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Abstract

In this paper, we provide a working classification for circulating biomarkers according to their potential clinical application. We
broadly divided biomarkers into four groups: (i) biomarkers of cancer risk, (ii) biomarkers of tumour-host interactions, (iii) bio-
marker of tumour burden, and (iv) function-related biomarkers. We hope this classification will provide a framework to which
the results of future studies can be added. We also discuss the promises and pitfalls in the optional use of biomarkers in oncology.
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1. Biomarkers: where are we?

Molecules associated with the presence of cancer
have been extensively investigated and used in clinical
practice for more than 30 years and have been defined
as ‘tumour markers’. This definition is inaccurate since
almost all of the so-called tumour markers are also ex-
pressed in normal tissues, although produced and/or re-
leased in smaller amounts than from tumours.
Therefore, from a semantic point of view, the more gen-
eral term ‘marker’ or ‘biomarker’ should be used, avoid-
ing the customary association with the word ‘tumour’.
In general, the amount of biomarkers released into the
circulation is roughly proportional to the tumour bur-
den. Therefore, biomarkers have been used mainly as
indicators of tumour extension, finding their most prom-
inent application in the monitoring of cancer patients

[1].
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In the last decade, basic research has highlighted
numerous pathways of cancer cell regulation, identifying
many molecules potentially implicated in well-known
biological mechanisms. This remarkable progress is
leading to the discovery of an increasing number of bio-
markers measurable in cancer tissue and biological
fluids [2].

These new biomarkers present a striking dissimilarity
from the classical ‘tumour markers’. The latter were dis-
covered through their prevalent expression in cancer and
are therefore mere indicators of tumour extension. The
former are being discovered via their relation to the
known biological mechanisms of cancer cells, which
are potentially related to the clinical behaviour of the
malignancy (i.e., aggressiveness, expression of metabolic
pathways); interestingly, these pathways may be targets
for diverse anticancer agents. These new biomarkers
provide the ground for an array of different applications
[3] and highlight the need for a new working classifica-
tion that will take into account their potential clinical
use.
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2. Working classification of circulating biomarkers
according to their potential clinical application

Every classification is in some way arbitrary, reflecting
the judgement of its designer, and has only provisional
value, since it is expected to be modified and even out-
stripped by the progress of knowledge. However, the
classification proposed here provides a framework upon
which the results of basic research on biomarkers may be
matched with their potential clinical applications. Bio-
markers may be broadly subdivided into four groups:
(1) biomarkers of cancer risk, (ii) biomarkers of tu-
mour-host interactions, (iii) biomarkers of tumour bur-
den, and (iv) function-related biomarkers (see Table 1).

2.1. Biomarkers of cancer risk

An increased risk of developing a malignancy may be
related to both genetic and environmental factors. Ge-
netic factors have been extensively evaluated, leading
to the identification of several genetic markers of famil-
ial cancer [4]. Genetic testing for inherited germline
mutations, also called cancer susceptibility tests, include,
for example, the detection of mutations in the BRCAI
and BRCA2 genes associated with familial breast and
ovarian cancer [5], or in MLHI and MSH genes associ-
ated with hereditary non-polyposis colon cancer [6].
These markers have a very high positive predictive va-
lue, but they concern only a small percentage of all
malignancies. However, improvements in the available
tests [7] and recent evidence of risk reduction obtained
by follow-up interventions [8,9] are expected to acceler-
ate the dissemination of these tests in clinical practice.

Environmental factors related to the development of
sporadic cancers have been studied using classical epide-
miological approaches. In addition, the biological back-
ground of the action of recognised (i.e., smoking habits)
or suspected (i.e., diet) factors has been studied, leading
to the identification of biomarkers potentially related to
increased risk of developing a malignancy. Several mol-
ecules have been looked at from this point of view,
including steroid hormones [10] and their metabolic
products, insulin-like growth factors and their binding
proteins [11,12], as well as polymorphisms of diverse
genes [13,14]. Research on these biomarkers offers an
important perspective for the identification of groups
of people at higher risk for developing a cancer who
might eventually be submitted to more stringent screen-
ing interventions and/or chemoprevention programmes,
thus greatly broadening the possible clinical applications
of biomarkers.

