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ABSTRACT

BACKGROUND AND PURPOSE: Single large-scale mitochondrial deletion syndrome (SLSMD) comprises devastating mitochondrial
diseases often classified into 3 major clinical syndromes: Kearns-Sayre syndrome (KSS), chronic progressive external ophthalmoplegia
(CPEO), and Pearson syndrome (PS). Nevertheless, there remains large clinical variability and overlap among these SLSMD groups.
Therefore, further stratification is required for more precise prognostication and clinical management. Through detailed description
and analysis of longitudinal neuroimaging changes, we sought to determine the neuroradiologic hallmarks of SLSMDs and define
their expected imaging progression to further delineate their natural history.

MATERIALS AND METHODS: A retrospective, longitudinal study of 40 children with SLSMDs at 3 mitochondrial disease centers was
performed. MRI review assessed the prevalence and progression of brain lesions in different regions with statistical significance
testing and Kaplan-Meier analysis. Hierarchical cluster analysis was performed for involved brain regions to stratify findings into
imaging phenotype groups.

RESULTS: Among 40 patients with SLSMD (median age 9.26 years; interquartile range: 5.16-13.1), 67.5% had KSS, 15% had KSS with
a prior history of PS (PS—KSS), and 10% had PS only. A well-delineated phenotype could not be specified for 1 (2.5%) and
2 (5%) individuals who had CPEO-plus (CPEO + extraocular symptoms). Regardless of presentation, initial MRI of patients with
KSS revealed lesions within selective areas of the upper brainstem tegmentum. Follow-up MRIs in 26 patients showed well-
defined progression along other select brainstem and white matter regions. Log-rank tests demonstrated varying onset times
by lesion type. Cluster analysis revealed 2 distinct neuroimaging groups: 1) KSS, CPEO-plus, and PS—KSS versus 2) PS and not
otherwise specified individuals. KSS, CPEO-plus, and PS—KSS showed indistinguishable neuroimaging features regardless of the
initial clinical presentation.

CONCLUSIONS: We describe the first comprehensive longitudinal neuroimaging pattern analysis in a multicenter, international
SLSMD:s disease pediatric cohort, delineating a predictable progression of brain lesions, regardless of clinical phenotype.

ABBREVIATIONS: CPEO = chronic progressive external ophthalmoplegia; GP = globus pallidus; IQR = interquartile range; KSS = Kearns-Sayre syndrome;
NOS = not otherwise specified; mtDNA = mitrochondrial DNA; PS = Pearson syndrome; PS—KSS = individuals with initial presentation of PS converting to
KSS during the progression of the disease; SLSMD = single large-scale mitochondrial deletion syndrome

ingle large-scale mitochondrial DNA (mtDNA) deletion syn- (KSS), Pearson syndrome (PS), or chronic progressive external

dromes (SLSMDs) are rare, progressive disorders. They typi-
cally present as 1 of 3 major syndromes: Kearns-Sayre syndrome
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SUMMARY

PREVIOUS LITERATURE: Previous studies have insufficiently characterized the neuroimaging features, variations, and longitudinal
changes in children affected by single large-scale mitochondrial deletions (SLSMD), mostly including only small neuroimaging
cohorts or mere cross-sectional studies of patients with Kearns-Sayre syndrome.

KEY FINDINGS: Diagnostic neuroimaging reveals predictable progression of the lesions in most patients with SLSMD, with lesions
distributed as:
1. Involvement of upper brainstem nuclei and tegmental tracts.

2. Basal ganglia lesions, particularly discrete involvement of the globus pallidus.
3. Supratentorial white matter changes exhibiting selective involvement of subcortical regions progressing centripetally.

4. Almost 2/3 of patients with SLSMD have lesions involving the spinal cord.

KNOWLEDGE ADVANCEMENT: Our study contributes to the existing literature by demonstrating that SLSMD neuroimaging simi-
larities can help in better stratification of these patients and indicates a predictable evolution of lesions. Early findings typically
involve the brainstem and basal ganglia, while subcortical white matter changes progress as the disease advances.

Additionally, the imaging profiles of some Pearson syndrome patients who evolve into Kearns-Sayre syndrome are indistinguish-
able from those of other Kearns-Sayre patients. Although reduced diffusivity can occasionally be observed, diffusion-weighted
imaging (DWI) in most of SLSMD pediatric patients is primarily influenced by T2 shine-through effects. Subcortical white matter

changes in these disorders show associated linear stripes, resembling the appearance of a coral reef snake.

to overlapping brain lesions, although the neuroimaging fea-
tures are usually distinct.>”® Common symptoms include pig-
mentary retinopathy, ophthalmoplegia and ptosis, as well as
cardiac abnormalities, ataxia, and hearing loss.'™

