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Cancer is a complex, heterogeneic, and dynamic disease involving multiple gene-environment interactions, and affecting numer-

ous biological pathways. As such, the development of reliable and robust non-invasive platforms constitutes a vital step toward re-

alizing the potential of precision medicine. Distant metastases harbor unique genomic characteristics that are not detectable in the 

corresponding primary tumor of the same patient, and metastases located at different sites show considerable intra-patient het-

erogeneity. Thus, the analysis of the resected primary tumor alone or, if possible, re-evaluation of tumor characteristics based on 

the biopsy of the most accessible metastasis, may not reveal sufficient information for treatment decisions. Here, we propose that 

this dilemma can be solved by a new diagnostic concept: liquid biopsy, that is, the analysis of therapeutic targets and drug resis-

tance-conferring gene mutations in or on circulating tumor cells (CTCs). Finally, the analysis of the resected primary tumor alone 

may provide misleading information with regard to the characteristics of metastases, the key target for systemic anticancer therapy. 

Liquid biopsies are noninvasive tests using blood or fluids that detect CTCs or the products of tumors, such as fragments of nucleo-

tides or proteins that are shed into biological fluids from the primary or metastatic tumors. Such biopsies are expected to be infor-

mative or easily accessible tools to provide comprehensive information regarding cancers beyond conventional biopsies. Thus, this 

review addresses the use of CTCs in cancer detection, diagnosis and monitoring and discusses the direction of its clinical applica-

tion in cancer patient care.
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INTRODUCTION

Cancer-specific mortality from most types of solid tumors has 

barely decreased in decades despite an exponential increase in our 

knowledge about cancer pathogenesis and significant investments 

in the development of effective treatments. The past few years have 

witnessed the dramatic success of immunotherapies in treating a 

subgroup of patients with a variety of tumor types, including lung, 

bladder, and kidney cancers, as well as Hodgkin’s lymphoma and 

melanoma. While such breakthroughs offer the hope of prolonged 

survival for some patients with advanced cancers, finding cancers 

earlier would still afford the greatest chance for a cure, given that 

the survival rates for patients with early diagnoses are 5 to 10 times 

higher compared with late-stage disease [1]. By enabling the diag-

nosis and localized treatment of early-stage invasive cancers and, 

in some cases, pre-invasive states, screening for cervical and 

colorectal cancers has contributed to significant declines in mor-

tality from these diseases. Similarly, effective population screening 

paradigms for many other common and deadly tumor types are 

urgently needed to reduce cancer-specific mortality. Currently, 

physicians and researchers work toward providing accurate can-

cer screening, diagnosis, and prognostication along with a correct 

prediction of recurrence and resistance to treatment [2]. Tradi-

tionally, physicians and researchers have regarded tissue biopsy as 
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the gold standard for providing data that produce positive health 

outcomes among patients with a variety of cancers. Furthermore, 

tissue biopsy provides the histopathological information that helps 

physicians determine whether a lesion is malignant [3]. However, 

it is worth noting that commonly used tissue biopsy methods, 

such as surgical biopsy, are invasive, and their effectiveness de-

pends on the cancer stage and local area that is biopsied [3]. Hav-

ing established that there is considerable tumor heterogeneity, 

taking multiple biopsies from the patients’ primary tumor and 

metastases would seem to be the most obvious next step; therefore, 

why is it not routinely done? There are many difficulties involved 

in obtaining a tissue biopsy, including the discomfort suffered by 

the patient, inherent clinical risks to the patient, potential surgical 

complications, and economic considerations, meaning that multi-

ple or serial biopsies are often impractical. In addition, some tu-

mors are not accessible for biopsy; the procedure itself might in-

crease the risk of the cancer ‘seeding’ to other sites [4] and the pro-

cedure might not be recommended for patients receiving anti-an-

giogenic treatment [5].

