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Introduction: The development of urban resilience, which is fundamentally a

balance between the supply capacity of primary care resources and the demand

from urban residents, includes an appropriate architecture of primary care

facilities. Resilient city construction in highland areas is hampered by the physical

environment and transportation constraints and frequently encounters issues like

poor accessibility and unequal distribution of primary care facilities.

Methods: To optimize the supply and demand of primary care resources in

highland cities and e�ectively improve the resilience of urban public health, this

paper assesses the distribution of primary care facilities within the built-up area of

Lhasa (China) through a spatial network analysis method based on GIS, combined

with population distribution data, and employs a location-allocation model to

optimize the distribution.

Results: Firstly, the overall supply of primary care exceeds the overall demand, but

the facilities’ service area can only accommodate 59% of the residences. Secondly,

there is a clear spatial variation in the accessibility of primary care facilities, and the

time cost of healthcare is too high in some residences. Thirdly, the supply-demand

relationship of primary care facilities is unbalanced, with both over-saturated and

over-deficient areas.

Discussion: After distribution optimization, the coverage and accessibility of

primary care facilities have increased significantly, and the spatial imbalance of

supply and demand has been alleviated. This paper proposes a research method

to evaluate and optimize the spatial distribution of primary care facilities from

multiple perspectives based on the resilience theory. The results of the study and

visualization analysis methods can be used as an invaluable reference for planning

the distribution of urban healthcare facilities and urban resilience construction in

highland areas and other underdeveloped areas.
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Introduction

Widely employed in economic (1, 2), social (3), ecological (4, 5),

and urban safety (6, 7) disciplines, the idea of resilience refers to the

capacity of a system, community, or city to resist, absorb, adapt,

and recover from hazard consequences in a timely and effective

manner (8–10). Introducing the notion of resilience into urban

planning can help cities effectively withstand the effects of risks

such as climate change, natural disasters, and resource depletion

and improve the stability of urban operations and capacity for

comprehensive catastrophe prevention (11–13). Since 2019, as a

result of the COVID-19 pandemic, the level of urban public health

construction and services has now become an essential criterion

for gauging the resilience of cities (14–18). Improving urban

public health systems and reducing vulnerability and increasing the

resilience of health systems have become major goals of national

health policies (19–21). In this context, how to optimize the

healthcare service system and increase public health resilience is

one of themost important directions for advancing urban resilience

theory (22).

The majority of the healthcare service system consists of

hospitals, primary care facilities, and specialized public health

facilities. Among them, primary care facilities serve as the primary

providers of community medicine, infectious disease prevention,

and healthcare. The Declaration of Astana proclaims, “We will

benefit from sustainable public healthcare that enhances health

systems resilience to prevent, detect and respond to infectious

diseases and outbreaks” (23). Other previous studies have also

linked primary care to public health resilience, demonstrating the

positive effect of the primary care level on public health and

the efficiency of the healthcare system (24–26). Areas with well-

equipped primary care facilities also have healthier populations

(27). Therefore, the rationality of the spatial distribution of primary

care facilities is not only significant to the construction of urban

public health resilience but also directly related to social equity (28–

30). Compared to plain areas, cities in highland areas are confined

by a severe natural environment and transportation limitations,

making the cross-regional deployment of medical resources more

challenging. As a result, primary healthcare facilities must shoulder

more pressure to provide medical services. Moreover, most of

these cities are situated in high-altitude and alpine regions, as

well as underdeveloped areas, and the overall level of urbanization

is low. Consequently, it is difficult to match the supply level

of primary medical resources with the health needs of urban

residents, and the spatial distribution has issues such as low

accessibility and uneven distribution. However, previous studies

on the distribution of healthcare facilities rarely address highland

areas or focus on the supply-demand balance for primary care.

Therefore, a comprehensive assessment of the supply and demand

of primary healthcare resources in highland cities and optimization

of the spatial distribution of primary care facilities are essential

to improve the epidemic prevention and control capacity and the

health level of residents in highland cities.

