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ORIGINAL RESEARCH
PEDIATRICS

MELAS: Phenotype Classification into Classic-versus-Atypical
Presentations

C.A.P.F. Alves, A. Zandifar, J.T. Peterson, S.Z. Tara, R. Ganetzky, A.N. Viaene, S. Andronikou, M.J. Falk,
A. Vossough, and A.C. Goldstein

ABSTRACT

BACKGROUND AND PURPOSE: An increased number of pathogenic variants have been described in mitochondrial encephalomyop-
athy lactic acidosis and strokelike episodes (MELAS). Different imaging presentations have emerged in parallel with a growing recog-
nition of clinical and outcome variability, which pose a diagnostic challenge to neurologists and radiologists and may impact an
individual patient’s response to therapeutic interventions. By evaluating clinical, neuroimaging, laboratory, and genetic findings, we
sought to improve our understanding of the sources of potential phenotype variability in patients with MELAS.

MATERIALS AND METHODS: This retrospective single-center study included individuals who had confirmed mitochondrial DNA patho-
genic variants and a diagnosis of MELAS and whose data were reviewed from January 2000 through November 2021. The approach included
a review of clinical, neuroimaging, laboratory, and genetic data, followed by an unsupervised hierarchical cluster analysis looking for sources
of phenotype variability in MELAS. Subsequently, experts identified “victory-variables” that best differentiated MELAS cohort clusters.

RESULTS: Thirty-five patients with a diagnosis of mitochondrial DNA–based MELAS (median age, 12 years; interquartile range, 7–24
years; 24 female) were eligible for this study. Fifty-three discrete variables were evaluated by an unsupervised cluster analysis,
which revealed that two distinct phenotypes exist among patients with MELAS. After experts reviewed the variables, they selected
8 victory-variables with the greatest impact in determining the MELAS subgroups: developmental delay, sensorineural hearing loss,
vision loss in the first strokelike episode, Leigh syndrome overlap, age at the first strokelike episode, cortical lesion size, regional
brain distribution of lesions, and genetic groups. Ultimately, 2-step differentiating criteria were defined to classify atypical MELAS.

CONCLUSIONS: We identified 2 distinct patterns of MELAS: classic MELAS and atypical MELAS. Recognizing different patterns in
MELAS presentations will enable clinical and research care teams to better understand the natural history and prognosis of MELAS
and identify the best candidates for specific therapeutic interventions.

ABBREVIATIONS: CSLL ¼ cortical strokelike lesion; LS ¼ Leigh syndrome; MELAS ¼ mitochondrial encephalomyopathy lactic acidosis and strokelike epi-
sodes; mtDNA ¼ mitochondrial DNA; mt-tRNA ¼ mitochondrial tRNA; SLE ¼ strokelike episode; SNHL ¼ sensorineural hearing loss

Mitochondrial encephalomyopathy lactic acidosis and
strokelike episodes (MELAS) is considered a canonical mi-

tochondrial disorder,1,2 primarily caused by pathogenic variants

in mitochondrial DNA (mtDNA), though few nuclear genes have
been considered.3-5

A 2012 study updated the clinical criteria for MELAS diagnosis
from the previous ones, described in 1992.6,7 The current criteria
include at least 2 category A and at least two category B criteria.
Category A is based on clinical symptoms and neuroimaging find-
ings, including headaches with vomiting, seizures, hemiplegia,
cortical blindness, and acute focal lesions involving the brain cor-
tex.7,8 Category B is based on laboratory results showing increased
plasma or CSF lactate, mitochondrial abnormalities on muscle bi-
opsy, and a MELAS-related pathogenic variant on genetic testing.
Although these well-defined MELAS diagnostic criteria have been
established, there is still large clinical, imaging, and outcome vari-
ability among patients with a diagnosis of MELAS.9

The MT-TL1 m.3243A.G is considered the most common
pathogenic variant identified with MELAS.10,11 However, reports
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show that the phenotype has a more diverse and heterogeneous
clinical spectrum, even within families.12-15 Moreover, other
mtDNA causes of MELAS include but are not limited to variants
such as m.3271T.C and m.3252A.G in MT-TL1. Recently,
MELAS has been described with other mtDNA genes, particu-
larly those linked to the mitochondrial respiratory chain complex
subunits involved with oxidative phosphorylation.9,16,17 In paral-
lel with the clinical and genetic variability, new imaging manifes-
tations are being recognized. Mitochondrial experts believe these
advances warrant a better, more granular delineation of this dis-
order and a revision of the current diagnostic criteria, which may
have direct implications for appropriate management and formu-
lation of clinical trials. Therefore, we sought to investigate the
variations in clinical features, brain MR imaging, laboratory and
genetic findings, and outcome differences in a mtDNA-based
MELAS cohort to provide an updated and comprehensive classi-
fication of this disorder.

