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Abstract

Background and objective TK2 deficiency (TK2d) is a rare mitochondrial disorder that manifests predominantly as a progres-
sive myopathy with a broad spectrum of severity and age of onset. The rate of progression is variable, and the prognosis is
poor due to early and severe respiratory involvement. Early and accurate diagnosis is particularly important since a specific
treatment is under development. This study aims to evaluate the diagnostic value of lower limb muscle MRI in adult patients
with TK2d.

Methods We studied a cohort of 45 genetically confirmed patients with mitochondrial myopathy (16 with mutations in
TK2, 9 with mutations in other nuclear genes involved in mitochondrial DNA [mtDNA] synthesis or maintenance, 10 with
single mtDNA deletions, and 10 with point mtDNA mutations) to analyze the imaging pattern of fat replacement in lower
limb muscles. We compared the identified pattern in patients with TK2d with the MRI pattern of other non-mitochondrial
genetic myopathies that share similar clinical characteristics.

Results We found a consistent lower limb muscle MRI pattern in patients with TK2d characterized by involvement of the
gluteus maximus, gastrocnemius medialis, and sartorius muscles. The identified pattern in TK2 patients differs from the
known radiological involvement of other resembling muscle dystrophies that share clinical features.

Conclusions By analyzing the largest cohort of muscle MRI from patients with mitochondrial myopathies studied to date,
we identified a characteristic and specific radiological pattern of muscle involvement in patients with TK2d that could be
useful to speed up its diagnosis.
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Introduction

Recessive mutations in the TK2 gene lead to an ultra-rare
mitochondrial disorder that manifests primarily as a pro-
gressive myopathy with early respiratory involvement [1-4].
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Mutations in this gene produce a deficiency of the enzyme
thymidine kinase 2 (TK2), involved in the intramitochon-
drial biosynthesis of pyrimidine nucleotides. Consequently,
the balance in the nucleotide pool is disturbed, which
interferes with the synthesis of the mitochondrial DNA
(mtDNA), causing mtDNA depletion or multiple mtDNA
deletions [5, 6].

Clinical symptoms of this mitochondrial disorder can
start at any age, with a variable rate of progression. The
factors that determine the severity of the disease are poorly
understood, with the age at onset and the presence of
mtDNA depletion the generally accepted prognostic factors
[7, 8]. An early infantile-onset with very rapid progression
and survival of fewer than 2 years is distinguished as the


http://orcid.org/0000-0001-5151-988X
http://orcid.org/0000-0003-2941-7988
http://orcid.org/0000-0002-6917-2236
http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-021-10957-0&domain=pdf

Journal of Neurology (2022) 269:3550-3562

3551

most severe phenotype, with all these cases being associated
with severe muscle mtDNA depletion. Patients with later-
onset have a more heterogeneous clinical course with a mean
survival of 13-23 years after the onset of initial symptoms
[7,8].

The infantile and childhood-onset are the most frequent
presentation, corresponding together to around 80% of
patients with TK2 deficiency (TK2d) reported in the litera-
ture [7, 8]. Patients who start their symptoms from the sec-
ond decade of life are the least recognized and are probably
underdiagnosed. Taking all the clinical forms together, the
main manifestation is a progressive myopathy, which char-
acteristically affects the facial, cervical, axial, bulbar, and
respiratory muscles more prominently and, in some cases, it
is associated with ptosis and/or ophthalmoparesis, the latter
being more frequent in the later-onset type [9]. Other char-
acteristics of TK2d myopathy that can help to differentiate
it from other mitochondrial myopathies are the presence of
high levels of CK (frequently > 10X) and the existence of
dystrophic changes in the muscle biopsy, associated with
the common nonspecific signs of mitochondrial dysfunction
(ragged-red COX-negative fibers) [3]. However, these fea-
tures can complicate the diagnosis of TK2d myopathy erro-
neously leading to the suspicion of a muscular dystrophy.

