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Purpose: Diagnosing Leigh syndrome (LS), a representative mitochondrial disease, remains chal-
lenging. Mitochondrial DNA (mtDNA)-associated LS, which is maternally inherited, has relatively
well-known genetic variants. We evaluated the usefulness of brain magnetic resonance spectros-
copy (MRS) for the initial diagnosis of mtDNA-associated LS using data from LS patients.
Methods: The study involved LS patients who visited Gangnam Severance Hospital between 2006
and 2018. Based on patients' clinical findings, genetic evaluations, brain magnetic resonance im-
aging, and brain MRS findings, 24 mtDNA-associated and 49 gene-negative LS patients were in-
cluded in the current study. Lactate peaks and decreased N-acetyl aspartate (NAA) peaks in brain
MRS were compared between both groups.

Results: In total, 11 mtDNA mutation subtypes were detected. Our findings showed a higher pro-
portion of brain MRS abnormalities in mtDNA-associated LS patients than in gene-negative LS
patients, but no statistically significant differences were observed between the two groups (lac-
tate peak, P=0.080; decreased NAA peak, P=0.115).

Conclusion: Brain MRS is currently limited as an initial diagnostic test for mtDNA-associated LS.
However, it may be a useful non-invasive test for the follow-up evaluation of mtDNA-associated
LS treatment. Ultra-high-field MRS technology is expected in the future.
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Introduction

Leigh syndrome (LS) is the most representative mitochondrial
disease; it results in severe neurological deficits, with the first
symptoms usually appearing between 3 and 12 months of age [1-
3]. This syndrome can be divided into mitochondrial DNA (mtD-
NA)-associated LS and nuclear gene-encoded LS. Unlike nuclear
gene-encoded LS, mtDNA-associated LS is maternally inherited
[4-6]. LS can be diagnosed by examining clinical and neurological

symptoms, brain imaging methods such as magnetic resonance
imaging (MRI) and magnetic resonance spectroscopy (MRS), as-
sessing blood or cerebrospinal fluid (CSF) lactate levels, and per-
forming genetic testing [6-8].

Brain MRS is a non-invasive tool that is useful for evaluating
brain tissue metabolites, including lactate peaks, which are among
the most important factors in diagnosing LS, and N-acetyl aspar-
tate (NAA), choline, and creatine levels [9-11]. Brain MRS is
widely used for LS diagnosis supplementally and follow-up moni-
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toring because of its ability to detect lactate peaks in brain regions.
However, its usefulness as a tool for initial LS diagnosis remains
unclear, and studies on this issue are lacking [ 11-13]. Owing to the
recent development of genetic testing for LS, very few studies have
reported the relationship between the presence of pathogenic vari-
ants in LS and brain MRS findings [ 13,14].

Here, we studied the usefulness of brain MRS as an initial diag-
nostic tool for differentiating mtDNA-associated LS, which has rel-
atively well-known genetic characteristics, from gene-negative clin-
ical LS. We believe that our study will provide neurologists insights
into the usefulness of brain MRS for LS diagnosis.

Materials and Methods

1. Study design and patient selection

This was a retrospective study consisting of patients clinically diag-
nosed with LS who visited Gangnam Severance Hospital between
2006 and 2018 (Fig. 1). A total of 99 patients were selected.
Among these 99 patients, all patients known to have nuclear
DNA-associated LS were excluded. The clinical diagnosis of LS
was based on the stringent diagnostic criteria for LS formulated by
Rahman et al. [2] and Thorburn et al. [6] as follows: progressive
neurological disease with motor and intellectual developmental
delays, signs and symptoms of brainstem and/or basal ganglia dis-
ease, elevated blood or CSF lactate concentrations, and bilateral
symmetric hyperintense signal abnormalities in the brainstem
and/or basal ganglia on T2-weighted MRI scans. In addition, all
patients underwent MRS as an initial diagnostic test. All parents
received a detailed explanation and signed an informed consent
form before their wards were enrolled in the study. This study was
approved by the Institutional Review Board of Gangnam Sever-
ance Hospital, Yonsei University College of Medicine, Seoul, Re-
public of Korea, (3-2017-0168) following the tenets of the Decla-
ration of Helsinki.

2. Genetic evaluation of clinical LS

Whole mtDNA sequencing was performed for all patients using
next-generation sequencing (NGS) technology. An extensive liter-
ature search was performed to confirm the mtDNA mutations
used to diagnose mtDNA-associated LS. Patients with other mito-
chondrial diseases, such as mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes (MELAS) were identified and
excluded. Pathogenic variants, including point mutations and large
deletions, can occur throughout the entire mitochondrial genome.
Therefore, the diagnosis of mtDNA-associated LS should include
the detection and quantification of any mitochondrial genome se-
quence change [15-17]. Each associated genotype change was
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classified with reference to pathogenic variants that have been con-
firmed to date. In some patients who were not diagnosed by whole
mtDNA sequencing, diagnostic exome sequencing was per-
formed. On this basis, 16 patients were excluded from the study
because they were diagnosed with another mitochondrial syn-
drome or neurodevelopmental disease. Consequently, we included
24 patients with mtDNA-associated LS (Table 1 and Fig. 1). The
remaining 49 patients were classified as having gene-negative LS.

