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Abstract 

The need for equitable access to primary healthcare services in the current global context has attracted wide-
spread attention, prompting nations to continuously enhance their grassroots medical service levels. In response, 
China launched the "Healthy China" initiative, which prioritizes the enhancement of national health as a core goal 
of the healthcare system and uses this opportunity to deepen reforms aimed at strengthening primary care. However, 
in remote and rural areas, the optimization of medical resource allocation and the achievement of balanced service 
development remain critical challenges owing to limited resources. This study selected Liannan Yao Autonomous 
County, which is situated in the northwestern corner of Guangdong Province, as a case study due to its remote moun-
tainous location, underdeveloped economy, and minority region characteristics. Through field research and inter-
views, this study thoroughly explored the needs of both supply and demand, factoring in elements such as the ser-
vice capability of healthcare facilities and residents’ travel thresholds to enhance the two-step floating catchment area 
model, thus making it more applicable to remote villages. By integrating electric bikes and cars, which are the primary 
means of transportation in rural areas, this study conducted a thorough analysis and comparison of the accessibil-
ity of medical services in Liannan Yao Autonomous County (Liannan County) . The results reveal significant dispari-
ties in healthcare accessibility, an uneven distribution of medical resources, and varying impacts of transportation 
conditions and facility service capabilities on accessibility. Notably, the study revealed that improving transportation 
conditions alone has limited effects in rural areas; the key lies in balancing medical service capabilities and the ration-
ality of overall layouts. From the perspectives of equity and efficiency, this study employs the equitable coverage 
model and the efficiency-driven model to construct two scenarios, comparing accessibility changes in Liannan 
County under both conditions and proposing strategies to improve the spatial layout of local healthcare facilities. This 
research not only deepens the understanding of healthcare service accessibility in rural areas but also provides a sci-
entific basis for optimizing resource allocation and enhancing primary medical services, offering valuable guidance 
and reference for Liannan County and other similar rural regions.
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Background
In the current global context, there is a growing recog-
nition of the significance of primary health care, now 
a shared focus among countries. Various nations have 
implemented measures to provide high-quality and 
inclusive primary health care services aimed at safe-
guarding the health and well-being of their populations 
[1]. In 2015, the WHO released a draft for consultation 
on the WHO Framework on Integrated People-Centred 
Health Services [2], which outlined a global strategy to 
strengthen health systems through more integrated, 
people-focused health services. In line with this, China 
introduced the national strategy "Healthy China", pri-
marily aimed at enhancing the overall health of its citi-
zens [3]. This strategy initiated comprehensive reforms 
of the healthcare system, particularly emphasizing the 
strengthening of primary health care services. How-
ever, China currently faces challenges in terms of the 
distribution and allocation of healthcare resources, 
with only about 30% of these resources being available 
in towns and townships, and even fewer in remote and 
rural areas [4]. Addressing these issues and find solu-
tions to optimize resource allocation and enhance the 
quality and efficiency of medical services are crucial, 
especially given the limited availability of resources.

Against this background, research on the accessibility 
of healthcare facilities has become a crucial approach 
to addressing this issue [5]. The accessibility of health-
care facilities is not only directly related to the health 
status of residents but also serves as an important 
indicator for measuring social welfare and equity in a 
region [6]. In recent years, with the rapid development 
of Geographic Information System (GIS) technology, 
research on the accessibility of healthcare facilities has 
deepened, focusing on several key aspects [7]. Firstly, 
in terms of concepts and definitions, accessibility, as 
a spatio-temporal concept, reflects the ease or diffi-
culty of overcoming various barriers to communica-
tion between a starting point and an endpoint in space 
and time, while also emphasizing the interconnection 
and interaction among all elements. Since Hansen first 
introduced the concept of accessibility in 1959 [8], its 
meaning has been continuously enriched. For example, 
Penchansky and Thomas (1981) broke down the broad 
and somewhat vague concept of accessibility into five 
dimensions: accessibility, availability, acceptability, 
affordability, and accommodation [9]. Khan categorized 
accessibility into two primary dimensions: potential 
and revealed (or realized). Each of these dimensions is 
further divided into spatial and aspatial aspects, result-
ing in four categories of accessibility [10]. Although 
spatial accessibility has long been the core of research, 
recent years have seen a gradual increase in studies 

focusing on non-spatial factors, greatly enriching the 
meaning and application scope of accessibility [11].

Secondly, in terms of research methods and applica-
tion models, researchers have introduced various inno-
vations and improvements based on classical models. 
They have refined and adjusted their approaches to 
accommodate different groups, research unit scales, 
modes of transportation, time factors, and types and 
levels of healthcare facilities [12]. Common methods for 
measuring spatial accessibility include the provider-to-
population ratio (PPR), distance to the nearest provider, 
average distance to a group of providers, and gravity 
models [13–17]. Among these, the two-step floating 
catchment area (2SFCA) method is the most commonly 
used approach [1, 24], and it has been chosen for this 
study. The 2SFCA method was initially proposed by 
Radke et al [18] and later refined and formally named by 
Luo et  al. [19, 20]. Its ease of understanding and oper-
ability has led to widespread attention and development 
[21–23], culminating in various extended formulas such 
as the enhanced 2SFCA[25], Gaussian 2SFCA [26], ker-
nel density 2SFCA [27], and gravity 2SFCA [28]. The 
improvement of these models and the integration of 
multi-source data have significantly enhanced research 
accuracy and expanded their application scenarios [29].

