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Summary
The use of artificial intelligence (AI) has become wide-
spread in many areas of science and medicine, including
laboratory medicine. Although it seems obvious that the
analytical and post-analytical phases could be the most
important fields of application in laboratory medicine, a
kaleidoscope of new opportunities has emerged to extend
the benefits of AI to many manual labor-intensive activities
belonging to the pre-analytical phase, which are inherently
characterized by enhanced vulnerability and higher risk of
errors. These potential applications involve increasing the
appropriateness of test prescription (with computerized
physician order entry or demand management tools),
improved specimen collection (using active patient recog-
nition, automated specimen labeling, vein recognition and
blood collection assistance, along with automated blood
drawing), more efficient sample transportation (facilitated
by the use of pneumatic transport systems or drones, and
monitored with smart blood tubes or data loggers), system-
atic evaluation of sample quality (by measuring serum
indices, fill volume or for detecting sample clotting), as well
as error detection and analysis. Therefore, this opinion
paper aims to discuss the state-of-the-art and some future
possibilities of AI in the preanalytical phase.

Keywords: artificial intelligence, robotics, preanalytical
phase, preanalytical variability, errors

Kratak sadr`aj
Upotreba ve{ta~ke inteligencije (AI) je postala {iroko raspros-
tranjena u mnogim oblastima nauke i medicine, uklju~uju}i
laboratorijsku medicinu. Iako se ~ini o~iglednim da bi anali-
ti~ka i postanaliti~ka faza mogle da budu najva`nija polja
primene u laboratorijskoj medicini, pojavio se kaleidoskop
novih mogu}nosti za pro{irenje prednosti ve{ta~ke inteligen-
cije na mnoge aktivnosti ru~nog rada koje pripadaju preana -
liti~koj fazi, koje karakteri{e pove}ana ranjivost i ve}i rizik od
gre{aka. Ove potencijalne aplikacije uklju~uju pove}anje
prikladnosti propisivanja testova (sa kompjuterizovanim uno-
som naloga lekara ili alatima za upravljanje potra`njom),
pobolj{ano prikupljanje uzoraka (koriste}i aktivno prepozna-
vanje pacijenata, automatsko obele`avanje uzoraka, prepoz-
navanje vena i pomo} pri prikupljanju krvi, zajedno sa
automatskim va|enjem krvi), vi{e efikasan transport uzoraka
(omogu}en upotrebom pneumatskih transportnih sistema ili
dronova, i pra}en pametnim epruvetama za krv ili snima~ima
podataka), sistematsko ocenjivanje kvaliteta uzorka (meren-
jem indeksa seruma, zapremine punjenja ili za otkrivanje
zgru{avanja uzorka), kao i gre{ke otkrivanje i analizu. Stoga,
ovaj rad ima za cilj da diskutuje o stanju tehnike i nekim
budu}im mogu}nostima AI u preanaliti~koj fazi.

Klju~ne re~i: ve{ta~ka inteligencija, robotika, pre ana li ti~ka
faza, preanaliti~ka varijabilnost, gre{ke
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Introduction 

The term artificial intelligence (AI) is commonly
used, according to the Oxford Dictionary, as the study
and development of computer systems that can
mimic intelligent human behavior (1). AI, then, is not
a new topic, as the term was first introduced in 1956
and encompasses the development of computer sys-
tems capable of efficiently performing tasks that nor-
mally require human intelligence (2). 

The use of AI has now become commonplace in
most areas of science and medicine, including labo-
ratory medicine (3, 4). Although it may seem obvious
that the most important application areas of laborato-
ry medicine would be the analytical phase (e.g., cal-
culation of ratios or fractions between different test
results, reflex testing, diagnostic algorithms, etc.) or
the post-analytical phase (e.g., automated generation
of interpretative comments, laboratory data integra-
tion, auto-validation and so forth), a kaleidoscope of
new opportunities has emerged to extend the benefits
of AI to many manually-intensive activities of the pre-
analytical phase, which are highly vulnerable and thus
characterized by higher risk of errors (5). More specif-
ically, intelligent systems together with robotics offer
the opportunity to automate several laboratory activi-
ties, from test ordering to assessment of sample qual-
ity, thus optimizing the workflow, minimizing the risk
of errors, and increasing test throughput, ultimately
producing a high degree of laboratory efficiency and
a faster turnaround time. These potential solutions
may be stand-alone solutions to overcome specific
problems, or may be incorporated into laboratory or
hospital information systems as ’expert rules’ (6). This
opinion paper is hence devoted to discussing the
state-of-the-art and some future opportunities of AI in
the pre-analytical phase, as summarized in Table I.

Appropriateness of test prescription

Test ordering can reasonably be considered one
of the most critical components of the total testing
process, since it basically relies on the so-called »R
paradigm« (i.e., performing the Right test, with the
Right method, at the Right time, to the Right patient,
at the Right cost, for the Right outcome) (7).
Nonetheless, several lines of evidence garnered over
the past decades suggest that inappropriateness of
laboratory test ordering is still the big elephant in the
room, with up to 70% of total tests potentially inap-
propriately ordered for a variety of different reasons
(8). Therefore, whatever types of interventions that
can be tailored to enhance appropriateness of
requesting tests in the local reality has a high likeli-
hood of reducing costs, providing more-patient-cen-
tric care and enhancing patient safety (9). We review
here some possible strategies based on intelligent sys-
tems that may be associated with enhanced appropri-
ateness and/or patient safety.

