[ Downloaded from jhsw.tums.ac.ir on 2026-08-18 ]

[ DOI: 10.18502/jhsw.v16i1.21889 ]

disw

OFEN G/I&(l&s

Journal of Health and Safety at Work 2026; 16(1): 56-79

'uMs
ORIGINAL RESEARCH PAPER

A Novel Hybrid PFMEA-HFMEA Framework for Risk Assessment in
Medical Imaging: Insights from Developing Healthcare Systems

Mahdi Alinia Ahandani’, Mehdi Raei?, Mahboubeh Rouhollahei’, Firouz Valipour?,
Milad Derakhshanjazari**

1Student Research Committee, Bagqiyatallah University of Medical Sciences, Tehran, Iran

2Department of Occupational Health Engineering, Faculty of Health, Bagiyatallah University of Medical
Sciences, Tehran, Iran

3Chemical Injuries Research Center, Systems Biology and Poisonings Institute, Bagiyatallah University of
Medical Sciences, Tehran, Iran

Received: 30-9-2025 Accepted: 22-2-2026

ABSTRACT

Introduction: Medical imaging modalities such as MRI and CT scans are indispensable for accurate
diagnosis, yet they pose substantial operational and patient safety risks—particularly in resource-limited
healthcare systems.

Material and Methods: This applied methodological study, conducted from July 2024 to April 2025, used
a four-phase methodology: scoping, data collection, framework development, and risk analysis. Data were
gathered through FGDs involving radiologists, technicians and HSE experts and also with semi-structured
interviews and process mapping, which identified 125 failure modes across nine workflow stages. PFMEA
assessed operational risks, whereas HFMEA focused on patient-centric hazards. A composite risk indicator
that comprising 40% PFMEA RPN and 60% HFMEA hazard score, prioritized risks. Statistical analyses,
including Shapiro-Wilk, Spearman’s correlation and Kruskal-Wallis tests, were used to evaluate risk
distributions and inter-stage variability.

Results: The framework identified critical risks, such as insufficient operator training and staff fatigue,
with post-process management and image reconstruction as high-risk phases. MRI and CT units showed
distinct yet overlapping risk profiles that show significant inter-stage variability (p<0.001). The hybrid
model integrated operational and clinical perspectives, which outperformed standalone FMEA methods.

Conclusion: This hybrid PFMEA-HFMEA framework offers a scalable and context-sensitive approach to
enhance patient safety with operational resilience in medical imaging. Further studies should authenticate
the framework in different settings and investigate long-term mitigation strategies to enhance radiology
risk management.
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1. Introduction

Medical imaging modalities such as MRI
and CT scans are indispensable for accurate
diagnosis, yet they pose substantial operational
and patient safety risks—particularly in resource-
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limited healthcare systems. Accurate diagnosis
and treatment require cutting-edge technology,
proficient operators, and robust safety protocols.
The intricate nature of MRI and CT scan systems
introduces significant operational and clinical risks
that can affect both patient safety and the efficiency
of healthcare workers in medical facilities. Recent
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studies indicate that 8-14% of procedures result
in negative outcomes within medical imaging
departments, with preventable mistakes—such as
equipment misconfiguration, operator errors, or
delays in procedures—responsible for as much as
35% of these incidents. In developing countries,
confronted with issues that range from scarcity and
unavailability of proficient operators, the error rate
within imaging departments can be as high as 18%.

In this study, we endeavored to develop a hybrid
PFMEA-HFMEA framework that addresses MRI
and CT scan risks directly, based on field experience
at a Tehran, Iran, tertiary hospital. By combining the
detailed, process-oriented view of Process Failure
Mode and Effects Analysis (PFMEA) and the patient-
centric focus of Healthcare Failure Mode and Effects
Analysis (HFMEA), our strategy aims to delineate
critical risks accurately and provide practical,
context-specific solutions. We discuss how this
hybrid model enhances detection and prioritization
of risks in medical imaging, balances the unique
advantages and trade-offs for bringing PFMEA and
HFMEA together for both operational and clinical
problems, and discusses how local conditions—
consider resource availability or organizational
culture—inform what risk reduction can be expected
to accomplish in a developing country context. This
work ultimately aims to encourage new approaches
to patient safety, with insights applicable far beyond
the hospital of Tehran.

2. Material and Methods

This study employs a descriptive-analytical,
cross-sectional methodology to develop and carry
out a hybrid PFMEA-HFMEA framework that
aims for proactive risk assessment in the MRI
and CT scan departments of a 500-bed tertiary
healthcare facility in Tehran, Iran. The scope of
the study encompasses the whole process of MRI
and CT scan units from admission of the patient
to discharge. The average of 150 MRI and CT scan
cases performed per day shows the requirement
of a tailored process risk assessment to address
workflow inefficiencies as well as improve the
safety of patients.

Data were collected by a multifaceted approach
combining qualitative and quantitative methods to
construct a comprehensive risk profile. Five FGD
sessions were conducted with radiologists, imaging
technicians, quality managers, and HSE experts.
Eight semi-structured interviews were performed
with radiologists and technicians to get contextual
insights. Sequential flowcharts were designed to
categorize and demonstrate the whole workflow
from the initial phases at patient admission to
discharge, which included different stages such as
registration, patient preparation and scan execution.

