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Preface

A biomarker is anything that can be used as an indicator of a particular disease state or
some other physiological state of an organism. This book discusses biomarkers for various
conditions.

In Part I, chapters focus on breast cancer—the most common cancer in women accounting
for about one third of cancer cases in this population and more than 10% of all cancers
worldwide—and pancreatic cancer. Another chapter covers methodological challenges in
microRNA profiling and data analysis.

In Part II, chapters focus on different biomarkers of non-cancer diagnoses/diseases, includ‐
ing sepsis, childhood renal diseases, pulmonary diseases, Alzheimer’s, leishmaniasis, and
heart failure.

The chapter on sepsis addresses the use of blood and serum biomarkers and clinical scores
for the diagnosis and prognosis of septic patients. In trauma, fibrin degradation product and
D-dimer have been used to predict the likelihood of haemorrhage, whereas in cardiac pul‐
monary arrest, they are used to predict the return of spontaneous circulation. The chapter on
clinical application of coagulation biomarkers explains this phenomenon. The chapter on ox‐
idative status pathways discusses the unique property of the human oxidative status. The
chapter on ovarian reserve markers talks about anti-Mullerian and follicle-stimulating hor‐
mones. The chapter on childhood renal diseases covers biomarkers of acute and chronic kid‐
ney diseases in children, such as urinary tract infection and diabetic nephropathy.

Measurement of biomarkers in exhaled breath condensate offers a novel way of monitoring
lung inflammation and damage by oxidation stress, and provides insight into the physiolo‐
gy of the disease as mentioned in the chapter on molecular diagnostics of pulmonary diseas‐
es. A chapter on Alzheimer’s talks about topological biomarkers hidden in auditory sensory
gating network, and a chapter on the neglected tropical disease leishmaniasis, which causes
high mortality worldwide, explores the possibility of using biomarkers to develop a rapid
diagnosis kit for universal use. The final chapter is on heart failure and biomarkers.

I hope that this book will be of particular interest to researchers, scientists, clinicians, and
students from medicine, cancer biology, cell and molecular biology, and other related areas.

Dr. Ghousia Begum
Indian Institute of Chemical Technology, India
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Abstract

Breast cancer is the most common cancer in women and its incidence experienced an
important increase, thanks to the introduction of a systematic screening. The increased
incidence of early breast cancer has led to debates on its over-treatment, which may cause
unnecessary harm to patients with favorable prognosis. Therefore, modern research is in
the quest of finding the perfect prognostic marker to avoid overtreatment in patients with
a favorable prognosis. In this perspective, many molecular markers have been studied in
the last decades in order to provide both a useful prognostic tool, able to determine
whether the cancer is likely to be indolent or aggressive, and a possible therapeutic target.
In this chapter, we review the current knowledge about the principal biomarkers, which
are usually immunohistochemically tested on breast surgical specimens, including ER and
PR, Mib1/Ki-67 and HER2/neu expression. Furthermore, we will analyze other possible
prognostic markers which may have in the future a key role in breast cancer management,
such as several multigene panels (OncotypeDX, Mammaprint, NanoString Prosigma).
Finally, we will discuss the role of genetic tests for some know genetic mutations associ-
ated with higher breast cancer susceptibility (BRCA1 and 2 genes).

Keywords: breast cancer, biomolecular markers, biohumoral markers, therapy target,
prognostic factors

1. Introduction

Breast cancer is the most common cancer in women, accounting for about one-third of cancer
cases in women and more than 10% of all cancers worldwide [1], and its incidence experienced
an important increase, thanks to the introduction at the beginning of this century of a system-
atic mammographic screening in the most developed countries, and the subsequent successful
detection of an always greater number of early breast cancers [2–4]. The incidence of breast
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cancer is also rapidly rising in developing countries, so that it will become in the next decades
a major health burden in both developed and developing countries.

Improvement in the adjuvant chemotherapy and endocrine therapy decreased breast cancer
mortality by approximately 50%. However, the increased incidence of early breast cancer has
led to debates on its overtreatment, which not only increases social and family burden, but
may also cause unnecessary harm to patients with a favorable prognosis [5, 6]. Therefore, the
research is focusing on the development of new adjuvant therapies with a more precise target
and fewer side effects. In this perspective, many molecular markers have been studied in the
last decades in order to provide both a useful prognostic tool, able to determine whether the
cancer is likely to be indolent or aggressive [7, 8], and a possible therapeutic target.

Breast cancer includes a heterogeneous group of tumors with a wide spectrum of morpholog-
ically and molecularly different subtypes, resulting in different biological behaviors, presenta-
tion, and prognosis. Along with the disease stage and the patient performance, the molecular
pattern of the tumor is fundamental to identify patients who will particularly benefit from a
given treatment. Among the molecular markers associated with breast cancer, the estrogen
receptor (ER), the progesterone receptor (PR), the human epidermal growth factor receptor
(HER2) and the Mib1/Ki-67 proliferation index are the most important ones and are firmly
established in the standard care of all primary, recurrent, and metastatic breast cancer patients.

In this chapter, we review the clinical relevance of the principal biomarkers, which are usually
immunohistochemically tested on breast surgical specimens. We discuss about their implica-
tion in the prognosis and treatment of breast cancer patients, and thus how this information is
translated to treatment decision-making, the valid assays for these markers, and the guidelines
for testing them. Furthermore, we analyze other possible prognostic markers which may have
in the future a key role in breast cancer management, such as several multigene panels, which
have been developed to predict the possibility of distant metastasis in the hormonal receptor-
positive disease [9–11]. Finally, we discuss the role of genetic tests for some know genetic
mutations associated with higher breast cancer susceptibility in the screening and follow-up
of women at high risk.

2. Estrogen and progesterone receptor: Prognosis prediction and treatment
planning

Human breast cancer usually depends on sexual hormones for its growth, as it arises from
breast tissue that normally responds to endogenous hormones [12]. As in 1896 was firstly
noticed that bilteral oophorectomy could induce a significant regression in breast cancer in
the fertile age [13], endocrine therapy became quickly a standard of care in the treatment of
breast cancer, but only one-third of patients responded.

Then, as in the early 1960s, radiolabeled estrogens were observed to concentrate on specific
target organs, the existence of an estrogen receptor (ER) was hypothesized, which could be a
predictive factor for the endocrine responsiveness of breast cancer to ovarian ablation [14, 15].

Biomarker - Indicator of Abnormal Physiological Process4

In fact, about 60% of ER-positive tumors, but only about 8% of ER-negative ones showed an
objective response to endocrine therapy. The small proportion of patients who respond to
hormone therapy with ER-negative disease may be mostly due to false-negative receptor assay
results.

The identification of the estrogen receptor has not only proved to be a successful therapeutic
target for the treatment and prevention of breast cancer, but has also represented a selective
molecular model for all subsequent efforts to design oncological targeted therapies. Estrogen
and progesterone receptor (PR), together with the HER2 status represent the most important
molecular markers in the standard care of all primary, recurrent, and metastatic breast cancer
patients, and the standardized assessment of the ER/PR/HER2 status is crucial in the evalua-
tion of every newly diagnosed breast cancer.

Hormonal receptor-positive disease represents usually an indolent and slowly growing tumor
with longer time to recurrence. The responsiveness of a tumor to hormone therapy is an
important parameter in breast cancer management in both adjuvant and metastatic settings.
The clinical aspects of anti-hormonal treatments are exposed in the following sections.

2.1. Biology of hormone receptors

The ER is a ligand-regulated, cytoplasmic receptor that belongs to the steroid nuclear receptor
family, which in the ER-positive breast disease, promotes cell proliferation, survival, and
invasion. The key components of ER are the DNA-binding domain, which binds with high
affinity and specificity to estrogen response elements (ERE sequence) of DNA to regulate the
transcription rates of target genes, and the ligand-binding domain, which binds estrogens [16].
The binding of estrogen to its receptor is essential for its translocation into the nucleus, where it
functions as a transcription factor and transduces hormonal signals into a large variety of
physiological responses in various target organs.

Two forms of ER, ERα and ERβ, are encoded by two separate genes that are differentially
expressed in tissues. In the normal mammary gland, both ERα and ERβ bind estradiol to
control cell proliferation and differentiation [17, 18]. ERα is also responsible for estrogen-
induced mitogenic signaling in epithelial cells in breast, uterine, and ovarian tissues [19] and
is prevalently expressed by breast cancer cells [20], whereas ERβ is usually associated with less
aggressive tumors, as it inhibits both ERα-mediated transcription and estradiol-induced pro-
liferation in various types of cancer cells [21]. The ERα/ERβ ratio may play a critical role in the
regulation of estradiol activity in breast cancer cells [22].

Estradiol binding to ER activates the receptor through phosphorylation, which undergoes
conformational changes and dissociates proteins which usually tightly wrap the DNA [23].
Thereafter, ER binds to the ERE sequence within the gene promoter, and dynamically and
sequentially recruits various regulatory protein complexes that contribute to chromatin
remodeling and enhance transcriptional activity [24].

ER-mediated transcription involves also other multiple coregulatory proteins, which coordi-
nately act to influence gene transcription, cell cycle regulation, cell differentiation and apoptosis.

Biomarkers in Breast Cancer
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conformational changes and dissociates proteins which usually tightly wrap the DNA [23].
Thereafter, ER binds to the ERE sequence within the gene promoter, and dynamically and
sequentially recruits various regulatory protein complexes that contribute to chromatin
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Nuclear receptors coactivators of ER include the ubiquitary general transcription factor P300/
CBP, some methyltransferases such as CARM1 and PRMT1, some members of the p160
protein family such as the steroid receptor coactivators (SRC1, SRC2, and SRC3) [25, 26].

The regulation of ER and PR function can occur at three levels: differential translation of exons,
splicing of their mRNA, and post-translational modifications. These lasts include phosphory-
lation, ubiquitylation, acetylation, and methylation. Among the multiple kinases that can
phosphorylate ERα are p38 mitogen-activated protein kinase (MAPK), cyclin A-CDK2,
CDK7, c-Src, pp90rsk1, extracellular regulated kinase (Erk) 1 and 2, protein kinase A (PKA)
and B (Akt) [27–35]. The effects of this phosphorylation involve receptor turnover, cellular
localization, and transcriptional activity and are complex and interdependent. The PR can be
phosphorylated at different sites coordinately regulated by ligands or kinases [36].

Few mutations of the ERα gene have been reported in the literature, resulting in a receptor
with hypersensitivity to the estrogen-mediated growth-promoting effects. These mutations in
breast cancer correlate with older age, larger tumor size, nodal involvement, and poor prog-
nosis [37–39].

Along with their classical genomic activity, ER and PR exhibit also a more rapid, nongenomic
activity, which occurs within seconds to minutes independently of gene transcription, by
mediating signaling cascades originating from the membrane or the cytoplasm through direct
interaction with signal-transduction mediators [40, 41]. ERmay establish a cross talk with other
signal transduction pathways, such as that of growth factors, using its membrane and cyto-
plasmic receptors to transmit their signals through kinase cascades, triggering the phosphory-
lation and activation of the epidermal growth factor receptors (EGFR), insulin-like growth
factor-1R (IGF-1R), transforming growth factor TGFð Þα, Src kinase, Shc adaptor protein, and
phosphatidylinositol 3-kinase (PI3K), and the inhibition of TGFβ and tyrosine phosphatases
[20, 42–45]. Finally, ER may also use calcium, cyclic adenosine monophosphate (cAMP), and
other second messengers for signal transduction.

2.2. Clinical relevance of hormone receptors

Hormone receptors are expressed by about two-thirds of invasive breast cancers in women
younger than 50 and approximately 80% of tumors in women older than 50 [46]. Measurement
of hormone receptors has become a routine part of the evaluation of breast cancers, as they
represent a predictive factor for hormone therapy responsiveness. Both ER and PR increasing
levels directly correlate with better response, longer time to treatment failure, and longer
survival [47, 48].

Hormone receptor expression represents also an important favorable prognostic factor, being
an important marker of growth rate, rather than metastatic potential. In particular, patients
with ER+/PR+ tumors have a better prognosis than patients with ER+/PR- tumors, who in
turn have a better prognosis than patients with ER-/PR- tumors [49]. ER expression is signif-
icantly associated with some favorable prognostic indicators, such as older age, low grading,
lower fraction of dividing cells, lower genetic mutation, but not with nodal involvement
[46, 50–53].
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Adjuvant hormone therapy can halve the recurrence rate of patients with ER-positive breast
cancer [54] and, due to its quite limited side effects, it can be administered with success also in
the elderly or in the presence of comorbidities, and responses can last for many years in some
patients with metastatic disease. Patients with stage I ER-positive breast cancer, who receive
no systemic therapy, have a 5–10% lower probability of recurrence at 5 years in comparison
with ER-negative patients [55]. On the other hand, in ER-negative tumors are unlikely to
respond to hormone therapy and respond better to cytotoxic chemotherapy.

The literature demonstrates that the benefit of 5 years of adjuvant tamoxifen treatment
depends on the tumor ER and PR status [54, 56], and the efficacy of tamoxifen in reducing
local, contralateral and distant relapse or death was strongly confirmed by more recent
large prospective trials [57, 58]. A marginally significant relationship between ER level and
time to recurrence was observed also in patients treated with aromatase inhibitors [59].
However, studies about adjuvant tamoxifen in early breast cancers did not show any benefit
of PR expression among ER-positive patients, but only a benefit among ER-negative
patients [54, 60, 61]. Definitely, ER+/PR+ tumors had a 15–30% lower risk of recurrence and
death than ER+/PR- ones [49].

Hormone therapy may be an interesting option also in the advanced disease, as the level of ER
expression is associated with good responses in the ER-positive disease, and provides good
palliation, better quality of life, and improved survival [62]. In fact, approximately 30–40% of
patients with ER-positive metastatic disease will respond to first-line hormone therapies, another
20% will experience disease stabilization, and despite a gradual efficacy decline, about 20–30%
will respond to subsequent lines of hormone therapy [63]. ER status is also prognostic for the site
of metastasis, metastasizing ER-positive tumors more frequently to the bone, soft tissue, or the
reproductive and genital tracts, and ER-negative ones to visceral organs or the brain [64].

As the hormone receptor status of the metastases should be more predictive than that of the
primary tumor, before making treatment decisions, the molecular markers of breast cancer
should be retested in the metastatic lesions when possible, due to the risk of discordance
between the hormone receptor status between the relapse/metastases and the primary tumor.
In fact, a conversion rate of 20–30% has been reported from ER-positive to ER-negative status,
related with a poorer prognosis, while less frequent conversion has been reported from ER-
negative to ER-positive status [65–68]. The same happens for what concerns PR expression in
metastatic lesions, which often converts from PR-positive to PR-negative [66, 67].

Beyond the probable technical causes of false-negative or false-positive results, possible expla-
nations for the hormone status changes include the tumor dedifferentiation over time and the
intratumoral heterogeneity, leading to clonal selection of hormone receptor negative and more
resistant clones, as an adaptive mechanism to prior treatments [68]. Apart from the hormon
status change, the resistance to endocrine therapy may be explained by the modulation of
many cellular signaling networks, which usually provide alternative mitogenic and survival
stimuli for the cells. Therefore, multigene predictive scores have been developed to predict
tumors hormonal responsiveness, such as the Oncotype DX 21 gene assay, which includes
several downstream ER-regulated genes and several proliferation genes in addition to ER
mRNA, and will be discussed in another section [11].
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The results of adjuvant chemotherapy trials support that ER-negative tumors derive more
benefit from chemotherapy than ER-positive ones, as well as luminal A (ER/PR+/HER2-)
tumors [54, 69]. A study comparing adjuvant TAC (docetaxel-adriamycin-cyclophosphamide)
with FAC (fluorouracil-adriamycin-cyclophosphamide) showed a benefit of adding taxanes
regardless of ER status, as they exhibit endocrine effects by inducing amenorrhea in
premenopausal women [70]. On the other hand, as expected, the ovarian ablative effects of
chemotherapy are not observed in postmenopausal patients. Neoadjuvant chemotherapy trials
have also shown the effect of ER status in pathologic complete response (pCR) rates, which
result significantly higher in the ER-positive group than in ER-negative one [71].

2.3. Methods for measuring hormone receptors

Various assay methods have been used to measure ER expression in breast cancer specimens,
which is fundamental for the therapeutic planning. The dextran-coated charcoal/ligand-
binding assay (DCC/LBA) was the first available standard inked immunosorbent assay
(ELISA). Thereafter, since 1990s, immunohistochemistry (IHC) of formalin-fixed paraffin-
embedded specimens began to replace the DCC assay because it needs smaller tissue amounts,
does not require fresh/frozen tissue, correlates staining with histology, and allows the storage
and retrieval of archived slides for later testing [72].

The last guidelines for hormone receptor testing, reported by the Society of Clinical Oncology
(ASCO)/Collage of American Pathologists (CAP) in 2010, establish mandatory proficiency
testing and inspection criteria to improve the accuracy of these tests [73]. Breast resection
specimens should be fixed as quickly as possible (within 1 h from reesection) in an adequate
volume of fixative (optimally 10-fold greater than the volume of the specimen). After being
received in the pathology laboratory, specimens should be oriented and carefully inked for
surgical margin assessment, sectioned at 5 mm intervals, and placed in 10% neutral (phos-
phate) buffered formalin for no less than 6 h and for not more than 72 h before processing.

After treatment for antigen retrieval, the tissue sections are incubated with a primary antibody
directed against the ER or PR, and subsequently with a secondary detection systems that are
conjugated to an enzyme to amplify the chromogenic signal, and finally microscopically
evaluated. External and internal controls can be used to ensure the proper performance of
IHC test. The percentage of cells with nuclear staining is reported by either estimation or
quantitation, which may be performed either manually or by image analysis. Both the average
intensity (weak, moderate, strong) and extent of staining (as a percentage) are reported. ER or
PR expression is considered positive or negative in case of immunoreaction in respectively ≥1
or <1% of tumor cell nuclei [73].

3. HER2/neu testing: Prognosis prediction and targeted therapies

3.1. Biology of HER2/neu

The human epidermal growth factor receptor 2 (HER2/neu) gene, localized on chromosome 17,
encodes a a 185 kDa, transmembrane member of the tyrosine kinase epidermal growth factor
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receptors, which are normally expressed at low levels in all epithelial cells in normal fetal and
adult tissues, but are also essential for cancer proliferation and survival [74]. HER2 gene
amplification has been associated with increased levels of expression of HER2 mRNA and
protein product, which lead to oncogenic signaling and resultant self-sufficiency in growth
signals, uncontrolled proliferation, sustained angiogenesis, survival, enhanced invasion, and
metastasis processes, which are drivers of carcinogenesis [75–77]. The HER2/neu gene results
amplified in a variable percentage of breast [77, 78], ovarian [77], bladder, endometrial [79],
salivary gland [80], and gastric cancer [81].

The human epidermal growth factor receptor (HER) family consists of four members: EGFR/
ErbB1, HER2/ErbB2, HER3/ErbB3, and HER4/ErbB4. The structure of these receptors consists
of a ligand-binding extracellular domain, a transmembrane domain, and a cytoplasmic cata-
lytic kinase domain that drives downstream signaling pathways, such as the PI3K/Akt/mTOR
and RAS/RAF/MEK/ERK ones [82]. HER heterodimers are more potent in signal transduction
than are homodimers. HER2 is the preferred partner for dimerization, triggering with its
overexpression breast cancer progression with a poor prognosis, and the HER2-HER3
heterodimer is known to be the most potent oncogenic combination in breast cancer.

HER2 overexpression ultimately activates ligand-independent HER2/HER3/PI3K complex for-
mation and kinase activity in tumor cells, so that the resistance to trastuzumab can be
circumvented through PI3K inhibition, as well as gain-of-function mutations of PI3K and the
loss of PTEN. Furthermore, the upregulation of insulin-like growth factor receptor 1 (IGF-1R)
results in sustained activation of the PI3K/Akt pathway, thereby leading to resistance to anti-
hormonal and HER2-targeted therapies.

3.2. Clinical relevance of HER2/neu

Having a look at the currrent literature, HER2 results amplified in approximately 15–30% of
breast cancers [75, 83]. HER2 overexpression, in the absence of adjuvant treatment, correlates
with a poor prognosis in terms of both overall and disease-free survival, independent of tumor
size, grade and hormone receptor status [84]. However, HER2 is also an important predictive
marker for responsiveness to HER2-targeted therapies, in both metastatic and adjuvant set-
tings [85, 86].

Trastuzumab, the most famous humanized monoclonal antibody against HER2, significantly
improves response rates, time to progression and survival when used alone or added to
chemotherapy in both early stage and metastatic breast cancer [87]. Other HER2-targeted
drugs, including the tyrosine kinase inhibitor lapatinib, the antibody pertuzumab, and the
antibody drug conjugate adotrastuzumab emtansine (T-DM1), improve outcomes in HER2-
positive metastatic breast cancer [88–90].

A controversial association exists between HER2 positivity and resistance to hormone thera-
pies, but randomized trials in either adjuvant or metastatic settings failed to provide
supporting evidence. [91]. This probably happens due to a physiological cross talk between
the HER2 and ER signal transduction pathways, but other mechanisms of hormone inde-
pendent endocrine resistance of HER2-expressing cells have been described, such as phosphor-
ylation of the ER, ligand-independent ER activation, and regulation of hormone receptor

Biomarkers in Breast Cancer
http://dx.doi.org/10.5772/intechopen.77320

9



The results of adjuvant chemotherapy trials support that ER-negative tumors derive more
benefit from chemotherapy than ER-positive ones, as well as luminal A (ER/PR+/HER2-)
tumors [54, 69]. A study comparing adjuvant TAC (docetaxel-adriamycin-cyclophosphamide)
with FAC (fluorouracil-adriamycin-cyclophosphamide) showed a benefit of adding taxanes
regardless of ER status, as they exhibit endocrine effects by inducing amenorrhea in
premenopausal women [70]. On the other hand, as expected, the ovarian ablative effects of
chemotherapy are not observed in postmenopausal patients. Neoadjuvant chemotherapy trials
have also shown the effect of ER status in pathologic complete response (pCR) rates, which
result significantly higher in the ER-positive group than in ER-negative one [71].

2.3. Methods for measuring hormone receptors

Various assay methods have been used to measure ER expression in breast cancer specimens,
which is fundamental for the therapeutic planning. The dextran-coated charcoal/ligand-
binding assay (DCC/LBA) was the first available standard inked immunosorbent assay
(ELISA). Thereafter, since 1990s, immunohistochemistry (IHC) of formalin-fixed paraffin-
embedded specimens began to replace the DCC assay because it needs smaller tissue amounts,
does not require fresh/frozen tissue, correlates staining with histology, and allows the storage
and retrieval of archived slides for later testing [72].

The last guidelines for hormone receptor testing, reported by the Society of Clinical Oncology
(ASCO)/Collage of American Pathologists (CAP) in 2010, establish mandatory proficiency
testing and inspection criteria to improve the accuracy of these tests [73]. Breast resection
specimens should be fixed as quickly as possible (within 1 h from reesection) in an adequate
volume of fixative (optimally 10-fold greater than the volume of the specimen). After being
received in the pathology laboratory, specimens should be oriented and carefully inked for
surgical margin assessment, sectioned at 5 mm intervals, and placed in 10% neutral (phos-
phate) buffered formalin for no less than 6 h and for not more than 72 h before processing.

After treatment for antigen retrieval, the tissue sections are incubated with a primary antibody
directed against the ER or PR, and subsequently with a secondary detection systems that are
conjugated to an enzyme to amplify the chromogenic signal, and finally microscopically
evaluated. External and internal controls can be used to ensure the proper performance of
IHC test. The percentage of cells with nuclear staining is reported by either estimation or
quantitation, which may be performed either manually or by image analysis. Both the average
intensity (weak, moderate, strong) and extent of staining (as a percentage) are reported. ER or
PR expression is considered positive or negative in case of immunoreaction in respectively ≥1
or <1% of tumor cell nuclei [73].

3. HER2/neu testing: Prognosis prediction and targeted therapies

3.1. Biology of HER2/neu

The human epidermal growth factor receptor 2 (HER2/neu) gene, localized on chromosome 17,
encodes a a 185 kDa, transmembrane member of the tyrosine kinase epidermal growth factor

Biomarker - Indicator of Abnormal Physiological Process8

receptors, which are normally expressed at low levels in all epithelial cells in normal fetal and
adult tissues, but are also essential for cancer proliferation and survival [74]. HER2 gene
amplification has been associated with increased levels of expression of HER2 mRNA and
protein product, which lead to oncogenic signaling and resultant self-sufficiency in growth
signals, uncontrolled proliferation, sustained angiogenesis, survival, enhanced invasion, and
metastasis processes, which are drivers of carcinogenesis [75–77]. The HER2/neu gene results
amplified in a variable percentage of breast [77, 78], ovarian [77], bladder, endometrial [79],
salivary gland [80], and gastric cancer [81].

The human epidermal growth factor receptor (HER) family consists of four members: EGFR/
ErbB1, HER2/ErbB2, HER3/ErbB3, and HER4/ErbB4. The structure of these receptors consists
of a ligand-binding extracellular domain, a transmembrane domain, and a cytoplasmic cata-
lytic kinase domain that drives downstream signaling pathways, such as the PI3K/Akt/mTOR
and RAS/RAF/MEK/ERK ones [82]. HER heterodimers are more potent in signal transduction
than are homodimers. HER2 is the preferred partner for dimerization, triggering with its
overexpression breast cancer progression with a poor prognosis, and the HER2-HER3
heterodimer is known to be the most potent oncogenic combination in breast cancer.

HER2 overexpression ultimately activates ligand-independent HER2/HER3/PI3K complex for-
mation and kinase activity in tumor cells, so that the resistance to trastuzumab can be
circumvented through PI3K inhibition, as well as gain-of-function mutations of PI3K and the
loss of PTEN. Furthermore, the upregulation of insulin-like growth factor receptor 1 (IGF-1R)
results in sustained activation of the PI3K/Akt pathway, thereby leading to resistance to anti-
hormonal and HER2-targeted therapies.

3.2. Clinical relevance of HER2/neu

Having a look at the currrent literature, HER2 results amplified in approximately 15–30% of
breast cancers [75, 83]. HER2 overexpression, in the absence of adjuvant treatment, correlates
with a poor prognosis in terms of both overall and disease-free survival, independent of tumor
size, grade and hormone receptor status [84]. However, HER2 is also an important predictive
marker for responsiveness to HER2-targeted therapies, in both metastatic and adjuvant set-
tings [85, 86].

Trastuzumab, the most famous humanized monoclonal antibody against HER2, significantly
improves response rates, time to progression and survival when used alone or added to
chemotherapy in both early stage and metastatic breast cancer [87]. Other HER2-targeted
drugs, including the tyrosine kinase inhibitor lapatinib, the antibody pertuzumab, and the
antibody drug conjugate adotrastuzumab emtansine (T-DM1), improve outcomes in HER2-
positive metastatic breast cancer [88–90].

A controversial association exists between HER2 positivity and resistance to hormone thera-
pies, but randomized trials in either adjuvant or metastatic settings failed to provide
supporting evidence. [91]. This probably happens due to a physiological cross talk between
the HER2 and ER signal transduction pathways, but other mechanisms of hormone inde-
pendent endocrine resistance of HER2-expressing cells have been described, such as phosphor-
ylation of the ER, ligand-independent ER activation, and regulation of hormone receptor

Biomarkers in Breast Cancer
http://dx.doi.org/10.5772/intechopen.77320

9



expression [92]. Moreover, some data suggest that endocrine resistance may be specific to
selective estrogen modulator (SERM) therapy such as tamoxifen and perhaps not to estrogen
depletion therapies such as aromatase inhibitors [59, 93]. Furthermore, the response to ligand-
depleting therapies such as ovarian ablation or aromatase inhibitors is not affected by HER2
overexpression.

HER2 may be associated with either sensitivity or resistance to some chemotherapeutic agents.
For example, HER2 positivity is associated with better outcomes in response to adjuvant
anthracycline containing regimens in most studies, probably due to the coamplification of
HER2 with topoisomerase II, which is the direct target of anthracyclines [94]. Anyway, the
combination of trastuzumab and anthracycline has cardiotoxicity concerns, so that an accurate
determination of HER2 alterations in breast carcinomas is mandatory. On the other hand, data
about the possibile correlation of HER2 positivity with responsiveness to paclitaxel containing
chemotherapy are still contradictory [95].

3.3. Methods for measuring HER2/neu

HER2 gene amplification is directly correlated with its mRNA expression and protein levels,
and HER2 status can potentially be evaluated at any of these levels. A great number of
commercially available testing kits are approved from FDA for the assessment of patients
suitable for the treatment whit trastuzumab (humanized mouse 4D5 monoclonal antibody)
may be a suitable treatment. Overexpression of the HER2 protein product may be evaluated by
Western blotting, ELISA or IHC; overexpression of its mRNA by Northern blotting or RT-PCR,
and its gene amplification by fluorescence (FISH), chromogenic (CISH) or silver-enhanced in
situ hybridization (SISH) [96].

FISH is more accurate, reproducible, and robust than IHC [97], but IHC has been more widely
used as the primary test for HER2 status because it results quicker, is viewed using a conven-
tional bright-field microscope, permits parallel viewing of tumor morphological features, and
stained tissues do not degrade over time [98]. Moreover, automated IHC techniques may
enable more rapid testing.

Recommendations for tissue handling as well as preanalytic, analytic, and postanalytic factors
in ER/PR testing are also suitable for HER2 testing. Laboratories performing these tests should
follow all accreditation requirements, which conform to the 2010 ASCO/CAP recommenda-
tions for ER/PR testing, one of which is the initial testing validation [83]. Laboratories are
responsible for ensuring the reliability and accuracy of their testing results and should review
and document external and internal controls with each test and each batch of tests.

The final IHC result is classified as 3+ in the case of a complete circumferential membrane
staining in >10% of neoplastic cells, 2+ in the presence of moderate circumferential membrane
staining of >10% of neoplastic cells, 1+ or 0 if there is incomplete membrane staining or no
staining in >10% of neoplastic cells. A positive result includes the 3+ and the 2+ in the presence
of a ISH confirmation [83].
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4. Mib1/Ki-67: Prognosis prediction and treatment planning

Numerous measures of tumor cell proliferation have been studied over time, including thymi-
dine labeling index, flow cytometry and S-phase fraction, thymidine kinase, cyclins D and E
and their inhibitors p27 and p21, topoisomerase IIα, p53, bax, bcl-2, and Ki67, but methodo-
logical shortcomings precluded attribution of prognostic or predictive significance to any of
these potential markers [99].

The mitotic index, which is one of the three components of the tumor grading assessment,
results the strongest prognostic discriminant in node-negative breast cancer, being the most
significant predictor of survival, and rendering less significant the other two elements of tumor
grading evaluation, pleomorphism and tubular formation [100]. In particular, patients with
mitotic index ≥10 should be considered at high risk and be offered adjuvant therapy.

Mib1/Ki-67 is a proliferation index used as both a prognostic and predictive marker, although its
widespread use is limited by the lack of standardization of the assay and its interpretation [99,
101]. This marker of proliferation results an independent prognostic factor for DFS, is signifi-
cantly predictive for responsiveness to both adjuvant chemotherapy and endocrine therapy, and
is predictive for pathological complete response in the neoadjuvant setting [102, 103]. In fact, the
Mib1/Ki-67 decrease in the post-treatment samples of women who underwent neoadjuvant
therapies is a strong independent predictor of better clinical outcomes [104].

5. Genomic markers, prognosis, and personalized treatment

In the past, breast cancers were simply treated based on some clinicopathological features,
such as tumor size, lymph node status, patients age and menopausal status, and tumor bio-
markers such as ER, PR, and HER2/neu. Then, systemic chemotherapy was applied nearly
universally to locally advanced breast cancers regardless of their biomolecular profile, and to
about 60% of early breast cancers, but often without any significant effect on women prognosis
[105]. As a consequence, a great debate has emerged about quality-of-life issues, acute and
long-term side effects of systemic therapies, and the cost of unnecessary treatments [54, 106].
Therefore, in the last decades, quantitative approaches for prognosis prediction and treatment
individualization have been developed, and genomic and molecular technologies are routinely
applied to prevent overtreatments.

Recently, thanks to the increased level of knowledge regarding the molecular pathways and
underlying genetic changes in breast cancer, the molecular signatures of gene expression have
been correlated with breast cancer recurrence risk [7, 107, 108]. Anyway, their current clinical
application is still limited due to reproducibility questions and the need for fresh or frozen tissue.

In this section, we discuss about susceptibility genes, the carriers of which results to have an
increased breast cancer risk and consequently deserve a more frequent and specific screening,
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4. Mib1/Ki-67: Prognosis prediction and treatment planning
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5. Genomic markers, prognosis, and personalized treatment
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such as tumor size, lymph node status, patients age and menopausal status, and tumor bio-
markers such as ER, PR, and HER2/neu. Then, systemic chemotherapy was applied nearly
universally to locally advanced breast cancers regardless of their biomolecular profile, and to
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[105]. As a consequence, a great debate has emerged about quality-of-life issues, acute and
long-term side effects of systemic therapies, and the cost of unnecessary treatments [54, 106].
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Recently, thanks to the increased level of knowledge regarding the molecular pathways and
underlying genetic changes in breast cancer, the molecular signatures of gene expression have
been correlated with breast cancer recurrence risk [7, 107, 108]. Anyway, their current clinical
application is still limited due to reproducibility questions and the need for fresh or frozen tissue.

In this section, we discuss about susceptibility genes, the carriers of which results to have an
increased breast cancer risk and consequently deserve a more frequent and specific screening,
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and about some signatures, which are usually used to predict breast cancer responsiveness to
adjuvant and neoadjuvant therapies.

5.1. BRCA1 and BRCA2

Inherited susceptibility to breast cancer has been hypothesized due to the discovery and
characterization of a number of high-risk, relatively uncommon genes responsible for the
clustering of breast cancer in certain families, which thereafter had a significantly increased
risk in comparison with the general population [109, 110]. Many studies suggest that breast
cancer susceptibility is transmitted in an autosomal dominant mendelian way [111], but the
actual risk of developing breast cancer in a mutation carrier is based on the penetrance of the
gene, which consists in the likelihood that the effect (phenotype) of a mutation (genotype) will
become clinically apparent.

The BRCA1 gene was firstly identified in 1994 [112] and is localized on the 17th chromosome,
whereas the BRCA2 gene was found some years after and is localized on the 13th chromosome
[113]. The big size of these genes is important in the context of genetic testing because of the
increased probability of mutations and the consequent technically demanding and costly
mutations testing, but fortunately the use of modern next generation DNA sequencing is
already overcoming these technical and cost issues. Moreover, the BRCA1 gene contains a
large number of repetitive elements that facilitate the generation of large deletions and dupli-
cations.

BRCA1 is a nuclear protein with two important regions of sequence similarity with known
functional motifs: a 42–amino-acid RING (Really Interesting New Gene) domain at the begin-
ning of BRCA1 which binds zinc and is essential in cell growth and differentiation, and the
BRCT (breast cancer-1 terminus) motif at the carboxyl terminus, which acts as a phosphopro-
tein docking motif and a transcriptional activation domain [114, 115]. BRCA2 is also a nuclear
protein composed of the following major structural motifs: the eight tandem BRC repeats in
the central portion of the protein, which mediates the critical interaction of BRCA2 and
RAD51, the TR2 at the carboxyl terminus, which binds RAD51 exists, a single-strand and
double-strand DNA binding domain in the C-terminus [113, 116].

Both BRCA1 and BRCA2 genes encode large proteins with multiple functions, which act
mainly as tumor suppressor gene products, affecting transcription, cell cycle regulation,
genome stability maintenance, and repair of doublestranded DNA breaks for protection of
the genome during replication [117, 118]. In particular, BRCA1 prevents replication of dam-
aged DNA by altering chromatin structure and nucleosome organization at the local site of
damage, facilitates access by repair complexes, and promotes the use of the error-free repair
pathway of homologous recombination-mediated repair rather than the error-prone process of
nonhomologous end joining [118]. BRCA2 affects the choice between the two homologous
recombination pathways in favor of the error-free one, by interacting with RAD51 [118]. When
the wild-type BRCA1 or BRCA2 allele is lost, mutated, or silenced, a high degree of chromo-
some instability is observed and defective DNA repair may occur, with the consequent accu-
mulation of additional mutations during replication and promotion of carcinogenesis [119].
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Mutations in BRCA1 and BRCA2 genes are the most frequent hereditary genetic aberrations in
breast cancer and account for approximately half of all hereditary breast cancers. Initial esti-
mates found BRCA1 mutations to be responsible for 45–90% of breast cancer cases in families
with apparent autosomal dominant transmission of breast cancer, and this percentage rises if
the median age at onset of breast cancer is younger than 45 years [120, 121]. Estimates of
BRCA1 and BRCA2 mutation prevalence in unselected patients with breast cancer are in the
range of 2–3% [122].

Among BRCA1 mutation carriers, the estimated breast cancer risk is about 65%, the estimated
risk of contralateral breast cancer occurrence results 60%, the cumulative risk of ovarian cancer
varies between 27 and 45%, and there is also a significantly increased risk of fallopian tube,
uterine and cervical cancer, as well as of male breast cancer, stomach, pancreatic, colon and
testicular cancer [123–126].

Among BRCA2 mutation carriers, the estimated lifetime breast cancer risk ranges between 45
and 84%, and that of ovarian cancer between 10 and 20% [123, 127]. There is an increased male
breast cancer risk of about 6%, as well as an increased risk of prostate, pancreatic, stomach,
gallbladder and bile duct cancers, and malignant melanoma [122, 128].

More than 500 coding region sequence variations have been detected in BRCA1 and 250 in
BRCA2. Most unequivocally confirmed mutations reported to date are truncating mutations,
adding little in the way of clues for defining functional regions. Although few mutations have
been identified in either gene in sporadic breast cancers, a phenotype termed “BRCAness”
exist, in which the BRCA1 and BRCA2 proteins act may be somehow disrupted also in
sporadic cancer [129]. Finally, there are also some syndromes characterized by an increased
breast cancer susceptibility, which are discussed in the following section.

Although germline mutations in BRCA1 and BRCA2 confer a high risk of breast cancer, a great
deal of variability has been observed in cancer risk among individuals, both between and
within families, as many environmental or genetic factors can modify the penetrance of
BRCA1 and BRCA2 mutations. The Consortium of Investigators of Modifiers of BRCA1 and
BRCA2 (CIMBA), analyzing DNA and clinical data from approximately 10,000 BRCA1 and
5000 BRCA2 mutation carriers, demonstrated the role of a number of gene variants in affecting
the penetrance in mutation carriers [130].

The most important prognostic modifiers of BRCA1 and BRCA2 mutation carriers are prophy-
lactic oophorectomy and the use of tamoxifen for chemoprevention, which approximately
halve the breast cancer risk and decrease the risk of ovarian cancer by about 95% [131, 132].

In comparison with sporadic breast cancers, those related with high-penetrance susceptibility
genes correlate with younger age at diagnosis, more aggressive tumor biological behavior,
bilaterality, and the eventual coexistence of other cancers in the same individual or in other
individuals of the same family, including ovarian, colon, prostate, pancreatic, and endometrial
cancers, as well as sarcomas and male breast cancer [133].

Breast cancers arising in BRCA1 mutation carriers are frequently, although not exclusively,
basal-like and ER-negative, probably because BRCA1 plays a crucial role in the transcriptional

Biomarkers in Breast Cancer
http://dx.doi.org/10.5772/intechopen.77320

13



and about some signatures, which are usually used to predict breast cancer responsiveness to
adjuvant and neoadjuvant therapies.

5.1. BRCA1 and BRCA2

Inherited susceptibility to breast cancer has been hypothesized due to the discovery and
characterization of a number of high-risk, relatively uncommon genes responsible for the
clustering of breast cancer in certain families, which thereafter had a significantly increased
risk in comparison with the general population [109, 110]. Many studies suggest that breast
cancer susceptibility is transmitted in an autosomal dominant mendelian way [111], but the
actual risk of developing breast cancer in a mutation carrier is based on the penetrance of the
gene, which consists in the likelihood that the effect (phenotype) of a mutation (genotype) will
become clinically apparent.

The BRCA1 gene was firstly identified in 1994 [112] and is localized on the 17th chromosome,
whereas the BRCA2 gene was found some years after and is localized on the 13th chromosome
[113]. The big size of these genes is important in the context of genetic testing because of the
increased probability of mutations and the consequent technically demanding and costly
mutations testing, but fortunately the use of modern next generation DNA sequencing is
already overcoming these technical and cost issues. Moreover, the BRCA1 gene contains a
large number of repetitive elements that facilitate the generation of large deletions and dupli-
cations.

BRCA1 is a nuclear protein with two important regions of sequence similarity with known
functional motifs: a 42–amino-acid RING (Really Interesting New Gene) domain at the begin-
ning of BRCA1 which binds zinc and is essential in cell growth and differentiation, and the
BRCT (breast cancer-1 terminus) motif at the carboxyl terminus, which acts as a phosphopro-
tein docking motif and a transcriptional activation domain [114, 115]. BRCA2 is also a nuclear
protein composed of the following major structural motifs: the eight tandem BRC repeats in
the central portion of the protein, which mediates the critical interaction of BRCA2 and
RAD51, the TR2 at the carboxyl terminus, which binds RAD51 exists, a single-strand and
double-strand DNA binding domain in the C-terminus [113, 116].

Both BRCA1 and BRCA2 genes encode large proteins with multiple functions, which act
mainly as tumor suppressor gene products, affecting transcription, cell cycle regulation,
genome stability maintenance, and repair of doublestranded DNA breaks for protection of
the genome during replication [117, 118]. In particular, BRCA1 prevents replication of dam-
aged DNA by altering chromatin structure and nucleosome organization at the local site of
damage, facilitates access by repair complexes, and promotes the use of the error-free repair
pathway of homologous recombination-mediated repair rather than the error-prone process of
nonhomologous end joining [118]. BRCA2 affects the choice between the two homologous
recombination pathways in favor of the error-free one, by interacting with RAD51 [118]. When
the wild-type BRCA1 or BRCA2 allele is lost, mutated, or silenced, a high degree of chromo-
some instability is observed and defective DNA repair may occur, with the consequent accu-
mulation of additional mutations during replication and promotion of carcinogenesis [119].

Biomarker - Indicator of Abnormal Physiological Process12

Mutations in BRCA1 and BRCA2 genes are the most frequent hereditary genetic aberrations in
breast cancer and account for approximately half of all hereditary breast cancers. Initial esti-
mates found BRCA1 mutations to be responsible for 45–90% of breast cancer cases in families
with apparent autosomal dominant transmission of breast cancer, and this percentage rises if
the median age at onset of breast cancer is younger than 45 years [120, 121]. Estimates of
BRCA1 and BRCA2 mutation prevalence in unselected patients with breast cancer are in the
range of 2–3% [122].

Among BRCA1 mutation carriers, the estimated breast cancer risk is about 65%, the estimated
risk of contralateral breast cancer occurrence results 60%, the cumulative risk of ovarian cancer
varies between 27 and 45%, and there is also a significantly increased risk of fallopian tube,
uterine and cervical cancer, as well as of male breast cancer, stomach, pancreatic, colon and
testicular cancer [123–126].

Among BRCA2 mutation carriers, the estimated lifetime breast cancer risk ranges between 45
and 84%, and that of ovarian cancer between 10 and 20% [123, 127]. There is an increased male
breast cancer risk of about 6%, as well as an increased risk of prostate, pancreatic, stomach,
gallbladder and bile duct cancers, and malignant melanoma [122, 128].

More than 500 coding region sequence variations have been detected in BRCA1 and 250 in
BRCA2. Most unequivocally confirmed mutations reported to date are truncating mutations,
adding little in the way of clues for defining functional regions. Although few mutations have
been identified in either gene in sporadic breast cancers, a phenotype termed “BRCAness”
exist, in which the BRCA1 and BRCA2 proteins act may be somehow disrupted also in
sporadic cancer [129]. Finally, there are also some syndromes characterized by an increased
breast cancer susceptibility, which are discussed in the following section.

Although germline mutations in BRCA1 and BRCA2 confer a high risk of breast cancer, a great
deal of variability has been observed in cancer risk among individuals, both between and
within families, as many environmental or genetic factors can modify the penetrance of
BRCA1 and BRCA2 mutations. The Consortium of Investigators of Modifiers of BRCA1 and
BRCA2 (CIMBA), analyzing DNA and clinical data from approximately 10,000 BRCA1 and
5000 BRCA2 mutation carriers, demonstrated the role of a number of gene variants in affecting
the penetrance in mutation carriers [130].

The most important prognostic modifiers of BRCA1 and BRCA2 mutation carriers are prophy-
lactic oophorectomy and the use of tamoxifen for chemoprevention, which approximately
halve the breast cancer risk and decrease the risk of ovarian cancer by about 95% [131, 132].

In comparison with sporadic breast cancers, those related with high-penetrance susceptibility
genes correlate with younger age at diagnosis, more aggressive tumor biological behavior,
bilaterality, and the eventual coexistence of other cancers in the same individual or in other
individuals of the same family, including ovarian, colon, prostate, pancreatic, and endometrial
cancers, as well as sarcomas and male breast cancer [133].

Breast cancers arising in BRCA1 mutation carriers are frequently, although not exclusively,
basal-like and ER-negative, probably because BRCA1 plays a crucial role in the transcriptional

Biomarkers in Breast Cancer
http://dx.doi.org/10.5772/intechopen.77320

13



regulation of ER [129, 134]. On the other hand, breast cancer originated in BRCA2 mutation
carriers are typically much more similar to sporadic cases, despite with higher grading, higher
frequency of ER-positivity and lower frequency of HER2/neu overexpression [135].

Breast cancer prognosis in BRCA1 and BRCA2 mutation carriers is still controversial, and if
some authors describe a worse prognosis even in classically low-risk node-negative disease
[136], other exclude any significant difference if compared to the general breast cancer popu-
lation [137]. Furthermore, BRCA1 and BRCA2 mutation carriers result to have an increased
risk of contralateral breast cancer occurrence [138].

New drugs have been purposed as a promising therapeutic strategy in BRCA defective tumor
cells, such as the inhibitors of the poly(adenosine diphosphate-ribose) polymerase-1 (PARP1),
which is an enzyme involved in the single-stranded DNA repair that use base excision repair.

Other breast cancer susceptibility genes have been described, which can be divided into three
categories in terms of mutation risk and the frequency of mutation. Along with BRCA1 and
BRCA2 gene mutation, the first category includes PTEN and TP53 gene mutations, which are
classified as high-penetrance, low-frequency predisposition genes, and the occurrence of even
one of these mutations can increase the risk of breast cancer to 25% [139, 140]. The second
category includes the CHEK2, ATM, PALB and BRIP1 2 genes, which are moderate-penetrance,
low-frequency predisposition genes, and lead to an increased risk of cancer of twofold to
fourfold [110]. Finally, the third category consists of the FGFR2, MAP3K1,and TGFB1 gene
mutations, which are low-penetrance, high-frequency predisposition genes [141].

5.2. Multigene signatures

In the last decades, many genomic and molecular classification have been described with a
prognostic intent. The most famous divides breast cancers into the following subtypes: luminal
A, luminal B, HER2-enriched, basal-like, and normal-like [142]. Luminal subtypes express high
levels of ER, they usually have an indolent clinical course, with a low distant recurrence rate,
which anyway persists even up to 15 years after the diagnosis. Luminal B subtypes express
fewer ER-related genes, have a higher proliferation rate and may overexpress HER2/neu, so
that they usually require to be treated with both hormonal therapy and chemotherapy. HER2-
enriched subtype exhibits HER2/neu gene amplification but does not express ER-related genes,
they have an aggressive natural clinical course but fortunately respond very well to HER2-
targeted therapy. The basal-like or triple-negative subtype does not express ER, PR, and HER2/
neu but expresses basal cytokeratins 5/6 and 17, they have a poor prognosis and a high
recurrence rate.

The first molecular signature of breast cancer was determined in 2000 by the expression of a set
of genes within the tumor, which were able to predict the clinical outcome [143]. The main
limitations of gene signature profiling include difficulties in reproducing the specific gene sets,
testing expense, and reporting standardization. However, gene signature cannot be substituted
by IHC surrogates which have significant discordances with genetic profiling [144].

Biomarker - Indicator of Abnormal Physiological Process14

The three multigene tests for breast cancer which are commercially available and currently
used in the clinical practice are the Oncotype DX test (Genomic Health, Redwood, CA, USA),
the MammaPrint test (Netherlands Cancer Institute™ and Agendia™, Netherland), and the
Prosigma one (NanoString Technologies, Seattle, WA, USA). The Oncotype DX test is the most
widely used molecular test in the therapeutic decision-making, is strongly predictive for
endocrine responsiveness in hormone receptor-positive breast cancers with 0–3 positive nodes,
and is recommended by both the National Comprehensive Cancer Network (NCCN) and the
St. Gallen Consensus [7, 145, 146].

The Oncotype DX is a real-time reverse transcriptase chain reaction (RT-PCR) assay, which
measures the expression of a panel of 21 genes in formalin-fixed paraffin-embedded samples,
including 16 cancer-related genes (ER, PR, Bcl2, SCUBE2, HER2, GRB7, Ki-67, STK15, survivin,
cyclin B1, MYBL2, stromelysin 3, cathepsin L2, GSTM1, CD68, and BAG1) and 5 housekeeping
control genes (beta-actin, GAPDH, RPLPO, GUS, and TFRC), to generate a recurrence score to
stratify breast cancer patients into three risk groups. The low risk group (score < 18), the
intermediate (score 18–30), and the high risk one (score ≥ 31) have a 10-year distant recurrence
rate of respectively 6.8, 14.3, and 30.5% [144].

The MammaPrint assay is the second most commonly ordered molecular test approved by the
US-FDA and measure the expression of 70 genes involved in the cell cycle, invasion, prolifer-
ation, angiogenesis, metastasis, and signal transduction, none of which is tested by the
Oncotype DX assay. The MammaPrint customized microarray contains a reduced set of 1900
probes suitable for high-throughput processing, and allows the use of less RNA and a short
processing time of 5 days. This assay can be applied in both node-positive and node-negative
and both hormone-positive and hormone-negative cancers, it is predictive for responsiveness
to chemotherapy and prognostic for early distant recurrence within the first 10 years after
diagnosis, which results 13 and 56% respectively in the low- and high-risk group [147–149].

The Prosigna test is an assay approved by the US-FDA which measures the expression of 50
target genes and 5 constitutively expressed normalization genes, using a proprietary technol-
ogy called the “nCounter Dx Analysis System.” The assay is highly sensitive and precise and
uses 250 ng of RNA from formalin-fixed paraffine-embadded tumor tissue, and generates a
risk of recurrence score, which assesses the 10-year risk of distant recurrence for hormone
receptor-positive stage I–III breast cancers to be treated with adjuvant endocrine therapy, and
correlates to one of the five molecular subtypes previously described [143, 150]. The Prosigna
assay results superior to the Oncotype DX test in predicting late distant recurrence after
5–10 years [9, 151].
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Abstract

MicroRNAs (miRNAs) are a class of small non-coding RNA molecules of approximately 
22 nucleotides that regulate gene expression at the post-transcriptional level. Alterations 
in miRNA expression patterns correlate with a wide spectrum of pathological conditions, 
including cancer. miRNA profiling was mostly performed, in solid tissues, obtained 
by invasive diagnostic procedures. However, miRNAs in biofluids, such as serum and 
plasma, show high stability resulting from the formation of complexes with specific 
protein or incorporation within circulating exosomes or other microvesicles. Circulating 
miRNAs could be reliable biomarkers for early-stage cancer diagnosis, prognosis and 
response to therapy. In this chapter, we analyze the major pre-analytical and analytical 
challenges in experimental design for circulating miRNA detection, focusing on exosome 
fraction and microarray-based approach.

Keywords: miRNAs, exosomes, miRNA profiling, biomarkers discovery

1. Introduction

MicroRNAs (miRNAs) are small evolutionary conserved non-coding RNAs of 19–25 nucleo-
tides that bind to the 3′-untranslated region (3’-UTR) of target mRNAs, resulting in a negative 
regulation of gene expression by suppressing translation or causing mRNA degradation [1]. 
The complex miRNA network plays an important role in the regulation of cellular processes 
such as development, proliferation, differentiation and apoptosis. Significant changes of tis-
sue miRNA “signatures” occur in various diseases, including cancer [2–4]. More than 50% 
of human miRNAs are mapped to chromosomal region of genomic instability due to extensive 
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repetitive sequences resulting in structural mutations (deletion, duplication and transloca-
tion) during tumor development [5]. Regulation of miRNA expression is an important mecha-
nism by which tumor-suppressor proteins and oncogenic proteins exert some of their effects. 
A decrease or mutation in tumor-suppressor miRNAs can lead to overexpression of oncogenic 
proteins, in contrast to an overexpression of oncogenic miRNAs which can reduce expres-
sion of tumor suppressors. For example, tumor suppressor of the let-7 family targets RAS 
oncogene, which is involved in cell growth, differentiation and survival; reduced expression 
of let-7 miRNAs correlates with poor survival in many cancers [6]. In contrast, oncogenic miR-
NAs in the cluster miR-17-92, comprising six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, 
miR-19b-1 and miR-92a-1), inhibits PTEN to activate AKT signaling and promote cancer cell 
survival [7].

miRNAs have been considered promising candidates as diagnostic and prognostic biomark-
ers for the strong correlation between expression patterns of miRNAs and disease status and 
for the differences between normal and cancer tissues. This reflects the current evidence that 
some miRNAs are overexpressed or downregulated exclusively or preferentially in certain 
cancer types.

Although miRNA profiling of tumors has been reported in solid tissues, obtained by invasive 
procedures, as an excellent prognostic test [8], routine biopsies from any organ for miRNA 
profiling are not practical options. Different studies suggest that circulating miRNAs are reli-
able indicators of pathological change because of their stability and protection against RNase 
digestion resulting from the formation of complexes with specific protein or incorporation 
within circulating exosomes or other extracellular vesicles (EV) [9]. In this context, accumulat-
ing evidence suggests that tumor cells are able to alter the function of both local and distant 
normal cells, thereby promoting tumor growth and metastasis, through the transfer of EV 
cargo [10]. miR-21, which targets the tumor-suppressor gene PTEN and programmed cell 
death 4 (PDCD4), is one of the first discovered and most investigated circulating miRNAs. Its 
upregulation seems to be of diagnostic and prognostic value in a variety of solid and hemato-
logical malignancies. High serum levels of miR-21 were strongly associated with lymph node 
metastasis, advanced-stage clinical disease and poor survival [11]. In patients with ovarian 
cancer, high serum levels of miR-34a were associated with lymph node disease and distant 
metastases [12].

Also, in patients with prostate cancer, plasma levels of miR-21, miR-141 and miR-221 were 
significantly higher in patients with metastases as compared to patients with localized or 
locally advanced-stage disease [13].

Currently, a variety of miRNA detection methods, including northern blotting, in situ hybrid-
ization, quantitative reverse transcription PCR (qRT-PCR), microarray and deep sequencing, 
are commonly used [14]. However, miRNA profiling in biofluid samples is affected by a range 
of pre-analytical and analytical challenges in experimental design, from sample collection to 
profiling and data analysis (Figure 1). In this chapter, we will propose a workflow for exosomal 
miRNA detection from sera samples using the Affymetrix GeneChip microarray platform as a 
powerful molecular approach for biomarker discovery to translate into clinical practice.

Biomarker - Indicator of Abnormal Physiological Process32

2. Methodological challenges in miRNA profiling design

2.1. Sample collection

Blood sample processing has a substantial impact on the results of miRNA profiling. During 
blood collection, it is important to avoid cellular contamination and hemolysis that can occur 
during phlebotomy as miRNAs derived from red and white blood cells risk to mask the inten-
sities of truly circulating miRNA species. Residual platelets and microparticles can also affect 
the miRNA profile so an additional centrifugation is recommended prior to freezing samples. 
Moreover, biofluidics contain inhibitors of the reverse transcriptase and polymerase enzymes 
that can inhibit the enzymatic reactions in RT-qPCR so it is important to minimize the car-
ryover of inhibitors into the RNA.

In our protocol, blood samples were collected and processed according to the national cancer 
institute (NCI’s) Early Detection Research Network (EDRN) standard operating procedures 
for the collection and preparation of serum [15].

Whole blood samples were collected in red-top vacutainer tubes. Blood samples were incu-
bated at room temperature for 30 min to allow complete coagulation. Coagulated samples 
were then centrifuged at 1500 × g for 20 min at room temperature to separate serum. The 
serum was transferred to new cryotubes with care so as to not to disturb the red blood layer 
and then centrifuged for 5 min at 3000 × g to remove cells. Aliquots of 1.5 ml of superna-
tant containing the cell-free serum were stored in cryotubes at −80°C until RNA extraction. 
Hemolyzed samples were excluded from further analysis.

2.2. Exosome isolation and characterization

The established standard for exosome isolation is ultracentrifugation [16]. However, this 
method cannot discriminate between exosomes and other microvesicles because different vesi-
cles of similar size as well as protein aggregates can co-sediment at 100,000 × g.

Recently, methods claiming fast and simple exosome-purification procedures without ultra-
centrifugation are commercially available by various firms that use polymer-based precipita-
tion or immune capture by antibody-coated beads.

However, according to the International Society for Extracellular Vesicles (ISEV) the separa-
tion of non-vesicular entities, such as protein complexes, from EV is not fully achievable by 

Figure 1. Summary of workflow in designing miRNA profiling from blood serum.
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common EV isolation protocols, including centrifugation protocols or commercial kits. On 
the other hand, a list of EV-specific markers that distinguish subsets of EVs from each other 
is not proposed [17]. The ISEV provides minimal requirements to claim the presence of EV in 
pellets isolated from different methods. They suggested assessing the protein composition in 
at least a semi-quantitative manner in any EV preparation (Western blots, flow cytometry or 
mass spectrometry techniques). Size distribution of EVs, such as nanoparticle-tracking analy-
sis (NTA), dynamic light scattering or resistive pulse sensing, needs to be analyzed. However, 
the values acquired with these techniques should be compared with TEM, AFM or other 
microscopy techniques, since they do not distinguish membrane vesicles from co-isolated 
non-membranous particles of similar size.

In our laboratory, serum exosomes underwent isolation by miRCURYTM Exosome Isolation 
Kit (Exiqon, Vedbaek, Denmark). The process is based on capturing water molecules which 
otherwise form the hydrate envelope of particles in suspension. The samples (1.5 ml) thawed 
on ice or at 4°C, were mixed with a precipitation solution in order to reduce the hydration of 
the particles. This allows precipitation of the subcellular particles below 100 nm with a low-
speed centrifugation step after incubation at 4°C for 1 h. The last pellet, containing exosomes, 
was resuspended using 240 μL of the provided resuspension buffer and used for further RNA 
extraction or stored at −20°C.

NTA was performed using a NanoSight LM10-HS microscope equipped with NTA software 
v3.1 (NanoSight Ltd., UK). Background was extracted and the automatic setting for minimum 
expected particle size, minimum track length and blur settings was employed. Each sample 
was diluted at 1:10,000 in sterile-filtered PBS (Sigma, USA). A video of typically 60 s duration 
was made, with a frame rate of 30 frames per second, and particle movement was analyzed 
by NTA software. Only measurements with >1000 completed tracks were analyzed (Figure 2).

