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Abstract 
Background and Objectives: Pancreatic and colorectal cancers are frequently 
diagnosed at advanced stages, significantly limiting treatment options and re-
ducing survival rates. To address this critical challenge, non-invasive early de-
tection methods that leverage circulating tumor DNA (ctDNA) for identifying 
tumor-specific genetic mutations in plasma have been proposed. ctDNA anal-
ysis provides a high-precision, dynamic approach for detecting molecular sig-
natures of cancer at earlier stages compared to traditional diagnostic methods 
such as endoscopy, imaging, or biopsy, which are often limited to identifying 
tumors in advanced stages. Methods: This review examines current research 
on next-generation sequencing (NGS) and highly sensitive digital PCR tech-
niques for detecting minimal amounts of ctDNA shed by cancer cells into the 
bloodstream. By evaluating the technological advancements and methodolo-
gies used for ctDNA analysis, this review explores the potential of these ap-
proaches for early detection, continuous monitoring of ctDNA fluctuations, 
and real-time assessment of tumor progression or therapy response. Results: 
The reviewed studies demonstrate the capacity of ctDNA analysis for early 
cancer detection and personalized disease monitoring. Its ability to provide 
dynamic, molecular-level insights makes it particularly valuable for high-risk 
populations with genetic predispositions to pancreatic and colorectal cancers. 
However, challenges remain, including enhancing the sensitivity and specific-
ity of ctDNA detection to accurately differentiate between benign and malig-
nant alterations. Conclusions: ctDNA-based early detection has the potential 
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to revolutionize cancer screening and patient management, offering a person-
alized and non-invasive approach to identifying and monitoring pancreatic 
and colorectal cancers. Further research is necessary to optimize detection 
technologies, validate their effectiveness across diverse populations, and inte-
grate these methods into clinical practice. This innovative strategy holds 
promise for improving early diagnosis and therapeutic outcomes, ultimately 
transforming the landscape of cancer care. 
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1. Introduction 

Pancreatic and colorectal cancers rank among the leading causes of cancer-related 
deaths in the United States. The incidence of pancreatic cancer increases with age 
and is more prevalent in men than women [1], while colorectal cancer rates have 
risen globally for both sexes [2]. Annually, pancreatic cancer causes over 300,000 
deaths, and colorectal cancer accounts for more than 600,000 deaths worldwide 
[3]. Both cancers present major public health challenges due to their frequent late-
stage diagnosis and high mortality rates. Despite advancements in diagnostic tech-
niques, many cases are not detected until they reach advanced stages. While diag-
nostic markers can aid in early detection and extend overall survival [4], methods 
like colonoscopy, which is considered the gold standard for colorectal cancer 
screening, are expensive and face issues with patient compliance, limiting their 
effectiveness. Stool-based tests are another popular method for colorectal cancer 
detection, praised for their low cost and feasibility as at-home tests. Despite these 
advantages, this screening method still faces limitations that muddle its effective-
ness, such as low specificity and sensitivity and certain food-based substances 
causing false positives [3]. Similarly, pancreatic cancer detection faces shortcom-
ings as there are no standard methods for screening or early detection [1]. Alt-
hough developments have been made in diagnostic techniques through the years, 
due to variability and significant limitations, these cancers are still detected at ad-
vanced stages, decreasing their chances of successful treatment. As incidence and 
mortality rates continue to rise, novel approaches are urgently needed to improve 
patient outcomes. 

Early cancer detection enhances treatment success, increasing the chances of 
cure or prolonged survival. In colorectal cancer, prognosis is closely tied to the 
timing and stage of diagnosis [3], underscoring the critical role of early screening. 
Detecting cancer early greatly increases the likelihood of successful treatment, of-
fering the potential for a cure or longer survival. As cancer incidence and mortal-
ity rates rise, innovative screening methods are becoming more essential to im-
prove patient outcomes. Circulating tumor DNA (ctDNA) is emerging as a prom-
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ising biomarker for early cancer detection. 
Tissue biopsy is currently the gold standard for tumor identification, but it has 

