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ABSTRACT

Background: Axial myopathies present with late onset selective paravertebral weakness causing bent spine/camptocormia or
dropped head, and the genetic basis remains currently only partially understood. Truncating variants in TTN (TTNtv) are found
in about 1% of the general population and, when biallelic, cause recessive titinopathies. Also, TTNtv located in cardiac exons are
known to confer an increased risk of cardiomyopathy, with incomplete penetrance.

Methods: We retrospectively analyzed 55 Finnish adults with late-onset axial myopathy evaluated at the Tampere Neuromuscular
Center (2015-2025). Clinical, imaging, and histopathological data were collected, and genetic testing was performed using the
MYOcap targeted next-generation sequencing panel.

Results: Heterozygous TTNtv were identified in 9 of 55 patients (16%), representing a significant enrichment compared with the
general population (odds ratio=14.1; p ~5x 10~8). The variants were ultra-rare, distributed across different exons expressed in
skeletal muscle, and five were absent from gnomAD. Mean age at onset was 60 =+ 11 years; six patients were female, and five re-
ported a positive family history. Camptocormia was the main presentation, with muscle MRI showing a consistent fatty-fibrous
replacement of paravertebral muscles in all cases. Muscle biopsies revealed either myopathic or myofibrillar changes without a
uniform pattern.

Conclusions: Heterozygous TTNtv are significantly enriched in patients with late-onset axial myopathy, suggesting a potential
contribution to this phenotype. These findings broaden the clinical spectrum of titin-related diseases and support inclusion of
TTN in genetic testing for idiopathic axial myopathies.

1 | Introduction Several genetic myopathies have an axial involvement with

severe limb weakness presenting in very early ages with poor
Axial myopathies are characterized by weakness of the paraver- head control, then leading to severe forms of scoliosis and rigid
tebral muscles, which may be isolated or associated with some spine due to contractures of paraspinal muscles. In later adult-
limb muscles' weakness [1]. hood typical clinical presentations are bent spine/camptocormia
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(i.e., forward trunk flexion relieved in the supine position.) or
dropped head [1].

Myopathies due to pathogenic variants in SEPNI and LMNA are
characterized by a distinctive severe early involvement of para-
vertebral muscles, whereas pathogenic variants in RYRI may
cause a later onset myopathy with lumbar hyperlordosis and
cervical camptocormia [1-3]. Among the metabolic disorders,
late-onset Pompe disease patients may present an isolated bent
spine [1]. Finally, a heterogeneous group of myopathies causes
paraspinal weakness in the context of a more widespread mus-
cle weakness, such as facioscapulohumeral muscular dystrophy
and myotonic dystrophy type I [1].

Although some pathophysiological mechanisms have been iden-
tified (e.g., the vulnerability of axial muscles to oxidative stress),
the precise factors underlying the distinctive paravertebral
weakness observed in certain myopathies remain unknown [2].
Although approximately 50% of camptocormia cases fall within
the clinical category of neuromuscular and musculoskeletal
disorders, only a small proportion reach a definitive molecular
diagnosis [4]. Notably, neurodegenerative disorders—especially
idiopathic Parkinson's disease—should be included in the differ-
ential diagnosis in adult patients [4]. In most patients with axial
myopathy, no causative mutation has been identified, while in
other cases, genetic testing is not even performed [4]. Even the
exact prevalence remains unknown, as most patients have been
described in isolated case reports or small case series.

Interestingly, many patients with severe early recessive titinop-
athies show paravertebral involvement, often associated with
variable degrees of contractures, scoliosis, and restrictive respi-
ratory impairment, with a possible concomitant cardiomyopa-
thy [5, 6].

Recently, fatty-fibrous substitution in axial muscles has been ob-
served in a cohort of 25 patients with heterozygous likely patho-
genic/pathogenic TTN truncating variants (TTNtvs), in exons
expressed both in heart and skeletal muscles [7].

Herein, we report a monocentric cohort of 55 Finnish patients
with late-onset axial myopathy presenting with camptocormia
and/or dropped head.

2 | Methods

We retrospectively reviewed our medical records to iden-
tify patients with axial myopathy evaluated at the Tampere
Neuromuscular Center between 2015 and 2025. Axial myop-
athy was defined by selective paravertebral muscle weakness,
clinically presenting as camptocormia (bent spine), and radio-
logically proven. Acquired neuromuscular disorders (i.e., auto-
immune and endocrine diseases) were systematically excluded.

