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Abstract
Background: Accessibility to stroke treatments is a challenge that depends on the place of residence. However, 
recent advances in medical technology have improved health outcomes. Nevertheless, the geographic heterogeneity 
of medical resources may increase regional disparities. Therefore, evaluating spatial and temporal influences of the 
medical system on regional outcomes and advanced treatment of cerebral infarction are important from a health 
policy perspective. This spatial and temporal study aims to identify factors associated with mortality and to clarify 
regional disparities in cerebral infarction mortality at municipality level.

Methods: This ecological study used public data between 2010 and 2020 from municipalities in Hokkaido, Japan. 
We applied spatial and temporal condition autoregression analysis in a Bayesian setting, with inference based on the 
Markov chain Monte Carlo simulation. The response variable was the number of deaths due to cerebral infarction 
(ICD-10 code: I63). The explanatory variables were healthcare accessibility and socioeconomic status.

Results: The large number of emergency hospitals per 10,000 people (relative risk (RR) = 0.906, credible interval 
(Cr) = 0.861 to 0.954) was associated with low mortality. On the other hand, the large number of general hospitals per 
10,000 people (RR = 1.123, Cr = 1.068 to 1.178) and longer distance to primary stroke centers (RR = 1.064, Cr = 1.014 to 
1.110) were associated with high mortality. The standardized mortality ratio decreased from 2010 to 2020 in Hokkaido 
by approximately 44%. Regional disparity in mortality remained at the same level from 2010 to 2015, after which it 
narrowed by approximately 5% to 2020. After mapping, we identified municipalities with high mortality rates that 
emerged in Hokkaido’s central and northeastern parts.

Conclusion: Cerebral infarction mortality rates and the disparity in Hokkaido improved during the study period 
(2010–2020). This study emphasized that healthcare accessibility through places such as emergency hospitals 
and primary stroke centers was important in determining cerebral infarction mortality at the municipality level. In 
addition, this study identified municipalities with high mortality rates that require healthcare policy changes. The 
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Background
Mortality rates of cerebral infarction from 2000 to 2019 
have improved in Japan [1], with recombinant tissue-type 
plasminogen activator (rt-PA) therapy and mechanical 
thrombectomy contributing to this outcome [2–4]. How-
ever, these treatments are not widely available [5]. Acces-
sibility to stroke treatments is a challenge that depends on 
the region in Japan [5]. In other words, advanced treat-
ments have improved the outcome of cerebral infarction 
nationwide; however, these might expand regional dis-
parities. In studies on the relationship between mortal-
ity and medical resources or geographical accessibility to 
healthcare, Saijo et al. revealed that municipalities with a 
small distance to primary care were related to low stroke 
mortality in Hokkaido [6]. Additionally, Kawaguchi et al. 
reported a negative correlation between the number of 
institutions with coronary computed tomography angi-
ography and mortality from acute myocardial infarction 
in Japan [7]. A cohort study in Switzerland clarified that 
patients with a longer travel time to a high-quality acute 
care hospital had a high mortality rate due to cerebral 
infarction and acute myocardial infarction [8]. In addi-
tion, poor accessibility to intravenous thrombolysis and 
endovascular therapy in rural areas has resulted in poor 
outcomes for stroke in the United States (US) [9]. To 
summarize, in both of the individual and regional levels, 
poor access to advanced stroke care is directly related to 
the clinical outcome of strokes. Heterogeneity in medi-
cal resources and accessibility cause regional disparities 
in stroke mortality.

Hokkaido has the largest area and the lowest popula-
tion density in Japan. Further, it has a high heterogene-
ity among urban and rural areas in the medical care 
system for stroke [10]. Heterogeneity in advanced stroke 
care may cause regional disparities in clinical outcomes 
for stroke in Hokkaido. Spatial and temporal analyses 
can identify health outcome of regional disparities, such 
as mortality [11]. They can be used to evaluate the rela-
tionship between accessibility to advanced stroke care 
and clinical outcomes for spatio temporal trends. How-
ever, the effect of regional disparities in access to stroke 
care and other related factors on the clinical outcomes 
of cerebral infarction has not been clarified. Therefore, 
this spatial and temporal study analyzed the relationship 
between regional disparities and healthcare accessibility 
and revealed the trend of cerebral infarction mortality at 
the municipality level.

