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ABSTRACT
This study aimed to assess the global mapping risk of human islet isolation, using a failure mode and 
effect analysis (FMEA), and highlight the impact of quality assurance procedures on the risk level of 
criticality. Risks were scored using the risk priority number (RPN) scoring method. The risk level of 
criticality was made based on RPN and led to risk classification (low to critical). A raw risk analysis and 
a risk control analysis (with control means and quality assurance performance) were undertaken. The 
process of human islet isolation was divided into 11 steps, and 230 risks were identified. Analysis of 
the highest RPN of each of the 11 steps showed that the 4 highest risks were related to the pancreas 
digestion and islet purification stages. After implementation of reduction measures and controls, 
critical and severe risks were reduced by 3-fold and by 2-fold, respectively, so that 90% of risks could 
be considered as low to moderate. FMEA has proven to be a powerful approach for the identification 
of weaknesses in the islet isolation processes. The results demonstrated the importance of staff 
qualification and continuous training and supported the contribution of the quality assurance system 
to risk reduction.
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Introduction

Islet transplantation is a recognized treatment of type 
1 diabetes.1–3 The technique for human pancreatic 
islet isolation developed more than 30 years ago, 
consists of different crucial steps including pancreas 
digestion and islet purification.4 Despite improve
ments of the isolation procedure, its outcome, includ
ing yield, purity, function, and safety of isolated islets, 
is still uncertain and widely variable. Numerous para
meters influence successful isolation outcome, includ
ing donor characteristics,5–9 organ procurement,10 

ischemia time, preservation solution,10,11 digestion 
enzymes,12–14 purification techniques15,16 and meth
ods of islet maintenance before transplantation.17–19 

Furthermore, human islet isolation is a long, complex 
and expensive process that requires a cleanroom facil
ity, specific-maintained and qualified materials, but 
especially trained and qualified personnel.20,21 The 
personnel, working in a sterile environment moni
tored for particle and microbiological levels, must be 
able to work several hours in special gowning 

conditions and perform many various-specialized 
tasks, sometimes simultaneously, in a sterile manner. 
Therefore, in every step of human islet isolation there 
are potential risks of technical and human errors that 
can sometimes lead to the isolation failure or affect 
patient safety. It is therefore of great importance to 
establish standardized procedures for the different 
stages of the process so that the result of the isolation 
becomes independent of the isolation team. In addi
tion, in order to meet regulatory requirements, 
a quality assurance policy must be enforced, including 
a risk management system.

There are various tools available for risk analysis 
and management to enhance the result of a process 
and patient safety, such as failure mode and effect 
analysis (FMEA). FMEA is a methodology designed 
to identify, analyze, and quantify risk on a process 
or a product.22 FMEA was first applied in high-risk 
systems or industries such as transportation, 
nuclear power, the military and the aerospace 
industries but, in the 1990s, the pharmaceutical 
industry began using this method as well as public 
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health care systems to prevent medication errors. 
As a part of management review, FMEA although 
being a preventive method, could be implemented 
at any time during the process.

To our knowledge there are no published studies 
available on the application of FMEA on human 
islet isolation, whether from the patient safety or 
the process perspective. This study aimed to assess 
the global mapping risk of human islet isolation 
and transplantation processes, and to highlight the 
impact of the quality assurance procedure and con
trol measures on risk criticality.

Results

The FMEA was performed over a 6-month period 
between January and June 2019. The process of 
human islet isolation was divided into 10 major 
steps from raw materials to islet transportation, plus 
a more general step to include all risks that could arise 
throughout the process (Figure 1). The investigative 
team identified a total of 230 risks, distributed 
between the different steps, with a mean of approxi
mately 20 risks identified per step (Table 1). The risk 
scoring matrix (Table 2) and the risk level of criticality 
(Table 3) were defined by the same team (see methods 
for more details). Regarding severity of risks, 9.1% 
were about patient safety and others were about iso
lation process. Some risks identified with a maximum 
severity of 10 regard errors in donor selection such as 
the acceptance of an organ with out-of-specification 
criteria for donor serology, glycated hemoglobin or 
ABO group compatibility between the donor and 
recipient.

