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Transportation for Patients with Stroke  
in Need of Mechanical Thrombectomy: 
A Simulation-Based Study in Hyogo 
Prefecture, Japan

Bumpei Yamasaki,1 Rei Goto ,1 Hirotoshi Imamura  ,2 and Nobuyuki Sakai 3

Objective: This study aimed to simulate patient transportation to a mechanical thrombectomy (MT)-capable hospital  
within 60 minutes, taking into account patient volume (demand side of healthcare) and hospital capacity to accept 
patients (supply side of healthcare).
Methods: Simulations were conducted in Hyogo Prefecture, Japan. The estimates of the annual number of patients with stroke 
eligible for MT in 2020 were based on the incidence of stroke by age group and the percentage of patients with stroke indicated 
for MT in existing publications. Patients were then randomly placed on a 1 km2 mesh map. The patients were randomly 
generated 100 times using R software (version 4.1.2; R Foundation for Statistical Computing, Vienna, Austria). Hospitals 
were selected based on 2 criteria: (1) actual provision patterns (39 hospitals) and (2) consolidated patterns (12 hospitals). 
Simulations were performed using ArcGIS Pro (version 10.8; Esri, Redlands, CA, USA) and Network Analyst extension  
(Esri) in 3 cases: (1) number of patients estimated from the population in 2020 transported to hospitals that provided MT,  
(2) number of patients estimated based on the 2020 population transported to selected hospitals in the case of consolidation, 
and (3) number of patients estimated based on 2040’s projected population and transportation to the selected hospitals.
Results: In Case 1, the estimated annual number of patients undergoing MT in 2020 was 976. The average number of 
patients undergoing MT and transported was 961, indicating that 98% (961/976) of the total generated patients could be 
transported within 60 min. In Case 2, the average number of patients undergoing MT and transported was 940, indicating 
that 96.3% (940/976) of the total patients could be transported within 60 min. In Case 3, the average number of patients 
undergoing MT and transported was 1184, showing that 95.1% (1184/1244) of the total generated patients could be 
transported within 60 min. A few patients in rural areas and remote islands required longer transport times.
Conclusion: The simulations showed that patient estimates from the incidence of cerebral infarction by age group and 
the percentage of patients with stroke indicated for MT were similar to the actual values. The simulation was closed to 
reality when both the supply and demand sides of healthcare were considered. Thus, this simulation study informs future 
healthcare policy by demonstrating the geographic distribution of human and capital resources and potential cost 
reduction through consolidation, taking into account demographic changes.
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Introduction

Stroke is the fourth leading cause of death in Japan and the 
leading cause of death in older adults.1) The incidence of 
stroke by age group is higher in older adults2) than in any 
other demographics, and the number of patients is expected 
to increase as the older adult population grows. Stroke is 
the second most common cause of public long-term care 
needs and economic strain.3)

In December 2016, the Japanese Circulation Society 
and the Japan Stroke Society jointly announced the “Five-
Year Plan to Conquer Stroke and Cardiovascular Disease”4) 
to improve care through human resource development, 
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healthcare system enhancement, nationwide registration, 
public awareness campaigns, and research. In 2021, the 
“Second Five-Year Plan to Conquer Stroke and Cardiovas-
cular Disease”5) was released to continue the project. The 
Second Five-Year Plan succeeds the First Five-Year Plan. 
It was formulated with 2 additional goals: (1) to reduce the 
age-adjusted mortality rate from stroke and cardiovascular 
diseases by 5% compared with the 2020 rate and (2) to 
further increase healthy life expectancy during the 5 years 
of the plan.

Thrombolytic therapy with intravenous tissue plasmin-
ogen activator and mechanical thrombectomy (MT) with 
stent retrievers and aspiration catheters have been utilized 
to improve healthy life expectancy in acute stroke care. A 
meta-analysis of 5 randomized controlled trials on MT was 
published in 2016.6) Here, they reported that the addition of 
MT to medical therapy, including intravenous tissue plas-
minogen activator, for acute stroke due to occlusion of a 
large anterior circulation artery significantly improved dis-
ability at 90 days, compared with medical therapy alone.