Methods
Study design
This ecological study used public data from 2010 to 2020. 
It aimed to clarify the time trend and regional dispar-
ity in cerebral infarction mortality for the entire region 
and locally and to investigate the factors leading to dis-
parity in mortality. The variable under investigation was 
the number of deaths due to cerebral infarction (ICD-10 
code I63) recorded in 188 municipalities in Hokkaido. 
The standardized mortality ratio (SMR), which is cal-
culated as the ratio between the observed and expected 
cases, is commonly used to compare the relative mor-
tality risk; however, the SMR is unstable in small popu-
lations. To address this, we followed a previous study 
[12] and employed a spatial and temporal analysis using 
a conditional autoregressive model and assuming a dis-
crete Poisson distribution to estimate the observed cases.

Study area
The study area was 188 municipalities in Hokkaido, 
Japan. Hokkaido is the largest (83,424 km2) and northern-
most prefecture in Japan with a population of 5.22  mil-
lion and a population density of 66.6 persons/km2. Based 
on the data of these 188 municipalities, the median popu-
lation size was 5,795 individuals (range 706 to 329,306)
whereas the median area was 367 km2 (range 24 to 1,427) 
(2020) [13].

Response and explanatory variables
The response variable in this study was the number 
of deaths due to cerebral infarction in municipalities. 
Explanatory variables associated with healthcare acces-
sibility were: the number of physicians, general hospitals, 
clinics, and emergency hospitals per 10,000 population; 
direct distances between representative points in munici-
palities and primary stroke centers (PSC) were employed 
as the proxy variables of geographical accessibility to 
advanced stroke care. A model included the number of 
expected deaths as an offset term to adjust for the pop-
ulation size of each municipality. Moreover, in terms of 
municipality-level socioeconomic status variables, this 
study adopted; the ratio of people who completed college 
and university studies (%), the proportion of workers in 
primary industries (%), such as agriculture and fishing, 
the proportion of workers in secondary industries (%), 
such as manufacturing and construction, and the pro-
portion of workers in tertiary industries (%), mainly ser-
vices [14–17]. However, these socioeconomic values were 

impact of socioeconomic factors on stroke is a global challenge, and improving access to healthcare may reduce 
disparities in outcomes.

Keywords Conditional autoregressive model, Cerebral infarction, Bayesian inference, Spatial-temporal analysis, 
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fixed throughout the study period; therefore, the study 
only captured the spatial variation in mortality. Of the 
41 facilities certified as PSCs by the Japan Stroke Society 
as of 2021 [18] and Hokkaido University Hospital, the 
facilities included in the shapefile data [19] of 2010, 2014, 
and 2020 were defined as PSCs. As a result, this study 
adopted 39 facilities in 2010–2013 and 2014–2019 as 
well as 41 facilities in 2020. This study set the addresses 
of municipal offices in 2010 as a representative point in 
the municipalities. To calculate reference mortality for 
cerebral infarction, this study used the mean Hokkaido 
population and the mean number of deaths due to cere-
bral infarction from 2010 to 2020 in Hokkaido, with each 
population stratified by gender and five-year age group 
(e.g. 0–4, 80 years or older, etc.). The aforementioned 
mortality was applied to the population of each munici-
pality for each year to calculate the number of expected 
deaths. Public data and shapefiles were obtained from 
e-stat [20] and the National Land Numerical Information 
Download Service [19] (Table 1). Data from the previous 
survey were used for missing data in case the survey was 
not conducted.

Statistical analysis
To determine which explanatory variables should be 
included in the analysis, we applied a non-spatial general-
ized linear Poisson model, as represented by equation (a), 

and eliminated one variable when the variance inflation 
factor was > 5 to avoid multicollinearity.

(a)

 Oit ∼ Poisson(πit)

 logµit = offset (logEit) + a + βXit + ψit

where i, t  are municipalities i  and yeart , O  is the num-
ber of deaths due to cerebral infarction, µ  is the relative 
mortality risk of cerebral infarction, E  is the number of 
expected deaths, a  is the intercept, β  is the coefficient 
of an explanatory variable X , and ψ  is a random effect.

