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A B S T R A C T   

A blood supply chain (BSC) is a very long and complex sequence of processes heavily sequential. If one of them is 
executed in an incorrect way and this error is not detected, it leads to an incorrect transfusion outcome, that 
could seriously affect patients. For this reason, there is a strong need to identify and prevent adverse events along 
the entire BSC, in order to reduce their probability of occurrence. This also helps improving BSC sustainability 
from both the environmental and the social perspectives. The paper extends an existing healthcare supply chain 
risk management framework already applied to the blood transfusion process to address multiple BSC echelons 
and identify the cause and effect relationships among the adverse events that might occur. To this end, Fault Tree 
Analysis is added to the risk management tools part of the original framework as well as Key Performance In
dicators are applied to detect risky event manifestation. 

The first application of the proposed approach to a blood bank and a hospital ward revealed its effectiveness in 
identifying the BSC activities most subjected to risk. Also, connections between adverse events and causal re
lationships among their sources were found, leading to understanding whether an adverse event is caused by a 
risk source in the same echelon where it occurs or by the concurrent manifestation of several adverse events 
upstream in the BSC. Future research will be devoted to numerically evaluate probability of occurrence and 
impact of risky events as well as integrating the framework with a classification of criticalities based on their 
severity.   

1. Introduction 

A BSC is made up of a number of processes that extend from donors 
to patients whose purpose is collecting, testing, processing, distributing, 
and transfusing blood products. The peculiarity of the products and the 
extension of the processes make BCSs significantly complex. For 
instance, aspects like blood types, compatibilities, and short shelf lives 
contribute to increase their complexity level [1]. Therefore, BSCs are 
highly subjected to risks also because their activities are heavily 
sequential and even one single error in the operations chain may lead to 
an incorrect transfusion [2], as exemplified by the Event Tree in Fig. 1 
where the most relevant macro-activities performed in blood banks and 
hospital Ws [3] are represented. Each of them can be executed either in a 
correct or in an incorrect way and the combination of their outcomes 
determines the final transfusion result. In principle, if errors are not 
detected the sequential nature of the process makes transfusions correct 
only when all the upstream activities are correct and the probability of a 

correct transfusion equals (1/2)n, being n the number of tasks in a BSC. 
In fact, for each BSC task, the probability it is correctly performed is 
equal to 0.5, so the probability of a final correct transfusion is given by 
multiplying the probability of a correct outcome in each task. Since BSCs 
are quite long, such a probability would be in general low. Hence the 
necessity to identify and prevent adverse events taking place in the 
different SC echelons and to mitigate their effects [4] in order to 
maximize the probability of a successful transfusion. This reflects on 
sustainability, in particular on two perspectives of the Triple Bottom 
Line, namely the environmental and the social ones. The environmental 
refers to reducing the waste of blood, which is a limited resource, and of 
the materials involved in the transfusion process, as well as the associ
ated energy consumption (e.g. for refrigerators). The social aspect is 
here intended as the impact of a positive transfusion outcome on pa
tients’ health. 

Both researchers and practitioners have recently recognized the 
relevance of risks given the highly invasive nature of blood transfusion. 

Abbreviation: ABS, activity breakdown structure; BB, blood bank; BSC, blood supply chain; FM, failure mode; FMEA, failure mode and effects analysis; FMECA, 
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To this end, they have undertaken several efforts to address them, such 
as the establishment of hemovigilance, transfusion reaction reporting, 
transfusion reaction audits as well as traceability systems based on radio 
frequency technology. Moreover, specific devices aimed to reduce 
human errors have been developed [5,6]. However, the influence of 
BSCs as a whole on transfusion safety has been poorly tackled so far, and 
in particular the risk associated with the logistics activities supporting 
blood transfusion has been often neglected although transfusion errors 
are frequently due to blood supply [7]. 

Literature about BSC organization is very rich [8–10] but still few 
contributions identify and analyse risks along the SC flow. Additionally, 
they usually reactively study adverse events happened in single echelons 
[11,112], while overlooking the fact that criticalities are not stand alone 
but are connected to each other in causal chains spanning over the entire 
BSC [13]. Finally, single risk management techniques are usually 
applied while their integrated use would enable to simultaneously look 
at risks from different perspectives. 

In order to contribute to bridge this research gap the present work 
extends a framework to analyse logistics risks in the BSC [14] by inte
grating the FTA as well as applying the approach to two interconnected 
BSC echelons, namely a BB and a hospital W. In such a way, cause and 
effect relationships among criticalities are identified and analysed to 
capture how adverse events may spread in the SC. The main aim is 
finding the root causes for criticalities affecting blood transfusion in 
order to achieve a more safe and sustainable process. The resulting 
framework benefits from the combined use of multiple risk management 
techniques to put forward a systemic risk management framework that 
investigates different BSC echelons, the associated adverse events, and 
the connections among them. Not only risks are proactively identified 
but KPIs to notice their manifestation are also suggested [15]. 

The remainder of the paper is organized as follows. First the litera
ture background is provided, then the proposed risk management 
framework and its application are described in detail, and lastly benefits, 
limitations, implications, and future research directions are discussed. 

2. Literature review 

Since the present research addresses the field of BSC risk manage
ment, the following two literature streams are analysed: BSCs and the 
associated adverse events and approaches to deal with risks in such SCs. 

2.1. BSCs and the associated adverse events 

A significant number of literature contributions are available about 
the material and information flows connecting blood donors, collecting 
centres, BBs, hospitals, and patients [16,1]. 

Most of the works focus on single SC echelons. Starting from up
stream, authors discussing blood collection are mainly concerned with 
donor behaviour, policies for blood sourcing [10,17] and capacity 
planning [18], as well as procurement in case of emergencies [19]. 
Research on production tackles topics related to the way of breaking 
down blood into its components, with particular attention to platelets, in 
both normal and emergency conditions [20,21]. Storing blood products, 
which is the most debated stage in the BSC because of its many stringent 
conditions [22], presents studies about inventory policies [8], minimi
zation of total inventory costs [23], and reducing outdated stock [24]. 
Also in this case, platelets play a key role because of their much reduced 
shelf life [25]. 

After understanding BSC stages independently from one another, 
recently several authors have started exploring multiple echelons and 
the connections between them [9,26]. 