Furthermore, key factors influencing the accessibility 
of healthcare facilities have been extensively explored. 
Factors such as population density, the distribution of 
medical resources, transportation convenience, quality 
of medical services, and socioeconomic status all pro-
foundly impact the distribution of healthcare resources 
and residents’ convenience in seeking medical care [31]. 
In-depth research into these factors contributes to a 
comprehensive understanding of the current state and 
challenges related to healthcare facility accessibility [32].

However, despite significant progress in the three 
areas mentioned above, the strategies and recommen-
dations for improving healthcare facility accessibility 
remain relatively underdeveloped. Current research pri-
marily focuses on status analysis and problem diagnosis, 
with a greater need for specific improvement strategies. 
Future studies should focus more on integrating inter-
disciplinary knowledge and combining it with practical 
applications.

It is worth noting that existing accessibility studies 
are mostly concentrated in developed coastal cities and 
plain areas, with insufficient attention to remote rural 
and mountainous regions [33]. Current research is largely 
limited to the analysis of geographical data and lacks 
in-depth investigation and consideration of actual con-
ditions. Although the amount of data for rural areas is 
not large, the real-life complexity and limited availabil-
ity of online information necessitate using surveys and 
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interviews to study these regions. This approach ensures 
that the parameters in accessibility evaluation models 
align more closely with the actual conditions of remote 
and rural areas, reflecting the primary goal of this study.

Moreover, most existing studies assume that resi-
dents rely on a single mode of transportation to access 
healthcare facilities. This study examines cars and elec-
tric bikes—the two most common means of transporta-
tion in rural southern China—and analyzes their impact 
on the accessibility of medical services. It then uses the 
results of this accessibility evaluation to propose effective 
recommendations for optimizing the layout of healthcare 
facilities, representing another innovative effort by this 
research.

Simultaneously, to address the shortcomings of exist-
ing research in providing strategies and recommenda-
tions for improving healthcare facility accessibility, this 
study expands further in this direction. By designing and 
constructing different development scenarios, this study 
simulates various resource allocation schemes to predict 
and evaluate the effects of policy interventions.

In summary, this study has three objectives: (1) To 
adopt both quantitative analysis and social surveys based 
on the unique context of remote rural areas and from 
both the supply and demand perspectives, comprehen-
sively considering factors such as the service capacity 
of healthcare facilities and residents’ travel thresholds, 
and to improve the accessibility model to more accu-
rately reflect and be applicable to the actual conditions 
of remote rural areas; (2) To explore the spatial differ-
ences in the accessibility of medical resources in Liannan 
County based on various modes of transportation and 
healthcare service thresholds, and to analyze the impact 
of transportation and service capabilities on accessi-
bility through comparative analysis; (3) To design and 
construct two scenarios based on the current develop-
ment and future trends of Liannan County, determining 
which strategy more effectively enhances the accessibil-
ity of medical resources through comparative analysis. 
Based on these findings, targeted strategies and recom-
mendations are proposed to support decision-making for 
improving the spatial layout of local healthcare facilities. 
This research not only seeks to increase the standard of 
medical services in the rural areas of Liannan County, 
enhancing convenience and efficiency for local residents, 
but also aims to provide valuable insights for the develop-
ment of rural healthcare in other similar regions.

Methods and data sources
This article examines Liannan County in China as a case 
study utilizing the gravity-based two-step floating catch-
ment area (2SFCA) method for assessing accessibility. In 
presenting the results of the accessibility assessment, the 

inverse distance weighting interpolation technique is uti-
lized for grading [35]. Subsequently, based on the acces-
sibility outcomes and their distribution characteristics, 
two scenarios were designed: one for balanced coverage 
and the other for enhancing a single core. Correspond-
ingly, the maximization coverage model and the core ser-
vice capability enhancement calculation are employed to 
simulate changes in accessibility. This targeted approach 
proposes optimization strategies for improving medical 
services in Liannan County (Fig. 1).

Study area
This study focuses on Liannan County, located in Qingy-
uan city, Guangdong Province, in the northwestern cor-
ner of the province. It is among the least economically 
developed counties in Guangdong Province (Fig. 2). Geo-
graphically, it spans from 24°17′16″N to 24°56′2" N in 
latitude and from 112°2′2″E to 112°29′1" E in longitude. 
The county administers seven towns—Sanjiang, Sanpai, 
Zhaigang, Daping, Xiangping, Guoshui, and Damais-
han-which comprise 69 administrative villages and 2 
communities, totaling 71 residential demand points. In 
2022, the county had a total population of 177,521, with 
more than half comprising the Yao ethnic group. More 
than 88% of the county’s area is mountainous, featuring 
161 high mountains exceeding 1000 meters in altitude 
(Fig.  3). Many residents, especially those from the Yao 
community, maintain the traditional habit of living in 
mountainous areas, which results in inconvenient trans-
portation for many residential areas (Fig. 4). The county 
experiences a high degree of aging, with 16.74% of the 
population aged 60 and above. The distributions of the 
population density and healthcare facilities within the 
region are illustrated in Table 1 and Fig. 2, respectively. 

The selection of Liannan County as the focus of this 
study is based on three main considerations: (1) Lian-
nan County, located in the remote mountainous area of 
northwestern Guangdong Province, is a typical repre-
sentative of remote and rural areas.Its unique geographi-
cal location and socioeconomic conditions provide a 
rare case study for researching healthcare accessibility 
in remote, rural areas. As a region predominantly inhab-
ited by ethnic minorities, Liannan County also faces the 
challenge of an aging population, making the study of 
healthcare services in this area more relevant and urgent; 
(2) Liannan County not only represents remote areas 
but also reflects the general insufficiency of healthcare 
resources in rural China, particularly regarding their 
uneven distribution. This imbalance is especially pro-
nounced in Liannan County, making it an ideal subject 
for studying healthcare resource allocation in remote 
and rural areas. This research will conduct a thorough 
investigation and analysis of data to examine healthcare 
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accessibility and resource allocation issues in this typi-
cal area in depth; (3) Against the backdrop of China’s 
ongoing healthcare reform and the implementation of 
the "Healthy China" strategy, Liannan County, a remote 
mountainous area that has achieved significant success 
in healthcare service reform, provides valuable empiri-
cal evidence for this study. By taking Liannan County as a 
representative of remote and rural areas, this study delves 
into its healthcare accessibility. This approach not only 
helps improve the quality and accessibility of healthcare 
services in the local area and other similar remote rural 
regions but also offers valuable experiences and insights 
for healthcare reform and resource allocation in remote 
rural areas globally.