We have previously analyzed the clinical features of a
series of 18 patients with late-onset TK2d, and identified the
existence of a possible pattern of involvement in the muscle
MRI scans performed in seven of these patients [3]. This
pattern was characterized by the predominant involvement
of the gluteus major, semitendinosus, sartorius, and gastroc-
nemius medialis muscles in the lower limbs, which was the
only examined region.

In this work, we extended the muscle MRI series of the
lower limbs of adult patients with TK2d to 16 and compare
them with the results of 29 patients with a diagnosis of pri-
mary mitochondrial myopathy due to different molecular
defects. We also compared the TK2d MRI pattern with that
of other genetic myopathies that share some clinical char-
acteristics with TK2d, such as facioscapulohumeral dystro-
phy (FSHD) due to the weakness of the facial muscles and
the oculopharyngeal muscle dystrophy (OPMD) due to the
involvement of the ocular and bulbar muscles.

Our objective is to evaluate the diagnostic value of the
muscle-imaging pattern to facilitate the identification of
adult patients with TK2 mutations. Early and accurate diag-
nosis is extremely important in this specific mitochondrial
disorder since a very promising therapy is currently under
development, which could modify the natural history of the
disease [10].

Methods
Patients

We recruited patients with the diagnosis of Primary Mito-
chondrial Myopathy (PMM), defined as an alteration of
mitochondrial oxidative phosphorylation of genetic origin
that predominantly, but not exclusively, affects the skeletal
muscle [11]. Patients came from 9 different Spanish cent-
ers: University Hospital 12 de Octubre in Madrid, Uni-
versity Hospital Virgen del Rocio in Seville, University
Hospital Juan Ramén Jiménez in Huelva, Hospital de la
Santa Creu i Sant Pau and Hospital de Bellvitge in Bar-
celona, University Hospital of Albacete, Central Hospital
of Asturias in Oviedo, Hospital La Candelaria in Tenerife
and Hospital Universitari i Politécnic La Fe in Valencia.
Clinical data were collected retrospectively from evalu-
ations performed during the routine diagnostic process.
In total, 45 patients were recruited for the study.
Twenty-two patients with pathogenic variants in nuclear
genes involved in mtDNA synthesis or maintenance were
included: 16 patients with recessive mutations in the 7K2
gene, 7 patients with recessive mutations in the POLG
gene, 1 patient with a heterozygous mutation in the TWNK
gene, and 1 patient with recessive mutations in the RRM2B
gene. In addition, 20 patients with primary alterations in
mtDNA were also included: 10 patients with a single
large-scale deletion in mtDNA and 10 patients with a point
mutation in any of the mtDNA genes (4 patients had the
m.8344A > G mutation in the MTTK gene, 3 patients the
m.3243A > G mutation in the MTTLI gene and 3 patients
had a mutation in the MTCO1, MTTS1, and MTTN genes,
respectively). All of them manifested predominantly with
muscular symptoms, although not exclusively. The muscle
involvement was manifested as chronic external ophthal-
moparesis (CPEO) (47%), ptosis (56%), facial weakness
(33%), limb muscle weakness (31%), cervical weakness
(29%), dysphagia (20%), and respiratory insufficiency
(20%). The muscular symptoms and signs of each patient,
as well as the molecular diagnosis, are detailed in Table 1.

Muscle-imaging acquisition and analysis

Muscle MRI studies were performed as part of the routine
diagnostic process in a 1.5 T MR scanner at the evaluating
institution and were subsequently analyzed and scored by
the same neurologist (R F-T), with experience in neuro-
muscular disorders and muscle imaging. The evaluator was
blind to the clinical manifestations and final diagnosis.
We analyzed lower limb axial T1-weighted sequences and
short-tau inversion recovery (STIR) sequences. Muscles
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Table 1 Clinical characteristics summary
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Table 1 (continued)

'"mtDNA variants were reference to the GeneBank number
NC_012920.1

from pelvis, thighs and lower legs were bilaterally scored
in axial T1-sequences with the semi-quantitative Mercuri
visual scale (MVS) modified by Fisher [12]: 0: normal
appearance; 1: mild involvement, less than 30% of individ-
ual muscle volume; 2: moderate involvement, 30—-60% of
individual muscle volumes; 3: severe involvement, > 60%
of individual muscle; 4: end stage, all the muscle is
severely affected, replaced by increased density of con-
nective tissue and fat, with only a rim of fascia and neuro-
vascular structures distinguishable. Total Mercuri score in
a single patient was calculated by adding all values of the
Mercuri score of all single muscles.

