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Abstract: To study the spatial accessibility of healthcare services in cities on the Tibetan Plateau, this
paper proposes an improved 3SFCA method in the main urban area of Xining City. The improved
3SFCA method incorporates both selection weights from the Huff model and the M2SFCA approach
to addressing suboptimal allocation of supply resources. Results show that the accessibility of
healthcare for the main urban area of Xining City decreases in a circle to four axes, with good
accessibility in the east and center but poor accessibility in the north. And there is a positive spatial
relationship between population and accessibility. Besides, this paper proposes a framework for
studying the spatial accessibility of healthcare on the Tibetan Plateau.

Keywords: Tibetan Plateau; spatial accessibility; 3SFCA; healthcare service; Xining city

1. Introduction

Healthcare services are an important part of basic public services in China and the basis for
improving the health level of urban residents [12-3]. Key to residents’ fair enjoyment of medical
services is the reasonable allocation of medical resources and improved utilization efficiency [4].
Spatial accessibility is an important indicator of whether scarce medical facilities and resources are
allocated efficiently and distributed fairly [3,5-7]. In recent years, China’s public healthcare service
capacity has been continuously improved but the gap between the east and west is still significant.
The Tibetan Plateau (TP) is the most unique geographical, ecological, population-transportation unit
in the world. It is characterized by high altitude, low temperature, widespread permafrost, active
neotectonics, and diverse geomorphic types. Most of its cities are valley-type cities distributed in the
Hehuang Valley and in the “One River and Two Streams” region of Tibet. On the TP, urban
morphology is closely related to the spatial pattern of topography and geomorphology.

Healthcare services are particularly important in the development and construction of cities in
the high-altitude life exclusion zone, and are also fundamental to the sustainable development of
cities in high and cold regions [3,8,9]. However, due to the poor healthcare special geographical
environment, and complex social factors, cities on the TP face ongoing problems regarding healthcare
resources, such as low quality, unreasonable layout, low service efficiency, and a mismatch between
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fairness and efficiency. Therefore, scientific measurement of the accessibility of urban public
healthcare services on the TP is essential to the rational allocation of medical resources in plateau
cities, the improvement of urban residents’ health, the revitalization of the western region, and the
high-quality development of all society.

To address shortcomings in the original 3SFCA model, this paper proposes an improved 3SFCA
incorporating both selection weights from the Huff model and the M2SFCA approach to addressing
suboptimal allocation of supply resources. Most of the studies cited above focus on large and
medium-sized cities located on plains; few have researched plateau cities. Therefore, this paper takes
Xining City on the TP as an example, and comprehensively considers its special terrain and traffic
conditions, population distribution characteristics, and healthcare service capacity. We also optimize
the original accessibility calculation model and basic data, and analyze the spatial accessibility of
healthcare facilities in a representative plateau city. First, the population data in the study area are
gridded to improve accuracy. Second, the online Amap is used to obtain travel times based on real-
time road conditions for driving and public transportation. We also determine the Gaussian function
as the distance attenuation function and use frequency histograms of travel time to set the search
threshold, thereby improving the reliability of travel time. Third, we improve the 3SFCA model by
incorporating selection weight from the Huff model and the M2SFCA approach to addressing the
suboptimal allocation of supply resources of the M2SFCA model. The improved model is used to
analyze the spatial accessibility of medical services in the main urban area of Xining City for people
driving or taking public transportation. Finally, the spatial distribution characteristics of hospital
accessibility are further evaluated by the Moran autocorrelation index. The study’s findings should
inform reasonable policy suggestions for the rational layout of urban hospitals on the TP, thereby
helping to improve the fairness of medical service provision for urban residents.

2. Overview of the Study Area

The Tibetan Plateau, known as the “Earth’s third pole” is a sparsely populated area in China and
even the world because of its unique alpine natural environment. Healthcare services on the plateau
are in a state of long-term backwardness, and the layout of medical facilities is seriously uneven [10].
Therefore, it is important to research the spatial accessibility of urban hospitals on the TP [11]. In
terms of spatial scope, the TP covers six provinces and regions: Qinghai, Tibet, Gansu, Sichuan,
Xinjiang and Yunnan. The central city nodes include two provincial capitals (Xining and Lhasa), five
prefecture-level cities (Haidong, Changdu, Nyingchi, Shannan, and Xigaze), and seven county-level
cities (Delingha, Golmud, Yushu, Hezuo, Malkang, Kangding, and Shangri-La) (Figure 1).

