
Introduction
The development of novel biomarkers for diagnostic and 
prognostic applications is currently at the front of a renewed 
bidirectional interaction between basic and clinical research. Th e 
combination of diff erent “omic” approaches to measure molecular 
activity at diff erent levels of complexity is accelerating the pace at 
which new advances relevant to translational research are being 
reported. Th erefore, an accurate documentation and reporting of 
biomarker studies is fundamental to improve research quality and 
facilitate their potential incorporation into clinical practice. 

According to the Biomarkers Defi nitions Working Group 
of the US National Institutes of Health, 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 therapeutic intervention.”1 Th ree 
main types of biomarkers may be defi ned: type 0 biomarkers, which 
correlate with the emergence or development of a disease; type 1 
biomarkers, which refl ect the action of a therapeutic intervention; 
and type 2 biomarkers, which may be used as surrogate clinical 
endpoints. Diagnostic and prognostic biomarkers fall into the 
type 0 category. Th e former refers to biomarkers that predict the 
occurrence of a disease in subjects suspected of having the disease. 
Th e latter aims to predict the outcome (e.g., complications and 
clinical response) of a patient exhibiting disease symptoms.

A complete and accurate reporting of biomarker studies goes 
beyond the listing of biosignatures (e.g., genes), the description 
of standard experimental protocols, or the presentation of 
statistical signifi cance probability values. It requires a more 
rigorous and detailed specifi cation of diff erent qualitative and 
quantitative aspects. Th ese aspects are required for assisting in 
quality assessment, peer review, and external validation of results. 
Good reporting practices should provide enough information 
to allow the reproducibility of experimental fi ndings and the 
reconstruction of quantitative prediction models. Incomplete 
or inaccurate reporting of fi ndings, quantitative models, or 
predictive evaluation may potentially lead to misinterpretation 
of hypotheses, exaggerated claims, and inadequate interpretation 

of quantitative analysis results. Th us, a more rigorous reporting of 
diagnostic and prognostic models will prevent premature eff orts 
in translational research, and contribute to the overall goal of 
improving research quality and human health.

Th e following sections will include an overview of “omic” 
biomarker research, a discussion on the challenges and limitations 
in the reporting of biomarker studies, community-based 
recommendations, and an examination of the cardiovascular 
research literature.

“Omic” biomarkers
“Omic” biomarker studies may be categorized on the basis of 
the complexity of the data investigated. Under such a scheme, 
four major types of studies can be defi ned according to: (a) the 
number of biomarkers that are (or can be potentially) used as 
inputs to a prediction model and, (b) the characteristics of these 
data. Single marker studies aim to report the predictive capacity 
of a single biomarker, such as a protein or risk factor, which could 
be used to distinguish between risk or disease groups. Multiple 
marker studies emphasize the description of a list of diff erent 
biomarkers with potential diagnostic or prognostic value. Th is 
may involve the identifi cation of several genes or proteins that 
may be applied as potential predictors of disease or clinical 
outcome. A typical approach is to identify a list of biomarkers 
by performing quantitative analysis based on assumptions of 
biomarker independence, followed by additional procedures 
to fi nd potentially meaningful associations, for example, data 
clustering. Integrated prediction models combine different 
biomarkers, which may be derived from diff erent experiments 
or bioinformatic/statistical techniques. A distinguishing 
methodological feature is that biomarkers represent the inputs 
to an integrated mathematical model (e.g., variable regression 
and sample classifi cation) that takes into account both between-
marker and marker-outcome relationships. Th is category may 
also be divided according to the characteristics and diversity 
of data sources. Th us, the biomarkers may originate from the 
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same “omic” resource type, for example, gene expression only, 
or represent diverse types of data, for example, gene expression 
and pathway information. Table 1 summarizes this categorization 
together with corresponding examples of recent studies and 
applications.