MATERIALS AND METHODS
Setting and Participants
We designed this retrospective study according to the
Strengthening the Reporting of Observational Studies in
Epidemiology statement.18 The institutional review board (The
Children’s Hospital of Philadelphia) approved this study, and
informed consent was obtained. Brain MRIs were retrieved from
January 2000 to November 2021. We identified clinical cases
from the Mitochondrial Medicine Frontier Program. All individ-
uals with a diagnosis followed and treated as MELAS at our insti-
tution who had an available MR imaging were included. All
included individuals had a genetically confirmed primary mito-
chondrial disorder due to any pathogenic mtDNA variant with a
heteroplasmy level of.30% in at least 1 tested tissue.19 Individuals
with nuclear DNA etiologies were excluded.

Clinical and Outcome Data
Symptoms presenting from the onset of the disorder until the last
visit were recorded. One pediatric neurologist (A.C.G.) specializing
in mitochondrial disorders with 20 years of experience reviewed
the medical records to confirm the diagnosis and the accuracy of
the collected clinical data.

Genetic, Laboratory, and Histopathology Data
A genetic counselor (J.T.P.) reviewed genetic analyses performed
to confirm the pathogenic variants. Patients with nuclear DNA eti-
ologies causing strokelike episodes were not included in this
MELAS cohort because they likely have distinct pathogenesis and
may represent a better clinically-defined entity such as POLG-
related disorders.20,21 Comprehensive mtDNA genome sequencing
was completed via next-generation sequencing for most of the
cohort (31/35). Four of 35 individuals had only historical results
available and had either Sanger sequencing, real-time amplification
refractory mutation system polymerase chain reaction, or HaeIII
restriction digest testing for m.3243A.G. The maternal inheri-
tance pattern was confirmed when parental samples were available
and the proband had clinical and MR imaging findings supporting
a diagnosis of MELAS. Laboratory data (highest lifetime plasma,
CSF lactate, and plasma alanine) were noted when available. A

pediatric neuropathologist (A.N.V.) reviewed any available pathol-
ogy specimen results.

MR Imaging
MR imaging was performed on a variety of 1.5T and 3T scanners
(Siemens, GE Healthcare, Philips Healthcare). Detailed imaging
protocol and parameters can be found in a previous article pub-
lished by our group.9 Additional sequences including single-voxel
1H-MR spectroscopy, postcontrast axial T1-weighted imaging, ar-
terial spin-labeling, SWI, and DTI were assessed when available.

Brain MR imaging, previously performed for clinical purposes,
was independently reviewed by 2 neuroradiologists (C.A.P.F.A.
and A.V.). MR imaging examinations were reviewed on clinical-
grade viewing software, and data were collected using a standar-
dized form. Reviewers were blinded to patients’ genetic and clini-
cal features, but not to the primary diagnosis. MR imaging
findings were described according to their signal-intensity charac-
teristics and location in the brain. For cortical lesions, in addition
to the overall description, further classification was based on the
presence of small (,30mm) and/or large ($30mm) cortical
strokelike lesions (CSLLs) and number, symmetricity, anatomic
and regional distribution of the lesions (frontal and anterior
parietal lobes were considered the anterior region, and posterior
parietal, insula, occipital, and temporal lobes, were considered
posterolateral regions), and the presence of subcortical white
matter extension. CSLLs were measured in their largest ante-
rior-posterior extension in the axial plane using FLAIR and/or
DWI sequences.

Unsupervised Clustering Analysis
All potential variables, including clinical, laboratory, and imaging
data, were pooled. We performed an unsupervised hierarchical
cluster analysis to expose any potential phenotype patterns across
cases of MELAS. To evaluate differences in variable frequencies
among the clusters, we compared all included variables using
appropriate statistical tests. In the second step, we calculated the
agglomerative coefficient of our clustering before and after
removing each variable to find its contribution size. According to
agglomerative coefficient changes, we selected the strongest varia-
bles to differentiate the subgroups. On the basis of the modified
variable list, the final agglomerative coefficient was calculated to
confirm the optimization of our cluster analysis. The association
between the assigned clusters and the genetic data was assessed at
this step. To ensure the quality of clustering, we used the average
silhouette method to confirm the optimal number of clusters.