Computerized (Physician) Order entry

The Computerized (Physician) Order Entry
(CPOE) encompass a number of computer-based
software programs developed for automating the
ordering process of medical interventions including
drugs and/or diagnostic tests (10). The advantages of
using these computer-based systems (which can be
adapted for use in personal computer, laptops, tablets
and even mobile phones), include the generation of
faster, unique (e.g., preventing requesting the same
test twice), more standardized, intelligible and perma-
nent orders, since these could be perpetually stored
within the laboratory information system (LIS).
Moreover, the automatic bi-directional connection
between the LIS and the software of the laboratory
analyzer (with or without an interposed middleware)
would then enable the direct transfer of the test order
to the analyzer and the performance of the requested
test(s) once the barcoded sample is loaded. In a forth-
coming virtual reality, the test order by the requesting
physician from his/her personal device would allow
automatic printing of the tube label, and automatic
blood collection, which is then directly delivered to
the analyzer without any intermediate intelligent
human activity (which may only come afterwards,
e.g., for test validation). Direct physician ordering also
permits a means to input any relevant clinical infor-
mation, as well as medications that may affect labo-
ratory tests. For example, patients may be on a variety
of anticoagulant medications to manage a recent
thrombosis, and these may affect coagulation tests,
or indeed may point to the reason for the order (i.e.,
anticoagulant monitoring) (11). 

Table I Opportunities for artificial intelligence (AI) and
robotics AI in the pre-analytical phase.

• Appropriateness of test prescription
o Computerized (Physician) Order entry
o Demand Management Tools

• Sample collection
o Positive patient recognition
o Automated sample labeling
o Vein detection and blood draw assistance
o Automated sample collection

• Sample transportation
o Pneumatic transport systems
o Drones
o Smart blood tubes
o Data loggers

• Automated assessment of sample quality
o Hemolysis indices 
o Clot detection
o Fill volume

• Error recording and analysis
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Demand Management Tools

The so-called Demand Management Tools
(DMTs) are information technology-based software
programs that are typically included in, or connected
with the CPOE. They frequently use patient-specific
features, matching them with knowledge base by
means of rule-based algorithms. In practice, there are
many types of such tools, with different functions.
Thus, they can produce specific reminders or recom-
mendations with the purpose of influencing the pre-
scription habit, they may limit the number and type of
tests offered by using ordering algorithms or expert
systems that assist the physician in selecting the more
appropriate tests for a given clinical conditions, or can
also be based on predefined alerts constructing
according to test-specific (re-)testing intervals or
using various gate-keeping strategies that do not
allow the free request of one or more tests (the
description of these digital instruments is summarized
in Table II). The rules used in both strategies can be
locally customized to meet the specific organization
of the laboratory and of the healthcare facilities
served by the laboratory. Moreover, the inhibition of
the test request can be irreversible (i.e., will not allow
the ordering physician to move forward), or flexible,
in that the alert could be overcome – for example –
with verbal agreement with the laboratory or by enter-
ing a specific comment that explains why the rule
could be violated.

The use of these tools has recently been
reviewed by Cadamuro (9) and Carobene (12), who
concluded that DMTs may be a practical and cost-
effective approach for better management of inap-
propriate usage of laboratory resources. Some specif-
ic data can also be provided in support of this
statement. For example, in a seminal work published
by one of us nearly 10 years ago, we showed that the
adoption of a computerized alert system based on
specific re-testing intervals and encompassing the
appearance of flexible alerts (i.e., ignorable pop-ups)
when a set of predefined appropriateness criteria
were violated by the prescribing physicians, was effec-
tive to generate a nearly 80% reduction in the burden
of theoretically inappropriate tests, accompanied by

an approximately 13% decrease of total laboratory
costs (13). In another experience, Delvaux et al. (14)
developed a clinical decision support systems (CDSS)
encompassing a series of evidence-based order sets
aimed at proposing the more appropriate lab tests
according to the clinical indications provided by the
prescribing physician. The authors showed that such
system not only was effective to significantly enhance
the number of appropriately requested tests by over
50%, but was also associated with significant
decrease in potential diagnostic errors. Another inter-
esting experience was published by Kumar et al. (15).
In brief, the authors developed a predefined set of
rules in the order-entry that foresaw the automatic
cancellation of some tests when other related exams
were normal (i.e., cancellation of aspartate amino-
transferase (AST) when alanine aminotransferase
(ALT) was normal; cancellation of direct bilirubin
when total bilirubin was normal; cancellation of free
prostate specific antigen (PSA) when total PSA was
normal), generating a saving of 78% tests requests for
AST, 77% for direct bilirubin, and 72% for free PSA,
estimating also a dramatic reduction of unnecessary
medical treatments.

Sample collection

Sample collection is, without doubts, the most
critical part of the total testing process, i.e., the part
of the so-called brain-to-brain loop that display the
highest vulnerability to errors (16). It is hence pre-
dictable that adoption of AI and/or robotics aids in
this essential part of in vitro diagnostic testing could
be associated with the best revenues in terms of effi-
ciency and patient safety (17).

Positive patient recognition

Patient (mis)identification has been for long a
well-known source of diagnostic errors, since patient
and/or sample misidentification can generate a vast
array of dramatic health consequences (18).
Biometrics can be simply defined as recognition of
humans based on individual-specific physical and

Table II Some examples of Demand Management Tools (DMTs).

