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Abstract: Despite recent advances during the last few years, microbiological diagnosis of prosthetic
joint infections remains a challenge. Molecular biology techniques have been developed to try to over-
come this problem, and recently, many of them have become available for many laboratories. Some
of them, especially commercial multiplex PCR-based assays and universal 16S rDNA homemade
PCR assays, are now available in many laboratories. Moreover, new technologies have appeared,
especially metagenomics and next-generation sequencing. These techniques have demonstrated their
potential in many studies but appear to be experimental at present. A few studies have evaluated
the possible use of these methods in the clinical routine, and a review of the critical aspects for the
selection of a molecular method (accuracy, complexity, cost) was performed. Finally, a proposal for a
protocol that includes molecular biology techniques was made according to the literature published
in this field. In conclusion, molecular biology techniques are ready to be used in the clinical routine
of a microbiology laboratory, but their use must be carried out in accordance with the many special
characteristics of each laboratory. In all cases, the interpretation of the results must be conducted by a
multidisciplinary team with experience in the management of these patients.

Keywords: diagnosis; molecular biology; PCR; next-generation sequencing; metagenomics; cost;
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1. Introduction

Implant-associated infections are one of the most problematic complications of the
use of implants in orthopedic and trauma surgery. Although its incidence is relatively
low (1-3%, depending on the series) [1], an increasing number of patients underwent
this type of surgery (and were at higher risk of contracting these infections because of
an increase in the number of comorbidities among these patients) [2]. The management
of these diseases includes new surgical procedures, prolonged antibiotic treatment, and
longer hospital stays. Even with this management, the outcome of the infection is not
always a good one, and it is considered that directed therapy is currently needed because
of the increasing number of multidrug-resistant organisms and the differences between
therapeutic options [3-6]. This fact made it necessary to conduct a proper microbiological
diagnosis of these infections. Despite most of the infections being caused by a small number
of species [1,7,8], almost all microorganisms can be a cause of infection. In trying to obtain
a good diagnosis, conventional mechanisms have been improved using different combina-
tions of media, incubation time, sampling, and the incorporation of new techniques such as
sonication [1,9-11]. Synovial fluid biomarkers could also improve PJI diagnosis, including
detection of leucocyte esterase, alpha-defensin or C-reactive protein, which are considered
minor criteria for PJI definition [12-14], but the serological markers allow only the syn-
dromic diagnosis, and not a microbiological diagnosis. However, these advances are not
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universally used [15,16], and even in those centers that used them, there are still patients
with negative results, despite having a true infection. This percentage is variable but is
considered to be an average of 10-15% of all cases [1,17]. At this point, conventional micro-
biological techniques are seen to have reached their peak in both sensibility and specificity,
and new techniques are needed that can improve the currently available technology. In a
previous review, one of the authors described how molecular biology can increase the sen-
sibility of microbiological diagnosis [18], but the field of molecular biology has progressed
rapidly since then, and new approaches that were not yet imagined have appeared since
then. In the present review, we will discuss the currently available techniques for molecular
diagnosis and suggest possibilities for their use in the implant-associated infection setting.

2. Homemade PCR-Based Techniques

The first approach to the use of molecular biology for the diagnosis of PJI was the
development of homemade techniques. Several reviews have described the different
studies that use these techniques [18,19]. These techniques mainly used broad-spectrum
detection by using 165 rDNA amplification followed by sequentiation to identify the
detected microorganisms. The studies usually used synovial fluid as the sample, and most
of them described high specificity and sensitivity. Other samples with potentially high
sensitivity have been used in other studies. One example is the study of Marin et al. [20].
In this study, the authors evaluated the usefulness of a 165 rDNA universal PCR with
periprosthetic biopsies. The best sensitivity (94%) was obtained when two of five samples
showed the same result, maintaining the best possible specificity (100%). The introduction
of sonication prompted other authors to evaluate the same type of PCR with sonicated
samples. In the study of Gomez et al. [21], the authors reported sensitivity of 70.4% and
specificity of 97.8% with that type of sample. The last result is of special importance,
because one important criticism of sonication was the potential for contamination, but
even using a more sensitive technique such as PCR, the specificity values remained high.
Moreover, when PCR was combined with culture, the sensitivity increased from 72.6%
for culture to 78.5% for culture + PCR [21], showing the importance of a mixed approach
(molecular biology added to conventional cultures) for a better diagnosis of PJI.