Adverse events may affect any of the SC stages mentioned above and 
seriously harm transfused patients [27]. For this reason, a significant 
number of contributions discuss such events and the risk they might 
occur, especially in the very last BSC echelon, namely the points of use, 
where risks due to human errors in the transfusion step have attracted 
particular attention in literature [28]. The transfusion errors commonly 
identified are incorrect data entry, prescription, transcription, inaccu
rate sample taking and labelling, patient misidentification, blood 
product ordering not complaint with the needs, inappropriate handling 
and storage, blood units accepted despite not meeting the quality re
quirements, and incorrect administration. Among them, inaccurate 
blood ordering, labelling, and handling are the primary responsible for 
compromising patient safety [2,6,7]. These findings suggest that errors 
and risks connected to the logistics process supporting blood transfusion 
play a significant role. Although the great attention to the downstream 
part of the transfusion process, some works also regard upstream BSC 
stages, like blood collection, processing, and distribution, as highly 
exposed to adverse events [29]. 

A variety of factors constitute the triggering causes of blood trans
fusion criticalities, encompassing the healthcare environment, local 
policies and guidelines, staff training, communication, equipment 
management, and human behaviour [30]. 

2.2. Risk management methodologies for BSCs 

The serious impacts of adverse events on the outcomes of the blood 
transfusion process have stimulated the development of a research 
stream proposing risk management methodologies able to uncover and 
analyse BSC errors and their effects. Such methodologies rely on risk 
management techniques commonly implemented in manufacturing in
dustries: Incident Reporting Systems [31], FMEA, FMECA, Decision Tree 

Fig. 1. Example of risk propagation in the BSC.  
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Analysis, FTA, Human Reliability Assessment, and Predictive Human 
Error Analysis [32,33]. Among them, FMEA is by far the most frequently 
adopted technique since it allows to perform a thorough analysis by 
defining activities affected by risks, their causes, consequences, and 
suitable response actions [34]. 

A lot of authors apply FMEA to the hospital portion of the BSC, and in 
particular to Ws and indoor transfusion centres, with the aim of 
uncovering inefficiencies, identifying and classifying failure modes, as 
well as recommending improvement actions [35,30]. In this context 
FMEA is sometimes integrated with various techniques like for example 
Decision Tree Analysis [11]. Additionally, as an output of the FMEA 
approach, risk KPIs, usually in the form of risk priority indexes, are 
calculated. To this end, Cagliano et al. [14] propose an approach to 
study BSC risks based on FMECA that integrates multiple risk manage
ment tools in a proactive perspective, but it is limited to a single echelon, 
namely Ws. 

The applications of both FMEA and other risk management tech
niques to BSC echelons other than points of use are limited. Among the 
very few contributions available, the one by Han et al. [12] can be 
mentioned, which deals with process automation in a BB. 

The reviewed literature shows that BSCs have been extensively 
studied as far as the aspects characterising their single echelons are 
concerned. However, the majority of the available contributions neglect 
the relationships between different stages [1], which are the building 
blocks on which any kind of SC is founded. Additionally, the existence of 
adverse events affecting BSC operations is widely recognized but the 
methodologies for dealing with the risk these events might occurs are 
still few. Again, they are limited in scope to one echelon, usually the 
points of use. Thus, consistently with the general BSC literature, there is 
a lack of works that identify the cause and effect links between criti
calities taking place in different BSC echelons which ultimately produce 
adverse events at the patient level. A holistic approach is highly rec
ommended in complex healthcare environments because it leads to a 
better understanding of risk [36]. Such a comprehensive analysis is 
facilitated by the combined use of multiple methodologies helping 
address different facets of BSC risks [37]. On the contrary, current 
literature largely relies on the application of single risk management 
techniques. Moreover, many frameworks proposed in the blood trans
fusion arena react to already occurred adverse events, while a proactive 
risk attitude is desirable in the healthcare field to improve patient safety 
[31]. 

The present work builds on the methodology by Cagliano et al. [14] 
by integrating it with a risk management tool, namely FTA, in order to 
comprehensively analyse the adverse events happening in multiple BSC 
echelons and establish causal connections among them. This, together 
with the introduction of operational KPIs able to detect risk manifesta
tions, allows a proactive approach that enables blocking adverse event 
chains before they impact on patients, thus contributing to increase the 
probability of a correct transfusion. The proposed framework also aims 
to contribute to satisfy the need for healthcare SC practices that promote 
sustainability not only from an environmental but also from a social 
point of view [38]. 

3. Extended BSC risk management framework 

Since the ultimate goal of this work is helping identify and prevent 
adverse events in blood transfusion having their root causes in logistics 
activities, just the negative meaning of the risk notion will be addressed, 
neglected those situations where risks constitute positive opportunities 
for processes. 

3.1. Framework steps 

The proposed BSC risk management framework is based on the 
approach by Cagliano et al. [14] to analyse logistics risks in a single BSC 
echelon, namely an hospital W. This in turn constitutes an application to 

the blood management and transfusion process of a framework to study 
risks in the healthcare sector previously developed by the same authors 
[39], which integrates different process and risk management tools, 
such as ABS, RBS, RBM, and FMECA. 

The reference methodology can be subsumed under the following 
steps:  

(1) Process mapping.  
(2) Risk identification.  
(3) Adverse event analysis.  
(4) Studying causal relationships among adverse events. 

These steps define a procedure to assess risk and the associated 
possible adverse events but do not include the successive steps of risk 
response planning. 

The present work extends the Cagliano et al. [14] approach in three 
different ways. First of all, by adopting a SC perspective, and no more a 
single echelon one, multiple BSC tiers are addressed. Then, in order to 
understand how risks spread along them, the adverse event analysis 
phase is integrated with a FTA, which establishes causes and effect re
lationships among adverse events happening in different SC stages. FTA 
has been already used to study risk in several healthcare contexts, such 
as Intensity-Modulated Radiation Therapy [40] or cybersecurity related 
to telemedicine [41]. Finally, adverse events are associated with oper
ational KPIs able to detect their occurrence. Thus, KPIs are not just used 
to monitor the effectiveness of risk responses, as in Cagliano et al. [14], 
but they are applied earlier in the risk management process to capture 
adverse event manifestation. 

