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Objective: Leigh syndrome (LS) is a heterogeneous neurodegenerative disease and the most frequent
pediatric manifestation of mitochondrial disease. In the largest patient collection to date, this study
aimed to provide new insights into the clinical and genetic spectrum of LS, defect-specific

associations, and predictors of disease course and survival.

Methods: Clinical, metabolic, neuroimaging, onset, and survival data were collected from the medical
records of 209 patients referred to the Beijing Children's Hospital with symmetrical basal ganglia
and/or brainstem neuroimaging changes indicative of LS by 30 centers from the Chinese network of

mitochondrial disease (mitoC-NET) between January 2013 and July 2021 for exploratory analysis.

Results: Pathogenic variants were identified in 52 genes, most frequently MT-ATP6, SURF1, and
PDHAL. Maternally inherited variants accounted for 42% (heteroplasmy level >90% in 64%).
Phenotypes spanned 92 Human Phenotype Ontology terms. Elevated serum lactate (144/195), global
developmental delay (142/209), and developmental regression (103/209) were most frequent.
Discriminating neuroimaging and/or clinical features were identified for MT-ATP6 (m.9176T>C),
MT-ND5, NBUFAFE-PDHAL, SUCLGL, and SURF1. Poorest survival was associated with MT-ND5,
MT-ATP6 (m.8993T>C and m.9176T>C), SURF1, and ALDH5A1 (<50% 3 year survival), in contrast

to milder defects with specific treatment (ECHS1 and SLC19A3, 100% 3 year survival).

Interpretation: Our data define phenotype, onset, and survival of LS in a defect-specific manner,

identifying features discriminating between genetic defects and predictive of disease outcome. These
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findings are essential to early diagnosis, in optimizing family counselling, and to the design and

monitoring of future clinical trials, the next frontier of LS research.

INTRODUCTION

Mitochondrial disease is a heterogeneous collection of rare diseases due to defects in over 400 genes
across the nuclear and mitochondrial genome (Stenton and Prokisch 2020, Schlieben and Prokisch
2020). Defects in approximately 100 of these genes can, in 35-55% of patients, manifest with Leigh
syndrome (LS; subacute necrotizing encephalomyelopathy, MIM 25600). LS is the most frequent
clinical presentation of mitochondrial disease in children with an estimated prevalence of 1 in 40,000

(Darin et al., 2001, Rahman et al., 1996, Skladal et al., 2003).

Despite vast clinical and genetic heterogeneity, LS patients are united by bilateral symmetrical lesions
within the basal ganglia and/or brainstem structures, observed as regions of focal hyperintensity on
brain magnetic resonance imaging (MRI) (Lake et al., 2015). These neurodegenerative features arise
in association with rapid deterioration of cognitive and motor function, in many cases resulting in
respiratory failure and death. The underlying disease pathomechanism is impaired mitochondrial
energy metabolism (Rahman et al., 1996), often demonstrated by elevated serum and/or cerebrospinal
fluid (CSF) lactate, reduced oxidative phosphorylation (OXPHOS) and/or pyruvate dehydrogenase
(PDH) complex activity in patient-derived tissues, or indicated by the identification of disease-causing

variants in a gene required for mitochondrial energy generation (Lake et al., 2016).
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Though all patients with these features are gathered under the clinical diagnosis of LS irrespective of
their underlying genetic diagnosis, there is increasing recognition of genetic defect-specific patterns
of onset and survival, in addition to clinical, metabolic, and brain MRI features (Alves et al., 2020,
Stenton et al., 2020, Sofou et al., 2018). However, defect-specific onset and survival data in LS
remains limited. This limitation arises due to the rarity and broad genetic underpinning of the disease,
with individual cohorts to date reaching approximately 100 genetically confirmed LS patients from
European and East Asian populations (Lim et al., 2021, Ardissone et al., 2021, Lee et al., 2020, Ogawa

et al., 2020, Sofou et al., 2018).

Here, we pave the way to overcome this shortfall by the characterization of 209 genetically confirmed
LS patients at the Beijing Children’s Hospital, a national center specialized in the diagnosis of pediatric
mitochondrial disease. We thereby resolve the clinical and genetic spectrum of the largest cohort of
systematically evaluated LS patients to date and uncover associations between genotype, phenotype,
disease onset, and survival, essential in the design of future clinical trials for LS (Yung Tiet et al.,
2021) by determining the most frequent genetic etiologies of LS and by enabling defect-specific

definition of therapeutic effect on survival.

SUBJECTS/MATERIALS AND METHODS

Participants

All patients recruited to the study demonstrated symmetrical basal ganglia and/or brainstem

neuroimaging changes indicative of LS, had received a molecular genetic diagnosis, and had disease
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onset <18 years of age. Patients were assessed against the diagnostic criteria for LS (Rahman et al.,
1996, Lake et al., 2016), as follows: i) clinical history suggestive of neurodegeneration (e.g.,
neurodevelopmental delay and/or regression), ii) symmetrical basal ganglia and/or brainstem
neuroimaging changes, and iii) abnormal metabolism characterized by elevated lactate in serum (>2.2
mmol/L) and/or CSF (>2.78 mmol/L), a defect in OXPHOS and/or PDH complex activity, and/or a
molecular genetic diagnosis in a gene related to mitochondrial dysfunction. Patients fulfilling all three
criteria were classified as having LS. Patients fulfilling the first two criteria with a molecular genetic
diagnosis in a gene not known to be related to mitochondrial dysfunction were classified as having

LS-mimicking disease.

