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In contemporary “high-risk” society, unexpected disasters (epidemics and extreme weather) and chronic pressures (aging problems) put tremendous pressure on healthcare facilities. Enhancing the healthcare facilities' resilience ability to resist, absorb, and respond to disaster disruptions is urgent. This study presents a scientometric review for healthcare facility resilience research. A total of 374 relevant articles published between 2000 and 2020, collected from Web of Science (WoS) core collection database, Scopus database and MEDLINE database were reviewed and analyzed. The results indicated that research on resilience in healthcare facilities went through three development periods, and the research involved countries or institutions that are relatively scattered. The studies have been focused on the subject categories of engineering, public, environmental, and occupational health. The keywords of “resilience,” “hospital,” “disaster,” “healthcare,” and “healthcare facility” had the most frequency. Furthermore, based on the literature co-citation networks and content analysis, the detected seven co-citation clusters were grouped into four knowledge domains: climate change impact, strengthening resilience in response to war and epidemic, resilience assessment of healthcare facility, and the applications of information system. Moreover, the timeline view of literature reflected the evolution of each domain. Finally, a knowledge map for resilience of healthcare facilities was put forward, in which critical research contents, current knowledge gaps, and future research work were discussed. This contribution will promote researchers and practitioners to detect the hot topics, fill the knowledge gaps, and extend the body of research on resilience of healthcare facilities.
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INTRODUCTION

In a modern “high-risk” society, the aging population is increasing at an astonishing rate, alongside many disasters that frequently occur, such as earthquakes, floods, hurricanes, and epidemics (1, 2). During disasters, healthcare facilities are critical emergency response resources because they are central to providing timely and good quality healthcare services for the injuries (3, 4). With a broader view, the healthcare facilities are regarded as an elaborate network of buildings, services and relevant public and private sectors for providing and delivering healthcare service for the general public (5), including the national/regional healthcare systems and the single healthcare facilities (e.g., hospitals, clinics and community care centers) (3). A single healthcare facility is composed of a set of interdependent components, such as medical staff, medical resources, medical equipment, physical building structures and equipment systems [e.g., “heating, ventilation, and air conditioning (HVAC) system,” elevators, and power systems] (6). The increasing healthcare demand and disaster events threaten healthcare facilities' functionality (7–11). In such a situation, healthcare facilities are expected to maintain or even increase their capacity to provide continuous healthcare service even if they are directly affected by disasters. Recently, the concept of “healthcare facility resilience” (HFR) has been highlighted in the disaster management lexicon. It's the ability to prepare for, manage (absorb and adapt) and learn from shocks (12). This concept provides a new thinking paradigm for facilitating the healthcare facilities' sustainable operation in the face of disaster disruptions.

Over the past decade, several articles have reviewed HFR-related research. Several scholars have discussed some of the hazards or disturbances that healthcare facilities may face. For example, from a management perspective, Hugelius et al. pointed out that the healthcare facility may suffer, such as the lack of information and resources to deal with mass casualties (13). In 2017, Curtis et al. focused on the impact of extreme weather, such as heat waves, cold waves, and floods, on healthcare facilities and health services in the UK (14). Some other scholars reviewed existing literature and discussed models that could be used to measure HFR. These models may be comprehensive scoring framework models for evaluating some key capabilities of hospitals (15). Conceptual models may also be used to display resilience, such as state-space, stress-strain curve, temporal dynamic, stretched systems, and variety-space (16). Some scholars have been concerned about the response of healthcare facilities to disturbances. For instance, Kost et al. discussed combining “geospatial point-of-care testing” to address public health challenges (17). The needs of the patient are often an essential consideration when responding (16). Recently, more scholars have focused on HFR, especially in the case of the COVID-19 crisis. Haldane et al. reviewed national primary care guidelines for responding to COVID-19 and discussed how they support the operation of healthcare facilities (18).

Although a few articles have reviewed HFR-related studies, most are limited to specific research content. For example, some of these articles focus on evaluating HFR (19), and some are limited to the influence of specific factors on HFR (20). Most of the literature relies on subjective judgment rather than quantitative methods to identify the research topic (14, 19, 21, 22). Therefore, conducting a comprehensive review of HFR-related literature using a quantitative and objective method is necessary. The scientometric analysis is a quantitative method, referred to as knowledge domain visualization and mapping, which provides a holistic view of a particular domain through analyzing published articles (23). Combined with thematic analysis, this study aims to use this technique to review and visualize HFR research systematically from 2000 to 2020. The analysis of countries, institutions, published years, keywords, and subject categories can help understand the overall research status. Combined analysis of citing articles (the selected articles) and cited articles (the references of citing articles) can help identify research hotspots and research frontiers. Citation analysis visualization technology displays the research status and evolution of the knowledge domain on the network map. Finally, a knowledge map of HFR that reveals the critical research parts, knowledge gaps, future directions was proposed.



METHODOLOGY

The research framework of this study is shown in Figure 1, which is divided into three steps.
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FIGURE 1. Research framework.


The first step aims to collect enough relevant articles related to HFR research. As one of the most authoritative publication databases, Web of Science (WoS) core collection database, Scopus database and MEDLINE database were selected as the sources for scientometric analysis (24, 25). The searching formula were used to determine more appropriate articles, according to article types and criteria. Following that, the abstracts of the retrieved articles were thoroughly read, and the literatures were screened according to certain criteria.

As the size and scope of HFR studies have expanded, conducting manual scientometric analyses is almost impossible. As a convenient scientometric and visual analytic tool, CiteSpace software able to review the classic research theme and discover potential trends (26, 27). Thus, in the second step of this study, CiteSpace software 5.8.R1 is used to conduct scientometric analysis, including literature distribution analysis, co-occurrence analysis, and co-citation analysis. Critically, the research hotspot and research trend are discussed in each identified knowledge domain.

The final step is to develop the knowledge map of HFR studies, in which the critical research content and knowledge gaps will be discussed.



DATA COLLECTION

Detailed literature retrieval rules and exclusion strategies are as follows.


Literature Retrieval

The databases searched in WoS include WoS core collection databases (including Science Citation Index Expanded, Social Sciences Citation Index, Arts and Humanities Citation Index and Emerging Sources Citation Index) and MEDLINE database. After pre-analysis and comparison, the determined search schema for searching the WoS core collection database and MEDLINE database was as follows: TS = (resilien*) AND TS = (hospital* OR medical OR health* OR care) AND TS = (facility OR facilities OR asset* OR “built environment” OR “building portfolio” OR lifeline OR equipment OR device*). “TS” means the topic of an article, and “*” refers to a fuzzy search. In addition, the determined search schema for searching the Scopus database was as follows: TITLE-ABS-KEY (resilien*) AND TITLE-ABS-KEY (hospital* OR medical OR health* OR care) AND TITLE-ABS-KEY (facility OR facilities OR asset* OR lifeline OR “built environment” OR “building portfolio” OR equipment OR device*). Literature published before 2020 (including 2020) was searched from these three databases. The language is limited to English, and the type is confined to article. After data deduplication, 2,695 articles were obtained.



Exclusion Criteria

The retrieved results need to be reviewed to ensure that the selected articles meet the requirements for further analysis (28, 29). By reading the abstract, unrelated literature was excluded from detailed review and analysis according to the following criteria:

(1) Journals that have not been peer-reviewed will be excluded.

(2) Articles lacking references, authors, and the full text will be excluded.

(3) Repeated articles published in different journals with the same authorship will be excluded (only the oldest ones are retained).

(4) The articles focused on resilience but not the healthcare facility. These articles target psychological resilience (30), supply chain resilience (31), and the resilience of ecosystem (20).

(5) The terms in the search schema are used in different settings or had other irrelevant meanings. For example, “resilience” in Yin et al. (32) did not refer to the capability to respond disasters, maintain its most essential functions, and “bounce back” to the pre-event state (termed recovery) or to a new state of function (termed adaptation) (21) but described how the object moves or deforms under the action of external force.

(6) These articles focus on the research and development of medical devices or technologies to support healthcare services, but HFR is not directly related (33).

By further screening, 374 articles were eventually selected for scientometric analysis, among which there are 251 articles from the WoS core Collection database, 72 from Scopus database, and 51 from MEDLINE database. The period ranges from 2001 to 2020.




SCIENTOMETRIC ANALYSIS AND RESULTS


Overview of the Publication Year

Figure 2 shows the distribution of HFR-related articles over time from 2000 to 2020, illustrating that HFR research was thriving. In 2000–2007 the number of published articles (8 articles in total) was relatively small. Preliminary explorations were conducted during this period. In 2008–2014, the number of articles fluctuated between 5 and 15 (64 articles). This period belongs to the period of slow growth. Between 2015 and 2020 is the period of rapid growth, in which the number of published articles grew rapidly from 27 to 93. The number of articles during this period is 302, accounting for 80.75% of the total number of articles (374).
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FIGURE 2. Number of articles on HFR.




Overview of the Publication Countries and Publication Institutions

Figure 3 shows the countries and institutions' co-occurrence network diagram of HFR research. The network contains 244 nodes and 491 links. Among which, 138 nodes represent countries, and 106 nodes display institutions. The larger the node, the more articles are published in the country or institution (34). The top five are the United States (174, accounting for 46.52% of the total), the United Kingdom (67, constituting 19.91% of the total), Australia (41, occupying 10.96% of the total), Italy (36, taking up 9.63% of the total), and China (35, amounting to 9.36% of the total). It is apparent to see that the United States is far ahead in this field. The complex links between nodes indicate a common phenomenon of transnational cooperation in this area. The thicker the link, the more collaborations and the closer the connection between the countries. The purple circle shows that the United States, the United Kingdom, Canada, and Spain have played a crucial role in international cooperation. In general, the distribution of institutions is consistent with the distribution of countries (regions) (35). The United States has the most active research institutions on HFR, University of Washington (6). It is followed by London School of Hygiene and Tropical Medicine (5) and Politeco di Torino (5), which come from the United Kingdom and Italy with high publication outputs, respectively. Overall, institutions conducting and publishing HFR research are relatively scattered.
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FIGURE 3. Countries and institutions co-occurrence network.




Subject Categories Co-occurrence Network

The subject category co-occurrence network is shown in Figure 4. The network consists of 168 nodes and 382 links, suggesting that HFR-related research covers 168 subject categories, illustrating that the research is interdisciplinary. The more articles were published in a particular subject area, the larger the node (36). The top five subject categories are engineering (65); public, environmental, and occupational health (63); humans (33); environmental sciences and ecology (28); engineering and civil science (23). In Figure 4, the link between nodes indicates that two topics appear at the same time in the same article. The thicker the link, the greater the frequency. In Figure 4, nodes with high centrality are marked by purple rings (35). Some nodes with high centrality in co-occurring subject categories network are delivery of health care (0.83), ergonomics (0.78), industrial (0.77), and engineering (0.66), which demonstrate that these subject categories are the major turning nodes linking the HFR research in different phases (35).


