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Neonatal-onset mitochondrial disease: clinical
features, molecular diagnosis and prognosis
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ABSTRACT

Objective Neonatal-onset mitochondrial disease has
not been fully characterised owing to its heterogeneity.
We analysed neonatal-onset mitochondrial disease in
Japan to clarify its clinical features, molecular diagnosis
and prognosis.

Design Retrospective observational study from January
2004 to March 2020.

Setting Population based.

Patients Patients (281) with neonatal-onset
mitochondrial disease diagnosed by biochemical and
genetic approaches.

Interventions None.

Main outcome measures Disease types, initial
symptoms, biochemical findings, molecular diagnosis and
prognosis.

Results Of the 281 patients, multisystem mitochondrial
disease was found in 194, Leigh syndrome in 26,
cardiomyopathy in 38 and hepatopathy in 23 patients. Of
the 321 initial symptoms, 236 occurred within 2 days of
birth. Using biochemical approaches, 182 patients were
diagnosed by mitochondrial respiratory chain enzyme
activity rate and 89 by oxygen consumption rate. The
remaining 10 patients were diagnosed using a genetic
approach. Genetic analysis revealed 69 patients had
nuclear DNA variants in 36 genes, 11 of 15 patients
had mitochondrial DNA variants in five genes and four
patients had single large deletion. The Cox proportional
hazards regression analysis showed the effects of Leigh
syndrome (HR=0.15, 95% CI 0.04 to 0.63, p=0.010)
and molecular diagnosis (HR=1.87,95% CI 1.18 to
2.96, p=0.008) on survival.

Conclusions Neonatal-onset mitochondrial disease
has a heterogenous aetiology. The number of diagnoses
can be increased, and clarity regarding prognosis can be
achieved by comprehensive biochemical and molecular
analyses using appropriate tissue samples.

INTRODUCTION

Mitochondrial diseases (MDs) occur in all age
groups and present with several clinical features.
However, cases of neonatal-onset follow different
courses from those that begin in infancy or adult-
hood, with many of them becoming serious. There-
fore, the time of onset should be taken into account
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What is already known on this topic?

» Neonatal-onset mitochondrial disease
has not been fully characterised due to its
heterogeneity.

» The number of molecularly diagnosed neonatal-
onset mitochondrial disease cases is increasing,
many of which are derived from nuclear genes.

» Non-specific manifestations such as
intrauterine growth retardation, early postnatal
decompensation and poor feeding suggest the
possibility of neonatal-onset mitochondrial
disease.

What this study adds?

» This observational study of neonatal-onset
mitochondrial disease in the largest cohort
ever is the first in Asia and shows more diverse
genetic aetiology than that previously reported.

» Combining a mitochondrial respiratory chain
enzyme assay with cellular oxygen consumption
rate measurement increases the number
of molecular diagnoses of neonatal-onset
mitochondrial diseases.

» In neonatal-onset mitochondrial diseases,
diagnosis of Leigh syndrome and confirmed
molecular diagnosis have independent and
significant effects on the survival curve.

in clinical classification to distinguish neonatal-
onset from postneonate-onset MD. To date, the
clinical features of MD with onset within 28 days
of birth have been reported.'

However, studies that include a large number
of patients with neonatal-onset MD are limited,
and its clinical and molecular features have not
been fully elucidated due to the heterogeneity of
MD. In addition, with the increasing number of
molecularly diagnosed cases,® the case background
is predicted to be different from that previously
reported. Here, in a large retrospective observa-
tional study in Japan, we analysed 281 patients with
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neonatal-onset MD diagnosed by both biochemical and genetic
approaches to clarify its clinical features, molecular diagnosis
and prognosis. The clinical course and the results of biochem-
ical and molecular analyses were used to classify disease type
and compare them statistically to find a trend in heterogeneity.
To the best of our knowledge, there are no reports on factors
affecting the prognosis of neonatal-onset MD; this is the first
statistical analysis of these factors.