Figure 1. Overview of the study area’s geographical location. Left: Enhanced Thematic Mapper image
of the TP; Right: Google image of the main urban area of Xining City.

As a special geographical division of China, the TP is an alpine region [12]. Affected by the alpine
climate, topography, and other conditions, its urban spatial form, traffic network layout, population,
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and medical facilities and service capacity all show unique characteristics of plateau cities (Table 1),
which obviously differ from those of coastal cities [13,14]. As a typical plateau city, Xining is the only
central city on the TP with a population exceeding one million.

Table 1. Urban characteristics of the TP.

City Spatial distribution Traffic network Population
(10,000)
Xining X-shaped Huangshui River(HR) Distributed along the valley 246.8
Valley [15]

Lhasa Narrow strip valley [16] Distributed along the valley 86.8
Golmud  Strip alluvial-proluvial wide valley Distributed along the valley 22.2
Haidong Banded, Huangshui Valley Distributed along the valley 135.8
Delingha Alluvial-lacustrine Piedmont plain Distributed in the middle of the plain 8.8

Hezuo A-shaped Tiaohe River and Daxia Distributed along the valley 11.2

Valley
Yushu  Banded Tongtian River Valley [17] Distributed along the valley 14.1
Qamdo  Narrow-long Sanjiang River Valley Distributed along the valley 76.1
(18]
Barkam Banded, Dadu River Canyon Distributed along the canyon 5.8
Kangding  Y-shaped Yarra River Valley [19] Distributed along the valley 12.7
Shangri- Willow-leaf-shaped Sanjiang River Distributed along the valley 18.6
La Valley [20]
Shigatse Banded, Nianchu River Valley [15] Distributed along the valley 79.8
Nyingchi ~ Banded, Yarlung Zangbo River = Distributed along both sides of the canyon 23.9
Valley 21
Shannan T-shaped, Yajiang Valley Distributed along the valley 35.4

3. Data and Method
3.1. Data

This study uses three main types of data. First is information on public healthcare | service
facilities in the main urban area of Xining City. In total, there are twenty-four medical service
institutions at or above the second tier, comprising fifteen comprehensive and specialized 3A-Grade
hospitals, four 3B-Grade hospitals, and five 2A/B-Grade hospitals. Relevant information includes
hospital locations, the building area of each hospital, the number of beds, and the number of health
technicians. All data are sourced from each hospital’s official website of each hospital. Second, we
use street-level population data for Chengdong, Chengzhong, Chengxi, and Chengbei districts,
sourced from the Seventh National Population: these data are available on the official website of
Xining Municipal People's Government. Third, this study employs multi-source street division data,
including the 2021 version of a 1:250,000 topographic map of Xining City (from which residential
areas were extracted), vector data of the street administrative division of main urban area, Xining
City’s urban administrative division map, and hospital locations. We sourced the topographic map
from the National Basic Geographic Information Center, the street administrative division data from
the Qinghai Provincial Disaster Prevention Center, and the hospital location data from
AmapGeocode.
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3.2. Method

The overall research framework is shown (Figure 2) and comprises six main steps. The first step
is data preparation and accuracy optimization. Residential areas extracted from the topographic map
are gridded, then population data are distributed to each grid according to the area of street
residential areas, thereby effectively improving the accuracy of population data. The second step is
factor analysis to comprehensively characterize the service capacity of medical facilities. The three
indicators of hospital grade, number of health technicians, and number of beds are reduced by factor
analysis to calculate the comprehensive score index of each healthcare facility. In the third step, the
travel time and distance between the hospital and residential area are measured for driving and
taking public transportation using the AMAP API. We construct a travel-time frequency histogram
to determine the search radius range. The fourth step is performing trend surface analysis of the
spatial distribution pattern of population and hospital facilities in the main urban area of Xining City.
In the fifth step, we calculate the accessibility of healthcare services. The basic form of the 3SFCA is
first explained, then we improve it based on the Huff model, detailing the calculation process of the
improved 3SFCA model with a diagram. The improved 3SFCA model is used to calculate the
accessibility of each residential area. The final step is to calculate the spatial autocorrelation between
hospital accessibility and the population of residential areas using the bivariate Moran
autocorrelation index. We also analyze the reasons of autocorrelation.
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Improved 3SFCA l Data optimization
| |
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o e . Selection Capacity of J pop il 8 ) 1l i )
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Figure 2. Research framework.
3.2.1. Data Optimization

