR=1.75, n=695 patients) 1986-1990. Importantly, after
year 2000, the most significant clusters were in rural areas in the

northern part of the lower peninsula in Regions 3 and 5 (RR=1.7,
n=3,967 patients) 2008-2017; Regions 2 and 4 (RR=1.35, n=2,902
patients) 2008-2017 and the upper peninsula Region 1 (RR=1.36,
n=1,347 patients) 2010-2018. There were two clusters detected in
the city of Detroit (RR=1.28, n=1,673 patients) 2004-2013 and
south-western Detroit (RR= =1.61, n=3,180 patients) with the later
cluster beginning in 1999 and ending in 2008. There was also a sig-
nificant cluster in Lapeer County (Region 6) (RR=1.35, n=3,001
patients) 2009-2018 near Otter Lake. Other clusters of lung cancer
detected after 2000 were in specific zip codes of elevated risk.
Supplemental Table 2S shows the RR and patient count for all 31
space-time clusters for lung cancer (before and after year 2000) in
Michigan.

Spatio-temporal clusters by stage of disease
The prevalence of localized lung cancer was 18.6 per 100,000

population. Figure 4a shows 20 significant space-time clusters of
localized lung cancer. Eleven (55.0%) of these clusters occurred
prior to year 2000including a cluster in Battle Creek, which was the
most significant cluster (RR=5.36, n=160 patients) followed by
Jackson in Calhoun County Region 8 (RR=2.26, n= 531 patients).
There were also rural clusters prior to year 2000 in Region 4 and the
upper peninsula (Region 1b). In Region 3 there was an expansive
rural cluster beginning in 1996 and ending in 2005 (RR=1.74,
n=665 patients). After 2000, there were 9 significant clusters of

                                                                                                                                Article

                                                                               [Geospatial Health 2024; 19:1219]                                                              [page 21]

Figure 2.All lung cancer patients: discrete Poisson purely spatial clusters in relation to Michigan zip codes 1985-2018. Data Source: The
Michigan Cancer Registry ICD-O version 3 codes 1985-2018.
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localized lung cancer (Table 1) including the emergence of clusters
in rural Cheboygan in Region 3 (RR=2.21, n=62 patients) 2001-
2010 and Mecosta County in Region 4 (RR=1.84, n=131 patients)
2012-2017. There were also three clusters that emerged in Region
6 (n=1,081 total patients) and three clusters within localized areas
outside of Detroit in Region 10 (n=1,109 total patients).
Supplemental Table 3S shows the RR and patient count for all 20
space-time clusters for localized lung cancer (before and after the
year 2000) in Michigan. The prevalence of regional lung cancer
was 22.0 per 100,000 population. Figure 4b shows 22 significant
space-time clusters of regional lung cancer. Of these, 10 clusters
were detected prior to year 2000 including those in Battle Creek,
Detroit, Sterling Heights, St. Clair and the upper peninsula. Another
9 clusters originated prior to year 2000 and ended after year 2000
including those in the upper peninsula in Regions 1b and 1c,
Sterling Heights in Macomb County and south-western Detroit in
Region 10 and new sites emerging in the city of Saginaw in Region
6, south Grand Rapids and Muskegon and Newago in Region 4 and
Kalamazoo and Calhoun and Branch Counties in Region 8. Only
three of these clusters occurred after year 2000. The most expansive
space-time cluster of regional lung cancer after 2000 was in the
rural areas of Region 3 (RR=1.85, n=930 patients) 2000-2009 fol-
lowed by the cities of Flint and Otter Lake Township in Region 6
(RR=1.69, n=813 patients) during the same time period. Mecosta
County in Region 4 also contained a cluster of regional lung cancer

(RR=1.88, n=119 patients) 2004-2013. Supplemental Table 4S
shows the RR and patient count for all 22 space-time clusters for
localized lung cancer (before and after year 2000) in Michigan.