However, the main theoretical problem associated with these techniques is the lack
of standardization. It is usually considered that these techniques work well in the labora-
tories that designed the protocols but fail when another laboratory tries to reproduce the
results. However, this assertion was proved to not always be true: two articles described a
multicenter study performed in France that evaluated the usefulness and reproducibility
of 16S rDNA-sequencing PCR. In the first article, the authors evaluated the sensitivity
and specificity of a common protocol in seven university hospitals in France [22]. In this
study, the technique was performed in 305 patients, and it worked well in all centers,
with sensitivity values of 73.3% and specificity of 95.5%. Moreover, in a second study, the
authors evaluated the reproducibility of the technique by sending the same samples to
the different centers, and the obtained results were concordant in most centers in 93.8%
of the samples [23]. This study is extremely important because it showed that the main
theoretical problem of homemade PCR—the lack of standardization—can be minimized in
many cases. However, specific facilities and well-trained technicians are needed in order to
obtain reproducible results, so this methodology cannot be performed in many laboratories
that lack molecular biology facilities. Despite these limitations, 165 rDNA PCR is the most
common molecular technique used by most laboratories that performed molecular biology
diagnosis for PJI in recent surveys [15,16].

3. Commercial PCR-Based Techniques
3.1. Adapted Kits
Shortly after the description of sonication as a useful technique for the diagnosis of

PJI, several authors looked for a more easy-to-perform molecular technique that can be
applied to these samples. The first logical option in these years was the use of kits designed
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for their use in positive blood-culture bottles. These kits are usually multiplex PCR that
include the most commonly isolated microorganisms from blood cultures. Because these
organisms include most of the isolates that appear as a cause of PJI, the possibility of their
use in clinical samples was explored in several studies.

The first one was the study of Achermann et al. [24]. In this study, the researchers used
the SeptiFast® kit (Roche Diagnostics, Penzberg, Germany) designed for identification of
19 microorganisms or groups of microorganisms frequently isolated from blood cultures.
They included 37 cases of PJI, and the kit showed a sensitivity of 78%, while no specificity
study was performed. Shortly after this study, another one performed with the same kit in
86 explanted prostheses (24 with a diagnosis of PJI) showed an impressive sensitivity of
96%, with a specificity of 100% [25].

Another kit that was tested for potential use in PJI was the GenoType BC® (Hain
Lifescience, Nehren, Germany). This system is formed by a combination of two kits
for Gram-positive and Gram-negative organisms and identifies 32 species or group of
species of microorganisms. Additionally, designed for its use in blood cultures, a study by
Esteban et al. showed its potential for the diagnosis of PJI [26]. The study was performed in
126 patients (47 with a clinical diagnosis of infection), including both PJI and Osteosynthesis-
associated infection. In this study, the combination of PCR and culture from the sonicate
fluid allowed the identification of 80% of the microorganisms that cause infection. Moreover,
there were also cases of positive results for culture, PCR, or both that were later considered
as infected, but the potential for a contamination cannot be excluded in some cases [26].

The study performed by Duboix-Bourandy used the Xpert MRSA /SA SSTI kit (Cepheid,
Sunnyvale, CA, USA) [27]. This kit was designed for the rapid detection of Staphylococcus
aureus and methicillin-resistance markers, so its usefulness for the diagnosis of PJI is ex-
tremely limited. However, the interest of this study was the evaluation of the potential use
of the cartridge design for this diagnosis. This methodology is extremely easy to perform
and showed potential usefulness for medium-small-sized laboratories without proper
facilities for molecular diagnosis.

This approach was further evaluated with a different cartridge-design kit that identi-
fies a higher number of microorganisms. The Filmarray BCID® (BioMérieux, Marcy 1'Etoile,
France) detects 24 microorganisms or groups of microorganisms that are commonly de-
tected among PJI. This kit was evaluated for this purpose by Vasoo et al. [28] using samples
from 216 patients (including 98 infections) that were maintained in a frozen state until the
test was performed. In this study, the test showed sensitivity of 53% and specificity of
99%. Interestingly, the low sensitivity was to the low performance of the kit with coagulase-
negative staphylococci (CNS), while sensitivity to other pathogens was higher than that
(90% for S. aureus and 100% for enterobacteria). This fact has important implications for
the diagnosis of chronic PJI, where CNS was the most frequently isolated pathogen [8].
Notably, the Filmarray BCID® kit also includes the detection of some resistance markers of
interest for the antibiotic selection among these patients.