Diagnostic and prognostic biomakers may also be categorized 
in terms of the type of “omic” information that they represent. 
Th e major information domains are: genomics, 
transcriptomics, proteomics, and metabolomics. A 
signifi cant expansion of genetic variability studies 
over the past 3 years has led to a stream of diverse 
sets of gene–disease associations. Th is includes 
single nucleotide polymorphisms (SNPs) from 
candidate gene and genome-wide association 
studies.3 Transcriptomic-based biomarkers mainly 
comprised the identification of diagnostic or 
prognostic signatures using gene expression data 
for patient classifi cation, risk estimation, and the 
discovery of treatment response sub-classes.10 
Diagnostic and prognostic biomarkers originating 
from the plasma and serum proteome, as well 
as metabolite profi ling, have also been investigated 
for risk assessment and subject classifi cation.11,12 
Table 2 summarizes typical applications and 

examples in the cardiovascular research area according 
to these information types. Reviews by Sawyers13 and 
Gerszten and Wang14 discuss diff erent methodologies, as 
well as applications, in cancer and cardiovascular research, 
respectively.

Challenges in reporting and documenting biomarker 
studies
The proposal of reporting guidelines in different 
biomedical research areas has been mainly motivated 
by the need to improve the quality of published papers. 
Previous investigations have highlighted that some 
methodological errors are still commonly present, 
together with exaggerated or incorrect interpretations 
of key factors, such as the meaning of statistical 
results.15–17 It has been shown that, in many cases, the 
reporting of diagnostic models using, for example, 
gene signatures lacks important information to allow 
their external validation.18 Although the specifi cation of 
standards has facilitated the incremental improvement 
of the reporting of biomarker studies over the past 
5 years,19 there is still a need to promote better levels of 
documentation accuracy and completeness in diagnostic 
and prognostic research. 

Examples of some of these challenges include the 
need to increase the acknowledgment of methodological 
limitations. Th is may require a discussion of the meaning 
and potential infl uence and implications of errors, as well 
as potential problems and bias of validation procedures. 
In the area of biomarker discovery, this is fundamental to 
understand results in context and achieve higher levels 
of credibility. But the need to improve the quality of 
reporting of limitations is also apparent in diff erent areas 
of life and physical sciences. For instance, a recent survey 
involving articles from journals that received the highest 
impact factors in 2005 shows that less than 20% of the 
articles referred to potential limitations of their studies.17 
Some journals have started to encourage authors to report 

limitations as part of their guidelines or even as specifi c formatting 
instructions.

Recent research has also pointed out that diagnostic and 
prognostic models, such as those based on microarray gene 
expression, may be lacking key information to allow external 
researchers to re-apply the model or reproduce predictions.18 It has 
been demonstrated that even an exact specifi cation of quantitative 
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Type Characteristic 
and application

Examples

SM The predictive capacity of a 
single biomarker, e.g., protein 
or risk factor, to distinguish 
between risk or disease 
groups is analyzed.

Protein marker for heart 
failure after myocardial 
infarction2

Polymorphism in a gene 
associated with metabolic 
syndrome and mortality3

MM List of different biomarkers, 
e.g., genes or proteins, is 
analyzed independently as po-
tential predictors of disease or 
clinical outcome, followed by 
additional analyses, e.g., data 
clustering.

Plasma levels of proteins as-
sociated with coronary artery 
calcifi cation4 

Gene expression patterns 
associated with arterial 
hypertension5

IPM-Hom The combination of different 
biomarkers derived from the 
same resource type, e.g., gene 
expression only, is implement-
ed using a computational 
prediction model. 

Combination of multiple 
SNPs polymorphisms to 
detect esophageal cancer6

Integration of multiple 
gene expression variables 
to estimate coronary 
collateralization7 

IPM-Het Biomarkers derived from 
diverse types of data, e.g., 
gene expression and pathway 
information, are integrated 
into a computational predic-
tion model.

Integration of information 
extracted from medical 
records and gene expression 
measurements to identify 
biomarkers of aging8

Integration of information ex-
tracted from gene expression 
profi les, gene annotation, 
and functional networks to 
identify dilated cardiomyo-
pathy9 

SM = single marker; MM = multiple markers; IPM = integrated prediction models; Hom = homoge-
neous information sources; Het = heterogeneous information sources.