Expert Panel
A team of mitochondrial medicine specialists was invited to the
expert panel. They were provided with a summary of unidentified
patient data and were asked to categorize patients into classic
MELAS or an atypical phenotype based on the modified variable
list. The experts were blinded to the results of unsupervised clus-
tering during categorization. Furthermore, they indicated which
modified variables played an important role in categorization and
could be considered “victory-variables” to differentiate the clus-
ters. Finally, the expert clustering was compared with the results
of the unsupervised cluster analysis. To define the differentiating
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criteria, we weighted victory-variables according to their specificity,
and score cutoffs were determined to differentiate classic MELAS
from atypical MELAS.

Longitudinal Evaluation
Individuals were evaluated longitudinally to determine their clini-
cal course and prognosis based on medical complications and the
pattern of progression of the neuroimaging findings. Poor clinical
prognosis was defined as respiratory failure and bulbar dysfunc-
tion. Survival at last evaluation or age at death or both were deter-
mined. For the neuroimaging pattern of progression, the interval
appearance of new lesions, increased size of previously detected
lesions, and extensive volume loss from baseline MR imaging to
the last MR imaging study were defined as poor outcomes.

Statistical Data
Data were analyzed using R statistical and computing software
(Version 3.5.1; http://www.r-project.org/), SPSS Statistics for
Windows (Version 26.0; IBM), and MedCalc Software odds ratio
calculator (Version 20.106; https://www.medcalc.org/calc/odds_
ratio.php). Numeric variables were described according to their
distribution with median and interquartile range and were com-
pared using the Mann-Whitney U test. Categoric variables were
expressed as percentages and frequency and were compared
using the Fisher exact test and an OR with a 95% CI. Two-sided

P values , .01 were considered statistically significant. Kaplan-
Meier curves and log-rank tests were used to determine the dif-
ferences in the occurrence of respiratory failure and bulbar dys-
function between different types of MELAS.

RESULTS
One hundred twenty-one of 237 patients with a confirmed mi-
tochondrial disorder had brain MRIs available for review.
Thirty-five of these 121 individuals had a diagnosis of MELAS
and pathogenic mtDNA variants.6 Our cohort had a median age
at symptom onset of 10 years (interquartile range ¼ 4–19 years)
and a male/female ratio of 2.2:1. A total of 79 brain MRIs (base-
line and follow-up studies) were available. Follow-up MRIs were
accessed for 26 of 35 (74%) individuals. Longitudinal clinical
data were available for all patients. At the time of this analysis, 3
of 35 patients were deceased with the ages of death at 0.1, 1.8,
and 7 years. Two had brain pathology specimens (1 surgical bi-
opsy and 1 postmortem) available that showed indistinguishable
infarctions consistent with vasculonecrotic lesions and vascular
mitochondrial dysfunction (Fig 1). Demographic, clinical, labora-
tory, and genetic data are summarized in the Online Supplemental
Data.

The schematic workflow of the successive steps is shown in
Fig 2. Fifty-three variables were evaluated by unsupervised clus-
ter analysis and visualized through a heatmap, which revealed 2

FIG 1. A, Biopsy of the cerebellum showing a subacute infarct involving the folia (H&E stain, original magnification �40). B, Higher magnification
of the subacute infarct. There is rarefaction, marked vascular proliferation, and macrophage collections within the molecular layer as well as loss
of Purkinje neurons (H&E stain, original magnification �100). C, CD68 immunostain demonstrates numerous macrophages within the molecular
layer (CD68 immunostain, original magnification�40). D, Glial fibrillary acidic protein (GFAP) highlights reactive gliosis (GFAP immunostain, origi-
nal magnification �40). E, Postmortem tissue from a second, classic MELAS patient demonstrates the cortex with an infarct involving the gyral
crest (H&E stain, original magnification�40). F, Higher magnification image of the infarct shows neuronal loss, tissue rarefaction, and gliosis (H&E
stain, original magnification�200).
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phenotype patterns among the mtDNA-based MELAS cohort
(Online Supplemental Data). The average silhouette confirmed 2 to
be the optimal number of cohort subgroups (Online Supplemental
Data). When comparing the frequency of included variables
between the 2 clusters, we found differences in 18 of 53 variables
(all with P value , .01) (Online Supplemental Data). In the

second step, agglomerative scores of the clusters were calculated
before and after removing each variable, and 24 variables with a
positive contribution were selected to optimize the clusters. The
overall agglomerative score of the clustering changed from 0.72
to 0.83, with more distinct patterns of the variables evident in the
visual heatmap (Fig 3). Comparing the results of unsupervised