2.2. Biomarkers of tumour—host interactions

These include those biomarkers related to either dam-
age in diverse organs or the immune response of the host

to molecules overexpressed or overexposed by the tu-
mour. The former group includes several common items
in clinical chemistry or haematology, such as tissue-
specific enzymes, acute-phase proteins, markers of
inflammation, haemoglobin. Alterations in these items
may indicate extensive invasion of the patient’s organs
and can be helpful in monitoring those with advanced
disease. These biomarkers, which are measurable with
reproducible and cheap methods, have been successfully
used in association with more specific markers for mon-
itoring the response to chemotherapy of advanced
breast [15] and prostate cancers [16]; these investigations
have shown that integrated biomarker information on
host—tumour status is more accurate in predicting the re-
sponse to therapy than the information obtained from
markers of tumour bulk only [17].

Biomarkers related to the immune response of the
host are interesting in that they could theoretically rep-
resent a naturally occurring system of boosting mole-
cules expressed by the malignancy [18]. Antibodies
against MUCI gene products [19], p53 mutated protein
[20] and overexpressed erbB2/neu protein [21] have been
investigated, but the results so far are mixed.

2.3. Biomarkers of tumour burden

These include the classical ‘tumour markers’, which
have been extensively investigated, leading to a sound
consensus on their possible clinical impact and to rea-
sonable agreement about the cost-effectiveness of their
routine use [22]. Most of them were discovered through
their distinct association with malignant tissue. How-
ever, progress in basic research has provided informa-
tion on the putative functions of some of them.
Prostate-specific antigen (PSA) is a clear example. In
seminal plasma, PSA has been identified as the enzyme
responsible for the proteolysis of semenogelin, resulting
in the liquefaction of the seminal gel and promoting the
release of progressively motile spermatozoa [23]. In
addition, PSA seems to elicit anti-angiogeneic proper-
ties. In a mouse model of metastatic cancer, daily PSA
treatment (i) inhibited endothelial cell proliferation,
migration and invasion, (ii) inhibited endothelial cell re-
sponse to epidermal growth factor 2 (EGF-2) and vascu-
lar endothelial growth factor (VEGF), and (iii) resulted
in a 40% reduction in the mean number of lung tumour
nodules compared with phosphate-buffered saline [24].
Likewise, carcinoembryonic antigen (CEA) and mucin-
like biomarkers seem to modulate the immune response
against the tumour [25] or to regulate the adhesive prop-
erties of tumour cells [26]. These findings, if confirmed,
may throw new light on areas of application for some
classical, tumour burden-related biomarkers. However,
the clinical usefulness of these markers is at present re-
stricted to their coarse association with tumour spread.
They are indeed effective in distinguishing advanced
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from localised disease, but they are not helpful in distin-
guishing different locoregional stages. Their circulating
concentration is broadly associated with the quantity
of tumour cells, but it is also affected by diverse tu-
mour-unrelated variables, including body mass, metabo-
lism and secretion rates, the possible occurrence of
benign diseases, and the random presence in the blood-
stream of molecules interfering with the assay. Recently,
it has been shown that cell-free DNA can be shed into
the bloodstream not only as a consequence of tumour
cell death, but also as a result of active release [27,28].
Accordingly, non-apoptotic or ‘long’ DNA is also
detectable in stools from individuals with colorectal dis-
eases [29], and it can be found in larger amounts in pa-
tients with cancers of different origin than in healthy
persons. These findings have prompted the development
of assays to quantitate circulating DNA as a putative
biomarker both for an early cancer diagnosis in high-
risk individuals and for prognostic assessment [30].