We also have used 20 μL of human CD63 coated beads (Thermo Fisher Scientific, Inc) per 50 μL 
sample in order to isolate CD63 positive sub-populations of exosomes from total exosome iso-
lations derived from serum samples. The isolated exosomes were stained for typical exosome 
markers, such as CD63, and CD9 was analyzed with the Attune NxT Flow Cytometer (Thermo 
Fisher Scientific, Inc.) (Figure 3).

2.3. RNA purification

RNA extraction method is another important issue in miRNA profiling as the exosomal RNA 
pattern is highly correlated with the sample source. The principles for isolating miRNA for 
profiling are, in general, the same for isolation of total RNA, except that miRNA isolation pro-
tocols are adapted to retain the small RNA fraction. In different studies describing exosome 
RNA, a number of alternative RNA extraction methods have been used, including phenol-
based techniques, combined phenol and column-based approaches and pure column-based 
techniques [18–22].

For RNA purification from exosomes, we used the miRCURYTM RNA Isolation Kit (Exiqon, 
Vedbaek, Denmark) that is based on spin column chromatography using a proprietary resin 
as the separation matrix. First, membrane particles and cells were lysed using the lysis solu-
tion and then proteins were precipitated using the provided protein precipitation solution. 
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Isopropanol was added to the supernatant and the solution was loaded onto a spin column. 
Thus, only molecules of RNA will bind to the resin, while proteins will be removed in the 
flow through. The RNA bound to the column was then washed with provided wash solu-
tion in order to remove any remaining impurities and then eluted with 100 μL of RNase 
free water.

We also evaluated miRNA recovery from serum samples by the use of the exogenous syn-
thetic miRNA cel-mir-39 (Applied Biosystems, Inc.) as standard control. For this procedure 
during RNA isolation, a known amount of cel-mir-39 (25 fmol) was spiked in each serum 
sample after the denaturation step. Consistent and homogeneous miRNA recovery leads to 
cel-miR-39 levels that are similar in all samples. A standard curve was generated using five 
ten-fold dilution of cel-miR-39 (1.4 × 10–4–1.4 × 10–8 ng) processed in parallel with qRT-PCR of 
experimental samples. The copy number of spiked cel-miR-39 was estimated, plotting Ct val-
ues, versus the copy number of the synthetic miRNA. The recovery of the synthetic miRNA 
is considered consistent if cel-miR-39 Ct values are within the range of acceptability (≤2 × 
standard deviation) in replicate isolations.

2.4. RNA quantification and quality control

Exosomal RNA purity was assessed by Nanodrop ND-1000 UV spectrometer (Thermo 
Scientific, Wilmington, DE) at the absorbance of 230, 260 and 280 nm. RNA samples extracted 

Figure 2. Extracellular vesicle NanoSight data. Example NanoSight NTA video frame (A), NanoSight NTA particle size/
concentration for 3 different miRCURYTM Exosome Isolation Kit recovered exosome pellets (B).
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using the miRCURYTM method produced RNA concentrations above the lower detection limit 
of 2 ng/μL of the NanoDrop instrument and less than 10 ng/μL. Moreover, the miRCURYTM 
RNA isolation method showed a high average A260/280 ratio (1.9 ± 0.1) but low average 

Figure 4. Bioanalyzer analysis of serum exosomal small RNA. Exosome total RNA derived from serum was analyzed 
using Small RNA Kit in an Agilent 2100 Bioanalyzer. The electropherograms show the size distribution in nucleotides 
(nt) and fluorescence intensity (FU) of ladder (A) and exosome total RNA (B). The peak at 4 nt is an internal standard. 
The Small RNA region is visible in the interval of 0–150 nucleotides, including the miRNAs in the sizes between 10 and 
40 nucleotides.

Figure 3. Flow analysis on exosome sub-populations (A). Exosomes isolated with CD63 showed that serum-derived 
exosome in our samples express high level of CD63 marker (82.6%) and a moderate level of CD9 markers (32.8%) (B).
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A260/230 ratio (<2.0). These values are consistent and acceptable in samples containing very 
low amounts of RNA, as biofluid samples.

Because of the absence of 18S and 28S rRNA species in serum, the quality of isolated RNA 
samples might not be assessable by means of RNA integrity number (RIN), as a rule for total 
RNA samples to use for microarray procedures. On this basis, we used the Agilent Small RNA 
assays that are able to resolve fragments in the range 0–150 nucleotides (Figure 4).

3. MiRNA profiling and data analysis

miRNA expression profiling has allowed the identification of miRNAs that are involved in 
many biological processes, including organism development and establishment and main-
tenance of tissue differentiation [23, 24]. Thus, miRNAs are being explored as elements for 
cell-fate reprogramming in stem-cell applications or as biomarkers for identifying the origin 
of cancers of unknown primary sites. The expression pattern of miRNAs is widely different 
being tissue specific and related to developmental stages. Measuring miRNA expression can 
also be useful for system-level studies of gene regulation, especially when miRNA profiles 
are integrated with mRNA profiling. Circulating extracellular miRNAs, including exosome 
miRNA, are quantifiable in a range of specimen types including serum, plasma, urine and 
formalin-fixed tissue block. Hence, they are important as non-invasive biomarkers for many 
molecular diagnostic applications, including cancer [25, 26], cardiovascular and autoimmune 
diseases [27] and forensics [28]. Table 1 shows new and promising miRNAs as potential bio-
markers for diagnosis and prognosis of different cancers.

3.1. General consideration for high-throughput miRNA profiling

The yield of RNA extracted from biofluids is usually very low, in the order of 1–10 ng. If we 
consider that miRNAs represent only 0.01% of total RNA, the strategies used for their detec-
tion and quantification are crucial. Some general consideration must be made in high-through-
put miRNA profiling. First, the length of mature miRNA (19–25 nucleotides) is too low to 
allow annealing to the traditional primers during the reverse transcription step. Second, unlike 
mRNAs, miRNAs lack poly(A) tail, a region frequently used to anneal complementary and 
universal primers for RNA enrichment or reverse transcription. Third, miRNAs exist in differ-
ent isoforms, so-called isomiRs, that are functional and evolutionarily important and, inside 
the same family (e.g., the let-7 family), can differ by a single base to the reference miRNA 
sequence. Depending on the goals of an miRNA profiling experiment, measurement of differ-
ent forms may be required, even if the large majority of miRNAs typically show only modest-
length heterogeneity. Another challenge for miRNA high-throughput profiling is variance in 
miRNA GC content that is reflected in different melting temperatures (Tm) of annealing reac-
tions. To date, three major approaches are used for miRNA profiling: quantitative reverse tran-
scription PCR (qRT-PCR), hybridization-based methods (microarrays) and next-generation 
sequencing (NGS) (RNA-seq). Microarrays were among the first hybridization-based methods 
to be used for parallel analysis of large numbers of miRNAs.
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using the miRCURYTM method produced RNA concentrations above the lower detection limit 
of 2 ng/μL of the NanoDrop instrument and less than 10 ng/μL. Moreover, the miRCURYTM 
RNA isolation method showed a high average A260/280 ratio (1.9 ± 0.1) but low average 

Figure 4. Bioanalyzer analysis of serum exosomal small RNA. Exosome total RNA derived from serum was analyzed 
using Small RNA Kit in an Agilent 2100 Bioanalyzer. The electropherograms show the size distribution in nucleotides 
(nt) and fluorescence intensity (FU) of ladder (A) and exosome total RNA (B). The peak at 4 nt is an internal standard. 
The Small RNA region is visible in the interval of 0–150 nucleotides, including the miRNAs in the sizes between 10 and 
40 nucleotides.

Figure 3. Flow analysis on exosome sub-populations (A). Exosomes isolated with CD63 showed that serum-derived 
exosome in our samples express high level of CD63 marker (82.6%) and a moderate level of CD9 markers (32.8%) (B).
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A260/230 ratio (<2.0). These values are consistent and acceptable in samples containing very 
low amounts of RNA, as biofluid samples.

Because of the absence of 18S and 28S rRNA species in serum, the quality of isolated RNA 
samples might not be assessable by means of RNA integrity number (RIN), as a rule for total 
RNA samples to use for microarray procedures. On this basis, we used the Agilent Small RNA 
assays that are able to resolve fragments in the range 0–150 nucleotides (Figure 4).
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the same family (e.g., the let-7 family), can differ by a single base to the reference miRNA 
sequence. Depending on the goals of an miRNA profiling experiment, measurement of differ-
ent forms may be required, even if the large majority of miRNAs typically show only modest-
length heterogeneity. Another challenge for miRNA high-throughput profiling is variance in 
miRNA GC content that is reflected in different melting temperatures (Tm) of annealing reac-
tions. To date, three major approaches are used for miRNA profiling: quantitative reverse tran-
scription PCR (qRT-PCR), hybridization-based methods (microarrays) and next-generation 
sequencing (NGS) (RNA-seq). Microarrays were among the first hybridization-based methods 
to be used for parallel analysis of large numbers of miRNAs.
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3.2. Microarray miRNA profiling

Microarrays provide a high-throughput approach to profile all annotated miRNAs, in differ-
ent types of samples including biological fluids. This method is relatively less expensive than 
others, such as qRT-PCR and next-generation sequencing (NGS). Moreover, the integrated 
analysis of the expression profile of miRNAs and their target genes, together with the analysis 
of each miRNA gene target pathway, is able to provide information on the function of each 
miRNA for a given sample. The technique generally begins with the enzymatic or chemical 
marking of targets followed by their hybridization to oligonucleotides fixed on a solid sup-
port. The signal generated by each probe is detected by a scanner and analyzed by specific 
software able to process the signal intensity. The variables related to the method include the 

Cancer Samples miRNAs Types of 
biomarkers

Reference

Head and neck Plasma miR-21 qRT-PCR D [29]

Lung cancer Serum miR-182, miR183, miR-
210, miR-126

qRT-PCR D [30]

Serum miR-125b qRT-PCR R [31]

Breast cancer Serum miR-1, miR-92a, miR-
133a, miR-133b

Microarray D [32]

Serum miR-125b qRT-PCR R [33]

Ovarian cancer Serum miR-34a P [12]

Prostate cancer Plasma miR-21, miR-141, miR-221 qRT-PCR D [13]

Gastric cancer Serum miR-1, miR-20a, miR-27a, 
miR-34, miR-423-5p

qRT-PCR D [34]

Renal cancer Serum miR-378, miR-451 qRT-PCR D [35]

Pancreatic cancer Serum miR-16 and miR-196a qRT-PCR D [36]

miR-21 qRT-PCR R [37]

Colorectal cancer Plasma miR-409-3p, miR-7, 
miR-93

qRT-PCR D [38]

miR-126 qRT-PCR R [39]

Hepatocellular cancer Exosome miR-101, miR-221, miR-
221, miR-224

qRT-PCR D [40]

Melanoma Serum miR-221 qRT-PCR D, P [41]

Lymphoma Serum miR-221 qRT-PCR P [42]

Leukemia Exosome miR-29a qRT-PCR P [8]

D = diagnostic; P = prognostic; R = response predictor.

Table 1. Circulating miRNAs as potential biomarkers in different cancers.
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different hybridization efficiencies of each probe, due to their different content in GC, the dif-
ferent melting temperature, due to the reduced size of miRNAs, the bias due to the enzymatic 
labeling and the relative low dynamic range. Microarray-based methods generally require a 
larger amount of starting material than qRT-PCR, and it can be challenging to develop probes 
and hybridization conditions that work well to detect many different miRNAs at once [43, 
44]. miRNA profiling by NGS platforms may be the most promising approach, as it largely 
avoids many miRNA measurement pitfalls [45]. However, NGS remains expensive and labor 
intensive, both in the sample preparation and data analysis.

3.3. Affymetrix GeneChip microarray platform

To date, oligonucleotide-miRNA microarray analysis is the most common high-through-
put technique for assessment of disease-specific expression of hundreds of miRNAs. The 
Affymetrix GeneChip® miRNA microarrays platform provides the most sensitive, accurate 
and complete measurement of small non-coding RNA transcripts involved in gene regula-
tion. It represents miRNA sequences from all organisms present in miRBase (http://www.
mirbase.org), as well as small nucleolar RNAs (snoRNA) and small Cajal body-specific RNAs 
(scaRNA) included in snoRNABase (http://www.snorna.biotoul.fr/) and Ensembl (http://
www.ensembl.org). This platform has been used in our laboratory with success to profile 
exosome non-coding RNA from serum samples (unpublished data, manuscript in prepara-
tion). The protocols for non-coding RNA profiling include the use of the Affymetrix FlashTag 
Biotin HSR RNA Labeling Kit (Affymetrix, Santa Clara, CA, USA) and the detection by flu-
orescent emission. Total RNA samples or total RNA samples enriched for low molecular 
weight (LMW) RNA were starting materials. The process begins with a poly(A) tailing reac-
tion followed by the ligation of a biotinylated signal molecule to the target RNA samples. 
The labeled RNA samples are included in the hybridization mix and hybridized overnight 
to Affymetrix GeneChip miRNA arrays (Affymetrix, Santa Clara, CA, USA), followed by a 
procedure to wash, stain and scan the array to acquire probe cell intensity data (CEL file). To 
date, the GeneChip miRNA 4.0 array is the updated array designed to interrogate all mature 
miRNA sequences contained in miRBase release 20, including 30,424 probe sets, covering 203 
organisms and requiring low sample input (130–1000 ng total RNA). CEL files analysis by the 
Expression Console Software coupled with Transcriptome Analysis Console (TAC) Software 
(Affymetrix, Santa Clara, CA, USA) leads to a simple, fast and free analysis for Affymetrix 
GeneChip expression arrays.

3.4. Analysis of raw data

Raw data processing begins with quality control analysis by assessing the performance of 
internal controls and analyzing replicates to detect biases. For example, microarrays have 
well-known geographic biases, because some areas of the array perform differently from oth-
ers. Data normalization, which is the next step after quality assessment, is crucially for obtain-
ing accurate results [46]. The goal of normalization is to adjust the data to remove variation 
across samples not related to the biological condition and therefore allowing the identification 
of relevant biological differences. The normalization step is particularly important because 
some of the discrepancies between miRNA profiling studies are in part due to the application 
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different hybridization efficiencies of each probe, due to their different content in GC, the dif-
ferent melting temperature, due to the reduced size of miRNAs, the bias due to the enzymatic 
labeling and the relative low dynamic range. Microarray-based methods generally require a 
larger amount of starting material than qRT-PCR, and it can be challenging to develop probes 
and hybridization conditions that work well to detect many different miRNAs at once [43, 
44]. miRNA profiling by NGS platforms may be the most promising approach, as it largely 
avoids many miRNA measurement pitfalls [45]. However, NGS remains expensive and labor 
intensive, both in the sample preparation and data analysis.

3.3. Affymetrix GeneChip microarray platform

To date, oligonucleotide-miRNA microarray analysis is the most common high-through-
put technique for assessment of disease-specific expression of hundreds of miRNAs. The 
Affymetrix GeneChip® miRNA microarrays platform provides the most sensitive, accurate 
and complete measurement of small non-coding RNA transcripts involved in gene regula-
tion. It represents miRNA sequences from all organisms present in miRBase (http://www.
mirbase.org), as well as small nucleolar RNAs (snoRNA) and small Cajal body-specific RNAs 
(scaRNA) included in snoRNABase (http://www.snorna.biotoul.fr/) and Ensembl (http://
www.ensembl.org). This platform has been used in our laboratory with success to profile 
exosome non-coding RNA from serum samples (unpublished data, manuscript in prepara-
tion). The protocols for non-coding RNA profiling include the use of the Affymetrix FlashTag 
Biotin HSR RNA Labeling Kit (Affymetrix, Santa Clara, CA, USA) and the detection by flu-
orescent emission. Total RNA samples or total RNA samples enriched for low molecular 
weight (LMW) RNA were starting materials. The process begins with a poly(A) tailing reac-
tion followed by the ligation of a biotinylated signal molecule to the target RNA samples. 
The labeled RNA samples are included in the hybridization mix and hybridized overnight 
to Affymetrix GeneChip miRNA arrays (Affymetrix, Santa Clara, CA, USA), followed by a 
procedure to wash, stain and scan the array to acquire probe cell intensity data (CEL file). To 
date, the GeneChip miRNA 4.0 array is the updated array designed to interrogate all mature 
miRNA sequences contained in miRBase release 20, including 30,424 probe sets, covering 203 
organisms and requiring low sample input (130–1000 ng total RNA). CEL files analysis by the 
Expression Console Software coupled with Transcriptome Analysis Console (TAC) Software 
(Affymetrix, Santa Clara, CA, USA) leads to a simple, fast and free analysis for Affymetrix 
GeneChip expression arrays.

3.4. Analysis of raw data

Raw data processing begins with quality control analysis by assessing the performance of 
internal controls and analyzing replicates to detect biases. For example, microarrays have 
well-known geographic biases, because some areas of the array perform differently from oth-
ers. Data normalization, which is the next step after quality assessment, is crucially for obtain-
ing accurate results [46]. The goal of normalization is to adjust the data to remove variation 
across samples not related to the biological condition and therefore allowing the identification 
of relevant biological differences. The normalization step is particularly important because 
some of the discrepancies between miRNA profiling studies are in part due to the application 
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of different normalization approaches. GeneChip array data are normalized by the use of a 
tool that uses Robust Multichip Analysis (RAM) plus detection above background (DABG) 
algorithms, as default analysis. RAM is a robust linear normalization model, to minimize the 
effect of probe-specific affinity differences, and consists of three steps: background adjust-
ment, quantile normalization and summarization. DABG is a detection metric generated by 
comparing perfect match probes to a distribution of background probes.

miRNA profiling experiments typically involve comparisons between two or more groups, 
and therefore the next stage of analysis is usually the calculation of differential miRNA 
expression between groups. The degree of fold difference that constitutes a meaningful differ-
ence depends on the experimental context, although it is always useful to assess the statistical 
significance and false discovery rate that is associated with the differential miRNA expres-
sion. This comparison yields a p-value, which is, then, combined into a probe set level p-value 
using the Fischer equation. Statistical analysis is performed using TAC and a fold change of 
two is commonly adopted to describe the signal changes between groups.

3.5. Circulating miRNA profiling challenges

Circulating exosome miRNAs are surprisingly stable and show distinct expression profiles 
among different fluids. Given the instability of most RNA molecules in the extracellular envi-
ronment, the presence and apparent stability of miRNAs in body fluids such as serum and 
other body fluids, that are known to contain ribonucleases, suggest that secreted miRNAs 
are packaged in some manner to protect them against RNase digestion. miRNAs could be 
shielded from degradation by packaging in lipid vesicles, like exosomes, in complexes with 
RNA-binding proteins or both [47]. This view supports the idea that extracellular miRNAs 
are prepared for export in one cell. They can be recognized, taken up and utilized by another 
cell, working as mediators of cell-cell communication [48–50]. The growing interest in devel-
oping circulating miRNAs as blood-based biomarkers requires very careful consideration of 
the effects of various pre-analytical procedures, such as handling and storage conditions of 
the sample before processing, which can affect the reliability and reproducibility of circulating 
miRNA quantification. The main technical difficulty to study miRNA expression profiles is the 
efficient extraction of miRNAs from biological samples, because of their small size and their 
attachment to lipids and proteins. The use of commercial extraction kits has become available to 
optimize the extraction of small RNAs and normalize sample-to-sample variations in isolation 
procedures. Therefore, it is important to establish standardized protocols for blood collection, 
sample storage conditions, inclusion of exogenous and endogenous miRNA controls for each 
clinical sample and standardized calculations for normalization of the results to ensure the 
reproducible and accurate quantification of circulating miRNA levels so that miRNA analysis 
can be implemented in the clinical laboratory setting.

3.6. Validation of microarray results by qRT-PCR

miRNA microarrays are less expensive but inclined to have a lower sensitivity and dynamic 
range and are therefore best used as discovery tools rather than as quantitative assay plat-
forms. Current publication guidelines require that all microarray results are confirmed by 
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an independent gene expression profiling method. Most researchers choose qRT-PCR as 
the preferred method for the validation of microarray data using both TaqMan and SYBR-
green assay.

The TaqMan qRT-PCR method uses a stem-loop RT primer, specifically designed to detect 
the 3′ end of individual mature miRNAs generating a unique template for RT. In the qPCR 
step, cDNA is amplified with specific primers and product accumulation is monitored using 
a fluorogenic probe (TaqMan probe), complementary to the target gene. In SYBR-green-based 
qRT-PCR, miRNA is typically poly-adenylated at the 3′ end, and oligo-d(T) is used as an RT 
primer while a double-strand DNA binding dye (SYBR-green) allows for the detection of PCR 
products during qPCR.

We routinely use TaqMan® microRNA assays (Applied Biosystems, Inc.) to validate microar-
ray data on the same clinical samples as described [51] and perform qPCR in triplicate reac-
tions and the 2-ΔΔCt method to estimate the relative quantity of each miRNA [52]. An important 
issue is the choice of normalizer. Typically, “housekeeping” genes selected as endogenous 
controls allow normalization of qPCR data as they are affected by the same experimental vari-
ability as the target genes. In a cellular context, stable small RNA controls, such as RNU44, 
RNU48 and RNU6, are usually used. However, for circulating miRNAs, there is growing 
evidence that the abovementioned small RNAs are highly variable or not stably detectable 
[53]. This lack of consensus has resulted in the generation of various normalization strategies. 
An approach widely used and employed in our group is the selection, from each microarray 
study, of several genes as a normalizer based on their stable expression.

4. Conclusion

Circulating miRNAs are attractive as clinical biomarkers for diagnostic purposes, as well as 
for monitoring disease progression and response to treatment. However, the nature of cir-
culating miRNAs places several challenges. The success of the circulating miRNA profiling 
requires rigorous control of pre-analytic and analytic variables, specifically when investigat-
ing potential circulating miRNA markers. Here, we provided a consistent and reproducible 
method for circulating miRNA detection, profiling and analysis. We discussed the main 
issues associated with miRNA measurement that is crucial for miRNA profiling, especially 
for exosomal circulating miRNA. In addition, it needs to take into account that it is difficult to 
measure specific miRNA levels because they are short and conserved sequences, paralogs or 
distinguish between precursor and mature forms. In our work experience, the use of standard 
protocols for sample preparation, and of exogenous synthetic miRNA as the standard control, 
helps to solve a part of these problems. Microarray data processing such as normalization 
procedures among different samples is challenging especially for extracellular miRNA. In our 
work experience, it can be concluded that the use of robust algorithms and software may 
avoid errors and false positive discovery. However, the validation of array results by the use 
of an alternative methodology, especially when using different protocols and platforms for 
profiling purposes, is mandatory.
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range and are therefore best used as discovery tools rather than as quantitative assay plat-
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an independent gene expression profiling method. Most researchers choose qRT-PCR as 
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step, cDNA is amplified with specific primers and product accumulation is monitored using 
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qRT-PCR, miRNA is typically poly-adenylated at the 3′ end, and oligo-d(T) is used as an RT 
primer while a double-strand DNA binding dye (SYBR-green) allows for the detection of PCR 
products during qPCR.
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ray data on the same clinical samples as described [51] and perform qPCR in triplicate reac-
tions and the 2-ΔΔCt method to estimate the relative quantity of each miRNA [52]. An important 
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evidence that the abovementioned small RNAs are highly variable or not stably detectable 
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An approach widely used and employed in our group is the selection, from each microarray 
study, of several genes as a normalizer based on their stable expression.
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for monitoring disease progression and response to treatment. However, the nature of cir-
culating miRNAs places several challenges. The success of the circulating miRNA profiling 
requires rigorous control of pre-analytic and analytic variables, specifically when investigat-
ing potential circulating miRNA markers. Here, we provided a consistent and reproducible 
method for circulating miRNA detection, profiling and analysis. We discussed the main 
issues associated with miRNA measurement that is crucial for miRNA profiling, especially 
for exosomal circulating miRNA. In addition, it needs to take into account that it is difficult to 
measure specific miRNA levels because they are short and conserved sequences, paralogs or 
distinguish between precursor and mature forms. In our work experience, the use of standard 
protocols for sample preparation, and of exogenous synthetic miRNA as the standard control, 
helps to solve a part of these problems. Microarray data processing such as normalization 
procedures among different samples is challenging especially for extracellular miRNA. In our 
work experience, it can be concluded that the use of robust algorithms and software may 
avoid errors and false positive discovery. However, the validation of array results by the use 
of an alternative methodology, especially when using different protocols and platforms for 
profiling purposes, is mandatory.
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Objective assessment of these technical metrics is an important step toward understanding 
the appropriate use of microarray technology application in general and more specifically for 
circulating miRNA to be used as clinical markers as well as in regulatory settings.
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Objective assessment of these technical metrics is an important step toward understanding 
the appropriate use of microarray technology application in general and more specifically for 
circulating miRNA to be used as clinical markers as well as in regulatory settings.
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Abstract

Several biomarkers have been preferred for the early diagnosis of pancreatic adenocan-
cer (PAC), but most are not ready to be included as part of the routine diagnostic algo-
rithm because they still lack sensitivity, specificity or reproducibility. CA19-9 is the most 
widely used serum-based marker for the diagnosis and follow-up of pancreatic cancer. 
However, CA19-9 lacks sensitivity for early or small-diameter pancreatic cancers. For 
more than 3 decades, information on neutrophil/lymphocyte ratio (NLR), platelet/lym-
phocyte ratio (PLR), mean platelet volume (MPV) has been widely available to health 
care practitioners, as part of the data provided in the full blood count. However, these 
biomarkers have more than used in the routine. The present chapter shares the prog-
nostic significance of the hematological parameters in the light of our own findings and 
recent studies in the literature.

Keywords: NLR, PLR, MPV, resectable pancreas cancer, biomarker

1. Introduction

Pancreatic adenocarcinoma is a devastating disease with an extremely poor prognosis and 
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Abstract

Several biomarkers have been preferred for the early diagnosis of pancreatic adenocan-
cer (PAC), but most are not ready to be included as part of the routine diagnostic algo-
rithm because they still lack sensitivity, specificity or reproducibility. CA19-9 is the most 
widely used serum-based marker for the diagnosis and follow-up of pancreatic cancer. 
However, CA19-9 lacks sensitivity for early or small-diameter pancreatic cancers. For 
more than 3 decades, information on neutrophil/lymphocyte ratio (NLR), platelet/lym-
phocyte ratio (PLR), mean platelet volume (MPV) has been widely available to health 
care practitioners, as part of the data provided in the full blood count. However, these 
biomarkers have more than used in the routine. The present chapter shares the prog-
nostic significance of the hematological parameters in the light of our own findings and 
recent studies in the literature.
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confounding limitations. The sensitivity and specificity of CA19-9 vary, ranging from 70 
to 90% and 68 to 91%, respectively. However, CA19-9 lacks sensitivity for early or small-
diameter pancreatic cancers. Poorly differentiated pancreatic cancers also appear to pro-
duce less CA19-9 than either moderately or well-differentiated cancers. Another limitation 
is that CA19-9 can also be elevated in benign inflammatory and cholestatic diseases of the 
pancreaticobiliary tract [2, 3].

After inflammatory processes have emerged as key mediators of pancreatic cancer develop-
ment and progression, many inflammatory pathways have been identified in recent years. 
Neutrophil/lymphocyte ratio (NLR), platelet/lymphocyte ratio (PLR), and mean platelet 
volume (MPV) are the most used in the literature [4–6]. Elevated NLR has reportedly been 
associated with poor survival following resection or chemotherapy in a variety of cancer. 
In colorectal cancer, an increasing number of studies have reported an association between 
elevated NLR and poor prognosis [7]. The first study done by us, including a total of 41 resect-
able PAC patients and 43 age-matched and sex-matched healthy participants [8]. NLR, PLR, 
and MPV were significantly higher in preoperative stage 1 and stage 2 PAC patients com-
pared with age-matched and sex matched healthy participants (5.51 vs. 2.5, P = 0.002; 180 
vs. 134, P = 0.017; 9.2 vs. 2.5 fl, P = 0.004) (Table 1). Our results suggested that NLR, PLR and 
MPV might be used as easily available additional biomarkers for PAC in screening general 
population (Figure 1).

The role of new tumor marker PLR has been defined recently in the prognosis of PAC [9]. 
Miglani et al. reported that PLR has been at least as good as CA 19-9 as diagnostic marker 
to differentiate between malignant and inflammatory head mass of pancreas. This is based 
on the fact that PAC causes thrombosis and lymphocytopenia. Platelet activation is a link in 
the pathophysiology of diseases prone to thrombosis and inflammation. Lymphocytopenia 
occurs due to systemic inflammation caused by cancers that release a number of inhibitory 
immunologic mediators [10]. The diagnostic value of platelet size has recently been shown 
to be elevated in neoplastic disorders particularly in gastric cancer. Moreover, it has been 
determined that platelet size has a predictive value for bone marrow metastasis in patients 
with solid tumors [11]. Numerous platelet markers, including MPV, have been investigated 
in connection with both thrombosis and inflammation.

PAC Control P value

Neutrophil 6092 ± 4212 3944 ± 1219 0.002

PLT 230 ± 84 244 ± 64 0.39

MPV 9.21 ± 1.2 8.5 ± 0.82 0.004

NLR 5.51 ± 7.3 2.5 ± 1.1 0.002

PLR 180 ± 103 135 ± 65 0.017

Abbreviations: PLT: platelet; MPV: mean platelet volume; NLR: neutrophil/lymphocyte ratio; PLR: platelet/lymphocyte 
ratio; PAC: pancreatic cancer

Table 1. Hematological results of the patients and controls.
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2. Inflammation and PAC

In the development and progression of cancer, inflammation is a crucial and essential process 
[12]. Persistence of the inflammatory process within the tumor leads to an increase in the pro-
liferation of tumor cells, angiogenesis, and the inhibition of apoptosis [13, 14]. Several reports 
have suggested that markers of systemic inflammation including cytokines, C-reactive pro-
tein, NLR, and PLR may provide useful information on the prognosis of colorectal gastro-
intestinal cancer [15, 16]. Thus, pathogenesis of PAC appears to be an inflammation-driven 
malignancy, as well as colorectal gastrointestinal cancer. Usually, cancer cells are a source of 
inflammatory cytokines and growth factors. Interleukin-6 (IL-6) is an inflammatory cytokine 
that can cause carcinogenesis through several signal pathways involved in carcinogenesis, as 
well as metastasis of a variety of malignancies, including PAC [17].

It has been shown that PAC patients have higher levels of IL-6 compared with a healthy 
control group [18]. We acknowledged that IL-6 is released from leukocytes and is also able to 
activate the production of IL-6 by tumor cells through the IL-6 receptor. Besides their role in 
homeostasis, platelets and leucocytes take part in the pathophysiology of tumor angiogenesis 
[19]. Platelets are known to be the major transporter of vascular endothelial growth factor, 
which is the target for antiangiogenic therapies. Vascular endothelial growth factor accel-
erates the formation of blood vessels in the tumor and facilitates infiltration and spread to 

Figure 1. Receiver operating characteristic curves NLR, PLR and MPV for predicting stage 1 and stage 2 pancreatic 
cancer. Abbreviations: MPV: mean platelet volume; NLR: neutrophil/lymphocyte ratio; PLR: platelet/lymphocyte ratio.
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adjacent tissues, which in turn promotes the formation of metastases [20]. Solid tumors such 
as renal, gastric, and colon malignancies produce IL-6, which induces the proliferation and 
differentiation of megakaryocyte progenitors through specific receptors. This process causes 
platelet activation and aggregation. Platelet size has been shown to reflect changes in the level 
of platelet stimulation and the rate of platelet production.

According to the literature, lymphocytes play a key role in cytotoxic cell death and the pro-
duction of cytokines that inhibit proliferation and metastatic spread of tumor cells. In contrast, 
neutrophils have a protumor effect by being the primary source of circulating angiogenesis-
regulating chemokines, growth factors, and proteases [4]. Elevated neutrophil levels may result 
in an increase in angiogenesis, which promotes development and progression of the neoplasm 
[6]. Therefore, NLR can be considered as the balance between protumor inflammatory status 
and antitumor immune status. At present, there is little information on the relevance of these 
prognostic markers to both diagnosis and monitoring of PAC. Similarly as being in our expe-
rience, newly diagnosed PAC patients have high NLR and PLR values than healthy human.

3. Diagnostic weakness and missing points

Even with decades passed, measurement of this parameter is still not standardized, as it can 
easily be obtained with electronic meters. This is a major flaw because many pre-analytical 
and analytical variables can affect platelet size. The pre-analytical variables include vascular 
occlusion method, the correctness of the filling of the vial and the mixing of the sample, the 
type of anticoagulant, the storage temperature and the duration of the analysis. Any inflam-
matory or malignant process can lead to an increase in these parameters [21].

In practice, these markers, if used alone, may have a low positive predictive value in screening 
an asymptomatic population. Getting in touch with EDTA, ethylene diamine tetra acetic acid, the 
most common anticoagulant used in laboratory practice, effects the platelet morphology and 
leads to swelling and an increase in volumes. The differences in the methodology of platelet 
counting with different automated analytics are most like to be major analytical variable for 
the measurement [22].

The poor standardization of the number of physiological variables affecting platelet size and the 
poor standardization of this parameter makes it very unlikely that small differences in this param-
eter, defined by clinical trials in various clinical conditions, could be used for clinical purposes. In 
the future, better methodological standardization and more personalized reference intervals may 
make them as a reliable parameter for differential diagnosis and prognostic identification in daily 
clinical practice, but there is a need for well-designed clinical trials to confirm this hypothesis [23].

4. Diagnostic efficiency and strengths

Certainly, the most important advantage is their cost-efficiency. In routine analyzes of PAC, 
several parameters have been being used at high cost. These parameters have so low cost 
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which cannot be easily overlooked. Additionally, we speculate that increased MPV in a patient 
group newly diagnosed with PAC may be a reflection of ongoing inflammation, and it can be 
related to increased levels of cytokines, particularly IL-6. Thus, we suggest that MPV could 
be used for detection of PAC instead of CA19-9. Increased MPV value, an indicator of platelet 
volume, points the presence of a subpopulation of young, metabolically and enzymatically 
more active platelets taking part in the process of homeostasis. NLR and PLR are two repre-
sentative indices of systemic inflammation [24]. It has been shown that a preoperative NLR 
of greater than 4 or 5 is associated with a poor outcome in gastric cancer, non-small-cell lung 
cancer, and ovarian cancer. Neutrophils and leukocytes play a crucial role in the host systemic 
inflammatory response. A nonspecific systemic inflammatory response due to a tumor leads 
to an increase in the levels of circulating neutrophils and an elevated NLR, all of which are 
also clearly demonstrated in our study.

5. Conclusion

As in our results and the literature, the patients with PAC have higher levels of these bio-
markers than healthy people. Thus, patients with high NLR, PLR, and MPV with suspicious 
symptoms and/or signs of PAC are candidates for early evaluation, which can prevent delay 
in the diagnosis of PAC. Therefore, prospective studies with inflammatory marker screening 
as IL-6, TNF on a larger number of asymptomatic patients are needed to compare the perfor-
mance of NLR, PLR, and MPV with that of other diagnostic and monitoring tests to confirm 
their diagnostic utility.
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Abstract

Sepsis is a global problem in either developing or developed countries and it is expected 
that the number of patients with sepsis and septic shock will tremendously increase in 
next decades also because of the antibiotic resistance growing issue worldwide. Criteria 
for sepsis diagnosis and prognosis have been recently established, but still a further 
understanding of the role of biomarkers in this setting is needed. Better utilization of 
biomarkers such as white blood cell count, CRP, lactate, procalcitonin, presepsin and 
bioadrenomedullin in sepsis patients, a state of the art on how to use them is needed. This 
review will focus on the actual recognized role of sepsis biomarkers not only for diagno-
sis purpose but also to improve patients treatment results in order to reduce mortality, 
hospital length of stay and cost related.

Keywords: biomarkers, sepsis, patient management

1. Introduction

For about a century, sepsis has been defined as a systemic inflammatory response of the host 
to an infection. The lack of precise definitions and diagnostic criteria had also made difficult or 
even impossible to compare different studies and research. It was necessary to find a precise 
and standardized definition of sepsis, a common nomenclature to correctly diagnose the disease, 
allowing the creation of a targeted therapy for the patient [1]. The SIRS criteria were considered 
too sensitive and unspecific to be used in the identification of sepsis in most clinical practice [1, 2]. 
This scheme is based on four specific characteristics defined by the acronym PIRO:

• Predisposition, indicates pre-existing conditions potentially able to reduce septic patient 
survival;
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Sepsis

Documented or suspected infection.

Pathological process caused by the invasion of tissues, fluids or cavities of the host normally sterile by pathogenic or 
potentially pathogenic microorganisms, associated with some of the following signs and symptoms:

Variables:

1. Temperature > 38.3°C or < 36°C.

2. Heart rate > 90 min−1 or > 2 SD above the normal value for age.

3. Tachypnea.

4. Alteration of the state of consciousness.

5. Important edema or positive fluid balance (>20 mL/kg in 24 h).

6. Hyperglycaemia (>120 mg/dL) in the absence of diabetes.

- Inflammatory variables:

1. White blood cells >12,000 mL−1 or < 4000 mL−1.

2. White blood cells in the standard but >10% of immature forms.

3. C-reactive protein>2 SD normal values.

4. Procalcitonin>2SD normal values.

- Hemodinamic variables:

1. Arterial hypotension (SBP <90 mmHg, MAP <70 mmHg, or a reduction in SBP > 40 mmHg in adults or < 2 SD 
below normal for age).

2. SvO2 > 70%.

3. Cardiac Index>3.5 L min−1 m2.

- Organ defunction variables:

1. Hypoxemia (PaO2/FiO2 < 300).

2. Acute oliguria (<0.5 mL/kg/h).

3. Increase of creatinine>0.5 mg/dL.

4. Abnormality of coagulation (INR > 1.5 or APTT>60 s).

5. Ileus (absence of peristalsis).

6. Platelet decrease (<100,000 mL−1).

7. Hyperbilirubinemia (> 4 mg/dL).

- Tissue perfusion variables:

1. Hyperlactacidemia (> 1 mmol/L).

Severe sepsis

Sepsis associated with organ dysfunction (hypotension, hypoxemia, oliguria, metabolic acidosis and 
thrombocytopenia).

Septic shock

Severe sepsis with hypotension despite adequate fluid rehydration, along with the presence of organ perfusion 
abnormalities.

Table 1. SCCM/ESICM/ACCP/ATS/SIS – 2001 [3].

• Insult or infection, reflects the pathogenicity of the microorganism;

• Response of the organism to the infectious event, including the manifestation of the SIRS;

• Organ dysfunction, which includes both organ failure and the failure of the coagulation 
system.
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The use of this scheme is useful for defining, diagnosing and treating patients with sepsis but 
above all for obtaining better results in situations of severe sepsis and septic shock. The PIRO 
model is not yet fully defined and it has been debated [2]. Table 1 summarizes the different 
definitions obtained after the two Consensus Conferences [3]:

Therefore, given the need to reexamine the current definitions, the “European Society of 
Intensive Care Medicine” and the “Society of Critical Care Medicine” have organized a task 
force of 19 specialists among infectiologists, surgeons, pulmonologists and anesthesiologists 
in order to review the data in the literature so far available.

Although SIRS criteria may be useful in the general diagnosis of an infection, they represen-
tative of an appropriate adaptive response of the organism, while sepsis involves an organ 
dysfunction that underlies a much more complex pathology; in this context the pro- and anti-
inflammatory endogenous factors play a fundamental role and they are responsible for the 
inter-individual differences between patients [4–6].

The task force therefore suggests to use new values to decide to further investigate the search for 
organ dysfunction damage, to initiate or modify a therapy that is more appropriate and to con-
sider patient’s hospitalization in an Intensive Care [7]. Table 2 reflects the conclusions reached 
by the task force and the implications in everyday practice, with the exemplification of the new 
diagnostic criteria and the new classification recognized by the International Classification of 
Diseases (ICD) [7].

Current guidelines and 
terminology

Sepsis Septic shock

1991 and 2001 consensus 
terminology

Severe sepsis

Sepsis-induced hypoperfusion

Septic shock

2015 definition Sepsis is life-threatening 
organ dysfunction caused by a 
dysregulated host response to 
infection

Septic shock is a subset of sepsis in which 
underlying circulatory and cellular/metabolic 
abnormalities are profound enough to 
substantially increase mortality

2015 clinical criteria Suspected or documented infection 
and an acute increase of ≥2 
SOFA points (a proxy for organ 
dysfunction)

Sepsis and vasopressor therapy needed to 
elevate MAP ≥65 mmHg and lactate >2 mmol/L 
(18 mg/dL) despite adequate fluid resuscitation

Recommended primary ICD codes

ICD-9 995.92 785.52

ICD-10 R65.20 R65.21

Framework for 
implementation for coding 
and research

Identify suspected infection by using concomitant orders for blood cultures and 
antibiotic (oral or parenteral) in a specified period

Within specified period around suspected infection:

1. Identify sepsis by using a clinical criterion for life-threatening organ dysfunction

2. Assess for shock criteria, using administration of vasopressors, MAP <65 mmHg 
and lactate >2 mmol/L (18 mg/dL)

Table 2. Terminology and International Classification of Disease coding [7].
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2. Sepsis in emergency department

Sepsis is a complex clinical syndrome that still represents a major challenge for today’s medi-
cine. In fact, despite the current possibilities of treatment, sepsis remains burdened by a high 
prevalence in the population and above all by a severe prognosis, representing one of the 
pathologies with the highest rate of morbidity and mortality. It is responsible for about one-
third of all hospital admissions, and about 50% of ICU admissions. Mortality would reach 
40%, of which 25% of deaths would occur within 48 h of entry into ICU [8].

In this complex scenario, the emergency doctor plays a key role. In fact, it depends on 
early diagnosis and treatment, the two factors that are recognized today as fundamental 
in the correct management of the septic patient as it is able to improve the prognosis. The 
enigmatic and often heterogeneous nature of sepsis, the absence of specific clinical and 
laboratory elements causes the lack of valid diagnostic tools, strongly influencing early 
intervention [9].

The recent literature has therefore placed great attention in the search for all clinical and 
laboratory factors, which can help in the rapid identification of sepsis and in the stratifica-
tion of the risk of such patients, in order to make the treatment as aggressive as possible in 
terms of timeliness and effectiveness. More than two decades ago, sepsis was defined by 
the combination of an SIRS and an infection. This criterion, therefore useful for the correct 
diagnosis of sepsis, is also endowed with prognostic capacity, proving to be effective for the 
gravity stratification of patients with suspected infection due to the linking of these criteria 
with the presence of organ damage. However, the role of SIRS has been recently revised 
because although it has high prognostic power, it has little specificity being involved in a 
wide variety of pathologies regardless the presence of infection, in which the differential 
diagnosis often becomes difficult. Furthermore, it has been calculated that a certain num-
ber of patients with sepsis may not present SIRS criteria (about 1 in 8) [10]. The “Third 
International Consensus Definitions for Sepsis and Septic Shock” (Sepsis-3) [7] has therefore 
decided to go beyond the concept of SIRS, emphasizing rather the role of the organism’s 
response to infection and organ damage (identified by a SOFA value ≥2) in the pathogenesis 
of sepsis.

3. Diagnosis

Sepsis diagnosis is established on the basis of patient’s symptoms and clinical signs combined 
with radiological examinations and laboratory tests such as the search for biomarkers and 
identification of the microorganism responsible for the infection. In cases of sepsis, delay in 
diagnosis and antibiotic therapy affects the mortality of critically ill patients. Establishing diag-
nosis and therapy is very important but to hinder their definition it is difficult in differentiating 
sepsis from non-infectious stimuli in SIRS situations, symptoms and clinical signs, radiologi-
cal and laboratory tests used for the diagnosis of sepsis are those reported in the previously 
reported tables, used in the definition of sepsis itself. The use of clinical scores, blood cultures 
and biomarkers for the diagnosis of sepsis will be discussed later.
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4. Clinical scores

Since 2004, worldwide, the “Surviving Sepsis Campaign”, consisting of a multidisciplinary 
team of specialists, periodically deals with the preparation and updating of documents on the 
general management of the septic patient and some specific aspects, such as timing and the 
optimal choice of antibiotic therapy, blood pressure support, glycemic control and oxygen-
ation. In particular, at the last revision, the bundle of measures are implemented within the 
first hours after admission of the patient to reduce mortality was well defined [11].

At the same time, over the years, the need arose, especially in an intensivist environment, 
to identify those factors capable of predicting clinical severity and, in particular, the risk of 
death; for this purpose, many patient severity scores have been proposed and validated, use-
ful from the moment of diagnosis to stratify the patient’s clinical severity and, indirectly, to 
assess the risk of mortality [12].

The ideal prognostic score should have high sensitivity and high predictive value, be able 
to predict early mortality or clinical evolution, be rapidly usable, available everywhere, eco-
nomic, objective and non-observer-dependent. Currently, no clinical score has all these char-
acteristics. In particular, the two basic requirements of a prognostic system are the power of 
discrimination and calibration [13].

There are several works that have evaluated in the emergency medicine settings, the appli-
cability of different gravity scores. In particular, simpler models to be calculated than those 
commonly used in Intensive Care Unit (ICU) have been proposed [11]. In 2003, Shapiro 
et al. have proposed the adoption of a new prognostic model, called Mortality in Emergency 
Department Sepsis (MEDS), as a method for stratifying patients afferent in emergency medi-
cine with suspected sepsis [14]. Sankoff et al. resumed the MEDS score and carried out a 
multi-center prospective study to verify its reproducibility and validity [15]. The MEDS is the 
only score designed to be used in the septic patient in settings different from ICU. Numerous 
prognostic models born to be used in ICU were subsequently applied in different care set-
tings, primarily in emergency medicine.

In one of the best known studies, Jones et al. have proposed the adoption of the Sequential 
Organ Failure Assessment (SOFA) score as a tool to predict the outcome of patients with 
severe sepsis with signs of hypoperfusion or septic shock. The authors considered all patients 
over the age of 18 with sepsis and evidence of hypoperfusion (systolic BP <90 mmHg or lac-
tate levels>4 mmol/L); calculated the SOFA score at time zero and after 72 h (delta SOFA). The 
outcome of the study was to evaluate in-hospital mortality, the possible correlation between 
the difference in SOFA between admission and after 72 h, and finally mortality. The authors 
have shown a good correlation between the SOFA score at the entrance and the delta SOFA 
with the risk of in-hospital mortality. The limit of the work, similar to the studies on the 
MEDS score, is that it is an experience conducted only in a single center, which should be 
validated and extended to several centers to obtain a useful risk assessment tool [16, 17]. Alan 
E Jones et al. also demonstrated the usefulness of SOFA as a predictive prognosis score in 
patients with sepsis, and in particular in patients with severe sepsis with signs of hypoperfu-
sion already on arrival in the emergency room [16].
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third of all hospital admissions, and about 50% of ICU admissions. Mortality would reach 
40%, of which 25% of deaths would occur within 48 h of entry into ICU [8].

In this complex scenario, the emergency doctor plays a key role. In fact, it depends on 
early diagnosis and treatment, the two factors that are recognized today as fundamental 
in the correct management of the septic patient as it is able to improve the prognosis. The 
enigmatic and often heterogeneous nature of sepsis, the absence of specific clinical and 
laboratory elements causes the lack of valid diagnostic tools, strongly influencing early 
intervention [9].

The recent literature has therefore placed great attention in the search for all clinical and 
laboratory factors, which can help in the rapid identification of sepsis and in the stratifica-
tion of the risk of such patients, in order to make the treatment as aggressive as possible in 
terms of timeliness and effectiveness. More than two decades ago, sepsis was defined by 
the combination of an SIRS and an infection. This criterion, therefore useful for the correct 
diagnosis of sepsis, is also endowed with prognostic capacity, proving to be effective for the 
gravity stratification of patients with suspected infection due to the linking of these criteria 
with the presence of organ damage. However, the role of SIRS has been recently revised 
because although it has high prognostic power, it has little specificity being involved in a 
wide variety of pathologies regardless the presence of infection, in which the differential 
diagnosis often becomes difficult. Furthermore, it has been calculated that a certain num-
ber of patients with sepsis may not present SIRS criteria (about 1 in 8) [10]. The “Third 
International Consensus Definitions for Sepsis and Septic Shock” (Sepsis-3) [7] has therefore 
decided to go beyond the concept of SIRS, emphasizing rather the role of the organism’s 
response to infection and organ damage (identified by a SOFA value ≥2) in the pathogenesis 
of sepsis.

3. Diagnosis

Sepsis diagnosis is established on the basis of patient’s symptoms and clinical signs combined 
with radiological examinations and laboratory tests such as the search for biomarkers and 
identification of the microorganism responsible for the infection. In cases of sepsis, delay in 
diagnosis and antibiotic therapy affects the mortality of critically ill patients. Establishing diag-
nosis and therapy is very important but to hinder their definition it is difficult in differentiating 
sepsis from non-infectious stimuli in SIRS situations, symptoms and clinical signs, radiologi-
cal and laboratory tests used for the diagnosis of sepsis are those reported in the previously 
reported tables, used in the definition of sepsis itself. The use of clinical scores, blood cultures 
and biomarkers for the diagnosis of sepsis will be discussed later.
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4. Clinical scores

Since 2004, worldwide, the “Surviving Sepsis Campaign”, consisting of a multidisciplinary 
team of specialists, periodically deals with the preparation and updating of documents on the 
general management of the septic patient and some specific aspects, such as timing and the 
optimal choice of antibiotic therapy, blood pressure support, glycemic control and oxygen-
ation. In particular, at the last revision, the bundle of measures are implemented within the 
first hours after admission of the patient to reduce mortality was well defined [11].

At the same time, over the years, the need arose, especially in an intensivist environment, 
to identify those factors capable of predicting clinical severity and, in particular, the risk of 
death; for this purpose, many patient severity scores have been proposed and validated, use-
ful from the moment of diagnosis to stratify the patient’s clinical severity and, indirectly, to 
assess the risk of mortality [12].

The ideal prognostic score should have high sensitivity and high predictive value, be able 
to predict early mortality or clinical evolution, be rapidly usable, available everywhere, eco-
nomic, objective and non-observer-dependent. Currently, no clinical score has all these char-
acteristics. In particular, the two basic requirements of a prognostic system are the power of 
discrimination and calibration [13].

There are several works that have evaluated in the emergency medicine settings, the appli-
cability of different gravity scores. In particular, simpler models to be calculated than those 
commonly used in Intensive Care Unit (ICU) have been proposed [11]. In 2003, Shapiro 
et al. have proposed the adoption of a new prognostic model, called Mortality in Emergency 
Department Sepsis (MEDS), as a method for stratifying patients afferent in emergency medi-
cine with suspected sepsis [14]. Sankoff et al. resumed the MEDS score and carried out a 
multi-center prospective study to verify its reproducibility and validity [15]. The MEDS is the 
only score designed to be used in the septic patient in settings different from ICU. Numerous 
prognostic models born to be used in ICU were subsequently applied in different care set-
tings, primarily in emergency medicine.

In one of the best known studies, Jones et al. have proposed the adoption of the Sequential 
Organ Failure Assessment (SOFA) score as a tool to predict the outcome of patients with 
severe sepsis with signs of hypoperfusion or septic shock. The authors considered all patients 
over the age of 18 with sepsis and evidence of hypoperfusion (systolic BP <90 mmHg or lac-
tate levels>4 mmol/L); calculated the SOFA score at time zero and after 72 h (delta SOFA). The 
outcome of the study was to evaluate in-hospital mortality, the possible correlation between 
the difference in SOFA between admission and after 72 h, and finally mortality. The authors 
have shown a good correlation between the SOFA score at the entrance and the delta SOFA 
with the risk of in-hospital mortality. The limit of the work, similar to the studies on the 
MEDS score, is that it is an experience conducted only in a single center, which should be 
validated and extended to several centers to obtain a useful risk assessment tool [16, 17]. Alan 
E Jones et al. also demonstrated the usefulness of SOFA as a predictive prognosis score in 
patients with sepsis, and in particular in patients with severe sepsis with signs of hypoperfu-
sion already on arrival in the emergency room [16].
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The SOFA score (Table 3) is therefore a prognostic score, used for the prediction of mortality, 
based on the degree of dysfunction of six different systems and apparatuses, involved in the 
pathophysiology of the sepsis response. In particular, the respiratory, cardiovascular, renal, 
neurological, coagulative and hepatic systems are examined. The alteration of each of them 
indicates a condition of particular gravity, and the progression of the number of systems 
involved represents a negative prognostic variable. Thus, values < 9 predict mortality <33%, 
values between 9 and 11 a mortality of 40–50% and values>11 of 95%. Only one work assessed 
the accuracy of different prognostic models in septic patient assessment in a care setting of this 
kind [18]. The study, conducted in a single center, evaluated five different prognostic models 
MEDS, APACHE II, SAPS II, SOFA score (at time 0 and 24 h) and the Charlson index. The 
outcome examined was 28-day mortality, the number of patients examined was 140. The most 
accurate result was the 24-hour SOFA; however, also the SOFA at time 0, the maximum SOFA 
and increasing values of SOFA were related to mortality. It is useful to underline that the 
patients enrolled in the study already had a diagnosis of sepsis-septic shock with a mortality  
equal to 29%, much higher than the previously reported jobs (close to that of the IT depart-
ments). It is therefore reasonable to think that for a population of this kind, the use of a score 

System Score

0 1 2 3 4

Respiration

PaO2/FiO2, mmHg 
(kPa)

≥400 (53.3) <400 (53.3) <300 (40) <200 (26.7) with 
respiratory support

<100 (13.3) with 
respiratory support

Coagulation

Platelets, ×103/uL ≥150 <150 <100 <50 <20

Liver

Bilirubin, mg/dL 
(umol/L)

<1.2 (20) 1.2–1.9 (20–32) 2.0–5.9 
(33–101)

6.0–11.9 (102–204) >12 (204)

Cardiovascular MAP 
≥70 mmHg

MAP 
<70 mmHg

Dopamine <5 
or dobutamine 
(any dose)b

Dopamine 5.1–15 or 
epinephrine ≤0.1 or 
norepinephrine ≤0.1b

Dopamine >15 or 
epinephrine >0.1 or 
norepinephrine >0.1b

Central nervous 
system

Glasgow Coma 
Scale scoreb

15 13–14 10–12 6–9 <6

Renal

Creatinine, mg/dL 
(umol/L)

<1.2 (110) 1.2–1.9 
(110–170)

2.0–3.4 
(171–299)

3.5–4.9 (300–440) >5.0 (440)

Urine output, mL/d <500 <200

Abbreviations: FiO2: fraction of inspired oxygen; MAP: mean arterial pressure; PaO2: partial pressure of oxygen.
aCatecholamine doses are given as ug/kg/min for at least 1 h.
bGlasgow Coma Scale scores range from 3 to 15; higher score indicates better neurological function.

Table 3. Sequential (sepsis-related) organ failure assessment score [7].
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validated in ICU (such as SOFA) may be more reliable than models validated in emergency 
medicine (such as MEDS) .

The shorter version of SOFA score, the qSOFA, evaluates only three clinical variables that 
are easily obtainable “bedside” which are systolic arterial pressure ≤ 100 mmHg, respiratory 
rate ≥ 22 times/min and alteration of the mental state (GCS ≤ 13 or other alteration). A ≥ 2 
qSOFA would allow rapid detection of the septic patient and would be associated with 10% 
mortality. However, recent scientific studies have questioned the role of qSOFA, comparing 
it with the previous SIRS diagnostic criteria. In particular, a qSOFA ≥2 would seem to have 
high specificity but low sensitivity compared to a SIRS ≥2 value in the recognition of organ 
damage, and this could limit its use as a screening method [9].

5. Blood cultures

Blood culture is the “gold standard” exam to diagnose sepsis because it allows the etiologi-
cal agent to be determined and provides the clinician with useful information for targeted 
therapy [11].

Several factors can influence the effectiveness and clinical significance of blood culture. In the 
pre-analytical phase, the withdrawal methods and the number of samples are very important. 
The sampling must be done when the first suspicions of infection arise and above all before the 
administration of any antibiotic, otherwise the therapy should be discontinued for a few hours or 
taken before the next administration of the antibiotic. In most episodes of bacteremia, it is neces-
sary to collect two or three blood culture sets within 24 h to identify the pathogen, in case a single 
sample set is taken the probability of not identifying a patient with sepsis is about 35–40% [19].

An important factor for the accuracy of the diagnosis is the volume of blood present in the 
blood culture flask, in fact it is necessary to inoculate at least three colony forming units (CFU) 
per milliliter to get 100% positive; however, it is considered that in adult patients, in sepsis, 
the concentration per milliliter of blood is normally 0.1–1 CFU/mL, while in pediatric age the 
bacterial load is equal to 10–100 CFU/mL [20, 21].

Therefore, in the adult, the ideal amount of blood will therefore be 5–10 mL per vial and for 
pediatric patients of 1–5 mL. The ratio between the volume of the sample and that of the cul-
ture broth must allow the growth of many microorganisms, this ratio is 1:5–1:10 even if with 
the addition of substances that disable the inhibitory factors the optimal ratio is 1:5 [22–24]. 
Another important factor for a successful blood culture is incubation time.

The Clinical and Laboratory Standards Institute (CLSI) established that 5 days of incubation 
are sufficient to detect 95% growth of clinically significant bacteria (CLSI, 2007). Several stud-
ies have shown that in 97.5% of blood cultures containing a pathogen are positive after 3 days 
using automated systems [25, 26].

In the case of suspected endocarditis supported by demanding bacteria, or yeast septicemia or 
in pediatric patients, the incubation times are prolonged. Moreover, a possible administration 
of a therapy prior to sampling or the presence of a pathogen with particular nutritional needs 
lowers the ability of the investigation to identify the microorganism, in fact it has been shown 
that the levels of analytical sensitivity vary between 8 and 88% [27].
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A limitation of blood culture is the lack of sensitivity in the search for particular bacteria that 
are often responsible for community-acquired pneumonia, such as Mycoplasma pneumoniae, 
Legionella pneumophila and Chlamydia pneumoniae and other germs that are difficult to grow 
or even non-cultivable such as Coxiella burnetii, Francisella tularensis, Bartonella spp., Rickettsia 
spp. and Nocardia spp. [28, 29].

The value of blood culture as a diagnostic test for bacteraemia and sepsis is limited, in fact, 
it emerges that in 50% of cases, the blood culture is negative even if the diagnosis of sepsis is 
certain and also the first results are provided after 48 h to conclude analysis with the identifi-
cation and sensitivity to the pathogen’s antibiotics after 5 days or more [1, 30, 31].

6. Sepsis biomarkers

6.1. Introduction

The current gold standard for the diagnosis of infections of the circulatory stream is blood 
culture, unfortunately its important limitation is the time necessary to complete the survey 
that goes from 1 to 5 or more days in the case of suspected sepsis caused by yeasts. The 
ideal situation would be to analyze the patient’s on-site blood and provide all the necessary 
information to immediately target a targeted antibiotic therapy, and then the test should 
provide data for therapy evaluation by measuring the clearance of pathogenic nucleic acids 
in the blood in a certain period of time.

The ideal molecular test does not exist but these characteristics will have to be set as a long-
term objective in the design of new molecular techniques for the diagnosis of sepsis.

A short-term objective is to analyze blood in parallel to culture methods and identify pathogens 
responsible for infection including non-cultivable organisms, and also to detect some of the deter-
minants of drug resistance [30]. The molecular techniques currently available on the market can 
be distinguished in those based on the principle of amplification of the bacterial and/or fungal 
genome and those that exploit the principle of hybridization. Blood culture coupled with molecu-
lar investigations involves some disadvantages inherent to the traditional method such as delay in 
response with its possible alteration due to an unsuitable collection and the inability to provide the 
nutrients necessary for the development of demanding microorganisms. In the market, there are 
several kits in molecular biology that identify the pathogen from positive blood culture samples.

