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ABSTRACT

Primary mitochondrial diseases frequently affect the central nervous system, yet the extent, distribution and progression of
white matter hyperintensities (WMHs) remain insufficiently characterised, particularly in terms of quantitative volumetrics
and longitudinal progression. Although WMHs are typically attributed to cerebral small-vessel disease, mitochondrial disor-
ders may cause white matter injury through distinct vascular and metabolic mechanisms. We conducted a retrospective single-
centre study at Turku University Hospital including 36 patients with mitochondrial disease, each with at least one brain MRI
(73 images). Longitudinal data were available for 15 patients. Three-dimensional T1-weighted and FLAIR images (1.5/3 T) were
analysed with the FDA-cleared cNeuro tool to obtain intracranial volume-normalised WMH and lesion volumes and an auto-
mated global Fazekas score. At baseline (median age 49years), WMHs were present in all supratentorial regions. Over time,
WMH volumes increased significantly in periventricular, deep and juxtacortical regions, while lesion progression was predom-
inantly periventricular. Fazekas scores remained generally low and stable. In follow-up imaging, women and patients carrying
the m.3243A>G variant showed a greater burden of WMHs and lesions, compared with men and those with other mitochondrial
diagnoses. WMH load did not differ according to history of stroke-like episodes. Mitochondrial disease is associated with early
and progressive WMH accumulation, particularly in individuals with the m.3243A>G variant, and the pattern exceeds what
would be expected from conventional vascular risk factors alone. These findings support a disease-specific mechanism of white
matter vulnerability and highlight the importance of quantitative MRI for monitoring progression in mitochondrial disease.

1 | Introduction

Primary mitochondrial diseases, caused by pathogenic variants
in mitochondrial DNA (mtDNA) or in nuclear genes encoding
mitochondrial proteins, impair cellular ATP production. More
than 350 disease-causing variants are now recognised, and the
overall prevalence is estimated at 1:4300 [1, 2]. In Southwestern
Finland, the adult prevalence of mtDNA disease has recently

been estimated at 9.2/100000, and 4.2/100000 for mitochon-
drial disease associated with the common pathogenic mtDNA
variant m.3243A>G [3], which often causes the mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes
(MELAS) syndrome. Central nervous system manifestations,
such as stroke-like episodes (SLEs) and epilepsy, are common
in mitochondrial disease [4, 5]. Typical brain magnetic reso-
nance imaging (MRI) findings include cerebellar-predominant
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Synopsis

Our findings demonstrate early and progressive white-
matter involvement in mitochondrial disease, most
pronounced in patients with the m.3243A>G variant,
supporting a disease-specific mechanism of white-matter
vulnerability.

atrophy, white matter (WM) abnormalities, basal ganglia calci-
fications and focal abnormalities including stroke-like lesions
(SLLs) [6-8].

White matter hyperintensities (WMHSs) detected on brain T2-
weighted MRI are a radiological manifestation of WM injury
and are most often attributed to cerebral small-vessel disease
(CSVD) [9]. Greater WMH burden, particularly higher number
and larger size of lesions, is associated with increased risk of
stroke, cognitive decline and mortality [10]. However, in addi-
tion to CSVD, a wide range of other aetiologies can also cause
WMH. These include, for example, genetic leukoencephalopa-
thies and mitochondrial diseases.

Mitochondrial disorders exhibit diverse patterns of WM in-
volvement. Reported abnormalities range from confluent su-
pratentorial WM lesions, sometimes with cystic components, to
combined cerebellar, brainstem and basal-ganglia involvement
[11, 12]. Elevated lactate detected on proton MR spectroscopy
may further support a mitochondrial aetiology by indicating im-
paired oxidative metabolism [11, 13].

MRI phenotypes vary widely across mitochondrial genotypes.
Diffuse WM injury and global cerebral atrophy are frequently
observed in association with the m.3243A>G variant [6, 7]. In
contrast, nuclear-encoded disorders may display syndrome-
specific patterns, such as the continuous corticospinal tract
and dorsal column involvement seen in leukoencephalopathy
with brainstem and spinal cord involvement and lactate (LBSL)
caused by DARS2 variants [14-16], or the MS-like demyelinating
lesions sometimes found in Leber hereditary optic neuropathy
(LHON) [17]. POLG-related disease often features posterior cor-
tical-subcortical and thalamic signal changes with variable WM
involvement, occasionally progressing to laminar necrosis or
necrotizing leukoencephalopathy [18-20]. Diffusion MRI stud-
ies additionally demonstrate widespread microstructural WM
abnormalities extending beyond visible fast fluid-attenuated
inversion recovery (FLAIR) lesions, suggesting shared bioen-
ergetic and vascular mechanisms across mitochondrial geno-

types [21].

