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ABSTRACT

While large numbers of proteomic biomarkers have been described, they are generally not implemented in medi-
cal practice. We have investigated the reasons for this shortcoming, focusing on hurdles downstream of biomar-
ker verification, and describe major obstacles and possible solutions to ease valid biomarker implementation.
Some of the problems lie in suboptimal biomarker discovery and validation, especially lack of validated platforms
with well-described performance characteristics to support biomarker qualification. These issues have been
acknowledged and are being addressed, raising the hope that valid biomarkers may start accumulating in the
foreseeable future. However, successful biomarker discovery and qualification alone does not suffice for
successful implementation. Additional challenges include, among others, limited access to appropriate
specimens and insufficient funding, the need to validate new biomarker utility in interventional trials, and large
communication gaps between the parties involved in implementation. To address this problem, we propose an
implementation roadmap. The implementation effort needs to involve a wide variety of stakeholders (clinicians,
statisticians, health economists, and representatives of patient groups, health insurance, pharmaceutical
companies, biobanks, and regulatory agencies). Knowledgeable panels with adequate representation of all these
stakeholders may facilitate biomarker evaluation and guide implementation for the specific context of use. This
approach may avoid unwarranted delays or failure to implement potentially useful biomarkers, and may expedite

proteomics.
Eur J Clin Invest 2012; 42 (9): 1027-1036

meaningful contributions of the biomarker community to healthcare.

Keywords Biomarker, biomarker implementation, clinical proteomics, clinical studies, expert panel,

Introduction

Clinical proteomics is defined as proteome analysis
intended to improve the medical practice, for example, in
relation to diagnosis, prevention, prognosis or therapy. Its
success should be judged from the conferred clinical impact
after implementation of its findings in everyday practice.
The last decade has been marked by significant technologi-
cal advancements in proteomics, especially with regard to
mass spectrometry and bioinformatic solutions for data
analysis. Over 4000 manuscripts including the words ‘clini-
cal’ and ‘proteomics” were indexed in MEDLINE in the last
decade. Multiple proteomic biomarkers have been described
for a variety of diseases, and several biomarkers have
shown added value over current disease-management
approaches, based on validation studies (e.g. in chronic
kidney disease [1-3], reviewed in [4,5]). Nevertheless,
implementation of the results in medical practice appears to
be scarce [6]. Despite the promising findings, the impact of
clinical proteomics (and biomarkers in general) on clinical
decision-making, patient management and welfare appears
insufficient.

Much of the problem may still lie in suboptimal discovery
and validation processes for proteomic and other highly touted
biomarkers. Analytical validation must be done prior to even
starting a study, and the performance characteristics of the plat-
form must be known [7-11]. Empirical evidence has shown that
even in the best-studied and most studied biomarkers from

diverse fields beyond proteomics, initial expectations may be
inflated, and true effects may be much smaller than originally
believed [12,13]. As others have pointed out, a plethora of fac-
tors can before, during and after sample analysis complicate
biomarker discovery and validation and lead to false discover-
ies [14]. Nevertheless, it is to be expected that, as these factors
are more clearly recognised, discovery and validation processes
might be improved to a point where they are no longer the
main bottleneck to progress. Enhanced attention is already
given to clinical proteomics workflows, with special emphasis
on experimental design of biomarker discovery, standardisa-
tion of procedures, data analysis and interpretation of results
[11,15-17]. Mandatory requirements for contributors have, to
some degree, been adopted by scientific journals (e.g. http://
www.mcponline.org/site/cpmeeting/cguidelines.pdf).
Technological bottlenecks associated with the transformation of
discoveries into potential clinical assay are being identified and
addressed [18-21]. Hopefully, if these efforts and insights
become systematically exploited and implemented, valid bio-
markers may start accumulating in the foreseeable future, per-
haps even at a rapid pace. However, even then, successful
biomarker discovery and qualification alone does not suffice for
successful clinical implementation. The objective of this article
is to highlight the critical hurdles downstream of biomarker
discovery and verification, and to suggest potential ways to
overcome them.
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Challenges in transforming biomarker discoveries
into clinical application

Frequently, the discovery of biomarkers is considered a suc-
cessful endpoint of clinical proteomics. Discovery and publica-
tion is a prerequisite for biomarker development, but it must be
transformed into the ultimate goal of this particular transla-
tional proteomics research: clinical application. While highly
ranked publications can have a prompt and major personal
impact on the involved scientists (e.g. increased funding and
advancement of academic career), the actual implementation
requires substantially more time and is associated with diverse,
unforeseeable challenges, which can bring the process to a
standstill. Many scientists appear unwilling to venture down
this tortuous and uncertain path.

