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Abstract

Objectives: Proposal of a risk analysis model to diminish
negative impact on patient care by preanalytical errors in
blood gas analysis (BGA).

Methods: Here we designed a Failure Mode and Effects
Analysis (FMEA) risk assessment template for BGA, based on
literature references and expertise of an international team of
laboratory and clinical health care professionals.

Results: The FMEA identifies pre-analytical process steps,
errors that may occur whilst performing BGA (potential
failure mode), possible consequences (potential failure ef-
fect) and preventive/corrective actions (current controls).
Probability of failure occurrence (OCC), severity of failure
(SEV) and probability of failure detection (DET) are scored
per potential failure mode. OCC and DET depend on test
setting and patient population e.g., they differ in primary
community health centres as compared to secondary com-
munity hospitals and third line university or specialized
hospitals. OCC and DET also differ between stand-alone and
networked instruments, manual and automated patient
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identification, and whether results are automatically trans-
mitted to the patient’s electronic health record. The risk
priority number (RPN = SEV x OCC x DET) can be applied to
determine the sequence in which risks are addressed. RPN
can be recalculated after implementing changes to decrease
OCC and/or increase DET. Key performance indicators are
also proposed to evaluate changes.

Conclusions: This FMEA model will help health care pro-
fessionals manage and minimize the risk of preanalytical
errors in BGA.

Keywords: blood gas analysis (BGA); failure mode and
effects analysis (FMEA); patient safety; point-of-care
testing (POCT); preanalytical error; risk management.

Introduction

Key reason for using point-of-care testing (POCT) is the
rapid availability of results, allowing prompt clinical
decision-making without the need to send samples to a
central laboratory. For safe, effective, and person-centred
care, it is imperative that POCT results are absolutely ac-
curate and reliable. POCT technology is already well
established in emergency departments (ED) and intensive
care units (ICU). Although the use of this type of testing
generally does not require specific technical laboratory
skills, POCT provision and use should be guided by a
clinical laboratory and performed by trained and certified
personnel only [1].

The three phases of clinical laboratory testing: pre-
analytical, analytical and post-analytical also apply to
POCT. This article focuses on the pre-analytical phase,
known to be responsible for up to 62% of all errors in lab-
oratory medicine [2, 3]. Some preanalytical risks apply to
all laboratory tests, including POCT, e.g., wrong or absent
sample identification, while other risks are specific for the
central laboratory test or for the POCT under consideration.

POCT blood gas analysis (BGA) was chosen as subject
for this risk analysis, as it is one of the most complex
POCTs, combining the measurement of blood gases,
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electrolytes, haemoglobin, co-oximetry, and other param-
eters such as glucose, lactate, bilirubin, ionized calcium
and ionized magnesium on one instrument.

BGA is recommended by the American Association for
Respiratory Care and other cardiopulmonary care societies
for evaluating a patient’s ventilatory, acid-base and/or
oxygenation status, for evaluating a patient’s response to
therapeutic interventions and for monitoring severity and
progression of cardiopulmonary disease processes [4].

BGA is usually carried out in a POCT setting in a busy and
stressful environment, such as the ED and the ICU, where
time-critical clinical decisions are made in patient manage-
ment. Several preanalytical aspects of POCT BGA are unique
to this type of testing and the multiplicity of measured and
calculated parameters amplifies the effects of potential pre-
analytical errors leading to wrong results that can have im-
mediate negative impact on patient outcome.

Major risks arise from poor operator competency, lack
of supervision, poor governance, failure to implement
quality assurance processes, lack of understanding of the
limitations of use and uncertainty on how to act on the
results [5].

To address the growing concern surrounding pre-
analytical errors, we believe that there is need for a dedi-
cated risk analysis template that unites the available
literature, whilst offering a practical solution to respond to
the requirements of the International Organization for
Standardization (ISO) standards. ISO has developed qual-
ity systems to assess specific aspects of health services. The
ISO 15189:2012 standard for clinical laboratories requires
that the laboratory evaluates the impact of work processes
and potential failures on examination results, as they affect
patient care and safety, and that the laboratory modifies
processes, to reduce or eliminate the identified risks, and
documents decisions and actions taken [6]. The ISO
22870:2016 standard is specific for POCT and is based on
ISO 15189:2012 [7]. As a result, ISO 15189:2012 re-
quirements, including risk management, also apply to
POCT. As described in these ISO documents, the POCT
coordinator, designated by the laboratory, has a pivotal
role in the organisation, realisation, and certification of
user training as well as promoting awareness to users and
care-givers about preanalytical errors in POCT and their
severely negative impact on patient safety and care.

As appropriate tool we used FMEA (Failure Mode and
Effect Analysis) to develop a proactive model that identifies
preanalytical risks of POCT BGA, measures their potential
impact on patient outcome, and can be used to monitor
corrective actions, with the goal to diminish risks. FMEA is
a well-known tool for the analysis of process failures in
many fields, that is also applicable for use in healthcare
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[8, 9]. The proposed model includes key performance in-
dicators (KPIs) and we also briefly describe the use of Risk
Ranking Tables. KPIs and Risk Ranking Tables are com-
plementary or alternative ways to monitor the effect of
corrective actions [10, 11]. To the best of our knowledge,
there is no other literature proposing a specific risk analysis
for POCT BGA.