This paper uses the urban built-up area of Lhasa, China, as

the study area. We use the resident population based on cell

phone signaling data and the seventh national census data to

calculate the resident medical demand and combine the network

analysis method of the GIS platform to calculate the supply

capacity of primary care facilities. On this basis, the rationality

of the supply-demand relationship and spatial distribution of

primary care facilities in Lhasa are evaluated in terms of

redundancy, accessibility, and balance. An optimal distribution

plan is then proposed using the locational allocationmodel, and the

optimization results are validated. This paper’s contributions can

be summarized as follows. Firstly, it considers the distribution of

population and the balance of supply and demand, since previous

distribution evaluation studies are mostly from the perspective

of facility accessibility. Secondly, previous studies on the optimal

distribution of care facilities focus primarily on megacities or urban

clusters with high economic development levels as the objects but

less on cities in the underdeveloped areas of the highlands, which

are complemented by this study. Thirdly, based on an evaluation of

the supply-demand relationship and spatial distribution of primary

care facilities, this study proposes an optimization scheme coupled

with a locational allocation model that can not only be used as a

guide for public health resilience construction and urban public

service facilities planning but also be widely applied to the study

and planning of primary care facilities in other highland areas and

cities in underdeveloped regions.

The following sections comprise the remainder of this study.

The “Literature Review” examines previous studies on urban

resilience and the evaluation of primary care facilities. “Data”

provides an overview of the research subject and data sources.

“Methodology” outlines the geographic analytic techniques

employed in this study. “Results” presents the results of the

evaluation of the supply and demand relationship and spatial

distribution of primary care facilities in Lhasa. “Discussion”

discusses the “Results” section and proposes distribution

optimization solutions. “Conclusion” highlights the study’s key

results, consequences, and limitations.

Literature review

The concept of resilience has evolved from engineering

resilience (31, 32) to ecological resilience (33) and then to

evolutionary resilience (34, 35). After its introduction into the

field of urban studies, urban resilience is defined as “the capacity

to achieve normal functioning of public safety, social order, and

economic construction by adequately preparing, buffering, and

responding to uncertainty perturbations” (11, 36–40). Jha et al.

(41) proposed four components of urban resilience based on this

finding: infrastructure resilience, institutional resilience, economic

resilience, and social resilience. Currently, urban resilience research

focuses more on the maintenance and coordination capability

of the social-ecological system (42–44). Public health resilience,

as part of social resilience, is generally understood to be the

ability of healthcare systems and facilities to maintain function

and recover from public health crises, both sudden (e.g., natural

disasters and COVID-19) and slow (e.g., chronic diseases, etc.)

(45–47). Previous research on public health resilience can be split

into two main categories. Some studies examine the benefits of

individual healthcare facilities, taking into account factors like

staff management, built environment, intelligent systems, and

medical equipment (21, 48–51). The others broaden the focus

to include urban healthcare networks, taking into account the

Frontiers in PublicHealth 02 frontiersin.org

https://doi.org/10.3389/fpubh.2023.1131895
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Yu et al. 10.3389/fpubh.2023.1131895

quantity, distribution, and interactions of healthcare facilities (52–

55). According to Kruk et al. (52) a resilient healthcare system

should cover multiple levels of facilities with wide coverage,

while Hassan and Mahmoud (54) argue that a resilient healthcare

network should consider not only the quantity and quality of

facilities but also the demand and accessibility of healthcare services

to the population.

In urban resilience construction, community resilience plays a

fundamental and crucial role (56). As the fundamental urban unit,

the level of community resilience can influence a city’s capacity to

resist and recover from calamities. Therefore, primary care facilities

serving the community are important components in terms of their

large quantity and wide distribution. A reasonable distribution of

primary care facilities can enhance the robustness of the healthcare

system, the redundancy of healthcare resources, and the rapidity of

residents’ access to healthcare services (57, 58), thereby enhancing

the resilience of urban public health (24, 26, 27, 59–61). Existing

studies generally agree that the resilience of primary care facilities,

which are the first point of contact between the population and

the healthcare system (59), will be most severely tested in a

pandemic such as COVID-19 (26). These facilities not only perform

medical functions but also include prevention, immunization,

rehabilitation, healthcare, and education throughout each period

of the pandemic (60), which is consistent with the principles of

the resilience concept: resistance, adaptation, and recovery. On this

basis, Akman et al. (61) suggest that the capacity of primary care

services can hardly develop spontaneously but needs to be well-

organized and planned, which demands the optimization of the

distribution of primary care facilities.

Existing studies on the location and arrangement of public

facilities can be divided into two categories: distribution evaluation

and distribution optimization (62–64). Among them, most

distribution evaluation studies are conducted from the perspective

of spatial accessibility to calculate the transportation convenience

from residences to facilities to accurately identify the areas

lacking public services due to poor accessibility and to provide

distribution optimization recommendations (65–72). For instance,

some scholars analyzed the accessibility of public playgrounds

from the standpoint of spatial justice while taking numerous social

potential aspects into account (67).