3.2. Framework application 

The present section illustrates the application of the extended 
framework to two representative BSC echelons, namely a BB and a 
hospital W receiving blood products fromit. The activities, risk sources, 
adverse events, and KPIs that are here considered are typical of BBs and 
Ws taking part in blood transfusion and are derived from the ‘IDEA’ 
Project, sponsored by the Italian Ministry for Education, University, and 
Research (DM 49046 as of October, 15th 2008), in which the authors 
were involved. Such project aimed at studying models to cope with 
adverse events in the blood transfusion process assisted by information 
and communication technology and focused on a BSC located in 
Northern Italy. However, the authors’ scope is not assessing a specific 
BSC or process but rather presenting a methodological approach to risk 
management in BSC processes. 

3.2.1. Process mapping 
Before defining risk sources, the portions of the overall blood 

transfusion process performed at the two selected SC echelons need to be 
understood. The BB at issue is part of a large public hospital and collects 
blood and blood components both at its premises and in the external 
centres run in collaboration with donor associations. It processes blood 
products, stores, and delivers them to both the Ws of the parent hospital 
and to a number of other public hospitals, local healthcare agencies, and 
private clinics. The studied W is a surgery department that orders blood 
bags to the BB according to the needs of patients undergoing operations. 
It receives, checks, and stores them in a dedicated refrigerator from 
where blood units are picked to be delivered to operating rooms where 
transfusions are carried out. 

Sub-processes taking place at both the BB and the W are investigated 
through interviews with personnel, review of the existing working 
procedures, and direct observation of operations. Then they are 
decomposed into process phases, macro-activities, and elementary ac
tivities until an appropriate level of detail is reached. Such a task is 
facilitated by an ABS as suggested by the Cagliano et al. [14] approach. 

In total, 7 process phases (i.e. macro-activities) and 99 elementary 
activities are identified for the BB and 7 process phases and 78 
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elementary activities for the W. An excerpt from the ABSs of both the BB 
and the representative W is provided in the Appendix (Tables A1 and 
A2). Due to the very large numbers of elementary activities, the com
plete ABSs are available from the authors upon request. 

3.2.2. Risk identification 
The knowledge of the blood transfusion process developed in the first 

step of the framework, together with interviews with managers and 
personnel, allow to identify the sources of risks that might affect 
elementary activities. They are organised in a RBS, which enables a 
classification of risks according to their type. Being based on a taxonomy 
system, the RBS serves the purpose of tracking adverse events by their 
nature and of disclosing their latent causal factors, thus making it 
possible to monitor the level of patient safety. Moreover, the RBS can be 
considered as a reporting tool that contributes to increase risk awareness 
and culture [31]. 

Since the representative BB and W are part of the same SC, they share 
analogous risks for the transfusion process, therefore only one RBS is 
created (Table A3 in the Appendix). It is developed by adapting the 
template put forward by Cagliano et al. [39,14] and categorizes risk 
sources into those that are under the control of either the BB or the W 
(internal) and those that are outside their control (external). Seven 
detailed risk classes are taken into account: Organization, Structure, 
Technology, Communication, Blood supply, Regulation, and Environ
ment which reflect the organizational, operational, and environmental 
factors that are recognised to prevent the implementation of sound SC 
management practices in healthcare [42]. 

Risk sources are then associated with the ABS activities to create the 
RBMs for the BB and the W, excerpts from which are presented in Ta
bles 1 and 2. The filled cells highlight the elementary activities where 
risk sources might manifest themselves. ABSx and RBSx show the codes 
of elementary activities and risk sources respectively. Moreover, FMx 
are the codes of the Failure Modes identified for the processes under 
study and Ix the codes of the KPIs adopted to detect adverse events 
(Section 3.2.3). The purpose of the current step is just identifying such 
cells and not performing any quantitative assessment. Their content 
shown in Tables 1 and 2 will be discussed in the ‘Adverse event analysis’ 
step. 

The complete BB and W RBMs, which are available from the authors, 
reveal that the risk sources impacting on a large number of activities 
belong to the categories ‘Human resources’ (e.g. RBS 1.7 Working pro
cedures knowledge and compliance, RBS 1.10 Controls, RBS 1.12 Per
sonal characteristics) and ‘Communication’ (e.g. RBS 4.2 Traceability, 
RBS 4.3 Feedbacks). On the one hand, the BB activities affected by a 
large number of risk sources are part of the process phases ‘Blood pro
cessing and storage’, ‘Blood distribution’, and ‘Request and tube check- 
in’. The W activities mostly subjected to risk are included in the process 
phases ‘Completing the Request for Blood Bags and Pre-Transfusion 
Tests’, ‘Collecting Blood Bags from the Blood Bank’, and ‘Managing 
Blood Bags by the W’. First, such outcomes highlight that the behaviour 
of human resources and a reliable communication among them are key 
determinants of the blood transfusion process performance. Second, 
they provide further evidence that logistics activities are subjected to 
uncertainty and errors. 

Table 1 
Excerpt from the RBM for blood transfusion process at the blood bank.  

Process phase ElementaryACTIVITY 
CODE 

Internal risk sources 
1. Organization 4. Communication 
Human resources Information exchanges 
RBS 1.7 RBS 1.10 RBS 1.12 RBS 1.13 RBS 4.2 

4. Blood processing and 
storage 

ABS 4.3  FM 2; FM3  FM 2; FM 3   
I2; I3; I5; I9  I2; I3; I5; I9  

5. Blood distribution ABS 5.1.1.1 FM 2; FM3; FM 5; 
FM 6  

FM 2; FM 3; FM 5; 
FM 6 

FM 2; FM 3; FM 5; 
FM 6 

FM 2; FM 3; FM 5; FM 6 

I3  I3 I3 I3 

ABS 5.1.1.3 FM 18; FM19; FM 
22 

FM 18; FM 19; 
FM 22 

FM 18; FM 19; FM 
22  

FM 18; FM 19; FM 21; FM 
22 

I4; I10 I4; I10 I4; I10  I4; I10 

ABS 5.1.3.11  FM 22 FM 22 FM 22 FM 22  
I10 I10 I10 I10 

7. Request and tube check- 
in 

ABS 7.2 FM 9; FM 13 FM 9; FM 13  FM 9; FM 13  
I6; I8 I6; I8  I6; I8   

Table 2 
Excerpt from the RBM for blood transfusion process at the ward.  

Process phase Elementary activity 
code 

Internal risk sources 
1. Organization 2. 

