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Introduction

Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS) is one of the most fre-
quent maternally inherited mitochondrial disease (MD)

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

ABSTRACT

Objective: To explore the clinical characteristics of mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like episodes (MELAS) caused by mito-
chondrial DNA-encoded complex I subunit (mt-ND) variants. Methods: In this
retrospective study, the clinical, myopathological and brain MRI features of
patients with MELAS caused by m¢-ND variants (MELAS-mtND) were collected
and compared with those of MELAS patients carrying the m.3243A > G variant
(MELAS-A3243G). Result: A total of 18 MELAS-mtND patients (female: 7;
median age: 24.5 years) represented 15.9% (n = 113) of all patients with
MELAS caused by mtDNA variants in our neuromuscular center from January
2012 to June 2022. In this MELAS-mtND cohort, the two most common vari-
ants were m.10191 T > C (4/18, 22.2%) and m.13513 G > A (3/18, 16.7%).
The most frequent symptoms were seizures (14/18, 77.8%) and muscle weak-
ness (11/18, 61.1%). Compared with 87 MELAS-A3243G patients, MELAS-
mtND patients were significantly more likely to have a variant that was absent
in blood cells (40% vs. 1.4%). Furthermore, MELAS-mtND patients had a sig-
nificantly lower MDC score (7.8 & 2.7 vs. 9.8 & 1.9); less hearing loss (27.8%
vs. 54.0%), diabetes (11.1% vs. 37.9%), and migraine (33.3% vs. 62.1%); less
short stature (males < 165 cm; females < 155 cm; 23.1% vs. 60.8%) and higher
body mass index (20.4 £ 2.5 vs. 17.8 & 2.7). MELAS-mtND patients had sig-
nificantly more normal muscle pathology (31.3% vs. 4.1%) and fewer RRFs/
RBFs (62.5% vs. 91.9%), COX-deficient fibers/blue fibers (25.0% vs. 85.1%)
and SSVs (50.0% vs. 81.1%). Moreover, brain MRI evaluated at the first stroke-
like episode showed significantly more small cortical lesions in MELAS-mtND
patients (66.7% vs. 12.2%). Interpretation: Our results suggested that MELAS-
mtND patients have distinct clinical, myopathological and brain MRI features
compared with MELAS-A3243G patients.

and seriously impacts the health of patients with
no effective treatment.! The pathogenic variant
m.3243A > G, first described by Goto et al.,” has been
demonstrated to account for approximately 80.0% of
MELAS cases.” However, the clinical features of MELAS
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caused by other pathogenic variants are often
overlooked.

The first description of MELAS caused by a mitochon-
drial DNA-encoded complex I subunit (mt-ND) variant
(MELAS-mtND) (m.13513G > A, mt-ND5) was reported
by Santorelli et al. in 1997.* Henceforth, a growing num-
ber of studies revealed that m#-ND is the second most
common genetic subtype of MELAS after the MT-TLI
gene (encoding mt-tRNA™" (VUR)) 57 However, most of
the previous studies were restricted to sporadic case
reports*® or focused on isolated complex I (CI)
deficiency.'"> MELAS-mtND has long been overlooked.
To our knowledge, even in the largest mt-ND variant
cohort, only three MELAS-mtND patients were
enrolled."* Our previous studies found that MELAS-
mtND patients exhibited a variant that was absent in
blood cells® and presented a migratory tiny lesion on
brain MRI'® which is not common in MELAS caused by
m.3243A > G variant (MELAS-A3243G). The rarity of
mt-ND variants has limited previous studies, but the
advancements in the technology and the decreasing cost
of next-generation sequencing (NGS) techniques now
enable us to know more about the details of MELAS-
mtND.

MDs including MELAS are difficult to diagnose due to
extraordinary variable phenotypes and genotypes and the
lack of specific laboratory indicators.'® Over the past
decades, consensus diagnostic criteria for MDs have been
proposed and refined for adults and children.'”'® The
mitochondrial disease criteria (MDC) which evaluate the
clinical symptoms, metabolic abnormalities, neuroimaging
and muscle pathology of MDs is useful in the diagnosis
of MDs.'”*” However, the diagnostic value of the MDC
in patients with MELAS caused by different mtDNA vari-
ants is rarely reported.