In the medical field, a circulating biochemical marker is defined as a demonstrable, therefore 
measurable, substance in the blood whose variation in concentration constitutes the signal of 
the presence of a pathology [32].

Regarding the role of biomarkers in the management of sepsis, over time various molecules 
were analyzed that, taken singly or combined in a panel, could be able to allow rapid diag-
nosis and prognosis, and that in the near future could also be able to guide the therapy itself 
to improve the clinical response and management of these patients [33]. Among the vari-
ous biomarkers, some are used daily in clinical practice. Among these great importance has 
always been attributed to the role of lactates. They are considered useful by the guidelines 
because they have a prognostic value, being related to disease severity especially for values 
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≥ 2 mmol/L. However, according to other authors, the additive prognostic role of lactates to 
qSOFA would not be significant [34].

CRP and PCT are routinely used in patients with suspected first aid infection. CRP, released 
as an acute phase protein in inflammatory states, has a high specificity but low sensitivity and 
is therefore used for its negative predictive value. PCT, on the other hand, has been shown to 
have diagnostic and prognostic value in the management of sepsis. It is released in the course 
of bacterial infections, being therefore aids in the differential diagnosis, and is also included 
within the guidelines as a valid aid in guiding antibiotic therapy, representing a “mirror” of 
the therapeutic response to infection, and for its high prognostic power.

More recently, however, we have focused on the role of adrenomedullin (ADM). It is a pep-
tide that several studies have shown to increase in septic patients [35]. The secretion mecha-
nism depends to a large extent on stimulation by the lipopolysaccharide of bacteria, and its 
plasma levels derive mainly from secretion by endothelial cells [36]. ADM plays a funda-
mental role in hyperdynamic response during the early stages of sepsis and its main func-
tion is vasodilator [37]. After demonstrating the prognostic role of its precursor MR-proADM 
[38], thanks to a novel instrument based on a chemiluminescent sandwich detection (in 
which specific monoclonal antibodies are used against the C-terminal part of the peptide), 
today, it is possible directly measure the biologically active molecule (Bio-ADM or ADM).  
Thus, in a study published in 2014, our group showed that ADM values are significantly 
higher in patients with severe sepsis and septic shock than those with sepsis [39]; in par-
ticular, ADM, considered one of the most potent endogenous vasodilators, was found to be 
closely related to low mean arterial pressure (PAM) values and to the need to use vasopres-
sors, thus detecting septic shock markers. Furthermore, higher values have been correlated 
with greater probability of death; and finally, the detection of multi-stroke ADM has proved 
to be fundamental in identifying patients with a worse prognosis [39].

From what has emerged, considering that sepsis determines endothelial dysregulation, excessive 
vasodilatation and consecutively collapse of arterial pressure and micro-vascular homeostasis 
and that ADM has as its main function vasodilator and therefore regulator of vascular tone, new 
studies currently in progress and still in the experimental phase, are directed to the development 
of a murine anti-ADM monoclonal antibody (HAM1101) that can become a therapy in septic 
shock, according to the hypothesis that it can improve the hemodynamics and perfusion of the 
organs and, consequently, also reduce the incidence of acute renal failure. To date, a humanized 
antibody has been selected, the HAM8101, which will be the subject of phase III experimental 
studies in the near future [39, 40].

Establishing diagnosis and therapy is very important but to hinder their definition is the dif-
ficulty in differentiating sepsis from non-infectious stimuli in SIRS situations, especially in those 
critically ill patients who may have developed SIRS for other causes such as pancreatitis, trauma, 
burns, etc. Therefore, the detection of an accurate biomarker in sepsis is decisive in critical situa-
tions with the ability to exclude or confirm an acute bacterial infection, to evaluate the systemic 
inflammatory response to infection and the host response to the established therapy [41].

An ideal biological marker must have different characteristics:

• useful in early diagnosis, provide information for a definitive diagnosis or help to identify 
a probable diagnosis;
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An ideal biological marker must have different characteristics:

• useful in early diagnosis, provide information for a definitive diagnosis or help to identify 
a probable diagnosis;
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• provide information regarding the prognosis including the patient in subpopulations 
whose outcome is better/worse than the population in question;

• provide, in the clinical course, useful information on how the patient responds to therapy 
and eventually help in modulating the therapeutic strategy;

• high specificity and sensitivity;

• have a clinically useful half-life time;

• be easily determinable and reproducible and difficult to influence by disturbing factors;

• have low costs and be easily used to quantify intervention actions, costs and benefits;

• in the case of sepsis, allow differential diagnosis between infectious and non-infectious 
etiology.

The use of biomarkers must always be integrated with the information deriving from a careful 
medical history collection, from a complete clinical objective examination, from the results of 
laboratory analyzes and diagnostic methods required in different cases. In fact, only the set of 
all these elements make it possible to reduce the number of evaluation errors deriving from 
a hasty decision, often dictated by superficiality or by incorrect knowledge. At present, there 
is no biomarker that ensures 100% correlation with a single pathology. In fact, we speak of 
“highly significant values” for a given pathological condition. Other potential uses of biomark-
ers include their prognostic role and, consequently, the ability to drive antibiotic therapy and 
to evaluate the response to the therapy itself, identifying those patients who most likely will 
face complications and organ dysfunction [32].

In the literature, there are many biomarkers already evaluated, such biomarkers for chemo-
kine, cellular, receptor, hemostasis and vascular and others [42].

The available markers for the diagnosis of sepsis are numerous. There are leukocyte count, 
C-reactive protein (CRP), procalcitonin (PCT), endotoxin, cytokine, IL-1 receptor, comple-
ment factors, endothelin-1, ICAM-1 and VCAM-1, fosofolipase A2, PGE2, lactoferrin, neop-
terin, elastase, different interleukins (ILS), adrenomedullin (ADM) and proADM, atrial 
natriuretic peptide (ANP) and proANP, pro-vasopressin (copeptin), interferon-γ (IFN-γ), 
triggering receptor expressed on myeloid cells 1 (TREM-1) and resistin [41–44]. In several 
recently published studies, the most relevant biomarkers used, as they have a high diagnostic 
and prognostic capacity are CRP [45], PCT [46], ADM [47], copeptin [48], natriuretic peptide 
(MR-proANP) [49], presepsin (or CD 14 ligand) [50] and suPAR [51].

Unfortunately, in the sepsis, an ideal marker has not yet been identified and those normally 
used (fever, leukocytosis, CRP, PCT, etc.) often have little sensitivity and specificity, conse-
quently they have limited use in patient management. Their dosage should be used and eval-
uated in the context of the clinical situation in which the patient is located and therefore it is 
essential to determine the appropriateness of the individual markers’ request in collaboration 
with the clinician to exploit their potential to the full diagnostics, therapeutic monitoring and 
prognosis.

This section will discuss about white blood cell count (WBC), serum lactate, C-reactive pro-
tein (CRP), procalcitonin (PCT), presepsin and bioadrenomedullin as biomarker of sepsis.
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6.2. White blood cell count (WBC)

White blood cell is a part of innate immune response by localizing infection. Otherwise in 
systemic sepsis process, there is profound leucocyte activation. Systemic sepsis also leading 
to organ damage and organ dysfunction attenuated by inhibition of leukocyte-endothelial 
interactions, systemic leukocyte activation and disseminated leukocyte adhesion [52].

The WBC results were considered abnormal if both the total number of neutrophils and the 
immature/total neutrophil ratio were abnormal simultaneously [53]. The sensitivity and 
specificity WBC for sepsis diagnosis in the literature vary widely, since there are significant 
differences in definitions used to count total neutrophils and sub-fractions; with sensitivity 
varying from 17 to 100% and specificity from 31 to 100%. A study by Caldas et al., reported 
that combination of WBC and CRP had sensitivity better than WBC alone [54].

In 2001, Zahorec introduced the use of neutrophil and lymphocyte count ratio (NLCR) as one 
of infection marker [55]. There is also correlation between NLCR and disease severity, also 
predictor for bacteremia [56].

The sepsis criteria recently changed from Sepsis-2 to Sepsis-3 highlighting on life-threatening 
organ damage caused by dysregulated host response to infection. This also affecting the use 
of biomarker in the diagnosis of sepsis, based on Ljungstrom et al., the AUC of NLCR to pre-
dict positive culture was 0.71, similar to previous study by Loonen showed AUC of 0.73 and 
0.77 [56–58].

6.3. Serum lactate

Lactate is an important source of energy, particularly during starvation. Lactate also contributes 
to acidic environment by converting to lactic acid. Lactate value of 1400–1500 mmol/L per day 
resulted from anaerobic glycolysis activity as the reduction of pyruvate, moreover in tissue 
hypoxia [59]. Excretion of lactate mostly occurs in liver (60%) followed by kidney (30%) and 
other organs [60]. Shock status, such as cardiogenic or septic shock, is an important source of 
lactate production. The mortality rate was 46.1% for patients with both hypotension and lactate 
≥4 mmol/L, 36.7% for septic patients with hypotension alone and 30% for patients with lactate 
≥4 mmol/L alone [61, 62].

According to the new definition, septic shock can be diagnosed under two circumstances. 
The first one is persistent hypotension and the second one is increase of lactate serum level 
for more than 2 mmol/L, with additional note that lactate cut off were changed from 4 to 
2 mmol/L. Therefore, increase of lactate serum level for more than 2 mmol/L can be recog-
nized as a sign of septic shock. This condition greatly affects by hypotension and the use of 
vasopressor which caused further tissue hypoxia [62].

Ljungstrom et al. showed lactate correlate well with Sepsis-2 criteria in diagnosis of sepsis 
and septic shock, with specificity, accuracy and DOR were 97, 92 and 56.3%, respectively, by 
using cutoff 3.5 mmol/L. The downside of lactate is that even lactate level alone is widely used 
for diagnosis in early sepsis, the elevated level is not considered specific for sepsis diagnosis, 
hence it is proven to be more valuable in predicting mortality. The suggestion is to use com-
bination of several biomarkers including lactate in diagnosing septic and septic shock [56].
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• provide information regarding the prognosis including the patient in subpopulations 
whose outcome is better/worse than the population in question;

• provide, in the clinical course, useful information on how the patient responds to therapy 
and eventually help in modulating the therapeutic strategy;

• high specificity and sensitivity;

• have a clinically useful half-life time;

• be easily determinable and reproducible and difficult to influence by disturbing factors;

• have low costs and be easily used to quantify intervention actions, costs and benefits;

• in the case of sepsis, allow differential diagnosis between infectious and non-infectious 
etiology.

The use of biomarkers must always be integrated with the information deriving from a careful 
medical history collection, from a complete clinical objective examination, from the results of 
laboratory analyzes and diagnostic methods required in different cases. In fact, only the set of 
all these elements make it possible to reduce the number of evaluation errors deriving from 
a hasty decision, often dictated by superficiality or by incorrect knowledge. At present, there 
is no biomarker that ensures 100% correlation with a single pathology. In fact, we speak of 
“highly significant values” for a given pathological condition. Other potential uses of biomark-
ers include their prognostic role and, consequently, the ability to drive antibiotic therapy and 
to evaluate the response to the therapy itself, identifying those patients who most likely will 
face complications and organ dysfunction [32].

In the literature, there are many biomarkers already evaluated, such biomarkers for chemo-
kine, cellular, receptor, hemostasis and vascular and others [42].

The available markers for the diagnosis of sepsis are numerous. There are leukocyte count, 
C-reactive protein (CRP), procalcitonin (PCT), endotoxin, cytokine, IL-1 receptor, comple-
ment factors, endothelin-1, ICAM-1 and VCAM-1, fosofolipase A2, PGE2, lactoferrin, neop-
terin, elastase, different interleukins (ILS), adrenomedullin (ADM) and proADM, atrial 
natriuretic peptide (ANP) and proANP, pro-vasopressin (copeptin), interferon-γ (IFN-γ), 
triggering receptor expressed on myeloid cells 1 (TREM-1) and resistin [41–44]. In several 
recently published studies, the most relevant biomarkers used, as they have a high diagnostic 
and prognostic capacity are CRP [45], PCT [46], ADM [47], copeptin [48], natriuretic peptide 
(MR-proANP) [49], presepsin (or CD 14 ligand) [50] and suPAR [51].

Unfortunately, in the sepsis, an ideal marker has not yet been identified and those normally 
used (fever, leukocytosis, CRP, PCT, etc.) often have little sensitivity and specificity, conse-
quently they have limited use in patient management. Their dosage should be used and eval-
uated in the context of the clinical situation in which the patient is located and therefore it is 
essential to determine the appropriateness of the individual markers’ request in collaboration 
with the clinician to exploit their potential to the full diagnostics, therapeutic monitoring and 
prognosis.

This section will discuss about white blood cell count (WBC), serum lactate, C-reactive pro-
tein (CRP), procalcitonin (PCT), presepsin and bioadrenomedullin as biomarker of sepsis.
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6.2. White blood cell count (WBC)

White blood cell is a part of innate immune response by localizing infection. Otherwise in 
systemic sepsis process, there is profound leucocyte activation. Systemic sepsis also leading 
to organ damage and organ dysfunction attenuated by inhibition of leukocyte-endothelial 
interactions, systemic leukocyte activation and disseminated leukocyte adhesion [52].

The WBC results were considered abnormal if both the total number of neutrophils and the 
immature/total neutrophil ratio were abnormal simultaneously [53]. The sensitivity and 
specificity WBC for sepsis diagnosis in the literature vary widely, since there are significant 
differences in definitions used to count total neutrophils and sub-fractions; with sensitivity 
varying from 17 to 100% and specificity from 31 to 100%. A study by Caldas et al., reported 
that combination of WBC and CRP had sensitivity better than WBC alone [54].

In 2001, Zahorec introduced the use of neutrophil and lymphocyte count ratio (NLCR) as one 
of infection marker [55]. There is also correlation between NLCR and disease severity, also 
predictor for bacteremia [56].

The sepsis criteria recently changed from Sepsis-2 to Sepsis-3 highlighting on life-threatening 
organ damage caused by dysregulated host response to infection. This also affecting the use 
of biomarker in the diagnosis of sepsis, based on Ljungstrom et al., the AUC of NLCR to pre-
dict positive culture was 0.71, similar to previous study by Loonen showed AUC of 0.73 and 
0.77 [56–58].

6.3. Serum lactate

Lactate is an important source of energy, particularly during starvation. Lactate also contributes 
to acidic environment by converting to lactic acid. Lactate value of 1400–1500 mmol/L per day 
resulted from anaerobic glycolysis activity as the reduction of pyruvate, moreover in tissue 
hypoxia [59]. Excretion of lactate mostly occurs in liver (60%) followed by kidney (30%) and 
other organs [60]. Shock status, such as cardiogenic or septic shock, is an important source of 
lactate production. The mortality rate was 46.1% for patients with both hypotension and lactate 
≥4 mmol/L, 36.7% for septic patients with hypotension alone and 30% for patients with lactate 
≥4 mmol/L alone [61, 62].

According to the new definition, septic shock can be diagnosed under two circumstances. 
The first one is persistent hypotension and the second one is increase of lactate serum level 
for more than 2 mmol/L, with additional note that lactate cut off were changed from 4 to 
2 mmol/L. Therefore, increase of lactate serum level for more than 2 mmol/L can be recog-
nized as a sign of septic shock. This condition greatly affects by hypotension and the use of 
vasopressor which caused further tissue hypoxia [62].

Ljungstrom et al. showed lactate correlate well with Sepsis-2 criteria in diagnosis of sepsis 
and septic shock, with specificity, accuracy and DOR were 97, 92 and 56.3%, respectively, by 
using cutoff 3.5 mmol/L. The downside of lactate is that even lactate level alone is widely used 
for diagnosis in early sepsis, the elevated level is not considered specific for sepsis diagnosis, 
hence it is proven to be more valuable in predicting mortality. The suggestion is to use com-
bination of several biomarkers including lactate in diagnosing septic and septic shock [56].
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6.4. C-reactive protein (CRP)

C-reactive protein (CRP) is synthesized by the liver after the action of various inflammation 
mediators such as IL-1, IL-6 and IL-8. This biomarker is produced 4–6 h after the phlogistic 
stimulus, and doubles its concentration in the circulation within 8 h and reaches its peak in 
36–50 h [2, 63, 64].

CRP has both pro-inflammatory and anti-inflammatory characteristics, its half-life is 19 h and 
its levels in the blood stream remain elevated for a few days after the infection has disap-
peared [63]. Elevated plasma CRP levels indicate the presence of an infection and/or organ 
damage while protein synthesis will be significantly reduced in the case of hepatic failure [65]. 
The normal value of plasma CRP is <1 mg/dL, while it may increase up to 50 mg/dL in case 
of acute severe infection. The increase in CRP does not appear to be related to the severity of 
inflammation and also increases in cases of non-infectious diseases such as autoimmune dis-
eases, acute coronary syndromes, rheumatic disorders, malignant tumors and after traumas 
or surgical interventions [66].

In conclusion, the values of CRP do not allow to distinguish between sepsis and SIRS of a 
non-infectious nature. This marker appears to be more sensitive than parameters such as the 
leukocyte count and the temperature but less specific than others such as PCT. However, CRP 
is a commonly used low cost and widely available marker.

6.5. Procalcitonin (PCT)

“Procalcitonin” (PCT) is a protein consisting of 116 amino acids, with a molecular weight of 
approximately 13 kDalton. The amino acid sequence of PCT is identical to that of calcitonin 
prohormone; it comprises the sequence of calcitonin from position 60 to 91 (32 amino acids). 
Through specific proteolysis, PCT (116 amino acids) and, in healthy intracellular individuals, 
calcitonin (32 amino acids) are released from this protein. Currently, four genes correspond-
ing to calcitonin with homologies in the nucleotide sequence are known. These genes are all 
called “genetic family of calcitonin”, although not all of them produce the calcitonin peptide 
hormone. The “CALC-I” gene, a candidate responsible for the production of procalcitonin 
induced by the inflammatory state, is one of the first examples of a process called “alternative 
splicing”. The primary transcript can give rise to different mRNAs for inclusion or exclusion 
of the different exons present. Calcitonin encoding mRNA is the main product of CALC-I 
transcription in thyroid C cells, whereas CGRP-I mRNA (CGRP = calcitonin gene-related pep-
tide) is produced in the nervous tissue of the central and peripheral nervous system (115). The 
plasma concentrations of procalcitonin in healthy individuals are very low, on the order of 
picograms, and in any case below the limits of determination of the test used for the immu-
noluminometric assay (<0.1 ng/mL, LUMItest PCT, BRAHMS Diagnostica, Berlin). PCT is 
a very stable protein in vivo and in vitro. In plasma it does not degrade to active calcitonin 
hormone; its in vivo half-life time is approximately 25–30 h [67] [115]. PCT production was 
stimulated in healthy volunteers through the intravenous injection of small amounts of bacte-
rial endotoxin (lipopolysaccharide). PCT can be observed in the plasma 2 h after endotoxin 
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injection; between 6 and 8 h after the concentration of PCT increases rapidly up to a plateau 
about 12 h after injection. Over the next 2–3 days, the PCT values decrease until they reach 
their normal value [67, 68].

PCT concentrations above 0.5 ng/mL always indicate an acute infection or inflammation, with 
particularly high values in patients with severe bacterial infections in the acute phase and 
with septic inflammation. Plasma PCT concentration in the presence of serious infections and 
sepsis; however, can vary from 1 to 1000 ng/mL and PCT, in these cases, is probably not pro-
duced by C cells of the thyroid, but is inclined to believe that origin from neuroendocrine cells 
of the lung or intestine [67].

The release of PCT is determined only by the systemic reaction of the organism toward the 
infection, therefore local bacterial colonizations, encapsulated abscesses and localized and 
limited infections do not cause PCT release. In addition to bacterial infections, plasma PCT 
concentration has been shown to increase in acute forms of malaria and fungal infections. 
PCT, on the other hand, does not appear or appear to be not very significant, in the presence 
of viral infections, autoimmune diseases, neoplasia or traumatic surgery [69]. It could thus 
become one of the first-choice tests to be performed in patients with fever of unknown origin 
in the emergency room, to unmask an underlying bacterial infection [46, 70].

Bacterial endotoxins play the most important role in the mechanism of PCT release. At the end 
of the acute inflammatory reaction, the PCT concentration decreases according to the plasma 
half-life time. From these considerations it is clear that PCT, besides being a diagnostic marker 
of systemic bacterial infections, also has an important prognostic value. The medical litera-
ture, in fact, has shown the correlation between the severity of the clinical picture, the risk of 
development of multi-organ failure (MOF), long-term outcomes and one-year mortality, with 
plasma PCT values; in particular it was established that:

• high values of PCT protracted over time indicate an inflammation in progress;

• constantly increasing PCT levels are an unequivocal sign of poor prognosis;

• decreased PCT levels indicate favorable prognosis, improvement of inflammation or ad-
equate therapeutic treatment of infection.

PCT thus becomes essential for the identification of patients at greatest risk, for guiding their 
therapy and for monitoring them over time [69, 71].

The areas in which the PCT could be used are numerous. In addition to patients who come to 
the emergency room with fever or suspected sepsis, PCT has been evaluated as both diagnos-
tic [72, 73] and prognostic [74, 75] markers in pneumonia of bacterial origin. Even in this case, 
if associated with the clinical picture, the radiographic imaging and the values of the inflam-
matory indexes (CRP and white blood cells in particular), the PCT has shown to have a high 
predictive value as a biomarker. For the same reasons listed above, PCT should be measured 
in patients with significant dyspnea affected by COPD. The bacterial origin of exacerbations is 
often responsible for hospitalizations and mortality, and early intervention could reduce both 
of these two harmful consequences [76, 77].
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6.4. C-reactive protein (CRP)

C-reactive protein (CRP) is synthesized by the liver after the action of various inflammation 
mediators such as IL-1, IL-6 and IL-8. This biomarker is produced 4–6 h after the phlogistic 
stimulus, and doubles its concentration in the circulation within 8 h and reaches its peak in 
36–50 h [2, 63, 64].

CRP has both pro-inflammatory and anti-inflammatory characteristics, its half-life is 19 h and 
its levels in the blood stream remain elevated for a few days after the infection has disap-
peared [63]. Elevated plasma CRP levels indicate the presence of an infection and/or organ 
damage while protein synthesis will be significantly reduced in the case of hepatic failure [65]. 
The normal value of plasma CRP is <1 mg/dL, while it may increase up to 50 mg/dL in case 
of acute severe infection. The increase in CRP does not appear to be related to the severity of 
inflammation and also increases in cases of non-infectious diseases such as autoimmune dis-
eases, acute coronary syndromes, rheumatic disorders, malignant tumors and after traumas 
or surgical interventions [66].

In conclusion, the values of CRP do not allow to distinguish between sepsis and SIRS of a 
non-infectious nature. This marker appears to be more sensitive than parameters such as the 
leukocyte count and the temperature but less specific than others such as PCT. However, CRP 
is a commonly used low cost and widely available marker.

6.5. Procalcitonin (PCT)

“Procalcitonin” (PCT) is a protein consisting of 116 amino acids, with a molecular weight of 
approximately 13 kDalton. The amino acid sequence of PCT is identical to that of calcitonin 
prohormone; it comprises the sequence of calcitonin from position 60 to 91 (32 amino acids). 
Through specific proteolysis, PCT (116 amino acids) and, in healthy intracellular individuals, 
calcitonin (32 amino acids) are released from this protein. Currently, four genes correspond-
ing to calcitonin with homologies in the nucleotide sequence are known. These genes are all 
called “genetic family of calcitonin”, although not all of them produce the calcitonin peptide 
hormone. The “CALC-I” gene, a candidate responsible for the production of procalcitonin 
induced by the inflammatory state, is one of the first examples of a process called “alternative 
splicing”. The primary transcript can give rise to different mRNAs for inclusion or exclusion 
of the different exons present. Calcitonin encoding mRNA is the main product of CALC-I 
transcription in thyroid C cells, whereas CGRP-I mRNA (CGRP = calcitonin gene-related pep-
tide) is produced in the nervous tissue of the central and peripheral nervous system (115). The 
plasma concentrations of procalcitonin in healthy individuals are very low, on the order of 
picograms, and in any case below the limits of determination of the test used for the immu-
noluminometric assay (<0.1 ng/mL, LUMItest PCT, BRAHMS Diagnostica, Berlin). PCT is 
a very stable protein in vivo and in vitro. In plasma it does not degrade to active calcitonin 
hormone; its in vivo half-life time is approximately 25–30 h [67] [115]. PCT production was 
stimulated in healthy volunteers through the intravenous injection of small amounts of bacte-
rial endotoxin (lipopolysaccharide). PCT can be observed in the plasma 2 h after endotoxin 
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injection; between 6 and 8 h after the concentration of PCT increases rapidly up to a plateau 
about 12 h after injection. Over the next 2–3 days, the PCT values decrease until they reach 
their normal value [67, 68].

PCT concentrations above 0.5 ng/mL always indicate an acute infection or inflammation, with 
particularly high values in patients with severe bacterial infections in the acute phase and 
with septic inflammation. Plasma PCT concentration in the presence of serious infections and 
sepsis; however, can vary from 1 to 1000 ng/mL and PCT, in these cases, is probably not pro-
duced by C cells of the thyroid, but is inclined to believe that origin from neuroendocrine cells 
of the lung or intestine [67].

The release of PCT is determined only by the systemic reaction of the organism toward the 
infection, therefore local bacterial colonizations, encapsulated abscesses and localized and 
limited infections do not cause PCT release. In addition to bacterial infections, plasma PCT 
concentration has been shown to increase in acute forms of malaria and fungal infections. 
PCT, on the other hand, does not appear or appear to be not very significant, in the presence 
of viral infections, autoimmune diseases, neoplasia or traumatic surgery [69]. It could thus 
become one of the first-choice tests to be performed in patients with fever of unknown origin 
in the emergency room, to unmask an underlying bacterial infection [46, 70].

Bacterial endotoxins play the most important role in the mechanism of PCT release. At the end 
of the acute inflammatory reaction, the PCT concentration decreases according to the plasma 
half-life time. From these considerations it is clear that PCT, besides being a diagnostic marker 
of systemic bacterial infections, also has an important prognostic value. The medical litera-
ture, in fact, has shown the correlation between the severity of the clinical picture, the risk of 
development of multi-organ failure (MOF), long-term outcomes and one-year mortality, with 
plasma PCT values; in particular it was established that:

• high values of PCT protracted over time indicate an inflammation in progress;

• constantly increasing PCT levels are an unequivocal sign of poor prognosis;

• decreased PCT levels indicate favorable prognosis, improvement of inflammation or ad-
equate therapeutic treatment of infection.

PCT thus becomes essential for the identification of patients at greatest risk, for guiding their 
therapy and for monitoring them over time [69, 71].

The areas in which the PCT could be used are numerous. In addition to patients who come to 
the emergency room with fever or suspected sepsis, PCT has been evaluated as both diagnos-
tic [72, 73] and prognostic [74, 75] markers in pneumonia of bacterial origin. Even in this case, 
if associated with the clinical picture, the radiographic imaging and the values of the inflam-
matory indexes (CRP and white blood cells in particular), the PCT has shown to have a high 
predictive value as a biomarker. For the same reasons listed above, PCT should be measured 
in patients with significant dyspnea affected by COPD. The bacterial origin of exacerbations is 
often responsible for hospitalizations and mortality, and early intervention could reduce both 
of these two harmful consequences [76, 77].
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Finally, an increase in PCT has also been shown in bacterial endocarditis [78] and in acute cor-
onary syndromes [79, 80], while its prognostic use as a marker of infection has been exploited 
in the monitoring of patients undergoing major surgery [81].

Despite the wide space that scientific research has devoted to PCT, its exact mechanism of 
action still remains partially unknown. The rapid induction of PCT after administration of bac-
terial endotoxins and its relationship to cytokines, such as TNF-α, suggest the existence of a 
close correlation between PCT and pro-inflammatory cytokines, which earned him the name 
“ormokina” [82]. In the clinic, it was observed that there is a correlation between the timing of 
PCT, IL-6 and TNF-α. In acute inflammation, PCT values increase a few hours after the increase 
of IL-6 and TNF-α; at the end of the inflammation, the PCT begins to decrease after the decrease 
of the IL-6 and in any case before the CRP values start to decrease. This would demonstrate 
a pathophysiological function of PCT in the immune response. It would be responsible for 
increasing nitric oxide synthesis and monocyte migration to the site of infection [83].

6.6. Presepsin

Presepsin is another name for the sCD14 subtype (sCD14-ST), is a new biomarker associated 
with sepsis. Soluble CD14 subtype is one fragment of CD14 soluble that is a molecular fragment 
produced by plasma protease activity during the inflammatory process [84]. Presepsin is pres-
ent in the cell membranes of macrophages, monocytes and granulocyte cells and said to play 
a role for the intracellular transduction of endotoxin signals [85]. Presepsin has close relation 
with infection and is found to increase significantly in sepsis.

Behnes et al. showed that presepsin was moderately significant to determine between sepsis 
and non sepsis patient, with slightly overlapping value of 817.9 ± 572.7 and 294.2 ± 121.4 pg/
mL for sepsis and non sepsis patient, respectively [50]. The level of presepsin in serum usually 
raised within 2 h after infection and reach maximum level within 3 h, therefore it is useful in 
diagnosis of sepsis patient during early stages [86, 87].

Wu et al. reported a meta-analysis about diagnostic value of presepsin of some studies. The 
result showed that the sensitivity of presepsin ranged from 0.67 to 1.0, while the specificity 
of presepsin ranged from 0.33 to 0.98. The pooled sensitivity and specificity obtained by the 
HSROC method were 0.84 (95% CI 0.80–0.87) and 0.76 (95% CI 0.67–0.84), respectively. While 
ROC for presepsin showed the AUC was 0.88 (95% CI 0.85–0.90 [88].

When compared to PCT, presepsin showed similar diagnostic accuracy for sepsis with sensi-
tivity 0.78 [95% CI: 0.76–0.80] and 0.77 [95% CI: 0.72–0.81], specificity 0.83 [95% CI: 0.80–0.85] 
and 0.79 [95% CI: 0.74–0.84], AUCs 0.89 [95% CI: 0.84–0.94] and 0.85 [95% CI: 0.81–0.88], for 
presepsin and procalcitonin, respectively, to diagnose patient with sepsis and SIRS without 
infection [89].

However, there are some superiority of presepsin over PCT. Presepsin raised earlier in the 
event of infection therefore can be used in earlier and faster in sepsis. The PATHFAST analysis 
system also allow presepsin assay on takes 17 min to be done, therefore can be used accord-
ingly with the guidelines of diagnosis and treatment of sepsis.
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6.7. Bioadrenomedullin

Adrenomedullin (ADM) is a peptide with 52 amino acids initially isolated from the adrenal 
gland. It is produced in many organs and tissues including the vasculature. ADM has numer-
ous actions, including vasodilation, natriuresis, antiapoptosis and stimulation of NO produc-
tion. ADM is released from the vascular wall and acts as an autocrine or a paracrine hormone 
to regulate vascular tone and blood pressure. It may also be involved in the different stages of 
the cardiovascular continuum as well as in the hemodynamic changes in septic shock [90, 91].

A study by Crain et al. showed that in critically ill patients on admission, there was a stepwise 
increase in MR-proADM levels from patients without infection (e.g. SIRS) to patients with 
sepsis, severe sepsis and septic shock. Median proADM levels was 1.1 nmol/L (0.3–3.7 nmol/L) 
in patients with SIRS, 1.8 nmol/L (0.4–5.8 nmol/L) in patients with sepsis, 2.3 nmol/L (1.0–
17.6 nmol/L) in patients with severe sepsis and in patients with septic shock it was 4.5 nmol/L 
(0.9–21 nmol/L). There are two primary mechanisms that might be responsible for the marked 
increase in circulating MR-proADM and mature ADM levels in sepsis. The first mechanism, 
as a member of the CALC gene family, ADM is widely expressed and extensively synthe-
sized during sepsis, just like other calcitonin peptides including PCT, that upregulated by 
bacterial endotoxins and pro-inflammatory cytokines [92]. The second potential mechanism 
is the decreased clearance of MR-proADM by the kidneys in sepsis that may be responsible 
for its increased level. This hypothesis is also supported by a significant correlation between 
MR-proADM and creatinine levels (r = 0.76; P < 0.001). The study showed increase of plasma 
ADM five times higher that normal individuals, that did not changed after hemodialysis. An 
ideal sepsis marker should permit early diagnosis, should inform about the course of disease, 
and should help one to differentiate bacterial from non-infectious and viral causes of systemic 
inflammation [90].

Recently, the combined use of two biomarkers, procalcitonin (PCT) and mid-regional pro-
adrenomedullin (MR-proADM) has been reported in sepsis diagnosis and prognosis. In the 
last years, many articles have been published on the role of PCT and MR-proADM in the 
diagnosis and prognosis of bacterial infections in different settings. Angeletti et al. showed 
that MR-proADM differentiates sepsis from non-infectious systemic inflammatory response 
syndrome with high specificity and that the simultaneous measurement of MR-proADM and 
PCT in septic patients increases the post-test diagnostic probability compared to the inde-
pendent determination of individual markers. A score derived from the combination of PCT 
and MR-proADM has been recently proposed as a useful clinical tool to provide rapid diag-
nosis as well as to suggest prognosis of bacterial infections. The combined score, calculated 
on the basis of defined score assigned for each PCT and MR-proADM value, can predict bac-
terial infections and differentiate localized infections from systemic infections, as suggested 
by receiver operating characteristic curve analysis. On the basis of the score values, localized 
infections could be differentiated from systemic infections and the severity of the infectious 
disease can be predicted. The importance of the use of this multi-marker approach in the 
diagnosis and prognosis of sepsis is more evident since the publication of the new definition 
of sepsis that has been updated assigned an important role to the organ dysfunction [93].
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Biomarker - Indicator of Abnormal Physiological Process70

6.7. Bioadrenomedullin
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6.8. Comparison between biomarker of sepsis

Lactate should be evaluated at least within 24 h after emergency admission, the decrease 
of lactate after 24 h related to poor prognosis of the patients [94]. CRP can increase within 
24–48 h duration to 1000 folds during the acute phase and decrease to low normal value after 
the acute phase [95]. Procalcitonin start to rise 3–6 h after infection occur and reach its peak 
on 6–8 h, then remained in the blood until 12–48 h [96]. Meanwhile presepsin increase faster 
within 2–3 h after sepsis developed and rapidly decreased after symptoms resolved [97] so it 
can be used to determine whether the treatment is successful in patient with sepsis.

Several conditions can increase lactate in any person, such condition as inadequate oxygen 
delivery oxygen demands mismatch and inadequate oxygen utilization [94]. CRP increase 
in bacterial infection as part of innate immune response [95, 98]. It can also increase in condi-
tion of inflammation even can predict the cardiovascular event such as the sign of athero-
genesis and pathogenesis of myocardial injury and used as predictor in healthy individuals  
[99, 100]. It also can be a predictor of mortality in hemodialysis patient [101, 102]. Procalcitonin 
will rise in the event of sepsis, systemic infection and severe inflammation. Procalcitonin will not 
rise in the event of viral infection, autoimmune and neoplasma, but it can rise in some people with 
some neuroendocrine tumor such as medullare carcinoma of thyroid, small cell lung carcinoma 
and renal failure [96, 103]. Procalcitonin is also known to rise in person with trauma [97]. Some 
inflammation can trigger the rise of procalcitonin are pancreatitis [104], appendicitis [105], burns 
[106], heat stroke [107], multitrauma [108] and extensive surgery [109]. Presepsin do not increase 
in patient with trauma without associated infection, thus make it specific in patient with sepsis 
[97]. Presepsin also reliable in patient with sepsis and both acute kidney injury and those who do 
not, but it has caveats in patient with advanced kidney injury and end stage renal disease [110].

Head to head study by cochrane comparing procalcitonin, presepsin and CRP is still ongoing 
[111]. Several data about sensitivity and specificity of these parameters are already covered 
by some journal. The study about diagnostic value of lactate in cancer patient with sepsis 
showed for the cutoff value of lactate more than 1 mmol/L could predict sepsis with sensitiv-
ity of 86.36% and specificity of 28.12%, with additional data that the value were not differ-
ent in patient with and without cancer [112]. Another study showed 34.0% sensitivity and 
82.0% specificity at the cutoff point of 2.0 mmol/L that emphasized the low sensitivity but 
high specificity in diagnosing sepsis [113]. While other study measures prognostic value of 
lactate showed that lactate value over 4.0 mmol/L have increased mortality with sensitivity 
and specificity of 36 and 92%, respectively [114]. CRP found to be useful as part of screening 
in sepsis patient with sensitivity and specificity 98.5 and 75%, respectively, for cutoff value 
5 mg/dL or more [115]. Another study use CRP as parameter for successful treatment in ICU 
patient showed that decreasing level of CRP by 25% or more are good indicator with sensi-
tivity of 97% and specificity of 95% [116]. A study showed that sensitivity and specificity of 
procalcitonin were 75 and 79%, respectively [117]. While another study in patient with renal 
impairment proposed different cutoff to determine if patient is in septic condition, due to the 
caveats of procalcitonin in renal failure patient [118]. Another study comparing CRP, pro-
calcitonin and presepsin showed advantage of presepsin, with AUC of presepsin was 0.845, 
compared to PCT (0.652), and CRP (0.815). With sensitivity and specificity of presepsin with 
cutoff value 600 pg./mL was 87.8 and 81.4%, respectively [84].
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Availability and cost of these examination will be favored more on white blood cell count 
because it is part of routine practice everywhere, while for lactate, the difference between 
patient examined for lactate around $39.53/patient whereas the usual care cost $33.20/patient 
but the effectiveness in term of patient outcome and survival are better in those with lactate 
examination [119]. On the other hand, the use of CRP in England shows the use of CRP can 
also increase quality of treatment and decrease cost for patient which leads to fewer antibiotic 
prescriptions [120]. One study about procalcitonin use as part of management of patient with 
pneumonia find that procalcitonin although promising not significantly reduce cost of care, 
due to lack of data, since non adherence of the physician. This condition might be due to lack 
of experience of using procalcitonin and need for more guided protocol of procalcitonin use 
in patient [121].
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Abstract

Coagulopathy is of intense interest in the fields of emergency medicine, with many recent 
studies of coagulation biomarkers for clinical use. The occurrence of disseminated intra-
vascular coagulation (DIC) also resulted in the activation of studies about the coagulopa-
thy. At present DIC has been admitted in many clinical conditions and many coagulation 
biomarkers have been studied. Fibrin degradation product (FDP) and D-dimer are one 
type of coagulation biomarker. A characteristic of FDP and D-dimer is the rapid and 
dynamic elevation of their levels when fibrinolysis occurs in several acute diseases. In 
this chapter, we present the clinical application of FDP and D-dimer. In trauma, FDP and 
-dimer have been used for the evaluation of trauma severity, to predict the likelihood of 
hemorrhage and to evaluate the need for the transfusion of packed red blood cells. In 
cardiac pulmonary arrest (CPA), FDP and D-dimer have been useful for predicting the 
return of spontaneous circulation. Thus, the measurement of coagulation biomarkers is 
useful in the diagnosis and/or treatment of trauma and CPA.

Keywords: fibrin degradation product, D-dimer, diagnosis, prognosis, emergency 
medicine

1. Introduction

Fine balance exists between coagulation and fibrinolysis within the coagulation system, with 
coagulopathy defined as the failure of this balance. Coagulopathy has long been known to 
occur in several acute diseases such as cardiovascular disease [1], infection [2] and trauma 
[3]. In response, coagulation biomarkers have been identified and used in clinical practice in 
recent years to diagnose and treat several diseases of the coagulation system.
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There is a variety of coagulation biomarkers used in real clinical situation. Prothrombin time 
(PT), activated partial thromboplastin time (APTT), fibrinogen has been used to test the coag-
ulation function from long ago in hematologic disorder, liver disease, disseminated intravas-
cular coagulation (DIC) and to monitor the use of anticoagulation drugs. Owing to the recent 
progress in measuring method, the more minute coagulation biomarkers can be measured 
and divided into coagulation systems and fibrinolytic systems. Each example is thrombin-
antithrombin complex (TAT), soluble fibrin (SF) and soluble fibrin monomer complex (SFMC) 
in coagulation systems, and Fibrin degradation product (FDP) and D-dimer in fibrinolytic 
systems. They are relatively new coagulation biomarkers and the characteristics of them are 
to be rapidly elevated in acute phase. In clinical situation, they are practically used to detect 
the venous thromboembolism [4–6]. Besides, FDP and D-dimer are more studied, and the 
clinical applications of these coagulation biomarkers are ranging from diagnosing [7] to the 
treatment [8].

In this chapter, we present information on the successful use of FDP, D-dimer and fibrinogen 
in clinical practice. Finally, we demonstrate the prospects of the clinical application of coagu-
lation biomarkers.

2. Disseminated intravascular coagulation (DIC) and clinical use of 
coagulation biomarkers

The occurrence of DIC has been the definitive trigger for the use of coagulation biomarkers 
in the diagnosis of this disease. DIC is characterized by the widespread activation of coagu-
lation, which results in the intravascular formation of fibrin and, ultimately, the thrombotic 
occlusion of small- and mid-sized vessels [9–11]. Intravascular coagulation can also compro-
mise the blood supply to organs and peripheral cells, and, in conjunction with hemodynamic 
and metabolic derangements, may contribute to the failure of multiple organs [12].

DIC is present in many clinical conditions (Table 1) [12].

Of these clinical conditions, coagulation biomarkers have been especially used in the treat-
ment of sepsis. The clinical criteria for the early diagnosis of DIC have incorporated the use 
of several coagulation biomarkers such as FDP, D-dimer, PT, and fibrinogen [13–16]. In addi-
tion, the two endogenous anticoagulants, antithrombin and protein C, are found decreased 
in patients with DIC, and are useful in predicting the outcome of such patients, as well as 
those with sepsis [17, 18]. Furthermore, thrombomodulin, tissue factor pathway inhibitor, 
Von Willebrand factor and Adamts 13 are also useful in clinical situations [19, 20].

Of these coagulation biomarkers, we focused on the use of FDP and D-dimer in several clini-
cal conditions. D-dimer is a specific protein fiber degradation product of cross-linked fibrin 
in response to hydrolysis by fibrinolytic enzymes [21, 22]. When the thrombus degrades, 
D-dimer may be released into the circulatory system [23]. In normal blood, the level of 
D-dimer is low, but once thrombosis occurs, the D-dimer level rises [24]. FDP is the degra-
dation product of fibrous protein. In normal blood, the level of FDP is also low; however, 
the FDP level also increases when fibrinolysis occurs. FDP is a mitogen for many cell types, 
promoting the proliferation of endothelial cells, smooth muscle cells, and fibroblasts, as well 
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as cholesterol deposition [25]. FDP can also induce the adhesion and accumulation of white 
blood cells, which results in damage to the blood vessel endothelium [26].

In our facility, FDP and D-dimer are measured by an immunoturbidimetric method using 
Cs-2000i and Cs-5100 systems (Sysmex Corporation., Hyogo, Japan; Figure 1). It takes about 
15–20 minutes to measure FDP and D-dimer with this instrument.

Sepsis

Trauma

Serious tissue injury

Head injury

Fat embolism

Cancer

Myeloproliferative diseases

Solid tumors (e.g., pancreatic carcinoma, prostatic carcinoma)

Obstetrical complications

Amniotic-fluid embolism

Abruption placentae

Vascular disorders

Giant hemangioma (Kasabach-Merritt syndrome)

Aortic aneurysm

Severe hepatic failure

Reactions to toxins (e.g., snake venom, drugs and amphetamines)

Immunologic disorders

Severe allergic reaction

Hemolytic transfusion reaction

Transplant rejection

Table 1. Common clinical conditions associated with disseminated intravascular coagulation.

Figure 1. Cs-5100 systems to measure FDP and D-dimer (Sysmex Corporation., Hyogo, Japan).
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D-dimer is low, but once thrombosis occurs, the D-dimer level rises [24]. FDP is the degra-
dation product of fibrous protein. In normal blood, the level of FDP is also low; however, 
the FDP level also increases when fibrinolysis occurs. FDP is a mitogen for many cell types, 
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as cholesterol deposition [25]. FDP can also induce the adhesion and accumulation of white 
blood cells, which results in damage to the blood vessel endothelium [26].

In our facility, FDP and D-dimer are measured by an immunoturbidimetric method using 
Cs-2000i and Cs-5100 systems (Sysmex Corporation., Hyogo, Japan; Figure 1). It takes about 
15–20 minutes to measure FDP and D-dimer with this instrument.

Sepsis

Trauma

Serious tissue injury

Head injury

Fat embolism

Cancer

Myeloproliferative diseases

Solid tumors (e.g., pancreatic carcinoma, prostatic carcinoma)

Obstetrical complications

Amniotic-fluid embolism

Abruption placentae

Vascular disorders

Giant hemangioma (Kasabach-Merritt syndrome)

Aortic aneurysm

Severe hepatic failure

Reactions to toxins (e.g., snake venom, drugs and amphetamines)

Immunologic disorders

Severe allergic reaction

Hemolytic transfusion reaction

Transplant rejection

Table 1. Common clinical conditions associated with disseminated intravascular coagulation.

Figure 1. Cs-5100 systems to measure FDP and D-dimer (Sysmex Corporation., Hyogo, Japan).
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3. Trauma

DIC has been well known to occur in trauma since the 1960s, especially in relation to head 
trauma (Table 1). Coagulopathy in trauma was believed to originate as a consequence of fluid 
administration and hypothermia [27]. However, in the 2000s, the concept of acute traumatic 
coagulopathy (ATC) first appeared [27] with the demonstration that an organ and/or cell 
injury itself caused the coagulopathy. Using coagulation biomarkers such as PT, APTT and 
thrombin time (TT), acute traumatic coagulopathy was shown to be associated with mortality 
and severe trauma.

Initially, the concept of ATC was reported mainly in severe trauma, because PT, APTT and 
TT were found to have normal values in lightly and mildly traumatized patients. However, 
using fibrinolytic coagulation biomarkers such as FDP and D-dimer, we also detected ATC 
in lightly and mildly traumatized patients. This has been described in our first report on the 
clinical usefulness of coagulation biomarkers [28].

3.1. The relationship between coagulation biomarkers and trauma severity

Our study reported that of all coagulation biomarkers, FDP and D-dimer were associated 
with the severity of trauma [28]. We have previously demonstrated an association between 
FDP and D-dimer, and a trauma score such as the Injury Severity Score (ISS) [29]. The ISS has 
been one of the most common and useful scoring systems to evaluate the severity of trauma 
and is used widely throughout the world. In clinical practice, the ISS is calculated for each 
anatomical injury according to the results of physical examinations, surgery and imaging 
studies; therefore, the ISS cannot be calculated in an initial emergency field. However, we can 
predict ISS using FDP and D-dimer.

In this study, the area under receiver operating characteristics curves (AUROCs) of FDP and 
D-dimer for predicting an ISS ≥ 9 were 0.757 and 0.756, and the sensitivity and specificity of 
FDP and D-dimer based on the Youden’s index were 75.9 and 68.4%, and 75.9 and 73.7%, 
respectively. This demonstrated that we could predict mild to severe injury (ISS ≥ 9) with 
about 70% sensitivity and specificity; this finding signaled to trauma physicians and surgeons 
that minor injury was not to be overlooked. Because several minor injuries, such as minute 
spinal column and rib fractures, are sometimes hard to detect, FDP and D-dimer can be used 
as supplementary diagnostic tools.

In addition, we have adopted this finding to more severe trauma. In the previous study, we 
investigated the association between FDP and D-dimer, and an ISS ≥ 9. In a similar setting, 
we calculated the AUROCs of FDP and D-dimer for predicting ISS ≥ 9, ISS ≥ 16 and ISS ≥ 25 
(Figure 2).

These figures demonstrated that the predictivity of FDP and D-dimer for ISS was more 
accurate, especially in severe trauma. In Table 2, the AUROC and cut-off points of FDP and 
D-dimer to predict whether the ISS was over the 25 were the highest at 0.818 and 0.813, respec-
tively. The sensitivities and specificities, based on the Youden’s index, of FDP and D-dimer to 
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predict an ISS over 25 were 73.3 and 82.7%, and 76.7 and 78.4%, respectively. These findings 
are novel because they are based on a patient’s trauma severity, allowing the development of 
definitive treatment more rapidly.

3.2. The prediction of extravasation in pelvic fracture using coagulation biomarkers

In the section of the relationship between coagulation biomarkers and trauma severity the 
ability of FDP and D-dimer to predict trauma severity was demonstrated. Therefore, we also 
applied this to pelvic fracture [30]. Pelvic fracture is an independent risk factor for death after 
blunt trauma. It is associated with increased mortality in blunt trauma, with rates up to 30% 

Figure 2. (a) Receiver operating characteristic (ROC) curve of coagulation biomarkers to predict the injury severity score 
(ISS) of a patient with trauma ≥9 points. FDP, fibrin degradation products. (b) Receiver operating characteristic (ROC) 
curve of coagulation biomarkers to predict the injury severity score (ISS) of a patient with trauma ≥16 points. FDP, fibrin 
degradation products. (c) Receiver operating characteristic (ROC) curve of coagulation biomarkers to predict the injury 
severity score (ISS) of a patient with trauma ≥25 points. FDP, fibrin degradation products.

FDP D-dimer ISS ≥ 9 ISS ≥ 16 ISS ≥ 25

AUROC (95% CI) 0.743 (0.681–0.806)

0.751 (0.689–0.814)

0.691 (0.624–0.759)

0.694 (0.628–0.761)

0.818 (0.735–0.901)

0.813 (0.732–0.894)

Cut-off point 32.1 μg/mL

6.5 μg/mL

32.1 μg/mL

12.8 μg/mL

101.4 μg/mL

28.2 μg/mL

Sensitivity, % 59.4

73.1

67.8

65.6

73.3

76.7

Specificity, % 79.8

66.7

64.9

66.1

82.7

78.4

CI, confidence interval; FDP, fibrin degradation product; AUROC, area under the receiver operating characteristic curve; 
ISS, injury severity score.

Table 2. Area under the receiver operating characteristic curve and cut-off points of FDP and D-dimer to predict whether 
the ISS is over 9, 16 or 25.
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[31–33]. In pelvic fracture, retroperitoneal hemorrhage may induce hemodynamic instability, 
with 5–20% originating from arterial bleeding [34].

In a clinical situation, the standard tool to detect arterial bleeding in a pelvic fracture has 
been computed tomography (CT) using contrast material; however, several problems exist 
with CT scanning. One problem is the specificity of CT scanning to detect arterial bleeding in 
pelvic fracture [35] is decreased. Another problem is that the quality of the CT scanning may 
be related to the scanning protocol and can be affected by interference caused by vasospasm, 
consequently affecting the diagnostic ability of physicians [36, 37]. Thus, we evaluated the 
predictive ability of coagulation biomarkers to detect arterial bleeding and whether these 
could be used as alternative tools for CT scanning.

Our report highlighted the highly accurate ability of FDP and D-dimer to detect arterial bleed-
ing in a pelvic fracture; the AUROCs of FDP and D-dimer were 0.900 and 0.882, respectively 
(Table 3) [30]. In addition, in this study we calculated the ratios of FDP to fibrinogen, and of 
D-dimer to fibrinogen. Fibrinogen is said to be an independent risk factor of mortality and 
severity in blunt trauma patients [38–40], and a predictor of transfusion [41, 42]. We combined 
the high FDP and D-dimer, and the low fibrinogen, to the ratio of FDP to fibrinogen and the 
ratio of D-dimer to fibrinogen, this was a novel finding. This ratio was subsequently devel-
oped to the next stage [43, 44].

3.3. Prediction of the need for packed red blood cell transfusions using coagulation 
biomarkers

We applied coagulation biomarkers to the prediction of the need for packed red blood cell 
transfusions [43]. For a long time, many investigators have discussed how to predict massive 
transfusion requirements in blunt trauma patients [45–51]. The characteristics of FDP and 
D-dimer were correlated with the trauma severity: from relatively light to severe trauma [28]. 
This feature has been utilized to predict not only patients requiring massive transfusions, 
but also whether patients needed packed red blood cells or not. Coagulation biomarkers,  

FDP D-dimer Ratio of 
FDP to 
fibrinogen

Ratio of 
D-dimer to 
fibrinogen

Hemoglobin 
level

Lactate level

AUROC

(95% CI)

0.900

(0.765–1.000)

0.882

(0.728–1.000)

0.918

(0.797–
1.000)

0.900

(0.773–
1.000)

0.815

(0.656–0.974)

0.765

(0.563–0.967)

Cut-off point 126.8 μg/mL 46.0 μg/mL 0.656 0.215 11.0 g/dL 2.75 mmol/L

Sensitivity, % 94.1 94.1 94.1 94.1 61.1 58.8

Specificity, % 90.0 90.0 90.0 80.0 0.0 85.7

CI, confidence interval; FDP, fibrin degradation product; AUROC, area under the receiver operating characteristic curve.

Table 3. Area under the receiver operating characteristic curves and cut-off points of parameters to predict arterial 
extravasation in pelvic fracture patients.
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especially, the ratio of FDP to fibrinogen, were found to be the most accurate markers for 
predicting the need for packed red blood cell transfusions (Table 4) [43].

4. Cardiac pulmonary arrest

In recent decades, the science of cardiac pulmonary arrest (CPA) has been improving due to 
the widespread adoption of guidelines by the International Liaison Committee on Resuscitation 
(ILCOR). The 2015 guidelines by the Japan Resuscitation Council, which is one of the subsidiary 
organizations of ILCOR, enumerates predictive candidates for outcomes of patients with an out-
of-hospital cardiac arrest (OHCA), such as S-100B, neuron specific enolase, imaging findings, 
brain waves, among others. However, it is presently difficult to predict favorable neurological 
outcomes or the survival of patients with OHCA [52]. Recently, several reports have suggested 
that blood coagulation makers reflected the prognosis of patients with CPA. The occurrence of 
fibrinolysis in patients with CPA has been noticed for a long time [53]; however, coagulation 
biomarkers has not been clinically applied to CPA until recently, with clinical applications with 

AUROC (95% CI) Cut-off point Sensitivity (%) Specificity (%)

ABC 0.591 (0.420–0.763) 0.5 21.4 96.7

GCS 0.716 (0.547–0.885) 12.5 96.4 42.9

Ht 0.667 (0.503–0.830) 31.3% 97.3 35.7

PT–INR 0.859 (0.760–0.958) 1.065 71.4 90.1

APTT 0.684 (0.501–0.866) 36.45 s 42.9 96.4

Fib 0.877 (0.808–0.947) 245.5 mg/dL 64.3 100

FDP 0.874 (0.784–0.963) 45.65 μg/dL 78.6 80.4

FDP/Fib ratio 0.899 (0.819–0.979) 0.202 × 10−3 85.7 82.3

AUROC, area under the receiver operating characteristic curve; CI, confidence interval; ABC, assessment of blood 
consumption score; GCS, Glasgow Coma Scale; Ht, hematocrit; PT-INR, international normalized ratio of prothrombin 
time; APTT, activated partial thromboplastin time; Fib, fibrinogen; FDP, fibrin degradation product.

Table 4. Results of receiver operating characteristic curves analysis.

AG ACAG FDP D-dimer

AUROC (95% CI) 0.664 (0.514–0.815) 0.667 (0.516–0.818) 0.714 (0.571–0.858) 0.707 (0.561–0.853)
Cut-off point 27.8 mmol/L 31.7 mmol/L 29.4 μg/mL 10.2 μg/mL
Sensitivity, % 84.4 78.1 87.5 87.5
Specificity, % 45.0 55.0 50.0 55.0

AG, anion gap; ACAG, albumin-corrected anion gap; CI; confidence interval; FDP, fibrin degradation products; AUROC, 
areas under receiver operating characteristic curves.

Table 5. Areas under receiver operating characteristic curves and cut-off points of parameters that predict whether a 
patient with cardiopulmonary arrest can achieve a return of spontaneous circulation after effective cardiopulmonary 
resuscitation.
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regard to CPA having appeared since the 2010s. For example, FDP and D-dimer are associated 
with the return of spontaneous circulation (ROSC) and have been useful for predicting ROSC 
[54] (Table 5) [54]. Other reports have demonstrated that a high D-dimer concentration on admis-
sion predicts a poorer outcome [55], and that the FDP level predicts neurological outcomes [56].

5. Conclusion

Coagulation disorders are associated with several diseases and symptoms in emergency 
medical fields. The occurrence of DIC is a modern topic and has been accelerating the studies 
about the coagulation biomarkers. We demonstrated that testing for and measuring FDP and/
or DD may be advantageous in diagnosing and/or treatment of trauma and CPA.
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[15] Taylor Jr FB, Toh CH, Hoots WK, Wada H, Levi M, Scientific Subcommittee on 
Disseminated Intravascular Coagulation (DIC) of the International Society on Throm-
bosis and Haemostasis (ISTH). Towards definition, clinical and laboratory criteria, 
and a scoring system for disseminated intravascular coagulation. Thrombosis and 
Haemostasis. 2001;86:1327-1330

[16] Gando S, Iba T, Eguchi Y, Ohtomo Y, Okamoto K, Koseki K, Mayumai T, Murata A, 
Ikeda T, Ishikura H, Ueyama M, Ogura H, Kushimoto S, Saitoh D, Endo S, Shimazaki S,  

Clinical Application of Coagulation Biomarkers
http://dx.doi.org/10.5772/intechopen.76589

91



regard to CPA having appeared since the 2010s. For example, FDP and D-dimer are associated 
with the return of spontaneous circulation (ROSC) and have been useful for predicting ROSC 
[54] (Table 5) [54]. Other reports have demonstrated that a high D-dimer concentration on admis-
sion predicts a poorer outcome [55], and that the FDP level predicts neurological outcomes [56].

5. Conclusion

Coagulation disorders are associated with several diseases and symptoms in emergency 
medical fields. The occurrence of DIC is a modern topic and has been accelerating the studies 
about the coagulation biomarkers. We demonstrated that testing for and measuring FDP and/
or DD may be advantageous in diagnosing and/or treatment of trauma and CPA.
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Abstract

Systemic biomarkers (i.e. biomarkers of functioning of cellular pathways) offer a broad 
spectrum of diagnostic capabilities. There are several approaches to using systemic bio-
markers that derive from exact needs of a researcher or a clinical specialist. First, ana-
lyzing a multifunctional and multi-systemic pathway in circulating cells (e.g. leukocytes) 
allows to gather generalized information on functioning of the organism. Second, there are 
numerous pathways that, even still in circulating cells, allow to assess risks of developing 
or stage of development of numerous diseases, including the leaders of non-infection dis-
eases mortality—cardiovascular diseases. Third, biopsy specimens can readily be used to 
assess the exact signaling type of a disease (especially cancer) thus helping in selecting the 
best treatment option. Due to unique properties of the human oxidative status pathways 
that are discussed in the present chapter, diagnostics specialists are now acquiring an all-
in-one toolbox for profiling and detecting almost any non-infectious and a broad range 
of infectious diseases. In addition to properties of the human oxidative status pathways 
opening these possibilities, this chapter considers exact systemic biomarkers deriving from 
this approach, reveals some examples of usage of the resulting diagnostic technology and 
provides instances of successful clinical application of the systemic biomarker approach.

