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Abstract

Climate-related hazards are occurring with increasing frequency, resulting in notable dis-
ruptions to healthcare systems. In Malaysia, healthcare facilities are particularly impacted
by flooding and heatwaves, which can occur annually across some regions. Despite these
recurrent challenges, there remains limited availability of a standardized tool to systemati-
cally assess healthcare facility (HCF) vulnerability to climate hazards. This study aimed to
develop, validate and conduct a field testing of the Vulnerability Index Tool for Assessing
Levels of Climate Resilience in Healthcare Facilities (VITAL-HCF) for facility-level assess-
ment in Malaysia. The VITAL-HCF was developed through extensive literature review,
experts consultations, and adaptation of the World Health Organization (WHO) healthcare
facility vulnerability checklist. The tool underwent forward and backward translation to
ensure linguistic and contextual equivalence, followed by content and face validation by
subject-matter experts in climate and healthcare professionals. Subsequently, field testing
was performed in three government healthcare facilities to assess the clarity, applicability,
and feasibility of administration to ensure accurate responses representing facility-level
capacity and vulnerability. The healthcare facility vulnerability index (HCFVI) for heat-
waves and flooding was then calculated for each facility. Revised Scale-Level Content
Validity Indices (S-CVI/ Ave) varied across the exposure, sensitivity and adaptive capacity
domains (0.93-1.00). Items with a content validity index < 0.83 were either removed or
revised and reorganized to improve relevance. Face validation showed good clarity with
S-FVI/Ave > 0.87. The final tool comprised 12 exposure, 11 sensitivity, and 181 adaptive ca-
pacity indicators. Field testing showed that a facilitated, multidisciplinary group approach
among key respondents was feasible and timely. Facility A, located in an urban setting,
had high vulnerability for hot weather and heatwaves (HCFVI = 0.51), while facilities B
and C recorded moderate vulnerability. Both Facilities A and B recorded moderate vul-
nerability for floods, while Facility C, a hospital in an urban setting, had low vulnerability
(HCFVI = 0.23). The VITAL-HCF demonstrated satisfactory content validity, face validity,
and feasibility for assessing climate-related vulnerability in HCFs. The tool incorporates
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key vulnerability components of exposure, sensitivity, and adaptive capacity, providing
a structured approach for the systematic assessment of climate-related vulnerability in
healthcare facilities to support targeted preparedness and resilience planning.

Keywords: climate change; health facilities; emergency preparedness; disaster planning;
risk assessment

1. Introduction

Climate change poses a critical threat to global health systems, affecting healthcare
infrastructure, service delivery and functional capacity. As key emergency infrastructure,
healthcare facilities (HCFs) face growing risks from climate hazards including floods,
cyclones, storms, drought, and heatwaves [1-3]. Major flood events can compromise conti-
nuity of care by disrupting essential services and damaging critical infrastructure, thereby
reducing system functionality during periods of peak demand [4]. Similarly, heatwaves
amplify system-level pressures by increasing patient load, straining workforce capacity,
and challenging healthcare operations [5,6]. Despite these challenges, these facilities are ex-
pected to remain operational and provide medical services to the surrounding community.

Given the increasing frequency and impact of these climate hazards, there is a need for
a structured approach to assess the vulnerability of healthcare facilities and their capacity
to respond. In this context, climate vulnerability provides a useful framework, defined as a
function of exposure, sensitivity, and adaptive capacity [7,8]. The vulnerability of healthcare
facilities reflects their level of susceptibility and ability to cope with the adverse effects of
climate change, emphasizing that risk arises not only from hazard occurrence but also from
intrinsic system characteristics and response capacity [7,8]. Exposure describes the extent
to which a system is subjected to climate hazards, considering both the spatial location and
temporal occurrence of hazard events [8,9]. Sensitivity refers to the degree to which systems
are affected when exposed to climate hazards, influenced by inherent characteristics that
determine their capacity to withstand or absorb impacts [8,9]. Lastly, adaptive capacity
is defined as the ability to adjust to potential harm, maintain functionality, and respond
effectively to climate-related impacts [2,10]. At the facility level, adaptive capacity is shaped
by broader contextual factors such as governance, resources, and regulatory support [11,12].

Understanding vulnerability provides insight into healthcare facilities resilience when
faced with climate-related hazards [13]. However, climate vulnerability remains an un-
derexplored area in the research literature. Several studies have reported moderate to
high levels of vulnerability, with common challenges observed in infrastructure, health
workforce capacity, and essential operational systems, including water supply, waste man-
agement and energy systems [12,14,15]. The facilities’ vulnerabilities have often been
exacerbated by limited adaptive capacity, including insufficient preparedness measures,
resource constraints, and gaps in maintenance and contingency planning.