In Japan, the Japan Stroke Society, the Japan Neurosur-
gical Society, and the Japanese Society for Neuroendovas-
cular Therapy (JSNET) have jointly published guidelines 
for properly using cerebral thrombus retrieval devices.7) 
These guidelines state that MT must be performed by a neu-
roendovascular specialist or a physician with experience 
equivalent to that of a specialist. In Japan, certification by 
JSNET is required to become a neuroendovascular special-
ist.7) In addition to the physician, the procedure requires the 
participation of several other medical staff. Thus, hospitals 
must secure adequate human resources with specialties, 
as well as capital resources such as medical equipment 
and dedicated rooms for endovascular treatments. With 
the enormous cost of installing and maintaining treatment 
facilities and the limited number of human resources, it is 
important to plan the efficient allocation of treatment cen-
ters and consider both demand- and supply-side factors of 
endovascular treatments.

It would be useful to conduct simulations that consider 
the geographic distribution of patients and the capacity of 
the facilities to receive them. These results can be incor-
porated into the design of resource allocation in health 
policy settings. Several studies have simulated the trans-
port of patients with stroke in certain areas to calculate the 
transport time to the nearest facility from the patients’ loca-
tion.8,9) These studies provide information on the propor-
tion of patients who can access appropriate interventions 
within a certain time after stroke onset.

However, these studies only considered the demand-
side perspective of healthcare and did not consider the 
supply-side circumstances. These studies assumed that 
patients were transported to the nearest hospital without 
considering each hospital’s capacity to provide specialty 
care. In a real setting, the selection of the treatment site 
takes into account various factors, such as estimated trans-
portation time, the number of healthcare professionals, and 
the number of catheterization rooms. If the simulation is 
performed without taking into account the capacity of the 
receiving facility, many patients may be transported to the 
nearest facility, even if the nearest facility is inadequately 
equipped to receive patients because of a lack of medical 
specialists and co-medical staff.

In this study, we constructed a simulation model of the 
transport of patients with stroke to the hospital, consider-
ing both the demand- and supply-side factors that previous 
studies have often overlooked. The estimated number of 
patients indicated for MT was calculated using census data 
on the population, the incidence of cerebral infarction by age 
group,2) and the percentage of patients indicated for cerebral 
thrombectomy in previously reported data10,11) (which was 
not used in previous studies). For the supply side, the simu-
lated patients with stroke on the Geographical Information 
System (GIS) were transported to a hospital, taking into 
account both transportation time and facility capacity. This 
study aimed to simulate the transport of patients with stroke 
in actual settings and provide more practical and valuable 
information for planning resource allocation.

Materials and Methods

Patients and outcomes
This study simulated a hypothetical cohort using the 
projected 2020 population of Hyogo Prefecture (Japan) 
obtained from National Institute of Population and Social 
Security Research (based on the 2015 census).12) Hyogo 
Prefecture is located in western Japan, to the west of Osaka 
City (Osaka Prefecture), which has the third largest popu-
lation in Japan. The northern part of the prefecture faces 
the Sea of Japan and is mountainous, with most of the area 
being a depopulated region. The southern part of the pre-
fecture faces the Seto Inland Sea, and the majority of the 
population is concentrated in the southeastern part of the 
prefecture. Furthermore, the study aimed to (1) simulate 
transport to a facility with a proven track record of MT 
treatment, (2) simulate transport to a consolidated facility  
(a hypothetical central facility intended for the consolidation 
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of thrombectomy procedures, aimed at the effective utiliza-
tion of medical resources and ensuring sufficient physician 
experience. This can be considered a facility that, at pres-
ent, performs the highest number of thrombectomy proce-
dures within the secondary medical area), and (3) simulate a 
cohort using the projected population for 2040 in a facility- 
consolidated pattern. For this simulation, the maximum 
transport time was set at 60 min. The simulation took into 
account the patient location (demand) and facility capacity 
(supply) to determine the number of patients transported to 
each facility. Data on annual Hyogo Prefecture MT proce-
dures were acquired through collaboration with the Japan 
Stroke Society. Since this was a simulation study using pub-
lished statistical data and data from previously published 
papers, approval by the Ethics Board is not required.