Structure 
3. Technology 4. Communication 

Human resources Layout Information system Information 
exchanges 

RBS 1.7 RBS 1.10 RBS 2.6 RBS 3.8 RBS 3.9 RBS 4.3 

1. Completing the request for blood bags and pre- 
transfusion tests 

ABS 1.3 FM 15; FM 
16 

FM 15; FM 
16     

I6; I8 I6; I8     
ABS 1.6 FM 16; FM 

17 
FM 16; FM 
17     

I6; I8 I6; I8     
2. Collecting blood bags from the blood bank ABS 2.6 FM 18 FM 18  FM 18 FM 18 FM 18 

I10; I11; I15 I10; I11; I15  I10; I11; 
I15 

I10; I11; 
I15 

I10; I11; I15 

4. Transfusion setup ABS 4.3 FM 10; FM 
23 

FM 10; FM 
23     

I12; I14 I12; I14     

5. Performing transfusion ABS 5.2 FM 11  FM 11 FM 11   
I7  I7 I7    
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It is worth mentioning that the RBM filling degree depends not only 
on the existence of risks but also on their detectability according to the 
information collected through interviews and past data analysis. Thus, a 
blank matrix cell might mean that either no risks exist or information 
about possible risks is not available. 

3.2.3. Adverse event analysis 
The RBM analysis further evolves into the definition of the adverse 

events that might originate as a result of the occurrence of risk sources 
while performing the associated activities. To this end the outputs of the 
two previous phases are used, together with additional interviews and 
direct investigation of activities, should they be necessary. FMs associ
ated with logistics activities negatively affecting the transfusion process 
are here defined. They might happen both in the physical and the in
formation flow of a BSC. In total twenty-three FMs emerged in the 

previously mentioned ‘IDEA’ Project, involving both the BB and the W at 
issue. The meaning of the ones reported in Tables 1 and 2 is in Table 3. 

It is interesting to point out that many of the identified FMs may arise 
in the BB because of its high degree of complexity. Hence the necessity to 
study risk propagation from upstream BSC echelons as far as points of 
use. 

A deep knowledge of each adverse event is then acquired through a 
FMECA. Table 4 shows an example of the outcomes of FMECA applied to 
the BB. It points out the main aspects recognized as important in the 
analysis of healthcare incidents by Itoh et al. [31]; risk reduction mea
sures are not specified since out of the scope of the present work. A 
five-item qualitative scale (Very Low, Low, Medium; High, and Very 
High) is adopted for both occurrence probability and detectability. 
Regarding the impact, the organizational one assesses the influence of 
adverse events on the use of time and resources, while the clinical one 
addresses the influence on patients. In Table 4 they are both measured 
through a three-item qualitative scale (Low, Medium, and High). In the 
present application, the assessment scales are defined based on the 
experience of the actors of the studied blood transfusion process and the 
number of scale levels is directly proportional to the amount of the 
obtained information: the more the pieces of information the more ac
curate the scale. However, quantitative evaluations are recommended 
whenever numerical data are available. Finally, an adverse event might 
have effects that either are limited to one single activity or propagate to 
multiple activities, also combining with the effects of other adverse 
events happening in the downstream BSC phases. In such a way, the 
adverse event effects can then affect the patients undergoing trans
fusion. These two situations are represented in Table 4 by an X sign 
(effects limited to one single activity) and the logical operator AND 
(effects spreading in the BSC) respectively. 

Table 3 
Failure Modes associated with logistics activities.  

FM 1 Possible errors in the pronunciation of personal data by the donor 
FM 2 Labels positioning on the wrong blood bag 
FM 3 Incorrect detection of the temperature of blood bags and of the time they 

have been kept at a temperature different from the recommended one 
FM 4 Applying the label is difficult due to the frozen surface 
FM 5 Errors caused by donors and patients with similar names 
FM 6 Errors due to manually recording blood bag requests in the information 

system 
FM 7 The number of feedback modules that are returned is less than the number 

of bags that have been delivered 
FM 8 Possible errors in writing new donor data on blank labels 
FM 9 Difficulty in identifying the correct blood bag request priority 
FM 

10 
Mismatch between blood bag requests and the associated patients 

FM 
11 

Adverse transfusion reaction 

FM 
12 

Tube exchange 

FM 
13 

Incorrect or incomplete blood bag requests and blood samples 

FM 
14 

Error in formulating the question to ask for the patient’s name 

FM 
15 

Errors while transcribing information from medical records, examination 
reports, and other documents 

FM 
16 

Errors in the tax code transcription 

FM 
17 

Errors while transcribing information on tubes 

FM 
18 

Errors during blood bag delivery or pick up 

FM 
19 

Delivery of a number of blood bags different from the ordered one 

FM 
20 

Problems with closing the refrigerator door 

FM 
21 

Blood bag – patient incompatibility due to information system errors 

FM 
22 

Assigning blood bags not meeting clinical specifications 

FM 
23 

Blood products of not compliant  

Table 4 
Sample FMECA for the Blood Bank.  

Activity 
code 

Risk source Adverse 
event 

Occurrence 
probability 

Impact Detectability Effects 

RBS Code code Organizational Clinical 

ABS 4.3 RBS 1.7; RBS 1.10; RBS 1.12; RBS 
1.13 

FM 2 Very Low Low (more time and 
resources needed) 

High (serious consequences 
on transfused patients) 

High X; 
AND 

ABS 
5.1.1.3 

RBS 1.7, RBS 1.10, RBS 1.11, RBS 
1.12, RBS 1.13, RBS 4.1, RBS 4.2, 
RBS 4.5 

FM 18 Low High (in the case of wrong 
transfusion); 
Low (if the FM is promptly 
detected 

High (serious consequences 
on transfused patients) 

High X; 
AND 

ABS 7.2 RBS 1.7, RBS 1.10, RBS 1.12, RBS 
1.13 

FM 13 Medium Low (asking the W for a 
new blood sample) 

- High X; 
AND  

Table 5 
Operational KPIs used to detect adverse events.  