3.2.1.1. Population Data

Since streets are often the smallest unit in public population data, previous studies use the
administrative or geometric center of a street as the demand point. For example, Liu et al. (2017)
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treated the village committee as the demand point of administrative villages [22], while Deng et al.
(2015) treated the village administrative center as the center of residential areas and assumed the
population to be evenly distributed to the street area [23]. These studies’ approaches are more
applicable to eastern cities with dense and uniform population. With great restrictions imposed by
the terrain, cities on the TP have small populations with a relatively scattered distribution, and there
are many non-habitable areas such as mountains in the street area, leading to exaggerated regional
scope. If the administrative or geometric center of a street were taken as the demand point in these
cities, the potential demand center may be shifted or the demand point may be outside the search
radius of healthcare facilities, leading to inaccurate accessibility calculations [24]. Both Zhang et al.
(2022) and Luo (2004) show that expressing demand and supply points on a finer spatial scale can
improve the accuracy of accessibility calculations [25,26]. In particular, Zhang et al. (2022) reported
that 500m is suitable for expressing the difference in population distribution in local areas as grid
scale [25]. Therefore, being to improve the accuracy of population data and the spatial distribution of
urban population on the plateau, we take the residential area in the 1:250,000 topographic map as the
population distribution range in the street, then grid residential areas, allocate street population
proportionately by grid area, and take each grid’s geometric center as the demand point.

3.2.1.2. Factor Analysis of Healthcare Service Capacity

Factor analysis is a multivariate statistical method. It has been successfully applied in health
sciences, psychology, sociology, economics, demography, geology, and education [27,28]. Therefore,
this study uses factor analysis in SPSS 24 to calculate the comprehensive score of hospital service
capacity. Three indicators are selected to measure a hospital’s healthcare service capacity: hospital
grade, number of health technicians, and number of beds. Following China’s hospital grading
management standards for the ratio of health technicians to beds, we assign 1.03 to 3A-Grade
hospitals, 0.88 to 3B-Grade hospitals, and 0.7 to 2A/B-Grade hospitals in the standardization process.
Since the final comprehensive score ranges from —4 to 5, we carry out forward processing to more
intuitively represent each hospital’s service capacity and facilitate the follow-up accessibility
calculation. The basic idea is to limit the comprehensive score of each hospital between 0 and 1, with
higher scores denoting higher service capacity. The formula is as follows:

S' _ Xn—Xmin (1)

7 Xmax—Xmin
where, S; is the service capacity of a healthcare facility after forward processing, X» is the

comprehensive service score of a healthcare, Xuin is the minimum comprehensive score of the 24
hospitals, and X« is the maximum comprehensive score of the 24 hospitals.

3.2.1.3. Calculation of Catchment Size (Search Radius)

Due to the large topographic relief and high mountains on the TP, the actual travel time between
two nearby places can be very long, and the AMAP navigation system provides the best route
according to road conditions, detouring where necessary. Therefore, it is in line with the actual
situation to use the AMAP APIreal-time travel time by car and bus time as the travel cost. The specific
operation is as follows: after obtaining permission in the AMAP API, we use the platform’s online
map to calculate the driving travel time and distance and the bus travel time and distance between
the hospital and residential area. We then generate travel-time frequency histograms (including
cumulative percentage) for the two travel modes, with time intervals of 5 min for car and 30 min for
bus. As shows in Figure 3, the travel time difference between driving and public transport is very
large, so it is necessary to explore the accessibility difference between the two travel modes. In
addition, the maximum travel time by car is not more than 60min, while the travel time by bus is less
than 150 min in 90% of the main urban areas of Xining City. Considering the dispersed population
distribution on the TP and the large distance between the urban edge and the urban center road
network, we define the maximum travel time, and thus the search range thresholds, for car and bus
as 60 min and 150 min respectively [28]. This ensures that value of 90% travel time in the region is
within the threshold range.
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Figure 3. Travel-time frequency histograms (including cumulative percentage) for driving and bus

travel.