METHODS

We performed a retrospective analysis of patients diagnosed with
neonatal-onset MD. According to previous reports,' > neonatal-
onset MD was defined as the onset of disease within the first 28
days of life. Patients were suspected to have MD based on clinical
findings according to the clinical section of the major and minor
diagnostic criteria described by Bernier et al* and were diagnosed
using biochemical and genetic approaches. For the biochemical
approach, we first checked for decreased mitochondrial respira-
tory chain (MRC) enzyme activity. If there were no changes, we
measured the cellular oxygen consumption rate (OCR) to check
for mitochondrial dysfunction. The genetic approach was used
when a sibling was confirmed to have MD based on molecular
diagnosis or when there were no samples available for biochem-
ical diagnosis. Written informed consent was obtained from the
parents of all patients included in the study.

Patients

In total, 1023 patients were diagnosed with MD from January
2004 to March 2020, 294 (28.7%) of whom had neonatal onset.
Excluding 13 cases whose clinical course was unknown, 281
patients were enrolled in this study.

Disease types

Patients were divided into four categories: multisystem MD
(MsMD), Leigh syndrome (LS) cardiomyopathy (CM) and
hepatic disease (HD). MsMD included patients primarily asso-
ciated with multiple organ failure and hyperlactataemia that
could not be classified as LS, CM or HD. LS was diagnosed using
the criteria defined by Thorburn et al.’> Patients recognised to
have Leigh-like syndrome by Thorburn’s definition® were also
included in the LS group. CM/HD included patients with CM/
hepatic disorder as the primary symptom, with or without other
mild systemic symptoms specific to MD and were diagnosed
with mitochondrial dysfunction using the myocardial®/liver”
tissues and/or a molecular analysis.®’

MRC enzyme assay

MRC enzyme activity was determined using skeletal muscle,
the liver, the myocardium and skin fibroblasts, as previously
described.'® MRC impairment was confirmed according to the
minor diagnostic criteria described by Bernier et al,* namely an
activity of 30% or less of any RC complex in a tissue or less than
40% of the activity of any RC complex in a cell line.

OCR measurement

OCR was examined using skin fibroblasts as previously
described.!!  Mitochondrial dysfunction was defined as a
maximum respiration rate of <71.6% of the normal rate.'?

Variant analysis of the genes responsible for MD

Genomic DNA from biopsy or autopsy samples was extracted
and analysed by Sanger sequencing, whole mitochondrial DNA
sequencing’ and targeted resequencing of whole mitochondrial
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Figure 1  Breakdown of subjects using the diagnostic approach. Cases
diagnosed by oxygen consumption rate (OCR) using the biochemical
approach are those without decreased mitochondrial respiratory chain
(MRC) enzyme activity in obtained samples. MD, mitochondrial disease.

DNA. The exons of nuclear-encoded genes that cause MDs"?
were analysed by whole-exome sequencing,® ** or high-density
oligonucleotide arrays to identify large chromosomal deletions.’

Statistical analysis

Categorical variables are presented as count and percentage.
Multiple comparisons with the Fisher’s exact test using the
Bonferroni method were performed to compare categorical
variables among three to four groups. A multivariate analysis
was performed to identify independent predictors for all-cause
mortality. The starting point for survival analyses was the date of
birth, and the censoring point was the date of death or the end of
the follow-up period. Survival curves were generated following
Kaplan-Meier analysis. Log-rank tests based on the occurrence
of preterm birth, small-for-gestational-age (SGA), hyperlacta-
taemia, early onset (within 2 days of birth), molecular diagnosis,
MD with specific treatment options' and each disease type were
performed to determine the differences in survival rates. These
factors were selected from clinical suspicion cases and previous
reports.'® Cox proportional hazards regression analyses were
performed on factors significant at p<0.10 in the log-rank test.
All statistical tests were two sided, and results with p<0.05
were considered statistically significant. Statistical analyses were
performed using EZR (Saitama Medical Center, Jichi Medical
University, Saitama, Japan).'”

