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Circulating tumor DNA (ctDNA) is a component of cell-free DNA (cfDNA) that is shed by malignant tumors into the

bloodstream and other bodily fluids. ctDNA can comprise up to 10% of a patient’s cfDNA depending on their tumor

type and burden.

circulating tumor DNA  cell-free DNA  biomarkers

1. Cell-Free DNA and Circulating Tumor DNA

Cell-free DNA (cfDNA) is comprised of double-stranded DNA ranging between 150 and 200 base pairs in length

and circulates mostly in blood . Passive release via apoptosis, necrosis, and phagocytosis account for the

primary mechanisms of cfDNA release. In healthy individuals, most of the cfDNA originates from hemopoietic cells

such as erythrocytes, leukocytes, and endothelial cells . Normal tissue that undergoes damage by ischemia,

trauma, infection, or inflammation can also release cfDNA . Active secretion via exosomes or protein complexes

also contributes to cfDNA . cfDNA has a short half-life ranging between 16 min and 2.5 h, although it may be

longer when it is bound to protein complexes or inside membrane vesicles , and it is cleared from circulation via

nuclease action  and renal excretion into the urine .

Circulating tumor DNA (ctDNA) is a component of cfDNA that is shed by malignant tumors into the bloodstream

and other bodily fluids, including blood, urine, pleural fluid, ascites, and saliva (Figure 1). In the case of brain

tumors, including brain metastatic lesions, ctDNA can also be found in the cerebrospinal fluid . ctDNA typically

constitutes a small proportion of an individual’s total cfDNA . Plasma samples are preferable to serum for ctDNA

analysis as the latter contain larger quantities of DNA from leukocytes lysed during the clotting process, thereby

increasing the background to signal ratio and interfering with ctDNA detection . Compared to cfDNA derived

from non-cancer cells, ctDNA is shorter . cfDNA from normal cells has a fragment size of ~166 bp, and

ctDNA has a fragment size of ~146 bp because of the loss of the H1 linker . Plasma ctDNA is also generally

more fragmented than non-mutant cfDNA, with a maximum enrichment between 90 and 150 bp, as well as

enrichment in the size range 250–320 bp .
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Figure 1. ctDNA during cancer progression. Created with BioRender.com.

The amount of cfDNA in cancer patients varies widely, and is usually higher than in the blood of healthy controls

. In healthy donors, the mean value of plasma cfDNA is ~10.3 ng/mL plasma (range: 5–50 ng/mL plasma), with a[17]
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median value of 5 ng/mL plasma . cfDNA in cancer patients is usually below 100 ng/mL plasma and

approximately below 17,000 genome equivalent (GE) per ml of plasma (assuming 6 pg of DNA per diploid human

genome) . The concentration of ctDNA can exceed 10% of the total cfDNA in patients with advanced-stage

cancers  but is much lower in patients with low tumor burden, such as patients with localized disease .

In colon cancer, the concentration of ctDNA in pretreatment plasma is significantly lower in stage I patients

compared with stage II–III patients  and the ctDNA fraction of the total cfDNA is often less than 0.1% in patients

with early stage colon cancer following curative surgery . Varying ctDNA levels are associated with clinical and

pathological features of cancer, including stage, tumor burden, localization, vascularization, and response to

therapy . Furthermore, ctDNA levels vary due to differences in tumor grade (e.g., indolent vs. fast

progressing), shedding rates, and other biological factors . Bettegowda et al. reported how ctDNA detectability

varies among different tumor types . Most patients with stage III ovarian and liver cancers and metastatic

cancers of the pancreas, bladder, colon, stomach, breast, esophagus, and head and neck, as well as patients with

neuroblastoma and melanoma, harbored detectable levels of ctDNA . In contrast, less than 50% of patients with

medulloblastomas or metastatic cancers of the kidney, prostate, or thyroid, and less than 10% of patients with

gliomas, harbored detectable ctDNA .

2. Role of ctDNA in Management of Colorectal Cancer

CRC is the third most common cancer worldwide and the second leading cause of cancer-related death, with 1.9

million newly diagnosed cases each year . In the US, the 5-year survival rate for people with localized stage

CRC is 90%; if the cancer has spread to the surrounding organs and/or the regional lymph nodes, the 5-year

survival rate is 72%; and for stage IV CRC, the 5-year survival rate is 14% . The current standard of care for

patients with early stage CRC includes the surgical resection of the tumor followed by adjuvant chemotherapy in

selected patients . Most patients with stage II CRC are not treated with chemotherapy; however,

approximately 10–15% have residual disease after surgery . The identification of this patient population and

treatment with chemotherapy could potentially reduce their risk of recurrence. Conversely, most patients with stage

III CRC receive chemotherapy despite more than 50% being cured by surgery . Furthermore,

approximately 30% of the chemotherapy-treated patients with stage III CRC experience recurrence, making them

candidates for additional therapy . Thus, improved tools to identify the patient population who would benefit from

chemotherapy are greatly needed.

