
Progressive encephalopathy in m.3243A > G/MT-TL1 mutation carriers: a 
quantitative EEG analysis

Anna Scarabello a, Federico Mason b, Lorenzo Ferri a,c , Flavia Baccari d, Alessandra Maresca e,  
Chiara La Morgia a,e , Laura Maria Beatrice Belotti d, Laura Licchetta c, Francesca Bisulli a,c,*,  
Valerio Carelli a,e, Lidia Di Vito c

a DIBINEM Department of Biomedical and Neuromotor Sciences, University of Bologna, Bologna, Italy
b Department of Information Engineering, University of Padova, Padova, Italy
c IRCCS Istituto delle Scienze Neurologiche di Bologna, Epilepsy Center (full member of the European Reference Network EpiCARE), Bologna, Italy
d IRCCS Istituto delle Scienze Neurologiche di Bologna, UO di Epidemiologia e Statistica, Bologna, Italy
e IRCCS Istituto di Scienze Neurologiche di Bologna, Programma di Neurogenetica, Bologna, Italy

A R T I C L E  I N F O

Keywords:
Quantitative EEG
Fractal dimension
m.3243A>G/MT-TL1 mutation

A B S T R A C T

Objective: The m.3243A > G/MT-TL1 mutation underlies a broad spectrum of clinical manifestations, varying 
from the mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) syndrome to incom
plete phenotypes without stroke-like episodes (SLE), termed MELAS-Spectrum Syndrome (MSS). We systemati
cally analyzed the longitudinal EEG changes in individuals carrying the m.3243A > G/MT-TL1 mutation through 
visual inspection of paroxysmal abnormalities and quantitative analysis of background activity.
Methods: Adults with the m.3243A > G/MT-TL1 mutation and at least two EEG recordings during their follow-up 
were included. For each EEG, we obtained: 1) delta-theta/alpha energy ratio (ER); 2) Higuchi fractal dimension 
(HD); 3) paroxysmal activities (AR), quantified by two experienced clinicians. A linear mixed model assessed the 
effect of early SLE phases as a time-dependent covariate.
Results: Sixteen patients (9 females) were recruited. ER significantly increased over time in temporal-parieto- 
occipital regions. EEG traces recorded shortly after SLEs showed significantly higher ER, lower HD, and an 
increasing AR trend.
Conclusions: Quantitative EEG metrics revealed a gradual disruption of posterior background rhythms in both 
MSS and MELAS. Early consequences of SLEs include background activity slowing, reduction of brain states 
complexity, and recrudescence of paroxysmal abnormalities.
Significance: Neurophysiological signs of progressive brain dysfunction emerged in all individuals with m.3243A 
> G/MT-TL1 mutation, independently of SLEs.

1. Introduction

Genetic mutations that affect mitochondrial metabolic pathways 
lead to a spectrum of diseases that may involve multiple energy- 
dependent organs, mainly the central nervous system (CNS) and skel
etal muscle, commonly termed mitochondrial encephalomyopathies 
(Chen et al., 2020). Among these syndromes, the maternally inherited 
Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like 
episodes (MELAS) syndrome (Pavlakis et al., 1984) exhibits the 

highest prevalence (Greaves et al., 2012; Lopriore et al., 2022; Man
waring et al., 2007). Stroke-Like Episodes (SLE) (Chen et al., 2020) 
represents a diagnostic clue, supported by the neuroimaging evidence of 
Stroke-Like Lesions (SLL), predominantly affecting the temporal, pari
etal, and occipital lobes (Cheng, Zhang, and He 2022).

