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Abstract

Summary: Liquid biopsy offers a non-invasive approach to study tumor-derived genetic material circulating in plasma.
Beyond genetic alterations, the fragmentomic features of cell-free DNA—such as fragment size, genomic position, and
end-motifs—provide valuable insights into the biological and clinical context of DNA release. fRagmentomics is a user-
friendly R package designed to characterize cfDNA fragments overlapping one or multiple small mutations of any type,
starting from an aligned sequencing file (BAM). It supports multiple mutation input formats, accommodates one-based
and zero-based genomic conventions, resolves mutation representation ambiguities, and accepts any reference file in
FASTA format. For each fragment overlapping a mutation of interest, fRagmentomics outputs fragment-level features in-
cluding its fragment size, end-motifs, and mutational status, along with additional fragment-level or read-level informa-
tion. The package implements an indel-aware and optionally soft-clip-preserving fragment size computation that
improves accuracy over conventional size estimates based solely on aligned positions.

Availability and implementation: fRagmentomics is licensed under GNU General Public License v3.0 and available at
https://github.com/ElsaB-Lab/fRagmentomics, https://anaconda.org/elsab-lab/r-fragmentomics and https://bioconductor.
org/packages/fRagmentomics, with documentation and a tutorial.

Contact: yoann.pradat@gustaveroussy.fr, elsa.bernard@gustaveroussy.fr

Supplementary information: Supplementary data are available at Bioinformatics online.

Fragmentomics—the study of cfDNA fragmentation patterns—
examines features such as fragment size, end-motifs, and pre-

1 Introduction

Cell-free DNA (cfDNA) refers to fragmented DNA molecules cir-
culating in bodily fluids such as blood, urine, or cerebrospinal
fluid (Thierry et al. 2016). Sequencing of plasma cfDNA has
transformed cancer care by enabling the detection of circulat-
ing tumor DNA (ctDNA) for diagnosis, treatment selection, and
disease monitoring (Alix-Panabieres and Pantel 2021, Bayle
et al. 2022, Pascual et al. 2022, Ma et al. 2024, Bartolomucci
et al. 2025). Most of the cfDNA originates from hematopoietic
cells (Mattox et al. 2023), complicating ctDNA interpretation in
clinical practice. Comprehensive characterization of cfDNA
fragmentation features in relation to mutational data is there-
fore essential for improved liquid biopsy analysis and
interpretation.

ferred genomic ends (Tsui et al. 2025). Multiple studies have
demonstrated that ctDNA fragments have a shorter size distribu-
tion (Snyder et al. 2016, Mouliere et al. 2018, Cristiano et al.
2019, Sanchez et al. 2021) and distinct end-motif composition
(Chan et al. 2016, Sun et al. 2019, Jiang et al. 2020, Shen et al.
2024) compared to cfDNA from hematopoietic cells or other
origins. CfDNA size distributions can be quantified using
non-sequencing approaches, such as electrophoresis- or
microfluidics-based methods (Andriamanampisoa et al. 2018),
which provide global fragment size profiles but do not allow
fragment-level genotyping. In contrast, high-depth cfDNA se-
quencing enables joint analysis of fragmentation patterns and
somatic mutations. Recent tools, such as cfDNAPro (Wang et al.
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2025), combine fragment size analysis with genotyping of se-
lected variants but are limited to specific mutation types and
rely on TLEN-based fragment size estimates, which do not ac-
count for indels or soft-clipped bases. Consequently, no existing
tools provide an integrated solution to both extract fragmen-
tomic features and determine fragment-level mutation status
across all classes of small variants, including single-nucleotide
variants (SNVs), multi-nucleotide variants (MNVs), and inser-
tions/deletions (indels). This gap partly reflects the technical
challenge of indel-aware fragment genotyping: indels can have
multiple valid representations (Tan et al. 2015), and short reads
often fail to fully span indel contexts (Treangen and Salzberg
2011, Narzisi and Schatz 2015). These limitations are particularly
relevant given that indels include clinically actionable bio-
markers, such as EGFR exon 19 deletions predicting response to
EGFR inhibitors in non-small-cell lung cancer (Lu et al. 2024),
and that inaccurate fragment size estimation may confound
downstream fragmentomic analyses.