2.4. Function-related biomarkers

Understanding of the many biochemical pathways of
tumour cell regulation has led to the discovery of many
biomarkers related to specific functions. Unlike the bio-
markers in the aforementioned categories, the discovery
of these substances provides insight into specific cellular
mechanisms, including oncogene or oncosuppressor
gene deregulation, neoangiogenesis, cell-cycle regula-
tion, adhesion, invasion or extracellular matrix modifi-
cation [31]. The interest in this category of biomarkers
has shifted rapidly from tumour tissue to other biologi-
cal fluids, because with these it is possible to obtain
information on the genotype or phenotype of the tu-
mour simply with a blood test. Measurements of chro-
mosomal aberrations, point mutations and loss of
heterozygosity can be obtained from saliva, sputum
and urine with novel assays [32]. p53 and ras mutations
have been identified in the urine and stool of cancer pa-
tients [33,34], and the detection of the anti-apoptotic
protein, survivin, in urine — if interesting preliminary re-
sults [35] are validated — appears to offer a simple, non-
invasive diagnostic test for identifying patients with new
or recurrent bladder cancers. Moreover, epigenetic
changes, such as DNA methylation, which is predomi-
nant in the promoter region, play an important part in
many processes, including DNA repair, genome stability
and the regulation of chromatin structure. Changes in
methylation have been shown for several genes involved
in cell-cycle control, apoptosis, angiogenesis and detoxi-
fication processes [36-42]: APC, RAR, p73, FHIT,
RASSFIA, LKBI, VHL, BRCAI, pl4, pl5, pl6,
MGMT, hMLHI, DAPKI, E-cadherin, TIMP3 and
GSTPI are detectable in serum/plasma specimens by
methylation-specific polymerase chain reaction (MSP).
Some of these might represent potential tools for early

p53, soluble HER2neu, soluble epidermal growth factor receptor, APC, RAR, p73,
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Survivin, M30 antigen

TIMP2, MMP, uPA, DAPK1, E-cadherin, TIMP3 promoter hypermethylation

Vascular endothelial growth factor, fibroblast growth factor
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detection and disease monitoring [43], in association
with markers of tumour burden or other functional
alterations. The clinical applications of these biomarkers
have been rapidly expanding over a widening range of
possibilities, including prognosis and the individualisa-
tion of therapies, thanks to their prediction of respon-
siveness to molecular-targeted anticancer agents. These
markers may also express a ‘functional’ interplay be-
tween the tumour and the patient’s internal environ-
ment. Recently, Tagliabue and colleagues [44] have
shown that wound fluid and post-surgical serum contain
growth factors that induce proliferation in Her2/neu-
overexpressing breast carcinomas, thus suggesting a bio-
logical basis for the known correlation between surgical
removal of the tumour and the growth of metastases.

3. The role of biomarkers in the assessment of clinical
outcome

Biomarkers from all the above-mentioned categories
may provide valuable information on clinical outcomes
of interest, such as (i) prognosis, (ii) prediction of the re-
sponse to certain therapies and (iii) therapy monitoring.

Tumour-bulk biomarkers and biomarkers related to
tumour-host interactions have been traditionally used
in therapy monitoring, while biomarkers related to def-
inite cell functions have been used as prognostic or pre-
dictive factors; oestrogen receptors and cell kinetic
factors have been used for over 30 years and are classical
examples. New, function-related biomarkers are ex-
pected to play a key role in this scenario. These bio-
markers have mainly been determined in tumour
tissue. However, they have recently been shown to have
a predictive role when measured in the blood; for exam-
ple, an increased serum concentration of shed Her2/neu
is predictive of reduced responsiveness to endocrine
treatments in patients with advanced breast cancer
[45]. In addition, given that serum concentrations of
shed Her2/neu appear to be correlated with Her2/neu
tissue expression, its circulating concentration is now
under investigation as a putative serological surrogate
biomarker of tumour Her2/neu status for assigning pa-
tients to treatment with the monoclonal antibody, trast-
uzumab [46,47].