In Malaysia, climate hazards are an ongoing and recurrent public health crisis. Previ-
ous major flood events inflicted damages and devastations to thousands of households and
communities across Peninsular and East Malaysia [16,17]. The 2021 flood alone affected
eight states, causing disruptions to 138 Ministry of Health (MOH) healthcare facilities’
operations [18]. Concurrently, heatwave events in Malaysia have become more frequent
and intense, with level two heatwave events recorded in multiple locations nationwide,
and maximum temperatures approaching 40 °C in some areas [19-21]. These rising tem-
peratures have been associated with rising heat-related illnesses and cardio-respiratory
morbidity and mortality [22,23].
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Despite the increasing recognition of climate-related risks to health systems, there
remains limited availability of locally adapted and validated instruments for assessing
climate vulnerability in Malaysian HCFs. Several frameworks and assessment tools have
been developed to support healthcare facilities in evaluating climate-related vulnerability,
resilience and their vulnerability to climate hazards and preparedness, including the
World Health Organization (WHO) Checklist to Assess Vulnerabilities in Health Care
Facilities in the Context of Climate Change, WHO Guidance for Climate Resilient and
Environmentally Sustainable Health Care Facilities, the Hospital Safety Index (HSI), and the
Water and Sanitation for Health Facility Improvement Tool (WASH FIT) [13,24-26]. These
tools provide valuable guidance for identifying vulnerabilities, preparedness gaps, and
resilience-building priorities within healthcare facilities. However, existing approaches are
largely based on checklist-driven assessments and may have limited capacity to generate
standardized quantitative vulnerability indices that enable comparison across facilities and
geographical settings [27-29].

In addition, many frameworks do not integrate objective exposure indicators derived
from climate, environmental, and spatial datasets within a single assessment framework
encompassing exposure, sensitivity, and adaptive capacity. These global tools have not
been formally adapted or validated for the Malaysian healthcare context [29]. The need
for local adaptation has been highlighted in other Southeast Asian countries, including
Indonesia, Vietnam, India, Pakistan, and Bangladesh, where context-specific modifications
were necessary to better reflect local climate patterns and healthcare systems [30-34]. To
address these gaps, this study aimed to develop and validate a healthcare facility climate
vulnerability assessment tool that integrates exposure, sensitivity and adaptive capacity
domains and to evaluate its application in selected healthcare facilities in Malaysia.

2. Materials and Methods

This study was conducted between October 2024 and March 2025 in three phases: tool
development, validity assessment, and field testing. The overall methodological workflow
is illustrated in Figure 1.

PHASE 2 PHASE 3

ITEM REFINEMENT &
DOMAIN ALIGNMENT

QUESTIONNAIRE

FIELD TESTING
VALIDATION

+Content validation by
climate experts

+ltem revision for clarity +Training of facilitators

*Deletion of redundant or
irrelevant items

*Group-based

+Face validation among administration in

healthcare workers healthcare fadilities
*Reassignment of items

+Data analysis for across domains +Identification of key

validation respondents and roles

+Fnalization of domain

structure +Evaluation of practicality,

completion time, and
usability

*Vulnerability assessment

Figure 1. Workflow for the VITAL-HCF development, validation, and field testing.
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2.1. Phase 1: Tool Development and Adaptation

The VITAL-HCF was developed based on the vulnerability framework as illustrated
in Figure 2. Indicators within the three domains of exposure, sensitivity, and adaptive
capacity were developed based on experts’ input, peer-reviewed literature and published
WHO documents [24].

HEALTHCARE FACILITIES

-

‘ gie. Flooding

SENSITIVITY

" Hotweather &
"  heatwaves

ADAPTIVE
CAPACITY

Figure 2. Healthcare facility vulnerability framework.

2.1.1. Exposure Domain

Exposure indicators integrate spatial data such as distance from a potential hazard, his-
torical climate events, hydroclimate projections, and other hydroclimate variables including
average precipitation, average temperature, and relative humidity. Exposure data were
obtained from district and state health offices, the Malaysian Meteorological Department,
online satellite-based datasets, and hydroclimate projections from the National Hydraulic
Research Institute of Malaysia (NAHRIM). The selected indicators were primarily objective
information derived from measurable environmental data, thereby minimizing subjectivity
in the assessment. This climate information was included as part of the exposure indicators
for calculation of the vulnerability index score.
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2.1.2. Sensitivity Domain

Indicators in this domain aimed to assess aspects related to service complexity, patient
load, human resources, and infrastructure attributes that may influence vulnerability.
Similar to the other domains, these indicators were incorporated as sensitivity indicators
and contributed to the calculation of the vulnerability index.

2.1.3. Adaptive Capacity Domain

The adaptive capacity domain captures the preparedness and adaptive measures
implemented by the facility. The indicators in this domain were adapted from the WHO’s
Checklist to Assess Vulnerabilities in Health Care Facilities in the Context of Climate [24],
which is licensed under the Creative Commons Attribution-NonCommercial-ShareAlike 3.0
IGO license (CC BY-NC-SA 3.0 IGO). Adaptation involved reviewing and contextualizing
items according to the Malaysian healthcare setting, additional refinement for clarity,
reassignment across domains, and removal of redundant or less relevant items. The
domain included hazard-specific components for heatwaves and floods and was structured
around four fundamental components that underpin healthcare system resilience, namely,
(i) health workforce, (ii) water, sanitation, and hygiene (WASH) and waste management,
(iii) energy services, and (iv) infrastructure. The indicators assessed a facility’s preparedness
measures including capacity development, monitoring and assessment, response protocols
and regulations, and facility-level adaptations.

2.1.4. Translation Process

All survey items were translated from English into Malay following a standard
forward-backward translation procedure to ensure linguistic and conceptual equivalence.
Two independent bilingual translators with public health and clinical backgrounds con-
ducted forward translations and harmonized through consensus discussion. The translated
version was back-translated into English and reviewed by the research team and subject-
matter experts to identify discrepancies and ensure the intended meanings of the original
questions were retained.