fRagmentomics is a standardized and user-friendly R package
that extracts per-fragment features (size, end-motifs, genomic
coordinates) and assigns mutation status for any small variant
type. Its indel-aware fragment size calculation ensures greater
accuracy than conventional reference-span metrics. By enabling
mutation-aware exploration of cfDNA fragmentation patterns,
fRagmentomics may facilitate the biological and clinical inter-
pretation of liquid biopsy sequencing data.

2 Methods

fRagmentomics is implemented in R and organized around a sin-
gle high-level function, run_fRagmentomics(), which produces a
per-fragment table with one row per fragment and one column
per feature. For each user-provided mutation, the function per-
forms three main steps (Fig. 1A): (i) input preparation and frag-
ment selection, (ii) fragmentomic feature extraction, and (iii)
genotyping of reads and fragments. The latter two steps are par-
allelized for efficiency. The resulting table can be used directly
for downstream analyses or visualization with built-in plotting
functions. Various options allow the user to fine-tune the behav-
ior of each step. All parameters and default values are summa-
rized in Supplementary Table S1, available as supplementary
data at Bioinformatics online.

2.1 Mutation and BAM file preparation

fRagmentomics requires three mandatory inputs: (i) a BAM file
with paired-end reads, (ii) a list of mutations provided as a VCF/
TSV file or as “chr:pos:ref:alt” strings, and (iii) the reference ge-
nome used for alignment. To ensure consistency across different
mutation formats and conventions (Supplementary Methods S1,
available as supplementary data at Bioinformatics online), the
package automatically normalizes each mutation through
three steps: handling missing allele representations, harmoniza-
tion to VCF standards, and optionally calling bcftools norm to
resolve representation ambiguities (Tan et al. 2015, Danecek
et al. 2021).

The BAM file is then subsetted to fragments overlapping the
genomic region of each mutation, within a user-defined window
set by default to +600bp. Fragments not satisfying user-
configurable BAM flags or those failing quality checks are ex-
cluded (Supplementary Methods S2, available as supplementary
data at Bioinformatics online). This restriction balances runtime
efficiency and fragment recovery, with default parameters suffi-
cient to capture the full distribution of human cfDNA fragment
lengths (Snyder et al. 2016).

2.2 Extraction of fragmentomic features

For each mutation of interest, fRagmentomics computes
fragment-level characteristics in a loop parallelized across indi-
vidual fragments. The complete list of extracted features is pro-
vided in Supplementary Table S2, available as supplementary
data at Bioinformatics online, and includes several key
components.

The fragment size is computed in an indel-aware and soft-
clip-preserving  manner  (Supplementary  Methods  S3,
Supplementary Figure S1, available as supplementary data at
Bioinformatics online) and represents the true physical length of
the cfDNA fragment. Explicit handling of indels prevents under-
or over-estimation of fragment size in the presence of such var-
iants. Fragments shorter than the read length are accurately
measured through the inner distance calculation (Fig. 1B,
Supplementary Figure S1, available as supplementary data at
Bioinformatics online). Users may optionally discard soft-clipped
bases according to their assumptions about the biological or
technical origin of soft-clipping (Supplementary Figure S2, avail-
able as supplementary data at Bioinformatics online). End-
motifs (5’ and 3’ sequences) are extracted from the reference,
with a default length of 5 bases. The fragment's first aligned and
last aligned positions, the inner distance between reads,
and the counts of soft-clipped bases at the 5 and 3’ ends
are also reported. Optional read-level attributes from the BAM
such as CIGAR, FLAGs, and base qualities can be included for
diagnostic purposes or downstream analyses. Numerous
user-adjustable parameters allow fine-tuning of fragment ex-
traction, soft-clip handling, motif length, and output options
(Supplementary Table S1, available as supplementary data at
Bioinformatics online).

