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ABSTRACT

This study aimed to conduct a prospective risk analysis of pre-analytical
processes in a central laboratory to enhance patient safety. Failure Mode and
Effects Analysis (FMEA) was conducted in the central laboratory of a private
hospital in Tiirkiye. A multidisciplinary risk assessment team consisting of 10
members with expertise in laboratory, clinical, quality, and safety processes
was established. The pre-analytical risk assessment process was examined
under five main processes: specimen collection, analysis ordering, patient
records, transport and temporary storage, and barcoding. Brainstorming,
flowchart diagrams, and the multi-voting technique were used to identify and
prioritize failure modes and their causes, assess severity, occurrence, and
detectability, and propose corrective actions. Risk Priority Numbers (RPNs)
were calculated by multiplying severity, occurrence, and detectability scores
assigned by the team. A total of 36 potential failure modes were identified, and
their causes, effects, and corrective actions were analyzed. The highest-risk
failure modes included failure to order or incomplete ordering of tests by
physicians (RPN: 80), blood sample collection using syringes (RPN: 80),
incorrect test ordering (RPN: 64), registration under the wrong patient (RPN:
64), improper application of the tourniquet (RPN: 60), incorrect transfer of
blood collected by syringe into tubes resulting in hemolysis or
insufficient/excessive sample volume (RPN: 64), and loss of specimens (RPN:
64). Following the implementation of corrective actions, overall risk levels
were reduced by 66.75%. This study demonstrates that FMEA is an effective
and practical tool for identifying, prioritizing, and reducing risks in pre-
analytical processes within a central laboratory of a hospital.

© 2026 Journal of Innovations in Business and Industry

1. INTRODUCTION

control measures, and continuously monitoring outcomes
(La Russa & Ferracuti, 2022; Pascarella et al., 2021). As

Risk is an unavoidable part of daily life and cannot be
completely eliminated in complex systems (Arimbi et al.,
2019). It is generally defined as the possibility that an
event may occur and negatively affect the achievement
of organizational objectives. Risk management, in turn,
includes all activities related to identifying risks,
assessing their potential impact, selecting appropriate
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planned outcomes may not always be achieved, risk
management has emerged as a priority for individuals,
organizations, and governments (Pascarella et al., 2021).
Risk assessment is commonly described as a structured
process consisting of three main stages: risk
identification, risk analysis, and risk evaluation (Gfines,
2025; La Russa and Ferracuti, 2022; Pascarella et al.,
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2021). Among different sectors, healthcare is widely
recognized as one of the highest-risk environments due
to its complex workflows, heavy workload, time
pressure, and direct impact on patient safety (Adekoya et
al., 2025; La Russa & Ferracuti, 2022).

In healthcare settings, the main goal of risk management
is to systematically identify and evaluate risks and to
prevent adverse events affecting both patients and
healthcare professionals through proactive approaches.
Rather than focusing solely on responding to incidents
after they occur, this perspective emphasizes anticipating
potential failures within complex healthcare processes
before harm arises (DeRosier et al., 2002; Joint
Commission Resources, 2010). Accordingly, healthcare
risk management relies on continuous assessment,
structured planning, and the use of systematic tools to
identify vulnerabilities across clinical and organizational
workflows (Liu et al., 2020; Pascarella et al., 2021). This
approach draws attention not only to emerging risks
associated with technological advancements and
digitalization, but also to persistent system weaknesses
related to human factors, communication failures, and
process variability (La Russa & Ferracuti, 2022;
Simsekler et al., 2019). Effective risk management
therefore, plays a key role in improving the quality of
care, enhancing patient safety, and strengthening the
resilience of healthcare systems (Adekoya et al., 2025;
Aslan, 2023; Baehr et al., 2020; Hu et al., 2022; La Russa
& Ferracuti, 2022).

Failure Mode and Effects Analysis (FMEA), as a risk
management methodology, has in recent years been
positioned not only within healthcare but also as an
integral component of operational excellence and
innovation strategies in the broader framework of service
systems. New approaches supported by artificial
intelligence, ontology-based information systems, and
digital technologies have extended the traditional
boundaries of FMEA, delivering measurable efficiency
gains and economic benefits (Younus et al., 2024). In
modern manufacturing environments, the integration of
FMEA with artificial intelligence and the Internet of
Things (IoT) enhances process reliability while
simultaneously reducing costs and improving product
quality (Thomas, 2025). These developments
demonstrate that FMEA is not merely a tool for error
prevention but also a strategic innovation mechanism that
fosters sustainable value creation and service quality
improvement. Particularly in the automotive, aerospace,
and energy sectors, FMEA has shown strong results in
terms of process optimization and risk reduction
(Ratajszczak et al., 2025).

2. LITERATURE REVIEW

Healthcare organizations are complex and high-risk
systems in which professional, technological, and
managerial components are closely interconnected.
Failures in one component may rapidly affect the entire
system. In such environments, even low-probability
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events can lead to serious consequences for patients,
healthcare professionals, organizational costs, and
institutional reputation. To manage these risks,
healthcare has increasingly adopted risk assessment and
prioritization tools originally developed for high-
reliability  industries such as nuclear power,
manufacturing, and aviation (Pascarella et al., 2021).
Within this framework, risk analysis involves identifying
potential sources of risk, evaluating their possible
consequences, and estimating the likelihood of
occurrence. This process helps distinguish acceptable
clinical risks from unacceptable ones and supports
informed, evidence-based decision-making in risk
management (Pascarella et al, 2021). These
characteristics highlight the need for structured and
proactive risk analysis methods, such as Failure Mode
and Effects Analysis (FMEA), particularly in complex
healthcare processes (Lago et al., 2012; Ullah et al., 2022;
Yousefinezhadi et al., 2016).

