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ABSTRACT

Structural variants -- deletions, duplications, inversions, translocations and more complex rearrangements
spanning kilobases to whole chromosome arms -- drive oncogenesis through mechanisms that point mutations
cannot easily replicate, including gene fusion, enhancer hijacking and large-scale copy-number amplification of
oncogenes, yet they have historically been the class of cancer genomic variation most difficult to detect reliably.
Short-read sequencing, the workhorse of clinical and research cancer genomics for over a decade, struggles
specifically with the repetitive, low-complexity and structurally rearranged regions of the genome in which many
clinically important structural variants occur, producing systematic false negatives that are increasingly well
documented. This review synthesises the current evidence on how single-molecule long-read sequencing
platforms -- Oxford Nanopore and Pacific Biosciences HiFi sequencing, together with the complementary
technology of optical genome mapping -- have changed the practical and conceptual landscape of structural
variant detection in cancer genomes. We summarise the technical basis for long reads' improved sensitivity in
repetitive and structurally complex regions, review comparative benchmarking studies quantifying the sensitivity
gap relative to short-read calling across variant size classes, and discuss the application of these technologies to
specific cancer biology questions including chromothripsis reconstruction, extrachromosomal DNA
characterisation, and detection of complex oncogene amplicons that short-read approaches under-resolve. We
also address the practical barriers -- cost, input DNA quality requirements, computational infrastructure and clinical
validation pathways -- that currently limit routine adoption of long-read sequencing in clinical cancer genomics,
and we outline the comparative evidence base for optical genome mapping as a lower-cost, more clinically mature
complement to sequencing-based structural variant detection. We conclude that single-molecule and
mapping-based technologies have moved from a research curiosity to a demonstrably superior tool for a specific
and clinically consequential subset of structural variant classes, and that the principal remaining barriers to
broader adoption are now more operational than technical.
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Structural variation -- broadly, any genomic alteration
larger than a single-nucleotide or small indel change,
encompassing deletions, tandem and interspersed
duplications, inversions, insertions and translocations --
accounts for more base pairs of difference between any
two human genomes than  single-nucleotide
polymorphisms do, despite structural variants being
individually far less numerous [2,5]. In cancer genomes,
somatically acquired structural variants are not merely a
passive marker of genomic instability; they are, in a
substantial fraction of tumours, the direct mechanistic
driver of oncogenesis, generating gene fusions such as
BCR-ABL1 in chronic myeloid leukaemia, juxtaposing
oncogenes next to strong enhancers, and producing the
massive, highly amplified extrachromosomal DNA
elements increasingly recognised as a distinct and
clinically important mode of oncogene amplification
[7,8,44].

The technical challenge of detecting structural variants
reliably has always been disproportionate to their
biological importance. Short-read sequencing, in which
DNA is fragmented into pieces of roughly 100 to 300
base pairs before sequencing, works well for detecting
single-nucleotide variants and small indels because most
of the genome outside repetitive regions maps
unambiguously at this read length. Structural variant
detection from short reads instead depends on indirect
evidence -- discordant read pairs, split reads spanning a
breakpoint, and local depth-of-coverage shifts
reconstructed computationally rather than observed
directly, and this indirect approach systematically loses
sensitivity precisely in the repetitive, segmentally
duplicated and structurally complex genomic regions
where a disproportionate share of clinically important

structural  variants, including many  recurrent
cancer-associated rearrangements, actually occur
[1,3,5].

Single-molecule long-read sequencing changes this
picture by generating individual reads tens to hundreds
of kilobases in length, long enough in many cases to
span an entire structural variant, including its breakpoints
and flanking unique sequence, within a single read
[13,14,15]. Oxford Nanopore sequencing measures
changes in ionic current as a single DNA strand passes
through a protein nanopore, yielding reads that can
exceed a megabase in length at the cost of a higher raw
per-base error rate, while Pacific Biosciences circular
consensus (HiFi) sequencing generates shorter but
highly accurate long reads by repeatedly sequencing a
circularised DNA template and computing a consensus
[15,16]. A third, complementary technology, optical
genome mapping, does not sequence DNA at all but
instead images fluorescently labelled, linearised DNA
molecules hundreds of kilobases to megabases in
length, detecting structural variants from disruptions to
the expected label pattern rather than from base-level
sequence -- an approach with lower resolution than
sequencing-based methods but with a more mature
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clinical validation track record in cytogenetics-adjacent
applications [47,48].

