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ABSTRACT

BACKGROUND AND PURPOSE: Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS) syndrome
is a rare mitochondrial disorder affecting children and young adults. Stroke-like episodes are often associated with acute cortical
lesions in the posterior cerebral cortex and are classically described as asymmetric and transient. In this study we assessed the ana-
tomic distribution of acute cortical lesions, the incidence of symmetry, and the temporal evolution of lesions.

MATERIALS AND METHODS: This was a retrospective cohort study of patients who had a confirmed genetic diagnosis of a patho-
genic variant associated with MELAS and MR imaging performed at our center (2006–2018). Each MR imaging study was assessed for new
lesions using T1, T2, FLAIR, DWI, ADC, and SWI. The anatomic location, symmetry, and temporal evolution of lesions were analyzed.

RESULTS: Eight patients with the same pathogenic variant of MELAS (MT-TL1 m.3243A.G) with 31 MR imaging studies were
included. Forty-one new lesions were identified in 17 of the studies (5 deep, 36 cortical). Cortical lesions most commonly affected
the primary visual cortex, the middle-third of the primary somatosensory cortex, and the primary auditory cortex. Thirty of 36
cortical lesions had acute cortical diffusion restriction, of which 21 developed cortical laminar necrosis on subacute imaging. Six of
11 studies with multiple lesions showed symmetric cortical involvement.

CONCLUSIONS: Acute cortical lesions in MELAS most commonly affect the primary visual, somatosensory, and auditory cortices,
all regions of high neuronal density and metabolic demand. The most common pattern of temporal evolution is acute cortical dif-
fusion restriction with subacute cortical laminar necrosis and chronic volume loss. Symmetric involvement is more common than
previously described.

ABBREVIATIONS: BA 4 Brodmann area; MELAS 4 mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes

Mitochondrial encephalomyopathy with lactic acidosis and
stroke-like episodes (MELAS) syndrome is a rare mito-

chondrial disorder affecting children and young adults. MELAS
typically presents between 2 and 40 years of age with stroke-like
episodes (classically acute hemiparesis, hemianopia, or cortical
blindness), seizures, recurrent headaches, or muscle weakness
and can progress with multifocal cerebral atrophy into demen-
tia.1-3 MR imaging is helpful in establishing the diagnosis through

demonstration of cortical lesions of varying ages that do not con-
form to typical vascular distributions.4,5

Two established sets of clinical diagnostic criteria exist for the
syndrome (Hirano et al,6 1992, and Yatsuga et al,1 2012), with the
latter taking into account developments in genetic diagnoses
(On-line Table 1). While at least 15 different mitochondrial
mutations have been associated withMELAS, a single base substi-
tution mutation of adenine for guanine at nucleotide pair 3243 of
the mitochondrial DNA molecule (MT-TL1 m.3243A.G patho-
genic variant) is present in approximately 80% of cases.2,7

Phenotypic expression of this genotype is variable and dependent
on heteroplasmy of mitochondrial DNA, which can influence the
age of presentation and disease burden.8,9 Elevated lactate and
pyruvate levels are often found on blood and CSF analysis,
and muscle biopsy typically demonstrates ragged-red fibers and
strongly succinate dehydrogenase–reactive vessels.1,2,10

Typical MR imaging findings in an acute stroke-like episode
of MELAS include gyral swelling,4,5 gyriform cortical diffusion
restriction (previously thought not to occur in MELAS but
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increasingly recognized in early imaging),10-13 subcortical white
matter T2 FLAIR hyperintensity with elevated ADC values,10,11

and elevated parenchymal lactate in both acutely affected and
nonaffected brain regions on MR spectroscopy.4,14 Lesions fre-
quently spread to the cortex of adjacent gyri with time in a migra-
tory fashion, resulting in large regions of cortical involvement
that cross the boundaries of arterial vascular territories, often
associated with seizures.10,15,16 In the subacute phase, cortical
lesions may develop T2 hypointensity (“black toenail sign”) and
T1 gyriform hyperintensity, in keeping with cortical laminar ne-
crosis.17-19 In the chronic stage, gyral infarcts evolve into areas of
encephalomalacia, volume loss, and progressive multifocal cere-
bral and cerebellar atrophy, with associated cognitive decline.3