Medical laboratories are essential components of
healthcare systems, supporting both diagnostic and
therapeutic decision-making. Clinical laboratories play a
critical role in diagnosis, prognosis, treatment
monitoring, and disease prevention by providing
accurate, reliable, and timely test results (Adekoya et al.,
2025; Inal et al., 2018; Letelier et al., 2021). Beyond
diagnosing infections, metabolic disorders, and
malignancies, laboratories also contribute to personalized
medicine through genetic and molecular analyses and
ensure test reliability through robust quality control
practices (Adekoya et al., 2025). Laboratory services rely
on well-coordinated workflows with clinical and
administrative healthcare units, as well as on
comprehensive quality systems that ensure reliability and
patient safety across the pre-analytical, analytical, and
post-analytical phases of testing (Adekoya et al., 2025;
Englezopoulou et al., 2016; Perrotta et al., 2020).
Although advances in standardization, instrumentation,
staff training, and laboratory information systems have
reduced error rates in the analytical and post-analytical
phases, most laboratory errors still occur during the pre-
analytical phase (Englezopoulou et al., 2016; Flegar-
Mestri¢ et al., 2017; Nordin et al., 2024; Persoon et al.,
2006). This phase includes test ordering, patient
preparation, specimen collection, handling, transport,
and delivery to the laboratory, all of which are highly
vulnerable to biological, environmental, and technical
factors (Ellervik & Vaught, 2015; Englezopoulou et al.,
2016; Grankvist et al., 2019; Perrotta et al., 2020). The
pre-analytical phase consists of two main stages: an
extra-laboratory stage, which includes test ordering,
patient preparation, specimen collection, transport, and
temporary storage; and an intra-laboratory stage,
involving sample reception, acceptance, labeling,
centrifugation, distribution, and preparation for analysis
(Ellervik & Vaught, 2015; Flegar-Mestri¢ et al., 2017,
Grankvist et al., 2019). Due to its complexity and limited
controllability, the pre-analytical phase remains a critical
area for quality improvement and risk management
initiatives.
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Quality risk management aims to systematically assess,
control, communicate, and review risks at every stage of
healthcare processes (Elmadhoun et al., 2025). Various
risk assessment methods, such as Failure Mode and
Effects Analysis (FMEA), Fine—Kinney, root cause
analysis, decision matrix risk assessment, fault tree
analysis, and lean management approaches, have been
applied in healthcare settings (Kammoun et al., 2021;
Letelier et al., 2021; Pascarella et al., 2021; Yousofnejad
et al., 2024; Zhang et al., 2025). Among these, FMEA
stands out as a proactive and systematic method that
identifies potential failure modes, analyzes their causes
and effects, and supports the implementation of
preventive actions before errors occur (Lago et al., 2012;
Manrique-Rodriguez et al., 2014; Najafpour et al., 2017).
While FMEA is widely recognized as a proactive risk
assessment tool, it is often compared with alternative
methods such as Root Cause Analysis (RCA), Fault Tree
Analysis (FTA), and Lean Six Sigma approaches. Unlike
reactive methods such as RCA, which focus on analyzing
errors after they occur, FMEA enables prospective
identification and prioritization of potential failures
before they impact system performance (Liu et al., 2020).
Similarly, compared to FTA, which models causal
relationships in a top-down manner, FMEA offers a more
process-oriented and operationally applicable framework
for frontline risk management (Pascarella et al., 2021). In
recent years, hybrid and enhanced models, such as fuzzy
FMEA, artificial intelligence-supported risk assessment,
and data-driven decision systems, have been proposed to
overcome limitations of traditional scoring systems and
improve prioritization accuracy (En-Naaoui et al., 2023;
Liu et al., 2020). These advancements position FMEA
not only as a classical quality tool but also as an evolving
methodology integrated with digital technologies,
thereby strengthening its innovation potential and
applicability across complex service systems.

Over the past decade, FMEA has been widely applied
across diverse healthcare domains, including medication
safety, diagnostic services, intensive care units, blood
transfusion processes, and hospital management,
demonstrating its effectiveness in reducing risks and
improving patient safety (Abbasgholizadeh Rahimi et al.,
2015; Anjalee et al., 2021; La Russa et al., 2022;
Najafpour et al., 2017). In addition to improving patient
safety, implementing FMEA in the pre-analytical
laboratory process demonstrated measurable operational
efficiency gains and potential economic benefits. The
reduction in high-risk failure modes is likely to decrease
sample rejection rates, minimize the need for repeat
testing, and shorten turnaround times, thereby improving
workflow continuity and resource utilization. From an
operational perspective, fewer process disruptions and
errors contribute to increased productivity and reduced
workload for healthcare professionals. Economically,
preventing pre-analytical errors can lead to significant
cost savings by reducing material waste, labor time, and
indirect costs associated with delayed diagnosis or
extended hospital stays. These findings align with
previous studies indicating that quality improvement and

