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a b  s  t  r a  c t

An  inadequate  biomarker  validation  can  affect many  patients’  diagnosis,  treatment,  and follow-up.  There-

fore,  special interest  should  be  placed  on performing these  analyses  correctly  so that  biomarkers  can  be

applicable to patients  and  evidence of their  clinical  usefulness  can  be  generated.  A  methodological  work

on  the  concept of biomarkers is presented,  as  well  as the  difficulties  associated  with  the  methodological

approach  to their  development,  validation,  and implementation  in clinical  practice.
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r  e  s u  m  e  n

Una  validación inadecuada de  un biomarcador  puede  tener  consecuencias  importantes en el diagnóstico,

tratamiento  y  seguimiento  de  muchos  pacientes, por  lo que  debe  ponerse  especial  interés  en  realizar

estos análisis de  forma  correcta  para que  los biomarcadores  sean  aplicables  en  los pacientes y  pueda

generarse  evidencia  sobre  su  utilidad  clínica. Se  presenta  un  trabajo  metodológico  sobre el concepto de

biomarcadores,  así como  las dificultades  asociadas al  abordaje metodológico  para su  desarrollo,  validación

e  implementación  en  práctica  clínica.

© 2024  Elsevier  España, S.L.U.  y  Sociedad  Española  de  Reumatologı́a  y  Colegio Mexicano de

Reumatologı́a. Se  reservan

todos  los derechos,  incluidos  los  de minerı́a  de  texto y  datos,  entrenamiento  de  IA  y  tecnologı́as  similares.

Introduction

Personalised, or precision, medicine is defined as the "emerging

approach to disease prevention, diagnosis, and treatment that takes

into account individual, environmental and lifestyle variability."1

This new approach has been made possible thanks to the inroads

made in several techniques, including molecular biology tech-

niques and, in particular, the boom of -omic techniques (genomics,

proteomics, metabolomics). The main feature of these techniques is

that they are capable of producing a  massive amount of data, which

has led to greater insight into the genetic and biological determi-

nants of disease and has significantly accelerated the discovery of

biomarkers.
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E-mail address: mjgarciadeyebenes@inmusc.eu (M.J. García de Yébenes Prous).

Biomarkers are "objectively measurable characteristics that

are indicators of normal or pathological biological processes and

of treatment response."2 In other words, they are measurable

or quantifiable parameters that generally belong to  three dis-

tinct molecular categories: proteins, metabolites, and nucleic acids

or genes. Similarly, there are imaging, physical, and mechanical

biomarkers, and even psychological or behavioural biomarkers,

among others. However, to  understand the concept better, this

paper will focus on biological biomarkers and all the information

that can, in turn, be extrapolated to other types of biomarkers.

Because they reflect biological processes, biomarkers can be

extremely useful when making decisions concerning diagnosis,

treatment, disease activity, and prognosis, which is why  they

are sometimes categorised in terms of their clinical applications

(Fig. 1):

- Susceptibility or predisposition biomarkers: indicate the likeli-

hood of developing the disease,
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Figure 1.  Types of biomarkers in health.

-  Diagnostic biomarkers: enable the diagnosis of a  specific disease

to be confirmed,

- Prognostic biomarkers: provide information about the course of

the disease (relapse or recurrence), and

-  Predictive biomarkers of treatment response or  safety.

Of course, biomarkers can also be used in  research as surro-

gate endpoints or surrogate outcome measures.3 However, simply

because they are useful in research does not necessarily translate

into clinical practice.

While the same biomarker may  be used for several of these

applications, evidence of its value for each must be obtained.4 Fur-

thermore, despite the fact that there may  appear to  be a  certain

degree of overlap regarding the definitions of the types of biomark-

ers based on their application, each one has its own  distinctive

characteristics.

Biomarker validation refers to proving the association between a

biomarker and a clinical outcome using robust statistical methods.

This association is independent of treatment (diagnostic or prog-

nostic biomarkers), of the prediction of the effect of a  treatment

on a clinical surrogate endpoint (predictive), or of the possibility

of replacing a clinical endpoint to  assess treatment effects (sur-

rogate measures).5 A validated biomarker can assist in  targeted

treatment, improve clinical diagnosis, and act as a  prognostic or

predictive factor for a  given outcome. Hence, both analytical and

clinical validation studies are essential. Inadequate validation of a

biomarker can have major consequences for the diagnosis, treat-

ment, and follow-up of many patients; consequently, special care

must be exercised when performing these analyses properly so that

biomarkers will be useful with respect to patients and that evidence

of their clinical value can be  generated.