several drawbacks, including its invasive nature and often low patient compliance. 
Additionally, it struggles to detect tumor heterogeneity, which complicates accu-
rate tumor identification [5]. Liquid biopsies, on the other hand, provide a less 
invasive approach by detecting tumor biomarkers through the analysis of circu-
lating tumor DNA (ctDNA). Liquid biopsy technology offers a more effective way 
to address tumor heterogeneity and allows for repeated testing. It enables com-
prehensive, real-time molecular monitoring, providing insights into tumor bur-
den and genetic changes throughout the entire course of the disease [5]. ctDNA 
has already made unique contributions to the field of oncology. One study showed 
that ctDNA successfully identified KRAS mutations with relatively 99% specificity 
in a group of patients with colorectal cancer [4]. Another study followed ctDNA 
in the colorectal cancer tumors of several patients and identified specific genes 
with frequent mutations, including APC, KRAS, and TP53. In recent years, next-
generation sequencing (NGS) has gained popularity for detecting ctDNA. A team 
of researchers developed an NGS-based ctDNA assay to determine its sensitivity 
and specificity compared to ddPCR, which is more commonly used. It was found 
that the NGS-based ctDNA assay was able to detect more mutations in disease 
progression compared to ddPCR [5]. Due to its minimally invasive nature and 
ability to allow frequent monitoring, ctDNA analysis could refashion cancer 
screening by improving early detection, tracking disease progression, and person-
alizing treatment approaches. 

2. Circulating Tumor DNA (ctDNA) and Cancer Detection 
2.1. Definition and Biological Origin of ctDNA 

Circulating tumor DNA (ctDNA) refers to small DNA fragments released into the 
bloodstream by tumor cells. These DNA fragments are often shed due to tumor 
cell apoptosis, necrosis, or active secretion during cellular turnover [6]. ctDNA 
represents a subset of cell-free DNA (cfDNA) found in the plasma of healthy in-
dividuals and patients with various diseases, including cancer. The key difference 
between ctDNA and other cfDNA is the presence of tumor-specific genetic alter-
ations, such as mutations, methylation patterns, and copy number variations, that 
reflect the genetic landscape of the tumor from which the DNA originates [8]. 
Because ctDNA is derived directly from tumors, it provides a non-invasive means 
to study the genomic alterations in cancer, making it an ideal biomarker for cancer 
diagnosis, prognosis, and monitoring. 

2.2. Advantages of ctDNA Analysis over Traditional Diagnostic  
Methods 

The traditional methods of cancer diagnosis-biopsy, imaging, and endoscopy are 
often invasive, time-consuming, and associated with risks such as infection and 
bleeding [7]. In contrast, ctDNA analysis offers a non-invasive and highly sensi-
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tive method for detecting cancer-associated genetic mutations, providing a sense 
of relief from the burden of invasive procedures. It enables the detection of cancers 
at earlier stages compared to traditional diagnostics, which are often limited to 
identifying tumors once they have become sizable enough to be visible on imaging 
or to cause clinical symptoms. The sensitivity of ctDNA analysis has been demon-
strated through next-generation sequencing (NGS) and digital polymerase chain 
reaction (dPCR), which can identify low levels of ctDNA in the bloodstream, cor-
responding to early-stage tumors [9]. Moreover, ctDNA can provide a dynamic 
picture of the tumor’s molecular evolution, allowing clinicians to monitor tumor 
progression or treatment response in real-time. This is particularly advantageous 
in the management of cancers like pancreatic and colorectal, where early detection 
is crucial for improving survival rates [10]. 

2.3. Current Applications of ctDNA in Cancer Management 

ctDNA analysis has already found applications in several aspects of cancer man-
agement, including early detection, treatment response monitoring, and minimal 
residual disease (MRD) detection. In early detection, ctDNA screening can iden-
tify tumor-specific mutations in asymptomatic individuals, particularly those at 
high risk for cancer due to genetic predispositions. For example, studies have shown 
that ctDNA can detect early-stage pancreatic and colorectal cancers before clinical 
symptoms manifest, significantly improving outcomes [11]. Furthermore, ctDNA 
is increasingly used to monitor therapeutic efficacy. During cancer treatment, 
ctDNA levels can be measured to evaluate whether a patient is responding to ther-
apy or if there is evidence of resistance or disease progression [12]. The ability of 
ctDNA to detect MRD after surgery or chemotherapy also provides valuable in-
formation about the likelihood of cancer recurrence, allowing for earlier interven-
tions if needed. 