Materials and methods

A multidisciplinary team, composed of laboratory and clinical staff
from different European countries, actively involved in BGA, designed
the FMEA template. It was built in a Microsoft Excel spreadsheet and
was informed by a combination of focus group discussions involving
the team members and data from published literature [12-32]. The
FMEA risk analysis procedure is schematically represented in Figure 1.
The process steps involved in the pre-analytical phase of BGA are
listed in the proposed model, as well as the errors that can occur whilst
performing these steps (potential failure mode), the possible conse-
quences of these errors (potential failure effect), their potential causes,
and examples of potential preventive and detection measures that can
be undertaken to avoid the errors (current controls). In accordance
with De Vries et al., a scale from one to four was proposed to score
probability of failure occurrence (OCC) severity of failure (SEV) and
probability of failure detection (DET) per potential failure mode [9]
(Tables 1A-1C). SEV, OCC, and DET are used to calculate the risk
priority number (RPN = SEV x OCC x DET) [11]. The proposed model
considers the classical blood gas parameters: arterial partial pressure
of oxygen (Pa0,), arterial partial pressure of carbon dioxide (PaCO,),
pH, measured or calculated arterial oxygen saturation (Sa0,), calcu-
lated bicarbonate (HCO5") and base excess (BE). These parameters can
be reported on all blood gas analysers. The fraction of inspired oxygen
(Fi0,) and the patient’s body temperature can be introduced for
calculation of PaO,/FiO, and the alveolar-arterial gradient (A-a), and
for temperature correction of pH and blood gas values respectively.
Electrolytes such as sodium (Na+), potassium (K+) and chloride (Cl-)
with calculated anion gap (AG), ionized calcium (Ca++), metabolites
such as glucose (GLUC), lactate (LAC), bilirubin (BIL), and haemato-
logical parameters such as haemoglobin (Hb), haematocrit (Hct) and
foetal haemoglobin (HbF) were also included as they can be measured
by most blood gas analysers. Ionized magnesium (Mg++) is excep-
tionally measured and was also included, as were parameters
measured by means of co-oximetry: oxygen saturation of haemoglo-
bin (sO,), oxyhaemoglobin (O,Hb), deoxyhaemoglobin (HHb), car-
boxyhaemoglobin (COHb) and methaemoglobin (MetHb). Table 2
shows a snapshot of the FMEA model, containing the 12 process steps
for BGA that were identified and one example per process step. Table 3
shows an example of a Risk Ranking Table calculated according to
XFMEA [11]. In this example, the team performing the risk analysis
decided 1° that a SEV = 1 does not need any corrective action,
regardless of the value for OCC, 2° that a high severity (SEV = 4) will
always give rise to a corrective action, whatsoever value for OCC, and
3°thata SEV of two or three will need corrective action only when there
is a low probability of detection (DET = 3). Table 4 shows the difference
between monitoring the result of corrective actions after two revisions
by means of the RPN value, with a user-defined threshold for RPN = 10,
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Figure 1: Schematic representation of risk analysis by means of failure mode and effects analysis (FMEA), key performance indicators (KPI)
and Risk Ranking Tables.

Table 1A: Scoring table for severity of failure (SEV), according to De Vries et al. [9].

SEV score 1 2 3 4

Severity scale Minor event Moderate event Major event Catastrophic event

Patient outcome Neither injury nor Increased length of stay or Permanent lessening of body func-
increased length of increased level of care for one or tioning, disfigurement, surgical
stay orincreased level two patients intervention required, increased
of care length of stay of three or more
patients

Hospitalization of one or two staff, or One death or hospi-
three or more staff experiencing lost talization of three or
time or restricted duty injuries or more staff

illnesses

100,000% < damages < 250,000%

Death or major
permanent loss of
function or suicide

Staff outcome First aid treatment Medical expenses, lost time or

only with no loss of  restricted duty injuries or illness

time or restricted duty for one or two staff

injuries or illness

Equipment outcome Damages < 10,000%
without adverse

patient outcome

10,000$ < damages < 100,000% Damages > 250,000%

Table 1B: Scoring table for probability of failure occurrence (0CC), according to De Vries et al. [9].

0OCC score 1 2 3 4
Probability = Remote Uncommon Occasional Frequent
scale

Unlikely to occur; may Possible to occur; may
happen sometime in 5-30 happen sometime in 2-5

Probably will occur; may Likely to occur immediately or within a
happen several times in 1-2 short period, may happen several times

years years years ayear

Table 1C: Scoring table for probability of failure detection (DET).

DET score 1 2 3 4

Detection scale Absolute certainty High Low Absolute uncertainty

Always detected  Moderately high to high probability of

detection (detected in >50% of cases)

Moderately low to low probability of
detection (detected in <50% of cases)

Never detected




1189

Van Hoof et al.: FMEA for the preanalytical phase of BGA

DE GRUYTER

u01328)]103 poolq
0} Suipaadoid
210J3q 3p0d
-leq 1o lIaquinu
Suifynuapijuan
-ed yum (3Sun
-As) 1aurejuod

d)dwes
Jo Sunjeqe g
19sn puejuaijed
jo uonesynuap| €
3awodIno
juawniisul pue WBWNISUL pateia) yeys
SI7 usamiaq uoiy 3y} uo s3s9} pue juap juswnisul ay} juawnisul
-BJ|UNWWOd Jeuol} pajsanbaiayl  .ed pauiq uo pawuoyad 8y} uo 3sanbau
-2311pig "wajsAs jo Aijua jenuew -wod 0} ‘9)dwes s)saySuoimio  seS pooiq ayy
1sanbai 21u0432913 Suunp siol3 sI9RIAIS T jeadal Joy paaN  SIS9) SulsSIW  Jo Ajud jenuepy ‘1°C
1senbai
seS poo)q
ay3 Jo Anjuz T
uoljeinjes
uasSAxo jualedde
sajdwes jo 13q aSuLlhs sse)8 Juedaisip
-wnu jejoy/swiy 9SN 95]9 10 ‘pasn pue mm>:._u
ul painseaw s1 98ulihs onseld UONEI0SSIP INIWLYINL uiqojSowsay
jou aiam 41 U013391]05 pooIlq paialje aney /SISONDVIa 1e19) ‘elw
jeyi spod QoI Jaye ujw gT> jusw suiqojSoway IN3ILvd 153y -9ue |13 3PIS
9jendoidde ay) -2INSeaW WIoLdd Auyge uashxo awWo2IN0  -¥YOINI ‘ulqojSowaeyh juaned jo *8'9 ‘u1qo18
ym sjuaijed *J19A0 puey/Supye} ysiy ‘uon pajejal -xoqJed paseasoul  adAysenoiied  -owsay juenaqe
woly sajdwes 9pod Aoysiy juanjed -ewJojul Jualy  -iudied o} Ajas)eq ‘sSuipeal  S1y} uj Inpad sey juanjed
J0 9SejuadIad adl yumourl  9A1day3 Sulutel) -ed Juayynsu| SIBBIAIS 7 Allswixo0d sjeinddeu| -0id SNOSUOLT  JBYIBYM Y IBYD T'T
ainpasoid
u01329))03 3y}
Suipe)s a10j9q
pawJoyiad aq 0}
$}I3YI Jusljed T
1d)1 10}
wnyaud sainseaw uol} sainseaw
pauyap 1d) -J9)9p |enjua)  dAnuaAlid jerjua) apow ain
19sn |1d) jo uoniuyagd Nd¥ 13a@ -od jo se)dwex3 -od jo s9)jdwex3z ))HQ Sasned |eijualod AIS 12949 aunjiej jenjusjod  -jiej jenualod da)s ssazoud ‘ON
$]043U0J Jua.LIN)
+days
ssa20.d 1ad (1d)) si01ed1pul 9duewioad A3) pue S]0J3U0D JUBLINI ‘sapow ainjiey Jeljualod Jo sajdwexa yim ‘yog 110d (VIW4) sisAjeue s32ayya pue spow ainjiey ay) jo sdals ssedoid :z a)qel