In this study, we detailed the risks with the high
est RPN for each of the 11 steps of the islet isolation 
process (Table 4), with raw RPN scores ranging 
from 50 to 392. Among the 11 main highlighted 
risks, 3 are related to the digestion stage with the 
preparation of a wrong concentration of digestion 
enzymes, the poor perfusion of the pancreas with 
the enzyme solution, and under-digestion of the 
pancreas. However, over digestion of the pancreas 
also represents a high risk with a RPN of 245 (risk 
severity of 5); over digestion of islets was not good 
either, especially with regard to their function. The 
risk with the highest RPN regards the purification 
step, with a wrong preparation of the gradient of 
density.

Based on these findings, we determined the effect 
of implementing a quality assurance policy on these 

Figure 1. Process mapping of human islet isolation and 
conditioning.
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same risks. The quality assurance policy began in 
2001 and the implementation has been continu
ously since this date. The same team established 
a new score by including in the rating 1) the estab
lishment of standard operating procedures 
(SOPs), 2) the initial and continuous training of 
personnel and 3) the risk management resources 
implemented. Table 4 lists the recommended risk 
reduction measures and post-FMEA RPNs for the 
11 risks previously identified. Overall, the RPN 
scores were reduced by about 4 after FMEA, with 
post-FMEA RPN scores ranging from 18 to 250. 
The largest reduction in RNP was observed for risks 
attributed to human mistakes, such as forgetting to 
add heparin or mixing 2 preparations, with a risk 
reduction by 10.7- and 8-fold respectively. On the 
contrary, the smallest decrease in RPN was 
observed for risks that were specific to the intrinsic 
quality of the organ, i.e. quality control in process 
and final quality control steps with a risk reduction 

of 1.3- and 1.7-fold, respectively. Reduction of these 
2 risks was only due occurrence decreased. The 
initial rate of successful isolation was 24% in 1999 
(8 successes and 25 failures) vs 61% in 2019 (28 
successes and 18 failures).

Regarding the overall RPN scores for the 230 
risks, raw RPN ranged from a minimum of 2 to 
a maximum of 450 vs 1 to 250 for post-FMEA 
RPN. This analysis revealed that 72% of identified 
risks were related to human mistakes. Fifteen risks 
had a severity of 10 indicating that the conse
quences of these hazards may be failure of isola
tion or patient death. Before implementing the 
quality assurance policy (in 1999), 13 risks 
occurred in at least 60% of isolation procedures 
(score ≥ 8) vs 5% after implementation (in 2019), 
and 22 risks could not be detected (score ≥ 8) vs 
only 3 after quality assurance policy implementa
tion. With the raw scoring and from the level of 

Table 1. Repartition of risks according to the process of isolation 
and conditioning.

Major steps in the process Number of risks

Order, reception and preparation of raw materials 32
Acceptance, reception of the pancreas and 

laboratory preparation
26

Pancreas dissection, collagenase injection 23
Pancreas digestion 19
Islet purification 10
Quality control in process 

Islet culture
23

Culture medium change 14
Islet conditioning for transplantation 18
Quality control of islet preparation batch record 12
Islet preparation transport 16
Global process 36
Total 230

Table 2. Rating scale of occurrence, severity and detectability.