The distribution of medical resources in China is une-
ven, with significant disparities between rural areas and 
cities. Cities have ample medical resources, while rural 
areas are relatively underserved. In rural areas of China, 
the healthcare system operates as a three-tiered medical 
service system comprising county hospitals, town health 
centers (THCs), and village clinics [34]. China has not yet 
established a comprehensive hierarchical medical sys-
tem, permitting residents to seek treatment at any level 
of medical institution when ill. County hospitals typically 
represent the highest level of medical care in a county, 
and many residents, particularly those living nearby, 
choose to go directly to them. THCs serve as hubs of 
rural medical network services, providing primary 

healthcare and public health services while also oversee-
ing and managing village clinics. Every village in Liannan 
County has a health room, usually within a 15-minute 
walk, thereby offering good accessibility with little vari-
ation among villages. These village health rooms, with 
their basic equipment, cater to minor ailments of local 
residents, who generally visit town health centers or the 
Liannan County People’s Hospital for more serious con-
ditions. Hence, this study exclusively focused on the 8 
THCs and 1 county hospital in Liannan County, exclud-
ing village health rooms. To facilitate the use of medical 
health facilities and residential demand point locations 
within geographic information systems(GIS), these loca-
tions were digitized into latitudinal and longitudinal 
points based on points of interest (POI).

Data collection
Population and healthcare-related data were obtained from 
the Liannan Yao Autonomous County Statistics Bureau 
and the Liannan Yao Autonomous County Health Bureau. 
To better understand the healthcare-seeking behavior of 
rural residents and the practices of doctors, a survey was 
designed for this study. The survey consisted of two parts: 
218 questionnaires for local residents and 42 for healthcare 
professionals, aiming to gather their opinions and insights. 
A total of 270 questionnaires were distributed (see Supple-
mentary Files 1 and 2), with 260 valid responses received, 
resulting in a response rate of 96%. The survey participants 

Fig. 1  Method workflow
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comprised local residents and healthcare personnel. Resi-
dents were required to be at least 18 years old and to have 
lived in Liannan County for more than one year. Healthcare 
personnel comprised doctors, nurses, and other medical 
staff who had been working in various medical institutions 
in Liannan County for more than six months. This study 
employed a random sampling method, with the number of 
questionnaires distributed controlled according to the pop-
ulation proportion of each town, ensuring that the collected 
data adequately represented the actual situation of the area.

Gravity‑based two‑step movement search method
Overall model
In the traditional 2SFCA method, the first step entails 
establishing a healthcare supply point j as the center 
and utilizing a service threshold d0 as the radius to 
delineate the catchment area for that supply point. 
All demand points k within this catchment area are 
then identified and analyzed to calculate the supply-
demand ratio Rj for supply point j . In the second step, 
attention shifts to demand point i . Using the same 

Fig. 2  Location map and distribution of population and healthcare facilities in Liannan County
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service threshold d0 as the service radius, this phase 
involves calculating the sum of the supply-demand 
ratios Rj within the radius of the demand point. This 

Fig. 3  Typical terrain of Liannan County

Fig. 4  Typical Yao ethnic village in Liannan County

Table 1  Population distribution of the towns in Liannan County

Administrative Resident 
population 
(10,000)

Administrative 
district area 
(Km2)

Population 
density (person/
Km2)

The whole 
county

134691 1269.656 106

Sanjiang Town 47854 218.871 219

Zhaigang Town 31607 330.412 96

Sanpai Town 20036 161.000 124

Xiangping 
Town

8186 184.97 57

Daping Town 8072 98.9445 61

Woshui Town 4803 131.981 49

Damaishan 
Town

14133 143.477 76

Table 2  Evaluative indicators of healthcare service capabilities

Variant Indicators

V1 Number of Inpatient Beds

V2 Number of Practicing Physicians

V3 Number of Nurses

V4 Number of Other Medical Staff

V5 Number of Medical Visits in 2022

V6 Number of Hospitalizations in 2022

V7 Number of Patients under Family 
Doctor Contracts
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sum determines the accessibility Ai at demand point i . 
The formula is as follows:

Where i represents the demand point; j represents the 
supply point;Ai represents the accessibility of demand 
point i calculated based on the 2SFCA method; dij rep-
resents the distance between demand point i and supply 
point j ; Rj represents the ratio of the facility size of supply 
point j to the population served within the search radius 
( d0 ); Sj represents the supply size of supply point j ; Pk 
represents the demand size of demand point k [36].

The gravity-based 2SFCA method applies the distance 
decay function of the gravity model within the search 
domain of the 2SFCA method, thereby transforming 
the discrete distance decay function into a continu-
ous one [19, 30]. When the distance is short, accessibil-
ity decreases rapidly; as the distance increases, the rate 
of decline slows, aligning better with the actual condi-
tions of the study area. The formula for the gravity-based 
2SFCA method can be expressed as follows, incorporat-
ing the decay function into the basic formula (1):

where Ai represents the accessibility of demand point 
i, f (dij) is the distance decay functions, and β is the dis-
tance decay parameter.