Syndromic distinctions are often based on age of onset and
predominant symptoms. PS usually appears in late infancy or
early childhood, with hematologic abnormalities, exocrine pan-
creatic insufficiency, failure to thrive, and lactic acidosis. KSS typ-
ically develops in childhood, causing short stature, hearing loss,
eye muscle paralysis, and heart block. Some patients with PS who
survive early complications may later develop KSS symptoms,
though not all patients with KSS have a history of PS.>’ It is not
clear which patients will transition to KSS. A small subset of
patients with SLSMD may not fit well into any described syn-
drome>® and are classified as not otherwise specified (NOS).
CPEO commonly presents in various mitochondrial myopathies
with bilateral ptosis and limited eye movement. When combined
with other symptoms like muscle weakness, optic atrophy, neu-
ropathy, and endocrine issues, it is referred to as CPEO-plus.

Some intrinsic clinical variation of SLSMDs may relate to the
location and size of the deletion within the mtDNA genome and
the level of heteroplasmy.” However, knowledge gaps exist in the
literature. Some early investigations of SLSMDs have reported
only a weak association among the deleted genes within the
SLSMD, biochemical pathway defects, and clinical pheno-
types.'™'? Overall, studies have been largely contradictory in
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their attempt to discretely stratify clinical features of SLSMDs,
failing to fully explain their pathophysiology and progression
and preventing the pursuit of clinical trials to evaluate the rela-
tive impact of targeted interventions effectively.”*”
Neuroimaging, particularly brain MRI, offers a valuable tool
for enhancing syndrome delineation.*'*"'® Indeed, MRI analyses
may contribute to the finer delineation of the natural history of
SLSMDs, which commonly involve progressive neurologic fea-
tures, thereby enabling improved prognosis guidance and clinical
management. Here, we perform a thorough analysis of baseline
and longitudinal brain neuroimaging changes in patients with
SLSMDs seen at 3 large mitochondrial disease centers. This work
aims to identify the neuroimaging hallmarks of patients with
SLSMD:s relative to clinical syndrome diagnoses and to establish
an imaging pattern of disease progression. This information can
be used in conjunction with clinical and genetic data for better
delineation of these syndromes and their natural history.

MATERIALS AND METHODS

Study Design, Participants, and Data Collection

A retrospective and longitudinal multicenter study was performed
according to the Strengthening the Reporting of Observational
studies in Epidemiology statement'” and included 40 individuals,
all with pediatric clinical onset (0-17 years old), diagnosed with
SLSMDs from January 2000 to 2022. Patients were selected
from 3 large mitochondrial clinical centers: Children’s Hospital
of Philadelphia, Bambino Gesu Children’s Hospital; and Seattle
Children’s Hospital with the study conducted under research
protocols approved by their respective institutional review
boards. All patients were genetically confirmed to have a mito-
chondrial disorder, with a definitive diagnosis of SLSMD.
Additional genetic data, including levels of heteroplasmy, loca-
tion, and size of the deletion were also collected. At least 1 brain
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MRI study available was required for study inclusion. Among
the 40 children included, 24 had MRI studies of the spine. A
transversal analysis of 11 of these spine studies had been previ-
ously published."® Data for this study were collected from
medical records and imaging databases of the respective par-
ticipating centers. The clinical syndromes were divided based
on current classification® after a final decision defined by each
senior pediatric neurologist involved in this study. All the senior
neurologists, who had extensive experience in mitochondrial dis-
ease, reviewed the medical records to provide diagnosis, verify
the accuracy of the collected clinical data, and participated in
multiple interinstitutional consensus meetings for further deci-
sion and agreement of the patient’s classification, including KSS,
PS, (individuals with initial presentation of PS converting to KSS
during the progression of the disease [PS—KSS]), CPEO, CPEO-
plus, and SLSMD-NOS.

Imaging Analysis

In this multicenter retrospective study, MR imaging was per-
formed clinically on a variety of 1.5T and 3T scanners (Siemens
Healthineers, GE Healthcare, Philips Healthcare). MR imaging
examinations were qualitatively reviewed at each center and data
were collected by using a standardized imaging evaluation.® Brain
MRI studies, previously obtained for clinical indications, were in-
dependently reviewed by the neuroradiologists with focused clini-
cal and imaging research expertise in mitochondrial disorders at
each center, with a second review and final agreement performed
during consensus meetings among the neuroradiologists from
different centers. The reviewers had between 8 and 17 years of pe-
diatric neuroradiology experience at referral children’s hospitals.
Imaging reviewers were blinded to patients’” detailed genetic and
clinical features, including levels of heteroplasmy and size of the
deletions, as well as syndromic classification, but not to the pri-
mary genetic diagnosis of SLSMD. MR imaging findings were
evaluated according to signal-intensity characteristics (minimum
of T2WI, FLAIR, T1WI, DWI, and SWI) and detailed locations
in the brain and spine when available. Detailed analysis was
performed by using a location roadmap including cortex, su-
perficial, deep, and periventricular white matter, basal ganglia
(caudate, putamen, and globus pallidus), thalami, hypothala-
mus, selective regions of the brainstem including superior,
middle, and inferior cerebellar peduncles, along with selective
brainstem white matter tracts and gray matter nuclei, as well
as cerebellar lesions involving the dentate nuclei, cerebellar
white matter, and cerebellar cortex. Although each scan was
scored independently, the reviewers did have access to prior
imaging. Each scan timepoint data sheet was filled out inde-
pendent of the prior imaging data.