This review addresses three linked questions. First, what
is the quantitative evidence, from benchmarking studies
using orthogonally validated truth sets, for long-read
sequencing's improved sensitivity over short-read
approaches specifically for structural variant detection,
and how does this advantage vary across variant size
and type. Second, what has this technical advantage
enabled in cancer genome biology specifically -- what
structural variant classes and biological phenomena,
such as chromothripsis and extrachromosomal DNA,
have been newly resolvable or substantially better
characterised using single-molecule approaches relative
to what short-read sequencing alone could establish.
Third, what practical barriers -- cost, sample input
requirements, bioinformatic infrastructure, and the
clinical validation pathway required for diagnostic
adoption -- currently limit the translation of this technical
advantage into routine clinical cancer genomics, and how
is the comparatively more mature technology of optical
genome mapping positioned relative to
sequencing-based approaches in addressing that
translational gap.

2. MATERIALS AND METHODS

This review synthesises peer-reviewed literature on
long-read and single-molecule structural variant
detection in human and cancer genomes, identified
through a structured search of the primary literature
together with citation tracing from recent benchmarking
and technology-review publications.

| 2.1 Literature search and inclusion criteria

We searched the biomedical and genomics literature for
studies published through mid-2026 reporting structural
variant detection using Oxford Nanopore, Pacific
Biosciences, or optical genome mapping platforms,
restricting inclusion to studies that either (i) benchmarked
long-read or mapping-based structural variant calling
against an orthogonally validated truth set or short-read
comparator, or (i) applied these technologies to
characterise structural variation in human cancer
genomes or cancer cell lines. Review articles, technology
white papers without primary comparative data, and
studies restricted to non-human model organisms were
excluded from the quantitative synthesis but retained
where relevant for methodological or mechanistic
context.

I 2.2 Data extraction and synthesis approach

For benchmarking studies, we extracted reported
sensitivity, precision and F1 statistics stratified by
structural variant size class (50 bp-1 kb, 1-10 kb, greater
than 10 kb) and type (deletion, duplication, insertion,
inversion, translocation) where such stratification was
reported, to allow direct comparison of the
technology-dependent sensitivity gap across variant
classes rather than relying on a single pooled accuracy
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figure that can obscure large size- and type-dependent
differences. For cancer application studies, we extracted
the specific structural variant classes or biological
phenomena addressed, the sequencing or mapping
platform used, and, where reported, direct comparison
against short-read or karyotype-based reference
methods applied to the same samples.

| 2.3 Synthesis of cost and infrastructure considerations

Practical adoption barriers were synthesised narratively
from studies and technical reports explicitly addressing
per-sample cost, input DNA quantity and quality
requirements, turnaround time, and computational
infrastructure demands, cross-referenced against clinical
laboratory validation and accreditation literature specific
to structural variant detection where available.

3. RESULTS

Benchmarking studies using orthogonally validated
structural variant truth sets consistently report a
pronounced, size- and type-dependent sensitivity
advantage for long-read over short-read structural
variant calling. Across the studies reviewed, short-read
callers achieved sensitivity in the range of 50-70% for
structural variants over 1 kb located outside segmental
duplications, but sensitivity fell sharply, often below 30%,
for variants overlapping segmentally duplicated or
otherwise repetitive sequence, a category that
disproportionately includes clinically relevant cancer
rearrangement breakpoints. Long-read callers applied to
the same or comparable truth sets maintained sensitivity
above 85% across nearly all size and repeat-context
strata reported, with the gap between technologies
widest precisely in the repetitive-sequence category
where short-read performance degraded most (Table 1).
Precision was more comparable between technologies
for larger variants, though long-read approaches showed
a modest but consistent precision advantage for smaller
structural variants and insertions specifically, a variant
class that short-read approaches detect particularly
poorly because, unlike deletions, insertions add
sequence not present in the reference and so cannot be
inferred from split-read alignment to a reference genome
alone.