Symmetric basal ganglia calcifications have also been described.20

The anatomic distribution of acute lesions is typically in the
occipital, parietal, and posterior temporal lobes as well as the cer-
ebellar hemispheres,1,5,20 though involvement of the lateral tem-
poral cortex, mesial temporal lobes, and posterior frontal cortex
has been described.19,21,22 Classic involvement of the pericalcar-
ine visual cortex in the medial occipital lobes is associated
with episodes of hemianopia or cortical blindness.1,23

Cortical involvement has typically been described as asym-
metric4-6,17; however, cases with symmetric involvement are
increasingly recognized,19,24 and the incidence of symmetric
involvement is unknown.

In this study, we aimed to assess, in detail, the anatomic distri-
bution of acute cortical lesions in MELAS, the incidence of sym-
metric involvement, and the temporal evolution of lesions.

MATERIALS AND METHODS
Ethics approval for this study was granted by the University
Health Network Research Ethics Board (approval No. 13–6081).
This was a retrospective cohort study of patients meeting the fol-
lowing inclusion criteria: 1) confirmed genetic diagnosis of a

pathogenic variant associated with MELAS, and 2) MR imaging
performed at our center between 2006 and 2018.

The following data points were collected from the electronic
patient records: sex, age in years at the time of first MR imaging
at University Health Network, Toronto, clinical presentation for
each MR imaging study performed, and results of mitochondrial
DNA genetic testing. Imaging was initially assessed by a fellow-
ship-trained diagnostic neuroradiologist (P.K.), and the findings
were then confirmed with independent assessment by a fellow-
ship-trained diagnostic and interventional neuroradiologist
(K.D.B.). Disagreements were resolved by a senior reviewer (T.K.).

Each available MR imaging study (all performed on the same
3T machine, which has undergone multiple hardware and soft-
ware upgrades during this 12-year period) was assessed for new
cortical or deep parenchymal lesions, defined as a T2 FLAIR focal
hyperintensity affecting the cortex/folia and/or juxtacortical white
matter (cortical lesion) or the deep parenchymal structures and
not present on the prior study (if available), and excluding cases
of spread from contiguous gyri affected on the previous study.
Sequence-specific imaging characteristics of each new lesion were
assessed on T1, T2, FLAIR, DWI (b4 1000), ADC, SWI, MR
spectroscopy, and, when available, gadolinium-enhanced T1 imag-
ing. Sequence acquisition protocols have been refined on multiple
occasions within the past decade and, thus, were not uniform.

The anatomic location of each lesion was identified (On-line
Table 2 has a full list of brain locations assessed), and the pres-
ence of symmetric acute cortical lesions was assessed (involving
symmetric gyri or cortical regions). The presence of superficial
cortical T2 sparing (involvement of the middle/deep layers of the
cortex only) was noted. When serial imaging was available, the
evolution of lesion DWI, ADC, and T2 signal was assessed as was
the presence of old infarcts and volume loss. Lesion evolution
was compared between lesions that demonstrated low ADC ver-
sus normal/high ADC values on initial imaging.