DE GRUYTER

Van Hoof et al.: FMEA for the preanalytical phase of BGA

1190

aSuufs uo
apoaieq anbjun €€
so|duwes awodno 9)dwes jeadau
Jo Jaquinu Jsanba1 1591 Poielayels  ioj pasN "INIWLYIYL al
puejusy  /SISONOVIA LN3ILVd
1e103/sa)dwes sajdwes sjuanjed Jaylo  _pg PauUIg |9TYYOINI ‘SHNSal Ses 9)dwes/isanbau
paynuspisiw paynusp! woyy pajjdde -wod 0} poojq (paydums) Suoum  UOLEIYIIUSPI yum a3uul
40 98euadI9d -Siw 1915189y Sujuiesy ‘4os 13qe]/apodieg siaypi AIS 77 ‘O)dwies uo jaqge) Suoim Suoim -As Sunaqeq ‘1'CE
aSuufs
Sumaqer TE
(4aquinu SHN"8°9)
laquinu jeuoi}
-BU BJA q] J1U04}
sadwes -29]9 ‘yuiq Jo ajep
Jo Jaquinu e30} ‘QWeu ‘SIayIuap| awodIno a)dwes 1oy
/3p0od Awwnp juaned aanyisod pajejal 19qe] Jund pue
yym sajdwes 40 3sn yym uon} -juanied oy pajage]  uoledYIIUBPI  pueq ISLM uo
40 98e1UdIad 9pod Awwng -eoyiuapl jenueyy pueq 1SUM ON SI9J3IAIS T 9q jouued agulAs ON  9podieq pedy ‘1'T'T'E
pueq isum
uo J3y1uapl
apod.ieq sjual)
-ed Suipeal
Aq juaned ay3
J0 uopesynuapl
13)je pajuud
j2qe] apodieg  "C'1°e
awodIno
ssjdwes pajejal yyeis
J0 Jaquinu e30} pue juay
/apo2 Awwnp janed  .ed paulg *a1dwes jeadsl Ajenuew 9)d
yum sajdwes SNoIISuod -wod 0} 10§ P93N °Pajaqe]  uoledIYIIUIP!  -Wes |age) pue
40 a8ejuadiad apod Awwing -un paynuapiun si9yRIAIS T 9q jouued asulAs oN juaned Ayusp| ‘T'T'T'E
9)dwes
3y} jo uoned
-yiuepljenuewy  “1°T°E
1d) 10}
wnpaud sainseaw uol} sainseaw
paulysp 1d) -J9)9p |eljua)  dA1uaAaLd Jenjua) apow ain
19sn I1d) jo uoniuyag Nd¥ 13a@ -od jo se)dwex3 -od jo s9)dwex3z ))Q Sasned |ejualod AIS 1299 aunjiej jenjusjod  -jiej jenualod da)s ssazoud ‘ON
$]043U02 JudLIN)
(panunuod) :z ajqe}