Genetic confirmation is pivotal in diagnosing MELAS (Carelli and La 
Morgia 2018; Chen et al., 2020). The m.3243A > G/MT-TL1 mutation in 
mitochondrial DNA (mtDNA), first identified in 1990 (Goto, Nonaka, 
and Horai 1990), has since been reported in 80 % of MELAS patients, 
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with an estimated prevalence in the general population ranging from 
0.95 to 236 per 100 000 (Blum et al., 2011). This mutation leads to 
impaired tRNA-Leu aminoacylation, ultimately affecting oxidative 
phosphorylation, and is associated with heterogenous clinical presen
tation varying in age of onset and severity, encompassing asymptomatic 
carriers, patients with isolated muscle involvement, and patients with a 
wide range of endocrine, sensory, and nervous system disorders, with or 
without SLE (Blum et al., 2011) (Mancuso et al., 2014; Nesbitt et al., 
2013). Approximately 17 % of all individuals with the m.3243A > G/ 
MT-TL1 mutation manifest the full-blown MELAS syndrome, while all 
the remaining incomplete phenotypes lacking SLE are classified as 
MELAS-spectrum syndrome (MSS) (Gramegna et al., 2021a,b). MRI 
findings include alterations in subcortical white matter, particularly in 
the temporo-occipital lobes (Bai et al., 2023), as well as in deep gray 
matter, and widespread cortical atrophy, even in the absence of the 
typical SLLs (Cheng, Zhang, and He 2022). Both serum and ventricular 
lactate accumulation have been also observed in MSS patients 
(Gramegna et al., 2021a,b; Weiduschat et al., 2014), correlating with the 
neurodegenerative process as revealed by spectroscopy investigations 
(Evangelisti et al., 2022).

The clinical variability partly arises from the complex interplay be
tween heteroplasmy levels and mtDNA copy number, which vary be
tween different tissues and among cells of the same tissue, and the 
specific threshold required to induce organ dysfunction (Grady et al., 
2018). Cell turnover rates influence disease severity, with lower turn
over rates in muscle and brain exacerbating the effects of the hetero
plasmy (Blum et al., 2011). Recent phenotype-driven analysis suggests 
that the nuclear genetic background may also influence the clinical 
heterogeneity in m.3243A > G/MT-TL1-related classical mitochondrial 
disease (Chakrabarty et al., 2021).

A few studies have investigated the neurophysiological correlates of 
neurodegeneration associated with MSS. Most research has focused on 
EEG findings in MELAS patients, primarily in relation to SLEs, demon
strating the emergence or recrudescence of focal epileptiform discharges 
in the acute stages and their improvement in the subacute-chronic 
phases (Fujimoto et al., 1999; Iizuka et al., 2002).

The primary objective of this study is to elucidate the functional 
status of the brain by analyzing the background rhythms using quanti
tative EEG metrics. To date, limited evidence of progressive background 
activity slowing has been collected in individuals with the m.3243A >
G/MT-TL1 mutation (Majamaa-Voltti et al., 2006).

Building upon these findings, our study endeavors to determine 
whether quantitative EEG analysis can detect disruptions in physiolog
ical brain activity independently of SLE presence in m.3243A > G/MT- 
TL1 mutation carries. Additionally, we aim to explore the behavior of 
paroxysmal activities, namely delta bursts and epileptiform discharges 
(Licchetta et al., 2021), either in association with SLE or not.

2. Methods

2.1. Inclusion criteria

We retrospectively recruited adult individuals (>18 years old) with 
the m.3243A > G/MT-TL1 mutation and various clinical manifestations, 
further classified as either MELAS or MSS. Among them, we included 
patients who attended the IRCCS Institute of Neurological Sciences of 
Bologna, Italy, and underwent at least two EEG recordings from 2011 to 
2023 over their clinical follow-up.

2.2. Data collection

For each patient, we collected data on demographics, clinical fea
tures, heteroplasmic mutant load, and pharmacologic treatment.

Blood and skeletal muscle heteroplasmy of the m.3243A > G muta
tion was previous assessed using a digital droplet PCR method 
(Gramegna et al., 2021a,b; Evangelisti et al., 2022; Maresca et al., 2020). 

Urinary sediment epithelium mutational loads were previous assessed 
by SNapShot® Multiplex Kit (Thermo Fisher Scientific) and reported in 
(Gramegna et al., 2021a,b) and (Evangelisti et al., 2022). A correction 
for age and sex was applied to blood and urine heteroplasmy, respec
tively, using an online tool developed by the Newcastle University (UK) 
(Grady et al., 2018). Heteroplasmy was expressed as percentage of 
mutant mitochondrial genomes on total mtDNA.

Two or, if available, three longitudinal routine EEG recordings 
(20–40 min duration) with significant temporal distance (>12 months) 
were selected for every subject and referred to as T1, T2, and T3 eval
uations. We excluded EEG traces during the acute phase of SLE (<5 
days) (Fujimoto et al., 1999) and/or SE, and recordings where artifacts 
or sleep activities covered > 85 % of the EEG duration.