Statistical Analysis

Descriptive statistics were used to summarize the demographic
and clinical characteristics of the participants. Comparing the
continuous variables was done by using Mann-Whitney U test.
The prevalence of brain lesions, along with their corresponding
anatomic locations, are presented as frequencies and percentages.
To compare the frequency of brain lesions between the initial and
last MRIs in patients who had at least 1 follow-up, the McNemar

test was used. The regions of interest were considered independent.
Additional imaging data were collected to compare the frequency
of brain lesions and their changes over time for all patients who
had at least 1 additional study. Follow-up MR scans were analyzed
with the same standard approach done for the baseline MRI.
Detailed descriptions were recorded for all follow-up MRIs per-
formed with at least 6-month intervals, including the last avail-
able brain MRI scan. To demonstrate and compare lesion
development trends over time, Kaplan-Meier curves and the
log-rank test were used. To perform an unbiased phenotypical
grouping of brain MRI findings among the various clinical phe-
notypes, an unsupervised hierarchical clustering analysis by
using the Ward method was used. Fisher exact test and Mann-
Whitney U test were done to compare the variables between these
2 clusters. All analyses were performed by using SPSS Statistics
(Version 26.0; IBM) and the Scipy library (Version 1.9.1) in
Python (Version 3.9.13). A P value of less than .05 was used to
indicate statistical significance.

RESULTS

A total of 40 patients with pediatric-onset SLSMDs were eval-
uated in the study based on inclusion and exclusion criteria
(Supplemental Data). Twenty-one individuals (52.5%) were girls.
Within the cohort, 27 individuals (67.5%) had KSS, 4 (10%) had
PS, and a well-delineated phenotype could not be specified for
1 (2.5%) individual. The remaining cases exhibited progressive
disease and overlapping syndromes, with 6 (15%) individuals
having had PS that evolved to KSS phenotypes and 2 (5%) indi-
viduals with CPEO-plus. One patient had both KSS syndrome
and neurofibromatosis type 1.

The patients’ median age at the time of their first MRI was
9.26 years old (interquartile range [IQR]: 5.16-13.1). The median
duration between the onset of neurologic symptoms and the first
MRI was 3years (IQR: 0-6). Consistent with previous reports,
significant differences in age of onset were noted between PS
and KSS cohorts, with patients with KSS being significantly
older at a median of 12 years (IQR: 8.3-13.5) versus individu-
als with PS who had a median of 3.1 years (IQR: 1-4.9), P <
.001). However, there was no significant difference between
the age of the first MRI between the patients with PS and the
patients with PS—KSS (median = 2.47 [IQR: 0.5-4.42] versus
4.99 [IQR: 3.8-7.82], P = .09).

Qualitative analysis of lesion distribution on initial MRI
revealed that the most prevalent involvement occurred in the
upper segments of the brainstem tegmentum. They included
the periaqueductal gray matter (85%), superior cerebellar
peduncle (82.5%), medial lemniscus (80%), and substantia
nigra (80%). A spider radar plot shown in Fig 1 and summar-
ized in the Supplemental Data displays the relative frequency
of lesion locations on MRI. Of note, olivary bodies were not
affected in any of the patients with SLSMDs.

Twenty-six of the 40 individuals (65%) had at least 1 available
follow-up brain MRI performed with a greater than 6-month
interval from the initial imaging study. Among these 26 patients,
9 had only 1 follow-up MRI, 6 had 2 follow-up MRIs, and 11 had
3 or more follow-up MRIs performed. The change in the preva-
lence of lesions on the first versus the last available MRI per patient
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FIG 1. Spider (radar) plot demonstrating the prevalence of various imaging abnormalities on all available brain MRI studies in the entire cohort

of patients.

is demonstrated on the second spider radar plot (Figs 2 and 3) and
easily visualized with the illustration (Fig 4, Supplemental Data).
Progression of the areas of brain involvement was most evident in
the brainstem, including the middle cerebellar peduncle (P <
.001), medial longitudinal fasciculus (P = .031), medial lemniscus
(P = .004), diencephalon including thalamus (P = .002), subthala-
mic nuclei (P = .008), and white matter including the superficial
white matter (P = .016), deep white matter (P = .031), posterior
limb of the internal capsule (P = .008), and cerebellar white matter
(P = .039). Superficial white matter lesions in patients with KSS,
regardless of whether they initially presented with PS or not, most
often (82.5%) spared the perivenular regions, with a “coral-reef
snake” appearance and had a predominant frontoparietal involve-
ment including, when present, the perirolandic regions at baseline

4 Alves 2025 www.ajnr.org

(Fig 5). A comparison of the progression of different lesions over
time according to patient age was demonstrated by using Kaplan-
Meier analysis as shown in the Supplemental Data.