In addition, different categories of biomarkers exist, depend-
ing on their intended use, as defined, for example, by Khleif et al.
[22]: A biomarker is a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes,
pathogenic processes or pharmacologic responses to a therapeu-
tic intervention. At least, four different categories of biomarkers
should be differentiated: (i) diagnostic biomarkers (early detec-
tion biomarkers, disease classification); (ii) predictive biomar-
kers (predict patients likely to respond to a specific agent,
predict patients likely to have an adverse event to a specific
agent); (iii) metabolism biomarkers (dose defining); and (iv) out-
come biomarkers (forecast response, progression or recurrence).

Implementation requires demonstration of clinical validity
and utility, and benefit for the patient [23,24]. This process is
demanding in time, as well as clinical, scientific and financial
resources, and generally requires large studies. These include
the assessment of performance on introduction of the novel
biomarker over and above routinely available information;
randomised trials to test improvement in clinical outcomes by
using the biomarker; and late implementation and dissemina-
tion studies to show that the biomarker was successfully
applied in everyday practice, with improved outcomes in large
populations and a concomitant decrease in the cost of care — or,
at least, without a substantial increase [25]. Such implementa-
tion testing is likely to take years, often exceeding a decade,
and continues even after the biomarker has been applied and
used widely in the community.

Biomarkers are actively sought for the majority of diseases
associated with major societal and economic burden in devel-
oped countries (e.g. dementia, renal and cardiovascular dis-
ease, and most malignancies). However, it may generally take
many years to clearly demonstrate the value of incorporating
these biomarkers in management decisions in randomised trials
that are evaluated based on hard endpoints. Possible solutions
with shorter time horizons include the use of surrogate end-
points and/or the analysis of biomarkers in already available

collections of samples with known outcomes. Surrogate end-
points may sometimes be misleading [26]. Therefore, there is
debate about whether clinical implementation should be based
only on results from studies that assess hard endpoints, or
whether lower-level evidence that can be assessed faster may
suffice. An expedited approval and implementation process
based on surrogate and/or retrospective evidence may carry
the risk of introducing expensive, useless or even harmful tests
[27]. On the other hand, withholding an apparently beneficial
test may deny a benefit for patients. As a consequence, a deci-
sion needs to be made at an early point in time whether
evidence based on surrogates will be acceptable: for example,
whether there is the potential for major health gains by intro-
ducing a biomarker with only modest evidence to support its
use, or whether a hard endpoint must be assessed before imple-
mentation.

Evaluation of biomarkers based on analysis of previously col-
lected samples with known outcome can be useful for the preli-
minary assessment of predictive or diagnostic efficacy, and the
efficient reclassification of participants into informative risk
categories with different implications for preventive or thera-
peutic intervention. However, such studies may involve a selec-
tion bias and do not guarantee that the use of biomarkers
would improve the clinical outcome.

Another major impediment to implementation is that scien-
tists are generally not well informed about the required steps
from initial discovery to translation into a clinically useful assay.
In fact, a clear road map towards implementation does not exist
and guidance is scarce. Furthermore, regulatory requirements, if
existing and applicable, are generally unknown to most
researchers. This uncertainty and lack of adequate knowledge,
in combination with the aforementioned need for substantial
efforts and funding to demonstrate clinical validity, utility and
added value of biomarkers over current clinical standards
through, in principle, large trials, generally bring the further
development of discovery findings to a standstill.

