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ABSTRACT
Healthcare budgets worldwide are under constant pressure to reduce costs while improving effi-
ciency and quality. This phenomenon is also visible in clinical laboratories. Efficiency gains can be
achieved by reducing the error rate and by improving the laboratory’s layout and logistics.
Performance indicators (PIs) play a crucial role in this process as they allow for performance assess-
ment. This review aids in the process for selecting laboratory PIs—which is not trivial—by providing
an overview of frequently used PIs in the literature that can also be used in clinical laboratories. We
conducted a systematic review of the laboratory medicine literature on PIs. As the testing process in
clinical laboratories can be viewed as a production process, we also reviewed the production proc-
esses literature on PIs. The reviewed literature relates to the design, optimization or performance
assessment of such processes. The most frequently cited PIs relate to pre-analytical errors, timeliness,
resource utilization, cost, and the amount of congestion. Their citation frequency in the literature is
used as a proxy for their importance. PIs are discussed in terms of their definition, measurability and
impact. The use of suitable PIs is crucial in production processes, including clinical laboratories. By
also reviewing the production processes literature, additional relevant PIs for clinical laboratories were
found. The PIs in the laboratory medicine literature mostly relate to laboratory errors, while the PIs in
the production processes literature relate to the amount of congestion in the process.
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Introduction

In the era of value-based healthcare (VBHC), where
improving the ratio of patient outcomes to costs is central,
improving laboratory efficiency is gaining increasing inter-
est. Ideally, high-quality testing is performed both rapidly
and economically. In laboratories containing expensive
equipment, even small inefficiencies can become expen-
sive. Improved laboratory efficiency can be achieved by
reducing the error rate or by improving laboratory layout
and logistics. Performance indicators (PIs) play an import-
ant role in this improvement process because they can be
used to assess laboratory performance. A PI is an objective
and improvable measure through which process
performance can be quantified. The increasing level of
laboratory automation allows for the collection of data
that is needed for the calculation of the values of these
PIs. However, selecting suitable PIs is not trivial. This article
aids in the PI selection process by providing an overview
of the most frequently used laboratory PIs and their

corresponding definition, measurability and impact on per-
formance. Their citation frequency in the literature is used
as a proxy for their importance.

There are extensive lists of PIs for the whole clinical
laboratory testing process [1–7]. These lists are usually the
outcome of a medical literature review or are based on
best practices. Clinical laboratories can be seen as produc-
tion processes; the samples are the jobs and the analyzers
and other laboratory apparatuses are the machines. The
added value of this article lies in the exploration of add-
itional PIs by also investigating the literature on produc-
tion processes. An integrated set of PIs valuable for
laboratory performance improvement should
be considered.

Materials and methods

We conducted a systematic literature search in Embase,
Medline Ovid, Web of Science and CINAHL EBSCOhost

CONTACT Yolanda B. de Rijke y.derijke@erasmusmc.nl Department of Clinical Chemistry, Erasmus MC, University Medical Center, P.O. box 2040,
3000 CA Rotterdam, the Netherlands�These authors contributed equally to this work.

Supplemental data for this article can be accessed here.

� 2019 Informa UK Limited, trading as Taylor & Francis Group

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES
https://doi.org/10.1080/10408363.2019.1641789

http://crossmark.crossref.org/dialog/?doi=10.1080/10408363.2019.1641789&domain=pdf&date_stamp=2019-08-07
https://doi.org/10.1080/10408363.2019.1641789
http://www.tandfonline.com


to construct a comprehensive list of PIs used in labora-
tory medicine, including pathology, hematology, and
clinical chemistry. The chosen keywords relate to pro-
cess design, workflow optimization, laboratory improve-
ment, and PIs. The term Quality Indicator was also
included as a keyword in our search strategy, as it is
often used for indicators of laboratory performance in
the laboratory medicine literature. However, the term PI
is used throughout this review article. PIs are often
based on error rates; therefore, articles on laboratory
errors were also included. Since this article focusses on
the efficiency of the sample flow, articles solely focused
on analytical quality and/or appropriateness of test
requests were excluded. Proper test ordering behavior
can be guided by laboratory professionals [8] but is pri-
marily a result of the physician’s action. Therefore, the
ordered tests can be seen as input for the laboratory
and this review focuses on the consequences of the dir-
ect actions of the laboratory staff and apparatus when
handling samples.