Keywords: interactomics, systems biology, personalized medicine, signaling pathways, 
oxidative status, systemic biomarkers

1. Introduction

The human cell is capable of receiving, processing and accordingly responding to an indefi-
nitely wide range of stimuli [1]. These stimuli can be both exogenous and endogenous; both 
physical and chemical (including biochemical); both adopted to provide communication and 
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those requiring adaptation [2, 3]. Regardless of the classification and kind of stimuli acting 
upon the cell, the whole chain of events—from the signal reception and to the end-point 
response of the cell—follows the same logic and is guided by a given signaling pathway [4].

Signaling pathways may exploit cellular machinery to a different extent. In the simplest case, 
a stimulus induces a cellular component capable of performing all the necessary steps from 
reception and to the ultimate action [5]. In the most complex instance, the reaction toward 
a stimulus involves complex rearrangements of cellular components, alterations in gene 
expression caused by epigenetic events and induction of numerous uni-directional and oppo-
site transcription factors, translation modulation, etc. [6–9].

These different pathways confer unequal informativeness for biomedical, mostly diagnostic 
and follow-up, purposes. The reason is that the “shorter” a pathway, the more difficult it is to 
detect changes in cellular parameters due to fast turnover and lack-to-absence of signal amplifi-
cation stages. In contrast, complex pathways contain signal amplification circuits, demonstrate 
delayed and sustained changes in cellular parameters and, moreover, interact with other path-
ways (i.e. respond in dependence of cellular signaling background), thus providing a researcher 
with a plethora of data characterized by high signal-to-noise ratio and high informativeness 
[10]. Superior informativeness of complex signaling pathways renders them highly promising 
for clinical applications. On the other hand, from analytical point of view, responses of simpler 
pathways are easier to interpret, while extremely complex pathways are nearly unresolvable 
due to ambiguity imposed by principal limitations of our knowledge of interacting components 
of such pathways. Thus, it is required that clinically applicable pathways be well-studied, with 
the triggering stimulus and characteristic effects of the pathway known in the first place.

Generally, cellular signaling pathways are specialized toward given sets of stimuli. However, 
there is one group of signaling pathways that, although being specialized, too, permits diag-
nostics of an incredibly wide range of cellular parameters. These are oxidative status signal-
ing pathways. In humans, oxygen participates in multitudinous processes - from spontaneous 
reactions of auto-oxidation of small molecules, to protein folding control, multi-step electron 
transfer in mitochondrial and microsomal electron transport chains and to action of NADPH 
oxidases tightly controlled by one of the most complex pathways of the human cell [11]. Due 
to this deep implication of oxygen in cellular metabolism, redox processes requiring this small 
molecule run in all compartments of the cell and outside the cell. Since one-electron reduction 
is thermodynamically favorable, all processes involving oxygen are liable to generation of 
reactive oxygen species (ROS) [12]. Moreover, a much more safe, thus preferred and referred 
to as physiological two-electron reduction of molecular oxygen produces hydrogen perox-
ide [13]—a molecule classified as ROS as well. A significant portion of hydrogen peroxide 
decomposes with the formation of free radicals, including the most short-lived and danger-
ous hydroxyl radical [14]. On the other hand, hydrogen peroxide serves as one of key cellular 
messengers—and its function in this sense include direct control of transcription factors (AP-
1, NFE2L2, CREB, HSF1, HIF1, TP53, NF-κB, NOTCH, SP1, etc. [15]), direct and indirect con-
trol of higher-order kinases (CAMKII, Pka, Pkb (Akt), Pkg, Mapk, Erk  [16, 17]) and epigenetic 
machinery [18] and direct modulation of 14–3-3 proteins function [19]. Hydrogen peroxide as 
well as other ROS serve as primary triggers of the oxidative status pathways, while the path-
ways differ in signal reception compartment, signal reception mechanisms, signal intensity 
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dependence and sets of modulating pathways. These differences confer significant specificity 
to triggering of the pathways and temporal characteristics of the response. Examples of such 
differences are given further.

With respect to the ultimate cellular effects and resulting oxidative status parameters, oxida-
tive status pathways are rather well explored. The beginning of the extensive studying of 
oxidative status and pathways determining it dates back to the first half of XX century [20–22]. 
Over the time, due to implications of prooxidants and antioxidants in determination of qual-
ity of life, in aging (the two factors that significantly affected public attitude and mentality) 
and in numerous diseases, significant amount of experimental data has been collected. These 
data are detailed inasmuch as some pathways activation patterns have been characterized in 
a minutes to hours basis [23] and accounting signal intensity [24]. No less importantly, targets 
of the most complex and clinically relevant pathways are well known. And as it is shown 
further, these targets that may serve as biomarker panel candidates are not only mRNAs 
or proteins, but as well individual transcript variants, pre-mRNAs and miRNAs [25–28]. 
Consequently, although there are more data to be collected, these pathways may be utilized 
for developing systemic biomarkers for diagnostics of different health conditions using sets of 
individual RNAs, proteins and small molecules in analytically convenient combinations. For 
some of such pathways, this has already been done.

To sum up, oxygen-dependent redox processes participate in or modulate at least most cellu-
lar metabolic and signaling systems. Accordingly, these systems contain respective response 
circuits allowing the cell to adapt to changes in environmental and internal conditions or at 
least perceive these changes. As the above-mentioned metabolic and signaling systems of the 
cell strikingly differ in nature, cellular roles and even in action timeframes, the response cir-
cuits—termed oxidative status pathways—are rather specific in triggering stimulus, unique 
in sensing mechanism, subsequent events and the outcome. Among these events and results 
are changes in expression of target RNAs and proteins and fluctuations of some relatively 
stable biochemical parameters. Together these factors may (and do) serve as components of 
systemic biomarkers. And since the pathways are specific toward given stimuli or signals, the 
respective systemic biomarkers, i.e. panels of reporter target components of these pathways, 
allow for profiling of the activation status of the pathways. Consequently, as diseases origi-
nate and start to manifest at the bottom biological level - the cellular level - the cellular signal-
ing pathways reflect the mode of cellular functioning. And since oxidative status pathways 
extraordinarily reflect and summarize most cellular systems functioning, these pathways are 
perfect for developing systemic biomarkers. However, there are several variables in selecting 
the sets of cellular factors to serve as systemic biomarker components that are to be accounted, 
and those are discussed in the next section.

2. Developing oxidative status pathways-based systemic biomarkers

Since systemic biomarkers are sets of cellular factors that may represent functioning of a given 
pathway, development of such biomarkers starts with interactomic data - signaling pathways 
maps. There are numerous available solutions, including Reactome [29], BioSystems [30], 
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those requiring adaptation [2, 3]. Regardless of the classification and kind of stimuli acting 
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dependence and sets of modulating pathways. These differences confer significant specificity 
to triggering of the pathways and temporal characteristics of the response. Examples of such 
differences are given further.

With respect to the ultimate cellular effects and resulting oxidative status parameters, oxida-
tive status pathways are rather well explored. The beginning of the extensive studying of 
oxidative status and pathways determining it dates back to the first half of XX century [20–22]. 
Over the time, due to implications of prooxidants and antioxidants in determination of qual-
ity of life, in aging (the two factors that significantly affected public attitude and mentality) 
and in numerous diseases, significant amount of experimental data has been collected. These 
data are detailed inasmuch as some pathways activation patterns have been characterized in 
a minutes to hours basis [23] and accounting signal intensity [24]. No less importantly, targets 
of the most complex and clinically relevant pathways are well known. And as it is shown 
further, these targets that may serve as biomarker panel candidates are not only mRNAs 
or proteins, but as well individual transcript variants, pre-mRNAs and miRNAs [25–28]. 
Consequently, although there are more data to be collected, these pathways may be utilized 
for developing systemic biomarkers for diagnostics of different health conditions using sets of 
individual RNAs, proteins and small molecules in analytically convenient combinations. For 
some of such pathways, this has already been done.

To sum up, oxygen-dependent redox processes participate in or modulate at least most cellu-
lar metabolic and signaling systems. Accordingly, these systems contain respective response 
circuits allowing the cell to adapt to changes in environmental and internal conditions or at 
least perceive these changes. As the above-mentioned metabolic and signaling systems of the 
cell strikingly differ in nature, cellular roles and even in action timeframes, the response cir-
cuits—termed oxidative status pathways—are rather specific in triggering stimulus, unique 
in sensing mechanism, subsequent events and the outcome. Among these events and results 
are changes in expression of target RNAs and proteins and fluctuations of some relatively 
stable biochemical parameters. Together these factors may (and do) serve as components of 
systemic biomarkers. And since the pathways are specific toward given stimuli or signals, the 
respective systemic biomarkers, i.e. panels of reporter target components of these pathways, 
allow for profiling of the activation status of the pathways. Consequently, as diseases origi-
nate and start to manifest at the bottom biological level - the cellular level - the cellular signal-
ing pathways reflect the mode of cellular functioning. And since oxidative status pathways 
extraordinarily reflect and summarize most cellular systems functioning, these pathways are 
perfect for developing systemic biomarkers. However, there are several variables in selecting 
the sets of cellular factors to serve as systemic biomarker components that are to be accounted, 
and those are discussed in the next section.

2. Developing oxidative status pathways-based systemic biomarkers

Since systemic biomarkers are sets of cellular factors that may represent functioning of a given 
pathway, development of such biomarkers starts with interactomic data - signaling pathways 
maps. There are numerous available solutions, including Reactome [29], BioSystems [30], 
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GenAtlas [31], GeneGo [32], KEGG [33], etc. We have previously developed our own interac-
tomic system dedicated exclusively to human oxidative status - Oxidative Status Interactome 
Map (OSIM) [34]. These interactomic systems differ in interface, data selection strategy and 
depth of interactome coverage. Importantly, quality of an interactomic map used for bio-
marker development significantly affects its specificity and sensitivity due to inherent biologi-
cal overlap of targets control and multi-pathway signal reception.

2.1. Signal specificity

There are dozens of oxidative status signaling pathways operating in the human cell, and 
most of these pathways have hydrogen peroxide or other ROS as the primary triggering sig-
nal. However, as it was shown above, ROS originate in different cellular compartments in 
different cellular contexts, and this is one of the basic principles of disambiguation in signal 
reception [35, 36]. Further divergence of pathways is achieved by their signaling background 
dependence: different oxidative status pathways require different kinases for functioning, 
while these kinases are often redox-sensitive [37, 38]. Finally, oxidative status pathways are 
highly specialized toward various ROS-inducing agents, which can be both chemical and 
physical. For example, electrophilic compounds have critically distinct effects on the AP-1 
and NFE2L2 sub-pathways of the NFE2L2/AP-1 pathway (often referred to as the NRF2 path-
way) [39]. An example of physical signal specificity is thioredoxin 1 triggering by ionizing 
radiation, UV and ultrasound [40].

Although triggering signals significantly overlap for different pathways, cellular effects of 
these signals greatly depend on their cellular location - and these effects are mediated by 
compartment-specific sensors.

2.2. Sensor location and type

Protein sensors of oxidative status pathways are ample and extremely diverse. Different 
pathways are greatly dissimilar in mechanisms of activation by even the same basic stimu-
lus - hydrogen peroxide. Moreover, the same pathway may have several sensors working in 
tandem. For example, the above-mentioned NFE2L2 sub-pathway has a primary hydrogen 
peroxide sensor in cytoplasm - it is KEAP1 protein. But in addition to this cytoplasmic pool 
of KEAP1, the same protein is also present in the nucleus, where it acts as the second-line 
sensor [41]. The same pathway is also characterized by a third-line sensor - BACH1 protein, 
a transcriptional repressor active in reduced state [36]. Thus, depending on cellular context, 
NFE2L2 activity may be attenuated to different extent and so as to result in activation of 
different sets of target genes, since BACH1, for instance, represses only a portion of NFE2L2-
dependent genes.

Another peculiar example of sensor location-induced pathway functioning modulation is 
known from the NF-κB pathway. Under unstimulated conditions, NF-κB proteins are bound 
by I-κB proteins in the cytosol preventing NF-κB nuclear import. Upon ROS formation, NF-κB 
proteins are oxidized, change conformation and cannot be immobilized by the I-κBs. Further 
developments depend on nuclear redox context and cellular signaling background, since 
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oxidized NF-κB proteins are unable to transactivate the targets [42]. Interestingly, activated 
NF-κB protein RELA controls nuclear import of the above considered KEAP1 protein [41].

All the events of pathways activation and subsequent signal transduction have different rates 
in different pathways. These temporal characteristics can be utilized to collect additional 
diagnostic data.

2.3. Temporal considerations

Even when oxidative status pathways are activated by the same signal, ultimate effects are 
achieved in different time. Moreover, even within the same pathway, targets are activated at 
different rate. It appears that this is dictated by the complexity of signal transduction, includ-
ing presence and characteristics of signal amplification circuits. It has striking effects on path-
way performance. For examples, in the above-mentioned NFE2L2 pathway, some targets 
are activated as early as in 5 hours, while other genes fail to increase expression rate until 
approximately 24 hours [23].

Another example of significantly prolonged effects of a pathway is seen in HIF1A pathway 
run cycle. Activated HIF1A induces expression of NF-κB genes and proteins REL, RELA and 
NFKB1, and DICER1. In turn, activated NF-κB (and this activation is context-dependent) 
transactivates genes of miRNAs MIR-93 and MIR-199A-5P that are further processed by 
DICER1. These mature miRNAs are HIF1A suppressors that eventually block the pathway 
activation. Due to extremely complex chain of events, this variant of HIF1A pathway run 
takes considerable amount of time [25].

Temporal characteristics of the pathways analyzed should be accounted when developing 
and applying a systemic biomarker. This can partly be achieved by selecting appropriate ana-
lytical level.

2.4. Analytical levels

Oxidative status pathways contain numerous types of molecules that can be used as biomark-
ers. These are protein-coding RNAs, miRNAs, proteins, and small molecules.

Just as signal reception and transduction are multi-step processes, so is the development of 
the cellular reaction. Upon decoding of the stimulus by transcription factors, the first step 
of the cellular reaction takes place - this is preparation to transcription initiation (interac-
tions between transcription factors [43], competition [39], nuclear import of transcription fac-
tors [44], modulation of epigenetic machinery [45], etc.). Even this first step is complex, and 
subsequent stages occurring in the nucleus are legion [46]: these include DNA binding by 
transcription factors, RNA polymerase engagement, transcription, RNA-protein interactions, 
splicing, RNA modification, RNA stabilization, storage, degradation and cytoplasmic export. 
Further, numerous cytoplasmic processes provide or accompany generation of mature pro-
tein, and another plethora of events finalize the cellular reaction (e.g. the protein is modified, 
re-distributed within the cell or secreted). Remarkably, all these processes, dozens of them, 
are affected by cellular signaling background.
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GenAtlas [31], GeneGo [32], KEGG [33], etc. We have previously developed our own interac-
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oxidized NF-κB proteins are unable to transactivate the targets [42]. Interestingly, activated 
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Generally, it is possible to take a “snapshot” of any of these phases of the cellular reaction and 
use the data to decode the initial signal. However, the more elaborate the product of the cel-
lular reaction one analyzes, the harder it is to trace back the stimulus.

Thus, most existing systemic biosensors rely on mRNA level. mRNA expression analysis is 
a reasonable approach to assess whether a stimulus has affected the cell or there has been a 
dysfunction in cellular signal transduction or decoding processes: there are only few steps 
between transcription factor activation (signal decoding) and mRNA maturation. However, 
there are still more steps that can easily be affected by the cellular functional context [47–51]. 
Thus, pre-mRNA might serve as a valuable alternative or addition to mRNA analysis. In one 
of our previous studies, we assessed whether pre-mRNAs can be used for diagnostic pur-
poses. It appeared that two of three pre-mRNAs of single transcript variant-encoding genes 
had sensitivity and specificity comparable to that of the respective mRNAs [52]. Comparing 
such diagnostic characteristics is challenging when genes coding for more than one transcript 
variant are considered.

In this case, individual transcripts analysis is a great alternative to standard mRNA analysis. A 
pathway may control transcripts’ fate individually on several levels. First, transcription factors 
of the pathway can directly induce individual transcripts [53]. Second, transcription factors, 
being central to some pathways, can attract and regulate splicing machinery themselves [54]. 
Third, other pathway components can easily regulate splicing machinery together with pro-
moting target gene transcription [55]. Fourth, cellular pathways have all capabilities to indi-
vidually control degradation or long-term storage of mature mRNA variants of a single gene 
[56–58]. Individual transcript expression-based studies are rare due to technical and interpre-
tative difficulties [59, 60], but previously we demonstrated that this approach is highly prom-
ising in case of oxidative status pathways used for development of systemic biomarkers [28].

Proteins are also sometimes used as biomarkers in systemic diagnostics and systemic patho-
physiology approaches. The drawback of this approach appears to be in decreased signal-
to-noise ratio leading to significant information losses. Although our lab mostly focuses on 
RNAs for biomarker development, we performed several attempts to use proteome as ana-
lytical level in systemic approaches [61].

2.5. Signal amplification and autoregulatory blocking

As it was mentioned above, signaling pathways are optimal for diagnostic properties only if 
they contain signal amplification and abruption circuits, yet they are not too complex to hin-
der data interpretation, and their action rate is comparatively slow.

Human oxidative status pathways are rich in signal amplification and autoregulatory block-
ing circuits. In one of our previous works, we discussed 15 such experimentally proven cir-
cuits of just one of the pathways - the NFE2L2/AP-1 pathway [10].

Such circuits greatly help in interpreting data and choosing time points for sample collection 
in repetitive measurements that greatly improve the signal decoding procedure for diagnostic 
purposes.
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2.6. Biomarkers quantity

Careful selection of systemic biomarkers candidates and their quantity are critical, since, on 
average, each gene is controlled by a great number of transcription factors (both transacti-
vators and repressors) belonging to different signaling pathways. This implies a significant 
limitation—so that even some well-known targets cannot be used for diagnostic purposes 
involving pathway activation analysis. There are many examples of genes that are controlled 
by multiple and functionally opposite pathways even within the oxidative status systems 
[62, 63].

3. Current advances in developing systemic biomarkers

Systemic biomarkers approach is a relatively new area of biomedicine. However, over 
two decades of its existence [64], significant advances have been made. Great effort spent 
in this area not only improved analytical algorithms, but also underlined the importance 
of personalized approach. For example, many prognostic markers have been suggested 
for breast cancer in the literature, in particular for predicting survival. But data collected 
in separate studies led to striking discovery of the lack of overlap of the predictive genes 
in most of these studies. This emphasized the need of personalized approach even within 
tumor groups that share the same histomorphology [65]. The reason for discrepancies 
is debatable—divergent patterns of expression profiles might have been due to several 
analytical factors considered in the present chapter, but the solution holds the same: 
systemic biomarkers are only informative when patterns of pathways activation, rather 
than changes in individual genes expression, are analyzed. This idea led foundation 
to development of several analytical tools and panels. Our lab developed an NFE2L2/
AP-1 pathway-based systemic biomarker for assessing slight changes in physiological 
parameters of the human organism using peripheral blood leukocytes as the preferred 
sample type [66]. The same systemic approach utilizing another set of oxidative status 
markers was successfully used for unveiling features of uterine cervical incompetence 
patients [67]. Other labs also successfully apply pathway activation-based technologies 
in various field and other sample types, with special attention paid to fresh solid tumors 
samples and paraffin blocks [68]. Of note, Oncofinder technology [69, 70] and Oncotype 
DX assay [71] are among the most effective interactomics/multi-gene analysis-based 
tests in oncology.

In Table 1, some examples of suitable NFE2L2/AP-1 targets and complex markers are given 
along with their diagnostic properties (only area under the curve (AUC) is given, please see 
details in the cited publications).

As seen from Table 1, not only the markers may highly vary in nature, but they have differ-
ent receiver operator characteristics. Notably, for each model to be studied, it is possible to 
choose or find a set of markers having extremely high AUCs that are hardly achievable using 
the traditional biomarker approaches.
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4. Conclusions

Oxidative status pathways-based interactomic profiling using the expression analysis-based 
methods promises a lot to the field of development of the novel diagnostic approaches and 
has already demonstrated great results in various areas of biomedicine. In this branch of 
personalized medicine, interactomics serves as a tool to select factors to be analyzed (sys-
temic biomarkers), to suggest a method of analysis and to further account for data collected. 
Expression profiling then serves as the immediate molecular biological procedure used to 
collect biological data in the interactomic diagnostics.

Current advances in molecular biology have led to creation of numerous interactomic maps 
and analytical systems that can readily be used for developing novel diagnostics assays. Fast 
evolution of oxidative status cell biology and emerging molecular biology suggestions on cel-
lular factors to be considered as systemic biomarkers candidate complement and promote this 
field. Despite the complexity of development of systemic biomarker-based assays, this novel 
type of diagnostic technologies appears to be inextricably intertwined with the personalized 
medicine era.

Marker ROC indices Model Reference

AUC p-value

AKR1B1 mRNA (normalized to 
reference)

1.0 <0.0001 In vitro, HeLa cells, 24 h 400 uM hydrogen 
peroxide

[52]

AKR1B10 mRNA 1.0 <0.0001

AKR1B1 mRNA/pre-mRNA 
ratio

0.984 <0.0001

GSTP1 pre-mRNA 0.984 <0.0001

AKR1B10 mRNA/pre-mRNA 
ratio

0.946 <0.0001

AKR1B10 pre-mRNA 0.781 0.0284

BACH1 tv2/NFE2L2 mRNAs 
ratio

0.965 <0.0001 In vivo, 19–22 y.o. females, repetitive 
measurements, self-reported analogue-
scaled psychological stress

[66]

SRXN1/NFE2L2 mRNAs ratio 0.922 <0.0001

NQO1/NFE2L2 mRNAs ratio 0.902 <0.0001

HMOX1/NFE2L2 mRNAs ratio 0.879 <0.0001

KEAP1/NFE2L2 mRNAs ratio 0.867 <0.0001

PRDX6/NFE2L2 mRNAs ratio 0.687 0.0586

TXN tv1/NFE2L2 mRNAs ratio 0.609 0.2891

Table 1. The NFE2L2/AP-1 pathway functioning markers used in two in vitro and in vivo studies, with AUC in 
descending order within each study.
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Abstract

Ovarian reserve (OR) is defined as the pool of follicles available to provide eggs cells 
throughout the fertile age in each woman and define the potential of fertility to predict 
the reproductive lifespan of women. Several studies have focused on the clinical use in 
order to identify women with a decreased ovarian function and to improve the clinical 
approach to these patients. In this chapter we will describe different OR markers such as 
antimullerian hormone (AMH) and follicle stimulating hormone (FSH), count by ultra-
sound of antral follicles (AFC) and ovarian volume. The measure of OR markers has 
been reported as an effective test to predict a possible failure of reproductive capacity 
and important tool in the primary prevention of infertility and other related problems. 
Therefore, we will show the clinical use of these markers in both healthy and infertile 
women studies. Additionally, we describe the most recent and promising progress in the 
OR evaluation by construction of algorithms.

Keywords: ovarian reserve markers, infertility, potential of fertility

1. Introduction

Ovarian reserve (OR) is defined as the pool of follicles available to provide eggs cells through-
out the fertile age in each woman [1, 2]. In reproductive medicine, OR reflects the potential 
of fertility and also predicts the length of reproductive lifespan on female patients [1, 2]. The 
evaluation of OR allows to identify cases of premature ovarian insufficiency and provide the 
opportunity to design programs for egg freezing preservation and egg donation. In addition, 
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OR can predicts the success of the assisted reproductive techniques, oncofertility programs, 
and infertility counseling programs [3–5].

Some patients with spontaneous follicle depletion show a decrease of OR. A diminished OR 
(DOR) is related to the decline of the potential of female fertility that accompanies the normal 
ovarian aging [6].In some cases OR declines before 40 years which is a condition previously 
known as premature menopause, premature ovarian failure, or early menopause character-
ized by amenorrhea, hipoestrogenism, and elevated levels serum gonadotropins levels [6]. 
The decreasing of OR gives rise lower pregnancy rates, repetitive implantation failure, and 
high risk of miscarriages [3, 7–10]. The negative impact of DOR forces to organize early pro-
grams of detection that prevents numerous cases of woman infertility [6, 11, 12]. Additionally, 
early detection of DOR cases grants a better comprehension of the woman reproductive status 
to impede expensive assisted treatments and also generates strategies to ameliorate negative 
effects on emotional condition [6, 11, 12].

Today, the loss of fertility has been related with an increase use of assisted reproductive tech-
niques (ART) [11]. One of the main factors is the delay of the motherhood to advanced age 
due to social, academic, familiar, economic, and demographic reasons [6, 13]. Unfortunately, 
mostly cases of advanced maternal age did not receive any medical advice in reproduction 
and they accept the age as a remarkable reference for fertility [6, 13]. It is known that the 
female age is not enough fact to determine and predict the individual fertility [6, 13]. Women 
have wide variations on their reproductive potential and the cessation of fertility can occur in 
an unexpected way [11, 14–18]. As a consequence, the use of predictive markers that reflects 
the reproductive status is remarkable and important [11, 14–18]. On the basis of fertility evalu-
ation, health providers can improve plans for counseling for infertile patients and modify the 
management guides for prevention and promotion of sexual and reproductive health.

In clinical practice, the evaluation of OR can be assessed by blood markers and ultrasound 
markers. Antimullerian hormone, basal follicle-stimulating hormone, and basal estradiol are 
the blood markers whilst antral follicular count (AFC) and the ovarian volume are the ultra-
sound markers [13]. The use of above-mentioned markers permits the categorization and 
the assessment of fertility potential in female patients [14, 17] and brings the opportunity to 
design mathematical formulas for further evaluations for each patient.

2. Ovarian reserve

Ovarian reserve (OR) is defined as the pool of follicles available to provide eggs cells through-
out the fertile age on female patients. The OR is considered as the biological and reproductive 
clock and it is a clinical term used to determine the capacity of the ovary to supply eggs for 
fertilization and resulting in a healthy and successful pregnancy [2].

OR is assured during the embryo development period starting with a cluster of 100 of primordial 
germinal cells (PGC) in the primary ectoderm (epiblast). In the third week of gestation, PGCs 
migrate from the primary ectoderm into the yolk sac wall and collect near the exit of the allantois 
and proliferate colonizing the gonadal ridge to develop the female gonad. At the 20th week of  
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gestation the proliferation of PGCs reaches 6–7 million of oogonias decreasing in a unex-
plained manner to 1 million of oogonias at the time of birth [19, 20]. The number of follicles 
continues to decrease and reaching approximately a number of 300000 - 500000 at the puberty 
time and later 25,000 follicles are identified at age of 35 years [19, 20]. Once the menopause 
time appears the number of follicles drops to 1000 at age of 51 years [19, 20].

Ovarian reserve assessment is the first step in determining the fertile potential of the ovary. 
In an effort to predict the status of OR, markers and tests described in the literature for OR 
evaluation includes: basal follicle-stimulating hormone (FSH), basal estradiol (measured on 
day 3 of the menstrual cycle), serum antimullerian hormone (AMH), and antral follicular 
count (AFC) assessed by transvaginal ultrasound [11, 21].

2.1. Ovarian reserve blood markers

Follicle-stimulating hormone (FSH) is a gonadotropin secreted by the anterior pituitary in 
response to gonadotropin release hormone (GnRH). FSH is responsible for growth and mat-
uration of ovarian follicles and also for estrogen ovarian production [22]. Basal FSH is the 
most widely marker used for evaluation of OR. Regardless of age, high blood levels of FSH  
(>10 mUI/ml) at day 3 of the menstrual cycle are related with DOR and reduced fertility. 
However, there are some concerns about the use of FSH as marker of OR as result of inter and 
intramenstrual variations, the use of oral contraceptives, and some gynecological pathologies 
[11, 21].

Antimullerian Hormone (AMH) is a homodimeric glycoprotein secreted by granulose cells 
(GC) from the ovary. AMH blood levels reflects de overall amount of GC in the antral fol-
licular pool. GCs surround early antral follicles and antral follicles, however AMH expres-
sion is found in follicles from primary follicles to 4-mm sized antral follicles [21]. In addition, 
AMH secreted by 5–8 mm-sized follicles is known to account for 60% of all blood AMH. The 
AMH level is not affected by the menstrual cycle and it is strongly correlated with the antral 
follicular count assessed with transvaginal ultrasound at day 1 of menstrual bleeding. AMH 
indirectly represents the ovarian reserve due to it is well-characterized throughout the female 
lifespan with increases levels in early childhood, a peak in the early 20s, and subsequently 
declines gradually with age toward menopause [21, 23–28]. Currently, the blood level of AMH 
is considered an effective and informative biomarker to evaluate fertility ovarian conditions.

2.2. Potential blood markers in ovarian reserve

Luteinizing hormone (LH) is a pituitary hormone that plays a critical role in folliculogenesis, 
follicular antrum formation, and development of the thecal vasculature. Additionally, LH is 
fundamental for supporting steroidogenesis via theca cells-LH receptors [22]. Whilst LH is 
essential for oocyte maturation, oocyte release, follicular rupture, and embryo implantation, 
follicles exposed to high concentrations of LH can compromise the normal oocyte develop-
ment. Basal LH levels in blood rise during reproductive life and peak at the menopause. 
Although LH levels remain consistent throughout reproductive life, studies have found low 
predictive value as a marker of ovarian reserve [21]. Currently, in the clinical practice serum 
LH level is a non-routine marker for OR evaluation.
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In the other hand, estradiol is an ovarian steroid involved in the regulation of the menstrual 
reproductive cycle. Blood levels of estradiol should be measured in the early follicular phase 
of the menstrual cycle to determine the status of OR [21]. Additionally, basal estradiol has 
been used to evaluate menopause cases, amenorrhea, and follicular response in ART cases 
[21]. However, published literature is still controversial in regards to its use of OR marker 
due to low predictive value and the differences in results from various studies [11, 21, 33]. 
Therefore, it is recommended that estradiol levels should not be used as an individual marker 
of OR but also with other markers such as AMH [11, 21, 29].

2.3. Ultrasound markers of OR

Antral Follicle count (AFC) is a conducted transvaginal ultrasound study that assesses the 
number of antral follicles during the early follicular period. Studies have confirmed that this 
method of evaluating OR is noninvasive and easy to perform [30]. The number of small antral 
follicles between 2 and 8 mm of size is closely related to the ovarian function. This number 
declines with age and the recognition of antral follicles has a significant predictive value in 
cases of OR conditions, ovarian aging, and reproductive lifespan status. Additionally, AFC is 
related to ovarian response in cases of controlled ovarian stimulation and it is strongly cor-
related with AMH levels [31, 32].

Ovarian volume is an indirect ultrasound marker that indicates the condition of individual 
OR. Calculation of ovarian volume is operator dependent, and has to be studied at the early 
days of the menstrual cycle [33, 34]. Ovarian volume is the result of follicular size, ovarian 
stroma and the vascular tissue. Likewise, ovarian volume is affected by age, gynecological 
conditions, and menstrual cycle phase leading to some limitations for this marker [35]. For 
this reason, some authors have proposed the use of antral follicular count and ovarian volume 
as strategy for further evaluation of OR [11, 35].

2.4. Evaluation of ovarian reserve markers in women with no reproductive failure

Research in the field of reproductive medicine is required and is important providing to infer-
tility patients with answers about their behavior of OR markers to establish the fertility con-
dition in normo-ovulatory women and identify patients with poor ovarian reserve. Bentzen 
et al. [36] described different markers of OR such as antimullerian hormone (AMH), AFC, and 
the ovarian volume in Danish patients throughout the natural ovarian aging. This research 
has identified the inverse relationship between age and the ovarian reserve markers show-
ing an average decreasing of 5.6% of AMH levels, 4.4% of AFC, and 1.1% of ovarian volume 
each year [36]. In 2011 and 2016, two studies evaluated levels of AMH, FSH, and AFC and 
they found levels of AMH have a high predictive value for menopause individually, however 
the predictive capacity of AMH levels decrease with age requiring further studies [14, 16]. 
Different studies showed AMH levels and AFC are critical markers that reflect decreasing of 
reproductive capacity through the years and the high predictive value for evaluation of meno-
pause [17]. Additionally, La Marca et al. and Grisendi et al. identified the reference levels for 
AMH, FSH, estradiol and AFC over the fertile life in healthy Italian women [2, 30, 37, 38].

Biomarker - Indicator of Abnormal Physiological Process116

Similarly, Rosen et al. [15] evaluated blood levels of AMH, FSH, estradiol, inhibin B and AFC 
in a North American population with no reproductive deficiencies. This study confirms that 
AMH and the AFC are the accurate noninvasive markers for ovarian reserve evaluation due 
to a significant progressive decline to age while FSH, estradiol and inhibin B did not exhibit 
significant correlation between age and ovarian reserve [15].

Du et al. [39] established the age-specific reference serum levels for AMH in healthy Chinese 
women and they found a positive correlation of AMH levels with AFC, testosterone, LH, pro-
gesterone, and prolactin levels but a negative correlation with FSH serum levels [39]. Similarly, 
Tehrani et al. [40] identified the age reference normograms for AMH in a large Iranian popula-
tion to facilitate the individual clinic interpretation for assessment of ovarian reserve [40].

Okunola et al. [41] evaluated serum levels of AMH and FSH in fertile and subfertile women. 
They reported significant differences between groups of population related to low ovarian 
reserve in subfertile women and suggesting that early ovarian aging is associated to decreased 
number of follicles [41].

Additionally, studies of AMH levels in different ethnicity groups (Caucasians, Hispanics, 
Afro-Americans, and Asiatic) have shown significant variations. Bleil et al. [42] has shown 
that Hispanics and Chinese groups exhibit consistent low levels of AMH across all ages com-
pared to Caucasian group supporting possibly a high risk of premature ovarian insufficiency. 
Similarly, African American group show low levels of AMH at younger ages but less reduction 
of AMH with advanced age [42], however further studies are needed to validate these results.

Kelsey et al. [33] established a normative validated model of ovarian volume using a systematic 
review in healthy women. This study found that the ovarian volume has a maximum peak 
(7.7 mL) at 20 years of age and smaller volumes thereafter leading to generate normal values and 
ranges for ovarian volume that help to clinicians in the evaluation of fertility conditions [33].

2.5. Evaluation of ovarian reserve markers in women with reproductive failure

Studies have shown the importance of the OR in the reproductive field because of its correla-
tion with infertile patients [43, 44]. Furthermore, researches have been focused in the clinical 
use of OR to improve the possibility of pregnancy, delay maternity and prevent infertility in 
young women. Dayal et al. [45] studied the predictive capacity of AMH, FSH, LH, inhibin 
B, and estradiol with the evaluation of ovarian function from Indian infertile women. They 
found that AMH has strong correlation to ovarian reserve supporting the association between 
the number of follicles and AMH blood levels [45]. Similarly, Barbakadze et al. [13] evaluated 
the correlations between the markers used for OR evaluation such as AMH, FSH, and AFC 
in 112 infertile women. This study has shown that the use of AMH is best reliable marker for 
OR evaluation compared to FSH blood levels and the combination of AMH and AFC may 
improve the assessment of fertility conditions in patients with infertile factors [13].

Likewise, several studies have established reference values of markers as a tool for fertility 
counseling. Moon et al. [46] developed normograms for AMH, FSH and AFC to predict the 
ovarian response (number of retrieved oocytes) to the use of exogenous gonadotropins in IVF 
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In the other hand, estradiol is an ovarian steroid involved in the regulation of the menstrual 
reproductive cycle. Blood levels of estradiol should be measured in the early follicular phase 
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number of antral follicles during the early follicular period. Studies have confirmed that this 
method of evaluating OR is noninvasive and easy to perform [30]. The number of small antral 
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stroma and the vascular tissue. Likewise, ovarian volume is affected by age, gynecological 
conditions, and menstrual cycle phase leading to some limitations for this marker [35]. For 
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the predictive capacity of AMH levels decrease with age requiring further studies [14, 16]. 
Different studies showed AMH levels and AFC are critical markers that reflect decreasing of 
reproductive capacity through the years and the high predictive value for evaluation of meno-
pause [17]. Additionally, La Marca et al. and Grisendi et al. identified the reference levels for 
AMH, FSH, estradiol and AFC over the fertile life in healthy Italian women [2, 30, 37, 38].
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number of follicles [41].
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that Hispanics and Chinese groups exhibit consistent low levels of AMH across all ages com-
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Similarly, African American group show low levels of AMH at younger ages but less reduction 
of AMH with advanced age [42], however further studies are needed to validate these results.

Kelsey et al. [33] established a normative validated model of ovarian volume using a systematic 
review in healthy women. This study found that the ovarian volume has a maximum peak 
(7.7 mL) at 20 years of age and smaller volumes thereafter leading to generate normal values and 
ranges for ovarian volume that help to clinicians in the evaluation of fertility conditions [33].

2.5. Evaluation of ovarian reserve markers in women with reproductive failure

Studies have shown the importance of the OR in the reproductive field because of its correla-
tion with infertile patients [43, 44]. Furthermore, researches have been focused in the clinical 
use of OR to improve the possibility of pregnancy, delay maternity and prevent infertility in 
young women. Dayal et al. [45] studied the predictive capacity of AMH, FSH, LH, inhibin 
B, and estradiol with the evaluation of ovarian function from Indian infertile women. They 
found that AMH has strong correlation to ovarian reserve supporting the association between 
the number of follicles and AMH blood levels [45]. Similarly, Barbakadze et al. [13] evaluated 
the correlations between the markers used for OR evaluation such as AMH, FSH, and AFC 
in 112 infertile women. This study has shown that the use of AMH is best reliable marker for 
OR evaluation compared to FSH blood levels and the combination of AMH and AFC may 
improve the assessment of fertility conditions in patients with infertile factors [13].

Likewise, several studies have established reference values of markers as a tool for fertility 
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ovarian response (number of retrieved oocytes) to the use of exogenous gonadotropins in IVF 
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cycles. Interestingly, they concluded that these normograms might be applied to both high 
and poor responders [46]. Likewise, Almog et al. [47] showed the data distribution and per-
centiles were constructed for AMH values of infertile women from Europe and North America 
[47]. Similarly, Castro et al. [48] developed AFC normograms in Brazilian infertile women as 
a reference guide to the clinician for individual evaluation in Latin American patients [48].

Interest in research on prediction of ovarian response in assisted reproductive techniques 
has increased in recent years. Lee et al. [49] studied variations of AMH FSH, LH hormones 
in Korean women. This study described that basal LH/FSH ratio and AMH level has a 
valuable clinical meaning as an important predictor of ovarian response in IVF patients 
[49]. Furthermore, Cohen et al. [10], Keane et al. [50], Zebitay et al. [51], Zheng et al. [52], 
Goswami et al. [53] and Spressão et al. [54] have shown the important clinical application 
of AMH and AFC in the fertility counseling on infertile women correlated with pregnancy 
rates, live birth rates, number of retrieved eggs, fertilization rates and embryo development 
rates [10, 50–54].

Satwik et al. [55] reported the use of specific markers such as AMH has high predictive value 
for poor ovarian response compared to age and FSH [55]. Similarly, Mutlu et al. [32] com-
pared AMH, FSH, age, and AFC for prognosis of success in TRA. They found AFC and AMH 
have significant predictive value of poor ovarian response in IVF patients, however age has 
significant predictive value of live births [32].

2.6. Proposed algorithm for reproductive determination

Recently, integration of different ovarian reserve markers with high significant statistical 
value has been proposed by a math equation to calculate reproductive units in Hispanic 
healthy young women with no signs of reproductive failure [56].

Reproductive units (RU) = (AMH [ng/ml] × total AFC × Ovarian volume [cc])/Chronological 
age

Calculation of the RU reflects the individual reproductive condition as a tool to prevent repro-
ductive failure from early ages through advanced maternal age. Additionally, RU allows to 
clinicians provide individual counseling of birth control programs, postpone maternity by 
egg freeze programs, determine possible ovarian response to exogenous gonadotropins in 
ART, and prognosis of pregnancy success [56].

3. Discussion and conclusions

Ovarian reserve (OR) is characterized by the number of eggs cells available to be fertilized 
throughout the female reproductive lifespan. OR is related with the capacity of female fer-
tility suggesting that the clinical potential of measuring different biomarkers is a perfect 
tool to predict infertility cases. This has led to research to determine the high predictive 
value of different biomarkers and to increase treatment factors and to prevent new cases of 
infertility.
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Recent studies have investigated biomarkers such as AMH levels and AFC considered first 
line tests for counseling patients who desire future fertility due to high predictive value. The 
relevance of FSH, LH, estradiol, ovarian volume, and inhibin B as biomarkers of OR is con-
sidered of low potential for clinical evaluation because predictive superiority of other metrics 
have emerged with robust studies. Nevertheless, recent studies have constructed algorithms 
to integrate different biomarkers and approach individualized and reliable evaluations to 
establish with confidence the risk factors of infertility.
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Ovarian reserve (OR) is characterized by the number of eggs cells available to be fertilized 
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Abstract

Novel biomarkers are now used in the diagnostic and prognostic evaluation of common 
kidney diseases in children. The increased scientific interest in these biomarkers is partly 
due to the remarkable progress in their discovery techniques, and their validation in 
clinical subjects. However, the wide variation in their sensitivity and specificity is still a 
major concern. In the identification of biomarkers of kidney injury, an ideal biomarker 
should be produced after organ injury in concentrations which directly correlates with 
the degree of injury; should be easily measured in body fluids; and should serve as a 
potential tool to monitor therapeutic response which is predicated upon a post-injury 
decrease in its concentration. This book chapter aims to highlight and discuss the novel 
biomarkers used in the diagnostic and prognostic evaluation of common acute diseases 
of the kidney in children, such as urinary tract infection (UTI) and acute kidney injury 
(AKI), as well as chronic kidney disease (CKD) secondary to idiopathic nephrotic syn-
drome (INS) and diabetic nephropathy (DN).

Keywords: acute diseases, chronic diseases, kidney, children, biomarkers

1. Introduction

Novel biomarkers are now utilized in the diagnostic and prognostic evaluation of common 
kidney diseases in children [1–3]. Unlike in developing countries where they are scarcely used 
in medical diagnostics, they are currently used as site-of-care and laboratory tools for disease 
evaluation in developed settings although some of them have not been fully validated for 
routine clinical use. The increased scientific interest in novel biomarkers is nevertheless due 
to the remarkable progress in their discovery techniques, their validation in clinical popula-
tions and their utility as diagnostic tests. Despite the reliability of the conventional diagnostic 
methods for some of these diseases, their limitations as diagnostic tools have underscored the 
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Abstract

Novel biomarkers are now used in the diagnostic and prognostic evaluation of common 
kidney diseases in children. The increased scientific interest in these biomarkers is partly 
due to the remarkable progress in their discovery techniques, and their validation in 
clinical subjects. However, the wide variation in their sensitivity and specificity is still a 
major concern. In the identification of biomarkers of kidney injury, an ideal biomarker 
should be produced after organ injury in concentrations which directly correlates with 
the degree of injury; should be easily measured in body fluids; and should serve as a 
potential tool to monitor therapeutic response which is predicated upon a post-injury 
decrease in its concentration. This book chapter aims to highlight and discuss the novel 
biomarkers used in the diagnostic and prognostic evaluation of common acute diseases 
of the kidney in children, such as urinary tract infection (UTI) and acute kidney injury 
(AKI), as well as chronic kidney disease (CKD) secondary to idiopathic nephrotic syn-
drome (INS) and diabetic nephropathy (DN).

Keywords: acute diseases, chronic diseases, kidney, children, biomarkers

1. Introduction

Novel biomarkers are now utilized in the diagnostic and prognostic evaluation of common 
kidney diseases in children [1–3]. Unlike in developing countries where they are scarcely used 
in medical diagnostics, they are currently used as site-of-care and laboratory tools for disease 
evaluation in developed settings although some of them have not been fully validated for 
routine clinical use. The increased scientific interest in novel biomarkers is nevertheless due 
to the remarkable progress in their discovery techniques, their validation in clinical popula-
tions and their utility as diagnostic tests. Despite the reliability of the conventional diagnostic 
methods for some of these diseases, their limitations as diagnostic tools have underscored the 
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need for a paradigm shift to biomarkers. The attraction of these novel biomarkers lies in the 
non-invasive nature of their use in disease evaluation. However, the wide variation in their 
sensitivity and specificity is still a major challenge.

According to the definition by the National Institute of Health Biomarkers Definitions Working 
Group, a biomarker refers to ‘a characteristic that is objectively measured and evaluated as an 
indicator of normal biological processes, pathogenic processes, or pharmacologic responses 
to a therapeutic intervention’ [4, 5]. In other words, it is a measurable indicator of a biological 
state or condition. Although there are diverse perspectives to the definition of a biomarker, for 
the purpose of the current topic, a biomarker can be defined as a substance whose detection 
indicates a particular disease-state, or a change in expression/state of a protein which corre-
lates with the risk/progression of a disease, or with disease susceptibility to a given therapy. 
In fact, the most actively studied biomarkers presently are the biological macromolecules. 
For instance, proteins are most easily measured by immunoassays or by mass spectrometry 
combined with high-resolution separation techniques, while nucleic acids can be amplified by 
the polymerase chain reaction (PCR) and related techniques.

In the identification of biomarkers of kidney injury, an ideal biomarker should be produced 
after organ injury in concentrations which directly correlate with the degree of injury; should 
be easily measured in body fluids; and should serve as a potential tool to monitor therapeutic 
response, predicated upon a post-injury decrease in its concentration [6].

In this book chapter, novel biomarkers which essentially meet these requirements with respect 
to evaluating common kidney diseases in children are highlighted and discussed.

2. Acute diseases of the kidney and biomarkers

Biomarkers have been identified for the following acute diseases of the kidney: acute pyelone-
phritis or upper urinary tract infection (UTI) and acute cystitis/urethritis or lower UTI, as well 
as acute kidney injury (AKI). UTI ranks third in the hierarchy of common childhood infec-
tions in developing countries [7], and remains one of the commonest causes of febrile illness 
in the pediatric age group [8, 9].

2.1. Biomarkers of UTI

Serum procalcitonin (PCT), urine/serum interleukin 6 (IL-6) and 8 (IL-8), and urine neutrophil 
gelatinase-associated lipocalin (NGAL) are currently the major biomarkers identified in the 
evaluation of the disease. Other novel biomarkers include urine interleukin 1-beta (IL-1β), urine 
8-hydroxy-2-deoxyguanosine (8-oxodG), and urine total anti-oxidant capacity (TAC) (Figure 1).

PCT is one of the inflammatory markers recognized as a biomarker of severe bacterial infec-
tion [10]. It is essentially a peptide precursor of the hormone- calcitonin - produced by the 
thyroid parafollicular cells, as well as the neuroendocrine cells of the lungs and intestines. 
Its serum level in healthy subjects is below the limit of detection (0.01 μg/L) of laboratory 
assays [11]. Notably, serum PCT level is not elevated significantly with viral or non-infectious 
inflammatory process, but may rise up to 100 μg/L in systemic inflammatory response from 
severe bacterial infection. In fact, estimation of PCT can be used as a marker of severe bacterial 
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sepsis, as its levels correlate with the severity of sepsis [12]. In comparison with other acute 
phase reactants such as IL-2, IL-6, IL-8, C-reactive protein (CRP) and tumor necrosis factor-α 
(TNF-α), PCT has a high sensitivity (85%) and specificity (91%) for discriminating between 
patients with systemic inflammatory response syndrome (SIRS) and those with sepsis [13]. 
It is now well established that serum PCT has a good diagnostic accuracy for the diagno-
sis of acute pyelonephritis than for lower UTI, with reported high sensitivity and specificity 
values [14–16]. For instance, sensitivity and specificity values of 94.1 and 89.7% respectively, 
and sensitivity and specificity values of 83.3 and 93.7% respectively, have been documented 
[15, 16]. PCT also has a good predictive ability for vesico-ureteric reflux (VUR), as high levels 
of this biomarker are significantly related to high-grade VUR [17–19]. Again, children with 
VUR reportedly presented with significantly higher median PCT levels than those without 
VUR; sensitivity and negative predictive values of 94.3 and 95.4% respectively for predicting 
high-grade VUR (using the biomarker alone), as well as 97.1 and 97.8% respectively (using a 
combination of the biomarker and ultrasound studies) have been recorded [18]. Finally, PCT 
can also serve as an early predictor of renal parenchymal damage in children with UTI [20]. 
The implication is that the prognostic utility of PCT may in future preclude the need for dimer-
captosuccinic acid (DMSA) scan, or better still, may serve as an adjunct to this imaging study.

Similarly, other biomarkers such as urine 8-hydroxy-2′-deoxyguanosine (8-oxodG) and total 
antioxidant capacity (TAC) are useful in the prediction of renal parenchymal injury in chil-
dren with UTI [21]. Interestingly, those patients with positive DMSA scan had higher levels of 

Figure 1. Schematic representation of the list of biomarkers used in the three-fold evaluation of urinary tract infection 
(UTI).
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urine 8-oxodG and higher urine TAC than the patients with normal DMSA scan: showing that 
urine levels of 8-oxodG may directly correlate with renal parenchymal injury.

Urine NGAL is another biomarker for the diagnostic evaluation of UTI. NGAL (also called 
lipocalin-2) is a protein involved in innate immunity as it is involved in the sequestration 
of iron which ultimately blocks bacterial growth [22]. It is expressed mainly in neutrophils 
and in low concentrations in the kidney, prostrate, as well as respiratory and gastrointestinal 
epithelia [23]. NGAL is currently employed as a biomarker of renal injury [24], given that it is 
secreted in high concentrations into the blood and urine within 2 hours of AKI [25]. In addi-
tion, the biomarker is easily excreted and detected in the urine because it is protease-resistant. 
Thus, urine NGAL appears to be a specific and sensitive biomarker for the diagnosis of UTI 
and for the prediction of renal parenchymal injury in the disease [26, 27].

Finally, some interleukins also play a role in disease diagnosis and in differentiating upper 
from lower UTI. Generally, the infection stimulates both local and systemic cytokine responses 
[28, 29]. For instance, Escherichia coli is known to activate a cytokine response in the uroepithe-
lial cell lines to produce IL-6 and IL-8, and in peripheral blood monocytes to produce inter-
leukin 1-alpha (IL-1α), IL-1β, IL-8, IL-6, and TNF-α [28]. Adherence of this bacterium on the 
mucosal sites of the urinary tract triggers inflammation, including a mucosal cytokine-response 
which results in the secretion of IL-6 and IL-8 by activated uroepithelial cells [29, 30]. Thus, 
since IL-6 and IL-8 are expressed early after a UTI episode and are secreted by uroepithelial 
cells, these cytokines have clearly fulfilled some of the five characteristics of an ideal biomarker 
outlined in the introductory section. Reports indeed suggest that urine IL-6 and IL-8 are proven 
biomarkers for UTI in children [31]. The serum and urine levels of IL-6 were more sensitive and 
specific for upper UTI than levels of IL-8 [32]. Sensitivity and specificity values for serum IL-6 
were noted to be 88 and 83% respectively, while for urine IL-6, sensitivity and specificity values 
were 86 and 81%, respectively [32]. Furthermore, serum IL-6 was able to differentiate upper 
from lower UTI with a sensitivity of 88% and specificity of 74%, while serum IL-1β was known 
to have a sensitivity of 97% and a specificity of 59% for detecting upper UTI [14].

2.2. Biomarkers of AKI

Serum creatinine represents a poor traditional biomarker for AKI due to some limitations. First, its 
levels are only altered when renal function diminishes by 50% [33]. Second, there are well-known 
confounders to serum creatinine levels such as muscle size, chronologic age, gender, drugs and 
state of hydration [34]. Third, a sudden reduction in renal function may not be shown by a rise in 
serum creatinine until after 24–48 hours. Finally, it provides little information about the underly-
ing cause and nature of kidney injury, and is less accurate for patients with small muscle mass 
and unusual diets [1]. These draw-backs have resulted in a paradigm shift to novel biomarkers.

Generally, there are two main types of AKI biomarkers: biomarkers of kidney function and 
 biomarkers of kidney injury. Irrespective of the type of kidney injury and the clinical scenario, 
an inflammatory response appears to play a significant role in the pathogenesis of AKI [34]. 
The major triggers of AKI (ischemia, nephrotoxins, and bacterial endotoxins) stimulate the 
release of inflammatory mediators from renal endothelial and tubular cells. As AKI pro-
gresses, a number of causative factors result in the accumulation of biomarkers in plasma and 
urine, and possibly indicate different pathophysiologic events during the process of kidney 
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injury and repair [1]. For example, biomarkers like NGAL, interleukin-18 (IL-18), N-acetyl-
β-D-glucosaminidase (NAG), kidney injury molecule-1 (KIM-1), accumulate in urine due to 
an induced tubular epithelial synthesis in different parts of the nephron, or as a consequence 
of reduced reabsorption of the filtered load in the proximal tubule (NGAL, cystatin C) [34]. 
Furthermore, production of biomarkers from transmigrated, activated immune cells into the 
tubular lumen may be contributory (NGAL, IL-18), while increased production of some bio-
markers in other tissues (NGAL, IL-18) also occurs, thus raising concerns about their diag-
nostic value in the disease [35]. Biomarkers of AKI have been classified as follows: functional 
markers (serum cystatin C, urine albumin and NGAL), up-regulated proteins (KIM-1, liver-type 
fatty-acid binding protein [L-FABP], IL-18, β-trace protein and asymmetric dimethyl arginine), 
low-molecular weight proteins (urine cystatin C, NAG, glutathione S-transferase, γ-glutamyl-
trans peptidase [γGT]) and enzymes (alanine amino-peptidase and lactate dehydrogenase) 
[36]. Other markers which have shown diagnostic ability include hepatocyte growth factor 
(HGF), vasoactive endothelial growth factor (VEGF), interferon gamma-induced protein 10 
(IP-10) and total protein [37]. Some of the novel biomarkers are highlighted as below.

First, KIM-1 is a transmembrane tubular glycoprotein which is upregulated approximately 50- 
to 100-fold in the kidney, and is secreted into the urine after proximal tubular injury. KIM-1 is 
highly expressed in renal tubules, and is typically seen in areas of fibrosis and inflammation. 
The results of a meta-analysis indicate that urine KIM-1 represents a promising biomarker for 
early detection of AKI, with a good predictive value, especially in cardiac surgery patients [38]. 
Furthermore, in comparison to other biomarkers used as indicators of drug toxicity, KIM-1 sig-
nificantly performed better than serum creatinine and blood urea nitrogen at detecting renal 
tubular injury in murine models; this makes it a useful marker for determining drug toxicity [39].

Second, NAG (another biomarker of kidney injury) is a large (>130 kDa) lysosomal enzyme 
which is located in several human cells including the renal tubule [34]. Its size hinders glo-
merular filtration, and elevated urine levels are thus presumed to emanate from the tubules, 
indicating tubular injury. In fact, during active renal disease, urine NAG activity is increased 
[40]. This feature makes it a potential and sensitive biomarker of AKI.

Third, cystatin C is a low-molecular-weight protein produced by all nucleated cells in the body 
at a constant rate, freely filtered by the glomeruli but completely reabsorbed and catabolized by 
the renal tubule [41]. Thus, its elevated urine levels are also seen in a tubulopathy because of the 
reduced re-absorptive capacity of the proximal tubules: making it a non-specific biomarker of 
AKI [42]. However, urine cystatin C could correctly predict the need for dialysis in intensive care 
unit (ICU) patients with established AKI [43]; could be an early predictor of AKI in children and 
in pediatric RIFLE classification, as well as a predictor of reduced estimated GFR (eGFR) after car-
diac surgery [44]; while serum cystatin C could be used alone or in combination with serum cre-
atinine and eGFR for early and accurate diagnosis of AKI in patients at emergency settings [45].

Finally, NGAL (which plays a role in the evaluation of UTI as previously mentioned) is a uni-
versal iron-transporter protein expressed in the tubular epithelium of the distal nephron and 
released into the blood and urine following tubular injury. This biomarker was first identified 
as a 25 kDa protein in the secondary granules of human neutrophils which is released into 
the bloodstream in response to bacterial infection. Interestingly, its elevated level in the urine 
may be diagnostic of AKI using the Acute Kidney Injury Network (AKIN) criteria: although 
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with a moderate predictive value [46, 47]. In addition, its combination with another urine bio-
marker such as L-FABP resulted in early detection of AKI after cardiac surgery in a sample of 
adult patients before a rise in serum creatinine was noted [48]. Similarly, in murine models of 
ischemic and toxic AKI, NGAL was identified as one of the most speedily-induced proteins; 
its level was elevated by several folds in both serum and urine within hours of the insult [49].

3. Chronic kidney disease (CKD) and biomarkers

Several novel biomarkers have also been identified in the evaluation of childhood CKD: espe-
cially CKD secondary to idiopathic nephrotic syndrome and diabetic nephropathy (DN) [2, 50]. 
Remarkably, an overlap exists between some of the biomarkers of CKD and those of AKI and 
acute pyelonephritis. For instance, urine NAG, NGAL, cystatin C and L-FABP all play a role 
in the evaluation of both CKD and these acute kidney diseases. Similar to the grouping of bio-
markers of AKI, biomarkers of CKD can be broadly classified into biomarkers of kidney function 
and biomarkers of kidney damage.

GFR is the most important marker of kidney function in CKD, although it is poorly estimated 
in most clinical and research settings. Thus, equations for its estimation are predicated upon 
filtration biomarkers such as serum creatinine and serum cystatin C [51]. However, equations 
for eGFR based on cystatin C appear more reliable because this biomarker is not affected by 
muscle mass and gives a better representation of GFR, in addition to having a more stable rate 
of production compared to creatinine [52].

Although albuminuria represents the traditional biomarker of kidney damage, it may only 
be present after significant damage has occurred, or may be absent in other types of kidney 
damage such as tubulointerstitial disease and hypertensive kidney disease. Therefore, there 
is now a paradigm shift to novel biomarkers which could identify patients with CKD early 
enough so that prompt interventions could slow down the progression of the disease.

3.1. Biomarkers of diabetic nephropathy (DN) and other causes of CKD

The major pathogenic components of DN consist of renal fibrosis, mesangial expansion, 
glomerular hypertrophy, oxidative stress and tubular inflammation [53]. Myriad novel bio-
markers of DN have now been identified. An attempt to categorize them has also been made 
[50]. Glomerular biomarkers include transferrin, immunoglobulin G (IgG), ceruloplasmin, 
type IV collagen, laminin, glycosaminoglycans (GAGs), lipocalin-type prostaglandin D syn-
thase (L-PGDS), fibronectin, podocytes-podocalyxin, and VEGF. Tubular biomarkers include 
NGAL, α-1-microglobulin, KIM-1, NAG, cystatin C, and L-FABP. Biomarkers of inflammation 
comprise TNF-α, IL-1β, IL-18, IP-10, monocyte chemoattractant protein 1 (MCP-1), granulo-
cyte colony-stimulating factor (G-CSF), eotaxins, RANTES (regulated on activation, normal 
T cell expressed and secreted) or CCL-5, and orosomucoid. A typical example of biomarkers of 
 oxidative stress is 8oHdG, while miscellaneous biomarkers include some tubular markers such as 
urine heart fatty acid-binding protein and urine retinol-binding protein 4 (RBP4), and podo-
cyte biomarkers such as podocalyxin, nephrin, and VEGF, and urine advanced glycation end 
products (AGEs). Notably, these podocyte biomarkers are also regarded as glomerular mark-
ers. Some of the biomarkers of DN are shown in Table 1, and will be briefly discussed below.
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NAG has the ability to predict the onset and progression of CKD in diabetes mellitus. For 
instance, baseline urine levels of this tubular biomarker can independently predict microal-
buminuria and macroalbuminuria in type 1 diabetes mellitus [54]. Furthermore, it is a sensi-
tive biomarker for the detection of early renal damage in type 2 diabetes mellitus [55], while 
elevated urine levels can precede microalbuminuria in type 1 diabetes mellitus [56].