1191

Van Hoof et al.: FMEA for the preanalytical phase of BGA

DE GRUYTER

sansuajdeleyd

juaijed 9
SjuawWaINSeaw
sysey Jo uojjesSalap awodino snosu
‘suonjedunwwod paie|al jjels 9)dwes jeadas -0113 ‘uonjed suolssiwpe
wea) Ateundid puejusi}  J4oj paaN "INIWLYIYL -ypuapi snosu ND] o aseald
-SIPRINW 9AII3Y3 -ed paulq /SISON9VIQ LN3IL -0.13 ‘pased -uljseae o0}
‘Sujuresy ojwspued peopliom -Wod 0} -¥d 1DIYYOINI "SHNS  -aid Ajpoauiod  Sulpes) ‘sojwap
pue Jaisesiq paseasdu] SiayaI AIS 7 -3l ses8 poojq Suoim jou sjusied -ued ‘sialsesiq ‘1°g
$10]28) |euIa)Xd
Jenuejswnii) 'S
poojq Sui329))0d
Yrdap pue 310j9q Jual}
9je4 Alojejiauan -ed au3 Jo uop
12948 sasueyd 3awod1no -1sod uj aSueyd
Jeanisod se jualy paje|aljjels 9)dwes jeadas ® SuUIMo]]0y
-ed ayj3 jo uon puejualy 104 pa3N "INIWLVIIL uoljeziiq
-isod uja3uey>  -ed paulq /SISON9VIQ LN3IL pasedaid  _gjs 1oy (uiw 0€
Jaje ulw 91> -wod3 0} -¥d LDIYYOINI 'shns Apaiiod —-GT1se9)
uaye} poojg SIRIAIS ¥ -9 ses poo)q Suolp joujuaned  1e) awil Mojy T
juaned ay)
Jo uonjesedaid Y
‘Slaquiaw Jjels
juswnnsul 13430 se ylom
Aq uoneoynuap -1aded uo saajas
sajdwes 19sn Suissiw -wayy Ayuapl 1o awod1no P912913p J0U SI0LID
40 Jaqunu |ejo} 10} Sujuiep ‘ye1s Jayjo yum PRIBISIYEIS IO 92uas|8au “Iaquiaw *19sn (ireay upne
/uoneaynuapl *uol3edYI13UIPI /wiouy saspeq puejusi} Jjeis Suoim o} 08 sjns 0} 9)qeadel} 10j) sjdwes
13sn Sujssiw J9sn Sujssiw al Yyoums/asn -ed pauiq -a1 juanjed “aquiaw jou Jjnsal ay3 Sunaalul
yim sajdwes yum sayd d0S ‘Sujuteny pue aspeq q| -wo02 0}  Jjeis o) d|qeadesijou  ‘aunpadoisd ul a10jaq Q| Jo uon
10 98ejUaIad -wes 1935189y ‘uonjesysiSal ajels 9ABY 10U Op Je1S SIBJAIAIS T ale ssadoud uj s10413 Q] JjeIS Jo ¥joeT -eOYLBA JJBIS  “T'hE
19sn ay}
J0 uoneaynuap| e
awodino
sajdwes pale)al jjeis
Jo Jaquinu pue juan apodleq jualjed
1ej0}/sa)dwes sa|jdwes Sujuien @l juaned o) -ed paulq 9)dwes jeadas 10} 0}>ul] pue asull
paynuapiun payiuapl ‘d0S “Juaw payul) Jou asu -wod 0} PIAN ‘pasn agjouued  uoiedynusapl  -As uo apodieq
10 98ejUaIad -un 1915183y  -nJysul Aq Sujuep -As uo apoaieg si19jRIAIS C s}nsa. ses poo|g oN anbiun peay  ‘1'¢’¢
1d)I 10}
wnyaud sainseaw uol} sainseaw
pauyap 1d -J9])9p |eljua)  dA1uUaAaAd Jenjua) apow ain
1sn |1d) jo uoniuyagd Nd¥ 13a@ -od jo se)dwex3 -od jo s9)jdwex3z ))Q Sasned |ejualod AIS 12949 aunjiej enjuajod  -jiej jenualod da)s ssazoud ‘ON
$]0J3U02 JuaLIN)
(penunu0d) :Z 8)qel



DE GRUYTER

Van Hoof et al.: FMEA for the preanalytical phase of BGA

1192

awod3no
paje|al yels

puejualy ajdwes jeadas 1oj pasaN
poolq  -ed pauiq “INJWLVIHL/SISON
Jels SNOUBA UM -wod 0} -OVIa IN3ILYd 103y ainpadoud aunjund
pajs ‘Sutures) UOIJRUIWERIUO) SIRIAIS 7 -YODNI "SHNSaI Suoipm snoauoul3j leualy  ‘1°7'8
poojq jelisy T8
Suol3ed Jud)
-eAIp Sunjedyd
Aq sjusuun
-seaw J13ewAzua
10 91A101309)9
Y}IM 213)193u1
ued y1q3 pue
aje|exo se yans
sajdwes (uneday ueyy awodino
Jo Jaquinu 18y10) syugpn PRIBIR1LEIS
1e10}/sa8uul -Seodnue ajeud puejuai} a)dwes jeadal 1oj paaN
-As Suoim sasullfs -osddeu| 'ssans  -Bd paulq "INIWLY3IYL/SISON a3unis
ul sajdwes Suoum uj sa1d ‘uonoensip -wod 0} -9V|d INJILVd 1034  9SuuAs ajenb 9jenidoidde
J0 9SejuadIad -wes 19315189y Sujurely yeis ‘Sujulel) Joyoe] SI9JRIAIS 7 -YODNI 'SHNSal Suoip  -apeul/Sucim 3y} 129)9S ‘'8
9)dwes jo adA} '8
sajdwes
J0 Jaquinu 1e} awod3ino pooiq Sundwes
-03/sainsodxa pajejal uaym jualy
9)paau payodal sainsodxa Suuren Jeis 0y s}nsal -ed ayj uj uon}
JLEFINCRIEN] 9)pasau J3s1Say ‘S9|paau ajes aInsodxa 9)paaN SI9JRIAIS ¥ jusnjed U0 123y9 ON  49SN Palddju|  -ddjul 1oy ¥IYD) 1/
dSK uolIBju| i
sojdwes *UoIUIAIBIUL
Jo Jaquinu 195N ayy Aq pay Jinadessy)
Je301/spunod -29]88u spunod ur Aejap yum Aejap
-Wwod wniu -wod wnuoyjez ~ SWOIN0 dn3souselp 2]qssod
-03(]eZUS] YIM spunodwod -uaq yum adua  PIBIdIYHEIS *a)dwes jeadas (3uepajuisip se
CRICYENEMITPL] wniu -19j19)ul Joy Seyy  PuBlUSLL  J40J PIIN “INIWLVINL pasn) spunod
8eyj Juswnijsul -0)]ezusq ypm jusawiniisuj ‘uoly -ed pauiq /SISONSVIQ IN3IL -wod wniu
yum sajdwes EREIENENIPI} -ewIOjUI JU3N -wod 01  -¥d 1J3YYOINI “++ed ainpadoud -0¥|ezuaq jo
10 98e1UdIAd Sey Jusawiniisu| Surures) -ed Juayynsu| SIBJBIAIS ¢ 10/pue +eN pljeau| }991100U]  SdIBJ} BAOWY ‘19
1d) 10}
wnydud saInseaw uol} sainseaw
paulysp 1d) -J9])9p |enjua)  dA1juUaAaid Jenjua) apow ain
mBsn Il jouoniuya@ Nd¥ 13@ -od jo sejdwexy -od jo s9)dwex3y ))Q Sasned enjualod AIS 19949 ainjiej jenjuajod  -jiej jenualod da)s ssazold ‘ON
$]043U0J Jua.LIn)
(PenunuU0d) :Z 3)qeL