risk management interventions, such as FMEA, can
enhance efficiency while simultaneously lowering
operational costs in laboratory and healthcare settings
(John et al., 2025; Wei et al., 2026).
Beyond healthcare, Failure Mode and Effects Analysis
(FMEA) has been widely applied across various
industries as a core tool for achieving operational
excellence, enhancing process reliability, and supporting
innovation in service systems. In manufacturing,
aerospace, automotive, and energy sectors, FMEA
contributes to reducing process variability, improving
system performance, and minimizing operational risks
through proactive failure identification and continuous
improvement practices (Fragassa & Ippoliti, 2016; Wu et
al., 2021). In industrial engineering contexts, FMEA is
frequently integrated with Lean and Six Sigma
methodologies to support process optimization, waste
reduction, and performance improvement, thereby
strengthening its role as a key instrument of operational
excellence (Omisola et al., 2024).
Within the broader service systems perspective,
organizations are viewed as interconnected networks of
people, technologies, and processes that co-create value,
where risk management tools such as FMEA play a
critical role in ensuring efficiency, service quality, and
sustainability (Gomaa, 2025). Moreover, the integration
of FMEA with digital technologies, artificial intelligence,
and data-driven decision-making approaches has further
expanded its role as an innovation-enabling tool in
complex systems (En-Naaoui et al., 2023). Therefore,
positioning FMEA within an operational excellence and
service systems framework highlights its applicability
not only in healthcare but also across diverse sectors,
reinforcing its value as a strategic tool for process
optimization and performance improvement.
In FMEA, each potential failure mode is assigned a Risk
Priority Number (RPN) based on severity, occurrence,
and detectability scores, allowing risks to be
systematically prioritized (Elmadhoun et al., 2025;
Fragassa and Ippoliti, 2016; Jin et al., 2024; Joint
Commission, 2010). Accordingly, the present study
aimed to conduct a prospective risk analysis of pre-
analytical processes, from specimen collection to sample
acceptance in the laboratory, within a central laboratory
setting. By applying FMEA to the entire pre-analytical
workflow, this study seeks to support targeted risk
reduction strategies and contribute to improved patient
safety. The specific objectives of the study were to:
e identify potential risks and failure modes in pre-
analytical laboratory processes;
e evaluate the possible effects of these failures on
patient safety;
e determine the main causes of pre-analytical
failures;
e identify failure modes with the highest Risk
Priority Numbers (RPNs); and
e propose corrective actions to reduce identified
risks.
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3. MATERIALS AND METHODS

3.1 Type of the Research
This is a descriptive, prospective, and cross-sectional
study.

3.2 Study Population

The scope of the study included all risks identified by the
risk assessment team during the pre-analytical processes
in the central laboratory of a private hospital in Ankara
between November 1 and December 31, 2024. All
identified risks were evaluated without sampling.

3.3 Study design

The FMEA was performed following the systematic
stepwise framework recommended by ISMP-Canada
(Greenall et al., 2007). The process began with selecting
the process of interest and assembling the team (Step 1).
Next, the process was diagrammed to ensure a clear
understanding of each component and workflow (Step 2).
Following this, the team brainstormed potential failure
modes and identified their possible effects (Step 3), and
then determined the underlying causes of each failure
mode (Step 4). Based on these findings, the failure modes
were prioritized according to their level of risk (Step 5).
The team then proceeded to redesign the process to
address the identified risks (Step 6). Afterward, the
proposed changes were analyzed and tested (Step 7).
Finally, the redesigned process was implemented and
monitored to ensure sustained improvement and safety
(Step 8) (Greenall et al., 2007). FMEA phases and tools
are given in Table 1.

Table 1. FMEA Phase and Tools

Tool(s)
Flow
chart

diagram

Multi-
voting
technique

No | FMEA phase Brain

storming

Selection of
processes  and
establishment of
the
multidisciplinary
team
Assemble
team
Process mapping
Risk assessment
of each sub-
process
Implementing
corrective
actions
restructure
process
Monitoring and
reassessment of
improvements

The hospital administration and the
research team

the The hospital administration and the

research team

v

v

v

to
the

3.4 FMEA Steps

3.4.1 Process selection and team assembly

The pre-analytical phase of central laboratories was
selected as the focus of this study because it involves
multiple stakeholders, decentralized processes, and high
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variability, making it particularly vulnerable to errors that
may directly affect patient safety. Central laboratories
handle large test volumes from different clinical units,
increasing process complexity and the potential for
systemic failures. Despite technological advancements,
pre-analytical errors remain the most frequent source of
laboratory-related risks, highlighting the need for a
comprehensive and proactive risk assessment approach
in this critical phase (Adekoya et al., 2025; Ellervik and
Vaught, 2015; Flegar-Mestri¢ et al., 2017; Letelier et al.,
2021). Focusing on this stage aligns with quality and

accreditation  standards and  offers  significant
opportunities  for process standardization and
improvement.

To build an effective team, we used the risk-management
recommendations of the American Society for
Healthcare Risk Management (ASHRM) and ISMP
Canada. ASHRM recommends that an FMEA team
include subject-matter experts, a team leader, a facilitator
familiar with the FMEA process, and a neutral member
who can provide an outside perspective (Barker et al.,
2002). According to ISMP Canada, the FMEA team
should include front-line practitioners and managerial
staff, who together offer detailed insight into daily
operations and a broader perspective on resource
allocation (Barker et al., 2002).