In total, 209 patients of Chinese ethic background were included in the study (35 previously reported,
Fang et al., 2017) referred by one of 30 recruiting centers in the Chinese mitochondrial disease network
(mitoC-NET, founded in 2018). A standardized proforma was used to capture molecular genetic,
clinical, metabolic, and neuroradiological data, in addition to family history, treatment, disease onset,
follow-up time, and survival status, by a designated investigator. Phenotype data were standardized as
Human Phenotype Ontology (HPO) terms. This study was approved by the local ethical review board
and was performed under the ethical guidelines of the Declaration of Helsinki. Written informed

consent was obtained for all participants.

Molecular genetic investigations and analyses

DNA was extracted from blood and urine for analysis. Variants were detected by fluorescent

restriction fragment length polymorphism analysis (n=8), Sanger sequencing (n=3), various next-
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generation sequencing-based gene panels (n=111), or exome sequencing (n=87). For mtDNA variants,
heteroplasmy level was measured in blood and/or urine, and carrier testing was offered to all maternal

family members. For autosomal variants, segregation was confirmed in parental samples.

Disease genes reported to be associated with LS were identified from the Leigh Map

(vmh.life/#leighmap, Rahman et al., 2017) and literature reports (Chakravarty et al., 2003, Fang et al.,

2017, Kamps et al., 2018, Vogtle et al., 2018, Borna et al., 2019, Rubegni et al., 2019, Hu et al., 2020,
Alves et al., 2020, Tian et al., 2021). Disease genes reported to be associated with mitochondrial
energy metabolism were taken from Stenton and Prokisch 2020 and Schlieben and Prokisch 2020.
Designation of variant pathogenicity was in accordance with the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology guidelines (Richards et al.,

2015).

Statistical analysis

Due to the rarity of the disease, the statistical analyses (performed using R version 4.1.0) were
exploratory, and no sample size calculation was performed in advance to power the study for specific
hypotheses. Fisher exact tests were performed to compare categorical variables between two groups.
Survival analysis used the Log rank test. In the analyses, the following features were investigated for
their association to each of 18 molecular genetic diagnoses with pathogenic variants identified in >3
patients: age at onset below versus above 6 months (early-onset LS) and below versus above 2 years
(late-onset LS), and 58 clinical, metabolic, and neuroimaging HPO terms reported in >10 patients. All

statistical tests were two-sided, and statistical significance was determined as <0.05. The adjusted-p
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values and confidence intervals -was-reported based-underwent en-Bonferroni correction for multiple

testing. Principal component analysis (PCA) was utilized to visualize high dimensional HPO data.

Data availability

The molecular genetic (variant-level) and HPO phenotype (patient-level) data included in this study
are  freely available on  GENOMITexplorer  (Beijing Leigh  Group  Project,

https://prokischlab.github.io/GENOMITexplorer/) and are found in the Online Supplementary

Tables (Tables S1-S3).

RESULTS

Study population

A total of 209 genetically diagnosed patients were enrolled into the study, inclusive of three sibling
pairs (203 pedigrees) (134 males, 64%), 207 patients with disease meeting the criteria for LS and two
patients with LS-mimicking disease (see Supplementary Online Table 1 for patient-level data). The
median age of onset was 1.1 years (range = 0-10.8 years, interquartile range [IQR] = 2.1 years), with
66% of patients (n = 137) presenting before 2 years of age. At last contact, 155 patients were alive
(median age = 6 years, range = 0.5-18.3 years, IQR = 4.8 years, median follow-up time 48 months)
and 54 patients were deceased (median age = 3 years, range = 0.3-14 years, IQR = 4.4 years, median
follow-up time 13 months). 85% of patients with sufficient follow-up length were alive at or beyond
3 years of age (153/180 patients at risk). A maternal family history of disease was reported in 20

families, 17 due to a pathogenic mtDNA variant and three due to an X-linked dominant (XLD) variant
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in either PDHA or HSD17B10. Most pregnancies were uneventful (174, 89%). Of those with a
complication, oligohydramnios (n = 5), preterm birth (n = 5, <37 completed weeks of gestation),
decreased fetal movement (n = 5), and intrauterine growth restriction (n = 4) were most frequent. In
69 patients, a disease-triggering factor was reported (infection, n = 66; vaccination, n = 2; or operation,

n=1).

Mutational spectrum

Across the 209 patients, 87 (42%) had disease-causing variants in the mtDNA and 122 (58%) in the
nuclear DNA. P/LP variants were identified in 46 LS-associated genes (nine mtDNA-encoded, 37
nuclear-encoded), four nuclear-encoded mitochondrial disease genes, so far not linked to LS (COAG6,
n=1; HSD17B10, n = 2; L2ZHGDH, n = 1; TARS2, n = 2) and two inborn errors of metabolism (ALG1,
n=1; GAMT, n = 1) presenting with the typical clinical and neuroradiological features of LS in the
absence of mitochondrial dysfunction (Figure 1 a). The nuclear diagnoses stratify into 104 recessively
inherited defects (89 compound heterozygous and 15 homozygous) and 18 XLD inherited defects, of
which 7/18 arose de novo (PDHAL n =6 and HSD17B10 n = 1). Across both genomes, most frequently,
disease-causing variant were identified in MT-ATP6 (n = 28) and SURF1 (n = 22), in-keeping with
other large LS cohorts reported in the literature (Lim et al., 2021, Ardissone et al., 2021, Ogawa et al.,

2020, Lee et al., 2020, Sofou et al., 2018) (Figure 1 b-c).