1193

Van Hoof et al.: FMEA for the preanalytical phase of BGA

DE GRUYTER

9)dwes jeadas

Jnseld ssosoe W00 10j PISN "INIWLVIL
dlejusique paje)aijjels /SISONOVIQ LN3IL
JojuswsAow  puejusn -Vd 1D3YY0INI “+)
13sAjeue jo uony sajowoud :aqn}  -ed paulq paseasdul ‘(zod sausn aqn}
-e20] aJed-j0-jujod J135e]d 10j MO) -wod 0} -ed uojuapuadap) zod dnseyd jo ), 0 ainjesadwal
‘sa1s180) ‘Sujurel| 00} ainjeladwa] SI9YRIAIS ¥ PasSeaIap 10 pasealdu| je Jodsuel] Modsues) ‘1°0T
Modsuen
9)dwes ‘0T
INFWLVIIL
/SISON9VIQ LN3IL
-Vd 133440DNI ‘synsal
suol}Ipuod 9Wo2IN0 1593 Juellage o} Suipea)
uonedydads paje)s s Jainjoey pajejal aSuulAs ay} jo sonsi  sjelslew asuul
1onpoud -nuew jo apisino  -juaied 0} -19)doeieyd jedisAyd ‘Ay -As 1o aaijppe
juaijisal ‘Sujurel| palo}s 1A SJI9JRIAIS 7 -]1GBIS dAINIPPE palaly jo uopesdyy  aselols adAd(Q ‘1°6
u01329))02
9)dweg ‘6
s8umn1es yioq uj
painseaw aIam
jey; sejdwes
JO Jaquinu |ej0}
/snnsai Aiojeso ‘9)dwes
-ge] |eJ1Udd pue awod1no jeadai Joj pasN
130d usamiaq Aiojeioqe) paje)al jjels "INIW1YIYL/SISON
9dUDIBYIP Jued esjuad puejuafy -OVIa IN3ILVd 1D3Y
-y1usis jeaju)d 9y} ul pautej -ed paulq  -4OONI "+l pasealdul
yym sajdwes -qo Ss}nsal yum els $3]01I3}Ie JO uol} -wod 03 ‘z0)d snoauoud ainpasoud
40 98ejUadIad uosyedwo) pajpys ‘Sutures] -e|Ip JuadYnsu| sI19jRIAIS 7 Alqissod ‘cod painpay snoauouy  ainpund|9dy  T''8
poojq Areqide) ‘78
awod3no ‘a1dwes
pajejasyeys  jeadalioj paaN "INIW  Iudnied siyy ul
zodioyadus  puejualy -1V3¥1/SISONOVIQ 3juenodwt Ajjed
-1941p snousA  -ed paulq IN3I1Vd 1D34¥0ONI  -lufd ate zodd
-0113}4e 3y} JO -wod 0} *z0)d snosuoud pue zod Ji adA)
Sujuiesy Aiqerien a8ie7 s1agai AIS 7 Ajqissod ‘god paonpay  9jdwes Suospy  udAjessydusd  T°€°8
po0]q SNOUIA €8
Id)I 10}
wnpa)ud sainseaw uol} sainseaw
pauysp 1d) -J9)9p |enjud)  dA1juaAaid Jenjua) apow aIn
19sn I1d) jo uoniuya@ Nd¥ 13a@ -od jo sejdwexy -od jo s9)dwex3z )DQ Ssosned |ejualod AIS 1299 aunjiej jenuslod  -jiej jenualod do)s ssazoud ‘ON
$]043U02 Jud.LIN)
(ponunuod) :Z 9)qeL



DE GRUYTER

Van Hoof et al.: FMEA for the preanalytical phase of BGA

1194

(uawnnsul Aue
uo sisAjoway
l10j 8e)} oy1dads
e 9jeJauss jou

saop sisAjoway awod3no
Ajpuaimd) poojq paiejas
dJoyM ul SIS Aynioey juswinisug
-Aloway 29319p pue jusaw ayj o) aSewep
0} spoyjaw -dinba pue asned ue) ‘sjdwes
dojanap (sjuswnusul  ‘yels ‘qual}  jeadsu 1oy pasaN “INIW (sjuawnuisul
pinoys siazhje lejnoed  -ed paulq -1v3¥1/SISONOVIA 11 uo jou)
-ue seg poojq jo uo) ainssaid uon -wod 0} 1IN3TILYd 1DIYY0DNI ainpajoud 9)dwes ayj jo
siainpejnuely Surures) -23[ul 9AISS3IX] SIBRIAIS "+ pue god pasealdu| J31100uU]  uo1IR(Ul AIPY R4
9)dwes
3y} jo uondafu K4
juswinijsul awes
3y} ym palojuow
9q pjnoys juaied
ay) ‘paploAe aq
JOUUBD SIIUIBYIP
umouy| J| *a)qissod
se moj se 3day aq
pINoys sjuawnis
-ul US3M}3] SdIUI
-19)j1q "pausie
pue paj)0J3uod aq
pINoYys sjuawnis
-ul v “dn-ydeq paseuew
Se pasn ag pjnoys Aj1adoud jou sjuawniisul
S3IUBIAYIP sjuawWniisul ale syuawinis JUdI3YIp Uo
jued| synsal Yd1ym pue piem -ul 3y} usaym painseaw aie juaijed
-jlusis Ajestund JD jo sueaw 9y} J0j pasn aq sjuawniisul ses 3awodno awes jo sajdwes uaym
MOYS SJUaWNIS Aq sjuswnuisul  pinoys (s)juawniys pO0]q JUIBYIP JO paiejas s)|nsal 9141043099
-ul awn U33IMIa( SIIUD -ul yarym ajed s)nsal usamj}aq -jusijed o} pue ses poojq jo AN ainpadoud a)dwes
40 98ejUdIad -19441p J0}iUOW  -Ipul PINoyYs sdosS sapuedaldsiq SIaJRIAIS C -B|OA,, Judijed-eiju| 199.1100U] 3y} jo uo1Iafu| 1T
juswnijsul ses
poojq jo 3dioy) ‘1T
1d)1 10}
wnpsud sainseaw uol} sainseaw
pauysp 1 -J9)9p |enjua)  dAnuaAaid Jenjua) apow ain
Bsn IdI jouoniuys@ Nd¥ 13@ -od jo sa)dwexy -od jo s9)jdwex3 ))Q sasned jenjuajod A3IS 1I9)j° aunjiejjenjuajod  -iej jenjuajod dajs ssaz0id ‘oN