2.4. Challenges in ctDNA Detection and Analysis 

While ctDNA holds great promise, several challenges remain in its detection and 
analysis. One major challenge is the relatively low abundance of ctDNA, especially 
in early-stage cancers, where the amount of tumor DNA circulating in the blood 
can be minimal. This makes it difficult to differentiate ctDNA from the back-
ground cfDNA originating from normal cells [7]. To overcome this, highly sensi-
tive techniques such as NGS and digital PCR have been developed, but these meth-
ods can be costly and require specialized equipment, limiting their widespread use 
[13]. Additionally, ctDNA analysis faces challenges in terms of specificity. Tumor-
specific mutations must be carefully differentiated from benign alterations in 
cfDNA to avoid false positives. Moreover, ctDNA only provides a snapshot of the 
tumor’s genetic profile during blood sampling, which may not fully capture the 
tumor’s heterogeneity [14]. As such, while ctDNA represents an exciting frontier 
in cancer diagnostics, further research is necessary to refine the technology and 
address these limitations. 
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Circulating tumor DNA has emerged as a promising tool for the early detection 
and management of cancer, offering a non-invasive, highly sensitive method to 
monitor tumor-specific genetic alterations. Its use in screening, assessing treat-
ment response, and detecting minimal residual disease highlights its potential to 
revolutionize cancer care, particularly in hard-to-detect malignancies like pancre-
atic and colorectal cancers. However, challenges such as low ctDNA abundance 
and specificity must be addressed before ctDNA can become a routine part of 
clinical practice. Future advancements in detection technologies and further re-
search into ctDNA biology are necessary to realize its full potential. 

2.5. Mechanisms of ctDNA Release and Detection 

Circulating tumor DNA (ctDNA) refers to small fragments of DNA carried by 
cancer cells into the bloodstream. The mechanisms of ctDNA secretion are com-
plex and multifaceted and are mainly concerned with biological processes in tu-
mor cells. The best-known mechanism of release from ctDNA is apoptosis, a form 
of programmed cell death. During apoptosis, cell membrane disruption occurs, 
allowing cellular material, including fragmented DNA, to enter the bloodstream 
[15]. Necrosis in rapidly spreading tumors with inadequate blood flow is another 
major source of ctDNA release. In contrast to apoptosis, necrosis causes abrupt 
rupture of the cell membrane, allowing free diffusion of large DNA fragments 
[16]. 

Furthermore, actively proliferating tumor cells can shed ctDNA through mech-
anisms such as exosome release, where DNA is present in cell membranes and 
transported across the communication system. ctDNA shedding occurs in all tu-
mor types, and various biological factors influence this phenomenon, including 
tumor size, lymphatic infiltration, and cell turnover rate. Larger tumors with more 
lymph nodes or more cellular turnover shed more ctDNA. In contrast, tumors 
that fail to enter the circulation may express small amounts of ctDNA, making 
detection difficult [17]. 

Minimal residual disease (MRD) is the presence of a small number of cancer 
cells in the body after therapy, which might eventually lead to disease recurrence. 
The ability to identify MRD with ctDNA offers a non-invasive and extremely sen-
sitive method for monitoring therapy response and predicting relapse. Several fac-
tors influence ctDNA levels in MRD detection, such as tumor load, vascular prox-
imity, and clearance rates. Tumors with enhanced neovascularization, such as col-
orectal cancer, have higher ctDNA levels, making them more suitable for MRD 
monitoring [18]. 

The half-life of ctDNA in blood is short, typically a few hours, due to rapid 
clearance by the liver and kidneys. As ctDNA is only present in minimal amounts 
in MRD conditions, high-sensitivity detection techniques are required. CtDNA 
levels can also be influenced by patient-specific variables, such as immunological 
response and genetic predisposition. For instance, elevated ctDNA levels may re-
sult from increased apoptosis or necrosis caused by heightened immunological 
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activity, but interpretation may be complicated by background DNA from non-
cancerous cells [6]. 

Next-generation sequencing (NGS), which enables precise identification of tu-
mor-specific mutations, has revolutionized MRD detection. By deep-sequencing 
millions of DNA fragments, NGS finds low-frequency alterations that point to a 
specific disease. A few examples of the various genomic changes found in NGS 
include point mutations, insertions, deletions, and structural rearrangements, and 
these are essential for evaluating MRD [10]. When identifying uncommon tumor-
specific mutations in patients with low ctDNA levels, high-depth sequencing is 
especially valuable. 

Despite its advantages, NGS faces challenges in distinguishing tumor-derived 
ctDNA from background noise, particularly in MRD settings where ctDNA levels 
are extremely low. Advanced bioinformatics tools help analyze sequencing data, 
filter out errors, and ensure accurate mutation detection. NGS technology is an 
extremely potent tool for MRD monitoring because of its constant improvements 
in sensitivity, specificity, and cost-effectiveness. 

Digital PCR (dPCR) has emerged as an alternative, highly sensitive method for 
ctDNA-based MRD detection, offering unparalleled accuracy on low volumes of 
ctDNA. Each fragment contains zero or one ctDNA molecule, allowing rare mu-
tations to be detected and quantified at the single-molecule level. This extreme 
sensitivity makes dPCR particularly useful for monitoring ctDNA in early cancer 
or relatively residual disease after treatment [5]. 