We considered clinical factors potentially impacting the EEG analysis 
at each selected time-point, including age, the occurring time from T1 to 
T2/T3, pharmacologic treatments, and the co-occurrence of acute 
neurological events. More precisely, the EEG trace was considered close 
to a SLE when recorded within 6 months from the acute event (Grefkes 
and Fink 2020; Green 2003).

The data that support the findings of this study are openly available 
in “Zenodo” at https://doi.org/10.5281/zenodo.12074242.

2.2.1. Ethical Committee
The study was conducted with the approval of the Local Ethics 

Committee (CE-AVEC) (13036).

2.3. EEG analysis

2.3.1. Quantitative metrics
For each EEG recording, we selected eyes-closed epochs during quiet 

wakefulness, without artifacts and outside the activation procedures, 
totaling at least 180 s in duration. Excluding the activation maneuvers 
prevented the background activity slowing induced by hyperventilation 
(Epstein et al., 1994) and the frequency alterations related to intermit
tent light stimulation (Kasteleijn-Nolst Trenité et al., 2012). Each EEG 
included 19 components, named channels, each representing the elec
trical activity recorded by a specific electrode. Hence, each signal 
channel was segmented into non-overlapping windows of 2 s duration. 
Given the sampling frequency fs = 500Hz, each window included 1000 
signal samples. This segmentation procedure allowed us to assess the 
variability of the signal features in time instead of simply associating 
each channel with a unique measurement. Hence, by doing so, we could 
compare not solely the means or the medians of signal features but also 
their standard deviations. In particular, we computed the spectrogram of 
the EEG signal, i.e., the evolution of the signal’s power spectral density 
(PSD) in time, by computing the Fast-Fourier transform associated with 
each window. After that, the following quantitative metrics were 
computed for each window and for specific frequency ranges: 

• the absolute value Eω of the energy spectral density, where 
ω∊{δ, θ, α, β} denotes the delta δ, theta θ, alpha α, and beta β fre
quency bands.

• the relative value Êω of the energy spectral density with respect the 
total signal energy, computed as Êω = Eω/

( ∑
φEφ

)
, where, as 

before,ω∊{δ, θ, α, β} denotes the delta δ, theta θ, alpha α, and beta β 
frequency bands.

• the energy ratio ER between the energy spectral density associated 
with the low (δ and θ) and the alpha (α) frequency bands, computed 
as ER = (Eδ +Eθ)/(Eα).

• the Higuchi fractal dimension HD of the phase distribution associ
ated with the high (α and β) frequency bands.

We would like to highlight that the energy ratio denotes how the 
components of the signals associated with low-frequency oscillations get 
more dominant. Since the Delta and Theta frequency bands acquire 
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higher magnitudes as neurodegenerative disorders progress, the energy 
ratio so-defined represents a useful metric to assess the status of the 
disease (Tanaka et al., 2024). Similarly, the Higuchi dimension is a well- 
established metric for analyzing neurophysiological signals, such as 
EEGs, and has been largely used for, e.g., disorders of consciousness and 
dementia (Porcaro et al., 2022; Puri et al., 2025).

For each EEG and patient, it was computed the median of the 
quantitative metrics considering both the overall signal channels and the 
subset of channels associated with the temporal and parieto-occipital 
regions of the brain: T1, T2, T3, T4, T5, T6, P3, P4, Pz, O1, O2 (10–20 
system labels). These two scenarios were referred to as whole brain and 
posterior brain, respectively.

2.3.2. Visual analysis
For each EEG recording, two experienced neurophysiologists marked 

the start and end of every paroxysmal activity arising from the back
ground activity during resting wakefulness either within or outside 
activation procedures, comprising both bursts of slow-waves and spike- 
wave discharges (Licchetta et al., 2021). The total duration of the par
oxysms was calculated, and the percentage of paroxysms duration over 
the awake recording time was obtained and termed the abnormality 
ratio (AR). Eventually, we assessed whether hyperventilation or inter
mittent light stimulation facilitated the comparison and detection of 
these abnormalities.

2.4. Statistical analysis

Continuous descriptive data were summarized using the median and 
interquartile range (IQR), while categorical variables were expressed as 
absolute (n) and relative (%) frequencies.