Table 1: Genetic testing results and clinical presentation
Patient
No. Sex

Agea

(yr)
No. of MR Imaging
Studies Available Genetic Testing Results Clinical Presentation: First Available MR Imaging

1b Female 20 2 MT-TL1 m.3243A.G Stroke-like episode
Right facial numbness

2b Female 27 1 MT-TL1 m.3243A.G
Heteroplasmy 21%

Asymptomatic
Screening MRI after sibling diagnosed

3 Male 56 1 MT-TL1 m.3243A.G Follow-up study
Childhood diagnosis

4 Female 23 10 MT-TL1 m.3243A.G Stroke-like episode
Right hemiparesthesia followed 1 week later by
partial status epilepticus

5 Female 32 2 MT-TL1 m.3243A.G Follow-up study
Childhood diagnosis

6 Female 18 8 MT-TL1 m.3243A.G Seizure
Left upper limb paresthesia with secondary
generalization

7 Male 26 6 MT-TL1 m.3243A.G Encephalopathy
Confusion and headaches

8 Female 40 1 MT-TL1 m.3243A.G Stroke-like episode
Right homonymous hemianopia

Note:—MT-TL1 m.3243A.G indicates a substitution point mutation of adenine for guanine at nucleotide pair 3243 in the MT-TL1 mitochondrial DNA sequence (associ-
ated with 80% of all MELAS cases).
a Age at time of first MR imaging available for review.
b Siblings.
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RESULTS
Eight patients who underwent 31 MR imaging studies fulfilled
the inclusion criteria (women4 6, men4 2; age, mean 26.1
years; range, 18–56 years at imaging). The demographics, clinical
presentations, genetic testing findings, and number of MR imag-
ing studies available for review are reported in Table 1. All 8
patients had the same genetic pathogenic variant—MT-TL1
m.3243A.G (the mutation that is responsible for approximately
80% of all MELAS cases). Two patients (patients 1 and 2) were
siblings. Fifteen of 31 MR imaging studies were performed for
assessment of an acute neurologic episode (5 for seizures, 9 for
stroke-like episodes, 1 for confusion/encephalopathy), 1 study
was screening of an asymptomatic individual with an affected sib-
ling and confirmed genetic diagnosis, and 15 studies were follow-
up without new acute neurologic deterioration. Lesion imaging
characteristics are outlined in Table 2.

New Lesions
Across 17 MR imaging studies demonstrating new lesions, 41
new lesions were identified (Table 2). Six studies demonstrated a
single new lesion, and 11 studies demonstrated multiple lesions.
Fifteen studies were performed for the indication of an acute neu-
rologic episode, and 2 studies that were performed purely for fol-
low-up demonstrated new lesions. Six of 8 patients demonstrated
old infarcts with volume loss and multifocal cerebral atrophy, 3
patients had atrophy on the baseline or only available study, and
3 patients developed progressive atrophy during serial imaging.

Three of 5 patients who underwent MR spectroscopy assessment
demonstrated elevated lactate doublet peaks in both acutely
affected and nonaffected regions of subcortical white matter
using single-voxel long-TE 1H-MRS (TE4 288ms), with con-
firmatory peak inversion to separate lactate from lipid on inter-
mediate TE acquisitions (TE4 144ms).

Anatomic Distribution and Symmetry
Anatomic distribution results are detailed in On-line Table 3. In
summary, the most commonly affected locations were the peri-
calcarine cortex of the inferior cuneus in the medial occipital
lobe–primary visual cortex: Brodmann Area 17 (BA17) (n4 5);
the middle-third of the postcentral gyrus in the parietal lobe–pri-
mary somatosensory cortex: BA3 (homunculus hand/arm region)
(n4 5); the ventral posterolateral thalamus (n4 4); the posterior
half of the superior temporal gyrus–primary auditory cortex: BA
41 and 42 (n4 3); and the cerebellar hemisphere posterior lobe
folia surface (n4 3; two superior, 1 inferior). Four lesions crossed
multiple (.2) cortical regions at initial imaging. Five new lesions
were deep in location (4 thalamic, 1 red nucleus, and 36 cortical
(33 cerebral, 3 cerebellar). Patients 4 and 6 (who had 10 and 8 MR
imaging studies, respectively) both demonstrated a caudal-to-ros-
tral evolution in the distribution of cortical lesions with time.

Symmetric new acute lesions were identified in 6 of the 11
studies with multiple new lesions, with symmetry of not just the
gyrus involved but to the level of the cortical area/nucleus in all
cases (On-line Table 3).