The prevalence of distant lung cancer was 41.1 per 100,000
population. Figure 4c shows 24 significant space-time clusters of
distant lung cancer. Of these, 5 clusters were detected before year
2000 in Detroit, Battle Creek, St. Clair, Livingston and
Kalamazoo. There were 2 clusters that originated prior to year
2000 and ended after year 2000 in Sterling Heights and southern
Oakland County. There were 17 (70.8%) clusters detected after
year 2000. The most significant cluster of distant lung cancer after
the year 2000 was in south-western Detroit (RR=2.03, n=1,677
patients) 2005-2014. There was another cluster in east Detroit
(RR=1.75, n=1,184 patients) 2006-2014. All other clusters of dis-
tant lung cancer in Region 10 were in the surrounding areas of
Detroit. The second most significant cluster of distant lung cancer
was in Region 3 (RR=1.91, n=1,806 patients) 2004-2013. There
was also a significant cluster of distant lung cancer in the upper
peninsula in Region 1b and 1c that included Cheboygan in Region
3 (RR = 1.23, n=991 patients) 2009-2017. Other clusters of distant
lung cancer were in Region 6 including the cities of Saginaw and
Otter Lake and Region 4 Mecosta County and its surrounding
areas. Supplemental Table 5S shows the RR and patient count for
all 24 space-time clusters for localized lung cancer (before and
after year 2000) in Michigan.
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Figure 3. All lung cancer patients: discrete Poisson purely spatio-temporal clusters in relation to Michigan zip codes 1985-2018. Data
Source: The Michigan Cancer Registry ICD-O version 3 codes 1985-2018.
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Discussion
This study does not attempt to explain the processes underly-

ing the clusters of lung cancer detected but hypotheses are gener-
ated for future studies. Important findings from this study are fur-
ther discussed below. First, lung cancer clusters prior to year 2000
generally had higher RRs compared to clusters after year 2000

demonstrating that lung cancer diagnoses are declining across
Michigan. There were many cities in particular that had high RR of
lung cancer prior to year 2000 but not afterwards, in particular the
central area of Detroit and the cities of Battle Creek, Jackson,
Sterling Heights and St. Clair. These highly populated cities should
therefore be studied further to verify that risk for lung cancer has
actually reduced versus the need for improved screening and diag-
nosis. Battle Creek prior to year 2000, for example, was contained
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Figure 4. A) Early (localized)-stage lung cancer patients: discrete
Poisson spatio-temporal clusters in relation to Michigan zip codes
1985-2018. Data Source: The Michigan Cancer Registry ICD-O
version 3 codes 1985-2018; B) Regional-stage lung cancer
patients: discrete Poisson spatio-temporal clusters in relation to
Michigan zip codes 1985-2018. Data Source: The Michigan
Cancer Registry ICD-O version 3 codes 1985-2018; C) Distant-
stage lung cancer patients: discrete Poisson spatio-temporal clus-
ters in relation to Michigan zip codes 1985-2018. Data Source: The
Michigan Cancer Registry ICD-O version 3 codes 1985-2018.
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Table 1. Discrete Poisson space-time clusters of lung cancer for all patients and by stage of disease for clusters after year 2000 in Michigan
1985-2018.

Cluster no.             Observed            Population          Relative            Log-likelihood             p               Start          End        Prosperity
                                 patients                   (no.)                   risk                       ratio                                       year           year           region
                                    (no.)                                                                                                                                     

All Patients                                                                                                                                                                            

1                                       3,967                       219,451                    1.70                           468.89                  <0.0001            2008             2017                  3
10                                     2,902                       219,236                    1.38                           132.53                  <0.0001            2009             2018                  6
11                                     3,001                       200,720                    1.35                           121.77                  <0.0001            2009             2018                 2,4
14                                     1,820                       131,862                    1.37                            82.15                   <0.0001            2000             2009                  5
16                                     2,760                       208,986                    1.27                            70.70                   <0.0001            2006             2015                  9
18                                     2,468                       191,094                    1.26                            61.14                   <0.0001            2009             2018                  8
20                                     1,347                       108,357                    1.36                            58.22                   <0.0001            2010             2018                  1
22                                     1,673                       147,368                    1.28                            46.03                   <0.0001            2004             2013                 10
23                                     1,762                       133,577                    1.42                            43.01                   <0.0001            2008             2017                  6
26                                       616                         42,736                     1.33                            22.79                   <0.0001            2009             2018                  4
28                                       344                         53,740                     1.40                            17.71                    0.0031             2005             2009                 10
31                                       806                         60,305                     1.23                            16.53                     0.010              2004             2013                 10
Localized (early) stage lung cancer                                    