The study of optimization models is another crucial aspect

of the distribution of public facilities research. According to the

different considerations and optimization objectives, scholars in the

disciplines of operations research, geography, and computational

science have proposed numerous facility distribution optimization

models, such as the P-median model that minimizes facility

distance (73) and the coverage model that maximizes coverage area

(74) in the traditional location model, the equity maximization

model that pursues the minimum distance difference (75), the

multi-objective model that minimizes the sum of all distance

differences (76), and expanded models such as the dynamic locality

model (77), stochastic locality model (78), and multi-level locality

model (79), among others. Gu et al. (76) constructed a dual-

objective planning model that takes into account the efficiency of

distribution facilities and the maximum coverage area to explore

the optimal distribution of preventive care facilities. Other scholars

introduced the concept of service radius in the coverage model and

combined it with a gravity model to identify areas lacking care

facilities (80), etc. These models have been increasingly utilized

in care facility distribution studies. These studies focused on

the accessibility and service coverage of care facilities, with the

accessibility studies seeking to minimize the access distance and

improve the convenience of healthcare, and the service coverage

studies seeking tomaximize the coverage area to increase the supply

capacity of medical services.

Most existing studies concentrate on Nanjing, Wuhan,

Zhengzhou, and other large cities with favorable economic and

social conditions, where the primary medical system is relatively

complete, and the medical supply is sufficient. However, these

cities have high population density and service pressure on

primary care facilities. Consequently, spatial accessibility and

convenience of facilities are regarded as important evaluation

indices, while coverage capacity is considered less frequently.

Studies on distribution optimization models concentrate on

maximizing the service supply capacity of care facilities, with little

attention paid to the effect of the geographical variation in the

medical demand levels of residents. In contrast, the urban primary

care system in highland areas is underdeveloped, and the ability

to distribute resources among multi-level care facilities is limited.

Simultaneously, the urbanization rate in these areas is lower. The

topography restricts the geographical development of the city, and

the spatial diversity of population density is more pronounced.

Fully based on the characteristics of highland cities, this study

combines the supply level of primary care facilities and the demand

level of residents to evaluate the primary care services in Lhasa,

China and optimizes the spatial arrangement of primary care

facilities aiming for the supply-demand balance to make the results

more objective and credible.

Data

Study area

As the capital of the Tibet Autonomous Region (China), Lhasa

is the political, economic, cultural, and religious hub of Tibet.

The city is in the midst of the Tibetan Plateau, in the valley

plain of the Lhasa River (a tributary of the Yarlung Tsangpo

River), at an elevation of 3,650m above sea level. According to

the seventh national census and Tibetan Statistical Yearbook, as of

2021, Lhasa has a population of 867,800 and a GDP of 67.8 billion

yuan, ranking it last among China’s provincial capitals in terms of

economic volume.

This study identifies the urban built-up area under the

jurisdiction of Lhasa by combining Landsat remote sensing

imagery in 2021 (Figure 1), which covers portions of Chengguan,

Dulongdeqing, and Dazi districts with a total size of 268.5 km2.

Population distribution data

Existing statistics on urban populations typically use

administrative districts or streets as the statistical unit, making

it more challenging to capture the spatial distribution of the

population to evaluate the amount of healthcare demand. With the

advancement of information and communication technology, cell
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FIGURE 1

Map of the Lhasa study area.

phone signaling, as a new type of data, can more accurately reflect

the spatial distribution characteristics and spatiotemporal variation

characteristics of the population and is thus widely used to study

population distribution and activity characteristics (81, 82). In

this study, we gathered the cell phone signaling data of Lhasa

in September 2021 and coupled it with the city’s seventh census

data in the study area (Chengguan, Dulongdeqing, and Dartse

districts) to acquire the final population distribution statistics. On

this basis, this research splits the study area into 300× 300m grids

using the network processing tool in GIS and then determines the

population density in each grid. The formula is as follows.

Pi=
PT

MT
×Mi (1)

Where Pi and Mi are the number of resident population and

cell phone signaling in grid i. PT and MT are the total number

of the resident population and cell phone signaling in three

urban districts, respectively. This conversionmethod can transform

macro demographic data into geographic distribution data, thus

clearly reflecting the amount of primary care demand.