Here, we present a cohort of 18 MELAS-mtND patients
focusing on the clinical, neuroimaging, and pathological
findings, molecular genetics, and the MDC score and
compared them with those of MELAS-A3243G patients.

Materials and Methods

Identification of patients and clinical data

We conducted a retrospective study of MELAS patients in
the local database of mitochondrial diseases from January
2012 to June 2022. The inclusion criteria were as follows:
(1) clinically diagnosed with MELAS according to stan-
dard clinical criteria, meeting at least two category A
criteria (headaches with vomiting, seizures, hemiplegia,
cortical blindness, and acute focal lesions in neuroimag-
ing) and one category B criteria (high plasma or cerebro-
spinal fluid (CSF) lactate, mitochondrial abnormalities in
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muscle biopsy),”' and (2) carrying mt-ND variants or the
m.3243A > G variant. For the novel mt-ND variant, the
possibility of mutation in nDNA was precluded. A total
of 18 MELAS-mtND and 87 MELAS-A3243G patients
were identified. Clinical data were collected by experi-
enced neurologists from all MELAS-mtND and MELAS-
A3243G patients including age, sex, family history, CNS
symptoms (seizures, migraine, cortical blindness, and
ataxia), muscular symptoms (muscle weakness, exercise
intolerance and ophthalmoplegia), multisystem involve-
ment (cardiac abnormalities, hearing loss and diabetes),
brain MRI, and lactate levels. The heteroplasmy levels
were measured in at least one of four tissues (skeletal
muscle, blood cells, urothelium, or oral mucosa) by NGS.
Height and body mass index (BMI) were collected from
13 MELAS-mtND patients and 51 MELAS-A3243G
patients (age > 16 years). Additionally, brain MRI from
the first acute onset of stroke-like episodes to the last
follow-up was obtained from 18 MELAS-mtND patients
and 49 MELAS-A3243G patients. The MDC score, which
was used to assess clinical features, was calculated in 16
MELAS-mtND patients and 74 MELAS-A3243G patients
who underwent muscle biopsy. All these data were com-
pared between the MELAS-mtND and MELAS-A3243G
groups. Informed consent was obtained from all patients
enrolled in this study. This study was approved by the
Ethics Committee of Qilu Hospital.

Muscle histochemistry

Sixteen MELAS-mtND patients and 74 MELAS-A3243G
patients underwent muscle biopsies. Routine histological
and immunohistochemical examinations were conducted
according to standard protocols.”” The sections were
stained with hematoxylin and eosin (HE), modified
Gomoritrichrome (MGT), NADH-tetrazolium reductase
(NADP-TR), succinate dehydrogenase (SDH), cytochrome
C oxidase (COX), succinate reductase/cytochrome C oxi-
dase (S/C), oil red O (ORO), and adenosine triphospha-
tase (ATPase pH 9.4, 4.6 and 4.3).2 Muscle pathological
features were compared between MELAS-mtND and
MELAS-A3243G groups.

Statistical analysis

The data were analyzed by GraphPad Prism Software
(GraphPad Prism 8, Inc). Normality of distribution was
determined using the D’Agostino and Pearson test. Two
side unpaired t tests were used to compare normally dis-
tributed data, including body mass index (BMI) and
MDC score. One-way ANOVA was used in multiple com-
parisons, such as different patterns of MDC score. Mann—
Whitney U test was used to compare nonnormal
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distributed data (onset age). Chi-square test or Fisher’s
exact test analyses were conducted to compare categorical
variables, including clinical features such as short stature,
muscular presentation, multisystem involvement, CNS
involvement, muscle pathology, and neuroimaging
between the MELAS-mtND group and MELAS-A3243G
group. Significance levels were defined as p value < 0.05
(*p < 0.05, **p < 0.01, ***p < 0.001).