Tools Description Examples

Re-testing intervals Impossibility to freely ordering laboratory tests
due to violation of a minimum time passed
between one request and another. 

o Prescribing total cholesterol every day
o Assessing HbA1c every week

Gate-keeping strategy Impossibility to freely ordering some laboratory
tests due to violation of a predefined set of pre-
scription rules. 

o Prescribing prostate specific antigen (PSA) in
women

o Ordering free PSA when total PSA is normal
o Cancellation of direct bilirubin when total

bilirubin is normal



behavioral characteristics. Although a variety of bio-
metrical approaches can be used for human identifica-
tion and/or authentication, the most commonly used
involve fingerprint, palm (vein distribution), face, voice
and eye (i.e., iris) recognition (19). Irrespective of the
strategy used for biometric recognition, the functional-
ity is similar, involving a sequence of steps encompass-
ing biometrical data acquisition, pre-processing, fea-
ture extraction, classification, evaluation and decision.
Each of these strategies have their own advantages
and limitations. Regarding performance, the currently
available systems for palm vein (<0.1% false recogni-
tion rate; FRR), eye (0.2% FRR) and fingerprint (1.0%
FRR) recognition enable the highest accuracy, fol-
lowed by voice (3.0% FRR) and face (6.0% FRR)
recognition (20). On the other hand, the implementa-
tion, practical application and costs of such systems
seems higher for face, palm and voice recognition,
whilst fingerprint and eye recognition are usually more
challenging to be adopted. As earlier mentioned,
many aspects concur for selecting a particular
approach within a healthcare setting, including the
environment, local regulations and requirements, cir-
cumstances of application, acceptability and practica-
bility. Overall, the application of biometrics in health -
care is currently limited to a very modest number of
facilities, since more traditional strategies (especially
identity cards for outpatients and barcoded wristband
for inpatients) are still commonplace for recording
patient identity. Nevertheless, the continuous techno-
logical evolution and the increasing emphasis given to
privacy, data security and patient safety will certainly
foster a predictable growth of these biometric applica-
tions for patient identification in healthcare.

Automated sample labeling

All diagnostic specimens conveyed to diagnostic
facilities must have a unique identifier, typically a bar-
coded label, which stores several information about
patient identity and the types of tests to be per-
formed. Although the question of whether specimens
must be labeled before or after collection has not yet
been resolved (21, 22), recent technological
advances have made it possible to develop a wide
range of devices for automatic and fully traceable
labeling of containers used for collecting biological
specimens (23). These systems share a common
mode of operation that includes a bilateral interface
with the LIS to allow positive patient identification,
order verification, and automatic tube selection and
labelling, followed by automated check-out after
sample collection has been completed. Several field
reports have already been published on the many
potential benefits that these devices can offer to tube
labelling efficiency and safety. A comprehensive eval-
uation of two of such automatic sample labeling sys-
tems has been carried out by Piva et al. (24), using
ProTube from Inpeco and ROBO from Becton

Dickinson. The blood sampling procedure took
around 3 min with ProTube and 5 min with ROBO,
with a mean number of managed patients of 16 and
10 per hour, respectively. Importantly, no incorrectly
or erroneously labeled tube could be identified
throughout the evaluation period with either system.
Lippi et al. (25) also conducted a retrospective inves-
tigation to test the performance of Inpeco ProTube at
a large phlebotomy center. Compared to the pre-
implementation period, the use of the automatic
labeling device was associated with a remarkable
reduction of wrong labeled tubes (-60%), samples lost
(-52%) and underfilled tubes (-51%). No misidentifi-
cation error occurred before and after implementa-
tion. Thus, these two studies would actually confirm
that automatic sample labeling devices are fast, effi-
cient, accurate and provide a potentially safer alterna-
tive to manual sample labelling.

Vein detection and blood draw assistance

Locating a suitable vein to be punctured is a
necessary prerequisite for blood collection. This pro-
cedure is not always easy, as the superficial vein tree
may not be immediately visible (or may even be
absent) and/or the operator may not have sufficient
experience to accurately identify a puncturable vein
(26). Therefore, transilluminator devices have been
specifically developed to facilitate this activity. They
essentially consist of cold near-infrared light-emitting
diodes (LEDs) whose light is absorbed by the intra-
erythrocytic hemoglobin flowing in the veins, facilitat-
ing the identification of a suitable vessel to be punc-
tured (27). The effectiveness of these devices has
been summarized in a meta-analysis of seven trials
(28), which concluded that transilluminators were
effective to improve by nearly 4-fold (odds ratio (OR),
3.96; 95%CI, 1.75–8.94) the venipuncture success
rates compared to traditional drawing techniques.
Importantly, the use of these devices did not prolong
the time to cannulation, or increase the number of
venipunctures needed for drawing blood. A second
meta-analysis has also been published by Firooz et al.
(29), which included four randomized control studies
in children. Overall, the use of transilluminator
devices increased by 34% (relative risk (RR), 1.34;
95%CI, 1.18–1.53) the success of peripheral venous
catheter placement.

Automated sample collection

Important advancements in robotics and medical
technology are substantially reshaping the landscape
of managed care, and one striking example is the
development of automated sample collection devices.
The use of robotics in healthcare is certainly not new,
wherein their usage has become very common in sur-
gery (30). It is hence not surprising that many public
and private companies have been actively involved in
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projecting specific robots for drawing blood. In prac-
tice, the research on prototypes of blood-drawing
robots has commenced two decades ago (31), with
development of devices accurately engineered for
replicating the drawing technique of a skilled phle-
botomist. These blood drawing robots are typically
equipped with a combination of advanced sensors and
imaging technology that allow to detect a suitable vein
to be punctured, rapidly assessing its width and depth
(32). These characteristics may be theoretically apt to
enhance the success rate of blood draws, limiting the
risk of potential complications like pain, bruising or
even vein injury. Predictably, the implementation of
automated sample collection in healthcare may gener-
ate numerous benefits, such as streamlining and har-
monizing blood collection and saving human
resources that could be used for other healthcare
activities. Nonetheless, all that glitters is not gold, at
least at this point in time. Irrespective of the potential
advantages and unlike surgical robots (which still basi-
cally need a human »pilot«), robots for drawing blood
still need an extensive validation before they can be
introduced into routine clinical practice. A number of
studies have been published about their high efficien-
cy in simulated venipuncture, though investigation in
humans remains very limited to the best of our knowl-
edge. To cite some recent examples, He et al. devel-
oped a six-degree-of-freedom venipuncture robot,
used to collect blood from rabbit ear veins, and report-
ed a success rate of approximately 90% (33). In
another study He et al. (34), refined their blood-draw-
ing robot with decoupled position and attitude, con-
sisting of near-infrared vision and laser sensors for gar-
nering information on puncture site, 3-degree-of-
freedom positioning manipulator for needle location
and 3-degree-of-freedom end-effector for adjusting
yaw and pitch angles of the needle. In 30 consecutive
experiments, the venipuncture robot could always
locate the exact puncture point in a phantom, and the
overall time needed to conclude the venipuncture was
around 20 seconds. Regarding studies involving
human subjects, we could only identify one published
by Leipheimer et al. (35). The authors developed a
robotic venipuncture device combining ultrasound
imaging for identifying a suitable vein to be punctured
coupled with miniaturized robotics equipped with a
blood draw needle. A preliminary evaluation of this
device in humans showed performance comparable
to, or even better than that of human blood drawing.
In particular, the success rate was 87%, increasing to
97% in patients with easier venous accesses, and with
an average venipuncture time of around 90 seconds.
Importantly, new devices are also emerging that com-
bine image-guided venipuncture with discrete labora-
tory analyzers, which would hence enable near-patient
automated blood drawing and point-of-care testing
(36).