Genotype-MRI correlation

We divided the cohort into TK2d patients and patients with
other mitochondrial conditions. To establish a pattern of
muscle MRI fat replacement in time and correlations to
Medical Research Council's scale (MRC scale), hierarchi-
cal analysis, and graphical representation as a heatmap was
performed using R software, V.3.1.3.

Muscle MRI in TK2dvs other myopathies

We compared the muscle MRI pattern in TK2d with FSHD
and OPMD since they share some clinical characteristics
and might be included in the differential diagnosis. Access
to muscle MRI raw data from FSHD [13] and OPMD [14]
was given by their authors. Boxplots were generated for
individual muscles for patients in four groups: (1): TK2d
patients, (2) other mitochondrial conditions, (3) FSHD, and
(4) OPMD. The right limb was always used. Median MVS in
the TK2d group was in turn compared to the median score in
FSHD, OPMD, and the other mitochondrial conditions using
a Mann—Whitney test for unpaired samples. To demonstrate
the key muscles which differ between groups, those muscles
showing a significant difference were selected for display.
To compare multiple variables on a similar scale, we used
principal component analysis (PCA). Using this approach, we
took all Mercuri scores for each muscle selected in each patient
and positioned that individual on a 2D chart of principal
components, in a way that maximizes the variation between
individuals. Each variable, therefore, becomes a vector along
which an individual is positioned. Clusters in one area of the
chart or following a particular vector, indicate a group of indi-
viduals with similar characteristics, while a group with distinct
characteristics form a separate cluster, which may be oriented
along a different vector line where variability is greatest for
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«Fig. 1 Heatmap of muscles of the lower limbs in patients with mito-
chondrial myopathies, disease duration, and MRC scale. A Heatmap
showing involvement of pelvic, thigh and leg muscles. Patients and
muscles are ordered according to hierarchical clustering with increas-
ing grading in fat replacement severity from the bottom to the top
(patients—rows) and from the left to the right (muscles—columns).
The score of a muscle in a patient is indicated by the color of the
square. Grey squares mean that data are not available. The column
in the top left contains information related to the genetic data of the
patient (legend in the bottom left). We have also included a column
with information about the muscle strength of the patients measured
using the MRC scale in red and a column to the far right with infor-
mation about the disease duration (time from onset of symptom to
the MRI in years). B Heatmaps showing the median Mercuri score
of the muscles of the pelvis, thigh and leg areas. The three group
of diseases and muscles are ordered according to hierarchical clus-
tering. The column in the top right contains information related to
the genetic data of the patient (legend in the bottom left). Group 1:
mtDNA single large-scale deletion; Group 2: Point mtDNA muta-
tion (MTCOI, MTTLI, MTTK, MTTS1, and MTTN genes); Group 3:
Mutation in nuclear genes involved in mtDNA maintenance (POLG,
TWNK, RRM2B and TK2 genes). No pattern of muscle involvement
was identified in any group

this second cluster of individuals. Those muscles showing a
significant difference between groups were used to generate a
three-principal component analysis. This approach was used
to compare the key muscles in TK2d to other mitochondrial
diseases, TK2d to FSHD, and TK2d to OPMD. To compare
if both FSHD and TK2d groups showed a similar degree of
asymmetry, boxplots of individual asymmetry were gener-
ated. These were plots showing the difference in Mercuri score
between the left and right within each patient individually.