4                                         665                        21,8049                    1.74                            85.40                   < 0.0001            2008             2017                  6
12                                       594                        21,5606                    1.51                            44.11                   < 0.0001            2008             2017                 10
13                                       252                         88,009                     1.64                            26.27                   < 0.0001            2009             2017                  6
14                                       164                        217,844                    1.83                            24.49                   < 0.0001            2016             2017                  6
15                                       127                         42,966                     1.88                            20.54                    0.0003             2010             2017                  8
16                                       131                         59,023                     1.84                            19.92                    0.0005             2012             2017                  4
18                                       484                        209,496                    1.35                            19.44                    0.0008             2009             2017                 10
21                                        31                          10,129                     3.44                            16.31                     0.015              2013             2017                 10
23                                        62                          14,114                     2.21                            15.17                     0.031              2001             2010                  3
Regional stage lung cancer                                                  

1                                         930                        219,451                    1.85                           142.25                  < 0.0001            2000             2009                  3
3                                         813                        219,236                    1.69                            93.76                   < 0.0001            2000             2009                  6
20                                       119                         26,210                     1.88                            19.34                    0.0006             2004             2013                  4
Distant stage lung cancer                                                     

1                                       1,677                       213,171                    2.02                          327.816                 < 0.0001            2005             2014                 10
3                                       1,806                       219,451                    1.91                           303.48                  < 0.0001            2004             2013                 3,2
5                                       1,467                       200,987                    1.85                           225.25                  < 0.0001            2005             2014                 10
6                                       1,482                       209,228                    1.79                           205.33                  < 0.0001            2006             2015                 10
7                                       1,184                       196,199                    1.75                           153.43                  < 0.0001            2006             2015                 10
8                                       1,209                       216,932                    1.55                           100.50                  < 0.0001            2005             2013                  6
11                                       743                        113,373                    1.56                            63.09                   < 0.0001            2004             2013                  9
12                                     1,217                       206,950                    1.40                            61.75                   < 0.0001            2008             2017                  8
13                                       784                        190,103                    1.52                            60.41                   < 0.0001            2008             2013                  4
14                                      1172                       217,929                    1.37                            52.13                   < 0.0001            2009             2017                 10
16                                       435                         60,305                     1.60                            41.11                   < 0.0001            2006             2015                 10
17                                      1013                       191,434                    1.29                            29.75                   < 0.0001            2008             2017                  6
20                                       991                        207,788                    1.23                            20.23                    0.0004             2009             2017                 1,3
21                                       269                        105,244                    1.48                            18.32                    0.0023             2009             2012                  4
22                                       637                        202,720                    1.28                            18.26                    0.0024             2010             2014                 10
23                                       381                         83,963                     1.35                            15.19                    0.0330             2005             2012                  4
24                                        83                          32,865                     1.96                            15.10                    0.0340             2009             2011                  8
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in the most significant cluster for localized lung cancer (RR=5.36,
n=160 patients), the most significant cluster for regional lung can-
cer (RR=3.62, n=123 patients) and the second most significant
cluster for distant lung cancer (RR=3.29, n=196 patients). While
the numbers of patients diagnosed with lung cancer was relatively
low compared to other cities, the RRs were more elevated which
indicates that further investigation into the potential of unrecog-
nized lung cancer risk vs. a true decline in risk after 2000 is war-
ranted. Since 2000, the rate of lung screening has increased nation-
wide. The rate of lung cancer screening is still very low compared
to screening for other solid organ tumours such as breast cancer.
Despite this increased screening rate, however, the risk of lung
cancer in locations like Battle Creek has decreased. Other phenom-
ena, such as decreased smoking rates in these areas, may account
for the decreased risk.