Results

Genetic findings

A total of 18 MELAS-mtND patients was included in this
study. They represent 15.9% (18/113) of all patients with
genetically confirmed MELAS patients caused by mtDNA
variants in our mitochondrial database from January 2012
to June 2022. The two most common variants in the
MELAS-mtND group were m.10191 T > C (4/18) in mt-
ND3 and m.13513G > A (3/18) in mt-ND5 (Fig. 1). The

other mt-ND variants detected were m.3901G > A
(mt-NDI) (n=1), m.3946G > A (mt-NDI) (n=1),
m.10158 T > C (mt-ND3) (n = 1), m.11138A > G (mt-
ND4) (n=1), m.l11777C>A (mt-ND4) (n=1),
m.11406 T> A (mt-ND4) (n=1), m.12706 T > C
(mt-ND5) (n=1), m.13042G > A (mt-ND5) (n=1),
m.13046 T > C (mt-ND5) (n=1), m.14487 T > C
(mt-ND6) (n=1), and m.14597A > G (mt-ND6)

(n=1). Among these variants, two were novel variants
(m.3901G > A and m.11138A > G), four were reported
pathogenic  variants (m.3946G > A, m.13046 T > C,
m.11406 T > A and m.14597A > G) and the remainder
were confirmed pathogenic variants according to the
MITOMAP database (MITOMAP: A Human Mitochon-
drial Genome Database. http://www.mitomap.org, 2019).
The variant loads in muscle samples were higher than
those in blood cells and oral mucosa (Figs 1 and 2A).
There was also higher proportion of variant levels in the
urothelium than in the blood cells (Figs 1 and 2A). Inter-
estingly, 6/15 (40.0%) of MELAS-mtND patients showed
no detectable variants in their blood cells, while only 1/72
(1.4%) in MELAS-A3243G group (p < 0.001). The mt-
ND variants that were absent in blood were m.3901G > A
(n=1), m13042G > A (n=1), m.13513G > A (n=1),
m.11406 T>A (n=1), ml12706 T>C (n=1), and
m.14487 T > C (n = 1).

Clinical features and laboratory findings of
the mt-ND variant cohort

This MELAS-mtND cohort consisted of 11 males and
(27.8%) individuals were maternally
inherited. The median onset age was 24.5 years old (IQR:

7 females. Five
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1645 years). A total of five patients (27.8%) presented
with clinical syndromes > 40 years of age, and seven
patients (38.9%) presented with clinical syndromes
< 20 years of age. During follow-up, five (27.8%)
MELAS-mtND patients died of generalized seizures. Short
stature in this study was defined as male < 165 cm and
female < 155 cm®* at age > 16 years old. Three (3/13,
23.1%) MELAS-mtND patients exhibited short stature.
The most common symptoms associated with MELAS-
mtND were encephalopathy, including seizures (14/18,
77.8%), migraine (6/18, 33.3%), cortical blindness (5/18,
27.8%), and ataxia (2/18, 11.1%). Seven patients (38.9%)
showed multisystem involvement, including hearing loss
(5/18, 27.8%), cardiac abnormalities (2/18, 11.1%), and
diabetes (2/18, 11.1%). Eleven patients manifested muscle
involvement as muscle weakness (11/18, 61.1%), exercise
intolerance (3/18, 16.7%), and ptosis/ophthalmopathy (1/
18, 5.6%) (Table 1 and Fig. 2B). Two patients were
excluded from MDC scoring because they had no prior
biopsy. Regarding the MDC, 62.5% (10/16) of MELAS-
mtND patients had a score predicting definite mitochon-
drial disorder, 25.0% (4/16) had a probable mitochondrial
disorder, and 12.5% (2/16) had a possible mitochondrial
disorder.