3.2. Specifically Designed Kits

The first specifically designed kit for the diagnosis of PJI was described in 2014 by
Metso et al. [29]. The Prove-it Bone and Joint StripArray assay (Mobidiag Ltd., Espoo,
Finland) was developed from a kit previously designed for identification of microorganisms
using broad-range PCR followed by a microarray assay [30]. The study showed sensitivity
of 81.6% with specificity of 73.9%, using the MSIS criteria for diagnosis of P]I as the gold
standard. No further studies using this kit have been published until now.

The Unyvero 160ITI (Curetis GmbH, Holzgerlingen, Germany) was a multiplex PCR-
based test that uses the cartridge technology and can be easily used in most laboratories
without specifical facilities. It can detect 30 species or groups of species, and several
resistance markers. During its evolution, it previously included a universal bacteria target in
one of the versions, but this was removed from the last one. The performance of the kit was
tested in several studies, using different types of samples for detection of organisms causing
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PJI [31-39]. The average sensitivity of the kit is relatively low (67.5%), but the average
specificity was high 96.3%), with average positive predictive and negative predictive values
of 93.2% and 71%, respectively, which means that a positive result is probably a true
positive (and not a contamination), but a negative result cannot be used to discard a PJI.
The test, as well as other multiplex PCR-based kits, can also detect polymicrobial infections,
which could be of interest in some cases of PJI. Aiming to improve the sensitivity of this
method, Villa et al. [40] used an enrichment step before the DNA extraction by incubating
the samples in Brain-Heart Infusion and Thioglycolate broths until they became turbid.
With this approach, the sensitivity of the method increased to 81.6%, but at the cost of
a very delayed diagnosis. Another recent study [41] showed improved sensitivity (85%)
for patients that fulfil the MSIS criteria, but another one showed low sensitivity when
the patients were diagnosed using the EBJIS criteria [42]. Nevertheless, in both cases, the
specificity was higher than 97%. As of this year, this kit remains the only specifically
designed kit commercially available, and it is currently being used by some laboratories, as
described in a recent European survey [15], as well as in a Spanish survey [16].

Based in the BioFire® technology (Biofire, Salt Lake City, UT, USA), a new kit specifi-
cally designed for the diagnosis of bone and joint infection has been developed in recent
years that will be added to the other tests from this year. This new test is based in cartridge
technology and includes 31 of the most common pathogens that can be detected in acute
bone and joint infections, as well as 8 resistance markers. The results of a multicenter
study for the clinical evaluation of this test have been presented in different congresses,
showing an extremely good performance for these types of patients, with sensitivity of
90.6% and specificity of 99.8% [43]. Despite this superb performance in acute infections, the
main limitation of the kit is the lack of some pathogens of importance in chronic infections,
notably CNS and Cutibacterium acnes. This limits the usefulness of the kit for these patients,
but it probably has minimal impact in acute infections. However, the kit has a characteristic
that could be of importance: it takes approximately 1 h to obtain a result [43], which implies
that the test can be used for rapid diagnosis of these infections, even in the emergency room
or potentially even during surgery. The implications of this short detection time will be
probably studied in the future.

4. Next-Generation Sequencing and Metagenomics

Since Tarabichi et al. demonstrated the usefulness of next-generation sequencing
(NGS) with the detection of Streptococcus canis as the infectious agent in a culture-negative
PJI [44], NGS and metagenomics became emerging tools for pathogen detection in PJI
Those techniques detect all nucleic acids that are present in a given specimen, allowing
the identification of the microorganism/s involved in the infection and its antimicrobial
resistance characterization [45].

The sensitivity and specificity of NGS for PJI diagnosis vary among different studies.
The meta-analysis published by Hantouly et al. reported a pooled sensitivity of 94%, higher
than the one obtained by culture (70%) and slightly lower specificity (89%) in comparison
to culture (94%) [46]. Additionally, the accuracy was higher using NGS technology (91.9%)
than culture-based methods (80.5%). They also showed an overall false-positive rate of
11% for NGS.