Table 2. Risk Assessment Team

3
D =
E o ‘:": ~ < a ': é
S Z = O = = 2 2 %
o = = caS| S 2 =
z S a 28> =2 | RES&
Laboratory Head of 18 N4 Medium
1 physician in | risk
charge assessment
team
Deputy Vice 15 v Medium
2 hospital President
director
Occupational | Reporter 8 v High
3 safety
specialist 1
Occupational | Member 5 NG High
4 safety
specialist 2
5 Quality Member 12 NG High
manager
6 Education Member 7 v Medium
nurse
7 Supervisor Member 9 v Medium
nurse
3 Laboratory Member 15 N4 Medium
coordinator
9 Director of | Member 18 v Medium
nursing
Deputy Member 12 v High
10 | quality
manager

The FMEA team consisted of ten members with diverse
roles and experience in the hospital and laboratory setting
(Table 2). The team was led by the laboratory physician
in charge, who served as the head of the risk assessment
team, supported by the deputy hospital director. Core
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team members included occupational safety specialists, a
quality manager, a deputy quality manager, a laboratory
coordinator, education and supervisory nurses, and the
director of nursing. Team members had between 5 and 18
years of professional experience, with varying levels of
prior experience in risk assessment, ranging from
medium to high. All participants were actively involved
in the FMEA evaluation process (Table 2).

3.4.2 Mapping the process

Workflow mapping provides a structured way to evaluate
work processes and identify activities that do not
contribute value (Perrotta et al., 2020).

Table 3. GANT Chart

L.Analysis ordering 2.Patient record 3.Barcoding oG 5. Transport and.
S temporary storage

Figure 1. Simple process map

The pre-analytical process workflow diagram for the
central laboratory is given in Figure 1.

3.4.3 GANT Chart
The Gantt chart for the work and time planning of the

central laboratory pre-analytical process is presented
below (Table 3).

2024
No Mission November December
12 3 4 |[1]| 2 3 4
1 Identification of the appropriate study area for FMEA
1.1 Establishment of the FMEA team: designation of the team leader and members
1.2 Determination of the meeting schedule
2 Initial meeting with FMEA team members
2.1 Definition of the pre-analytical process flow related to materials sent to the laboratory
2.2 Identification of sub-processes
3 FMEA team meeting
Conducting observations and assessments with team members in all departments where specimens
3.1 are collected, such as the emergency department, intensive care units, outpatient clinics, and
inpatient wards
32 Evaluating the accuracy of the main process and sub-process stages based on observations and
: assessments, and making final decisions
33 Conducting brainstorming sessions on failure modes and identifying problems through majority
) voting
4 Performing site visits, including areas where specimens are collected
5 FMEA team meeting
51 Refining and updating failure modes based on information provided by staff involved in the
) processes
Assigning team members to interview staff involved in the processes to contribute to the
5.2 LS . . . .
identification of failure modes and their underlying causes
6. FMEA team meeting
6.1 Refining and updating failure modes based on information provided by staff involved in the
) processes
6.2 Recording identified failure modes and their underlying causes in the FMEA data collection form
63 Evaluating each failure mode and its causes to determine probability (occurrence), severity, and
) detectability scores
7 FMEA team meeting
7.1 Defining corrective actions and assigning responsible persons and timelines for monitoring
72 Continuing risk analysis and the identification of corrective actions to reduce Risk Priority
’ Numbers
8 FMEA team meeting
8.1 Assigning team members to monitor staff responsible for implementing corrective actions
9 FMEA team meeting
91 Refining and updating failure modes based on information provided by staff involved in the
) processes

10 FMEA team meeting

10.1 their effectiveness

Testing the proposed changes and evaluating data related to process modifications that document

11 FMEA team meeting

11.1 All actions decided upon must be approved in consultation with hospital management.

12 FMEA team meeting

12.1 Preparation of the HTEA report

12.2

Review of the HTEA report with the Hospital Director, Quality Group Manager, and all team
members, presentation on the study, and completion of the project.

13 Evaluation of improvement results

March 2025
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3.5 Data Collection

Brainstorming, multi-voting technique, and the flowchart
diagrams were used in the data collection process
(Simsekler et al., 2019; Al-Baadni and Al Magrabi, 2023)
(Table 1). Brainstorming is a commonly applied and
effective technique within systems-thinking approaches,
designed to stimulate group creativity. It enables
participants to openly share ideas on a defined issue
without immediate evaluation or criticism. Through this
process, teams can better analyze and understand
workflows, develop innovative solutions, encourage
open and flexible thinking, explore diverse alternatives,
and promote active involvement of all members (Al-
Baadni and Al Magrabi, 2023; Gogatz and Azavedo,
2023). A flowchart, also known as a process map, is a
basic tool used to visually represent the steps of a process
in sequence. It helps simplify complex workflows,
making them easier to understand, examine, and improve
(Al-Baadni and Al Magrabi, 2023; Elahi, 2022). Multi-
voting, also called the nominal group technique, is a
structured method in which a team uses several rounds of
voting to reduce many ideas to a smaller, prioritized set.
It is often combined with brainstorming and is considered
a practical, quick, and cost-effective way to support
group decision-making (Al-Baadni and Al Magrabi,
2023; Harvey et al., 2024).

At the data collection stage, the researchers first reviewed
the literature and then developed a pre-analytic risk
assessment form using Microsoft Excel. The form
covered the main and sub-processes, potential failure
modes, their causes and effects, probability, severity, and
detectability scores, risk priority number, corrective
actions, timelines, responsible personnel, and post-
intervention risk scores (DeRosier et al., 2002; Simsekler
et al., 2019; Weber et al., 2022). The determination of
probability, severity, and detectability scores was based
on the opinions of the risk assessment team, previous
incident reports, and documents related to the pre-
analytical process of the central laboratory. Documents
were obtained from the quality management system.
Previous incident reports were obtained from the quality
management department, the occupational health and
safety department, and the central laboratory’s archives.
The data were obtained from multidisciplinary risk
assessment team meetings held between November 1 and
December 31, 2024, conducted once a week for three
hours per day, totaling 24 hours. The risk assessment
team, consisting of 10 specialists from relevant
departments, is presented in Table 2.