The main advantage of dPCR over NGS is its ability to detect highly sensitive 
mutations with very low background noise. However, dPCR has a limited ability 
to detect unknown mutations, making it best suited for following known onco-
genic drivers. Combining NGS and dPCR may provide a comprehensive strategy 
for MRD detection, using NGS’ broad mutation detection capability and dPCR’s 
high sensitivity [5]. 

A major challenge in ctDNA-based MRD analysis is distinguishing true cancer-
associated mutations from benign mutations. Some genetic alterations detected in 
ctDNA may be related to clonal hematopoiesis, an age-related process in which 
mutations accumulate in hematopoietic stem cells rather than tumor cells [19]. 
Advanced bioinformatics techniques are essential for distinguishing tumor-spe-
cific mutations from these non-cancerous variants to increase specificity. 

ctDNA sequences can be compared with known mutation databases, such as 
COSMIC (Catalogue of Somatic Mutations In Cancer), to identify mutations com-
monly associated with specific cancer types [20]. By integrating these findings 
with clinical and molecular data, ctDNA-based MRD testing can confirm tumor 
origins and improve its specificity, reducing the chances of false positives [21]. 

As ctDNA detection methods advance, attempts are underway to standardize 
methods for MRD assessment. Setting standardized protocols for sample collec-
tion, processing, and analysis can increase repeatability and ease clinical imple-
mentation. Future research should focus on optimizing ctDNA-based MRD de-
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tection to allow for earlier cancer relapse prediction and individualized treatment 
changes, ultimately improving patient outcomes [22]. 

3. Current Evidence from Research 

ctDNA detection studies in pancreatic and colorectal cancers (CRC) have in-
creased due to their non-invasive nature and ability to provide comprehensive 
information that can help guide treatment options. Historically, pancreatic cancer 
has molecular drivers such as KRAS, TP53, SMAD4, and CDKN2A [23]. Utilizing 
ctDNA, researchers are afforded an alternative approach to determine the heter-
ogeneity of tumor cells compared to conventional biopsy. Many studies have 
found that the level of ctDNA increases in relation to disease progression. In pan-
creatic cancer specifically, tumor volume correlated with the amount of ctDNA. 

One study conducted in 2020 found ctDNA in pancreatic cancer to be detected 
in 48% of localized tumors, but in more than 80% of advanced cancers [24]. Sev-
eral studies question the utility of ctDNA in early-stage pancreatic cancer [24]. 
The mechanism of release of ctDNA is still being postulated and dependent on 
numerous factors such as cancer staging. A key advantage of ctDNA is that it is 
absent in healthy cells, allowing researchers to distinguish between cancerous and 
non-cancerous cells. This is in contrast to CA-19-9 levels, which have been uti-
lized to monitor response to chemotherapy response but are also found in other 
disease pathologies such as bile duct obstruction. A preliminary study investigated 
if ctDNA correlates with response to chemotherapy and found the presence of 
ctDNA correlated with CT-detected tumor response in 76.9% of patients [25]. In 
this study, 60 genes in cfDNA were screened from ten patients with metastatic 
pancreatic cancer. They additionally used ddPCR to identify mutations amongst 
a cohort of 188 patients with metastatic pancreatic cancer. Amongst the 10 pa-
tients, 6 patients had the presence of ctDNA correlating with tumor response. 
Baseline characteristics of this study included a total of 188 plasma samples from 
April 2012- August 2014. Additional data points were collected at more regular 
intervals of 8 or more weeks from the 13 patients mentioned above. This study by 
Cheng, Liu, Jiang et al. [25] utilized a large sample size providing a substantial 
dataset for studying ctDNA mutations in metastatic pancreatic patients. They also 
employed different methodologies both using ctDNA and ddPCR, which provide 
a more comprehensive mutation detection assay. Unique insights were also dis-
covered in this study, including the ERBB2 exon 17 and KRASG12V mutations, 
which are pivotal in addressing targeted therapies for pancreatic cancer patients. 
A weakness in this study can be that although they had a large sample size of 188 
patients to evaluate mutations, only a small subset of 13 patients had prospective 
analysis done, which may not be significant enough retrospectively. Additional 
weaknesses can be the single-center nature of the study and the limited reliability 
of the retrospective design. Botta et al., in their study conducted in 2024, found 
ctDNA to be prognostic of recurrence and may be used for improved patient risk 
stratification during perioperative therapy. This study emphasizes the utility of 
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ctDNA as a means to achieve more personalized medicine [26]. The study design 
is a retrospective study that analyzes multiple cohorts of patients with pancreatic 
ductal adenocarcinoma stratified based on disease stage, treatment, and various 
time points of ctDNA testing. The various cohorts consisted of preoperative, post-
operative, surveillance, and treatment-specific, e.g., neoadjuvant patients or pa-
tients having ctDNA drawn prior to treatment as opposed to after surgery. This 
study had 298 patients who had confirmed PDAC and 1329 plasma samples. This 
sample size is large enough to yield greater statistical power. Depending on the 
cohort of the patient, there was a longitudinal approach rather than a retrospective 
design like many of the studies referenced in this paper, which allows for a more 
comprehensive assessment of the results along with decreased chance of bias. The 
study also controlled for confounding factors such as KRAS mutations, which 
yielded increased validity. One weakness of the study is the increased stratification 
and heterogeneity of timing of ctDNA; this can make it difficult to draw conclu-
sions across different groups being studied. 