We recorded clinical data on disease onset, family history, and
coexistence of cardiomyopathy. All patients also underwent a
neurological examination. Genetic testing was performed using
a targeted next-generation sequencing (NGS) panel, MYOcap
(File S1), previously described by Evild et al., and data were an-
alyzed with a standardized pipeline [8]. Variant classification

was performed according to ACMG guidelines, and only vari-
ants classified as pathogenic or likely pathogenic were included
in the analysis. Minor allele frequency (MAF) for each variant
was taken from gnomAD v4.1.0.

Diagnostic work-up also included muscle magnetic reso-
nance imaging of the limb and paravertebral muscles using
1.5-T magnetic resonance scanners (Siemens and Philips)
and an open skeletal muscle biopsy with routine histological
and histochemical analyses performed according to standard
procedures.

3 | Results

A total of 55 patients with axial myopathy were identified, and
all of them underwent genetic testing. In nine of these cases
(16%), a heterozygous TTNtv classified as likely pathogenic or
pathogenic (LP/P) according to ACMG criteria was detected
(Table 1). No additional LP/P variants that could account for the
observed phenotype were detected. Among the nine identified
variants, seven are unique (two reoccur). The variants are dis-
tributed throughout the gene, in exons with variable PSI values
but all expressed in skeletal muscle, with no apparent cluster-
ing (Figure S1) [9]. All variants are unpublished and extremely
rare; four are reported in gnomAD v4.1.0, while three are absent
(Table S1). The highest minor allele frequency was observed for
the c.1455dup p.(Ala486SerfsTer26) variant (P1), with a global
MAF of 3.1x107° and a Finnish MAF of 7.8 X 10~>, correspond-
ing under Hardy-Weinberg equilibrium to an expected het-
erozygous carrier frequency of approximately 1 in 6400 in the
Finnish population.

Our cohort included 6 females and 3 males. The mean age at
onset was 60 + 11.3 years (range 47-75). A positive family history
of camptocormia was present in five patients (55.6%), including
two pairs of sisters; one additional patient reported an affected
father (not genetically tested). All patients exhibited campto-
cormia. Neurological examination revealed isolated paraverte-
bral weakness in all patients, except for a single case with also
proximal limb weakness. No patient was wheelchair-bound,
although two patients needed walking aids for long-distance
walking.

Four patients carried a TTNtv in an exon with high cardiac ex-
pression (Percentage Spliced In >90%), but no patient was af-
fected by cardiomyopathy, with only one case (P9) showing an
asymptomatic mild reduction of ejection fraction.

Muscle MRI was performed in all patients, revealing fatty-
fibrous replacement (FFR) in the paravertebral muscles
(Figure 1; Table 1). In two cases, signs of FFR were also found in
lower limbs, with concomitant muscle weakness in one.

Eight patients underwent muscle biopsy: paraspinal muscles
in four patients, both paraspinal and vastus lateralis in a sin-
gle case, and limb muscles in one case each. A myofibrillar
pattern was observed in four cases, with mitochondrial ab-
normalities also observed in a single case. In the remaining
cases, a myopathic pattern was observed, mostly in the end
stage (3/4).
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FIGURE1 | Muscle MRI findings in patient 6. Axial T1-weighted images show selective involvement of the paravertebral muscles at the thoracic
(A, B) and lumbar levels (C) with no significant abnormalities in the shoulder girdle (A), upper limbs (B), thighs (D), and legs (E). Thoracic sections
demonstrate fibrous fatty replacement (FFR) and atrophy within the transversospinalis and erector spinae muscle groups (A and B, white arrow).

Lumbar section (C) shows diffuse and patchy FFR of the paravertebral muscles. IC, iliocostal; L, longissimus; M, multifidus; RL, rotatores lumborum.