Evaluation of the service capacity of healthcare facilities Sj 
Past studies have typically relied on a single indicator 
to evaluate the service capacity Sj [37, 38] of healthcare 
facilities, thus failing to capture the variability in ser-
vice capabilities based on the actual conditions of rural 
areas. This study initially conducted field observations 
and questionnaires to collect indicators that represent 
the service capabilities of healthcare facilities and are 
in line with the current national medical reform and 
development trends. For example, indicators such as the 
number of medical visits and number of patients under 
family doctor contracts reflect a significant portion of 
a rural doctor’s regular duties. After collecting a set of 
indicators, these indicators were refined based on data 

(1)
Ai =

j∈{dij≤d0}

Rj =

j∈{dij≤d0}

Sj

k∈{dij≤d0}

Pk

(2)AF
i =

∑

j∈{dij≤d0}

Rj =
∑

k∈{dij≤d0}

Sj × f (dij)
∑

k∈{dij≤d0}

Pkf (dij)

(3)f
(

dij
)

=

{

d
−β
ij , dij ≤ d0

0, dij > d0

availability and consultations with healthcare profession-
als. Given the requirements of the SPSS factor analysis, 
which stipulates that the number of indicators must not 
exceed the number of supply points, the final selection 
comprised seven indicators of healthcare service capac-
ity, as listed in Table 2.

After integrating all the indicator data into the raw 
dataset, Kaiser–Meyer–Olkin (KMO) and Bartlett’s tests 
were performed to determine whether the original vari-
ables were suitable for factor analysis. Generally, a KMO 
measure above 0.5 and a Bartlett’s test p value below 0.05 
indicate that factor analysis is appropriate. The results, 
as shown in Table  3, confirm that the factor analysis is 
appropriate.

Based on eigenvalues greater than 1 and a cumulative 
contribution rate exceeding 85%, two common factors, 
F1 and F2, were extracted from the seven evaluation 
variables; these factors are stastistically independent. The 
cumulative contribution rate of 99.117% demonstrated 
that the two extracted factors accounted for 99.117% of 
the variance in the original seven healthcare service capa-
bility indicators, providing a comprehensive explanation 
of the raw data. The factor loading matrix underwent 
orthogonal rotation, and the factors were subsequently 
named and interpreted. As shown in Table  4, variables 
such as the number of beds, number of practicing phy-
sicians, number of medical treatments in 2022, number 
of nurses, other medical technicians, and number of hos-
pitalizations in 2022 exhibit high loadings on Factor F1, 
which is interpreted as the level of comprehensive medi-
cal resources. This factor had the largest variance contri-
bution rate at 82.311%, indicating that it was the primary 
influencing factor. The number of family doctor contracts 
displays a high loading on Factor F2, while the number 
of nurses also demonstrates a smaller positive correlation 
with F2, interpreted as primary healthcare service man-
agement. This factor contributed 16.806% of the variance, 
making it a secondary influencing factor.

Finally, to accurately analyse the medical service capa-
bilities of the eight healthcare facilities, the original data 
were entered into the formula derived from the factor 
score coefficients, as detailed in Table  5. Weighted cal-
culations are then conducted using the following factor 
score functions for Factors F1 and F2:

Table 3  Results of the KMO and Bartlett’s tests

KMO Measure 
of Sampling 
Adequacy

Bartlett’s Test of Sphericity

Approximate 
Chi-Square

Degrees of 
Freedom

Significance

0.752 142.916 21 0.000
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By utilizing these factor score functions for weighted 
calculation, comprehensive scores Sj representing the 
service capabilities for each healthcare facility were 
derived, as presented in Table 6.

(4)
F1 = 0.182V1 + 0.204V2 + 0.158V3 + 0.168V4

+ 0.168V5 + 0.152V6 + 0.100V7

(5)
F2 = 0.067V1 + 0.277V2 − 0.280V3 − 0.026V4

− 0.027V5 − 0.120V6 + 0.907V7

(6)F =
82.311%

99.117%
F1 +

16.806%

99.117%
F2

Selection of the distance decay coefficient value β 
The distance decay coefficient β reflects the pattern by 
which the influence between demand points and supply 
points diminishes as distance increases. The selection of 
β significantly impacts the outcomes of the gravity-based 
2SFCA method. Ideally, this value should be derived from a 
regression analysis of a large dataset that considers various 
conditions at supply points. However, the required volume 
of data for practical verification is substantial, and the asso-
ciated costs are high, making implementation challenging. 
According to the literature, the range of values for β varies 
between 0.9 and 2.29 [39–42], with common practice set-
ting it at 1.0, 1.2, 1.5, 1.8, or 2.0 [43–47]. To determine the 
most suitable value, this study conducts a gravity-based 
2SFCA model simulation for each of these five values. The 
travel background is set as car trips, with a healthcare ser-
vice threshold of 90 minutes, as longer car travel times can 
better reflect changes in β . Finally, the accessibility statistics 
for different values of are compared to determine the most 
appropriate value for calculating the accessibility of health-
care facilities in Liannan County (see Table 7).