Colorectal cancer has distinct biomarkers compared to pancreatic cancer, such 
as the HERC2 gene. While both ctDNA can be used to analyze the tumor hetero-
geneity, the molecular profile of these cancers can vary, and there are timelines 
for when to collect them. In several studies conducted on ctDNA and colorectal 
cancer, it was found that peritoneal fluid had increased mutations over plasma, 
which was a preferred method of collection. Similarly to pancreatic cancer, pa-
tients can be stratified depending on ctDNA status. One instance of this can be 
seen in the decision for adjuvant therapy in colorectal cancer [27]. The decision 
to add adjuvant therapy in stage 2 colorectal cancer patients was guided by ctDNA 
in a study that provides information about the extent of disease and risk of recur-
rence after curative intent surgery [28]. Many studies emphasize the importance 
of ctDNA in colorectal cancer, particularly in the adjuvant setting, where it can 
influence decisions on post-surgical chemotherapy. In colon cancer, particularly 
the MRD (minimal residual disease) can be predicted utilizing ctDNA. Multicen-
ter studies such as COBRA and CIRCULATE underscore the importance of col-
lecting ctDNA to guide the management of patients with CRC and whether ctDNA 
should be implemented in standard clinical practice [28]. In pancreatic cancer, 
the multicenter study DYNAMIC pancreas is an ongoing study to determine the 
utility of ctDNA in administering adjuvant therapy for early-stage pancreatic can-
cer. Similarly to CA-19 and early detection of pancreatic cancer, ctDNA can be 
used to detect early stage and recurrence of colorectal cancer. In colorectal cancer, 
CEA (carcinoembryonic antigen) is one of the biomarkers that can be used to de-
tect recurrence similar to the role CA-19-9 has in pancreatic cancer. 

The sensitivity and specificity of ctDNA varies depending on the cancer type. 
There are also various ways of collecting ctDNA, which can determine the speci-
ficity and sensitivity of the assay. In colorectal cancer, there is seen to be a high 
rate of shedding of circulating tumor fragments, which makes ctDNA collection 
more suitable for analyzing MDB (minimal disease burden) and other character-
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istics of the tumor genomic profile. In colorectal cancer ctDNA collection is seen 
to have a high sensitivity. The BLUE-C prospective study found a high specificity 
for ctDNA in CRC [28]. 

In pancreatic cancer, the sensitivity and specificity appear to be lower based on 
a meta-analysis of various studies. Multiple studies have investigated ctDNA as a 
screening tool compared to conventional methods such as EUS (endoscopic ul-
trasound) ctDNA has a sensitivity of 65% and specificity of 75% compared to the 
79% sensitivity and specificity of 93% for CA 19-9 [29]. This lower sensitivity and 
specificity of ctDNA in the detection of pancreatic ductal adenocarcinoma can be 
attributed to decreased shedding and apoptosis of the pancreatic tumor cells in 
the early stages of the disease. Lung and breast cancers have lower ctDNA sensi-
tivity and specificity compared to colorectal and pancreatic cancers. 
ctDNA has been an ongoing focus of study for researchers in the oncology com-
munity as it can replace or supplement more invasive procedures such as biopsy. 
Research is still being done on which cancers are more sensitive to the collection 
of ctDNA and the time points that can provide optimal results. The consensus as 
of the research now is that it has not replaced methods such as biopsy but acts as 
a supplement to the methods we have in place of gathering tumor genomic infor-
mation. ctDNA is limited in that it only provides information at a certain point in 
time, which is contingent on whether the tumor cells are being shed. Oftentimes, 
biopsies from CRC and pancreatic ductal adenocarcinoma can have insufficient 
tumor content, which makes using the less invasive technique of collecting ctDNA 
more appealing.  