In total, here we report 203 unique P/LP variants (see Supplementary Online Table 2 for patient-
level variant data), 20 unique mtDNA variants (all reported in MITOMAP) and 183 unique nuclear

variants (38 reported in as P/LP ClinVar). Seventeen of the nuclear variants were detected in >2
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unrelated patients, indicating potential founder events in the Chinese population, of which five were
confirmed to be present in multiple individuals across Asian populations in gnomad (NDUFAFG,
8:96047755T>C, n = 3; SURF1, 9:136218994delCTCT, n = 3; ALDH5A1, 6:24505104detT, n = 2;
ECHS1, 10:135182478G>A, n = 2; GTPBP3, 19:17449956A>C, n = 2). Frequently arising mtDNA
variants included those in MT-ATP6 (m.9176T>C n = 12, m.8993T>C n =7, m.8993T>G n = 5), MT-
ND1 (m.3697G>A n = 6), MT-ND3 (m.10197G>A n =7, m.10191T>C n =5, m.10158T>C n = 5),
MT-ND5 (m.13513G>A n = 9), MT-ND6 (m.14487T>C n = 9), and MT-TK (m.8344A>G n = 5).
Across all pathogenic mtDNA variants, the median degree of heteroplasmy was 97% (range = 37-
100%, IQR = 14%) in blood (n = 84) and median 100% (range = 65-100%, IQR = 9%) in urine (n =
28). In 56 of the 87 patients with mtDNA variants (64%), the variant was detected with a high degree
of heteroplasmy (>90% in at least one tissue), in 36 patients (41%) even homoplasmic. The lowest
patient-level clinical expression thresholds were associated with m.13513G>A and m.13094T>C in
MT-ND5 (37% and 46% in blood, respectively). The degree of variant heteroplasmy in the patients’
mother was investigated in all pedigrees where maternal DNA from blood and/or urine was available.
Of the 20 unrelated patients with a maternal family history of disease, maternal DNA was available
for all and heteroplasmy in the blood and/or urine of the mother ranged from undetectable to 90%
(median 80%). Of the 67 unrelated patients with no reported maternal family history of disease,
maternal DNA was available for 61 and heteroplasmy level in blood and/or urine ranged from non-
detectable (23 mothers), indicating de novo occurrence of the variant, to >90% (median 4%). The
variants carried by asymptomatic mothers at >90% heteroplasmy level were as follows: m.8993T>C,
m.9176T>C, and m.9185T>C in MT-ATP6, m.3697G>A in MT-ND1, m.14487T>C in MT-NDG6.
Across all measured samples there was a high correlation of heteroplasmy degrees between blood and

urine (R = 0.94, p = 6.3x10%*, Spearman’s rank test).
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Clinical, metabolic, and neuroimaging feature spectrum

Clinical and metabolic data were available for all 209 patients. A median of 12 HPO terms (range =
3-23) spanning a median of four systems (range = 1-8) were recorded per patient, resulting in a total
of 92 unique HPO terms across the cohort (see Supplementary Online Table 3 for patient-level HPO
terms). In 56% of patients, at least three individual organ systems (not including metabolic
derangement) were affected during the course of the disease, most frequently neurological,
musculoskeletal, and ophthalmological (Figure 2 a). Summative analysis of the clinical data revealed
the most common clinical examination findings to be global developmental delay (142/209), followed
by developmental regression (103/209), failure to thrive (101/209), and muscle weakness (91/209)
(Figure 2 b). Developmental regression was the most frequent initial presenting symptom (47/209),
at a median age of 0.7 years. The clinical features at onset in relation to age at onset are depicted in
Figure 2 c. All other clinical features were less frequent at onset or developed later in the disease
course. The key demographic and clinical features from this and previous studies are displayed in

Table 1.

Serum lactate was measured in 195 patients (in 154 patients on one visit, in 41 patients on two Visits)
(mean = 3.9 mmol/L, standard deviation [s.d.] = 2.8 mmol/L, reference range = 0.5-2.2 mmol/L) and
was elevated on at least one visit in 144/195 patients (74%). In seven patients, serum lactate was
elevated on only one of two visits. CSF lactate was measured in 65 patients (mean = 3.2 mmol/L, s.d.
= 1.4 mmol/L, = reference range 1-2.78 mmol/L) and was elevated in 43 (66%). Overall, correlation

was mild between serum and CSF lactate (R = 0.31, p-value = 0.006).
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In accordance with our inclusion criteria, neuroimaging data (brain MRI) revealed symmetrical basal
ganglia and/or brainstem signal abnormalities in all patients (basal ganglia n = 160; brainstem n = 152,
both involved n = 103). Lesions were further stratified by discrete location into those affecting the
lenticular nucleus (150/160) and/or caudate nucleus (87/160) in the basal ganglia, and those affecting
the medulla oblongata (81/152) in the brainstem. The neuroimaging from patients with defects in genes
newly reported to be associated with LS or reported to result in LS-mimicking disease are depicted in

Figure 3.