Furthermore, high levels of KIM-1 have been observed in DN: a disease characterized by 
renal fibrosis and tubular inflammation, among other components that have been previously 

Biomarkers Clinical significance Comments

• Kidney injury molecule-1 • Diabetic nephropathy‡ • Predicts CKD progression to 
ESKD

• Neutrophil gelatinase-associated 
lipocalin

• Ig A nephropathy

• Polycystic kidney disease

• Predicts CKD progression from 
early stages to ESKD

• N-acetyl-β-D-glucosaminidase • Diabetic nephropathy‡,†

• Idiopathic glomerulonephritis  
(MN, FSGS, and MCN)

• Predicts early and late stages 
of CKD in type 1 diabetics, and 
early CKD in type 2 diabetics

• Predicts proteinuria-induced 
tubular damage in early stage 
of disease

• Liver fatty acid-binding protein • Diabetic nephropathy†,‡ • Predicts early CKD and 
progression to ESKD in type 1 
diabetics and early CKD in type 
2 diabetics

• Cystatin C • Diabetic nephropathy† • Predicts early CKD in type 2 
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• α-1-microglobulin • Diabetic nephropathy† • Predicts early CKD in type 2 
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• Monocyte chemoattractant pro-
tein-1 (MCP-1)

• Diabetic nephropathy† • Predicts CKD and cardiovas-
cular disease risk in type 2 
diabetics

• Interleukin-18 • Lupus nephritis

• Diabetic nephropathy†

• Elevated urine levels

• Same as in MCP-1

• Retinol-binding protein 4 • Tubulointerstitial diseases • Elevated urine levels

MN, membranous nephropathy; FSGS, focal segmental glomerulosclerosis; MCN, minimal change nephropathy.
‡Among type 1 diabetics.
†Among type 2 diabetics.
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with a moderate predictive value [46, 47]. In addition, its combination with another urine bio-
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mentioned. For instance, majority of type 1 diabetic subjects with DN (stage 1 to 3 CKD) who 
had higher plasma KIM-1 levels reportedly ended up with end-stage kidney disease (ESKD); 
only a few of their counterparts who had lower plasma KIM-1 levels developed ESKD [57]. 
Baseline plasma KIM-1 levels also correlated with the rate of eGFR decline after adjusting for 
baseline urine albumin-to-creatinine ratio, eGFR, and glycated hemoglobin (Hb1Ac).

Another biomarker of DN is L-FABP, whose baseline urine levels in newly-diagnosed type 1 
diabetics not only predicted the development of microalbuminuria but also the progression of 
microalbuminuria to macroalbuminuria [58]. In type 2 diabetes mellitus, elevated urine level 
of this biomarker also plays a role in predicting early CKD [59], and also serves as an indepen-
dent predictor of CKD progression in type 1 diabetics [60]. Thus, L-FABP has the advantage 
of predicting kidney injury before albuminuria, especially in type 1 diabetics. Serum and 
urine cystatin C levels are useful biomarkers for early prediction of nephropathy in type 2 
diabetes mellitus [61], and for progression of diabetic kidney disease [62]. Furthermore, α-1-
microglobulin has been identified as an inexpensive biomarker for the early prediction of DN 
[63]. Elevated urine levels occur in patients with normoalbuminuric type 2 diabetes mellitus: 
preceding the onset of microalbuminuria and confirming this tubular biomarker as a more 
sensitive urine biomarker of CKD [64].

Expression of MCP-1 is upregulated in kidney diseases which present with a continued inflam-
matory response, such as in DN and lupus nephritis. Some reports indeed indicate that elevated 
levels of urine MCP-1 were observed in DN [65], as well as in active lupus nephritis [66]. Serum 
and urine levels of IL-18 were positively correlated with albumin excretion rate, whereas its serum 
levels were positively correlated with the development of carotid intima-media thickness in type 
2 diabetics, and may therefore be a predictor of DN progression and cardiovascular diseases [67].

Finally, urine RBP4 is elevated in patients with tubulointerstitial disease, and may constitute 
a risk factor for long-term allograft loss, independent of the histology of renal biopsy, as well 
as for albuminuria [68].

3.2. Biomarkers of idiopathic nephrotic syndrome

The use of biomarkers in childhood idiopathic nephrotic syndrome has been well docu-
mented [2]. It represents a non-invasive approach in diagnostic nephrology, as these markers 
can be used in the prediction and prognostic evaluation of the disease, as well as in differ-
entiating steroid-resistant nephrotic syndrome (SRNS) from steroid-sensitive nephrotic syn-
drome (SSNS). Table 2 summarizes the list of identified biomarkers reported for childhood 
idiopathic nephrotic syndrome. Adiponectin (ADPN) – one of the adipokines, neopterin, 
β2-microglobulin, and NAG were reported to be diagnostic markers [69–71]. In addition to 
neopterin and NAG, urine vitamin D-binding protein (u VDBP) and α1β-glycoprotein were 
able to differentiate SRNS from SSNS [72, 73] while NAG and β2-microglobulin could also 
predict steroid responsiveness and renal outcome in SRNS [74]. Some of these biomarkers are 
further discussed as follows. First, elevated serum ADPN levels were documented in SRNS 
patients in relapse compared to those in remission [69]. Specifically, strong positive correla-
tions were observed between serum ADPN levels and lipid parameters/proteinuria, whereas 
negative correlations were noted between ADPN levels and serum protein/albumin levels. 
Second, serum neopterin levels were found to be  significantly elevated among SSNS and 
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SRNS patients with the active disease when compared to those in remission and the controls 
[70]. The diagnostic utility of neopterin for active idiopathic nephrotic syndrome was thus 
highlighted, but its poor discriminatory ability for SSNS and SRNS were also noted in the 
report. Third, uVDBP was reported to have a high discriminatory ability in distinguishing 
SRNS from SSNS [72]. For instance, levels of uVDBP were significantly higher in patients with 
SRNS than in patients with SSNS and in the controls. Despite the direct correlation between 
microalbuminuria and uVDBP, the latter exhibited a higher discriminatory ability for differ-
entiating SRNS from SSNS than the former.

4. Conclusion

Many biomarkers have now been identified for the diagnostic and prognostic evaluation of acute 
and chronic diseases of the kidney in children. However, more evidence-based studies are still 
required to validate some of the novel biomarkers. Remarkably, a biomarker-panel comprising 
several of the markers potentially improves their sensitivity and specificity in disease evaluation. 
Inequities in the availability and accessibility of the laboratory tools between the developed and 
developing world still remain a challenge. Biotechnology firms should urgently prioritize the 
mass production of tools for identifying these biomarkers in order to bridge this gap.

Novel biomarkers (body fluids) Reported role of biomarkers (references)

• Adiponectin (serum) • Diagnostic* (Bakkalŏglu et al. [69])

• Neopterin (serum) • Diagnostic** (Bakr et al. [70])

• Discriminatory† (Bakr et al. [70])

• Vitamin D binding protein (urine) • Discriminatory† (Bennett et al. [72])

• N-acetyl-beta-D glucosaminidase (urine) • Discriminatory† (Calişkan et al. [71])

• Prognostic‡ (Fede et al. [74])

• α 1-β glycoprotein (13.8 kDa fragment) (urine) • Discriminatory† (Piyaphanee et al. [73])

• beta2-microglobulin (urine)

• N-acetyl-beta-D glucosaminidase (urine)

• Prognostic*** (Fede et al. [74])

• beta2-microglobulin (urine)

• N-acetyl-beta-D glucosaminidase (urine)

• Diagnostic¥ (Calişkan et al. [71])

*Raised serum levels in steroid-resistant nephrotic syndrome (SRNS) relapse.
**Raised serum levels in primary active nephrotic syndrome.
†Differentiates SRNS from steroid-sensitive nephrotic syndrome (SSNS).
‡Predicts steroid-responsiveness.
***Predicts tubular injury and dysfunction in SRNS.
¥Elevated levels in SRNS and SSNS.

Table 2. Role of some novel biomarkers in childhood idiopathic nephrotic syndrome.
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preceding the onset of microalbuminuria and confirming this tubular biomarker as a more 
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matory response, such as in DN and lupus nephritis. Some reports indeed indicate that elevated 
levels of urine MCP-1 were observed in DN [65], as well as in active lupus nephritis [66]. Serum 
and urine levels of IL-18 were positively correlated with albumin excretion rate, whereas its serum 
levels were positively correlated with the development of carotid intima-media thickness in type 
2 diabetics, and may therefore be a predictor of DN progression and cardiovascular diseases [67].

Finally, urine RBP4 is elevated in patients with tubulointerstitial disease, and may constitute 
a risk factor for long-term allograft loss, independent of the histology of renal biopsy, as well 
as for albuminuria [68].

3.2. Biomarkers of idiopathic nephrotic syndrome
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mented [2]. It represents a non-invasive approach in diagnostic nephrology, as these markers 
can be used in the prediction and prognostic evaluation of the disease, as well as in differ-
entiating steroid-resistant nephrotic syndrome (SRNS) from steroid-sensitive nephrotic syn-
drome (SSNS). Table 2 summarizes the list of identified biomarkers reported for childhood 
idiopathic nephrotic syndrome. Adiponectin (ADPN) – one of the adipokines, neopterin, 
β2-microglobulin, and NAG were reported to be diagnostic markers [69–71]. In addition to 
neopterin and NAG, urine vitamin D-binding protein (u VDBP) and α1β-glycoprotein were 
able to differentiate SRNS from SSNS [72, 73] while NAG and β2-microglobulin could also 
predict steroid responsiveness and renal outcome in SRNS [74]. Some of these biomarkers are 
further discussed as follows. First, elevated serum ADPN levels were documented in SRNS 
patients in relapse compared to those in remission [69]. Specifically, strong positive correla-
tions were observed between serum ADPN levels and lipid parameters/proteinuria, whereas 
negative correlations were noted between ADPN levels and serum protein/albumin levels. 
Second, serum neopterin levels were found to be  significantly elevated among SSNS and 
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SRNS patients with the active disease when compared to those in remission and the controls 
[70]. The diagnostic utility of neopterin for active idiopathic nephrotic syndrome was thus 
highlighted, but its poor discriminatory ability for SSNS and SRNS were also noted in the 
report. Third, uVDBP was reported to have a high discriminatory ability in distinguishing 
SRNS from SSNS [72]. For instance, levels of uVDBP were significantly higher in patients with 
SRNS than in patients with SSNS and in the controls. Despite the direct correlation between 
microalbuminuria and uVDBP, the latter exhibited a higher discriminatory ability for differ-
entiating SRNS from SSNS than the former.

4. Conclusion

Many biomarkers have now been identified for the diagnostic and prognostic evaluation of acute 
and chronic diseases of the kidney in children. However, more evidence-based studies are still 
required to validate some of the novel biomarkers. Remarkably, a biomarker-panel comprising 
several of the markers potentially improves their sensitivity and specificity in disease evaluation. 
Inequities in the availability and accessibility of the laboratory tools between the developed and 
developing world still remain a challenge. Biotechnology firms should urgently prioritize the 
mass production of tools for identifying these biomarkers in order to bridge this gap.
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Abstract

Measurements of biomarkers in exhaled breath condensate (EBC) extend a novel route 
for monitoring lung physiology and provide a beneficial insight into the pathophysiol-
ogy of a specific disease. From the medicinal point of view, biomarkers present in EBC 
depict rather the processes occurring in lungs than those in the entire system. Therefore, 
particular profiles of exhaled biomarkers (e.g. cys-LTs, LTB4, 8-isoprostane, etc.) appar-
ently reveal information exclusively applicable to differential lung disease diagnoses. 
This chapter describes the developed analytical method being applied to a clinical study 
for differential diagnostics of various phenotypes of asthma, chronic obstructive pulmo-
nary disease, lung cancer, etc. In particular, having determined cys-LTs and LXs by the 
described method, and having applied them as biomarkers of bronchial asthma, their dis-
tinctive potential was demonstrated to differentially diagnose the specific disease, clearly 
suggesting this method to be reckoned as a beneficial alternative to existing diagnostic 
methods. Consecutively, the developed method was expanded to other asthma markers 
as aldehydes, nitrotyrosine, 8-isoprostane, PGE2, adenosine and finally, a supplementary 
study was carried out, engaging in detecting serotonin. The multi-marker screening and 
importance in the diagnostics of pulmonary diseases are referenced in the text as well.

Keywords: exhaled breath condensate, pulmonary diseases, leukotrienes, lipoxins

1. Introduction

From the very beginnings of civilizations, with tracks from Mesopotamia, Egypt, and ancient 
Greece, medical practitioners examined the potential of exhaled breath (EB) parameters as 
health-related signs usable for identifying various ailments and essentially mapping  different 
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physiological states. Via different odors, sounds, and breath dynamics often attributed to 
supernatural powers and superstitious believes, various lung diseases could be relatively well 
diagnosed and further progression could be predicted. For instance, the odors in EB as, for 
example, fruity traces of acetone aided to identify diabetes; a rather pungent characteristic odor 
was associated with a lung inflammation, while volatile vapors from urine revealed a kidney 
disease [1]. Modern investigations enlisted approx. 250 frequently detected volatile organic 
compounds (VOC’s) in EB [2]. Early analyses did not incorporate sample pre-treatments as 
sample concentration and exclusively depended on relatively modest gas chromatography 
(GC) methods. The progress of technology, however, over the decades has permitted much 
more precise and sophisticated analyses of EB, some of which have been implemented to 
the clinical practice, as, for example, ethanol levels in blood or typical inflammations caused 
by common pathogens as Helicobacter pylori using 13/14C-urea [3]. As mentioned above, the 
prime advantage of EB analysis is the patient’s comfort, especially eliminating the stressful 
intrusions to human organisms, yet there are challenges ahead. For instance, a breakthrough 
task is to find common internal standard reliably standardizing diagnoses for each pathologi-
cal status. Furthermore, an opposite selection of multi-marker panel is to be conspicuously 
correlated to different health phenomena, providing the knowledge of characteristic concen-
trations. Moreover, it is often unclear which metabolic pathways in relation to different mea-
sured biomarkers are involved and some are probably yet to be discovered or decoded. Last 
but not the least, technological and procedural challenges include also the standardization in 
terms of the sample collection and treatment, and conceivably, endeavors to automatization 
of the complete process in the clinical practice.

2. Exhaled breath condensate

Compared to the currently widespread invasive and semi-invasive diagnostic methods, the 
analysis of exhaled breath condensate (EBC) is relatively new and has the first-rate potential 
to become a preferred and completely noninvasive alternative. EBC is a biological matrix 
reflecting the composition of the bronchoalveolar extra-cellular lung fluid. The main advan-
tage of EBC as of a matrix is its specificity for the respiratory tract (the liquid is not influenced 
by process occurring in other parts of human organism). Many important biomolecules are 
present in exhaled breath in the form of an aerosol [4, 5] (Figure 1) which is condensed by 
cooling during the collection, forming the EBC matrix.

The collection of EBC is performed while using the condenser, which is currently available 
at a specialized clinical facility. During the collection, the exhaled air is led through the con-
denser into the cooling box that is pre-cooled to the temperature −20°C. In the cooling box, the 
aerosol particles are obtained and the gaseous phase is liquidized.

In the obtained liquid, typically known as EBC, more than 2000 compounds [6] have been 
identified so far and many of them are considered to represent sensitive biomarkers of lung 
diseases [7, 8]. The determination of the concentration of these molecules in EBC allows 
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assessing the type and severity of ongoing pathological process or even the efficiency of a 
therapeutic procedure, etc. In case of numerous pulmonary diseases, H2O2, cysteinyl leukot-
rienes (cys-LTs), lipoxins (LXs), malverines, resolvins, isoprostanes, prostaglandines, gluta-
thione, adenosine, thiobarbituric acid, aldehydes, nitrotyrosine, cytokines represent a specific 
group of biomarkers and their concentration levels are elevated (eventually lowered) in air-
ways and lungs as a result of an ongoing allergic reaction, inflammation, oxidative stress, and 
other processes [9–12].

The most significant advantage of EBC compared to other biological matrices (as are, for 
example, urine and blood) is the fact that EBC is a highly specific fluid for the respiratory 
system, so any other biochemical processes in human organism do not influence it.

3. The collection of EBC

During the collection of EBC, the exhaled air is led through the condenser, where some com-
ponents are condensed. The patients should breath calmly and regularly during the whole 

Figure 1. Formation of exhaled breath condensate.
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 process. The exhaled air flows through the mouthpiece and the one-way valve into the cooling 
cuff that is pre-cooled at the temperature of −20°C. In the cooling cuff, the aerosol particles 
and the obtained gaseous phase are condensed. This liquid is then gathered in the sample col-
lection vial (the temperature remains the same) [13]. The whole process lasts approximately 
7–12 min. It is necessary to obtain 120 l of EB in total, which corresponds to 1–2 ml of the con-
densate. The obtained condensate is then conserved in a micro-test-tube. In order to monitor 
the degrading process, the samples were labeled by deuterium-labeled internal standards. 
The prepared samples are then subsequently frozen and stored for a period not exceeding  
6 months (−80°C).

As the collection of EBC is a noninvasive diagnostic method that does not burden the patient, 
it can be used in several different clinical studies. A regular collection of EBC enables, for 
example, monitoring of the impact of climate conditions on the patients. Globally, collection 
of EBC is a method that is suitable for clinical studies that are trying to understand the process 
in the organism which corresponds to some external impulses (physical activity, air quality, 
allergens, etc.)

4. Bronchial asthma

Bronchial asthma is a relatively common pulmonary disease, which is usually characterized 
by dyspnoea combined with intervals of a normal breathing [14–19]. Typical symptoms of 
asthma include constricted bronchial tubes and an increased secretion of sputum, which is 
abnormally dense and viscous [16]. Various sources agree that on the global scale, the asthma 
incidence accounts for around 300 million people, while the prognoses that are negative in 
the sense of the future number will keep rising. On the other hand, wide ranges of relatively 
efficient anti-asthmatic therapies are available (e.g., glucocorticoid therapy, β2-receptors ago-
nists, etc.) [17] enabling the majority of patients to live normal lives. However, there is still a 
small group of patients, who do not respond to any kind of current therapy. These patients 
are usually diagnosed as sever refractory asthmatics (SRA) [6], whose common feature is a 
lack of any response to any contemporarily available pharmacotherapy. SRA accounts for 
approximately 5% of all asthmatics, which represents 10 million of people [6].

Figure 2 describes the immunopathogenesis of asthma [20]. The asthma attack starts by 
exposure to an allergen, which causes synthesis of immunoglobulin E (IgE). IgE then binds 
to the surface of mast cells. As there occurs a re-exposure to the same allergen, the interac-
tion between allergen and antibody triggers the release of mediators as are prostaglandins 
(PGDs), cys-LTs, LTB4 and platelet-activating factor (PAF). These mediators cause broncho-
constriction that is connected to an immediate drop in FEV1 (= forced expiratory volume in 
1 s; the FEV1 is the volume exhaled during the first second of a forced expiratory maneuver 
started from the level of total lung capacity). The allergen-antibody interaction also causes 
production of a wide range of cytokines (e.g., interleukin 4 and 5 (IL-4 and IL-5), tumor 
necrosis factor (TNF) and tissue growth factor (TGF)). These cytokines then activate neu-
trophils and eosinophils. Neutrophils produce proteases and PAF, and at the same time, 
eosinophils produce eosinophil cationic protein (ECP) and major basic protein (MBP). These 
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products, eosinophils and neutrophils, cause mucus hypersecretion, edema, and constriction 
of smooth muscles. This is usually associated with the late asthma phase and it causes the 
second drop in FEV1.

4.1. The diagnostics of asthma

There are several options for the diagnostics of asthma; however, only an early and correct 
diagnosis of this life-threatening disease permits the physician to timely initiate an effective 
therapy and minimize the harm to the patient [18]. Several noninvasive methods are already 
in clinical use (e.g., spirometry, bronchomotoric tests, etc.). In some cases, invasive and semi-
invasive methods appear to be an inevitable option to gain the correct diagnosis (e.g., open-
lung biopsy and bronchoalveolar lavage) [21], yet it is to an unambiguous expense of the 
patient and often the health cost as well as a demanding laboratory examination.

Currently, a significant part of the relevant research centers focuses on methods of the so-
called personalized diagnostics (or methods of personalized medicine), with the aim to 
stratify patients to characteristic groups (e.g., phenotypes) and thus achieve a more efficient 
therapy reflecting an individual phenotypic disposition (inclusive of genomic, proteomic and 
metabolomic profiles) [22, 23]. One of the examples of these endeavors (particularly for diag-
nostics of pulmonary diseases) is the measurement of a fractional exhaled nitric oxide (FeNO) 
[24–26] in EBC, helping to distinguish asthma from other pathogenetic processes diagnosed 
as chronic cough, gastroesophageal reflux disease (GERD), vocal cord dysfunction, bronchi-
tis, chronic obstructive pulmonary disease (COPD), etc.

4.2. Asthma phenotypes

As asthma is a disease affecting millions of people of all ages worldwide, many criteria can 
be used for its classification. Nevertheless, the predominantly used criterion is the severity of 
the disease, as is presented in Figure 3, followed by the age of the first exacerbation [9, 26].

Figure 2. Immunopathogenesis of asthma [20].
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5. Chronical obstructive pulmonary disease (COPD)

Chronical obstructive pulmonary disease (COPD) is a chronical inflammatory pulmonary 
disease [27–29]. The development of COPD usually lasts many years. During these years, 
bronchial tubes of COPD patients are getting more and more narrowed. COPD is also charac-
terized by attacks of dyspnoea and persistent dry cough. The cough is often accompanied by 
expectorated mucus. In a late stage, it can cause obstructive, effortful, and painful breathing. 
These complications can be a hindrance also during simple physical activity. COPD patients 
are also prone to pneumonia. The main cause of COPD is often smoking. Other contributing 
factors include the genetic inheritance, a long exposition to dust particles, or a regular and 
frequent lung infection.

COPD is often divided into two main groups (phenotypes): chronic bronchitis and emphysema.

Figure 3. Asthma phenotypes.
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5.1. Chronic bronchitis

In chronic bronchitis [28], a typical symptom is a permanent constriction of bronchial tubes. 
Furthermore, an inhalation of harmful substances cause impairment of the respiratory 
mucous membrane, while a repeated damage to the membrane makes it thicker and lowers 
the tissue transparency. As a result, the affected cells increase the production of mucus, lead-
ing to the characteristic cough.

5.2. Emphysema

Emphysema is characterized by a loss of the pulmonary tissue, while the respiratory ways are 
abnormally widened distantly from terminal bronchioles [28].

The main cause of emphysema is smoking. The substances that are inhaled during smoking are 
led through the respiratory ways to bronchioles. In bronchioles, the substances provoke a local 
immune reaction, which is linked with the production of aggressive compounds via leucocytes 
(mainly free radicals responsible for oxidative stress). This reaction thus initiates a degradation 
of bronchioles. The afflicted bronchioles merge into huge lung sacs. These sacs have a smaller 
surface of the pulmonary tissue and thus the gas exchange between lungs and blood is limited.

The second cause of this disease can be disequilibrium between proteases and their inhibi-
tors—anti-proteases. Some COPD patients suffer from the lack of alfa-1-tripsin (an anti-pro-
tease), which is the reason for a higher number of proteases in the respiratory ways, which 
damage the pulmonary tissue [29].

5.3. Asthma and COPD

Similar to asthma, COPD is a pulmonary disease and shares many similar symptoms (e.g., 
pulmonary obstruction, over-production of mucus, attacks of cough and dyspnoea, etc.).

Parameter Asthma COPD

Age (origin of the disease) Childhood, anytime 40+

Development of the disease Abrupt attack Slower

Dyspnoea Rather abrupt, variable Often, rather permanent

Pulmonary obstruction Mainly reversible Often irreversible

Smoking Not very common 80% of cases

Allergy Often (or parents) Rarely

Inflammation (can differ) Rather eosinophil Rather neutrophil

Bronchial hyperreactivity Distinct Less common

Glucocorticoid therapy Mainly efficient Rather inefficient

Mortality (inhabitants per year (world)) 300 million (decreases) 600 million (increases)

Table 1. Asthma and COPD comparison.
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Especially, these common characteristics cause that asthma and COPD are sometimes misdi-
agnosed [30–32]. This can cause an incorrect pharmacotherapy administration, followed by 
their health state not (or just slightly) improving.

However, several factors can be used to distinguish asthma from COPD (Table 1).

6. Biomarkers of pulmonary diseases present in EBC

The term biomarker herein refers to a measurable biomolecular factor applicable for the mea-
surement of a disease progression or treatment-related biomolecular changes in the human 
organism. On a molecular scale, biomarker refers to “a subset of markers that might be dis-
covered using metabolomics, proteomics, genomics and other -omics technologies or imaging 
technologies.” Biomarkers play a major role in medicinal biology. Biomarkers may be foreseen 
as a promising tool in the near future due to their unique potential for early diagnoses, which 
obviously permit disease prevention, a drug target identification, a drug response monitoring, 
etc. The collection and analyses of substances present in EBC provide a simple, noninvasive, 
real-time, point-of-care clinical and research tool for the evaluation of lung pathophysiology.

Very significant role is played by some biomarkers that are produced from the arachidonic 
acid (some of them were already mentioned above). Arachidonic acid ((5Z,8Z,11Z,14Z)Eicosa-
5,8,11,14-tetraenoic acid) is a polyunsaturated omega-6 fatty acid present in phospholipid 
cell membranes [11, 12]. The products of the metabolism of arachidonic acid are called eico-
sanoids. These molecules are characterized by the 20C chain. The production of eicosanoids 
is enabled by different enzymes (Figure 4), the only exception are isoprostanes which emerge 
through oxidation of arachidonic acid (non-enzymatic pathway).

6.1. Arachidonic acid metabolites

Arachidonic acid is a polyunsaturated fatty acid present in phospholipid bilayer. In human 
organism, arachidonic acid acts as a vasodilator or regulates inflammation as a key intermedi-
ate. There are several pathways which allow transformation of the arachidonic acid in a num-
ber of different metabolites (Figure 4). Among the most significant products of its metabolism 
can be classified leukotrienes, lipoxins, isoprostanes, and prostanoids [6, 33].

6.1.1. Leukotrienes

Leukotrienes (LTs) [6, 33] represent a group of biologically active molecules. LTs are produced 
by various tissue cells (e.g., leukocytes, macrophages, mastocytoma cells) as a response to 
both immunological and non-immunological stimuli. LTs are potent pro-inflammatory [33] 
mediators and their release is usually triggered by the organism coming in contact with an 
allergen. The interaction between LTs and their receptors can lead to a wide range of biologi-
cal effects: leukocytes activation, bronchial smooth muscles contraction, vascular permeability 
stimulation and increased mucus production, etc. All of the described symptoms are typically 
connected not only to pathophysiology of bronchial obstruction, especially to asthma, but 
also to other lung inflammatory disorders.
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LTs are derivatives of arachidonic acid that are synthetized via the 5-lipoxygenase pathway 
(Figure 5). The major problem in the determination of LTs in body matrices is their low stabil-
ity due to their sensitivity toward oxidation. This explains challenging analytical determina-
tion of the used assays and to a relatively high variability of the published data.

6.1.2. Lipoxins

Lipoxins (LXs) function in our organism as “natural antiasthmatics” as they are the anti-
inflammatory mediators. Binding of LXs to their receptors also support the reconstructive 
process that is initiated in lungs immediately after the asthma attack.

LXs and LTs are derivatives of arachidonic acid and they are generated in three different met-
abolic pathways [34] . The first one is enabled by acetylsalicylic acid (ASA, in aspirin induced 

Figure 4. Biomarkers generated from arachidonic acid.

Figure 5. Biosynthesis of leukotrienes.
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Figure 6. Biosynthesis of lipoxins.

asthma), the second one by the enzyme 15-lipoxygenase, and the last one by 5-lipoxygenase 
which transforms arachidonic acid into LTA4 and then into LXA4 eventually into LXB4 (Figure 6).  
On the other hand, the levels of LXs are usually lowered during inflammation.

6.1.3. Prostanoids

Prostanoids represent another group of biomarkers that are generated from the arachidonic 
acid. The synthesis is enabled by the enzyme cyclooxygensases (COX1, COX2) [6, 33]. Three 
major groups of biomarkers belong to the prostanoid family: prostacyclins, prostaglan-
dins (PGD2, PGE2, and PGF2), and thromboxanes (TXA2, TXB2). All of them represent sig-
nificant participants in the inflammatory response. Thromboxanes are mainly responsible 
for vasoconstriction, while prostaglandins play an important role in the inflammatory and 
anaphylactic reactions. Another important function of thromboxanes and prostaglandins is 
their ability to adapt the inflammatory response and affect symptoms, such as fever, pain, 
or swelling.

The effect of prostanoids can be both pro- and anti-inflammatory with regard to the type of 
the inflammatory stimulus. Increased levels of some prostanoids with brocnhoconstrictive 
effects (PGE2, PGD2, PGF2, and TBX2) have been detected in EBC; however, the significance of 
their presence has not been sufficiently explained yet.
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6.2. Resolvins and protectins

Although the resolution of inflammation may have been regarded as a passive process, it 
has been proved that it can be actually described also as an active process in which numer-
ous chemical mediators are involved. An example of these molecules may be resolvins and 
protectins. Both of them are synthetized from ω-3-PUFA precursors. Based on the model sys-
tems, it has been proved that resolvins and protectins participate in the anti-inflammatory 
response. In connection, the disproportion in their molecular levels can lead to diseases that 
are characterized by prolonged inflammation [33, 35]. At the same time, resolvin receptors 
may represent interesting targets for the future pharmacotherapies.

6.3. Oxidative stress biomarkers

6.3.1. Biomarkers of lipid peroxidation

6.3.1.1. Isoprostanes; 8-iso-prostaglandin F2α (8-iso-PGF2α or 8-isoprostane)

Isoprostanes are prostaglandin-like compounds formed in vivo from the free radical-catalyzed 
peroxidation of essential fatty acids (primarily arachidonic acid) without the direct action of 
cyclooxygenase (COX) enzymes [6, 8, 9, 33]. These non-classical eicosanoids possess potent 
biological activity as inflammatory mediators that augment the perception of pain. These 
compounds are accurate markers of lipid peroxidation in both animal and human models of 
oxidative stress.

8-iso-prostaglandin F2α (also known as 8-epi-PGF2α or 8-isoprostane) is a biomarker that 
has been shown to be useful for the assessment of oxidative stress in vivo. It is produced in 
the phospholipid membranes from the non-cyclooxygenase peroxidation pathways derived 
from arachidonic acid. It is present in EBC in physiological concentration levels which grows 
in the course of lifetime as a consequence of aging. Pathological levels in EBC are reasonably 
increased as a result of several lung diseases and disorders that are induced by oxidative 
stress (asbestosis, silicosis, lung cancer, COPD, etc.).

6.3.2. Biomarkers of nucleic acids damage

6.3.2.1. 8-hydroxy-2′-deoxyguanosine, 8-hydroxyguanosine, and 5-hydroxymethyl uracil

The steady-state levels of nucleic acids damage biomarkers represent the balance between 
formation and repair. As reviewed by Valavanidis et al. [36], increased levels of 8-hydroxy-
2′-deoxyguanosine (8-OHdG), the principal product of DNA oxidation, represent a valuable 
biomarker of DNA damage by oxidative stress.

8-Hydroxyguanosine (8-OHG) is a nucleoside that is an oxidative derivative of guanosine. 
Measurement of the levels of 8-OHG is used as a biomarker of RNA damage by oxidative 
stress.

In a rat model, 8-OHdG was found to have anti-inflammatory effect. Rats treated with lipo-
polysaccharide (LPS) exhibited inflammatory lung injury dependent on neutrophils with 
an increase in pro-inflammatory cytokines such as interleukins 6 and 18 (IL-6, IL-18) and 

Molecular Diagnostics of Pulmonary Diseases Based on Analysis of Exhaled Breath Condensate
http://dx.doi.org/10.5772/intechopen.74402

151



Figure 6. Biosynthesis of lipoxins.

asthma), the second one by the enzyme 15-lipoxygenase, and the last one by 5-lipoxygenase 
which transforms arachidonic acid into LTA4 and then into LXA4 eventually into LXB4 (Figure 6).  
On the other hand, the levels of LXs are usually lowered during inflammation.

6.1.3. Prostanoids

Prostanoids represent another group of biomarkers that are generated from the arachidonic 
acid. The synthesis is enabled by the enzyme cyclooxygensases (COX1, COX2) [6, 33]. Three 
major groups of biomarkers belong to the prostanoid family: prostacyclins, prostaglan-
dins (PGD2, PGE2, and PGF2), and thromboxanes (TXA2, TXB2). All of them represent sig-
nificant participants in the inflammatory response. Thromboxanes are mainly responsible 
for vasoconstriction, while prostaglandins play an important role in the inflammatory and 
anaphylactic reactions. Another important function of thromboxanes and prostaglandins is 
their ability to adapt the inflammatory response and affect symptoms, such as fever, pain, 
or swelling.

The effect of prostanoids can be both pro- and anti-inflammatory with regard to the type of 
the inflammatory stimulus. Increased levels of some prostanoids with brocnhoconstrictive 
effects (PGE2, PGD2, PGF2, and TBX2) have been detected in EBC; however, the significance of 
their presence has not been sufficiently explained yet.

Biomarker - Indicator of Abnormal Physiological Process150

6.2. Resolvins and protectins

Although the resolution of inflammation may have been regarded as a passive process, it 
has been proved that it can be actually described also as an active process in which numer-
ous chemical mediators are involved. An example of these molecules may be resolvins and 
protectins. Both of them are synthetized from ω-3-PUFA precursors. Based on the model sys-
tems, it has been proved that resolvins and protectins participate in the anti-inflammatory 
response. In connection, the disproportion in their molecular levels can lead to diseases that 
are characterized by prolonged inflammation [33, 35]. At the same time, resolvin receptors 
may represent interesting targets for the future pharmacotherapies.

6.3. Oxidative stress biomarkers

6.3.1. Biomarkers of lipid peroxidation

6.3.1.1. Isoprostanes; 8-iso-prostaglandin F2α (8-iso-PGF2α or 8-isoprostane)

Isoprostanes are prostaglandin-like compounds formed in vivo from the free radical-catalyzed 
peroxidation of essential fatty acids (primarily arachidonic acid) without the direct action of 
cyclooxygenase (COX) enzymes [6, 8, 9, 33]. These non-classical eicosanoids possess potent 
biological activity as inflammatory mediators that augment the perception of pain. These 
compounds are accurate markers of lipid peroxidation in both animal and human models of 
oxidative stress.

8-iso-prostaglandin F2α (also known as 8-epi-PGF2α or 8-isoprostane) is a biomarker that 
has been shown to be useful for the assessment of oxidative stress in vivo. It is produced in 
the phospholipid membranes from the non-cyclooxygenase peroxidation pathways derived 
from arachidonic acid. It is present in EBC in physiological concentration levels which grows 
in the course of lifetime as a consequence of aging. Pathological levels in EBC are reasonably 
increased as a result of several lung diseases and disorders that are induced by oxidative 
stress (asbestosis, silicosis, lung cancer, COPD, etc.).

6.3.2. Biomarkers of nucleic acids damage

6.3.2.1. 8-hydroxy-2′-deoxyguanosine, 8-hydroxyguanosine, and 5-hydroxymethyl uracil

The steady-state levels of nucleic acids damage biomarkers represent the balance between 
formation and repair. As reviewed by Valavanidis et al. [36], increased levels of 8-hydroxy-
2′-deoxyguanosine (8-OHdG), the principal product of DNA oxidation, represent a valuable 
biomarker of DNA damage by oxidative stress.

8-Hydroxyguanosine (8-OHG) is a nucleoside that is an oxidative derivative of guanosine. 
Measurement of the levels of 8-OHG is used as a biomarker of RNA damage by oxidative 
stress.

In a rat model, 8-OHdG was found to have anti-inflammatory effect. Rats treated with lipo-
polysaccharide (LPS) exhibited inflammatory lung injury dependent on neutrophils with 
an increase in pro-inflammatory cytokines such as interleukins 6 and 18 (IL-6, IL-18) and 

Molecular Diagnostics of Pulmonary Diseases Based on Analysis of Exhaled Breath Condensate
http://dx.doi.org/10.5772/intechopen.74402

151



tumor necrosis factor α (TNF-α). Rats pre-treated with 8-OHdG prior to LPS treatment 
showed inhibited LPS-induced inflammatory responses. 8-OHdG anti-inflammatory action 
was found to be higher than for aspirin and other nucleosides (8-OHG, deoxyguanosine, 
guanosine, adenosine). 8-OHG and adenosine also exhibited anti-inflammatory activity, but 
it was much lower than for 8-OHdG. Deoxyguanosine was found to be almost ineffective. 
Compared to aspirin, which acts through cyclooxygenase (COX) inhibition, 8-OHdG seems to 
be more versatile and, therefore, more effective as it was found that 8-OHdG suppresses ROS 
formation in human neutrophils. However, in human organism, 8-OHdG is excreted in much 
lower concentrations than in rats and, therefore, only exogenously administered 8-OHdG 
could have a therapeutic potential as an anti-inflammatory agent. 8-OHdG is also considered 
to be a potential biomarker of cancers related to smoking (e.g., lung cancer).

5-Hydroxymethyl uracil (5-OHMeU) is an example of oxidized-pyrimidines. Low levels of 
these molecules have been detected as a consequence of DNA oxidation initialized by oxida-
tive stress. Oxidized-pyrimidines are more likely to be repaired than other relative molecules, 
which may represent an explanation of their low detected pathological concentration levels. 
As the excision rate from DNA is different for various bases, participation of specific excision-
repair enzymes might occur.

6.3.3. Biomarkers of peptides damage

6.3.3.1. o-Tyrosine, 3-chlorotyrosine and 3-nitrotyrosine

o-Tyrosine (o-Tyr), 3-chlorotyrosine (3-ClTyr), and 3-nitrotyrosine (3-NOTyr) are among the 
most prominent biomarkers of oxidative protein damage and are present in the body fluids of 
patients with diseases related to oxidative stress [6].

Free radicals cause alterations in cellular protein structure and function. Oxidized, nitrated, 
and chlorinated modifications of aromatic amino acids including phenylalanine and tyrosine 
are reliable biomarkers of oxidative stress and inflammation in clinical conditions. In human 
organism, tyrosine is formed from phenylalanine. Physiological p-tyrosine (p-Tyr) occurs 
by enzymatic oxidation of phenylalanine by phenylalanine hydroxylase. Important deriva-
tives of tyrosine are catecholamines (dopamine, adrenaline, and noradrenaline) or thyroid 
hormones. o-Tyr and m-tyrosine (m-Tyr) are formed by the attack of ROS on phenylalanine. 
Unlike p-Tyr, o-Tyr and m-Tyr are not natural amino acids and are considered to be oxida-
tive stress biomarkers. The biomarkers that are formed during protein oxidative damage are 
amino acids o-Tyr, 3-ClTyr, and 3-NOTyr (Figure 7).

6.4. The other biomarkers

6.4.1. Cytokines

Cytokines are proteins secreted by immune cells (e.g., B lymphocytes, T lymphocytes, macro-
phages, and mast cells) or fibroblasts and endothelial cells. Cytokines are fundamental regula-
tors of the immune system and they play various roles in human organism (not only in immune 
system), as they influence: regeneration of the tissue, embryonal development, carcinogenesis, 
 angiogenesis, etc. The function of numerous cytokines can be triggered by oxidative stress. In 
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human organism, they can act as both inflammatory and anti-inflammatory molecules, how-
ever in the respiratory tract they are mainly considered to represent biomarkers of chronic 
inflammation.

A wide range of cytokines has been detected in EBC so far. An example of such cytokine can 
be tumor necrosis factor (TNF) or interferon (IFN). Low concentration levels [37–40] of both 
of these biomarkers have been detected in EBC. Specifically, TNF represents a biomarker of 
oncological diseases as its increased levels have been mainly described among lung cancer 
patients [41, 42]. Other cytokines that are detectable in EBC are various members of the inter-
leukin family (IL-1, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10 and IL-13).

6.4.2. Glutathione

Glutathione (GSH) is a tripeptide that functions in organism as an endogenous antioxidant. The 
main task of GSH is to prevent the cells to be damaged by free radicals and reactive oxygen spe-
cies and thus protect the organism from oxidative stress. An important part of this process is the 
oxidation of GSH to glutathione disulfide (GSSG). This process occurs, for example, in the airway 
cells, where it is essential to protect the lungs and airways tissue which are exposed to the effect 
of external oxidants. Simultaneously, GSH is one of the regulators of the NO cycle. Decreased 
levels of GSH and proportionally increased levels of GSSG, which are mainly connected to the 
disproportion in the redox balance, represent a reliable biomarker of oxidative stress, usually 
coupled with inflammation [43]. Decreased levels of GSH in EBC have been mainly monitored 

Figure 7. Formation of o-tyrosine, 3-chlorotyrosine, and 3-nitrotyrosine.
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human organism, they can act as both inflammatory and anti-inflammatory molecules, how-
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Figure 7. Formation of o-tyrosine, 3-chlorotyrosine, and 3-nitrotyrosine.
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in case of patients suffering from bronchial asthma. The results of another conducted study 
showed that significantly increased levels of GSSG occur in EBC of alcoholics [44].

6.5. Other molecules determined in EBC

6.5.1. Proteins and metabolites

The majority of pulmonary diseases is also characterized by alternations in the protein profile 
of the patients. Many of these changes are measurable in EBC and can be used for monitoring 
of pathological process occurring (mainly) in the respiratory tract. The changes in the struc-
ture and concentration levels of various proteins have recently become a popular and reliable 
tool for monitoring of the process and molecular alterations in lungs and airways. Based on 
the proteomic analysis of EBC, 44 unique proteins [45, 46] have been detected so far. Many 
of these proteins might become steady biomarkers of inflammation or oxidative stress, when 
scanning of the differences between the proteome profiles of healthy control subjects and 
subjects with various pulmonary diseases may represent a significant shift toward detecting 
new prognostic and/or diagnostic biomarkers.

6.5.2. Serotonin

Serotonin (5-hydroxytryptamin (5-HT)) is a neurotransmitter that is predominantly located 
in central nervous system and gastrointestinal tract (GIT). In GIT, 5-HT regulates bowel 
movements. In CNS, it is responsible for the regulation of mood, sleep, muscle contraction, 
and some cognitive functions (involving memory and learning abilities). It is also present in 
thrombocytes, where it is involved in the regulation of homeostasis and coagulation [47].

5-HT plays a significant role in many pathological and neuropsychiatric diseases [47, 48]. The 
serotonergic substances are also important in pharmacology. The genes that code various com-
ponents of 5-HT system are the subject of the study as they could be factors of depression, schizo-
phrenia, obsessive–compulsive disorder, aggression, alcoholism, migraine, and autism [49].

7. Experimental part

7.1. Analytical method for multi-marker screening

The following analytical methods combined with various pre-treatment methods are cur-
rently referenced in the literature for the determination of biomarkers present in EBC: 
HPLC-MS, GC-MS and EIA (ELISA). Based on validation parameters (e.g., accuracy, preci-
sion, limit of quantification (LOQ), limit of detection (LOD), linearity, selectivity, etc.) the 
methods described above can be compared.

LC-MS method in a highly selective and accurate SRM mode affords both quantitative and 
qualitative information about the monitored biomarkers and today seems to be method of the 
first choice. Liquid chromatography can be used in UHPLC, which is characterized by the fact 
that the separation of substances occurs at higher flow rate of the mobile phase (1 mL/min) on 
LC columns with smaller average particle size of the stationary phase (diameter of particles 
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<2 μm) and by shortening the time of LC-MS analysis. When using the so-called “stable-
isotope-dilution assay,” the accuracy and precision of the LC-MS method can be increased by 
suitable deuterated internal standards. However, the main disadvantage of the LC-MS analy-
sis is the inclusion of the pre-treatment step (SPE, immunoaffinity extraction, etc.), when the 
EBC sample is recommended to exclude a contact to room temperature, ideally temperature 
above 0°C. This problem can be prevented by using the 2D technology for liquid chromatog-
raphy. In the first dimension, an on-line SPE is carried out and the subsequent dimension uses 
the UHPLC. For detection of selected biomarkers, 2D UHPLC-MS method was developed and 
because of the sensitivity of biomarkers mentioned above, it is highly recommended.

Analysis of substances were realized on the LC-MS system consisting of quaternary pump and 
mass spectrometer operating on the principle of triple quadrupole equipped with electrospray 
ionization (ESI). To implement multimarker screening, it was necessary to carry out two types 
of analyses. The first one were determined substances containing amino group in its structure. 
The second one serves to determine substances with aldehyde and carboxylic groups. These 
two analyses were necessary because of the different conditions of derivatization reactions 
(acid vs. alkaline environment) and the resulting liquid chromatography at different condi-
tions (different composition of the mobile phase used on different chromatographic columns).

7.1.1. Determination of the amino compounds

For the derivatization of compounds containing an amino group in its structure (o-tyrosine (o-
Tyr), 3-nitrotyrosine (3-NO2-Tyr), 3-chlorotyrosine (3-Cl-Tyr), hydroxyguanosin (8-OHG) and 
8-hydroxy-2′-deoxyguanosine (8-OHdG) were used as derivatization reagent 3-aminopyridyl-
N-hydroxysukcinimidyl carbamate (= APDS). To 500 μl of the EBC sample-containing deute-
rium labeled analyte analogues was added to 450 μl of borate buffer (pH 8.5) and 50 μl of APDS 
derivatization agent (concentration of 1 mg/ml of acetonitrile). Derivatization reactions were 
carried out for 10 min at 4°C. Thus prepared sample was subjected to LC-ESI-MS/MS analysis 
on chromatographic column XTerra MS (C18 50 × 1 mm × 3.5 μm) (Waters, Republic of Ireland). 
The substances were subjected to analysis where isocratic elution method with a mobile phase 
composed of acetonitrile: water (60:40—v/v) (water = 0.1% formic acid) was used. The column 
was tempered to 25°C. Mobile phase flow rate was 150 μl/min. The volume of the analyzed sam-
ples was 10 μl. Mass spectrometer parameters were optimized to the following values: capillary 
voltage −2500 V, the inlet capillary temperature 300°C, the temperature of the evaporator HESI 
300°C, sheath gas (nitrogen) pressure 45 psi, auxiliary gas (nitrogen) 10 ArbU. Measurement 
parameters were optimized for use in neutral loss mode in the interval 250–500 Da (Q1) → 130–
380 Da (Q3) with CID energy 15 eV in the negative electrospray ionization (ESI-).

7.1.2. Determination of aldehydes and carboxylic acids

Derivatization of aldehydes (n-aliphatic aldehydes (C6–C12), malondialdehyde (MDA), 
4-hydroxynonenal (4-HNE), 4-hydroxyhexenal (4-HHE) and substances with a carboxyl 
group in its structure 8-isoprostane (8-iso-PGF2α), cys-LTs, LTB4 was carried out using 
derivatization with Girard’s reagent T (GirT) in the presence of N-(3-dimethylaminopropyl)-
N′-ethylkarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide. To the sample 
containing 100 μl of EBC with deuterium-labeled internal standards were added 10 μl of 
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The following analytical methods combined with various pre-treatment methods are cur-
rently referenced in the literature for the determination of biomarkers present in EBC: 
HPLC-MS, GC-MS and EIA (ELISA). Based on validation parameters (e.g., accuracy, preci-
sion, limit of quantification (LOQ), limit of detection (LOD), linearity, selectivity, etc.) the 
methods described above can be compared.

LC-MS method in a highly selective and accurate SRM mode affords both quantitative and 
qualitative information about the monitored biomarkers and today seems to be method of the 
first choice. Liquid chromatography can be used in UHPLC, which is characterized by the fact 
that the separation of substances occurs at higher flow rate of the mobile phase (1 mL/min) on 
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the UHPLC. For detection of selected biomarkers, 2D UHPLC-MS method was developed and 
because of the sensitivity of biomarkers mentioned above, it is highly recommended.

Analysis of substances were realized on the LC-MS system consisting of quaternary pump and 
mass spectrometer operating on the principle of triple quadrupole equipped with electrospray 
ionization (ESI). To implement multimarker screening, it was necessary to carry out two types 
of analyses. The first one were determined substances containing amino group in its structure. 
The second one serves to determine substances with aldehyde and carboxylic groups. These 
two analyses were necessary because of the different conditions of derivatization reactions 
(acid vs. alkaline environment) and the resulting liquid chromatography at different condi-
tions (different composition of the mobile phase used on different chromatographic columns).
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carried out for 10 min at 4°C. Thus prepared sample was subjected to LC-ESI-MS/MS analysis 
on chromatographic column XTerra MS (C18 50 × 1 mm × 3.5 μm) (Waters, Republic of Ireland). 
The substances were subjected to analysis where isocratic elution method with a mobile phase 
composed of acetonitrile: water (60:40—v/v) (water = 0.1% formic acid) was used. The column 
was tempered to 25°C. Mobile phase flow rate was 150 μl/min. The volume of the analyzed sam-
ples was 10 μl. Mass spectrometer parameters were optimized to the following values: capillary 
voltage −2500 V, the inlet capillary temperature 300°C, the temperature of the evaporator HESI 
300°C, sheath gas (nitrogen) pressure 45 psi, auxiliary gas (nitrogen) 10 ArbU. Measurement 
parameters were optimized for use in neutral loss mode in the interval 250–500 Da (Q1) → 130–
380 Da (Q3) with CID energy 15 eV in the negative electrospray ionization (ESI-).

7.1.2. Determination of aldehydes and carboxylic acids

Derivatization of aldehydes (n-aliphatic aldehydes (C6–C12), malondialdehyde (MDA), 
4-hydroxynonenal (4-HNE), 4-hydroxyhexenal (4-HHE) and substances with a carboxyl 
group in its structure 8-isoprostane (8-iso-PGF2α), cys-LTs, LTB4 was carried out using 
derivatization with Girard’s reagent T (GirT) in the presence of N-(3-dimethylaminopropyl)-
N′-ethylkarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide. To the sample 
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each derivatization reagent GirT (c = 100 μl/ml), reagent EDC together with 10 μl of sulfo-N-
hydroxysuccinimide, 10 μl of 1% hydrochloric acid and 270 μl of propan-2-ol. Derivatization 
proceeded for 30 minutes and in such way prepared sample was immediately analyzed by 
LC-ESI-MS/MS. Chromatographic column used was a Thermo Hypercarb (100 × 21 mm × 
5 μm) with pre-column Hypercarb (Thermo Electron Corporation, USA). For separation of 
substances, was used the isocratic elution method with a mobile phase composed of methanol: 
water (40:60—v/v) (pH adjusted with ammonium hydroxide to 9). Flow rate of mobile phase 
was 150 μl/min. Chromatographic column temperature was 30°C and the sample volume was 
10 μl. Mass spectrometer parameters were optimized to the following values: capillary volt-
age 3000 V, capillary inlet temperature 300°C; HESI evaporator temperature 300°C, sheath 
gas (nitrogen) pressure 45 psi and auxiliary gas (nitrogen) 10 ArbU. Measurement parameters 
were optimized for use in neutral loss mode in the interval 150–750 Da (Q1) → 91–691 Da (Q3) 
with CID energy − 16.5 eV in the positive electrospray ionization (ESI+).

8. Case studies

8.1. Asthma phenotyping

The first aim of the study was to determine levels of the pro-inflammatory cys-LTs and levels 
of the anti-inflammatory LXs in EBC of patients suffering from different asthma phenotypes 
(including also SRA), compare the obtained data between the groups of asthmatics, and make 
the comparisons with healthy control subjects.

As is presented in Figure 8, the study showed that both levels of cys-LTs and LXs were chang-
ing among different asthma phenotypes. According to the results, EBC of SRA patients con-
tained the highest levels of the pro-inflammatory cys-LTs but at the same time the lowest 
levels of the anti-inflammatory LXs. The results of the analysis of EBC of healthy control 
subjects were inverse to these (i.e., EBC of health controls contained the highest levels of LXs 
but on the contrary the lowest levels of cys-LTs).

The remaining groups have spread in the interval from healthy control subjects to SRA. The 
order of these groups was based on the raising severity of the asthma phenotype (mild asthma 
→ moderate persistent asthma → difficult asthma) (Figure 8).

According to the results (Figure 15), it is possible to use cys-LTs and LXs for the differential 
diagnostics of asthma and identify various asthma phenotypes. The diagnosis can be assessed 
on the phenomenon that the concentration levels of LXs and cys-LTs are complementary and 
connected by dynamic equilibrium (i.e., increasing levels of the inflammatory LTs lead to a 
corresponding decrease in the levels of the anti-inflammatory LXs). This occurs due to the 
fact that biochemical synthesis (both cys-LTs and LXs are generated from LTA4) enhancing 
the production of LXs simultaneously lower the generation of LTs. Combining cys-LTs with 
LXs offers an interesting alternative to the currently used methods of molecular diagnostics 
of bronchial asthma. Figure 8 describes the principle of equilibrium between the pro-inflam-
matory LTs and the anti- inflammatory LXs. The developed method represents a potential tool 
for asthma phenotyping accuracy improvement, which was proved in a clinical study, which 
enabled the separation of patients into five groups:
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a. Severe refractory asthma.

b. Severe asthma.

c. Moderate persistent asthma.

d. Mild asthma.

e. Non-asthmatics—healthy control subjects.

8.2. Monitoring of efficacy of the used pharmacotherapy

The developed method was used in a parallel study. The study was conducted to prove 
whether the method could be applied for monitoring of efficacy of the used pharmacother-
apy. In this case, per oral and inhaled glucocorticoid treatments have been compared. Results 
of the study are present in Figure 9. In the clinical study of 35 patients with per oral glucocorti-
coid therapy, 35 patients with inhaled glucocorticoid therapy and 32 people from the healthy 
control group were involved.

From the results, it is obvious that the PCA analysis divided the subjects into three groups. 
The first group contained only healthy control subjects; however, the two remaining have 

Figure 8. Statistically evaluated clinical results: levels of cys-LTs and LXs in different asthma phenotypes.
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Figure 9. Monitoring of efficacy of the used pharmacotherapy.

been separated according to the type of glucocorticoid application. The results also show that 
on these terms more efficient was the per oral glucocorticoid therapy, as the cluster represent-
ing patients with per oral treatment is in the spectrum closer to the controls.

The study has also confirmed that the developed method can be used for such monitoring, 
which could in the future make the asthma pharmacotherapy more accurate. Furthermore, 
the method could also enable controlling of dosing and comparing of the efficacy of different 
anti-asthmatic drugs, which would globally improve asthma treatment.

8.3. Asthma and COPD separation

Apart from cys-LTs and LXs, EBC contains a wide range of other different biomarkers. The 
research has shown that biomarkers of oxidative stress play a significant role in the develop-
ment of some pulmonary diseases. Examples of such biomarkers can be 8-isoprostan, MDA, 
HHE, HNE and other aldehydes and biomarkers connected to damage of proteins (o-Tyr, 
3-ClTyr and 3-NOTyr) or nucleic acids (8-OHdG, 8-OHG and 5-OHMeU).

These biomarkers allowed extension of the developed method, which was originally based on 
the detection of levels of cys-LTs and LXs. An example of such extensions can be separation of 
asthma and COPD on molecular level.

The metabolic fingerprinting of EBC of patients suffering from COPD showed a significant 
increase of biomarkers of neutrophil inflammation—LTB4 and also biomarkers of oxidative 
stress (mainly o-Tyr and 8-isoprostane). The developed method was used in a clinical study that 
was aimed at detection and description of differences between COPD patients and SRA (SRA 
were chosen because their profile is quite similar to the profile of COPD patients and thus their 
diagnosis is often altered). The obtained results were compared to the analysis of EBC of healthy 
control subjects (two control groups were chosen—one for COPD patients and one for SRA).
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According to the results (Figure 10), the PCA analysis has divided the patients into four 
groups based on their biomarker profiles. The results show that profiles of SRA and COPD 
patients were different, which allows an accurate separation of these two diseases. The figure 
also shows that the control groups were separated. Further, the results show that it is not 
possible with this method to separate (on the molecular level) the two phenotypes of COPD—
chronical bronchitis and emphysema.

8.4. Biomarker panel for monitoring of pathogenesis of pulmonary diseases

As a significant part of the study, a panel of biomarkers that can be used for differentia-
tion of various pulmonary diseases was designed. The analyzed biomarkers are divided 
into two main groups. The first group contained biomarkers of eosinophil inflammation—
cys-LTs (ƩLTC4, LTD4, LTE4), the anti-inflammatory eicosanoids—LXs (Ʃ LXA4, LXB4) and 
anti-inflammatory resolvins (RvD1). The second group contained biomarker of neutro-
phil inflammation—LTB4, 8-isoprostane which is biomarker of oxidative stress connected 
to damage of phospholipid membrane, biomarkers of damage of proteins (Ʃ o-tyrosin, 
NO-tyrosin and Cl-tyrosin) and biomarkers of damage of nucleic acids (Ʃ 5-OHMeU, 
8-OHG and 8-OHdG).

The first two graphs show results of the analysis of EBC of patients suffering from SRA and 
moderate persistent asthma. The results are compared with the analysis of EBC of healthy 
control subjects.

Figure 10. Results of clinical study: separation of COPD patients (light blue—bronchitis, dark blue—emphysema) and 
SRA patients (orange); control groups: green—COPD controls; yellow—SRA controls.
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Figure 10. Results of clinical study: separation of COPD patients (light blue—bronchitis, dark blue—emphysema) and 
SRA patients (orange); control groups: green—COPD controls; yellow—SRA controls.
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According to the graph (Figure 11), it is obvious that EBC of patients who suffer from asthma 
contained increased levels of cys-LTs (the highest levels—SRA, this confirms the study men-
tioned above). On the contrary, EBC of asthmatics contained lowered levels of the anti-inflam-
matory LXs and resolvins. Considering the asthma-phenotyping-study, it can be also said 
that the results of analysis of EBC of SRA and controls were inverse.

Figure 12 shows the results of the monitoring of LTB4, 8-isoprostane, biomarkers of damage 
of proteins and nucleic acids. Levels of LTB4 showed the same trend as cys-LTs, for example, 
the highest levels were detected in EBC of SRA and the lowest in EBC of healthy controls. 
At the same time, levels of 8-isoprostane were slightly elevated among the group of patients 
with moderate persistent asthma and even more among SRA. The differences in levels of bio-
markers responsible for damage of proteins and nucleic acids were slightly higher in EBC of 
asthmatics, but the differences were not so significant, which means that these biomarkers are 
not so specific and influential in case of bronchial asthma.

Figures 13 and 14 show same biomarkers as the previous Figures 11 and 12, but in EBC of 
patients who suffer from COPD, asbestosis and lung cancer.

From Figure 13, it is quite obvious that biomarkers cys-LTs, LXs and resolvins do not play 
a significant role in pathogenesis of these diseases, as their levels are comparable to those 
detected among healthy control subjects (the levels are just slightly elevated and only COPD 
patients show some more noticeable deviations).

Figure 14 shows that illnesses characterized by damage of the pulmonary tissue are usu-
ally connected to increased levels of biomarkers of oxidative stress. One of these significant 

Figure 11. Evaluated clinical results: levels of cys-LTs, LXs and resolvins in EBC of SRA, moderate persistent asthma 
and healthy controls.
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Figure 12. Evaluated clinical results: levels of LTB4, 8-isoprostane, biomarkers of proteins and nucleic acids damage in 
EBC of SRA, moderate persistent asthma and healthy controls.