Process of biomarker implementation in clinical practice

Adopting a biomarker in  clinical practice is a complex process

and entails a number of steps to guarantee that the results are

both safe and reliable.3,4 Generally speaking, this process consists

of the following stages (Fig. 2): (1) discovery, (2) development, (3)

validation, and (4) proof of clinical usefulness.

Discovery

The first phase consists of identifying the biomarkers and defin-

ing them as genetic expression, level of protein, and type of tissue

or fluid in which they will be  measured. During this phase, the type

of biomarker being looked for must be decided: diagnostic, prog-

nostic, or predictive, and the type of biological sample in which it

makes sense to measure it must be identified. It  is  during this step

that we avail ourselves of the tools of genomics, transcriptomics,

Figure 2.  Process of implementation of a new biomarker.

proteomics, and metabolomics to  substantiate that the biomarker

and the type of sample chosen represent the physiological process

we seek to  quantify.

It is  important for there to  be a  consensus in that the biomarker

and type of sample chosen truly represent the physiological pro-

cess we seek to quantify to ascertain whether this phase has been

successfully completed.

Development

The aim of this phase is to  define the experimental procedure

to measure the molecule of interest and optimise the analytical

method by which to obtain reliable results. These are sometimes

time-consuming studies [needed] to  hone [such procedures and

methods]. On occasion, the importance of this phase is underesti-

mated, given how costly the technique is, and [consequently] this

stage is sometimes skipped.

Validation

The value of biomarkers in  patient diagnosis, evaluation, and

prognosis depends on the prior demonstration of the validity of its

association with an illness in  particular or a  specific manifestation

of that disease. Validation is  the process that  makes it possible to

establish that a  test performance is  acceptable for its planned pur-

pose. Internal validation examines the performance of the test on

the development sample, whereas external validation probes how

well it does so in  an independent sample. Moreover, in the case

of biomarkers, two aspects of validation must be differentiated:

analytical and clinical validation.6

Analytical validation is  the accuracy with which the biomarker

identifies the result of interest (specific gene or protein) and the
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Table  1

Measures of analytical validation.

Measure Definition

Accuracy How close the measured value is  to

the actual value (concentration)

Precision Closeness between individual

concentrations of repeated

measurements

Sensitivity The lowest concentration that can

be accurately and precisely

measured

Reproducibility Precision of the measurement in

different conditions (days,

observers)