S$]0J3U0) jua.LIN)

(penunuod) :Z 8)qey



DE GRUYTER

Table 2: (continued)

Current controls

KPl User

Examples of po- DET RPN Definition of

tential detec-

Potential causes OCC Examples of po-

Potential failure effect SEV

Potential fail-
ure mode

Process step

No.

defined

KPI

tential preventive

measures

criterium
for KPI

tion measures

Training

3 SEV refers Blood spillage

to com-
bined

Infection risk for users.
Can cause damage to

the instrument

Incorrect

Active injection
of the sample

(not on all

12.2.

procedure

equipment

instruments)

and facility-

related and

staff-

related

outcome

SEV, gravity of failure; OCC, probability of failure; DET, probability of failure detection; RPN, risk priority number.
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or by means of a Risk Ranking Table using the same conditions as
applied in Table 3.

Results

The FMEA model is provided as an open Excel template
(Supplemental Material, File 1).

Users should decide which process steps, risks, and
proposed controls for prevention and/or detection of the
different failure modes apply to their setting and patient
population and adapt the model accordingly. As SEV is
relatively independent of settings and patient populations,
a score for SEV is proposed. SEV scores can refer to purely
patient-, staff-, or equipment/facility-related outcomes
(Table 1A), or to a combination of two or all three of these
categories. In the FMEA template the distinction is made by
means of a colour scheme. A minority of SEV scores purely
refers to patient outcomes. Most SEV scores refer to com-
bined patient- and staff-related outcomes. Patient related
outcomes are mostly increased test turnaround time (TAT),
potentially wrong diagnosis with diagnostic delay result-
ing in a wrong or delayed therapeutic intervention, po-
tential increase of the hospital length of stay (LOS) and
temporary or permanent damage to the patient. Staff-
related outcomes in these cases either relate to infection
risk for the user or to an enhanced workload caused by the
need for a repeat sample. Equipment or facility related
outcomes relate to temporary or permanent instrument
damage/instrument shutdown due to preanalytical errors.
OCC and DET are dependent on settings and patient pop-
ulations and should be scored by the performers of the risk
evaluation to obtain a calculated RPN that is specific for
their setting and patient population. The user should also
determine the cut-off for the RPN that will trigger corrective
actions, aiming at a reduction of OCC (preventive mea-
sures) and/or DET (detection measures). The % reduction
of RPN after corrective actions is a measure of their success.

The template proposes several KPIs, that can also be
used to monitor the effect of corrective actions. Data
needed to calculate KPI’s can be retrieved from most lab
information systems (LIS) or from the blood gas instru-
ment. More complicated KPI’s including clinical data (e.g.,
ICD codes) need more advanced data-mining tools. Users
should decide which KPI’s are feasible and applicable to
their setting and patient population.

An additional way to manage corrective actions is the
use of Risk Ranking Tables, wherein the initiation of
corrective actions depends on user defined thresholds for
OCC, SEV, and DET. The simple example of a Risk Ranking
Table shown in Table 3 excludes corrective actions for
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Table 3: Example of a risk ranking table constructed according to XFMEA methodology.

*The numbers in the cells represent DET

No corrective action required.

-Corrective action always required.

Corrective action required if the DET >= a given number.

For this example, the decisions taken by the team performing the risk analysis were: If SEV = 1, then corrective action is never required. If
SEV = 4, then corrective action is always required. If 1 < SEV < 4, then corrective action is required if DET > 3. SEV, Severity of failure; OCC,
probability of failure occurrence. The numerical values in the cells represent probability of failure detection (DET).

Table 4: Example of the use of a RPN Risk Ranking Table to monitor the effect of corrective actions, showing the difference between monitoring
the effect of corrective actions by means of a Risk Ranking Table on one hand and by means of reduction in RPN on the other hand.

Initial risk analysis

Revision 1

Reduction in

N\

Revision 2

For this example, the initial risk analysis and both revisions were performed by the team from Table 3. The cut-off for the RPN was set by the team
at >10 (no corrective action needed when RPN < 10). After revision #1, corrective action is still needed, both according to the RPN and to the Risk
Ranking Table (cfr. Table 3). After revision #2, corrective action is no longer needed according to the cut-off set for the RPN. After revision #2,
corrective action is still needed according to the Risk Ranking Table, as SEV = 4. SEV, Gravity of failure; OCC, probability of failure; DET,

probability of failure detection; RPN, Risk Priority Number.

errors with low SEV, low OCC and high probability of
detection (low DET). When, over time, corrective actions
have diminished the risk for errors with high SEV, high OCC
and high DET, the user can lower the thresholds to also
tackle errors with low SEV and/or low OCC and/or high
probability of detection. The difference between moni-
toring the result of corrective actions by means of RPN or by
means of a Risk Ranking Table is shown in Table 4. Based
on RPN, corrective action would no longer be needed in
this example after the second revision, as the RPN was
lower than the threshold set by the user. However, ac-
cording to the conditions set for the Risk Ranking Table,
additional actions to lower DET and OCC would still be
needed.

Discussion

Preanalytical POCT errors cause a considerable human,
clinical and economic burden. This was recently demon-
strated by Kazmierczak et al., who studied the impact of
preanalytical POCT errors on productivity in a US ED [33].
The authors observed erroneous results in 6% of 15,479
i-STAT cartridges, of which 372 were unusable results. Er-
rors for 163 out of 563 cartridges were definitely classified
as originating from poor sample quality/improper sample
handling. TAT and LOS were significantly longer with
erroneous results. Direct costs over 2 years were 45,000
US$ and indirect cost was estimated between 486 and 729 h
in avoidable nursing labor [33]. This study by Kazmierczak
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illustrates the need for proper risk management of the
preanalytical phase in POCT.