Table 1. Reported sensitivity of long-read versus

short-read structural variant calling by size and repeat
context.

Short-re
ad
sensitivi
ty (%)

Studies
reporting

()

Long-read
sensitivity
(%)

SV size
class

Repeat

context

50bp-1kb Unique sequence 61-74 88-95 9
50bp-1kb Repetitive/SD 18-29 79-90 7
1-10 kb Unique sequence 58-70 90-97 8
1-10 kb Repetitive/SD 22-35 82-93 6
>10 kb Unique sequence 65-80 92-99 6
>10 kb Repetitive/SD 27-41 85-95 5
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SD: segmental duplication. Ranges summarise sensitivity figures
reported across benchmarking studies meeting inclusion criteria;
see main text for platform and truth-set details.

Application  of  single-molecule  sequencing to
chromothripsis reconstruction was one of the more
consistently reported cancer-specific use cases across
the reviewed literature. Chromothripsis -- a single
catastrophic event fragmenting one or a small number of
chromosomes followed by stochastic reassembly of the
fragments -- generates dozens to hundreds of clustered
structural variant breakpoints, many involving short,
sometimes templated insertions at junction sites that
short-read assembly-based reconstruction methods
frequently mis-resolve or leave as unresolved gaps.
Long-read studies applying single-molecule sequencing
to chromothriptic tumour genomes reported substantially
more complete breakpoint-junction reconstruction,
including direct observation of templated insertion
sequences at junctions that had been inferred only
indirectly, if at all, from short-read data on the same or
comparable samples, and several studies reported
discovery of additional, previously unresolved
rearrangement events within regions that short-read
calling had flagged only as a general region of
copy-number disruption without resolvable breakpoint
structure.

Relative burden of practical adoption barriers by platform,
synthesised from reviewed clinical and technical literature

mEE Nanopore
Emm PacBio HiFi
B Optical genome mapping

Reported barrier severity (1-5 scale)

Cost Input DNA/tissue

compatibility

Computational
infrastructure

Figure 1. Reported relative burden of the three most commonly
cited practical adoption barriers (cost, input DNA/tissue
compatibility, computational infrastructure) across long-read
sequencing and optical genome mapping platforms, scored on a
1-5 scale from the reviewed literature (5 = most limiting).
Extrachromosomal DNA (ecDNA) characterisation was
the second major cancer-specific application area, and
one in which the combination of long-read sequencing
and optical genome mapping has been particularly
influential in establishing ecDNA as a distinct and
clinically significant amplification mechanism rather than
a rare curiosity. Because ecDNA elements are frequently
large, structurally complex, mosaic in copy number
across cells within the same tumour, and enriched for
repetitive or duplicated sequence at their junctions,
reconstructing their full circular structure from short-read
data alone has generally required indirect computational
inference rather than direct observation. Long-read and
optical mapping studies reviewed here reported direct
visualisation or sequencing-based reconstruction of
complete ecDNA circular structures across multiple
cancer types, including structures carrying amplified
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oncogenes such as EGFR, MYCN and MDM2, with
junction-level resolution sufficient to distinguish
alternative amplicon architectures that would appear
indistinguishable using copy-number data alone. Table 2
summarises the cancer-specific structural variant classes
and phenomena addressed across the reviewed
application studies, by platform.

Table 2. Cancer-specific structural variant phenomena

addressed by platform across reviewed application
studies.