After process of equation (a), we expanded it to the 
spatial-temporal conditional autoregressive (CAR) model 
in detail below (b),

(b)

 Oit ∼ Poisson(πit)

 logµit = offset (logEit) + a + βXit + ψit

 ψit = φit

 
ϕt| ϕt−1 ∼ N

(
ρTϕt−1, τ

2Q(W, ρs)
−1

)

 
ϕ1 ∼ N

(
0, τ 2Q(W, ρs)

−1
)

 τ 2 ∼ Inverse − Gamma (1, 0.01)

 ρs, ρT ∼ Uniform (0, 1)

where φit  is a random effect in municipality i  and year t , 
W  is the spatial adjacency matrix, ρS  is the spatial auto-
correlation parameter, and ρT  is the temporal autocor-
relation parameter. ρS  and ρT  controlled the spatial and 
temporal autocorrelation, respectively, with a value of 0 
corresponding to independence while a value of 1 corre-
sponding to strong autocorrelation. τ 2 is the variance of 
the spatial and temporal processes. The precision matrix 
Q (W, ρS), introduced by Leroux et al., corresponds to 
the CAR model [25]. τ 2, ρS , and ρT  were assigned an 
inverse-gamma prior distribution (1, 0.01) and uniform 
prior distribution (0, 1), respectively. Rushworth et al. 
introduced this model at first [26], and Lee et al. imple-
mented it as R package “CARbayesST” [11, 27]. Models 
1 and 2 were implemented using the function ST.CARar 
() in the R-package [27]. Model 1 included all variables. 
Model 2 excluded the ratio of people who completed col-
lege and university studies and the proportion of workers 
in secondary industries and tertiary industries. Model 2 
was used to assess the impact of socioeconomic factors 

Table 1 Data sources
Data Source Year
Population (annual) Surveys of Population, Popula-

tion Change and the Number of 
Households based on the Basic 
Resident Registration [21]

2010–
2020

Number of deaths by cere-
bral infarction (annual)

Vital statistics [22] 2010–
2020

Number of physicians Statistics of Physicians, Dentists, 
and Pharmacists [23]

2010, 
2012, 
2014, 
2016, 
2018

Number of clinics, general 
hospitals, and emergency 
hospitals

Survey of Medical Institutions 
[24]

2010–
2019

Ratio of people who com-
pleted college and university 
studies

Census [13] 2010

Proportion of primary, 
secondary, and tertiary 
industries

Census [13] 2015

Polygon data of 
municipalities

National Land Numerical Infor-
mation Download Service [19]

2021

Point data of hospitals National Land Numerical Infor-
mation Download Service [19]

2010, 
2014, 
2020

Point data of municipal 
offices

National Land Numerical Infor-
mation Download Service [19]

2010
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on medical resource factors. The models were imple-
mented in a Bayesian setting, with inference based on 
the Markov chain Monte Carlo (MCMC) simulation. 
Further, they were estimated using 15,000 samples based 
on three independent chains and 5,20,000 samples with 
a burn-in of 20,000 samples thinning to every 100th 
sample. The convergence of the MCMC simulation was 
evaluated by inspection of trace plots and Gelman–
Rubin’s potential scale reduction factor (< 1.1) [28]. The 
spatial adjacency matrix was defined based on the queen 
method, and island municipalities were considered adja-
cent to a municipality if a ferry line connected them i.e., 
if the municipalities share da border and ferry line, they 
received a value of 1. Otherwise, they were assigned a 
value of 0. In addition, we ran Moran’s I with 9,999 per-
mutations on the original SMR and residuals after analy-
sis to check for the effects of autocorrelation.

Our results demonstrated the posterior median of the 
coefficients and 95% credible interval (Cr) in relative risk 
(RR) per one standard deviation for explanatory vari-
ables. Moreover, this study showed the trend of modeled 
SMR obtained by the number of deaths with posterior 
estimation as well as regional disparity of modeled SMR 
by the difference in interquartile range (IQR) [27, 29], 
changes of modeled SMR from 2010 to 2020, and poste-
rior exceedance probabilities (modeled SMR > 1.0).