Standard criteria for response evaluation in solid tu-
mours are based on the measurable variation of tumour
volume [48]. This well-established principle has limita-
tions in three particular circumstances: (i) when discase
is non-measurable or non-evaluable, (ii) when using
molecular-targeted anticancer agents, which tend to sta-
bilise the malignancy rather than eradicating it, and (iii)
in chemoprevention trials, when the assessment of the
true endpoint requires long-term studies with a large
number of patients. In these conditions, biomarkers
could be extremely helpful in clinical decision-making.

Traditional tumour bulk-related biomarkers correlate
well with the failure of treatment, but are less strictly
associated with its success [49], thus impairing their pos-
sible role as surrogate markers. Function-related
biomarkers are a promising tool, particularly in moni-
toring the effectiveness of molecular-targeted agents,
for both cancer treatment and chemoprevention [50].
Knowledge of the biological mechanisms related to the
molecular target of a given drug may also confirm the
research on biomarkers showing the development of
alternative pathways that may circumvent the effective-
ness of the agent. These biomarkers, which may be de-
fined ‘escape biomarkers’, may be helpful in designing a
therapeutic strategy tailored to the individual modula-
tion of the target biochemical machinery. For example,
drug resistance observed with anticancer agents that in-
hibit enzymes involved in critical biosynthetic pathways
is frequently related to gene-amplification mechanisms.
Several examples have been already reported. Thymidy-
late synthase (TS) concentrations are predictive of the
response to TS inhibitors [51]; amplification of the M2
subunit of dihydrofolate reductase is associated with
resistance to hydroxyurea [52]; methotrexate resistance
is correlated with dihydrofolate reductase gene amplifi-
cation [53]; resistance to ABL tyrosine kinase inhibitor,
STI571, has been shown to be related to increased
expression of the target protein due to oncogene ampli-
fication in haematopoietic cell lines [54]. In addition,
cells may develop resistance by accumulating compen-
sating mutations of other genes, inducing either gain
or loss of cell functions. From a biochemical perspec-
tive, this complex and multifactorial gene deregulation
has a common end-result of increasing the expression
of proteins that may be identified as biomarkers of
developed resistance (escape biomarkers) and eventually
used as new molecular targets for different anticancer
agents. In fact, diverse biological mechanisms of cell reg-
ulation are strictly interconnected. For example, trans-
fection of human osteosarcoma cells with the Ras
oncogene that were then implanted in mice induced
the growth of large neovascularised tumours, due to
both an increased expression of VEGF and a decrease
of thrombospondin [55]. Therefore, molecular-targeted
anticancer agents directed against oncogene products
are also expected to inhibit angiogenesis. The adminis-
tration of the monoclonal antibody trastuzumab, which
targets HER2/neu tyrosine kinase signalling, also inhib-
its the production of certain angiogenic factors (trans-
forming growth factor-f (TGFP), angiopoietin 1,
plasminogen-activator inhibitor I and VEGF) by cancer
cells [56]. It may be that the malignancy escapes the sup-
pression of angiogenesis by switching on a different
angiogenic loop and increasing the expression of diverse
angiogenic factors such as B-fibroblast growth factor (B-
FGF) or interleukin 8 (IL-8) [57]. The clinical assess-
ment of these patients might lead to the conclusion that
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they have become resistant to trastuzumab and would
suggest the discontinuation of their treatment. In con-
trast, if such patients were to be monitored for appropri-
ate escape biomarkers, it would be possible to highlight
the specific cause of the apparent clinical failure and to
design a rescue therapeutic strategy by adding a second
molecular-targeted agent specifically directed towards
the new angiogenic target. In conclusion, awareness of
the complex biochemical background to the mechanisms
of action of molecularly targeted drugs may allow the
design of a comprehensive strategy of biochemical
monitoring.