The profile of clinical, metabolic, and MRI features (58 reported HPO terms in >10 patients) was
compared between the most frequent genetic diagnoses (18 genetic diagnoses made in >3 patients)
(see Methods). Principal component analysis (PCA) demonstrated potential clustering of genetic
defects based on HPO terms (Figure 4 a), with basal ganglia/brainstem lesions on MRI explaining the
maximal amount of variance (Figure 4 b). To explore this further, we compared each of these 18
diagnoses in turn to all remaining patients to look for significant defect-specific associations (Table

2). Stringently correcting the confidence intervals for multiple-testing, the analysis revealed significant

MRI feature associations in MT-ND5 and SURF1 defect. MT-ND5 was enriched—forthalamus
nvelvement-and-depleted for basal ganglia lesions. SURF1 was enriched for medulla oblongata and
cerebellar involvement and depleted for basal ganglia lesions. Moreover, the analysis uncovered
several significant clinical feature associations. MT-ATP6 (m.9176T>C) was enriched for ptosis, M+

ND5-forcardiomyepathy, NDUFARE fer-aysarthria PDHAL for peripheral neuropathy, SUCLGL1 for

methylmalonic aciduria, and SURFL1 for hypertrichosis, peripheral neuropathy, and nystagmus. The
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frequency of HPO terms by molecular diagnosis and the results of the complete association analysis

are displayed in Supplementary Online Table 4.

Clinical, metabolic, neuroimaging, and genetic factors associated with disease onset, course, and

survival

Early-onset LS (<6 months, n = 55) in comparison to late-onset LS (>2 years, n = 72) was enriched
for global developmental delay (49/55 vs. 32/72, p = 6.6x107), feeding difficulties (22/55 vs. 8/72, p
= 1.5x102), and hypotonia (25/55 vs. 10/72, p = 6.6x107%), and depleted for abnormality of movement
(8/55 vs. 45/72, p = 5.3x107), ataxia (4/55 vs. 34/72, p = 3.1x107), dysarthria (0/55 vs. 21/72, p =

1.7x10%), and dystonia (3/55 vs. 27/72, p = 8.8x10™).

Follow-up clinical data was available for analysis in a total of 160 LS patients (median follow-up 48
months, range 0.2-184 months), at which point parents were asked to give a subjective judgement on
their child’s disease course by the selection of one term from: “improvement”, ‘“stable”, or
“progression” by consideration of the child’s gain/loss of developmental milestones. This indicated
clinical improvement in 36 patients (27%). Of the remaining 97 patients, 48 (36%) were stable, 11

(8%) demonstrated clinical progression, and 38 (29%) were deceased at the point of last follow-up.
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Disease onset and survival demonstrated defect-specific patterns (Figure 4 c). The earliest age of onset
was associated with SUCLG1 (median 0.1 years, range = 0-0.3 years, IQR = 0.3 years) and the MT-
ATPG6 variant m.8993T>G (median 0.5 years, range = 0.2-0.6 years, IQR = 0.2 years), and the latest
with the MT-ATP6 variant m.9176T>C (median 4.1 years, range = 0-9.5 years, IQR = 6.1 years) and
NDUFAF6 (median 3.5 years, range = 0-4.7 years, IQR = 2 years). The lowest 1 year and 3 year
survival rates were associated with MT-ND5, MT-ATP6 variants m.8993T>C and m.9176T>C,
SURF1, and ALDH5AL1 defects (range 33%-60% 1 year survival, range 30-50% 3 year survival). In
association with ECHS1 and SLC19A3 defects, all patients with follow-up exceeding 3 years were

alive.

The survival analysis for the study population as a whole is shown in Figure 5 a, demonstrating 3 year
survival in excess of 75%. Disease onset, clinical, metabolic, neuroimaging, and genetic factors were
analyzed for their association with patient survival (see Methods). Following multiple-testing
correction, dyspnea was found to be associated with significantly poorer survival (Figure 5 b) and

dysarthria, a phenotype associated with late-onset LS, with significantly better survival (Figure 5 c).

Across the study cohort, 36 patients received a defect-specific treatment: 12 PDHAL patients (12/15)
and one TPK1 patient (1/1) received thiamine 4-30mg/kg/day, four SLC19A3 patients (4/6) received
thiamine 5-20mg/kg/day in addition to biotin 3-45mg/kg/day, one COQ?7 patient (1/1) received
coenzyme Q10 10-50mg/kg/day, and 18 ECHS1/HIBCH (18/18) patients received a valine-restricted
diet. Collectively, patients receiving a defect-specific treatment demonstrated overall better survival

in comparison to their untreated counterparts (p = 0.0069, Log rank test) (Figure 5 d), with all patients
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with sufficient follow-up duration being alive at 3 years of age. There was no significant difference in
gender nor in age of onset to provide an alternative explanation for this difference (treated, median
age of onset 1 year, range 0-4.8 years, IQR 1.2 years; untreated, median age of onset 1.2 years, range

0-10.8 years, IQR 2.6 years).