Even in an ideal situation, where several metastatic sites can be 

biopsied simultaneously, the analysis of samples can delay the ini-

tiation of treatment and may irremediably jeopardize it. These 

limitations are particular restraints in the context of acquired re-

sistance to therapy, as the ability of a clinician to detect therapeutic 

biomarkers at an early stage would allow for a potentially success-

ful change in the treatment course. The conventional gold stan-

dard of using single biopsies of the primary tumor to inform all 

downstream therapeutic decisions may no longer be adequate giv-

en the increasing evidence of significant spatial and temporal het-

erogeneity in tumors [6], especially when placed under the selec-

tion pressure of various treatments. Moreover, serial biopsies are 

often impractical and technically challenging. Some tumor enti-

ties, such as lung cancer, are located at remote sites and a needle 

biopsy can be very difficult and high-risk. Finally, the analysis of 

the resected primary tumor alone (current standard practice in 

oncology) may provide misleading information with regard to the 

characteristics of metastases, the key target for systemic anticancer 

therapy [5]. Distant metastases can harbor unique genomic char-

acteristics that are not detectable in the corresponding primary 

tumor of the same patient, and metastases located at different sites 

show considerable intra-patient heterogeneity. Thus, even if re-

evaluation of tumor characteristics based on the biopsy of the 

most accessible metastasis is possible, it may not reveal sufficient 

information for treatment decisions [7]. As a matter of fact, there is 

growing evidence for intra-tumor heterogeneity indicating that 

single-site biopsies fall short of revealing the complete genomic 

landscape of a tumor. Precision medicine and personalized medi-

cine are based on the development of biomarkers, and liquid biop-

sy is able to detect biomarkers that carry information on tumor 

development and progression. Compared with traditional ‘solid 

biopsy,’ which cannot always be performed to determine tumor 

dynamics, liquid biopsy has notable advantages in that it is a non-

invasive modality that provides diagnostic and prognostic infor-

mation prior to treatment, during treatment and during progres-

sion. In this review, we describe the source, characteristics, tech-

nology for detection, and current situation of circulating tumor 

cells (CTCs), circulating-free DNA, and exosomes used for diag-

nosis, recurrence monitoring, prognosis assessing, and medica-

tion planning [8].

Extensively altered cells do not respond to regulatory stimuli 

and tend to form lumps, leading to malignant tumors that can ei-

ther be confined to the related organ or begin spreading by invad-

ing the basement membrane and/or the formation of new blood 

vessels. Cancer is very heterogeneous and variability is often seen 

among different ethnicities and races, although individuals from 

different regions may harbor the same tumor [9]. The process of 

spreading from the primary tumor site to proximate or distant 

sites is considered one of the most threatening aspects of cancer 

[8]. It is the primary cause of treatment failure and cancer-related 

death. Cancer cells tend to invade secondary sites (i.e., bone, liver, 

lung, and brain) and exfoliate into body cavities, especially the 

pleural space, where they grow in suspension within effusions [10]. 

Metastatic cells circulate in the bloodstream even after trials to 

eradicate the primary tumor and often remain undetectable at di-

agnosis. These CTCs, which are suspected to be the origin of met-

astatic disease, can easily be found in the peripheral blood and 

bone marrow of cancer patients.

CIRCULATING TUMOR CELLS

The first observation of tumor cells in blood was made by 

Thomas Ashworth in 1869 [11]. In subsequent reports, CTCs were 

only observed in blood when present in high numbers. As tech-

nology advanced, it became possible to detect the presence of 

CTCs at a much lower concentration. For example, various poly-

merase chain reaction techniques can be used to detect CTCs in 
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blood but are less suitable for enumeration [11]. The combination 