To demonstrate the importance of indel-aware computation,
we compared fRagmentomics with cfDNAPro (Wang et al. 2025),
for which fragment sizes are equal to the BAM TLEN field. We
first analyzed 10 SNVs/MNVs in targeted cfDNA sequencing sam-
ples. A total of 296,025 out of 299,245 fragments (98.9%) showed
identical sizes between the two tools. Those with discordant
sizes had a mean absolute difference of 1.5 bp (range [-36; +35]),
all attributable to the presence of indels within the CIGAR string.
We then evaluated 10 small indels (three 1-bp deletions, one 5-
bp deletion, one 4-bp deletion, four 1-bp insertions, and one 3-
bp insertion). Of 233,998 common fragments, 230,317 (98.4%)
had identical sizes, with discordant cases showing a mean abso-
lute difference of 1.7 bp (range [-5; +5]). When focusing on mu-
tated fragments, 1,999 of 2,001 (99.9%) were discordant, with a
mean absolute difference of 1.5 bp (range [-36; +35]). Finally, we
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Figure 1 Overview of the fRagmentomics workflow and core computations. (A) Workflow summary. fRagmentomics takes a BAM file and a list of
small mutations as input and outputs a table with one row per fragment. Each row contains mutation information, fragmentomic features, and
optional read-level details. Built-in visualization functions enable exploration of fragment size distributions, end-motifs, and mutation patterns. The
plots shown were generated using the example dataset included in the package. (B) Fragment size computation. Fragment length is computed
using an indel-aware formula that accounts for insertions, deletions, and soft-clipped bases, providing more accurate size estimates than TLEN-
based methods. (C) Fragment genotyping. Each fragment is classified as mutated (MUT), wild-type (WT), other (OTH), or non-informative (N/I;
ambiguous or discordant) based on read-level genotypes derived from sequence comparison and CIGAR information. The fragment-level variant
allele frequency (VAF) is calculated as the ratio of mutated fragments to the total number of informative fragments.

analyzed a lung cancer cfDNA sample (included in the package
test dataset) harboring an EGFR exon 19 in-frame deletion
(15bp) (Supplementary Figure S3, available as supplementary

data at Bioinformatics online). Out of 3,017 common fragments,
2,217 (73.5%) showed identical sizes between tools. However,
all mutated fragments (26.2%) were discordant, with an
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absolute size difference of 15bp (range [14; 15]), corresponding
to the deletion length. These comparisons highlight that while
TLEN-based fragment size calculation is generally sufficient for
fragments harboring SNVs/MNVs, it remains inadequate for
those carrying indels, emphasizing the need for indel-aware
fragment size computation.

2.3 Read and fragment genotyping

Mutation status is assigned at both the read and fragment lev-
els. For each read overlapping a mutation, the read sequence
over a local window (Supplementary Figure S4, available as sup-
plementary data at Bioinformatics online) is compared to the
reference allele sequence (extracted from the FASTA) and to the
mutated allele sequence (constructed by applying the mutation
to the reference sequence). The definition of the window varies
according to the mutation type (Supplementary Methods S4.1,
available as supplementary data at Bioinformatics online). For
SNVs/MNVs, a first window covers the position of the substituted
base and a second window, extended by one flanking base on
each side, flags potentially larger events. For indels, the window
includes one base preceding the indel, the inserted bases in
case of an insertion, one base following the indel, and additional
bases if necessary to resolve ambiguities in repetitive contexts.
Windows are truncated when reads do not fully cover the de-
fined region. Example window calculations are provided in
Supplementary Figure S4, available as supplementary data at
Bioinformatics online.