Comparing the clinical data of 18 MELAS-mtND
patients with 87 MELAS-A3243G patients (Table 1), the
most striking findings were that MELAS-mtND patients
exhibited higher BMI (20.4 £ 2.5 vs. 17.8 £27,
p = 0.003) (Fig. 2C), less short stature (23.1% vs. 60.8%,
p = 0.027), less hearing loss (27.8% vs. 54.0%, p = 0.043),
less diabetes (11.1% vs. 37.9%, p = 0.030), and less
migraine (33.3% vs. 62.1%, p = 0.025). Comparing the
MDC score between these two groups, a lower MDC
score was observed in MELAS-mtND patients (7.8 £ 2.7
vs. 9.8 £ 1.9, p <0.001) (Fig. 2D), which is consistent
with the less definite mitochondrial disorder (62.5% vs.
90.5%, p = 0.004) in MELAS-mtND group. The differ-
ences between these two groups were mainly observed in
the multisystem involvement (p = 0.011) and muscle
pathology (p < 0.001) (Fig. 2E).

Brain MRI features

Stroke-like lesions (SLLs) at the acute onset of stroke-like
episodes to the last follow-up were available from 18
MELAS-mtND patients and 49 MELAS-A3243G patients.
The phenotypes of the initial SLLs were classified as clas-
sic or nonclassic according to Yu Hongo’s report.”> In
summary, classic SLLs were defined as lobular edematous
lesions extending along the cerebral cortex and incongru-
ent to the vascular territory. Nonclassic SLLs were defined
as those other than classic SLLs, including single/multi-
ple/disseminated small cortical lesions and, cerebellar
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Figure 1. Pedigree diagram for 18 unrelated Chinese families with mt-ND variants. The arrow indicates the proband. Squares symbolize males,
and circles symbolize females. Black symbols and gray symbols indicate symptomatic patients and asymptomatic carriers, respectively. Question
marks indicate family members who refused to undergo genetic analysis. B, blood cells; M, muscle sample; O, oral mucosa; U, urothelium.

lesions, with or without basal ganglion and brain stem
lesions (Fig. 3).

Of the 18 initial SLLs of MELAS-mtND patients, 12
(66.7%) were nonclassic, including single small cortical
lesion (n =7), isolated multiple small cortical lesions

(n =3), and multiple small cortical lesions with basal
ganglion lesions (n = 2), while the remaining six were
classic. Of the 12 nonclassic SLLs, one developed to
extensively disseminated, seven developed into classic
SLLs at the last follow-up (range 6—36 months), and the

Figure 2. Genetic heteroplasmy and clinical findings in MELAS-mtND patients. (A) Genetic heteroplasmy in different tissues of MELAS-mtND
patients. (B) Frequency of symptoms of 18 MELAS-mtND patients. The gray column represents muscular involvement, the dark gray column repre-
sents the multisystem involvement, and the black column represents central nerve system involvement. (C) Comparison of BMI between MELAS-
mtND and MELAS-A3243G patients. (D and E) Comparison of the MDC score between MELAS-mtND and MELAS-A3243G patients.
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Table 1. Comparison of demographic, clinical, and muscle pathology
findings between MELAS-mtND and MELAS-A3243G patients.

MELAS- p
MELAS-mtND A3243G Value

n 18 87

Sex (female:male) 7:11 37:50 0.776

Onset age (years) 24.5 [4-58] 29 [2-76] 0.569

(median [range])

Short stature 3/13, 23.1% 31/51, 60.8% 0.027
BMI 20.4 + 2.5, 17.8 £ 2.7, 0.003
n=13 n=>51
Muscular presentation
Muscle weakness 11718, 61.1%  43/87, 49.4% 0.367
Exercise intolerance 3/18, 16.7% 26/87, 29.9% 0.386
Ophthalmoplegia 1/18, 5.6% 9/87, 10.3% >0.999
Multisystem involvement
Cardiomyopathy 2/18, 11.1% 17/87, 19.5% 0.517
Diabetes 2/18, 11.1% 33/87, 37.9% 0.030
Hearing loss 5/18, 27.8% 47/87, 54.0% 0.043
CNS involvement
Migraine 6/18, 33.3% 54/87, 62.1% 0.025
Seizure 14/18, 77.8%  62/87, 71.3% 0.774
Cortical blindness 5/18, 27.8% 36/87, 41.4% 0.282
Ataxia 2/18, 11.1% 12/87,13.8%  >0.999
Metabolic
Lactate elevated 10/18, 55.6%  45/87, 51.7% 0.767
Muscle pathology
Normal 5/16, 31.3% 3/74, 4.1% 0.004
RRFs/RBFs 10/16, 62.5%  68/74, 91.9% 0.002
COX-deficient fibers/ 4/16, 25.0% 63/74,85.1%  <0.001
blue fibers
SSVs 8/16, 50.0% 60/74, 81.1% 0.009