2.2. Phase 2: Vulnerability Assessment Tool Validation

Following translation, the tool underwent content validation to assess relevance
and conceptual alignments of the items, followed by face validation to evaluate clarity
and comprehensibility.

2.2.1. Content Validation

A total of six climate and public health experts with more than 10 years of relevant
experience in environmental health, healthcare systems, or climate-related assessments
were selected to participate in the content validation to assess the relevance of the items.
All experts had prior working experience at District Health Offices and were familiar
with public health operations at the district and facility levels. In addition, the panel
also included experts with experience in climate change and climate-related assessment,
enabling an indicative evaluation of the relevance, appropriateness, and contextual appli-
cability of the questionnaire items for the intended target population. Each expert rated
the item’s relevance on a 4-point scale (1 = not relevant to 4 = highly relevant) [35]. The
Item-level Content Validity Index (I-CVI) and S-CV1/ Ave were calculated. Items with an
I-CVI < 0.83 or S-CVI/Ave < 0.9 were revised or removed based on recommendations for
content validation involving six or more experts [35,36].

Number of experts rating the item as relevant

I-CVl=
¢ Total number of experts
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> — CVlIscores

— CVI/Ave =
§—CV1/Ave Total number of items

2.2.2. Face Validation

Subsequently, a total of ten healthcare staff from the District Health Office, clinical
management, and engineering department were recruited for face validation. Participants
were selected to reflect the intended end users for the VITAL-HCF tool during the field
implementation. Each item is rated for clarity and comprehension on a 4-point scale (1 = not
clear to 4 = very clear) to assess their understanding during questionnaire completion.
Feedback was gathered on the wording, construct, and suggestions from the respondents.
The clarity and comprehension rating was recorded as 0 (scale 1 or 2) or 1 (scale 3 or 4).
The Item-level Face Validity Index (I-FVI) and Scale-level FVI/Average (S-FVI/Ave) were
calculated. An I-FVI value of at least 0.83 was deemed acceptable for tests involving at least
10 respondents [37,38].

Number of respondents rating the item as clear

I-FVI=
Total number of respondents

2.1 — FVI scores
Total number of items

S —FVI/Ave =

2.3. Phase 3: Field Testing of Vulnerability Assessment Tool

Field testing of the tool was conducted to evaluate the items’ comprehensibility,
relevancy, and practicality for local healthcare facilities settings.

2.3.1. Study Locations

The field testing was conducted in three public healthcare facilities in the Sepang
district of Selangor, within the central region of Peninsular Malaysia. The district covers
an approximately 600 km? area and has an estimated population of 384,244 [39]. Sepang
was selected due to its documented exposure to climate hazards, including previous level 1
heatwave alerts (35-37 °C for at least three consecutive days) and flooding history. Two
government health clinics (Facility A and Facility B) and one hospital (Facility C) were
included in this field testing, which represent the different settings of public healthcare
facilities in Malaysia. This includes (1) general hospitals, (2) clinics covering high popula-
tion densities, (3) clinics covering low population densities. This field testing was intended
as a preliminary assessment of the feasibility and applicability of the tool, and further
evaluation using a larger sample of healthcare facilities is warranted.

Facility A was an urban health clinic with three in-house Family Medicine Specialists,
serving a population of over 90,000. Meanwhile, Facility B was a smaller, non-specialist
health clinic situated in the rural area, covering a population of approximately 6000. Facil-
ity C was a public hospital serving a population of approximately 140,000.

2.3.2. Healthcare Facility Representatives

A total of 17 healthcare workers including clinical staff (n = 7), engineers and assistant
engineers (n = 4), administrative officers (n = 2), occupational and environmental health
officers (n = 3), and quality unit officers (n = 1) were involved in the field testing. Partic-
ipants were purposively selected from facility-level personnel based on their roles and
responsibilities related to the domains assessed, ensuring representation across clinical,
technical, administrative, and environmental health aspects.
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2.3.3. Mode of Administration

The tool was administered through facilitated, in-person group discussions. Each
item was discussed collectively among facility representatives, and responses were agreed
upon by consensus. This approach was used because the unit of assessment was the
healthcare facility, allowing input from personnel across different functional areas to ensure
a comprehensive and accurate representation of facility-level conditions.

2.4. Data Analysis
Vulnerability Assessment

Exposure and sensitivity indicators were scored based on categorical scoring or nor-
malization of continuous variables. For adaptive capacity, indicators were scored using
three standardized response categories reflecting preparedness levels: (i) prepared and able
to respond, (ii) partially prepared, and (iii) unprepared (Table S1). All item responses were
subsequently standardized to a 0-1 scale. Higher scores for exposure and sensitivity reflected
greater vulnerability, while higher adaptive capacity scores indicated lower vulnerability.