4. Pitfalls in the optimal use of biomarkers in oncology

The growing availability of biomarkers that are effec-
tive in providing information on an expanding array of
biochemical pathways may be of value in clinical oncol-
ogy. For the proper implementation of a biomarker in
clinical practice, evidence-based consensus on its effec-
tive clinical usefulness is needed. However, clinical stud-
ies on biomarkers frequently report conflicting results.
Several factors may be responsible for the discrepancies
observed among different clinical studies and must be
considered in order to design appropriate clinical trials
using new biomarkers [58,59].

(1) Several methods are often available for the determi-
nation of the same marker, such as gene expression,
mRNA transcription, protein concentration or bio-
logical activity. Studies on HER2/neu determina-
tion, using either immunohistochemistry (IHC) or
fluorescent in situ hybridisation (FISH), provide a
good example of this problem. Discrepancies
between p53 determination by immunohistochemis-
try and molecular biological techniques is another
classical example [60].

(2) For each type of assay, the analytical procedure
may differ in several respects, such as the reagents
used, assay architecture and signal detection. Press
and colleagues, reviewing the results obtained using
28 different antibodies for HER2/neu IHC, showed
that 18 of them detected HER2/neu expression
when the oncogene was amplified 5-fold or more,
while only 12 of these 18 still provided a positive
staining when the antigen was amplified only 2- to
5-fold [61].

(3) Biomarkers frequently present a complex molecular
structure that may change its arrangement accord-
ing to its functional status. Oestrogen receptor
(ER) concentrations obtained with a commercially
available enzyme immunoassay were shown to dif-
fer in the same tissue sample when cytosol was pre-
pared using buffers of different ionic strengths; this
was due to the different reactivity of one of the

4)

©)

(6)

monoclonal antibodies in the kit for the different
functional states that ER can form in the various
buffers [62].

Any given biological function should be assessed
using a panel of biomarkers. Rarely, if ever, does
one biomarker provide exhaustive information on
a given biochemical mechanism. However, for prac-
tical and cost reasons, we tend to oversimplify our
assays and use the smallest possible number of bio-
markers. The tissue ER concentration has been
used for more than 30 years to select patients with
breast cancer for hormone therapy. However, we
now know that oestrogen regulation of the cancer
cell is a complex process involving more than 400
different genes [63]. Nonetheless, we still use ER
as the only criterion for decisions on endocrine
therapy. The key point is therefore to establish
the optimal number of biomarkers capable of main-
taining a satisfactory level of information about the
target biological mechanism. Needless to say, the
complexity of the statistical evaluation involved in
translating the markers into clinical practice shar-
ply increases with the number of parameters
considered.

For practical reasons, biomarker values are usually
classified with reference to a positive/negative cut-
off point. This conventional oversimplification
probably does not reflect the complexity of bio-
marker biology, since many biological phenomena
are expected to occur in a continuous rather than
in a discrete fashion. Several studies show continu-
ous (either monotonous or non-monotonous) cor-
relations between diverse biomarkers and clinical
outcome [64-68]. In addition, biomarkers may
interact with each other, thus modifying the infor-
mation that they provide when evaluated individu-
ally [69]. The use of dichotomous decision criteria
may reduce the value of the biomarker when con-
tinuous monotonous correlations occur and cause
even more meaningful biases in the case of non-
monotonous correlations, since cases with different
associations with prognosis are arbitrarily com-
bined. The use of positive/negative cut-off points
presents several pitfalls [70]. Dichotomous criteria
may eventually be used only after the biomarker
has been analysed on its original measurement
scale, in order to explore its correlation with clini-
cal outcome and maximise knowledge of the
underlying biological complexities [71]. Surpris-
ingly, in spite of published evidence and recom-
mendations, most published studies have
categorised biomarkers with reference to cut-off
points [72].