Besides robotics, semiautomated self-microsam-
pling devices have also been recently commercial-

ized. The construction and instruction for use of many
of these devices are similar. Basically, the device can
be attached to an upper arm through an adhesive
and is then activated by (hand) pressure. The activa-
tion involves a relatively painless skin puncture, after
which the vacuum applied by the device enables to
automatically draw blood into an attached blood
tube. The typical collection volume is between 0.1–
0.5 mL and multiple (replaceable) types of blood
tubes can be used. According to recent evaluations of
some of these devices, patients indicate that blood
drawing using these self-microsampling tools enabled
more convenient blood drawings compared with fin-
ger-pricking and test results were comparable to
those obtained with a standard blood collection tech-
nique (37, 38).

It is also worth noting that AI and robotics appli-
cations for specimen collection can go far beyond
blood collection. Some prototype robots for throat or
nasal swabs are already available (39–42). These
automated swab machines are equipped with vision
systems that can detect facial structure and identify
the correct locations for swabbing the throat or
nasopharynx. Basically, the arm of the robot collects
the material by placing the swab securely in the
nasopharynx or pharynx for an appropriate amount of
time, then placing it in a jar and unscrewing the lid.
In this way, the risk of cross-infection can be reduced
and valuable time and resources saved, as the entire
swabbing procedure can be completed in 5 minutes,
compared to the 10–15 min that would be required
for a traditional procedure performed by medical per-
sonnel. However, as with blood collection robots, the
lack of clinical validation studies remains a major
drawback.

Sample transportation

Regardless of the location of the diagnostic
facility where specimens must be delivered for testing,
and with the exception of near-patient testing (i.e.,
point-of-care testing), specimen transport is always an
important part of the overall testing process and is
also an activity where some preanalytical errors can
occur (e.g., specimens that are lost, damaged, or
transported in inappropriate environmental condi-
tions) (42). The development and implementation of
reliable means and validated strategies to protect
specimens during transport must therefore be consid-
ered a high priority in laboratory medicine.

Pneumatic transport systems

Pneumatic transport systems (PTSs) are indeed
one of the most widespread tools for delivering sam-
ples and other materials (e.g., blood bags, docu-
ments) within healthcare facilities (43). These sys-
tems encompass the generation of an air pressure for
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moving sealed containers (carriers) through a network
of pneumatic tubes, thus enabling a rapid and highly
efficient transfer of biospecimens. The obvious advan-
tages of these systems include saving human
resources for transportation, speed, efficiency, low risk
of contamination and loss of samples, possible inte-
gration with the LIS, tracking and traceability. 

Unlike earlier models, where acceleration,
speed and deceleration were so critical that the risk of
damaging blood was unacceptably high, the new
generation of these devices has allowed safer trans-
portation, as shown in the meta-analysis published by
Nybo and co-authors (44) and some following studies
(45). Nevertheless, it is still advisable that – due to the
high heterogeneity of the solutions available in the
market – clinical laboratories will need to locally vali-
date the correct functioning of their systems, for
example by assaying acceleration forces and compar-
ing the quality of test results in samples conveyed by
PTS or manually transported. 

Drones

Drones have recently emerged as potential alter-
natives to PTS for short- or medium-distance shipping
of biospecimens. Drones can be simply defined as
»flying robots« or »unmanned air vehicles«, which
could be remotely controlled or could fly auto -
nomously using GPS (global positioning system) and
software-controlled flight plans (46). The many possi-
ble advantages of flying samples with drones include
rapid transportation with active control from remote
distance, the possibility to reach distant and/or isolat-
ed areas that could be difficult to access with tradi-
tional transportation, environmental benefits, lower
transportation costs, real-time tracking and monitor-
ing, along with scalability. On the other hand, there
are also some key aspects that must be considered
before deciding to implement drone transportation
for delivering biospecimens, such as regulatory
approval, safety considerations (e.g., crashes or risk of
incidents with other flying vehicles), privacy concerns,
robust infrastructure to support flying operations, lim-
ited transportable weight, dependence of flying on
environmental conditions and need to adopt reliable
systems for safeguarding sample quality (46).
Another crucial and virtually philosophical aspect is
that we will need to enhance our real understanding
on why, when, and how would be actually required to
use drones or other aids for off-site transport for pur-
poses of consolidating laboratory services (47).