Metagenomics has also shown promising results for PJI diagnosis. Ivy et al. demon-
strated a good correlation with culture in 82 synovial fluid samples and yield additional
pathogens not detected by culture [47]. In the study of Street et al., metagenomic sequencing
showed species-level sensitivity of 88% versus sonication of fluid culture [48]. Huang et al.
obtained greater sensitivity in PJI diagnosis using metagenomics (95.5%) than conventional
culture (79.6%), with similar values of specificity: 95.2% for both techniques [49]. However,
the authors claimed high levels of host DNA contamination despite their efforts to improve
the performance of the technique.

Those techniques have shown to be useful in culture-negative PJI. In the prospective
study of Tarabichi et al., NGS allowed microorganism detection in 81.8% of culture-negative
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PJI [50]. Using metagenomic shotgun sequencing, Thoendel et al. were able to detect
potential pathogens in 43.9% of culture-negative specimens [51].

It seems that NGS and metagenomics will play an important role in the diagnosis of
PJI infections. Due to its high sensitivity, there is a lack of understanding of the clinical
importance of identifying unusual pathogens that may not necessarily be involved in the
disease process, and also determining if the potential pathogens detected are active and
clinically relevant or not.

The use of NGS and mNGS for PJI diagnosis also presents several limitations. First,
those techniques have a low specificity, mainly due to the great number of false positive
results because of contamination. Another important limitation is the high cost of those
techniques in comparison with culture and other molecular methods, and the run-time,
as it sometime requires around three to five days to provide identification. Additionally,
the transformation of raw data into clinically useful information involves bioinformatics
abilities. In addition, multicenter trials are needed to support its use as a diagnostic tool in
laboratory routine facilities.

5. How Can the Molecular Diagnosis Techniques Be Used in a Routine Setting?

The field of molecular diagnosis techniques that can be used routinely, despite the
problems and limitations of the available methods, now offers a broad spectrum of tech-
niques and methodologies that can be used for the diagnosis of PJI in the routine of clinical
microbiology laboratories. However, before implementing these methods, several questions
must be answered in order to select the best available option for each laboratory. In the
next few sections, we try to describe these questions and the potential answers from our
point of view.

5.1. In What Type of Patients Can These Techniques Be Used?

The answer for this question seems easy: molecular biology techniques can be used in
all patients. However, the selection of patients that could benefit more from this option is
not as easy as it seems. In fact, the selection of techniques for the diagnosis of PJI depends
on different factors, which made the standardization of these methodologies a difficult
task [10]. Recent surveys have recently shown the differences between centers for the use
of available methodologies [15,16], even for the selection of conventional culture-based
methods. This selection depends on the characteristics of the hospital, the laboratory,
and the samples that the laboratory receives. Moreover, sometimes it depends on the
existence of multidisciplinary units aimed in the management of PJI and other bone and
joint infections.

For these reasons, a careful review of the molecular techniques is needed before
their implementation in laboratory routine. For this purpose, sensitivity and specificity
of these methods are essential factors. However, even these values can change according
to the patient. In the meta-analysis by Liu et al. [52], the pooled sensitivity was 75% and
the specificity was 96%. However, these values change when the pretest probability of
an infection is analyzed. The possibility of a positive PCR increased from 88% to 99%
when the pretest probability of infection was 25% or 75%, respectively. This means that
a good selection of the patient is essential to evaluate the results obtained using this
technique. Moreover, because the sensitivity of these techniques is relatively low [52,53],
its indiscriminate use in all patients could lead to misinterpretations of the results. A
negative result could be used to rule out an infection, but this is a mistake because of
the low negative predictive value of the methods. Moreover, its use in non-infected
patients could lead to false-positive results, with a loosening of credibility in the test.
So, in our opinion, these techniques must be used in patients with a suspected infection
according to the different criteria used for this purpose [54-57] in order to obtain the best
possible results.
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5.2. What Type of Technique Must Be Used?