Normalization was applied to selected continuous indicators within the exposure and
sensitivity domains to enable standardized scoring and comparability across variables with
different units and ranges for the calculation of the HCFVI. Exposure indicators subjected
to normalization included average relative humidity, rainfall, and temperature, while
sensitivity indicators included population coverage, number of doctors per capita, number
of specialists per capita, and average daily patient attendance. Min-max normalization
was applied using the following equation:

Y- x — x(minimum)
~ x (maximum) — x (minimum)

For categorical variables, the scoring used to derive the 0-1 scale was assigned based
on vulnerability classifications and category thresholds adapted from the previous literature
and relevant references. All item responses were subsequently standardized to a 0-1 scale
prior to index calculation. The index calculation for the exposure and sensitivity domains
was performed using the following formula:

n

Exposure Index (Ei) Z

Sensitivity Index (Si) Z Si/n

Individual subdomains of adaptive capacity were calculated using these formulae:

Health work force index (HWi) Z HW;/n
n
WASH index (WASHi) = Z WASH; /n
i=1

Energy services index (ESi) Z Ei/n

n
Infrastructure index (INFi) = Y INF;/n
i=1

Subsequently, the total adaptive capacity index for each HCF was calculated using the
following formula:
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HWi+ WASHi + ESi+ INFi

Adaptive capacity indices (ACi) = 1

A composite HCFVI was then calculated by assigning equal weights to the three core
vulnerability domains, exposure (E), sensitivity (S), and adaptive capacity (AC), where
higher index scores indicate greater vulnerability. The index was classified into four vul-
nerability categories: low (0.000-0.250), moderate (0.251-0.500), high (0.501-0.750), and
very high (0.751-1.000). These categories were derived using equal interval classifica-
tion of the standardized index scores to facilitate interpretation and comparison across

healthcare facilities [40].
E+5S+(1-AQ)
3

The HCFVI was developed based on the Intergovernmental Panel on Climate Change

HCFVI =

(IPCC) vulnerability framework, in which exposure, sensitivity, and adaptive capacity are
conceptualized as fundamental and interrelated dimensions contributing to overall vulnerabil-
ity [7,8,41]. Since there is no established empirical evidence or validated weighting approach
specific to healthcare facility climate vulnerability assessment, equal weighting was adopted
as a transparent and pragmatic approach. This approach is consistent with previous vulner-
ability index studies, where equal weighting is commonly applied to minimize subjectivity
and ensure transparency as well as interpretability of the composite index [40,42].

The analysis was conducted at the facility level (n = 3). Descriptive statistics were
used to summarize the domain scores and overall vulnerability indices. A vulnerability
map was developed using ArcGIS version 10.3 (Geographic Information System) based on
facility-level vulnerability scores to visualize spatial patterns of exposure, sensitivity, and
adaptive capacity.

2.5. Ethical Considerations

Ethical approval for this study was obtained from the Medical Research and Ethics
Committee (MREC), Ministry of Health Malaysia (24-01826-ZRO). Written informed con-
sent was obtained from respondents before data collection.

3. Results

A total of 13 exposure indicators and 16 sensitivity indicators were initially developed
based on the relevant literature, while 235 adaptive capacity indicators adapted from WHO
documents were included in the initial version of the questionnaire. The large number of
adaptive capacity indicators reflects coverage across multiple preparedness domains and
two climate hazard categories. These indicators subsequently underwent content and face
validation, with refinements made to address redundancy and contextual relevance.

3.1. Validation Results
3.1.1. Content Validation Results

The exposure domain demonstrated consistently high item relevance, with I-CVI and
S-CVI values of 1.00 (Table 1). The sensitivity domain showed greater variability, with
I-CVI values ranging from 0.43 to 1.00 and an S-CVI/ Ave of 0.83, which increased to 0.95
after item removal. Within the adaptive capacity domain, variability in item relevance was
more pronounced. Both hot weather and heatwave- and flood-related indicators had I-CVI
values ranging from 0.16 to 1.00, with an overall S-CVI/Ave of 0.71 and 0.84, respectively.
Items with I-CVI values below the predefined threshold (<0.83) were reviewed by the
research team. Items deemed redundant or contextually irrelevant were removed, while
essential items were revised to improve clarity. Following this process, 54 items were re-
moved from adaptive capacity domains. Several items were reassigned across components
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(health workforce, WASH and waste management, energy service, and infrastructure) to
improve conceptual alignment with the underlying vulnerability framework. Following
the refinement, the final S-CVI/Ave for the adaptive capacity domain was 0.93.

3.1.2. Face Validation Results

Across all domains, I-FVI values ranged from 0.80 to 1.00, with an S-FVI/Ave of
0.87-0.99, indicating strong agreement on item clarity. Minor wording revisions were made
in response to reviewers’ feedback to improve clarity and comprehension.

3.2. Final Instrument Indicators for VITAL-HCF

The final tool consisted of 12 exposure indicators, 11 sensitivity indicators, and
181 adaptive capacity indicators (60 for hot weather and heatwave and 121 for flood),
as summarized in Table 2. One item (geographical area) was removed from the expo-
sure domain following content validation. Within the sensitivity domain, five structural
indicators, (i) facility-built area, (ii) total number of staff, (iii) number of departments,
(iv) number of units, and (v) type of clinic, were removed due to conceptual overlap and
limited contribution to vulnerability differentiation. For the adaptive capacity domain,
36 items were revised for contextual clarity, and 54 were removed due to redundancy or
lack of applicability to the local healthcare setting (Table 52).

3.3. Field-Testing Outcomes
3.3.1. Healthcare Facility Characteristics

Table 3 summarizes the characteristics of the three healthcare facilities, which differ in
their geographical settings, facility type, and population coverage. Facilities A and C are
urban facilities with higher patient loads and service capacity, while Facility B is a smaller
rural clinic with lower patient volume and prior flooding exposure. All facilities reported
frequent hot weather and heatwave events in the past five years.