To examine the influence of the priors on the estima-
tion of the posterior distribution, a sensitivity analysis 
was performed with an inverse gamma distribution (0.5, 
0.005) and (1, 0.05) to τ 2 in Model 1. ArcGIS 2.8 (ESRI, 
Redlands, CA, USA, https://www.esri.com/en-us/home) 
measured the distance between municipalities and PSC, 
and all other analyses were performed using R (version 
4.1.1) [30].

Results
The total number of deaths due to cerebral infarction was 
31,510, ranging from 2,622 to 3,118 per year from 2010 to 
2020. The number of deaths per year decreased in Hok-
kaido; however, approximately 0–200 people died annu-
ally in each municipality (Table 2).

Exploratory analysis by non-spatial generalized 
linear poisson model
As a result of exploring explanatory variables, the fol-
lowing eight variables were employed: the number of 
physicians, general hospitals, clinics, and emergency hos-
pitals per 10,000 population; distance to PSC; the ratio 
of people who completed college and university studies; 
the proportion of workers in secondary industries (%); 
and the proportion of workers in tertiary industries (%). 
Table  3 shows that the number of emergency hospitals 
per 10,000 people (β =-0.131) and the ratio of people who 
completed college and university studies (β ＝-0.717) 
were related to low mortality. In contrast, the number 
of general hospitals (β ＝0.148), the number of clinics 
(β＝0.006), the distance to PSC (β ＝0.001), and the pro-
portion of workers in secondary industries (β＝1.165) 
were related to high mortality.

Spatial and temporal CAR model
Model 1 included seven variables (healthcare accessibil-
ity and socioeconomic status) after exploratory analysis, 
while Model 2 handled five variables, excluding socioeco-
nomic status. The results of Model 1 in Table 4 showed 
that the variable of “emergency hospitals” (RR = 0.905), 
per one standard deviation (SD), reduced the mortality by 

Table 2 The trend in number of deaths by cerebral infarction in 
Hokkaido, 2010–2020

Total Median Range Population
2010 3118 5 0-186 5,520,894

2011 3139 6 0-230 5,498,916

2012 3003 6 0-219 5,474,216

2013 2983 6 0-155 5,462,664

2014 2914 5 0-204 5,460,246

2015 2812 5 0-200 5,429,222

2016 2766 5 0-204 5,388,911

2017 2759 5 0-205 5,368,540

2018 2726 5 0-233 5,337,149

2019 2668 5 0-188 5,302,163

2020 2622 4 0-212 5,265,727
Median expressed the median number of deaths in municipalities.Data source: 
e-stat [20]

Table 3 Results of exploratory analysis by the non-spatial 
generalized Poisson model
Variables Coefficient 95% CI z-score VIF
Intercept -0.237 -0.384, 

-0.092
-3.192

Physicians (per 10,000) 0.001 -0.000, 
0.002

1.150 2.322

General hospitals (per 
10,000)

0.148 0.118, 
0.176

9.719 2.389

Clinics (per 10,000) 0.006 0.001, 
0.011

2.313 1.480

Distance to PSC (km) 0.001 0.001, 
0.002

4.304 1.711

Emergency hospitals 
(per 10,000)

-0.131 -0.166, 
-0.096

-7.296 2.496

Ratio of people who 
completed college and 
university studies (%)

-0.717 -1.179, 
-0.254

-3.037 2.958

Proportion of workers in 
secondary industries (%)

1.165 0.869, 
1.460

7.726 1.607

Proportion of workers in 
tertiary industries (%)

-0.043 -0.234, 
0.148

-0.443 2.412

CI; Confidence interval, VIF; Variance inflation factor, PSC; Primary stroke center

https://www.esri.com/en-us/home
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9.4%. On the other hand, the variables “general hospitals” 
(RR = 1.124) and “distance to PSC” (RR = 1.062) increased 
the mortality per one SD by 12.4% and 6.2%, respectively. 
The 95% Cr of RR of other five variables included one. 
In Model 2, all parameters were similar to Model 1 thus 
the healthcare accessibility variables were robustness to 
the results. As a result, we adopted the Model 1 for map-
ping for further analysis. The convergence of MCMC 
simulation in Model 1 was confirmed by a trace plot and 
a potential scale reduction factor (< 1.1) (Additional File 
1). We examined the trace plots for some area modelled 
SMRs in each year. Sub-sample of fitted value trace plots 
were provided in Additional File 1.