FMEA is a generally accepted method for proactive risk
evaluation, applicable in healthcare and more specific for
clinical laboratory measurements [34-38]. It is important
to emphasize that the FMEA model proposed in this article
covers a broad range of work environments, as it was
designed by a group of lab professionals and clinical staff
from different European countries and with different
backgrounds and profiles.

A recently learned lesson is that disasters, such as the
COVID-19 pandemic, affect the way POCT is performed and
increase the risk for pre-analytical errors. The vast number
of ICU admissions caused by SARS-CoV-2 infections
resulted in an increased workload with high and contin-
uous stress. As a result of delocalization and conversion of
non-ICU beds to ICU beds, ICU staff worked in non-familiar
areas and non-ICU staff, who lacked training and experi-
ence, worked within an ICU setting. Off-line installation of
extra blood gas instruments and open access of the in-
struments were additional risks. In these conditions it is
almost certain that errors have been underreported. The
presented FMEA covers these particular risks under “cir-
cumstantial external factors”, which is not per se a process
step. To avoid the need for tracing the various causes of
error due to the major risks associated with difficult cir-
cumstances, and to establish appropriate indicators and
plan suitable strategies, users can choose to build a sepa-
rate and more detailed FMEA for disasters departing from
the presented model.

When an organization considers the FMEA type of risk
evaluation, the analysis should be performed by an inter-
disciplinary team including lab manager(s), lab personnel,
POCT coordinator(s), nurses, and other clinicians. The
model that is presented here is constructed as a tool to
manage risk, which can also be helpful when designing
and implementing a new BGA network, but it is clearly not
meant for ‘daily use’. Once the initial table has been filled
in, the team should decide which risks are dealt with on a
priority basis. Urgent issues need prompt action(s) and in
this case the team must decide how soon the relevant part
of the exercise has to be repeated to measure their effec-
tiveness. In the absence of urgent issues, the full FMEA
exercise can be repeated periodically (e.g., every two to
three years) to evaluate the overall effect of the measures
taken. Appropriate use of the template offers a practical
solution to answer the requirements of the ISO standards,
thereby answering its main aim, being the improvement of
patient safety and patient care by diminishing the risks [6, 7].

While many of the pre-analytical steps in BGA are
common to all laboratory tests, such as accurate specimen
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labelling, some are unique to this testing because of the
physicochemical and biological properties of the analytes
being measured. Biologic variation of some blood gas pa-
rameters is very low (e.g., pH, Na+) and even little error
cannot be tolerated in order to interpret small but clinically
relevant changes. Hence, the preanalytical steps must be
perfectly followed and performed to ensure that the patient
receives appropriate and timely therapy in response to
correct analytical results.

For example, the preparation of the patient that re-
quires a waiting time of 15-30 min after repositioning
before taking a blood sample is often not applied [15]. As
patient care is prioritised based on need, the risk of
“skipping 15 min” is very high. Underlying reasons might
be elucidated further but generally can be seen as a com-
bination of departmental culture and (experienced) work-
load, insufficient knowledge and general stress, i.e. both
internal and external factors. This can be addressed by
both specific training regarding BGA and disaster training/
stress management, and by quality control by local lead-
ership. Interestingly, this error is more common when
the ED or ICU is working with the normal flow or limited
crowding, as moderate overcrowding will automatically
provide the 15 min needed. As is shown with this example,
but also throughout the whole template, the importance
of training and ensuring best use of nurses’ time by
streamlining preanalytical processes cannot be over-
emphasised [39].

The importance of local factors was demonstrated by
Auvet et al. [40]. By comparing BGA results for electrolytes
and haemoglobin in a cardiac surgery operating room, a
neurosurgical ICU and a polyvalent ICU, the authors show
that identical analysers provided results of varying quality,
depending on the local constraints of the ICUs. One of the
most important findings of this study was that a stringent
quality management can overcome these issues [40].

According to the guidelines of the American Associa-
tion for Respiratory Care, the “gold standard” sample for
BGA is arterial blood, collected by needle puncture of an
artery or via an indwelling arterial catheter [4]. Capillary
samples are not recommended to determine the oxygena-
tion status of the patient, nor are central or peripheral
venous samples recommended as a substitute for arterial
blood measurement of pO,, pCO,, and pH. On the other
hand, corrected central venous pH, pCO, and bicarbonate
have been shown to provide clinically accurate results and,
for many patients, non-invasive pulse oximetry may be
sufficiently accurate to determine the patient’s oxygena-
tion status, avoiding the risks of an arterial puncture
[12, 31]. Central or peripheral venous samples can be used
for the fast measurement of electrolytes and metabolites,



1198 —— Van Hoof et al.: FMEA for the preanalytical phase of BGA

and to monitor the acid-base balance of patients (although
severity of acidosis or alkalosis may be under- or over-
estimated) [12, 31].

A factor that may be overlooked is the importance of
continuous in vitro cell metabolism for the accuracy of BG
measurements. PaO, for instance is affected by several
factors, including the number of oxygen-consuming blood
cells. The rate of in vitro oxygen consumption was found to
be proportional to white-blood-cell count, platelet count
and reticulocyte count [23]. Routine precautions, such as
measuring the sample within 15 min (maximum 30 min),
are not sufficient to prevent spurious hypoxemia due to
significant in vitro oxygen consumption in the context of
hyperleukocytosis (white-blood-cell count > 100 x 10°/L) or
extreme thrombocytosis (platelet count > 2000 x 10°/L)
[23]. Mature erythrocytes on the other hand lack mito-
chondria and contribute little to the total in vitro oxygen
consumption, but they do metabolise glucose by anaerobic
glycolysis and as a result, delayed measurement can cause
spurious hypoglycaemia. Although the performance of
small dedicated POCT devices for blood glucose measure-
ment in critically ill patients has improved over time, BGA
remains the golden standard for blood glucose measure-
ment in these patients [25]. Incorrect POCT glucose mea-
surement can be an important cause of falsely elevated
glucose when using capillary blood, due to peripheral
oedema. Treatment of these patients for hyperglycaemia
can lead to serious hypoglycaemia, therefore arterial or
venous blood samples are preferred for blood glucose
measurement by means of blood gas analysers [25]. Brennan
et al. reported that significant glucose contamination
(3 mmol L™ + 3.4) was detected in all open arterial line sys-
tems up to an aspiration volume of five times the dead space,
while no samples from the closed systems recorded glucose
concentration >1 mmol L™ [26]. The same authors also found
that recommended minimal discard volumes are inadequate
in the presence of glucose in the flush solution and can lead to
high blood glucose readings, inappropriate insulin use, and
iatrogenic neuroglycopenia. Closed-loop arterial sampling
systems could be the universal solution [26].