4. Proposed Ultra-Sensitive ctDNA Analysis Method 
4.1. Technological Advancements 

Technological advancements in cfDNA detection over the past few decades have 
opened the door to improved methods of detection and screening of cancer, in-
cluding colorectal and pancreatic cancers. The proposed methodology for this 
study would integrate novel, ultra-sensitive ctDNA detection techniques such as 
dPCR and Next-Gen Sequencing to provide a high degree of sensitivity and accu-
racy. 

Cell-free DNA (cfDNA) refers to the short, double-stranded DNA sequences 
released from apoptotic cells. It can be detected and analyzed to help create diag-
nostic biomarkers for a variety of diseases and physiological states, but it is of 
particular interest in the early detection of cancer. CfDNA can be further classified 
into circulating tumor DNA, or ctDNA, which is characterized as being tumor-
derived and a useful biomarker for a variety of tumor-specific mutations impli-
cated in various cancers [30]. 

Currently, a variety of challenges impede the utilization of ctDNA including the 
short length of molecules, the relatively low (and variable) concentrations, and the 
influence of host wellness, immune function, and infection status on real-time 
cfDNA concentration. These characteristics make traditional nucleic acid qPCR 
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testing inadequate for analyzing cfDNA clinically. Currently, digital PCR (dPCR) 
and Next-Gen Sequencing (NGS) are the most accurate methods for the analysis 
of cfDNA [30]. 

dPCR, also known as ddPCR (double-droplet PCR), is a method that partitions 
a DNA sample into microscopic, nanoliter-sized droplets that each undergoes 
PCR [31]. This methodology provides absolute quantitation of DNA targets. 
While currently slower and more expensive than qPCR, dPCR is much more ac-
curate, sensitive, and robust when analyzing for very minor differences in se-
quence or when utilizing low-concentration DNA. Currently, it can detect ctDNA 
with mutant allele frequencies as low as 0.001% [32]. This makes it ideal for the 
analysis of cfDNA/ctDNA in screening for colorectal and pancreatic cancers, 
where early target mutations are rare and in very small concentrations. 

NGS is another method commonly used to detect ctDNA mutations. It is a high-
throughput method that can screen for a broad range of mutations, detecting de-
novo variants [32]. However, it does have a lower sensitivity for detecting lower-
frequency mutations due to background noise. Because of its broad reach, NGS is 
associated with higher costs as well as higher processing times compared to dPCR 
[33]. 

To improve the sensitivity of ctDNA analysis, the analytical techniques of NGS 
and dPCR can be integrated, utilizing the strengths of each technology. NGS 
serves as an ideal initial screening tool because of its capability to detect a wide 
range of alterations across many genes. It can be used first to provide a compre-
hensive initial view of the tumor DNA, and targeted NGS panels can be used to 
screen patients’ blood samples. Once specific mutations are identified through 
NGS, highly sensitive dPCR methods can then be used for validation and preci-
sion quantification of these mutations. Based on NGS results, custom dPCR 
probes can be designed to quantify and monitor relevant cancer mutations in a 
patient, following them throughout treatment and monitoring for early signs of 
cancer recurrence. This combination of techniques is preferable as it allows the 
quick, broad mutation detection of NGS to be complemented by the precise, sen-
sitive quantification achieved with dPCR. By applying these non-invasive tech-
niques sequentially, clinicians can effectively screen for rare and aggressive can-
cers, track tumor dynamics, validate treatment responses, and monitor recovery 
with greater accuracy and less invasiveness than current protocols. 

4.2. Study Design and Methodology 

ctDNA is found to have a relatively low stability, which can be limited when the 
collection process is conducted. This technical challenge has led to innovative ap-
proaches in studies such as the creation of blood collection tubes (cfDNA Streck 
tubes TM), which can maintain genomic DNA stability for 14 days post-collection 
[34]. 

Given the low stability of cfDNA, a number of proposed protocols for ctDNA 
isolation and analysis have been proposed. cfDNA can be collected from a variety 
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of sources including plasma, serum, peritoneal fluid, urine, saliva, etc. The sample 
is processed utilizing centrifugation. The sample ctDNA can be extracted manu-
ally or automatically using columns or magnetic beads. After the extraction of 
ctDNA, analysis can be done using targeted sequencing methods. In the case of 
pancreatic cancer, these mutations are commonly KRAS, TP53, and vary depend-
ing on the tumor type we are analyzing [35]. Next-generation sequencing (NGS) 
allows the sequencing of large segments of ctDNA. Another method of analyzing 
ctDNA is ddPCR (droplet digital PCR). Droplets in ddpCR allow the DNA se-
quence to be separated into multiple droplets and then analyzed with PCR ampli-
fication [36]. 