Additionally, we conducted a Scopus search using
keywords related to the design, performance assess-
ment or optimization of production processes to find
additional PIs suitable for clinical laboratories. The
articles from the production processes literature were
only included if the flow of jobs through the described
process resembles the sample flow through the labora-
tory testing process. For example, the process of assem-
bling an airplane, where all required parts are brought

to the assembly area, is significantly different than a
laboratory testing process. Production processes can
also differ in the way they meet their demand.
Companies that produce on a make-to-stock basis
anticipate the orders of their customers and produce
the items beforehand [9]. However, companies that
produce on a make-to-order basis only produce items
that have been ordered. Clinical laboratories produce
on a make-to-order basis. Articles do not always state
how the described production process meets its
demand, and therefore, we did not filter articles based
on this aspect.

Articles published in January 2012 up to and includ-
ing November 2017 were included to obtain an over-
view of the most recent literature but also to exclude
outdated laboratory testing methods. After relevant
articles had been identified through full-text screening,
the references included in these articles were then con-
sidered to identify additional relevant articles. However,
in order not to miss important articles, no filter on the
publication date was used for the references of the ini-
tially included articles. The article selection procedure
and applied exclusion criteria are shown in Figures 1
and 2. The title and abstract screening of the laboratory
medicine literature was performed by two independent
reviewers. The final selection contains 161 articles from
the laboratory medicine literature and 40 articles from
the production processes literature. The search strat-
egies are outlined in Supplemental Data 1.

Figure 1. Article selection process for performance indicators in laboratory medicine literature.
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Results

PIs play an important role in production processes, includ-
ing clinical laboratories. PIs allow objective quantification
of important aspects of the process under consideration.
They appear to be necessary to understand the perform-
ance of the process, to monitor and control operational
efficiency, to make improvements, to measure effective-
ness of decisions and to take suitable actions for maintain-
ing competitiveness [10]. They can be used to compare
laboratory configurations, which can benefit laboratory
management in their discussion with potential vendors.
Some articles have identified PIs that take the form of a
yes-no question, especially when it comes to the quality of
laboratory services, such as “Does the laboratory provide
advice on test interpretation?” [11]. However, we agree
with Ric�os et al. [12] that PIs must be expressed in numer-
ical terms and must be expressed relative to a value relat-
ing to the incident for proper performance interpretation.

Performance indicators in laboratory medicine

It has been shown that the pre-analytical phase is the
most error-prone and that fewer errors occur in the
analytical phase [13,14]. Sample hemolysis and inad-
equate sample volume are some examples of common
pre-analytical errors. In addition, analytical and post-
analytical errors include incorrect data transcription,
tests without quality control, unreported critical values

and untimely results. Corresponding PIs can be
expressed as error rates or percentages. Figure 3 shows
the absolute citation frequencies of the PIs that are
most frequently proposed or analyzed in the laboratory
medicine literature. The source articles for each PI are
shown in Supplemental Data 2. Articles on the develop-
ment or analysis of the same PI list are grouped, which
is explained further in Supplemental Data 2. Therefore,
the 161 included articles result in 132 distinct PI lists.
Turnaround time is cited in 63% of these lists, identifica-
tion error in 33%, timeliness in 32%, sample hemolysis
in 26%, inadequate sample volume in 25%, labeling
error in 21%, wrong container in 20%, sample clotted
and samples lost/not received in 19% and cost in 18%.

The PIs shown in Figure 3 mainly correspond to the
pre-analytical phase because we excluded articles solely
focused on analytical quality and because most errors
in the testing process occur in the pre-analytical phase.
These pre-analytical errors can result in sample rejec-
tion and can therefore require extra work in order to
resolve them. In the remainder of this section, we
describe the PIs from Figure 3 in the format: definition,
measurability and impact.

Turnaround time

Definition: Turnaround time (TAT) is the time between
two steps in the diagnostic process. The definitions of
these two steps depend on the goals of the laboratory.

Figure 2. Article selection process for performance indicators in production processes literature.
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Steindel et al. [15] showed that the time between the
moment the sample arrives at the laboratory until the
results are reported, is the most commonly used defin-
ition of TAT by clinical laboratories.