As shown in Fig. 5, as the value of β increases, the high-
accessibility areas in Liannan County expand gradually, 
while the low-accessibility areas shrink correspondingly. 
This change is particularly evident in the northern and 
southern peripheral regions of the county. These geographi-
cally remote areas, which lack healthcare resources, are 
more sensitive to changes in the β value. In contrast, in the 
central part of the county, where healthcare facilities are 
relatively concentrated and residents have more access to 
medical services, the response of accessibility to changes in 
the β value is more gradual. Additionally, we conducted an 
accessibility analysis based on minimum impedance dur-
ing the study, but due to space limitations, it is not detailed 

Table 4  Total variance explained

Initial Eigenvalues Total Variance Explained Rotated Loadings Variance Sum

Factors Total Percentage of 
Variance

Cumulative 
Percentage

Total Percentage of 
Variance

Cumulative 
Percentage

Total Percentage of 
Variance

Cumulative 
Percentage

F1 5.879 83.992 83.992 5.879 83.992 83.992 5.762 82.311 82.311

F2 1.059 15.126 99.117 1.059 15.126 99.117 1.176 16.806 99.117

Table 5  Component score coefficient matrix

Indicators F1 F2

Number of Inpatient Beds 0.182 0.067

Number of Practicing Physicians 0.204 0.277

Number of Medical Visits in 2022 0.168 -0.027

Number of Nurses 0.158 -0.080

Number of Other Medical Staff 0.168 -0.026

Number of Hospitalizations in 2022 0.152 -0.120

Number of Patients under Family Doctor 
Contracts

0.100 0.907

Table 6  Comprehensive scores of service capabilities Sj for 
healthcare facilities

Rank Healthcare facilities Composite score

1 County People’s Hospital 43256.56

2 Zhaigang Health Center 20639.74

3 Sanjiang Health Center 11501.86

4 Sanpai Health Center 4300.53

5 Damaishan Health Center 3837.11

6 Zhaigang Health Center Zhainan 
Branch

2940.16

7 Xiangping Health Center 2536.38

8 Daping Health Center 2068.80

9 Woshui Health Center 2056.56

Table 7  Comparative accessibility statistics for different β values

Coefficient β = 1 β = 1.2 β = 1.5 β = 1.8 β = 2

Indicators

Minimum value 1.523 1.807 2.220 2.620 2.878

Maximum value 159.448 171.427 184.428 193.449 197.969

Mean value 31.511 34.372 37.752 40.346 41.756

Standard deviation 29.232 31.457 33.936 35.711 36.621
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Fig. 5  Spatial distribution map of accessibility with different β values
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in this paper. This analysis further highlights the significant 
impact of road distance on motor vehicle travel accessibil-
ity. In Liannan County, road conditions directly affect the 
speed and ease with which residents can reach healthcare 
facilities. Considering this practical situation, we selected 
a relatively larger β value to ensure that the accessibility 
assessment accurately reflects the impact of road distance 
on accessibility. By comparing the visualized spatial distri-
bution of accessibility under different β values, we found that 
when β=1.8, the accessibility assessment results best match 
the actual conditions. This conclusion is supported not only 
by the intuitive observation of spatial distribution but also 
by statistical data analysis. Therefore, we chose β=1.8 as the 
appropriate distance decay coefficient for assessing health-
care accessibility in Liannan County.

Traffic data

Traffic speed  The survey results indicated that electric 
bikes and cars are the most common means of transport 
for rural residents seeking medical care. The shortest 
travel times from healthcare facilities to administrative 
villages, and vice versa, can be calculated using the ori-
gin-destination (OD) cost matrix function in the network 
analyst extension and the built-in calculator in GIS.

The basic transportation data for Liannan County, 
including highways and primary, secondary, tertiary, and 

quaternary roads, were obtained from the National Geo-
matics Center of China and digitized in accordance with 
the requirements of the GIS network model. Based on 
actual road conditions and the speed regulations for dif-
ferent road types as stipulated in China’s "Highway Route 
Design Regulations" (JTG D20-2017) [48], the simulated 
driving speeds in GIS are detailed in Table 8.

Estimation of healthcare service threshold values  In 
the survey, the thresholds for acceptable travel time to 
County People’s Hospital and THCs were established at 
intervals of less than 30 minutes, 30 minutes, 45 minutes, 
60 minutes, and more than 90 minutes. The majority of 
respondents selected "30 minutes" and "over 90 minutes" 
(Fig. 6). Consequently, this study determined the search 
radius to be 30 minutes and 90 minutes.

Maximized coverage model
During the layout optimization simulation, the Maxi-
mization Coverage Model is employed. This model 
focuses on selecting a specified number of facil-
ity locations from a set of potential candidate sites, 
ensuring that each is strategically placed within the 
required service radius of the facilities. The primary 
goal of the maximization coverage model (maximum 
covering location problem) is to maximize the cover-
age of facilities. Concerning the distance from demand 

Table 8  Design speeds for different modes of transportation on various road grades

Design Speed Electric bikes Private Car

Highways 
Primary roads

Primary roads Secondary 
roads

Tertiary roads Quaternary 
roads

Kilometers per hour 25 80 60 60 40 30

Meters per minute 416.67 1333.33 1000 1000 666.67 500

Fig. 6  Proportional distribution of residents’ willingness regarding travel time to different healthcare facilities
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points to healthcare facilities, the model assumes that 
any demand point within the service radius receives 
adequate services. The formulas are as follows:

Where i represents the set of demand points; j rep-
resents the set of candidate points; m represents the 
total number of demand points; n represents the total 
number of candidate points; p represents the total 
number of facility points; d represents the distance 
from demand point i to supply point j; s represents 
the defined service radius; xj is the location variable, 
indicating whether a healthcare facility is established 
at candidate point j (if established, xj=1; otherwise, xj
=0); yi is the allocation variable, indicating whether 
demand point i receives service from a community 
health service center (if received, yi=1; otherwise, yi
=0). The variable yj indicates whether candidate point 
j is selected as a healthcare facility point (if selected, yj
=1; otherwise, yj=0).