Facilities and residences distribution data

As an emerging data source, POI (Point of Interest) can depict

the spatial distribution characteristics of residential areas and

diverse service facilities (83, 84). In this paper, we used Python to

crawl the POI data of Lhasa within the study area from Gaode Map

(https://www.amap.com). We then selected the residential areas

and villages as the residence data required for the study and the

healthcare service category as the primary care facility data. Large

general hospitals in the healthcare service category are also the

main providers of medical services for residents. However, on the

one hand, Lhasa is the capital city of the Tibet Autonomous Region.

The 3-tier healthcare system in China consists of primary care

facilities, secondary hospitals, and tertiary hospitals. The primary

care system can be further divided into two categories: community

clinics and health centers, with the former referring to community-

based care facilities and the latter to subdistrict-based care facilities

(85–87). The secondary and tertiary hospitals in the city must

provide medical services to residents from other cities in the region

at the same time, so it is difficult to accurately calculate the coverage

area and healthcare supply of their service areas. On the other hand,

the breadth of healthcare services provided by general hospitals and

primary care facilities are not identical, and their positions in the

development of public health resilience cannot be interchanged. As

a result, these hospitals are only used as a reference for the research

outcomes and not as the primary target of the investigation.

Road network data

This study uses GIS spatial network analysis to investigate

the relationship between the primary care facility supply-demand

relationship and its spatial structure. A vector road network is

required for precisely calculating the real geographic distance

between care facilities and residences. Therefore, the vector road

network in the Lhasa study area was downloaded from the

OpenStreetMap platform (https://www.openstreetmap.org), and

the road centerline data was extracted from it.
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Methodology

Combining the characteristics of urban resilience, this study

evaluates the spatial distribution of primary care facilities in terms

of redundancy, accessibility, and balance. These three aspects

correspond to the redundancy, rapidity, and robustness of the

famous resilience “4R” for physical and social systems (88), and play

different roles in the three phases of urban resilience consisting of

resisting, adapting, and recovering (89) (Figure 2). In addition, the

resourcefulness in the “4Rs” requires a combination of redundancy,

accessibility, and balance of primary care facilities to enhance the

healthcare efficiency and the learning capacity of the system by

enhancing the organizational capacity of the urban health system.

Firstly, the service area analysis method in GIS spatial network

analysis is used to calculate the service coverage of primary

care facilities and determine the overall supply and demand

relationship. Secondly, the accessibility of residents to primary care

facilities and their spatial differentiation characteristics are analyzed

by constructing an Origin-Destination matrix and combining it

with the space syntax method. Thirdly, the level of primary care

demand is computed based on the study area’s population. Finally,

the level of primary care demand was computed using population

distribution data and geographically overlapped with the level of

medical supply to analyze the supply and demand balance of

primary care facilities in Lhasa. Based on the assessment results,

this paper combines the location-allocation model to optimize the

spatial distribution of primary care facilities.

Spatial analysis

This study’s spatial analysis method is based on the GIS

platform and consists of kernel density analysis, service area

analysis, and Origin-Destination matrix analysis. Among them,

kernel density analysis is used to calculate the spatial density of

points in the surrounding search radius, which can reflect the

distribution characteristics of primary care facilities and residences

within the study area. Service area analysis and Origin-Destination

matrix analysis are based on the network data set constructed by

the GIS network analysis tool and can assess the service scope

and accessibility of primary care facilities. In the examination of

the service area, according to the requirements of the “15-min

living circle” for service facilities, the service distance of community

clinics and health centers are set at 5 and 15min walking distance,

i.e., 400 and 1,200m, respectively (the walking speed is set at 80

m/min), which is used to calculate the service area coverage of care

facilities. While the Origin-Destination matrix can be constructed,

and the distance from the residential point to the closest care facility

can be calculated. In addition, the service density within the service

area of each facility level can be determined based on the number

of people served and the size of the service area using the method

shown below.

D=

P

πR2
(2)

Where D is the service density (this study assumes that the service

density is the same for each raster within a facility’s service area).

P is the number of people served by the facility, which is 5,000

for community clinics and 30,000 for the health center. R is the

service distance.

Space syntax

As an effective theory andmethod for spatial quantification, the

computation of integration degree by space syntax may describe

the spatial potential of the reached sites and is frequently used to

reflect road accessibility, which is separated into global integration

and local integration. The global integration represents the degree

of connection between a node and all nodes in the region and

can be used to reflect the overall accessibility of the distribution

of care facilities in Lhasa. On the other hand, the local integration

represents the degree of connection between a node and nodes

within a few steps of the topology and can be used to reflect

the degree of connection between each care facility location and

its surrounding residential points. In this study, we use the axis

analysis method in the Depthmap platform to transform the vector

road network into at least the longest road axis, and we calculate

and display the global integration and the local integration of

the road axis to visually represent the spatial accessibility of each

care facility.