Evaluation of DWI demonstrated a small number of baseline
and/or follow-up studies (baseline + follow-up MRIs) with
lesions showing reduced diffusivity in 10 of 83 (12%). Most of the
hyperintense lesions on DWT did not demonstrate low signal on
ADC maps (68/83; 78.3%), thus being classified as lesions with
“T2-shinethrough.” Five studies showed lesions with facilitated
diffusion in the basal ganglia (5/83; 8.5%) (Fig 5).

Hierarchical cluster analysis by using all the neuroimaging
variables led to the delineation of 2 broad groups based on imag-
ing features. The dendrogram with the corresponding heatmap of
brain lesions for each patient is shown in Fig 6. The first group
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(cluster) was smaller (n=5), including patients with PS only and
NOS patients. The second cluster (1=35) included all patients
with KSS regardless of their initial syndromic presentation (ie,
PS—KSS) and CPEO-plus. The heatmap demonstrated that while
the first imaging cluster had normal brain MRIs or a pure leuko-
dystrophy pattern, the second cluster had lesions in the same
selective areas of the brain. Age of onset and the interval between
the symptoms and the first MRI were significantly different in
these 2 clusters as well. However, there were no significant differ-
ences between the size of deletion, heteroplasmy levels, or mortal-
ity (Supplemental Data).

Additional spinal involvement was studied in 24 individu-
als (24/40; 60%). Consistent with prior descriptions, a signifi-
cant proportion of individuals with SLSMDs (15/24; 63%)
had cord involvement, and different patterns of cord lesions
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of the brain from baseline MRI (blue) to the last brain MRI (red).

were observed. One-third of the children demonstrated selec-
tive involvement of the posterior columns (8/24; 33%), fol-
lowed by anterior horn involvement (3/24; 11%), diffuse
abnormal signal alteration (2/24; 8%), central spinal cord
involvement (1/24; 4%), and posterior and lateral columns
involvement (1/24; 4%). A predominance of cervical cord
involvement was seen, with isolated cervical involvement (7/24;
29%) as compared with the thoracic spinal cord (2/24; 8%), or
involvement of both (6/24; 25%). In the remaining patients,
no spinal cord abnormality was seen. In patients with
SLSMDs for whom follow-up studies were available (6/24),
spinal cord involvement was observed to show worsening
with the appearance of new spinal cord lesions or longitudi-
nal extension (4/6), stable findings (1/6), or resolution of spi-
nal cord involvement (1/6).
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DISCUSSION

Here, we describe the results of a multicenter study of 40 pediat-
ric-onset individuals with SLSMDs to provide novel insights into
the occurrence and longitudinal progression of neuroimaging
features of specific SLSMD disorders. While the largest propor-
tion of patients had clinically defined KSS, several individuals
exhibited variable clinical features of different SLSMDs, including
CPEO-plus and PS, as well as patients with progressive clinical
transition from PS—KSS, and 1 NOS patient. Interestingly,
1 individual manifested both KSS and genetically confirmed
Neurofibromatosis type 1 (NF-1), which is consistent with
approximately 5% of patients with suspected monogenic dis-
ease having more than 1 etiology.'” As distinct brain areas

[3 Alves 2025 www.ajnr.org

were commonly affected in patients
HallA with KSS, neuroimaging is recom-
mended as part of diagnostic criteria
for this disorder in addition to clini-
cal, genetic, and laboratory analyses.
Specifically, based on our results, diag-
nostic neuroimaging should assess for
involvement of 1) upper brainstem
nuclei and tegmental tracts; 2) basal
ganglia lesions with discrete involve-
ment of the globus pallidus, and 3)
supratentorial white matter changes
displaying selective involvement of
the subcortical regions.