Smart blood tubes

The so-called »smart blood tubes«, also
known as »chip-enabled tubes«, are blood tubes con-
taining integrated microchips, thus representing
another emerging technology in the enterprise of

blood drawing and medical diagnostics (48). Several
examples of these new containers have been pro-
posed, such as those presented by El Khamlichi et al.
(49) or by Caredda et al. (50). These devices have
also many potential advantages, such as direct data
integration with the LIS, and possibility to avoid the
use of barcoded sample labels for storing demo-
graphic and testing information, better identification
and tracking of samples, improved data accuracy,
real-time continuous monitoring of sample location.
Nonetheless, some important aspects would need to
be analyzed before widespread usage of these
devices, including manufacturing costs, data security,
reliability of technology and regulatory approval.

At least theoretically, it is then possible to devel-
op the so-called »Lab-in-a-tube« (i.e., integration of
laboratory functions within a chip inserted into the
tube) (51). Although the current applications of these
devices are still limited, the remarkable advance-
ments in microfluidics, miniaturized analytics and lab-
on-a-chip technology will predictably boost this part
of the diagnostic industry in the foreseeable future
(52), especially for rapid and decentralized detection
of human pathogens (including SARS-CoV-2) (53).

Data loggers

Data loggers, often used as mandatory compo-
nents of biospecimen transportation, are devices that
have been developed for monitoring and recording
several environmental parameters and conditions
throughout the process of sample delivery from the
collection to the testing centers (54). The data logger
is activated after inserting the samples within the
transport boxes and records a number of variables
during transportation, typically including temperature,
humidity, transportation time, sample location and,
occasionally, shock, vibrations and light exposure.
The use of data loggers during transportation of
biospecimens would hence enable to garner a
thoughtful picture of the environmental conditions to
which samples have been exposed, with inherent
advantages in terms of testing quality and patient
safety.

Automated assessment of sample quality

The systematic assessment of sample quality has
now become a cornerstone of a total quality system in
laboratory medicine, in that the presence of high lev-
els of some specific interfering substances (namely
cell-free hemoglobin, bilirubin, lipids) in serum or
plasma may seriously jeopardize the reliability of
some laboratory tests. The development and imple-
mentation of automated serum indices has virtually
revolutionized the approach to assess sample quality,
based for decades on the simple visual inspection
(55). Although a more comprehensive description of
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these quality tools has been provided in many prior
articles (56–58), a brief narration may be worthwhile
here as well. The so-called serum (or plasma) indices
are fully-automated parameters used by many labora-
tory analyzers for assessing sample quality and, in par-
ticular, for identifying potentially interfering amounts
of substances which that may ultimately impair the
accuracy of test result. Thus, the serum indices typi-
cally comprise the hemolysis index (HI), the icteric
index (II) and the lipemic index (LI). The estimation of
these indices is based on measuring the concentra-
tion of the respective interfering substances (e.g.,
cell-free hemoglobin for HI, bilirubin for II, and lipids
for LI, respectively) in the test sample with proprietary
spectrophotometric tests. Basically, the analyzers
measure and integrate light absorbance at instru-
ment-specific wavelengths to quantify the degree of
interference, providing then a semi-quantitative (i.e.,
in arbitrary units) or quantitative (i.e., as analyte con-
centration) measure of the interfering substance,
which can be compared to predefined acceptability
criteria that have been set for different interfe rence-
vulnerable tests (a typical example is a high HI that
may trigger the suppression of potassium).
Importantly, different analyzers use different wave-
length, algorithms and cutoff values for estimating
the interference risk, so that they are not straightfor-
wardly comparable (59).

Sample filling 

An additional evaluation of sample volume has
now also been integrated into some instruments.
Insufficient filling of primary collection tubes is a long-
known issue for coagulation tests (60), and has been
more recently highlighted for blood counting (61).

Sample clotting detection

Undue clotting, i.e., the formation of blood clots
and/or platelet aggregates when this is not required
or advisable (e.g., for blood cell counting, or for coag-
ulation tests) is a relatively rare (i.e., around 5% of all
rejected samples) but analytically and clinically impor-
tant circumstance (5). The presence of clots within
the specimen impairs its cellular and biochemical
composition, consequently biasing the values of sev-
eral analytes, decreasing the analytical quality and
jeopardizing patient’s health (62). Failure patterns
sensors have been specifically developed within the
modern laboratory analyzers for reliably identifying
the presence of clots in the diagnostic sample, the
technical principles of which have been comprehen-
sively reviewed elsewhere (63). Nonetheless, addi-
tional approaches, based on intelligent software pro-
grams, have been suggested. For example, Fang et
al. used a machine learning approach for identifying
the potential presence of clots in plasma specimens
(64). In their hands, the integration of the test results

of six different hemostasis tests enabled an accurate
prediction (with 97% accuracy, 0.94 sensitivity and
0.97 specificity) of diagnostic samples containing
blood clots.

Error recording and analysis

Identification, recording and analysis of diag-
nostic errors are essential parts of a total quality man-
agement system (65). Unfortunately, this practice is
often considered time-consuming and even potential-
ly useless by many laboratory professionals, thus
hampering its widespread diffusion. As recently
reported by the Working Group for the Preanalytical
Phase (WG-PRE) of the European Federation of
Clinical Chemistry and Laboratory Medicine (EFLM)
(66), more than half of the clinical laboratories sur-
veyed were not active in systematically analyzing lab-
oratory errors, while nearly one-third had not set a
process for follow-up and acting when preanalytical
indicators exceeded their specific thresholds. Thus,
designing informatic platforms that may facilitate and
accelerate this procedure are an attractive and impor-
tant solution. Specifically for this purpose, the EFLM
WG-PRE and the Working Group on »Laboratory
Errors and Patient Safety« (WG-LEPS) of the Inter -
national Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) have jointly developed a
software for recording preanalytical errors according
to standardized quality indicators (QIs) endorsed by
the project of QIs in Laboratory Medicine (67). The
software can be downloaded for free and its usage
would enable to uniform the way laboratory errors are
identified and classified, thus facilitating worldwide
benchmarking activities.