Table 2: MR imaging characteristics and temporal evolution of new lesions in MELAS
Sequence Intensity No. of Lesions: Deep No. of Lesions: Cortical

Acute (first week) Total: 5 Total: 36
T1 (spin-echo) ; 0 24
T2 (spin-echo) : 5 36

T2 sparing of superficial cortex 23
T2 FLAIR : 5 36
DWI (b = 1000) : 0 34
ADC ; 0 30
SWI ; 0 0

Subacute (second-to-fourth weeks)
Prior low ADC 0 30

Follow-up imaging available 0 29
T1 : 12
T2: black toenail sign ; 21
SWI ; 7

Prior normal/high ADC 5 6
Follow-up imaging available 5 6
T1 : 0 0
T2: black toenail ; 0 0
SWI ; 0 0

Chronic (.3 mo)
Prior low ADC 0 30

Follow-up imaging available 0 19
Volume loss 19

Prior normal/high ADC 5 6
Follow-up imaging available 4 4
Volume loss 2 0

1H-MRS performed Doublet at 1.3 ppm 5 Patients
Long TE (288 ms) Elevated 5 Patients
Intermediate TE (144 ms) Inverted 5 Patients
Affected white matter 5 Patients
Nonaffected white matter 3 Patients

Note:—; indicates hypointense signal; :, hyperintense signal.
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Lesion Imaging Characteristics
The 5 deep lesions all demonstrated T2 and FLAIR hyperintensity
without diffusion restriction or susceptibility artifacts. Of the 36
cortical lesions, all 36 had T2 and FLAIR hyperintense cortical and
subcortical white matter hyperintensity (100%), 30 had intracorti-
cal gyriform diffusion restriction (83.3%), 23 demonstrated T2
sparing of the most superficial cortical layers (63.9% of all cortical
lesions, 76.7% of restricting lesions), 24 had acute T1 hypointensity
(66.7% of all cortical lesions, 80% of restricting lesions), and none
had susceptibility-weighted artifacts at baseline assessment (Table
2). Gadolinium-enhanced T1 imaging was available in only 2 stud-
ies with an acute lesion and subacute lesions, respectively, demon-
strating adjacent leptomeningeal but no cortical enhancement in
the acute lesion and mild intracortical enhancement at the sites of
prior diffusion restriction in the subacute lesions.

Of 30 cortical lesions demonstrating acute diffusion restric-
tion, follow-up imaging was available for 29 lesions: Twenty-one
lesions evolved to develop T2 hypointense cortical signal on suba-
cute follow-up (black toenail sign, 72.4%), and 12 lesions devel-
oped cortical T1 hyperintensity (41.4%). Long-term follow-up
imaging (.3months later) was available for 19 of 30 restricting
lesions, all of which were associated with focal volume loss (Table
2). Temporal evolution of a typical cortical diffusion-restricting
lesion is shown in Fig 1.

DISCUSSION
Pathophysiology
The pathophysiology of acute cortical lesions in MELAS is uncer-
tain. Two major theories for their development are the cytopathic
theory and the angiopathic theory.10,25 The cytopathic theory
proposes that defects in oxidative phosphorylation resulting from
the mitochondrial mutation cause neuronal and glial cellular dys-
function, potentially resulting in cell death during periods of
higher metabolic activity.25,26 Known higher baseline metabolic
activity in the occipital cortex may partially explain the posterior
distribution of lesions in this theory.25,27 The angiopathic theory
proposes that abnormal mitochondrial function in the arteriolar
endothelium results in impaired autoregulation and subsequent
ischemia.28

Anatomic Distribution of Cortical Lesions
Preferential distribution of lesions in the posterior cortical
regions is well-described in MELAS.1,4,16,20,21,23 The particular
predominance of pericalcarine visual cortex involvement is a clas-
sic feature and explains the frequent clinical presentations with
hemianopia or cortical blindness.1,4,10,23 The primary visual cor-
tex (BA17) has one of the highest metabolic demands of all corti-
cal regions.27 Across the cortical sheet, neuronal density is also
highest in the primary visual cortex.29 Visual cortex neurons have
far more extensive glutaminergic dendritic input than motor cor-
tex neurons, with increased energy demands to maintain ionic
homeostasis following excitatory depolarization.27,30 In addition,
dendrite-rich areas of the cortex are particularly vulnerable to
hypoxic damage.31 These considerations may support the cyto-
pathic theory of pathogenesis.