When comparing the neuroimag-
ing features of patients with KSS with
those with KSS who had a preceding
history of PS or those with CPEO-
plus, no significant differences of the

/'“&I ﬁAfIENT 2 brain MRI lesions were found, suggest-
/«?’\\) ing that the neuroimaging phenotype
‘¥ \ 5 is relatively stable among these

SLSMD phenotypes regardless of clini-
cal features and initial syndromic clas-
sification. However, neuroimaging
features of individuals with PS who
had not transitioned to KSS were nota-
bly different, characterized by either
normal brain MRI studies or with
diffuse

patterns without significant brainstem

nonspecific leukodystrophy
involvement. This finding suggests
that this neuroimaging feature may be
used for differentiating those who will
from those who will not progress to
KSS. Further investigation, including
prospective neuroimaging follow-up
over time, is needed to further differ-
entiate PS from PS—KSS in the early
stages. Overall, the detection of charac-
teristic early imaging abnormalities of
KSS in patients with PS (brainstem
involvement) suggests that these indi-
viduals are at high risk of transitioning
later into KSS. This result highlights the importance of correlat-
ing clinical subtypes with neuroimaging features to delineate
their expected progression and neurodevelopmental outcomes
accurately.

Novel imaging characteristics of brain lesions were observed
in patients with KSS, including selective preservation of the
affected subcortical white matter in the perivenular regions, giv-
ing a coral-reef snake appearance of these changes. This feature
has not previously been considered in the differential diagnosis of
leukodystrophies with selective subcortical white matter involve-
ment. It is similar to a so-called tigroid skin pattern described for
other neurometabolic leukodystrophies (lysosomal disorders),
though those disorders involve the deep rather than superficial
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FIG 4. lllustration of disease progression through different areas of the brain. SCP = superior
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aciduria®' and other recently described
rare mitochondrial disorders.*”

In contrast to many mitochondrial
lesions, most of our SLSMD cases did
not show lesions with reduced diffu-
sivity but rather manifested mostly
with T2-shinethrough (78%). This dis-
tinction may have important clinical
implications not only in evaluating
disease activity in natural history and
treatment response but also in investi-
gating the pathophysiology of different
cellular insults. The exact reason for
this difference when compared with
other mitochondrial syndromes is not
known. However, a speculation based
on this imaging phenotype, which may
reflect a different lesional mechanism/
and degree of cellular injury compared
with other mitochondrial disorders,
should be considered, and factors
including the specific characteristics of
the cellular components along the
selective structures frequently affected
may have an important role on this.
One of the common characteristics
of mitochondrial disorders with re-
stricted diffusion is direct involvement
and deficiencies of cellular respiratory
chain structural and functional com-
ponents often resulting in areas of ne-
crosis. Lesions in SLSMD frequently
do not follow this pattern (cystic areas
or areas of necrosis by imaging) but
tend to be more homogeneous and
without cavitations. It has been pro-
posed that DWT restriction in patients
with KSS could be related to postmor-
tem findings of vacuolization in the
neuritic processes finally leading to the
postmortem finding of spongiform
degeneration.”>** Tt is possible that
diffusion pseudorestriction (T2 shi-
nethrough-ADC maps demonstrating
persistent iso- or subtle hyperintense
signal) could indeed reflect variable
degree of progressive spongiform
degeneration of the white matter fol-
lowing vacuolization without neces-
sary association with large necrotic
areas. Of course, this hypothesis should
be supported by longitudinal quantita-

white matter, such as in metachromatic leukodystrophy and tive analysis of diffusion imaging over time and postmortem path-

Krabbe disease.”® This finding may provide some degree of  ologic correlations.

specificity for KSS diagnosis, helping to differentiate it from Selective involvement of midbrain structures and the tegmen-

some leukodystrophies that present with predominant sub-  tum of the pons were shown to be a common feature in individ-

cortical white matter involvement, such as L2-hydroxyglutaric uals with KSS, CPEO-plus, and PS—KSS, regardless of the
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timeframe in the disease (early versus late). Differences between
the baseline and follow-up MRIs were more striking with an
evaluation of white matter changes. The olivary bodies were
curiously preserved in patients with SLSMDs even though oli-
vary involvement can be seen in a variety of other mitochondrial
or metabolic disorders. Again, the cause of this selective
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FIG 5. Detailed neuroimaging findings of Kearns-Sayre. Typical neuroimaging features of Kearns-
Sayre syndrome including detailed involvement of midbrain (A), basal ganglia and thalamus (B),
typical DWI (top) and ADC maps (bottom) shinethrough of the globus pallidus (C), sparing leaflets
of the corpus callosum (D), and selective superficial involvement of the white matter with linear
perivenular dark stripes, sparing deep white matter regions (E). PAG = periaqueductal gray matter.
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preservation is not clear and further investigation is recom-
mended. Superficial white matter changes were noted to be ei-
ther absent in a significant portion of patients with KSS on
baseline MRI or only present concurrently with the brainstem
changes. Interestingly, isolated supratentorial subcortical white
matter changes without brainstem findings were not found.
Thus, the distinct pattern of lesion
distribution in the brainstem appears
to be a landmark for the imaging di-
agnosis in the early stage of KSS, facil-
itating the earlier recognition of this
disorder. White matter changes tend
AN Matter to become more evident upon clinical
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disease progression. Early white mat-
ter changes, when present, were selec-
tively noted along the perirolandic
region, with follow-up studies show-
ing progressive extension in a centripe-
tal fashion into the deeper white matter
areas. Of note, the periventricular white
matter was relatively spared in these
subsets of patients, even in advanced
stages. Understanding the unique pat-
tern of lesion locations in SLSMDs
provides insights into the underlying
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FIG 6. Dendrograms and heatmaps of the results of hierarchical cluster analysis of the imaging phenotype based on the areas of involvement
on brain MRI for all patients. This cluster analysis delineated 2 broad categories.
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pathology of the disease, where we observe disease progression in
KSS to follow an ascending trend of lesion distribution, starting
from the brainstem region, particularly in the upper tegmentum
of the brainstem and basal ganglia, before more extensively affect-
ing the superficial white matter.