Score Occurrence

Severity

DetectabilityImpact on patient safety Impact on process

1 Non-existent No impairment, would not be noticeable by the 
patient, would not affect the provision of care

No/little impact on the isolation 
procedure

Very easy to detect 
Quality assurance in 
place

2 Occurred 1 time

3 Occurred several 
times in the past 
5 years

Mild impairment, increase in the level of required care 
the event may be noticeable by the patient

Light boredom 
The process is lengthened without 
causing additional delay in patient 
care 
Loss of islets (100–9000 IEQ)

Easily detectable 
May not be detected in 
the absence of 
verification4 1 time per year

5 Several times 
per year

Moderate involvement, may cause injury or increase 
the level of required care; clearly visible by the 
patient

Disorganized process 
Significant loss of islets 
(10.000–100.000 IEQ)

Detectable with 
verification

6 20% of isolation Moderate difficulty in 
detecting7 40% of isolation

8 60% of isolation Serious injury Very disorganized process 
Very significant loss of islets (> 50%)

Significant difficulty in 
detecting9 80% of isolation

10 100% of isolation Death Destruction of islets 
Isolation failure

Impossible to detect 
No quality assurance in 
place

Table 3. Matrix of level of criticality according to the risk 
mapping.

Severity

1 2 3 4 5 6 7 8 9 10

Occurence 1 1 2 3 4 5 6 7 8 9 10
2 2 4 6 8 10 12 14 16 18 20
3 3 6 9 12 15 18 21 24 27 30
4 4 8 12 16 20 24 28 32 36 40
5 5 10 15 20 25 30 35 40 45 50
6 6 12 18 24 30 36 42 48 54 60
7 7 14 21 28 35 42 49 56 63 70
8 8 16 24 32 40 48 56 64 72 80
9 9 18 27 36 45 54 63 72 81 90
10 10 20 30 40 50 60 70 80 90 100

The RPN is the product of severity, occurrence, and detectability scoring of 
the risk. 

In this table where only 2 attributes appear, the level of criticality is pre
sented as follows: 

Low risk: Moderate risk: Severe risk: Critical risk. 
The score assessed for detectability does not change the risk classification.
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criticality, 52, 26, 16, and 6% of the risks were 
graded as low, moderate, severe, and critical, 
respectively (Figure 2). After the implementation 
of reduction measures and controls, critical risks 
decreased by 3-fold (2%) severe risks 2-fold (8%). 
The percentage of low risk increased from 52% to 
70%. Consequently, 90% of identified risks in the 
process of human pancreatic islet isolation became 
considered as low to moderate (vs 78%) (Figure 2).

Discussion

The islet isolation and transplantation center of the 
University of Geneva Hospitals participates to one 
of the most active clinical islet transplantation pro
grams worldwide. Our center serves as the centra
lized islet production facility for the GRAGIL 
network, a Swiss-French multicenter consortium.23

FMEA is a risk management tool that can proac
tively identify and assess the causes and 

consequences of potential failures with the purpose 
to avoid such occurrences.22 It was important to 
differentiate the quantity of risks from their sever
ity, which is why FMEA is a substantial tool.

Although the FMEA method is meant to be 
a prospective approach, we used it to assess the overall 
risk analysis of human islet isolation process. We 
focused on all factors that may cause errors in the 
islet transplantation procedure, including islet isola
tion technology, quality control, shipment of islets 
and logistics of this activity, such as ordering of raw 
materials, aliquot, and equipment preparation.

Two types of expression of the risk were used, 
the RPN and the level of criticality (low to critical). 
With RPN, the entire risk treatment method takes 
into account all criteria of the risk: occurrence, 
severity, and detectability. The RPN of the risk 
can be decreased by acting on risk detection or by 
reducing its occurrence. This approach allowed the 
identification of 230 risks, of which 72% were 

Table 4. Highest scoring failure mode of different steps in islet isolation process.