Statistics

We used the Shapiro—Wilk test to confirm that none of our
variables was normally distributed. As such, non-parametric
statistic tests were used for the analysis. Kruskal-Wallis test
was used to compare quantitative variables across multiple
groups while the Wilcoxon test was used for paired compari-
sons of muscle fat infiltration. The Xz test was used to compare
the qualitative variables. To investigate correlations between
muscle function tests and MRI findings, Spearman’s rank cor-
relation was used (coefficient reported as p). The correlation
was considered significant if the p value was less than 0.05 and
p was 0.6 or higher. Statistical analyses were performed using
IBM SPSS Statistics, V.21 (IBM, Armonk, New York, USA).

Results
Muscle MRI analysis
All the 45 recruited patients were scanned. The mean age at

muscle MRI was 46.4 years (SD 15.8 years) and the mean-
time from onset to MRI was 18.2 months (SD 12.9 months).
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In the entire cohort, the gluteus maximus, sartorius, gas-
trocnemius medialis, semitendinosus, semimembranosus,
and fensor fascia latae were the most affected muscles,
even though the fat muscle replacement was mild in many
cases ((Median Mercuri (MM) 1, range: 0—4). The popliteal,
tibialis posterior, and flexor digitorum longus were never or
seldomly affected (MM 0).

Genotype and muscle MRI pattern

To study if there were different radiological patterns regard-
ing the molecular diagnosis, we divided the cohort into
three different groups: Group 1: patients with an mtDNA
single large-scale deletion; Group 2: patients with a point
mtDNA mutation (MTCOI, MTTLI, MTTK, MTTS1, and
MTTN genes); Group 3: patients with mutations in nuclear
genes involved in mtDNA synthesis or maintenance (POLG,
TWNK, RRM2B, and TK2). We found that muscle MRI
involvement was more prominent in patients with muta-
tions in nuclear genes (mean total MRC score: 23.6 +17.7)
than in those with point mtDNA mutation (mean total
MRC score=13.2+12.7) and those with single large-
scale mtDNA deletion (mean total MRC score =2.4 +3.5)
(Kruskal-Wallis, p <0.001)) (Fig. 1). Thereby, muscle MRI
was normal in all but one patient with single mtDNA dele-
tion (group 1) in whom fat replacement signs in soleus,
semimembranosus and long head of the biceps femoris were
detected. Among the ten patients with point mtDNA muta-
tions (group 2), only three patients had a normal muscle
MRI. Nevertheless, and as shown in Fig. 1, the fat replace-
ment pattern was not consistent being gluteus maximus (MM
2), long head of biceps femoris (MM 2), semimembranosus
(MM 1.5), and adductor magnus (MM 1.5) the most affected
muscles. In patients with mutations in nuclear genes (group
3), gluteus maximus (MM 3) was the most affected muscle,
followed by the sartorius, vastus lateralis, vastus medialis,
tensor fascia latae, semimembranosus, semitendinosus, and
gastrocnemius lateralis (MM 1).

Muscle MRI pattern in TK2d

We focused our attention on the muscle MRI pattern of
patients with TK2 deficiency as this is the only mitochon-
drial myopathy with a specific treatment that can change
the natural history of the disease and, therefore, providing
a correct diagnosis to the patients is extremely important.
Gluteus maximus (MM 3), gastrocnemius medialis (MM
2), gluteus medius, sartorius (MM 2) and gracilis (MM
1.5) were the most affected muscles in patients with TK2
mutations. Gluteus maximus and gastrocnemius medialis
were affected in all but one patient. At pelvic level, gluteus
maximus and medius were more affected than gluteus minor,
while tensor fascia latae was moderately affected. In the
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thighs, the gracilis, sartorius, adductor magnus were the
most affected followed by semitendinosus, semimembra-
nosus, and long head of biceps femoris. Muscles from the
anterior compartment of the thigh were less affected. In the
legs, the gastrocnemius medialis, gastrocnemius lateralis,
flexor digitorum, soleus, and peroneus longus were affected
whereas the fibialis anterior was seldomly replaced by fat.
We uncovered a consistent MRI pattern in TK2d patients,
in which the gluteus maximus and medius, the sartorius,
and the gastrocnemius medialis were the earliest affected
muscles (Figs. 2, 3A, and supplementary Fig. 1).