Conclusions

In a broader sense, any software that can
replace human thinking could be considered a form
of AI (68). To this end, the opportunities that intelli-
gent systems may offer to improve quality and safety
in the preanalytical phase are many and multifaceted,
as summarized in Table I. Although it seems obvious
that the analytical and post-analytical phases could be
the most important fields of application in laboratory
medicine, a kaleidoscope of new opportunities has
emerged to extend the benefits of AI to many manual
labor-intensive activities belonging to the pre-analyti-
cal phase, which are inherently characterized by
enhanced vulnerability and higher risk of errors.
These potential applications involve increasing the
appropriateness of test prescription (with computer-
ized physician order entry or demand management
tools), improved specimen collection (using active
patient recognition, automated specimen labeling,
vein recognition and blood collection assistance,
along with automated blood drawing), more efficient
sample transportation (facilitated by the use of pneu-



References

1. Oxford Dictionary. Artificial Intelligence. Available at:
https: //www.oxfordlearnersdictionaries.com/defini-
tion/english/artificial-intelligence?q=artificial+intelli-
gence. Last accessed, 8 August 2023.

2. Negrini D, Lippi G. Generative Artificial Intelligence in
(laboratory) medicine: friend or foe? Biochim Clin. 2023.
Doi: 10.19186/BC_2023.025.

3. Lippi G, Mattiuzzi C. Project Management in Laboratory
Medicine. J Med Biochem 2019; 38: 401–6.

4. Padoan A, Plebani M. Artificial intelligence: is it the right
time for clinical laboratories? Clin Chem Lab Med 2022;
60: 1859–61.

5. Lippi G, von Meyer A, Cadamuro J, Simundic AM. Blood
sample quality. Diagnosis (Berl) 2019; 6: 25–31.

6. Mohammed S, Ule Priebbenow V, Pasalic L, Favaloro EJ.
Development and implementation of an expert rule set
for automated reflex testing and validation of routine
coagulation tests in a large pathology network. Int J Lab
Hematol 2019; 41: 642–9.

7. Lippi G, Mattiuzzi C. The biomarker paradigm: between
diagnostic efficiency and clinical efficacy. Pol Arch Med
Wewn 2015; 125: 282–8.

8. Lippi G, Bovo C, Ciaccio M. Inappropriateness in labora-
tory medicine: an elephant in the room? Ann Transl Med
2017; 5: 82.

9. Cadamuro J, Ibarz M, Cornes M, Nybo M, Haschke-
Becher E, von Meyer A, et al. Managing inappropriate
utilization of laboratory resources. Diagnosis (Berl) 2019;
6: 5–13.

10. Khanna R, Yen T. Computerized physician order entry:
promise, perils, and experience. Neurohospitalist 2014;
4: 26–33.

11. Favaloro EJ, Kershaw G, Mohammed S, Lippi G. How to
Optimize Activated Partial Thromboplastin Time (APTT)
Testing: Solutions to Establishing and Verifying Normal
Reference Intervals and Assessing APTT Reagents for
Sensitivity to Heparin, Lupus Anticoagulant, and Clotting
Factors. Semin Thromb Hemost 2019; 45: 22–35.

12. Carobene A, Cabitza F, Bernardini S, Gopalan R, Lennerz
JK, Weir C, et al. Where is laboratory medicine headed in
the next decade? Partnership model for efficient integra-
tion and adoption of artificial intelligence into medical
laboratories. Clin Chem Lab Med 2022; 61: 535–43.

13. Lippi G, Brambilla M, Bonelli P, Aloe R, Balestrino A,
Nardelli A, et al. Effectiveness of a computerized alert
system based on re-testing intervals for limiting the inap-
propriateness of laboratory test requests. Clin Biochem
2015; 48: 1174–6.

14. Delvaux N, Piessens V, Burghgraeve T, Mamouris P, Vaes
B, Stichele RV, et al. Clinical decision support improves
the appropriateness of laboratory test ordering in primary
care without increasing diagnostic error: the ELMO clus-
ter randomized trial. Implement Sci 2020; 15: 100.

15. Kumar A, Yuvaraj D, Kaur R, Kayathri S, Dhamotharan
KA, Patil N. Artificial Intelligence in Clinical Biochemistry
Is Designed To Prevent Unnecessary Routine Testing In
the Pre-Analytic Phase. Bull Env Pharmacol Life Sci
2022; 11: 207–12.

16. Plebani M, Lippi G. Closing the brain-to-brain loop in lab-
oratory testing. Clin Chem Lab Med 2011; 49: 1131–3.

17. Ialongo C, Bernardini S. Phlebotomy, a bridge between
laboratory and patient. Biochem Med (Zagreb) 2016;
26: 17–33.

18. Lippi G, Chiozza L, Mattiuzzi C, Plebani M. Patient and
Sample Identification. Out of the Maze? J Med Biochem
2017; 36: 107–12.

19. Mason J, Dave R, Chatterjee P, Graham-Allen I, Esterline
A, Roy K. An Investigation of Biometric Authentication in
the Healthcare Environment. Array 2020; 8: 100042.

20. Clark M. Top Five Biometrics (Face, Fingerprint, Iris, Palm
and Voice) Modalities Comparison. Bayometric 2023.
Available at: https: //www.bayometric.com/biometrics-
face-finger-iris-palm-voice/. Last accessed, August 8,
2023.

21. Lippi G, Plebani M. Blood tubes should be labeled before
drawing blood. Ann Blood 2017; 2: 18.

22. Favaloro EJ. Blood tubes should be appropriately labelled
and checked by the patient before departure. Ann Blood
2018; 3.