4 | Discussion

Clinical findings in our cohort were consistent with previous
descriptions of axial myopathy, showing a late onset, female
predominance, and frequent familial aggregation [10, 11].
Camptocormia/bent spine represented the main presentation,
with weakness largely confined to paravertebral muscles. Muscle
MRI and biopsies confirmed characteristic FFR and myopathic
changes, consistent with published data. Along with an increase
in connective tissue and adipose infiltration, myopathic changes
have also been previously reported in axial myopathy [11, 12].
Myofibrillar disarray appeared more frequent in our cohort than
previously reported and may reflect alterations in sarcomere
structure potentially influenced by TTN variants. However, the
diagnostic value of muscle biopsy in axial myopathies remains
debated, as paraspinal biopsies are rarely performed and norma-
tive reference data are lacking [1]. Histopathological interpreta-
tion is further challenged by the heterogeneity of axial muscle
groups and by age-related changes [1, 13, 14].

The prevalence of heterozygous TTNtv in the general popu-
lation, without restricting to cardiac exons, is estimated to be
up to 1% [13]. According to the analysis performed in 2015 by
Akinrinade and colleagues, the prevalence of heterozygous
TTNtv in the EXAC cohort was 813 out of 60,706 individuals
(1.34%), when not restricted to cardiac exons. In our axial myop-
athy cohort, 9 out of 55 individuals (16%) carried a heterozygous
TTNtv, representing a significantly higher prevalence (odds
ratio=14.1, 95% CI: 6.8-29.4; Fisher's exact test, p ~5x1078).
These findings suggest an association between heterozygous
TTN pathogenic variants and late-onset axial myopathy, while

not implying direct causality. Interestingly, independent ev-
idence comes from a recent Italian cohort of 20 patients with
axial myopathy, which reported a very similar prevalence of
heterozygous TTNtv classified as LP/P: 3 out of 20 (15%) [15].
However, given that both studies are based on tertiary referral
cohorts enriched for suspected hereditary neuromuscular disor-
ders, the observed prevalence may not be directly generalizable
to unselected clinical populations.

It must be underlined that if all TTNtv invariably led to late-
onset axial myopathy, the prevalence of this condition would be
expected to be far higher than observed. The number of reported
cases remains too limited to determine whether recurrent, high-
penetrance variants exist that might indicate preferential in-
volvement of specific TTN regions or exons. Paraspinal muscles
remain poorly studied, partly due to their limited accessibility,
and it is not yet clear whether the titin isoforms expressed are
the same as in other muscles or which exons are specifically
included. However, evidence presented here, from both the lit-
erature and our cohort, suggests that multiple variants in dif-
ferent regions of the gene may be involved. This enrichment
resembles what has been described for dilated cardiomyopathy
associated with TTNtv, which are more common in individuals
with cardiomyopathy than in healthy controls, but clearly show
reduce penetrance [16]. In human genetics, low penetrance usu-
ally indicates the involvement of additional factors, which may
include variants of uncertain pathogenicity in trans (e.g., mis-
sense variants, non-coding variants in regulatory regions, etc.),
variants in other genes (digenic or oligogenic mechanisms), and/
or external modifiers such as medication use, comorbidities,
lifestyle, and other environmental factors [17]. Taken together,
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these findings support the association of TTNtv with late-onset
axial myopathies, but they do not exclude the contribution of
other determining factors—for example, almost all TTN mis-
sense variants remain of uncertain significance, and the pres-
ence of additional hits in trans in these patients cannot be ruled
out. We recommend that molecular testing (NGS panels, exome,
or genome sequencing) should be systematically performed in
cases of idiopathic axial myopathy, and that TTN variants clas-
sified as LP/P be reported, and that even variants of uncertain
significance may be considered for reporting at the laboratory's
discretion. Systematic sharing of such findings will enable the
study of larger cohorts, allowing the identification of additional
genetic contributors and clarification of the underlying patho-
genic mechanisms.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Schematic representation
of the location of TTN variants identified in the cohort along the titin
protein, showing their distribution across the Z-disk, I-band, A-band,
and M-line regions. Exon numbers corresponding to the affected re-
gions are indicated. File S1: Description of the MYOcap targeted next-
generation sequencing (NGS) panel. The panel includes all TTN coding
exons and untranslated regions, as well as 180 genes known to be as-
sociated with myopathic phenotypes or considered candidate genes.
Table S1: ene70537-sup-0003-TableS1.docx. TTN truncating variants
identified in the study cohort. For each variant, genomic and protein
annotation, global and Finnish (gnomAD v4.1.0) minor allele frequen-
cies, affected isoforms, exon number, sarcomeric region, and protein
domain are reported.
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