Spinal MRI lesions showed variable findings, including most
frequently the involvement of the posterior columns of the cervi-
cal spine. These findings further underscore the importance of
including spinal cord examinations as part of the imaging proto-
col of patients with mitochondrial disorder. Spinal cord involve-
ment in KSS correlates with higher levels of disability, as
previously reported.'®*’

Comprehending the natural history of a disease is critical to
facilitate early diagnosis and design clinical trials that evaluate
therapeutic interventions on disease initiation and progression.
However, studying the natural history of mitochondrial disorders
is a complex task due to the numerous variables that can influence
disease presentation and progression. These variables include the
specific SLSMD site, size, heteroplasmy level,” and multiple addi-
tional genetic and environmental factors affecting presentation
that are difficult to control. Additionally, the same SLSMD may
cause different disease phenotypes depending on the age and
organ affected.”® This fact may partly explain the limitations of
implementing effective drugs to treat mitochondrial disorders
and the paucity of high-level scientific evidence in this field.*® To
help mitigate these challenges, neuroimaging has emerged as a
valuable noninvasive adjunctive tool to classify mitochondrial
disorders objectively. Brain MRI can provide detailed informa-
tion on lesion distribution, spatial extent, and degree of sever-
ity based on signal change by using standard and advanced
sequences.'®?’7*° Furthermore, it can be used to exclude
many other acute insults from different causes®® and aid in
the assessment of disease progression.

Clinical implications of this study include the ability to facili-
tate early detection and diagnosis of SLSMDs, which can poten-
tially lead to better management and ultimately improved
outcomes for patients. Although this study is indeed a large imag-
ing study of very rare disorders, a limitation is its retrospective
nature. This prevented the performance or analysis of MR fol-
low-up studies at standardized regular intervals throughout the
disease course for all patients. Another limitation is the presence
of ascertainment bias in our cohort because only patients with
childhood disease onset were included. Additionally, medical
devices including cochlear implants or pacemakers prevented ac-
quisition of follow-up MR studies for some of our patients.

CONCLUSIONS

This study provides a detailed imaging analysis of SLSMDs, high-
lighting distinctive imaging features and a predictable imag-
ing progression in patients with KSS, which are overall
indistinguishable from individuals with CPEO-plus and
individuals with PS—KSS.

ACKNOWLEDGMENT
The authors wish to thank Elizabeth Reynolds, PhD and The
CHAMP Foundation Registry participants for support of this