Early diagnosis of recurrent disease is another significant unmet clinical need in CRC. After the completion of

definitive treatment, surveillance is recommended to detect recurrence sufficiently early for potentially curative

surgery . Despite surveillance, many recurrence events are detected late, and only 10–20% of metachronous

metastases are treated with curative intent . Nevertheless, currently recommended follow-up programs,

consisting of the use of imaging techniques plus plasma carcinoembryonic antigen (CEA) monitoring, are

suboptimal, failing to detect MRD and mostly diagnosing only far advanced relapses . The current goal standard

for assessing initial disease bulk and for defining treatment response is the image-based Response Evaluation

Criteria in Solid Tumors (RECIST). RECIST limitations include low inter- and intra-observer reproducibility and
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limited categorization  and CEA’s lack of sensitivity and specificity . Therefore, there is a need for better

biomarkers that can detect patients at high risk of recurrence to enable appropriate follow-up and therapeutic

strategies for early recurrence detection and curative treatment .

Plasma ctDNA has emerged as a promising biomarker for the longitudinal assessment of tumors throughout

disease management. In CRC, there are multiple indications for which ctDNA can assist with clinical decision

making. Recently, the Colon and Rectal-Anal Task Forces of the United States National Cancer Institute provided

detailed guidance in the standardization and efficient development of ctDNA technology . In the setting of

metastatic CRC, they recommended that the ideal ctDNA assay should involve a multigene panel that enables

high-depth sequencing of the most commonly altered genes in order to capture the changes associated with non-

targeted as well as targeted therapies. With such an assay, the presence of any CRC-related somatic alteration

could be used to indicate a positive test, and the highest VAF of the alteration could be used to define ctDNA

concentration . The assay would need to be performed prior to the start of the treatment and then again soon

after starting treatment to guide the determination of an early clinical response . The sequencing of the DNA

from CRC identified several genes that are recurrently mutated , and these tumor-specific mutations can be

detected in the cfDNA of peripheral blood in most patients with metastatic disease. Genetic variants from 1397

patients with advanced CRC were studied using ctDNA and compared with data from three independent tissue-

based CRC sequencing databases . The spectrum and frequency of genomic alterations identified in ctDNA

demonstrate a striking similarity to results from these three large CRC tumor tissue sequencing databases . The

genes most mutated in colon cancer patients

are KRAS, BRAF, PIK3CA, TP53, APC, FBXW7, NRAS, CTNNB1, SMAD4, PTEN, ERBB3, and EGFR  .

Epigenetic analysis of cfDNA/ctDNA might contribute to the identification of gene hypermethylation . The

methylation of HLTF and HPP1 genes was associated with worse survival in CRC . Lee et al.  analyzed

the promoter methylation of the Septin 9 gene among patients with stage I–II CRC and suggested that its

methylation might be associated with lower disease-free survival. Herbst et al.  suggested that the detection

of HPP1 methylation in cfDNA might be used as a prognostic marker and an early marker to identify patients who

will likely benefit from a combination of chemotherapy and bevacizumab. However, the methylation status of cfDNA

and its application to detect MRD and response to treatment are studied less intensively .

3. Role of ctDNA in the Detection of Minimal Residual
Disease in Colorectal Cancer

In patients with stage II colon cancer (~25% of all colorectal cancer), management after surgical resection remains

a clinical dilemma, with about 80% cured by surgery alone. Adjuvant chemotherapy is more frequently offered to

high-risk stage II patients. However, an overall survival benefit from adjuvant therapy in patients with stage II colon

cancer, including those with the high-risk disease based on standard clinicopathologic criteria or gene signatures,

remains to be conclusively demonstrated . The challenge in demonstrating a benefit is in part due to the overall

low risk of recurrence in patients with stage II colon cancer. The decision to treat or not to treat stage II colon

cancer patients with adjuvant chemotherapy remains one of the most challenging areas in colorectal oncology.
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Currently, up to 40% of stage II patients undergo adjuvant therapy in routine clinical care , committing to 6

months of chemotherapy, with the associated risk of potentially serious adverse events and without a method to

monitor the impact of adjuvant therapy, for an absolute risk reduction of 3–5%. Although multiple clinicopathological

markers are now validated and can be combined to define low- and high-risk groups, only a minority of defined

high-risk patients will develop recurrence. Diagnostic approaches that better predict the disease course in this

patient population are therefore urgently required.