Follow-up neuroimaging (brain MRI and/or DWI) data were available for analysis in 67 patients
(median follow-up time = 10 months, range 0.5-102 months, IQR = 19 months). Lesion changes were
analyzed in accordance with Bonfante et al., 2016 and classified as either: i) stable — no change on T2
MRI or DWI, ii) progression — new lesions present or the number and/or extension of previously
visualized lesions had increased, iii) regression — complete resolution on both T2 MRI and DWI of
lesions previously visualized, or iv) evolution — normalization of DWI with persistent T2 MRI
changes, or decreased size of the T2 MRI signal changes as a result of encephalomalacia. In total,
regression of MRI abnormalities was reported in four patients (4/67, 6%), seven remained stable (7/67,
9%), 16 demonstrated evolution (16/67, 24%), and 40 progressed by the point of last follow-up (40/67,
58%) (Figure 6). Comparing disease course in 59 patients with both clinical and imaging follow-up
data available for analysis demonstrated all patients with regression of MRI abnormalities to have a
corresponding clinical improvement, resulting in an enrichment for MRI recovery in the patients with
clinical improvement (3/14 vs. 0/45, p = 0.04, Fisher exact test). Conversely, all patients who were
deceased at last follow-up demonstrated enrichment for progression of the MRI abnormality (17/19

vs. 20/40, p = 0.02, Fisher exact test).

DISCUSSION
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LS is a rare and heterogeneous disease, demonstrated in this large cohort of 209 patients by its
underpinning across 52 different disease genes and presentation with over 90 different phenotypes. LS
is considered to be a disease of infancy and early childhood, typically reported to present within the
first two years of life, and characteristically presenting during a period of metabolic stress following
a period of normal development (Rahman et al., 1996, Lee et al., 2009, Naess et al., 2009). In-keeping
with this, the median age of onset in our cohort was 1.1 years and 66% of patients presented before 2
years of age. In 33% of our patients, disease was triggered by infection, vaccination, or an operation,
and we report almost one quarter of patients (22%) to present with developmental regression after a
period of normal development at a median of 0.7 years. However, we also report over one third of
patients to present with late-onset LS (34%), defined as onset over the age of two years (Sofou et al.,
2014). This value is higher than the approximate 20% previously reported (Sofou et al., 2014) and
may reflect the genetic underpinning of the cohort with the majority of late-onset cases accounted for
by MT-ATP6 (m.9176T>C and m.8993T>C) and MT-ND1, -ND3, -ND5, and -ND6 defects. This
highlights the defect-specific patterns of the age of onset, with earliest onset in SUCLG1 and MT-
ATP6 (m.8993T>G) defect, latest onset in MT-ATP6 (m.9176T>C) and NDUFAFG6 defect, and a
number of defects such as MT-ND3, -ND5, and -ND6 demonstrating wider distributions. Moreover,
we found age of onset to have important implications for disease manifestation, with late-onset LS
associated with disorders of movement and coordination, including dystonia, ataxia, and dysarthria,
as previously reported (Sofou et al., 2014). We did not, however, find a significant association between
age of onset and overall survival to support previous reports of poorer survival in patients with disease

onset <6 months (Ogawa et al., 2020, Sofou et al., 2014, Naess et al., 2009).
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We report 42% of LS to be maternally inherited, this figure is in-keeping with other large European
and East Asian cohorts of LS patients published in the last 5 years, collectively describing 514
genetically confirmed LS patients, and reporting figures ranging from 27-52% (Lim et al., 2021,
Ardissone et el., 2021, Ogawa et al., 2020, Lee et al., 2020, Sofou et al., 2018). On the individual gene-
level, combing these cohorts, MT-ATP6 accounts for the largest proportion of LS cases (18%),
followed by SURF1 (15%), with all other defects accounting for <10% (see Figure 1 b). The variable
distribution of defects across East Asian and European cohorts suggests that genetic defects may vary
based on ethnicity or between populations, such as due to founder mutations as previously described
for ECHS1 and GTPBP3 in Chinese patients (Sun et al., 2020, Yan et al., 2021). We, however, found
only limited evidence for the contribution of founder variants to disease, with only five variants of
potential founder status identified in our Chinese LS population. LS was primarily clinical defined in
the pre-genome area, that, as we know today, comprises a large heterogeneous group of approximately
100 distinct rare genetic disorders. Accordingly, studies summarizing LS-associated clinical features,
disease onset, and survival data on the cohort level show high variability given high dependency on
the underlying genetic composition of the cohort and provide limited information on single gene
defects. Thus, emphasizing the importance to define such features on the genetic defect-specific level.
Moreover, knowledge of the prevalence of LS on the defect-level aids in directing the need for
treatment development and in the appropriate design and selection of primary end points for clinical
trials. Interestingly, amongst the defects reported in our cohort were four mitochondrial disease genes
across six unrelated patients (COA6, HSD17B10, L2HGDH, and TARS2) not currently reported to be
associated with LS, in addition to two inborn errors of metabolism (ALG1 and GAMT) each reported
in one patient presenting with the typical clinical and neuroradiological features of LS in the absence