Table  5 showed that Model 1 had appropriateness to 
manage for spatial autocorrelation. There is no significant 
spatial autocorrelation of the residuals of model 1 in all 
years.

Sensitivity analysis
The sensitivity analysis results obtained by using two dis-
tinct priors revealed the same spatial pattern and param-
eter results as Model 1 (Additional File 2). Therefore, the 
effect of priors on the parameter was less noticeable. This 
indicated that the prior probabilities were adequate in 
Model 1.

Global and local trend analysis of modeled SMR in 
Hokkaido, 2010–2020
Figure 1 showed that the modeled SMR decreased con-
tinuously from 2010 to 2020 in Hokkaido. Moreover, 
regional disparity, which was evaluated for differences 
of IQR, fluctuated between approximately 20% and 23% 
for the period of 2010–2015, after which it narrowed by 
approximately 5% for the consequent period of 2015–
2020. In summary, cerebral infarction mortality and 
regional disparities improved during the study period in 
Hokkaido—cerebral infarction mortality decreased by 
approximately 44% over 11 years.

Figure 2 showed that municipalities with high mortal-
ity rates emerged in the center and northeast throughout 
2010–2020. The dark red area indicates high mortality, 
and the dark blue area indicates low mortality. The white 
color area represented that modeled SMR was one as ref-
erence mortality rate throughout study period. This spa-
tial pattern meant that mortality was declining in almost 
every area.

Figure  3 showed the difference in modeled SMR 
between 2010 and 2020. The light blue area shows little 
change in modeled SMR, whereas the dark blue area 
shows a large change in modeled SMR. The mean differ-
ence in modeled SMR was − 0.456 in 2020. The blue areas 
stand out in the east and southwest.

Figure 4 showed the posterior exceedance probabilities 
(modeled SMR > 1.0) in municipalities across 2010–2020. 
The red area indicated a high probability (0.8 to 1.0) of a 
modeled SMR > 1.0. The blue area indicated a low proba-
bility (0.0 to 0.2) of a model. This map expressed the spa-
tial pattern similar to Fig.  2; particularly, it emphasized 
municipalities with high and low mortality, respectively.

Discussion
Time trend of cerebral infarction mortality and risk factors 
in Hokkaido
In Hokkaido, the mortality rate due to cerebral infarc-
tion decreased by approximately 44% from 2010 to 2020, 
and the regional disparity in mortality due to cerebral 
infarction narrowed after 2015. This study is the first to 

Table 4 Relationship relative risk and explanatory variables
Model 
1

Model 
2

1SD

RR 95% 
Cr

RR 95% 
Cr

Physicians (per 10,000) 1.009 0.989, 
1.029

1.001 0.983, 
1.020

10.22

General hospitals (per 
10,000)

1.123 1.068, 
1.178

1.110 1.058, 
1.164

1.12

Clinics (per 10,000) 0.998 0.963, 
1.033

0.984 0.950, 
1.019

4.47

Distance to PSC (km) 1.061 1.014, 
1.110

1.067 1.024, 
1.113

30.64

Emergency hospitals (per 
10,000)

0.906 0.861, 
0.954

0.913 0.868, 
0.960

1.03

Ratio of people who 
completed college and 
university studies

0.964 0.927, 
1.000

- - 0.03

Proportion of workers in 
secondary industries

1.030 0.998, 
1.063

- - 0.06

Proportion of workers in 
tertiary industries

1.012 0.980, 
1.047

- - 0.11

Model 1 contained all variables. Model 2 excluded the ratio of people who 
completed college and university studies, the proportion of workers in 
secondary industries, and the proportion of workers in tertiary industries. RR; 
Relative risk, Cr; Credible interval, SD; Standard deviation, PSC; Primary stroke 
center