Table 1. Main types of “omic” diagnostic or prognostic biomarker studies according to model 
complexity. 

Omic information Typical applications Examples

Genomics SNPs associated with disease 
or clinical outcome

SNPs associated with meta-
bolic syndrome and 
mortality6

Transcriptomics Gene expression biosignatures 
for patient classifi cation 

Gene expression signature 
in peripheral blood to detect 
thoracic aortic aneurysm10 

Proteomics Biosignatures, e.g., from 
plasma proteome, for risk 
assessment and disease 
diagnosis

Different biomarkers for 
ischemic heart disease11

Metabolomics Metabolite profi ling of serum 
or plasma for risk stratifi cation

Biomarkers for myocardial 
ischemia12

Table 2. Main types of “omic” information used for implementing diagnostic or prognostic biomarker 
studies in cardiovascular research. 
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prediction models may not be suffi  cient to defi ne a biomarker 
signature unambiguously. Th ese problems may be in part the 
product of incomplete information about data pre-processing 
(i.e., normalization and data transformation), prediction model 
implementation, and cross-validation procedures applied. Th is 
is also supported by several studies showing how prediction 
outcomes may be aff ected by the selection of normalization 
methods.16,18

Other aspects that deserve greater attention are the 
reporting of hypothesis testing results and their interpretation, 
software packages applied, and prediction evaluation including 
comparisons with alternative models. For instance, the practice 
of referring to “significant” and “not significant” 
results without providing statistic values and exact 
probability values may hinder an unbiased and correct 
interpretation of results.15,16 There is also the need 
to report prediction accuracy results in the context 
of data sampling and cross-validation.20 Efforts 
should be maintained to ensure that diagnostic or 
prognostic studies report predictive performance 
results obtained when a model is built (trained) 
and tested on independent samples using standard 
cross-validation procedures, such as k-fold and leave-
one-out cross-validation. Table 3 outlines common 
shortcomings and aspects that deserve further 
attention when reporting diagnostic or prognostic 
biomarker studies.

Reporting guidelines and tools
Reporting guidelines are community-driven 
initiatives that offer specific advice on how to report 
methodologies and findings. In different areas, 
they foster a clear and accurate presentation of 
information. Different guidelines have been proposed 
that are relevant to biomarker development, and that 
cover different (sometimes overlapping) aspects of 

scientific research and documentation. Their 
applicability ranges from clinical trials, the 
reporting of the accuracy of diagnostic studies, 
to meta-analyses. 

Th e community of clinical trials  pioneered 
eff orts to improve the accurate reporting of health 
research through the Consolidated Standards of 
Reporting Trials (CONSORT), which has been 
widely endorsed by journals and international 
publishing organizations.22 The CONSORT 
illustrates how evolving, collective initiatives 
can improve the reporting of scientifi c research and 
its credibility. Moreover, these and ongoing eff orts 
in other areas can assist authors, reviewers, and 
editors in increasing the readers’ confi dence in the 
quality and validity of the studies published.23

Th e Standards for Reporting of Diagnostic 
Accuracy (STARD) are of particular relevance 
to biomarker discovery research.21 The two 
main products of this initiative are a checklist for 
reporting diagnostic studies and recommendations 
for helping describe the study design and 
implementation using flow diagrams. The 
STARD checklist is organized as a set of sections 
(e.g., methods, statistical methods, and results) 
and topics with specific recommendations on 

“what” should be reported. Since the publication of the STARD 
statement in January 2003, more than 200 scientifi c journals have 
endorsed it.24 

Other guidelines and tools for supporting the reporting of 
diagnostic studies are: the Quality Assessment of Diagnostic 
Accuracy Studies (QUADAS) tool,25 the Quality of Reporting of 
Meta-analyses (QUORUM) guidelines,26 and the Meta-analysis Of
Observational Studies in Epidemiology (MOOSE).27 Table 4 
summarizes the applicability and content of these reporting 
guidelines. For additional information on these and related 
projects, the reader is referred to the EQUATOR Network 
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Guideline Applicability Examples of reporting 
factors covered