Second, there were also areas in Michigan in which cancer
clusters emerged after year 2000. In particular are the rural areas of
the northern lower peninsula and the upper peninsula. Region 3 in
north-eastern Michigan emerged as the most significant cluster for
all lung cancer in 2008 to 2017, with a cluster of regional lung can-
cer detected in years 2000 to 2009 and a cluster of distant lung can-
cer detected in years 2005 to 2014. A new cluster of localized lung
cancer was also detected in Cheboygan in the farthest northern area
of Region 3. Rural clusters were also detected in Region 2 that
extended into the upper areas of Region 4 in particular near
Mecosta County, which was highly significant for regional lung
cancer in years 2004 to 2013 and distant lung cancer in 2008 to
2013. Finally, noteworthy persistent clusters of lung cancer after
2000 also occurred in Region 6 in the area of Otter Lake Township
(localized 2016-2017, regional 2000-2009 and distant 2005-2013).
The emergence of these late-stage lung cancer diagnoses in the
northern regions of rural Michigan requires further investigation to
evaluate individual and environmental risk factors and to ensure
continued screening and access to high quality health care. 

Third, while there were only 3 clusters that extended across the
decades for all lung cancer patients in the space-time cluster anal-
ysis, including the cities of Wyoming/Grand Rapids in Kent
County Region 4 (RR=1.9, n=19,342 patients) 1995-2004, East
pointe and Roseville in Macomb County north of Grosse Pointe
(RR=1.56, n=2,121 patients) 1996-2005 and south-western Detroit
(RR=1.61, 3,180 patients) 1998-2008 in Region 10, there were
more clusters when the stage of disease was studied. In particular,
there were trends in significant clusters of lung cancer by stage of
disease within the city of Detroit defined by eastern, central
(downtown) and south-western Detroit. In central Detroit signifi-
cant clusters of lung cancer were defined as localized in 1985-
1991, regional in 1985-1994 and distant in 1985-1994 all occurring
before year 2000; whereas in eastern Detroit significant clusters of
lung cancer were defined as distant (2006-2015); and in south-
western Detroit significant clusters of lung cancer were defined as
localized (2008-2017), regional (1992-2001) and distant (2005-
2014) demonstrating the range in stage of diagnosis—with timely
emphasis on localized and distant lung cancer in this area. 

Finally, the socio-demographic and environmental contexts of
these spatio-temporal clusters of lung cancer are also important to
understand to generate new hypotheses about individual and envi-
ronmental risks and the need for improved screening and/or health
care. For example, the city of Battle Creek has a slightly younger
(15.5% population < 65 years) and poorer (poverty rate, 22.0%)
population compared to Sterling Heights (17.8% and 9.8%) and St.
Clair County (19.8% and 11.1%) (U.S. Bureau of the Census,

2022). It may be important therefore, to explore access to lung can-
cer screening and health care in Battle Creek and changes in
behavioural risks compounded by aging in Sterling Heights and St.
Clair County to further explain why late-stage lung cancer clusters
in these areas were detected prior to year 2000 and not afterwards.
Furthermore, the emerging clusters of regional and distant lung
cancer in the northern area of the lower peninsula as well as the
upper peninsula of Michigan after year 2000 may in part be due to
increased risk vs. improved lung cancer screening—both explana-
tions challenged by its rural environment and aging population
(Demographic Data Northeast Prosperity Alliance, 2023). The
increased risk may be a result of an aging population in rural
Michigan with older people having less ability to drive long dis-
tances and/or commit to frequent trips to doctor’s appointments
including the doctor’s appointments for the treatment of lung can-
cer following a diagnosis. The city of Detroit is the largest urban
area of Michigan that was once an economic centre but with the
decline of the auto industry there has led to a substantial out-migra-
tion of population and rise in unemployment, particularly among
its racially segregated and poor residents. Within Detroit, there
were clusters of lung cancer defined by geography as eastern, cen-
tral and south-western Detroit. Downtown in Detroit is currently
undergoing gentrification, which may partly explain why clusters
of all lung cancer and lung cancer by all stages were detected
before year 2000 but not thereafter. Health systems in eastern
Detroit may have more recently improved outreach of lung cancer
screening to explain the emergence of distant stage lung cancer. In
contrast, south-western Detroit is an industrial hub with numerous
industries emitting regulated and unregulated amounts of air pollu-
tants, which may in part explain the persistence of all lung cancer
(1999-2008), regional lung cancer (1992-2001), distant (2005-
2014) and localized (2008-2017) lung cancer. The more recent
cluster of localized lung cancer in south-western Detroit may be
due to improved screening in this area. Future research will need
to further evaluate socio-demographic, environmental and health
system explanations for the spatial and spatio-temporal clusters of
lung cancer found in this study.