Where i represents the set of demand points; j repre-
sents the set of candidate points; p represents the total 
number of facility points; d represents the distance 
from demand point i to supply point j; s represents 
the designated service radius; and xj is the location 
variable indicating whether a healthcare facility is 
established at candidate point j. If established, xj=1; 
otherwise, xj=0; and yi is the allocation variable indi-
cating whether demand point i accepts services from 
the community health service center. If accepted, yi=1; 
otherwise, yi=0.

Results
Results of overall accessibility
Figure  7 illustrates the spatial distribution of healthcare 
service accessibility via electric bikes, while Fig. 8 depicts 
accessibility via cars. The "Inverse Distance Weight-
ing (IDW)" method in GIS classifies accessibility scores 
into nine levels, with each cell shaded in a different color 

(7)Max

m
∑

i=1

yi

(8)
n

∑

j=1

yi − xi ≤ 0, (i = 1, 2, . . . ,m)

(9)
n

∑

j=1

yi = p

(10)d ≤ s

(11)xi, yi ∈ {0, 1}, (i = 1, 2, . . . ,m)
(

j = 1, 2, · · · , n
)

according to its level. In ArcGIS, the "Inverse Distance 
Weighting (IDW)" method was used to classify accessibil-
ity scores into nine levels, with higher levels indicating bet-
ter accessibility. Each cell is colored differently according 
to its level. Within this classification framework, Level 5 
represents a relatively balanced state, indicating a medium 
level of healthcare service accessibility—neither the best 
nor the worst. This middle level reflects the current situ-
ation in Liannan County, where healthcare facilities are 
limited and unevenly distributed. Therefore, Level 5 can 
be considered representative of the overall average level 
of healthcare service accessibility in the region, providing 
a relatively objective benchmark for evaluation.Although 
the absolute values in each figure differ, our analysis does 
not directly compare the specific values of Level 5 in each 
figure, but rather focuses on their relative positions and 
meanings across the figures. This approach provides a sim-
ple and clear framework for comparison, particularly when 
basic parameters (such as geographical location, traffic 
conditions, etc.) are consistent. Adjusting certain param-
eters (such as service capacity or thresholds) allows for an 
intuitive observation of the impact of changes in accessibil-
ity. Thus, despite the differences in specific values between 
the figures, this classification method enables a clear com-
parison of accessibility changes under different scenarios, 
making horizontal comparisons more straightforward.

The adopting of a nine-level classification is primarily 
based on the unique terrain and distribution character-
istics of medical resources in Liannan County. In previ-
ous studies, classifications exceeding six levels are rare. 
However, in this study, due to the relatively dispersed 
distribution of healthcare facilities in Liannan County, it 
was found through experimentation that dividing acces-
sibility into nine levels more clearly reveals the differ-
ences and contrasts between regions, making the trends 
more evident. This refined classification method not only 
improves the resolution of the analysis but also signifi-
cantly enhances the scientific validity and comparability 
of the research results.

Table  9 details the proportion of healthcare services 
accessible to residents within different thresholds in 
Liannan County and the percentage of healthcare facili-
ties throughout the county meeting or exceeding Level 5 
accessibility standards. Regardless of the mode of trans-
portation or threshold setting, the proportion of areas in 
Liannan County achieving above Level 5 is less than 60%, 
with minimal differences among the four modes of trans-
portation, indicating that the impact of transportation 
modes on accessibility is relatively limited.

The results revealed a significant disparity between the 
maximum and minimum values of accessibility within 
Liannan County, underscoring substantial inequalities in 
healthcare service accessibility across the region and an 
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uneven distribution of medical resources. Accessibility 
declines from the central part of the county towards the 
southwest, exhibiting distinct north‒south and east‒west 
gradients. The northern and eastern parts of the county 
demonstrate notably better accessibility compared to the 
southern and western areas, indicating a more adequate 
distribution of medical and healthcare facilities in these 
regions.

The impact of transportation
Extending travel distances with electric bikes has a neg-
ligible impact on enhancing accessibility, particularly in 
regions that are initially the most underserved. These 
areas, notably the northwestern part of the county, which 
includes sections of three towns, and the southern area 
of Damaishan Town, are characterized by low population 
density, considerable distances between healthcare facili-
ties, substandard medical service capabilities, and limited 

coverage. Consequently, residents frequently must trav-
erse significant distances within the county to access 
treatment from hospitals with superior service capabili-
ties. Even after extending the threshold to 90 minutes, 
no noticeable improvement was observed in these highly 
underserved areas. Instead, the area of poor accessibility 
expanded, extending beyond the regions previously cal-
culated for a 30-minute travel time. This demonstrates 
that increasing the travel distance for electric bikes fails 
to enhance accessibility in the most disadvantaged areas.

Regarding sensitivity to threshold changes—specifi-
cally, the difference in calculated results before and after 
adjustments in the threshold—electric bikes surpass con-
ventional cars within a certain range. However, beyond a 
specific threshold, electric bikes prove less effective than 
conventional cars. A comparison of four maps reveals 
that within the town domain, the differences in simu-
lated travel outcomes for electric bikes are significant; 

Fig. 7  Spatial distribution of healthcare service accessibility by electric bike. a 30 min. b 90 min
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however, beyond the town domain—especially across 
two towns—the variations in conventional car travel sim-
ulations become considerably more pronounced, particu-
larly in the county’s most peripheral areas.