FIG 2. Work flow diagram. yo indicates years of age.
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cluster analysis with the genetic data demonstrated that the mito-
chondrial tRNA (mt-tRNA) variants were more associated with
one of the clusters while respiratory chain subunit genes were
associated with the other cluster (OR ¼ 26; 95% CI, 2.8–241;
P value¼ .001).

Subsequently, the experts, blinded to the distribution of cases,
were asked to categorize the patients into 2 subtypes using the 24
variables and the genetic data. The expert categorization results
were then compared with the cluster subgroups, which showed
31 agreements and 4 discrepancies in assigning the individuals
into 2 categories.

To enrich the clustering with clinical judgment, the experts
reviewed the 24 variables and selected the most discriminating to
differentiate MELAS subgroups from clinical, neuroimaging, and
genetic perspectives, noteworthy all with P value, .01. Eight var-
iables were selected as victory-variables. These victory-variables
included the following: A) 5 clinical and demographic findings:
1) developmental delay, 2) sensorineural hearing loss (SNHL), 3)
vision loss at strokelike episode (SLE) onset, 4) overlap with
Leigh syndrome (LS) as defined by additional symptoms of dys-
tonia and brain lesions in the basal ganglia and/or brainstem, and
5) age at first SLE (10 years or younger versus older than 10 years
of age); B) 2 neuroimaging variables: 1) the presence of large
CSLLs ($30mm), and 2) regional lesion distribution (anterior

and/or cerebellar versus posterolateral involvement, as previously
defined); and C) 1 pathogenic variant category: gene categories
involving the mt-tRNA variants or respiratory chain subunit
genes. According to these variables, 2 subgroups of MELAS were
defined.

Classic MELAS was associated with SNHL, vision loss at the
onset of SLE, the first SLE occurring at older than 10 years of age,
the presence of large CSLLs ($30mm), and the mt-tRNA variant
gene group. Atypical MELAS was associated with developmental
delay, LS overlap, the first SLE at 10 years of age or younger, small
CSLLs, cortical lesions predominantly located in anterior regions
of the brain (frontal and anterior parietal lobes) and cerebellar
cortex (the latter particularly in the context of MT-ATP6 var-
iants), and belonging to the respiratory chain subunit gene group
(Fig 4). There were no differences among the subgroups based on
other imaging features, including other cortical changes,22 num-
ber of areas with hyper- or hypoperfusion on arterial spin-label-
ing, MR spectroscopy, iron deposition, or cerebellar atrophy.

Ultimately, using the victory-variables, we defined a 2-step
criterion to differentiate the subtypes generated by the cluster
analysis. The first step was to calculate a score on the basis of 5
clinical and 2 neuroimaging findings. The second step involved
using genetic data for equivocal cases. On the basis of the speci-
ficity of victory-variables, LS overlap and SNHL were weighted

FIG 3. Unsupervised cluster analysis of the binary data based on the modified variable list (y-axis) using the Ward hierarchic clustering method.
Each column represents 1 patient (x-axis). Red and blue squares show the presence and absence of the findings in each patient, respectively. At
the top of the heatmap, the height of the dendrogram for main clusters demonstrates the high distance between clusters, which confirms the 2
distinct patterns of disease.
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twice (high accuracy variables for cluster differentiation) rela-
tive to the other variables. The overall score (range from �4 to
15) was calculated for each case, and score cutoffs were defined
to differentiate classic MELAS from atypical MELAS. The calcu-
lated score of # �2 was defined as classic MELAS and $ 12
was defined as atypical MELAS. Scores between �1 and 11
were considered equivocal, which included cases in which the
expert opinion and the cluster data were incompatible. In these
cases, the genetic data were used as a confirmatory method to
define the final subtype of mtDNA-based MELAS (Table 1).