of flow cytometry with a magnetic enrichment step allowed for 

CTC enumeration down to 1 cell per mL. CTCs in peripheral 

blood of patients with metastatic disease are very rare and range 

from 0 to 10,000 CTCs per mL of whole blood [12]. Prospective 

clinical studies in breast, colon, and prostate cancers have shown 

that the presence of CTCs in 7.5 mL of blood strongly correlates 

with progression-free survival and overall survival (OS) [13]. The 

blood samples were taken after patients received the first cycle of 

chemotherapy. Intuitively, the difference between <1 CTC and 

1–4 CTCs should make a larger difference, but because the com-

plete blood volume is measured, the concentration of CTCs con-

tains a poison error due to sampling. This observation together 

with the chance of a false-positive makes it difficult to distinguish 

between none and a few CTCs. If error-free detection is possible, 

even one CTC in 7.5 mL would already lead to a worse prognosis 

[13]. Lower concentrations of CTCs can be found in patients when 

the analysis of a higher volume is possible. If the concentration of 

CTCs currently found in patients is plotted as a cumulative distri-

bution function, a distribution can be plotted to extrapolate the 

lower concentrations [14]. The definition of a CTC also has a 

strong influence on this threshold. For example, in immunofluo-

rescent microscopy, a more loose definition of what a CTC is could 

result in higher counts in patients and in healthy controls but also 

in a lower distinguishing power [15]. It is important to select only 

the CTCs or objects that influence the outcome. Comparisons be-

tween CTCs and other predictors of prognosis or response to ther-

apy, such as serum tumor markers and imaging modalities, have 

shown that CTCs perform well and are independent predictors of 

outcome.

CLINICAL APPLICATION OF CIRCULATING TUMOR 
CELLS

Molecular characterizations of CTCs have the potential to play 

multiple roles in the pathogenesis process, including being used as 

biomarkers or surrogates for OS prognosis, staging, biomarker 

discovery, and personalized treatment, by serving as ‘liquid biop-

sies’ [16]. However, tumor tissue biopsy is an invasive procedure 

with several limitations in clinical practice: it often provides insuf-

ficient materials; it constitutes a single snapshot of the tumor, and 

is subject to selection bias resulting from tumor heterogeneity. 

Moreover, tumor tissue specimens cannot be easily obtained re-

peatedly to track tumor dynamics over time because most diag-

nostic procedures are invasive and not acceptable for patients. Liq-

uid biopsy has been widely used a viable surrogate for tumor tis-

sue, for the noninvasive assessment of tumor-specific biomarkers 

and can be used for a variety of clinical and investigational appli-

cations [16]. Indeed, different tumor-derived components can be 

isolated from blood, including circulating cell-free tumor DNA 

(ctDNA), cell-free tumor RNA, exosomes, tumor-educated plate-

lets, and CTCs, and can be leveraged to uncover the molecular 

landscape of the tumor and capture the heterogeneity of metastat-

ic cancers [17]. Different body fluids (other than blood), such as 

urine, cerebrospinal fluid, saliva, and pleural effusions, can be a 

source of tumor-derived molecular information. In breast cancer, 

CTCs have been explored successfully as a surrogate for human 

epidermal growth factor receptor 2 (HER2) expression/amplifica-

tion [18], and alterations in CTC count may aid in determining the 

sensitivity or resistance to various cancer treatments [19]. In pros-

tate cancer, prostate-specific antigen (PSA) levels are weakly asso-

ciated with better survival and thus are not sufficient to guide 

treatment in the first trimester [20]. In a few cases of highly ad-

vanced and androgen receptor-driven stages, PSA fails to be reli-

able. Hence, bone scans are required every 6 weeks to avoid any re-

lapse in response to treatment. To overcome these limitations, the 

Veridex CellSearch System, a Food and Drug Administration 

(FDA)-cleared assay for the enumeration of CTCs [21], was ap-

proved based on several studies carried out on breast [22], prostate 

[23], and colorectal [23] cancers. Accurate and repeated biopsies of 

tumor tissues are crucial for an improved understanding and 

monitoring of changes in malignant cell populations during dis-

ease progression and in response to therapies. Attempts are being 

made to replace invasive tissue biopsies for monitoring by so-

called liquid biopsies, which can be easily and frequently repeated 

and rely on the detection of either circulating DNA or cancer cells. 