Patient generation
The incidence rates by age group in epidemiological sur-
veys were used to estimate the number of patients with cere-
bral infarctions. Nationwide data on age-specific incidence 
rates were unavailable in Japan. Therefore, the number of 
patients was estimated by extrapolating age group-specific 
incidence rates over 10 years in Iwate Prefecture, Japan.2)

As this estimate includes patients ineligible for MT, 
the number of eligible patients was calculated by multi-
plying the estimate by the percentage of patients eligible 
for MT based on existing reports.10) Patients were then 
randomly placed on a 1 km2 mesh map provided by the 
Statistics Bureau of Japan for each patient based on pop-
ulation density.8) The patients were randomly generated 
100 times using R software (version 4.1.2), a language 
and environment for statistical computing. (R Founda-
tion for Statistical Computing, Vienna, Austria [https://
www.R-project.org/]) 

Hospital selection
Two sets of facilities with a proven track record of MT pro-
cedures were selected as follows: (1) all hospitals where 
MT was provided in 2020 (total of 39 hospitals) and (2) 
the hospital with the largest number of patients undergoing 
MT in each secondary medical region (a total of 12 hospi-
tals). However, 2 hospitals were selected from the Kobe 
and Hanshin-Minami medical regions because of their 
large populations.

Capacity setting
Each hospital’s maximum MT capacity was based on its 
actual 2020 patient numbers. Each simulation assumed a 

Fig. 1 A case of 5 patients’ transportation to 2 hospitals under the 
Maximize Coverage Capacity mode. 

percentage increase in patients with MT per hospital to 
accommodate all generated patients.

Simulation
Simulations were performed using ArcGIS Pro 3.2 (Esri, 
Redlands, CA, USA) and Network Analyst extension (Esri). 
Road Network 2022 (Esri) was used as the road information 
required for the simulation. The built-in “Maximize Cov-
erage Capacity” mode was used to simulate the transpor-
tation of each patient, taking into account both supply- and 
demand-side factors. The “Maximize Coverage Capacity” 
mode is an analysis method based on the maximum cov-
erage location problem (MCLP) with capacity limits.13) 
MCLP is currently the most frequently cited location mod-
eling method. The detailed mathematical modeling method 
is explained elsewhere.14) The “Maximum Coverage Capac-
ity” mode prioritizes maximizing patient coverage, sending 
patients to the nearest hospital with available capacity up 
to its limit. Figure 1 illustrates the transfer of 5 patients 
with stroke (A–E) to 2 hospitals (A and B) with capacities 
of 2 and 3 patients, respectively. Patients A and B were sent 
to the nearest hospital (A), and patients D and E were sent 
to the nearest hospital (B). However, patient C was sent to 
Hospital B, which has available capacity, rather than the 
nearest Hospital A, which was already full.

The transport simulation was repeated 100 times using 
the maximum coverage model. Subsequently, the mean 
value of the 100 transport simulations was used as the result.

Results

Validity of estimated number of patients
The estimated annual number of patients treated with MT 
in 2020 was 976, based on the projected population in 
2020 according to the 2015 census, the age-group-specific  
incidence of cerebral infarction in an epidemiological 
study,2) and the previously reported indication rates10) for 
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MT, as described in the Materials and Methods section. 
The actual number of MT procedures performed in Hyogo 
Prefecture in 2020 and 2021 were 843 and 940, respec-
tively. Thus, the patient generation process based on the 
extrapolated data represented the actual number of patients 
undergoing MT.

All facilities with a proven track record of MT for the 
2020 population
In this simulation, patients undergoing MT were trans-
ported to one of the facilities where the treatment was per-
formed. In all, 39 facilities had proficiency in MT in 2020. 
After 100 simulations, the total number of transported 
patients was 961, indicating that 98% of the patients (n = 
976) could be transported within 60 min. Figure 2 shows 
the details of the transport simulations. Furthermore, 
patients who could not be transported within 60 min (n = 
15) lived in the black circles in the Middle Eastern parts 
of Hyogo Prefecture (near the border between Hyogo and 
Kyoto Prefectures), including Tamba City. The black cir-
cles, which were located in the central and western parts 
of Hyogo Prefecture, include Fukuzaki City, Ichikawa 
City, and Shisou City. The black circle in the Seto Inland 
Sea includes the Ieshima Islands, belonging to Himeji 
City. The Seto Inland Sea in Japan is surrounded by the 
main islands of Honshu, Shikoku, and Kyushu. From an 
economic perspective, the coastal areas host major cities 
like Hiroshima and Kobe.