Raw evaluation
Post FMEA 
Evaluation

Isolation Steps Risk description Risk consequences O D S RPN Risk reduction measure O D S RPN

Preparation of raw 
materials

Reversal of 2 products during 
the preparation of aliquot

Adding an unwanted 
product in a medium

4 5 9 180 • Operator training 
• Aliquots of similar products or 
with similar packaging are not 
made at the same time 
• Control of aliquot manufacturing 
forms

2 5 9 90

Laboratory 
preparation

During the preparation of 
solution, wrong 
concentration of digestion 
enzymes

Poor digestion of the 
pancreas

4 7 8 224 • Operator training 
• Each batch of collagenase is 
tested before use 
• Use of the entire bottle of 
collagenase or neutral protease 
• Number of vials used to be 
manually noted on the batch file

2 5 8 80

Collagenase injection Poor perfusion of the pancreas 
with digestion enzymes

Poor digestion 
Impact on the success 
of isolation

5 2 6 60 • Perfusion by double cannulation by 
peristaltic pump 
• Controlled and constant infusion 
pressure 
• Manual syringe infusion as a last 
resort

3 1 6 18

Pancreas digestion Under digestion of the 
pancreas

Poor digestion 
Inadequate number of 
isolated islets and/or 
embedded islets

7 7 7 343 • Control of the digestion by regular 
sampling in the digestion 
chamber 
• Operator training

3 3 7 63

Islet purification Poor mixing of the vials to 
make the concentration 
gradient

Ineffective purification 
Redo the step 
Time waste

7 8 7 392 • Both bottles to be mixed (Biocoll 
and Belzer) are labeled with the 
same wording 
• All the vials necessary for 
a purification are gathered in 
a the same box (purification kit)

2 5 7 70

Quality control in 
process

Insufficient number of IEQs for 
transplantation

Isolation without 
transplant 
Destruction of the 
preparation

9 1 10 90 • Change in donor selection 
parameters 
• Improvement of pancreas 
digestion 
• Improvement of purification 
technique 
• External factors

7 1 10 70
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attributable to human errors such as using wrong 
products, volumes, or concentrations or mishand
ling of specialized equipment. These issues can be 
avoided if the personnel is initially well trained, 
qualified through practical tests and regularly 
retrained. The qualification of personnel should 
also be implemented by other risk reduction mea
sures such as acquisition of bar code technology for 
stock management, labeling and automated reading 

of all products used with an alert system when an 
out-of-date or incorrect products are used.24

Of the 11 main risks highlighted in this study, 4 
are related to the digestion and the purification steps. 
This result is not surprising given that these two 
essential steps in the success of islet isolation require 
the preparation of critical solutions and a specific 
expertise.25,26 The reduction of certain risks can be 
obtained through the implementation of a solid 

Figure 2. Distribution of risk level of criticality. Distribution of risk level for the 230 identified risks during the raw evaluation analysis (a) 
and after new evaluation post FMEA (b) during which the means of control and quality assurance procedures implemented were taken 
into account.

Table 5. Highest scoring failure mode of different steps in islet isolation process.

Raw evaluation
Post FMEA 
Evaluation

Isolation Steps Risk description Risk consequences O D S RPN Risk reduction measure O D S RPN

Culture medium 
change

Cross-contamination in case of 
simultaneous storage of 2 
different islet preparations

Mixture of 2 preparations 
for 2 different patients

4 8 8 256 • The 2 preparations are 
identified with different colors 
and a different pancreas 
number 
• Placed on different shelves in 
incubators 
• The number of culture flasks 
used is recounted 
• Two isolation are never done 
simultaneously, but 
successively

1 4 8 32

Conditioning of islets 
for transplantation

Forgetting to add heparin to 
the tube containing the islet 
preparation before bagging

Possible Thrombosis Risk in 
the Patient Recipient

4 8 8 256 • Double-checking at the time of 
heparin addition

1 3 8 24

Quality control of islet 
preparation

Positive microbiological control 
by gram staining of the islet 
preparation

No transplantation of islet 
Destruction of the 
preparation

5 1 10 50 • Training of operators at work in 
sterile condition 
• Antibiotics present in all 
culture media before 
transplantation

3 1 10 30

Islet preparation 
transport

Missing infusion lines without 
filter or sending a line with 
filter

No transplantation 4 5 7 140 • Check list of the composition of 
the transport container 
• Double the infusion line in 
the transport container