Linear mixed models (LMM) were employed to investigate the lon
gitudinal changes in the median values of quantitative metrics extracted 
from each EEG, serving as dependent variables, following the method
ology delineated by Shek (Shek and Ma 2011). In particular, we choose 
this method because it does not require balanced data across different 
waves of data. This provides researchers with a more flexible and 
powerful approach for handling unbalanced data (e.g., unequal sample 
size, inconsistent time interval, and missing data). This approach is 
underpinned by the Individually Growth Curve (IGC) model, a meth
odology aimed at modelling within-person systematic change and 
between-person differences in developmental outcomes across varying 
measurement waves over time. Importantly, this technique does not 
necessitate balanced data across different time points. To construct this 
strategy, the initial step involved estimating an unconditional model 
encompassing random intercepts and random slopes for time. Subse
quently, to accommodate potential non-linearity in the data, quadratic 
and cubic terms for time were introduced. The final step entailed esti
mating a comprehensive IGC model to assess the longitudinal associa
tion between the ratio value and a time-varying factor. This analysis 
employed the investigate metrics as dependent variables and factored in 
the presence of SLE within 6 months from the EEG recording as a time- 
dependent covariate. Additionally, age at T1 was included as a covariate 
to account for potential confounding effects related to differences in 
baseline age and aging trajectories.

For each outcome, Intraclass Correlation Coefficients (ICC) from the 
unconditional mean model were calculated to assess interindividual 
variability. Generally, LMM analyses required an ICC of 0.25 or higher. 
Parameter estimation relied on the maximum likelihood method with an 
unstructured covariance structure.

Significance was determined at a p-value < 0.05. Statistical analyses 
were performed using Stata SE version 16.1.

3. Results

3.1. Study population

A total of N = 17 individuals with the m.3243A > G/MT-TL1 mu
tation having EEG recordings at least at two separate time-points were 
recruited. One patient was excluded due to vigilance disturbances that 
precluded the selection of valuable awake EEG epochs. The final pop
ulation consisted of N = 16 patients, comprising 7 males (43.7 %), and 9 
females (56.3 %) based on sex assigned at birth. The median age- 
adjusted blood heteroplasmy level was 46.5 % (IQR:29–56), while the 
median levels in skeletal muscle and urine epithelium were 72 % 
(IQR:61–78) and 65 % (IQR:37–80), respectively. The full-blown MELAS 
was diagnosed in 7 cases (43.8 %), while the remaining 9 had no history 
of SLE and were classified as MSS. Among MSS, one patient suffered 
solely from migraines, while five presented disturbances not involving 
the CNS. Demographic characteristics, heteroplasmy levels, and clinical 
features are summarized in (Table 1).

3.2. EEG recordings and associated features

The median age at the first EEG observation (T1) was 40.9 years 
(IQR: 34.7–55.7). Two EEG traces were available for 8 patients (50 %), 
while the other 8 underwent three longitudinal recordings over their 
follow-up. The median interval between T2 and T1 was 4 years (IQR: 
2.4–5.8), and from T3 and T1 was 7.5 years (IQR: 6.4–8.8). The T1-EEG 
was obtained in proximity to an SLE in three subjects (N = 2, 4, 16) and 
to an ischemic stroke in another patient (N = 3). The T2-EEG trace co- 
occurred with an SLE in two patients (N = 4, 16). At T3, no EEG 
recording was performed in proximity to a SLE.

Pharmacologic therapy did not differ among T3/T2 and T1 in only 
three subjects (N = 8, 9, 15) (18.8 %). In most cases (13 patients, 81.3 
%), mitochondrial cocktails, anti-seizure medications, and/or benzodi
azepines (75–25-31 % of cases, respectively) were implemented over 
time. However, the high variability of dose and active principles among 
the enrolled subjects prevented us from including these factors into a 
statistical analysis. (Table 2) summarizes the key variables associated 
with the recorded EEG traces.

The median values of the ER, HD, and AR at T1, T2, and T3 are re
ported in (Table 3). The ER and HD parameters were estimated both 
across the whole brain and in the posterior brain. Hyperventilation and 
intermittent light stimulation facilitated the occurrence of paroxysmal 
abnormalities in 9 (56 %) and 5 (31 %) subjects, respectively.

3.3. Estimating ER, HD, AR trends through linear mixed models (LMM)

The Intraclass Correlation Coefficients (ICCs) derived from the un
conditional mean models indicate permissive values across all consid
ered measures (ER: whole 0.73-posterior 0.67; HD: whole 0.62-posterior 
0.49; AR: 0.42).