I1 Number of blood bags returned (booked and not transfused) / total Number of 
blood bags requested 

I2 Number of blood bags to be discarded/ Number of validated blood bags 
I3 Number of discarded blood bags due to quality issues / Number of inspected 

blood bags 
I4 Number of blood bags with a delivery time longer than two hours/Number of 

delivered blood bags 
I5 Number of discarded blood bags due to incorrect storage temperature/Number 

of stored blood bags 
I6 Number of incorrect transfusion requests/Number of transfusion requests 
I7 Number of adverse transfusion reactions/ Number of transfused blood bags 
I8 Number of not compliant tubes sent by the W/Number of sent tubes 
I9 Number of not correctly labelled blood bags/Number of labelled blood bags 
I10 Number of distributed blood bags not meeting clinical specifications/ Number 

of delivered blood bags 
I11 Number of blood bags to be discarded (not meeting the required temperature 

and delivery time)/ Number of received blood bags 
I12 Number of blood bags not correctly associated with patients/ Number of 

transfused blood bags 
I13 Average time for handling requests 
I14 Average time between blood bag picking from fridge and transfusion 
I15 Number of blood bags with expired TS/ Number of received blood bags  
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3.2.4. Operational KPIs 
In order to detect the adverse event occurrence and quantitatively 

assess its effects, operational KPIs are used. Such metrics evaluate the 
performance of activities when the associated risk sources manifest 
themselves [43], thus they can be inserted in the RBMs (Tables 1 and 2). 
In such a way, KPIs are also able to provide information about the extent 
to which adverse events are intercepted and blocked by the imple
mented risk control measures. They may be selected based on literature 
reviews [44] as well as the experience of the process actors involved in 

the application of the proposed framework. The information provided 
by KPIs complements FMECA because it helps establishing the degree of 
criticality of adverse events, prioritizing them, finding appropriate risk 
reduction measures, and monitoring the results of their implementation. 
The KPIs mentioned in Tables 1 and 2 are defined in Table 5. 

As suggested by their definitions, these KPIs allows to detect adverse 
events associated with poor performance of logistics activities such as 
blood bag ordering, labelling, delivery, storage, as well as handling by 
the W. The information to measure them can be collected either by 

Fig. 2. Example of FTA application.  
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means of an information management system or through paper records. 
Of course, the use of an information management system makes KPI 
monitoring quicker and more reliable. 

3.2.5. Studying causal relationships among adverse events 
After getting a deep knowledge of single adverse events, the investi

gation of risk propagation along a BSC is achieved by studying causal 
relationships among them through FTA [27]. This method is used in many 
fields related to healthcare, such as Radiation Oncology [45] and outpa
tient settings [46]. FTA is a technique that deals with failures in a 
comprehensive way since it supports building models of how they take 
place in all the components of a system. It is based on fault tree diagrams, 
which display the logical relations between the failure of entire systems 
and the failures of their components [47,48]. In the present work the 
system failures are represented by the adverse events affecting transfused 
patients (e.g. adverse transfusion reactions and other less severe events) 
while the component failures are constituted by the adverse events 
occurring in the different BSC echelons. FTA enables to understand 
whether an adverse event is caused by the manifestation of another single 
adverse event or by the concurrent occurring of a number of adverse 
events. Therefore, an adverse event may be caused by either the associated 
risk source shown in the RBM or by other adverse events upstream in the 
BSC, which are in turn due to other risk sources defined in a different RBM. 
In this way, the RBMs of multiple BSC echelons and their risk sources are 
related to each other through the identified connections among their 
adverse events. This is of particular relevance in the healthcare sector 
given the need for an integrated approach to SC management in order to 
successfully operate in a highly complex environment [42]. 

To carry out FTA the outputs of FMECA are used, in particular those 
about the impacts and the effects of adverse events. Through this 
approach several chains of adverse events can be recognized in the same 
BSC. Fig. 2 shows one possible causal chain between some of the FMs 
introduced in Tables 1 and 2. The symbols BB and W within brackets 
show whether a FM takes place in the BB or in the W. 

At the W, errors while either completing a request for blood bags or 
transcribing patient information on the tubes containing blood samples 
for pre-transfusion tests (FM 15, FM 16, FM 17) cause the BB to receive 
incorrect or incomplete requests (FM 13), which in turn may cause BB 
operators not correctly label blood bags before their delivery (FM 2). At 
the BB either this last event or the incorrect tracking of blood bag 
temperature (FM 3) or the inability of giving the correct priority to blood 
bag requests (FM 9) may lead to errors while delivering or collecting 
blood bags for points of use (FM 18). This last adverse event can be due 
not only to the BB but also to the W and is one possible cause for 
receiving blood products of not compliant quality (FM 23) together with 
the delivery of blood bags not meeting quantity and clinical re
quirements (FM 19; FM 22). The availability of blood units not of the 
expected quality or mismatches between blood bag requests and patients 
at the W (FM 10) can finally lead to incorrect transfusions and conse
quent adverse reactions (FM 11). 

It is worth mentioning that no AND operators are shown in Fig. 2 
because the BSC at issue lacks control points and so even one single 
adverse event can negatively impact the next SC steps. 

The analysis of the connections among FMs highlights a strong rela
tionship between the sequence of both FMs and the associated process 
activities. This stresses the importance of prevent risky events upstream in 
the SC to either avoid or reduce their propagation chain in order to limit 
the probability that patients are affected by adverse events. 

4. Discussion and conclusion 

Although the great attention received by blood transfusion risks 
especially in recent years, a systemic vision of how they originate and 
spread along BSC echelons as far as patients is still lacking [7]. This is a 
crucial issue because several adverse events affecting patients are pro
duced not by merely clinical activities but rather by the way blood 

products are managed [49]. 
The key value of the BSC risk management framework proposed in this 

work is that it offers a structured method based on FTA to connect adverse 
events in multiple SC stages according to cause and effect chains. Such 
relationships can be proactively examined before criticalities take place. 
On the contrary, the main stream research about the topic is usually 
limited to the identification of single adverse events and the measurement 
of their effects in only one setting, mostly the blood points of use, and 
preferably after they occurred [11,30]. Moreover, the integration of 
techniques operating at different detail levels allows applying the 
framework regardless the organisational maturity towards risks and even 
in those healthcare contexts with scarce information availability. Also, 
the framework steps can be implemented both before and after carrying 
out risk responses. Furthermore, the developed methodology supports a 
detailed analysis of activities, risk sources, adverse events together with 
the study of specific links among the latter. This permits a deep under
standing of the numerous ramifications of adverse event propagation 
along BSCs. The operational KPIs underpinning the framework overcome 
the traditional use of risk priority numbers and prove that indicators 
adopted by organizations to assess their daily tasks can serve the purpose 
of monitoring risks. Such characteristics make the methodology suitable 
to find out the most critical BSC stages where risk control systems should 
be provided to increase the probability of correct transfusion. 