Stability Degradation of the biomarker from

the time it is extracted and until it

is  analysed

biological process under study. The objective is  to  define the

biomarker’s technical characteristics and not its usefulness; in

other words, to establish its accuracy, precision, sensitivity, repro-

ducibility, and stability that guarantee a  measure that is consistent

with the actual unknown values (Table 1).6,7

This kind of validation can be impacted by various factors7 and

must also include the determination of the range and reproducibil-

ity of detection. The US Food and Drug Administration (FDA) and

the European Medicines Agency (EMA) have issued methodological

guidelines with respect to these processes.8,9

Clinical validation seeks to  demonstrate the association

between the biomarker and the result of interest, in addition to

its usefulness. In other words, attempts to prove if the biomarker

accurately and reliably identifies a  clinically or  biologically defined

disorder, and whether or not it is capable of discriminating between

groups having different clinical or biological characteristics. It is

based on the external validation and can be  performed by means

of various designs depending on the type of biomarker, objectives,

type of sample, size, etc.6,10

The main parameters of clinical validity are sensitivity (pro-

portion of cases that test positive) and specificity (proportion of

«non-cases» that test negative). Other important parameters are

reproducibility, or the capacity a  biomarker has to yield the same

results in similar conditions, and predictive values or test perfor-

mance measure in different contexts.10 The biomarker must prove

to provide accurate and reliable performance in comparison with

a standard reference. To do so, receiver operating characteristics

(ROC) curves and their area under the curve (AUC) or discrimina-

tory capacity between cases and non-cases are used, which must

be as close to 1  as possible.6

Clinical usefulness

Biomarkers must be suitably validated prior to being used in

clinical practice. The evaluation of clinical usefulness assesses the

biomarker’s capacity to  provide useful information regarding diag-

nosis, treatment, or prevention of a  given disease.11 It attempts to

confirm whether the results of the biomarker modify patient man-

agement; that is  to  say, if they are helpful to guide clinical decisions

and achieve better outcomes compared with those that would be

obtained if the biomarkers were not applied. To evaluate the fea-

sibility of using the biomarker in  clinical practice, the scenarios in

which the biomarker improves patient outcomes must be  identi-

fied. The best context in which to ascertain this is  to  include the

biomarker to stratify the results of a  diagnostic test of clinical drug

trial.6

Despite the tremendous headway made in molecular biology

and the copious amount of candidate biomarkers, the truth is that

scant requirements are applied for their use. For the most part,

Table 2

Methodological approach for biomarker development and implementation.

Phase Aspects to  be considered

Clinical need Identify an  unmet need

Target population, usual practice

Current solutions

Expected results

Barriers

Analytical validation Sensitivity and specificity

Range of determination

Linearity

Reliability and precision

Stability, interferences

Consistency

Pre-analytic factors Sample collection

Processing

Transportation and storage

Biological variation and

clinical factors

Circadian and daily variability

Age, sex, and weight

Pregnancy

Medications, major surgery, and other

conditions

Interpretability Distribution among healthy individuals

Distribution in the target population

Definition of normality-risk

Diagnostic and prognostic

performance or

usefulness

Patient population and selection

Determination of index test and standard

reference

Data collection and analysis

Calculation of validity parameters

Post-analytic factors Delivery deadlines

Presentation of results

Quality control

Clinical and health

outcomes

Morbidity and mortality

PROM, quality of life

Greater precision in risk evaluation

Faster diagnosis

Simplification of processes

Costs

Source: Kolev et  al.12

PROM: Patient Reported Outcome Measures.

demonstration of analytical sensitivity and accuracy in the lim-

ited number of samples are required. Nevertheless, demonstration

of its diagnostic performance in an adequate clinical validation

study is  not currently mandatory and some authors amidst that

many biomarkers are implemented too soon and lacking proper

prior evaluation. The lack of rigorous validation studies can be

due to  a number of reasons, including the following: researchers

and clinicians not  knowing the suitable methodology; disparate

methodological development that is not enforced by existing regu-

latory frameworks; regulations focused on analytical validation;

lack of analysis of pre-analytic issue, and biological variation.

Finally, there is  a paucity of clinical validation studies, probably

owing to the specific methodological requirements that entails

designing and analysing this kind of study and the difficulty in

finding appropriate gold standards.7,12

Theoretical framework for the validation of biomarkers

Despite the fact that, for the time being, there is  no com-

mon regulatory framework for the evaluation of biomarkers, some

methodological proposals have been put forth to facilitate its devel-

opment and implementation.7,12 It  must be remembered that the

adoption of a  biomarker is  a  cyclical process that begins with

acknowledgement of an unmet need, followed by extensive process

of evaluation and approval.
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Table  3

Difficulties in the validation of biomarkers and possible approaches.

Problem Possible origin Methodological

approach

Correlated

observations

Multiple observations

per subject

Multiple lesions per

subject

Mixed linear models

(structure of

correlation)

Multiplicity Multiple biomarkers or

outcomes

Methods that control

for  false positive rate

Multiple outcomes Interest in more than

one outcome

Compound measures

Prioritization of

outcomes

Selection bias Retrospective data or

observational studies

Multivariate models

Paired samples

Propensity index

Source: Ensor.13

Table 2 displays the aspects to be  contemplated during the var-

ious phases as a  methodological approach to the development and

implementation of a  biomarker.12

Methodological considerations in the validation of
biomarkers

Biomarker validation poses key methodological challenges.

There are currently no regulations that have been defined regarding

the evaluation and adoption of biomarkers and surrogate end-

points in the absence of robust validation data. One of the leading

stumbling blocks to  validation is the lack of high-quality biological

samples and standardised measures of response in  clinical trials.

In addition, -omic techniques make it possible to  measure

multiple variables (genes, single nucleotide polymorphism [SNP])

simultaneously, which means that the biomarker may comprise,

not a single gene, but, for instance, a  microarray of 70 genes. This

multiplies the difficulty in validating biomarkers, inasmuch as the

usual statistical methodology is  designed for a  single variable (a

hypothesis for each biomarker) and not for a  number of variables

(one hypothesis for a  set of X genes).