Table 1. Characteristics of mitochondrial DNA-associated Leigh
syndrome patients (n=24)

Characteristic No. (%)

mtDNA mutation subtypes
m.101917>C 5(20.8)
m.8993T> G 4(16.7)
m.8993T>C 3(12.5)
m.91767>C 3(12.5)
m.3697G>A 2(8.3)
m.13513G>A 2(8.3)
m.91857>C 1(4.2)
m.10744A > G 1(4.2)
m.11777C>A 1(4.2)
m.10744A > G 1(4.2)
m.14459G > A 1(4.2)

Serum lactic acidosis
Mild 6 (25.0)
Moderate 9(37.5)
Severe 1(4.2)

Muscle biopsy obtained (n = 20)

Light microscopic changes (+) 6 (30.0)
Electron microscopic changes (+) 10 (50.0)
Mitochondrial respiratory chain complex enzyme assay
Complex | defect 13(72.2)
Complex IV defect 5(27.8)
Magnetic resonance imaging
Basal ganglia 24 (100)
Thalamus 11 (45.8)
Brainstem
Midbrain 13 (54.1)
Pons 8(33.3)
Medulla 5(20.8)
Cerebellum 14 (58.3)
Cerebral atrophy 12 (50.0)
Cortex signal abnormality 8(33.3)
White matter signal abnormality 7(29.2)
Clinical severity
Mild 8(33.3)
Moderate 9(37.5)
Severe 7(29.2)
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Fig. 1. Study design and selection of patients. mtDNA, mitochondrial
DNA.

3. Clinical characteristics of mtDNA-associated LS patients

We reviewed the clinical manifestations of mtDNA-associated LS.
Sex, age at first clinical presentation and LS diagnosis and the cor-
responding time interval, a familial history of mitochondrial dis-
ease, the first symptom at disease onset, and organ involvement at

diagnosis were examined (Table 2) [7,10].

4. Mitochondrial characteristics of mtDNA-associated LS
‘We have summarised the results of the various tests performed to
diagnose in Table 1. The mtDNA mutation subtypes, degree of se-
rum lactic acidosis, muscle biopsy findings, mitochondrial respira-
tory chain (MRC) complex enzyme assay, and brain MRI findings
were examined. In addition, the clinical severity of mtDNA-associ-
ated LS at diagnosis was graded as mild (if the patient was ambula-
tory and/or independent for daily activities) moderate (if the pa-
tient was partially dependent but able to express and understand
directions), and severe (if the patient was totally dependent for dai-
ly activities or bedridden) [7,10].

S. Brain MRS findings of mtDNA-associated LS and
comparison with gene-negative clinical LS

Localised proton (‘H)-MRS was performed using a GE 750-W
3.0-T scanner (GE Healthcare, Chicago, IL, USA) with a 16-chan-
nel head-neck combined coil after T2-weighted and 2D fast-spin
echo MRI. Single 20 x 20 x 20 mm’ voxel spectroscopy (repetition,
echo [echo time (TE)], and acquisition time of 1,500 ms, 144 ms,
and 3.48 minutes, respectively) was used. The voxel was placed by
an MRI technician under the supervision of an experienced neu-
roradiologist. The regions of interest were located in the frontal
and occipital grey matter and basal ganglia of the bilateral hemi-
spheres. A rapid automated shimming method was developed us-
ing the machine. After water suppression and tuning, 'H-MRS

https://doi.org/10.26815/acn.2021.00542

Table 2. Clinical characteristics of mitochondrial DNA-associated
LS patients (n=24)

Characteristic Value
Sex, male:female 15:9
Age at first clinical presentation (yr) 19+85
Age at LS diagnosis (yr) 3.6+65
Time interval from first clinical presentation to LS diag- 25+139
nosis (mo)
Familial history of mitochondrial disease
Mitochondrial disease history 4(16.7)
Non-specific neurological disease history 20 (83.3)
Symptom present at disease onset
Delayed development 10 (41.7)
Seizure 5(20.8)
Motor weakness 4(16.7)
Ataxia 3(12.5)
Visual disturbance 1(4.2)
Loss of consciousness 1(4.2)
Organ involvement
Neuromuscular 24 (100)
Eye 10 (41.7)
Lung 8(33.3)
Gastrointestinal system 6 (25.0)
Renal system 3(12.5)
Heart 2(83)
Ear 1(4.2)

Values are presented as meansstandard deviation or number (%).
LS, Leigh syndrome.

spectra were obtained and directly analysed using the Functool
9.4.0S software in the GE Medical System. All data were processed
using a Gaussian line and were analysed by two separate radiolo-
gists. Lactate and NAA level shifts were detected at 1.3 and 2.02
ppm, respectively. Lactate doublet peaks were also monitored at
1.3 ppm and confirmed by detecting an inversion on the half-TE
sequence. The determination of the presence or absence of a lac-
tate peak was made based on the basal ganglia. Lactate peaks and
decreased NAA peaks were further categorised according to the
readings of two separate neuroradiologists [ 10,11].