Location-allocation model

The location-allocation model is a system that picks the facility

site with the optimal service capacity from a large number of

candidate facility locations based on the defined service demand

and a specific optimization model to optimize facility architecture.

The minimization facility point model, maximization coverage

model, minimization impediment model, and maximization

pedestrian flow model are the most prevalent location-allocation

models today. Highland cities have limited medical resources and

facility construction capacity, and it is difficult to optimize the

spatial layout of facilities by simply increasing the healthcare

supply. Therefore, the total quantity of primary care facilities before

and after optimization is proposed to be unchanged in this study.

The maximizing coverage model is used to calculate the optimal

architecture of primary care facilities that maximize coverage of

current residential sites by considering existing primary care facility

sites and residential sites as candidate facility sites, as illustrated in

Figure 3.

Results

We compiled 1,040 residences (containing 746 residential

communities and 294 villages) and 253 primary care facilities

(including 212 community clinics and 41 health centers) in the

study area using the POI data. In addition, we gathered data

from ten general hospitals as a point of comparison. According to

population-based calculations, the total healthcare service supply

of community clinics and health centers was 1.06 and 1.23 million,

respectively, which could fulfill approximately three times the

demand for primary medical services (the total population in the

study area was only 0.34 million). Using the GIS kernel density
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FIGURE 2

The framework for the impact of primary care facility distribution on urban public health resilience.

FIGURE 3

Maximized coverage model operation process.

analysis tool, we assessed the current primary care facility locations

and residences in the study area. As depicted in Figure 4, the

distribution of primary care facilities in Lhasa is comparable with

the distribution of residences, with large concentrations in the

center and low concentrations in the east and west.

By creating the service areas of primary care facilities in the GIS

platform, the scope and coverage of all facility service areas may

be obtained (Figure 5). Overall, only 59.23% of the residences in

the study area (616 out of 1,040 places) are covered by the service

areas of primary care facilities. And this percentage rises to 77.31%

(804) when the service areas of general hospitals are considered.

We can see that these unserved communities are primarily located

on the eastern, western, and northern land borders of the research

area, with primary care facility services being especially scarce in

the eastern region.

The Origin-Destination matrix in GIS network analysis was

utilized to calculate the actual distance between each residence and

the nearest primary care facility and to build their connection.

The results of the calculations (Table 1) indicated that the average

distance between residences and the nearest care facility exceeded

their service radius, and the number of residences within the service

area of either community clinics or health centers was less than half

of the total. Since the healthcare service duties of community clinics

and health centers are not interchangeable, this information is a

more accurate indicator of the paucity of primary care facilities than

the coverage rate. The community clinic with the highest service

pressure would provide medical services to 19 residences (nine

of which are inside the service area), compared to 112 for health

centers (28 of which are within the service area).

After visualizing the spatial distribution of the Origin-

Destination matrix between the residence and primary care facility

(Figure 6), it was discovered that most residences, including those

in the east and west areas, have access to a community clinic

within half the service radius (400–800m), whereas health centers
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FIGURE 4

The distribution of primary care facilities and residential locations. (A) Primary care facilities. (B) Residences.

FIGURE 5

Service area of primary care facilities and uncovered residences.
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TABLE 1 Results of the Origin-Destination matrix calculation.

Facilities O-D Distance (m) Sites in the service
area

Max served Max served (In
service area)

Max Min Average

Community clinics 4186.2 4.4 636.8 366 19 9

Health centers 7732.7 2.1 1797.4 486 112 28

are not easily accessible. Most residences at the perimeter of the

city’s built-up area are more than 3,000m away from the nearest

health center. As a result, residents may not be able to walk to

the health center. Therefore, they are required to drive to the

general hospital. This can also be independently confirmed by

integrating the Depthmap platform integration analysis (Figure 7).

Most residences that are not within the service area of primary

care facilities are in areas with low global integration, and the local

integration with the surrounding three-step topological distance

nodes is also significantly insufficient, making it extremely difficult

to walk to the care facilities.