3.3.2. Practical Feasibility of Instrument

Based on the field testing, participation from multidisciplinary personnel facilitated
discussion and completion of the assessment in a timely manner. Despite the large number
of indicators, respondents contributed to sections relevant to their expertise and areas
of responsibility. Additionally, the structured format of the questionnaire, together with
detailed definitions and guidance for response options, facilitated completion of the assess-
ment. The field-testing exercise demonstrated that administration of the instrument was
both feasible and acceptable in the participating healthcare facilities.
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Table 1. Content and face validation outcomes of the healthcare facility climate vulnerability assessment tool.
Content Validation Face Validation
. Climate
Domain Component  No,. of Items I-CVI S-CVI/ Revised I-FVI S-FVI/ Action Followin Final No. of
H d . . . C . g .
azar Reviewed Range Ave Action Following Content Validation S-CVI Range Ave Face Validation Indicators
Exposure - - 13 1.00 1.00 1 item removed (inapplicable for index calculation) 1.00 0.80-1.00 0.87 2 1temsl$;7t1;ed for 12
Sensitivity - - 16 0.43-1.00 0.83 5 items removed (inapplicable for index calculation) ~ 0.96 0.80-1.00 090  ° ‘tem;;er;’t‘ys“ for 1
4 items revised (clarity), . .
Health 18 0.33-1.00 079  2removed (redundancy), 1 moved to infrastructure, ~ 0.95 0.90-1.00 099  2items revised for 17
workforce . clarity
2 reassigned to health workforce
WASH 20 016-1.00 061 10 4d‘te“;s rec‘l"sed (dagl.ty)' icabl 090  090-1.00 098 2 ‘temslreY‘SEd for 10
Hot weather removed (redundancy and inapplicable) clarity
& Energy 4 items revised (clarity), 1 item revised for
heatwaves services 17 0.33-1.00 0.60 7 removed (redundancy andinapplicable) 0.92 0.90-1.00 0.99 clarity 10
4 items revised (clarity), 12 removed (redundancy 2 items revised for
Infrastructure 36 0.33-1.00 0.82 and inapplicable), 2 moved to health workforce, 0.93 0.90-1.00 0.99 ¢ ilaerit seato 23
1 reassigned to infrastructure y
Adaptive Overall 91 0.16-1.00 0.71 - 0.93 0.90-1.00  0.99 - 60
Capacity 2 items revised (clarity), 3 removed (redundancy), . .
Wl(frek"‘fli‘ce 32 0.67-1.00 0.88 1 moved to energy service, 0.92 090-1.00 098  ° ltem;;eri“SEd for 29
1 reassigned to health workforce ty
WASH 31 0.16-1.00 0.72 8 1tem§ reV1se.d (clarity), 8 removgd (redundancy and 0.95 0.90-1.00 0.99 1item reYlsed for 29
inapplicable), 1 moved to infrastructure clarity
Flooding Enngy 15 0.50-1.00 0.88 2 items revised (clar1'ty), 1 removed (redundancy), 0.94 0.90-1.00 0.99 2 items reylsed for 15
services 1 reassigned to energy clarity
6 items revised, 11 removed (redundancy and 5 items revised for
Infrastructure 66 0.33-1.00 0.88 inapplicable), 1 moved to health workforce, 0.92 0.90-1.00 0.99 clari 55
1 reassigned to infrastructure ty
Overall 144 0.33-1.00 0.84 - 0.93 0.90-1.00 0.99 - 121

I-CVI = Item-level Content Validity Index; S-CVI/Ave = Scale-level Content Validity Index; I-FVI = Item-level Face Validity Index; S-FVI/Ave = Scale-level Face Validity Index. CVI
values were used diagnostically to guide item revision, deletion, and reorganization rather than as a confirmatory threshold.
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Table 2. Indicators by vulnerability domains.

Domains Items

Facility prone to inland flood

Distance from nearest river

Facility prone to coastal flood

Distance from nearest coastline

Number of floods in the past 5 years

Precipitation data (secondary data)

Hydroclimate projection for flood (secondary data)
Hydroclimate projection for sea-level rise (secondary data)
Hot weather and heatwave events (secondary data)

10. Highest level of hot weather and heatwave data (secondary data)
11. Temperature data (secondary data)

12. Relative humidity data (secondary data)

Exposure

W RN UTE LN

Building age

Number of stories

Number of population coverage
Number of doctors per 1000 population
Number of specialists per capita

Type of hospital

Average number of patients daily

Bed occupancy rate

Number of hospital beds per 1000 residents
Type of ventilation used in the facility
Frequency of power outages

Sensitivity

NSO OE ®N =

= = O
=

e  Health workforce
O Human resources

O Capacity development
O Communication and awareness raising

e  Waste and WASH management

O Monitoring and assessment
O Risk management
Adaptive O Health and safety regulation

Capacity e Energy services

O Monitoring and assessment
O Risk management
O Health and safety regulation

e Infrastructure

O Adaptation of current system and infrastructure
O Promotion of new system and technologies
O Sustainability of healthcare operations

Table 3. Characteristics of Healthcare Facilities involved in the field testing.