The standardisation of the pre-analytical phase is
rarely considered, although it may be a major
source of variability when comparing the results
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of different studies. Sample collection, handling,
storage and preparation must be standardised in
order to preserve the integrity of antigens. Immu-
nohistochemical results may be affected by several
pre-analytical variables, including the type of fixa-
tive, time of fixation, inclusion method, time of par-
affin-embedding, thickness of the sections, storage
of unstained slides and the methods for antigen
retrieval [73]. Standardisation of the pre-analytical
phase is not restricted to tissue biomarkers. Several
investigators have shown very different VEGF con-
centrations in different blood derivatives, including
serum, plasma collected with different procedures
and whole blood haemolysate [74,75]. Moreover,
the concentrations of VEGF changed significantly
according to the procedure used to prepare the
serum or plasma [75]. Clotting time increased the
release of VEGF, which reached a plateau between
2 and 4 h. The percentage increase in VEGF at 2 h
ranged from 118% to 4515% (median 327%) with
reference to that found in samples centrifuged
within 10 min of withdrawal. However, in spite of
these findings, several investigators have published
promising results on serum VEGF as a cancer bio-
marker, providing scarce, if any, information on the
standardisation of the pre-analytical phase. Surpris-
ingly, the standardisation of sample preparation
has not been considered in a recent Review article
in which the potential clinical role of VEGF is
extensively discussed [76].

Investigators are continually striving to improve the
design and implementation of clinical trials on new ther-
apeutic cancer agents. Not surprisingly, several initia-
tives aimed at standardising the methodology for
planning, performing and reporting of clinical trials
and the criteria for peer-reviewing these clinical studies
have been endorsed by the Editors of different journals
[77,78]. In contrast, efforts to standardise the use of bio-
markers in clinical studies have only been considered
anecdotally. When scrutinising the published studies
on the clinical evaluation of biomarkers, international
criteria of analytical validation (i.e., NCCLS National
Committee for Clinical Laboratory Standard) are only
applied or even quoted on an infrequent basis [79].
The uncritical use of laboratory data obtained with
non-standardised approaches bears the risk of increas-
ing confusion about the potential clinical usefulness of
new biomarkers. In the new circumstances set by the
development of molecularly targeted therapies, unrecog-
nised analytical biases may ultimately impair the identi-
fication of the real effectiveness of anticancer agents.
Tentative criteria for the choice of biomarkers and for
their standardisation and use in clinical trials have re-
cently been proposed in [80,81], with the aim of reaching
a consensus on a specific and comprehensive methodo-

logical approach that takes into account the clinical
needs related to the new agent, the biological back-
ground, the development and standardisation of labora-
tory methods and decision criteria that consider
biological complexities. The issue of low methodological
quality in diagnostic and screening tests was discussed at
the 1999 Cochrane Colloquium in Rome. On the basis
of the success of the CONSORT experience, a working
group has developed a checklist and a flow diagram
aimed at improving the quality and completeness of
reporting studies on diagnostic accuracy [82]. The vali-
dation of the Standard for Reporting of Diagnostic
Accuracy (STARD) initiative is expected to contribute
to a continuous improvement in the quality of the design
of studies on diagnostic tests, including those on cancer
biomarkers.

5. Biomarkers: where are we going?

In a recent overview, Ranshoff [83] proposes a sche-
matic separation into two categories of the approaches
presently available for the discovery of new cancer bio-
markers: (i) hypothesis-driven research and (ii) discov-
ery-based research. The former concerns molecules
believed to be involved in cancer biology. In this ap-
proach, putative candidate genes or proteins are consid-
ered one by one as possible biomarkers. The use of
multiple biomarkers requires the standardisation of sep-
arate assay methods for every one of them, leading to a
high level of complexity when several biomarkers are
considered in association. As well, the statistical ap-
proaches needed to evaluate interactions are increas-
ingly complicated when the number of biomarkers
increases.

In contrast, the ‘product’ of discovery-based research
consists of gene-expression patterns or mass-spectro-
scopic peaks, which may be used to select and identify
new candidate genes or proteins by conventional meth-
ods. However, the patterns themselves may be used as
‘pattern biomarkers’. In other words, expression ‘signa-
tures’ or algorithm-interpreted proteomic patterns may
became tools for clinical decision-making without our
necessarily understanding which proteins or genes ac-
count for the cancer-specific patterns. Among the circu-
lating biomarkers, serum proteomic patterns appear of
special interest. Preliminary data on diverse malignan-
cies show that these techniques appear to detect early
as well as advanced disease with similar efficiency [84],
suggesting a possible role for these pattern biomarkers
as candidate tools for cancer screening.