3.2.2. Spatial Trend Surface Analysis

This paper uses trend surface analysis in GIS to intuitively express the spatial distribution of
residential areas and medical resources and facilities in the main urban area of Xining City (Figure
4). The population is mainly concentrated in the east of the old urban area. For hospitals,
comprehensive service capacity is also high in the east and middle but low in the west, north, and
south. Hospitals with strong medical service capacity are mainly distributed the middle of
Chengdong District, and there are almost no 2-Grade and upgrad hospitals in the middle and north
of the city.

Figure 4. Spatial trend surface analysis of residential area population (left) and hospitals (right).

3.2.3. Accessibility Model of Healthcare Services

3.2.3.1. 3SFCA Algorithm

The original 3SFCA was proposed by Wan et al. (2012) to minimize the overestimation of
medical needs in the 2SFCA and extended 2SFCA model [29]. When multiple supply points are
located within the search radius of a demand point, there is a competitive effect between supply
points. Wan et al. (2012) quantitatively expressed the competitive effect as a competitive selection of
supply points within the search range based on the spatial impedance function of travel cost (travel
time) [29], and assigned a competitive weight (or selection weight) to each healthcare according to its
spatial impedance with the demand point. The 3SFCA thus accounts for the fact that people’s demand
for those particular healthcare facilities are influenced by nearby one based on the travel cost spatial
impedance. Then we can calculate the demand for a healthcare facility t according to the selection
weight. For this study’s purposes, the 3SFCA model is formulated in three steps.
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The first step is to calculate the selection weight Ci;. The search radius of the demand point is 60
min for driving, and it is divided into four sub-areas including 30 min, 20 min, and 10 min. We search
for all supply points within 60 min, calculate the Gauss value of the sub-area by Gauss function in its
division time range, and assign the Gauss value of the sub-area to each supply point it contains. The
ratio of the Gauss value of a supply point in the search range to the sum of the Gauss values of all
supply points is the selection weight between the demand point and supply point. The specific
formula is as follows:

Ty

Cj=c—"— 2
T Erefay<do) Tik @
where Cijj is the selection weight between demand point i and supply point j; Tij is the Gauss value of
the supply point (substituting travel time for travel cost in the Gaussian distance impedance
function); T is the Gauss value of supply point k; dois the driving time of 60 min; and di is the distance
between demand point i and supply point k.
The Gaussian attenuation function is as follows:
(%)
2%\do ) _ -3
Ty="——7— (dy <do) ©
1l-e 2

The meaning of each variable in the formula is the same as above.

The second step is to calculate the supply-demand ratio R. For driving, 60 min is the search
radius of the supply point. Similarly, the search radius of 60 min is divided into four sub-areas
including 30 min, 20 min, and 10 min. The search radius of the four sub-areas is taken as the time cost
of the distance attenuation function, and the supply—demand ratio R between a supply point and

each demand point within its search range is calculated using the following formula:
R = 5
b Yre1234 2nep, P X Gy j X W,

5

_ZkEDlpk X Gyj X Wy + Xkep, Px X Gj X Wy + Xkep, Pie X Gij X W3 + Ygep, Pr X Gij X W,

(4)

where Sj is the healthcare service capacity of the supply point j; Wr is the impedance obtained by the
attenuation function of the r-th sub-areaDr; Gij is the selection weight of the supply point; and Px is
the population of the demand point k.

The third step is to calculate the accessibility A of the demand point:

Ai=§ éijGiijT
r=1,23,4 4
JEDr

=Z GinWIXRj+Z GinWZXRj+Z Gi]-xW3><R1-+Z Gij X Wy X R;
Jj€EDy

JED2 J€D3 JED4

®)

The meaning of each variable in the formula is the same as above.