First, all participants were informed about the aim of the
study, the method to be used, and how the data would be
collected. Then, a process flowchart was developed
(Figure 1). Next, the procedures, instructions, and
workflow charts of the central laboratory pre-analytical
process were reviewed. Using brainstorming and multi-
voting, the team identified the main and sub-processes,
as well as possible failures, their causes, and effects,
based on the opinions of all specialists. This stage took
about 12 hours, and all views were recorded. After each
session, the researchers summarized the results and
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shared them with the participants by e-mail before the
next meeting. The identified risks were then scored for
probability, severity, and detectability. Individual scores
were averaged and shared with the team before the final
session. In the final stage, all items were reviewed to
reach consensus, and preventive actions, timelines, and
responsibilities were defined, giving priority to very
high-risk items, followed by high- and medium-risks
(Table 7). This stage lasted approximately six hours. To
improve reliability and validity, individual evaluations
were shared with all team members, and their consistency
was confirmed through group discussion using multi-
voting and brainstorming. After the corrective actions
were implemented, the same group of specialists met for
six hours in March 2025 to assess the effectiveness of the
FMEA and calculate the post-intervention risk scores
(Table 7).

3.6 Statistical Analysis

Data were analyzed using the FMEA method. In this
approach, the team evaluates each risky situation by
scoring its probability, severity, and detectability, and
improvement actions are prioritized for risks considered
unacceptable.

Table 4. Rating scales used to assign values to the
occurrence (O), severity (S), and detection (D) scores in
the failure mode and effect analysis

Occurrence (0) Severity (S) Detection (D)
Scor Failure Scor | Descriptio | Scor Likelihoo
e mode e nofinjury | e d of
probability detection
Remote: the
failure No harm to
rarely the patient, Very
1 occurs, with | and 1 high:
an estimated monitoring detected
frequency of alone s 9/10 times
1 in 10,000 sufficient.
events
Low: E}jﬁg orary
Enllkely to requiring High:
2 appen, 2 | additional 2| detected
observed in . . .
interventio 7/10 times
1 per 1,000
s n or
even treatment.
Temporary
Moderate: injury with
happens a _longer Medium:
intermittentl hospital
3 3 3 detected
y, observed stay or an 5/10 times
in 200 increased
instances level  of
care
High:
happens Permanent
frelzﬁxently effects on Low:
4 . 4 4 detected
observed in body 2/10 times
1 per 100 functions
events
Very High: Death or
happens ermanent
frelzﬁxently {)oss of Remote:
5 . 5 . 5 detected
observed in major 0/10 times
1 per 20 body
events functions

Source: Joint Commission, 2010
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Occurrence reflects how often a risk may happen,
severity indicates how serious its impact would be, and
detectability refers to how easily the risk can be identified
before it occurs. The Risk Priority Number (RPN) is
calculated by multiplying these three scores. All values
are rated on a 5-point scale, as shown in Table 4. Higher
RPN scores point to areas that require priority
improvement (Elmadhoun et al., 2025; Greenall et al.,
2007; Joint Commission, 2010; Stojkovi¢ et al., 2017).
An action plan was established to address high-risk
failure modes.

3.6.1 Severity, Occurrence, and Detection of the
FMEA

The Joint Commission on Accreditation of Healthcare
Organizations (JCAHO), it prescribes assigning a value
on a scale from 1 to 5 to measure the likelihood of a
potential risk occurring, its severity, and the chance of
detecting and preventing the event before it occurs. Here,
1 represents the lowest risk, while 5 represents the
highest risk (Joint Commission, 2010; Stojkovi¢ et al.,
2017) (Table 5). Toplam risk puani occurrence (O),
severity (S), and detection puanlarinin c¢arpimiyla
bulunur. Tablo 2’de goriildiigii tizere yesil alanlar diisiik
riski, sar1 alanlar orta riski ve kirmiz1 alanlar yiiksek riski
ifade eder. Risk onceliklendirme matrisinde oncelikle
kirmizi alanlardan baslayarak iyilestirme c¢alismalari
yapilmalidir (Elmadhoun et al., 2025).

Table 5. Risk Priority Number matrix (Green: low;
Yellow: Medium; Red: High)

Occurrence

Severity
Detectability

Source: Elmadhoun et al. (2025)

3.7 Ethics Committee Approval

This study was approved by the Bandirma Onyedi Eyliil
University Health Sciences Non-Interventional Research
Ethics Committee with the date 21.10.2024 and number
2024-9/223. In addition, written permission was obtained
from the institution where the study was conducted.

4. RESULTS

4.1. Identification of potential failure modes, causes,
effects, and prioritization of failure modes

Each failure mode was evaluated using an RPN based on
severity, occurrence, and detectability scores, allowing
systematic ranking of risks. Occurrence estimates were
based on both empirical data and the experiential
knowledge of the multidisciplinary team (Table 6).