BMI, body mass index; CNS, central nerve system; RBFs, ragged blue
fibers; RRFs, ragged red fibers; SSVs, strongly SDH-reactive vessels.

remaining four consistently presented single/multiple SLLs
during the 2-6 years follow-up. Compared to MELAS-
A3243G patients, MELAS-mtND patients exhibited more
nonclassic SLLs (66.7% vs. 12.2%, p < 0.001). Further-
more, SLLs in MELAS-mtND group were found most
commonly in the parietal lobe (7/18, 38.9%), followed by
22.2% (4/18) in the temporal lobe, 27.8% (5/18) in the
occipital lobe, 11.1% (2/18) in the frontal lobe and 5.6%
(1/18) in the insula. Compared to MELAS-A3243G
patients, SLLs in the temporal (22.2% vs. 65.3%,
p =10.002) and occipital lobes (27.8% vs. 55.1%,
p = 0.047) were less frequent in the MELAS-mtND group
(Table 2).

Muscle histopathological features

Sixteen patients underwent muscle biopsy in our MELAS-
mtND cohort. Five of them (31.3%) presented normal
muscle biopsy (no RRFs [ragged red fibers], RBFs [ragged
blue fibers], COX-deficient fibers, blue fibers, and SSVs

W. Wang et al.

[strongly SDH-reactive blood vessels]). One patient
showed only SSVs and COX-deficient fibers, while the
remaining 10 patients (10/16, 62.5%) displayed mito-
chondrial abnormalities as RRFs/RBFs with COX-deficient
fibers/blue fibers (3/16, 18.85%) or SSVs (7/16, 43.8%).
Of the 10 patients (62.5%) with RRFs/RBFs, only four
(40%) exhibited typical RRFs/RBFs (<1%), and the
remaining six patients were atypical. Compared with
muscle pathology of MELAS-A3243G group, the MELAS-
mtND group showed a high proportion of normal muscle
pathology (31.3% vs. 4.1%, p = 0.004). Furthermore,
muscle pathology changes in MELAS-mtND were signifi-
cantly slighter, including RRFs/RBFs (62.5% vs. 91.9%,
p = 0.002), COX-deficient fibers/blue fibers (25.0% vs.
85.1%, p <0.001), and SSVs (50.0% vs. 81.1%,
p = 0.009). (Table 1 and Fig. 4).

Discussion

In this study, we conducted a retrospective study to sum-
marize the characteristics of 18 patients with MELAS
caused by mt-ND variants by comparing them with 87
patients with MELAS caused by the m.3243A > G variant.
This cohort, to our knowledge, is the largest cohort of
MELAS-mtND patients to date.'****” The present study
shows that MELAS-mtND patients present with lower
mutation heteroplasmy in blood cells, lower proportion
of migraine, lower multisystem involvement (hearing loss
and diabetes), and lower presentation of RRFs and COX-
deficient fibers/blue fibers, but higher stature, higher BMI
and higher probability of small cortical SLLs in brain
MRI compared with MELAS-A3243G patients. Further-
more, MELAS-mtND patients had lower MDC scores
than MELAS-A3243G patients, and the difference was
mainly in muscle presentation and multisystem
involvement.