Measurability: The TAT can be calculated by subtract-
ing the timestamps of the two steps under consider-
ation. Due to the non-Gaussian nature of the
distribution of the TAT of Emergency Department (ED)
test results, frequency-based summary statistics, such as
the 90th percentile value or the median of the distribu-
tion are often used [15,16]. As a consequence, the
impact of data outliers is limited [15]. Furthermore, the
efficiency of an intervention is reflected in the reduc-
tion of the outlier rate and not necessarily on the mean
TAT [17]. A more predictable TAT may be preferred
over a shorter mean TAT.

Impact: TAT is often used by clinicians to benchmark
laboratory performance [18]. Steindel et al. [19] found
no significant correlation between routine test TAT and
patient length of stay (LOS). However, Holland et al.
[20] showed that the average ED LOS significantly cor-
relates with the laboratory TAT outlier rate. In the case
study reported by Cole [21], due to common delays
between test ordering and arrival in the laboratory,
tests were labeled as priority tests even though there
were few medical emergencies.

Identification error

Definition: An identification error often arises from a
request form or a sample bearing incorrect patient or
physician information.

Measurability: The corresponding PI can be calcu-
lated as follows [2,22]:

misidentified requests %ð Þ

¼ number of misidentified request forms
total number of request forms

� 100

or

misidentified patients %ð Þ

¼ number of patients incorrectly identified
total number of patient samples received

� 100:

Impact: Incorrect identification can negatively affect
patient safety in the form of misdiagnosis and unsuit-
able treatment [23]. In a study by D’Angelo et al. [24],
159 h of manual rework was required due to 45 misi-
dentified specimens during a period of three weeks.
There are several known ways to decrease identification
errors, such as the labeling of specimens in the pres-
ence of the patient and the selection of suitable identi-
fiers to be noted on the sample and request [23].
Labeling errors can lead to misidentification, but this is
not always the case. It is possible that a label contains
correct information while a label-scanner has difficulty
scanning it due to a fold in the label. Since most of the
included articles do not provide the definition of a
labeling error, we consider these PIs separately.

Timeliness

Definition: A laboratory result is timely if it is reported
to the physician prior to a predefined due date. This
due date can be customized and may depend on the
next appointment of the patient, the cause of the test

Figure 3. Top 10 performance indicators in laboratory medicine literature and their absolute citation frequency.
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request or the outcome of the test. It can also be a gen-
eral due date, where a test result is considered timely if
its TAT is less than a predefined TAT goal [25].
Timeliness of subprocesses may be considered as well,
for example the timeliness of phlebotomy [26].

Measurability: If timeliness is assessed by using a TAT
goal, the TAT of the result must be retrievable and the
TAT goal must be known. If timeliness is assessed by
setting a target due date, both this due date and the
actual delivery time must be known. Due dates can, for
example, be retrieved from the schedules of the physi-
cians. Therefore, a result is timely if

TAT � TATgoal or delivery time � due date:

Some studies consider the on-time percentage [26],
while others consider the total or the average tardi-
ness [27].

Impact: Tardy test results can affect the quality of
care, physician satisfaction and patient satisfaction. The
International Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) proposes the timeliness of
reporting critical values as a PI, because these values
can indicate life threatening status of a patient [2].
Knowing the due date of test results allows for the pos-
sibility to delay testing to less busy times during the
day. Finally, flexible scheduling of samples on analyzers
is necessary if customized delivery dates, and therefore
multiple levels of priority, are used.

Sample hemolysis

Definition: Hemolysis of blood samples occurs when red
blood cells are damaged, leading to free hemoglobin in
the sample.

Measurability: The corresponding PI can be defined
as follows [28]:

rejected samples due to hemolysis %ð Þ

¼
number of rejected samples

due to hemolysis
number of requests

� 100:

Impact: Sample hemolysis can cause serious analyt-
ical interference [28]. In Begum et al. [29], Jafri et al.
[30] and Chawla et al. [31], sample hemolysis was the
main cause of sample rejection. Sample hemolysis can
be caused by incorrect handling of the sample [32],
inadequate vascular condition during phlebotomy [33]
or improper equipment [33,34].