Figure 13. Evaluated clinical results: levels of cys-LTs, LXs, and resolvins in EBC of COPD, asbestosis, and lung cancer 
patients.
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Figure 14. Evaluated clinical results: levels of LTB4, 8-isoprostane, biomarkers of proteins and nucleic acids damage in 
EBC of COPD, asbestosis, and lung cancer patients.

indicators of ongoing tissue necrosis processes is 8-isoprostane. The analysis of EBC showed 
that the levels of this biomarker are increased among COPD and asbestosis patients and even 
more among people suffering from lung cancer. Similar information is provided by the bio-
markers of proteins damage (tyrosines) and nucleic acids damage (5-OHMeU, 8-OHG, and 
8-OHdG). The levels of these molecules were elevated in EBC of patients with COPD and 
asbestosis and it can be said that the highest levels are specific for lung cancer (average con-
centration of tyrosines is approximately 75 pg/ml of EBC for healthy controls and 160 pg/ml 
of EBC for patients with lung cancer).

8.5. Serotonin in EBC of SRA

Based on the clinical experience, it is proved that SRA patients positively respond to SSRI 
(selective serotonin reuptake inhibitors) antidepressants therapy. SSRI antidepressants usually 
improve physical state of patients, which may seem as a quite logical coincidence. However, 
much more surprising is the fact that when SRA patients are prescribed SSRI antidepres-
sants, their breath functions improve significantly. This phenomenon prompted to performed 
research aimed at the detection of serotonin in EBC of SRA. The obtained results were com-
pared with serotonin levels in EBC of other asthma phenotypes and healthy control subjects.

According to the results (Figure 15), it is obvious that the levels of serotonin in EBC of SRA 
are different as compared to other asthma phenotypes and healthy control subjects. However, 
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surprisingly, the levels were significantly elevated (in case of SRA patients) which is against all 
expectations (it was expected to detect lower levels of serotonin, which would provide a pos-
sible explanation of positive SRA’s responsiveness to SSRI antidepressants therapy). Probably, 
even more interesting is the fact the levels of serotonin of other asthma phenotypes and health 
controls were the same, which indicates that the deviation appears only among SRA.

The interpretation of these results is quite complicated. One of the possible hypotheses is 
that SRA could be a different disease that would only demonstrate itself as asthma (i.e., 
patients have similar symptoms as asthmatics, but the cause of the disease could be different). 
However, this theory will require further research in the future. One of the possible exten-
sions could be monitoring of levels of serotonin in cerebrospinal fluid, which would provide 
information about the process behind the blood-brain barrier. On the other hand, the study 
proved that there many significant physiological differences between SRA and other asthmat-
ics, which could be used in the future for the development of a possible drug against SRA.

9. Conclusions

Measurements of biomarkers in EBC offer a novel way of monitoring lung inflammation, 
damage by oxidation stress with an insight into the pathophysiology of different diseases. 
The described diagnostic method was based on the detection and quantification of biomark-
ers in a matrix specific for the respiratory tract—EBC. As the collection of EBC is completely 
noninvasive, the method offers a broad spectrum of application. The method is applicable to 
children as well as to senior people and it is appropriate also in case of longitudinal studies 
that are trying to precisely understand the processes occurring on the molecular level in the 
respiratory tract. The method can be easily repeated which proves its suitability for regular 
monitoring of the pharmacotherapy efficiency or the impact of various allergens. The results 
obtained from the EBC analysis represent reliable characterization of the exhaled biomarkers 

Figure 15. Evaluated clinical results: levels of 5-HT in EBC of SRA, moderate persistent asthma and healthy controls.

Molecular Diagnostics of Pulmonary Diseases Based on Analysis of Exhaled Breath Condensate
http://dx.doi.org/10.5772/intechopen.74402

163



Figure 14. Evaluated clinical results: levels of LTB4, 8-isoprostane, biomarkers of proteins and nucleic acids damage in 
EBC of COPD, asbestosis, and lung cancer patients.

indicators of ongoing tissue necrosis processes is 8-isoprostane. The analysis of EBC showed 
that the levels of this biomarker are increased among COPD and asbestosis patients and even 
more among people suffering from lung cancer. Similar information is provided by the bio-
markers of proteins damage (tyrosines) and nucleic acids damage (5-OHMeU, 8-OHG, and 
8-OHdG). The levels of these molecules were elevated in EBC of patients with COPD and 
asbestosis and it can be said that the highest levels are specific for lung cancer (average con-
centration of tyrosines is approximately 75 pg/ml of EBC for healthy controls and 160 pg/ml 
of EBC for patients with lung cancer).

8.5. Serotonin in EBC of SRA

Based on the clinical experience, it is proved that SRA patients positively respond to SSRI 
(selective serotonin reuptake inhibitors) antidepressants therapy. SSRI antidepressants usually 
improve physical state of patients, which may seem as a quite logical coincidence. However, 
much more surprising is the fact that when SRA patients are prescribed SSRI antidepres-
sants, their breath functions improve significantly. This phenomenon prompted to performed 
research aimed at the detection of serotonin in EBC of SRA. The obtained results were com-
pared with serotonin levels in EBC of other asthma phenotypes and healthy control subjects.

According to the results (Figure 15), it is obvious that the levels of serotonin in EBC of SRA 
are different as compared to other asthma phenotypes and healthy control subjects. However, 

Biomarker - Indicator of Abnormal Physiological Process162

surprisingly, the levels were significantly elevated (in case of SRA patients) which is against all 
expectations (it was expected to detect lower levels of serotonin, which would provide a pos-
sible explanation of positive SRA’s responsiveness to SSRI antidepressants therapy). Probably, 
even more interesting is the fact the levels of serotonin of other asthma phenotypes and health 
controls were the same, which indicates that the deviation appears only among SRA.

The interpretation of these results is quite complicated. One of the possible hypotheses is 
that SRA could be a different disease that would only demonstrate itself as asthma (i.e., 
patients have similar symptoms as asthmatics, but the cause of the disease could be different). 
However, this theory will require further research in the future. One of the possible exten-
sions could be monitoring of levels of serotonin in cerebrospinal fluid, which would provide 
information about the process behind the blood-brain barrier. On the other hand, the study 
proved that there many significant physiological differences between SRA and other asthmat-
ics, which could be used in the future for the development of a possible drug against SRA.

9. Conclusions

Measurements of biomarkers in EBC offer a novel way of monitoring lung inflammation, 
damage by oxidation stress with an insight into the pathophysiology of different diseases. 
The described diagnostic method was based on the detection and quantification of biomark-
ers in a matrix specific for the respiratory tract—EBC. As the collection of EBC is completely 
noninvasive, the method offers a broad spectrum of application. The method is applicable to 
children as well as to senior people and it is appropriate also in case of longitudinal studies 
that are trying to precisely understand the processes occurring on the molecular level in the 
respiratory tract. The method can be easily repeated which proves its suitability for regular 
monitoring of the pharmacotherapy efficiency or the impact of various allergens. The results 
obtained from the EBC analysis represent reliable characterization of the exhaled biomarkers 

Figure 15. Evaluated clinical results: levels of 5-HT in EBC of SRA, moderate persistent asthma and healthy controls.

Molecular Diagnostics of Pulmonary Diseases Based on Analysis of Exhaled Breath Condensate
http://dx.doi.org/10.5772/intechopen.74402

163



profile (LXs, cys-LTs, LTB4, 8-isoprostane, tyrosines, etc.), which is relevant for diagnostics, 
separation, and phenotyping of different respiratory diseases. Nevertheless, EBC analysis 
requires standardization and validation including sample collection and sample pre-analysis 
treatment (e.g., internal standardization, storing, pre-treatment method application, etc.).

Model clinical studies were carried out as a part of the work, which applied a methodology 
based on the molecular diagnostics of EBC. The method allowed an asthma phenotyping, 
which was founded on the fact that the concentration levels of cys-LTs and LXs are not only 
complementary but also intra-related by a dynamic equilibrium. This phenomenon, however, 
affords not only asthma phenotyping but also other diagnostics as, for example, monitoring 
of efficacy of the used pharmacotherapy. The analysis of EBC also showed that the detected 
biomarkers can be used for the differentiation of various pulmonary diseases (more specifi-
cally (apart from asthma) COPD, asbestosis, and lung cancer). Increased (or decreased) levels 
of some biomarkers are specific only for some diseases and thus these can be selectively dif-
ferentiated as much as, for example, asthma from COPD.

Additionally, an experiment was conducted and focused on determining serotonin in EBC. The 
aim of this study was to assess the positive effects of the SSRI (selective serotonin re-uptake 
inhibitors) antidepressants on SRA. High levels of serotonin were detected in EBC of SRA 
patients, which was in contradiction to the initial assumption. Simultaneously, a hypothesis 
was formulated stating that SRA probably functions on different molecular principles. This 
could have probably been the reason for SRA inefficiency with the commonly used drugs.

For the future research, one can only recommend focusing on large longitudinal studies to 
ascertain whether sequential measurements in individual patients reflect asthma severity 
and the degree of a lung inflammation, and on studies engaged to the relationships between 
the concentrations of asthma biomarkers and its symptoms. In order to implement the EBC 
analysis to the clinical practice as well as reliably guiding the pharmacological treatment of 
asthma and the effect of drugs on asthma markers present in EBC, further controlled studies 
are required to be conducted. In particular, studies are recommended determining the expe-
diency of the EBC analysis for predicting a treatment response, and assessing new therapies. 
Obviously, this outlines a great deal of work to be done. The fact that EBC analyses are cur-
rently used in various clinical trials and studies corroborates the above arguments. On the 
other hand, it is important to proclaim that the fact whether and when EBC analyses will 
become applicable to the clinical settings is still difficult to predict.
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Abstract

For years, it has been assumed that the cerebral accumulation of pathologic protein 
forms is the main trigger of Alzheimer’s disease (AD) pathology; however, recent stud-
ies revealed strong evidences that the alternations in synaptic activity precede and affect 
the homeostasis of amyloid-beta and tau, both of which aggregate during AD. Given 
that the neuropathological changes, characteristic for AD, start decades before the onset 
of the first symptoms, when alternations become irreversible, it is crucial to find a bio-
marker that can detect the preclinical signs of disease, presumably synaptic dysfunction 
of specific cerebral areas. Here is presented a novel, a high potential neuroimaging bio-
marker that can detect the postsynaptic dysfunction of specific neural substrate located 
in medial prefrontal cortex (mPFC) during sensory gating processing of a simple audi-
tory stimulus. The magnetoencephalography-based localization of mPFC gating activa-
tion has the potential not only to detect symptomatic AD but also to become a predictor 
of cognitive decline related to the pathophysiological processes of AD, both at the indi-
vidual level. The strengths of proposed biomarker lie in the simplicity of using a binary 
value, i.e., activated or not activated a neural generator along with its potential to follow 
the evolution of the pathophysiological process of disease from preclinical phase. The 
novel biomarker does not require estimation of uniform cutoff levels and standardiza-
tion processes, the main problems of so far proposed biomarkers. Ability to individually 
detect AD pathology during putative preclinical and clinical stages, absolute noninva-
siveness, and large effect size give this biomarker a high translation capacity and clinical 
potential.
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1. Introduction

Alzheimer’s disease (AD), a long-lasting progressive neurodegeneration, characterized by 
synaptic dysfunction, an increase in extracellular amyloid plaques, intracellular tauopathy, 
extensive neuronal loss in several cerebral areas, and enhanced neuroinflammation. Highly 
disrupted cholinergic transmission is proving to be a featured biochemical sign of disease. 
Clinical manifestations include progressive loss of ability to encode new memories, impair-
ment of both declarative and non-declarative memory, and finally the invincible decline of 
overall intellectual capacity. Today, worldwide spreading of Alzheimer’s type dementia is 
one of the major public health challenges confronting this generation.

Extensive AD research, especially in the last 40 years, brought a significant progress in the 
development of diagnostic approaches and understanding the etiology. However, despite 
accumulated knowledge, the cause of the disease has not been found, a postmortem histo-
pathological evaluation is still required to confirm the clinical diagnosis, and finally, effective 
treatment that would at least slow progression of the disease has not yet been found. As a 
result, if Augusta Deter, the first patient who had been described with the hallmarks of the 
disease, was alive today, her prognosis would be the same as in 1906.

1.1. Amyloid hypothesis

Since the first documentation by Alois Alzheimer, spread of abnormal protein filaments 
(plaque) throughout the brain, the main histopathological sign of Alzheimer’s dementia, had 
a prominent role in a broad spectrum of proposed mechanisms related to disease pathogen-
esis. Amyloidogenic fragments were described structurally in extracellular plaques, and tau 
protein was documented as the main component of intracellular neurofibrillary tangles [1, 2].

According to amyloid hypothesis, the neurotoxic forms of amyloid-beta polypeptides, 
derived from amyloid precursor protein (APP), induce synaptic injuries followed by sub-
stantial intracellular damage in form of tauopathy and subsequently produce the pathologi-
cal presentations of neurodegeneration leading to dementia [3]. There are reliable evidences, 
provided by the systematic work of Braak and Braak [4, 5], that the pathological progression 
of extracellular and intracellular deposits of pathological protein forms starts decades before 
the onset of clinical symptoms.

The genetic mutations identified on chromosome 21 are conferred to trigger AD through 
abnormal processing of APP, causing the elevated cerebral concentrations of amyloid-beta 
or increased production of its specific forms [6]. Also, three other different autosomal domi-
nant mutations that might cause AD have been identified on chromosomes 14 and 1, lead-
ing to mutations of presenilin 1 and presenilin 2 proteins, respectively, along with late-onset  
apolipoprotein genotype ἐ4 [7–9].

The discoveries of mutations in amyloid-beta-related proteins have had significant influence 
in promoting the amyloid theory. However, while these mutations account for the major-
ity of early-onset AD (<65 years; familial AD), the risk genes linked with late-onset AD  
(> 65 years; 95% of all AD cases) are subtle, with no direct genetic relation to the APP gene or 
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its enzymes [10]. In addition, recent neuroimaging results strongly indicate that some non-
demented individuals can have amyloid-beta aggregates equivalent in concentration to those 
found in demented patients [11], and also symptoms of AD can emerge regardless of amyloid 
deposition [12].

The evidences, provided by the animal studies, that amyloid clearance produces decreased 
symptoms of disease in mouse models of AD [13, 14] had turned the drug development in 
the direction of targeting beta-amyloid in human brains. The deployment of drugs comprised 
active and passive immunization directly against amyloid-beta accumulation and inhibition 
of beta- and gamma-secretase APP cleaving enzyme. Regrettably, none of testing drugs have 
resulted in recovery of functional abilities or alleviating symptoms of the disease in humans. 
The treatments did not slow down the course of the disease; on the contrary, some drugs even 
accelerate the progression of the symptoms. The recently emerged evidences confirmed the 
low correlation of the cerebral distribution of beta-amyloid plaques with neuropathology, 
decrease of neural function, or cognitive deficits [3]. A possibility that insoluble plaque is 
not the primary cause of progressive AD pathology is a strong argument for failure of anti- 
amyloid vaccination trials to improve patient outcome, even when cerebral amyloid plaque 
was removed [15]. Consequently, failure of amyloid-based AD treatments shifts research 
hypothesis to the soluble amyloid beta oligomers rather than plaques to be the main cause of 
neuronal degeneration [16]. However, there is still not reliable evidence in human studies that 
soluble amyloid oligomers are toxic in vivo. Notably, the cause of pathological cascade, result-
ing in redundant amyloid forms production and ejection, is still poorly understood along with 
the issue concerning the role of different amyloid beta forms in AD pathogenesis [17].

1.2. Synaptic function failure hypothesis

Synapse loss generates a loss of dendritic mass [18] and promotes neuron loss [19], a hallmark 
of AD pathology. It is interesting that amyloid plaque can show up without synapse loss [20]; 
moreover, synapse loss can occur without associated amyloid deposition [21]. High quantita-
tive correlations of postmortem cytopathology to premortem cognitive impairments suggest 
that the decrease in density of synapses and decrease in the number of synapses per neuron 
are more linked to AD symptoms than are the concentration of amyloid plaques, the number 
of intracellular tau-tangles, or cortical gliosis [22]. These results appoint synapses as the key 
feature of AD, strongly indicating that the disease pathogenesis could be the outcome of syn-
aptic failure [23].

It has been shown that the early AD symptoms significantly correlate with a specific dys-
function of cholinergic synapses [24]. Interestingly, acetylcholine receptor agonists affect 
several of AD hallmarks, including cholinergic deficits, cognitive dysfunction, but also tau 
and amyloid-beta pathological burdens [25]. The electrophysiological measurements of basal 
synaptic transmission and long-term potentiation in transgenic mouse with mutations analog 
of human mutations causing AD suggest that change in synaptic function precedes amyloid 
plaque production. Increased synaptic activity increases amyloid secretion, while decreasing 
activity inhibits it [26, 27]. In turn, beta-amyloid burden inhibits synapses and alerts syn-
aptic plasticity [28], implying the existence of a feedback loop between synaptic dynamics 
and associated amyloid production that might serve as a mechanism to prevent synaptic 
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feature of AD, strongly indicating that the disease pathogenesis could be the outcome of syn-
aptic failure [23].

It has been shown that the early AD symptoms significantly correlate with a specific dys-
function of cholinergic synapses [24]. Interestingly, acetylcholine receptor agonists affect 
several of AD hallmarks, including cholinergic deficits, cognitive dysfunction, but also tau 
and amyloid-beta pathological burdens [25]. The electrophysiological measurements of basal 
synaptic transmission and long-term potentiation in transgenic mouse with mutations analog 
of human mutations causing AD suggest that change in synaptic function precedes amyloid 
plaque production. Increased synaptic activity increases amyloid secretion, while decreasing 
activity inhibits it [26, 27]. In turn, beta-amyloid burden inhibits synapses and alerts syn-
aptic plasticity [28], implying the existence of a feedback loop between synaptic dynamics 
and associated amyloid production that might serve as a mechanism to prevent synaptic 
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hyperactivation and excitotoxicity [26]. In addition, recent studies demonstrate an important 
physiological role of cortical amyloid secretion, showing that low concentrations of beta-
amyloid peptides increase long-term potentiation, needed for successful memory formation 
[29, 30]. There are also evidences that synaptic dysfunction occurs before changes in synaptic 
morphology or the number of synapses per neuron [31, 32]. These breakthroughs in the field 
provide strong evidences that amyloid homeostasis is controlled by the synaptic functions 
and emphasize prominent amyloid involvement in healthy memory coding.

Cerebral dysfunction found in non-demented elderly individuals with amyloid plaques 
before any memory disturbances [33] points at impairment in neural function as a very early 
pathophysiological sign of AD. Interestingly, functional changes may be driven in both direc-
tions, increased [34, 35] or decreased [36, 37] neuronal excitability, usually depending on the 
disease stage and a specific brain area and its function. The increased synaptic activity, found 
in early stages of symptomatic AD, might be an adaptive response driving neuroprotection 
[38]. On the other hand, the decreased neural network excitability could be induced by acti-
vation of gamma-aminobutyric acid (GABA) receptors, which decrease glutamate excitatory 
transmission, implying that in vivo glutamate-mediated neuronal excitability is controlled by 
interactions between inhibitory systems [39]. The co-transmission of acetylcholine and GABA, 
first found within the cholinergic system only, recently was demonstrated as a common fea-
ture of nearly all cholinergic forebrain neurons [40, 41]. These results appoint GABA as a 
fast neurotransmitter utilized throughout the forebrain cholinergic system and emphasized 
acetylcholine-GABA co-release as a major modulation factor of cortical functions transmitted 
by cholinergic neurons. Moreover, there is evidence that GABA receptor agonists defend neu-
rons in culture from the toxicity of beta amyloids and of different glutamate receptor agonists 
[42]. In conclusion, given their major role in both sensory processing and cognition, and high 
susceptibility to AD pathology, the ability of the cholinergic neurons to co-release GABA 
could explain the failure of specific synaptic inhibitory processes found in AD that may trig-
ger the cascade of events resulting in characteristic neuropathology.

1.3. Dynamic model of AD pathogenesis

The presence of cerebral amyloid aggregation in cognitively normal individuals, the lack 
of systematic correlation between amyloid plaque deposition and cognition, insufficiently 
explained influence of soluble amyloid oligomeric in vivo, the bias of preclinical disease mod-
els toward the amyloid hypothesis, and finally failures of clinical trials with anti-amyloid 
drugs are the strong arguments for urgent need to revise present model of AD to include 
alternative possibilities that could account for all the research results associated to AD.

Failures of clinical trials of anti-amyloid drugs in symptomatic AD patients (mild cognitive 
impairment (MCI) and moderate Alzheimer’s disease patients) in addition to reliable evi-
dence that the hallmarks of disease could be found in the brain decades before symptom 
onset set up a view that the onset of clinical symptoms is a sign of irreversible neural damage. 
Consequently, the concept of AD pathogenesis is evolving toward a view of the disease as a 
long-term continuum, which differs only by symptom appearance; that is, a non-symptomatic 
(preclinical) AD phase and an irreversible symptomatic AD phase [43, 44]. This dynamic con-
cept of the disease emphasizes the neurobiological advantage of early intervention before of 
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widespread neurodegeneration, during the preclinical stage of disease, when neural injuries 
may still be reversible. Consequently, it is crucial to detect very early, possibly reversible, 
pathological changes related to AD in cognitively intact individuals, before the occurrence of 
the first symptoms, i.e., to reveal the reliable preclinical biomarker of the disease.

1.4. Conclusion

A wealth of evidence suggests that the amyloid hypothesis of AD etiology is insufficient to 
explain all pathological changes associated with AD and their temporal evolution. Considering 
the wide spectra of data in AD research, it cannot be overlooked their common link: synap-
tic dysfunction and degradation as a very early characteristic of the disease. Unlike neuron 
death, changes in synaptic functions are very likely still reversible. These subtle neurofunc-
tional alternations are likely detectable by functional neuroimaging techniques. The neuro-
imaging has the capability to provide an assessment of the altered neurophysiology, before 
anatomical abnormalities and divergent neuropathology of the later disease stages. Focusing 
the synaptic level, at the phase when the neuron cell potentially is still healthy, provides an 
excellent opportunity to intervene at a reversible stage of the disease when neural networks 
are vulnerable, but not lost. With regard to focal neural activation during the early phases 
of processing external inputs, studying the early sensory responses enable unique insight 
into the synchronized synaptic activity of functionally related neural substrates, which are on 
the larger scale recognized as sensory networks. The first manifestations of declining synap-
tic function could involve desynchronization of synaptic transmission, which may cause the 
“virtual” absence of activation when it is measured extracranially. These alterations in topol-
ogy of sensory networks could be even associated with specific patterns of attention, memory, 
or behavioral disorder that could indicate the preclinical stage of disease.

2. Biomarkers of AD

A biomarker in medicine is conceptualized as a measurable detector of a physiological, ana-
tomic, or biochemical alternation that can distinct normal biologic processes from pathologi-
cal. Biomarker should be able to provide reliable diagnosis, follow the development of disease, 
and measure responses to a therapeutic intervention. The development of a new biomarker 
for any clinical condition is based on the ability to accurately detect specific pathophysiology 
against the gold or reference standard. This creates problem specifically to AD because there 
is no in vivo gold standard. Currently, the final diagnosis of AD requires both the presence of 
amnestic symptoms and postmortem histopathological confirmation. Premortem diagnosis 
of AD is only “probable” or “possible” based on symptoms characteristic of Alzheimer’s type 
of dementia and neuroimaging findings.

The growing body of evidences evolves AD research field toward the concept of disease patho-
genesis as a continuum of long-term phases in which clinical symptomatology and underlying 
pathophysiological process have different temporal development rates [45]. The existing find-
ings indicate that the onset of the first symptoms marked the already irreversible stage of the 
disease [44]. Therefore, only detection of preclinical phase, before the occurrence of the first 
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hyperactivation and excitotoxicity [26]. In addition, recent studies demonstrate an important 
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amyloid peptides increase long-term potentiation, needed for successful memory formation 
[29, 30]. There are also evidences that synaptic dysfunction occurs before changes in synaptic 
morphology or the number of synapses per neuron [31, 32]. These breakthroughs in the field 
provide strong evidences that amyloid homeostasis is controlled by the synaptic functions 
and emphasize prominent amyloid involvement in healthy memory coding.

Cerebral dysfunction found in non-demented elderly individuals with amyloid plaques 
before any memory disturbances [33] points at impairment in neural function as a very early 
pathophysiological sign of AD. Interestingly, functional changes may be driven in both direc-
tions, increased [34, 35] or decreased [36, 37] neuronal excitability, usually depending on the 
disease stage and a specific brain area and its function. The increased synaptic activity, found 
in early stages of symptomatic AD, might be an adaptive response driving neuroprotection 
[38]. On the other hand, the decreased neural network excitability could be induced by acti-
vation of gamma-aminobutyric acid (GABA) receptors, which decrease glutamate excitatory 
transmission, implying that in vivo glutamate-mediated neuronal excitability is controlled by 
interactions between inhibitory systems [39]. The co-transmission of acetylcholine and GABA, 
first found within the cholinergic system only, recently was demonstrated as a common fea-
ture of nearly all cholinergic forebrain neurons [40, 41]. These results appoint GABA as a 
fast neurotransmitter utilized throughout the forebrain cholinergic system and emphasized 
acetylcholine-GABA co-release as a major modulation factor of cortical functions transmitted 
by cholinergic neurons. Moreover, there is evidence that GABA receptor agonists defend neu-
rons in culture from the toxicity of beta amyloids and of different glutamate receptor agonists 
[42]. In conclusion, given their major role in both sensory processing and cognition, and high 
susceptibility to AD pathology, the ability of the cholinergic neurons to co-release GABA 
could explain the failure of specific synaptic inhibitory processes found in AD that may trig-
ger the cascade of events resulting in characteristic neuropathology.

1.3. Dynamic model of AD pathogenesis

The presence of cerebral amyloid aggregation in cognitively normal individuals, the lack 
of systematic correlation between amyloid plaque deposition and cognition, insufficiently 
explained influence of soluble amyloid oligomeric in vivo, the bias of preclinical disease mod-
els toward the amyloid hypothesis, and finally failures of clinical trials with anti-amyloid 
drugs are the strong arguments for urgent need to revise present model of AD to include 
alternative possibilities that could account for all the research results associated to AD.

Failures of clinical trials of anti-amyloid drugs in symptomatic AD patients (mild cognitive 
impairment (MCI) and moderate Alzheimer’s disease patients) in addition to reliable evi-
dence that the hallmarks of disease could be found in the brain decades before symptom 
onset set up a view that the onset of clinical symptoms is a sign of irreversible neural damage. 
Consequently, the concept of AD pathogenesis is evolving toward a view of the disease as a 
long-term continuum, which differs only by symptom appearance; that is, a non-symptomatic 
(preclinical) AD phase and an irreversible symptomatic AD phase [43, 44]. This dynamic con-
cept of the disease emphasizes the neurobiological advantage of early intervention before of 
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widespread neurodegeneration, during the preclinical stage of disease, when neural injuries 
may still be reversible. Consequently, it is crucial to detect very early, possibly reversible, 
pathological changes related to AD in cognitively intact individuals, before the occurrence of 
the first symptoms, i.e., to reveal the reliable preclinical biomarker of the disease.

1.4. Conclusion

A wealth of evidence suggests that the amyloid hypothesis of AD etiology is insufficient to 
explain all pathological changes associated with AD and their temporal evolution. Considering 
the wide spectra of data in AD research, it cannot be overlooked their common link: synap-
tic dysfunction and degradation as a very early characteristic of the disease. Unlike neuron 
death, changes in synaptic functions are very likely still reversible. These subtle neurofunc-
tional alternations are likely detectable by functional neuroimaging techniques. The neuro-
imaging has the capability to provide an assessment of the altered neurophysiology, before 
anatomical abnormalities and divergent neuropathology of the later disease stages. Focusing 
the synaptic level, at the phase when the neuron cell potentially is still healthy, provides an 
excellent opportunity to intervene at a reversible stage of the disease when neural networks 
are vulnerable, but not lost. With regard to focal neural activation during the early phases 
of processing external inputs, studying the early sensory responses enable unique insight 
into the synchronized synaptic activity of functionally related neural substrates, which are on 
the larger scale recognized as sensory networks. The first manifestations of declining synap-
tic function could involve desynchronization of synaptic transmission, which may cause the 
“virtual” absence of activation when it is measured extracranially. These alterations in topol-
ogy of sensory networks could be even associated with specific patterns of attention, memory, 
or behavioral disorder that could indicate the preclinical stage of disease.

2. Biomarkers of AD

A biomarker in medicine is conceptualized as a measurable detector of a physiological, ana-
tomic, or biochemical alternation that can distinct normal biologic processes from pathologi-
cal. Biomarker should be able to provide reliable diagnosis, follow the development of disease, 
and measure responses to a therapeutic intervention. The development of a new biomarker 
for any clinical condition is based on the ability to accurately detect specific pathophysiology 
against the gold or reference standard. This creates problem specifically to AD because there 
is no in vivo gold standard. Currently, the final diagnosis of AD requires both the presence of 
amnestic symptoms and postmortem histopathological confirmation. Premortem diagnosis 
of AD is only “probable” or “possible” based on symptoms characteristic of Alzheimer’s type 
of dementia and neuroimaging findings.

The growing body of evidences evolves AD research field toward the concept of disease patho-
genesis as a continuum of long-term phases in which clinical symptomatology and underlying 
pathophysiological process have different temporal development rates [45]. The existing find-
ings indicate that the onset of the first symptoms marked the already irreversible stage of the 
disease [44]. Therefore, only detection of preclinical phase, before the occurrence of the first 
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symptoms, but with present neuropathological changes characteristic of AD, would provide 
a major opportunity for therapeutic intervention in possible still reversible stage of disease. 
The main problem of AD research lies in the fact that is not yet found a solid link between the 
specific biomarker occurrence in presymptomatic individuals and the subsequent appearance 
of clinical symptoms [44, 45]. Although major advances in brain imaging, neurochemistry, and 
genetic research that highly accelerated the field, there still remains a need for the establishment 
of accurate biomarkers of preclinical AD, which will differentiate subjects without the risk of 
progression to dementia from those at risk for developing symptomatic AD. Today, five state-
of-the-art diagnostic measures of AD are proposed for diagnostic criteria [46, 47]. Three of these 
are neuroimaging measures, and the other two are the laboratory indicators related to cerebro-
spinal fluid (CSF) proteins. Laboratory measures of AD include a reduced level of amyloid-beta 
42 or an increase in p-tau concentration in the CSF. Imaging measures include tracers that allow 
detection of fibrillary amyloid-beta deposits in the cortex by positron emission tomography 
(PET) and detectors, also known as injury or topographical biomarkers, of a medial temporal 
lobe atrophy and reduced glucose metabolism in temporoparietal regions, as determined by 
magnetic resonance imaging (MRI) and fluorodeoxyglucose (FDG) PET, respectively. However, 
proposed biomarkers have limited efficiency in detecting preclinical changes associated with 
the disease [45–50] and are invasive for subjects because there are risks associated with lumbar 
puncture (CSF), exposure to radiation (PET/CT), or claustrophobic time-consuming scanning 
(MRI). Moreover, the classification results of proposed biomarkers are based on the difference 
between group means of measured variables that generally cannot provide a clear boundary 
between normal and pathological responses. The underlying reason for the limited discrimina-
tory accuracy of proposed biomarkers lies in the high individual heterogeneity and variability 
of neural responses, cerebral anatomy, and metabolism [51], especially in the elderly popula-
tion. Consequently, there is an urgent need for additional, noninvasive, more accurate tool that 
can be used to differentiate presymptomatic and symptomatic AD from normal aging.

2.1. Topological biomarker of AD

Besides high sensitivity and specificity, ideal AD biomarker should be individual, robust, and 
must be able to follow the evolution of the pathophysiological process of AD from early preclini-
cal changes to symptomatic aggravation of the disease. A promising, but so far underutilized line 
of biomarker research is the alternation of basic neural network topography as a consequence of 
AD pathology [52]. An efficient way to start topographic search for AD biomarker is studying the 
most fundamental, still focal neural mechanisms that occur very early in the processing stream 
of simple sensory inputs. Dominantly cholinergic modulation of a sensory gating processing 
[53, 54] indicates that sensory gating network would likely be alerted in AD pathophysiology 
because the leading neurochemical feature of AD is a deterioration of the cholinergic signal trans-
mission by selective impact on the plasticity of nicotinic (nAChr) and muscarinic (mAChr) syn-
aptic receptors [55]. On a large scale, this synaptic dysfunction is likely to cause subtle alterations 
in sensory gating processing years before meeting criteria for symptomatic AD [56, 57].

2.2. Sensory gating

Sensory gating is a fundamental process of sensory processing, arising within the first 50 
ms of exposure to a stimulus, much earlier than conscious perception. It is a phenomenon 
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by which the neural system rapidly adjusts its response to subsequent stimuli, a neural fea-
ture with an essential impact in everyday life [58, 60]. This fast inhibition or enhancement of 
the neural response provoked by the external stimuli refers to different gating mechanisms: 
by gating-out neural system selectively suppresses its responses to irrelevant or redundant 
stimuli and by gating-in reinforcing responses on task-relevant or novel stimuli [59, 60]. 
Gating-out has been proposed as a mechanism of habituating to redundant stimuli that pro-
tect working memory overload by preventing irrelevant information from recurrent sensory 
processing, while at the same time, gating-in processing enables recognition of relevant envi-
ronment inputs that are essential for survival [59–61].

2.2.1. Clinical correlates of sensory gating

Sensory gating deficits have been associated with several clinical conditions. Patients with 
schizophrenia [62–64], Alzheimer’s disease [60, 64, 65], bipolar disorder [66], post-traumatic 
stress disorder [67], Parkinson’s disease [68], or Huntington’s disease [69] show alerted sen-
sory gating dynamics compared to controls. Abnormality in extracranially measured audi-
tory gating responses is recognized as one of the best established marks for schizophrenia 
[70, 71]. In addition, alerted sensory gating has been associated with impaired performance 
on tasks measuring sustained attention [72], inhibition of distractors [73], or performance on 
neurocognitive tasks [64].

2.2.2. Neurochemistry of sensory gating

Multiple neurotransmitters are found to be involved in sensory gating processing, includ-
ing the cholinergic, dopaminergic, GABAergic, glutamatergic, noradrenergic, and seroto-
nergic systems [74]. Pharmacological studies have emphasized the particular importance of 
the cholinergic system in regulating the decreased response to repeated stimuli (gating-out) 
through stimulation of the α-7 nicotinic receptor [75] and the muscarinic M1 receptor [76]. 
More recently, a marker of the gene for the α-7 nicotinic receptor has been strongly linked to 
sensory gating abnormalities [75]. Notably, α7-containing receptors are also known for fast 
desensitization in the presence of agonist and high Ca2+ permeability [77].

2.2.3. Assessment of sensory gating

Sensory gating is typically assessed using a paired stimulus or oddball paradigm during an 
electrophysiological recording. In a paired-click paradigm, the event-related potential (ERP) 
component P50 or its magnetic counterpart M50, elicited about 50 ms after stimulus presenta-
tion, is measured during the presentation of two identical stimuli (S1 and S2) with an inter-
stimulus interval (ISI) of 500 ms [72, 78]. The habituation of the response to the redundant 
second stimulus, expressed as the ratio between responses amplitudes (S2/S1), indicates the 
strength of gating-out inhibition [79]. Auditory oddball paradigm is characterized by the 
varying occurrence probability of a deviant (novel) stimulus between a series of repeated 
standard stimuli and therefore evokes both gating mechanisms, habituation of redundant 
information (standard stimuli) and pre-attentive memory-based comparison processes 
(deviant stimuli) [60, 64].
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symptoms, but with present neuropathological changes characteristic of AD, would provide 
a major opportunity for therapeutic intervention in possible still reversible stage of disease. 
The main problem of AD research lies in the fact that is not yet found a solid link between the 
specific biomarker occurrence in presymptomatic individuals and the subsequent appearance 
of clinical symptoms [44, 45]. Although major advances in brain imaging, neurochemistry, and 
genetic research that highly accelerated the field, there still remains a need for the establishment 
of accurate biomarkers of preclinical AD, which will differentiate subjects without the risk of 
progression to dementia from those at risk for developing symptomatic AD. Today, five state-
of-the-art diagnostic measures of AD are proposed for diagnostic criteria [46, 47]. Three of these 
are neuroimaging measures, and the other two are the laboratory indicators related to cerebro-
spinal fluid (CSF) proteins. Laboratory measures of AD include a reduced level of amyloid-beta 
42 or an increase in p-tau concentration in the CSF. Imaging measures include tracers that allow 
detection of fibrillary amyloid-beta deposits in the cortex by positron emission tomography 
(PET) and detectors, also known as injury or topographical biomarkers, of a medial temporal 
lobe atrophy and reduced glucose metabolism in temporoparietal regions, as determined by 
magnetic resonance imaging (MRI) and fluorodeoxyglucose (FDG) PET, respectively. However, 
proposed biomarkers have limited efficiency in detecting preclinical changes associated with 
the disease [45–50] and are invasive for subjects because there are risks associated with lumbar 
puncture (CSF), exposure to radiation (PET/CT), or claustrophobic time-consuming scanning 
(MRI). Moreover, the classification results of proposed biomarkers are based on the difference 
between group means of measured variables that generally cannot provide a clear boundary 
between normal and pathological responses. The underlying reason for the limited discrimina-
tory accuracy of proposed biomarkers lies in the high individual heterogeneity and variability 
of neural responses, cerebral anatomy, and metabolism [51], especially in the elderly popula-
tion. Consequently, there is an urgent need for additional, noninvasive, more accurate tool that 
can be used to differentiate presymptomatic and symptomatic AD from normal aging.

2.1. Topological biomarker of AD

Besides high sensitivity and specificity, ideal AD biomarker should be individual, robust, and 
must be able to follow the evolution of the pathophysiological process of AD from early preclini-
cal changes to symptomatic aggravation of the disease. A promising, but so far underutilized line 
of biomarker research is the alternation of basic neural network topography as a consequence of 
AD pathology [52]. An efficient way to start topographic search for AD biomarker is studying the 
most fundamental, still focal neural mechanisms that occur very early in the processing stream 
of simple sensory inputs. Dominantly cholinergic modulation of a sensory gating processing 
[53, 54] indicates that sensory gating network would likely be alerted in AD pathophysiology 
because the leading neurochemical feature of AD is a deterioration of the cholinergic signal trans-
mission by selective impact on the plasticity of nicotinic (nAChr) and muscarinic (mAChr) syn-
aptic receptors [55]. On a large scale, this synaptic dysfunction is likely to cause subtle alterations 
in sensory gating processing years before meeting criteria for symptomatic AD [56, 57].

2.2. Sensory gating

Sensory gating is a fundamental process of sensory processing, arising within the first 50 
ms of exposure to a stimulus, much earlier than conscious perception. It is a phenomenon 
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by gating-out neural system selectively suppresses its responses to irrelevant or redundant 
stimuli and by gating-in reinforcing responses on task-relevant or novel stimuli [59, 60]. 
Gating-out has been proposed as a mechanism of habituating to redundant stimuli that pro-
tect working memory overload by preventing irrelevant information from recurrent sensory 
processing, while at the same time, gating-in processing enables recognition of relevant envi-
ronment inputs that are essential for survival [59–61].

2.2.1. Clinical correlates of sensory gating

Sensory gating deficits have been associated with several clinical conditions. Patients with 
schizophrenia [62–64], Alzheimer’s disease [60, 64, 65], bipolar disorder [66], post-traumatic 
stress disorder [67], Parkinson’s disease [68], or Huntington’s disease [69] show alerted sen-
sory gating dynamics compared to controls. Abnormality in extracranially measured audi-
tory gating responses is recognized as one of the best established marks for schizophrenia 
[70, 71]. In addition, alerted sensory gating has been associated with impaired performance 
on tasks measuring sustained attention [72], inhibition of distractors [73], or performance on 
neurocognitive tasks [64].

2.2.2. Neurochemistry of sensory gating

Multiple neurotransmitters are found to be involved in sensory gating processing, includ-
ing the cholinergic, dopaminergic, GABAergic, glutamatergic, noradrenergic, and seroto-
nergic systems [74]. Pharmacological studies have emphasized the particular importance of 
the cholinergic system in regulating the decreased response to repeated stimuli (gating-out) 
through stimulation of the α-7 nicotinic receptor [75] and the muscarinic M1 receptor [76]. 
More recently, a marker of the gene for the α-7 nicotinic receptor has been strongly linked to 
sensory gating abnormalities [75]. Notably, α7-containing receptors are also known for fast 
desensitization in the presence of agonist and high Ca2+ permeability [77].

2.2.3. Assessment of sensory gating

Sensory gating is typically assessed using a paired stimulus or oddball paradigm during an 
electrophysiological recording. In a paired-click paradigm, the event-related potential (ERP) 
component P50 or its magnetic counterpart M50, elicited about 50 ms after stimulus presenta-
tion, is measured during the presentation of two identical stimuli (S1 and S2) with an inter-
stimulus interval (ISI) of 500 ms [72, 78]. The habituation of the response to the redundant 
second stimulus, expressed as the ratio between responses amplitudes (S2/S1), indicates the 
strength of gating-out inhibition [79]. Auditory oddball paradigm is characterized by the 
varying occurrence probability of a deviant (novel) stimulus between a series of repeated 
standard stimuli and therefore evokes both gating mechanisms, habituation of redundant 
information (standard stimuli) and pre-attentive memory-based comparison processes 
(deviant stimuli) [60, 64].
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2.2.4. Neuroimaging of sensory gating

Notably, there is a problem in noninvasively studying the gating function in vivo. Only func-
tional neuroimaging technique with millisecond temporal resolution can capture the sensory 
gating dynamics, which occurs within the first 100 ms after stimulus input. Positron emission 
tomography (PET), functional magnetic resonance imaging (fMRI), single-photon emission 
computed tomography (SPECT), and near-infrared spectroscopy (NIRS) are neuroimaging 
techniques that provide indirect look at the brain at work. These techniques provide measures 
of metabolic and vascular signals that are associated with neuronal activity, which are assumed 
to be linearly correlated, although reliable functional relations are not yet established. The 
temporal resolution of these functional techniques is rather low, on a minute scale, compared 
to underlying neural activity, which extends from 1 to 3 ms of action potential firing to a few 
tens of milliseconds of synchronous synaptic activity of thousands of postsynaptic neurons.

Unlike other functional neuroimaging techniques, electroencephalography (EEG) and magne-
toencephalography (MEG) provide a critical opportunity to directly and noninvasively study 
the brain activity [80, 81]. Neurons in the human cortex generally process their information by 
means of electromagnetic signals and thus enable the direct recording of their activity. EEG 
and MEG are electrophysiological techniques that are both sensitive to the electrochemical cur-
rents within and between the brain cells. With sub-millisecond temporal resolution, these tech-
niques can easily capture the dynamics of spontaneous and evoked neural responses. MEG and 
EEG provide a complimentary information about the underlying electromagnetic brain activ-
ity. MEG measures the magnetic field generated by the primary intracellular ionic currents 
through postsynaptic dendrites, while EEG measures the voltage scalp distribution generated 
by the secondary extracellular ionic flow, both produced by the normal brain activity [80, 81].

Though EEG can capture both radial and tangential components of a produced extracellular 
electrical field [80, 81], there was a widely accepted assumption that MEG detects only sources 
that are tangential to the scalp surface. However, recently, it was shown that source orienta-
tion is not a significant factor in limiting MEG sensitivity. Using both numerical simulation 
and empirical measurements, it has been demonstrated that source depth and spatial extent 
of activated assembly on convoluted cortical surface are the main factors that compromise 
the sensitivity of MEG to neural activity in the human cortex [82]. Although both techniques 
have high temporal resolution, MEG outperforms EEG in spatiotemporal localization of neu-
ral substrate underlying extracranially captured electromagnetic activity. Using modern sig-
nal analysis methods the centimeter spatial resolution of EEG approach that of conventional 
fMRI [83]. On the other hand, MEG technique has an excellent, millimeter spatial accuracy 
[82, 84]. Moreover, MEG can detect low-amplitude dipole current source in the deep tissue of 
dislocate cortex, which is simultaneously active with several times higher-magnitude dipole 
sources in the superficial regions of primary sensory areas [60], demonstrating a high spatial 
resolution of synchronously active sources within a neural network. Therefore, MEG can be 
used in two basic ways. The first, similar to the ordinary EEG recordings, utilizes studies 
of rhythmic brain activity, evoked neural processing, and clinical diagnostics to detect the 
presence or signs of abnormality in spontaneous or evoked brain activity. The second and 
more ambitious use of MEG is in the estimation of the location, strength, and time courses of 
neuronal current sources of spontaneous and evoked magnetic signals recorded outside the 
head. In conclusion, MEG is a unique method that enables the noninvasive spatiotemporal 
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mapping of elementary sensory gating processing that rises within first 100 ms after stimulus 
presentation. Moreover, the sources of MEG signals, primarily cortical intracellular postsyn-
aptic currents, make MEG the first choice technique for the noninvasive study of synaptic 
function in real time. Consequently, MEG has an advantage in the neuroimaging search for 
early neurodegenerative biomarkers associated with synaptic alterations.

2.2.5. Cortical network underlying sensory gating

In line with the hierarchical model of neural processing [85], sensory gating responses have 
been long conceptualized to originate in the primary sensory areas [86, 87], due to the very 
early appearance in a sensory process stream. However, a report of the gating response pres-
ence after bilateral damage of the primary auditory areas [88] suggested a contribution from 
at least one source related to arousal level or state [89]. Efforts to delineate the neuroanatomy 
of the sensory gating network long have yielded inconsistent findings [90–93]. The recent 
works, relied on advanced MEG-based multi-dipole source localization, finally provide a reli-
able set of neural generators [60, 64, 94–96]. Moreover, our novel results revealed possible 
explanations concerning the problem of inconsistent reports regarding auditory gating net-
work topology, suggesting that paired-click and oddball paradigms, which are often used to 
challenge sensory gating effects, evoke different gating generator topologies, even though 
they are both passive for the subjects [96].

2.2.6. Auditory sensory gating networks evoked by oddball and paired-click paradigm

Using the oddball paradigm, which evokes both gating-in and gating-out mechanisms, we 
have demonstrated that auditory gating network comprises a medial prefrontal (mPFC) gen-
erator along with the anticipated generators in the bilateral primary auditory cortices [60, 64, 
96], as shown in panel A) of Figure 1. Our finding suggests the existence of a novel, very fast 
sensory processing stream (i.e., sensory gating loop), which links executive PFC to primary 
auditory cortex within the first 50 ms after stimulus presentation, alongside well-affirmed but 
slower limbic (dorsal) and somatic (ventral) sensory processing pathways [60, 96]. The exis-
tence of additional fast sensory processing stream, sensory gating loop, is anatomically sup-
ported by dense bidirectional connections between medial PFC and superior temporal cortices 
found in both primate and human anatomical studies [97, 98]. The mPFC possesses extensive 
cortico-cortical connections, including extensive local projections to and from other prefrontal 
regions, as well as with motor, limbic, and sensory cortices [99]. These structural properties 
of the connecting pathways provide the ability for localized primary auditory generators and 
PFC regions to work together as a large-scale neural network via fast sensory gating loop.

Our novel research provides evidence that passive paired-click and oddball paradigms activate 
a different prefrontal generator within the auditory gating network [60, 96]. Spatiotemporal 
source localization of auditory gating responses evoked by the passive paired-click paradigm 
revealed a different gating topology consisting of a dorsolateral PFC (dlPFC) source in addi-
tion to the sources in the bilateral primary auditory cortices [78, 96], as shown in panel B) 
of Figure 1. This result implies the existence of early rerouting within prefrontal cortex by 
shifting prefrontal gating activation from dorsolateral to medial prefrontal region, depending 
on a paradigm [60, 96], suggesting that mPFC and dlPFC regions serve different functions 
involved during the early sensory processing. A passive paired-click paradigm characterized 
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2.2.4. Neuroimaging of sensory gating
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Unlike other functional neuroimaging techniques, electroencephalography (EEG) and magne-
toencephalography (MEG) provide a critical opportunity to directly and noninvasively study 
the brain activity [80, 81]. Neurons in the human cortex generally process their information by 
means of electromagnetic signals and thus enable the direct recording of their activity. EEG 
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mapping of elementary sensory gating processing that rises within first 100 ms after stimulus 
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tence of additional fast sensory processing stream, sensory gating loop, is anatomically sup-
ported by dense bidirectional connections between medial PFC and superior temporal cortices 
found in both primate and human anatomical studies [97, 98]. The mPFC possesses extensive 
cortico-cortical connections, including extensive local projections to and from other prefrontal 
regions, as well as with motor, limbic, and sensory cortices [99]. These structural properties 
of the connecting pathways provide the ability for localized primary auditory generators and 
PFC regions to work together as a large-scale neural network via fast sensory gating loop.

Our novel research provides evidence that passive paired-click and oddball paradigms activate 
a different prefrontal generator within the auditory gating network [60, 96]. Spatiotemporal 
source localization of auditory gating responses evoked by the passive paired-click paradigm 
revealed a different gating topology consisting of a dorsolateral PFC (dlPFC) source in addi-
tion to the sources in the bilateral primary auditory cortices [78, 96], as shown in panel B) 
of Figure 1. This result implies the existence of early rerouting within prefrontal cortex by 
shifting prefrontal gating activation from dorsolateral to medial prefrontal region, depending 
on a paradigm [60, 96], suggesting that mPFC and dlPFC regions serve different functions 
involved during the early sensory processing. A passive paired-click paradigm characterized 
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by the constant repetition of both short- and long-term patterns (S1–500 ms; S2–8 s) could 
result in long-term repetition suppression produced by the dlPFC. On the contrary, an oddball 
paradigm, characterized by the varying occurrence probability of a novel stimulus between a 
series of repeated stimuli, could put the neural network into a state of perceptual expectation 
(gating-in) while simultaneously suppressing redundant stimuli (gating-out). This phenom-
enon could be interpreted as the bottom-up, stimulus-driven initiation of attention during the 
very early sensory processing [100] executed by the mPFC region.

2.2.7. Functional mechanisms underlying auditory sensory gating

In addition to the spatial localization of auditory gating networks, we have disclosed the func-
tional relation within network generators providing strong evidence of a modulatory role 
for the mPFC generator on bilateral superior temporal gyri (STG) sources dynamics during 
gating processing (Figure 2). This result discloses the long-sought mechanism underlying the 
auditory gating effect [60]. We demonstrated the complex form of estimated cortical morphol-
ogy of the neural responses produced by the gating generators. In particular, gating response 
of STG generators is found to be composed of two consecutive cortical subcomponent, Mb1 
peaking at 35–53 ms and Mb2 peaking at 75–95 ms post-stimulus, for both oddball paradigm 
tones [60]. We also provide the first estimates of cortical gating response produced by the 
mPFC generator, which has an analogous tandem form [60], as shown in Figure 2.

Figure 1. Auditory sensory gating network evoked by the oddball paradigm (panel A) and paired-click paradigm (panel 
B). The best-fitting source locations are superimposed on volumetric MRI head data to achieve a spatial (3D) rendering 
of the auditory gating topology. In addition to anticipated bilateral generators in primary auditory areas (blue and green 
dots), both paradigms evoke a prefrontal gating generator (red dot). While oddball tones provoke medial PFC activation, 
the tones of a paired-click paradigm activate dorsolateral PFC areas.
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Taking advantage of the differences in the evoked gating networks between individuals whose 
PFC generator was activated (Type 1 in Figure 2) and cognitively impaired individuals whose 
PFC gating generator was not activated (Type 2 in Figure 2) by the tones of an oddball para-
digm, we have carried out a differential analysis of the functional roles for each generator. 
Our results show that cortical gating dynamics of STG generators evoked by both the stan-
dard and deviant tones demonstrated highly increased strength of both gating components 
in all subjects lacking PFC generator activity [60]. This result is of extreme clinical importance 
because the prevalent view of the gating-related pathologies assumes that the larger ampli-
tude of the extracranial gating response to the standard tone (i.e., redundant stimuli) reflects 
impaired gating out processing of neural substrate in primary auditory areas only (i.e., STG 
generators) [61–63, 66–69]. Our novel results provide strong evidence of sustained inhibitory 
activity of the PFC generator that suppresses or modulates the activity of the STG generators 
as an underlying mechanism of both gating phenomena. Consequently, impaired activity of a 
PFC gating generator could be a primary cause of impaired extracranially measured sensory 
gating responses, found in numerous neurological and psychological clinical conditions.

3. Link between impaired sensory gating and AD pathology

The initial symptoms of AD include subtle decline of the ability to learn new information along 
with diverse amnestic disorders without present brain injuries. Clinically indicated AD signs 
are pointing to the existence of functional impairment of synapses that are involved in convert-
ing and forming new declarative memory [32]. Whereas longer retention of sensory memory 
traces derive more successful memory encoding [101], sensory gating process, conceptualized 

Figure 2. Estimated cortical dynamics of auditory gating network generators evoked by the oddball paradigm. Cortical 
dynamics of medial prefrontal (PF) and STG gating generators for both tones (standard and deviant) are shown for 
eight representative subjects (four of each network type). Gating network type 1 comprised bilateral STG and the PF 
source, while network type 2 was characterized by the absence of PF activation. The time courses of the STG activity 
were individually averaged across hemispheres and displayed for 30–200 ms time window to include M100, the most 
prominent STG response, for the amplitude comparison with earlier Mb1 and Mb2 components. Both components of 
STG gating response (Mb1 and Mb2) are significantly increased when PF source activation is absent.
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by the constant repetition of both short- and long-term patterns (S1–500 ms; S2–8 s) could 
result in long-term repetition suppression produced by the dlPFC. On the contrary, an oddball 
paradigm, characterized by the varying occurrence probability of a novel stimulus between a 
series of repeated stimuli, could put the neural network into a state of perceptual expectation 
(gating-in) while simultaneously suppressing redundant stimuli (gating-out). This phenom-
enon could be interpreted as the bottom-up, stimulus-driven initiation of attention during the 
very early sensory processing [100] executed by the mPFC region.

2.2.7. Functional mechanisms underlying auditory sensory gating

In addition to the spatial localization of auditory gating networks, we have disclosed the func-
tional relation within network generators providing strong evidence of a modulatory role 
for the mPFC generator on bilateral superior temporal gyri (STG) sources dynamics during 
gating processing (Figure 2). This result discloses the long-sought mechanism underlying the 
auditory gating effect [60]. We demonstrated the complex form of estimated cortical morphol-
ogy of the neural responses produced by the gating generators. In particular, gating response 
of STG generators is found to be composed of two consecutive cortical subcomponent, Mb1 
peaking at 35–53 ms and Mb2 peaking at 75–95 ms post-stimulus, for both oddball paradigm 
tones [60]. We also provide the first estimates of cortical gating response produced by the 
mPFC generator, which has an analogous tandem form [60], as shown in Figure 2.

Figure 1. Auditory sensory gating network evoked by the oddball paradigm (panel A) and paired-click paradigm (panel 
B). The best-fitting source locations are superimposed on volumetric MRI head data to achieve a spatial (3D) rendering 
of the auditory gating topology. In addition to anticipated bilateral generators in primary auditory areas (blue and green 
dots), both paradigms evoke a prefrontal gating generator (red dot). While oddball tones provoke medial PFC activation, 
the tones of a paired-click paradigm activate dorsolateral PFC areas.
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Taking advantage of the differences in the evoked gating networks between individuals whose 
PFC generator was activated (Type 1 in Figure 2) and cognitively impaired individuals whose 
PFC gating generator was not activated (Type 2 in Figure 2) by the tones of an oddball para-
digm, we have carried out a differential analysis of the functional roles for each generator. 
Our results show that cortical gating dynamics of STG generators evoked by both the stan-
dard and deviant tones demonstrated highly increased strength of both gating components 
in all subjects lacking PFC generator activity [60]. This result is of extreme clinical importance 
because the prevalent view of the gating-related pathologies assumes that the larger ampli-
tude of the extracranial gating response to the standard tone (i.e., redundant stimuli) reflects 
impaired gating out processing of neural substrate in primary auditory areas only (i.e., STG 
generators) [61–63, 66–69]. Our novel results provide strong evidence of sustained inhibitory 
activity of the PFC generator that suppresses or modulates the activity of the STG generators 
as an underlying mechanism of both gating phenomena. Consequently, impaired activity of a 
PFC gating generator could be a primary cause of impaired extracranially measured sensory 
gating responses, found in numerous neurological and psychological clinical conditions.

3. Link between impaired sensory gating and AD pathology

The initial symptoms of AD include subtle decline of the ability to learn new information along 
with diverse amnestic disorders without present brain injuries. Clinically indicated AD signs 
are pointing to the existence of functional impairment of synapses that are involved in convert-
ing and forming new declarative memory [32]. Whereas longer retention of sensory memory 
traces derive more successful memory encoding [101], sensory gating process, conceptualized 

Figure 2. Estimated cortical dynamics of auditory gating network generators evoked by the oddball paradigm. Cortical 
dynamics of medial prefrontal (PF) and STG gating generators for both tones (standard and deviant) are shown for 
eight representative subjects (four of each network type). Gating network type 1 comprised bilateral STG and the PF 
source, while network type 2 was characterized by the absence of PF activation. The time courses of the STG activity 
were individually averaged across hemispheres and displayed for 30–200 ms time window to include M100, the most 
prominent STG response, for the amplitude comparison with earlier Mb1 and Mb2 components. Both components of 
STG gating response (Mb1 and Mb2) are significantly increased when PF source activation is absent.
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as the ability of the neural system to modulate its responses to subsequent stimuli, has a fun-
damental role in guiding successful encoding of new information. Impaired auditory gating 
processing may reduce pre-attentive signal-to-noise ratio and desynchronize synaptic consoli-
dation in the initial phases of memory formation [58]. Augmentation of dysfunctional sensory 
gating process could yield to the first amnestic symptoms seen in AD neuropathology.

A range of EEG/MEG studies, measuring evoked sensory responses, have reported differ-
ences in early processing of auditory [102–104] stimuli in symptomatic AD patients, affirming 
the possibility of impaired inhibition of redundant information (gating-out) and processing of 
novel information (gating-in) in the initial phase of disease. Also, alerted connectivity among 
different brain regions and decline of long-distance synchronization are found to be respon-
sible for some of the earliest cognitive changes in early phases of symptomatic AD [105].  
Although the study of the extracranial neurophysiological (EEG/MEG) signals provides 
valuable information regarding the pathology-related changes in the amplitudes, latencies, 
frequency bands, spectral densities, and coherence of oscillatory brain dynamics, identified 
relations have received limited attention in the search for a biomarker of AD. The main reason 
is that classification based on the difference between group means of sensor-level measures 
generally cannot provide a clear individual boundary value between healthy and pathological 
responses and thus result in lower clinical significance. However, MEG spatiotemporal local-
ization of cortical sources underlying extracranial magnetic field shows internal consistency 
and provides highly reliable and stable results of both cortical dynamics and topology of the 
activated network [60, 82, 84], enabling a search for an AD biomarker at the individual level.