One of the remarkable features of MELAS-mtND
patients is that the mutation load in the blood cells was
too low to be detected by NGS in almost half of the
MELAS-mtND cases. If only blood samples had been used
for genetic testing, we would have failed to identify six
MELAS-mtND patients. Notably, although absent in the
blood cells, those mutation loads were high in the muscle
tissue. Thus, using correct tissue for genetic testing is
essential in patients with m#-ND variants. Although spo-
radic cases have reported the absence of mt-ND variants
in blood cells,"***** very few studies have investigated
the mt-ND variants heteroplasmy in MELAS patients,
with only one study reporting that 1/7 patients with
MELAS caused by the m.13513G > A variant had no
detectable variant in blood cells.*® In our cohort, of the
three patients with MELAS caused by the m.13513G > A
variant, only one showed a variant absent in blood cells.
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Figure 3. Classic and nonclassic SLLs of MELAS-mtND patients. The white arrow indicates nonclassic SLLs. The black arrow indicates classic SLLs.
(A) nonclassic SLLs with single small cortical lesion; (B) nonclassic SLLs with multiple isolated small cortical lesions; (C) nonclassic SLLs with dissemi-
nated cortical lesions; (D) classic SLLs with nonclassic basal ganglion lesion; (E) nonclassic SLLs with cerebellar lesions; (F) classic SLLs with lesions

in the temporal lobe.

Table 2. Comparison of the initial SLLs between MELAS-mtND and
MELAS-A3243G patients.

SLLs MELAS-mtND MELAS-A3243G p Value
n 18 49

Nonclassic SLLs 12/18, 66.7% 6/49, 12.2% <0.001
Frontal lobe 2/18, 11.1% 5/49, 10.2% >0.999
Parietal lobe 7/18, 38.9% 19/49, 38.8% 0.993
Temporal lobe 4/18, 22.2% 32/49, 65.3% 0.002
Occipital lobe 5/18, 27.8% 27/49, 55.1% 0.047
Insular 1/18, 5.6% 3/49, 6.1% >0.999
Cerebellum 1/18, 5.6% 2/49, 4.1% >0.999
Basal ganglion 2/18, 11.1% 1/49, 2.0% 0.174
Brain stem 0/18, 0 0/49, 0 >0.999

SLLs, stroke-like lesions.

On the contrary, variants absent in blood cells were also
observed in mtDNA encoded complex IV subunits (mi-
C0X)*! and mtDNA encoded complex III subunits (mt-

CYTB)? gene variants. In contrast to those mutations in
mitochondrial protein coding genes (mt-ND, mt-COX,
and mt-CYB),>"? variants absent in blood were rare in
patients with m.3243A > G.>>?° Additionally, MELAS-
mtND diagnosis can be more difficult, because some
older asymptomatic individuals can carry low levels of
heteroplasmy.*®

In this study, MELAS-mtND patients presented with
greater stature, higher BMI, proportions of
migraine, hearing loss, and diabetes. These results were
consistent with MDC scores. Thus, the MDC may help to
orient further genetic screening. Previous studies have
documented that adult MD patients with the
m.3243A > G variant have a shorter stature and lower
BMI than MD patients with a single large-scale deletion,””
and short stature patients were more likely to have diabe-
tes and cardiovascular involvement.’® However, the differ-
ences between the MELAS-mtND and MELAS-A3243G
groups were not been previously described. Previous

lower
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COX/SDH

Figure 4. Comparison of muscle pathology between MELAS-mtND and MELAS-A3243G patients. Muscle pathology of one MELAS-A3243G
patient and two MELAS-mtND patients (Family 5, II-1 and Family 14, 11-2). Arrows represent RRFs with blue fibers. TRepresent RRFs without blue
fibers. *Represent COX decreased fibers presented with blue fibers but without RRFs.

studies showed that mitochondrial protein coding gene
variants were associated with higher BMI in adults with
unknown mechanisms.”® Considering that multisystem
involvement was less common in the MELAS-mtND
group, heteroplasmy levels of mit-ND variants may be
lower in the organs associated with growth and develop-
ment. Additionally, distinct myopathology may also con-
tribute to the differences in height and BMI as muscle
function was found to be associated with bone
development.*”*°

This study also clearly demonstrated a diversity of SLLs
in patients with m¢-ND variants. Classic SLLs are the
main presentation of adult-onset MELAS.> Interestingly,
in our series of patients with m¢-ND variants, the pheno-
typic diversity of SLLs was more complex, and single and/
or multiple small cortical SLLs were more frequent than
that in m.3243A > G patients. We have reported a patient
with m.10191 T > C who recurrently presented tiny
lesions at the left rolandic cortex over two years follow-
up." In addition, 58.3% (7/12) of patients with nonclas-
sic SLLs developed classic SLLs over the 3-year follow-up.
One of our cases, who harboring m.14487 T > C variant,
exhibited a small cortex lesion in the occipital lobe and
developed classic SLLs 2 years later.*' In addition, these
single, multiple, or disseminated lesions were all confined
to the cerebral cortex.