Inadequate sample volume

Definition: The sample volume is inadequate when the
volume of the provided sample does not meet the min-
imum volume requirements for testing.

Measurability: The corresponding PI can be calcu-
lated as follows ½35� :

samples with inadequate sample volume %ð Þ

¼

number of samples with inadequate

sample volume
total number of samples over

the same period

� 100:

For this indicator, the IFCC also counts the samples
for which it was possible to perform all the requested
tests, but where the sample volume was less than
requested [2].

Impact: In some cases, if the sample volume is insuf-
ficient, not all requested tests can be performed. A pos-
sible solution is to train phlebotomy staff on the
volume requirements for each test [33].

Labeling error

Definition: The 2017-Q tracks considered the rate of
mislabeled samples by considering the cases in
which labeling errors resulted in relabeling and cor-
rected reports [36]. In Michael et al. [37], unlabeled
samples, samples bearing only one identifier and
samples that had a container-requisition mismatch
were considered to have a labeling error.

Measurability: The corresponding PI can be defined
as follows:

labelling error %ð Þ

¼

number of samples that have

a labelling error
total number of samples

� 100:

Impact: By implementing a single piece flow and
decreasing the batch size, labeling errors can be
detected earlier in the testing process, which decreases
the associated rework [37].

Wrong container

Definition: This error occurs when samples are collected
in an unsuitable container for analysis, e.g. blood collec-
tion in an EDTA container instead of a citrate container
in case of hemostasis testing.

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES 5



Measurability: The corresponding PI can be calcu-
lated as follows [2]:

samples in a wrong container %ð Þ

¼
number of samples collected

in a wrong container
total number of samples

� 100:

Impact: Samples collected in a wrong container have
either an incorrect result or a delayed diagnosis [38] as
they have to be resampled [33]. In Sakyi et al. [32],
where this is reported as the most frequent pre-analyt-
ical error, samples were incorrectly sent to the labora-
tory in anticoagulated tubes. Phlebotomy staff
negligence and lack of education are possible causes of
this error [32,33].

Sample clotted

Definition: Clotted samples can be defined as whole
blood samples with a red clot or plasma samples with a
fibrin clot [39]. Possible causes are the absence of
standardized collection procedures or the absence of
tube shaking after blood withdrawal [40].

Measurability: The corresponding PI can be calcu-
lated as follows [35]:

clotted samples %ð Þ

¼ number of clotted samples
number of samples with an

anticoagulant over the same period

� 100:

Impact: Clotted samples result in time-consuming
rework and may lead to incorrect or non-reportable

results. The regular occurrence of clotted samples
requires intensification of the training of phlebot-
omy personnel.

Sample lost/not received

Definition: A lost sample can be defined as a sample
that is unable to be located to complete all requested
tests [41].

Measurability: For this PI, the number of samples not
received by the laboratory [29,42] or the number of
samples lost within the laboratory [41] can be com-
pared with the total number of samples. Thus, for
example:

lost samples %ð Þ

¼
number of samples lost

within the laboratory
total number of samples

� 100:

Impact: Lost samples can be a major burden for the
patient as blood has to be resampled, which results in
rework and delayed test results. Providing various sam-
ple collection points can make phlebotomy more con-
venient, but this can also increase the rate of lost
samples [43]. In Kirchner et al. [43], out of all the
expected but not received samples, urine samples were
missing most often. This can be difficult to improve as
the receipt of urine samples is mostly controlled by per-
sonnel outside of the laboratory [6].

Cost

Definition: In a clinical laboratory, there are numerous
sources of cost, such as personnel cost, inventory cost,

Figure 4. Top 10 performance indicators in production processes literature and their absolute citation frequency.
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maintenance cost and reagent cost. The cost corre-
sponding to actions and resources is expressed as their
monetary value. Material handling is also a source of
cost but is considered separately in this article as its
price can, for example, be expressed in terms of the
resulting delay in reporting time.

Measurability: Cost can be directly measured in terms
of a monetary value, but often a proxy such as invested
time is used. For example, decreasing personnel over-
time will decrease the specimen processing costs [44].