The sequence comparison yields a wild-type, mutated, other,
or ambiguous status (Supplementary Methods S4.2, available as
supplementary data at Bioinformatics online). This status is di-
rectly used to determine the read-level mutation assignment for
SNVs and MNVs (Supplementary Methods S4.3, available as sup-
plementary data at Bioinformatics online), while indel genotyp-
ing integrates both the CIGAR and sequence comparison, giving
precedence to CIGAR information. When no indel is reported at
the position of interest, only the sequence comparison is used.
Flags are added to the read status to indicate potential ambigui-
ties, inconsistencies between the CIGAR and the sequence com-
parison, or the presence of another variant (Supplementary
Methods S4.4, available as supplementary data at Bioinformatics
online).

Read-level statuses are then aggregated into a fragment-level
status (Fig. 1C). Concordant reads define the fragment status di-
rectly. Discordant reads are resolved using flags when possible
(Supplementary Figure S3.D, available as supplementary data at
Bioinformatics online). Fragments that cannot be resolved are
labeled discrepant. For simplicity, discrepant and ambiguous
fragments are combined into a non-informative category
(Supplementary Methods S5, available as supplementary data at
Bioinformatics online). Non-informative fragments are excluded
from fragment-level variant allele frequency calculations, which
use only informative fragments. The dual-level genotyping
ensures robust mutation assignment while retaining detailed in-
formation on uncertainty, misalignments, and potential alter-
nate events.

3 Output and visualization

fRagmentomics produces a comprehensive fragment-level table
where each row corresponds to a fragment overlapping one of
the user-specified mutations. Columns include fragment-level
features (e.g., size, start and end-motifs, genomic coordinates,
soft-clip counts, genotyping status) and optional read-level
attributes such as FLAGs, mapping qualities, and CIGAR strings
(Supplementary Table S2, available as supplementary data at
Bioinformatics online).

A set of built-in visualization functions allows rapid explora-
tion of fragmentomic patterns directly from the generated table
(Fig. 1A). Each function provides options to choose how frag-
ments are grouped and which groups are displayed. The plot_si-
ze_distribution() function generates fragment-size profiles as
either density curves or histograms. The plot_motif_barplot()
function supports three representation modes of the motif
sequences to allow for comparative or differential views. The
plot_freq_barplot() function compares nucleotide composition
at fragment ends across groups, regardless of motif position,
while plot_ggseqlogo_meme() produces sequence logos show-
ing nucleotide proportions at each motif position.

All plotting functions return ggplot2 objects for easy customi-
zation and integration into analysis workflows. Example scripts
reproducing Fig. 1A are provided in the vignette and in the pack-
age’s GitHub repository.

The algorithm operates with a complexity of O(n x L) per muta-
tion, with n the number of fragments overlapping the mutation of
interest and L the read length. Benchmarking at various read
depths demonstrated efficient performance (Supplementary
Figure S5, available as supplementary data at Bioinformatics on-
line). The test dataset accompanying the package, containing
about 3,000 fragments, was processed in 36 seconds with a peak
memory usage below 1 GB on a single-core Intel Xeon E5-2670 v3
processor. To further optimize runtime, the implementation sup-
ports parallel processing over fragments, which can be activated
by providing multiple CPUs.

4 Conclusion

fRagmentomics is a user-friendly R package that integrates per-
fragment feature extraction and genotyping across all classes of
small mutations (SNVs, MNVs, and indels). It explicitly handles
the complexity of indel detection and provides flags to indicate
ambiguous or potentially erroneous genotypes. The package
implements an indel-aware, soft-clip-preserving fragment-size
computation, improving accuracy compared with conventional
methods based on aligned extremal positions.

A single high-level function, run_fRagmentomics(), executes
the full workflow and returns a fragment-level table suitable for
downstream analyses and visualization. Users can fine-tune
fragmentomic extraction, soft-clip handling, and visualization
options, and the tool supports both normalized and unnormal-
ized variant representations.

fRagmentomics is freely available on GitHub at https://github.
com/ElsaB-Lab/fRagmentomics with a detailed tutorial. It has
also been deposited on Conda and Bioconductor.
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