Table 5 Results of Moran’s I test for original SMR and residuals 
after Model 1

SMR Residuals (chain 1)
2010 -0.03 -0.10

2011 -0.00 -0.03

2012 0.08* -0.00

2013 0.08* -0.03

2014 0.06 -0.10

2015 -0.03 -0.20

2016 0.13** -0.14

2017 -0.02 -0.05

2018 0.10* -0.07

2019 0.05 -0.07

2020 0.11** 0.06
SMR; Standardized mortality ratio, **p-value < 0.01, * p-value < 0.05
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investigate cerebral infarction mortality at the munici-
pal level in Japan using spatial and temporal CAR mod-
els. This decreasing trend in Hokkaido was similar to 
the results of a registry study targeting Japan by Toyoda 
et al. [1]. Regarding the relationship between mortal-
ity and healthcare accessibility, mortality was low when 
there were many emergency hospitals per 10,000 peo-
ple. Regarding distance to PSC, increased distance was 
associated with higher mortality with an approximately 
6% increase in mortality when the direct distance was 
extended by approximately 30 km. Thus, poor healthcare 
accessibility may be related to increased mortality. The 
above cohort study revealed that longer driving times to 
central and university hospitals increased stroke mortal-
ity in the population aged ≥ 65 years [8]. This is partially 
in agreement with our results. Given that some emer-
gency hospitals are also PSCs, the mortality from cere-
bral infarction decreases in areas where advanced care 
such as rt-PA therapy and mechanical thrombectomy 
are readily available as initial treatments at the onset of 
cerebral infarction. The American Stroke Association 
has stated the importance of screening for strokes as 

pre-hospital care as well as rapid transportation to the 
highest level stroke care for the treatment of cerebral 
infarctions [31, 32]. Therefore, ensuring transportation 
to emergency hospitals and effective initial treatment 
is essential for cerebral infarction care. These findings 
emphasize the improvement of geographical accessibil-
ity by the cooperative method [33] and optimizing the 
location of PSCs [10, 34]. In contrast, a large number of 
general hospitals were associated with high mortality. 
This study confirmed robustness of healthcare variable 
for socioeconomic status by running Model 2 excluded 
the socioeconomic variables. Both models showed that 
the number of general hospitals was positively associated 
with mortality. One of the reasons for this result may be 
related to the lack of specialized departments in general 
hospitals. Many general hospitals in this study do not 
have a department of neurosurgery. It means that those 
hospitals do not provide more effective treatments for an 
acute cerebral infarction. However, these do not provide 
a basis for understanding the positive relationship with 
mortality. To explain this relationship, further research 
required.

Fig. 1 Trend of modeled SMR, 2010–2020
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Regional disparities in cerebral infarction mortality
The Law on Stroke and Cardiovascular Disease enacted 
in 2018 promoted the development of appropriate 
medical systems for cardiovascular diseases, includ-
ing stroke [35]. One of the goals of the law is to improve 
cardiovascular disease outcomes by ensuring the qual-
ity of advanced medical care nationwide. Figure 3 shows 
municipalities with reduced mortality for cerebral infarc-
tion around PSCs and provides evidence of the benefits 
of securing medical care systems. Distance to PSC was a 
variable that was significantly associated with mortality, 
and this result was consistent with previous studies on 
the relationship between good access to acute care and 
low mortality [7, 8]. However, mortality was not reduced 

in some municipalities, even though there was a PSC 
in the area. Simultaneously, Figs.  2 and 4 showed that 
municipalities with high mortality rates emerged in Hok-
kaido in 2020. As a limitation of this analysis, it is natural 
that the mortality rate does not improve relatively in the 
municipalities with low mortality rate as of 2010. Another 
possible explanation for this result is that the functioning 
of the PSCs defined in the study is not equal across all 
study periods. There is a mix of PSC that were fully func-
tioning early on and those that only began functioning in 
recent years. In fact, although not observed, there were 
differences in performance among PSCs over the study 
period. This is explained by the heterogeneity of stroke 
care resources in Hokkaido [10]. In the US and Japan, 