[image: Figure 4]
FIGURE 4. Subject categories co-occurrence network.




Keywords Co-occurrence Network

According to the articles selected from the two databases, the co-occurrence network of keywords was generated, as shown in Figure 5. This network contains 270 nodes and 639 links, which shows 270 keywords. Node size indicates keyword frequency. The top five high-frequency keywords are “resilience” (frequency = 86), “hospital” (frequency = 63), “disaster” (frequency = 41), “healthcare” (frequency = 37), and “healthcare facility” (frequency = 31). The links between nodes are complicated. Multiple keywords frequently appear together in the same literature and are closely interrelated.


[image: Figure 5]
FIGURE 5. The co-occurrence network of keywords.




Literature Co-citation Network and Timeline View

This study used the LLR algorithm to generate the literature co-cited network (Figure 6). This network consists of 197 nodes and 418 links. The modularity is 0.8646, indicating that these co-citation clusters can define the research areas of HFR (37). The mean silhouette is 0.8857 (>0.5), so the clustering result is reasonable (26). The silhouette of the major clusters discussed in the study is all over 0.9, reflecting the high homogeneity of the network (38). After excluding the small clusters with a small number of articles (the number <10), 7 clusters (#0 – #6) were finally identified in the literature co-cited network. The label of each cluster was determined by the citing literature in the cluster (26).


[image: Figure 6]
FIGURE 6. Literature co-citation network.


Furthermore, the timeline view (Figure 7) reflects the evolution of HFR knowledge, in which the co-citation outbreak of each cluster was shown explicitly. The nodes of high centrality are marked by purple circles. The larger the node, the more times the document is cited (38). The more highly cited articles in a cluster, the more important the cluster is. In recent years, no HFR literature with high citation frequency has been found; thus, citation frequency needs time to accumulate (38, 39). Given the impact on the evolution of HFR knowledge, the literature with high centrality and high citations should be paid attention to. Linking different clusters can also be a potential turning point (34). Furthermore, in different clusters, an article may be highly cited literature and highly citing literature. Seismic resilience of a hospital system, published by Cimellaro et al. (40), is an example. It is highly cited literature at #0 and the highly citing literature at #6. Such articles can also be a potential turning point.


[image: Figure 7]
FIGURE 7. Timeline view of co-citation clusters.


On the basis of the main research content, seven clusters are classified into four knowledge domains (Numbered as KD1-KD4) as follows.

(1) KD1 “climate change” = cluster #1 “extreme weather events” + cluster #5 “heat waves”

The knowledge domain KD1 focuses on the impact of extreme weather (heat waves, low temperatures, floods, and hurricanes) on healthcare facilities. Measures to reduce the negative effect of climate change are also discussed. Of all the extreme weather, scholars are mainly concerned with extreme heat due to serious climate change problems. This phenomenon can also be seen from the cited and citing references in this domain.

The most cited article in this domain was published by Lomas et al. (41), who proposed the renovation plans for the British hospital wards to cope with the elevated temperatures and achieve energy savings. In other highly cited articles, Short et al. and Lomas and Giridharan, worked on adapting hospital buildings for climate change with the application of data monitoring and building modeling technologies (42, 43). Hajat et al. and Nitschke et al. discussed the effects of heat waves on human health and the increased demand for healthcare facilities (44, 45). Morbidity, demand for ambulance services, demand for emergency medical services, hospitalization rates, and other indicators can be used to measure the impact on human health (14, 44, 45). Furthermore, indicators such as demand for ambulance services, hospitalization rates, and demand for emergency medical services can also be used to reflect the impact on health facilities (44, 45). The most citing article was published by Chand and Loosemore in 2016 (46), which discussed the vulnerability of healthcare facilities in geographical environment, built environment and organizational management under extreme weather. Six improvements were proposed to strengthen disaster management and improve HFR. Additionally, Curtis et al. (14) discussed the impact of climate change on the health and social care system given the healthcare services' provision and demand. Possible resilience enhancement measures, such as renovating hospitals to improve thermal comfort and increasing capacity for population risk identification and health awareness, are also discussed (14). Codjoe et al. analyzed the vulnerability of healthcare facilities and health services to flood and heat wave, and proposed measures to improve HFR in low-income areas (47). Extreme weather can cut off power supplies to healthcare facilities, which will disrupt the continuity of healthcare provision (48). Therefore, power outage problems have attracted the attention of researchers (49–51). A series of response measures were put forward, including preparing emergency generators (48, 50), better detection of power supply failures (49), the rise of distributed energy (52), and microgrids (53), etc.

From the timeline view (Figure 7), since 2008, the knowledge domain KD1 has begun to appear in highly influential articles. In 2009 and 2010, Costello et al. (54) and Hajat et al. (44) discussed the impact of climate change on health and the impact of surging demand on health care facilities. In 2012 and 2013, Lomas et al. (41), and Giridharan et al. (55) discussed the coping measures of hospital buildings and hospital spaces to elevated temperatures. In 2015, Li et al. discussed the impact of heat waves on morbidity and pointed out the need to establish data collection and monitoring systems to guide actions against climate change (56). In the same year, Watts et al. proposed a range of policy responses to climate change (57). Sendai Framework for Disaster Risk Reduction 2015-2030 was proposed in 2015, in which public health and climate change are important parts (58). It can be seen from the recent citing literature that people in recent years are paying more attention to the energy issues and sustainability issues induced by climate change (52). With the frequent threat of global climate change, the term “resilience” is increasingly discussed in healthcare facilities' operation areas around climate change adaptation and disaster risk reduction (59, 60). A series of resilience measures to climate change adaptation are studied in recent years, including enhanced energy supply management, establishing early warning systems to collect climate and morbidity information, ensuring environmental sustainability of healthcare facilities, etc. (14, 57, 61).

(2) KD2 “strengthening resilience in response to war and epidemic” = cluster #3 “health care system”

This knowledge domain focuses on the impact of wars and epidemics on healthcare systems and measures to improve resilience. In particular, of all the wars and epidemics, the Syrian war and the Ebola virus outbreak are the two major disasters discussed in HFR research.

Epidemic and war lead to a shortage of resources and a rise in mortality. Furthermore, these two disturbances can often be combined to disrupt the supply of healthcare services. During the war, the use of violence to destroy healthcare facilities is increasingly common (62, 63). The destruction of roads, the breakdown of communications, and the threat of death from the war made it difficult for healthcare facilities to obtain adequate resources timely and prevented patients from being able or afraid to go to hospitals for treatment (64–66). The scarcity of health care services and the increasing number of patients further promote the outbreak of epidemics and ultimately lead to the collapse of healthcare systems (65, 66). In this case, many scholars have studied how to improve HFR to ensure the accessibility of healthcare services during wars and epidemics. The most cited article in this domain is published by Kruk et al. in 2015, who pointed out that a resilient healthcare system should identify threats as quickly as possible, be multi-layered, and have broad coverage (67). Furthermore, a resilient healthcare system should have strong links and adequate communication with external organizations or countries (67, 68). During outbreaks of war and infectious diseases, the concept of resilient health systems has been studied in greater depth (69). People pay more attention to the positive role that individual facilities within the system can play (69). In highly cited articles, Gilson et al. (70) and Kieny et al. (71) also believe that giving full play to the role of leaders in the healthcare system, and strengthening the information exchange within and outside the healthcare system will be powerful measures. In the most citing literature, Jamal et al. (66) pointed out that providing physical and psychological support to employees, ensuring organizational flexibility, and establishing good collaboration and communication mechanisms are key points. In the highly citing literature published by Douedari et al. (72), strategic vision, participation, transparency, responsiveness, equity, effectiveness accountability were considered as critical elements for healthcare system governance. In addition, Fouad et al. (62) and Raven et al. (73) stated it was necessary to provide a safe working environment and appropriate incentives for front-line health workers (62, 73). These measures will help them relieve the psychological pressure, and subsequently the continuity of healthcare provision can be ensured to some extent (71). In addition, many cited articles (67, 68) and citing articles (62, 74) emphasized the necessity of establishing an information monitoring system, which is important for the prevention and control of epidemic outbreaks.

The timeline view (Figure 7) shows KD2 active since 2009. A highly cited paper in this knowledge domain was published by Rubenstein and Bittle (75) in 2010 which highlighted the importance of protecting healthcare facilities and medical staff in conflict and discussed the possible effective strategies. In 2014 and 2015, nodes with high centrality appeared. These two articles were published by Kieny et al. in 2014 (71) and Kruk et al. in 2015 (67), respectively. They all discussed the impact of the Ebola virus outbreak on healthcare systems and measures to improve resilience of systems. This may be related to the spread of Ebola virus from 2014 to 2015. The content of discussion in this knowledge domain does not evolve and change obviously.

(3) KD3 “resilience assessment” (ND3) = cluster #0 “evaluation framework” + #2 “functionality” + cluster #4 “earthquake”

In this domain, researchers applied various approaches to assess HFR and proposed several measures to improve resilience in the face of disasters (6). “Evaluation framework” consist of a number of resilience measures or indicators for resilience measurement (15, 76). “Functionality” is the most commonly used metrics for describing HFR (77). Particularly, the earthquake is the popular disaster discussed in this knowledge domain.

In the most cited literature, Jacques et al. (78) in 2014 used fault tree analysis to identify factors that affect critical hospital services, namely, non-structural component failures and external utility supply disruptions. In addition to the above two factors, Mitrani-Reiser et al. (79) and Kirsch et al. (10) also considered the damage to structural components, equipment and workers. Achour et al. (80) focused on the influence of public utilities, in which the impact of utility disruptions on healthcare facility was quantified. Some research utilized the modeling-based approach to assess HFR. For example, Cimellaro et al. (3) in 2011 and Cimellaro et al. (8) in 2016 proposed meta-models and discrete event simulation (DES) to assess resilience in the emergency department. In these studies, “patient waiting time” was used as a final measure of resilience (3, 8). Furthermore, the most citing article was published by Zhong et al. (15) in 2014, who developed a framework with eight areas to measure the resilience of hospitals to disasters. On this basis, factor analysis was conducted to extract four key capabilities (including emergency medical response capability, disaster management mechanisms, hospital infrastructural safety, and disaster resources) to measure HFR (15). In the same year, another framework was proposed by Zhong et al. (21) using literature review method. The key assessment areas are classified as robustness, redundancy, resourcefulness and rapidity. The functionality or performance of healthcare facilities is a commonly used resilience measure in many HFR assessment methods (77). In the highly cited articles, Cimellaro et al. (81) and Cimelaro et al. (40) quantified HFR by considering the loss and recovery phases of a healthcare facility's functionality. Furthermore, Khanmohammadi et al. (6) simulated the dynamic recovery process of hospital function after earthquakes. This model can help decision-makers assess the resilience of post-earthquake hospitals and determine the optimal use of available resources (to help hospitals recover their functions) (6). The citing article, Cimellaro et al. in 2019, used “patient waiting time” to measure the performance of a healthcare facility network in emergencies and proposed two resilience improvement strategies, namely, reallocating existing resources and building new emergency departments (82).

