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Abstract: Despite advances in screening and therapy, colorectal cancer (CRC) remains a leading cause of cancer-
related mortality worldwide, underscoring the need for early detection and for predicting treatment efficacy. This 
review highlights circulating cell-free DNA (cfDNA) fragmentomics as a promising non-invasive approach for tu-
mor detection and disease monitoring. We focus on fragmentomic features - such as fragment size distributions, 
fragment-end motifs, and epigenetic signals - which, when integrated into machine-learning models, have shown 
strong performance in distinguishing patients with CRC from healthy controls. Emerging evidence indicates that, 
these signatures may support early-stage detection, track disease progression, and predict pathologic complete 
response (pCR), thereby enabling more personalized treatment strategies. We also discuss the potential role of 
fragmentomics in non-operative management, including “watch-and-wait” approaches. However, important gaps 
remain in clinical translation; prospective trials and standardized assays/analysis pipelines are required to validate 
these findings and define their real-world utility.
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Introduction

Colorectal cancer (CRC) remains a major glo- 
bal health burden given its high incidence and 
mortality, often related to delayed diagnosis 
and the complex biology of the tumor microen-
vironment. Despite Despite advances in en- 
doscopy and imaging that have improved CRC 
management, significant challenges persist in 
early detection, accurate staging, and predic-
tion of treatment response [1, 2]. Emerging  
evidence also Emerging evidence also high-
lights the interplay among tumor-associated 
macrophages, stress-response signaling path-
ways, and cytokine networks in CRC progres-
sion and immune evasion, Together, these  
factors complicate both diagnosis and therapy 
and underscore the need for sensitive, non-
invasive methods to evaluate tumor burden 

and microenvironmental dynamics [3]. To 
address this gap, cfDNA fragmentomics has 
emerged as a promising modality for real-time 
tumor surveillance, providing a viable route to 
surmount these obstacles.

To meet this need, cfDNA fragmentomics has 
emerged as a promising molecular approach 
for detecting cancer-specific features-including 
fragment size distributions, DNA end motifs, 
and epigenetic signatures. Unlike traditional 
cfDNA assays that focus primarily on concen-
tration levels or mutation hotspots, fragmen-
tomics captures broader genomic alterations, 
making it particularly valuable for colorectal 
cancer (CRC), whose biology is influenced by 
processes such as angiogenesis, hypoxia, and 
cancer stem cell dynamics [2, 4, 5]. Incorpo- 
rating cfDNA fragmentomic profiles into diag-
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nostic workflows could enhance early detec-
tion, refine response prediction, and improve 
staging, ultimately informing precision medi-
cine strategies and non-operative treatments 
such as the “watch-and-wait” approach in rec-
tal cancer patients who achieve pCR. A poten-
tial workflow for using cfDNA fragmentomics to 
predict treatment response is summarized in 
Figure 1.

cfDNA concentration correlates with tumor 
burden

Multiple studies demonstrate that cfDNA  
levels increase with disease severity in CRC. 
Patients with stage IV CRC show significantly 
higher cfDNA concentrations than those with 
earlier-stage disease or healthy controls (P = 
0.049) [6]. Using simple fluorescence-based 
cfDNA quantification, Bosque et al. effectively 
distinguished metastatic CRC from localized 
diseases and from healthy individuals [5]. Be- 

yond stage correlation, cfDNA levels track tre- 
atment response: they typically spike immedi-
ately after surgery and decline within three 
months post-resection, a pattern also reported 
by Zhong et al. [6]. This dynamic aligns with 
clinicopathologic markers-higher cfDNA con-
centration and integrity index are associated 
with advanced TNM stage and elevated CEA, 
with both measures decreasing after therapy 
[7]. Collectively, these findings indicate that 
effective treatment-surgery-surgery or chemo-
radiation-should reduce tumor-derived cfDNA 
in plasma [8].