Optical
mapping
studies (n)

PacBio HiFi
studies (n)

Nanopore

Phenomenon studies (n)

Chromothripsis

; 6 4 1
reconstruction
Extrachromosomal 5 6 3
DNA (ecDNA)
Complexoncogene 4 3 5
amplicons
Balanced
translocation 3 2 4
fine-mapping
Tandem duplicator 2 3 1

phenotype

Across the practical-adoption literature, three barriers
recurred consistently: cost per sample remains
several-fold higher for long-read whole-genome
sequencing at clinically useful depth than for short-read
equivalents, though the gap has narrowed year-on-year
as nanopore and HiFi sequencing costs have fallen;
input DNA quality and quantity requirements are more
stringent for long-read methods, particularly for nanopore
ultra-long-read protocols, which are difficult to apply to
degraded formalin-fixed paraffin-embedded tissue, the
dominant tissue preservation format in routine clinical
pathology; and computational infrastructure for long-read
data, while considerably more mature than five years
ago, still requires specialised bioinformatic expertise and
storage capacity that many clinical genomics laboratories
have not yet built out (Figure 1). Optical genome
mapping was reported across several clinical validation
studies as achieving Clinical Laboratory Improvement
Amendments-compliant or equivalent validation status
for specific applications, notably haematological
malignancy  cytogenetics, ahead of long-read
sequencing-based structural variant calling, reflecting
both its lower per-sample cost relative to whole-genome
long-read sequencing and its closer conceptual and
workflow similarity to the karyotyping and fluorescence in
situ hybridisation methods it is positioned to complement
or replace.

4. DISCUSSION

The evidence reviewed here supports a reasonably
confident conclusion that long-read and single-molecule
technologies have resolved, or are close to resolving, the
specific technical limitation that has most handicapped

Cancer types
covered

Vol 4 | Issue 2 | pp. 1-7 | 2026

structural variant detection since the field's inception: the
systematic blind spot short-read methods exhibit in
repetitive and structurally complex genomic regions. This
is not a marginal improvement in an already adequate
method but a step change in what is directly observable,
and it has already reshaped how specific cancer biology
questions, chromothripsis and extrachromosomal DNA
prominent among them, are studied and understood. It is
worth being precise about the nature of this advance,
~long-read sequencing has not made short-read
g obsolete for cancer genomics broadly, since
I approaches remain more cost-effective and

sreQiR6fatignally mature for single-nucleotide and small indel
oblaggmiant calling, which continue to represent the majority
S'8"¢linically actionable point mutations in most solid
Glickipaietir-ty pes.

neurgblastom

lung

e c?iromothripsis and extrachromosomal DNA

Bregmgplication areas illustrate a more general pattern worth

leuldEawang  out:

the biological phenomena that have

MDBenefited | most from single-molecule sequencing are
Leu%ge%:lgically those in which structural complexity iFseIf,
lympadhar than merely the presence or absence of a single

well-defined rearrangement, is the object of study.

BreBet@etimy a known, well-characterised gene fusion such

4

as BCR-ABL1 has long been achievable by targeted
approaches that predate long-read sequencing entirely,
and short-read whole-genome sequencing is often
adequate for detecting simpler, non-repetitive structural
variants. It is the reconstruction of complex,
multi-breakpoint rearrangement architectures -- where
the clinically or biologically relevant question is not
merely whether a rearrangement exists but precisely how
the genome has been reassembled -- that most clearly
demands the direct, long-range observational power that
only single-molecule reads or optical maps can currently
provide.

The differential maturity of optical genome mapping
relative to long-read sequencing for clinical adoption is
an important and somewhat underappreciated aspect of
the current landscape. Optical mapping's lower
resolution relative to sequencing-based approaches is a
genuine limitation for some research applications,
particularly precise breakpoint-sequence
characterisation, but this limitation matters less for its
most mature clinical use case, replacing or
complementing karyotyping and fluorescence in situ
hybridisation in haematological malignancy diagnostics,
where the clinically actionable information is often the
presence and approximate structure of a rearrangement
rather than base-pair-level breakpoint sequence. This
suggests that clinical translation of single-molecule and
mapping-based structural variant detection is likely to
proceed unevenly across cancer types and clinical
questions, with optical mapping-based haematological
cytogenetics likely to see broader routine adoption
sooner than long-read whole-genome sequencing-based
solid tumour structural variant profiling, which faces the
more severe formalin-fixed paraffin-embedded tissue
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compatibility barrier.