In a prospective cohort study of the brain MRI features
of Japanese MELAS patients (13 MELAS-A3243G),”
34.1% of SLLs were nonclassic; however, most of these

cases were pediatric-onset. In our cohort, of the six
pediatric-onset patients (mt-ND n =4; m.3243A > G
n = 2), only two mt-ND variant patients showed nonclas-
sic SLLs. In another retrospective study with 30 patients
with CI deficiency caused by mt-ND or nDNA,** 100.0%
showed bilateral brainstem lesions (30/30), 26.7% (8/30)
presented with supratentorial SLLs, while the isolated
SLLs were never observed. The obvious contrast between
these studies with ours might due to the difference in
phenotype and age of onset, with most of their patients
presenting with leigh syndrome and 86.7% (26/30) were
pediatric-onset while only 22.2% (4/18) had pediatric
onset in our cohort. Thus, MELAS-mtND patients may
frequently show single/multiple/disseminated small corti-
cal lesions, basal ganglia lesions, and/or brain stem
lesions. Nonclassic SLLs may have easily led to underdiag-
nosis or misdiagnosis in some cases in our patients, with
a time to diagnosis of more than 6 years. Thus, it is
important for clinicians to perform a differential diagno-
sis of mitochondrial disease, especially mt-ND variants,
when nonclassic SLLs appeared.

Although, the absence of RRFs and/or COX-deficient
fibers in the muscle pathology of patients with mt-ND
pathogenic variants was commonly reported in Leigh syn-
drome,*** its occurrence probability in adult MELAS
patients is rarely reported. Our cohort showed MELAS-
mtND patients showed a lower presentation of RRFs and
COX-deficient fibers/blue fibers in contract with MELAS-
A3243G patients. Consistently, a study showed that 38.5%
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(5/13) of patients carrying m¢-ND without morphologic
muscle changes while 6.5% (6/93) in MELAS-A3243G.*
Both RRFs and COX-deficient fibers are pathological hall-
marks of mitochondrial disease, in which RRFs represent
the proliferation of abnormal mitochondria in muscle
fibers. There are several factors that may influence the
formation of RRFs and COX-deficient fibers, including
the genotype and genetic heteroplasmy among muscle
fibers and the course of the disease. mt-ND variants
mainly affect the function of CI, which may affect the
activity of complex IV less than m.3243A > G variant
does. In addition, considering that all the patients with
normal muscle pathology had adult onset in our cohort,
it is unlikely that pathological changes were too early to
form; hence, there could be a different underlying mecha-
nism. Recently, the mitochondrial integrated stress
response (ISR)*® and mTORC1" were reported to involve
in the formation of RRFs and COX-deficient fibers. Fur-
thermore, study showed that impairment of CI activity in
myotube did not activate the ISR.*® Hence, ISR and the
mTORCI1 pathway may be associated with the different
pathological features between MELAS-mtND and
MELAS-A3243G.

This study was limited by the inherent to single-center
observational design and the small sample size. mtDNA
mutations are known to exhibit variability in phenotype—
genotype expression, and the severity of MELAS is highly
dependent on the degree of heteroplasmy. Therefore,
more cohort studies are needed to draw conclusions
about the relative severity of mutations in mt-ND without
considering the level of heteroplasmy.

Nonetheless, this retrospective study supports the view
that mt-ND variants cause a common pattern of clinical,
muscle pathology and brain MRI findings. We suggest
considering m#-ND variants when a patient presents with
small cortical SLLs and/or basal ganglion lesions with
normal stature and BMI, no family history and normal
muscle pathology. Finally, further genetic analysis of the
muscle tissue, other than blood cells, would facilitate fas-
ter gene identification.
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