Table 6. Top critical failure modes, effects, underlying causes, risk priority number, corrective actions, and post-risk

SCOore
3
=
=
=S
» z °
@n
8 | Possible . . 2 g
2 failures Effects Causes = ‘E’ Corrective Actions = © = §
St
~ E| E| £ 2 £ | 5|«
25 |= g TIE(2|E| %
51 8| 2| w2 2 E| 5| 2| 2| X
2| 2| B|2% 5 E|lz| 2|88
S| E| 8| ZE L7200 - =T -
*Extended
turnaround time for *Reminding physicians
the testing process *Lack of to place test orders E
Failure to order | *Prolonged information = | through the hospital % =3
. S | - . =
or 'mcomp]ete Freatment' 0T | wHieh workl d 4 4 5 = mformgt]on system g 4 ) 5 g
ordering of tests | intervention period | gk Wfo oa¢ ~ | *Enabling the use of o >
by the physician | *May result in Lack of attention & printed test request g e =
. . *Technical i . . =
echnical issues s I F
Inappropriate forms in the automation = <
treatment or system = =
o0 . . a S
= intervention 2 s
=
5 = =
=
=
3 @
é *Update shortcut é
= *Prolongation  of _ -pdate shorteut menus 7
= the testing process in the automation system
< *Dela in the *Lack of knowledge for physicians’ routinely —_
treatm};nt and *High workload _ | requested tests g §
Incorrect test | intervention *Inattention or ﬁ) *Eliminate manual = = S
orderin rocess carelessness 4 4 4 L. | (paper-based) test °é g 4 3 4 55
& }’:Ma lead 1o *Technical problems $ | request forms S ug é
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Pre-Post Risk Score 1080 - ) 71

Before the improvement process, the items with the
highest risk scores were identified as follows: the
physician failing to place or incompletely placing test
orders (80 points), blood samples collected using
syringes (80 points), incorrect test orders (64 points),
improper transfer of blood collected with a syringe into
tubes leading to hemolysis or under/over-collection (64

Table 8 presents the pre-analytical activities, the number
of failure modes, and the total risk scores. It can be
observed that more than half of the risks are related to the
sample collection process.

Table 8. Pre-Analytical Activity, Number of Failure
Modes, and Total Pre-Risk Score

points), loss of samples (64 points), incorrect patient
. h . q Number of
records (64 points), improper use of the tourniquet (60 Pre-Analytical . Total Pre-
. - . No e Failure .
points), and incorrect transfer of syringe-collected blood Activities Modes Risk Score
into tubes (64 points) (Table 6).
Table 7 shows the distribution of items in low, medium, 1 | Specimen collection 20 (%55.6) 546
gnd hlgh-qsk cgtegorles before and after the 2 | Analysis ordering 6 (%16.7) 220
implementation of improvement measures. :
3 | Patient record 4 (%11.1) 178
Table 7. Risk Priority Number Before and After FMEA 4 | Transportand temporary | %11.1) 108
storage
Pre-Risk Post-Risk .
rens oSt 5 |Barcoding 2 (%5.6) 28

High 7 (19.4%) 0 (0%)

Medium 13 (36.1%) 12 (33.3%) Total 36 1080

Low 16 (44.5%) 24 (66.7%)

Total 36 (100%) 36 (100%) Table 9 shows the pre- and post-risk scores for each

. . failure mode.

Table 7 shows that, following the improvement

measures, the proportion of items in the high-risk
category, which was 19.4% before the interventions,
decreased to 0%. The proportion of items in the medium-
risk category, which was 36.1%, decreased to 33.3%,
while the proportion of items in the low-risk category
increased from 44.5% to 66.7%.
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No Failure Mode Pre-Risk Score | Post-Risk Score
Failure to order the

1 | test/incomplete test 80 40
ordering

2 Blgod sgmple collection 30 48
using syringes
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Incorrect test ordering

64

48

Incorrect patient record

64

48

Improper transfer of
blood collected with a
syringe  into  tubes,
resulting in hemolysis or
under/over-collection

64

32

Loss of the sample

64

Improper application of
the tourniquet

60

40

Duplicate test order

48

48

Duplicate patient record

48

32

10

Specimen contamination

32

32

11

Specimen taken in an
incorrect position

32

12

Intravenous fluid
contamination

32

13

Not  specifying  the
patient’s critical
medications in the test
request/patient not
reporting them

32

32

14

Collection of clotted
blood sample

32

24

15

Specimens collected
while patients are using
medications that may
affect test results due to
drug interactions

32

32

16

Collection of the sample
at an inappropriate time

24

17

Sample  being  held,
stored, or transported
under unsuitable
conditions

24

18

Placement  of tissue
samples from different
sites in the same container

24

19

Missing or incomplete
patient information on the
test request

24

20

Insufficient collection of
the laboratory sample

20

21

Opening records through
the physician module

22

Samples  taken  post-
exercise in tests
influenced by physical
activity

23

Samples taken under
stress in tests influenced
by stress

24

Collection of a hemolyzed
blood sample

25

Sampling collected in an
inappropriate
tube/container

26

Unreadable or damaged
label

27

Collection of a lipemic
blood sample

28

Failure to specify the
sampling site in the test
order

29

Improper labeling of the
sampling container

30

The sampling is being
collected in an excessive
amount

Breakage or spillage of
31 | the sample during 12 4
transport

Inadequate fixation of
collected tissue samples
The laboratory sample
was sent to the wrong
laboratory, not sent, or
sent incompletely

Using material unsuitable
for the test

Absence of a consent
35 | form for tests requiring 8 6
informed approval
Mislabeling of
cerebrospinal fluid
samples at the time of
collection