The hybrid PFMEA-HFMEA framework was
developed to combine the synergistic advantages
of both approaches that result in a cohesive risk
assessment model. A combined risk scoring

Table 1: Sample Risk Assessment for CT Scan Operations

3.7 Staff Ergonomic Health Musculoskeletal injuries to staff 35 100 53.0
7.7 Staff Fatigue Fatigue from long shifts 35 100 53.0
. L Unauthorized patient movement
5.2 Patient Monitoring L R 40 90 52.8
during imaging
3.5 Patient Education Severe patient anxiety 35 80 46.6
2.5 Appointment Coordination Errors in scheduling appointments 20 80 37.6

Table 2: Sample Risk Assessment for MRI Operations

3.6 Operator Training Insufficient operator training 40 100 42.56
1.5 Patient Anxiety Severe patient anxiety 35 80 38.24
3.15 Image Quality Poor image quality 32 80 36.44
1.4 Medical Information Incomplete medical information 32 60 34.84
3.1 Patient Movement Unauthorized patient movement 28 80 34.04
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approach was conducted which allocated 40% consolidated risk profile integrated PFMEA and
weight to the RPN of PFMEA and 60% weight to HFMEA results, with Shapiro-Wilk, Spearman’s
the hazard scores of HFMEA to emphasise patient correlation, and Kruskal-Wallis tests applied to
safety while preserving operational insights. The assess statistical robustness.
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Fig. 1: Flowchart of MRI operational workflow
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3. Results and Discussion operations at a 500-bed tertiary hospital in Tehran,

The implementation of the hybrid PFMEA- Iran. Sixty failure modes were specifically identified
HFMEA framework revealed 125 failure modes in MRI procedures and 65 in CT scan procedures.
across nine primary stages of MRI and CT scan Failure modes were classified into operational risks
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Fig. 2: Flowchart of CT scan operational workflow!

1. Red-colored points in the flowcharts denote stages recognized by FGD participants, including radiologists, technicians, and quality
managers, as possessing elevated risk potential due to their severity and probability of occurrence.
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(via PFMEA) and patient-centered risks (through
HFMEA). The process workflows for MRI and CT
scan procedures, comprising essential stages, are
shown in flowcharts developed through process
mapping and enhanced through focus group
discussions to present essential process steps with
related failure scenarios.

In CT scan units, 65 failure modes were ranked
according to their final weighted scores, with a
focus on staff musculoskeletal injuries and fatigue
resulting from extended shifts. In MRI units, 60
failure modes were evaluated, with insufficient
operator training and severe patient anxiety
identified as the top priorities. The normality of
Hazard Score (HS), Risk Priority Number (RPN),
and Final Weighted Score was evaluated using the
Shapiro-Wilk test. For CT, a moderate positive
correlation was found between HS and RPN (p =
0.58, p < 0.001). Strong positive correlations were
observed between HS and Final Weighted Score
(p =0.92, p < 0.001) and between RPN and Final
Weighted Score (p = 0.76, p < 0.001). Similarly, for
MRI, strong positive correlations were identified
between HS and Final Weighted Score (p = 0.90,
p <0.001) and RPN and Final Weighted Score (p =
0.74, p < 0.001).

The Kruskal-Wallis test analysis indicates
significant inter-stage variability in risk profiles
for MRI (p ~ 0.0007) and CT scan (p ~ 0.0001),
confirming robust statistical differences. Post-
Process Management emerges as the highest-risk
phase across both MRI and CT, followed by Image
Reconstruction and Data Collection.

This framework uniquely integrates the
operational precision of PFMEA with the clinical
focus of HFMEA, offering an innovation not
previously applied in MRI and CT contexts, especially
in resource-limited healthcare systems. Its contextual
adaptation to resource constraints corresponds with
the worldwide need for customized risk models in
developing countries. The synthesis of PFMEAs
Risk Priority Number and HFMEA’s hazard scores
through a cube root modification offers a significant
advancement in multi-metric risk integration. The
weighted composite index, prioritizing 60% to
HEFMEA hazard scores and 40% to PEMEA RPN,
demonstrates a theoretically sound prioritization of
patient safety.

The frameworks ability to balance risk

[DO!

prioritizing across modalities illustrates its
proficiency in synthesizing different risk
perspectives, which is a significant improvement
over individual FMEA techniques. By emphasizing
systemic vulnerabilities such as post-process
management and image reconstruction, it
addresses insufficiently investigated aspects in
radiology safety literature. The consistency between
MRI and CT modalities highlights the framework’s
adaptability in various clinical settings and also
conforms to international safety standards.

4. Conclusions

The hybrid PFMEA-HFMEA framework
redefines radiology risk assessment by employing
innovative approaches and providing a scalable
solution for resource-limited settings. Its analytical
rigor and adherence to global standards define it as
a fundamental element for enhancing safety and
systems engineering in healthcare.
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