Tie et al., using a tumor-informed Safe-SeqS platform-based ctDNA assay, reported two prospective, multicenter

cohort studies, one in stage II (n = 230)  and the other in stage III (n = 96) patients , showing that ctDNA

significantly outperformed standard clinicopathologic characteristics as a prognostic marker. In these studies, tumor

tissue was analyzed for somatic mutations in 15 genes commonly known to be mutated in CRC, and one mutation

identified in the tumor tissue (the mutation with the highest mutant allele fraction, MAF) was selected for ctDNA

testing in each patient. Among 230 patients with resected stage II colon cancer, the presence of ctDNA in

postoperative plasma samples was strongly associated with recurrence in those who did not receive adjuvant

chemotherapy . Among the patients in the stage II cohort  who did not receive adjuvant chemotherapy (n =

178), 79% of the patients (11 out of 14) with detectable ctDNA postoperatively (4 to 10 weeks after surgery) had

cancer recurrence at a median follow up duration of 27 months (HR 18, 95% CI 7.9–40; p < 0.001). Conversely,

only 9.8% (16 out of 164) of the patients with undetectable postoperative ctDNA had a cancer recurrence  . In

conclusion, Tie et al.  demonstrated that stage II colon cancer patients who were ctDNA positive postoperatively

were at extremely high risk of radiologic recurrence when not treated with chemotherapy. This risk is greater than

in patients with stage III colorectal cancer, who are routinely treated with adjuvant therapy. Conversely, patients

with negative ctDNA postoperatively were at low risk of radiologic recurrence (3-year RFS of 90%), not dissimilar to

patients with stage I colorectal cancer , defining a group where adjuvant chemotherapy is less likely to be helpful

. Kaplan–Meier estimates of recurrence-free survival (RFS) at 3 years were 0% for the ctDNA-positive and 90%

for the ctDNA-negative groups . These studies showed that ctDNA could be used to monitor MRD in early stage

CRC patients.

Tie et al.  also studied ctDNA in stage III colon cancer patients. In this study, ctDNA was detectable in 20 out of

96 (21%) patients postoperatively (4–10 weeks after surgery), and the recurrence-free survival (RFS) at 3 years in

this group was 47% (95% CI, 24–68%) compared to 76% in those with undetectable postoperative ctDNA (95% CI,

61–86%)  . Patients with detectable ctDNA after surgery had an increased risk of recurrence (HR, 3.8; 95% CI,

2.4–21.0; p < 0.001). Like stage II patients, postoperative ctDNA status remained independently associated with

recurrence-free interval (RFI) after adjusting for known clinicopathologic risk factors (HR, 7.5; 95% CI, 3.5–

16.1; p < 0.001) . In conclusion, in patients with stage II and III colon cancer, ctDNA may be a useful prognostic

marker after surgery and could guide initial adjuvant treatment. In locally advanced rectal cancer, postoperative

ctDNA detection was also predictive of recurrence .

Tie et al. , using a meta-analysis approach from their three studies , showed that patients with non-

metastatic CRC with detectable ctDNA after surgery had poorer 5-year recurrence-free (38.6% vs. 85.5%;  p  <

0.001) and overall survival (64.6% vs. 89.4%;  p  < 0.001). Analysis of ctDNA 4 to 10 weeks after surgery is a
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powerful prognostic marker . In a study by Reinert et al. , conducted in a cohort of 125 CRC patients (stages I

to III), ctDNA was quantified in the preoperative and postoperative plasma samples. The study showed that the

patients with detectable ctDNA at postoperative day 30 were seven times (HR, 7.2; 95% CI, 2.7–19.0; p ≤ 0.001)

more likely to have cancer recurrence compared to those with undetectable ctDNA . ctDNA status was the only

significant prognostic factor associated with recurrence-free survival (RFS) . Other studies in CRC showed

similar results . In conclusion, ctDNA could be used to monitor MRD in early stage CRC patients postoperative.