Longitudinal evaluation showed that patients diagnosed with
atypical MELAS based on the defined criteria had a higher
chance of experiencing respiratory failure [x 2(1) ¼ 4.686, P ¼
.03] and bulbar dysfunction [x 2(1) ¼ 10.885, P ¼ .001] during
the course of their disease (Fig 5). Among 3 deceased individu-
als, 2 had atypical and 1 had classic MELAS. Neuroimaging fol-
low-up studies showed that atypical MELAS was more often
associated with an increasing number of CSLLs during the dis-
ease course (OR¼ 24; 95% CI, 1.04–559; P ¼ .006).

DISCUSSION
While MELAS is a well-established mitochondrial disorder with a
generally recognizable clinical phenotype, the clinical, imaging,
genetic, and outcome variability of this complex syndrome
remains underrecognized. In this study, 2 subgroups of MELAS
were defined in a cohort of patients with MELAS on the basis of
key clinical, neuroimaging, and genetic categories. The constella-
tion of multiple variables from these 3 categories was evaluated,
and 8 victory-variables were selected. The 8 victory-variables
encompassed the following: A) 5 clinical/demographic variables:
age of the first SLE, SNHL, developmental delay, vision loss occur-
ring at onset of SLE, and overlap with LS; B) 2 neuroimaging vari-
ables: an anterior scattered region (frontal and anterior parietal
lobes) and/or cerebellar-versus-posterolateral (temporo-occipital
lobes) involvement, and cortical lesion size on the baseline MR
imaging; and C) 1 genetic variable: gene categories involving the
mt-tRNA variants or respiratory chain subunit genes.

Atypical MELAS was associated with symptoms occurring at
a younger age (SLE at younger than 10 years of age) and

FIG 4. Classic MELAS. A large unique cortical lesion involves the right occipital and temporal lobes (posterolateral region of the brain) with
FLAIR and T2 hyperintensity (A and B) and components of restricted diffusion in the medial occipital lobe confirmed in the ADC MAP (C and D).
Atypical MELAS. Scattered, multiple, small cortical lesions involving both frontal and parietal lobes with FLAIR hyperintensity (E–H). Atypical
MELAS with LS overlap. Multiple scattered cortical lesions with subcortical extension in association with basal ganglia involvement, configuring
LS overlap, with FLAIR hyperintensity (F) and some areas of restricted diffusion (I) confirmed in the ADC MAP, not shown. Atypical MELAS with
predominant cerebellar involvement. Cerebellar FLAIR hyperintensity (G) and components of restricted diffusion (J) were confirmed in the ADC
MAP, not shown.
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developmental delay, while classic
MELAS was associated with SNHL and
vision loss occurring at the first SLE.6,23

Although not part of the victory-varia-
bles, other important clinical differen-
ces should be considered to distinguish
between subtypes of MELAS, including
diabetes mellitus and migraine, which
demonstrated significant differences in
this study and are associated with clas-
sic MELAS.24-26 Conditions of individ-
uals with the classic form of MELAS
were rarely associated with LS (6%),
while this overlap was frequent in the
atypical MELAS subgroup (80%).
Following a complex clinical variability,
LS/MELAS overlap included mostly
individuals presenting with additional
symptoms of dystonia and the neuro-
imaging criteria for LS, including lesions
in the basal ganglia and/or brainstem.9

Consistent with reported literature,
the genetic category analysis showed
that mt-tRNA variants, particularly
MT-TL1 m.3243 A.G, were observed
in classic MELAS.13,14 In contrast, re-
spiratory chain subunit genes were
associated with atypical MELAS, specif-
ically variants in complex I (MT-ND1,
MT-ND3, MT-ND5) and complex V
(MT-ATP6, MT-ATP8) subunits. Even
though genes involving the respiratory
chain subunits have been established in
association with MELAS,9 most of these
genes are known to be causally related
to LS.27 In our cohort, the genetic results
were predictive of clinical and radiologic
phenotypes. However, there were excep-
tions seen, including 1 patient with the
MT-TL1 variant presenting with atypical
MELAS and 2 patients with subunit
genetic variants (MT-CYB, MT-ND5)
presenting with classic MELAS.

