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INTRODUCTION

KEY TAKEAWAYS

Liquid biopsies interrogate cell-free DNA (cfDNA)
repeatedly, at low cost, and low risk to the patient. In
oncology, the analysis of tumor-derived cfDNA has
found applications in cancer detection, monitoring, and
treatment selection.
Plasma cfDNA displays a characteristic fragmentation
pattern that carries information about the cellular
processes that originate it [1]. A histogram of cfDNA
fragment lengths reveals a main peak, corresponding to
DNA bound to one nucleosome, and multiple oscillations
on the left-hand side of this peak, corresponding to sites
accessible to endonucleases. Features derived from
the fragmentomic profile have been used for cancer
detection and have been shown to correlate with tumor
stage in human patients. In particular, previous research
showed that samples with cancer signal have an
excess of short fragments compared to samples from
healthy individuals [2, 3]. This suggests that observed
fragmentomic profiles are mixtures of patient-specific
normal and cancer profiles.
To separate these components, we considered copy
number-altered regions from the same sample, where
the same normal and cancer signals are mixed at
different ratios that depend on the sample’s tumor
fraction and the copy numbers of those regions.
Knowledge of the copy numbers enables one to estimate
the tumor fraction in blood. This estimate can then offer
prognostic and monitoring applications, for example
after a therapeutic intervention or during treatment.

RESULTS

• Copy number-guided fragmentomics provides a new
perspective on cfDNA fragmentomics and enables
deeper investigations of cancer signal in blood.

• cfDNA fragments coming from malignant tumors
have a shorter length distribution than fragments from
healthy cells, with more pronounced oscillations.

• Tumor fraction may be estimated directly from
fragmentomic signal.

• Our analysis lays the groundwork for quantitative
monitoring of tumor burden in canine liquid biopsies.
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We developed a method to perform this analysis and
validated it using in silico mixtures with controlled
tumor fractions. We then applied our method on canine
blood samples to track tumor fraction over time and to
characterize the pure fragmentomic profiles.
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Progressive disease is eventually noted at time points 5
and 6 (9 and 12 months after surgery). We can follow the
rapid increase in tumor fraction from around 4% at time
point 4, to 13% (95% HPDI [11.0% - 15.4%]) at time point
5, and 53% (95% HPDI [48.8% - 58.5%]) at the last time
point.
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For appropriately chosen copy number aberrations, the
copy number-specific fragmentomic profiles can thus
be used to infer the tumor content, as well as the pure
normal and pure tumor profiles.
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Finally, we characterize the reconstructed pure profiles
from our case study (Figure 6).
The pure normal signals appear to vary around a
common mean (Figure 6A). The distribution has a main
peak around 163 bp, corresponding to a chromatosome,
and oscillations approximately every 10 bp, in line with
our expectation from healthy human samples. While the
pure normal profile is fairly stable, we may see some
hints of alteration in the last time point.
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In this case, molecular evidence of cancer recurrence
(at time point 4) preceded clinical evidence of cancer
recurrence (at time point 5) by 3 months. The time
series of plasma tumor fraction, as estimated by
fragmentomics, is shown in Figure 5.

Pure Profiles

We created four sets of in silico mixtures, where a
cancer-positive cfDNA sample was diluted into a healthy
cfDNA sample at pre-defined proportions. Figure 2
illustrates the process for one mixture.

For the longitudinal analysis, we considered 6 plasma
samples from a 10-year-old female mixed-breed dog
with osteosarcoma of the humerus. The patient was
followed over the course of 11 months. At baseline (time
point 1), the patient was positive. The second sample
was taken 10 days later, following a full resection of the
tumor via limb amputation. The patient was noted by
the treating veterinarian to have no evidence of disease
(NED) at the 3 and 6-month marks (time points 3 and 4),
while progressive disease (PD; with the development of
pulmonary metastatic disease and a bony rib mass) was
detected from month 9 onwards (time points 5 and 6).

Figure 6 - Features of Pure Profiles
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For each set, we defined mixture proportions that would
create samples with the following tumor contents: 1-10%
in increments of 1, 12-20% in increments of 2, 25-40% in
increments of 5 (Figures 2E-G). Mixtures were created
in triplicates to assess the robustness of the method to
resampling of the data. Two training mixtures (M1 and
M2) were used in the development of the method. The
other two sets (M3 and M4) served as validation.