Therefore, validating biomarkers presents a series of differential

characteristics that must be  taken into account when performing

statistical analyses13,14; these features can be seen below (Table 3).

Intra-individual correlation

By and large, biomarker studies have multiple observations of a

single parameter; for instance, tumour marker measurements of

different pathology samples from the same patient or repeated

measure of several pathology samples of the same marker over

time (follow-up studies). In  these cases, the observations (measure-

ments of a biomarker) are not  independent, but  rather, correlated.

The analysis of correlated observations by means of classi-

cal statistical methods (constituted for independent observations)

increases the risk of type I errors and, as a result, the likelihood

of obtaining spurious associations or false positives. consequently,

methods must be  used that take into account intra-individual corre-

lations (the structure of variance-covariance), such as mixed linear

models. By way of illustration, comparisons based on generalised

estimation equations (GEE) adjust the dependence of the obser-

vations, thereby making more realistic p values and confidence

intervals to be reached.

Multiplicity

Biomarker validation studies have several sources of multiplic-

ity:

• Multiple markers: gene combinations, SNP.
• Multiple ways to quantify a  biomarker.
• Multiple cutoffs (continuous biomarkers).

The presence of multiplicity requires that statistical procedures

be used to control false positives.

In the statistical analyses, we establish a  level of significance (p

value) to decide if the results observed are random. The contrast of

hypotheses calculates the probability of observing an association

between two  variables; the hypothesis of no association is rejected

if  the value of probability is less than a pre-set one (typically, 0.05).

The null hypothesis of validation is that the biomarker in ques-

tion has no effect on the prognosis of the disease, treatment

response, or the biological process. The use of more than one con-

trast hypothesis increases the probability of finding a  statistically

significant result. In  other words, the more contrasts we performed,

the greater the likelihood we will have of finding some kind of  asso-

ciation (greater probability of false positives). In statistics, this is

known as «multiple comparisons».

Multiple comparisons increase the probability of spurious asso-

ciations (false positives); which is why the rate of type I errors must

be adjusted. Two important concepts in  this type of analysis are  the

family wise error rate (FWER) and the rate of false discovery (FDR).

FWER is  defined as the probability that there will be  at least one

false positive, while FDR is  the expected proportion of type I  errors

or probability that  a null hypothesis that has been rejected will, in

fact, be true.

There are several methods by which to  adjust for the rate of type

I errors. The choice of one or another of several factors, such as the

exploratory or  confirmatory nature of the analysis, or  the expected

number of contrasts. Decision trees15 and even on-line calcula-

tors for multiple comparisons have been elaborated to  choose the

appropriate method.16

Conventional adjustment methods control the rate of false pos-

itives or FWER and are based on rejecting the null hypothesis with

lower p values. One of the most widely used is Bonferroni’s method

that consists of dividing the usual level of significance (�) by  the

number of comparisons made (n), rejecting the null hypotheses

whose p values are less than the �/n coefficient instead of  �.  By low-

ering the level of significance, the probability of false positives is

also lower, however, the statistical power to  detect real differences

is also reduced, which limits its applicability.15,17

FDR adjustment methods have become a  usual alternative to

Bonferroni’s correction, particularly in genomic studies. The aim

of controlling for FDR is, from among the tests declared as signifi-

cant, to manage to  achieve a  proportion of true null hypotheses to

be  less than a  specified value. The Benjamin-Hochberg procedure

controls FDR by using the q-value, the FDR analogue to the p  value.

The q-value is defined as the expected proportion of false positives

among all the tests that are equal to or more extreme than the one

observed. A p value of 5% means that 5% of all the tests will be false

positives; a  q  value of 5% means that 5% of the significant results

will be false positives.15,17

These methods are based on different suppositions and have

different levels of complexity and power, but all point toward bal-

ancing the compensation between type I and type II  errors.

Multiples outcome measures

The use of different outcome measures is  also a  source of  mul-

tiplicity.

In  the literature, it is not uncommon to find studies in which

various outcome measures are used simultaneously without cor-

recting for multiplicity. For example, outcomes measures such as

overall survival, progression-free survival, remission rates, and the

rate of stable disease may  all be  used as outcomes measures in  the
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same study. This issue of multiplicity becomes even greater when

the definition of «time to event» intervals varies depending on the

date chosen as the onset of exposure (date of diagnosis, date of

treatment initiation, date of surgery, etc.).