Performance of biomarkers superior to that for current stan-
dards does not automatically result in actual clinical implemen-
tation for several additional reasons: (i) biomarkers, even if
facilitating substantial improvements in patient assessment,
may initially fall short in influencing patient management,
owing to the lack of appropriate interventions; (ii) patients may
not wish to know about their risk of disease, especially if there
is no proven intervention available; (iii) beyond the value at the
clinical level, a biomarker must prove its cost-effectiveness [17],
and this may differ by country, healthcare system and study
approach applied by health economists; and (iv) physicians
may resist changing the status quo in daily clinical practice,
especially if this change is associated with personal financial
consequences (procedures profitable for the physicians are not
likely to be replaced).
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Substantial uncertainty exists about the road towards imple-
mentation of biomarkers. There are multiple, interrelated steps
where a plethora of different parties are involved, including
researchers, clinicians, healthcare providers, funding and regu-
latory agencies, legislative, educative, and health insurance
bodies, industry and patient groups. Each of these groups
views the implementation from a different and unique angle,
and cross-communication is often challenging. This results in
fragmentation and severe gaps in the flow of information that
may impede the clinical translation of research advancements.

A real-life example

The following typical scenario exemplifies how various chal-
lenges may create interactive hurdles for implementation of
properly qualified biomarkers. Early detection of diabetic
nephropathy, followed by appropriate therapy, is expected to
prevent progression to advanced renal disease [28,29], improve
quality of life and life expectancy of patients, and reduce the
societal economic burden. Considering that biomarkers have
been discovered and that associations of specific proteins or
protein patterns have been validated in blinded studies (e.g.
[2]), the next step would be to further validate these markers in

prospective clinical trials. Of paramount importance are the
definition of the endpoint(s) (in this case, detection of progres-
sion of chronic kidney disease — for example, end-stage renal
disease with need for renal replacement therapy) and proof of
an at least incremental superiority to existing diagnostic stan-
dards (e.g. assessment of albuminuria). The ideal study for such
a chronic, slowly progressive disease with a substantial propor-
tion of diabetic patients not affected requires the prospective
collection of samples over many years in a large population for
the accumulation of sufficient data to evaluate a hard endpoint.
This long time-frame is a major setback for everybody. To
exemplify the challenge, several of the major trials in the area
are listed in Table 1. In most trials, only surrogate endpoints
based on albuminuria were assessed, and, for several of the
trials, hard endpoints for chronic kidney disease (doubling of
serum creatinine concentration or end-stage renal disease) were
not reported. Unfortunately, collection of follow-up data to
assess hard endpoints at a later point in time was generally not
foreseen. Apparent benefit of intervention based on a surrogate
parameter (reduction of albuminuria) has been demonstrated
in currently manifested stages of disease [28,29], but one needs
to extrapolate whether a benefit would apply also to earlier
stages. Patients with diabetes may be reluctant to be informed

Table 1 Duration, demographic parameters and outcome of major trials testing early intervention in diabetic nephropathy

DIRECT | DIRECT I
Treated (N) 1662 951
Placebo (N) 1664 954
Age (years) 31 57
Diabetes type Type | Type Il
Diabetes duration (years) 91 88
BP (Systol/diastol) 117/73 133/78
Active treatment Candesartan  Candesartan
Duration of treatment (years) 47 47
Incidence of new microalbuminuria (%) 5:0/5-0 12:0/13-:0
Doubling of Screa (N) NA NA
ESRD (N) NA NA
Death (N) 14/13 37/35
Rate of death (%/year) 017 0-80
Rate of onset ESRD (%/year) NA NA
Rate of doubling of Screa (%/year) NA NA

HOPE BENEDICT ADVANCE ROADMAP
1808 601 5569 2232

1769 603 5571 2215

65 62 66 577

Type ll Type Il Type Il Type Il

11 8 8 6

142/80 151/88 145/81 136/81
Ramipril  Trandolapril Perindopril/Indapamide  Olmesartan
45 36 4-3 32

33/38 58/11 19-6/23-6 82/9-8

NA NA 55/45 23/23

10/8 NA 25/21 0/0
196/248 12 408/471 26/15

276 0-28 1-83 0-29

0-11 NA 0-10 0-00

NA NA 0-21 0-43

BP, blood pressure; Screa, serum creatinine; ESRD, end stage renal disease; NA, not accessible.