Correlations between total MRC and muscle MRI were
only statistically significant in adductor major (R — 0.64, p
0.014), semitendinosus (R — 0.66, p 0.07), extensor digito-
rum (R — 0.59, p 0.018) (supplementary table 1).

TK2d vs FSHD and OPMD MRI pattern comparison
When comparing to other mitochondrial diseases and to

other diseases that could resemble clinically, like FSHD
and OPMD, muscle MRI from TK2d patients had greater

and significant involvement of the gluteus maximum, sar-
torius, gracilis, obturator externus, gastrocnemius media-
lis, and flexor digitorum longus muscles (Fig. 3A, B). In
contrast, the rectus femoris, semimembranosus, and tibia-
lis anterior muscles were more involved in FSHD (Fig. 4).

When analyzing muscle patterns with PCA, the gluteus
maximum, obturator externus, vastus lateralis, sartorius,
and flexor digitorum longus were the most distinctive mus-
cles in TK2d compared to other mitochondrial diseases
(Fig. 5A) and OPMD (Fig. 5c). PCA analysis between
TK2d and FSHD confirmed that the latter were distinc-
tive muscles in TK2d while short head of biceps femoris,
semimembranosus, extensor digitorum, and tibialis ante-
rior were those in FSHD (Fig. 5b).

Muscles from FSHD patients were more asymmetri-
cally involved than TK2d when comparing right and left
side muscles individually. This asymmetry was detected
especially in adductor longus, the long and short head of
biceps femoris, rectus femoris, gracilis, and semitendino-
sus in the thigh and tibialis anterior and gastrocnemius

Muscle MRI Score
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Fig.2 Heatmap of muscles of the lower limbs in patients with TK2
gene mutations, disease duration, and MRC scale. Heatmap showing
involvement of pelvic, thigh, and leg muscles in patients with muta-
tions in the T7K2 gene. Patients and muscles are ordered according
to hierarchical clustering with increasing grading in fat replacement
severity from the bottom to the top (patients—rows) and from the left
to the right (muscles—columns). The score of a muscle in a patient is
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strength of the patients measured using the MRC scale in red. Leg-
ends can be found at the bottom on the right
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Fig.3 Muscle MRI pattern

of the lower limbs in TK2d
patients compared to other
myopathies. A Muscle MRI
from three TK2d patients with
different disease duration and
weakness severity showed that
the most affected muscles were
the gluteus maximus (arrows),
the sartorius (arrowheads), and
the gastrocnemius medialis
muscles (asterisks). B Muscle
MRI from patients with other
mitochondrial myopathies as the
one linked to point mutation in
the mitochondrial gene MTTN,
or other myopathies with
similar clinical characteristics
as FSHD or OPMD, showed a
very different pattern of muscle
involvement, highlighting the
full preservation of the sartorius
muscles (open arrows), even
when other muscles are severely
degenerated

Patient P41

MTTN mutation

medialis in legs. No degree of asymmetry was detected in
the glutei (Fig. 6).

Discussion

Mitochondrial myopathies are a wide group of muscle dis-
eases characterized by heterogeneous clinical manifestations
and molecular causes [15, 16]. Reaching a genetic diagno-
sis is crucial to genetic counseling and precision medicine.
Recessive mutations in the TK2 gene are responsible for a
syndrome of mitochondrial depletion/multiple deletions in
mtDNA that can manifest at any age, most often as a pure
progressive myopathy [2, 4, 7, 8]. In patients with TK2d,
oral treatment with thymidine and deoxycytidine nucleo-
sides has shown to prolong survival in the most severe infan-
tile cases and halt the progression of the disease in the other
clinical forms [10, 17]. It is, therefore, essential to achieve an
early genetic diagnosis in all patients with TK2d. To do so,