The analysis of proteomic patterns in serum for pros-
tate cancer diagnosis showed a sensitivity ranging from
83% to 100%, with a remarkable specificity of 78—
100%. However, on examining carefully the papers
reporting these data, Diamandis [85] identified some
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inconsistencies that highlight the poor level of standard-
isation that still affects these methodological ap-
proaches. In fact, two authors [86,87] had even
identified very different distinguishing peaks when
extracting serum samples with the same chip and using
the same instrument for peak identification. The same
peak (m/z ratio of 7820) was identified as distinguishing
cancer from non-cancer patients by Adam and col-
leagues [86] and as distinguishing healthy men from
those with benign prostate hyperplasia, but not cancer
and non-cancer patients, by Qu and colleagues [87].
Concerning prostate cancer diagnosis, Diamandis [85]
points out that matrices used for sample treatment in
the papers examined are not specific for any type of pro-
tein. Considering that the serum PSA concentration is
approximately 1 mg/L, while the total protein is roughly
80 g/L (80 000 000 mg/L), Diamandis underlines that
each PSA molecule will compete with 80 000 000 possi-
bly non-informative molecules for binding to the same
matrix. He concludes that, given this interaction, it
seems unlikely that PSA, like any other low-abundance
molecule in serum, might be detected by this methodol-
ogy. By contrast, Petricoin [88] argues that these com-
plex proteomic signatures, even if viewed as
‘epiphenomena’ produced by the host in response to
the presence of cancer, may themselves represent valua-
ble diagnostic information, providing amplification-cas-
cade biomarkers of the tumour—host microenvironment.
Irrespective of any interpretation, which is complicated
due to the lack of precise information on the exact bio-
chemical identity of the distinguishing peaks, we must
emphasise the enormous diagnostic potential of these
pattern biomarkers but take into account the following
issues of standardisation (modified from [87]:

- sample handling and preparation may be a critical
issue since the method for extracting these potential
molecules from serum is very sensitive to differing
experimental protocols and to varying serum storage
conditions;

- distinguishing peaks identified by different investiga-
tors may be different for the same disease, even if
the same method is used;

- results are not easily reproducible between laborato-
ries, making validation difficult;

- mass spectrometry is a largely qualitative technique
(the relationship between peak height and molecule
abundance is not linear);

- identities and serum concentrations of distinguishing
molecules are not known;

- absorption matrices are non-specific, thus favouring
the extraction of high-abundance proteins/peptides
rather than low-abundance;

- validated reference serum markers (i.e., PSA for pros-
tate cancer, CA125 for ovarian cancer) are not iden-
tified by this technology.

Many researchers are seeking to overcome some of
the aforementioned pitfalls [88], including (i) the devel-
opment of serum/plasma reference standards (by the
Human Proteome Organisation in partnership with the
World Health Organisation, the American Red Cross
and the Food and Drug Administration), (ii) the contin-
uous improvement of analytical quality assurance
through monitoring in-process controls (internal refer-
ence standards, release specifications, stability meas-
ures), (iii) the development of standard operating
procedures for sample collection, handling and ship-
ping, (iv) the validation of spectral data by rigorous
quality testing before diagnostic pattern analysis, and
(v) the improvement of mass-spectrometry platforms.

The recent, substantial increase in our knowledge
regarding cancer cell biology and the rapid development
of technology are broadening the appropriate settings
for biomarker applications. However, this astonishing
development dramatically emphasises the need for rigor-
ous standardisation and quality control. We conclude by
quoting a sentence from Ranshoff [83] that seems to
summarise superbly the current perspectives on bio-
markers: ‘The journey to discover useful biomarkers will
require imaginative exploration, fastidious validation
and some good luck’.
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