Despite these previous reports, understanding of the scope and
spectrum of WM changes in mitochondrial disease as well as
their progression over time remains limited. Previous stud-
ies have mostly been based on qualitative visual assessments
of MRI, leaving quantitative and longitudinal data limited. In
the present study, we investigated a cohort of mainly adult mi-
tochondrial disease patients to quantify baseline brain WM in-
volvement and its progression over time using normalised brain
MRI WMH volumes alongside the Fazekas scores and lesion
volume metrics.

2 | Methods

We conducted a retrospective, observational, single-centre study
utilising the mitochondrial disease patient cohort at Turku
University Hospital (TUH) in Southwest Finland. Patients were
identified from the electronic medical record (earliest entries
from 1 January 2000), and clinical and imaging data collection
was completed in 2023. From this cohort, we included all pa-
tients with genetically confirmed mitochondrial disease who
had at least one available brain MRI suitable for analyses. The
study was approved by the institutional board of TUH (research
permission TO4/016/16). Given its retrospective, registry-based
design, individual informed consent was waived.

Multiple scanner models were used over the study period. Of the
73 MR images, 33 were performed at 3T and 40 at 1.5T. The core
protocol included a three-dimensional T1-weighted gradient-
echo (3D T1-w) sequence and a FLAIR sequence. We exported
images in DICOM format and analysed them using the cNeuro
MR quantification tool (Combinostics) [22]. WMH and lesion
volumes were segmented on FLAIR using a multistep expec-
tation-maximisation approach. Volumes used in the statistical
analyses were normalised for head size and expressed relative
to age- and sex-adjusted normative reference values [23-25]. We
also rated the WMHs using the Fazekas scale (0-3: 0=none,
1=punctate, 2=Dbeginning confluence and 3= confluent areas)
[26]. The global Fazekas score provides an individual-level
grading of WMH burden and is widely used in both clinical and
research settings, particularly in small-vessel and neurodegen-
erative disease cohorts [9]. The cNeuro software is FDA-cleared
and is clinically implemented at TUH.

We used normalised WMH and lesion volumes as primary out-
comes in total brain tissue and subregions (periventricular, jux-
tacortical and deep WM; infratentorial, pons and cerebellum),
and the global Fazekas score. Two analysis sets were defined: the
first available brain MRI per patient (n=36), and the last avail-
able MRI in patients with >2 MRI (n=15). Subgroup analyses
were performed by sex (women/men), genotype (m.3243A>G
vs. other mitochondrial diagnoses, including both mtDNA and
nuclear DNA variants), and history of SLE (yes/no) or brain
symptoms such as ataxia, encephalopathy and epilepsy (yes/no)
extracted from clinical data. For patients with >2 MRIs, change
was calculated as the difference (last-first) and annualised by
follow-up time (mL/year for WMH and lesion volumes, points/
year for Fazekas score). Percentage change in total WMH and
lesion volumes was estimated from group-level median values
using the ratio of follow-up to baseline measurements. The
periventricular compartment was additionally analysed due to
showing the largest relative change.

All distributions were right-skewed and non-normal (Shapiro-
Wilk p<0.05), and therefore we used non-parametric methods.
Results are reported as median [IQR]. Cohort-level burden vs.
zero was tested with the one-sample Wilcoxon signed-rank test
at baseline, follow-up and for annualised change. Between-
group comparisons were assessed with the two-sided Mann-
Whitney U test, and within-patient change (first vs. last MRI)
with the two-sided Wilcoxon signed-rank test. FDR correction
was applied to the main longitudinal WMH and lesion volume
analyses. Other analyses were considered exploratory and were
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not subjected to multiple-comparison correction. Analyses were
performed using IBM SPSS Statistics v29. Statistical significance
was set at two-sided p <0.05.

3 | Results

Among the 76 patients with mitochondrial disease in the cohort
at TUH, 36 (15 men, 21 women) had brain MRI data suitable for
quantitative analysis, comprising a total of 73 MRI studies. Fifteen
patients (42%) had longitudinal imaging data available (2-8 im-
ages/patient, median follow-up 6.0years, range 0.5-15) (Table 1).