Fragmentomics enhances detection

Beyond cfDNA quantity, fragmentation patterns 
provide superior diagnostic value. Cao et al. 
developed a machine-learning model based on 
five fragmentomic features - including fragment 
size distributions and end-motif signatures - 
that achieved 98% specificity and 94.9% sen- 

Figure 1. Schematic workflow of predicting pathological complete response (pCR) using cfDNA fragmentomics in 
colorectal cancer.
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sitivity (AUC = 0.986) for early-stage CRC, with 
sensitivity increasing alongside disease pro-
gression [9]. Using a complementary strategy, 
Zhang et al. performed genome-wide cfDNA 
methylation profiling to capture epigenetic frag-
mentomic changes [10]. Methylation-based 
fragmentomics has identified hypermethylat- 
ed regions in genes such as PRDM14 and 
TMEM132E when incorporated into logistic 
models, these methylation markers augment- 
ed size-based features, underscoring the ad- 
vantage of multi-dimensional cfDNA analyses 
over single-parameter tests [11]. The strength 
of fragmentomics lies in detecting global altera-
tions that emerge early in tumorigenesis-an 
asset for early diagnosis. Nevertheless, trans-
lating these high-performance models into  
routine remains challenging due to limited  
standardization of sequencing protocols, bioin-
formatic pipelines, and machine-learning me- 
thods across laboratories, as well as uncer- 
tainties about generalizability from narrowly 
sampled cohorts; broader validation in diverse, 
multi-center populations is needed [12].

cfDNA genomics confirms tumor content

Whole-exome sequencing (WES) of cfDNA 
yields clinically relevant insights into tumor 
mutations and mechanisms of drug resistance. 
In CRC patients receiving EGFR-targeted thera-
py, Lee et al. applied cfDNA WES to track emer-
gent variants-such as ADAMTS20 p.S1597P 
and TTN p.R7415H-alongside recurrent altera-
tions in canonical CRC genes (APC, TP53, 
KRAS, and SMAD4) [13]. Although mutation-
based cfDNA assays can lose sensitivity at low 
tumor burden, integrating genomic profiling 
with fragmentomics features substantially en- 
hances the detection of minimal residual dis-
ease (MRD) [14, 15].

Analytic simplicity of cfDNA fragmentomics

Notably, advanced sequencing is not always 
necessary for cfDNA fragmentomics. S Seve- 
ral studies show that simple laboratory meth-
ods - such as electrophoresis and fluorometric 
quantification - can deliver reliable diagnostic 
performance [5]. Unlike customized ctDNA 
assays that reuire prior tumor genotyping,  
fragmentomics can be implemented without 
tumor tissue, because it targets general fea-
tures of tumor DNA shedding. Cost-effective, 
scalable techniques-including fragment length 
analysis and methylated DNA immunopreci- 

pitation sequencing (MeDIP-seq)-have demon-
strated clinical utility [10]. Collectively, these 
findings indicate that fragmentomics can be 
both powerful and practical - yielding action-
able information with less technical comple- 
xity. Nonetheless, a one-size-fits-all strategy  
is unlikely; selecting between sophisticated 
next-generation sequencing (NGS) and simpler 
fluorometric approaches should be guided by 
clinical context, balancing the need for multidi-
mensional data against cost and turnaround 
time [16].

Conclusion

The multidimensional profile of cfDNA-includ- 
ing concentration, fragmentation patterns, and 
epigenetic markers-provides a robust frame-
work for predicting treatment response in 
colorectal cancer. Multifeature fragmentomic 
models have demonstrated high accuracy in 
distinguishing CRC from healthy controls, with 
utility even at low tumor burden [9]. In the neo-
adjuvant setting, these approaches could non-
invasively predict pathological complete re- 
sponse, supporting a safe “watch-and-wait” 
strategy. This paradigm embodies persona- 
lized medicine by enabling tailored tumor moni-
toring that extends beyond the capabilities of 
conventional imaging. Looking ahead, priorities 
include rigorous validation of cfDNA fragmen-
tomic biomarkers for pCR and their integration 
into prospectiveclinical trials, with the broader 
goal of advancing organ-preserving therapies 
and improving patient outcomes in CRC.
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