The impact of service capability
The imbalance in regional accessibility significantly 
impacts the area and does not necessarily improve with 
increased travel distances. In this study, changes in the 
threshold demonstrated polarization in geographic areas, 
typically causing further deterioration in worse-off areas, 
while better-served areas improved. The top four health-
care facilities ranked by service capability are all located 
on the eastern side of the county, resulting in Xiangping 
Town on the far west becoming the area most affected by 
the uneven distribution of medical services. The supe-
rior medical services accessible to Xiangping Town are 
the farthest away, so even with an increased threshold, 
the accessibility around the Xiangping Health Center 

remains the worst. In contrast, the area around the 
Zhaigang Health Center on the eastern side consistently 
boasts the greatest accessibility, which further increases 
with increasing threshold. This underscores the critical 
importance of balancing regional service capabilities.

From the maps, the certian areas exhibit a clear 
improvement in accessibility with increased thresholds, 
while others experience a reduction in accessibility lev-
els due to the higher threshold. The areas with significant 

Fig. 8  Spatial distribution of healthcare service accessibility by car. a 30 min. b 90 min

Table 9  Results of accessibility Measurement for Different 
Thresholds and Modes of Transportation

d0 = 30min d0 = 90min

Coverage 
Rate

Level 5 and 
Above

Coverage 
Rate

Level 5 and 
Above

Electric Bike 84.5% 46.48% 100% 52.11%

Car 92.96% 52.11% 100% 47.89%
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improvements are those with access to the two most 
robust services—County People’s Hospital and Zhaigang 
Health Center—particularly in Damaishan Town in the 
southern part of the county. Interviews conducted in 
Shangdong village and neighboring villages in Damais-
han town revealed that with adequate transportation 
conditions, the majority of villagers opt to travel to the 
superior Zhaigang Health Center as travel distances 
increase. Therefore, with the increased service threshold, 
the accessibility rating for this area improved from Level 
5 to Level 6 or higher, closely aligning with actual con-
ditions. In areas where the accessibility rating decreased 
due to the increased threshold, the cause was exposure to 
lower-quality resources than before due to the expanded 
threshold, which lowered the average level of medi-
cal services and thus decreased the accessibility results 
accordingly.

Discussion
Based on the evaluation of accessibility using various 
thresholds and transportation methods, it is clear that 
in remote and rural areas, improvements in transporta-
tion alone have a limited effect on enhancing accessibil-
ity. Instead, the equitable distribution of medical service 
capabilities and the optimization of the overall spatial 
layout are crucial. Given these findings, this paper pro-
poses two improvement scenarios tailored to the specific 
conditions in Liannan County. Considering the exist-
ing economic constraints, the likelihood of adding new 
healthcare facilities remains low. Therefore, under the 
premise of maintaining the current number of facilities, 
this study constructs two scenario simulations designed 
to explore strategies that enhance accessibility.

The first scenario prioritizes equity. This research 
identified significant impacts resulting from regional 
imbalances, necessitating county-wide consideration of 
balance. Field research has revealed that many health 
centers consider their locations to be suboptimal and 
express a desire to relocate. Thus, we use the maximal 
coverage model to simulate scenarios aimed at maximiz-
ing service coverage and fairness.

The second scenario emphasizes efficiency. From an 
accessibility perspective, the core parameters in the 
model are transportation and service capability. The 
proposed hypothesis is that concentrating limited finan-
cial resources on a particular medical facility could sig-
nificantly enhance accessibility. According to previous 
measurements, Zhaigang and County People’s Hospi-
tal exert the most substantial impact. Coupled with the 
county government’s three-year development plan, which 
aims to further enhance the service capacity of Zhaigang 
Health Center, this facility was selected for the simulation 
to assess the strategy’s effectiveness.

Regardless of whether they travel by electric bikes or 
cars, residents can reach at least one healthcare facility 
within 90 minutes. Therefore, regarding optimization 
adjustments, we focus solely on ensuring that residents 
can access at least one primary healthcare service within 
a 30-minute service radius.

Optimization of the maximum coverage model
To enhance accessibility without increasing public 
resource investment, this hypothesis is based on the 
premise that the total number of nine healthcare service 
facilities remains unchanged, with resources distributed 
among 71 village residential points as potential new loca-
tions. We conducted a simulation analysis using GIS, 
with specific parameter settings detailed in Fig.  9. The 
results show a significant improvement in overall acces-
sibility within the county, regardless of whether travel is 
by electric bike or car. Specifically, the maximal coverage 
model for electric bike travel shows that three healthcare 
facility locations remain unchanged. Prior to the simula-
tion, an accessibility analysis indicated that 11 residential 
points lacked access to medical services within a 30-min-
ute threshold. However, postsimulation, this number 
dramatically decreased to only two points: Junliao vil-
lage in Daping town and Shanlian village in Zhaigang 
town (Fig.  10a). Similarly, the maximal coverage model 
for car travel indicates that two healthcare facility loca-
tions remain unchanged under this model setting. Under 
this hypothetical model, all residential points fall within 
the service range, whereas the presimulation accessibility 
analysis identified four villages without service (Fig. 10b). 
These results confirm that by optimizing the distribution 
of existing resources without increasing the number of 
healthcare facilities, overall accessibility to medical ser-
vices can be significantly enhanced.

Additionally, the simulation results demonstrate high 
consistency with real-world conditions, thus provid-
ing considerable reference value. In simulations that 
included both modes of transportation, Baimang village 
and Guoshui village were identified as new sites. This 
outcome aligns closely with field research and in-depth 
interviews with the heads of health centers in these 
towns, and both locations are considered ideal for their 
respective town health centers. These site selection rec-
ommendations are not only theoretically sound but also 
strongly supported by practical considerations, thus pro-
viding important references for future structural adjust-
ments in the county’s healthcare service system.