Finally, we established a 300 × 300m grid to determine the

demand density and supply density of primary care facilities in the

study area, where the demand density is the resident population

density, and the supply density is the service density of all

primary care facilities. We can determine the supply and demand

relationship of primary care services in the study area by comparing

the disparity between the two to the average demand density in

the study area (3,000 people/km2 is calculated to be the average

demand density in the study region). When the disparity between

supply and demand is less than zero, it indicates that regional

primary care facilities are inadequately supplied and that residents’

demand for medical services is unmet. When the disparity is

between (0, 1), it indicates that regional medical service facilities

have a balanced supply and demand relationship. When between

(1, 3), it indicates that there is an excess of regional primary care

facilities. When the disparity exceeds three, primary care services in

a region have reached saturation. Our analysis results are depicted

in Figure 8. Overall, the distribution of primary care supply and

demand in the study area is extremely unbalanced, with community

clinics in the central area being severely saturated with supply and

health centers supplying at a level that can meet demand. But the

level of primary care supply in most areas to the east and west of the

study area is insufficient tomeet the demand for healthcare services,

and there is a severe shortage of primary care facilities.

Discussion

Redundancy

In the context of the idea of resilience, redundancy refers

to the diversity of functional components and the replicability

of functions in a city. It guarantees that if the capacity of a

component or a level is compromised, the city system can still

rely on other levels to function normally (90, 91). Kharrazi et al.

(92) argue that systems can be made more fault-tolerant by

replicating and creating new paths, functions, or components,

and demonstrate the importance of diversity and redundancy

by showing the relationship between modules, nodes, and paths.

When the urban healthcare system is confronted with a public

health event shock, a large number of seriously ill patients tend to

quickly deplete the medical resources of the urban general hospital.

Consequently, it is necessary to ensure that the urban primary

care facilities have sufficient resources and capacity to meet the

requirements for the admission and treatment of mildly ill patients,

community governance, and other daily medical services to ensure

that the urban healthcare system can withstand the public health

event shock.

The total supply of primary healthcare services in the built-

up area of Lhasa exceeds the total demand, but the service area

of the facility can only cover <60% of the population. And the

primary medical system is still in an imperfect and unbalanced

state. In general, people can satisfy their healthcare needs by going

to facilities or general hospitals in neighboring communities to

avoid “difficulty in seeing a doctor. In general, individuals can

avoid “difficult access” by visiting nearby community centers or

general hospitals. However, several studies have demonstrated that

when a pandemic exacerbates the problem of resource shortages

and poor transportation, the healthcare system is overwhelmed

(93, 94). When a major public health event such as COVID-19

occurs, nearly half of the communities in the built-up area will

have trouble obtaining healthcare services from nearby primary

care facilities and will need to deploy personnel and resources from

other communities or general hospitals. This will undoubtedly pose

a significant challenge to the operational capacity of the urban

healthcare system and will indirectly increase the pressure on

community governance. When there are no primary care facilities

nearby to provide treatment and healthcare services, residents

will be forced to travel to health centers or general hospitals

further away, which will result in staggering movement within

the city, thereby increasing the risk of illness among residents. In

contrast, the lack of primary care facilities makes it difficult for

community governors to detect and comprehend the health status

of inhabitants, hence increasing the likelihood of mass infection.

Therefore, it is necessary to increase the redundancy of urban

primary care by optimizing the spatial distribution, expanding the

service coverage area of primary care facilities, and closing the gap

in medical services. This is the fundamental objective for reducing

the risk of primary care and bolstering the resilience of urban

healthcare in mountainous regions.

Accessibility

The notion of accessibility is derived from the field of

transportation, where it refers to the capacity of individuals to
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FIGURE 6

Spatial distribution of Origin-Destination links. (A) From residences to community clinic. (B) From residences to health center.

reach a certain place, which is typically expressed by the journey

time, cost, number of destinations, and attractiveness between the

origin and destination (68, 70–72). Accessibility corresponds to

the rapidity in urban resilience characteristics, and a healthcare

service system with better overall accessibility can help people

access healthcare resources in a timely manner, thereby avoiding

or reducing urban risks from public health events (70). And

in the recovery phase following a public health event shock, a

healthcare facility with high accessibility can also provide more

convenient services. Depending on the variation in the function

of primary care facilities, national studies have evaluated their

accessibility in different ways. As Luo and Wang (66) define the

physician’s service area by threshold travel time and consider

physician availability based on the demand around them in

Chicago, while accessibility studies for cities such as Shanghai and

Wuhan in China mostly used healthcare facilities as destinations

(95, 96). Accessibility encompasses some transportation modes,

with pedestrian transportation having the strongest association

with primary care facility accessibility.