STARD Reports of diagnostic accuracy 
studies

Guidelines for documenting 
participants, statistical analy-
sis, results, and discussions

QUADAS Reports of diagnostic studies 
based on systematic reviews

Conceived as an evaluation 
tool in which items and 
scores for the assessment 
of the quality of reporting of 
reference standards, sample 
selection, and bias in inter-
pretations

QUOROM Reports of meta-analyses of 
randomized controlled trials

Recommendations on 
reporting searching 
methodology, synthesis 
of quantitative analysis, 
analysis fl ow, and summary 
of fi ndings

MOOSE Reports of meta-analyses in 
observational studies

Checklist of key reporting 
factors, e.g., search strate-
gies, methodology reporting, 
provision of appropriate 
graphical information, publi-
cation bias, and future work

Table 4. Key guidelines and tools for aiding in the reporting of diagnostic or prognostic studies.

Aspect or factor Typical problem or limitation Further reading

Study limitations Limitations or caveats are not 
adequately acknowledged

Ref. 17

Data pre-processing Suffi cient information on data 
pre-processing (e.g., diagnostic 
biosignatures) is not provided 
to allow external validation or 
model reconstruction. Normaliza-
tion or data transformation is not 
reported

Refs. 16 and 17

Hypothesis testing Incomplete reporting of statisti-
cal signifi cance test, e.g., only 
p values are reported. Incorrect 
interpretations of “signifi cance” 
and test results

Ref. 15

Comparative 
analysis

Proposed diagnostic or prog-
nostic models are not compared 
with reference or traditional 
models

Ref. 21

Diagnostic or 
prognostic accuracy 
evaluation

Biased and incorrect estimation 
of diagnostic accuracy. Lack of 
data sampling or cross-validation 
procedures

Ref. 21

Table 3. Examples of common shortcomings observed in the reporting and documentation of diagnostic 
or prognostic biomarker studies.
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website.23 Th is network aims to improve reporting quality and 
the reliability of the health research literature by promoting good 
practice and off ering resources and training for the application 
of existing reporting guidelines.

An examination of the cardiovascular research literature
An examination of papers on cardiovascular biomarkers with 
diagnostic or prognostic relevance was conducted to estimate 
the current state of reporting practices in this area. We focused 
on papers deposited in PubMed Central (PMC) and published 
from 1st January to 31st December, 2007. Th e PMC was queried 
using the following terms: “cardiovascular AND biomarker 
AND (diagnosis OR prognosis).” Th is was also constrained to 
papers written in English and fi ndings obtained from human 
samples. Th is initial search produced a list of 73 papers. A 
further fi ltering was applied to concentrate on research papers, 
that is, removal of reviews and editorials. Additional manual and 
automatic searches were implemented to remove other studies 

whose main application was not cardiovascular 
research, for example, main focus on cancer 
biomarkers. Th e fi nal list of papers examined 
consisted of 53 papers.

Th e next step involved the defi nition of a set 
of common reporting aspects to be assessed in 
the (full-text) papers retrieved. On the basis of 
key factors included in the existing guidelines 
(Table 4) and the critical problems pointed out 
above, we concentrated on the aspects listed in 
Table 5. Th eir defi nitions and the questions asked 
when examining the papers are also included in 
the table.

None of the examined papers provided 
evidence that their fi ndings or prediction models 
were cross-validated or externally evaluated, 
including those studies whose main goal was 
to implement new diagnostic or prognostic 
models. Similarly, none of the papers explicitly 
referred to its compliance with any reporting 
standard. Only three papers explicitly discussed 
the potential clinical application of their fi ndings. 
The same number of studies reported the 
presence or handling of missing data. Only about 
17% of the papers specifi ed the pre-processing 
procedures applied (i.e., normalization, fi ltering, 
or transformation) prior to data analyses. Th e 
same proportion of papers reported suffi  cient 
information to interpret the statistical 
signifi cance of the fi ndings, beyond the simple 
presentation of p (probability) values. Around 
83% of the papers did not report information 
about the corresponding statistical test values, 
dispersion, or uncertainty estimation. It was 
also observed that the reporting of p estimates 
based on restricted or approximate ranges (e.g., 
p < 0.05), rather than on the actual values 
observed, is still a common practice.