3.1. Localization of auditory gating network generators: a topological biomarker  
of AD

Using MEG spatiotemporal source calculations, we have demonstrated [64] the potential of 
topological localization of mPFC generator within an auditory gating network as a discrete, 
binary, noninvasive tool for detection of AD at the individual subject level. We found three types 
of gating network topologies evoked by a simple auditory oddball paradigm across the research 
sample of elderly individuals, ranging from 63 to 87 years of age, which comprised patients 
with clinical diagnosis of symptomatic AD (MCI and moderate AD) and non-symptomatic  
elderly controls. Discrete localization/non-localization of mPFC gating generator absolutely dis-
criminate symptomatic AD from controls confirm the indiscernibility between amnestic MCI 
(aMCI) and AD patients and differentiate two distinct gating network types within the elderly 
controls, one of which is suggested as preclinical AD. The lack of mPFC generator localization 
within an auditory gating network as a biomarker of symptomatic AD shows a large effect size 
(>0.9) and high accuracy, sensitivity, and specificity (100%) in respect of clinical diagnosis [64].

3.2. Sustained activation of mPFC gating generator: a sign of healthy cognitive aging

We have applied spectra of the multivariate analyses to disclose potentially hidden structure 
in complete set of our data, i.e., scores of wide neuropsychological screening and neurophysi-
ological gating network topology results [64]. Clustering based on principal variables indi-
cated the existence of three stable clusters across subjects as shown in Figure 3. Subsequent 
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statistical review of group differences on neuropsychological tests confirmed the low- 
magnitude but significant differences in Mini Mental State Exam (MMSE) and delayed Rey-
Osterreith Complex Figure Test (dROCFT) scores across subjects in different cluster groups 
[64]. The first group of controls, characterized by sustained gating activation of mPFC genera-
tor for both oddball tones, had the highest MMSE scores and the highest performance on the 
dROCFT, thus considered to be cognitively healthy elderly group.

3.3. Partial activation of mPFC gating generator: a biomarker of preclinical AD

The second cluster group of controls was characterized by the first signs of neurophysiologi-
cal gating alternation, which emerged as a partial activation of the mPFC gating generator to 
the deviant tone only, as shown in Table 1. The standard tone did not evoke mPFC activation, 
suggesting that a very early stage of impairment in sensory gating processing is manifested by 
an absence of mPFC gating transmission that corrupts habituation to redundant stimuli [64].  
We confirmed the presence of insidious cognitive decline in this subgroup of controls, dem-
onstrating the low-amplitude but significantly lower both MMSE and dROCFT scores in com-
parison with the high-functioning subgroup of controls [64]. Overall, both neuropsychological 
and neurophysiological impairments characteristic of an AD type of dementia found in low-
functioning control group, although they did not yet meet clinical criteria for aMCI, indicate 
a possible preclinical AD phase. The additional weight to our speculation gave Takayama, 

Figure 3. Dendrogram based on the neuropsychological and neurophysiological variables. Subjects were assigned 
numbers from 1 to 20 and grouped into clusters. Variables were normalized before using a clustering algorithm with 
Ward’s minimum variance method as amalgamation rule and with Euclidean distance as a measure of dissimilarity. 
Cluster grouping disclosed three groups across two clinical categories (H-healthy subjects, MCI/AD—symptomatic AD 
subjects) suggesting the potential of the proposed approach to detect subgroup of control (“healthy”) subjects who are 
in the possible preclinical phase of AD (cluster category 2).
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activated network [60, 82, 84], enabling a search for an AD biomarker at the individual level.
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Using MEG spatiotemporal source calculations, we have demonstrated [64] the potential of 
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binary, noninvasive tool for detection of AD at the individual subject level. We found three types 
of gating network topologies evoked by a simple auditory oddball paradigm across the research 
sample of elderly individuals, ranging from 63 to 87 years of age, which comprised patients 
with clinical diagnosis of symptomatic AD (MCI and moderate AD) and non-symptomatic  
elderly controls. Discrete localization/non-localization of mPFC gating generator absolutely dis-
criminate symptomatic AD from controls confirm the indiscernibility between amnestic MCI 
(aMCI) and AD patients and differentiate two distinct gating network types within the elderly 
controls, one of which is suggested as preclinical AD. The lack of mPFC generator localization 
within an auditory gating network as a biomarker of symptomatic AD shows a large effect size 
(>0.9) and high accuracy, sensitivity, and specificity (100%) in respect of clinical diagnosis [64].

3.2. Sustained activation of mPFC gating generator: a sign of healthy cognitive aging

We have applied spectra of the multivariate analyses to disclose potentially hidden structure 
in complete set of our data, i.e., scores of wide neuropsychological screening and neurophysi-
ological gating network topology results [64]. Clustering based on principal variables indi-
cated the existence of three stable clusters across subjects as shown in Figure 3. Subsequent 
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statistical review of group differences on neuropsychological tests confirmed the low- 
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Osterreith Complex Figure Test (dROCFT) scores across subjects in different cluster groups 
[64]. The first group of controls, characterized by sustained gating activation of mPFC genera-
tor for both oddball tones, had the highest MMSE scores and the highest performance on the 
dROCFT, thus considered to be cognitively healthy elderly group.

3.3. Partial activation of mPFC gating generator: a biomarker of preclinical AD

The second cluster group of controls was characterized by the first signs of neurophysiologi-
cal gating alternation, which emerged as a partial activation of the mPFC gating generator to 
the deviant tone only, as shown in Table 1. The standard tone did not evoke mPFC activation, 
suggesting that a very early stage of impairment in sensory gating processing is manifested by 
an absence of mPFC gating transmission that corrupts habituation to redundant stimuli [64].  
We confirmed the presence of insidious cognitive decline in this subgroup of controls, dem-
onstrating the low-amplitude but significantly lower both MMSE and dROCFT scores in com-
parison with the high-functioning subgroup of controls [64]. Overall, both neuropsychological 
and neurophysiological impairments characteristic of an AD type of dementia found in low-
functioning control group, although they did not yet meet clinical criteria for aMCI, indicate 
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whose 10-year longitudinal study also discerns the dROCF test as highly assertive indicator 
of conversion to symptomatic phase of Alzheimer’s disease, i.e., found significant sensitivity 
of dROCFT scores to early, possible preclinical AD pathology [106].

The possibility that partial gating activation of the mPFC generator in lower-functioning con-
trols may be associated with preclinical AD phase is also confirmed by several recent find-
ings. There are evidences that reduced functional connectivity affecting the PFC is associated 
with amyloid-β-related hypersynchronization [107] and p-tau pathology [108] in a very early 
phase of AD-type memory impairment. The impaired mPFC activity during endogenous 
brain activity or memory tasks is found in cognitively normal individuals who were AD 
APOE ε 4 carriers [109]. Also, evidence of decreased extracranial gating dynamics as a predic-
tor of cerebrospinal amyloid-β reduction is demonstrated in MCI patients [65]. Alerted synap-
tic function along with subsequent synaptic loss and transneuronal spread of pathological tau 
forms [108] through PFC regions could result in the topological gating deficit that we found in 
a low-functioning subgroup of controls. This topological gating deficit could reflect a possible 
preclinical phase of AD pathology before widespread of cognitive symptoms.

Subject MMSE dROCFT mPFC standard mPFC deviant Clinical diagnosis Cluster category

S1 30 26 1 1 H 1

S2 30 25 1 1 H 1

S3 30 23 1 1 H 1

S4 30 23 1 1 H 1

S5 30 22 0 1 H 2

S6 30 22 0 1 H 2

S7 30 17 0 1 H 2

S8 29 26 0 1 MCI 2

S9 29 25 0 1 H 2

S10 29 18 0 1 H 2

S11 26 20 0 1 H 2

S12 26 12 0 0 MCI 3

S13 26 7 0 0 MCI 3

S14 26 1.5 0 0 MCI 3

S15 25 13 0 0 MCI 3

S16 25 0 0 0 AD 3

S17 25 0 0 0 AD 3

S18 24 10.5 0 0 AD 3

S19 23 0 0 0 AD 3

S20 22 2 0 0 AD 3

Table 1. Subject scores on the MMSE, dROCFT, mPFC gating generator activation (1-activated, 0-non-activated), clinical 
diagnosis, and cluster group.
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3.4. Complete absence of mPFC gating generator activation: a biomarker of 
symptomatic AD

Subjects within the cluster group characterized by the complete absence of mPFC gating gen-
erator activation regardless of the tone condition (i.e., standard and deviant tone) had the 
lowest neuropsychological test results and belonged to the symptomatic AD patients with 
clinical diagnosis [64], as shown in Figure 3. Clearly, a topological deficit of mPFC gating gen-
erator activation is augmented in symptomatic AD phase, taking place during both gating out 
(inhibition of standard tone) and gating in (enhanced processing of novel tone), suggesting 
complete disruption of sensory gating process. This absolute break of a fundamental sensory 
process is associated with the onset of the amnestic AD symptoms. It is possible that progres-
sive failure in sensory gating-out, found in possible preclinical phase of disease, is likely to 
lead to an overload of working memory due to noise accretion and consequent to the first 
symptoms of memory impairment.

There are numerous evidences of association between symptomatic AD pathology and alerted 
physiology of PFC region. Decreased frontal-parietal correlations of glucose metabolism [110], 
prefrontal glucose hypometabolism on 18F-fluorodeoxyglucose PET scans [111], and frontal 
retention of 11C-Pittsburgh compound [112] are found in AD patients. Klupp and colleagues 
[113] found a significant hypometabolism in PFC regions that are not loaded with amyloid 
plaques, suggesting that the deficit in mPFC gating activation may be related to longitudi-
nal amyloid deposition in different but functionally connected brain regions. For instance, 
absence or desynchronization of mPFC gating activity could induce atrophy across fast audi-
tory sensory gating loop, which may result in increased amyloid vulnerability of synapses 
terminated within primary auditory areas involved in the gating process. Inactivity of the 
mPFC generator during processing of repetitive stimuli (gating-out) likely impairs the abil-
ity to distinguish novel from repetitive information, which is critical for long-term memory 
encoding. It has been demonstrated that activation of presynaptic α-7-nAChRs, involved in 
gating transmission, induces long-term potentiation of the excitatory input [114]. Therefore, 
a topological deficit of mPFC generator activation during gating transmission could be a 
consequence of impaired nAChR levels found in PFC regions of AD patients. Alerted function 
of α-7-nAChRs could induce lower levels of intracellular calcium, consequently impairing the 
calcium cascade in producing synchronized postsynaptic signals required for effective both 
gating processing and long-term memory encoding.

4. Conclusion

Identification of a novel biomarker of AD (Figure 4) with the potential to detect both puta-
tive preclinical and clinical stages at the individual subject level represents significant prog-
ress toward improving diagnosis of AD and accelerating the field toward the neurobiological 
advantage of earlier intervention. Although the study engaged only a research sample, the 
very large effect size (>0.98) of proposed test, thanks to its binary nature, provides high rel-
evance to the finding. Such a large effect size enables this study with the research sample size 
to yield power greater than 85%.
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S9 29 25 0 1 H 2

S10 29 18 0 1 H 2

S11 26 20 0 1 H 2

S12 26 12 0 0 MCI 3

S13 26 7 0 0 MCI 3
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diagnosis, and cluster group.

Biomarker - Indicator of Abnormal Physiological Process182

3.4. Complete absence of mPFC gating generator activation: a biomarker of 
symptomatic AD

Subjects within the cluster group characterized by the complete absence of mPFC gating gen-
erator activation regardless of the tone condition (i.e., standard and deviant tone) had the 
lowest neuropsychological test results and belonged to the symptomatic AD patients with 
clinical diagnosis [64], as shown in Figure 3. Clearly, a topological deficit of mPFC gating gen-
erator activation is augmented in symptomatic AD phase, taking place during both gating out 
(inhibition of standard tone) and gating in (enhanced processing of novel tone), suggesting 
complete disruption of sensory gating process. This absolute break of a fundamental sensory 
process is associated with the onset of the amnestic AD symptoms. It is possible that progres-
sive failure in sensory gating-out, found in possible preclinical phase of disease, is likely to 
lead to an overload of working memory due to noise accretion and consequent to the first 
symptoms of memory impairment.

There are numerous evidences of association between symptomatic AD pathology and alerted 
physiology of PFC region. Decreased frontal-parietal correlations of glucose metabolism [110], 
prefrontal glucose hypometabolism on 18F-fluorodeoxyglucose PET scans [111], and frontal 
retention of 11C-Pittsburgh compound [112] are found in AD patients. Klupp and colleagues 
[113] found a significant hypometabolism in PFC regions that are not loaded with amyloid 
plaques, suggesting that the deficit in mPFC gating activation may be related to longitudi-
nal amyloid deposition in different but functionally connected brain regions. For instance, 
absence or desynchronization of mPFC gating activity could induce atrophy across fast audi-
tory sensory gating loop, which may result in increased amyloid vulnerability of synapses 
terminated within primary auditory areas involved in the gating process. Inactivity of the 
mPFC generator during processing of repetitive stimuli (gating-out) likely impairs the abil-
ity to distinguish novel from repetitive information, which is critical for long-term memory 
encoding. It has been demonstrated that activation of presynaptic α-7-nAChRs, involved in 
gating transmission, induces long-term potentiation of the excitatory input [114]. Therefore, 
a topological deficit of mPFC generator activation during gating transmission could be a 
consequence of impaired nAChR levels found in PFC regions of AD patients. Alerted function 
of α-7-nAChRs could induce lower levels of intracellular calcium, consequently impairing the 
calcium cascade in producing synchronized postsynaptic signals required for effective both 
gating processing and long-term memory encoding.

4. Conclusion

Identification of a novel biomarker of AD (Figure 4) with the potential to detect both puta-
tive preclinical and clinical stages at the individual subject level represents significant prog-
ress toward improving diagnosis of AD and accelerating the field toward the neurobiological 
advantage of earlier intervention. Although the study engaged only a research sample, the 
very large effect size (>0.98) of proposed test, thanks to its binary nature, provides high rel-
evance to the finding. Such a large effect size enables this study with the research sample size 
to yield power greater than 85%.

Topological Biomarker of Alzheimer’s Disease
http://dx.doi.org/10.5772/intechopen.76633

183



Figure 4. Proposed topological approach as biomarker of AD pathology. Three distinct types of mPFC auditory gating 
generator activation (red dot) were identified in healthy controls, possible preclinical AD and symptomatic AD patients. 
The healthy gating topology type requires mPFC activation in processing both oddball tones (standard and deviant). An 
altered gating topology, characterized by selective mPFC activation only by the deviant tone, presumably represents a 
presymptomatic phase of AD. Symptomatic AD gating topology lacks mPFC activation for both standard and deviant 
tones.

Novel topological biomarker, besides high accuracy, sensitivity, and specificity (100%) in 
identifying symptomatic AD patients in the research sample, shows the potential of follow-
ing the evolution of the pathophysiological process of disease. The noninvasiveness and low 
sensitivity to individual heterogeneity and variability due to the discrete nature of impaired 
prefrontal gating activation are the most important properties of the novel biomarker. It is not 
based on the use of group means and is not associated with statistically significant changes in 
a continuous variable. The advantage of this biomarker lies in the simplicity of using a binary 
value, i.e., activated or not activated a prefrontal generator during gating processing of simple 
tones. The proposed biomarker is absolutely noninvasive; it is based on recordings of neuro-
magnetic fields that are produced by normal brain activity.
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The new topographic tool certainly has properties, which place it within a group of high-
potential biomarkers. The absolute noninvasiveness, individual detection of pathology, 
ability to detect the preclinical phase of the disease, discrete nature that does not require 
estimation of uniform cutoff levels and standardization processes, the low sensitivity to indi-
vidual heterogeneity and variability, capability to follow the evolution of the pathophysi-
ological process of AD, and finally high accuracy and sensitivity make it highly promising 
biomarker of AD.

However, despite mentioning highlights, the proposed biomarker requires to be tested in 
a large independent sample and requires assessment in longitudinal clinical MEG studies 
that would track nonsymptomatic elderly with partial activation of the prefrontal gating 
generator until the first clinical symptoms appear and finally to autopsy for confirmation of 
AD. It would also be necessary to investigate prefrontal gating dynamics in other dementias 
to determine the specificity of novel biomarker to discriminate AD from other etiologies of 
age-related cognitive decline.
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Abstract

Leishmania is an intracellular protozoan parasite and the etiological agent of a vector-borne
disease known as leishmaniasis. This neglected tropical disease exhibits high morbidity
and mortality putting at risk people from multiple countries worldwide. It is endemic in
97 countries and 700,000–1 million new cases are estimated to occur each year. Leishman-
iasis management is very challenging, the symptoms are non-pathognomonic (in both
human and canine populations) and the treatments are associated with significant toxicity.
Therefore, the need for detection in symptomatic and asymptomatic hosts is important to
tackle the dissemination of infection, increasing the need for highly specific biomarkers. In
this complex the available disease biomarkers will be addressed in a retrospective manner,
focusing on their development from laboratory to their direct use in clinical settings.
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1. Introduction

1.1. Leishmaniasis as a neglected tropical disease

Neglected tropical diseases are a diverse group of diseases that prevail in tropical and sub-
tropical countries. The geographical distribution of these diseases associated with lack of
sanitation, close contact with domestic animals, livestock and infectious vectors contributes to
disease dissemination, affecting more than 1 billion people and costs billions each year in
developing economies.
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Leishmaniasis is a devastating and significantly under-recognized vector-borne disease that
causes serious global health burden. After malaria, it is the second parasitic disease with the
highest mortality rate [1]. It mainly affects populations in Africa, Asia and Latin America, and
is associated with malnutrition, population displacement, poor housing, weak immune system
and lack of resources [1].

Although this disease was initially limited to the tropics and subtropics, several factors lead to
the spread of leishmaniasis to new locations [2]. Perturbations of the natural vector ecosystem
caused by urbanization, deforestation, global warming and natural disasters have a serious
impact in disease dissemination. Increased people and animal migration, traveling and mili-
tary operations contribute to disease spreading. Organ transplantation, lack of Leishmania scr-
eening in the blood bank or immune suppressive therapies can also contribute to disease
perpetuation [2, 3].

This disease can be presented in several ways, the most common ones being: Cutaneous Leish-
maniasis (CL), Mucocutaneous Leishmaniasis (MCL) and Visceral Leishmaniasis (VL), also
known as kala-azar. Depending on the specific clinic-pathological form of the disease, symptoms
range from cutaneous and mucosal tissue lesions to vital visceral organ damage [4, 5].

1.2. Epidemiology

Out of 200 countries and territories reporting to WHO, 97 are endemic for leishmaniasis
(Figure 1). This includes 65 countries endemic for both VL and CL, 10 countries endemic only
for VL and 22 endemic only for CL (Figure 1) [1].

Ninety percent of global VL cases were reported from seven countries: Brazil, Ethiopia, India,
Kenya, Somalia, South Sudan and Sudan. About 95% of CL cases occur in the Americas, the

Figure 1. World map: Human leishmaniasis distribution. VL, Visceral Leishmaniasis; CL, Cutaneous Leishmaniasis;
MCL, Mucocutaneous Leishmaniasis. Status of endemicity of the different forms of leishmaniasis in 2016, according to
the World Health Organization.
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Mediterranean basin, Middle East and Central Asia. An estimated 0.6–1 million new cases occur
worldwide annually. Over 90% of MCL cases occur in Bolivia, Brazil, Ethiopia and Peru [1].

1.3. Clinical forms of the disease

CL is the most common form of leishmaniasis affecting humans. It is a skin infection that
develops as a nodule in the site of inoculation, consequence of macrophage infection in the
dermis. This may progress to a dermal granuloma, an ulcer that heals spontaneously or several
inflamed ulcers, on the exposed parts of the body, such as the face, arms and legs [1, 5, 6].
These lesions can take months or years to heal and may leave behind atrophic scars with a
hyperpigmented halo [2]. The incubation period ranges from 1 week to several months [1].

MCL is less common than CL. Unlike CL, which is confined to small areas of the skin, MCL
aggressively spreads to the oral and nasal mucosa and is characterized by progressive ulcers
and lesions of the face leading to significant disfiguration. The lesions can lead to partial or
total destruction of the mucous membranes of the nose, mouth, throat cavities and surround-
ing tissues [1]. These progressively destructive ulcers, unlike CL, are not self-healing and can
appear months or years after the first episode of CL. The dynamic and evolution of MCL is not
completely understood [4, 7]. In endemic areas, it has been noted that in 1–10% of patients, the
CL form evolves into MCL 5 years after healing [3].

VL, also known as kala-azar, is the most severe form of leishmaniasis and is fatal if left
untreated in over 95% of cases [1, 8]. An incubation period (from 1 month to 2 years) is
followed by clinical manifestations such as fever, splenomegaly, hepatomegaly, weight loss,
progressive anemia and pancytopenia. These systemic infection symptoms are associated to
the dissemination of parasites throughout the blood and reticuloendothelial system and lead
to enlarged lymph nodes, spleen and liver [5].

Post-kala-azar Dermal Leishmaniasis (PKDL) is a complication of VL in areas where
Leishmania donovani (L. donovani) is endemic. It is characterized by a hypopigmented mac-
ular, maculopapular, and nodular rash in a patient suffering a sequel of VL where the skin
is the main focus of the infection. It usually appears 6 months to 1 or more years after
apparent cure of the disease but may occur earlier or even simultaneously with visceral
leishmaniasis [1, 9]. PKDL is confined to two geographically distinct zones, South Asia
(India, Nepal, and Bangladesh) and East Africa (Sudan). In the South Asian variant,
polymorphic lesions (macules/patches with papulonodules) are frequent, while the Suda-
nese variant has papular or nodular lesions. Lesions, especially the papulonodules, are
parasite-rich, driving speculation that PKDL plays an important role in anthroponotic
transmission of VL [10].

1.4. The vector

Leishmania protozoan parasites are transmitted by the bite of a very small (2–3 mm long) insect
vector, known as the phlebotomine sandfly. Solely the female sandfly transmits the parasites,
and only 30 from the 500 species of phlebotomine transmit this disease [1]. Female sandflies
become infected with Leishmania parasites upon a blood meal from an infected person or
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animal which they need for egg development. Over a period between 4 and 25 days, the
parasites develop in the sandfly. This development period can be extended at low tempera-
tures or shortened at high temperatures [3]. The transmission cycle is completed when the
infectious female sandfly feeds and inoculates a host with the parasite [1].

1.5. Life cycle

The parasite life cycle requires the transmission of infectious protozoan between sandflies and
a mammalian host. Leishmania parasites present two distinct forms: promastigotes and
amastigotes. Promastigotes are the flagellated, motile forms of the parasites that develop and
morphologically differentiate in the sandfly midgut to an infectious metacyclic form that is
transmitted to the mammalian host when the sandfly takes a blood meal. These metacyclic
promastigotes are phagocytosed by mono and polymorphonuclear cells and transformed into
the ovoid shape with short flagellum known as amastigote. Upon differentiation, they repli-
cate within the host cells. The replication may lead to the rupture of these cells, allowing
infection of other phagocytes. The life cycle becomes complete when the sandfly takes another
blood meal with amastigotes [11, 12].

Different Leishmania species are capable of causing disease and, depending on the species, the
mammalian host presents different symptomatology. Although being divided by clinical
symptoms, these species can also be divided by their geographical distribution in two main
groups: Old World (the Eastern Hemisphere) species and New World species (caused by
Leishmania species found in Central and South America) [2] (Table 1).

Location Complex Species Clinical forms of the disease

Old World Leishmania donovani L. donovani CL, VL, PKDL, MCL (rare)

L. infantum CL, VL (children), PKDL, MCL (rare)

Leishmania tropica L. tropica CL, MCL (rare), VL (rare)

L. major CL, MCL (rare)

L. aethiopica CL, DCL

New World Leishmania mexicana L. mexicana CL, DCL (rare)

L. amazonensis CL, DCL, MCL, VL (rare), PKLD (rare)

L. venezuelensis CL, DCL (rare)

Leishmania (Viannia) braziliensis L. braziliensis CL, MCL, VL

L. panamensis CL, MCL

L. guyanensis CL, MCL

L. peruviana CL

Leishmania donovani L. infantum CL, VL (children), PKDL, MCL (rare)

VL, Visceral Leishmaniasis; CL, Cutaneous Leishmaniasis; MCL, Mucocutaneous Leishmaniasis; PKDL, Post-Kala-azar
Dermal Leishmaniasis; DCL, Diffused Cutaneous Leishmaniasis. Adapted from Kevric et al. [2].

Table 1. Geodistribution of the organisms prevalent and disease patterns.
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VL form, the most severe form of leishmaniasis, is caused by L. donovani (East Africa and the
Indian subcontinent) and L. infantum (Europe, North Africa, Latin America). While L. donovani
infects all age groups, L. infantum infects mostly children and immunosuppressed individuals.
However, due to increasing prevalence of Human Immunodeficiency Virus (HIV) infection in
the Mediterranean basin, HIV-VL coinfection in the adult population is reported frequently [13].

1.6. Transmission pattern

There are two types of disease transmission: zoonotic, where the disease is transmitted from
animal to vector and then to human; and anthroponotic, transmitted from human to vector to
human. Transmission also varies according to geographical regions, where L. donovani is respon-
sible for anthroponotic transmission and L. infantum for zoonotic transmission. Traditionally,
anthroponotic transmission occurs in the Indian subcontinent and East Africa, and zoonotic
transmission is mostly restricted to the Mediterranean basin and South America regions.

L. donovani is found only in the Old World (except for transmission in patients that have
traveled), where it is notoriously associated with VL of the rural poor areas in the northeast of
the Indian subcontinent and with VL in East Africa [8, 14]. L. infantum is mostly associated to
the zoonotic disease with the dog as a natural reservoir.

Domestic animals play a role as new opportunistic hosts, in vector adaptation to urban
environments [3]. Animals such as the wild canid, marsupials and rodents have been
described as reservoirs of human VL [15]. However, zoonotic VL epidemics have been associ-
ated only in areas where Canine Leishmaniasis (CanL) is endemic (Figure 2), indicating that
dogs are the main reservoir in this type of transmission [16]. Due to the proximity of domestic
dogs and human populations, CanL control is more than a veterinary concern, it is also a
public health issue due to the zoonotic potential of the disease.

1.7. Canine leishmaniasis

CanL is a major concern for the veterinary community, having high mortality and morbidity
rates. Moreover, in endemic areas, domestic dogs are the primary target of infection allowing
perpetuation of the life cycle [17].

Figure 2. World map: Regions with higher canine leishmaniasis incidence – Brazil, Mediterranean basin and China.

Biomarkers in Leishmaniasis: From Basic Research to Clinical Application
http://dx.doi.org/10.5772/intechopen.75315

199



animal which they need for egg development. Over a period between 4 and 25 days, the
parasites develop in the sandfly. This development period can be extended at low tempera-
tures or shortened at high temperatures [3]. The transmission cycle is completed when the
infectious female sandfly feeds and inoculates a host with the parasite [1].

1.5. Life cycle

The parasite life cycle requires the transmission of infectious protozoan between sandflies and
a mammalian host. Leishmania parasites present two distinct forms: promastigotes and
amastigotes. Promastigotes are the flagellated, motile forms of the parasites that develop and
morphologically differentiate in the sandfly midgut to an infectious metacyclic form that is
transmitted to the mammalian host when the sandfly takes a blood meal. These metacyclic
promastigotes are phagocytosed by mono and polymorphonuclear cells and transformed into
the ovoid shape with short flagellum known as amastigote. Upon differentiation, they repli-
cate within the host cells. The replication may lead to the rupture of these cells, allowing
infection of other phagocytes. The life cycle becomes complete when the sandfly takes another
blood meal with amastigotes [11, 12].

Different Leishmania species are capable of causing disease and, depending on the species, the
mammalian host presents different symptomatology. Although being divided by clinical
symptoms, these species can also be divided by their geographical distribution in two main
groups: Old World (the Eastern Hemisphere) species and New World species (caused by
Leishmania species found in Central and South America) [2] (Table 1).

Location Complex Species Clinical forms of the disease

Old World Leishmania donovani L. donovani CL, VL, PKDL, MCL (rare)

L. infantum CL, VL (children), PKDL, MCL (rare)

Leishmania tropica L. tropica CL, MCL (rare), VL (rare)

L. major CL, MCL (rare)

L. aethiopica CL, DCL

New World Leishmania mexicana L. mexicana CL, DCL (rare)

L. amazonensis CL, DCL, MCL, VL (rare), PKLD (rare)

L. venezuelensis CL, DCL (rare)

Leishmania (Viannia) braziliensis L. braziliensis CL, MCL, VL

L. panamensis CL, MCL

L. guyanensis CL, MCL

L. peruviana CL

Leishmania donovani L. infantum CL, VL (children), PKDL, MCL (rare)

VL, Visceral Leishmaniasis; CL, Cutaneous Leishmaniasis; MCL, Mucocutaneous Leishmaniasis; PKDL, Post-Kala-azar
Dermal Leishmaniasis; DCL, Diffused Cutaneous Leishmaniasis. Adapted from Kevric et al. [2].

Table 1. Geodistribution of the organisms prevalent and disease patterns.
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VL form, the most severe form of leishmaniasis, is caused by L. donovani (East Africa and the
Indian subcontinent) and L. infantum (Europe, North Africa, Latin America). While L. donovani
infects all age groups, L. infantum infects mostly children and immunosuppressed individuals.
However, due to increasing prevalence of Human Immunodeficiency Virus (HIV) infection in
the Mediterranean basin, HIV-VL coinfection in the adult population is reported frequently [13].

1.6. Transmission pattern

There are two types of disease transmission: zoonotic, where the disease is transmitted from
animal to vector and then to human; and anthroponotic, transmitted from human to vector to
human. Transmission also varies according to geographical regions, where L. donovani is respon-
sible for anthroponotic transmission and L. infantum for zoonotic transmission. Traditionally,
anthroponotic transmission occurs in the Indian subcontinent and East Africa, and zoonotic
transmission is mostly restricted to the Mediterranean basin and South America regions.

L. donovani is found only in the Old World (except for transmission in patients that have
traveled), where it is notoriously associated with VL of the rural poor areas in the northeast of
the Indian subcontinent and with VL in East Africa [8, 14]. L. infantum is mostly associated to
the zoonotic disease with the dog as a natural reservoir.

Domestic animals play a role as new opportunistic hosts, in vector adaptation to urban
environments [3]. Animals such as the wild canid, marsupials and rodents have been
described as reservoirs of human VL [15]. However, zoonotic VL epidemics have been associ-
ated only in areas where Canine Leishmaniasis (CanL) is endemic (Figure 2), indicating that
dogs are the main reservoir in this type of transmission [16]. Due to the proximity of domestic
dogs and human populations, CanL control is more than a veterinary concern, it is also a
public health issue due to the zoonotic potential of the disease.

1.7. Canine leishmaniasis

CanL is a major concern for the veterinary community, having high mortality and morbidity
rates. Moreover, in endemic areas, domestic dogs are the primary target of infection allowing
perpetuation of the life cycle [17].

Figure 2. World map: Regions with higher canine leishmaniasis incidence – Brazil, Mediterranean basin and China.
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After an incubation period that can range from 3 months to several years, dogs may start
presenting clinical signs. However, some dogs remain asymptomatic and never develop any signs
[17]. Therefore, dogs can present different forms of the disease: symptomatic, oligosymptomatic
and asymptomatic. Dogs that develop few mild symptoms are classified as oligosymptomatic.
Even so, it is relevant to mention that it is not consensual that all forms of the disease enable the
transmission of the parasite. Infected dogs present non-specific cutaneous alterations such as
alopecia, onychogryposis, dermatitis, skin ulceration, anorexia, weight loss and visceral manifes-
tations with splenic, renal and hepatic disorders [18], making an accurate diagnosis impossible.

Given that canine disease usually precedes the appearance of human cases and a clear correla-
tion between canine and human infection rates has been demonstrated, CanL must be consid-
ered as a risk for human health [3].

2. Importance of diagnosis

The available therapies for leishmaniasis are far from optimal due to their toxicity, high costs,
lack of efficacy, lack of access in certain areas, and emerging drug resistance. Treatment efficacy
depends on strains and species and there are currently no effective vaccines available for any
form of human leishmaniasis [2].

Some vaccines exist for veterinary use. Being launched in Portugal in 2011, CaniLeish® was the
first vaccine for CanL in the European Union. In Brazil, LeishTec® vaccine was also registered
but only offers about 40% of protection against infection. LetiFend® has recently been regis-
tered in Europe, but there is limited information available [19]. Despite the efforts, Leishmania
vaccinology still has a lot to improve till an effective and universal vaccine is developed [20].

In the absence of human vaccines and due to the zoonotic character of the disease, accurate
detection of infection in humans and dogs is crucial for the control of leishmaniasis [21].

Several specific challenges associated to Leishmania infection and leishmaniasis must be over-
come. As for any disease, the diagnostic process should be simple, robust, automated, requir-
ing inexpensive reagents and minimal operator intervention without diminishing the fidelity
of the results. Notwithstanding, considering that this disease affects mostly poor people in
countries with undeveloped and underfinanced health systems, the tests should be cheap and
easy to perform in field conditions [22, 23]. Moreover, the detection of asymptomatic infection,
often characterized by reduced parasite loads and low specific serology, is essential. In fact,
clinical and epidemiological management of Leishmania infections can only be fully successful
once a diagnostic test with these characteristics is available [24]. The available tools are ade-
quate for detection of disease, (in conjunction with clinical evaluation) but present limitations
for diagnosis of infection in asymptomatic patients and dogs. Therefore, the information of real
prevalence of infection and overall burden of disease is believed to be underestimated [22].

Coinfection with HIV is common in VL cases and has a disastrous impact since immunocom-
promised individuals have more severe manifestations and atypical symptoms that complicate
treatment [2]. Pregnant women can be considered a risk population, as HIV-infected patients,
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being more susceptible to Leishmania relapse and changes in immune response. Immunosup-
pression by HIV had an enormous impact and highly contributed to the increased number of
leishmaniasis cases [3]. Coinfection of L. donovani and L. infantumwith HIV has been identified
as a meaningful clinical problem, and presents higher mortality rates. Up to 70% of VL cases in
southern Europe are associated with HIV infection. VL is the third most frequent opportunistic
infection in many parts of the world, and the coinfection with HIV is now reported in 35
countries [25].

3. Biomarkers to use in diagnosis

Every methodology has a detection limit associated but the specificity of the diagnosis plat-
form is mostly influenced by the antigen used, relying on it to produce high confidence results.

Several antigens were proposed overtime but the most common one is crude soluble antigen
(CSA) [13, 26]. Although the sensitivity of CSA in Enzyme-Linked Immunosorbent Assay
(ELISA) is high, cross-reactivity with other diseases (trypanosomiasis, toxoplasmosis and
tuberculosis) occurs frequently, leading to false positive results [27, 28]. Therefore specificity
can be low due to cross-reactivity and is not suitable in detecting seropositivity in asymptom-
atic dogs [29–31]. This is transversal to other serological techniques like Direct Agglutination
Test (DAT) or Indirect Fluorescent Antibody Technique (IFAT) which are based on the recog-
nition of the parasite total antigens. The specificity and sensitivity problems associated to
conventional assays (such as IFAT, DAT, and CSA ELISA) may be overcome using recombi-
nant polypeptides containing specific epitopes that are able to induce an immune response in
most dogs and humans with VL. Hence, there has been a focus on expressing and purifying
Leishmania proteins that elicit an immune response in dogs and humans and analyze them and
their potential for serological tests [32–34].

The evolution of molecular technology (immunoproteomics) and sequencing of the Leish-
mania genome in 2005 have been powerful tools for the discovery of recombinant Leishmania
proteins to use in the serodiagnosis of human and canine leishmaniasis [35, 36]. Variability in
the humoral response concerning different parasite antigens observed in infection suggests
that a combination of recombinant proteins can improve the diagnosis efficiency [37]. In fact,
each antigen carries often both specific immune-dominant epitopes and other regions that
are not important for serological recognition [38]. Therefore, an ideal test would contain a
combination of relevant epitopes in a single recombinant antigen, more specific than crude
antigen preparation and more sensitive than single epitope-based ELISA [39]. In fact, chime-
ric multi-epitope proteins are part of the future strategy to look for novel high specific
antigens [40]. Several recombinant proteins with high efficacy have reasonable results for
the diagnosis of human and canine VL, but development of suitable antigens for diagnosis is
still necessary [34].

The most common used antigens belong to different protein families, such as the kinesin-
related proteins, heat shock proteins, acidic ribosomal proteins, nuclear proteins, enzymes
and other antigens which are associated with parasite function [41].
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(CSA) [13, 26]. Although the sensitivity of CSA in Enzyme-Linked Immunosorbent Assay
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atic dogs [29–31]. This is transversal to other serological techniques like Direct Agglutination
Test (DAT) or Indirect Fluorescent Antibody Technique (IFAT) which are based on the recog-
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The evolution of molecular technology (immunoproteomics) and sequencing of the Leish-
mania genome in 2005 have been powerful tools for the discovery of recombinant Leishmania
proteins to use in the serodiagnosis of human and canine leishmaniasis [35, 36]. Variability in
the humoral response concerning different parasite antigens observed in infection suggests
that a combination of recombinant proteins can improve the diagnosis efficiency [37]. In fact,
each antigen carries often both specific immune-dominant epitopes and other regions that
are not important for serological recognition [38]. Therefore, an ideal test would contain a
combination of relevant epitopes in a single recombinant antigen, more specific than crude
antigen preparation and more sensitive than single epitope-based ELISA [39]. In fact, chime-
ric multi-epitope proteins are part of the future strategy to look for novel high specific
antigens [40]. Several recombinant proteins with high efficacy have reasonable results for
the diagnosis of human and canine VL, but development of suitable antigens for diagnosis is
still necessary [34].

The most common used antigens belong to different protein families, such as the kinesin-
related proteins, heat shock proteins, acidic ribosomal proteins, nuclear proteins, enzymes
and other antigens which are associated with parasite function [41].

Biomarkers in Leishmaniasis: From Basic Research to Clinical Application
http://dx.doi.org/10.5772/intechopen.75315

201



3.1. Kinesin-related proteins

Kinesins are a family of motor proteins in eukaryotic cells, and constitute part of the
microtubule cytoskeleton in Leishmania parasites, important in its growth and differentia-
tion [42–44].

Several Leishmania antigens have been characterized, as the recombinant K39 antigen (rK39), a
39-aminoacid-repetitive B-cell epitope of the kinesin-related protein of L. infantum. The rK39
ELISA has shown to be capable of detecting human and canine VL.

The K9 and K26 are two other hydrophilic antigens of L. infantum, and their recombinant
antigens (rK9 and rK26) have been used to diagnose VL. The rK28 is a recombinant fusion
protein with tandem repeats of K39 kinesin regions and K26, and has been used to detect high
levels of antibody responses in infected patients, using ELISA [13, 37].

The rK39, an antigen used for VL diagnosis, is highly conserved among VL species [15].
Several studies carried out in VL endemic areas have demonstrated that the rK39 ELISA is a
sensitive and a specific method for the serodiagnosis of human VL [34, 45–47]. An important
aspect of the anti-rK39 antibody is that the titer correlates directly with the disease activity,
indicating its potential for use in predicting response to therapy [48]. The rk39 has also been
tested for ELISA and Flow Cytometry (FC) assays showing high sensitivity and specificity in
detecting clinical forms of CanL [49]. rK39 is further addressed in Section 5—Successful
diagnosis approaches—from laboratory to field conditions.

VL patients also have a strong antibody response to K26, which can complement rK39 in a
better and more accurately diagnosis of human VL [50]. Specific and independent antibody
reactivity to each of these antigens (rK9, rK26 and rK39) have been studied and tested in
serodiagnosis of canine VL [31, 51].

Another antigen that has been successfully used in the diagnosis of human VL is rK28. This
recombinant fusion antigen was used for ELISA and has shown sensitivity and specificity
values similar or higher than those obtained for rK39. Therefore, this antigen has been pro-
posed as a new choice, especially regarding regions where rK39 has shown low levels of
sensitivity [52]. In Sudan and in India [53], human serological surveys using rK28 antigen have
shown good performance with high sensitivity and specificity [54]. ELISA with rK28 antigen
was 100% sensitive and specific in serological diagnosis of CanL [54]. The sensitivity of rK28
was slightly higher than rK39, although no significant differences in the detection of positive
dogs were observed, indicating that both antigens may be useful for diagnosing CanL, as
previously observed in VL in human [54, 55].

KE16 is another kinesin gene derived from the C-terminus of the kinesin protein from an
isolate of L. donovani [56] that has been successfully cloned and expressed. It is used in the
rKE16 dipstick test, a one-step rapid immunochromatographic test. Results showed that this
antigen can be used as a highly specific and sensitive tool for VL diagnosis, although, in dogs,
the average of positive cases among asymptomatic dogs was low [34, 56, 57].
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3.2. Heat shock proteins

Heat Shock Proteins (HSPs) are a family of proteins that are produced by cells in response to
stressful conditions. They are highly conserved molecules that play important roles in protein
folding, assembly of protein complexes, and translocation of proteins across cellular compartments.

The L. donovani HSP70 was identified after screening of a cDNA library with serum from a
patient with VL [58]. It is found in prokaryotic and eukaryotic cells and is a highly conserved
protein. HSP70s from other Leishmania species (L. infantum and L. braziliensis [59]) have also
been characterized.

rHSP70 had high sensitivity and specificity values, being superior to CSA in the diagnosis of
CL [60]. The antigenicity of heat shock proteins in general and of HSP70 specifically is not
unexpected, since antibodies against the parasite recombinant HSPs have been found in sera of
patients with different parasitic diseases [61, 62]. Other authors have described rHSP70 as a
preeminent antigen present in Leishmania [63]. Specific antibodies against L. braziliensis rHSP70
or rHSP83 were found in 95% of sera fromML or CL patients and a high recognition of rHSP70
by sera from the same patients has been detailed [59].

L. infantum-rHSP83 is a possible antigen to be used in the serodiagnosis of leishmaniasis, due
to its high specificity and sensitivity and insignificant cross-reactivity with other infectious
diseases [48]. Members of the HSP83/90 family have also been described as immunodominant
antigens during infections caused by L. donovani, L. braziliensis and L. infantum [64].

Another gene, LmSti1, encoding a stress-inducible protein STI1 [65] was strongly recognized in
sera from human patients with CL, VL and post-kala azar CL [48].

3.3. Ribosomal proteins

Ribosomal proteins have been described to induce antibodies in animal and humans infected
with the parasite, making them a favorable candidate to assess its diagnosis potential.

Studies have described some Leishmania ribosomal proteins function as immunoregulatory
molecules [41, 59]. As a matter of fact, the eukaryotic ribosome is composed of four RNA
molecules and more than 70 ribosomal proteins [66]. Furthermore, the acidic ribosomal
proteins (P-proteins) have been detailed as prominent antigens during Leishmania infections
[41, 67].

The large subunit of ribosomes contains various copies of a protein called P protein. P1, P2 and
P0 form a complex notorious for having an essential role in protein synthesis. Three L. infantum
antigens (LiP2a, LiP2b and LiP0), homologous to acidic ribosomal proteins, were identified
after immunoscreening of a cDNA expression library with CanL serum [68]. They are also
recognized by sera from patients with either VL or MCL [41, 69].

The ribosomal proteins LiP2a, LIP2b, LiP0/LcP0 and LeIF, all conserved antigens of Leishmania,
have been shown to be recognized by the immune system of the host [70].
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The L. infantum acidic ribosomal proteins, LiP2a and LiP2b, have disease-specific antigenic
determinants identified by more than 80% of canine VL [70]. Engineered LiP2a and LiP2b
recombinant proteins are shown to be useful as tools to discriminate between VL and Chagas
disease [71]. L. infantum P0 ribosomal protein is also recognized by a high percentage of the
sera from dogs with VL [70].

The acidic ribosomal proteins (P1, P2 and P0) are recognized by antibodies frequently found in
sera from systemic lupus erythematosus (SLE) patients. These autoantibodies recognize an
amino acid sequence located at the C-terminal ends of the three P proteins [72]. Furthermore,
patients with chronic Chagas heart disease produce a strong humoral response against the C-
terminal of Trypanosoma cruzi ribosomal P proteins. Leishmania ribosomal P2a and P2b C-
terminal end of the proteins is also well conserved and these proteins are recognized by sera
from both SLE and Chagas disease patients [69]. The anti-P antibodies produced during the
Leishmania infection do not recognize the conserved C-terminal domain of the P proteins.
Therefore, to avoid cross-reactivity, engineered versions of the recombinant proteins LiP2a
and LiP2b, without the C-terminal ends, have been found to be useful for the diagnosis of
MCL and VL [69].

3.4. Peroxiredoxins

Tryparedoxins belong to a particular class of oxidoreductases related to thioredoxins and
found in trypanosomatids. They bear oxidoreductase activity toward disulfide bridges and
are crucial to the parasite, as they are expressed in all stages of development [73]. These
proteins are believed to be involved in Leishmania detoxification of peroxides.

LiTXN1 protein is present in the cytosol and upregulated in the infectious forms of the
parasite, indicating that it plays an important role during infection. LiTXN1 preferentially
reduces the cytosolic L. infantum peroxiredoxins, LicTXNPx1 and LicTXNPx2 [73].

LicTXNPx antigen is highly immunogenic during both human and canine infections [74].
High antibody titers are found during the Leishmania infection and these decrease after its
resolution [75].

Anti-LicTXNPx antibodies are present in both symptomatic and asymptomatic experimental
canine infections, making this antigen a good candidate marker and a prognostic indicator for
monitoring the response to CanL treatment [75]. An ELISA with both LicTXNPx and rK39
antigens (LAM-ELISA) was performed to improve specificity and sensitivity of this methodol-
ogy and presented promising results. This test associated with DATmay be a valuable tool for
screening CanL [22, 30].

3.5. Cysteine proteinases

This family of proteins is associated to disease progression. Activity of cysteine proteases can
be found in parasite surface or inside the macrophage endoplasmatic reticulum. Domains of
cysteine proteinases (CP), type I (CPB) and type II (CPA), were used to diagnose active and
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recovered cases of VL in both humans and dogs. Leishmania cysteine proteinases had already
been used as vaccines targets and in chemotherapy [76].

A recombinant cysteine proteinase from L. chagasi, rLdccys1, has shown to be a good bio-
marker for the different stages of both human and CanL. ELISA assays showed high sensitivity
and specificity. Moreover, the fact that it is possible to detect clinical and subclinical forms of
the disease in canines indicates that this biomarker is important in the control of CanL in
endemic areas [77, 78].

3.6. Nuclear proteins

Histones are structural proteins involved in the organization and function of DNA within the
eukaryotic nucleus. There are four main classes of histones: H2A, H2B, H3 and H4 which form
the nucleosomal core unit of chromatin. These proteins are among the most conserved proteins
in eukaryotic organisms, maintaining sequence and function in trypanosomatids. Histones are
prominent antigens found in animals during Leishmania infection that trigger a specific
immune response and antibody production [39]. Also, sera from children infected with VL
specifically recognize the L. infantum H2A and H2B histones, with high specificity and sensi-
tivity in ELISA assays.

3.7. A2 proteins

A2 proteins of L. donovani are only present in the amastigote stage, and help visceralization of
parasites in the mammalian host. They are overexpressed in the amastigote stage in L. donovani
as well as L. mexicana species complex, including L. amazonensis, but not in L. tropica or
L. braziliensis species complexes. Anti-A2 antibodies were detected in human and dog sera
suffering from active VL [79, 80]. Also, it was found that rA2 is more sensitive when compared
to the rK39 and rK26 antigens, for serological detection of asymptomatic infection in dogs [34].

3.8. Leishmania homolog of receptors for activated C kinase

Leishmania homolog of receptors for activated C Kinase (LACK) was identified after a search
for parasite antigens recognized by a protective Th1 clone derived from the spleen of BALB/c
mice that had been vaccinated with a soluble extract of L. major promastigotes. It has been
proposed that the LACK protein contains an immunodominant epitope that acts as a target of
early immune responses [41, 81].

3.9. rKLO8

Sudan has the highest number of reported cases in East Africa [82], in particular in eastern and
central regions. Field tests based on rK39 commonly have a high reliability in various countries
[83, 84]; however, the low sensitivity in Sudan limits its use in this region. A novel L. donovani-
derived recombinant immunodominant protein (rKLO8) was tested for detection of VL in
Sudan.
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recovered cases of VL in both humans and dogs. Leishmania cysteine proteinases had already
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3.7. A2 proteins

A2 proteins of L. donovani are only present in the amastigote stage, and help visceralization of
parasites in the mammalian host. They are overexpressed in the amastigote stage in L. donovani
as well as L. mexicana species complex, including L. amazonensis, but not in L. tropica or
L. braziliensis species complexes. Anti-A2 antibodies were detected in human and dog sera
suffering from active VL [79, 80]. Also, it was found that rA2 is more sensitive when compared
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mice that had been vaccinated with a soluble extract of L. major promastigotes. It has been
proposed that the LACK protein contains an immunodominant epitope that acts as a target of
early immune responses [41, 81].
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Sudan has the highest number of reported cases in East Africa [82], in particular in eastern and
central regions. Field tests based on rK39 commonly have a high reliability in various countries
[83, 84]; however, the low sensitivity in Sudan limits its use in this region. A novel L. donovani-
derived recombinant immunodominant protein (rKLO8) was tested for detection of VL in
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The results presented with rKLO8 show increased reactivity with patient sera as compared to
rK39 ELISA [85]. The rKLO8 ELISA is more sensitive than the DATand rK39 strip test, and VL
patients from Sudan were tested and have decreased immune responses to rK39, confirming
the low sensitivity of rK39 strip test in Sudan. Malaria is common in VL endemic regions of
Africa and Asia [86] and is known to be a major cause of cross reactivity to rK39 [84]. Sera of
malaria patients were tested and did not give a signal in the rKLO8 ELISA. In conclusion,
rKLO8 is a novel recombinant protein of L. donovani with increased reactivity to VL sera from
Sudan and a valuable candidate to be used in diagnosis in this area [84].

3.10. Secreted proteins

Traditionally the intrinsic intracellular and surface proteins of the parasites were targeted as
primary source of antigens. Recently, secreted proteins are considered an untapped source of
possible antigens and are being exploited using combinations of bioinformatic and
immunoproteomic approaches [87, 88] .

3.11. Lipids

Lipid levels are known to vary in acute and chronic infections. In these infections, there is
typically a decrease of total cholesterol levels and an increase in the concentration of
triglyceride-rich lipoproteins; mainly very low-density lipoproteins. Moreover, apolipoprotein
A1, apolipoprotein B and low-density lipoprotein cholesterol levels decrease. In leishmaniasis,
this lipid concentration difference may have a prognostic and diagnostic role, as lipids play an
important role in the innate and adaptive immune response. Although these have potential as
clinical markers, several factors have to be taken into account when interpreting lipids values,
such as: genetic and environmental factors, malnutrition, reduced food intake during acute
infection, and acute kidney injury and/or acute liver failure (many times associated with this
neglected disease), all which influence lipids parameters. More efforts have to be put in the
study of these molecules as disease markers [89].

4. Diagnosis approaches

Due to its wide range of manifestations, leishmaniasis diagnosis can be difficult [90]. Clinical
manifestations can also be confused with other illnesses, often common in Leishmania endemic
areas, such as malaria, toxoplasmosis and tuberculosis [91]. Age, medical history and host
immune system response are crucial parameters for diagnosis.

Diagnosis of diseased patients and animals can be confirmed with conventional laboratorial
techniques, such as visualization of the parasite in tissues by microscopic examination of a
stained specimen, or in vitro culture of the parasite from biopsies or aspirates from lesions,
lymph nodes, spleen and bone marrow. Other diagnosis methods include molecular detection
of parasitic DNA in tissue samples and serological tests that detect anti-Leishmania antibodies
[6]. Overall, the available techniques can detect active disease. Still, leishmaniasis has intrinsic
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particularities that require not only the detection of symptomatic (diseased) conditions but also
asymptomatic (infected, not diseased). This control is important, especially in the context of
CanL, as the asymptomatic animals act as reservoirs, and as mentioned above, increase the risk
for the human variant of the disease. An already complex scenario rendered more complicated
by the need to distinguish treated, exposed and vaccinated. Therefore, leishmaniasis is a very
particular disease and one of the many examples where ongoing research for a new and
affordable diagnosis approaches is necessary.

4.1. Parasitological diagnosis

The gold standard for diagnosis is the microscopic observation of parasites in tissue samples.
Parasite rich localizations like bone marrow, skin lesions, liver, lymph nodes and spleen are
preferred. Identification of amastigotes by direct examination of aspirates is also possible but
must be done by experts since the results are often dependent on the observer [6]. It can also
originate false negative results due to the low number of parasites in some samples, particu-
larly in asymptomatic cases. Most often, diagnostic is obtained by observation of the Leish-
mania amastigote forms in stained microscopic preparations with Giemsa [8]. The best results
are obtained with parasite rich regions like spleen aspirates. With bone marrow aspirates, the
sensitivity decreases considerably and lymph nodes aspirates have the worst sensitivity ranges
[4]. This method requires trained personnel and involves invasive sampling, a risky procedure
that can lead to fatal hemorrhage, which can only be performed in a place with access to
appropriate medical facilities. Lymph node and bone marrow aspirates are safer; however,
material obtained is less concentrated and therefore less sensitive, elevating the risk of false
negatives [92]. All these methods include invasive sampling, are time-consuming and imprac-
ticable to be performed on a large scale [3].

The culture of infected tissues is another classical diagnostic test, although the major problem
with this technique is that different species of Leishmania can have different growth require-
ments and contaminations are recurrent. The culture is performed through the inoculation of
the triturated tissue in adequate media. Both techniques (microscopic exam and culture) have
an overall sensitivity of around 85% [3]. The best results are obtained with spleen aspirates
(93–98% of sensitivity). When it comes to bone marrow aspirates, the sensitivity comes down
to 60 to 85% and worse results are obtained with lymph nodes aspirates (sensitivity ranges
between 52 to 58%) [4]. Despite being more sensitive than microscopic examination, it is time
consuming and expensive, therefore rarely used for clinical diagnosis [93].

4.1.1. Xenodiagnosis

A positive serological test result is not enough to prove that an infected dog is capable of
transmitting the pathogen to the vector. Lack of sensitivity contributes to the lack of diagnostic
control efficiency. The only technique that evaluates if an infected mammalian host can transmit
the parasite by natural means to the vector is xenodiagnosis [94–96]. Sandflies are placed inside
specific containers and placed in contact with dogs for a certain period of time for a blood meal
to occur. After the feeding, the sandflies are separated and the feeding rate is calculated. The
presence of parasites in the sandfly can be evaluated by direct observation of the promastigote
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Diagnosis of diseased patients and animals can be confirmed with conventional laboratorial
techniques, such as visualization of the parasite in tissues by microscopic examination of a
stained specimen, or in vitro culture of the parasite from biopsies or aspirates from lesions,
lymph nodes, spleen and bone marrow. Other diagnosis methods include molecular detection
of parasitic DNA in tissue samples and serological tests that detect anti-Leishmania antibodies
[6]. Overall, the available techniques can detect active disease. Still, leishmaniasis has intrinsic

Biomarker - Indicator of Abnormal Physiological Process206

particularities that require not only the detection of symptomatic (diseased) conditions but also
asymptomatic (infected, not diseased). This control is important, especially in the context of
CanL, as the asymptomatic animals act as reservoirs, and as mentioned above, increase the risk
for the human variant of the disease. An already complex scenario rendered more complicated
by the need to distinguish treated, exposed and vaccinated. Therefore, leishmaniasis is a very
particular disease and one of the many examples where ongoing research for a new and
affordable diagnosis approaches is necessary.

4.1. Parasitological diagnosis

The gold standard for diagnosis is the microscopic observation of parasites in tissue samples.
Parasite rich localizations like bone marrow, skin lesions, liver, lymph nodes and spleen are
preferred. Identification of amastigotes by direct examination of aspirates is also possible but
must be done by experts since the results are often dependent on the observer [6]. It can also
originate false negative results due to the low number of parasites in some samples, particu-
larly in asymptomatic cases. Most often, diagnostic is obtained by observation of the Leish-
mania amastigote forms in stained microscopic preparations with Giemsa [8]. The best results
are obtained with parasite rich regions like spleen aspirates. With bone marrow aspirates, the
sensitivity decreases considerably and lymph nodes aspirates have the worst sensitivity ranges
[4]. This method requires trained personnel and involves invasive sampling, a risky procedure
that can lead to fatal hemorrhage, which can only be performed in a place with access to
appropriate medical facilities. Lymph node and bone marrow aspirates are safer; however,
material obtained is less concentrated and therefore less sensitive, elevating the risk of false
negatives [92]. All these methods include invasive sampling, are time-consuming and imprac-
ticable to be performed on a large scale [3].

The culture of infected tissues is another classical diagnostic test, although the major problem
with this technique is that different species of Leishmania can have different growth require-
ments and contaminations are recurrent. The culture is performed through the inoculation of
the triturated tissue in adequate media. Both techniques (microscopic exam and culture) have
an overall sensitivity of around 85% [3]. The best results are obtained with spleen aspirates
(93–98% of sensitivity). When it comes to bone marrow aspirates, the sensitivity comes down
to 60 to 85% and worse results are obtained with lymph nodes aspirates (sensitivity ranges
between 52 to 58%) [4]. Despite being more sensitive than microscopic examination, it is time
consuming and expensive, therefore rarely used for clinical diagnosis [93].

4.1.1. Xenodiagnosis

A positive serological test result is not enough to prove that an infected dog is capable of
transmitting the pathogen to the vector. Lack of sensitivity contributes to the lack of diagnostic
control efficiency. The only technique that evaluates if an infected mammalian host can transmit
the parasite by natural means to the vector is xenodiagnosis [94–96]. Sandflies are placed inside
specific containers and placed in contact with dogs for a certain period of time for a blood meal
to occur. After the feeding, the sandflies are separated and the feeding rate is calculated. The
presence of parasites in the sandfly can be evaluated by direct observation of the promastigote
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forms by optical microscopy or Polymerase Chain Reaction (PCR). This test can be highly
specific and sensitive, depending on parasite load and procedure implementation [96].

4.1.2. Montenegro skin test

The Montenegro Skin Test evaluates the late cellular hypersensitivity response. A solution with
promastigotes is injected intradermally, and a positive result consists in the appearance of a
hardened papule, equal or greater than 5 mm after 48 hours of injection. The test is low cost
and highly sensitive (can reach over 90%). A positive result is possible within 3 months after
infection, and relates to the disease evolution. Specificity is low (around 75%) due to the
overall large number of false positive results in cases of unapparent infection and cross-
reactivity with some pathologies, as well as technical problems [97].

4.2. Molecular methodologies

PCR technology has become an indispensable tool for the diagnosis of many parasitic diseases,
including leishmaniasis. It suffers similar limitations to the parasitological tests, where the
success is limited by the quality of the sample (parasite rich specific locations), as these
techniques are based on the amplification of specific parasitic DNA sequences. Although
several DNA targets exist, like rRNA or ITS-1 gene, the most common DNA target is the
Leishmania kinetoplast (kDNA) present in the minicircles of the parasite [98]. The diagnostic
sensitivity of these approaches is above 95% [99, 100] . In asymptomatic dogs the reported
efficacy is lower, less than 70% [100]. Leishmania DNA has been found to be present in the
canine oral mucosa, and can possibly be used for diagnostic. Oral swabs have shown positive
results in molecular diagnosis of infected dogs. Although, in samples from asymptomatic
dogs, the diagnosis test showed lack of sensitivity. Oral swabs combined with conjunctival
ones can be used for detection of L. infantum in asymptomatic dogs. The big advantage of this
test is that the sample collection is non-invasive, and combining this two swab methods, can
significantly contribute for detecting different stages of the infection [101]. The sensitivity of a
PCR assay depends on three factors: the physicochemical conditions of the reaction, the
concentration of the DNA target and the selected PCR primers [38, 102, 103]. Amplification-
based methods include the conventional PCR and qPCR (quantitative polymerase chain reac-
tion) [104]. Real-time PCR (qPCR) is an innovative approach of target DNA quantification,
faster than conventional PCR [102].