At baseline (time point 1) we observe clear copy number
events, suggesting high tumor fraction in plasma.
Analysis of the fragmentomic curves estimates tumor
fraction to be 76% (the 95% highest posterior density
interval, HDPI, is [70.9% - 80.5%]).
After surgery (time point 2) and at the 3-month followup (time point 3), there is no evidence of disease and
no detectable tumor signal in the circulation. However,
at time point 4, the 6-month follow-up, we once again
observe copy number events in cfDNA. We estimate a
4.3% tumor fraction (95% HDPI [3.6%, 4.9%]) from the
fragment length profiles.

Figure 1 - Formula

The cancer-positive cfDNA samples were reviewed
and chosen so as to have definite clonal losses (copy
number 1), and gains (copy number 3), in addition to
neutral regions (Figure 2A). Their pure normal and
cancer profiles were unmixed and reviewed manually
(Figure 2C), and their tumor fraction was also manually
curated. Healthy cfDNA samples used for mixing were
chosen to best match the fragmentomic profile of the
normal component of each cancer-positive sample
(Figure 2D).

We then assessed our model’s performance on the
validation mixtures (Figure 3C-D). In this independent
dataset, estimates were within 5.5% of the correct values
for tumor fractions up to 10%, and within 2.5% of the
correct values for fractions greater than 10%. Under
10% tumor fraction, both initialization and inference
are more difficult due to the limited data supporting the
fragmentomic curves. This could be ameliorated through
deeper sequencing.

In this case study, we analyzed 6 longitudinal liquid
biopsy samples, collected over the course of 11 months
(Figure 4).

A fragmentomic profile is a histogram of cfDNA
fragment lengths that can be obtained after alignment of
paired-end sequencing data. We partition the data into
regions that share the same copy number, and consider
the fragment length profiles of each copy number region
separately.

Because of inherent biological noise (such as limited
sequencing depth and copy number events) as well
as constraints on the parameters, we developed a
probabilistic model to solve the deconvolution: we
look for two probability distributions and their mixing
proportions to best explain the observed count data. The
model was implemented in R/Stan (version 2.21.3).

The model was developed and tuned on the training
mixtures (Figure 3A-B). From these, we infer tumor
content with a slight overestimation. This is more
pronounced at low tumor contents (at most 10%) in
M1, and at higher tumor contents in M2. The larger
divergence from expected values seen in the latter is
likely due to a larger difference between M2’s normal
component and the fragmentomic profile of the healthy
sample that was matched to it. This violates the
modeling assumption that the cfDNA sample contains
only two fragmentomic signals, leading to suboptimal
results.

Monitoring Tumor Fraction in Canine
cfDNA Samples
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Four sets of mixtures were created, each based on
a cancer-positive cfDNA sample. Nineteen different
dilution levels were available for three of the four sets:
the cancer-positive sample for M3 was estimated to
have 36% tumor content, so the 40% dilution could not
be made. The copy number-specific fragment length
profiles we obtained had as little as 231,675 fragments,
and up to 8,768,801 fragments.

The coefficient of determination (R2), which quantifies
the linear correlation between expected and inferred
tumor fractions, was 0.955 for the validation mixtures
M3 and 0.943 for M4.

METHODS

For a clonal tumor copy number (c), the observed
fragmentomic profile (yc) is a mixture of a healthy profile
(fN) and a tumor profile (fT). The mixing proportions are
given by a function of the sample’s tumor content (t), and
the tumor copy number (Figure 1).
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The pure cancer profiles, on the other hand, are more
variable (Figure 6B). In all samples there is a sensible
shift towards shorter fragments, the main nucleosomal
peak is in the 133-145 bp region, and we observe more
pronounced oscillations. In this patient we also find a
prominent peak at 133 bp whose significance is unclear.
Interestingly, there also appears to be a threshold
between 149 bp and 157 bp, before which the majority
of fragments seem to come from the tumor, and after
which most fragments are from the normal cfDNA
background.
Such unusual profiles and enrichment in short fragments
are also in accordance with observations from genomewide fragmentation patterns in in humans, where
a threshold of 150 bp has been used to distinguish
between short, likely cancer-derived fragments, and
long, likely normal fragments for the purpose of cancer
detection [3].
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