Only about a quarter of the papers reported 
information on how to access the data analysed. 
Microarray gene expression and SNPs data 
deposited in centralized repositories (e.g., NCBI 
websites) represented the most common data 
dissemination mechanism. About 38% of the 

papers explicitly compared their fi ndings with alternative models, 
biomarkers, or previous studies. Only 18 papers specifi ed or 
documented diagnostic or prognostic computational models (i.e., 
regression or classifi cation) based on the biomarkers investigated, 
or with suffi  cient information so as to allow re-implementation. 

A bigger proportion of studies (45%) explicitly discussed 
potential limitations of their fi ndings or caveats to assess their 
relevance. Twenty-fi ve papers (47%) explicitly stated whether their 
studies were conducted either prospectively or retrospectively. 
Almost half of the papers reported quantitative estimates of 
the diagnostic or prognostic accuracy of the biomarkers or 
prediction models investigated. More than half of the papers 
specifi ed the soft ware tools applied to implement statistical 
analysis and prediction models or evaluate fi ndings. Figure 1 
graphically summarizes the results of this assessment in terms of 
the proportions of papers complying with each of the reporting 
aspects shown in Table 5.
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Reporting aspect Meaning

Report of study modality Does the paper explicitly report whether the study 
was either prospective or retrospective? (Yes/No)

Report of predictive accuracy Were predictive quality measures discussed (i.e., 
diagnostic or prognostic capability estimation)? 
Any of the following: sensitivity, specifi city, receiver 
operating curves, etc.

Comparative assessment Is the proposed model compared with outcomes 
obtained using traditional or alternative models? 
(Yes/No)

Specifi cation of pre-processing Does the paper report pre-processing procedures 
applied (i.e., normalization, fi ltering, or transforma-
tion) of data prior to analyses? (Yes/No)
Specifi cation of pre-processing?

Documentation of prediction 
model 

Was a diagnostic or prognostic model specifi ed? 
(Yes/No)

Report of missing data Does the paper report missing values? (Yes/No), 
Method used for dealing with missing values, e.g., 
value imputation?

Report of software Was software used for statistical analysis, model 
implementation, or evaluation reported? (Yes/No)

Complete report of statistical 
signifi cance 

Are p values reported together with statistical 
values? (Yes/No)

Discussion of limitations Are limitations (including caveats) of the study 
discussed? Section dedicated to limitations? 
(Yes/No)

Data availability Are the datasets available to external researchers? 
(Yes/No)

Model cross-validation Were the diagnostic/prognostic models tested on 
data not used for training (building) the models?

Reference to reporting 
guidelines

Does the study refer to any reporting guidelines, 
i.e., STARD, CONSORT, QUOROM, or QUADAS? 
Does it fully or partially follow their recommenda-
tions? (Yes/No)

Discussion of clinical 
applicability

Does the paper discuss potential clinical appli-
cability of the biomarkers investigated or specifi c 
relevance to translational research? (Yes/No)

Table 5. Reporting aspects assessed in a survey of biomarker publications in the cardiovascular research 
literature.
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Conclusions
Th is review concentrated on the problems, challenges, and tools 
relevant to the reporting of biomarker studies. Despite signifi cant 
advances accelerated by new experimental and computational 
technologies over the past 10 years, the concern is the relative 
lack of successful external replication and validation of published 
diagnostic and prognostic models.18 Moreover, inadequate 
reporting of quantitative fi ndings may increase the likelihood 
of publishing spurious predictions. Th erefore, the reporting of 
complete and accurate information for re-implementing and 
interpreting fi ndings from biomarker studies is a central challenge 
in translational research. 