23. Godolphin W, Bodtker K, Uyeno D, Goh LO. Automated
blood-sample handling in the clinical laboratory. Clin
Chem 1990; 36: 1551–5.

24. Piva E, Tosato F, Plebani M. Pre-analytical phase: The
automated ProTube device supports quality assurance in
the phlebotomy process. Clin Chim Acta 2015; 451:
287–91.

matic transport systems or drones, and monitored
with smart blood tubes or data loggers), systematic
evaluation of sample quality (by measuring serum
indices, fill volume or for detecting sample clotting),
as well as error detection and analysis. Many of these
already established supports have already contributed
to lightening, accelerating, improving, and even mak-
ing preanalytical activities much safer; others are in
advanced stages of development (particularly blood

drawing robots and smart blood tubes), thus paving
the way for an even better future management of the
preanalytical phase.

Conflict of interest statement

All the authors declare that they have no conflict
of interest in this work.

8 Lippi et al.: Artificial intelligence in the pre-analytical phase



J Med Biochem 2024; 43 (1) 9

25. Lippi G, Ferrari A, Gaino S, Caruso B, Bassi A, Bovo C.
Preanalytical errors before and after implementation of
an automatic blood tube labeling system in two outpa-
tient phlebotomy centers. Clin Chem Lab Med 2018; 56:
e217–9.

26. Lima-Oliveira G, Lippi G, Salvagno GL, Picheth G, Guidi
GC. Laboratory Diagnostics and Quality of Blood
Collection. J Med Biochem 2015; 34: 288–94.

27. Lima-Oliveira G, Lippi G, Salvagno GL, Montagnana M,
Manguera CL, Sumita NM, et al. New ways to deal with
known preanalytical issues: use of transilluminator
instead of tourniquet for easing vein access and eliminat-
ing stasis on clinical biochemistry. Biochem Med
(Zagreb) 2011; 21: 152–9.

28. Stolz LA, Stolz U, Howe C, Farrell IJ, Adhikari S. Ultra -
sound-guided peripheral venous access: a meta-analysis
and systematic review. J Vasc Access 2015; 16: 321–6.

29. Firooz M, Karkhah S, Hosseini SJ. The effect of transillu-
minator device on successful peripheral venous catheter
placement in children: A systematic review and meta-
analysis. J Vasc Access. 2022 Oct 26: 112972982
21132866. Doi: 10.1177/11297298221132866.
Epub ahead of print. PMID: 36287005.

30. Bramhe S, Pathak SS. Robotic Surgery: A Narrative
Review. Cureus 2022; 14: e29179.

31. Zivanovic A, Davies BL. A robotic system for blood sam-
pling. IEEE Trans Inf Technol Biomed 2000; 4: 8–14.

32. Lippi G, Cadamuro J. Novel Opportunities for Improving
the Quality of Preanalytical Phase. A Glimpse to the
Future? J Med Biochem 2017; 36: 293–300.

33. He T, Guo C, Liu H, Jiang L. Research on Robotic
Humanoid Venipuncture Method Based on Bio -
mechanical Model. J Intell Robot Syst 2022; 106: 31.

34. He T, Guo C, Liu H, Jiang L. A venipuncture robot with
decoupled position and attitude guided by near-infrared
vision and force feedback. Int J Med Robot 2023; 19:
e2512.

35. Leipheimer JM, Balter ML, Chen AI, Pantin EJ, Davi -
dovich AE, Labazzo KS, et al. First-in-human evaluation
of a hand-held automated venipuncture device for rapid
venous blood draws. Technology (Singap World Sci)
2019; 7: 98–107.

36. Balter ML, Leipheimer JM, Chen AI, Shrirao A, Maguire
TJ, Yarmush ML. Automated end-to-end blood testing at
the point-of-care: Integration of robotic phlebotomy with
downstream sample processing. Technology (Singap
World Sci) 2018; 6: 59–66.

37. Arifin A,  Mohd-Yusof M. Error evaluation in the labora-
tory testing process and laboratory information systems.
J Med Biochem 2022; 41 (1): 21–31.

38. Zarbl J, Eimer E, Gigg C, Bendzuck G, Korinth M, Elling-
Audersch C, et al. Remote self-collection of capillary
blood using upper arm devices for autoantibody analysis
in patients with immune-mediated inflammatory rheu-
matic diseases. RMD Open 2022; 8: e002641.

39. Chen Y, Wang Q, Chi C, Wang C, Gao Q, Zhang H, et
al. A collaborative robot for COVID-19 oropharyngeal
swabbing. Rob Auton Syst 2022; 148: 103917.

40. Li C, Gu X, Xiao X, Lim CM, Duan X, Ren H. A Flexible
Transoral Robot Towards COVID-19 Swab Sampling.
Front Robot AI 2021; 8: 612167.

41. Hu Y, Li J, Chen Y, Wang Q, Chi C, Zhang H, et al.
Design and Control of a Highly Redundant Rigid-flexible
Coupling Robot to Assist the COVID-19 Oropharyngeal-
Swab Sampling. IEEE Robot Autom Lett 2021; 7: 1856–
63.

42. Nybo M, Cadamuro J, Cornes MP, Gómez Rioja R,
Grankvist K. Sample transportation – an overview.
Diagnosis (Berl) 2019; 6: 39–43.

43. Plebani M, Zaninotto M. Pneumatic tube delivery sys-
tems for patient samples: evidence of quality and quality
of evidence. Clin Chem Lab Med 2011; 49: 1245–6.

44. Nybo M, Lund ME, Titlestad K, Maegaard CU. Blood
Sample Transportation by Pneumatic Transportation
Systems: A Systematic Literature Review. Clin Chem
2018; 64: 782–90.

45. Kumari S, Kumar S, Bharti N, Shekhar R. Impact of
Pneumatic Transport System on Preanalytical Phase
Affecting Clinical Biochemistry Results. J Lab Physicians
2022; 15: 48–55.