The impact of linear growth on ER and HD did not yield statistically 
significant results for both the whole brain and the posterior brain. A 
significant but small linear annual increase in AR scores was observed (β 
= 0.46, CI 95 % = − 0.04–0.88, p = 0.031).

When considering SLE as a time-dependent covariate, a significant 
positive trend was observed for ER in the posterior brain (β = 0.05, CI 95 
% = 0.01–0.09, p = 0.010), indicating its progressive increase with time. 
Notably, in the group with EEG recordings closely associated with SLE, 
significantly higher ER values and significantly lower HD values were 
observed compared to the group with recordings not closely associated 
with SLE. Furthermore, although not reaching statistical significance, 
the AR displayed substantially higher values in the SLE-related group.

LMM coefficients are reported in (Table 4).
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4. Discussion

The present work aimed at systematically analyze the EEG patterns 
of individuals carrying the m.3243A > G/MT-TL1 mutation, through 
visual inspection of paroxysmal abnormalities and estimation of back
ground activity by using quantitative metrics. To investigate whether 
m.3243A > G/MT-TL1 mutation might be associated with some degree 

of CNS dysfunction independent of SLEs, we tracked the neurophysio
logical changes over time, adjusting for the early phases of the events (<
6 months), in both MELAS and MSS patients.

The response to our primary inquiry is elucidated by the mild yet 
significant rise in the Energy Ratio (ER) over temporal and parieto- 
occipital regions with time. This progressive increase in the calculated 
index indicates a gradual slowing of physiological rhythms of the pos
terior brain, regardless of SLE occurrence (Fig. 1).

Secondary findings pertain to EEG alterations in conjunction with 
SLE manifestation, specifically: 1) a significant increase in both whole 
brain and posterior ER; 2) a significant reduction in the Higuchi 
Dimension (HD) estimated across both the whole brain and posterior 
regions; 3) notably higher values of the Abnormality Ratio (AR).

Most literature describes EEG findings in MELAS population primarily 
in relation to SLEs. Fujimoto and colleagues reported a high prevalence of 
focal high-voltage delta waves with polyspikes during the acute phase of 
SLEs. Focal epileptiform abnormalities were absent before SLE but per
sisted in the subacute and chronic stages, albeit less frequently than in the 
acute phase (Fujimoto et al., 1999). Other EEG patterns, including 
polyspike-and-wave discharges, photoparoxysmal responses, and 

Table 1 
Demographics and clinical features of the study population.

Patients (N) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total

Sex F M F F F F F M M M F F M M M F F = 9 (56.3 %)
Age at onset (y) 23 C C U U 18 15 15 U 18 C 24 C C C U < 18 y = 8 (50 %) *
Blood Het. (%) 55 58 46 100 57 43 51 64 39 13 5 18 5 50 45 47 46.5 

(29–56)
Muscle Het. (%) 87 / 61 90 / 71 73 78 / 78 35 72 46 55 72 70 72 (61–78)
Urine Het. (%) 85 96 / 22 88 65 70 / 8 80 16 54 / 70 50 37 65 (37–80)
Epilepsy ​ × ​ × × × ​ × ​ × × ​ ​ ​ ​ × 8 (50 %)
SE ​ × ​ × × ​ ​ ​ ​ × × ​ ​ ​ ​ ​ 5 (31.3 %)
SLE ​ × ​ × × ​ ​ × ​ × × ​ ​ ​ ​ × 7 (43.8 %)
Hypoacusia × ​ ​ × × × × × ​ × ​ × × × × × 12 (75 %)
Diabetes × × ​ ​ × × × × ​ ​ × × × × × × 12 (75 %)
Myopathy × × × ​ ​ × ​ × ​ × × × × × × ​ 11 (68.8 %)
Migraine ​ × ​ × ​ × ​ ​ × ​ × ​ ​ × ​ ​ 6 (37.5 %)
Cognitive Impairment ​ × × ​ ​ ​ ​ ​ ​ × ​ ​ ​ ​ ​ ​ 3 (18.8 %)

Age of onset refers to the appearance of the first clinical symptom of the syndrome, either neurological or not. Myopathy was defined histologically by the presence of 
at least one of the following: RRF (COX+/COX-), COX − , or SDH hyperintense fibers. C = Childhood; Het. = Heteroplasmy; SE = Status Epilepticus; SLE = Stroke Like 
Episode; U = Unknown; / = Not Available. *4 patients (25 %) with unknown onset.