Finally, the presented framework fosters environmental and social 
sustainability in the transfusion process. Proactively addressing the lo
gistics aspects that might compromise transfusion helps preventing 
several kinds of waste impacting on the environment. For example, a 
better management of stocks avoids having to discard expired packs, 
which would lead to a waste of blood and possible shortages in critical 
situations. Blood bags that cannot be transfused also bring a waste of the 
associated materials, such as the package, and the energy needed to keep 
the quality required for the blood components, like the one consumed to 
make refrigerators work. Also, avoiding adverse events seriously 
affecting patients allows to achieve social sustainability in terms of 
ensuring transfusion safety and improving people health. 

The work brings both academic and practical implications. First, this 
contribution stimulates the development of research that improves the 
understanding of the root origins of BSC risks by taking a systemic and 
proactive perspective on not only clinical processes but also logistics 
ones. Also, it can be a starting point to include operational KPIs in risk 
management methods. From a methodological point of view, the pro
posed framework advances the approaches by Cagliano et al. [39,14] by 
adding FTA as a means of developing the potential of FMECA to support 
building relationships among adverse events happening in multiple BSC 
echelons, as well as by suggesting KPIs to measure risk manifestation. 
Healthcare institutions might adopt the framework to closely control 
blood transfusion hazards and enhance their awareness toward risks. In 
particular, the possibility of applying it at different levels of detail and 
its ability to provide meaningful results even with qualitative data might 
result very interesting. Also, by offering examples of risk sources, ac
tivities, failure modes, and KPIs, the present work reveals to organiza
tions the aspects that deserve attention in a BSC. 

Some limitations can also be mentioned. The framework requires a 
strong and lasting commitment by managers and personnel involved in 
the transfusion process, which might not be available when operators do 
not completely understand the importance of risk and of an effective 
method to deal with it. The paper presents some illustrative application 
examples, but the framework still needs a validation campaign in real 
environments. Finally, risk occurrence probability and impact are esti
mated only in a qualitative way. 

Future research will be focused on applying the proposed framework 
to multiple BSCs and developing numerical assessments of probabilities 
of occurrence, impacts, and KPIs with the aim of refining its steps. 
Quantitatively measuring the probability of occurrence of each single 
FM allows, based on the relationships defined through FTA, the calcu
lation of occurrence probabilities downstream in the BSC [50]. 
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Moreover, numerically evaluating the risk impacts would complete the 
framework in order to fully estimate each FM. To this end, the intro
duced KPIs can help measuring both the probability of occurrence and 
the impact of risk. In particular, the deviation of the KPI values from 
their acceptable thresholds requires the attention of decision-makers. In 
such a situation they should define appropriate risk reduction measures. 

Finally, the values of probability of occurrence and impact could also 
be useful to develop an approach to rank the risky events affecting the 
different BSC echelons. 
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Appendix 

Tables A1–A3 

Table A1 
ABS of the Blood Bank.  

ABS Blood Bank Process phases Elementary activities 
1. Managing donations at Blood Bank ….. 
2. Managing donations at external collection centres ….. 
3. Blood analysis ….. 
4. Blood processing and storage ….. 

4.3 General validation, labelling, and storage 
4.4 Red blood cell validation, labelling, and storage 
4.5 Buffy coat validation, labelling, and storage 
4.6 Validation, labelling, and storage of plasma for clinical use 
4.7 Validation, labelling, and storage of plasma for blood component production 
4.8 Validation, labelling, and storage of plasma for Plasmasafe production 
4.9 Production and storage of platelet pools 
….. 
4.12 Blood component processing 

5. Blood distribution 5.1.1.1 Managing red blood cell requests 
….. 
5.1.1.3 Picking red blood cell bags up 
5.1.2.9 Pre-delivery check (on request distribution of platelet pools) 
….. 
5.1.2.11 Delivery (on request distribution of platelet pools) 
5.1.3.11 Pre-delivery check (on request distribution of plasma) 
5.1.3.13 Delivery (on request distribution of plasma) 
….. 

6. Returning blood components ….. 
7. Request and tube check-in ….. 

7.2 Receiving and accepting requests and tubes 
…..  

Table A2 
ABS of the Ward.  

ABS Ward Process phases Elementary activities 
1. Completing the request for blood bags and pre-transfusion tests ….. 

1.2 Recording patient personal information 
1.3 Filling in the pre-transfusion tests request form 
….. 
1.6 Labelling tubes with information about patients and ward 
….. 
1.10 Filling in blood component prescription 
….. 

2. Collecting blood bags from the Blood Bank ….. 
2.5 Transporting blood bags and the associated forms to the Ward 
2.6 Delivering blood bags and the associated forms to the Ward 

3. Managing blood bags by the Ward ….. 
3.4 Storing blood bags in the refrigerator 
3.5 Daily monitoring of stored blood bags 
….. 

4. Transfusion setup ….. 
4.3 Checking blood bag suitability for transfusion 
….. 

5. Performing transfusion ….. 
5.2 Regulating and monitoring transfusion 
….. 

6. Moving the patient and the associated blood bags to a different Ward ….. 
7. Returning not – transfused blood bags to the Blood Bank and record keeping …..  
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[10] A. Mobasher, A. Ekici, O.Ö. Özener, Coordinating collection and appointment 
scheduling operations at the blood donation sites, Comput. Ind. Eng. 87 (2015) 
260–266, https://doi.org/10.1016/j.cie.2015.05.020. 

[11] R. Dehnavieh, H. Ebrahimipour, Y. Molavi-Taleghani, A. Vafaee-Najar, S. Noori 
Hekmat, H. Esmailzdeh, Proactive risk assessment of blood transfusion process, in 
pediatric emergency, using the Health Care Failure Mode and Effects Analysis 
(HFMEA), Glob. J. Health Sci. 7 (1) (2015) 322–331, https://doi.org/10.5539/ 
gjhs.v7n1p322. 

[12] T.H. Han, M.J. Kim, S. Kim, H.O. Kim, M.A. Lee, J.S. Choi, M. Hur, A. St John, The 
role of failure modes and effects analysis in showing the benefits of automation in 
the blood bank, Transfusion 53 (5) (2013) 1077–1082, https://doi.org/10.1111/ 
j.1537-2995.2012.03883.x. 

Table A3 
RBS for the blood transfusion process.  