3.2.3.2. Improved 3SFCA Model Based on the Huff Model

In the selection weight of supply points in formula (2), the 3SFCA model assumes that residents’
demand for a healthcare facility is affected by the travel cost from the demand point to facility or
nearby healthcare facilities within the search radius. However, people consider not only the travel
cost but also the service capacity of healthcare facilities will affect the residents” demand. Therefore,
Luo et al. (2014) introduced the selecting the weight of Huff model that defined as H2SFCA [30], it
taking into account both travel cost and service capacity of healthcare facilities. On this basis, formula
(2) can be improved as follows:

SiXGii
HGU = Ll

— 6
Lie(dysdo) Sk*Cik ©)
where HGj is the selection weight between demand point i and supply point j; S;j is the healthcare
service capacity of supply point j; Gii is the impedance value of supply point j based on the Gaussian
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function (substituting travel time for travel cost); Gi is the Gaussian impedance of supply point k; do
is the driving time of 60min; and di is the distance between demand point i and supply point k.

The initial 3SFCA and its previous extended form assume in advance that all medical facilities
have been optimally configured and reached optimal availability. In this assumed situation, the
supply and demand points need to coincide. This assumption is obviously far from the actual
situation, in which some healthcare services are not effectively utilized by potential demand points.
Therefore, adopting from M2SFCA the approach to addressing suboptimal configuration of service
supply points, a distance attenuation function is added to the accessibility calculation to make the
model closer to the actual situation in the region. Formula (5) can thus be improved as follows:

Ai = ZjE{dideo} HGU X GU X R] X G” (7)
Figure 5 illustrates the improved 3SFCA.
First step Second step Third step

h

®
h
®

S; X Gj; S; A;

HG; = R;

Yedgezdo} Sk X Gik )T YheDp X Gnj X HGpj

=Z HG;; X Gij X Ry X
je{dijsdu]

where j is the supply point and

i is the demand point.
Assuming do=10 and the service
capacity of each hospital Sji, Si2,
Si3=1, then:

HG;j,

Si1 X Gijy

T Sj1 X Gy + Sjz X Gyjp + Sj3 X G
=0.288
HGyj, = 0.332

HG;j;3 = 038

where j is the supply point and i and / are demand
points. Assuming do=10, and the service capacity of
each hospital Sj =1, then:

R;

Sj

" HGyy; X Diy X Gyyj + HGipj; X Dy X Gipj + HGyzj X Dyg X

1

T HGyy X 10 X Giyj + HGry X 10 X Gyg; + HGy; X 10 X G

where j is the supply point and
i and h are demand points.
the

Assuming do=10 and

service capacity of each
hospital Sj=1, then:

A;

=Z HGij X Gij X Rj X @
je{dij=do}

= HGij; X Gijg X Rjy X Gyjp +
HGij; X Gijp X Rjp X Gyjp +

HGyj3 X Gij3 X Rjs X Gyj3

Figure 5. Calculation steps of the improved 3SFCA model (adapted from Subal et al., 2021) [31].

The improved 3SFCA model is used to calculate the accessibility of medical facilities for each

residential area by car and bus. First, the selection weight for each facility is calculated according to
the search area radius of the two travel modes (60 min for car, 150 min for bus). Next, the supply-
demand ratio of medical facilities is calculated. Finally, we calculate the accessibility of medical
facilities for residential areas. The calculation process was completed in Excel 2016, and mapping was
performed using ArcGIS 10.7.
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3.2.4. Bivariate Moran Spatial Autocorrelation Analysis

This paper uses bivariate Moran spatial autocorrelation analysis to study the spatial correlation
characteristics of two variables—population number and hospital spatial accessibility —in each
residential area. The global Moran index represents whether there is an overall spatial distribution
correlation between population number and hospital spatial accessibility [32]. The specific formula
is as follows:

— NZg:lchvathbczng (8)
= (N-D N SN W
ap—a
Zy = N aTE— N” )
szzl(ab_ﬁ)z
7P = PP (10)

/%z’cvzl(pc—ﬁ)z

where Iy is the global spatial correlation index, N is the number of spatial entities (the total
number of residential areas in this paper), Wi is the spatial weight matrix, in this paper, the
population is used as the basis for weight distribution, zjis the standardized value for the
accessibility of the b-th residential area, and z! is the standardized value for the population of the
c-th residential area., a;, is the accessibility of the b-th residential area, p.is the population of the c-
th residential area, @ is the average accessibility of healthcare in all residential areas, p is the
average of population value of all residential area. The value range of global Moran index is [-1,1]. A
value greater than 0 indicates that there is a positive correlation between the hospital accessibility
and population density of the residential area. A larger value indicates that the clustering degree is
higher and the correlation is stronger.