1 3 7 21

Global process Wrong pressure differential 
(<10 Pa) in the production 
room

Risk of contamination of 
the working 
environment and of islet 
preparation

10 5 5 250 • Check pressure differential 
before to start isolation 
• Adding of environmental 
controls during the process in 
case of bad pressure 
differential 
• Work under laminar flow 
hood/ceiling or in close system 
during isolation

10 5 5 250

O: Occurrence, D: non detectability, S: severity, RPN: Risk priority numb.
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quality assurance policy that works in the drafting of 
SOPs, on which staff can rely, and in the introduc
tion of additional controls such as double-checking 
when the error can have serious consequences. 
A check of the aliquot preparation forms is carried 
out to verify the validity and adequacy of the pre
pared products. Before batch release, the same type 
of check is carried out on the batch record by a third 
party who also checks compliance with the specifica
tions. A high-risk situation is encountered when two 
islet isolation procedures are carried out successively 
and the resulting islets destined to different recipi
ents have to be stored in the same incubator. 
A cross-contamination can occur during culture 
medium changes or the harvesting of islets before 
transplantation. Transplantation of an ABO- 
incompatible preparation could have serious conse
quences for the patient such as acute hemolysis and 
immune rejection.27,28 The measures introduced to 
avoid this risk have resulted in a reduction by 8 of 
the RPN.

Risk criticality analysis provides a global view of 
the distribution of risks and facilitates the comparison 
of this distribution before (raw evaluation) and after 
the implementation of quality assurance (post- 
FMEA). As a result, we also demonstrated that quality 
assurance system, including SOPs, regular training, 
and monitoring, which sometimes seem restrictive 
and burdensome, have a real positive effect on the 
safety of the product. Indeed, when all controls are 
included, the critical risk (near-destruction of the islet 
preparation) was divided by 3.

On the other hand, the risks related to quality 
controls are difficult to reduce. Islet count (IEQ), 
purity, tissue volume, viability, and sterility are the 
quality controls performed on the islet preparation. 
To avoid errors in quality controls, the different tech
niques used were validated and the personnel trained 
and qualified in all these techniques. The validation of 
control quality techniques is a prerogative of the pro
duction manager to prevent false positive or negative 
results, particularly in the evaluation of the sterility of 
islet preparations. Indeed, sterility of the islet prepara
tion impacts on patient health, unlike other quality 
controls. As a result, we conducted checkpoints from 
organ procurement, isolation to islet infusion to 
ensure the clinical safety of islet transplantation. The 
search for bacterial or fungal contamination was 
determined by the BACT/ALERT® system,29 Gram 

staining30 and endotoxin assay.31 The last 2 methods 
provide an immediate result (within 30 min) unlike 
the BACT/ALERT® system which requires several 
days of incubation. The organ preservation medium 
is often contaminated, but nonetheless pancreas 
washing with decontamination solutions before pan
creas digestion and the further washing steps of 
digested tissue and islets reduce the risk of microbial 
contamination of the final islet preparation.32 The 
decontamination protocol we used allowed decreas
ing contamination rates from 64.4% (contaminated 
preservation liquid or medium) to 6.0% after islet 
isolation and culture.33 The principal cause of islet 
preparation contamination was the persistence of 
germs present in the pancreas preservation medium. 
The only way to reduce the risk of contamination of 
islet preparations is to reduce occurrence of this risk. 
However, the removal of the pancreas is an indepen
dent step in our process and is performed by surgeons 
in procurement hospitals.

The other major risk related to isolation failure 
was an insufficient number of islets to comply with 
the release criteria. In our center, this accounts for 
about 40% of all islet isolations; in other centers, this 
value may be higher or lower.34,35 In addition to staff 
training improved success rate within 20 years could 
be due to several factors including improvement in 
organ preservation fluid and harvesting, improve
ment in perfusion of the pancreas with enzyme by 
a control of the pressure using peristaltic pump, 
improvement in enzyme quality used in digestion 
of the pancreas and improvement in a well-defined 
gradient used in the purification step.