Impact: From the VBHC perspective, it is desirable to
deliver high quality laboratory services at a reasonable
cost. Onyenekwu et al. [45] concluded that retesting of
critical values increases laboratory running costs, but
does not necessarily provide additional value. The
tradeoff between cost and the gain in system perform-
ance should be taken into account when considering
alternative layouts or when considering investment in
alternative resources [46–48].

Performance indicators in production processes

Clinical laboratories are make-to-order production proc-
esses. In the testing process, several steps have to be
traversed in a particular order before results can be
reported to the physician. Therefore, the PIs described
in the production processes literature are of consider-
able value for the testing process. Figure 4 shows the
absolute citation frequencies of the most frequently
used PIs in the production processes literature. Work-in-
process and turnaround time are cited in 58% of the
included articles from the production processes litera-
ture, resource utilization in 48%, cost in 33%, material
handling cost in 30%, throughput in 25%, timeliness in
20% and waiting time, maintenance/downtime and
safety in 18%.

TAT, timeliness and cost are of the top 10 most fre-
quently used PIs in both the laboratory medicine and
production processes literature (as shown in both
Figures 3 and 4). As expected, TAT appears to be
important in both the laboratory medicine and produc-
tion processes literature, while timeliness appears to be
more important in the laboratory medicine, than the
production processes, literature. Improving timeliness is
more often discussed in the scheduling and make-to-
order literature. Articles on make-to-stock processes
and on the optimal positioning of equipment within
the production area are included in this review and
usually do not include timeliness as a PI.

Seven additional PIs were identified as suitable for
laboratory performance assessment by reviewing the
production processes literature. In the remainder of this

section, we describe the PIs from Figure 4 in the format:
definition, measurability and impact.

Work-in-process

Definition: The work-in-process (WIP), or work-in-process
inventory, is the amount of unfinished work remaining
in the process (e.g. the number of samples that have
not finished testing). This unfinished work includes the
unfinished samples in queue. The samples that are
being analyzed can either be included in [49] or
excluded from [50] the WIP. Similarly, samples awaiting
their first processing step can either be included in [51]
or excluded from [50] the WIP.

Measurability: WIP can be expressed in number of
samples or in terms of the remaining processing time
for these samples. From Little’s law [52] it follows that
the average number of samples in a system is equal to
the average arrival rate multiplied by the average time
spent in that system. Therefore,

average WIP ¼ average arrival rate� average TAT:

The WIP at time t can be calculated by counting all
the unfinished samples in the laboratory at that time.
To compute more detailed WIP statistics beyond the
average WIP, the initial and final timestamps of the
work on each sample are needed.

Impact: High WIP can be due to high queue lengths,
which indicate insufficient resource capacity. High WIP
also corresponds to increased space occupation and
holding costs. Yang et al. [53] studied a laboratory fac-
ing congestion during peak demand and found that by
aiming for a constant WIP, performance improvements
were achieved [53].

Resource utilization

Definition: There are several types of resources that can
be considered, such as equipment, staff and laboratory
space. The utilization of a resource is obtained by com-
paring the amount of time it is used with its total
availability.

Measurability: Given the total time a resource was
available and the total time it was processing samples,
we can calculate its utilization:

resource utilization %ð Þ

¼ total busy period resource
total available time resource

� 100:

Impact: Manufacturing companies prefer a high
machine utilization [49]. The same is true for clinical
laboratories that have expensive equipment because
high resource utilization indicates efficient use of these
resources. However, customers usually prefer short and
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reliable delivery times, but this may require a lower
resource utilization [49]. Therefore, laboratory manage-
ment has to decide on a desired level of resource util-
ization. Lote et al. [44] aimed to improve resource
utilization by having a more leveled utilization among
laboratory technicians. Kadi et al. [46] evaluated bottle-
necks in current and alternative configurations of hor-
mone and biochemistry laboratories. To this end, the
authors computed the utilization of each resource to
identify the resources with the highest utilization [46].

Material handling cost

Definition: The material handling cost is the cost
required to transport material from one location to
another. The material handling cost can be expressed
in terms of a monetary value, but also in terms of time
or distance.