Low-frequency mutations are critical in pancreatic and colorectal cancers, al-
lowing for earlier detection. Traditional techniques have been insufficient in de-
tecting low-frequency mutations. Certain techniques can include novel technol-
ogy such as CRISPincette, which was designed to efficiently detect mutant alleles 
by eliminating abundant wild-type alleles from normal cell-induced cell-free 
DNA (cfDNA) using CRISPR/Cas9 [37]. This technology has still yet to be eluci-
dated, but by eliminating background noise of normal cell ctDNA and increasing 
loci of the low-frequency mutations, researchers are able to further analyze the 
low-frequency mutations that can be present in pancreatic and colorectal cancers. 

4.3. Clinical Applications 

In terms of clinical applications, the detection of ctDNA shows promise for the 
early detection of colorectal cancers. In a 2020 study comparing the cell-free DNA 
(cfDNA) of patients with colorectal cancer and healthy controls, a computer al-
gorithm trained on colorectal cancer-specific methylation markers was able to dis-
tinguish between the two groups with high accuracy. The same study found that 
in high-risk populations that the presence of the ctDNA methylation marker 
cg10673833 could detect cancerous and precancerous colorectal lesions with a 
sensitivity and specificity of 89.7% and 86.8%, respectively [38]. ctDNA can also 
be highly beneficial in the early detection of pancreatic cancer. Pancreatic cancer 
notoriously presents insidiously and is often already malignant or inoperable once 
discovered. The current standard for non-invasive screening, CA19-9, has limited 
use due to its low sensitivity [39]. Screening ctDNA could offer a more sensitive, 
non-invasive screening method for those in high-risk populations. 

Additionally, continuous monitoring of ctDNA fluctuations can be used clinically 
to assess tumor progression and treatment response. ctDNA has a short half-life of 
between two and four hours, making it a changing marker of tumor burden. This 
can make it useful in assessing real-time response to chemotherapy and detecting 
minimal residual disease (MRD) post-surgery [40]. Changes in allele frequency can 
be early predictors of therapy response or resistance [41]. There are a multitude of 
studies showing the presence of ctDNA both post-chemotherapy and post-opera-
tively decreases the length of recurrence-free survival. One Swedish study of 58 pa-
tients found that those with positive levels of post-operative ctDNA had a 77% re-
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currence while all 45 ctDNA-negative patients were relapse-free [42]. These findings 
suggest that monitoring ctDNA levels could benefit clinicians when making deci-
sions on the efficacy of treatment and the need for further intervention in patients. 

4.4. Gaps in Knowledge and Future Research Directions 

Gaps in the literature and limitations in current research across numerous studies 
highlight the need for further investigation. While existing findings are promising, 
several issues remain that underscore the necessity for more thorough and robust 
studies to bridge these gaps. Larger, more diverse cohort studies are needed to 
validate ctDNA-based early detection methods, as many current studies have small 
sample sizes and come from single institutions [42]. This presents challenges when 
generalizing results due to the lack of diversity and limited population scope. Addi-
tionally, there is minimal standardization in how the ctDNA is being collected and 
the assays used in its analysis. Implementing standardizations of sample collec-
tions, storage, and ctDNA extraction as well as for the assays being used in analysis 
would allow for pooled data analysis and meta-analyses and aid in establishing the 
clinical validity of ctDNA use [41]. Given the short half-life of ctDNA, the time 
points of sample collection post-treatment should also be standardized across 
studies [40] [41]. 

Further gaps in knowledge remain regarding the development of standardized 
protocols for ctDNA analysis in clinical settings, particularly in managing patients 
who have completed therapy without recurrence but still exhibit detectable 
ctDNA levels. Future research should explore how ctDNA detection in these cases 
can guide clinical decisions and whether adjuvant chemotherapy is warranted 
based on ctDNA results [42]. More studies are needed to establish clear guidelines 
for using ctDNA in post-treatment surveillance and treatment planning. 

Another significant gap in knowledge exists regarding the ability to distinguish 
between benign and malignant genetic alterations, particularly in the context of 
clonal hematopoiesis of indeterminate potential (CHIP). CHIP involves abnor-
malities in the DNA of hematopoietic stem cells, which can be detected when 
DNA fragments from non-malignant cells are released; these fragments can lead 
to potential false positives in ctDNA testing [41]. These alterations become more 
common with age, affecting up to 10% of patients over 70 [43]. Mutations in genes 
like KRAS and TP53, which are implicated in both hematologic and solid malig-
nancies, are particularly concerning compared to mutations that are unique to 
hematologic malignancies alone [41]. Emerging research has identified high rates 
of CHIP in patients with solid tumors, driven in part by oncologic therapy [43]. 
Thus, before using ctDNA to guide clinical decisions post-chemotherapy, future 
research is needed to refine methods for accurately differentiating CHIP-related 
mutations from true malignancies both to improve diagnostic precision and to 
reduce unnecessary interventions. Standardizing detection protocols and incor-
porating age-related factors into genetic analysis could further enhance the accu-
racy of these distinctions. 
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4.5. Implications for Clinical Practice and Public Health 