Table 2 
EEG recordings: timing, association with acute neurological events, and pharmacologic treatment adjustments.

Patients (N) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Median 
[IQR]

Timeline ​
Age at T1 (years) 35 28 39 22 59 34 40 42 36 28 56 64 54 42 57 47 40.9 

[34.7–55.7] 

T2 – T1 (years) 1.8 4 2.1 2.6 1.2 5 4 3 7.3 6.6 4 3 2 8.1 5.1 6.5 4 
[2.4–5.8]

T3 – T1 (years) ​ 7.41 ​ ​ 2.2 10.1 9.6 5.3 ​ ​ 7.5 7.6 8 ​ ​ ​ 7.5 
[6.4–8.8]

Relation with SLE ​
T1 ​ + * + ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ + 25 %
T2 ​ ​ ​ + ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ + 19 %
T3 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ 0 (0 %)
Pharmacologic treatment ​
Supplements (a) T1 

T2 
T3

×

↑
/ 
×

↑

/ 
×

/ 
×

×

=

=

×

↑ 
↑

×

↑ 
↑

×

=

=

/ 
/

×

=

↑

×

↑ 
↑

×

=

↑

×

↑
×

↑
×

=

×

↑
↑ 75 %

ASM T1 
T2 
T3

/ 
/

×

=

=

/ 
/

×

↑
×

=

=

/ 
×

=

/ 
/ 
/

×

=

=

/ 
/

×

↑
×

=

=

/ 
/ 
/

/ 
/ 
/

/ 
/

/ 
/

/ 
×

↑ 25 %

BDZ T1 
T2 
T3

/ 
/

/ 
/ 
×

×

=

/ 
×

/ 
/ 
/

/ 
/ 
×

/ 
/ 
/

×

=

=

/ 
/

/ 
×

/ 
/ 
/

/ 
/ 
/

/ 
/ 
/

/ 
/

/ 
/

/ 
×

↑ 31 %

ASM = AntiSeizure Medication; BDZ = Benzodiazepine; * Acute Ischemic Stroke; + = EEG recorded within 6 months from a SLE; (a)Idebenone, Tiobec, Ubimaior, L- 
arginine, Creatina, Nicotinamide, Riboflavin; / = not prescribed; × = prescribed; ↑ = implemented; = invariated.

Table 3 
Longitudinal variations of the analyzed metrics (ER, HD, AR).

T1 (N ¼ 16) T2 (N ¼ 16) T3 (N ¼ 8)

ER(whole) Median 
value [IQR]

1.2 [0.7–2.3] 1.4 [1.2–1.7] 1.2 [0.9–1.8]

ER(posterior) Median 
value [IQR]

0.7 [0.6–1.8] 1.2 [0.9–1.5] 1.1 [0.6–1.5]

HD(whole) Median 
value [IQR]

72.8 
[72.3;73.3]

72.9 
[72.4;73.4]

73.2 
[72.3–73.4]

HD(posterior) Median 
value [IQR]

72.5 
[72.1;73.1]

72.8 
[72.2;73.5]

73 
[72.3–73.5]

A R Median 
value [IQR]

1.6 [0.6–5.5] 1.3 [0–4.1] 2.9 
[0.4–10.9]
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periodic lateralized epileptiform discharges, have been detected during 
SLEs in MELAS (Demarest et al., 2014; Iizuka et al., 2002). In addition to 
these qualitative features, authors consistently demonstrated a recru
descence of EEG abnormalities during SLEs and an improvement in the 
intervals between such episodes (Tulinius and Hagne 1991).

Aligned with these findings, our investigation revealed a pronounced 
inclination towards heightened paroxysmal activities (AR) during the 
initial phases of SLEs. A plausible explanation stems from metabolic 
disturbances during SLEs leading to excessive neuronal excitation 
through various mechanisms, including alteration in calcium homeo
stasis, increased glutamate transmission, and suppression of inhibitory 
interneurons due to their marked susceptibility to the oxidative phos
phorylation deficiencies (Lopriore et al., 2022). Consequently, SLLs 
lower cortical excitability thresholds (Lee et al., 2016), often resulting in 
epileptiform discharges compared to ischemic strokes of other etiologies 
(Fujimoto et al., 1999; Iizuka et al., 2002).