If the global autocorrelation index is greater than 0, then the local Moran index is used to analyze
the local spatial correlation among geographical units in the region. The relationship between
population and average hospital accessibility for a given location can be intuitively expressed by a
Lisa cluster diagram, which can be divided into four different cluster relationships: high-high, low—
low, high-low, and low-high cluster. Statistical significance indicates whether the directional
relationship is obvious. In this paper, the explanatory (independent) variable is population and the
explained (dependent) variable is hospital accessibility.

4. Results
4.1. Factor Analysis Results for Healthcare Service Capacity

The KMO value of 0.607 (> 0.5) indicates that there is no significant difference in the degree of
correlation between variables, and that the data are suitable for factor analysis. This is reinforced by
the p-value of Bartlett’s spherical test being less than 0.05, which indicates that the spherical
hypothesis is rejected and there is correlation between the original variables (hospital grade, number
of health technicians, and number of beds). Factor analysis results show that the cumulative variance
interpretation rate of the first common factor exceeds 70%, so that factor is extracted for subsequent
analysis. Next, that factor’s score is calculated by regression analysis based on the component score
coefficient matrix of the first common factor in the component matrix table. The comprehensive score
is then obtained according to the variance interpretation rate of the first common factor. Finally, we
calculate the hospital service capacity value S; using the forward processing formula.

4.2. Spatial Accessibility Results

The results of analysis using the improved 3SFCA model (Figure 6) show that the healthcare
accessibility of in the main urban area of Xining City is distributed in a circular manner and decreases
with increasing distance from the urban center in an “X” shape to a four axis direction. Affected by
the special valley topography of the TP, the spatial distribution pattern of healthcare accessibility
differs greatly across the main urban area of Xining City, On the whole, it spreads from the central
street of the urban area with a wide river valley to the four axes with a narrow river valley in an “X”
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shape. Accessibility is high in the urban center and in nearby streets to the east, but low at the edge
of the city including (the western edge, the northern edge and other peripheral areas of the HR Valley);
it is also generally low in the north of the city.

Among the four urban areas, Chengbei District has generally lower accessibility than the other
three, Xiaoqiao Street being an exception given its proximity to the central circle of the urban area.
There are two main reasons for low hospital accessibility in the north and west of Chengbei District.
First, the district has only two 2-Grade and upward hospitals, representing a lack of medical
resources. Second, in the narrow valley where the north of the city is located, the north-south road
network is sparse and traffic is congested. Whether by car or bus, residents’ travel time to the Central
Hospital is long, resulting in uneven distribution of hospital accessibility in the north of Xining City.

Focusing on the two travel modes, the high-value areas of accessibility for driving and bus travel
are both distributed around the central circle of the city’s east district, with accessibility declining the
further out the demand point. Differences in hospital accessibility between the two travel modes are
mainly explained by the traffic network. The high-value area of hospital accessibility for driving is
obviously larger than that for bus travel, encompassing the central circle to the outer circle. By
contrast, the high-value area for bus travel is scattered across Xiaogiao Subdistrict in Chengbei
District, the east of Chengdong District, Wenhui Road Subdistrict in Chengxi District, andZongzhai
Town in Chengzhong District. These characteristics may be related to the distribution of bus rapid
transit stations and bus stops, and by bus and bus rapid transit routes. Within Chengbei District, the
accessibility of Chaoyang Subdistrict is low by bus but high by car, whereas theaccessibility of
Xiaogiao Subdistrict is high by bus but low by car. One plausible explanation is that the bus route
from Chaoyang Subdistrict to Chengdong District generally stops around the city center instead of
going eastward, whereas driving follows a shorter route.