Thus, the detection and characterization of CTCs offer the poten-

tial to estimate the risk of metastatic relapse, to stratify patients ac-

cording to different adjuvant therapies, to identify new therapeutic 

targets, and to monitor systemic anticancer therapies [24].

Clinically, patients with metastatic disease are often character-

ized by the presence of one or more micro- and macrometastatic 

foci throughout various organs [25]. Only some of these foci are 

clinically detectable at the time of metastasis diagnosis, while 

many more foci are likely to be present but below the detection 

limit, posing a significant risk in terms of disease progression [26]. 
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In this context, treatment strategies for patients with metastasis 

are often based on the pathological and molecular characteriza-

tion of the primary tumor, while little or no information is avail-

able from the various metastatic lesions present at that specific 

moment. One main reason for this is that metastases are hardly 

accessible for direct sampling. However, the consequence is that 

we still treat metastases based on information obtained from the 

primary tumor, an approach that has led to scant success. Further-

more, we are now aware of the fact that metastasis is an evolution-

ary process, where metastatic sub-clones with a unique mutational 

profile may emerge along with cancer progression at any time, re-

sulting in a high degree of heterogeneity and significant differenc-

es from the primary tumor [27]. Technically, our current under-

standing of cancer heterogeneity, especially in the metastatic set-

ting, indicates that even if we were able to biopsy most of the meta-

static lesions in a given patient, we would still face the issue of cel-

lular heterogeneity within each lesion [28]. However, newly estab-

lished protocols now enable a single-cell resolution interrogation 

of the genome and transcriptome of cancer cells, and their appli-

cation to the metastasis field holds great promise for defining its 

molecular drivers with high precision [29].

While metastasis remains very challenging for a direct biopsy, 

recent developments in microfluidics technologies are enabling 

the capture of live CTCs from the blood of patients with various 

types of cancer [30]. Most excitingly, given the short half-life of 

CTCs in circulation, in the metastatic setting, CTCs are a direct 

derivative of metastasis [31]. Pragmatically, they can be seen as an 

opportunity to isolate, in real time, live cancer cells that are de-

rived from proliferating metastatic lesions in patients, thereby em-

powering a single-cell resolution analysis of metastasis from a 

minimally invasive liquid biopsy. CTC enumeration and charac-

terization with certified systems provides reliable information on 

prognosis and may serve as a liquid biopsy to identify therapeutic 

targets or the mechanism of resistance in metastatic cells, such as 

mutations in KRAS or the expression of androgen receptor variant 

7 [32]. Metastatic cells might have unique characteristics that dif-

fer from the bulk of cancer cells in the primary tumor currently 

used for the stratification of patients to systemic therapy. More-

over, monitoring of CTCs before, during and after systemic thera-

py (for example chemotherapy, hormonal therapy, and antibody 

therapy) might provide unique information for the future clinical 

management of the individual cancer patient and serve as a surro-

gate marker for response to therapy [33].

The emergence of increasingly advanced and sensitive technol-

ogies to isolate human CTCs provides the opportunity to extend 

studies of cancer metastasis directly to human cancer. The full 

range of potential applications for CTC analyses include real-time 

non-invasive monitoring of CTCs as biomarkers of either sensitiv-

ity or acquired resistance to new cancer therapies, identifying new 

potential therapeutic targets to directly suppress cancer metasta-

sis. Additionally, as technologies for CTC detection become in-

creasingly sensitive and reliable, it will be important to apply these 

at earlier stages of cancer progression with the goal of early cancer 

detection. Although the potential applications of CTC analyses 

appear extraordinarily promising, the development of appropri-

ate, high-throughput and reliable technological platforms for rare 

tumor cell detection within blood specimens remains a critical 

impediment. In fact, appropriate interpretation of many reported 

molecular analyses of CTCs requires an understanding of the 

technical limitations of the assays used to make these observa-

tions. In the following sections, we review the technologies cur-

rently available for CTC isolation and the utility of CTCs as a di-

agnostic and prognostic marker in various cancers and focus on 

the molecular properties of these rare cells, which may help define 

their biology [34,35].