Total 1080 721

32 10 5

33

34

36

5. DISCUSSIONS

In this study, central laboratory pre-analytical process
failures were examined under five categories: specimen
collection, analysis ordering, record keeping, transport
and temporary storage, and Dbarcoding. This
categorization is consistent with previous studies that
have adopted a process-based approach to the pre-
analytical phase. In particular, Erbayraktar and Giildas
(2020) similarly classified pre-analytical errors in
medical laboratories into test request, sampling,
identification, barcoding, and transfer processes.
Comparable process-based frameworks have also been
reported in international studies, including the CAP Q-
Probes investigation by Perrotta et al. (2020), which
examined pre-analytical testing through workflow
mapping, as well as quality indicator—based analyses by
Flegar-Mestri¢ et al. (2017) and Englezopoulou et al.
(2016), emphasizing errors related to test ordering,
specimen collection, identification, documentation, and
transport. More recently, Nordin et al. (2024) reaffirmed
that pre-analytical errors predominantly arise from these
same process steps, underscoring the robustness and
relevance of the categorization used in the present study.
Additionally, several studies have demonstrated that
addressing high-risk pre-analytical errors through
structured risk management approaches, such as FMEA,
improves laboratory process reliability and contributes to
enhanced patient safety (Erbayraktar & Giildas, 2020;
Flegar-Mestri¢ et al., 2017; Liu et al., 2020).

One of the highest-risk items before the improvement
process was failure to order tests or incomplete test
ordering (RPN = 80). This finding emphasizes that errors
in test ordering represent a critical point in the pre-
analytical workflow, potentially leading to delays in
patient care and incorrect treatment decisions. Similar
observations have been reported in the literature, where
test ordering errors were identified among the most
frequent and high-risk failures in medical laboratories
(Erbayraktar & Giildas, 2020; Flegar-Mestri¢ et al.,
2017). Moreover, systematic reviews on FMEA
applications in healthcare highlight that proactive
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identification and mitigation of such high-risk process
failures significantly improve laboratory quality and
patient safety (Liu et al., 2020).

Another high-risk failure was blood sample collection
using syringes (RPN = 80) and the improper transfer of
blood collected with a syringe into tubes, which could
result in hemolysis or under/over-collection (RPN = 64).
These findings underscore the critical impact of sample
collection and handling on the integrity and reliability of
laboratory results. Previous studies have similarly shown
that incorrect sampling techniques, particularly the use of
syringes instead of vacutainers, unsafe needle removal
and blood transfer to test tubes are among the most
frequent pre-analytical errors leading to hemolysis,
incorrect test results, and delays in patient care (Addisu
et al., 2023; Erbayraktar & Giildas, 2020; Flegar-Mestri¢
et al., 2017). Furthermore, the implementation of process
improvement strategies, such as Lean and Six Sigma
methodologies, has been shown to reduce such errors by
standardizing sample collection and transfer procedures,
thereby enhancing overall laboratory quality and patient
safety (Persoon et al., 2006; Inal et al., 2018; Liu et al.,
2020).

Wrong test orders (RPN = 64) and incorrect patient
records (RPN = 64) were also identified as high-risk
failures in the present study. These errors are critical
because they may adversely affect the accuracy of
laboratory results and subsequent clinical decision-
making. Similar findings have been reported in the
literature, where errors related to test ordering and patient
records have been identified among the most frequent
and critical pre-analytical failures in medical laboratories
(Addisu et al.,, 2023; Erbayraktar & Giildas, 2020;
Flegar-Mestric et al., 2017; Perrotta et al., 2020).
Furthermore, systematic reviews on FMEA applications
emphasize that proactive identification and mitigation of
such failures contribute to improvements in laboratory
process quality and patient safety (Liu et al., 2020).
Sample loss was identified as another high-risk pre-
analytical error, with an RPN of 64 in the present study.
This finding is consistent with the broader literature,
which indicates that lost or missing specimens represent
a critical vulnerability in pre-analytical processes and
may compromise diagnostic accuracy and patient care
(Erbayraktar & Giildas, 2020; Flegar-Mestri¢ et al., 2017,
Liu et al., 2020). Previous studies have shown that non-
received or misplaced specimens are among the common
causes of pre-analytical errors in hospital laboratories
and may result in delayed test reporting, inappropriate
clinical decisions, and increased patient safety risks
(Alavi et al., 2020; Englezopoulou et al., 2016; Nordin et
al., 2024). Such errors are frequently attributed to
deficiencies in sample handling, transportation, and
interdepartmental communication, underscoring the need
for standardized procedures and continuous staff training
(Alcantara et al., 2022; Perrotta et al., 2020). Evidence
further suggests that implementing corrective strategies,
such as enhanced workflow monitoring, dedicated
transport protocols, and targeted staff education, is
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associated with reductions in sample loss and related
risks (Liu et al., 2020; Nordin et al., 2024).

Finally, improper application of the tourniquet (RPN =
60) was identified as a high-risk failure in the present
study, indicating that suboptimal venipuncture technique
remains a significant source of pre-analytical laboratory
error. Evidence suggests that inappropriate tourniquet
use, particularly prolonged application beyond
recommended limits, may lead to venous stasis and
hemoconcentration, resulting in alterations in analyte
concentrations and compromising test accuracy, with
potential indirect implications for patient safety. Current
pre-analytical guidelines recommend releasing the
tourniquet as soon as blood flow is established to prevent
artificial changes in sample composition (Magnette et al.,
2016). Observational studies of phlebotomy practices
have documented procedural deviations, including
prolonged tourniquet application and other collection
errors (e.g., Addisu et al., 2023). Pre-analytical literature
more broadly identifies sample collection and handling
as frequent sources of error, underlining the importance
of technique-focused training and adherence to
standardized procedures to reduce pre-analytical failures
(Alavi et al., 2020; Flegar-Mestric¢ et al., 2017; Nordin et
al., 2024).