ctDNA analysis holds great promise for the early detection of colorectal and pan-
creatic cancer screening. Early detection is a key consideration, given that these 
cancers are often found as malignancies with limited available treatment options 
[7]. Since early detection is the most optimal time for treatment, ctDNA screening 
serves as a useful technique for increasing survival [6]. High-risk individuals with 
a genetic predisposition or family history of cancer benefit most from this mini-
mally invasive procedure, which is performed using a routine blood test [43] By 
identifying cancer before symptoms appear, ctDNA testing can further reduce the 
time needed to plan a salvage treatment [44]. 

Despite its promising clinical value, ctDNA-based testing is also subject to lim-
itations. Its applicability and sensitivity, particularly for cancers in the early stages, 
are perhaps the most important limitations. False positives can lead to unjustified 
interventions, while false negatives can lead to delayed diagnosis [45]. In addition 
to this, inter-patient and inter-tumor variations in ctDNA levels make test repro-
ducibility and standardization challenging. To overcome such challenges, addi-
tional studies and larger clinical trials need to be performed to demonstrate the 
consistency of ctDNA across various populations and cancer types. 

Cost-effectiveness is another major factor in expanding the use of ctDNA-based 
diagnostics. Despite the potentially high initial cost, early diagnosis may save 
money in the long run by reducing the need for costly late-stage cancer treatments 
and extended palliative care. Economic models will need to quantify these savings, 
particularly in high-risk individuals, to assess the feasibility of routine use of ctDNA 
testing in clinical practice. Additionally, a comparison with available screening 
technologies, e.g., colonoscopy for colorectal cancer or imaging for pancreatic 
cancer, must be drawn to determine whether ctDNA testing is less expensive [43]. 

Ethical issues must also be addressed to ensure the correct use of ctDNA-based 
testing as ctDNA analysis involves working with sensitive genetic material. There-
fore, strict measures must be implemented to protect patient privacy and prevent 
illegal access by employers or insurance providers [46]. Furthermore, disparities 
in access to ctDNA testing must be minimized to ensure equitable provision of 
healthcare. Policymakers must look into measures such as the extension of insur-
ance coverage and subsidized testing initiatives to prevent socioeconomic obsta-
cles from hindering patient access. 

The clinical efficacy of ctDNA-based testing must be carefully evaluated against 
issues of cost, ethics, and accessibility. In order to maximize the benefits of ctDNA 
testing while upholding strict patient care and confidentiality requirements, these 
issues must be resolved through comprehensive validation studies, legislative 
measures, and justifiable implementation strategies [6]. 

5. Conclusions 

Pancreatic and colorectal cancers are current leading causes of cancer-related 
death in the US. Modern gold-standard screening methods such as colonoscopy 
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or tissue biopsy are expensive, time-consuming, and difficult to access, contrib-
uting to the frequent late-stage diagnosis and high mortality rates in these cancers. 
This matter has become more urgent in recent years as the diagnosis rates in-
crease, and the age at diagnosis decreases. Together, these factors point toward 
the urgent need for innovative, effective and non-invasive screening tools. 

ctDNA is a groundbreaking tool in cancer care, providing a non-invasive and 
highly sensitive method for early detection, monitoring, and management of dif-
ficult-to-treat malignancies such as pancreatic and colorectal cancer. By providing 
real-time insights into tumor biology, ctDNA is a valuable alternative to tradi-
tional diagnostic methods such as tissue biopsies, imaging, and serum markers. 
Digital PCR (dPCR) and next-generation sequencing (NGS) are unique tech-
niques for ctDNA analysis. dPCR excels in precision and sensitivity, especially for 
detecting low-frequency mutations. NGS is better suited for broad mutation screen-
ing across multiple genes. A combined approach with these technologies could 
enhance ctDNA analysis. 

Future directions in ctDNA research should focus on standardizing detection 
methods, enhancing sensitivity and specificity, and refining clinical decision-
making frameworks. ctDNA has the potential to reform cancer care by offering 
precise, individualized, and less invasive diagnostic and therapeutic strategies. 
With continued advancements, ctDNA-based testing could significantly improve 
survival rates and quality of life for cancer patients. 
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