Fig. 2 Map of modeled SMR, 2010–2020. PSC, primary stroke center; SMR, standardized mortality ratio. The white area represents the modeled SMR 1. The 
red area indicates the municipalities with a modeled SMR > 1, and the blue area indicates the municipalities with a modeled SMR < 1
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some studies have reported regional disparities between 
urban and rural areas in rt-PA therapy and mechani-
cal thrombectomy [5, 36]. Moreover, mortality was 1.11 
times greater in rural areas than that in urban areas in the 
US because of poor access to emergency medicine [37]. 
However, this study did not handle the actual medical 
results of each PSC or emergency hospital and did not 
determine the supply and demand for advanced stroke 
care in the area. This study identified municipalities with 
high mortality rates, regardless of whether they were 
considered urban or rural areas. Municipalities with high 
mortality rates may have low accessibility to emergency 
hospitals and PSCs, thus requiring healthcare policy 
implementations to improve mortality rates. Therefore, 
future investigations are required to determine whether 
the medical system is functioning properly and whether 
staffing and equipment shortages occur.

Strengths and limitations
This study investigated cerebral infarction mortality 
between cities, wards, towns, and villages of different 
populations using spatial and temporal CAR models 
[27] and identified municipalities with high-risk mortal-
ity. The strength of this method is that it stabilizes the 
SMR of municipalities with small populations. More-
over, this study showed the importance of how access 
to healthcare affects cerebral infarction outcome after 
adjusting for socioeconomic factors at the municipal-
ity level. Although the impact of individual and regional 
socioeconomic factors on stroke is a global challenge 

[38, 39], improving access to healthcare (i.e., emergency 
hospital or acute treatment for cerebral infarction) may 
reduce disparities in outcomes caused by differences 
in socioeconomic status. However, this study has some 
limitations. First, the direct distance between the repre-
sentative points of municipalities and PSCs was used as a 
proxy variable for geographical accessibility. This was the 
simplest assumption as it presumed that patients would 
move to the same PSC from any location in the munici-
pality. This assumption had no considerations such as 
road distance, driving time, and differences in locations 
of the municipality. Using more precise road distances 
and driving times instead of direct distance, as well as 
variables such as demand and supply, could affect the 
results. However, direct distance also has the advantage 
of averaging out the differences in transportation, such as 
air ambulance and on-road ambulance, as well as changes 
in weather and traffic conditions, which makes it easy 
to measure over time. Second, we did not guarantee the 
availability of previous PSCs—all PSCs are based on the 
current information. In other words, it may overestimate 
access to PSCs in some areas.

Third, this study did not handle the number of rt-PA 
therapies and mechanical thrombectomy treatment 
available for each municipality and year. These are cru-
cial treatments that affect stroke outcomes. However, 
the straight linear distance to the PSC has the meaning 
of proxy variable for the crucial treatments. Areas closer 
to the PSC will likely receive those treatments. Finally, an 
ecological study was conducted without individual data. 

Fig. 3 Difference in modeled SMR from 2010 to 2020. PSC, primary stroke center. Darker blue indicates a large decrease in modeled SMR
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Thus, the individual risk factors for cerebral infarction 
(i.e., diabetes and hypertension) were not controlled for. 
Simultaneously, the impact of these individual risk fac-
tors on cerebral infarction mortality at municipality level 
has not been addressed yet. Future studies using indi-
vidual data that include the individual risk factors are 
needed.

Conclusion
The mortality rate of cerebral infarction steadily 
decreased in Hokkaido from 2010 to 2020. The regional 
disparities narrowed after 2015. In the future, improv-
ing access to emergency hospitals and PSCs can reduce 
mortality rates and regional disparity due to cerebral 

infarction. In addition, this study identified municipali-
ties with high mortality rates that require healthcare pol-
icy intervention.

List of abbreviations
rt-PA  Recombinant tissue-type plasminogen activator
SMR  Standardized mortality ratio
PSC  Primary stroke center
CAR  Conditional autoregressive
MCMC  Markov chain Monte Carlo
Cr  Credible interval
RR  Relative risk
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US  United States

Fig. 4 Posterior exceedance probabilities (modeled SMR > 1.0), 2010–2020. PSC, primary stroke center; PEP, posterior exceedance probabilities; SMR, 
standardized mortality ratio. Red and blue indicates the municipalities with high and low posterior exceedance probability, respectively
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