In other early stage cancers, such as breast  and pancreatic cancer , it was also shown that ctDNA detection

after curative surgery (postoperative) was predictive of early cancer relapse. Therefore, ctDNA is a robust predictor

of disease recurrence, as shown by the studies in CRC and other types of cancers.

4. Role of ctDNA in Assessing the Efficacy of Adjuvant
Therapy in Colorectal Cancer

Tie et al. also demonstrated in stage II colon cancer patients that being ctDNA-positive at the completion of

adjuvant chemotherapy treatment predicted a very high risk of radiologic recurrence . ctDNA detection

immediately after completion of chemotherapy was associated with poorer RFS (HR,11; 95% CI, 1.8 to 68; p ≤

0.001) . In this study, all patients had recurrence if ctDNA was detectable after chemotherapy. The median lead

time from ctDNA detection to radiologic recurrence was over 5 months, which might be sufficient to change patient

management. Personalized serial measurements of ctDNA during adjuvant therapy could be a real-time marker of

adjuvant therapy impact. In stage III patients, Tie et al.  reported that the ctDNA status of the post-chemotherapy

sample was strongly associated with recurrence-free interval (RFI) (HR, 6.8; 95% CI, 11.0–157.0; p < 0.001) .

The three-year recurrence-free survival (RFS) was 30% (95% CI, 9–55%) for cases with detectable ctDNA and

77% (95% CI, 60–87%) for those with undetectable ctDNA after chemotherapy.

In patients with stage III CRC, a positive postsurgical ctDNA finding and a positive ctDNA finding after

chemotherapy, an inferior RFI was seen compared to patients in whom ctDNA became undetectable after

chemotherapy   (HR, 3.7; 95% CI, 1.1–17.0; p = 0.04) . In patients with a negative postsurgical ctDNA finding

and a negative ctDNA results after chemotherapy, there was a superior RFI compared to patients in whom ctDNA

became detectable after chemotherapy (HR, 6,5; 95% CI, 7.2–642.0, p < 0.001) .

In another study, Reinert et al.  reported a 17 times higher risk of recurrence in patients with CRC if ctDNA was

detectable after completion of chemotherapy (HR, 17.5; 95% CI, 5.4–56.5; p < 0.001) . In this study, 3 out of 10

patients (30%) with detectable postoperative ctDNA cleared ctDNA after chemotherapy and were disease-free long

term, and the other 7 patients with detectable ctDNA after chemotherapy had disease relapse . During

surveillance after definitive therapy, ctDNA-positive patients were more than 40 times more likely to experience

disease recurrence than ctDNA-negative patients (HR, 43.5; 95% CI, 9.8–193.5;  p  < 0.001) . Serial ctDNA

analyses revealed disease recurrence up to 16.6 months ahead of standard-of-care radiologic imaging (mean, 8.7

months; range, 0.8–16.5 months) .
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Tarazona et al.  studied colon cancer patients and reported an 85.7% recurrence in patients with detectable

ctDNA post-chemotherapy (HR 10.02; 95% CI 9.202–307.3; p < 0.0001). In this study, one out of seven patients

cleared ctDNA after chemotherapy and remained disease-free in the long term . Genetic variants were studied

in tumor tissue using a custom-targeted NGS panel, and two variants with the highest VAF in each patient were

selected to track ctDNA in the plasma samples by ddPCR . The detection of ctDNA post-operative at follow-up

after adjuvant chemotherapy in patients with localized colon cancer preceded radiological recurrence with a

median lead time of 11.5 months .

All these studies provide evidence supporting the utility of ctDNA to inform clinicians on the efficacy of adjuvant

therapy and suggest that clearance of ctDNA after chemotherapy could be considered a surrogate marker of

survival and adjuvant therapy effectiveness. ctDNA may be used as a real-time marker of adjuvant therapy

effectiveness, opening new strategies for enrolling high-risk patients with detectable ctDNA in different therapies.

Owing to the high specificity of ctDNA for the prediction of disease recurrence, patients with detectable ctDNA

might be considered candidates for the escalation of adjuvant therapy over the standard-of-care approach to

reduce the risk of disease recurrence . Conversely, patients who lack detectable ctDNA, as determined using a

sufficiently sensitive assay, and who have a low risk of disease recurrence might benefit from de-escalation to less-

intense adjuvant therapies that reduce the risk of toxicities . ctDNA analysis can potentially change the

postoperative management of CRC by enabling risk stratification, chemotherapy monitoring, and early relapse

detection.