Measurability: Examples of material handling cost are
the total walking distance of laboratory staff to process
a single sample or the total time a sample spends trav-
eling between the work areas before it is completely
processed. To express the material handling cost in
terms of transportation time, departure and arrival
times must be available. Drawing staff walking routes
onto the laboratory layout to visualize these routes ena-
bles the identification of unnecessary walking and pos-
sible interventions to improve sample flow [25,54–56].

Impact: By setting the material handling cost as a PI,
logistic efficiency can be achieved by improving trans-
port routes. This PI is particularly important in the early
stages of laboratory design or when considering labora-
tory redesign. Hayes et al. [54] were able to redesign
sample and resource flow in such a way that 187 km of
unnecessary walking was avoided on a yearly basis. The
optimal placement of equipment has a significant
impact on process performance, which is reflected in
the large body of work done on this topic [57–60].

Throughput

Definition: The throughput is equal to the total number
of items assembled or processed by a system over a
predefined period [53,61]. In a laboratory, the samples
can be seen as the items and the whole laboratory or
an individual workstation can be seen as the system
under consideration. The maximal throughput is the
throughput in case of unlimited demand for tests and
is bound by the capacity and the processing speed of
each resource. It provides performance insights in case
of maximal workload.

Measurability: Given the number of samples proc-
essed over a predefined period, we can calculate the

throughput as:

throughput ¼ number of processed samples
time period

:

The maximal throughput of a laboratory is not
always measurable. To measure the maximal through-
put of a laboratory, the maximal throughput of each
resource must be known; however, measuring the work
pace of the staff under maximal workload may not
be possible.

Impact: In general, the aim is to maximize the
throughput. An increased throughput corresponds with
an increased production rate, which implies that more
samples were processed in the laboratory for a given
time period. Laboratories having a sufficiently high
maximal throughput are able to tackle peak demand
and, in case of machine downtime, are able to rapidly
process delayed samples when the laboratory is oper-
ational again. These laboratories can decide to accept
more samples such as samples corresponding to clin-
ical trials.

Waiting time

Definition: Waiting time is defined as the time spent
waiting for a value-adding operation. Examples are the
time samples spend waiting in the queue of an analyzer
or the time samples spend waiting before being trans-
ferred to the next processing step. Incubation time is
not considered as waiting time, as this step is necessary
for the testing process.

Measurability: To compute the waiting time of a sam-
ple in a queue, the moment a sample arrives at this
queue and the moment the sample exits this queue
must be retrievable. For example:

waiting time ¼ time start of analysis

� time arrived at analyzer:

Unfortunately, the time the sample arrives at an ana-
lyzer queue and the time the sample is moved manu-
ally from one processing step to another are not
always logged.

Impact: In a study by Denkena et al. [62], approxi-
mately 50% of the total processing time consists of
waiting time. Waiting times are usually positively corre-
lated with sojourn times, which implies that results can
be reported earlier if the waiting times are decreased.
However, in case of batch processing, a shorter waiting
time for one sample can increase the sojourn times of
subsequent samples. Furthermore, high waiting times
can indicate a bottleneck in the process.
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Maintenance/downtime

Definition: For this PI, we consider the time the labora-
tory equipment is unable to properly process samples.
Downtime may be due to preventive maintenance or
due to sudden machine failure. In this article, machine
failure and maintenance are combined, because they
are closely related.

Measurability: Machine failure is often not explicitly
or automatically logged in laboratory data, but may be
noticed when longer processing times are visible.
Periodic maintenance times are usually known, but are
also not likely to be explicitly logged in laboratory infor-
mation systems. Therefore, a prospective study may be
more suitable than a retrospective study to assess this
PI. Various measures have been proposed in the litera-
ture for this PI such as total time of maintenance

operations [27], total number of maintenance opera-
tions [27] and as in [6]:

breakdown ratio ¼ number of breakdowns
number of instruments

:

Impact: Equipment downtime delays the time it
takes to report results [22,30]. Nevertheless, mainten-
ance operations are unavoidable. Laboratories that
have higher failure rates experience more uncertainty
and variability in their result reporting time, which can
affect patient and physician satisfaction. A suitable
maintenance policy can reduce failure rates. In Sakyi
et al. [32], equipment malfunction, such as broken
probes, is a major source of analytical error. Couchman
et al. [63] described a laboratory containing two ana-
lyzers that are alternately turned off at night to minim-
ize downtime and extend their lifespan.