Data reported were extracted from DIRECT | [41], DIRECT Il [42,43], HOPE [44], BENEDICT [28], ADVANCE [45] and ROADMAP [29]. While most trials demon-
strated a positive effect of intervention when assessing a surrogate parameter, albuminuria, a benefit based on hard endpoints was generally not demonstrated
and was frequently not even assessed. The events are shown as number of events or percentage, as appropriate, in the active treatment/control arm.
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about early signs of kidney disease (e.g. years before recurrent
microalbuminuria), given that many current therapeutic
options are not proven to be effective at that stage, while poten-
tially more effective intervention measures are still under
development. We are hence faced with a fundamental
question: Shall we implement such biomarkers now and
employ current intervention strategies based on the assumption
they will bring a significant benefit at early stages of disease, or
shall we, prior to implementation, investigate whether the
intervention strategies bring a significant benefit, either based
on surrogate endpoints (e.g. albuminuria) or on hard end-
points? Thus, while prevention of diabetic nephropathy (or any
other disease) is a worthy goal, the implementation path is far
less clear.

Given these considerations, one may reflect that perhaps
research in these specific areas should not be even initiated,
because it will not result in any tangible impact on the current
situation; or that the current situation should be altered in a
way that positive results from research have a realistic chance
to be implemented to improve the current clinical status. The
latter option is certainly preferable, but the goals need to be
rigorously defined, and critical issues must be clearly identified
to advance.

An agenda to facilitate implementation of valid
biomarkers

The implementation problem is gaining increasing recognition,
and actions towards improving the situation have been initi-
ated: the substantial financial need to support biomarker
validation and qualification studies has been acknowledged
by funding agencies — prominent examples are the recent EU
FP7 calls for proposals for collaborative projects (http://
ec.europa.eu/research/participants/portal / page/fp7_calls
[30]). Additional examples include the Joint Programming Ini-
tiative in Neurodegenerative Diseases, which is funding the
first pilot call for research projects in ‘Optimisation of biomar-
kers and harmonisation of their use between clinical centres’;
and the new ERA-Net TRANSCAN, which has proposed the
topic ‘Validation of biomarkers for personalised cancer medi-
cine’. In the aforementioned example of diabetic nephropathy,
a clinical trial (PRIORITY; FP7 2012-2016) is being launched,
exploring the potential benefit of intervention on early diabetic
kidney injury, based on a panel of urinary protein biomarkers
[31]; and the ‘Early Prevention of Diabetes Complications in
Europe’ (e-PREDICE) was also funded to investigate changes
in biomarkers for microvascular damage, endothelial function,
oxidation and inflammation, conferred as a result of different
drug treatments designed for the early prevention of diabetic
complications. Similar efforts are also underway in many
other fields and in other countries, for example, in the USA,

the Early Detection Research Network of the National Cancer
Institute (http://edrn.nci.nih.gov) [32]. These are certainly
major advances, shifting the emphasis from biomarker
discovery to clinical application. Nevertheless, the
implementation process, as a whole, still appears to be sub-
stantially under-funded.

Aiming to facilitate successful implementation of research
findings in medical practice, the European Medical Research
Council (EMRC) recently published the ESF/EMRC ‘forward
look’ (http:/ /www.esf.org/emrc; May 2011), describing the
different hurdles in the process. To spear-head an implementa-
tion road map and identify the special turns it must take in the
case of proteomics findings, the European Kidney and Urine
proteomics COST Action, during its regular meeting (Madrid
2011), organised a session on clinical implementation of
research findings pertinent to kidney diseases. In this meeting,
researchers, clinicians and representatives from biobanks,
industry, funding and regulatory agencies were invited to
present their views of the implementation process. Jointly,
these initiatives showed that biomarker research should adhere
to a much more organised format, taking into consideration the
needs and perspectives of the whole spectrum of involved par-
ties: from scientists in the discovery laboratory to end-users
(patients, physicians), including regulatory bodies. We suggest
the following steps to facilitate implementation of clinical pro-
teomics findings (Fig. 1):