Some substances that interfere with BGA measure-
ments are mentioned in the template, e.g., salicylates and
halogen ions, such as bromide, interfere with chloride
measurement, while glycolic acid and D-lactate interfere
with L-lactate measurement and benzalkonium interferes
with electrolyte measurement [18, 20, 21]. Other molecules,
such as ascorbic acid, bilirubin, citrate, EDTA, ethanol,
heparin, glucose, paracetamol, salicylate and urea are also
listed in BGA reference manuals as potentially interfering
with lactate measurement.
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In some instances, interchangeable use of electrolyte
results (especially sodium) from direct ion-selective elec-
trodes (dISE) — used in BGA - and indirect ion selective
electrodes (iISE) - used in most routine central lab in-
struments - is not advisable, especially in a setting of
hyperproteinaemia or hyperlipidaemia [32].

Several rating scales can be used to score SEV, OCC
and DET (e.g., 1-4, 1-5, 1-10 etc.) but, as the scores are
multiplied to obtain RPN, the same rating scale should be
applied to SEV, OCC, and DET to avoid the appearance of
skewing the resulting RPN [41]. In the present template a
linear rating scale with consecutive numbers (1-4) was
chosen. Alternatively, and as long as the same rating scale
is applied to all three components, non-consecutive
numbers can be chosen by the user (e.g., 1, 3, 5, 7), as
they may allow more distinction between ratings and cause
less debate amongst team members or, when the team
wants to put more emphasis on the higher scores, a non-
linear scoring scale can also be utilized (e.g., 1, 4, 9, 16) [41].

Only SEV is scored in the template, while OCC and DET
are not, as they are highly dependent on the test setting and
on the patient population and in any case, they should be
scored by the multidisciplinary team. For example, OCC and
DET will be different in a primary community health centre as
compared to a secondary district general hospital and
certainly as compared to a third line university hospital or
specialized hospital e.g., trauma centre, cancer centre. OCC
and DET will also differ whether the instruments are stand-
alone or connected to a management software and a lab in-
formation system, whether patient identification is manual or
automated and whether results are automatically transmitted
to the patient’s electronic health record. When OCC and DET
are scored for local settings and patient populations, the
calculated RPN can be applied to determine the sequence and
prioritise which risks need to be addressed. Therefore, the
team should determine the cut-off for the RPN that triggers
corrective action. After implementing changes to decrease the
occurrence of errors, the RPN should be re-calculated to
measure their positive effect [41]. Sometimes choices have to
be made, as it is not always possible to reconcile different
corrective actions e.g., although plastics are partially gas
permeable as opposed to glass, glass syringes were largely
replaced by plastic syringes due to safety concerns.

The exclusive use of RPN values for prioritisation of
failures that need corrective actions should be considered
with caution. As the scores for SEV, OCC, and DET are
multiplied, small changes in one score can lead to large
changes in RPN. For example, a failure mode with high
DET, high OCC but low SEV would be prioritized the same
as a failure mode with high DET, low OCC but huge SEV,
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despite having different risk implications [9, 42]. It may
therefore not be appropriate to give equal weight to the
three ratings that comprise the RPN. An organization may
consider issues with high SEV and/or high OCC ratings to
represent a higher risk than issues with high DET ratings.
The analysis team may then decide to initiate a corrective
action anyway because of the very high severity of the
potential effect of the failure, even when the RPN is not
high enough to trigger corrective action. In this regard the
team may develop a Risk Ranking Table in addition to — or
instead of — using RPN values for prioritization of the need
for corrective actions [11]. Risk Ranking Tables identify
whether corrective action is required based on the combi-
nation of individual values for SEV, OCC, and DET, thereby
allowing for more nuance as compared to the use of the
RPN value for evaluating the effect of corrective actions.
Another way to monitor corrective actions is the use of KPIs
[10]. KPIs are quantifiable measures used to evaluate
whether objectives for performance are met. We present a
number of KPI’s in our template. The team should decide
which KPI’s are feasible and applicable to their setting and
patient population. The team should also define criteria for
these KPI’s, below which no corrective action is needed.
The percentage change in the chosen KPI's obtained after
corrective actions is a measure for their effect. Introducing
a priority scale for KPI's could facilitate their gradual
introduction into routine practice, by starting with a
“mandatory” (score 1) and ending with a “valuable” (score
4) score, as was proposed by Plebani et al. for the reduction
of preanalytical errors in the clinical laboratory [43].

Limitations of the study

The proposed template is based on a combination of data
from published literature and the experience of the team
members and their collaborators, but the template has not
yet been clinically validated. Although we tried to be as
complete as possible, not only including common errors
but also rarely occurring causes of error, some potential
hazards and unicorns may have been overlooked.

Conclusions

The proposed FMEA analysis model responds to the prac-
tical necessity of having a risk analysis tool that can be
used to design and implement a BGA network and to
monitor its improvement over time, according to the re-
quirements for accreditation and certification. However,
this is not the only practical consequence. In fact, we hope
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that this initiative may lay the foundations for a single
FMEA model that is widely applicable in various organ-
isational contexts at international level. This shared model
for proactive risk analysis could become a starting point for
quality comparisons between organisations, thanks to the
sharing of the same monitoring indicators, as it happens
with laboratory errors [43, 44]. This would make the effort
to carry out such analyses even more useful and signifi-
cant, as it could lead to an assessment of the organisation
against the average international performance, if not
against shared standards (benchmark).
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