Conversely, the modest magnitude of the increasing trend observed 
in AR over time precludes its discernment through visual EEG analysis, 
thus limiting its utility as an indicator of disease progression. Therefore, 
within clinical practice, the emergence of bursts of slow activity or 
epileptiform discharges may indicate the influence of intercurrent 
events rather than progression of the underlying encephalopathy among 
individuals carrying the m.3243A > G/MT-TL1 mutation.

In addition to epileptiform abnormalities, both generalized and focal 
slowing of background activity have been reported following acute SLEs 
(Fujimoto et al., 1999; Tulinius and Hagne 1991). Although authors 
have failed to identify pathognomonic EEG features, it has been pro
posed that an increase in slow activity along with a decrease in alpha 
frequency could represent a typical EEG development after SLE occur
rence (Tulinius and Hagne 1991).

Nonetheless, in subsequent years, alterations in brain physiological 
rhythms have been demonstrated to occur before the onset of seizures in 
MELAS patients (Lee et al., 2016). The only available quantitative EEG 
study revealed a significant decline in the alfa frequency band over 

parieto-occipital areas during a 3-years period of follow up in in
dividuals with m.3243A > G/MT-TL1 mutations and variable clinical 
phenotype (Majamaa-Voltti et al., 2006).

Instead of basing on a single frequency band, we adopted a more 
comprehensive index of background activity organization, calculated as 
the ratio between (delta-theta) and (alfa) frequencies (ER), in all sub
jects with 3243A > G mutations. The use of a statistical model ac
counting for SLE occurrence allowed us to address the high intra- 
individual variability of EEG patterns in MELAS patients due to the 
intermittent course of the disease.

As expected, ER significantly augmented with SLE early stages, and 
the increase resulted of a greater degree over posterior brain. This result 
was further proved by non-linear properties of EEG signal estimated 
through Higuchi fractal dimension (HD), which more accurately reflects 
the functional complexity of brain states. In line with previous de
scriptions of post-stroke impairment (Rubega et al., 2021), HD exhibited 
a significant reduction of entropy after SLEs, reflecting a less complex 
brain activity.

Table 4 
Coefficients, confidence intervals and p-values of the estimated parameters 
based on LMM.

Whole brain Posterior brain

Coeff (CI 95 %) p-value Coeff (CI 95 %) p-value

ER Coeff 
time 
Coeff age 
T1

− 0.01 
(− 0.05–0.04) 
− 0.02 
(− 0.05–0.01)

0.794 
0.253

0.004 
(− 0.5–0.05) 
− 0.01 
(− 0.04–0.01)

0.869 
0.395

Coeff 
time 
Coeff age 
T1 
Coeff 
SLE

0.04 (− 0.01–0.08) 
0.01 (− 0.05–0.03) 
1.28 (0.55–2.02)

0.142 
0.726 
<0.001

0.05 (0.01–0.09) 
0.003 (− 0.04–0- 
04) 
1.75 (1.08–2.43)

0.010 
0.877 
<0.001

HD Coeff 
time 
Coeff age 
T1

0.03 (− 0.01–0.06) 
0.01 (− 0.01–0.03)

0.202 
0.495

0.04 
(− 0.01–0.09) 
0.004 
(− 0.02–0.03)

0.104 
0.780

Coeff 
time 
Coeff age 
T1 
Coeff 
SLE

0.02 (− 0.03–0.07) 
0.004 
(− 0.02–0.03) 
− 0.63 (− 1.23 to 
− 0.02)

0.421 
0.688 
0.043

0.03 (− 0.04–0.1) 
− 0.001 
(− 0.02–0.02) 
− 0.79 
(− 1.51–0.1)

0.365 
0.942 
0.032

AR Coeff 
time 
Coeff age 
T1

0.46 (− 0.04–0.88) 
0.03 (− 0.16–0.22)

0.031 
0.746

​ ​

Coeff 
time 
Coeff age 
T1 
Coeff 
SLE

0.55 (− 0.03–1.12) 
0.05 (− 0.14–0.24) 
4.86 
(− 0.94–10.66)