Characteristics Facility A Facility B Facility C
Land use Urban Rural Urban
Type of facility Health Clinic Health Clinic  Hospital
Number of populations coverage 94,131 6000 140,000
Building Age (years) 23 13 3
Number of units or departments 10 4 19
Average number of patients daily 600 60 500
Total number of doctors 24 4 205
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Table 3. Cont.
Characteristics Facility A Facility B Facility C
Number of doctors per capita 2.55 6.6 14.6
History of flood events No Yes No
Frequency of flood events in the past 5 years 0 1 0
History of hot weather and heatwave events Yes Yes Yes
Frequency of hot weather and heatwave . . .
>3 times >3 times >3 times

Malaysia

Selangor

events in the past 5 years

3.3.3. Climate Vulnerability Results

As shown in Figure 3, Facility A demonstrated high vulnerability to hot weather and
heatwaves (HCFVI = 0.52), while Facility B (HCFVI = 0.47) and Facility C (HCFVI = 0.36)
showed moderate vulnerability. For flooding, moderate vulnerability was observed in both
Facility A (HCFVI = 0.35) and Facility B (HCFVI = 0.42), while Facility C demonstrated low
vulnerability (HCFVI = 0.22).

% m—f ﬂf‘\ ﬂ—'{

[ PUTRAJ’Q !9 PUTRAJM

ciCIiDty c () - ci?ty c /> PJ
Ve \._I“f

Flooding
Vulnerability Index

Heatwave

Vulnerability Index SERANG

SEPANG

) I Vulnerability Index

Low 0.000-0.250
Medium  0.251-0.500
High 0.501-0.750

Figure 3. Spatial distribution of HCF vulnerability to floods and hot weather and heatwaves in the

Sepang district. (A) Location of the study area in Peninsular Malaysia. (B) Location of Facilities A, B,
and C in the central region of Peninsular Malaysia. (C) Heatwave vulnerability index of the three
healthcare facilities (D) Flooding vulnerability index of the three healthcare facilities.

A detailed summary of results by subdomain is illustrated in Figure 4 below. For
exposure, heatwave exposure ranged from 0.52 to 0.57, while flood exposure ranged from
0.09 to 0.51, with Facility C and Facility B having a high level of exposure to heatwaves and
floods, respectively. Sensitivity indices ranged from 0.40 to 0.61 across all facilities. Higher
overall adaptive capacity scores were observed for flooding across all facilities compared
to heatwaves. Notably, Facility C recorded the highest level of adaptive capacity, with the
index exceeding 0.80.
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Exposure and sensitivity index
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Figure 4. Exposure, sensitivity and adaptive capacity index for the HCFs.

4. Discussion

The VITAL-HCF was developed and adapted based on the IPCC vulnerability frame-
work, which conceptualizes vulnerability as a function of exposure, sensitivity, and adaptive
capacity. The application of this framework in healthcare facilities enables a comprehensive
vulnerability assessment. While the WHO checklist provides a comprehensive qualitative
assessment of healthcare facility preparedness, the VITAL-HCF extends this approach
by operationalizing vulnerability into a structured, facility-level assessment tool. It in-
corporates quantitative scoring across domains, integrates objective exposure indicators
derived from climate and spatial data, and enables multi-hazard assessment within a single
framework. In addition, the tool was contextualized to the Malaysian healthcare setting,
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enhancing its relevance and applicability for local implementation. Similar frameworks
have been applied in climate-related health vulnerability assessments at the community
level [43,44]. Through this approach, hazard-specific vulnerability can be quantified for
individual healthcare facilities, and component-specific limitations can be identified to
support targeted adaptation and resilience-building measures. Other Southeast Asian coun-
tries, including the Philippines, Taiwan, Thailand, and Timor-Leste, have conducted local
climate vulnerability assessments of their healthcare systems [45]. These efforts typically
adapt global tools to local contexts through literature review, expert consultation, data
collection, and validation, with priority hazards identified based on local conditions.

4.1. Development of Vulnerability Assessment Tool

This study aimed to develop a structured assessment tool for assessing climate-related
vulnerability in healthcare facilities. While existing guidance documents provide compre-
hensive checklists for assessing vulnerability and resilience, adaptation was necessary to
improve their applicability, relevance, and usability in real-world settings, consistent with
approaches adopted in previous climate resilience and healthcare vulnerability assessment
studies [12,33,46,47]. Through review of existing literature, the exposure domain integrates
relevant spatial, historical, and climatic data to comprehensively characterize the external
risk environment of healthcare facilities [9,48-53]. Facility characteristics, including the
type of facility, building age, number of stories, population coverage, bed capacity, daily
patient load, number of doctors, ventilation capacity, and power supply reliability, were
identified as key sensitivity components of HCFs during hazard events [50,51,54-56].

The components of health workforce, WASH and waste management, energy, and
infrastructure primarily reflect institutional preparedness and resource availability [24].
Within the health workforce domain, staff training, community engagement activities, and
disaster management committees were identified as important adaptive components [48,53].
Central to adaptive capacity, healthcare facilities are highly dependent on external infras-
tructure systems, including power, water, and transportation, particularly during disaster
events [52], and disruptions to these systems can significantly affect service delivery.

4.2. Validation of Vulnerability Assessment Tool

The validation process was essential to ensure that the tool was applicable to the
Malaysian healthcare context and accurately represented the vulnerability concept [35].
All exposure domain items were retained following content validation, indicating that the
indicators were well-defined and appropriately captured climate hazard exposure. Given
that exposure is largely determined by geographic location and hazard dynamics [41], the
inclusion of multiple indicators enhances the ability to capture variability across facilities
and avoids underestimation of risk.