Facility-consolidated pattern for the 2020 population
In this simulation, the transport destination hospitals 
were limited to the more experienced hospitals. In each 
secondary medical care area, only facilities with the most 
patients undergoing MT were selected to accept patients. 
The 2 most experienced facilities were selected from 2 
heavily populated areas: the Kobe Medical Care Area and 
the Hanshin-Minami Medical Care Area. Patients receiv-
ing MT were transported to 12 hospitals in 10 second-
ary medical areas. Furthermore, as the current hospitals 
could not accommodate all the patients, their capacity 
was increased by 100% to handle 1032 patients. The 
total number of patients transported was 940, indicating 
that 96.3% of the patients (n = 976) could be transported 
within 60 min. Figure 3 shows the details of the transport 
simulations. In this simulation, patients who could not be 
transported within 60 min (n = 36) lived in the thick black 
circular areas. In this simulation, as in simulation 1, the 
black circle denotes areas located in the middle right of 

Fig. 2 Results of transport simulation to facilities with treatment 
experience in 2020 only. The gray circle indicates the patient’s point of 
origin, and the star indicates the treatment facility. The lines extending 
from the gray circle to the star indicate the results for each type of 
transport. Gray circles that do not extend to the star indicate patients 
who could not be transported within 60 min as some patients could not 
be transported within 60 min in the central part of the prefecture. 

Hyogo Prefecture (near the border of Hyogo and Kyoto 
Prefecture), which includes Tamba City. The thick black 
line circle denotes areas in the central and western parts 
of Hyogo Prefecture, including Fukuzaki City, Ichikawa 
City, and Shisou City. The thick black circle in the Seto 
Inland Sea includes the Ieshima Islands, which belong to 
Himeji City.

Facility-consolidated pattern for the 2040 forecasted 
population
This simulation was based on the forecasted population of 
each municipality in 2040 rather than the 2020 population, 
as was used in the 2 simulations above. Transport destination 
hospitals were selected in the same manner as in simulation 
2. The number of patients generated by the 2040 popu-
lation projection was 1244, a 27.5% increase from those 
generated by the 2020 population. The capacity was set to 
1290 cases, 150% of the actual number, to accommodate 
all generated patients. The total number of patients trans-
ported was 1184, indicating that 95.1% of the total number 
of patients (n = 1244) could be transported within 60 min.  
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Figure 4 shows the details of the transport simulations. 
Here, patients who could not be transported within 60 min 
(n = 60) lived in thick black circles. The results of this sim-
ulation were similar to those of simulations 1 and 2. The 
patients who could not be transported within 60 min were 
in Tamba City, Sayo City, and Ieshima Island, as they are 
located within the thick black line circles.

In the first simulation with all hospitals, specialists  
handled an average of 8.5 cases per person (median 7). In 
the second simulation, consolidating facilities increased 
the workload per specialist at designated centers to an 
average of 16.8 cases (median 16.7).

Discussion

This study simulated the transport of patients undergo-
ing MT in Hyogo Prefecture. This study showed that 
in Hyogo Prefecture, most patients could receive MT 
treatment even with the current number of hospitals and 
specialists. In the simulation with a limited number of 
facilities, the number of patients per hospital would need 
to be doubled; however, it was found that most patients 
could be transported within 60 min, even in this scenario. 

Fig. 3 Results of transport simulation in the case of consolidated 
facilities. As in simulation 1, gray circles indicate patients, and stars 
indicate treatment facilities (transport destination). Patients who can-
not be transported within 60 min are dispersed around the central 
part of the prefecture. 