The selection of the technique is another important issue that must be considered for
the implementation of molecular biology in clinical practice. Several issues must be con-
sidered for this purpose. The first one is the goal of the technique, which is the etiological
diagnosis of patients with PJI. For this purpose, we must consider that the number of organ-
isms that can cause a PJI is enormous (although most of the infections are caused by a small
group) [1,7,8,17]. This fact means that only a technique that allows the detection of many
microorganisms is useful, so techniques that allow the detection of one microorganism or
two must be discarded [27]. The techniques available for the detection of many microorgan-
isms include homemade broad-spectrum PCR-based techniques (16 rDNA amplification),
multiplex PCR-based techniques and NGS and metagenomics [1,18,19,22,34,37,53,58]. All
these techniques are available to detect many microorganisms, and even several of them
simultaneously. This increases the possibility of detecting even polymicrobial infections,
which is crucial when avoiding treatment failures or relapses. However, we must consider
that multiplex-based techniques are limited to the microorganisms included in the kit, and
other ones cannot be detected, and this limitation is very important when interpretation of
a negative result in a patient with a diagnosis of PJI is obtained.

We decided that a molecular biology test must be included in the clinical microbiol-
ogy routine. However, other factors must be considered before we select the test: time,
complexity, and cost.

5.2.1. Time

Time is an essential part of the management of most infectious diseases, and a rapid
diagnosis is a factor that promises rapid specific therapy and a better outcome. However,
in some PJI, such rapid diagnosis is not an essential issue because other factors, such
as the type of surgical therapy, are more influential than a rapid diagnosis. However,
a rapid diagnosis is always desirable, and molecular techniques are usually faster than
conventional culture-based methods. The current protocols for these methods usually
include a long incubation period of 14-15 days. This time was suggested in the article
of Schifer et al. [59], and many other authors have recommended it for the isolation
of some slowly growing organisms [60-64]. It is currently used in the routine of many
laboratories [15,16]. This means that in some cases, the etiological diagnosis is not available
until many days have passed. Because microbiological results are essential for the diagnosis
of PJI in many protocols [54,55,65], this could represent a problem in some cases. In this
aspect of diagnosis, molecular biology techniques are faster than conventional cultures.
Even the slowest of these methods is faster than a 15-day culture-based method. However,
not all molecular techniques are of similar speed.

The ideal technique is one which can be performed and give results intraoperatively
and allows the surgeon to modify the surgical procedure if necessary. However, currently
available protocols need longer turnaround times, so no intraoperative method is currently
available for an etiological diagnosis of PJI. The homemade, PCR-based methods usually
take hours—or even days—to provide a definitive result. Cartridge-based commercial
multiplex PCR also usually take hours (Unyvero 160ITI takes 5 h) [41,53], but they are
faster than cultures and can provide a result on the same day when the samples are
obtained, with a specificity that allows us to have confidence in this diagnosis. The recently
developed BioFire BJI test is even faster, with results obtained in 1 h approximately [43].
This means that this test is at the edge of being useful intraoperatively, at least in some
cases. This property merits a further evaluation of this potential, with the limitation of
being useful only in acute infections. However, the possibility of a directed therapy against
the pathogen detected in the very first moment postoperatively opens up a new concept
for the management of these infections.

Despite the impressive results that can be obtained, NGS and metagenomics take a
long time to perform (usually more than 1 day). This means that a rapid diagnosis cannot
be performed with this methodology [66]. However, the fact that this technique is a new



Prosthesis 2023, 5

one enables further development of the engineering issues that could make it faster, so in
the future, we will probably see NGS systems that allow us to perform this technique in a
faster time that that which is needed in the present moment [66].

5.2.2. Complexity

The ideal molecular biology technique for all laboratories needs to be easy to perform.
However, this is not always possible, because the different techniques have specific prob-
lems. The complexity of a technique is a factor that is decisive in the implementation of
some techniques in clinical microbiology routine, where complex techniques experience a
lot of integration problems. Easy methods are usually the best options in this setting, and
this must be considered when clinical microbiologists decide the incorporation of a new
method in the laboratory.