Previous literature has examined spatio-temporal clusters of
cancer in other areas of the world. A study of Pennsylvania identi-
fied 5 significant clusters between 2010 and 2017 (Camina et al.,
2022). In contrast, a 15 year study of South Korea identified con-
sistently high clusters in the rural and southern parts of the country
(Nguyen et al., 2023). However, our study is distinguished from
these previous studies in that we examined cancer rates over a very
long time period. Given the comprehensive nature of Michigan’s
cancer registry, we had access to every case of lung cancer record-
ed over 33 years. In addition, Michigan is unique in having few
urban areas surrounded by large rural areas and being a state made
up of two distinct peninsulas.

Limitations
This is the first study to detect clusters of lung cancer in

Michigan. The clusters detected were therefore, unadjusted in
order to explore their spatial patterns and generate new hypotheses
about underlying risks and reasons for the high incidence of
advanced-stage disease. A lung cancer incidence of 3.0% was used
as a sensitive spatial measure by which to define the underlying
population at risk, with the intention of ensuring the capture of
people <50 years with a lung cancer diagnosis. While age-adjust-
ment can be a beneficial approach in many studies, it can also limit
the ability to detect clusters in age-specific populations. Future
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research will adjust for age and other individual-level covariates to
further learn about the processes underlying these spatial patterns.
Also, this study did not account for changes in environmental pol-
lutant levels. Measuring the correlations between pollutant levels
and lung cancer risk are important and future studies will need to
focus on the aetiology of lung cancer, the range in lag periods from
exposure to disease for various pollutants and where to target
screening and treatment interventions. Further, it will be important
to focus these studies at regional and local scales. Further, future
studies on lung cancer should also focus the local scale and the
spatio-temporal variation of late-stage disease for residents living
in cities near industries vs. gentrification in relation to available
health care. 

Conclusions
Temporal trends in lung cancer are declining in the United

States and Michigan. This statewide study of Michigan at the zip
code level demonstrated the value of detecting spatial and spatio-
temporal trends. Future research will focus on the etiology of lung
cancer, the range in lag periods from exposure to disease for vari-
ous pollutants and where to target screening and treatment inter-
ventions. Further, it will be important to focus these studies at
regional and local scales. Prosperity regions in Michigan are
defined as economic regions that can help to understand the major
industries and labor participation and the health system at a smaller
scale. In the rural area of Prosperity Region 3 where there were
significant clusters of late-stage disease (regional and distant) and
for these, future research should focus on improved access to
telemedicine that can enable early diagnoses and referral for treat-
ment. Future studies on lung cancer should also focus the local
scale and the spatio-temporal variation of late-stage disease for
residents living in cities near industries vs. gentrification in rela-
tion to available health care such as in southwest Detroit. This
study highlights the importance of requiring a strong health system
by which the public and patients are educated about lung cancer
prevention and screening and treatments are provided by the health
care sector with the goals of preventing lung cancer, and early
diagnosis if it occurs. 
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Online Supplementary Materials 
Table 1S. All lung cancer patients: discrete poisson purely spatial clusters, Michigan 1985-2018.
Table 2S. All lung cancer patients: discrete poisson space-time clusters, Michigan 1985-2018.
Table 3S. Localized (early) stage lung cancer: discrete poisson space-time clusters, Michigan 1985-2018. 
Table 4S. Regional stage lung cancer: discrete poisson space-time clusters, Michigan 1985-2018.
Table 5S. Distant stage lung cancer: discrete poisson space-time clusters, Michigan 1985-2018.
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