of mitochondrial dysfunction (see Figure 3). In all instances, the patient(s) manifested with the
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phenotype typically reported for the genetic etiology of the disease, e.g., developmental delay,
seizures, and liver dysfunction in ALG1 (MIM 608540) and cardiomyopathy plus a mitochondrial
complex 1V defect in COA6 (MIM 616501), in combination with clinical features of
neurodegeneration and LS characteristic bilateral basal ganglia and/or brainstem lesions on MRI.
Further, in 75% (6/8) of these patients, biochemical evidence of mitochondrial dysfunction was
reported (elevated serum and/or CSF lactate). Given that we report HSD17B10 and TARS2 each in two
unrelated patients, evidence for their associated with LS is strongest, demonstrating the ever-
increasing phenotypic spectrum of mitochondrial diseases with the application of untargeted genomic

sequencing approaches.

Remarkably, across the detected pathogenic mtDNA variants, the heteroplasmy level threshold for
clinical manifestation in the LS patients was reported as low as 37% in blood. The most frequent
mtDNA encoded gene implicated in LS in our cohort was MT-ATPG6. In keeping with other large
studies of MT-ATP6 defects (Stendel et al., 2020), a >50% contribution of the m.9176T>C variant to
the LS phenotype in MT-ATP6 was found. Among these patients, we identified a number with
overlapping features of NARP (neuropathy, ataxia, and retinitis pigmentosa), a second mitochondrial
disease syndrome presentation commonly associated with MT-ATP6 defects, by neuropathy (1/28),
ataxia (10/28), and retinitis pigmentosa (1/28, in association with m.8993T>G), as reported by Ng et
al., 2019. In general, LS is expected to manifest at a heteroplasmy level >90% for variants in MT-
ATP6, however, we report four patients with heteroplasmy levels ranging from 66-88% in blood,
indicating LS to also manifest at moderate heteroplasmy levels. Conversely, it is known from the
literature that there is no threshold for expression of a phenotype with m.8993T>C, m.9176T>C, and

m.9185T>C variants in MT-ATP6, and homoplasmic asymptomatic carriers are reported (Stendel et
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al., 2020, Ng et al., 2019, Ganetzky et al., 2019). In keeping with this, we report five asymptomatic

maternal carriers of pathogenic mtDNA variants at heteroplasmy levels >90%.

One of the key diagnostic criteria for LS is an indicator of impaired energy metabolism (Rahman et
al., 1996). Elevated serum lactate is a readily measurable indicator in clinical practice. However, like
previously described cohorts with reportedly normal serum/CSF lactate in 25%-30% of cases (Lim et
al., 2021, Ardissone et al., 2021, Sofou et al 2014), in just 74% of investigated patients in our LS
cohort the serum lactate was elevated, and when measured on more than one visit in the same patient,
discrepancies arose in almost 20%. This underlines the difficulty to appropriately interpret serum
lactate, given the risk of missing a transient elevation in LS, and reporting a nonspecific elevation in
an acutely unwell, a struggling child, or due to firm tourniquet use. This renders identification of the
molecular diagnosis in combination with characteristic neuroimaging and clinical features the most
accurate method of LS definition, as reflected by an amendment to the LS diagnostic criteria to allow
the identification of disease-causing variants in a gene related to mitochondrial energy generation as
an alternative to biochemical measurement of dysfunction by Lake et al., 2016. Importantly, defects
in a number of genes linked to LS, such as MT-ATP6 and ECHS1 (Stendel et al., 2020, Marti-Sanchez
et al., 2021), can present with a different clinical picture to LS and future clinical trials for defect-

specific treatments may need to be stratified by the molecular basis and the clinical presentation.

To date, few large cohort studies of genotype-phenotype correlations have been conducted (Sofou et
al., 2018, Alves et al., 2020) and this is, to our knowledge, the largest phenotype-genotype correlation

study in LS to be performed on systematically evaluated patients. Consequently, characteristic disease-
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associated clinical features have only been described for a small number of LS-associated disease
genes in the past, such as hypertrichosis in association with pathogenic variants in SURF1 (Lake et
al., 2016), also recapitulated in our cohort, and methylmalonic aciduria in SUCLA2 (Sofou et al., 2018,
Carrozzo et al., 2016, Ostergaard et al., 2007), as reported for SUCLGL in our cohort, two defects
resulting in Succinate-CoA ligase deficiency. Facilitated by the size of our molecularly defined cohort,
we were able to expand the phenotype associations of SURF1, and report further significant
associations for MT-ATP6, MT-ND5, NBUFAES-and PDHAL (see Table 2), important for recognition

of disease.

As required for the diagnosis of LS, all patients displayed characteristic bilateral lesions in the basal

ganglia (77%) or brainstem (73%), or both (49%) on MRI and/or DWI, in addition to less frequently
reported neuroradiological abnormalities such as cerebral atrophy (34%), white matter involvement
(19%), and cerebellar lesions (17%). In search of brain MRI features indicative of specific molecular
genetic diagnoses, we found MT-ND5 to be associated-with-invelvement-of the-thalamus-and-te-be
depleted for basal ganglia lesions, and SURF1 to be associated with medulla oblongata lesions and
cerebellar involvement, and depleted for basal ganglia lesions, associations we have previously
described in a subset of 139 patients from our cohort (Stenton et al., 2020) and partially supported in
an independent cohort of 53 LS brain MRI datasets (Alves et al., 2020), amongst other smaller studies

(Ng et al., 2018). Importantly, we found regression of MRI abnormalities to invariably result in a
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corresponding clinical improvement in the patient, and enrichment for progression of the MRI lesions
in patients with clinical deterioration resulting in death, indicating radiological features to have the

potential to serve as therapeutic biomarkers in future clinical trials.