However, it is difficult to reduce more this failure 
rate because it is not fully dependent on the process. 
Indeed, isolated islet yields remain unpredictable and 
vary considerably according to a multiplicity of para
meters, including donor and pancreas characteristics. 
Despite strict donor selection criteria, attempts to 
reduce ischemia time and the respect of all steps of 
the isolation procedure, the rate of failure is still quite 
high.

Using the FMEA tool, we have successfully assessed 
a global risk analysis of human islet isolation and 
conditioning processes. We also developed strategies 
to prevent or decrease the occurrence of some failures. 
This method could be easily spread to other centers 
that can use the same scale of occurrence, severity, 
and detectability. The risks described here and the 
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preventive measures presented to reduce the risk can 
be easily used and implemented by those who want to 
open a new islet isolation center. The results of this 
quality project demonstrate the importance of staff 
qualification and continuous training and support the 
impact of the quality assurance system on risk reduc
tion. It should be considered that the main task of risk 
management, related to the success and quality of the 
islet preparation is the protection of the patients. 
Following the ancient saying “better safe than sorry,” 
assessment of the main risks allows for preventive, 
rather than reactive action.

Methods

We performed a FMEA in three steps comprising 1) 
mapping of the process and risk identification, 2) 
raw risk analysis and evaluation without control 
means and 3) risk control analysis with all means 
of verification and quality assurance procedure. 
Participants included laboratory director, produc
tion manager, quality assurance manager, and 
involved operators performing islet isolation and 
conditioning (i.e., MDs, PhDs, and lab technicians). 
According to a consensus achieved during a round 
table discussion, a detailed process map was created 
from raw material order to human islet transporta
tion (Figure 1). Using discussion, brainstorming, 
analysis of deviations/events already recorded, 
direct observation, and opinion experience of each 
staff involved in islet isolation, the team identified 
potential risks of failure or hazards for every step of 
the process. Then, they defined the risk scoring 
matrix composed of 3 criteria: occurrence, severity, 
and difficulty of detection (Table 2). This initial 
scoring was obtained during a voting session of 
each participant. Severity evaluation was performed 
regarding patient safety or the process perspective. 
Each of these 3 criteria was evaluated on a scale 
from 1 to 10. The risk scoring matrix from 
Williams et al36 was adapted for the human islet 
isolation process regarding occurrence. About 40 to 
60 isolations per year were performed at our islet 
isolation facility. Quantification of islet loss level 
was used to edit the severity scale concerning suc
cess of process. For isolation failure or destruction 

of islet preparation, severity level was considered to 
be at 10 (Table 2). In our center, successful isolation 
is defined by obtaining transplantable islet prepara
tions that meet release criteria, including an IEQ 
number > 4000 IEQ/kg recipient weight, a purity 
>30% and a sterile preparation.

Once the risks were evaluated as rating scores for 
each criterion, quantification of the risk was defined 
by its risk priority number (RPN). RPN was estimated 
by multiplying severity, occurrence and detection rat
ings. Thereafter, the lowest and highest RPNs range 
from 1 (1 × 1 × 1) for the best score to 1ʹ000 
(10 × 10 × 10) for the worst.

The risk level of criticality was assessed based on 
calculated RPNs and led to risk classification in 4 
categories: low, moderate, severe, and critical (Table 
3). The risk level of criticality takes into a count only 
the occurrence and the severity of the risk.

Using the same risk rating matrix, current RPNs 
and levels of criticality were assessed in a new evalua
tion post-FMEA (based on 2019 activity), during 
which the means of control and quality assurance 
procedures implemented for about 20 years were 
taken into account. For each mean of control 
a consensus about implementation of risk reduction 
was obtained during the same round table 5 discus
sion described above. Risks with high current RPNs 
were used for developing new control strategies.
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