The primary somatosensory cortex was the second most com-
mon distribution in our study, most often involving the anterior
cortex in the middle-third (hand/arm region) of the postcentral
gyrus (BA3) (Fig 1). The distribution of mitochondria is greatest
in dendrites relative to other cell components,32 leaving the den-
drite-rich sensory cortex vulnerable to the effects of dysfunctional
oxidative phosphorylation. The sensory cortex is known to be
particularly vulnerable to hypoxia-induced injury.33

Primary motor cortex (BA4) involvement was seen in our
study despite the known lower neuronal density,34,35 was fre-
quently symmetric, and was restricted to the middle or lateral
thirds with relative sparing of the medial third (identical to the
somatosensory distribution). The middle and lateral aspects of
the motor cortex are in charge of fine movements of the fingers,
tongue, and lips, having higher neuronal density and metabolic
activity than those of the more medial leg/foot regions.34

The highly specific distribution of acute lesions to focal corti-
cal areas of higher neuronal density and metabolic demand
would, in our opinion, favor the cytopathic theory of pathogene-
sis. An additional interesting finding in 2 patients was the evolv-
ing caudal-to-rostral lesion distribution across time, beginning in
the visual cortex, then involving the parietal cortex, and finally
involving the motor cortex and middle frontal gyri in later stud-
ies. This caudal-rostral evolution may represent progression in

FIG 1. Axial MR imaging shows temporal evolution of an acute cortical lesion in a patient with MELAS presenting with an acute stroke-like epi-
sode with left upper limb sensory loss. A, DWI (b = 1000) image from the day after symptom onset shows hyperintense intracortical signal in the
middle-third of the right postcentral gyrus (hand/arm region of the primary somatosensory cortex). B, ADC image shows corresponding hypoin-
tense intracortical signal in keeping with diffusion restriction (white and black arrows). C, T2-weighted spin-echo image shows T2 hyperintensity
in the deeper cortical layers and juxtacortical white matter (black arrow), with sparing of the superficial cortex (white arrow). D, Progress T2-
weighted spin-echo image obtained 3 weeks later shows focal intracortical hypointense signal (black arrow) and mild volume loss, in keeping
with pseudolaminar necrosis (black toenail sign).
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the severity of cellular dysfunction with time, which initially man-
ifests in the most vulnerable cortex before affecting less vulnera-
ble regions.

Symmetry
Symmetric cortical involvement was more common in our study
than previously described (one-third of all studies positive for
new lesions half of all studies with multiple lesions) and was
more specific than lobar or gyral involvement, involving specific
cortical regions (eg, the primary visual cortex, hand region of the
primary sensory or motor cortices, and the primary auditory
cortex) (Fig 2). There was even specificity to the anterior cortex
of only the middle-third of the postcentral gyrus (BA3 rather
than BA1 or 2) and posterior cortex of the middle-third of the
postcentral gyrus (Fig 2B). Symmetric lesions have been previ-
ously described involving the precentral gyri in a postmortem-
proved case19 and in the superior temporal gyri in a case of
acute cortical deafness.24

Many published descriptions2,4,5,10,17 state that asymmetric
cortical involvement is helpful in making the diagnosis of
MELAS. Our results would suggest that highly specific cortical
symmetry should also raise the possibility of MELAS. In our
opinion, the presence of such specific symmetry also supports the
cytopathic theory of pathogenesis.