From the timeline view (Figure 7), the citation phenomenon appears among #0 “evaluation framework,” #2 “functionality,” #4 “earthquake,” which is sufficient to illustrate the intimate relationship between these three clusters. Among the three clusters, #2 “functionality” appeared the earliest among the top seven clusters, in which the citation outbreak appeared since 2003. The first widely cited article in this domain was published by Bruneau et al. (83) in 2003. In this study, “4R,” namely robustness, redundancy, resourcefulness, and rapidity, is used to summarize the concept of resilience for the first time (83). Since then, scholars have proposed many ways to evaluate HFR. Bruneau and Reinhorn (84) in 2007, Cimellaro et al. (81), and Cimellaro et al. (40) used probability functions to quantify the loss and recovery of performance/function in healthcare facilities. It is also common to identify key indicators and develop a framework model for assessment by combing the key capabilities of HFR (15, 21). Furthermore, scholars tend to evaluate HFR by modeling the interactions and behavioral changes of sub-systems within a facility, such as Cimellaro et al. (3) in 2011 and Cimellaro et al. (8) in 2016. With the deepening of the research, the research content gradually expanded from individual healthcare facilities to healthcare networks or systems. In 2010, Cimellaro et al. (40) assumed that the performance of healthcare networks was simply equal to the aggregation of individual facilities' performance. Based on an empirical study, Jacques et al. (78) in 2014 further discussed the positive effect of service sharing among hospitals on healthcare network performance. A recent citing article (85), which Hassan and Mahmoud published in 2020, established a framework model for assessing the resilience of post-earthquake healthcare systems. This model considered the quality and quantity of services provided by the hospitals, the demand and arrival rate of patients on the hospitals, and the interaction between hospitals and other infrastructures (85). HFR assessment studies are increasingly complex and profound.

(4) KD4 “applications of information system” (ND4) = cluster #6 “information system”

This knowledge domain mainly discusses the application of technologies in the healthcare industry. With the help of these technologies, healthcare facilities can process large amounts of information quickly, and provide more efficient, higher-quality services to more patients in less time.

A common application area with technologies is optimizing the layout of healthcare facilities. For one thing, in resource-constrained settings, well-located facilities can greatly improve access to health services, ensuring accessibility at the community or city level while making full use of resources. The most cited article (86) by Ferguson et al. in 2016 used Geographic Information System (GIS) to identify critical and efficient paths for patients accessing health services. Healthcare facilities are prioritized at the sites with large population congregations and intersection of these paths (86, 87). For another, with the help of GIS, the location of healthcare facilities can avoid low-lying areas, flood and other disasters or reduce the probability of such events (47). Another application area discussed frequently is decision support for resource allocation. It is reflected in prioritizing the provision of resources to core functional components to ensure service provision, and facilitating the reasonable matching of resources and demands to speed up the recovery of facility performance. In an article published in 2010 by Paturas et al. (88), a Hospital Emergency Support Functions (HESF) model based on the personnel database was developed urgently to review all functions and staff in the hospital. The most suitable personnel will be assigned to key positions based on the importance of the function and the capacities of the people. Additionally, medical diagnosis and treatment is popular in recent years. The COVID-19 outbreak has boosted popularity of telemedicine technologies. As the citing article (18) by Haldane et al. in 2020 and the citing article (89) by Bhaskar et al. in 2020 pointed out, telemedicine can ensure physical distance between people, reduce the route of transmission of the virus, and provide health services continuously.

From the timeline view (Figure 7), the knowledge domain KD4 began to rise around 2010, which is a relatively new research topic. The development of technologies also takes time to accumulate. These may be the reasons why this domain has no large citation outbreak and high centrality nodes. In recent cited literature, COVID-19 is an unshirkable research content (18, 90). They illustrate the impact of epidemics outbreaks on the use of technologies in healthcare facilities. With the advent of the data age, the everchanging science and technology will make this field of knowledge active for a long time.




DISCUSSION

Despite the considerable amount of HFR studies, no earlier effort has been given to existing aggregate findings quantitatively and comprehensively to our best knowledge. Thus, a comprehensive knowledge map for HFR is put forward (Figure 8) based on the aforementioned scientometric review and deep content analysis. The following part discussed the critical research parts, current research gaps, and future work.
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FIGURE 8. Knowledge map of HFR.



Critical Research Parts of HFR

As shown in Figure 8, this framework depicts three critical research parts of HFR: disturbance scenario analysis, resilience assessment, and resilience enhancement. Their states are described as follows.


Disturbance Scenario Analysis

When addressing the HFR issues, the researchers must primarily clarify what the healthcare facilities are resilient to (91). Specifically, which resilience strategies should be followed depends on the specific country context and the type of disturbances (12). Different economic-level countries focused on different disasters due to their specific regions, various healthcare level and infrastructure conditions, and diverse political conditions (92). Though content analysis, we stratified the data (collected articles) with regard to the involved countries with different economic level and their concerned disasters (Table 1) (93). Of the total 55 involved countries, there were 17 high-income countries (30.91%), 11 upper-middle income countries (20%), 17 lower-middle income countries (30.91%), and 10 low-income countries (18.18%), respectively. It appears that the healthcare sector of these countries is largely focused on acute shocks. High-income and middle-income (upper-middle and lower-middle) countries are more concerned about climate change and natural disasters, such as earthquakes, hurricanes, floods, etc., while low-income countries mostly discussed about Ebola and conflicts. Recently, with the emergence and rapid spread of COVID-19, more studies are trying to discuss the national response experience of the high-income countries and upper-middle income countries, and aiming to draw lessons from healthcare system that have proved more successful (12). Clearly, climate change issues, natural disasters and epidemics will severely test the healthcare facilities in all countries around the world in future. Understanding the pathways of various disturbances not only helps decision-makers prepare for problems but also manage better when they happen.


Table 1. Data stratification based on countries' economic level and concerned disasters.

[image: Table 1]

Disturbance scenario analysis characterizes the type, severity, occurrence time, and potential risks. For healthcare facilities, the disturbances are classified into external disasters (e.g., earthquakes, large floods, epidemic, and war) and internal pressures (e.g., equipment failure and human error) (47, 62, 94). The external disasters will cause the healthcare facilities' internal structural failure directly or interrupt the supply of external lifeline services (e.g., electric, water, communication, and gas) for healthcare facilities. Evidence shows that disasters are not always isolated events and usually occur in complex combinations (95). For instance, in 2008, the Wenchuan Earthquake in China was followed by floods and landslides (96, 97). Following such complex disturbances, healthcare facilities face significant operation challenges regarding the continuity of healthcare service (80). Considering the different disturbance scenarios, Zhao et al. and Ouyang et al. presented two basic scenario modes: single-disruption scenario and multiple-disruptions scenario (98, 99). The latter mode shows the impact of the initial event and its ensuring events on the performance of the infrastructure system. Some studies have focused on the single disturbance event in terms of healthcare facility resilience. For example, Bruneau and Reinhorn (84) in 2007 discussed seismic resilience in acute care facilities. Few studies began to consider the multiple disruption scenarios in the healthcare facility context. For instance, Qirbi and Ismail (100) in 2017 discussed the impact of wars and epidemics on healthcare facilities in Yemen.

Furthermore, the disturbance scenario analysis should understand how the disturbances influence the system (101). Such analysis should involve analyzing the system structure and clarifying the initial and subsequent failure caused by disturbances. The healthcare facility can maintain its normal function owing to external lifeline services (e.g., the municipal water supply, electric power supply, and gas supply) and the internal equipment systems (e.g., electric power system, HVAC system, water supply system, and gas system). In addition to these physical aspects, the healthcare facility operations also require organizational and social efforts. Healthcare organizations, including medical care departments, facility management department, asset management, department, and administrative department, operate numerous facilities serving core business relating to medical care, research, laboratories, and education (102). Social units refer to the government sector, fire service, police department, and social media that provide rescue services and resources for the healthcare facilities to deal with emergency events (83). All these dimensions are not isolated but highly interconnected and mutually interdependent (101, 103, 104). For example, water supply systems require an electric power supply to maintain their normal operations, whereas the electric power system needs water resource for power delivery. Thus, modeling and analyzing the interdependent system structure of healthcare facilities is a critical step for disturbance scenario analysis. Given the interdependencies, the cascading failures occur across the systems when the disaster event happens (80, 104, 105). Specifically, one sub-system's failure or function loss may lead to knock-on consequences in others and eventual collapse of the entire system. These cascading failures will be more serious under multiple disturbances. Thus, a full understanding of the propagation of cascade impact and synergic effect in the healthcare facility systems is necessary.



Resilience Assessment

“Measurement” is needed to identify what needs to be improved (106). Resilience assessment plays a decisive role in determining the strategies for resilient healthcare facilities development (107–109). Given this significant role, most previous HFR studies have focused on quantifying or assessing resilience. This section categorizes and reviews the existing resilience assessment methods for healthcare facilities. They are broadly grouped into three types: indicator-based, function-based, and structure-based approaches.

In terms of the indicator-based approaches, most studies proposed a generic framework for HFR assessment, which integrates several dimensions with a set of resilience measures (110). The critical steps for these approaches commonly include selecting and categorizing resilience indicators, weighing each indicator's importance, scoring the indicators, and calculating the final resilience results. For example, Bruneau et al. proposed a general framework to evaluate the seismic resilience of any physical and organizational systems (83). This framework quantifies resilience with four properties: robustness, redundancy, resourcefulness, and rapidity (83). Various studies have been implemented to quantify resilience from different perspectives to support decision-making. For example, Cimellaro et al. (111) in 2018 used a questionnaire and factor analysis to identify three resilience factors, including cooperation and training management, resources and equipment capability, and structural/organizational operating procedures. A linear combination of the three factors was eventually used to represent HFR. In sum, the indicator-based approaches capture the characteristics of multiple dimensions for HFR, and implementing these approaches is easy. However, most selected resilience indicators in the indicator-based approaches are static and cannot measure HFR in a dynamic way. The resilience capacities of healthcare facilities are process-based, which are reflected by the healthcare facilities' dynamic responses to disruptions.