CIRCULATING TUMOR CELL DETECTION 
TECHNOLOGIES

The presence of CTCs in an autopsy of a patient who suc-

cumbed to advanced metastatic cancer was first reported in 1869. 

To date, however, only limited information on the numbers of 

these cells in the blood stream at different stages of cancer and in 

different types of cancer, their molecular and biological heteroge-

neity, and their significance in the natural history of the disease is 

available. In the absence of any gold standard with which to mea-

sure various technologies, defining their absolute accuracy, sensi-

tivity, and specificity in detecting CTCs remains a challenge. The 

ultimate goal (that is; to isolate efficiently this rare population of 

cells in a viable and intact state and with high purity from the vast 

number of surrounding blood cells) presents a formidable techno-

logical challenge [13]. The molecular characterization of CTCs is 

considered a real-time ‘liquid biopsy’ that may contribute to the 

development of improved individualized therapy and the moni-

toring of responses to treatment of cancer patients. Hence, a great 

deal of effort and resources has been invested in developing meth-
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ods for CTC detection [36].

To date, the only U.S. FDA approved technology for CTC detec-

tion and quantification with prognostic purposes in metastatic 

breast, colorectal, or prostate cancer is the CellSearch (Veridex 

LLC, Raritan, NJ, USA), which utilizes magnetic beads coated 

with anti-epithelial cell adhesion molecule (EpCAM) antibodies 

to isolate CTCs [37]. Another antibody-mediated capture technol-

ogy has been developed, the ‘CTC-chip,’ which has shown superi-

or detection rates of CTCs of approximately 100% in metastatic 

tumors, including lung cancer. The CTC-chip is a microfluidic-

based platform capable of separating viable CTCs from peripheral 

blood samples on the basis of the interaction of target CTCs with 

EpCAM-coated microposts under laminar flow conditions and 

without requisite pre-labeling or processing of samples. Despite 

their usefulness, EpCAM-based methods can have some draw-

backs for CTC detection and capture in epithelial tumors, and can 

be thus limited in their performance by the intrinsic variability of 

these cells [13].

Indeed, the isolation of CTCs in non-small cell lung cancer 

(NSCLC) is lower compared to other tumors, and a proportion of 

NSCLC CTCs can be missed because they undergo epithelial to 

mesenchymal transition (EMT) and down-regulate their epitheli-

al markers during progression. In addition to CellSearch, other la-

bel-free approaches to isolate CTCs that do not rely on the expres-

sion of specific cell surface markers but on other inherent proper-

ties instead, such as size (i.e., ISET; Rare Cell Diagnostics, Paris, 

France), deformability, dielectric susceptibility, and/or negative se-

lection of white blood cells, have been developed and tested in sol-

id tumors. It was previously believed that the enumeration of tu-

mor cells in the blood could be used alone as a barometer to mea-

sure the level of aggressiveness of a particular cancer; however, im-

provements in next-generation sequencing (NGS) and isolation 

methodologies have allowed for analyses of DNA and RNA from 

isolated cells to gain insight into cancer driver genes. Since single-

CTC analyses have provided evidence of genetic heterogeneity at 

the level of an individual cell, many studies have investigated their 

diagnostic potential and application in cancer management [21].