The accessibility of health-care services The accessibility of health-care services
in the main urban arca of Xining in the main urban area of Xining
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Figure 6. Hospital accessibility distribution in the main urban area of Xining City for car (left) and bus
travel (right).

4.3. Spatial Autocorrelation Analysis

Based on the accessibility results, we next use bivariate Moran spatial autocorrelation analysis
to explore the correlation between population and hospital accessibility for each street in the main
urban area of Xining City, considering both driving and public transport. According to the
autocorrelation calculation, the global bivariate Moran index is 0.281 for driving and 0.282 for bus
travel. These values indicate a positive spatial relationship between population and hospital
accessibility at street level. The Lisa cluster diagram (Figure 7) shows that high-high cluster
residential areas have the largest area, expanding outward in a circular manner from the central circle
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of the east district. These residential areas have a large population but also high hospital accessibility,
ensuring that residents’ medical needs can be fully met. Low-low cluster residential areas—those
with small populations and limited hospital accessibility —are mostly distributed at the urban edge.
These areas need improvements to healthcare service capacity and the road network. Low-high
clustering is distributed in Mafang Subdistrict of Chengbei District, Tonghai Road Subdistrict of
Chengxi District, and near the north side of Xiaoqiao Subdistrict. These residential areas are
characterized by a mismatch of low hospital accessibility and large population, resulting in excessive
pressure on medical facilities. To address unmet demand, these areas need more medical facilities or
upgrades to the service capacity of existing facilities. The high—low cluster areas are mostly located
in Lejiawan Town in Chengdong District, Nanchuan East Road Subdistrict in Chengzhong District,
and the north of Zongzhai Town near the urban center. These residential areas have small
populations of predominantly older residents and are located close to the third tier hospital in
Chengdong District and the center of Chengzhong District. For bus travel, the high-low cluster
streets in Chengdong District are Bayi Road Subdistrict and the southern residential area of Lejiawan
Town; only the latter is included in the cluster area for driving.

Overall, high-high clustering is mostly distributed in the central circle of Chengdong District,
whereas low-high clustering is entirely distributed in the city’s northern district, where healthcare
service capacity is in short supply in areas with high populations.
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Figure 7. Autocorrelation diagram of population and accessibility under driving and bus travel
modes (left is driving mode, right is bus mode).

5. Discussion and Conclusion
5.1. Main Findings

To better understand the spatial distribution of healthcare services in cities on the TP, this paper
proposes an improved 3SFCA method. We take Xining City as a representative example to analyze
and evaluate the spatial accessibility of medical services. Our approach takes into account terrain and
traffic conditions on the TP, the accuracy of population data, the service capacity of medical facilities,
different travel modes, the competitive effect of nearby medical facilities, and the suboptimal
allocation of supply points. Moreover, we analyze the spatial autocorrelation between hospital
accessibility and population size for residential areas using the bivariate Moran index, further
revealing the distribution characteristics of hospital accessibility in plateau cities. The studies main
findings are as follows.

First, the TP has a special natural environment, with terrain that greatly restricts the traffic
network and population distribution, are greatly restricted by the terrain. By gridding population
demand points based on multi-source data and using online real-time route planning to calculate
travel time by different modes, we effectively improved the accuracy of data for the urban population
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distribution and travel status. The improved 3SFCA method, incorporating selection weights and the
suboptimal allocation of supply points, better reflects the reality of urban areas on the TP.

Second, the accessibility of healthcare in the main urban area of Xining City is distributed in a
circular manner in space, and decreases in an “X” shape to four axes with the urban center as the axis.
This is closely related to the urban distribution pattern. In general, the accessibility of healthcare is
affected by the topography of the two river valleys and shows great differences in spatial distribution:
it gradually decreases from the central part of Hehuang Valley to the valley edge, with the urban
center as the axis of the circle and ring-shaped diffusion. At street level, the accessibility is high in the
central urban area and the nearby central part of Chengdong District. However, the accessibility is
low at the southern edge of Chengzhong District, the western edge of Chengxi District, and the
northern edge of Chengbei District, and is generally low in Chengbei District. Streets with the highest
hospital accessibility are mainly distributed in the east and middle, with few in the west and north.
For both driving and bus trips, high hospital accessibility is found in the central circle of the city’s
east district and gradually weakens moving outward. Accessibility by bus is affected by the
distribution of stops and the routes for buses and bus rapid transit.

