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Mass spectrometry-based clinical proteomics approaches were introduced into the
biomedical field more than two decades ago. Despite recent developments both
in the field of mass spectrometry and bioinformatics, the gap between proteomics
results and their translation into clinical practice still needs to be closed, as
implementation of proteomics results in the clinic appears to be scarce. An extra
focus on the importance of the experimental design is therefore of crucial
importance.

In the post-genome era, ‘omics’ techno-
logies are a central part of biomedical
research. As these tools provide an inte-
grative approach for the research of an
organism, they are often preferred over
traditional biochemical approaches in
many biological areas of study. Evi-
dently, much can be learned by using
proteomics in a clinical context. Clinical
proteomics aims to understand the
pathobiology of diseases at a protein
level, to characterize new protein targets
for drug development and therapeutic
intervention, and/or to identify protein
biomarker candidates for the (early)
diagnosis of diseases and the prognosis
or prediction of the therapeutic
response [1]. Hence, numerous clinical
proteomics studies have been published
over the last two decades which have
improved our understanding of many
diseases [2]. Despite fast technological
developments in the field of both mass
spectrometry (MS) and bioinformatics,
which steadily improved the sensitivity,
specificity and throughput, limited trans-
lation to clinical practice has been
achieved. This hurdle may be attributed
to several causes.

First, this is due to insufficient atten-
tion paid to the study design in the
discovery step. Arbitrary decisions
regarding protein effect sizes (expression
threshold for fold change of differen-
tially expressed proteins) or sample sizes
lead to poor (often underpowered)

designs which direct the experiments to
inconclusive results. When compared to
genomics studies, where the importance
of study design has been well docu-
mented, reports on the significance of
the experimental design in proteomics
studies are minimal, and only recently
the subject has gained more attention [3].
The studies of Oberg and Vitek in
2009 [4], Cairns [5] and Levin [6] in
2011 were among the first key publica-
tions arguing the necessity of performing
power calculations in proteomics disco-
very experiments given a certain techni-
cal and biological variance. Particularly
in clinical proteomics discovery experi-
ments, where small cohorts of complex
human samples are used to elucidate
protein expression, inter- and intra-
individual variations and systematic
effects would obscure a differential anal-
ysis leading to high false discovery rates
and irrelevant results when an improper
study design is applied. Besides the cor-
rect design, the avoidance of bias and
confounding factors is also essential [7].
Indeed, pre-analytical variables (such as
differences in sample storage or process-
ing) can affect the sample quality and,
thus, influence the overall quality of
data. Luckily, there is an increasing
awareness of the importance of control-
ling these variables while banking
clinical samples [3]. In addition to
these controllable pre-analytical variables,
the effect of uncontrollable factors
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(e.g., demographic characteristics) must be accounted for in the
study design by implementing randomization, replication and
blocking schemes [7]. Since both bias and confounding factors
can be laboratory-specific, multi-center verification of the
results with independent sample cohorts can increase the suc-
cess in concrete validation.

Second, the lack of a well-defined research question is
another underestimated reason why validation of proteomics
results is lagging. A clearly defined research question and a fal-
sifiable hypothesis will impact the choice of the study popula-
tion of interest. Especially in clinical proteomics, where disease
heterogeneity induces an enormous variety, a deep understand-
ing of the disease pathology may be required in order to select
the most appropriate individuals for the study [8]. For example,
it is crucial to understand whether the study population is
suited to test the disease-positive cases versus disease-negative
controls for differential markers. As phenotypic heterogeneity
across studies makes it difficult to generalize the obtained
results or to replicate them in independent cohorts (which can
partially explain the lack of validation), a clearly defined and
focused research hypothesis as well as an adequate sample size
with suitable control groups can increase the homogeneity and
reduce the observed variability [8].

A third factor that jeopardizes the validation potential of
proteomics studies is the lack of statistical rationale in the anal-
ysis of results in the initial stages of the discovery phase.
Although adequate data analysis is crucial to provide conclusive
results, the underlying assumptions of statistical tests are some-
times ignored, which leads to long lists of dubious markers that
cannot be validated. Due to an increasing awareness of this
problem, bioinformaticians/biostatisticians usually join proteo-
mics team to ensure statistical results of high quality.

In addition, even when statistically sound data are obtained,
model over-fitting due to detection of hundreds of proteins in
small sample sizes (test set) in the discovery experiment may
easily lead to false correlations (high false discovery rate) and
over-interpretation of proteomic data [9]. Leave-one-out cross
validation is needed and confirmation of the detected differen-
ces in a follow-up independent patient cohort (validation set)
reflecting the targeted population heterogeneity is mandatory.
In these validation phases, the statistical design must be imple-
mented as indicated by the regulatory authorities to evaluate
the classification accuracy of the marker combination [1]. Yet,
several study design guidelines such as the prospective-
specimen-collection, retrospective-blinded-evaluation rules are
available [10].

A well-defined proteomic experimental design, however,
should not only be statistically sound and sufficiently powered,
but also requires robust tools to systematically assess the instru-
ment performance [11]. The lack of standardization and inter-
laboratory transferability in discovery and verification can,
therefore, be seen as the fourth hurdle in translational proteo-
mics. Since the complex proteome can be studied with a highly
diverse toolbox of mostly complex proteomics approaches and

equipment, appropriate guidelines and protocols for evaluating
the quality of the measurements and lab-to-lab differences are
needed to ensure that data can be reproduced by others [12].
Although efforts such as the Minimal Information about a
Proteomics Experiment reporting guidelines are a first step
toward more standardization [13], implementing a quality con-
trol of the appropriate performance criteria is primordial since
poor system performance results in poor reproducibility of the
measurements. Recent publications of Tabb [14] and Bere-
man [15] on quality control in proteomics are, therefore, of
high importance. Other key publications of Paulovich et al. [16]

and Abbatiello et al. [17] reported inter-laboratory studies where
standards for benchmarking the performance of discovery
(liquid chromatography-MS) and verification (multiple reaction
monitoring-MS) platforms are described. Implementing these
quality control guidelines will be beneficial for the transferabil-
ity of the results.

Last but not the least, validation of the results in the discov-
ery phase is often a problem, as the costs of the verification/
validation procedure are usually high [3]. This largely explains
the enormous amount of published biomarker candidates that
did not reach clinical practice. However, with the transition in
medicine toward prevention, prediction and personalized treat-
ment, biomarkers are of growing interest for clinical practice
and pharma industry. In order to meet this demand, it is of
utmost importance that sufficient evidence is generated in a
well-designed discovery and verification study to support the
investment for a large-scale validation. Only when substantiated
results are obtained, investors can be convinced in walking the
uncertain path of validation with a potentially low return on
investment in early stage as a large number of candidates need
to be validated before a protein biomarker can be found.
Fortunately, current developments in reproducible targeted
MS-based procedures are facilitating the validation of these
long lists as highly multiplexed MS-based assays are now
realized [18,19].

The growing interest for the issues of quality in data acquisi-
tion, analysis and experimental design indicates that we are on
an important turning point. Hopefully, many success stories
can follow the examples of two recent US FDA-approved pro-
teomics-based biomarker panels: the OVA-1 and ROMA
multi-marker blood tests for predicting malignancy in women
with an adnexal mass [20]. Along with the technological devel-
opments in the field and an increasing focus on well-designed
studies, we envision that the above hurdles can finally be over-
come and bring clinical proteomics to a new horizon.
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