Although these techniques have a higher sensitivity for asymptomatic cases and early-stage
infections when compared to serological methods, they imply high costs due to sophisticated
equipment, reagents and specialized personnel [103, 105, 106].

4.3. Serological diagnosis

Serological tests are based on the screening of antigen or antibodies. Antigen detection should
be more specific for diagnosis that antibody-based immunodiagnostic tests. Thus, antigen
levels are expected to correlate with parasite burden, being useful when antibody prediction
is deficient. This approach should avoid cross-reactivity and distinguish active from past
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infections [8]. However, this technique is still unreliable (lack of specificity and variable sensi-
tivity). Efforts are being made to improve this tool, as it stands as a promising approach.

Currently, most clinical and surveillance laboratories use serological techniques to detect
pathogen-specific antibodies, since direct methods are often either invasive, potentially fatal or
expensive. Leishmania infection is characterized by the presence of a significant humoral
response, leading to the production of antibodies against Leishmania species. Serological methods
to detect these anti-Leishmania antibodies are useful as alternative diagnosis tests for both human
and canine Leishmania infections [107]. The presence of anti-Leishmania antigens/antibodies in
both asymptomatic and symptomatic infected dogs has allowed the development of agglutina-
tion tests, immunofluorescent serologic tests (such as Western blotting), immunochroma-
tographic tests, and enzyme-linked immunosorbent assays (ELISAs). The sensitivity depends
on the methodology but the specificity will depend on the antigen used. Serological tests are the
current tests of choice to diagnose CanL. Although, these tests often lack sensitivity and specific-
ity due to dog low specific antibody titers in the early stages of infection. Significant cross-
reactivity has also been reported [108]. Additionally, after a successful treatment, antibody levels
take a while to decrease. This can mask a relapse, making it impossible to diagnose it. The
introduction of commercial vaccines against CanL raised concerns since it can lead to antibody
production andmight prevent accurate results in serological tests for the diagnosis. This may not
allow differentiating between Infected and Vaccinated Animals (DIVA) [19]. Most commercially
available vaccines against CanL are not DIVA. This difficults the serological identification of
animals that become sick or infected in the future [19].

4.3.1. Direct agglutination test

Originally created as an alternative to the risky procedure of splenic aspirates, the Direct Agglu-
tination Test (DAT) was the first antibody detection test used in VL diagnosis and has been used
for more than 25 years. DAT is a simple semi-quantitative diagnostic tool, with a high sensitivity
(91–100%), specificity (72–100%), accuracy, reliability and inexpensiveness [4, 109].

DATdetects parasite antibodies in infected blood or serum through direct agglutination. It is a
semi-quantitative method based on visual agglutinations obtained by the increased dilution of
blood or serum mixed with stained, killed parasites in V-shaped wells [110]. If the result is
negative (absence of anti-Leishmania antibodies) DAT antigen accumulates at the bottom of the
plate. If there are anti-Leishmania antibodies present, the antigens form a film over the well
(positive result) [6, 111]. DAT has some disadvantages; it requires moderate technical expertise
(the interpretation of the results depend on the person analyzing the results, creating inter-
observer discrepancy) [112], serial dilutions must be done (requiring a considerable volume of
antigen) and has a relatively long incubation time [112]. DAT results remain positive long after
the patient is cured (anti-Leishmania antibodies can persist for years as a result of a VL
infection), making this test inappropriate for detecting relapses [8].

4.3.2. Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) is an important serodiagnosis technique used in
almost all infectious diseases, including VL. ELISA assays are based on the detection of
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forms by optical microscopy or Polymerase Chain Reaction (PCR). This test can be highly
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ones can be used for detection of L. infantum in asymptomatic dogs. The big advantage of this
test is that the sample collection is non-invasive, and combining this two swab methods, can
significantly contribute for detecting different stages of the infection [101]. The sensitivity of a
PCR assay depends on three factors: the physicochemical conditions of the reaction, the
concentration of the DNA target and the selected PCR primers [38, 102, 103]. Amplification-
based methods include the conventional PCR and qPCR (quantitative polymerase chain reac-
tion) [104]. Real-time PCR (qPCR) is an innovative approach of target DNA quantification,
faster than conventional PCR [102].

Although these techniques have a higher sensitivity for asymptomatic cases and early-stage
infections when compared to serological methods, they imply high costs due to sophisticated
equipment, reagents and specialized personnel [103, 105, 106].

4.3. Serological diagnosis

Serological tests are based on the screening of antigen or antibodies. Antigen detection should
be more specific for diagnosis that antibody-based immunodiagnostic tests. Thus, antigen
levels are expected to correlate with parasite burden, being useful when antibody prediction
is deficient. This approach should avoid cross-reactivity and distinguish active from past
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infections [8]. However, this technique is still unreliable (lack of specificity and variable sensi-
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ity due to dog low specific antibody titers in the early stages of infection. Significant cross-
reactivity has also been reported [108]. Additionally, after a successful treatment, antibody levels
take a while to decrease. This can mask a relapse, making it impossible to diagnose it. The
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animals that become sick or infected in the future [19].
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for more than 25 years. DAT is a simple semi-quantitative diagnostic tool, with a high sensitivity
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DATdetects parasite antibodies in infected blood or serum through direct agglutination. It is a
semi-quantitative method based on visual agglutinations obtained by the increased dilution of
blood or serum mixed with stained, killed parasites in V-shaped wells [110]. If the result is
negative (absence of anti-Leishmania antibodies) DAT antigen accumulates at the bottom of the
plate. If there are anti-Leishmania antibodies present, the antigens form a film over the well
(positive result) [6, 111]. DAT has some disadvantages; it requires moderate technical expertise
(the interpretation of the results depend on the person analyzing the results, creating inter-
observer discrepancy) [112], serial dilutions must be done (requiring a considerable volume of
antigen) and has a relatively long incubation time [112]. DAT results remain positive long after
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antibodies present in blood or serum. An antigen/recombinant protein is used to coat the plate
and samples are added and incubated. A secondary antibody conjugated with an enzyme
recognizes and binds to the primary antibody. After adding a substrate, product susceptible
to colorimetric determination is developed and the results can be measured by optical density
techniques.

This tool is frequently used to detect anti-Leishmania antibodies due to its high sensitive and
specificity as well as good reproducibility and high throughput screening of large number of
samples, at an affordable expense. However, the specificity of this technique depends on the
antigen used. ELISA’s major disadvantage is its inadaptability in poor-resource field condi-
tions and requiring specialized operators.

4.3.3. Indirect fluorescent antibody technique

Indirect Fluorescent Antibody Technique (IFAT) is an extremely valuable tool that allows
assessment of anti-Leishmania antibody titers produced by infected individuals. It is a quite
useful method in epidemiological studies and in clinical practice [113]. Promastigote or
amastigote forms have been used as a source for antigens used by IFAT [25]. IFAT is based on
the use of fluorophores to detect antibodies that recognize the parasites. It involves the use of a
primary antibody that binds to the antigen and allows the formation of an antigen-antibody
complex. Posteriorly, the binding of a fluorophore-conjugated secondary antibody results in an
amplified signal that can be examined by fluorescence microscopy. IFAT is the serological gold
standard for diagnosis of CanL in most countries. This analytical methodology differs from
ELISA as it resorts to the whole body parasite as antigen [113]. Although having a high
specificity and sensitivity (100% and 90%, respectively), IFAT sensitivity is lower for asymp-
tomatic infections when compared to ELISA [29, 114].

4.3.4. Immunochromatographic tests

Immunochromatographic (IC) tests are recurrently used in large-scale screenings. The results
obtained from IC tests consider the epidemiological context and do not require antibody
titration [115]. IC test is based on chromatographic and relies on capillary action. An antigen-
antibody complex is formed and entrapped on the membrane. The sample migrates across this
membrane, the antibodies present in the blood recognize the antigen and the labeled antibody
present in the membrane resulting in the formation of a colored product. IC tests are inexpen-
sive, practical, rapid and suitable for field use. However, these tests frequently lead to false
positives with patients in endemic regions that have already been infected in the past. Resul-
tantly, this technique does not work in the diagnosis of relapsed patients [115]. Much like
ELISA, the specificity and sensitivity of IC test is dependent on the antigen used.

4.3.5. Flow cytometry

Flow Cytometry (FC) is an emerging technique for the diagnostic of several infectious diseases
[116]. It has a high throughput capacity, possibility of quantification, high reproducibility and
sensitivity and potential for multiplexing [49]. This technique analyses and sorts cells or
particle suspensions in a controlled fluid stream, through the measurement of fluorescence
and scatter induced illumination, allowing the acquisition of structural and functional data.
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The flow cytometry technique can quantify the antibodies against Leishmania surface antigens,
restraining potential cross-reactivity against more conserved intracellular structures [117] and
showing potential to monitor post chemotherapy VL, in order to evaluate the success of
treatment [118].

As described before, every diagnosis technique has its downsides. Parasite demonstration in
tissue smears and culture provide definitive diagnosis of VL, but generally have a lower
sensitivity than serologic methods with a high risk associated. Microscopy techniques lacks
sensitivity, whereas culture requires a longer time to obtain a result and is vulnerable to
contamination [119].

Molecular diagnostic tools like PCR and real-time PCR are quite sensitive and specific although
difficult to perform in field conditions and costly [8]. Its use remains largely restricted to some
hospitals and research centers [90].

Serological tests are often not sensitive enough to detect asymptomatic individuals, having to
be combined with classical methods of diagnosis to confirm. ELISA, IFAT, DAT and rK39
immunochromatographic strip test (ICT) are highly sensitive and specific when analyzing
active VL in immunocompetent individuals. This does not happen when titers decline and
parasite charge is lower. Due to this, false negative results frequently happen in immunocom-
promised patients and asymptomatic Leishmania infections [120].

In that way, the big challenge in the field is to isolate, recombine, produce and identify new
proteins capable of detecting asymptomatic leishmaniasis cases and early stages of infection
in VL endemic regions, using safe techniques that are easy, fast, sensitive and with a fair
cost.

The importance of serological methods has been rising in vector-borne diseases, due to the low
sensitivity associated to the microscopic methods [52]. Molecular biology developments over
the years have led to advances in techniques that aided in VL control and had significant
progress in surveillance and diagnosis of this disease [52].

The main problem with leishmaniasis diagnosis is the identification of markers that can detect
the presence of low titres of antibodies. Thus, new markers are needed to contribute for a more
accurate diagnosis capable of detecting asymptomatic cases and early stages of disease in large
screening studies [38, 121].

5. Successful diagnosis approaches-from laboratory to field conditions

Currently, the scientific community is investing in developing VL tests based on antigen detec-
tion, such as rapid diagnostic tests.

Rapid diagnostic tests (RDTs) are equipment-free diagnostic devices that are adequate for field
conditions. The results of this test can be read easily and in a short amount of time. Most RDTs
work by capturing either an antigen or an antibody on a solid surface and then attaching
molecules that allow detection by the naked eye.
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5.1. Immunochromatographic Tests

These Immunochromatographic Tests (ICTs) usually based on immunochromatography with a
dipstick, are used for VL diagnosis using protein from Leishmania as the antigen [110]. The
RDTs for VL, above all but not exclusively the rK39-based ICTs, seem to be the present solution
for field diagnosis in field settings due to their ease of use, convenience and cost, making them
potentially favorable to increase patients’ access to VL diagnosis and treatment [110]. There is a
limited number of commercially available RDTs for VL [110] (Table 2).

The scientific technological advances in recombinant antigens as reagents for the serological
diagnosis of VL have resulted in high sensitivity and specificity of the serological tests. Several
recombinantproteinshavebeen shown tobeuseful for thediagnosis ofLeishmania infectionboth in
humans and dogs [34]. Recombinant antigens such as the abovementioned rK9, rK16, rK26, rK28
and rk39 have been evaluated for its potential use in rapid diagnostic tests in field conditions.

Of all commercial RDTs, the rK39 is the most widely used. The rK39 rapid immune-
chromatographic dipstick test was developed to meet the need for diagnosis in field condi-
tions. Among the recombinant antigens, this one showed promising diagnosis and has been
extensively tested in the last 5 years with IC tests in several leishmaniasis endemic areas [60,
122], being associated with several commercial applications (Table 2). It is an easy and quali-
tative test able to detect anti-Leishmania circulating antibodies, not requiring scientifically
trained personnel. The test procedure involves adding the patient’s blood or serum with
diluent buffer on the strip [110]. These rK39 ICTs give an immediate result (typically between
10 and 20 minutes) and give a binary reading (positive or negative) [110]. This test has been
approved by the Food and Drug Administration and tested by the World Health Organization
in many endemic countries. The rapid rK39 immunochromatographic dipstick test is both

Application Product name Bound antigen Manufacturer

Human DiaMed-IT LEISH rK39 Bio-Rad Laboratories

OnSite Leishmania Ab Rapid Test rK39 CTK Biotech, Inc

Crystal KA (Kala azar) rKE16 Span Diagnostics, Lda

Kalazar Detect™ rK39 InBios International Inc

Dog Canine Visceral Leishmaniasis Dipstick* rK39 InBios International Inc

Anigen Rapid Leishmania Ab Test Kit Na Vtrade

Anigen Rapid Leishmania Ab Test Kit Na BIONOTE

Speed Leish K Kinesin Capture Complex Virbac Animal Health

DPP® Canine Leishmaniasis rK39 Bio-Manguinhos/Fiocruz

ImmunoRun Na Biogal, Galed Labs.

Canine Leishmania Antibody Test HRPO Conjugate Quicking Biotech

Leishmania Ab na EcoDiagnóstica

Data representative of available information in 2016.

Table 2. Immunochromatographic tests available for Leishmania diagnosis.
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sensitive (67–100%) and specific (70–100%) [34]. In the Indian subcontinent (India and Nepal),
the test proved to have a high sensitivity and specificity but in East Africa (Sudan, Kenya and
Ethiopia) the results were not so remarkable [34, 123]. These results in East Africa are not
entirely understood; however, lower antibody levels for rK39 in this region might be the
reason for these decreased values of sensitivity and specificity [31]. Several studies have been
carried out using the dipstick form of rK39 in dogs. The results revealed an overall good
sensitivity in symptomatic dogs, although the number of studies for a proper analysis is too
small for a detailed comparison [34, 124]. This recombinant antigen can also be used in a latex
agglutination test, where latex is used for antigen absorption. The attachment of molecules to
latex particles can be accomplished through either physical adsorption or covalent coupling.
However, the sensitivity of this latex test is relatively low [34]. In comparison to DAT and
ELISA, dipstick rK39 is a better choice for field conditions, sufficiently sensitive and highly
specific method for the diagnosis of active VL in humans as well as in dogs [34].

The diagnosis of CanL remains a problem due to lack of sensitivity or specificity in the current
diagnostic tests. Nevertheless, rapid tests like the immunochromatographic-dipstick test using
rK39 and rK26 proteins of L. infantum [32] as antigens seem to be most appropriate for
diagnosis of symptomatic cases of CanL but lack sensitivity for asymptomatic dogs. Research
should continue in order to develop a more sensitive and specific recombinant assay able to
detect asymptomatic cases [31].

5.2. Latex agglutination kit

Latex Agglutination Kit (KATex) is a simple, noninvasive, rapid, reliable and easily executable
extensively used in diagnosis of L. donovani in endemic areas as Sudan, India and Nepal. It is
not commonly used in L. infantum endemic areas [125]. Latex beads coated with anti-Leish-
mania antibodies detect the presence of a low molecular weight, heat-stable glycoconjugate
antigen in urine [126]. This antigen is present in both promastigote and amastigote forms of VL
patients with active infection. It has a high specificity (from 82 to 100%) and a sensitivity that
varies from 47 to 95%. Although, for immunocompromised patients, the sensitivity and spec-
ificity have been reported at 85–100% and at 96–100%, respectively. The antigen may be
detectable from one to 6 months after treatment. The method is appropriate for the diagnosis
of primary VL, for monitoring the efficacy of treatment and for the detection of sub-clinical
infection. KAtex test was also tested with oral fluids, which demonstrated the usefulness of
oral-fluid collection in the detection of both Leishmania antibodies and DNA [125]. Sensitivity
was higher in saliva that in urine, but specificity was lower. The immunoassay probably
detects the same antigen present in urine [125].

6. Conclusion and remarks

Currently, several biomarkers for diagnosis are available in research laboratories, with expen-
sive and sophisticated equipment requiring trained operators, precluding their direct applica-
tion for field use.

Biomarkers in Leishmaniasis: From Basic Research to Clinical Application
http://dx.doi.org/10.5772/intechopen.75315

213



5.1. Immunochromatographic Tests

These Immunochromatographic Tests (ICTs) usually based on immunochromatography with a
dipstick, are used for VL diagnosis using protein from Leishmania as the antigen [110]. The
RDTs for VL, above all but not exclusively the rK39-based ICTs, seem to be the present solution
for field diagnosis in field settings due to their ease of use, convenience and cost, making them
potentially favorable to increase patients’ access to VL diagnosis and treatment [110]. There is a
limited number of commercially available RDTs for VL [110] (Table 2).

The scientific technological advances in recombinant antigens as reagents for the serological
diagnosis of VL have resulted in high sensitivity and specificity of the serological tests. Several
recombinantproteinshavebeen shown tobeuseful for thediagnosis ofLeishmania infectionboth in
humans and dogs [34]. Recombinant antigens such as the abovementioned rK9, rK16, rK26, rK28
and rk39 have been evaluated for its potential use in rapid diagnostic tests in field conditions.
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extensively tested in the last 5 years with IC tests in several leishmaniasis endemic areas [60,
122], being associated with several commercial applications (Table 2). It is an easy and quali-
tative test able to detect anti-Leishmania circulating antibodies, not requiring scientifically
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diluent buffer on the strip [110]. These rK39 ICTs give an immediate result (typically between
10 and 20 minutes) and give a binary reading (positive or negative) [110]. This test has been
approved by the Food and Drug Administration and tested by the World Health Organization
in many endemic countries. The rapid rK39 immunochromatographic dipstick test is both
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sensitive (67–100%) and specific (70–100%) [34]. In the Indian subcontinent (India and Nepal),
the test proved to have a high sensitivity and specificity but in East Africa (Sudan, Kenya and
Ethiopia) the results were not so remarkable [34, 123]. These results in East Africa are not
entirely understood; however, lower antibody levels for rK39 in this region might be the
reason for these decreased values of sensitivity and specificity [31]. Several studies have been
carried out using the dipstick form of rK39 in dogs. The results revealed an overall good
sensitivity in symptomatic dogs, although the number of studies for a proper analysis is too
small for a detailed comparison [34, 124]. This recombinant antigen can also be used in a latex
agglutination test, where latex is used for antigen absorption. The attachment of molecules to
latex particles can be accomplished through either physical adsorption or covalent coupling.
However, the sensitivity of this latex test is relatively low [34]. In comparison to DAT and
ELISA, dipstick rK39 is a better choice for field conditions, sufficiently sensitive and highly
specific method for the diagnosis of active VL in humans as well as in dogs [34].

The diagnosis of CanL remains a problem due to lack of sensitivity or specificity in the current
diagnostic tests. Nevertheless, rapid tests like the immunochromatographic-dipstick test using
rK39 and rK26 proteins of L. infantum [32] as antigens seem to be most appropriate for
diagnosis of symptomatic cases of CanL but lack sensitivity for asymptomatic dogs. Research
should continue in order to develop a more sensitive and specific recombinant assay able to
detect asymptomatic cases [31].

5.2. Latex agglutination kit

Latex Agglutination Kit (KATex) is a simple, noninvasive, rapid, reliable and easily executable
extensively used in diagnosis of L. donovani in endemic areas as Sudan, India and Nepal. It is
not commonly used in L. infantum endemic areas [125]. Latex beads coated with anti-Leish-
mania antibodies detect the presence of a low molecular weight, heat-stable glycoconjugate
antigen in urine [126]. This antigen is present in both promastigote and amastigote forms of VL
patients with active infection. It has a high specificity (from 82 to 100%) and a sensitivity that
varies from 47 to 95%. Although, for immunocompromised patients, the sensitivity and spec-
ificity have been reported at 85–100% and at 96–100%, respectively. The antigen may be
detectable from one to 6 months after treatment. The method is appropriate for the diagnosis
of primary VL, for monitoring the efficacy of treatment and for the detection of sub-clinical
infection. KAtex test was also tested with oral fluids, which demonstrated the usefulness of
oral-fluid collection in the detection of both Leishmania antibodies and DNA [125]. Sensitivity
was higher in saliva that in urine, but specificity was lower. The immunoassay probably
detects the same antigen present in urine [125].

6. Conclusion and remarks

Currently, several biomarkers for diagnosis are available in research laboratories, with expen-
sive and sophisticated equipment requiring trained operators, precluding their direct applica-
tion for field use.
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Due to the specific characteristics associated to serological methodologies, they are accepted as
the ideal diagnosis approach for both human and animal use, enabling epidemiological stud-
ies. Still, a significant limitation of serological tests is their capacity to detect asymptomatic
cases. Further challenges associated to the advent of vaccination still need to be addressed.

Ultimately, the goal is to find biomarkers that detect different clinical forms of the disease that
can be used universally in a rapid diagnosis kit.
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Abstract

Heart failure (HF) represents fatal endpoint of all cardiovascular diseases. Acute and
chronic HF is a complex, heterogeneous syndrome consisting of many overlapping syn-
dromes making its diagnosis and treatment more challenging. There is no single test for
diagnosis of HF, and diagnosis is based on clinical judgment driven by a combination of
history, physical examination, and appropriate tests. Despite improvements in clinical
management within the last 50 years, it has still been a disease of poor prognosis.
Attempts to further improve its prognosis can only be achieved by understanding patho-
physiology of HF clearly and finding, developing, and using appropriate and new clinical
biochemical markers for diagnosis of each different clinical subtype and hence unique
intervention of that specific subtype of HF. This review is an overview of biomarkers,
which are either currently used in the clinical practice or hold promise for future use in
patients with both chronic and acute HF.

Keywords: heart failure, diagnosis, prognosis, biochemical markers

1. Introduction

Heart failure (HF) is the end stage of all the cardiovascular diseases. It is an important mortality
and morbidity cause. It is a syndrome that can be defined clinically by a collection of symptoms
(dyspnea, fatigue, and exertional intolerance) and signs (edema, rales, and gallop) that are
caused by a cardiac disorder [1]. In half of the patients with HF, inadequate pumping action of
the heart is the main cardiac disorder forming the HF with reduced ejection fraction (HFrEF). In
the other half, abnormality in the relaxation properties of the heart is the main cardiac disorder
forming the HF with preserved ejection fraction (HFpEF). HFrEF and HFpEF share the same
clinical phenotype. First of all, HF is a clinical diagnosis. Unfortunately, diagnosis of HF is not an
easy task and cannot be made only by clinics because symptoms and signs of HF are nonspecific.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.74798

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 12

Biomarkers and Heart Failure

Hakan Altay

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74798

Provisional chapter

Biomarkers and Heart Failure

Hakan Altay

Additional information is available at the end of the chapter

Abstract

Heart failure (HF) represents fatal endpoint of all cardiovascular diseases. Acute and
chronic HF is a complex, heterogeneous syndrome consisting of many overlapping syn-
dromes making its diagnosis and treatment more challenging. There is no single test for
diagnosis of HF, and diagnosis is based on clinical judgment driven by a combination of
history, physical examination, and appropriate tests. Despite improvements in clinical
management within the last 50 years, it has still been a disease of poor prognosis.
Attempts to further improve its prognosis can only be achieved by understanding patho-
physiology of HF clearly and finding, developing, and using appropriate and new clinical
biochemical markers for diagnosis of each different clinical subtype and hence unique
intervention of that specific subtype of HF. This review is an overview of biomarkers,
which are either currently used in the clinical practice or hold promise for future use in
patients with both chronic and acute HF.

Keywords: heart failure, diagnosis, prognosis, biochemical markers

1. Introduction

Heart failure (HF) is the end stage of all the cardiovascular diseases. It is an important mortality
and morbidity cause. It is a syndrome that can be defined clinically by a collection of symptoms
(dyspnea, fatigue, and exertional intolerance) and signs (edema, rales, and gallop) that are
caused by a cardiac disorder [1]. In half of the patients with HF, inadequate pumping action of
the heart is the main cardiac disorder forming the HF with reduced ejection fraction (HFrEF). In
the other half, abnormality in the relaxation properties of the heart is the main cardiac disorder
forming the HF with preserved ejection fraction (HFpEF). HFrEF and HFpEF share the same
clinical phenotype. First of all, HF is a clinical diagnosis. Unfortunately, diagnosis of HF is not an
easy task and cannot be made only by clinics because symptoms and signs of HF are nonspecific.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.74798

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Rather, the diagnosis is based on clinical judgment using history, physical examination, and
combination of appropriate tests. Biomarkers form complementary information in addition to
the clinics and the other tests used, help for the diagnosis, prognosis, and follow-up of the HF
patients, and sometimes form the basis for implementing specific treatment.

2. Biomarkers

The definition of biomarker is as follows: biomarkers are parameters which can be measured
objectively and assessed as an indicator of normal biologic or pathogenic process or response
to treatment. An ideal biomarker should have the capability of reflecting the pathway centrally
important to the disease under investigation, thereby providing therapeutic insights. An ideal
biomarker should have three important characteristics: (1) It should be measured in a short
time with low cost. (2) It should add complementary information to clinical evaluation. (3) It
should aid to the treatment of HF. Biomarkers with these characteristics can be used for
confirming the presence or absence of HF syndrome, for finding the specific underlying cause
of HF, assessing the severity and prognosis of HF, and identifying patients likely to respond to
specific treatments. HF does not occur as a result of a single pathophysiologic disease, but a
multiple of pathophysiologic mechanisms resulting in volume and/or pressure overload.
This makes the use of these biomarkers complex and difficult. Despite significant overlaps,

Biomarkers

(1) Myocardial stress/injury
• Myocardial stress
• Myocardial injury
• Oxidative stress

NT-proBNP, BNP, MR-proBNP
Troponin, heart-type fatty-acid protein
Myeloperoxidase, uric acid

(2) Neurohormonal activation
• Renin angiotensin system
• Sympathetic nervous system
• Arginine vasopressin system
• Endothelins
• Parathyroid

Renin, Angiotensin II, Aldosterone
Norepinephrine, chromogranin A, adrenomedulin
Arginine vasopressin, copeptin
ET-1
Parathyroid hormone

(3) Remodeling
• Inflammation
• Hypertrophy/fibrosis
• Apoptosis
• Miscallenous

C-reactive protein, osteoprotegerin, TNF-alfa, IL-6, adiponectin
ST-2, galectin-3
GDF-15
microRNA

(4) Comorbidities
• Renal biomarkers
• Hematologic biomarkers
• Liver function tests

Kreatinin, BUN, eGFR, cystatin C, beta-trace protein
Hb, Htc, iron deficiency (ferritin, transferrin saturation), RDW
AST, ALT, LDH, Albumin

ALT, Alanine aminotransferase; AST, aspartate aminotransferase; BNP, brain natriuretic peptide; BUN, blood urea
nitrogen; ET-1, endothelin 1; Hb, hemoglobin: Htc, hematocrit; IL-6, interleukin-6; LDH, lactate dehydrogenase; MR-
proADM, mid-regional proadrenomedullin; MR-proBNP, mid-regional proBNP; NT-proBNP, N-terminal proBNP; RDW,
red blood cell distribution width.
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biomarkers used in HF can be roughly arranged into four categories: (1) myocardial stress/
injury, (2) neurohormonal activation, (3) remodeling, and (4) comorbidities (Table 1).

3. Biomarkers for heart failure

3.1. Myocardial stress/injury

3.1.1. Natriuretic peptides (NPs)

In this group, there is robust evidence for both brain natriuretic peptide (BNP) and NT-proBNP
regarding HF. The most potent inducer of release of BNP from the left ventricle is left ventric-
ular (LV) wall stretch from increased pressure or volume. A prohormone (proBNP) is
degraded to BNP and NT-proBNP, forming three distinct subtypes in the circulation as BNP,
NT-proBNP, and proBNP. BNP acts on natriuretic peptide receptor system resulting in natri-
uresis, diuresis, vasodilation, inhibition of renin and aldosterone, and inhibition of fibrosis [2].
BNP is cleared from circulation by a receptor-mediated mechanism as well as degradation by
neutral endopeptidases such as neprilysin. The half-life of BNP is significantly shorter than
that of NT-proBNP (approximately 20 vs. 60–120 minutes). Conventional assays for BNP
detect proBNP and BNP, as well as various degraded fragments of BNP, while NT-proBNP
assays detect NT-proBNP and proBNP [3].

Analytical studies have shown that ratio of BNP to proBNP may have superior prognostic value
compared to single BNP assay [4]. In a normal healthy individual, BNP and NT-proBNP serum
levels are low, but in aHFpatient, serum levels rise proportionately to excess volume overload. The
Breathing Not ProperlyMultinational Study demonstrated that the optimal cutoff value of BNP to
diagnose HF was 100 pg/mL, with high accuracy at 85% [5]. Similar findings were seen for NT-
proBNP in the ProBNP Investigation of Dyspnea in the Emergency Department (PRIDE) Study in
which elevated NT- proBNP concentrations were the strongest predictor of HF compared with
traditional assessment [6].

Based on accumulating evidence, BNP and NT-proBNP have been generally used for the
differential diagnosis of acute dyspnea [7]. These two peptides have especially high negative
predictive value; therefore, they have been generally used for exclusion of HF. The exclusion
thresholds of these peptides are different in acute HF in the emergency department than
chronic HF in the outpatient setting. For patients presenting with acute onset HF, the optimal
exclusion cutoff point is 300 pg/ml for NT-proBNP and 100 pg/ml for BNP, whereas
the exclusion cutoff values are 125 and 35 pg/ml, respectively, in the outpatient setting.
The sensitivity and specificity of BNP and NT-proBNP for the diagnosis of chronic HF are
lower in the outpatient setting [8]. Natriuretic peptide levels increase with age. Therefore,
age-stratified cutoff points for NT-proBNP (≥450 for ages <50 years, ≥900 for 50–75 years, and
≥1800 pg/ml for >75 years) performed the best diagnostic accuracy (Table 2) [7]. The negative
predictive values are high in both acute and non-acute outpatient settings, but the positive
predictive values are lower in both situations. Therefore, the use of NPs is recommended more
to rule out HF, but not to establish the diagnosis.
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Rather, the diagnosis is based on clinical judgment using history, physical examination, and
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multiple of pathophysiologic mechanisms resulting in volume and/or pressure overload.
This makes the use of these biomarkers complex and difficult. Despite significant overlaps,
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regarding HF. The most potent inducer of release of BNP from the left ventricle is left ventric-
ular (LV) wall stretch from increased pressure or volume. A prohormone (proBNP) is
degraded to BNP and NT-proBNP, forming three distinct subtypes in the circulation as BNP,
NT-proBNP, and proBNP. BNP acts on natriuretic peptide receptor system resulting in natri-
uresis, diuresis, vasodilation, inhibition of renin and aldosterone, and inhibition of fibrosis [2].
BNP is cleared from circulation by a receptor-mediated mechanism as well as degradation by
neutral endopeptidases such as neprilysin. The half-life of BNP is significantly shorter than
that of NT-proBNP (approximately 20 vs. 60–120 minutes). Conventional assays for BNP
detect proBNP and BNP, as well as various degraded fragments of BNP, while NT-proBNP
assays detect NT-proBNP and proBNP [3].

Analytical studies have shown that ratio of BNP to proBNP may have superior prognostic value
compared to single BNP assay [4]. In a normal healthy individual, BNP and NT-proBNP serum
levels are low, but in aHFpatient, serum levels rise proportionately to excess volume overload. The
Breathing Not ProperlyMultinational Study demonstrated that the optimal cutoff value of BNP to
diagnose HF was 100 pg/mL, with high accuracy at 85% [5]. Similar findings were seen for NT-
proBNP in the ProBNP Investigation of Dyspnea in the Emergency Department (PRIDE) Study in
which elevated NT- proBNP concentrations were the strongest predictor of HF compared with
traditional assessment [6].

Based on accumulating evidence, BNP and NT-proBNP have been generally used for the
differential diagnosis of acute dyspnea [7]. These two peptides have especially high negative
predictive value; therefore, they have been generally used for exclusion of HF. The exclusion
thresholds of these peptides are different in acute HF in the emergency department than
chronic HF in the outpatient setting. For patients presenting with acute onset HF, the optimal
exclusion cutoff point is 300 pg/ml for NT-proBNP and 100 pg/ml for BNP, whereas
the exclusion cutoff values are 125 and 35 pg/ml, respectively, in the outpatient setting.
The sensitivity and specificity of BNP and NT-proBNP for the diagnosis of chronic HF are
lower in the outpatient setting [8]. Natriuretic peptide levels increase with age. Therefore,
age-stratified cutoff points for NT-proBNP (≥450 for ages <50 years, ≥900 for 50–75 years, and
≥1800 pg/ml for >75 years) performed the best diagnostic accuracy (Table 2) [7]. The negative
predictive values are high in both acute and non-acute outpatient settings, but the positive
predictive values are lower in both situations. Therefore, the use of NPs is recommended more
to rule out HF, but not to establish the diagnosis.
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There are some shortcomings of natriuretic peptide biomarkers. HF is not the only disease that
increases these peptides. Other diseases that can cause a rise in natriuretic peptides are as follows:
acute coronary syndrome, myocarditis, valvular heart disease, hypertrophic cardiomyopathy,
cardiotoxic drugs, atrial fibrillation, or flutter and pulmonary embolism. Other conditions that
are associated with higher BNP or NT-proBNP levels may be related to comorbidities such as
advanced age, renal dysfunction, stroke, and high-output states. HFpEF is associated with lower
than expected natriuretic peptide levels compared with HFrEF. The other condition which is
associated with lower than the expected NP level is obesity. The explanation for this is suppres-
sion of natriuretic peptide synthesis or release in obese people. Therefore, the diagnostic sensitiv-
ity of NPs in obese patients is modestly lower. With respect to HFpEF, the same cutoff points for
BNP or NT-proBNP can be utilized to diagnose HF with the understanding that the sensitivity is
somewhat decreased and HFpEF is associated with lower NP levels compared to HFrEF [9].
Apart from BNP and NT-proBNP, another natriuretic peptide called mid-regional proANP (MR-
proANP) has been tested in a large prospective trial [10]. In this large trial, MR-proANP was
reported to be a better biomarker in conditions like obesity and chronic renal failure where BNP
and NT-proBNP could be less reliable. It has also a diagnostic utility in acute HF same as BNP
and NT-proBNP.

Natriuretic peptides are, to date, the best predictors of prognosis in HF. HF therapies, both
disease-modifying agents like angiotensin-converting enzyme inhibitors (ACEi), beta-blockers
(BB), and mineralocorticoid receptor antagonists (MRA) and diuretics, reduce these NP levels.
This observation has led to the concept of biomarker-guided HF management using BNP or
NT-proBNP. However, there is inconsistent data regarding the benefit of natriuretic peptide-
guided therapy to reduce the mortality and cardiovascular outcomes. Because of this, serial
measurement of NPs during treatment of HF did not find a high level of recommendation in
the guidelines. Despite this lack of evidence, serial measurement of NPs, at least one at
admission and one at predischarge, was used during management of hospitalized patients.

Acute HF Sens. Spec. PPV NPV

BNP <100 pg/ml 90% 76% 79% 89%

NT-proBNP, overall <300 pg/ml 99% 68% 62% 99%

NT-proBNP, age-stratified approach 90% 84% 88% 66%

<450 pg/ml for <50y

<900 pg/ml for 50–75y

<1800 pg/ml for >85y

Outpatient screening for symptomatic HF

BNP <35 pg/ml — — — 96%

NT-proBNP <125 pg/ml — — — 98%

BNP, brain natriuretic peptide; HF, heart failure; NPV, negative predictive value; PPV, positive predictive value; Sens.,
sensitivity; Spec., specificity.

Table 2. Natriuretic peptide exclusion threshold cutoff points (modified from reference 7).
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And, the best outcomes for these patients were seen when NP levels decreased by >30% [11].
This predischarge NP level may also be used as a point of reference (i.e., optivolemic NP level)
when the patient presents to the emergency department again to aid the clinician for the judgment
of hospitalizing the patient later. As a result, in patients admitted with acute decompensated
HF, both absolute NT-proBNP discharge levels and a relative reduction of >30% in NT-proBNP
levels from admission are significant predictors of readmissions and mortality [12]. However,
in the setting of chronic HF patients, the gain that is made by NP-guided treatment has been
modest [13].

3.1.2. Myocardial injury

Beyond their ability to diagnose myocardial infarction, troponin T (TnT) and troponin I (TnI)
are frequently detectable in HF without obvious cause of ischemia. Elevations in either tropo-
nin I or troponin T levels in the setting of acute HF are of prognostic significance and must be
interpreted in the clinical context [14]. In the ADHERE registry, 6.2% of patients with acute
decompensated HF had an elevated troponin which was associated with worse in-hospital
mortality [15]. As ischemia or myocardial infarction may be the precipitating cause of acute
decompensation of HF, new HF guidelines recommend troponin measurement in all patients
presenting acutely, in order to exclude or diagnose ischemia as a cause and also to assess
prognosis as well [16]. In patients with chronic HF, 92% of patients were found to have
measurable or elevated hsTnT (detection limit ≤0.001 ng/mL), and hsTnT >0.012 ng/mL was
closely linked with poor clinical outcomes [17].

3.2. Neurohormonal activation

Serum aldosterone levels are increased in severe HF patients (New York Heart Association
(NYHA) classes III and IV HF). In mild HF (NYHA classes I and II), serum aldosterone levels
are not increased unless RAAS is activated by the excessive use of diuretics, leading to renal
hypoperfusion [18]. Serum aldosterone measurement identifies not only HF patients likely to
respond mineralocorticoid receptor antagonists but also severe HF patients who will benefit
from interventions directed for advanced HF.

The second important response to cardiac dysfunction is the activation of the sympathetic
nervous system. Chromogranin A (CgA) is a peptide found in adrenal medulla and a multiple
number of endocrine cells. It is an important predictor of sympathetic system activation. CgA
is a prohormone and needs to be metabolized in order to become biologically active. Its serum
level is associated with HF severity, and it predicts mortality in acute HF. The highest mortality
occurs when both CgA and NT-proBNP rise together [19].

Adrenomedullin (ADM) is a peptide hormone with strong hypotensive, natriuretic, and posi-
tive inotropic effect. It is secreted from the adrenal medulla and kidney upon pressure and
volume overload. ADM causes vasodilation via production of nitric oxide (NO), and its level
rises in HF as a compensatory mechanism. Due to its short half-life and circulating in the
plasma as protein-bound, measurement of ADM is difficult. Alternatively, measurement of
mid-regional proadrenomedullin (MR-proADM) is possible. MR-proADM is a precursor
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There are some shortcomings of natriuretic peptide biomarkers. HF is not the only disease that
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are associated with higher BNP or NT-proBNP levels may be related to comorbidities such as
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than expected natriuretic peptide levels compared with HFrEF. The other condition which is
associated with lower than the expected NP level is obesity. The explanation for this is suppres-
sion of natriuretic peptide synthesis or release in obese people. Therefore, the diagnostic sensitiv-
ity of NPs in obese patients is modestly lower. With respect to HFpEF, the same cutoff points for
BNP or NT-proBNP can be utilized to diagnose HF with the understanding that the sensitivity is
somewhat decreased and HFpEF is associated with lower NP levels compared to HFrEF [9].
Apart from BNP and NT-proBNP, another natriuretic peptide called mid-regional proANP (MR-
proANP) has been tested in a large prospective trial [10]. In this large trial, MR-proANP was
reported to be a better biomarker in conditions like obesity and chronic renal failure where BNP
and NT-proBNP could be less reliable. It has also a diagnostic utility in acute HF same as BNP
and NT-proBNP.

Natriuretic peptides are, to date, the best predictors of prognosis in HF. HF therapies, both
disease-modifying agents like angiotensin-converting enzyme inhibitors (ACEi), beta-blockers
(BB), and mineralocorticoid receptor antagonists (MRA) and diuretics, reduce these NP levels.
This observation has led to the concept of biomarker-guided HF management using BNP or
NT-proBNP. However, there is inconsistent data regarding the benefit of natriuretic peptide-
guided therapy to reduce the mortality and cardiovascular outcomes. Because of this, serial
measurement of NPs during treatment of HF did not find a high level of recommendation in
the guidelines. Despite this lack of evidence, serial measurement of NPs, at least one at
admission and one at predischarge, was used during management of hospitalized patients.
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BNP <100 pg/ml 90% 76% 79% 89%

NT-proBNP, overall <300 pg/ml 99% 68% 62% 99%

NT-proBNP, age-stratified approach 90% 84% 88% 66%
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<900 pg/ml for 50–75y

<1800 pg/ml for >85y

Outpatient screening for symptomatic HF
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And, the best outcomes for these patients were seen when NP levels decreased by >30% [11].
This predischarge NP level may also be used as a point of reference (i.e., optivolemic NP level)
when the patient presents to the emergency department again to aid the clinician for the judgment
of hospitalizing the patient later. As a result, in patients admitted with acute decompensated
HF, both absolute NT-proBNP discharge levels and a relative reduction of >30% in NT-proBNP
levels from admission are significant predictors of readmissions and mortality [12]. However,
in the setting of chronic HF patients, the gain that is made by NP-guided treatment has been
modest [13].

3.1.2. Myocardial injury

Beyond their ability to diagnose myocardial infarction, troponin T (TnT) and troponin I (TnI)
are frequently detectable in HF without obvious cause of ischemia. Elevations in either tropo-
nin I or troponin T levels in the setting of acute HF are of prognostic significance and must be
interpreted in the clinical context [14]. In the ADHERE registry, 6.2% of patients with acute
decompensated HF had an elevated troponin which was associated with worse in-hospital
mortality [15]. As ischemia or myocardial infarction may be the precipitating cause of acute
decompensation of HF, new HF guidelines recommend troponin measurement in all patients
presenting acutely, in order to exclude or diagnose ischemia as a cause and also to assess
prognosis as well [16]. In patients with chronic HF, 92% of patients were found to have
measurable or elevated hsTnT (detection limit ≤0.001 ng/mL), and hsTnT >0.012 ng/mL was
closely linked with poor clinical outcomes [17].

3.2. Neurohormonal activation

Serum aldosterone levels are increased in severe HF patients (New York Heart Association
(NYHA) classes III and IV HF). In mild HF (NYHA classes I and II), serum aldosterone levels
are not increased unless RAAS is activated by the excessive use of diuretics, leading to renal
hypoperfusion [18]. Serum aldosterone measurement identifies not only HF patients likely to
respond mineralocorticoid receptor antagonists but also severe HF patients who will benefit
from interventions directed for advanced HF.

The second important response to cardiac dysfunction is the activation of the sympathetic
nervous system. Chromogranin A (CgA) is a peptide found in adrenal medulla and a multiple
number of endocrine cells. It is an important predictor of sympathetic system activation. CgA
is a prohormone and needs to be metabolized in order to become biologically active. Its serum
level is associated with HF severity, and it predicts mortality in acute HF. The highest mortality
occurs when both CgA and NT-proBNP rise together [19].

Adrenomedullin (ADM) is a peptide hormone with strong hypotensive, natriuretic, and posi-
tive inotropic effect. It is secreted from the adrenal medulla and kidney upon pressure and
volume overload. ADM causes vasodilation via production of nitric oxide (NO), and its level
rises in HF as a compensatory mechanism. Due to its short half-life and circulating in the
plasma as protein-bound, measurement of ADM is difficult. Alternatively, measurement of
mid-regional proadrenomedullin (MR-proADM) is possible. MR-proADM is a precursor
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molecule of adrenomedullin; MR-proADM is elevated in patients with acute and chronic HF
and is a strong predictor of mortality and HF hospitalization in addition to BNP or NT-proBNP
[20]. The data, up to date, are promising, but the implementation of this biomarker into the
clinical practice needs more evidence.

Arginine vasopressin (AVP) is an antidiuretic and vasoconstrictor hormone released from
posterior hypophysis upon stimulation by change in plasma osmolality and hypovolemia.
Production of AVP increases as a compensatory mechanism in HF. AVP is centrally
involved in the regulation of free water clearance and plasma osmolality by regulating
absorption of water from the collecting tubules of the kidney. AVP plays a role in HF,
particularly in the context of hyponatremia which indicates poor prognosis in HF. Due to
its short half-life and instability in laboratory circumstances, measurement of AVP is not
practical. Copeptin is a stable C-terminal pro-peptide fragment of AVP. In the Biomarkers
in Acute Heart Failure (BACH) trial, the elevated copeptin level strongly predicted mortal-
ity, and in those with hyponatremia, the elevated copeptin level was more predictive, even
after adjusting for NT-proBNP and traditional variables [21]. In the future copeptin values
may be used to guide therapy with vasopressin receptor antagonists; however, such data
are not available yet.

Endothelin-1(ET-1) is a hormone released from the endothelium via stimulation by angiotensin
II, inflammation, and vascular shear stress. It is responsible for profound vasoconstriction,
production of reactive oxygen radicals, and ventricular remodeling. Its relation with pulmo-
nary hypertension has been well known, and now its relation to HF has been suggested [22].
Specific treatment of HF patients with ET-1 antagonists yielded nothing. ET-1 may be used to
identify HF patients who will benefit from these specific treatments.

Parathyroid hormone (PTH) is a peptide of 84 amino acids (1–84 PTH). PTH is recognized as
a key regulator of mineral metabolism and bone health. Together, in association with vita-
min D (vit D), PTH regulates homeostasis of calcium, phosphate, and bone turnover. In the
parathyroid gland, PTH is secreted by the chief cells in response to decreased ionized
calcium concentration in the blood. The increased PTH level is a well-known condition in
patients with chronic renal failure. A growing body of evidence indicates that the progres-
sion of HF also leads to secondary hyperparathyroidism (SHPT). Secondary hyperaldos-
teronism and increased amounts of diuretics used for the relief of the patient in advanced
stage of HF bring about secondary hyperparathyroidism, assumed to be caused by increased
calcium and magnesium excretion in the urine and feces [23]. Measurement of serum PTH
could provide complementary information and a simple biomarker strategy to categorize
patients with advanced HF based on increased PTH levels, allowing rapid risk stratification
in these patients [24].

3.3. Remodeling

Myocardial remodeling is the pivotal process leading to progressive myocardial dysfunction
and risk in HF. While BNP, NT-proBNP, and troponin are all also linked to remodeling risk,
other biomarkers are worth mention.
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3.3.1. Inflammation

Apart from neuroendocrine and sympathetic nervous system, the immune system, via its pro-
inflammatory pathways, has been shown to play a role in the development of adverse
remodeling and progression of HF [25]. Therefore, inflammatory mediators have been the
center of interest for potential biomarkers in HF. Although they have a prognostic importance,
they have shortcomings as well. They are not specific to HF.

C-reactive protein (CRP) is the mostly studied inflammatory mediator in HF. It has been
shown to be associated with severity of HF [26]. Although recent studies have confirmed the
prognostic value of CRP in HF, because of its increased level in a multiple of conditions and
not needing specific treatment makes its use in HF impractical. And, it lost its prognostic
significance in models where multiple biomarkers were involved [27].

TNF-alfa increases oxidative stress, hence reduces pumping function of the heart, and is
associated with the progression of HF [28]. Interleukin-6 (IL-6) affects the intercellular com-
munication between cardiomyocyte and fibroblasts, and change in IL-6 levels causes cardiac
dysfunction by changing the cardiac extracellular matrix. IL-6 has been shown to predict
adverse events in HF, but due to the lack of diagnostic specificity, it has not been used
generally in clinical practice. Pentraxin-3 is a novel promising inflammatory biomarker. It has
been shown to predict adverse events in HF better than CRP [29].

Beta-blockers, RAS antagonists, statins, and immunosuppressants have been found to decrease
the levels of cytokines in small clinical studies of patients with HF. However, “immunomodula-
tory” approaches applied in the double-blind, placebo-controlled studies had neutral or negative
effects on hard clinical outcomes of patients with HF [30].

3.3.2. Hypertrophy/fibrosis

ST2 is a member of IL-1 receptor family. It could also be classified under inflammation
subtitle. Production of ST2 is strongly induced in the setting of cardiomyocyte or cardiac
fibroblast stretch. ST2 is closely involved in LV hypertrophy, fibrosis, and remodeling via
its interaction with interleukin (IL)-33, a protein with anti-fibrotic and anti-remodeling
properties [31]. Soluble form of ST, designated as sST2, neutralizes protective effects of
ST2. Increasing ST2 concentrations (e.g., >35 ng/mL) are powerfully associated with
adverse clinical outcomes in HF, and compared with BNP or NT-proBNP, ST2 is not as
affected by age, renal function, atrial fibrillation, body mass index (BMI), or etiology of
cardiomyopathy (ischemic or not) [32]. In a multivariable model that included traditional
markers of risk in acute HF patients, ST2 had independent and additive prognostic infor-
mation beyond NT-proBNP regardless of left ventricular ejection fraction (LVEF) [33]. In
addition, serial measurement of ST2 after acute HF therapy provided incremental informa-
tion beyond a single value and was superior to that provided by NT-proBNP [34]. sST2
levels may change with specific HF therapies. It was shown that beta-blockers reduce ST2
values, giving the promise of the future use of guided HF therapy using serial measure-
ment of ST2 [35].
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molecule of adrenomedullin; MR-proADM is elevated in patients with acute and chronic HF
and is a strong predictor of mortality and HF hospitalization in addition to BNP or NT-proBNP
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clinical practice needs more evidence.
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posterior hypophysis upon stimulation by change in plasma osmolality and hypovolemia.
Production of AVP increases as a compensatory mechanism in HF. AVP is centrally
involved in the regulation of free water clearance and plasma osmolality by regulating
absorption of water from the collecting tubules of the kidney. AVP plays a role in HF,
particularly in the context of hyponatremia which indicates poor prognosis in HF. Due to
its short half-life and instability in laboratory circumstances, measurement of AVP is not
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are not available yet.

Endothelin-1(ET-1) is a hormone released from the endothelium via stimulation by angiotensin
II, inflammation, and vascular shear stress. It is responsible for profound vasoconstriction,
production of reactive oxygen radicals, and ventricular remodeling. Its relation with pulmo-
nary hypertension has been well known, and now its relation to HF has been suggested [22].
Specific treatment of HF patients with ET-1 antagonists yielded nothing. ET-1 may be used to
identify HF patients who will benefit from these specific treatments.

Parathyroid hormone (PTH) is a peptide of 84 amino acids (1–84 PTH). PTH is recognized as
a key regulator of mineral metabolism and bone health. Together, in association with vita-
min D (vit D), PTH regulates homeostasis of calcium, phosphate, and bone turnover. In the
parathyroid gland, PTH is secreted by the chief cells in response to decreased ionized
calcium concentration in the blood. The increased PTH level is a well-known condition in
patients with chronic renal failure. A growing body of evidence indicates that the progres-
sion of HF also leads to secondary hyperparathyroidism (SHPT). Secondary hyperaldos-
teronism and increased amounts of diuretics used for the relief of the patient in advanced
stage of HF bring about secondary hyperparathyroidism, assumed to be caused by increased
calcium and magnesium excretion in the urine and feces [23]. Measurement of serum PTH
could provide complementary information and a simple biomarker strategy to categorize
patients with advanced HF based on increased PTH levels, allowing rapid risk stratification
in these patients [24].

3.3. Remodeling

Myocardial remodeling is the pivotal process leading to progressive myocardial dysfunction
and risk in HF. While BNP, NT-proBNP, and troponin are all also linked to remodeling risk,
other biomarkers are worth mention.
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3.3.1. Inflammation

Apart from neuroendocrine and sympathetic nervous system, the immune system, via its pro-
inflammatory pathways, has been shown to play a role in the development of adverse
remodeling and progression of HF [25]. Therefore, inflammatory mediators have been the
center of interest for potential biomarkers in HF. Although they have a prognostic importance,
they have shortcomings as well. They are not specific to HF.

C-reactive protein (CRP) is the mostly studied inflammatory mediator in HF. It has been
shown to be associated with severity of HF [26]. Although recent studies have confirmed the
prognostic value of CRP in HF, because of its increased level in a multiple of conditions and
not needing specific treatment makes its use in HF impractical. And, it lost its prognostic
significance in models where multiple biomarkers were involved [27].

TNF-alfa increases oxidative stress, hence reduces pumping function of the heart, and is
associated with the progression of HF [28]. Interleukin-6 (IL-6) affects the intercellular com-
munication between cardiomyocyte and fibroblasts, and change in IL-6 levels causes cardiac
dysfunction by changing the cardiac extracellular matrix. IL-6 has been shown to predict
adverse events in HF, but due to the lack of diagnostic specificity, it has not been used
generally in clinical practice. Pentraxin-3 is a novel promising inflammatory biomarker. It has
been shown to predict adverse events in HF better than CRP [29].

Beta-blockers, RAS antagonists, statins, and immunosuppressants have been found to decrease
the levels of cytokines in small clinical studies of patients with HF. However, “immunomodula-
tory” approaches applied in the double-blind, placebo-controlled studies had neutral or negative
effects on hard clinical outcomes of patients with HF [30].

3.3.2. Hypertrophy/fibrosis

ST2 is a member of IL-1 receptor family. It could also be classified under inflammation
subtitle. Production of ST2 is strongly induced in the setting of cardiomyocyte or cardiac
fibroblast stretch. ST2 is closely involved in LV hypertrophy, fibrosis, and remodeling via
its interaction with interleukin (IL)-33, a protein with anti-fibrotic and anti-remodeling
properties [31]. Soluble form of ST, designated as sST2, neutralizes protective effects of
ST2. Increasing ST2 concentrations (e.g., >35 ng/mL) are powerfully associated with
adverse clinical outcomes in HF, and compared with BNP or NT-proBNP, ST2 is not as
affected by age, renal function, atrial fibrillation, body mass index (BMI), or etiology of
cardiomyopathy (ischemic or not) [32]. In a multivariable model that included traditional
markers of risk in acute HF patients, ST2 had independent and additive prognostic infor-
mation beyond NT-proBNP regardless of left ventricular ejection fraction (LVEF) [33]. In
addition, serial measurement of ST2 after acute HF therapy provided incremental informa-
tion beyond a single value and was superior to that provided by NT-proBNP [34]. sST2
levels may change with specific HF therapies. It was shown that beta-blockers reduce ST2
values, giving the promise of the future use of guided HF therapy using serial measure-
ment of ST2 [35].
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Galectin-3 (Gal-3) represents the interconnection between inflammation and fibrosis. It is
secreted by activated macrophages and located in the vicinity of fibroblasts. Galectin-3 is
involved in the inflammatory pathway following injury and ventricular remodeling via tissue
repair, myofibroblast proliferation, and fibrogenesis. Its level starts to increase in the very early
stages of HF, and this feature of Gal-3 may be used for the early diagnosis of HF before
symptoms occur in the future [36]. Galectin-3 is elevated in patients with acute or chronic
HF [37]. Gal-3 predicted mortality better than apelin and NT-proBNp in acute HF, especially
in patients with HFpEF [38]. Although Gal-3 is frequently associated with HF risk in univar-
iate analyses, it loses its prognostic significance in multivariate analyses after adjustment for
renal function or other biomarkers. Serial measurement of galectin-3 in chronic HF patients
may add to a single measurement, but to date, there are no known therapies that can alter
Gal-3 values [39].

3.4. Comorbidities

Comorbidities often complicate the natural course of HF with deleterious impact on clinical
status, symptoms, and HF progression. Therefore, comorbidities including renal dysfunction,
hematologic abnormalities, and liver dysfunction are important markers of poor prognosis in HF.

3.4.1. Renal biomarkers

Renal dysfunction (RD) is a common finding in heart failure (HF) and has emerged as one of the
most potent prognostic indicators in these patients [40]. Serum creatinine, estimated glomerular
filtration rate (eGFR), and blood urea nitrogen (BUN) are important markers of renal function
and provide prognostic information about HF [41]. An elevated admission blood urea nitrogen/
creatinine (BUN/Cr) identifies acute HF patients likely to experience improvement in renal
function with treatment. However, this improvement seems to be largely transient, and RD, in
the setting of an elevated BUN/Cr, remains strongly associated with death [42]. In acute HF,
prognosis is worse when both NT-proBNP and low eGFR levels rise.

Cystatin-C and β-trace protein (BTP) performed better than traditional renal markers for
determining prognosis in HF, presumably due to an enhanced ability to gauge renal function
at milder levels of abnormality [43]. Cystatin-C is a cysteine proteinase inhibitor produced by
almost every human cell and secreted into circulation. Its removal occurs only by glomerular
filtration, and because of this, it is a prototype indicator of renal function. It is not affected by
age, gender, and muscle mass. Although cystatin-C was a bit more superior to eGFR for
showing renal function, it is far more superior than eGFR for predicting prognosis in HF.
Cystatin-C shows not only abnormal renal function but also inflammation and severity of HF
as well as predicts mortality and morbidity in acute HF [44].

β-trace protein (BTP) is a novel indicator of renal function. Like cystatin-C, it is also found to be a
better predictor of prognosis in HF [43]. It is a lowmolecular weight protein produced by a wide
array of tissue, and it indicates worsening of kidney function. It gives additional prognostic
information on top of NT-proBNP in acute HF [45]. Although both cystatin-C and BTP give
promise for the guidance of HF management, they have not been used in clinical practice yet.
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3.4.2. Hematologic biomarkers

Hematologic abnormalities including anemia, iron deficiency, and increased red blood cell
distribution width (RDW) are rather frequent in HF patients and of importance in determining
prognosis regardless of LVEF [46].

One of the largest HF registries has clearly demonstrated an independent association between
lower hemoglobin values and mortality and morbidity in HF [47]. Although anemia is a
common and ominous sign in HF, its treatment did not bring benefit in HF [48].

Iron deficiency (ID) is also a common comorbidity of patients with HF. It is the most frequent
cause of anemia in patients with HF, but, most importantly, ID also occurs in non-anemic
patients with HFrEF. The presence of ID, regardless of concomitant anemia, has been linked
to high mortality and morbidity in HFrEF [49]. Unlike anemia, treatment of ID with intrave-
nous iron therapy in HFrEF patients showed reduced hospitalization rates and improved HF
symptoms, exercise capacity, and quality of life [50]. Ferritin and transferrin saturation may be
used to identify iron-deficient patients with HFrEF likely to benefit from intravenous iron
therapy.

Red blood cell distribution width (RDW) is another important hematologic biomarker in HF,
and its prognostic significance is more than hemoglobin in chronic HF [51]. RDW had also
been associated with an adverse outcome in acute HF [52]. Higher RDW was associated with
HF hospitalizations in the general population as well [53]. RDW is believed to indicate com-
bined inflammation and deranged iron metabolism in HF. Treatment response to high RDW
has not been known yet; however, since being cheap and easily applicable, studies searching
benefits of treatment targeting RDW should be focused.

3.4.3. Future directions

As discussed above, most of the features described for biomarkers in HF relates to prog-
nostication. We have discussed that prognostic value of a biomarker is only useful if it
shows specific change in clinical practice; such change should also translate into improve-
ment in prognosis. This is somewhat accomplished for NT-proBNP and iron deficiency.
However, for all other biomarkers, it remains unclear if specific therapy changes should be
made in response to an abnormal result. The precision medicine will usher in the future
based on the multiple biomarker strategy underpinning the diagnostic and prognostic
certainty.
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