In these cases, it is difficult to  reach a  consensus as to the valid-

ity of a biomarker or regarding what decision to  make when the

findings of different outcome measures are contradictory. Several

approaches have been proposed, including the following:

• Use an outcome measure as «fundamental», adjust the analysis

for multiple comparisons, and consider the remaining outcomes

as biologically related.
• Combine different outcome measures in  a  single outcome to eval-

uate.
• Prioritize outcomes and carry out the analysis of the first one. If

the results are significant, regard the analysis as finalized; if the

results are not significant, move on to  the second outcome, and

so forth.

It is essential that no more contrasts of hypothesis be performed

than necessary. One outcome must be chosen, and the results

obtained be accepted in order to  achieve reproducibility and data

coherence.

Selection biases

Retrospective designs are often used in molecular epidemiology

for reasons of feasibility, given that  retrospective data are generally

more easily accessible and make it easier to  conduct «time to event»

analyses. Be that as it may, retrospective designs entail limitations

that must be taken into account.

On the other hand, the different levels of biomarkers (e.g., nor-

mal versus overexpression) may  not be homogenous compared

to other possible study outcome predictors. The fact that clinical

efficacy predictors are not balanced across the various levels of a

biomarker is not a  selection bias in  the strictest sense of the term,

although it can confound associations. The consequence is  a  prob-

lem of inference and limitation on the party of the researchers to

establish the prognostic and predictive value of a  given biomarker.

In consequence, validation of these biomarkers must address

these issues by means of the use of statistical methods that  make

it possible to control confusion, such as:

• Multivariate models to control for the different confounding fac-

tors.
• Paired samples for those factors that can affect results.
• Propensity index to  simulate the conditions of a  controlled clini-

cal trial, the gold standard to estimate an effect.

Types of designs

In addition to the afore commented methodological challenges,

the fact that there may  be differences in validation study designs

depending on the type of biomarker that is the object of analysis

must also be kept in  mind.

In the case of prognostic biomarkers, the aim is  to demonstrate

an association between the biomarker, or its change over time,

and the appearance of a clinical outcome irrespective of treat-

ment. Initially, retrospective studies can yield enough data for this

analysis. Nevertheless, the validation must be carried out in a  num-

ber of centres or  using re-sampling techniques if only a single

centre is available. Once the multicentre validation is confirmed,

the ultimate proof of a biomarker’s clinical usefulness must be

attained through prospective, randomised clinical trials. Prognostic

biomarkers are fairly easy to identify, but only rarely are multicen-

tre validations conducted.5

Predictive biomarkers are those in  which the baseline value or

the changes over time predict the efficacy or toxicity of  a given

therapy. The statistical analysis of these biomarkers demand ran-

domised, controlled clinical trials, ideally having an interaction

study design to  determine whether the status of the biomarker

modifies the association between treatment and the observed

effect.

One alternative is to use the so-called «selection» designs that

only include patients who are positive for the biomarker and can

therefore confirm the biomarker’s usefulness to  identify those

populations in  which the therapy can be efficacious. However,

these designs cannot actually establish whether the biomarker is

predictive or  not, inasmuch as there is  no information available

regarding the lack of efficacy in individuals who are negative for

the biomarker in  question.

In light of the difficulty inherent in performing randomised

studies to  validate predictive biomarkers, oftentimes retrospec-

tive  validation is  conducted by evaluating previous clinical trials

to gauge whether the treatment has a differential effect based

on the presence of a biomarker. As a  result, validation of  a  pre-

dictive biomarker is costly and calls for randomised trials and

meta-analyses.5

Conclusion

The tremendous inroads made in  the field of biomarkers facil-

itates making decisions concerning the diagnosis, treatment, and

prognosis of the disease and levels the path toward personalised,

or precision, medicine. Nevertheless, the development process and

implementation of biomarkers is complex and requires a  number of

steps to guarantee the safety and reliability of the results. Moreover,

diagnostic performance studies must be an essential requirement

for the implementation of a  biomarker. These studies display dis-

tinct characteristics and methodological requirements that must be

considered when properly undertaking the validation of biomark-

ers and being able to guarantee their usefulness in clinical practice.
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