There is a substantial disparity between the walkability of

community clinics and health centers in the primary care facility

system in the Lhasa built-up area. Comparatively, only about one-

third of the residences have Origin-Destination distances smaller

than the service range of community clinics, but themajority do not

exceed the service range by too much. This means that when there

is no community health station in the community, residents can

reach other community care facilities by walking 500 to 1,500m.

However, the accessibility distribution of health centers has some

hidden problems. While the Origin-Destination distance to health

centers in the middle of the city is within the service area, it is

difficult for residents of urban fringe areas to walk to the nearest

community health center. And most health centers in urban fringe

areas must serve the healthcare needs of 10 to 15 residences, which

makes it challenging to match their supply.

Balance

The equilibrium of public service facilities is manifested on

the one hand by the equilibrium between the supply capacity and

demand level of healthcare services in a particular area, and on

the other hand by the spatial distribution of the supply-demand
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FIGURE 7

Analysis of urban road axis integration. (A) Global integration. (B) Local integration.

relationship between different areas within the study’s scope (71,

97, 98). The balance of supply and demand is intended to be the

equilibrium between all products and services provided by society

and social requirements in each period, as evidenced by the changes

in product supply and social demands in response to product price

changes, and at a certain price point (99, 100). Healthcare services

are public services under government regulation and do not fully

follow the price-driven market law, but primary care facilities

(especially community clinics) are not all publicly owned. Some of

them are operated by communities or private contractors, leading

to an unbalanced distribution of primary care facilities. This has

resulted in an imbalanced urban geographic distribution of primary

care services.

The distribution of primary care facilities is crucial for

sustaining community resilience. A balanced link between supply-

demand and spatial distribution is favorable to macroeconomic

regulation of the distribution and use of medical supplies, as well

as to the maintenance of community stability and the decrease of

crowds during public health events. In densely populated areas with

permanent residents, to avoid medical congestion, the supply of

primary medical services can be made greater than the residents’

medical demand, and multiple points can be dispersed. In urban

fringe areas with scattered residential points, consideration must

be given to maximizing the service area coverage of primary care

facilities to maintain the efficiency of primary care access when

there are fewer facilities, and the latent demand is greater. However,

the current distribution of primary care facilities at both levels in

Lhasa cannot meet the needs of services in densely populated and

dispersed areas, and the supply of primary care services in the

central area is oversaturated, whereas the majority of areas on the

city’s periphery have an excess of healthcare services.

Optimization based on the
location-allocation model

As revealed above, the supply-demand relationship and the

spatial distribution of primary care facilities in the built-up area

of Lhasa are flawed in terms of redundancy, accessibility, and

lack of balance. In this study, we optimize the spatial distribution

of primary care facilities from a macroscopic perspective to
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FIGURE 8

Supply and demand disparity of primary care facilities (person/km2). (A) Community clinic. (B) Health center.

improve the supply-demand relationship of primary medical

services while keeping the total supply of primary medical services

constant. The maximized coverage model intuitively extends

the coverage area of primary care services, reduces the average

time for residents to reach primary care facilities, and decreases

the difficulty of access to care in areas lacking primary care

services. The optimized distribution scheme improves the overall

efficiency of the healthcare system and effectively reduces the

risks associated with healthcare crowding and resource imbalance,

thereby enhancing urban public health resilience.

The optimized primary care facility system consists of 177

added facility sites (including 152 community clinics and 24 health

centers) and 176 retained facility sites (including 60 community

clinics and 17 health centers). We reevaluated the supply and

demand of optimized primary care facilities based on three

indicators: redundancy, accessibility, and balance, to confirm the

rationality of the optimized structure of the facilities. Through

distribution optimization, the residential point coverage rate of

primary care facilities grew from 59.23 to 83.27%, and the capacity

of primary care services increased significantly, but there were still

some marginal locations that were not covered by the service area

(Figure 9). This finding indicates that even with the maximum

service area, the current number of primary care facilities cannot

cover all residential points in the study area. Therefore, the

government needs to appropriately increase the number of primary

care facilities according to the fluctuation of healthcare demand or

open mobile healthcare service stations in residences that are far

from primary care service areas.

After distribution optimization, the average distance between

residences and the community clinics is reduced from 636.8

to 364.3m, and it is reduced from 1977.4 to 912.3m between

residences and health centers. It indicates that the accessibility of

primary care facilities is significantly improved. Simultaneously,

the maximum number of residences served by community clinics

and health centers was reduced from 19 to 11 and 112 to

57, and the demand for primary care services was balanced.