46. Lippi G, Mattiuzzi C. Biological samples transportation by
drones: ready for prime time? Ann Transl Med 2016; 4:
92.

47. Plebani M. Drone transport of biological samples: an
open issue. Clin Chem Lab Med 2021; 59: 1745–6.

48. Zhang J, Tian GY, Marindra AM, Sunny AI, Zhao AB. A
Review of Passive RFID Tag Antenna-Based Sensors and
Systems for Structural Health Monitoring Applications.
Sensors (Basel) 2017; 17: 265.

49. El Khamlichi M, Alvarez Melcon A, El Mrabet O, Ennasar
MA, Hinojosa J. Flexible UHF RFID Tag for Blood Tubes
Monitoring. Sensors (Basel) 2019; 19: 4903.

50. Caredda V, Orrù PF, Romagnoli G, Volpi A, Zedda F.
RFID technology for blood tracking: An experimental
approach for benchmarking different devices. Int J RF
Technol 2016; 7: 209–28.

51. Arshavsky-Graham S, Segal E. Lab-on-a-Chip Devices for
Point-of-Care Medical Diagnostics. Adv Biochem Eng
Biotechnol 2022; 179: 247–65.

52. Sánchez S. Lab-in-a-tube systems as ultra-compact
devices. Lab Chip 2015; 15: 610–3.

53. Veillette M, Tourangeau F, Fafard J, Dumaresq J, Labbé
AC; G-SPIT study group. Clinical performance of SARS-
CoV-2 detection on the cobas Liat using water gargle
samples. J Clin Virol Plus 2022; 2: 100108.

54. Zaninotto M, Tasinato A, Padoan A, Vecchiato G, Pinato
A, Sciacovelli L, et al. An integrated system for monitor-
ing the quality of sample transportation. Clin Biochem
2012; 45: 688-90.

55. Lippi G, Cadamuro J. Visual assessment of sample qual-
ity: quo usque tandem? Clin Chem Lab Med 2018; 56:
513–5.

56. Lippi G. Systematic Assessment of the Hemolysis Index:
Pros and Cons. Adv Clin Chem 2015; 71: 157–70.



57. Lippi G, Cadamuro J, von Meyer A, Simundic AM;
European Federation of Clinical Chemistry and Labo -
ratory Medicine (EFLM) Working Group for Preanalytical
Phase (WG-PRE). Practical recommendations for man-
aging hemolyzed samples in clinical chemistry testing.
Clin Chem Lab Med 2018; 56: 718–27.

58. Simundic AM, Baird G, Cadamuro J, Costelloe SJ, Lippi
G. Managing hemolyzed samples in clinical laboratories.
Crit Rev Clin Lab Sci 2020; 57: 1–21.

59. von Meyer A, Cadamuro J, Lippi G, Simundic AM. Call
for more transparency in manufacturers declarations on
serum indices: On behalf of the Working Group for
Preanalytical Phase (WG-PRE), European Federation of
Clinical Chemistry and Laboratory Medicine (EFLM). Clin
Chim Acta 2018; 484: 328–32.

60. Favaloro EJ, Lippi G, Adcock DM. Preanalytical and post-
analytical variables: The leading causes of diagnostic
error in haemostasis? Semin Thromb Hemost 2008; 34:
612–34.

61. Lippi G, Dima F, Tosi M, Carpenè G, Celegon G, Favaloro
EJ, et al. Incomplete filling of spray-dried K2EDTA evac-
uated blood tubes: impact on measuring routine hema-
tological parameters on Sysmex XN-10. Diagnosis (Berl).
2023 Jul 24. doi: 10.1515/dx-2023–0064.

62. Lippi G, Banfi G, Church S, Cornes M, De Carli G,
Grankvist K, et al. European Federation for Clinical
Chemistry and Laboratory Medicine Working Group for
Preanalytical Phase. Preanalytical quality improvement.
In pursuit of harmony, on behalf of European Federation

for Clinical Chemistry and Laboratory Medicine (EFLM)
Working group for Preanalytical Phase (WG-PRE). Clin
Chem Lab Med 2015; 53: 357–70.

63. Lippi G, Plebani M, Favaloro EJ. Technological advances
in the hemostasis laboratory. Semin Thromb Hemost
2014; 40: 178–85.

64. Fang K, Dong Z, Chen X, Zhu J, Zhang B, You J, et al.
Using machine learning to identify clotted specimens in
coagulation testing. Clin Chem Lab Med 2021; 59:
1289–97.

65. Plebani M, Lippi G. Improving diagnosis and reducing
diagnostic errors: the next frontier of laboratory medi-
cine. Clin Chem Lab Med 2016; 54: 1117–8.

66. Cadamuro J, Lippi G, von Meyer A, Ibarz M, van Dongen
Lasses E, Cornes M, et al. European survey on preanalyt-
ical sample handling - Part 1: How do European labora-
tories monitor the preanalytical phase? On behalf of the
European Federation of Clinical Chemistry and
Laboratory Medicine (EFLM) Working Group for the
Preanalytical Phase (WG-PRE). Biochem Med (Zagreb)
2019; 29: 020704.

67. Lippi G, Sciacovelli L, Simundic AM, Plebani M. Inno -
vative software for recording preanalytical errors in
accord with the IFCC quality indicators. Clin Chem Lab
Med 2017; 55: e51–3.

68. An Q, Rahman S, Zhou J, Kang JJ. A Comprehensive
Review on Machine Learning in Healthcare Industry:
Clas sification, Restrictions, Opportunities and Chal -
lenges. Sensors (Basel) 2023; 23: 4178.

10 Lippi et al.: Artificial intelligence in the pre-analytical phase

     Received: August 08, 2023
     Accepted: August 24, 2023