The function-based approaches provide a quantitative and direct means to evaluate HFR by using the performance curve describing the functionality of healthcare facilities. Collected from the time-dependent performance curve, several macro-level indicators were used to determine dynamic resilience, such as lost functionality, downtime, and recovery time. For example, Cimellaro et al. (3) in 2011 defined the disaster resilience of a hospital as the product of technical and organizational resilience. Patient waiting time was used to measure organizational resilience. The number of untreated patients vs. the total number of patients requiring treatment, that is, healthy population loss, was used to measure technology resilience. One challenge with these approaches is that healthcare facilities' critical functionality/performance in scenario time is difficult to define (103). Common sense and previous studies indicated that the functionality of healthcare facilities can be defined in terms of quality service. For instance, Cimellaro et al. (40) in 2010 expressed seismic resilience by the patients' waiting time for treatment as an index of service quality. More attributes, such as losses, recovery cost, and time, were further selected to measure the resilience to recover from losses generated by the earthquake (40). In the case of COVID-19, the critical functionalities of healthcare facilities are to hospitalize all infected persons and continue to provide normal care for non-COVID-19 patients. Accordingly, the number of intensive care beds available and the available personal protection equipment/resources are specifically used to quantify resilience of the healthcare facilities (103). Thus, the definition of system functionality and corresponding resilience indicators will be changed according to the facing disasters. Therefore, the function-based approach can dynamically determine the resilience by comparing the macro-level functionality/performance of healthcare facilities before and after disruptions in time scenarios. However, these approaches did not take the healthcare facilities' micro-level system structures and behaviors into consideration. Consequently, it is difficult to dig out the vulnerable and critical components of the healthcare facilities and develop the targeted resilience enhancement strategies.

The structure-based approaches considered the system structures and their impact on resilience in healthcare facilities (101). The healthcare facilities' response to disturbances can be represented by modeling the system structures at the component level and then simulating the cascade failures at the system level. Several indicators from the simulation model can be used to measure the resilience level, such as many waiting patients and admission rates (6, 85). Depending on whether the behaviors of decision-makers are modeled, the present study characterizes structure-based approaches into two types: agent-based approaches and network-based approaches. Agent-based models are often used to simulate the actions and interactions of agents (112, 113). In 2001, Taboada et al. (113) modeled a hospital emergency department using a proxy-based approach, in which the changes in patient waiting time were shown under different patient arrival rates and different types and numbers of ED staff. As for the network-based approach, nodes are used to represent critical components of the system, and the relationships between nodes are represented by links (112). According to whether modeling the practical flow within systems, network-based methods can be divided into topology-based methods and flow-based methods (41). For example, Akcali et al. (114) in 2006 established a network flow model to optimize the bed capacity in a hospital under the premise of minimum cost. Arboleda et al. (101) presented a network flows model to assess the vulnerability of a healthcare facility during disaster events, considering the flow of patients within the facility, the interactions between the facility's different service areas, and the external lifeline services. In sum, the structure-based approaches capture the system's topological features and even simulate the participants' behaviors on these topological structures using agent-based technologies. The resilience mechanism can be explored by simulating the interactions between system structures, participants' behaviors, and disasters. Thus, effective strategies on resilience enhancement can be simulated in these structure-based models, and the optimal resilience enhancement strategies would then be selected. However, concerning the accessibility of data for modeling and simulation, the structure-based approaches, particularly the agent-based methods and the flow-based methods, are difficult to access the required data. This limitation is serious in the healthcare sectors. The most complex data sets, such as the human behavior variables and the facilities' operational data, are difficult to obtain because of privacy and security issues (112).



Resilience Enhancement

The resilience enhancement of healthcare facilities is a sophisticated and systematic process, for which the type and severity of disturbances, the stage of the disturbance, the healthcare facilities conditions as well as the specific country context should be fully considered (12, 110). Generally, resilience enhancement strategies are provided later after resilience assessments. For this, we directly distilled the resilience strategies from existing research results. The following section will depict these resilience strategies at different stages of the response cycle, in which macro level (healthcare systems) and micro level (single healthcare facility) were both involved. Moreover, some resilience strategies could be conducted across stages. Here, we map specific strategies to particular stages of disaster response in order to highlight their critical relevance in these stages.


Stage 1: Preparedness and Response Planning

Resilience to acute disturbances is enhanced by adequate preparedness (46, 110). The preparedness stage relates to reducing the vulnerability of the healthcare facilities to various disturbances (46). At this stage, general preparation for any disturbances includes response planning for possible threats, resourcing those plans and holding scenario drills as planned (46). It's important to note that healthcare facilities vary widely in the degree to which they prepared for the range of possible disturbances (110). The degree of preparedness will be determined by the frequency and severity of the possible risks. Threats with high probability or high impacts should be given priority in preparedness and response planning. However, building too much preparedness for a specific disaster might increase the healthcare facilities' vulnerability to other unanticipated threats due to limited workforce and resource (12). Thus, anticipating possible disturbances and ensuring sufficient resource with adequate distribution are critical element of preparedness.

Learning from previous studies, the micro-level preparedness in single healthcare facility is summarized as the following areas: assessing the healthcare facility's structural and non-structural vulnerabilities, mapping the intensity and probability of possible threats, setting emergency plan and protocols, preparing emergency teams and assigning of responsibilities, training for emergency response procedures, and ensuring human and physical resources sufficient with appropriate level and distribution, etc. (15, 21, 46, 110, 115). The macro-level preparedness mainly relates to how well a country/region prepares for future disturbances affecting its healthcare system (12). Examples of preparedness and response planning have been specified as critical for resilience, including establishing strong leadership and accountability of government agencies for emergency response, developing coordination channels and data-sharing mechanisms across government and key stakeholders, and ensuring sufficient healthcare system resources (healthcare related resource and critical infrastructure support) and mobilizing all available resources across regions for deployment in future threats, etc. (66, 72, 74, 92). Clearly, healthcare system preparedness provides communication channels and governance mechanism for information sharing and resource support across healthcare sectors, different levels of government and the other social sectors (i.e., media, community committees and infrastructure service) in the case of emergency crisis (12). It is also noted that preparedness in single healthcare facility provides a backbone for developing and implementing national/regional preparedness and response plans (116). Specifically, single healthcare facility provides front-line data including vulnerability risks, resource requirements and service capacity, etc. (117). These data underpin effective decision-makings for developing national/regional preparedness and response plans, which includes anticipate external threats and identify internal vulnerabilities of healthcare system, clarify existing gaps between service supply and demands at national/regional level, and determine the appropriate level and distribution of resources across healthcare system (67). In addition, single healthcare facility is at the core position for supporting the implementation of national/regional plans and ensuring the continuous service delivery in response to threats (66).



Stage 2: Disturbance Onset and Alarm

The focus of this phase is on early identification of the onset and type of the disturbance (12). Clearly, the earlier that the disturbance is noticed, the faster and more effective the response actions can be. An effective surveillance and early warning system would be a powerful tool at both macro level and micro level (74, 90). Take the epidemic threats as examples, surveillance applications include detecting the abnormal increase of the case, monitoring and describing the magnitude and patterns of infectious disease, predicting epidemic trends, and discovering the emerging infectious disease (118). Then, early warning releases the signals to relevant institutions and personal for further control actions. Critically, effective surveillance and early warning system builds primarily on active data collection and information-sharing mechanisms (71, 74). Particularly, as the basic data resources, the hospitals, clinics and community care centers should take the responsibility of collecting reliable data and reporting to relevant sectors in time (67). In view of healthcare systems, it is suggested to expand the data scope and build trans-city or even transnational information monitoring systems to achieve large-scale communication and information sharing (74).



Stage 3: Disturbance Impact and Management

This stage places greater emphasis on the ability to absorb the impact of initial damage, minimize adverse consequences and ensure the continuous service delivery (98). Generally, threats will disrupt the balance between supply and demand of healthcare service. And the shortage of health professionals and resources is serious. Experience from previous crises, increasing service capacity and adopting alternative and flexible approaches to ensure continuous healthcare delivery are strong need for strengthening resilience when healthcare facilities were shocked by threats (12). A series of specific response strategies for single healthcare facility were explored from previous studies, including triaging patients and treating them according to their urgency level, giving priority to maintaining healthcare service delivery, shifting operation activities to lower-cost settings, activating the backup resources (i.e., health professionals, medical resource, lifeline service) for increasing service capacity or preventing service disruptions (6, 8, 80, 110). The response actions of healthcare system will promote absorption and adaption abilities at strategic level. Effective information systems are critical for decision-making across healthcare system (74). For example, based on the flow of data and information across healthcare system sectors, decision-makers can precisely match the demands of healthcare and resources with available supply in view of fast response and transfer cost (78, 79, 85). It is noted that these resource sharing and coordination activities should be underpinned by emergency legislation at national/regional level (57). Additionally, transparent communication to the public, and creation of public trust and support are also crucial in response to emergencies (12).



Stage 4: Recovery and Learning

In this stage, the focus is on taking a series of adjustments to better recover from the impact of the disturbance and return to some kind of now normality (12). The post-shock context has to deal with several legacy issues, such as lost estimation, recovery decision-makings, and rebalance of the demand and supply, etc. (6, 119). For the micro-level single healthcare facility, several studies proposed specific strategies for recovery decision-makings. For instance, a decision support platform was developed for determining the priority of the damaged components and allocating recovery resources in consideration of both recovery time and cost (7, 57, 84). Ouyang et al. proposed that developing efficient communication channels and coordination mechanisms for rapid recovery response is necessary (93). In addition, other strategic legacy issues have to be done by macro-level healthcare systems. For example, scheduling recovery resources across regions or sectors and the long-term of physical and psychological treatment after shocks are great challenges (72, 74). Critically, all these decision-makings for recognizing legacy aspects and figuring out operable recovery strategies rely heavily on data collection (e.g., loss data, repair time, and required amount for recovery resources) and data analysis methods. Furthermore, learning from success and failures and adaptation to future is vital for building resilience (92). Several learning strategies could be noted for healthcare facilities, such as developing organizational learning culture and developing mechanisms to conduct feedback analysis and experience summary (46). In essence, most resilience strategies across the disaster response stages were summarized through learning from past experience.