Several limitations of the evidence base itself deserve
comment. First, benchmarking studies comparing
long-read and short-read structural variant sensitivity
have disproportionately used cell-line-derived or
reference genome samples rather than direct tumour
tissue, and the additional challenges of tumour
heterogeneity, subclonal variant allele fractions and
non-neoplastic cell admixture in real clinical samples are
not always well captured by these benchmarks. Second,
publication and application bias likely favours reporting of
successful, biologically interesting long-read findings
over negative or inconclusive results, which could inflate
the apparent consistency of the sensitivity advantage
summarised here relative to its true magnitude across
the full range of clinical cancer genomics applications.
Third, cost and infrastructure figures reported across the
literature we reviewed span a period of rapid
technological and commercial change in the long-read
sequencing market, and figures from earlier studies in
our search window likely overstate the current cost
barrier relative to present-day pricing, meaning our
synthesis of practical adoption barriers should be read as
a snapshot subject to continued, fairly rapid revision
rather than as a stable long-term assessment.

Looking forward, we expect the balance of evidence
reviewed here to continue shifting in favour of broader
single-molecule and optical mapping adoption in cancer
genomics, driven both by continued cost reduction in
long-read sequencing and by accumulating clinical
validation experience with optical genome mapping in
haematological diagnostics specifically. The more open
question, in our view, is not whether these technologies
will play an expanding role but how quickly clinical
laboratories, regulatory bodies and reimbursement
frameworks will adapt to formally incorporate structural
variant classes -- ecDNA architecture prominent among
them -- that were, until recently, essentially undetectable
in routine clinical workflows and therefore have no
established place in existing diagnostic algorithms or
treatment-selection guidelines.

5. CONCLUSION

Single-molecule long-read sequencing and optical
genome mapping have substantially closed the
long-standing structural variant detection gap left by
short-read sequencing, with the clearest and most
consistent advantage concentrated in repetitive,
segmentally duplicated and structurally complex genomic
regions where short-read approaches perform poorly and
where a disproportionate share of clinically important
cancer rearrangements occur. This technical advance
has directly enabled substantially more complete
reconstruction  of  chromothriptic  rearrangement
architecture and of extrachromosomal DNA amplicon
structure, establishing the latter as a distinct and
clinically significant oncogene amplification mechanism
across multiple cancer types. Cost, input tissue
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compatibility and computational infrastructure remain
genuine barriers to routine clinical adoption, particularly
for formalin-fixed paraffin-embedded solid tumour
material, and these barriers appear likely to resolve
unevenly across cancer types and clinical applications,
with optical genome mapping-based haematological
cytogenetics positioned for more rapid near-term clinical
translation than long-read whole-genome
sequencing-based solid tumour profiling. We recommend
that future benchmarking efforts prioritise direct tumour
tissue, rather than cell-line or reference-sample
comparisons, and that clinical laboratories considering

adoption of these technologies begin with the
haematological malignancy applications where the
clinical validation evidence base is currently most

mature, while continuing to monitor the rapidly evolving
cost and infrastructure landscape for long-read
whole-genome sequencing as a longer-term solid tumour
application. Coordinated, multi-centre benchmarking
studies using matched tumour and normal tissue,
applying multiple long-read and mapping platforms to the
same samples alongside orthogonal validation by an
independent method, would meaningfully strengthen the
currently somewhat fragmented evidence base this
review has synthesised, and we regard such studies as
the most valuable near-term contribution the field could
make toward establishing clear, evidence-based clinical
adoption guidelines.
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