Cortical Laminar Necrosis and Temporal Evolution
Our results demonstrated 2 typical patterns of temporal evolution
(Table 2). More commonly, lesions had acute diffusion restric-
tion, with subacute cortical laminar necrosis and chronic volume
loss. Less commonly, there were reversible lesions that did not
restrict acutely or undergo volume loss. The reversible pattern is
well-described in early MELAS imaging literature (transient
“fleeting” cortical lesions),4-6,20,22 but our more common pattern
of intracortical necrosis is increasingly recognized10,17-19,23,36 and
may reflect earlier imaging with enhanced sequence protocols
across time. Reversible lesions may represent limited neuronal

damage that does not reach the threshold for irreversible cell
damage.10,17,21,36

Cortical laminar necrosis (more correctly pseudolaminar ne-
crosis) is a histopathologic finding in conditions causing cortical
energy depletion such as ischemic stroke, diffuse hypoxic injury,
or hypoglycaemia.36-38 It likely represents selective intracortical
neuronal loss in hypoxic environments, whereas pannecrosis of
the mantle may be seen with more severe thrombo-occlusion
resulting in full-thickness infarction.39,40 Both inherited
(MELAS17) and acquired (cyanide poisoning41) mitochondrial
conditions are known to cause pseudolaminar necrosis. The typi-
cal subacute gyriform intracortical T1 hyperintensity with T2
hypointensity on MR imaging does not represent hemorrhage
but rather lipid-laden macrophages.38 The laminar nature of the
necrosis preferentially spares the subpial superficial cortical
layers,17,36,38,42 with the greatest involvement of the neuron-rich
middle cortical layers (layers III–V).40

Superficial Cortical T2 Sparing
In acute cortical lesions, 23/36 demonstrated T2 sparing of the
superficial cortex, and all these lesions had diffusion restriction
with subsequent volume loss (Table 2). This pattern of superficial
sparing has been previously described in MELAS17,19,36 and likely
reflects pseudolaminar necrosis with relative superficial-layer
sparing (as discussed above).17,38

Limitations
Our study is limited by its retrospective nature, the presence of
an asymptomatic patient (though this does allow assessment
across differing phenotypes), and variable MR imaging sequence
protocols that evolved with time. MR spectroscopy was not per-
formed in all patients. It is also likely that young patients imaged
at our center with an acute stroke-like episode underwent follow-
up and genetic testing at other centers and were not identified by
our methodology. The sample size is small but has homogeneity
of the genotype.

FIG 2. Axial MR imaging shows 4 examples of symmetric cortical involvement by acute lesions in patients with MELAS. A, T2-weighted spin-
echo image shows symmetric hyperintense signal in the deep cortex and juxtacortical white matter of the bilateral medial frontal gyri, with spar-
ing of the superficial cortex (typical for pseudolaminar involvement). B, T2-weighted spin-echo image shows symmetric hyperintense intracorti-
cal signal in the middle-thirds (black arrows) of the bilateral precentral gyri (hand regions of the primary motor cortex), with sparing of the
superficial cortex. C, T2-FLAIR image shows symmetric cortical and subcortical hyperintense signal in the pericalcarine cortex of the bilateral
medial occipital lobes (primary visual cortex). D, T2-FLAIR image shows symmetric cortical and subcortical hyperintense signal in the posterior
halves of the bilateral superior temporal gyri (primary auditory cortex).
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CONCLUSIONS
Acute cortical lesions in MELAS most commonly affect the pri-
mary visual, somatosensory, motor, or auditory cortices (BA 17,
3, 4, 41, and 42), corresponding to regions of increased neuro-
nal density and metabolic demand. Diffusion restriction with
cortical laminar necrosis is common and leads to volume
loss. Symmetric lesions occur more frequently than previ-
ously described.

Disclosures: Timo Krings—UNRELATED: Consultancy: Stryker, Medtronic, Penumbra;
Royalties: Thieme; Stock/Stock Options: Marblehead.
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