e Perform initial discovery and validation for the specific
context of use. If positive;

e Approach a suitable multidisciplinary panel (described in
detail below) to evaluate evidence, and if positive, to provide
guidance for further study design;

e Apply for funding and, in parallel, request samples from
biobanks, when available, or initiate new sample collection
(considering the panel’s recommendations);

e Perform biomarker evaluation;

e Approach the panel for evaluation of the additional data
and, if positive, for guidance for clinical study design;

e Apply for funding and perform intervention study to eval-
uate expected benefit. Preferably, hard endpoints should be
assessed, if they can be reached in a reasonable period of
time. If this is not possible, and the biomarkers are consid-
ered to have potentially life-saving clinical potential, vali-
dated surrogate endpoints may be employed, mandating
additional follow-up to assess the hard endpoints;

e Approach the panel for evaluation of the evidence from the
intervention study. If positive;

¢ Implement in clinical practice — perhaps on a limited, con-
ditional basis until information on hard endpoints is consid-
ered robust enough;

European Journal of Clinical Investigation Vol 42 1031
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Figure 1 Implementation of novel biomarkers represents a substantially harder challenge than initially thought by scientists. As
shown on the left-hand side of the cartoon, the current belief is that the major efforts are required during initial identification and
verification of proteomics biomarkers. Implementation in the clinic is conceived as being simply a matter of continuing uphill, the
‘last few steps’ to the red flag. However, we argue that this is not true. While initial identification, verification and establishment of
an appropriate analytical platform are without doubt major steps, even more substantial efforts are required on the road to actual
implementation, which evidently is much longer than anticipated, and full of risks and additional obstacles. Among the major
challenges are access to specific knowledge, sufficient funding, access to appropriate specimens, demonstration of reproducibility
and performance of interventional trials. We propose support by a multidisciplinary panel immediately after initial verification, to
accompany scientists on this road to implementation and to help avoid potentially useful biomarkers failing to reach the clinic.
Once implementation in the clinic has been accomplished, the process does not stop, as cost-effectiveness, clinical adoption and
collateral problems still must be monitored.

define and implement clinical priorities in a multidisciplin-

e Apply feedback mechanisms to evaluate cost-effectiveness, ary and multistakeholder process, such as the Centre for
clinical adoption, problems in routine application, unantici- Biomedical Network Research (CIBER) in Spain and the
pated collateral problems. organisation INVOLVE of the UK Department of Health.
Whether this is the optimal way to proceed remains to be
Key issues to settle in this process include the following: seen. Generation of Web-based platforms allowing descrip-
tion of research priorities per disease and stakeholder
e The definition of clinical needs and desired context of use (patient groups, health insurance companies, clinical socie-
for new biomarkers should be specifically emphasised [16]. ties, law-making bodies, etc.) appears to be a good starting-
Different approaches to establish research priorities may be point to record existing views and to allow a more informed
considered: for example, expert committees, peer review, initiation of biomarker discovery efforts.
research-gap generation or value of information modelling. ¢ A knowledgeable independent body or panel is required to
A key question is who should be involved in the process and evaluate the results of initial biomarker verification and qual-
how? Some countries have established organisations to ification efforts as well as the respective claims and clinical
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utility in a transparent and unbiased manner. Currently,
claims made for biomarkers are usually made by the
scientists involved in the original studies, fostering
unwarranted optimism and allegiance bias. The European
Medicines Agency (EMA) and the US Food and Drug
Administration (FDA) aim to provide evidence-based advice
on biomarker qualification. One example is the voluntary
biomarker qualification programme [33]. Biomarker data
evaluation and guidance can be enhanced by the active
involvement of a multidisciplinary panel (clinicians, clinical
chemists, statisticians, health economists, representatives
from patient groups, health insurance, pharmaceutical and
biotechnology companies, (publicly funded) biobanks and
regulatory agencies) that would evaluate existing data and
provide specific recommendations for a road map towards
clinical implementation of the biomarker for the specific con-
text of use (including use of biobanked samples, surrogate
and hard endpoints etc.; Fig. 1). Demonstration of reproduc-
ibility for markers that move towards clinical experimenta-
tion is vital; hence, evaluation should include repeatability
checks by experienced statisticians/bioinformaticians using
the raw data.