The most frequent molecular cause of mitochondrial disease was
the m.3243A>G mutation in mtDNA (n =16). Nuclear DNA vari-
ants included the homozygous p.W748S variant in POLG (n=2)
and compound heterozygous mutations c.228-20_21delTTinsC
(p-R76SfxX5) and ¢.4924+2T>C (p.M134_K185del) in DARS2 in
all three patients (n=3). Two patients harbouring POLG vari-
ants had longitudinal imaging available. In one case, cerebellar
WDMHs were already present several years before the first SLE
and remained radiologically stable thereafter (Figure 1). Three
patients carrying pathogenic DARS?2 variants consistent with
LBSL had no follow-up imaging. Their baseline MRIs demon-
strated the characteristic extensive supra- and infratentorial
WM abnormalities (Figure 1).

The earliest MRI was at a median age of 49years (range 0.6-
75years), and the last available imaging at a median age of
56years (range 9-8lyears). Median ages were similar in the
m.3243A>G subgroup (47 and 56years). At baseline, women
were slightly older than men (median 51 vs. 45years; p=0.5),
and at follow-up, the same age difference remained (median 62
vs. 51years; p=0.2). Twelve patients (33%) had a history of at
least one SLE; these patients have been reported in detail else-
where [27]. At baseline, 15 patients had a history of some brain
symptoms. A subset of patients had conventional vascular risk
factors: hypertension in nine (25%), hyperlipidaemia in 14 (39%),
diabetes in 12 (33%) and smoking in four (11%) (Table 1).

In baseline MRI (n = 36) the median normalised WMH total vol-
ume was 6.37 [IQR 24.06] ml. Distributions were right skewed
with wide dispersion: deep WM showed the highest median 3.21
[16.41], followed by periventricular 0.50 [5.00] and juxtacortical
0.15 [0.63] regions. Infratentorial WMHs were minimal or ab-
sent. One-sample Wilcoxon tests against zero indicated cohort-
level WMH burden above zero in all regions. Normalised lesion
volume was median 1.82 [18.52] ml (by region: periventricular
0.69 [16.69], deep WM 0.42 [0.63] and juxtacortical 0.14 [0.53]).
Infratentorial lesion burden was again low or absent. In base-
line group comparison (WMH and lesion volumes), no statis-
tical differences were detected by sex, SLE in history, or brain
symptoms.

TABLE1 | Demographic, clinical and brain MRI characteristics of the mitochondrial disease cohort.

m.3243A>G Other mDNAP Other nDNAS

All (N=36) (N=16, 44%) POLG? (N=2, 6%) (N=15, 42%) (N=3,8%)

Sex (F/M), N (%) F, 21 (58) F, 9 (56) F, 2 (100) F, 8 (53) F, 2 (67)
M, 15 (42) M, 7 (44) M, 7 (47) M,1(33)

Current age or age at 56 (2-84) 54 (11-79) 25 (20-30) 63 (2-84) 30 (29-40)
death, median (years)
(range)
History of SLE, N (%) 12(33) 7 (44) 2 (100) 3(20) 0
Presence of brain 15(42) 7 (44) 2 (100) 6 (40) 0
symptoms, N (%)
Age at first brain MRI 49 (0.6-82) 47 (5-66) 20 (17-22) 56 (0.6-82) 10 (10-30)
(years) (range)
Brain MRIs/patient, 2 (1-8) 2(1-5) 5(2-8) 2(1-4) 1
mean (range)
Interval between first 0.5-15 0.5-15 3-7 1-8 —
and last brain MRIs,
range (years)
Hypertension (%) 9 (25) 5Q31) 0 4(27) 0
Hyperlipidaemia (%) 14 (39) 8 (50) 0 6 (40) 0
Diabetes (%) 12 (33) 10 (63) 0 2(13) 0
Smoking (%) 4(11) 1(6) 0 3(20) 0

Abbreviations: F =female, M =male, MRI=magnetic resonance imaging, mtDNA = mitochondrial DNA, nDNA =nuclear DNA, SLE =stroke like episode.

2W748S homozygous variant in POLG.

"m.11778G>A N=6, m.8344A>G N=2, m.8993T>G, m.3271T>C, m.13513G>A, m.10427G>T, m.3260A>G, mtDNA single deletion, axial myopathy with multiple

mtDNA deletions, no definitive molecular genetic diagnosis (N=1 in all).