Knowledge Gaps and Future Research

Reviewing the articles relating to HFR in 2000–2020, this study identifies the areas that are still requiring further studies. As Figure 8 shows, these areas are summarized into the knowledge gaps of HFR and set the directions for future research.

The first knowledge gap is related to understanding and monitoring the risks for uncertain adverse events. The resilience concept emphasizes the resistant capacity of the system to understand and prevent any possible hazards (including emerging risks) (98). In terms of the functionality of healthcare facilities, monitoring the risks of public health and the loopholes of the healthcare systems are essential for the healthcare facilities' disaster prevention (67). The traditional monitoring systems usually collected public health data from clinical cases, which are labor-intensive and time-consuming (120–123). This method is inefficient for dealing with the emerging risks, particularly the epidemics with a fast spread and long incubation period (103). Taking COVID-19 for example, in some countries without powerful healthcare support and warning mechanisms, an average delay of 29 days was observed from the onset of symptoms to the detection of the epidemic outbreak (124). This delay finally resulted in the widespread COVID-19 and huge pressure on healthcare systems. Thus, studying the hazard monitoring system for healthcare facilities is urgent. Specifically, monitoring the data of climate change (e.g., the rising temperature and possible floods) and exploring their impact on public health can be noted for the early identification and monitoring of public health events (56). Furthermore, given that the clues of risks are probably hiding in the public, how to use the data from social media for monitor the public's reactions is also worth further research, in which collection methods and data cleaning technologies are critical points.

The second knowledge gap is the modeling and simulation of system interdependency. A range of recent HFR studies discussed the impact of disturbances on healthcare facilities (14, 43, 80), but few studies can use the “structure-based” method to quantify the resilience level of healthcare facilities (112). The main reason for this limitation is that existing studies do not fully support modeling and simulation of system interdependency and cascading effects for healthcare facilities (112). In terms of system interdependence, the operational healthcare facility and its emergency management heavily depend on external lifeline services, internal equipment systems, healthcare organizations, and social units (80, 125). All these dimensions are highly interconnected and mutually interdependent. In disasters, the performance deterioration of healthcare facilities can be easily amplified because of interdependencies. Thus, for HFR research, future research would characterize the structure of complex healthcare facility systems and identify approaches to simulate this interdependent system.

The third knowledge gap is related to considering the cascading effects of healthcare facilities. How disturbances cascade through the interdependent systems has to be assessed to estimate the performance deterioration and mitigate the consequences of failures (125). Some studies proposed the methods of revealing cascade failures for interdependent critical infrastructures. For example, Utne et al. developed a cascade diagram to represent the cascading failures across the interdependent critical infrastructures under the accident scenario (126). Lam and Tai integrated network and fuzzy set theory to reveal the cascade effect from a disruption (127). Ouyang reviewed the approaches of modeling interdependent critical infrastructure systems, including empirical approaches, agent-based approaches, and network-based approaches (112). Those studies focused on the general essential infrastructure systems, such as the power grid, telecommunications, transportation, and water supply systems. However, in-depth research on modeling healthcare facility systems is still lacking. Furthermore, these proposed modeling methods for general infrastructure systems can also provide directions for HFR studies in the future.

The fourth knowledge gap is concerning the data collection for HFR modeling and simulation. All proposed resilience assessment approaches require a lot of relevant data, such as the healthcare facilities' system structures, organizational structures, operational data, emergency procedures, performance data, experts' experience, and historical events' data (112, 128). To collect these data is generally difficult because of a series of reasons. For example, much historical data on previous disturbances in healthcare facilities are incomplete and imprecise because of the backward information recording and preservation methods or awareness (129, 130). This limitation directly blocked the use of function-based approaches for empirical resilience assessment and data basis to validate other modeling and simulation methods (112). Furthermore, the healthcare facilities' operational data and their performance metrics are usually confidential because of safety issues or commercial secrets. Despite scholars and practitioners appealed to develop the data collection mechanism for events data in healthcare facilities, data collection or accidents reports for HFR studies have no standard. Thus, developing a unified database for monitoring and collecting the events data in healthcare facilities is essential. The following data standards and data analysis methods can be further researched for HFR studies.

The fifth knowledge gap is related to integration and co-simulation for HFR assessment. The previous review of resilience assessment approaches depicts that each approach has advantages and disadvantages. Function-based approaches can dynamically and directly reflect resilience capacities by the changing macro-level functionality/performance of healthcare facilities (40, 81). However, they fail to identify the critical components within healthcare facility systems that can significantly impact resilience because they did not consider the micro-level system structures, interdependences, and response behaviors (6, 128). Accordingly, the structure-based approaches only used topological indicators to represent resilience in a static way, which could not fully reveal resilience's “process-based” characteristics in a time scenario. To develop the strong points and avoid the weak points for HFR assessment studies, an open modeling framework to capture the macro-level performance indicators and the micro-level topological indicators is more desired for practical applications. This framework will involve integrating modeling and simulation methods for HFR, and specifically exploring the relationship between the micro-level topological indicators and the macro-level performance indicators in a mathematical way is necessary.

The sixth knowledge gap has to do with proactive adaptive management of healthcare facilities. Most existing studies give more efforts to existing function recovery, but little attention is devoted to recognizing the healthcare facilities as an adaptive system (92). After the disaster is completely gone, the system of healthcare facilities had been re-stabilized. In most cases, this stable state is different from the stable state before the disaster. This is due to the impact of disasters and measures implemented to ensure the functioning of healthcare facilities (12). Exploring differences between these two steady-states and their causes will be meaningful for discovering the pathways of strengthening future resilience in a system view (12). Additionally, tightly linking the recovery and learning experience to preparedness is crucial although often neglected once the function is recovered (12). Strengthening the resilience of healthcare facilities in an adaptive view is not only for improving the current system but is also better for response to future threats scenarios.




CONCLUSION

Healthcare facilities are one of the most important and complicated critical facilities in any region and country. During disasters (e.g., earthquake, flood, and epidemic), their role is even critical for rapid and effective response to casualties, injuries, or infected patients. Thus, the resilience of healthcare facilities has gained much attention in recent studies. This scientometric review aims to detect the status quo and future trends of healthcare facility resilience research. After directional search and exclusion, 374 articles between 2000 and 2020, which were gathered from the WoS core collection database, MEDLINE database and Scopus database, were analyzed to explore and visualize the current status and future trends of healthcare facility resilience research.

In terms of the temporal distribution, research on HFR has experienced three stages: preliminary exploration period (2000–2007), slow development period (2008–2014), and rapid growth period (2015–2020). Most HFR studies originated from the USA, UK, Australia, Italy, and China concerning spatial distribution. Furthermore, the institutions that conduct HFR research are relatively scattered. Regarding the subject categories in co-occurrence analysis, engineering and public and environmental and occupational health were two major research subjects. Given the keywords, “resilience,” “hospital,” “disaster,” “health care,” and “healthcare facility” had the most frequency.

According to the literature co-citation networks, seven co-citation clusters were detected. This study classified them into four knowledge domains based on their contents: climate change impact, strengthening resilience in response to war and epidemic, HFR assessment, and information system applications. Furthermore, the timeline view of literature reflected the evolution of each domain.

Based on the aforementioned scientometric analysis, a knowledge map for HFR was put forward, in which the critical research contents, current knowledge gaps, and future research work were discussed. The critical research parts of HFR, including disturbance scenario analysis, resilience assessment, and resilience enhancement, were discussed in detail. Furthermore, knowledge gaps were identified in the areas of monitoring risk, modeling system interdependence, considering cascading effects, concerning data collection, HFR assessment barriers, and healthcare system resilience. Accordingly, the future research agenda were proposed: (1) studying the hazards monitoring system for public health based on climate change data and social media's reactions, (2) characterizing the structure of complex healthcare facility systems and exploring approaches to simulate this interdependent system, (3) modeling the cascading effects in healthcare facilities for estimating the performance deterioration and mitigating the consequences of failures, (4) developing a unified database for monitoring and collecting the standard events data for HFR research, (5) integrating and co-simulating the HFR assessment approaches for considering the micro-level topological indicators and the macro-level performance indicators, and (6) implementing proactive adaptive management of healthcare facilities.

This study provides an in-depth review of the status quo, knowledge gaps, and future research directions for researchers and practitioners in the HFR field. The proposed knowledge map of HFR is particularly useful for researchers to detect hot topics and find future research directions. Subsequently, the knowledge gaps will be filled, and the body of HFR knowledge will be extended.



AUTHOR CONTRIBUTIONS

LL conceptualized the research paper and contributed to manuscript writing. SL, JY, EW, and JS contributed to drafting the paper, data gathering, manuscript writing, data analysis and interpretation, and critical editing. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the National Natural Science Foundation of China (Grant Number: NSFC-71901120 and - 72072031), and Humanities and Social Science Youth Foundation, Ministry of Education of the People's Republic of China (Grant Number: 19YJCZH080).



REFERENCES

 1. Tepper F. Sendai Framework for Disaster Risk Reduction 2015-2030. (2015). Available online at: http://www.cma.gov.cn/en2014/20150311/20151010/2015101002/201510/P020151012525690375817.pdf (accessed August 18, 2021).

 2. Beck U. From industrial society to the risk society: questions of survival, social structure and ecological enlightenment. Theory Cult Soc. (1992) 9:97–123. doi: 10.1177/026327692009001006

 3. Cimellaro GP, Reinhorn AM, Bruneau M. Performance-based metamodel for healthcare facilities. Earthq Eng Struct Dyn. (2011) 40:1197–217. doi: 10.1002/eqe.1084

 4. Janius R, Abdan K, Zulkaflli ZA. Development of a disaster action plan for hospitals in Malaysia pertaining to critical engineering infrastructure risk analysis. Int J Disaster Risk Reduct. (2017) 21:168–75. doi: 10.1016/j.ijdrr.2016.12.002

 5. Achour N, Price ADF. Resilience strategies of healthcare facilities: present and future. Int J Disaster Resil Built Environ. (2010) 1:264–76. doi: 10.1108/17595901011080869

 6. Khanmohammadi S, Farahmand H, Kashani H. A system dynamics approach to the seismic resilience enhancement of hospitals. Int J Disaster Risk Reduct. (2018) 31:220–33. doi: 10.1016/j.ijdrr.2018.05.006

 7. Her M. Repurposing and reshaping of hospitals during the COVID-19 outbreak in South Korea. One Health. (2020) 10:3. doi: 10.1016/j.onehlt.2020.100137

 8. Cimellaro GP, Malavisi M, Mahin S. Using discrete event simulation models to evaluate resilience of an emergency department. J Earthq Eng. (2016) 21:203–26. doi: 10.1080/13632469.2016.1172373

 9. Schulze SS, Fischer EC, Hamideh S, Mahmoud H. Wildfire impacts on schools and hospitals following the 2018 California Camp Fire. Nat Hazards. (2020) 104:901–25. doi: 10.1007/s11069-020-04197-0

 10. Kirsch TD, Mitrani-Reiser J, Bissell R, Sauer LM, Mahoney M, Holmes WT, et al. Impact on hospital functions following the 2010 Chilean earthquake. Disaster Med Public Health Prep. (2010) 4:122–8. doi: 10.1001/dmphp.4.2.122

 11. Jouffroy R, Puidupin A, Carli P, Vivien B. Organization of care from the field to the hospital (White Plan). Bull Acad Natl Med. (2016) 200:729–46. doi: 10.1016/S0001-4079(19)30698-3

 12. Thomas S, Sagan A, Larkin J, Cylus J, Figueras J, Karanikolos M. Strengthening Health Systems Resilience: Key Concepts and Strategies. (2020). Available online at: https://europepmc.org/article/med/32716618 (accessed September 19, 2021).