@ Springer

Patient P15 Patient P34

they must be distinguished from patients with other progres-
sive genetic myopathies, a particularly challenging issue in
adult patients, especially in those cases with no prominent
ptosis or ophthalmoparesis (25% in our series). From a clini-
cal perspective, the distribution of muscle weakness is criti-
cal to suspect a TK2d. Most patients present a combination
of facial (with or without ptosis and/or ophthalmoparesis),
cervical and axial weakness, with early respiratory insuffi-
ciency requiring mechanical ventilation when they are still
ambulant [3]. However, in some juvenile-onset patients, the
initial diagnostic suspicion may be FSHD, based on promi-
nent facial weakness [18]. On the other hand, some patients
have a very late onset with progressive CPEO and dysphagia
as the only symptoms for many years, and they can, there-
fore, be confused with OPMD.

In a previous work, we described the muscle involvement
in the MRI of the lower limbs of seven patients with TK2d,
suggesting a characteristic pattern with potential diagnos-
tic utility [3]. In the present study, our results confirm the



Journal of Neurology (2022) 269:3550-3562

3557

Kruskal-Wallis, p = 1.4e-07 4.1e-05 Kruskal-Wallis, p = 0.0011 0.0084 Kruskal-Wallis, p = 0.00082 0.34 Kruskal-Wallis, p = 0.00035 . 0.012 Kruskal-Wallis, p = 0.00099 082
5606 — o064 2 —__o00doga — 031
0 1.8-07 011 W H 1.9¢:05 2 077
24 24 1. 24 z4 . 54
£ H "'. E b 3
kS . S % H 9 843 .
o 2 . 2 2 2
32 b 22 .5 32 82 82
E 7 8 < 2 g . g
3 . g o 3 o 3
0 0 A% _ten 0 ae of MR MR &, L o] LUNS :
FSH OPMD Other Mito  TK2 FSH OPMD Other Mito  TK2 FSH OPMD Other Mito  TK2 FSH OPMD Other Mito  TK2 FSH OPMD Other Mito  TK2
Kruskal-Wallis, 1 0.006 Kruskal-Walls, p = 3.5e-1 0.011 Kruskal-Wallis, p = 7.2e-1 0.014 Kal-Wallis, p = 1.8e- 4. Kal-Wallis, p = 4.2 .00
p<22e-16 1o p=3se1z o8 p=72e18 ol Kruskal-Wallis, p = 1.8¢: 06051—0—5—‘ Kruskal-Wallis, p = 4.2¢ 0199;100—0—%3—‘
W2 094 . +20036 . 038, 3505 -

1
T VR . VS —

IS
IS

N
N

Rectus Femoris
Vatus Lateralis
Vatus Medialis

LY

»

Sartorius

~

Vastus Intermedius

A sty s Ly %
SR A &
o e | g N 0 (om) ar- o i 5 Loz |
FSH OPMD Other Mito  TK2 FSH OPMD Other Mito  TK2 FSH OPMD Other Mito  TK2 FSH OPMD Other Mito  TK2 FSH OPMD Other Mito  TK2

Kruskal-Wallis, p < 2.2¢-16 0.001__ Kruskal-Wallis, p = 0.00093 . 0.014
2.9¢-08 — 057
.81 0.56

4

Kruskal-Wallis, p < 2.2e-16 035
0,66

2000024 o

Kruskal-Wallis, p = 6.4e-09 ,0.0044 Kruskal-Wallis, p = 3.9e-10 039
—_9.2e:05 027
9

0.0073

IS
»

" o
- 2 P ]
5 g ¢ 2 g
s 2 8. ) 8 bt
2 2 g i' . k- 5 b
3 s £ h 1 € & S
o2 ~ gz %2 B 22 22 -l
o [ 3 .o o
& w = 5 . & : %
0 20 0 0 2| L1 0 (9%, ] 0 (oeel 25 _a,
FSH  OPMD OtherMito TK2 FSH  OPMD OtherMio TK2 FSH OPMD OtherMio TK2 FSH OPMD OtherMito TK2 FSH  OPMD OtherMio TK2