5. Potential Role of ctDNA in Surveillance for Colorectal
Cancer Patients

Regardless of whether patients received adjuvant therapy, the early detection of recurrence during follow-up is

associated with improved survival in patients with early stage CRC . However, the biomarker now used as the

standard of care for CEA has limited sensitivity and specificity . CT scans improve the detection of

recurrence but are associated with radiation exposure, high cost, inter-reader variability, and a high rate of false

positivity . Additionally, by the time CT detection occurs, it may be too late for surgical management. Several

studies suggested that ctDNA can diagnose CRC recurrence much earlier than standard surveillance methods 

. In these studies, detectable ctDNA during surveillance was associated with cancer relapse, and ctDNA

detection preceded radiologic relapse by a median time interval from 3 to 11.5 months.

6. ctDNA in Monitoring Response to Treatment in Metastatic
Colorectal Cancer

Radiographic imaging and serum CEA levels are currently used to monitor disease status in metastatic CRC

(mCRC) patients. However, serum CEA levels might only be elevated in 70–80% of patients . Several studies

employed ctDNA as a biomarker of metastatic disease to monitor disease response to systemic therapy and to

assess the overall disease burden. Early changes in ctDNA during treatment with standard therapies are shown to
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predict radiological responses in patients with mCRC . A decrease in the ctDNA level during systemic

therapy in mCRC correlates with tumor response . Garlan et al.  showed in a study of mCRC

patients that reductions in ctDNA concentration of ≥80% after first-line or second-line chemotherapy were

associated with a significantly improved objective response rate (47.1% versus 0%; p = 0.003) and longer median

PFS (8.5 months versus 2.4 months; HR 0.19, 95% CI 0.09–0.40; p < 0.0001) and OS (27.1 months versus 11.2

months; HR 0.25, 95% CI 0.11–0.57; p < 0.001) . These authors studied changes in ctDNA, before and after

chemotherapy, by the identification of somatic alterations or the hypermethylation of two genes (WIF1 and NPY)

and concluded that early change (after cycle one or cycle two) in ctDNA level was a marker of therapeutic efficacy

.

Tie et al. evaluated 53 mCRC (treatment naïve) patients receiving standard first-line chemotherapy by monitoring

ctDNA levels . Tumors were sequenced using a panel of 15 genes frequently mutated in mCRC to identify

candidate mutations for ctDNA analysis. For each patient, one tumor mutation was selected to assess the

presence and the level of ctDNA in plasma samples using Safe-SeqS. Results indicated that patients with a

reduction in ctDNA just before cycle two also had a radiological-confirmed response 8–10 weeks later .

Significant reductions in ctDNA (median 5.7-fold;  p  < 0.001) levels were observed before cycle two, which

correlated with CT responses at 8–10 weeks (odds ratio = 5.25 with a 10-fold ctDNA reduction; p = 0.016). Overall,

14/19 (74%) patients who had a ≥10-fold reduction in ctDNA levels had a radiologic response measure at 8–10

weeks, while only 8/23 (35%) patients with lesser reduction in ctDNA levels responded [odds ratio = 5.25; 95% CI

1.38–19.93;  p  = 0.016]. Major reductions (>10-fold) versus lesser reduction in ctDNA pre-cycle two were

associated with a trend for increased PFS (median 14.7 versus 8.1 months; HR = 1.87; p = 0.266). The optimal

criterion for predicting response to therapy was ≥10-fold change in ctDNA after cycle one of chemotherapy.

Patients who met this criterion experienced a trend of longer PFS than patients with <10-fold drop in ctDNA

(median PFS, 14.7 versus 8.1 months; HR = 1.87; 95% CI 0.62–5.61). In metastatic CRC, data suggest that ctDNA

changes can occur rapidly in response to systemic therapy, with ctDNA variations at 2 weeks being predictive of

subsequent radiographic results in restaging studies at 2 months . In conclusion, early changes in ctDNA in

treatment naïve mCRC patients during first-line chemotherapy predict the later radiologic response . No

significant relationship was found between fold change and OS . ctDNA might be incorporated as a biomarker to

assess mCRC patient response to treatment. If a patient’s non-response to each treatment could be reliably

assessed earlier, such as with serial ctDNA analysis, an earlier switch to an alternative therapy may be of benefit,

minimizing the side-effects of the ineffective therapy and providing the opportunity for a more effective one .

Another important impact of serial ctDNA measurements would be in patients with the non-measurable disease by

RECIST criteria, where a reliable measure of ctDNA response would assist clinical decision making .
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