Fig. 4 Simulation results of consolidating facilities and transporting 
estimated patients based on the projected population of 2040. Similar 
to simulation 1, gray circles indicate patients, and stars indicate 
transport facilities. Patients who could not be transported within 60 
min were those residing in the Mid-Eastern and Mid-Western parts of 
the prefecture. 

Thus, consolidating MT-providing hospitals with an 
increased capacity for MT treatment in each hospital 
would result in the same capacity for patient acceptance. 
Furthermore, in simulation (3), which considers future 
demographic changes, 95% of the patients can be trans-
ported with the same facility-consolidated pattern as in 
simulation (2). Thus, even if the number of MT patients 
increases in the elderly population by 2024, almost all 
patients can be accepted by consolidated facilities with an 
enlarged capacity to provide MT.

In all the simulations, few patients in remote locations, 
such as the Tamba City area, the areas surrounding Fuku-
zaki City, Sayo Town, and the Ieshima Islands, could not 
be transported to any hospital within 60 min. It is pref-
erable to consider transportation by doctor helicopters 
instead of ambulance cars in these areas. Hyogo Prefecture 
designates priority areas for transport requests using heli-
copters, and the above areas are included in the priority 
area.15) Another option is to construct new facilities near 
these areas. However, taking into account the low overall 
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needs in these areas, the construction of new stroke care 
centers might not be justified if the costs of human and cap-
ital resources are high. Therefore, it is necessary to study 
the costs and effectiveness of consolidating facilities in the 
future.

Simulation studies of patient transport have been 
conducted in the previous literature, but these studies 
 considered only the demand side of healthcare. This study 
considers both the demand and supply sides by explicitly 
setting the capacity of the receiving facility. This study 
provides detailed information on the capacities that need 
to be reinforced if the number of facilities is consolidated 
in both present and future populations. It is important to 
construct quantitative evidence to design consolidated 
present facilities because it is more difficult for policymak-
ers to consolidate than disperse and increase the number 
of facilities.

In this simulation, the upper limit of the transport time 
from the point of patient occurrence to the hospital was set 
to 60 min. According to emergency statistics published in 
2021,16) the average time from the time of a call to arrival 
at the scene of an emergency in Hyogo Prefecture was 
8.6 min, and the average transport time was 37.9 min. As 
92.9% of the cases were transported within 60 min, it was 
appropriate to set the transport time to 60 min in this sim-
ulation. It is recommended that MT be performed within 
6 h of onset (not within 6 h until reperfusion) in Japanese 
Guidelines for Mechanical Thrombectomy if clinical 
symptoms and imaging results meet the requirements.7) A 
hospital in Akashi City, Hyogo Prefecture used a similar 
simulation and reported a mean onset-to-hospitalization 
time of 69 min, a mean door-to-puncture time of 67 min, 
and a mean onset-to-reperfusion time of 3 h and 20 min.17) 
Akashi City is located in southern Hyogo Prefecture, to 
the west of Kobe City, the capital of Hyogo Prefecture. 
The population is approximately 300000. Another hospi-
tal in Yokohama City, Kanagawa Prefecture, reported a 
mean onset to reperfusion time of 5 h and 4 min,18) with 
a median time of 3 h and 4 min. Yokohama City is the 
capital of Kanagawa Prefecture and is located about 30 km 
south of downtown Tokyo. With a population of approxi-
mately 3.75 million, it is the second-largest city in Japan. 
The authors also reported a mean door-to-puncture time of 
1 h and 26 min. In Nara prefecture, a hospital reported a 
mean door-to-puncture time of 2 h and 2 min and a mean 
puncture-to-reperfusion time of 35 min.19) Nara prefecture 
is located in the center of the Kinki region in the western 
part of the Japanese archipelago and lies east of Osaka, 

Japan’s third largest city. The northern part of the prefec-
ture is an urban area, while the southern part is a sparsely 
populated area.

Thus, transport times and door-to-puncture times vary 
depending on the region and facility; however, these 
domestic reports show that the recommendation of initi-
ating MT within 6 h of onset by the Japanese guidelines is 
being achieved.

Even in reports using nationwide emergency transport 
data, the transport time was 32 min20); therefore, setting a 
longer transport time could result in a simulation that does 
not reflect the actual situation. Based on the actual trans-
port times, we believe that it is appropriate to set the trans-
port time to 60 min and conduct the analysis.