project. The Champ Foundation is a non-profit organization
dedicated to supporting research to find treatment and a cure for
SLSMDs. The Champ Foundation was founded in 2015 by Jeff
and Elizabeth Reynolds.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES
1. Bjorkman K, Vissing J, Ostergaard E, et al. Phenotypic spectrum and
clinical course of single large-scale mitochondrial DNA deletion
disease in the paediatric population: a multicentre study. ] Med
Genet 2023;60:65-73 CrossRef Medline
2. Reynolds E, Byrne M, Ganetzky R, et al. Pediatric single large-scale
mtDNA deletion syndromes: the power of patient reported out-
comes. Mol Genet Metab 2021;134:301-08 CrossRef Medline
3. Goldstein A, Falk MJ. Single large-scale mitochondrial DNA deletion
syndromes. 2003 Dec 17 [updated 2023 Sep 28]. In: Adam MP,
Feldman ], Mirzaa GM, et al, editors. GeneReviews® [Internet]. Seattle
(WA): University of Washington, Seattle; 1993-2024. PMID: 20301382.
4. Broomfield A, Sweeney MG, Woodward CE, et al. Paediatric single
mitochondrial DNA deletion disorders: an overlapping spectrum
of disease. ] Inherit Metab Dis 2015;38:445-57 CrossRef Medline
5. Gustafson MA, McCormick EM, Perera L, et al. Mitochondrial sin-
gle-stranded DNA binding protein novel de novo SSBP1 mutation
in a child with single large-scale mtDNA deletion (SLSMD) clini-
cally manifesting as Pearson, Kearns-Sayre, and Leigh syndromes.
PLoS One 2019;14:€0221829 CrossRef Medline
6. Alves CAPF, Teixeira SR, Martin-Saavedra JS, et al. Pediatric Leigh
syndrome: neuroimaging features and genetic correlations. Ann
Neurol 2020;88:218-32 CrossRef Medline
7. Yoshimi A, Ishikawa K, Niemeyer C, et al. Pearson syndrome: a
multisystem mitochondrial disease with bone marrow failure.
Orphanet ] Rare Dis 2022;17:379 CrossRef Medline
8. Mancuso M, Orsucci D, Angelini C, et al. Redefining phenotypes
associated with mitochondrial DNA single deletion. ] Neurol 2015;
262:1301-09 CrossRef Medline
9. Grady JP, Campbell G, Ratnaike T, et al. Disease progression in
patients with single, large-scale mitochondrial DNA deletions.
Brain 2014;137:323-34 CrossRef Medline
10. Holt IJ, Harding AE, Cooper JM, et al. Mitochondrial myopathies:
clinical and biochemical features of 30 patients with major dele-
tions of muscle mitochondrial DNA. Ann Neurol 1989;26:699-708
CrossRef Medline
11. Moraes CT, DiMauro S, Zeviani M, et al. Mitochondrial DNA dele-
tions in progressive external ophthalmoplegia and Kearns-Sayre
syndrome. N Engl ] Med 1989;320:1293-99 CrossRef Medline
12. Rotig A, Bourgeron T, Chretien D, et al. Spectrum of mitochondrial
DNA rearrangements in the Pearson marrow-pancreas syndrome.
Hum Mol Genet 1995;4:1327-30 CrossRef Medline
13. Chu BC, Terae S, Takahashi C, et al. MRI of the brain in the Kearns-
Sayre syndrome: report of four cases and a review. Neuroradiology
1999;41:759-64 CrossRef Medline
14. Yu M, Zhang Z, Wang Q-Q, et al. Clinical and brain magnetic reso-
nance imaging features in a cohort of Chinese patients with
Kearns-Sayre syndrome. Chin Med ] (Engl) 2016;129:1419-24 CrossRef
Medline
15. Saneto RP, Friedman SD, Shaw DWW. Neuroimaging of mitochon-
drial disease. Mitochondrion 2008;8:396-413 CrossRef Medline
16. Alves CAPF, Zandifar A, Peterson JT, et al. MELAS: phenotype clas-
sification into classic-versus-atypical presentations. AJNR Am |
Neuroradiol 2023;44:602-10 CrossRef Medline
17. von Elm E, Altman DG, Egger M, et al; STROBE Initiative. The
Strengthening the Reporting of Observational Studies in Epi-
demiology (STROBE) statement: guidelines for reporting observa-
tional studies. Lancet 2007;370:1453-57 CrossRef Medline

AJNR Am J Neuroradiol ®:@ @ 2025 www.ajnr.org 9


http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/July%202025/0934.pdf
http://www.ajnr.org
http://dx.doi.org/10.1136/jmedgenet-2021-108006
https://www.ncbi.nlm.nih.gov/pubmed/34872991
http://dx.doi.org/10.1016/j.ymgme.2021.11.004
https://www.ncbi.nlm.nih.gov/pubmed/34862134
http://dx.doi.org/10.1007/s10545-014-9778-4
https://www.ncbi.nlm.nih.gov/pubmed/25352051
http://dx.doi.org/10.1371/journal.pone.0221829
https://www.ncbi.nlm.nih.gov/pubmed/31479473
http://dx.doi.org/10.1002/ana.25789
https://www.ncbi.nlm.nih.gov/pubmed/32445240
http://dx.doi.org/10.1186/s13023-022-02538-9
https://www.ncbi.nlm.nih.gov/pubmed/36253820
http://dx.doi.org/10.1007/s00415-015-7710-y
https://www.ncbi.nlm.nih.gov/pubmed/25808502
http://dx.doi.org/10.1093/brain/awt321
https://www.ncbi.nlm.nih.gov/pubmed/24277717
http://dx.doi.org/10.1002/ana.410260603
https://www.ncbi.nlm.nih.gov/pubmed/2604380
http://dx.doi.org/10.1056/NEJM198905183202001
https://www.ncbi.nlm.nih.gov/pubmed/2541333
http://dx.doi.org/10.1093/hmg/4.8.1327
https://www.ncbi.nlm.nih.gov/pubmed/7581370
http://dx.doi.org/10.1007/s002340050838
https://www.ncbi.nlm.nih.gov/pubmed/10552027
http://dx.doi.org/10.4103/0366-6999.183417
https://www.ncbi.nlm.nih.gov/pubmed/27270536
http://dx.doi.org/10.1016/j.mito.2008.05.003
https://www.ncbi.nlm.nih.gov/pubmed/18590986
http://dx.doi.org/10.3174/ajnr.A7837
https://www.ncbi.nlm.nih.gov/pubmed/37024306
http://dx.doi.org/10.1016/S0140-6736(07)61602-X
https://www.ncbi.nlm.nih.gov/pubmed/18064739

18.