Content validation of the sensitivity domain indicated the need for refinement, with
several items removed due to low relevance. Items such as facility area, number of depart-
ments, and number of units were excluded, as they primarily reflect structural size and
organizational complexity rather than functional susceptibility to climate-related hazards.
The removal of these items therefore improves the conceptual clarity of the sensitivity
domain by prioritizing indicators that more directly capture the facility’s response to cli-
mate stressors. For the adaptive capacity domain, extensive revisions were required for the
WASH and energy components due to variability in relevance, while the health workforce
and infrastructure domains required targeted adjustments. Reassignment and removal of
redundant items enhanced conceptual coherence and reduced overlap across components.

Subsequent face validation demonstrated high clarity and comprehensibility for most
items, aligning healthcare and engineering terminology with commonly used operational
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language for local healthcare facilities. The final checklist exhibits clear domain alignment
and conceptual consistency with established vulnerability frameworks.

4.3. Field Testing of Assessment Tool

Through facilitated multidisciplinary group discussions, responses were more compre-
hensive and consensus was more readily achieved based on the collective agreement among
participants. Participation of diverse roles of representatives and departments directly
reflected the facility-level nature of the assessment and enabled accurate consolidation of
information across domains. This approach allowed real-time discussion, which reduced
the need for follow-up clarification. This also facilitated consensus-building and improved
understanding of item intent. In the Malaysian context, the DHO plays a central role in
the administration and oversight of health clinics, including occupational safety and envi-
ronmental health, primary care services, engineering services, regulatory implementation,
and disaster preparedness planning. In addition to clinical representatives from individual
clinics, involvement of relevant officers from the DHO was essential to provide accurate and
comprehensive input on facility preparedness across administrative, workforce, essential
services, and infrastructure components.

4.4. HCF Climate Vulnerability

Through the field testing, variability in vulnerability profiles across the three facilities
were observed. High vulnerability to hot weather and heatwaves was observed in Facility
A, which corresponded with a higher sensitivity index compared to the other facilities. In
contrast, flood vulnerability was highest in Facility B, due to prior flood experience and
closer proximity to the nearest river.

4.5. Exposure to Climate Hazards

The field testing showed that exposure to heatwave events was relatively consistent
across facilities, reflecting the widespread occurrence of hot weather and heatwave events
in the study area. In contrast, flood exposure varied more substantially. These differences
highlight the influence of geographic location and local hazard dynamics in determining
exposure levels. The findings also demonstrate the utility of the exposure indicators in
capturing site-specific variability across different climate hazards.

4.6. Sensitivity to Climate Hazards

The sensitivity level for the facilities ranged between moderate to high sensitivity,
corresponding to differences in facility characteristics such as service demand and capacity.
Facility A had a lower doctors-to-population ratio and older building age, causing higher
sensitivity compared to other facilities. All facilities, however, were affected by frequent
power outages, but higher frequencies were recorded in Facilities A and B. This finding
is consistent with a previous study indicating heightened risk for power outages during
extreme events from heightened grid demand [50]. These factors may increase susceptibility
to disruption when exposed to climate hazards, even under similar exposure conditions.
The findings suggest that the sensitivity indicators were able to capture variation in facility-
level characteristics that may influence susceptibility to the adverse effects of climate-
related events.

4.7. Adaptive Capacity of HCF

Adaptive capacity was generally higher for floods compared to heatwaves across all
facilities. As flooding is a recurrent climate hazard, most facilities are well prepared with
flood action plans compared to heatwaves. Facility C, a government hospital with a Green
Building Certification, demonstrated a consistently higher capacity to respond to both
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flood and heatwave hazards. However, limitations were still observed in infrastructure
components including supply chain continuity, resource planning, and emergency logistics.
These involved limited arrangements for staff accommodation, procurement and storage
of essential supplies, and evacuation plans. Facility A and B also demonstrated lower
adaptive capacity in WASH and waste management in anticipation for heatwave events,
particularly in water quality surveillance, monitoring systems, and access to an alternative
water supply, as well as measures to protect healthcare waste from heat exposure. Facility
B had lower adaptive capacity in energy services due to a lack of available generators in
the event of a power outage.

Evidence from a previous study indicates that while facilities may have an adequate
water supply, future capacity remains uncertain [53]. Restoration of the water supply,
availability of backup power sources, continuity of supply chains, and the capacity of the
health workforce to manage patient surges were some of the key preparedness measures
in anticipating a climate event [52,53]. A study in Kosovo highlighted weaknesses in
infrastructure integrity and waste management, with staffing shortages as a key contributor
to vulnerability [12]. In Southeast Asia, findings from Timor-Leste similarly identified
resource constraints, limited infrastructure maintenance, and inadequate backup water sup-
ply as key challenges [15]. Disruptions to these systems can significantly affect healthcare
service delivery.