‘Compound heterozygous mutations ¢.228-20_21delTTinsC (p.R76SfxX5) and ¢.492+2T>C (p.M134_K185del) in the DARS2 gene (N=3).
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FIGURE1 | Brain MRI findings related to patients with POLG-related disease and LBSL. (a-c) POLG-related disease in a patient imaged first in
2007 (a; age 22, T2-weighted) and again in 2014 (b, c; age 29, FLAIR). (a) Bilateral cerebellar WMH were already present years before the first SLE
and remained radiologically stable. (b, ¢) Follow-up imaging shows persistence of supratentorial WM lesions with the appearance of new abnormal-

ities in the right thalamic region. (d-f) LBSL findings in 23-year-old patients (T2-weighted). Demonstrating the characteristic extensive supra- and

infratentorial white matter abnormalities, including involvement of the cerebellar white matter, dorsal brainstem pathways, deep nuclear structures

and the cervical spinal cord.

In the m.3243A>G subgroup (n =16), baseline WMH and lesion
volumes were comparable, with a tendency towards higher val-
ues in total and deep WM. Median WMH total volume was 7.99
[19.77] mL (deep 3.50 [14.92], periventricular 0.70 [3.39], juxta-
cortical 0.12 [0.48]), with minimal infratentorial involvement.
Lesion volumes showed a similar pattern (total 2.30 [11.51],
periventricular 0.90 [9.10], deep 0.44 [1.54], juxtacortical 0.12
[0.52]) and Fazekas scores were low (0.013 [0.16]).

In follow-up imaging (n=15), the total WMH volume was 12.57
[28.58] mL; by region, periventricular 4.41 [6.61], juxtacortical
0.97 [2.81] and deep WM 5.68 [26.85]. The total lesion volume
was 9.08 [29.37]mL; periventricular 8.83 [27.20], deep WM
0.59 [1.79] and juxtacortical 0.31 [1.34]. Infratentorial burden
remained minimal in both WMH and lesion analyses. Paired
comparisons from baseline to the last available image showed
significant WMH increases in periventricular (p =0.003), juxta-
cortical (p=0.005) and deep WM (p=0.005) regions (Table 2).
Lesion volume increased significantly in total brain WM and in

periventricular compartments (both p <0.001). The main WMH
and lesion progression findings remained significant after FDR
correction. Overall, total WMH volume increased by approxi-
mately 97% over the follow-up period, while total lesion volume
showed an approximately fourfold increase. The largest relative
changes were observed in periventricular regions, with approx-
imately eightfold and twelvefold increases in WMH and lesion
volumes. The global Fazekas score remained generally low at
first 0.01 [0.42] and last 0.10 [0.58] brain MRI, and there was no
statistically significant increase in follow-up (p =0.074).

Group comparisons with follow up imagesin WMH total volumes
showed higher burden in women (n=10) than in men (n=5)
(median 20.56 [50.14] vs. 7.14 [11.79]; p=0.037) and higher global
Fazekas score (median 0.56 [0.92] vs. 0.00 [0.096]; p=0.031).
Patients with the m.3243A>G variant (n=7) had higher total
WMH volume (22.87 [36.16] vs. 7.94 [6.83]; p=0.015) and deep
WMH volume (12.60 [27.34] vs. 2.24 [2.33]; p=0.008) than those
with other mitochondrial diagnoses (n=38). No differences were
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found according to SLE history or brain symptoms. For lesions,
women had higher total (17.60 [45.66] vs. 4.72 [7.82]; p=0.050),
juxtacortical (1.15 [1.90] vs. 0.16 [0.19]; p=0.023) and deep WM
(1.74 [1.71] vs. 0.25 [0.36]; p=0.014) lesion volumes than men.
Patients with m.3243A>G also had higher total lesions (15.40
[32.93] vs. 2.54 [15.37]; p=0.049), periventricular (13.36 [26.91]
vs. 1.67 [14.12]; p=0.049) and deep WM lesion volumes (2.04
[2.11] vs. 0.29 [1.29]; p=0.015). History of SLEs or brain symp-
toms was not associated with lesion volumes.

Annualised progression analysis included 15 patients with avail-
able follow-up imaging. WMH total volume increased by 1.23
[3.59] mL/year, by region deep WM 0.29 [2.08], periventricular
0.25[0.52], juxtacortical 0.18 [0.99]. Infratentorial change was neg-
ligible. One-sample Wilcoxon tests showed significant supratento-
rial progression (periventricular p=0.009; juxtacortical p=0.005;
deep WM p=0.023), with no change infratentorial. Lesion volume
progressed by 1.47 [3.60]mL/year in total, periventricular 1.46
[2.73], juxtacortical 0.00085 [0.261], deep WM —0.011 [0.091].
Infratentorial change remained minimal. Figure 2 demonstrates
the observed progression of WMH volumes in a patient with
m.3243A>G variant. One-sample Wilcoxon tests indicated signif-
icant progression in total and periventricular lesion volumes (both
p<0.001), with no evidence of change in other compartments