 13. Hugelius K, Becker J, Adolfsson A. Five challenges when managing mass casualty or disaster situations: a review study. Int J Environ Res Public Health. (2020) 17:13. doi: 10.3390/ijerph17093068

 14. Curtis S, Fair A, Wistow J, Val DV, Oven K. Impact of extreme weather events and climate change for health and social care systems. Environ Health. (2017) 16:23–32. doi: 10.1186/s12940-017-0324-3

 15. Zhong S, Clark M, Hou X-Y, Zang Y, FitzGerald G. Validation of a framework for measuring hospital disaster resilience using factor analysis. Int J Environ Res Public Health. (2014) 11:6335–53. doi: 10.3390/ijerph110606335

 16. Cui C, Liu Y, Hope A, Wang J. Review of studies on the public–private partnerships (PPP) for infrastructure projects. Int J Proj Manag. (2018) 36:773–94. doi: 10.1016/j.ijproman.2018.03.004

 17. Koks EE, Rozenberg J, Zorn C, Tariverdi M, Vousdoukas M, Fraser SA, et al. A global multi-hazard risk analysis of road and railway infrastructure assets. Nat Commun. (2019) 10:11. doi: 10.1038/s41467-019-10442-3

 18. Haldane V, Zhang Z, Abbas RF, Dodd W, Lau LL, Kidd MR, et al. National primary care responses to COVID-19: a rapid review of the literature. BMJ Open. (2020) 10:10. doi: 10.1136/bmjopen-2020-041622

 19. Fallah-Aliabadi S, Ostadtaghizadeh A, Ardalan A, Fatemi F, Khazai B, Mirjalili MR. Towards developing a model for the evaluation of hospital disaster resilience: a systematic review. BMC Health Serv Res. (2020) 20:11. doi: 10.1186/s12913-020-4915-2

 20. Gajic G, Djurdjevic L, Kostic O, Jaric S, Mitrovic M, Pavlovic P. Ecological potential of plants for phytoremediation and ecorestoration of fly ash deposits and mine wastes. Front Environ Sci. (2018) 6:24. doi: 10.3389/fenvs.2018.00124

 21. Zhong S, Clark M, Hou X-Y, Zang Y-L, Fitzgerald G. Development of hospital disaster resilience: conceptual framework and potential measurement. Emerg Med J. (2014) 31:930–8. doi: 10.1136/emermed-2012-202282

 22. Son C, Sasangohar F, Rao AH, Larsen EP, Neville T. Resilient performance of emergency department: patterns, models and strategies. Saf Sci. (2019) 120:362–73. doi: 10.1016/j.ssci.2019.07.010

 23. Borner K, Chen CM, Boyack KW. Visualizing knowledge domains. Annu Rev Inform Sci Technol. (2003) 37:179–255. doi: 10.1002/aris.1440370106

 24. Zhao X, Zuo J, Wu G, Huang C. A bibliometric review of green building research 2000-2016. Archit Sci Rev. (2019) 62:74–88. doi: 10.1080/00038628.2018.1485548

 25. van Leeuwen T. The application of bibliometric analyses in the evaluation of social science research. Who benefits from it, and why it is still feasible. Scientometrics. (2006) 66:133–54. doi: 10.1007/s11192-006-0010-7

 26. Chen C. Science mapping: a systematic review of the literature. J Data Inf Sci. (2017) 2:1–40. doi: 10.1515/jdis-2017-0006

 27. Chen C. CiteSpace-Visualizing Patterns and Trends in Scientific Literature. (2003). Available online at: http://cluster.cis.drexel.edu/~cchen/citespace/ (accessed September 19, 2021).

 28. Cerchione R, Esposito E. A systematic review of supply chain knowledge management research: state of the art and research opportunities. Int J Prod Econ. (2016) 182:276–92. doi: 10.1016/j.ijpe.2016.09.006

 29. Hu W, Dong J, Hwang B-g, Ren R, Chen Z. A scientometrics review on city logistics literature: research trends, advanced theory and practice. Sustainability. (2019) 11:27. doi: 10.3390/su11102724

 30. Giorgi G, Lecca LI, Alessio F, Finstad GL, Bondanini G, Lulli LG, et al. COVID-19-related mental health effects in the workplace: a narrative review. Int J Environ Res Public Health. (2020) 17:22. doi: 10.3390/ijerph17217857

 31. Hasani A, Khosrojerdi A. Robust global supply chain network design under disruption and uncertainty considering resilience strategies: a parallel memetic algorithm for a real-life case study. Transp Res Pt eLogist Transp Rev. (2016) 87:20–52. doi: 10.1016/j.tre.2015.12.009

 32. Yin KY, Divakar P, Wegst UGK. Freeze-casting porous chitosan ureteral stents for improved drainage. Acta Biomater. (2019) 84:231–41. doi: 10.1016/j.actbio.2018.11.005

 33. Caswell N, Kuru K, Ansell D, Jones MJ, Watkinson BJ, Leather P, et al. Patient engagement in medical device design: refining the essential attributes of a wearable, pre-void, ultrasound alarm for nocturnal enuresis. Pharm Med. (2020) 34:39–48. doi: 10.1007/s40290-019-00324-w

 34. Chen C, Dubin R, Kim MC. Emerging trends and new developments in regenerative medicine: a scientometric update (2000 - 2014). Expert Opin Biol Ther. (2014) 14:1295–317. doi: 10.1517/14712598.2014.920813

 35. Wang L, Xue X, Zhang Y, Luo X. Exploring the emerging evolution trends of urban resilience research by scientometric analysis. Int J Environ Res Public Health. (2018) 15:2181–210. doi: 10.3390/ijerph15102181

 36. Zhao X. A scientometric review of global BIM research: analysis and visualization. Autom Constr. (2017) 80:37–47. doi: 10.1016/j.autcon.2017.04.002

 37. Zhu S, Li D, Feng H, Gu T, Hewage K, Sadiq R. Smart city and resilient city: differences and connections. Wiley Interdiscip Rev Data Mining Knowl Discov. (2020) 10:19. doi: 10.1002/widm.1388

 38. Chen C, Hu Z, Liu S, Tseng H. Emerging trends in regenerative medicine: a scientometric analysis in CiteSpace. Expert Opin Biol Ther. (2012) 12:593–608. doi: 10.1517/14712598.2012.674507

 39. Sharifi A. Urban resilience assessment: mapping knowledge structure and trends. Sustainability. (2020) 12:5918. doi: 10.3390/su12155918

 40. Cimellaro GP, Reinhorn AM, Bruneau M. Seismic resilience of a hospital system. Struct Infrastruct Eng. (2010) 6:127–44. doi: 10.1080/15732470802663847

 41. Lomas KJ, Giridharan R, Short CA, Fair AJ. Resilience of “Nightingale” hospital wards in a changing climate. Build Serv Eng Res Technol. (2012) 33:81–103. doi: 10.1177/0143624411432012

 42. Short CA, Lomas KJ, Giridharan R, Fair AJ. Building resilience to overheating into 1960's UK hospital buildings within the constraint of the national carbon reduction target: adaptive strategies. Build Environ. (2012) 55:73–95. doi: 10.1016/j.buildenv.2012.02.031

 43. Lomas KJ, Giridharan R. Thermal comfort standards, measured internal temperatures and thermal resilience to climate change of free-running buildings: a case-study of hospital wards. Build Environ. (2012) 55:57–72. doi: 10.1016/j.buildenv.2011.12.006

 44. Hajat S, O'Connor M, Kosatsky T. Health effects of hot weather: from awareness of risk factors to effective health protection. Lancet. (2010) 375:856–63. doi: 10.1016/S0140-6736(09)61711-6

 45. Nitschke M, Tucker GR, Hansen AL, Williams S, Zhang Y, Bi P. Impact of two recent extreme heat episodes on morbidity and mortality in Adelaide, South Australia: a case-series analysis. Environ Health. (2011) 10:9. doi: 10.1186/1476-069X-10-42

 46. Chand AM, Loosemore M. Hospital learning from extreme weather events: using causal loop diagrams. Build Res Informat. (2016) 44:875–88. doi: 10.1080/09613218.2016.1097805

 47. Codjoe SNA, Gough KV, Wilby RL, Kasei R, Yankson PWK, Amankwaa EF, et al. Impact of extreme weather conditions on healthcare provision in urban Ghana. Soc Sci Med. (2020) 258:12. doi: 10.1016/j.socscimed.2020.113072

 48. Corvalan C, Villalobos Prats E, Sena A, Campbell-Lendrum D, Karliner J, Risso A, et al. Towards climate resilient and environmentally sustainable health care facilities. Int J Environ Res Public Health. (2020) 17:18. doi: 10.3390/ijerph17238849

 49. Bean R, Snow S, Glencross M, Viller S, Horrocks N. Keeping the power on to home medical devices. PLoS ONE. (2020) 15:e0235068. doi: 10.1371/journal.pone.0235068

 50. Hutton NS, Allen MJ. Challenges in upgrading emergency power in florida nursing homes following hurricane irma. Weather Clim Soc. (2020) 12:805–14. doi: 10.1175/WCAS-D-19-0064.1

 51. Hiete M, Merz M, Schultmann F. Scenario-based impact analysis of a power outage on healthcare facilities in Germany. Int J Disaster Resilience Built Environ. (2011) 2:222–44. doi: 10.1108/17595901111167105