Overall, these findings illustrate the application of the VITAL-HCF in characterizing
domain-specific vulnerability patterns and generating facility-level vulnerability profiles.
The field testing demonstrates how the tool can be used to systematically assess exposure,
sensitivity, and adaptive capacity across different healthcare facilities. The assessment find-
ings may assist healthcare facilities in identifying potential gaps, preparedness planning,
and implementing targeted adaptive measures that could enhance facility resilience in
anticipation of ongoing and potential climate risks. In the context of heatwave adaptation,
the availability of an action plan to accommodate increased patient load, the application
of reflective roofing to reduce indoor heat, a secured alternative water supply, and im-
provements in natural ventilation through building design modifications were some of the
essential actions [48,53]. Meanwhile, strengthening health workforce capacity, emergency
plans for water and waste systems, the elevation of critical infrastructure, the relocation of
essential equipment, and constructing physical barriers to prevent floodwater ingress were
some of the measures proposed for flood preparedness [13,50].

It should be noted that the field testing was conducted in three healthcare facilities and
was intended to evaluate the feasibility, clarity, and operational applicability of the VITAL-
HCEF as a tool since it covers the different settings of public healthcare facilities in Malaysia.
However, further studies involving a larger and more geographically diverse sample of
healthcare facilities are required to evaluate the reliability and broader applicability of
the index.

A health—climate vulnerability assessment tool has substantial implications for adop-
tion due to the increasing climate threats to human health [13,24]. Improving health system
vulnerability will help in ensuring uninterrupted healthcare services to communities, espe-
cially vulnerable populations. Previous studies have highlighted the need for healthcare
facility climate vulnerability and resilience assessment to identify gaps and inform strategic
planning [29,46]. This study addresses this gap through validation and initial field testing
of a climate vulnerability assessment tool tailored to the Malaysian healthcare context. The
tool enables systematic evaluation of climate-specific hazards, including heatwaves and
flooding, and provides evidence to support policy-driven adaptation and preparedness
planning. Thus, this tool provides a structured and standardized approach to strengthen
climate resilience in health systems and can be adopted at the local and national level,

https://doi.org/10.3390/cli14080155


https://doi.org/10.3390/cli14080155

Climate 2026, 14, 155

17 of 21

especially in a tropical country such as Malaysia. Wider application and evaluation across
healthcare facilities are needed to strengthen the evidence base, inform coordinated re-
silience strategies, and guide long-term climate adaptation efforts within the health system.

4.8. Strength and Limitation

This study demonstrates several notable strengths. The instrument developed showed
strong content and face validity, with strong revised validity indices, supporting the rel-
evance and clarity of the items. The group-based data collection approach facilitated
collective input across departments, enabling more comprehensive and contextually in-
formed responses. In addition, the tool is designed for practical application, requiring
approximately two hours to complete, making it suitable for routine use in facility-level as-
sessments. Importantly, the instrument encompasses all three core domains of vulnerability,
thereby providing a comprehensive framework for assessing healthcare facility vulnerabil-
ity to support climate adaptation planning. The field-testing component was intended to
evaluate the feasibility, clarity, and applicability of the tool in real-world healthcare settings.

However, several limitations should be acknowledged. The field testing was con-
ducted in three healthcare facilities within a single district (Sepang, Selangor), which may
limit the generalizability of the findings to other geographical regions and healthcare set-
tings in Malaysia. Further studies involving larger and more diverse healthcare facilities are
required to evaluate the broader applicability of the index. In addition, the current HCFVI
applies equal weighting across exposure, sensitivity, and adaptive capacity domains using
a linear additive approach. While this method enhances the transparency, interpretability,
and comparability of the index, the present study did not evaluate alternative weighting
approaches or potential non-linear relationships between vulnerability domains. Future
studies may explore expert-informed weighting, statistical weighting approaches, and
sensitivity analysis to further refine the HCFVI model.

Furthermore, the tool relies on a self-administered, group-based approach in which
responses are determined through consensus among participants. Although this method
promotes multidisciplinary input and improves completeness of information, it may intro-
duce reporting and consensus-related biases. The questionnaire also contains a relatively
large number of indicators, particularly within the adaptive capacity domain. While com-
prehensive coverage is necessary to capture multiple dimensions of climate vulnerability,
completion of the assessment may potentially impose a time and administrative burden
on respondents. Future refinement of the tool may explore opportunities to streamline
selected indicators while maintaining its validity and comprehensiveness.

Lastly, the current version of the VITAL-HCF was developed using priority climate
hazards relevant to Malaysia and available hazard datasets. Future studies should expand
the framework to include additional climate-related hazards and compound events, sup-
ported by hazard-specific indicators and projections, to provide a more comprehensive
assessment of healthcare facility vulnerability under evolving climate conditions.

5. Conclusions

The increasing intensity and frequency of climate-related hazards in Malaysia under-
score the need for a standardized assessment tool to evaluate healthcare facility prepared-
ness and vulnerability to climate-related risks. This study demonstrates the development,
validation, and preliminary field application of the VITAL-HCE, which integrates exposure,
sensitivity, and adaptive capacity within a single assessment framework. The validation
results demonstrated good content and face validity, while field testing illustrated the
feasibility and applicability of the tool in selected healthcare facilities.
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The VITAL-HCF provides a structured approach for assessing climate-related vulnera-
bility and generating facility-level vulnerability profiles that may support future planning
and adaptation efforts. The tool may also be applicable in countries with similar healthcare
facility contexts and climate characteristics, subject to further validation. Further implemen-
tation and evaluation involving a larger sample of healthcare facilities are recommended to
strengthen the evidence base and assess the tool’s applicability in diverse settings.
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