Analyzed from the spatial distribution perspective (Figure 10), after

distribution optimization, the accessibility of residences to primary

care facilities is significantly enhanced, and most residences can

quickly reach the nearest facility site. However, there are still some

urban fringe areas where residents’ accessibility is poor.

To determine the effect of distribution optimization on the

spatial distribution of the primary care supply-demand relationship

in the study area, we evaluated the supply-demand density disparity
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FIGURE 9

Optimized primary care facility service area and uncovered residences.

FIGURE 10

Optimized spatial distribution of Origin-Destination links. (A) From residences to community clinic. (B) From residences to health center.
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FIGURE 11

Optimized supply and demand disparity of primary care facilities (person/km2). (A) Community clinic. (B) Health center.

of primary care services within each raster after distribution

optimization (Figure 11). After optimization, the overabundance

of medical supply in the central area and the severe deficiency

of medical supply in the urban periphery can be eased. In the

majority of Lhasa’s central area, the disparity between primary

medical supply and demand is kept between 0 and 3 times

the average demand density, which is sufficient to cover both

daily and emergency medical demands. Compared to the current

arrangement of primary care facilities, the optimal architecture

has partially reversed the primary care deficit in most locations

on the west and east sides of the research area, although there

are still certain areas where primary care services are few. In

conducting the residence coverage analysis and constructing the

zone distribution model, we use POI points to represent the spatial

distribution of each residence. However, the areas of the residences

represented by these points vary in size, making it challenging

for some communities and villages with large areas and dispersed

populations to be covered by primary care services. For these

residences, access to the nearest primary care facilities (even if they

are slightly outside the service area) via internal roads is still the

most logical option.

Conclusion

This paper employs a GIS-based method to evaluate the

supply-demand relationship and spatial distribution rationality

of urban primary care facilities in the built-up area of Lhasa,

China, as the study area to conduct an empirical study and

proposes an optimization scheme for the spatial distribution

of primary care facilities in conjunction with a location-

allocation model. The program may effectively alleviate the

oversupply and uneven distribution of primary care facilities

in the study area, allowing them to satisfy the development

needs of public health resilience and withstand the effects

of disasters.

This paper’s findings, methodology, and technique have

practical consequences for the site development of urban healthcare

facilities in mountainous cities. Firstly, this paper integrates

the concept of urban resilience to comprehensively assess and

optimize the spatial distribution of urban primary care facilities,

so that primary medical services can not only meet the daily

needs of residents but also withstand the impact of public

health events on the urban medical system. Secondly, existing
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studies are less involved in the underdeveloped regions of

the highland area, which have lagging economic development.

This paper integrates healthcare demand into the study of the

spatial distribution of primary care facilities and establishes

an assessment system combining redundancy, accessibility, and

balance from the perspective of supply-demand balance, providing

a new idea for the existing care facility distribution assessment

research. At last, this paper presents a maximum coverage

model that maintains the total amount of amenities, which can

result in a more acceptable distribution optimization strategy

for highland cities. This paper presents the importance of the

distribution of primary care facilities. The results of the study

can optimize and complement the existing hierarchical healthcare

system to help build a more rational primary care network

in highland areas and other underdeveloped regions, thereby

reducing urban healthcare risks and enhancing urban public

health resilience.

Nonetheless, the study does have certain drawbacks. Through

analysis and evaluation, it is evident that the spatial distribution

of primary care facilities in the study area is unbalanced. This

imbalance is reflected in the number and supply of facilities as

well as spatial accessibility. There are differences in the spatial

distribution characteristics of facilities at various levels, and

these problems are the result of a combination of factors. Not

only is the distribution of healthcare services and function of

supply and demand, but also the placement and distribution

of geographic places. The optimization scheme based just on

population, facility distribution, and road traffic is insufficient. It

must also consider the influence of regional economics, policies,

external transportation, ecological environment, geography, and

other public service facilities siting. In addition, the demand for

primary care services may be different for each population group,

and the redundancy and accessibility of facilities are correlated

with the population characteristics of the surrounding residences,

thus affecting the study results. Therefore, we believe that it

is possible to evaluate the distribution of urban care facilities

from more perspectives and to superimpose the evaluation results

from different perspectives, which will make the evaluation and

optimization results of the spatial distribution of care facilities more

scientific and guiding. It will be widely applicable to other site

selection and distribution studies.
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