Quality improvement collaboratives (QIC) of the  
workflow in stroke care can improve the quality of care 
by shortening the time to reperfusion,21,22) assuming the 
time from onset to puncture remains unchanged. If the 
door-to-puncture time can be shortened, then more time 
can be allocated for transportation. Even in the facility- 
consolidated cases, the number of patients per physician 
was lower than the recommended number of patients 
in other countries. Physicians at U.S. thrombectomy- 
capable stroke centers and comprehensive stroke centers 
were required to perform 15 cases of MT in the past 12 
months or 30 cases in the past 24 months.23) In this study, 
only 3 of 39 facilities (7.7%) met the U.S. criteria in 2020 
(actual value). Even in the facility-consolidated case, 5 of 
12 (41.7%) facilities did not meet the standards (simulated 
value). The facility-consolidation scenario in this study 
may be insufficient if the quality of the MT is volume- 
dependent. Recently, research has been progressing to 
expand the indications to perform MT for large vessel occlu-
sion (LVO) with extensive ischemic lesions,24) medium 
vessel occlusion (MeVO),25) and basilar artery thrombotic 
occlusion.26) If MT is actively performed for these lesions, 
the number of patients is expected to increase significantly. 
In our simulations, the number of patients was estimated by 
multiplying the population by age group with the incidence 
of stroke by age group and the rate of MT implementation 
based on published papers on all strokes. If the indications 
for MT are expanded, it will be possible to estimate the 
number of patients by changing the implementation rate. If 
updated papers on the rate of implementation are published 
in the future, it will be possible to estimate the number of 
patients and perform simulations using that data.

This study had some limitations. First, patient gen-
eration was estimated by extrapolating epidemiological 
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data on the incidence of cerebral infarction in prefectures 
other than Hyogo. It would be preferable to use data from 
the Hyogo Prefecture for a more realistic simulation, even 
if the simulated number of patients is similar to the actual 
number. Second, we determined the capacity setting of MT 
patients in each hospital. When evaluating a facility’s abil-
ity to accommodate patients, various factors must be taken 
into account. These include the quantity and working envi-
ronment of attending physicians and co-medical staff, the 
level of overcrowding in the emergency department, and the 
availability of catheterization and operating rooms for pro-
viding treatment. In this research, the increase in capacity is 
not based on an estimation using the above-detailed supply 
factors but on actual numbers. In the future, it will be neces-
sary to derive a prediction formula for capacity that includes 
the various factors mentioned above to provide information 
on the kind of intervention needed to increase capacity.

The third issue concerns temporal and seasonal varia-
tions. This simulation did not consider any road conditions 
at different times of the day or during different seasons. 
Road congestion is expected to differ during the day and 
night. Additionally, northern Hyogo Prefecture experi-
ences heavy snowfall in the winter, which can significantly 
change road conditions and affect transportation time. 
Future work should include simulations that consider road 
conditions at different times of the day and during different 
seasons.

Fourth, the simulation did not consider the seasonality 
of patient occurrence. A National Cerebral and Cardiovas-
cular Center study reported that the proportion of patients 
with cardiogenic cerebral embolisms was higher in winter 
when limited to elderly patients, those with cardiogenic 
cerebral embolisms, and those with moderate-to-severe 
disease.27) In this case, a tighter demand-supply balance 
will occur in the winter season. Future simulations should 
also consider seasonality on the demand side.

Conclusion

This study showed that the estimated number of patients 
(based on the incidence of cerebral infarction) according to 
age group and the percentage of cerebral thrombus retrieval 
therapy indicated approximate actual values and that the 
transport simulation was close to reality, taking both the 
supply and demand sides of healthcare into account.

Furthermore, it showed that the number of treatments 
per specialist was suitable for maintaining skills when 
facilities were consolidated. The results of this study 

are important for future medical policies in terms of the 
effective utilization of specialists, maintenance of skills, 
and cost reduction through consolidation. Therefore, fur-
ther improvements in the accuracy of the simulation are 
required in future studies.
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