Third, there is a positive spatial relationship between population and accessibility in the main
urban area of Xining City. In the areas with significant clustering, high—high clusters are mostly
distributed in the central circle of the east district, whereas low-high clusters are mostly distributed
in the Chengbei District, where healthcare is in short supply relative to the high population. The
obvious streets in low-high cluster are near the north side of Mafang Subdistrict and Xiaoqgiao
Subdistrict in the north district.

5.2. Theoretical and Practical Implications

Our proposed framework for studying the spatial accessibility of healthcare facilities in plateau
cities addresses a clear gap in the literature. The research framework is mainly applicable to terrain-
restricted urban areas on the TP. It could also be adapted for studying rural and county areas with
scattered population distribution and obvious differences between urban and rural areas. In general,
hospital accessibility of the main urban area of Xining City decreases in a circle to four axes, with
good accessibility in the east and center but poor accessibility in the north, consistent with previous
research conclusions. Differences in hospital accessibility between travel by car and by bus are mainly
explained by the traffic network, with public transportation affected by stops and routes for buses
and bus rapid transit, again basically consistent with findings from studies of larger regions [11].

Based on our findings for the spatial autocorrelation between hospital accessibility and resident
population in the main urban area of Xining City, we make the following suggestions. First, the total
amount of urban medical and healthcare resources on the TP is seriously insufficient, especially in
comparison to China’s eastern developed region. The country should continue implementing the
policies of counterpart support and assistance from the east, revitalization of the western region, and
high-quality development of the whole society. Second, to ensure that residents’ basic medical needs
are met, it is necessary to increase the number of 2-Grade and upward hospitals in the middle and
west of Chengbei District, the middle of Chengzhong District, and the middle of Chengxi District,
especially in densely populated areas such as Mafang Subdistrict, Tonghai Road Subdistrict near the
bank of the HR and the north side of Xiaoqgiao Subdistrict. Third, the 3A-Grade hospital in Chengdong
District should be relocated (transfer high-quality medical teams) to supplement the areas with
serious shortages of healthcare. Specifically, hospitals located in areas with relatively small
populations and dense medical resources (including areas near the west of Lejiawan Town,
Nanchuan East Road Street in Chengdong District, and the north of Zongzhai Town near the city
center) will be relocated to those areas (including the south of Chengzhong District, the north and
west of Chengbei District, and the west of Chengxi District). Besides counterpart support and
assistance from the east, rational coordination of regional hospital resources is needed to effectively
improve the spatial fairness of public medical resource allocation, to guarantee the fulfillment of
residents’ basic medical needs, and to gradually narrow the gap in medical service levels between
China’s eastern and western regions.
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5.3. Limitations and Future Research Avenues

Our research framework and the improved 3SFCA model have several shortcomings that future
studies should aim to address. The first limitation is uneven population distribution: although we
extracted residential areas from a topographic map, thus excluding parks, mountains, and other non-
residential areas, we calculated the population of each grid assuming even distribution according to
the total street population and size of the residential area. Therefore, our approach ignored the
uneven population distribution in residential areas. Second, in calculating hospital accessibility, we
did not consider different demand groups: the study’s population data comprised numbers of
permanent residents in the streets of Xining City’s main urban area. In actual life, the elderly and
children may have higher medical needs. Third, since the TP is a gathering place of ethnic minorities
with different languages and medical habits, resulting differences in supply and demand relations
regarding healthcare need to be considered. Fourth, our method includes just three indicators of
service capacity (hospital grade, number of health technicians, and number of beds) for factor
analysis. Follow-up studies should consider more indicators of hospital service capacity, such as the
number of inpatients, outpatient volume, hospital area, and annual number of operations. Finally,
we set more than 90% travel time as the search threshold for hospitals, based on frequency histograms
of residents’ travel time to hospital by car or bus. Future studies should conduct sensitivity analysis
for medical service facilities of different tiers/levels to reasonably determine the search threshold
range.
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