Thus, the MRS findings of mtDNA-associated LS were ob-
tained and compared with those of gene-negative clinical LS to de-

termine whether statistically significant differences were present.

6. Data analysis and statistical methods

Statistical analysis was performed using R version 4.1.0 (http: //
cran.r—project.org) and SPSS version 20.0 (IBM Corp., Armonk,
NY, USA). Descriptive statistics were used, including percentages,
means, and standard deviations. The chi-square test was applied to
compare the differences between MRS findings of mtDNA-associ-
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ated LS and gene-negative clinical LS. Statistical significance was
setat P<0.0S.

Results

1. Clinical characteristics of mtDNA-associated LS

Among the 24 mtDNA-associated LS patients, 15 were male. The
mean ages at first clinical presentation and LS diagnosis were 1.9
years and 3.6 years, respectively, with a mean time interval of 25
months. There was a family history of mitochondrial disease in
16.7% of the cases. Delayed development was the most common
symptom at disease onset (41.7%), followed by seizures (20.8%),
motor weakness (16.7%), and ataxia (12.5%). All mtDNA-associ-
ated LS patients had neuromuscular involvement, with the eyes
(41.5%), lungs (33.3%), and gastrointestinal system (25%) being

the other involved major organs (Table 2).

2. Mitochondrial characteristics of mtDNA-associated LS
patients

Among the 11 detected mtDNA mutation subtypes, m.10191T > C
(20.8%), m.8993T > G (16.7%), m.8993T >C (12.5%), and m.
9176T > C (12.5%) accounted for 62.5% of the total. Serum lactic
acidosis was observed in 16 patients (66.7%). Muscle biopsy per-
formed in 20 patients showed light microscopic changes and elec-
tron microscopic changes in six and 10 patients, respectively. In the
enzyme assay, MRC complex I defects were observed in 13 pa-
tients. Brain MRI showed bilateral basal ganglia involvement in all
patients, including the thalamus (45.8%), midbrain (54.1%), pons
(33.3%), medulla (20.8%), cerebellum (58.3%), and cerebral atro-
phy (50.0%). Cortex (33.3%) and white matter (29.2%) involve-
ment was also observed. Two-thirds (66.7%) of patients showed
moderate to high clinical severity (Table 1).

3. MRS findings of mtDNA-associated LS and comparison
with gene-negative clinical LS

As shown in Table 3, among the 24 mtDNA-associated LS pa-
tients, 66.7% (n=16) and 62.5% (n=15) showed lactate peaks
and decreased NAA peaks, respectively. In contrast, among the 49
gene-negative clinical LS patients, 44.9% and 42.9% showed lactate
peaks and decreased NAA peaks, respectively. Overall, the mtD-

NA-associated LS patients had a higher proportion of abnormal
findings than the gene-negative clinical LS patients. However, the
distribution of brain MRS findings between the two groups did
not now statistically significant differences (lactate peak, P=0.080;
decreased NAA peak, P=0.115).

Discussion

Despite advances in brain MRI and genetic testing over the past
few decades, diagnosing LS remains a challenge for many neurolo-
gists [3,5,6]. The present study investigated the usefulness of brain
MRS for initial mtDNA-associated LS diagnosis. Brain MRS re-
vealed lactate peaks and decreased NAA peaks in 66.7% and 62.5%
of patients with mtDNA-associated LS, respectively. Our results
showed a higher proportion of abnormal findings in mtDNA-asso-
ciated LS patients than in gene-negative clinical LS patients. How-
ever, no significant differences were observed between the two
groups of patients, suggesting that the current brain MRS tech-
nique is insufficient as a powerful and accurate initial diagnostic
test for mtDNA-associated LS. Fig. 2 shows the brain MRS find-
ings of two mtDNA-associated LS patients with the m.8993T > G
mutation. As seen in the figure, lactate peaks can differ among LS
patients with the same mutation type.