Figure 5. Relations between performance indicators.
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Safety

Definition: This PI measures the frequency of accidents
or other adverse events related to laboratory services.

Measurability: Safety has been measured in terms of
the number of accidents [6,12,22], the distance to hazard-
ous areas [64] or the risk of pollution [65]. An example of
an accident is a needle injury [2]. Even though numerous
articles claim that safety is important, most of them do
not state how it can be measured or they aim to improve
patient safety by improving other PIs such as the mis-
identification rate or the rate of delayed critical values.

Impact: Clinical laboratories aim to provide a safe
environment for their staff and patients. A safe working
environment positively affects employee satisfaction. A
proper laboratory layout, such as the correct placement
of units containing chemical waste and proper safety
guidelines, such as wearing gloves when handling sam-
ples, can decrease the risk of accidents.

Relations between performance indicators

The value of laboratory medicine can be expressed,
among others, in terms of TAT, timeliness and the cost
per test [66]. These three PIs are frequently used both
in the laboratory medicine literature and in the produc-
tion processes literature. Figure 5 shows how these
three PIs are related to the other PIs described in this
article, although it does not show all possible relations.
When optimizing the testing process, there should be
an awareness that PIs can be positively or negatively
correlated. An example of a negative correlation
between PIs is that the higher the TAT, the lower the
number of samples that is delivered on time. For make-
to-order processes, on the other hand, which have a
specific demand, a decrease in TAT will not result in a
significant increase in daily throughput. Nonetheless,
an increased maximal throughput can decrease the
TAT. For make-to-stock processes TAT and throughput
are negatively correlated. Furthermore, optimizing one
resource by increasing its maximal throughput can
result in a decrease in its WIP, but it can also result in
increased WIP in subsequent resources [49].

On the other hand, according to Little’s law, WIP is
positively correlated with the waiting time and TAT.
Resource utilization, from a laboratory’s perspective, is
positively correlated with WIP and TAT because higher
resource utilization corresponds to higher TAT and
increased WIP [49]. Increased material handling costs in
terms of transport time will increase the TAT.
Laboratory errors are positively correlated with cost and
TAT, but negatively correlated with safety.

An important tradeoff has to be made when consid-
ering the investment in new resources. An additional
resource can result in a reduction in TAT and can func-
tion as back-up in the event of downtime of a similar
resource. However, an additional resource incurs invest-
ment costs and quality control costs. Whether potential
performance improvements outweigh the cost should
always be investigated.

Discussion

The importance of PIs for clinical laboratories is
reflected in the large body of existing work [1–7]. PIs
are the foundation of process improvement and are
therefore the basis of methods such as lean and math-
ematical optimization. Lean methodologies aim at
improving efficiency by eliminating waste, i.e. non-
value adding activities, and reducing the risk of errors
in a process [16,37,54]. Mathematical modeling has
been used, for example, to optimally divide the work-
load and decrease TAT in the histopathology depart-
ment [67].

Selected PIs should reflect the laboratory’s perform-
ance goals and are essential in defining waste. This
review aims at improving the knowledge on suitable
laboratory PIs by showing that additional PIs can be
adapted from the production processes literature.
When comparing the top 10 PIs in the laboratory medi-
cine literature with those from the production proc-
esses literature, we noticed that these sets are different.
Six additional PIs, relating to the smoothness of the
sample flow, were identified from the production proc-
esses literature. These are WIP, resource utilization,
material handling cost, throughput, waiting time and
maintenance/downtime. Laboratory management
should consider integrating these two sets into clinical
laboratories.