(all p>0.273). Annual change in global Fazekas score was non-
significant (p=0.096). Subgroup analyses showed no differences
in WMH or lesion volumes, or in Fazekas score progression, by sex,
genotype, or history of SLE or brain symptoms. In the m.3243A>G
subgroup (n="7, median follow-up 5years), WMH burden showed
a non-significant increase over time. Median annual WMH vol-
ume increase was 2.89 [3.97] ml/year in total WM, with contri-
butions from deep (0.82 [3.20]), periventricular (0.25 [0.42]) and
juxtacortical regions (0.48 [1.11]).

4 | Discussion

We quantified WMH and lesion volumes and the global Fazekas
score using the cNeuro MR tool in 36 predominantly adult pa-
tients with genetically confirmed mitochondrial disease, the
m.3243A>G in mtDNA being the most common aetiology. Our
results indicate that WM abnormalities are common and pro-
gressive in adult mitochondrial disease. In the general aging
population, WMHs are most often attributable to CSVD, typi-
cally associated with chronic hypertension and other vascular
risk factors such as diabetes, hyperlipidaemia and smoking
[28, 29]. The median age at first MRI in our cohort was 49years,
which is younger than in most population-based SVD cohorts

TABLE 2 | Brain white matter hyperintensity volumes regionally in baseline and follow-up MRI.

Baseline median [IQR], N=36 Follow-up median [IQR], N=15 Annualised change® P

WMH total 6.37 [24.06]
Deep WMH 3.21 [16.41]
Periventricular 0.50 [5.00]
WMH

Juxtacortical WMH 0.15[0.63]
Fazekas 0.01 [0.42]

12.57 [28.58] 1.23 [3.59] <0.001
5.68 [26.85] 0.29 [2.08] 0.005
4.41[6.61] 0.25[0.52] 0.003
0.97 [2.81] 0.18 [0.99] 0.005
0.10 [0.58] 0.007 [0.08] 0.074

Note: The p values refer to Wilcoxon signed-rank test comparing baseline and follow-up measures.
Abbreviations: IQR =interquartile range, MRI=magnetic resonance imaging, WMH =white matter hyperintensity.
2Annualised change was calculated as (follow-up value — baseline value) divided by the individual follow-up interval (years).

o
- -
s

FIGURE 2 | Progressive WMH in patient with the m.3243A>G variant. (a-c) Patient with the m.3243A>G variant: (a) T2 image, patient age

62years; (b) T2 image, 72years; (c) T2 image, 74 years.
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where WMH typically emerge in late life [10, 30]. Traditional
vascular risk factors were present in our cohort (Table 1) yet
their contribution to WMH burden is likely limited, as these
conditions may have been diagnosed later during follow-up and
were generally under good medical control given the long-term
clinical surveillance of this patient group. These findings are
clinically relevant, as WM changes related to mitochondrial dis-
ease may be erroneously interpreted as common SVD, particu-
larly in middle-aged and older patients, potentially contributing
to diagnostic uncertainty or delayed recognition of the underly-
ing disorder.

At baseline, WMH burden was already evident in all supraten-
torial regions, most prominently in deep and periventricular
WM, whereas infratentorial involvement was minimal. During
follow-up, WMH volume increased significantly in periventric-
ular, deep and juxtacortical regions, and lesion progression was
driven mainly by periventricular changes. In the general pop-
ulation, periventricular WMHs are reported to increase more
rapidly than deep WMHs [31]. Among the patients with mito-
chondrial disease, deep WM showed the highest median an-
nual progression in WMHs, but differences were small (0.29 vs.
0.25mL/year), and there was substantial interindividual vari-
ability, limiting the ability to draw firm conclusions regarding
region-specific susceptibility.

WM injury in mitochondrial disease likely reflects overlapping
vascular and metabolic mechanisms. While WM degeneration
in the general population is associated with chronic hypoper-
fusion, oxidative stress and glial dysfunction [32, 33], mito-
chondrial disorders involve similar pathways that are activated
earlier and more extensively due to intrinsic oxidative phosphor-
ylation defects [11, 34]. This leads to ATP depletion, increased
reactive oxygen species and impaired nitric oxide signalling,
rendering oligodendrocytes, axons and endothelial cells partic-
ularly vulnerable [35].