CLINICAL RELEVANCE AND BIOLOGICAL 
IMPLICATIONS

The detection of CTCs in the peripheral blood of patients with 

solid epithelial tumors (such as breast, prostate, lung, and colon 

cancers) holds great promise, and many exciting technologies have 

been developed over the past several years. In addition, there is a 

wealth of information on the clinical validation of CTC detection 

and enumeration (for example, large-scale pooled analysis of 

thousands of patients with breast cancer) [38], which resulted in 

the inclusion of CTCs in the new edition of the tumor–node–me-

tastasis cancer staging manual in 2010, as classification cM0. Cur-

rently, more than 400 clinical trials use CTCs as biomarkers, and 

PubMed lists more than 14,000 publications on CTCs. Many pub-

lications report patients in advanced stages, but there is also an in-

creasing number of publications on patients at earlier disease stag-

es without clinical and radiologic signs of overt metastases, partic-

ularly in breast cancer [39], but also in other tumor entities, such 

as bladder cancer [40]. These publications show a significant cor-

relation between CTC counts and prognosis, suggesting that 

CTCs are either surrogates of metastatic activity or are causally in-

volved in the metastatic process [14]. Interestingly, CTCs are ob-

served months and years after surgical resection of the primary 

tumor [41]. Regarding the short lifespan of CTCs in the circula-

tion [42], this observation suggests that dissociated tumor cells 

(DTCs) or micrometastases replenish the pool of CTCs over a long 

period of time [43]. Thus, the analysis of these CTCs may provide 

unique information about the molecular characteristics of occult 

minimal residual disease (MRD) in patients with cancer without 

clinically detectable overt metastases. The detection and molecu-

lar analysis of MRD is of the utmost importance for tailoring sys-

temic adjuvant therapy aimed at preventing the progression of 

DTC/micrometastases to overt metastases but, at present, this de-

cision is usually based on statistical risk assessment and the analy-

sis of a very small sample of the primary tumor [8,44].

POTENTIAL AND CHALLENGES

Detecting CTCs remains technically challenging. CTCs present 

at very low concentrations of one tumor cell in a background of 

millions of blood cells. Their identification and characterization 

require extremely sensitive and specific analytic methods, which 

are usually a combination of complex enrichment and detection 

procedures. In particular, early-stage patients present with a very 

low concentration of CTCs and may therefore require more sensi-

tive CTC assays and/or analysis of large blood volumes [22].

 Nevertheless, recent studies have documented the potential of 

CTC analyses for in-depth assessments of viable metastatic tumor 
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cells at various levels (DNA, RNA, and proteins) and functional-

ities (in vitro/in vivo) [45], including NGS analyses [46] and xeno-

transplantation of CTCs into immunodeficient mice [47]. These 

technologies may contribute to the identification of metastases-

initiator cells; these cells are the prime targets of anti-metastatic 

therapies and may have developed special resistance mechanisms. 

At present, more sensitive technologies that also capture CTCs 

that have undergone EMT, a process linked to cancer stemness 

and chemotherapy resistance, are being developed [48,49].

Despite the numerous scientific publications related to CTC de-

tection in lung cancer patients, physicians do not use this bio-

marker in routine clinical practice. This can be explained by the 

large number of methods available for CTC detection and the dif-

ficulty faced by the physician and the biologist in selecting the op-

timal method for use [50]. In this context, it is noteworthy that the 

only FDA approved method for CTC detection, the CellSearch 

method, has been approved for CTC detection in metastatic 

breast, prostate, and colon cancer patients, but not in metastatic 

lung cancer patients. This has added some confusion to the use of 

this indirect technology for lung cancer patient CTC detection. 

Moreover, since CTCs that have undergone EMT cannot express 

epithelial biomarkers, the CellSearch system can certainly miss 

the detection of a subpopulation of CTCs of interest in lung cancer 

patients. Direct technologies for CTC detection in lung cancer, 

such as the ISET approach (Rarecells Diagnostics, Paris, France) 

are certainly highly attractive [39], but the results obtained by dif-

ferent teams should be validated in independent and large multi-

center studies. ISET allows for the cytological characterization of 

CTCs isolated from lung cancer patients according to the classical 

morphological criteria used by the cytopathologists for distin-

guishing between benign and malignant epithelial cells [51]. 

Moreover, this approach allows for an immunocytochemical as-

sessment of CTCs expressing epithelial and/or mesenchymal bio-

markers. Other direct technologies, such as those developed by 

ScreenCell (Sarcelles, France), also allow for the morphological as-

sessment of CTCs in lung cancer patients. Many other methods 

are currently being developed for CTC characterization, such as a 

method allowing for the functional evaluation of CTCs and the 

characterization of a subpopulation of malignant cells [52].