Th is investigation also off ered a view of important reporting 
patterns observed in studies with diagnostic and prognostic 
applications. Although it was not intended to be an exhaustive 
analysis, the results of this survey highlight common practices in 
reporting and documenting biomarker studies in general, some 
of which have also been observed previously. To the best of our 
knowledge, this is the fi rst analysis of reporting practices focused 
on contributions from the cardiovascular biomarkers area. In 
general, and in comparison with previous fi ndings,16,17 this 
survey indicates that the completeness and accuracy of scientifi c 
reporting is gradually improving. For instance, researchers are 
becoming more aware of the need of clearly documenting the 
diff erent research design and data analysis phases, including 

pre-processing and soft ware tools used. Th e open access to 
data and information is quickly becoming the norm in many 
research areas and publishing domains. Th ese changes have 
been driven in part by journals, editors, and public funding 
organizations. Eff orts led by the research community have 
been crucial for improving awareness of fundamental factors 
in scientifi c reporting through the defi nition of guidelines and 
recommendations. 

However, there is plenty of room for improvement. Th ere is 
little evidence in this survey to suggest that, at least in the area of 
cardiovascular biomarker research, important aspects of scientifi c 
reporting are being suffi  ciently (or clearly) covered. Th ere is a need 
to continue improving the presentation of statistical information 
in general. In particular, the reporting of data pre-processing, 
statistical signifi cance results, and prediction model evaluation 
deserves more attention. Furthermore, it is necessary to motivate 
a more rigorous documentation of diagnostic and prognostic 
biosignatures to allow its independent re-implementation and 
evaluation. When reporting automated prediction models, 
this may require going beyond the description of standardized 
laboratory experimental protocols or the listing of the genes 
defi ning the biosignature.

To achieve a more balanced refl ection of the survey results, 
the reader may consider the following caveats. First, the sample 
of papers examined was, apart from being limited in size, focused 
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Figure 1. Summary of survey results in terms of the proportions of papers complying with each of the reporting aspects shown in Table 5. Yes = evidence 
found to suggest compliance with reporting aspect; A1 = report of study modality; A2 = report of predictive accuracy; A3 = comparative assessment; A4 = specifi cation of 
pre-processing; A5 = documentation of prediction model documentation; A6 = report of missing data; A7 = report of software; A8 = complete report of statistical signifi cance; 
A9 = discussion of limitations; A10 = data availability; A11 = model cross-validation; A12 = reference to reporting guidelines; A13 = discussion of clinical applicability.
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on papers available through the PMC. Moreover, this repository 
may not include papers from some of the leading journals in 
cardiovascular and translational research. Second, in some cases, 
missing evidence of reporting aspects (e.g., discussion of clinical 
applicability and limitations) might be explained by a lack of 
clarity of expression, rather than by their complete absence. Th ird, 
although all the examined papers report fi ndings of relevance to 
cardiovascular biomarker discovery, it is possible that, in some 
cases, their main objective may not have been to report fi ndings 
directly intended for diagnostic or prognostic applications. 
Despite these potential limitations, the survey stresses the need 
for a clearer and more accurate specifi cation of methods, results, 
and context in biomarker studies.  

Reporting guidelines should be seen as tools for aiding in the 
quality assessment of papers before their submission and during 
peer review. Th ere is empirical evidence that the introduction 
of some of these guidelines and subsequent endorsement by 
journals have improved the quality of the reporting of biomedical 
research.19,28 A more active participation of computing and statistical 
researchers in peer review and editorial tasks may also contribute to 
the improvement of the reporting of biomarkers research. On the 
basis of a randomized trial, researchers have recently demonstrated 
that the inclusion of reviewers with a solid statistical background 
can signifi cantly enhance the quality of research manuscripts with 
diagnostic and prognostic applications.29

We hope that this review will motivate the reader to discuss 
existing or alternative mechanisms for achieving a more accurate 
and transparent reporting of translational research fi ndings in 
general, and of biomarker studies in particular.
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