e Availability of funding for biomarker implementation
studies. As an example, a certain part of the EU FP7 funding
for collaborative projects under the Health theme is directed
to clinical research projects, including investigator-driven
clinical trials, to bring basic health research closer to the clinic
(the 2011 call details can be found at http:/ /ec.europa.eu/
research/ participants/portal / page/cooperation?callldentifi-
er=FP7-HEALTH-2012-INNOVATION-1). Positive evalua-
tion of biomarker data by the panel (II) could be regarded as
a positive recommendation also for funding purposes. Such
implementation-focused projects should involve representa-
tives of all parties mentioned above, as partners or members
of an advisory board, to ensure timely implementation.

e Increased accessibility to biobanks. Availability of appro-
priate and clinically well-documented samples is frequently
a major bottleneck for biomarker studies, even if all other
aforementioned gaps are filled. Biobanks can largely expe-
dite the assessment of predictive or diagnostic ability of bio-
markers. Use of samples from biobanks could rapidly
provide answers regarding biomarker validity and guide (or
spare) further qualification studies through prospective trials
[34-38]. The EU-funded Biobanking and Biomolecular
Resources Research Infrastructure (BBMRI) project (http://
www.bbmri.eu/) aims to build a coordinated, large-scale
pan-European biobanking infrastructure, initially based on
existing sample collections, resources, technologies and
expertise [39]; it is intended to work as an interconnected
node structure including biobanks, biomolecular resources,
harmonised standards, databases and bioinformatics, as well

as a platform for assessing ethical, legal and societal issues.
This approach is promising; however, it has not yet been
fully realised, and substantial difficulties in accessing
existing biobanks are encountered. In addition, harmonisa-
tion of quality control tools and sample collection protocols,
both significantly influence the results obtained, has not been
achieved yet, but is mandatory. These issues not only affect
in vitro diagnostic tests [40] but also have a major impact on
multiparametric -omics” approaches and can override dis-
ease-related patterns or even abolish meaningful data inter-
pretation.

Improvement efforts should be focused on transparency,
creation of clear rules for sample accessibility and proce-
dures for requests, including clear timelines; comprehensive
listing of samples retrieved for all projects (outlining their
type and the respective research project, so as to avoid
duplication of efforts); streamlining of consent processes;
and generation of the appropriate legislation that allows
use of the stored samples. Stored samples should be associ-
ated with consent for the sample to be used in any scien-
tific investigation. If analysing the sample is dependent on
obtaining a new consent from the donor (who may well be
deceased) individually for every experiment, then the value
of such a biobank is minute, as its content can generally
not be used because of this legal restriction.

Conclusion

Implementation of biomarkers is a complex process that would
significantly benefit from the establishment of a general road
map. While we have focused on proteomic biomarkers in this
article, the considerations and suggestions extend well beyond
the boundaries of the proteomics community and are relevant
to all new biomarker technologies.

Potential consequences of implementation should be con-
templated from the very beginning of the developmental pro-
cess, even at the stage of biomarker discovery. We also
suggest potential means to achieve these aims. Final success,
the implementation of the biomarker to benefit patients, can-
not be guaranteed upfront, even if the biomarker proves to
be valuable, because there is a continuous evolution of the
landscape, with all of its political, societal and clinical impli-
cations. The -omics revolution, and development of persona-
lised medicine approaches, will add greater complexity and
new challenges to the implementation process in the coming
years. However, if mechanisms for efficient communication
and guidance on a road map towards clinical implementation
are apparent and disseminated, we will be much better
equipped to react more promptly and make the required
adjustments. The biomarker community will be better
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positioned overall to make more meaningful contributions to
clinical care, which after all should be the principal goal of
all parties involved.
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