ADVANTAGES OF LIQUID BIOPSY

Many of the major recent advances in targeted therapies have 

relied on the acquisition of tumor tissue via biopsy before the initi-

ation of therapy or after the onset of resistance. The availability of 

tissue for molecular analysis has been instrumental in under-

standing the primary mechanism of action of agents such as 

trastuzumab, imatinib, cetuximab, and vemurafenib. Likewise, 

access to tumor tissue after clinical resistance has helped define 

mechanisms of secondary resistance to these targeted agents, of-

ten in the very pathway or gene involved in their responsiveness 

[53,54]. Although tumor tissue is the gold standard for clinical and 

investigational sequencing, major barriers exist in terms of acqui-

sition and utility. Biopsies are an inconvenience from a scheduling 

perspective; they also increase the cost of patient care and are yet 

another uncomfortable, invasive procedure for patients that often 

do not influence outcome. Finally, and most importantly, biopsies 

are not without clinical complications. A review of the investiga-

tive biopsies at the MD Anderson Cancer Center reported adverse 

event rates of 17.1% and 1.6% for thoracic biopsies and abdominal/

pelvic sampling, respectively [55].

In addition to the issues related to tissue acquisition, sample 

preservation and tumor heterogeneity also hamper the use of tu-

mor tissue for cancer sequencing [56]. Most tumor tissue is pre-

served in formalin-fixed paraffin-embedded (FFPE) blocks, 

which crosslink DNA and, in some cases, can result in FFPE sam-

ples being inadequate for molecular analysis. Although this has 

improved for individual gene mutations and targeted gene sets, 

there are still limitations for whole-genome and exome analyses. 

Furthermore, the quantity of tumor cells in each biopsy varies and 

is largely dependent on the tumor cellularity (percent tumor) and 

size of the specimen acquired [57]. This is further compounded by 

small tissue amounts from fine-needle aspirates or core-needle bi-

opsies, which often result in smaller amounts of tumor tissue for 

molecular analysis compared with surgically resected specimens. 

Arguably, the major limitation of tissue biopsy is heterogeneity 

[58], which characterizes most advanced cancers. Cancers are het-

erogeneous, with different areas of the same tumor showing dif-

ferent genetic profiles (i.e., intra-tumoral heterogeneity); likewise, 

heterogeneity exists between metastases within the same patient 

(i.e., inter-metastatic heterogeneity). A biopsy or tissue section 

from one part of a solitary tumor will miss the molecular intra-tu-

moral and inter-metastatic heterogeneity [59,60].

To overcome the limitations of tissue biopsies, less invasive tech-

niques capable of capturing tumor heterogeneity and the molecu-

lar changes cancer cells undergo when they are exposed to therapy 
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are needed. The measurement of CTCs by liquid biopsy can, non-

invasively, provide reliable information regarding prognosis, re-

currence, and treatment response, as compared to invasive diag-

nostic modalities, such as trans-bronchial or fine-needle biopsy 

and thoracoscopic surgery. CTCs include a variety of subtypes 

with different functional characteristics. EMT, a process in which 

epithelial cells convert to mesenchymal cells, contributes substan-

tially to tumor heterogeneity and is crucial to metastatic processes 

and the acquisition of chemo resistance [61].

A liquid biopsy focusing on the analysis of CTCs and circulat-

ing ctDNA in the blood of patients with cancer has received enor-

mous attention because of its obvious clinical implications for per-

sonalized medicine. Analyses of CTCs and ctDNA have opened 

up new diagnostic avenues and are, to date, the cornerstones of 

liquid biopsy diagnostics [45].

A liquid biopsy can, in principle, provide the same genetic infor-

mation as a tissue biopsy, which is necessary to interrogate key 

companion diagnostics [62,63]. The liquid biopsy approach holds 

clear advantages over ‘traditional’ tissue biopsies. It is a source of 

fresh tumor-derived material, unhampered by preservatives. Sam-

pling the blood is minimally invasive and avoids the complica-

tions of biopsies [3].