Neuroimaging findings with corre-
sponding imaging symptoms play a
critical role in the definition of MELAS,
often revealing a characteristic pattern
of disappearing and relapsing large
CSLLs in the brain.28 These lesions are
characteristically located in the occipi-
tal, posterior parietal, or temporal lobes,
not respecting vascular territories.28,29

We observed that large lesions mainly
involving the occipital and temporal
lobes were associated with classic
MELAS, similar to findings in the litera-
ture.28,29 Atypical patterns of CSLL,

Two-step differentiating criteria for distinguishing atypical MELAS from classic MELASa

Finding Category Findings Score
Step 1
Demographic First strokelike episode at younger than

10 years of age
11

Clinical Vision loss at strokelike episode onset �1
Clinical Overlap with LS spectrum 12
Clinical SNHL �2
Clinical Developmental delay 11
Neuroimaging Scattered, anterior/cerebellar lesions 11
Neuroimaging Presence of large CSLLs (.30mm)b �1

Step 2 (If �1 #score# 1)
Genetic Respiratory chain subunit gene group is most likely associated

with atypical MELAS; mt-tRNA genes group is most likely
associated with classic MELAS

a Score$2: atypical MELAS, score # �2: classic MELAS. If �1 #score# 1: equivocal (genetic study should be con-
sidered) !Step 2.
bCSLLs measured in their largest anterior-posterior extension in the axial plane using FLAIR and/or DWI
sequences.

FIG 5. A, Clinical outcome (rates of bulbar dysfunction between MELAS subgroups). B, Clinical
outcome (rates of respiratory failure between MELAS subgroups).
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including smaller size, lower frequency of posterolateral distribution,
and higher frequency of cerebellar involvement were noted in atypi-
cal MELAS. Additional association was noted between cerebellar
lesions (with or without supratentorial cortical involvement) and
MT-ATP6 variants in the context of atypical MELAS. Surveillance
MR imaging studies were also helpful in distinguishing subgroups;
although not part of the variable criteria to differentiate MELAS
subgroups, patients with atypical MELAS showed new lesions and
more severe progression of the atrophy in short follow-up studies,
supporting the more severe clinical outcome noted in this group.

Although there were several key differences distinguishing the
2 groups, all 35 individuals with MELAS in our cohort met the
MELAS diagnostic criteria. In addition, 2 individuals, 1 from each
group (classic and atypical), showed similar findings from histo-
logic analysis, further supporting the groups having shared similar
pathophysiology.29 The underlying pathophysiology of acute
SLE of MELAS has been elucidated during the past few decades,
with a major role related to altered nitric oxide metabolism
causing vascular endothelium dysfunction.24,30 Overall, less ni-
tric oxide is present in patients with MELAS due to excess cyto-
chrome c oxidase in smooth-muscle binding to nitric oxide.24,30

Therefore, MELAS places the individual at risk of SLE, especially
during periods of increased metabolic demand due to physio-
logic stressors.

The lesions may respond to specific therapy management,
particularly in the context of drugs implicated in the nitric oxide
pathway, such as arginine. These drugs have been considered as a
treatment for these patients, but there are currently no FDA-
approved medications for MELAS treatment, primarily because
there is a large outcome variability without a predictable response
to the drugs. Using homogeneous subgroups in clinical trials,
classic MELAS versus atypical MELAS, will likely be an important
factor contributing to drug development and in predicting a
response to therapeutic interventions. For promising future
results, the patient population must be carefully phenotyped; the
natural history of the disease, well understood; and the patient’s
health, optimized for trial readiness.31

The main limitation of this study is the potential bias from the
challenge of clinically diagnosing mitochondrial disorders. To
avoid the inclusion of patients without MELAS, a neurologist
performed a clinical chart review to confirm that each patient ful-
filled the established MELAS criteria, despite the presence of
other symptoms or clinical overlap syndromes. Because the
MELAS diagnosis is also based on radiologic appearance, our
study meets a crucial need by expanding the radiologic-pheno-
type spectrum of this disorder beyond that of existing literature.
Another limitation is that the sample size is relatively small. This
small size was due to our preference for using rigorous inclusion
criteria, recruiting only those patients with a definitive diagnosis
of MELAS; a full set of clinical, genetic, laboratory, and MR imag-
ing data available for review; and mtDNA pathogenic variants,
because the pathophysiology of the mtDNA replication defect
should be considered distinct from nuclear DNA disorders.

CONCLUSIONS
Overall, we have identified a composite set of parameters that col-
lectively serve as a clinical biomarker for distinguishing classic

and atypical subgroups of MELAS. These subgroups should be
prospectively validated in future natural history studies and may
be used in interventional clinical trials for defining clinical and
neuroimaging phenotypes and correlating these with underlying
gene etiologies and, ultimately, candidate treatment outcomes.
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