The present study reports the survival data of Chinese patients with LS for the first time. LS survival
is generally considered to be poor, with death reportedly occurring in the first few years of life
(Rahman et al., 1996, Lake et al., 2015). Encouragingly, the overall survival time in our cohort was
higher than expected, with 109 patients alive at 5 years of age or older, 85% of patients at risk alive at
or beyond 3 years of age, and 63% of patients reported as clinically improving or stable at a median
of 48 months follow-up from disease onset. These higher-than-expected survival rates are supported
by two further studies collectively analyzing almost 300 patients and reporting survival rates of >75%
at or beyond 3 years of age (Sofou et al., 2014, Ogawa et al., 2020). Survival was found to be defect-
specific, with poorest survival associated with defects in MT-ND5, MT-ATP6 (m.8993T>C and
m.9176T>C), SURF1, and ALDH5AL. These findings are largely in agreement with earlier studies
(Ogawa et al., 2020), with the exception of SURF1 for which reports are conflicting. SURF1 has
generally been considered to have a more favorable survival in comparison to other causes of LS. A
pooled analysis of 142 SURF1 patients by Wedatilake et al., 2014 reported a median survival of 5.4
years and approximate 75% 3 year survival, figures also supported by smaller studies (Ogawa et al.,
2020). We, however, report a 3 year survival of just 44% and found SURF1 to be amongst the most
unfavorable defects. This finding is supported by the most recent LS cohort studies by Ardissone et
al., 2021 and Lim et al., 2021, reporting SURFL1 to be the most severe defect across LS patients in the
Italian Collaborative Network of Mitochondrial Diseases and the Mitochondrial Disease Patient

Cohort (MitoCohort) UK, respectively. One potential explanation for the discrepancy in SURF1
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survival across cohorts is the near absence of overlap in the reported underlying variants, with just
three of over 100 unique SURF1 variants found in common between our cohort and the Wedatilake et
al., 2014 pooled study. Overall, in our study, the most favorable survival was found in association with
defects in ECHS1 and SLC19A3. Investigating predictors of poor survival, we found dyspnea to be
significant after stringent multiple testing correction. Dyspnea may be a sign of impending respiratory
failure, a typical cause of death in LS brainstem dysfunction in combination with muscle weakness
(Sofou et al., 2014, Finsterer 2008). Cardiomyopathy has also previously been associated with poor
survival more generally in mitochondrial disease (Holmgren et al., 2003, Imai-Okazaki et al., 2019).
Cardiomyopathy was reported in 25 patients of our LS patient (12%) and demonstrated a significant
association to MT-ND5 defects, notably, the molecular diagnosis with the poorest survival rate (see

Figure 4 c).

Across the study cohort, just 36 patients received defect-specific treatment. Thereby, with the
exception of patients with PDHAL and SLC19A3 defects, where the vast majority were treated with
thiamine, and HIBCH and ECHS1 where all were treated with a valine-restricted diet, the defect-
specific survival data presented are not influenced by treatment. In these patients, the provision of
defect-specific treatment was shown to afford clinical improvement by a significant improvement in
survival (see Figure 5 d). This is supported by established reports of thiamine responsivity in PDHA1
(van Dongen et al., 2014) and SLC19A3 (Wang et al., 2021) defect and positive response to valine-
restricted diet in ECHSL1 defect (Wang et al., 2021) in the literature, though may also reflect a milder
course of disease associated with these defects as we do not have sufficient numbers of untreated
patients with these specific defects to directly compare to. These molecular diagnoses exemplify three

of the numerous medically actionable LS-defects with defect-specific potentially disease-modifying
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treatments, the development of which is only made possible by knowledge of the disease
pathomechanism. Further examples include, but are not limited to, the beneficial effects of ketogenic
diet for pyruvate dehydrogenase (PDH) deficiency (Sofou et al., 2017), triheptanoin for ECHS1 defect
(Engelstad et al., 2021), and the mTOR inhibitor rapamycin for specific causes of LS, such as NDUFS4

defect (Sage-Schwaede et al., 2019, Barriocanal-Casado et al., 2019).