CHALLENGES FOR LIQUID BIOPSY

In particular, a more mature understanding of the biology be-

hind ‘circulating tumor cells’ (ctDNA, CTCs, and exosomes) will 

help us determine whether the molecular profiles generated from 

these sources truly reflect the physiological disease state of the pa-

tient, and whether they can help physicians reliably detect and 

monitor the disease. To confirm this, we must uncover the origin 

and dynamics of these tumor parts in the circulation and deter-

mine their biological significance and clinical relevance. Although 

the exact mechanisms behind the release [64] and dynamics of 

ctDNA remain unknown, several hypotheses exist to explain the 

existence of tumor DNA in the bloodstream. Perhaps the most 

widely accepted theory is that tumor cells release DNA via apop-

tosis, necrosis, or cell secretion in the tumor microenvironment 

[22]. Alternatively, a patient with an excessive number of CTCs of 

more than 100,000 was described who, despite having progressive 

disease, had a low ctDNA allelic frequency in the range of merely 

2%–3% [65]. While in most patients CTC number and ctDNA lev-

els are mutually correlated, such cases illustrate that exceptions do 

exist and that the underlying biology of both CTC and ctDNA re-

lease is still poorly understood. Other basic unknowns regarding 

liquid biopsy implementation in the clinic revolve around ques-

tions of whether ctDNA actually offers a full representation of a 

patient’s cancer, whether all existing metastases contribute to the 

ctDNA, CTCs, and exosomes found in the bloodstream, and 

whether all tumor cells release an equal amount of ctDNA into the 

circulation. To establish to what extent ctDNA represents meta-

static heterogeneity, one study followed a patient with metastatic 

estrogen receptor-positive and HER2-positive breast cancer over 3 

years [66]. However, before liquid biopsies can serve as viable diag-

nostic assays, pre-analytical steps, such as the collection of bio flu-

id (such as blood, serum, and plasma), centrifugation settings, iso-

lation reagents, and storage conditions must be standardized to 

ensure reproducible processing procedures. Furthermore, analyti-

cal steps, such as the quantification of ctDNA and subsequent mu-

tational analysis (such as the NGS assay and sequencing platform 

itself), must be validated to simulate clinical settings. In addition, 

sensitivities and specificities of the applied assays must be robust, 

reproducible, and have the appropriate internal and external qual-

ity controls [30].

CONCLUSION

Cancer is a complex, heterogeneic, and dynamic disease involv-

ing multiple gene-environment interactions, and affecting numer-

ous biological pathways. As such, the development of reliable and 

robust non-invasive platforms constitutes a vital step toward real-

izing the potential of precision medicine. Current work in the liq-

uid biopsy field continues to show great potential utility in the di-

agnosis and stratification of cancer patients and exemplifies a sur-

rogate method for monitoring treatment response compared to 

the tissue biopsy approach. The ease and frequency made possible 

by serial liquid biopsy collection offer plenty of advantages com-

pared to standard surgical procedures, which include, in particu-

lar, the opportunity for more rapid course correction when ad-

ministering therapies. As technological advances continue and 

further innovations in liquid biopsy methodology emerge in par-

allel, this approach will hopefully enable methods for the pre-di-

agnostic assessment of cancer risk. As our knowledge of the biolo-

gy behind ctDNA improves, so too will the management of cancer 

patients as the liquid biopsy method becomes a clinical reality. Im-

provements in the clinical outcomes of many cancer types are 
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likely to be achieved by identification of the molecular events that 

underlie their pathogenesis. With the use of so-called biomarkers, 

therapies tailored to the genetic composition of tumors can be ad-

ministered. Tumor genotyping is one possible method of catego-

rizing tumors for clinical decisions and has the potential to identi-

fy patients who will be likely to respond to various drugs.
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