In m.3243A>G disease, mitochondrial dysfunction may ad-
ditionally contribute to microvascular injury and diffuse WM
damage even in the absence of overt stroke-like lesions [36, 37].
Notably, in our cohort, a history of SLE was not associated with
increased WMH burden, despite its association with greater
cortical atrophy. This suggests that SLLs primarily affect cor-
tical and subcortical regions rather than driving persistent WM
changes. Together, these findings support a model in which mi-
tochondrial energy failure and secondary vascular stress con-
tribute to progressive WM pathology that is distinct from, yet
partially overlapping with, sporadic small-vessel disease.

In the longitudinal subset, women showed higher WMH and
lesion burden and higher Fazekas scores at follow-up, al-
though no differences were observed at baseline or in annual
progression rates. Genotype also appeared to influence WM
burden. Carriers of the m.3243A>G mutation showed greater
total and deep WMH and lesion volumes compared to other
mitochondrial diagnoses, consistent with the broader neu-
rodegenerative and WM phenotype reported in m.3243A>G
cohorts [6, 7, 35, 38]. This also suggests a disease-specific
contribution to WM injury. However, the modest cohort size
limits robust genotype-specific conclusions. Findings in pa-
tients with nuclear DNA-related disorders, including POLG

and LBSL, were consistent with previously described typical
imaging patterns [14-16, 18].

This study has several limitations related to its retrospective,
single-centre design. The modest sample size limits the statis-
tical power of subgroup analyses and increases uncertainty in
subgroup estimates. In particular, the small number of patients
with nuclear gene variants necessitates cautious interpretation
of findings in these subgroups. These results should therefore
be considered primarily descriptive. However, these data were
retained for completeness, given the clinical relevance of char-
acteristic MRI patterns in conditions such as LBSL (DARS2) and
POLG-related disease.

As data on mtDNA variant heteroplasmy levels were not avail-
able for most patients, we were unable to assess whether hetero-
plasmy influences WMH burden or progression. Some analyses
were also exploratory and not adjusted for multiple comparisons
and should therefore be interpreted with caution. The use of mul-
tiple MR scanners (1.5 and 3T) may have introduced measure-
ment heterogeneity. Selection bias is possible, as only patients
with MRI data suitable for analysis were included. Automated
WMH segmentation methods are optimised for supratentorial
pathology and may under-detect focal infratentorial lesions,
which are relevant for certain phenotypes such as POLG vari-
ants and LBSL. Although imaging measures were referenced to
age- and sex-adjusted normative data, residual confounding by
age cannot be fully excluded in this retrospective cohort. The
absence of an external control cohort limits the generalisability
of the findings.

Key strengths of our study include a genetically confirmed
mitochondrial cohort with systematic clinical phenotyping,
quantitative MRI analyses from an FDA-cleared, automated
imaging tool (cNeuro) with intracranial-volume normalisation,
and region-specific compartment analyses (periventricular,
deep, juxtacortical) across 73 images. The data also included
longitudinal follow-up for 15 patients, with a median duration of
6years. We combined semiquantitative (Fazekas) and volumet-
ric metrics, enabling detection of subtle progression that visual
scales may undercapture.

In this study, we demonstrate that patients with mitochon-
drial disease, particularly those with the m.3243A>G variant,
develop an early, progressive burden of WM abnormalities
that cannot be explained by conventional vascular risk fac-
tors alone. Neuropathological data support this interpretation
by demonstrating that, in m.3243A>G disease, the most se-
vere mitochondrial dysfunction affects leptomeningeal and
cortical vessels rather than neurons [39]. This vascular in-
volvement may help explain the diffuse WM injury seen in
mitochondrial patients. Our data suggest that WM pathology
accrues through disease-specific mechanisms distinct from
sporadic small-vessel disease and may evolve in part inde-
pendently of SLEs. By combining automated volumetric quan-
tification with clinical and genetic characterisation, this study
adds new evidence that mitochondrial disease contributes
to a unique pattern of WM involvement at a relatively young
age. These findings emphasise the importance of systematic
MRI follow-up and suggest that quantitative volumetric mea-
sures may provide sensitive indicators of disease progression
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beyond conventional visual scales. Advanced imaging ap-
proaches may further support earlier detection of progression,
identification of high-risk patients and monitoring of treat-
ment response. Future studies with larger, prospective cohorts
and standardised imaging protocols are warranted to validate
these results, clarify sex- and genotype-specific vulnerability
and ultimately assess the prognostic value of WM progression
for clinical outcomes.
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