To conclude, our data pave the way to defining the phenotype, onset, and survival data of LS in a
defect-specific manner, providing indispensable knowledge on genetic defect-level needed for
assessing the efficacy of experimental treatments in clinical trials, and adding considerably to existing
knowledge concerning features associated with specific gene defects or predictive of disease outcome.
The emergence of such genotype-phenotype associations is only made possible by the high numbers
of patients with shared genetic defects in our cohort and will continue to emerge in the future with
further accumulation of patients, optimally in the setting of national (e.g., mitoC-NET in China) and
international (GENOMIT, genomit.eu in Europe, Asia, and the USA) registries for detailed and
standardized data collection. Prospectively, GENOMIT will provide a platform for common data
acquisition for four national LS cohorts published to date, including this study (Lim et al., 2021,
Ardissone et al., 2021, Ogawa et al., 2020). Diagnostic delay and limited systematic evaluation of
treatments inevitably impacts on clinical outcome for patients with LS (Yung Tiet, et al., 2021), these
data are thereby essential to disease recognition in expediting diagnosis, appropriate surveillance for
associated complications, and targeted treatment, and in providing optimal genetic and prognostic
counselling by the knowledge gained on disease course to ensure appropriate monitoring of the effect

of defect-specific therapies, the next frontier of LS research.
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FIGURE LEGENDS

Figure 1. Genetic underpinning of LS. A, Frequency of molecular genetic diagnoses in our cohort
indicating the proportion of molecular genetic diagnoses by inheritance mode. B, Frequency of
molecular genetic diagnoses in LS patients reported by six large LS cohort studies to date across
Europe and East Asia: this study (n = 209), Sofou et al., 2018 (n = 96), Ogawa et al., 2020 (n = 103),
and Lee et al., 2020 (n = 41), Ardissone et al., 2021 (n = 110), and Lim et al., 2021 (n=59). Genes
defects described in >5 patient are displayed. C, Frequency of molecular diagnoses displayed in B in
the pediatric mitochondrial disease HPO-genotype association database GENOMITexplorer
(prokischlab.github.io/GENOMITexplorer/) indicating the proportion of patients with disease-causing
variants in these genes manifesting with LS. LS, Leigh syndrome; AR, autosomal recessive; comp het,

compound heterozygous; hom, homozygous; XLD, X-linked dominant; MD, mitochondrial disease.

Figure 2. Phenotypic spectrum of LS. Frequency of A, system-level and B, individual phenotype-
level HPO terms for all phenotypes reported in >5 patients. C, Distribution of age of onset for initial
symptoms reported at onset in >5 patients. Individual patient ages are displayed with the median. The
lower and upper hinges correspond to the 25th and 75th percentiles. CSF, cerebrospinal fluid; MRS,

magnetic resonance spectroscopy; CK, creatine kinase.

Figure 3. Characteristic LS lesions on MRI in disease genes newly reported to be associated with

LS or presenting with LS-mimicking disease. A, T2: lesions in the subthalamus. B, DWI: lesions in
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the subthalamus. C, T2FLAIR: lesions in the ventral medulla (brainstem). D, DWI: lesions in the
ventral medulla (brainstem). E, T2: lesions in bilateral pallidum of the lenticular nucleus (basal
ganglia). F, DWI: lesions in the bilateral pallidum of the lenticular nucleus (basal ganglia). G, T2:
lesions in pons of the midbrain (brainstem). H, DWI: lesions in the pons of the midbrain (brainstem).
I-J, T2: lesions in the basal ganglia. K-L, DWI: lesions in the basal ganglia. M, T2: lesions in the
basal ganglia. N, T2: long signal in the near subcortical region. O, DWI: lesions in the basal ganglia.
P, T2: long signal in the dentate nucleus (cerebellum). Q-R, T2: lesions on the cerebral peduncles and

peri-aqueduct of the midbrain (brainstem). S-T, T2: lesions in the basal ganglia.

Figure 4. Defect-specific phenotypes, onset, disease course, and survival. Principal component
analysis for HPO terms reported in >10 patients (n = 58) for patients with P/LP variants in one of 18
genetic diagnoses with >3 patients in the cohort, colored by A, genetic diagnosis and B, location of
MRI lesions. C, Distribution of the age of onset and age at last follow-up for all genetic diagnoses
with >3 patients in the cohort, stratified by alive or deceased at last report. Individual patient ages are
displayed with the median. The lower and upper hinges correspond to the 25th and 75th percentiles.
The 1 year and 3 year survival rates are indicated with the number at risk in parentheses and by the
survival curve in the top corner of each display. BG, basal ganglia; BS, brainstem. PC, principal

component.

Figure 5. LS survival and significant features determining survival. A, Kaplan-Meier survival
curve for the entire study cohort of 209 LS patients. Kaplan-Meier survival curve for comparing LS

patients with and without B, dyspnea (HR = 2.77, p = 0.02, Log rank test), C, dysarthria (HR = 0.00,
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p =0.001, Log rank test), and D, receival of a defect-specific treatment (HR = 0.18, p = 0.0069, Log

rank test). Patients were censored when last seen alive at follow-up.

Figure 6. LS MRI changes over time. A, Regression of T2FLAIR MRI in a MT-ND4 patient with
lesions in the cerebral peduncles of the midbrain (brainstem) completely resolving between 4 and 7
years of age. B, Stable T2 MRI and DWI in a MECR patient with lesions in the basal ganglia at 7 and
12 years of age. C, Evolution of T2 MRI and DWI in a ECHS1 patient with lesions in the basal ganglia
developing cystic change (encephalomalacia) 5 and 11 months of age. D, Progression of T2 MRI and
DWI in a SURF1 patient with lesions in the midbrain (brainstem) rapidly increasing in size in just 19

days, demonstrating how rapidly LS can aggravate.