19.

20.

21.

22.

23.

10

Luca P, Alessia G, Camilla R-EM, et al. Spinal cord involvement in
Kearns-Sayre syndrome: a neuroimaging study. Neuroradiology
2020;62:1315-21 CrossRef Medline

Balci TB, Hartley T, Xi Y, et al; Care4Rare Canada Consortium.
Debunking Occam’s razor: diagnosing multiple genetic diseases in
families by whole-exome sequencing. Clin Genet 2017;92:281-89
CrossRef Medline

van der Voorn JP, Pouwels PJW, Kamphorst W, et al. Histo-
pathologic correlates of radial stripes on MR images in lysosomal
storage disorders. AJNR Am ] Neuroradiol 2005;26:442-46 Medline
Fourati H, Ellouze E, Ahmadi M, et al. MRI features in 17 patients
with 12 hydroxyglutaric aciduria. Eur | Radiol Open 2016;3:245-50
CrossRef Medline

Sferruzza G, Del Bondio A, Citterio A, et al. U-fiber leukoencephal-
opathy due to a novel mutation in the gene. Neurol Genet 2021;7:
€573 CrossRef Medline

Sakai Y, Kira R, Torisu H, et al. Persistent diffusion abnormalities
in the brainstem of three children with mitochondrial diseases.
AJNR Am ] Neuroradiol 2006;27:1924-26 Medline

Alves 2025 www.ajnr.org

24.

25.

26.

27.

28.

29.

Brown GK, Squier MV. Neuropathology and pathogenesis of mito-
chondrial diseases. | Inherit Metab Dis 1996;19:553-72 CrossRef
Medline

Alves CAPF, Goldstein A, Teixeira SR, et al. Involvement of the spi-
nal cord in primary mitochondrial disorders: a neuroimaging
mimicker of inflammation and ischemia in children. AJNR Am |
Neuroradiol 2021;42:389-96 CrossRef Medline

Parikh S, Saneto R, Falk MJ, et al. A modern approach to the treat-
ment of mitochondrial disease. Curr Treat Options Neurol 2009;11:
414-30 CrossRef Medline

Rossi-Espagnet MC, Lucignani M, Pasquini L, et al. Visual
pathways evaluation in Kearns Sayre syndrome: a diffusion tensor
imaging study. Neuroradiology 2020;62:241-49 CrossRef Medline
Alves CAPF, Teixeira SR, Goncalves FG, et al. Neuroimaging find-
ings in primary mitochondrial cytopathies. In: Diagnosis and Manage-
ment of Mitochondrial Disorders. Eds: Mancuso M, and Klopstock T.
Springer-Verlag International Publishing; 2019:289-316

Gongalves FG, Alves CAPF, Heuer B, et al. Primary mitochondrial dis-
orders of the pediatric central nervous system: neuroimaging find-
ings. Radiographics 2020;40:2042-67 CrossRef Medline


http://dx.doi.org/10.1007/s00234-020-02501-0
https://www.ncbi.nlm.nih.gov/pubmed/32700106
http://dx.doi.org/10.1111/cge.12987
https://www.ncbi.nlm.nih.gov/pubmed/28170084
https://www.ncbi.nlm.nih.gov/pubmed/15760847
http://dx.doi.org/10.1016/j.ejro.2016.09.001
https://www.ncbi.nlm.nih.gov/pubmed/27709120
http://dx.doi.org/10.1212/NXG.0000000000000573
https://www.ncbi.nlm.nih.gov/pubmed/33709035
https://www.ncbi.nlm.nih.gov/pubmed/17032867
http://dx.doi.org/10.1007/BF01799116
https://www.ncbi.nlm.nih.gov/pubmed/8884579
http://dx.doi.org/10.3174/ajnr.A6910
https://www.ncbi.nlm.nih.gov/pubmed/33384291
http://dx.doi.org/10.1007/s11940-009-0046-0
https://www.ncbi.nlm.nih.gov/pubmed/19891905
http://dx.doi.org/10.1007/s00234-019-02302-0
https://www.ncbi.nlm.nih.gov/pubmed/31680196
http://dx.doi.org/10.1148/rg.2020200052
https://www.ncbi.nlm.nih.gov/pubmed/33136487

	Single Large-Scale Mitochondrial Deletion Syndromes: Neuroimaging Phenotypes and Longitudinal Progression in Pediatric Patients
	MATERIALS AND METHODS
	STUDY DESIGN, PARTICIPANTS, AND DATA COLLECTION
	IMAGING ANALYSIS
	STATISTICAL ANALYSIS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