Level 0 Level 1 Level2 Level3 Level 4 RBS 
Code 

RBS for the blood 
transfusion process  

Internal risk 
sources 

1. Organization Organizational structure Activity planning 1.1 
Roles 1.2 
Responsibility levels 1.3 
Stakeholder involvement 1.4 
Human resources policies and management 1.5 
Workloads 1.6 

Human resources Working procedures knowledge and compliance 1.7 
Professional training 1.8 
Availability of personnel in charge of supervising 
activities 

1.9 

Controls 1.10 
Interpersonal and group dynamics and 
consequent level of cooperation 

1.11 

Personal characteristics 1.12 
Know how 1.13 

Patient safety promotion policies Guidelines and diagnostic-therapeutic pathways 1.14 
Error reporting systems 1.15 

2. Structure Facilities and equipment Design 2.1 
Material handling equipment 2.2 

Layout Workspaces 2.3 
Ordinary maintenance plans 2.4 
Extraordinary maintenance plans 2.5 
Workplace safety 2.6 
Workplace logistics 2.7 

Networks Infrastructure, networks, digitalization, and 
automation 

2.8 

Service interruptions 2.9 
3. Technology Equipment Computerized workstations 3.1 

Blood refrigerators 3.2 
Operations and upgrade 3.3 

Information system Internet network 3.4 
Intranet network 3.5 
Data transfer 3.6 
Information security 3.7 
Continuity of service 3.8 
Data backup 3.9 

4. 
Communication 

Information exchanges Information exchanges according to procedures 4.1 
Traceability 4.2 
Feedbacks 4.3 

Communicating variations and decisions Operational decisions 4.4 
Changes in the demand for blood components 4.5 

5. Blood supply Provision of blood components by external 
collection points 

Quality of delivered products 5.1 
Delivered documentation 5.2 

Internal blood component management Quality of products taken from blood 
refrigerators 

5.3 

Documentation management 5.4 
External risk 
sources 

6. Regulation Compliance with regional and national 
laws  

6.1 

7. Environment Social issues  7.1 
Natural events  7.2 
Epidemiological events  7.3  

A.C. Cagliano et al.                                                                                                                                                                                                                            

https://doi.org/10.1080/00207543.2015.1005766
https://doi.org/10.1080/00207543.2015.1005766
https://doi.org/10.1097/NAN.0000000000000097
https://doi.org/10.1097/NAN.0000000000000097
https://doi.org/10.1051/matecconf/201815401092
https://doi.org/10.1051/matecconf/201815401092
https://doi.org/10.1016/j.transci.2011.01.021
https://doi.org/10.1007/978-3-030-20451-8_2
https://doi.org/10.1007/978-3-030-20451-8_2
https://doi.org/10.1016/j.transci.2013.10.004
https://doi.org/10.1111/trf.12240
https://doi.org/10.1111/trf.12240
https://doi.org/10.1016/j.cie.2014.07.017
https://doi.org/10.1016/j.cie.2014.07.017
https://doi.org/10.1111/trf.12287
https://doi.org/10.1016/j.cie.2015.05.020
https://doi.org/10.5539/gjhs.v7n1p322
https://doi.org/10.5539/gjhs.v7n1p322
https://doi.org/10.1111/j.1537-2995.2012.03883.x
https://doi.org/10.1111/j.1537-2995.2012.03883.x


Sustainable Futures 4 (2022) 100091

10

[13] S.A. Padosch, P.H. Schmidt, I. Pedal, C. Franchy, J. Hoch, B. Madea, Medicolegal 
assessment of blood transfusion errors-An interdisciplinary challenge, Forensic Sci. 
Int. 172 (1) (2007) 40–48, https://doi.org/10.1016/j.forsciint.2006.12.001. 

[14] A.C. Cagliano, S. Grimaldi, C. Rafele, A structured approach to analyse logistics 
risks in the blood transfusion process, J. Healthc. Risk Manag. 41 (2) (2021) 18–30, 
https://doi.org/10.1002/jhrm.21458. 

[15] P. Oliver, P. Fernandez-Calle, R. Mora, J. Diaz-Garzon, D. Prieto, M. Manzano, 
I. Dominguez, A. Buno, Real-world use of key performance indicators for point-of- 
Care Testing network accredited by ISO 22870, Pract. Lab. Med. 22 (2020), 
https://doi.org/10.1016/j.plabm.2020.e00188 art. n◦ e00188. 

[16] J. Beliën, H. Forcé, Supply chain management of blood products: a literature 
review, Eur. J. Oper. Res. 217 (1) (2012) 1–16, https://doi.org/10.1016/j. 
ejor.2011.05.026. 

[17] A. Simonetti, R.A. Forshee, S.A. Anderson, M. Walderhaug, A stock-and-flow 
simulation model of the US blood supply, Transfusion 54 (3pt2) (2014) 828–838, 
https://doi.org/10.1111/trf.12392. 

[18] E. Alfonso, X.L. Xie, V. Augusto, O. Garraud, Modelling and simulation of blood 
collection systems: improvement of human resources allocation for better cost- 
effectiveness and reduction of candidate donor abandonment, Vox Sang. 104 (3) 
(2013) 225–233, https://doi.org/10.1111/vox.12001. 

[19] A. Jabbarzadeh, B. Fahimnia, S. Seuring, Dynamic supply chain network design for 
the supply of blood in disasters: a robust model with real world application, 
Transp. Res. Part E Logist. Transp. Rev. 70 (2014) 225–244, https://doi.org/ 
10.1016/j.tre.2014.06.003. 

[20] P. Ghandforoush, T.K. Sen, A DSS to manage platelet production supply chain for 
regional blood centers, Decis. Support Syst. 50 (1) (2010) 32–42, https://doi.org/ 
10.1016/j.dss.2010.06.005. 

[21] R. Haijema, N. Van Dijk, J. Van der Wal, C.S. Sibinga, Blood platelet production 
with breaks: optimization by SDP and simulation, Int. J. Prod. Econ. 121 (2) (2009) 
464–473, https://doi.org/10.1016/j.ijpe.2006.11.026. 

[22] M. Garcia-Roa, M. Del Carmen Vicente-Ayuso, A.M. Bobes, A.C. Pedraza, 
A. Gonzalez-Fernandez, M.P. Martin, I. Saez, J. Seghatchian, L. Gutierrez, Red 
blood cell storage time and transfusion: current practice, concerns and future 
perspectives, Blood Transfus. 15 (3) (2017) 222–231, https://doi.org/10.2450/ 
2017.0345-16. 