4.56:05__

Kruskal-Wallis, p = 0.0098 0071
0.00055
74—

Kruskal-Wallis, p = 5.7-07_—0.0037

Kruskal-Wallis, p = 2.2¢-06 015

Kruskal-Wallis, p < 2.2e-16 .84
u .0 e

1
0.0094

Kruskal-Wallis, p = 2.3e-10 0.0016
h e 546-05
1

o o

2 g P

24 B4 4 E4f .73 54

= = ” s g

2 E : 2 <

£ E . o o . @

22 22 % ®2 52 T2

5 5 2 [y 2

2 £ . T =3 =

] é-g . o4

LN 6 . N ) 5 s .
FSH  OPMD OtherMito TK2 FSH  OPMD OtherMito TK2 FSH  OPMD OtherMito TK2 OPMD Other Mito ~ TK2 FSH  OPMD OtherMito TK2

Fig.4 Boxplots showing values of the Mercuri score of muscles of
the pelvis, thigh and leg of TK2d, other mitochondrial myopathies,
FSHD and OPMD patients. Value of the Kruskal-Wallis test is shown

consistency of this pattern in a larger cohort of patients and
demonstrate its specificity when compared with the pattern
of other myopathies, mimicking the clinical presentation of
TK2d, whether of mitochondrial origin or not.

In this study, we demonstrated that among patients with
PMM, muscle fat replacement in the lower limbs is hetero-
geneous in patients with mtDNA mutations, without a spe-
cific pattern that distinguishes them as a group. Furthermore,
in the majority of patients harboring a single large-scale
mtDNA deletion in our cohort, muscle MRI was normal. In
the group of patients with nuclear gene mutations, we also
did not identify a characteristic pattern that allows us to dif-
ferentiate them as a group. However, a hierarchical analysis
identified that gluteus maximus, gluteus medius, sartorius,
gracilis, and gastrocnemius medialis were the most affected
muscles in patients with TK2d, compared to mutations in the
other nuclear genes, this pattern being the only one identified
in patients with PMM. Our results also indicated that gluteus
maximus, gastrocnemius medialis, and sartorius were the
earliest affected muscles in patients with 7K2 mutations. The
sartorius is a muscle that is not usually involved or is even
preserved until late stages in many myopathies, so this find-
ing can help in the differential diagnosis. Early involvement
of the sartorius muscle has also been described in patients
with mutations in SPENI [19], RYRI [20], TNPO3 [21], and
MYH?7 [22], in some congenital myopathies like ACTAT [23],
and in myofibrillar myopathies with mutations in DES [24]
or CRYAB [12].

per every comparison and when significant, Wilcoxon test is applied
to compare TK?2 and the other three diseases

We have applied a PCA test to the analysis of T1w imag-
ing data quantified using Mercuri score of two large cohorts
of patients with FSHD and OPMD patients already pub-
lished [13, 14] and have included the results of this cohort
of TK2d patients in the analysis, with the aim to (1) validate
if there is a different pattern of involvement and (2) identify
which muscles can be useful to differentiate one disease
from the other. We have observed that gluteus maximus,
obturator externus, vastus lateralis, sartorius, and flexor
digitorum longus differentiate TK2 myopathy from FSHD
and OPMD. In FSHD, involvement of the posterior compart-
ment of the thigh is a common finding, although the most
frequently and severely involved muscle is the semimembra-
nosus, while in legs the most affected muscles are tibialis
anterior, soleus, and gastrocnemius medialis. In addition,
muscle MRI involvement in FSHD is commonly asymmet-
ric, while it is symmetric in TK2d as shown here in Fig. 6
[13]. The muscle MRI pattern of OPMD also differs from
TK2d, showing in the pelvis a progressive involvement of
glutei muscles, especially gluteus minimus, in the thighs a
preferential involvement of posterior muscles and the adduc-
tor muscles, and in the legs, an early involvement of the
soleus and peroneus muscles [14].