A single diagnostic tool for accurate LS diagnosis has not yet
been developed. Nonetheless, clinical phenotypes, brain MRI and
MRS findings, serum lactate levels, muscle biopsy, and respiratory
enzyme studies have been used in combination to diagnose LS
[18,19]. In recent years, genetic tests, such as whole mitochondrial
sequencing, NGS, and whole exome sequencing, have been active-
ly used for diagnosing this disease [6,9]. However, the diagnostic
yield of these genetic tests for predicting gene-positive LS is only
approximately 50% [14]. Therefore, MRI and MRS, as non-inva-
sive brain imaging techniques, still have important implications in
LS diagnosis. In several LS cases, brain MRS has been found to
show abnormalities not observed in MRI, indicating that brain
MRS can be advantageous for diagnosing LS [9,14].

Brain MRS is a widely known non-invasive imaging tool that can
measure more than 20 brain tissue metabolites. Brain MRS has
been used for diagnosing and examining brain tumours, mesial

temporal lobe epilepsy, traumatic brain injuries, schizophrenia, and

Table 3. Brain magnetic resonance spectroscopy findings of mtDNA-associated LS and comparison with gene-negative clinical LS

Variable mtDNA-associated LS (h=24) Gene-negative clinical LS (n=49) Pvalue
Lactate peak (+) 16 (66.7) 22 (44.9) 0.080
Decreased NAA peak (+) 15 (62.5) 21 (42.9) 0.115

Values are presented as number (%). P<0.05 was considered to indicate statistical significance.

mtDNA, mitochondrial DNA; LS, Leigh syndrome; NAA, N-acetyl aspartate.
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Fig. 2. Basal ganglia in magnetic resonance spectroscopy (MRS) findings of two mitochondrial DNA (mtDNA)-associated Leigh syndrome
patients, both of whom harboured the m.8993T>G variant. (A) Brain magnetic resonance imaging (MRI) findings in an 8-year-old boy,
with an MRS image at repetition time (TR)/echo time (TE) 1,500/144 ms showing an inverted doublet at 1.3 ppm, consistent with a
definite lactate peak (yellow arrow). The red arrows indicate the N-acetyl aspartate (NAA) peak. (B) Brain MRI findings in a 7-year-old
girl, with an MRS image at TR/TE 1,500/144 ms showing no definite lactate peak or abnormal NAA peak (yellow arrow).

neurodegenerative diseases. In addition, brain MRS has been used
as a major imaging tool for diagnosing mitochondrial diseases, in-
cluding LS, in several previous studies [6,18,19]. The efficacy of
MRS in mitochondrial diseases has been previously studied. Lee et
al. [11] studied the usefulness of brain MRS in monitoring disease
progression or improvement during the treatment of mitochondri-
al diseases. In addition, Lee et al. [10] showed that brain MRS
findings in MELAS patients were correlated with serum biomark-
ers, such as serum lactate levels and the serum lactate-to-pyruvate
ratio, and consequently, the disease stage. In this study, MRS was
performed on average about 2 years after symptoms appeared. Ac-
cordingly, a limitation is that patients” conditions may have been
different at the time of diagnosis. Despite the limitations of brain

https://doi.org/10.26815/acn.2021.00542

MRS in the initial diagnosis of mtDNA-associated LS, it still has
the potential to be used as a screening test for LS or a follow-up test
in monitoring therapeutic response [6,7,12].

The brain MRS used in this study was 'H-MRS, with a magnetic
field strength of 3.0 T. Currently,*'P and *C-MRS, as well as ultra-
high-field MRS with field strengths of 3.0 T and 9.4 T, are widely
used in neuroscience and physiological research, and their clinical
use is expected in the future. Compared with the existing 3.0 T
MRS, ultra-high-field MRS has considerable advantages, such as
rapid neurochemical profiling and metabolite mapping, high ana-
tomical specificity, and the availability to analyse biomarkers that
can be used to predict treatment response and disease monitoring
[20,21]. The use of ultra-high-field MRS in clinical settings and re-
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lated training of technicians will markedly improve the rate of LS
diagnosis using imaging.

This study on brain MRS is highly significant, since MRS was
consistently performed at a single tertiary medical institution for a
long time and with a large number of patients with LS. To the best
of our knowledge, this is the first study to explore significant differ-
ences in brain MRS findings between patients with mtDNA-asso-
ciated LS and gene-negative clinical LS. Nonetheless, this study has
some limitations. First, it did not quantify the lactate peaks and de-
creased NAA peaks as continuous variables. Second, the exact ge-
netic results of gene-negative clinical LS as a control are currently
unknown. Third, although this study was conducted at a single
medical institution, it has the limitation of being a retrospective
study [ 11]. Thus, we concluded that brain MRS currently has lim-
itations as a test for the initial diagnosis of mtDNA-associated LS.
However, brain MRS can be considered a valuable reference for
routine follow-up testing in treating mtDNA-associated LS. In ad-
dition, if the development of ultra-high-field MRS technology and
its clinical use are successful, brain MRS may be used as a potent
diagnostic imaging tool for LS in the future [22,23].
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