This review describes the most frequently cited PIs
that are suitable for laboratories in terms of definition,
measurability and impact. The relations between the
described PIs are discussed but note that they can also
affect PIs that were not described in this article.
Laboratory errors can, for example, increase the sample
rejection and recollection rate, which in turn can
decrease patient satisfaction and increase TAT [39]. PIs
focusing on analytical quality are not in the scope of
this article. Included errors, such as sample hemolysis,
decrease the quality of laboratory results. However, by
participation of a laboratory in external proficiency test-
ing programs, analytical quality of results can be moni-
tored and improved.
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Even though the testing process in a clinical labora-
tory can be seen as a production process, there are dif-
ferences in how these two fields optimize their
processes. However, in recent years clinical laboratories
have also been applying lean principles, which are
improvement methods that were developed for manu-
facturing industries [68]. The difference in how a pro-
cess is improved in the laboratory medicine literature
and in the production processes literature can be illus-
trated by considering the PI TAT. TAT is important in
both fields as it is often used as a benchmark for per-
formance. However it is important to note that TAT of
itself is less indicative than PIs such as sample hemoly-
sis and resource utilization. A high TAT indicates unsat-
isfactory performance, but does not directly pinpoint
any source of inefficiency. As depicted in Figure 5, the
described pre-analytical errors can lead to a higher TAT.
Similarly, high WIP, low throughput, long waiting times
and downtime correspond to higher TAT. Improving
laboratory performance by reducing the error rate is
common practice in laboratory medicine, which is
shown in Figure 3. On the other hand, the PIs in Figure
4 relate to the amount of congestion, which causes
unnecessary delay in the process. Furthermore, error-
related PIs are more patient-based, while the conges-
tion-related PIs are more population-based. Laboratory
staff can immediately act upon a laboratory error, in
which proper guidelines, quality checks and suitable
equipment can be used to decrease errors. However,
congestion-related improvements require a compre-
hensive process redesign, possibly requiring an underly-
ing mathematical model to determine the
optimal setting.

Despite the importance of PIs, a survey conducted in
the UK shows that only a few laboratories collect pre-
analytical error data on a regular and extensive basis
[28]. Sciacovelli et al. [69] claim that even though many
laboratory professionals believe that the use of PIs ben-
efits the testing process, it remains challenging to main-
tain the long-term interest of the staff and to continue
collecting data in a standardized and systematic way.
Automation of laboratory services and the increasing
capabilities of laboratory information systems can
decrease the data registration burden. However, the
implementation of automation projects can be chal-
lenging due to the inability to properly assess labora-
tory performance and needs [70], and here too PIs play
an important role. Relevant PIs could be implemented
in the laboratory information system and then visual-
ized on a dashboard within the laboratory. Insights into
the actionable PIs and the current state of the

laboratory can, for example, aid in the prediction of the
TAT of a sample.

A laboratory can tailor each described PI definition
to address its needs. Examples are the two chosen steps
in the diagnostic process for TAT measurement and the
chosen cutoff index for sample hemolysis. The quantita-
tive analysis of a PI strongly depends on how it is
defined. The chosen definition can depend, among
others, on the type of tests performed, the laboratory’s
needs and the capabilities of the laboratory’s equip-
ment and information system. Take again, for example,
sample hemolysis and TAT. Sample hemolysis can be
uncovered by visual inspection or the use of automated
serum indices, depending on the available laboratory
equipment. For the latter case, the chosen cutoff value
for sample rejection is often based on the hemolysis
index provided by the manufacturer of the analyzer or
the laboratory’s own rules [71]. Unfortunately, this is
not a harmonized value [71]. For the analysis of TAT
there are several possible start and end times, some of
which are listed in Steindel et al. [15] and Hawkins [72],
accompanied with how often each definition is used.
Possible start times are “physician request” and “sample
reception in lab”. Possible end times are “result
reporting” and “physician acts on results”. The exact
definition of TAT differs per laboratory, per physician,
per discipline and possibly per type of test. Due to all
these possible factors that can affect the exact defin-
ition of a PI, we see a lack of standardization in the lit-
erature. Therefore, we aim to provide a clear and
general definition of each PI in this article.

In this review, a potential bias may have been intro-
duced on the citation frequency of a PI by including the
references of the initially included articles published in
2012 to 2017. The search strategy in this article is struc-
tured in such a way that emphasis is put on PIs that are
currently important in laboratories. However, it is pos-
sible that these PIs are already well-studied in older lit-
erature. Unfortunately, this potential bias is inevitable.

Optimal laboratory configurations will be deter-
mined in future research through mathematical model-
ing. PIs that reflect the laboratory’s needs are necessary
to define optimality. They are also required for perform-
ance assessment and to compare laboratory configura-
tions. The use of suitable PIs will result in the
identification of areas of improvement and potential
workflow modifications.
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