 52. Kyriakarakos G, Dounis A. Intelligent management of distributed energy resources for increased resilience and environmental sustainability of hospitals. Sustainability. (2020) 12:4. doi: 10.3390/su12187379

 53. Lagrange A, de Simón-Martín M, González-Martínez A, Bracco S, Rosales-Asensio E. Sustainable microgrids with energy storage as a means to increase power resilience in critical facilities: an application to a hospital. Int J Electr Power Energy Syst. (2020) 119:105865. doi: 10.1016/j.ijepes.2020.105865

 54. Costello A, Abbas M, Allen A, Ball S, Bell S, Bellamy R, et al. Managing the health effects of climate change. Lancet. (2009) 373:1693–733. doi: 10.1016/S0140-6736(09)60935-1

 55. Giridharan R, Lomas KJ, Short CA, Fair AJ. Performance of hospital spaces in summer: a case study of a ‘Nucleus’-type hospital in the UK Midlands. Energy Build. (2013) 66:315–28. doi: 10.1016/j.enbuild.2013.07.001

 56. Li M, Gu S, Bi P, Yang J, Liu Q. Heat waves and morbidity: current knowledge and further direction-a comprehensive literature review. Int J Environ Res Public Health. (2015) 12:5256–83. doi: 10.3390/ijerph120505256

 57. Watts N, Adger WN, Agnolucci P, Blackstock A, Byass P, Cai WJ, et al. Health and climate change: policy responses to protect public health. Lancet. (2015) 386:1861–914. doi: 10.1016/S0140-6736(15)60854-6

 58. United Nations. Sendai Framework for Disaster Risk Reduction 2015 - 2030. (2015). Available online at: http://www.cma.gov.cn/en2014/20150311/20151010/2015101002/201510/P020151012525690375817.pdf (accessed October 2, 2021).

 59. Runkle J, Svendsen ER, Hamann M, Kwok RK, Pearce J. Population health adaptation approaches to the increasing severity and frequency of weather-related disasters resulting from our changing climate: a literature review and application to Charleston, South Carolina. Curr Environ Health Rep. (2018) 5:439–52. doi: 10.1007/s40572-018-0223-y

 60. Mayer B. A review of the literature on community resilience and disaster recovery. Curr Environ Health Rep. (2019) 6:167–73. doi: 10.1007/s40572-019-00239-3

 61. Kendrovski V, Schmoll O. Priorities for protecting health from climate change in the WHO European Region: recent regional activities. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz. (2019) 62:537–45. doi: 10.1007/s00103-019-02943-9

 62. Fouad FM, Sparrow A, Tarakji A, Alameddine M, El-Jardali F, Coutts AP, et al. Health workers and the weaponisation of health care in Syria: a preliminary inquiry for the lancet –American University of Beirut Commission on Syria. Lancet. (2017) 390:2516–26. doi: 10.1016/S0140-6736(17)30741-9

 63. Dewachi O, Skelton M, Nguyen V-K, Fouad FM, Sitta GA, Maasri Z, et al. Changing therapeutic geographies of the Iraqi and Syrian wars. Lancet. (2014) 383:449–57. doi: 10.1016/S0140-6736(13)62299-0

 64. Tappis H, Elaraby S, Elnakib S, AlShawafi NAA, BaSaleem H, Al-Gawfi IAS, et al. Reproductive, maternal, newborn and child health service delivery during conflict in Yemen: a case study. Confl Health. (2020) 14:30. doi: 10.1186/s13031-020-00269-x

 65. Fardousi N, Douedari Y, Howard N. Healthcare under siege: a qualitative study of health-worker responses to targeting and besiegement in Syria. BMJ Open. (2019) 9:12. doi: 10.1136/bmjopen-2019-029651

 66. Jamal Z, Alameddine M, Diaconu K, Lough G, Witter S, Ager A, et al. Health system resilience in the face of crisis: analysing the challenges, strategies and capacities for UNRWA in Syria. Health Policy Plan. (2019) 35:26–35. doi: 10.1093/heapol/czz129

 67. Kruk ME, Myers M, Varpilah ST, Dahn BT. What is a resilient health system? Lessons from Ebola. Lancet. (2015) 385:1910–2. doi: 10.1016/S0140-6736(15)60755-3

 68. Cousins S. Syrian crisis: health experts say more can be done. Lancet. (2015) 385:931–4. doi: 10.1016/S0140-6736(15)60515-3

 69. Biddle L, Wahedi K, Bozorgmehr K. Health system resilience: a literature review of empirical research. Health Policy Plan. (2020) 35:1084–109. doi: 10.1093/heapol/czaa032

 70. Gilson L, Barasa E, Nxumalo N, Cleary S, Goudge J, Molyneux S, et al. Everyday resilience in district health systems: emerging insights from the front lines in Kenya and South Africa. BMJ Glob Health. (2017) 2:e000224. doi: 10.1136/bmjgh-2016-000224

 71. Kieny M-P, Evans DB, Schmets G, Kadandale S. Health-system resilience: reflections on the Ebola crisis in western Africa. Bull World Health Organ. (2014) 92:850. doi: 10.2471/BLT.14.149278

 72. Douedari Y, Howard N. Perspectives on rebuilding health system governance in opposition-controlled Syria: a qualitative study. Int J Health Policy Manag. (2019) 8:233–44. doi: 10.15171/ijhpm.2018.132

 73. Raven J, Wurie H, Witter S. Health workers' experiences of coping with the Ebola epidemic in Sierra Leone's health system: a qualitative study. BMC Health Serv Res. (2018) 18:251. doi: 10.1186/s12913-018-3072-3

 74. Kluge H, Martin-Moreno JM, Emiroglu N, Rodier G, Kelley E, Vujnovic M, et al. Strengthening global health security by embedding the International Health Regulations requirements into national health systems. BMJ Glob Health. (2018) 3 (Suppl. 1):e000656. doi: 10.1136/bmjgh-2017-000656

 75. Rubenstein LS, Bittle MD. Responsibility for protection of medical workers and facilities in armed conflict. Lancet. (2010) 375:329–40. doi: 10.1016/S0140-6736(09)61926-7

 76. Moradi S, Vasandani V, Nejat A. A review of resilience variables in the context of disasters. J Emerg Manag. (2019) 17:403–32. doi: 10.5055/jem.2019.0431

 77. Davis CA. Understanding functionality and operability for infrastructure system resilience. Nat Hazards Rev. (2021) 22:6. doi: 10.1061/(ASCE)NH.1527-6996.0000431

 78. Jacques CC, McIntosh J, Giovinazzi S, Kirsch TD, Wilson T, Mitrani-Reiser J. Resilience of the canterbury hospital system to the 2011 Christchurch earthquake. Earthq Spectra. (2014) 30:533–54. doi: 10.1193/032013EQS074M

 79. Mitrani-Reiser J, Mahoney M, Holmes WT, Carlos de la Llera J, Bissell R, Kirsch T. A functional loss assessment of a hospital system in the bio-bio province. Earthq Spectra. (2012) 28:S473–S502. doi: 10.1193/1.4000044

 80. Achour N, Miyajima M, Pascale F, Price ADF. Hospital resilience to natural hazards: classification and performance of utilities. Disaster Prev Manag. (2014) 23:40–52. doi: 10.1108/DPM-03-2013-0057

 81. Cimellaro GP, Reinhorn AM, Bruneau M. Framework for analytical quantification of disaster resilience. Eng Struct. (2010) 32:3639–49. doi: 10.1016/j.engstruct.2010.08.008

 82. Cimellaro GP, Marasco S, Noori AZ, Mahin SA. A first order evaluation of the capacity of a healthcare network under emergency. Earthq Eng Eng Vib. (2019) 18:663–77. doi: 10.1007/s11803-019-0528-3

 83. Bruneau M, Chang SE, Eguchi RT, Lee GC, O'Rourke TD, Reinhorn AM, et al. A framework to quantitatively assess and enhance the seismic resilience of communities. Earthq Spectra. (2003) 19:733–52. doi: 10.1193/1.1623497

 84. Bruneau M, Reinhorn A. Exploring the concept of seismic resilience for acute care facilities. Earthq Spectra. (2007) 23:41–62. doi: 10.1193/1.2431396

 85. Hassan EM, Mahmoud H. An integrated socio-technical approach for post-earthquake recovery of interdependent healthcare system. Reliab Eng Syst Saf. (2020) 201:15. doi: 10.1016/j.ress.2020.106953

 86. Ferguson WJ, Kemp K, Kost G. Using a geographic information system to enhance patient access to point-of-care diagnostics in a limited-resource setting. Int J Health Geogr. (2016) 15:12. doi: 10.1186/s12942-016-0037-9

 87. Kost GJ, Ferguson W. Spatial care paths (TM) strengthen links in the chain of global resilience disaster caches, prediabetes, ebola virus disease, and the future of point of care. Point Care. (2016) 15:43–58. doi: 10.1097/POC.0000000000000080

 88. Paturas J, Smith D, Smith S, Albanese J. Collective response to public health emergencies and large-scale disasters: putting hospitals at the core of community resilience. J Bus Contin Emer Plan. (2010) 4:286–95.

 89. Bhaskar S, Bradley S, Chattu VK, Adisesh A, Nurtazina A, Kyrykbayeva S, et al. Telemedicine as the new outpatient clinic gone digital: position paper from the Pandemic Health System REsilience PROGRAM (REPROGRAM) International Consortium (Part 2). Front Public Health. (2020) 8:410. doi: 10.3389/fpubh.2020.00410

 90. Romani G, Dal Mas F, Massaro M, Cobianchi L, Modenese M, Barcellini A, et al. Population health strategies to support hospital and intensive care unit resiliency during the COVID-19 pandemic: the italian experience. Popul Health Manag. (2020) 24:174–81. doi: 10.1089/pop.2020.0255

 91. Haimes YY. On the definition of resilience in systems. Risk Anal. (2009) 29:498–501. doi: 10.1111/j.1539-6924.2009.01216.x

 92. Barasa E, Mbau R, Gilson L. What is resilience and how can it be nurtured? A systematic review of empirical literature on organizational resilience. Int J Health Policy Manag. (2018) 7:491–503. doi: 10.15171/ijhpm.2018.06

 93. The World Bank. According to the Country Income Classification Criteria Published by the World Bank in 2021. (2021). Available online at: https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups?continueFlag=a206b43e3689c50cb9affa3a7f76df8a (accessed October 2, 2021).