Optimization of the multicore and multiring models
According to the "Liannan Yao Autonomous County 
Healthcare Service System Plan (2021—2025)", as pub-
lished by the government, projections indicate that by 
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Fig. 9  Parameter Settings for the Maximal Coverage Model

Fig. 10  Results from the maximal coverage model simulation. a electric bike. b car



Page 16 of 19Liu et al. BMC Health Services Research         (2024) 24:1100 

2025, the composite ratio of key indicators between pri-
mary healthcare facilities and county hospitals will reach 
1.7 to 2.4. These data provide a basis for assigning weight 
to the service capacity expansion at Zhaigang Health 
Center. The estimated service capability score post-
expansion was calculated and is detailed in Table 10.

The resimulation of the accessibility within a 30-min-
ute travel radius by electric bike demonstrates that with 
the enhanced service capability of the Zhaigang Health 

Center (Fig.  11) , there has been a significant improve-
ment in the accessibility tiers in the southeastern region, 
covering nearly one-third of Liannan County’s total area. 
In this region, most areas previously rated as Level 5 have 
been upgraded to Level 6, signifying that residents can 
now access healthcare services more easily, particularly 
in remote villages on the outskirts of Liannan County. 
This significant improvement considerably alleviates the 
issue of insufficient medical services.

Similarly, the accessibility within a 30-minute travel 
radius by car was resimulated, as shown in Fig.  12. The 
results indicate that the expansion of service capacity 
at Zhaigang Health Center predominantly affected the 
southeastern region, which accounts for approximately 
one-third of Liannan County’s area. Notably, given that 
the time differences in car travel are less significant at 
short distances, residents closer to Zhaigang Health 
Center did not exhibit a marked advantage in accessibility 

Table 10  Estimated service capacity of zaigang health center 
post-expansion

Rank Healthcare facilities 2022 
Composite 
Score

Estimated 
Composite 
Score

1 County People’s Hospital 43256.56 43256.56

2 Zhaigang Health Center 20639.74 30640.06

Fig. 11  Simulated spatial distribution of healthcare service accessibility by electric bike. a current situation. b projected
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assessments. Therefore, improvements in car travel 
accessibility become more apparent when considering a 
broader road network and longer driving distances. This 
finding aligns with the research results mentioned in the 
Results section, indicating that within a certain range, 
changes in car travel accessibility are not as pronounced 
as those with electric bikes.

In summary, the model results clearly demonstrate that 
the enhanced service capacity of the Zhaigang Health 
Center has positively impacted the accessibility of health-
care services in the southeastern region, underscoring its 
critical role in Liannan County’s healthcare service net-
work. Although the southeastern region has experienced 
significant improvements in accessibility, other areas have 
not experienced comparable enhancements. This suggests 
that planning the healthcare service network in Liannan 
County must fully consider regional differences, as reli-
ance on a single central health center is insufficient. Fur-
thermore, future plans should include the establishment 

of additional central health centers to enhance the acces-
sibility of healthcare services throughout the country.

Conclusion
The quality of medical services in remote and rural 
areas, a critical component of the primary healthcare 
system, has long been underemphasized in academic 
research. This study employs a multifaceted approach 
by integrating GIS, field research, and expert interviews 
and enhances the 2SFCA method to conduct empirical 
research in Liannan County. The goal is to explore the 
current layout and optimization strategies of primary 
healthcare facilities in remote and rural areas, focusing 
on accessibility. By assessing the impacts of various trans-
portation methods and thresholds, our study shows that 
simple improvements in transportation modes, such as 
the use of electric vehicles and cars, have certain limita-
tions in enhancing the accessibility of healthcare services 
in remote and rural areas. Furthermore, the imbalance 

Fig. 12  Simulated spatial distribution of healthcare service accessibility by car. a current situation. b projected
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in regional development is a key factor limiting the 
improvement of healthcare service quality, requiring a 
comprehensive strategy to address, including but not lim-
ited to enhancing transportation infrastructure and ser-
vice capacity. Based on the current development status of 
Liannan County, we propose two optimization strategies 
that provide practical suggestions for enhancing regional 
medical services. This research not only guides the spa-
tial layout and resource optimization of healthcare facili-
ties in Liannan County but also establishes new research 
paths and methodologies for studying healthcare facili-
ties accessibility in remote and rural areas. We hope 
these results will serve as valuable references for improv-
ing rural medical services and promoting the health and 
well-being of rural residents.

At the innovation level, we achieved the following results: 
First, we refined the traditional 2SFCA model based on the 
unique characteristics of remote rural areas, allowing for a 
more accurate reflection of the actual supply and demand 
situation in these regions. Second, by effectively integrat-
ing qualitative and quantitative research, we successfully 
overcame the challenges of data collection in remote areas, 
ensuring that the evaluation criteria are both comprehen-
sive and precise. Third, we conducted an innovative com-
parative analysis of multiple transportation modes, offering 
a broader perspective for the optimal allocation of health-
care resources. Lastly, by integrating multidisciplinary 
knowledge, we expanded the scope of the research further 
and, through scenario simulation and strategy optimization, 
provided robust scientific support for decision-makers.

This study is predicated on the assumption that 
residents exclusively seek medical treatment within 
Liannan County and that local medical resources are 
dedicated solely to those within the specified research 
area. However, it does not consider the medical prac-
tices of residents in bordering areas or the impact of 
neighboring regions on the accessibility of medical ser-
vices. Additionally, the behaviors associated with seek-
ing medical treatment across administrative boundaries 
have not been thoroughly examined. Future research 
should investigate these questions more deeply. Fur-
thermore, subsequent in-depth studies should monitor 
and validate the actual effects of the two proposed rec-
ommendations, undertaking more extensive analyzes 
that integrate various geographic and socioeconomic 
factors. Such an approach would enhance the theo-
retical foundation and practical guidance necessary for 
optimizing global rural medical services.
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