0.061 
0.596 
0.101

​ ​

Fig. 1. Background activity over time: visual and quantitative EEG analysis 
A) A representative segment (13–14 s) was extracted from the EEG recordings 
of a patient with MSS (Case 6) at the initial assessment (Time 1, on the left) and 
after 10 years (Time 3, on the right), respectively [30 sec/page; amplitude 10 
mV; high-pass filter 35 Hz; constant time of the low-pass filter 0.1 ms]. Upon visual 
inspection of the EEG traces, no significant modifications in the background 
activities were detected. B) Evolutionary changes of the Energy Ratio at Time 1, 
Time 2, and Time 3 are illustrated for the same individual (Case 6).
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Notably, after adjusting for SLE occurrence, the average 4 (T2-T1, n 
= 8) and 7.5 years (T3-T1, n = 8) follow-up periods consistently resulted 
in an increase in ER, suggesting a reliable progressive disruption of 
background rhythms in favor of slow activities over time. The 
enhancement in ER reached statistical significance when considering the 
posterior brain. Conversely, the HD did not vary in time in a significant 
fashion.

Both epileptiform abnormalities and focal slowing preferentially 
involve posterior cortical areas, even in the absence of SLE (Demarest 
et al., 2014). To elucidate the cause of this posterior predilection, 
pathological studies have measured the heteroplasmy proportion of 
mutant mtDNA in brain tissue and have not revealed significant regional 
variability in impaired oxidative phosphorylation (Iizuka et al., 2002). A 
widely accepted explanation for this susceptibility comes from the 
highest metabolic demands and neuronal density of the primary visual 
cortex in the occipital lobe among all cortical regions (Zheng et al., 
2022). Neuronal hyperexcitability and epileptic seizures further pre
cipitate energy demands in surrounding cortex, resulting in energy 
failure and necrosis (Iizuka et al., 2002). In addition to metabolic 
derangement, SLE pathophysiology also relies on mitochondrial angi
opathy and lack of nitric oxide causing microvascular damage (Cheng, 
Zhang, and He 2022; Zheng et al., 2022), which in turn might alter 
hemodynamics and the caliber of major cerebral vessels (Gramegna 
et al., 2021a,b).

In conclusion, this study highlights the presence of mild neuro
physiological signs of progressive brain dysfunction in all individuals 
with m.3243A > G/MT-TL1 mutation, regardless of the varying severity 
of clinical phenotypes and independently from SLE. Notably, these 
evolutive changes remain imperceptible to visual inspection by expert 
clinicians, who may solely detect EEG paroxysmal abnormalities 
correlating with acute contingent events.

The evidence of progressive encephalopathic conditions underscores 
the significance of regular EEG monitoring with background rhythms 
analysis to allow accurate evaluation of natural history at follow-up in 
either MELAS or MSS. Further studies are needed to confirm our findings 
and contribute to patient-specific profiling among m.3243A > G/MT- 
TL1 mutation carriers.

Specifically, it would be valuable to anticipate the likelihood of 
greater neurological decline among carriers of the m.3243A > G/MT- 
TL1 mutation. Among the potential determinants of CNS impairment, 
the presence of migraine accompanied by cortical spreading depolari
zation is hypothesized to enhance susceptibility to deterioration in 
posterior cortical areas, often acting as a trigger for SLEs (Cevoli et al., 
2010; Montagna et al., 1988). The susceptibility to migraine has a 
polygenetic basis, which may consequently influence the severity of 
clinical manifestations in MSS and MELAS population. Subsequent 
studies with larger patients’ cohorts could evaluate whether quantita
tive EEG metrics are more affected in patients experiencing migraine 
attacks and auras, either with SLE or not.

5. Limitations

The primary constraint arises from the limited sample size in our 
study, attributable to the rarity of the condition, which has impacted the 
statistical significance of our findings and precluded us from conducting 
subgroup analyses.

The retrospective nature of this study prevented standardized follow- 
up for the enrolled patients. Therefore, the number of EEG recordings 
and the intervals among them were not uniform, and pharmacologic 
treatments varied over time in most subjects. All these elements may 
have influenced the emergence of our results in the EEG analysis.

Ultimately, the absence of a healthy control group in the study rep
resents another limitation. Nonetheless, as age at baseline was incor
porated as a covariate in our model and considering the adult age (<65 
years old) of the recruited population, substantial physiological aging 
processes are unlikely to have confounded our findings.

5.1. Conclusions

The systematic analysis of background activity using novel quanti
tative metrics and the evaluation of paroxysmal abnormalities in lon
gitudinal EEG recordings permitted the neurophysiological 
characterization of individuals carrying the m.3243A > G/MT-TL1 
mutation across diverse clinical phenotypes, including the impact of 
intercurrent SLEs.
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