Homemade methods usually require specific facilities for molecular biology, together
with personnel who are well trained in these techniques. Although it seems that the
problem of standardization can be avoided [23], all the infrastructure issues cannot be
avoided. This made these methods available to large laboratories or, at least, laboratories
designed for a specifically designed molecular biology laboratory. While these methods are
broadly used according to the surveys [15,16], most medium and small size laboratories
are probably not prepared to perform these techniques, and probably need to send these
samples to reference center, with a consequent delay in the diagnosis. This limitation is
also present in NGS metagenomics methods. They also require specific facilities, and the
necessary equipment is not usually available in all laboratories [59,66-68]. Cartridge-based
methods are easy to perform and are probably available for most clinical microbiology
laboratories. Usually, they do not need neither specific nor specialized personnel, and can
be used in small and medium-size laboratories. The Unyvero® I60ITI and the BioFire® BJI
tests are designed with this methodology [43,53,63] and can be integrated easily into the
routine of most clinical laboratories with their own limitations.

5.2.3. Cost

Molecular biology methods are usually more costly than culture-based methods
in terms of their fungible and equipment needs. The need of specific facilities made
homemade techniques and NGS metagenomics expensive procedures, while the cost of
reactives is not so high for homemade PCR techniques. Commercial kits are usually
expensive (more than EUR 100), and usually cannot compete with culture methods in this
aspect. However, when we consider this aspect, we must take into account other issues,
because the final cost of the management of a PJI can be influenced by the selection of
the proper diagnostic method. There are almost no studies about the cost effectiveness
of diagnostic methods in the literature. In a PubMed search, using (Cost-effectiveness)
AND ((molecular biology) OR (PCR) OR (molecular diagnosis)) AND (prosthetic joint
infection) as search criteria, only one article appears that is a study of this aspect, and it is
about alpha-defensin [69]. One congress communication [70] reports a cost-effectiveness
study performed with a commercial technique (Unyvero I60ITI) for the diagnosis of P]I
in a hospital with a specialized unit in the management of these patients. In this pilot
study, the use of the molecular methods means a reduced average cost of EUR 840.67 in the
management of a PJI. This means that the incorporation of a molecular technique, despite
being expensive for the laboratory, can be cost effective for all the PJI management process.
We think that cost-effectiveness studies will be essential and must be performed in the
near future.

5.3. How Can We Use These Methods?

It seems clear that the incorporation of molecular biology into the diagnostic arsenal
of microbiological tools for the diagnosis of P]I is not only possible, but desirable. However,
if we consider the available techniques, the selection of one of them is important for the
laboratory (and the hospital). All the previously described issues need to be considered,
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and possible options, from our personal point of view, are as follows: If the laboratory is
a small-medium-size one without proper facilities for molecular diagnosis, a cartridge-
based method is probably the best option. If the laboratory is a large one, with a specific
molecular biology section, NGS and/or homemade broad-spectrum PCR can be selected,
with some rapid diagnosis kits for some specific cases. In all cases, molecular biology
will be complementary to conventional culture-based methods. The samples selected for
processing will be selected with close relationships with multidisciplinary teams, looking
for patients with a probable diagnosis of PJI with a high pretest index of suspicion. We
have recently published our clinical experience with this approach [71], showing that the
number of patients that can benefit from a molecular test is high, even in a routine setting
and not an experimental one (Figure 1). We need more reports about the experience of the
laboratories in the use of molecular tests for PJI to select the best protocol to obtain the best
results with the incorporation of these methods in the routine setting.

Diagnosis of
probable infection

Yles No

Sepsis

No Yes

I
]
e Culture

Culture positive
after 24 hours

Yes No

No PCR Perform PCR ——

Figure 1. Potential scheme for the incorporation of molecular biology in PJI diagnosis in a cost-
effective manner.

6. Conclusions

Molecular-biology-based techniques for the diagnosis of PJI are here to stay. There
is a lot of experience with many different tests that showed, in all cases, high specificity,
with variable sensitivity [19,53,63,72]. However, the incorporation of these methods to
the routine of microbiological diagnosis of these patients is not universal, and probably
requires further studies about cost effectiveness and usefulness in routine practice. The
incorporation of new methods will be of increasing interest, and further development of
equipment and tools necessary to improve the use of complex methods will make them
available for more laboratories [72]. However, these methods have limitations that are
necessary to understand before a proper interpretation of the results can be performed.
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When this interpretation is carried out in the setting of multidisciplinary teams, it is
extremely useful, and it can benefit the management of these complex patients and improve
their outcome.
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