Muscle MRI is a complementary tool used to detect pat-
terns of muscle fat replacement that could help in the diag-
nosis of patients with myopathies. Although next-generation
sequencing is becoming widely accessible in several centers,
many of the mitochondrial genes are not included in the
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Fig.5 PCA analysis. TK2d compared to other mitochondrial myo-
pathies (A) showed that gluteus maximus, vastus lateralis, obturator
externus, sartorius, and flexor digitorum were the muscles that dif-
ferentiated most one disease to another. B TK2d compared to FSHD
showed that gluteus maximus, obturator externus, sartorius, the short
head of biceps femoris, semimembranosus, flexor digitorum, extensor

panels commercially available, and in several countries, the
diagnosis continues to be based on Sanger sequencing. In
addition, interpretation of NGS results is not always straight-
forward and the addition of clinical, muscle biopsy, and MRI
data can be helpful. In this sense, patterns of muscle MRI
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digitorum, and tibialis anterior were the muscles that differentiated
most one disease to another. C TK2d compared to OPMD showed
that gluteus maximus, vastus lateralis, obturator externus, sartorius,
and flexor digitorum were the muscles that differentiated most from
one disease to another

infiltration have been described for many diseases [25, 26]
and there is an increasing body of evidence demonstrating
that MRI-based artificial intelligence tools could accurately
diagnose muscular disorders [27]. Moreover, muscle fat
replacement has been shown to correlate with results of
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Fig. 6 Boxplots showing the difference in Mercuri score between right and left sides of muscles of the pelvis, thigh and leg of FSHD and TK2d.
Results of the Wilcoxon test applied to identify significant differences are shown

muscle function tests, and the value of MRI as a possible
biomarker to evaluate response to treatments in clinical trials
is increasingly being recognized [28, 29].

Despite all these advantages, there are not many studies
of muscle MRI in mitochondrial myopathies [30, 31]. The
largest series published to date included 16 patients with
mitochondrial myopathy due to different mutations only in
the mtDNA (including single large-scale deletions and point
mtDNA mutations [32]) and a characteristic pattern of mus-
cle involvement was not identified.

In this study, we have used conventional qualitative MRI
imaging techniques, such as T1w, to identify fat replacement
in muscles. However, in the last 10 years, there has been
a notorious development of quantitative sequences such as
Dixon or water T2 that can quantify fat replacement and
water content, respectively, and that have been validated as
good candidate imaging biomarkers to follow-up patients
with neuromuscular diseases. These sequences have not been
used to study patients with mitochondrial myopathies [32].
Phosphorus magnetic resonance spectroscopy (*!P-MRS)
could be of great interest in this field as it monitors mito-
chondrial function in vivo in skeletal muscle [33, 34]. In
fact, >'P-MRS of resting muscle is sensitive and specific
for diagnosing mitochondrial myopathies [35] and has been
used in small studies to evaluate therapeutic interventions
[36]. However, *'P-MRS is a complex technique not avail-
able in many centers and, therefore, not included in the
standards of care for mitochondrial diseases [37].

There are some limitations to this study. The cohort of
patients with other mitochondrial myopathies is genetically
very heterogeneous and, therefore, it is expected that their
muscle MRI are different. Another limitation is the use of a
semi-quantitative scoring method. Although the method is
commonly used in other studies, inter-interpreter variability
is intrinsic to this type of rating scale.

In conclusion, analyzing the largest cohort of muscle-
imaging studies from patients with mitochondrial myopa-
thies to date, we have identified a characteristic and specific
radiological pattern of muscle involvement of the lower
limbs in patients with TK2d. This pattern allows: (1) to dis-
tinguish TK2d from other mitochondrial myopathies and,
therefore, to guide genetic testing, (2) to support the diagno-
sis when the identified variants in the TK2 gene are classified
as of uncertain clinical significance, and (3) to differentiate
TK2d from other myopathies with similar clinical manifes-
tations, such as FSHD and OPMD, which is particularly
important now because genetic studies are usually prior-
itized over muscle biopsies during the diagnostic process.
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