[23] S. Gunpinar, G. Centeno, Stochastic integer programming models for reducing 
wastages and shortages of blood products at hospitals, Comput. Oper. Res. 54 
(2015) 129–141, https://doi.org/10.1016/j.cor.2014.08.017. 

[24] J. Ryden, M. Clements, E. Hellstrom-Lindberg, P. Hoglund, G. Edgren, A longer 
duration of red blood cell storage is associated with a lower hemoglobin increase 
after blood transfusion: a cohort study, Transfusion 59 (6) (2019) 1945–1952, 
https://doi.org/10.1111/trf.15215. 

[25] A. Wijayanayake, M. Dandunna, An efficient model to improve the performance of 
platelet inventory of the blood banks, Adv. Sci. Technol. Eng. Syst. 2 (3) (2017) 
839–844, https://doi.org/10.25046/aj0203104. 

[26] A. Nagurney, A.H. Masoumi, Y. Min, Supply chain network operations 
management of a blood banking system with cost and risk minimization, Comput. 
Manag. Sci. 9 (2) (2012) 205–231, https://doi.org/10.1007/s10287-011-0133-z. 

[27] L.M. McElroy, R. Khorzad, T.A. Rowe, Z.A. Abecassis, D.W. Apley, C. Barnard, J. 
L. Holl, Fault tree analysis: assessing the adequacy of reporting efforts to reduce 
postoperative bloodstream infection, Am. J. Med. Qual. 32 (1) (2017) 80–86, 
https://doi.org/10.1177/1062860615614944. 

[28] A. Watt, G.T. Jun, P. Waterson, Resilience in the blood transfusion process: 
Everyday and long-term adaptations to ‘normal’ work, Saf. Sci. 120 (2019) 
498–506, https://doi.org/10.1016/j.ssci.2019.07.028. 

[29] D. Stainsby, J. Russell, H. Cohen, J. Lilleyman, Reducing adverse events in blood 
transfusion, Br. J. Haematol. 131 (1) (2005) 8–12, https://doi.org/10.1111/ 
j.1365-2141.2005.05702.x. 

[30] Y. Lu, F. Teng, J. Zhou, A. Wen, Y. Bi, Failure mode and effect analysis in blood 
transfusion: a proactive tool to reduce risks, Transfusion 53 (12) (2013) 
3080–3087, https://doi.org/10.1111/trf.12174. 

[31] K. Itoh, N. Omata, H.B. Andersen, A human error taxonomy for analysing 
healthcare incident reports: assessing reporting culture and its effects on safety 
performance, J. Risk Res. 12 (3-4) (2009) 485–511, https://doi.org/10.1080/ 
13669870903047513. 

[32] A.C. Cagliano, S. Grimaldi, C. Rafele, Choosing project risk management 
techniques. A theoretical framework, J. Risk Res. 18 (2) (2015) 232–248, https:// 
doi.org/10.1080/13669877.2014.896398. 

[33] P. Stanojevic, B. Orlic, M. Misita, N. Tatalovic, G.B. Lenkey, Online monitoring and 
assessment of emerging risk in conventional industrial plants: possible way to 
implement integrated risk management approach and KPI’s, J. Risk Res. 16 (3-4) 
(2013) 501–512, https://doi.org/10.1080/13669877.2012.729531. 

[34] Q.L. Lin, D.J. Wang, W.G. Lin, H.C. Liu, Human reliability assessment for medical 
devices based on failure mode and effects analysis and fuzzy linguistic theory, Saf. 
Sci. 62 (2014) 248–256, https://doi.org/10.1016/j.ssci.2013.08.022. 

[35] G. Borelli, P.F. Orrù, F. Zedda, Performance analysis of a healthcare supply chain 
for RFID-enabled process reengineering, Int. J. Procure. Manag. 8 (1-2) (2015) 
169–181, https://doi.org/10.1504/IJPM.2015.066293. 

[36] R. Patriarca, G. Di Gravio, F. Costantino, L. Fedele, M. Tronci, V. Bianchi, 
F. Caroletti, F. Bilotta, Systemic safety management in anesthesiological practices, 
Saf. Sci. 120 (2019) 850–864, https://doi.org/10.1016/j.ssci.2019.08.021. 

[37] G.K. Kaya, J. Ward, A. Pearman, J. Clarkson, Evaluation of the formal risk 
assessment practice in hospitals in England, J. Risk Res. 24 (6) (2021) 771–779, 
https://doi.org/10.1080/13669877.2020.1775682. 

[38] L. Subramanian, C. Alexiou, J.J.G. Nellis, P. Steele, F. Tolani, Developing a 
sustainability index for public health supply chains, Sustain. Futures 2 (2020), 
https://doi.org/10.1016/j.sftr.2020.100019 art. n◦ 100019. 

[39] A.C. Cagliano, S. Grimaldi, C. Rafele, A systemic methodology for risk management 
in healthcare sector, Saf. Sci. 49 (5) (2011) 695–708, https://doi.org/10.1016/j. 
ssci.2011.01.006. 

[40] M.S. Huq, B.A. Fraass, P.B. Dunscombe, J.P. Gibbons Jr, G.S. Ibbott, A.J. Mundt, 
S. Mutic, J.R. Palta, F. Rath, B.R. Thomadsen, J.F. Williamson, E.D. Yorke, The 
report of Task Group 100 of the AAPM: application of risk analysis methods to 
radiation therapy quality management, Med. Phys. 43 (7) (2016) 4209–4262, 
https://doi.org/10.1118/1.4947547. 

[41] T. Poleto, M.M. Silva, T.R.N. Clemente, A.P.H. de Gusmao, A.P.B. Araujo, A. Costa, 
A risk assessment framework proposal based on bow-tie analysis for medical image 
diagnosis sharing within telemedicine, Sensors 21 (7) (2021), https://doi.org/ 
10.3390/s21072426 art. n◦ 2426. 

[42] J. Volland, A. Fügener, J. Schoenfelder, J.O. Brunner, Material logistics in 
hospitals: a literature review, Omega 69 (2017) 82–101, https://doi.org/10.1016/ 
j.omega.2016.08.004. 

[43] A.C. Cagliano, A. De Marco, S. Grimaldi, C. Rafele, An integrated approach to 
supply chain risk analysis, J. Risk Res. 15 (7) (2012) 817–840, https://doi.org/ 
10.1080/13669877.2012.666757. 

[44] B. Talukder, G.P. Agnusdei, K.W. Hipel, L. Dubé, Multi-indicator supply chain 
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