 94. Yu P, Wen W, Ji D, Zhai C, Xie L. A framework to assess the seismic resilience of urban hospitals. Adv Civ Eng. (2019) 2019:1–11. doi: 10.1155/2019/7654683

 95. Saurí D. Mapping the Impacts of Recent Natural Disasters and Technological Accidents in Europe. Copenhagen: Office for official publications of the European Communities (2003).

 96. Xu Q, Fan XM, Huang RQ, Van Westen C. Landslide dams triggered by the Wenchuan Earthquake, Sichuan Province, south west China. Bull Eng Geol Environ. (2009) 68:373–86. doi: 10.1007/s10064-009-0214-1

 97. Cui P, Chen XQ, Zhu YY, Su FH, Wei FQ, Han YS, et al. The Wenchuan Earthquake (May 12, 2008), Sichuan Province, China, and resulting geohazards. Nat Hazards. (2011) 56:19–36. doi: 10.1007/s11069-009-9392-1

 98. Ouyang M, Duenas-Osorio L, Min X. A three-stage resilience analysis framework for urban infrastructure systems. Struct Saf. (2012) 36-37:23–31. doi: 10.1016/j.strusafe.2011.12.004

 99. Zhao S, Liu X, Zhuo Y. Hybrid Hidden Markov Models for resilience metrics in a dynamic infrastructure system. Reliab Eng Syst Saf. (2017) 164:84–97. doi: 10.1016/j.ress.2017.02.009

 100. Qirbi N, Ismail SA. Health system functionality in a low-income country in the midst of conflict: the case of Yemen. Health Policy Plan. (2017) 32:911–22. doi: 10.1093/heapol/czx031

 101. Arboleda CA, Abraham DM, Richard J-PP, Lubitz R. Vulnerability assessment of health care facilities during disaster events. J Infrastruct Syst. (2009) 15:149–61. doi: 10.1061/(ASCE)1076-0342(2009)15:3(149)

 102. Shirey WT, Sullivan KT, Lines B, Smithwick J. Application of lean six sigma to improve service in healthcare facilities management: a case study. J Facility Manage Educ Res. (2017) 1:9–18. doi: 10.22361/jfmer/78724

 103. Jovanovic A, Klimek P, Renn O, Schneider R, Oien K, Brown J, et al. Assessing resilience of healthcare infrastructure exposed to COVID-19: emerging risks, resilience indicators, interdependencies and international standards. Environ Syst Decis. (2020) 40:252–86. doi: 10.1007/s10669-020-09779-8

 104. Rinaldi SA, Peerenboom JP, Kelly TK. Identifying, understanding, and analyzing critical infrastructure interdependencies. IEEE Control Syst Mag. (2001) 21:11–25. doi: 10.1109/37.969131

 105. Yavari S, Chang SE, Elwood KJ. Modeling post-earthquake functionality of regional health care facilities. Earthq Spectra. (2010) 26:869–92. doi: 10.1193/1.3460359

 106. Liu HJ, Love PED, Sing MCP, Niu BZ, Zhao JF. Conceptual framework of life-cycle performance measurement: ensuring the resilience of transport infrastructure assets. Transport Res Part D Transport Environ. (2019) 77:615–26. doi: 10.1016/j.trd.2019.10.002

 107. Davoudi S, Shaw K, Haider LJ, Quinlan AE, Peterson GD, Wilkinson C, et al. Resilience: a bridging concept or a dead end? Plan Theory. (2012) 13:299–333. doi: 10.1080/14649357.2012.677124

 108. Sellberg MM, Wilkinson C, Peterson GD. Resilience assessment: a useful approach to navigate urban sustainability challenges. Ecol Soc. (2015) 20:24. doi: 10.5751/ES-07258-200143

 109. Heinimann HR, Hatfield K. Infrastructure resilience assessment, management and governance–state and perspectives. In: Linkov I, Palma-Oliveira JM, editors. Resilience and Risk. Dordrecht: Springer (2017). p. 147–87.

 110. Li X, Huang J, Zhang H. An analysis of hospital preparedness capacity for public health emergency in four regions of China: Beijing, Shandong, Guangxi, and Hainan. BMC Public Health. (2008) 8:11. doi: 10.1186/1471-2458-8-319

 111. Cimellaro GP, Malavisi M, Mahin S. Factor analysis to evaluate hospital resilience. ASCE ASME J Risk Uncertain Eng Syst A Civ Eng. (2018) 4:04018002. doi: 10.1061/AJRUA6.0000952

 112. Ouyang M. Review on modeling and simulation of interdependent critical infrastructure systems. Reliab Eng Syst Saf. (2014) 121:43–60. doi: 10.1016/j.ress.2013.06.040

 113. Taboada M, Cabrera E, Iglesias ML, Epelde F, Luque E. An agent-based decision support system for hospitals emergency departments. Procedia Comput Sci. (2011) 4:1870–9. doi: 10.1016/j.procs.2011.04.203

 114. Akcali E, Cote MJ, Lin C. A network flow approach to optimizing hospital bed capacity decisions. Health Care Manag Sci. (2006) 9:391–404. doi: 10.1007/s10729-006-0002-4

 115. Fallah-Aliabadi S, Ostadtaghizadeh A, Ardalan A, Eskandari M, Fatemi F, Mirjalili MR, et al. Risk analysis of hospitals using GIS and HAZUS: a case study of Yazd County, Iran. Int J Disaster Risk Reduct. (2020) 47:13. doi: 10.1016/j.ijdrr.2020.101552

 116. European Commission. State of Health in the EU: Country Health Profiles Series. Brussels:European Commission (2019). Available online at: https://ec.europa.eu/health/state/country_profiles_en (accessed October 2, 2021).

 117. Cutter SL, Ahearn JA, Amadei B, Crawford P, Eide EA, Galloway GE, et al. Disaster resilience: a national imperative. Environment. (2013) 55:25–9. doi: 10.1080/00139157.2013.768076

 118. Yang W. Early Warning for Infectious Disease Outbreak: Theory and Practice. London: Academic Press (2017).

 119. Naimoli JF, Saxena S. Realizing their potential to become learning organizations to foster health system resilience: opportunities and challenges for health ministries in low- and middle-income countries. Health Policy Plan. (2018) 33:1083–95. doi: 10.1093/heapol/czy100

 120. Gupta A, Katarya R. Social media based surveillance systems for healthcare using machine learning: a systematic review. J Biomed Inform. (2020) 108:13. doi: 10.1016/j.jbi.2020.103500

 121. Velasco E, Agheneza T, Denecke K, Kirchner G, Eckmanns T. Social media and internet-based data in global systems for public health surveillance: a systematic review. Milbank Q. (2014) 92:7–33. doi: 10.1111/1468-0009.12038

 122. Yan SJ, Chughtai AA, Macintyre CR. Utility and potential of rapid epidemic intelligence from internet-based sources. Int J Infect Dis. (2017) 63:77–87. doi: 10.1016/j.ijid.2017.07.020

 123. Sharp TM, Ryff KR, Santiago GA, Margolis HS, Waterman SH. Lessons learned from dengue surveillance and research, Puerto Rico, 1899-2013. Emerg Infect Dis. (2019) 25:1522–30. doi: 10.3201/eid2508.190089

 124. Bruckner C, Checchi F. Detection of infectious disease outbreaks in twenty-two fragile states, 2000-2010: a systematic review. Confl Health. (2011) 5:13. doi: 10.1186/1752-1505-5-13

 125. Yusta JM, Correa GJ, Lacal-Arántegui R. Methodologies and applications for critical infrastructure protection: state-of-the-art. Energy Policy. (2011) 39:6100–19. doi: 10.1016/j.enpol.2011.07.010

 126. Utne IB, Hokstad P, Vatn J. A method for risk modeling of interdependencies in critical infrastructures. Reliab Eng Syst Saf. (2011) 96:671–8. doi: 10.1016/j.ress.2010.12.006

 127. Lam CY, Tai K. Modeling infrastructure interdependencies by integrating network and fuzzy set theory. Int J Crit Infrastruct Prot. (2018) 22:51–61. doi: 10.1016/j.ijcip.2018.05.005

 128. Li Z, Li N, Cimellaro GP, Fang D. system dynamics modeling-based approach for assessing seismic resilience of hospitals: methodology and a case in China. J Manage Eng. (2020) 36:14. doi: 10.1061/(ASCE)ME.1943-5479.0000814

 129. Sun L, Stojadinovic B, Sansavini G. Agent-based recovery model for seismic resilience evaluation of electrified communities. Risk Anal. (2019) 39:1597–614. doi: 10.1111/risa.13277

 130. Dhulipala SLN, Flint MM. Series of semi-Markov processes to model infrastructure resilience under multihazards. Reliab Eng Syst Saf. (2020) 193:8. doi: 10.1016/j.ress.2019.106659

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Li, Liao, Yuan, Wang and She. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-09-764069-g005.gif





OPS/images/fpubh-09-764069-g006.gif





OPS/images/fpubh-09-764069-g003.gif





OPS/images/fpubh-09-764069-g004.gif





OPS/images/fpubh-09-764069-t001.jpg
Disasters

Heat wave
Low
temperature
Flood
Hurricane
Earthquake
Tounami
General climate
change
issues/natural
disasters

COVID-19
Ebola

General
epidemics
Refugee
Conflict
Terrorist attack
Econormic crisis

General
disasters

Low-income Lower-middle Upper-middle High-income

countries

income
countries

2

-~ o wa

income
countries

countries

22

25





OPS/images/fpubh-09-764069-g007.gif
wspice






OPS/images/fpubh-09-764069-g008.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Analyzing Healthcare Facility Resilience: Scientometric Review and Knowledge Map



		Introduction



		Methodology



		Data Collection



		Literature Retrieval



		Exclusion Criteria







		Scientometric Analysis and Results



		Overview of the Publication Year



		Overview of the Publication Countries and Publication Institutions



		Subject Categories Co-occurrence Network



		Keywords Co-occurrence Network



		Literature Co-citation Network and Timeline View







		Discussion



		Critical Research Parts of HFR



		Disturbance Scenario Analysis



		Resilience Assessment



		Resilience Enhancement



		Stage 1: Preparedness and Response Planning



		Stage 2: Disturbance Onset and Alarm



		Stage 3: Disturbance Impact and Management



		Stage 4: Recovery and Learning















		Knowledge Gaps and Future Research







		Conclusion



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Public Health

Analyzing Healthcare Facility
Resilience: Scientometric Review
and Knowledge Map





OPS/images/fpubh-09-764069-g001.gif
e e

e e

s e

Ml sreeiog of lennre e
=,
=
S
=g

==

Theic sdyis nowledee map






OPS/images/fpubh-09-764069-g002.gif
graesasaas-

NagRON









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Public Health