Beyond the clinical implications, the findings of this
study also highlight the broader managerial and
economic relevance of FMEA. Recent evidence
demonstrates that digital and Al-supported FMEA
frameworks can deliver measurable efficiency gains by
reducing sample rejection rates, minimizing repeat
testing, and shortening turnaround times, thereby
lowering operational costs and improving workflow
continuity (Gomaa, 2025; Waseem et al, 2025).
Compared with reactive approaches such as Root Cause
Analysis, FMEA offers a proactive methodology that
anticipates failures before they occur, while its
integration with Lean Six Sigma and Statistical Process
Control has been shown to support zero-defect
production and predictive quality assurance in complex
systems (Omisola et al., 2024). Furthermore, Al-driven
FMEA applications enhance the speed and accuracy of
risk prioritization, positioning the method as an
innovative tool for modern healthcare and industrial
contexts (El Hassani et al., 2025).

Recent advances in hybrid intelligence approaches
provide further support for positioning FMEA as a
strategic innovation mechanism that extends beyond
healthcare. Mokhtarzadeh et al. (2025) conducted a
comprehensive literature review of failure analysis in
Industry 4.0, demonstrating that hybrid intelligence,
combining expert judgment with Al-driven analytics,
significantly enhances diagnostic accuracy, predictive
capabilities, and cost-effectiveness. Their findings show
that hybrid FMEA frameworks reduce production
stoppages, optimize resource utilization, and enable
real-time risk monitoring, thereby reinforcing the
measurable efficiency and economic outcomes of
proactive risk management. Compared with traditional
reactive methods such as Root Cause Analysis, hybrid
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intelligence models integrate seamlessly with Lean Six
Sigma and digital technologies to achieve zero-defect
production and predictive maintenance  goals.
Importantly, the applicability of these approaches
extends to industrial domains such as automotive,
aerospace, and energy, where hybrid intelligence failure
analysis has been successfully employed to strengthen
process reliability and service quality. These insights
highlight that methodological innovations surrounding
FMEA not only improve patient safety in laboratory
contexts but also contribute to operational excellence and
sustainable value creation across diverse service systems.
This study has several limitations. First, it was conducted
as a single-center study. Second, it only covers the pre-
analytical processes up to the transfer of samples to the
laboratory. Third, the findings are limited to the expert
opinions included in the study. Finally, due to the lack of
access to cost-related data, the cost of FMEA-based
improvements could not be included in the analysis.
Future studies are recommended to be multicenter, focus
on specific laboratory types, and include cost analyses
where possible.

6. CONCLUSIONS

This study evaluated pre-analytical risks in the central
laboratory of a private hospital in Ankara using the
FMEA method. The results demonstrated that the
highest-risk failure modes were related to sample
collection, test ordering, patient records, sample
handling, and improper tourniquet application.
Corrective measures implemented for high- and medium-
risk items led to a substantial reduction in overall risk,
with the proportion of high-risk items decreasing from
19.4% to 0%, and the proportion of low-risk items
increasing from 44.5% to 66.7%. These findings
highlight the effectiveness of proactive risk assessment
and targeted interventions in improving laboratory
quality and patient safety.

The study emphasizes that errors in sample integrity,
identification, and handling, such as hemolysis, sample
loss, improper use of syringes, and tourniquet misuse,
represent critical vulnerabilities in pre-analytical
processes. Addressing these errors through structured
risk management, staff training, and workflow
standardization can significantly reduce the likelihood of
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inaccurate test results, delays in patient care, and
potential adverse outcomes. The results also reinforce
that the majority of pre-analytical risks are associated
with specimen collection, underlining the importance of
focusing quality improvement efforts on this step.

Based on these findings, it is recommended that
laboratories implement regular, competency-based
training programs for both laboratory and clinical staff to
ensure proper sample collection, handling, and tourniquet
application. Standardized protocols should be established
for test ordering, sample labeling, collection, and
transport to reduce variability and minimize errors. High-
risk processes should be continuously monitored, with
periodic audits and feedback loops in place to promptly
identify and address deviations. The use of appropriate
materials, such as vacutainers instead of syringes, should
be promoted, ensuring that age- and test-specific
collection sets are readily available. Clear
communication channels must be established for
reporting missing or incomplete information and
misrouted samples to prevent delays, while technological
support, including automation and barcode systems,
should be effectively utilized to reduce human errors and
enhance specimen traceability.

These results show that the use of structured risk
management tools such as FMEA contributes not only to
patient safety, but also to better workflow organization,
more efficient use of resources, and overall improvement
in laboratory system performance. In addition, this
approach can be applied in other laboratories and
healthcare institutions, where it may support process
standardization and further improvements in operational
quality.

In conclusion, the application of FMEA in the pre-
analytical phase proved to be a highly effective strategy
for identifying, prioritizing, and mitigating laboratory
risks. The combination of structured risk assessment,
targeted corrective actions, and continuous staff
education can significantly improve laboratory quality,
patient safety, and overall healthcare outcomes, and
future studies may extend this approach to other
laboratory phases and clinical settings to further optimize
patient care and process reliability.
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