RESULTS

Breakdown of subjects by a diagnostic approach

Figure 1 shows the breakdown of patients. MD diagnosis was
made in 271 (96.4%) patients using the biochemical approach
and in 10 (3.6%) patients using the genetic approach. Of the
patients diagnosed using the biochemical approach, 182 (64.8%)
had decreased MRC enzyme activity; 89 (31.7%) patients who
did not have decreased MRC enzyme activity had decreased
OCR.

Clinical features

Table 1 shows a summary of the patient cohort, comprising 281
patients from 276 non-consanguineous families. Of patients with
available information, the mean birth weight was 2346+801 g
(range: 422-4168 g, n=238), and the mean gestational age was
37+3 weeks (range: 25-41 weeks; n=245). Premature delivery
(<37 weeks of gestation) occurred in 35.5% (n=87/245) of
patients, and SGA was found in 35.3% (n=83/235) of patients.
The percentage of each disease type was as follows: MsMD:
69.0%; CM: 13.5%; LS: 9.3%; and HD: 8.2%. Overall, 44.8%
of patients died. The mortality rate was significantly higher
in patients with CM (60.5%) than in those with LS (23.1%)
(p=0.03). There were significantly more early deaths within 2
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Table 1 Characteristics of each disease type in 281 newborns with neonatal-onset mitochondrial disease
N
MsMD LS M HD
Characteristic (n=194), n (%) (n=26), n (%) (n=38), n (%) (n=23), n (%)
Male 91 (47) 18 (69) 17 (45) 12 (52)
Female 103 (53) 8 (31) 21 (55) 11 (48)
Preterm delivery® 64/175 (37) 4/21 (19) 12129 (41) 7120 (35)
SGA* 64/168 (38) 6/20 (30) 7128 (25) 6/19 (32)
Alivet 108 (56) 20 (77) 15 (39) 12 (52)
Deceased (<28 days after birth)t 51 (26) 0 9 (24) 6 (26)
Deceased (>28 days after birth)t 35(18) 6 (23) 14 (37) 5(22)
Onset (01 day after birth)t 163 (84) 17 (65) 33(87) 13 (57)
Onset (2-28 days after birth)t 31 (16) 9 (35) 5(13) 10 (43)
Hyperlactataemia (>2.1 mM)*t 132/146 (90) 16/20 (80) 14/20 (70) 13/17 (76)
Diagnosed by biochemical approach 189 (97) 24 (92) 36 (95) 22 (96)
Diagnosed by MRC enzyme activity 122 (63) 13 (50) 26 (69) 20 (87)

Cl 57 (30) 4(15) 10 (27) 8 (35)

cl 0 0 0 1(4)

cln 4(2) 0 2(5) 0

CIv 16 (8) 4(15) 1(3) 1(4)

Combined 45 (23) 5 (20) 13 (34) 10 (43)

Diagnosed by OCR# 67 (34) 11 (42) 10 (26) 2(9)

Diagnosed by genetic approach 5(3) 2(8) 2 (5) 1(4)

*Number of patients with available information only.

tThere is a significant difference in the multiple comparisons with Fisher's exact tests using the Bonferroni method among four disease types.

$No decrease in MRC enzyme activity.

C1, complex I; C I, complex II; C I, complex III; C IV, complex IV; CM, cardiomyopathy; HD, hepatic disease; LS, Leigh syndrome; MRC, mitochondrial respiratory chain; MsMD,
multisystem mitochondrial disease; OCR, oxygen consumption rate; SGA, small-for-gestational-age.

days after birth in MsMD than in LS cases (p=0.03) and signifi-
cantly more early onset within 2 days after birth than in HD
cases (p=0.02).

Of the 203 patients for whom blood test results were obtained,
175 (86.2%) showed hyperlactacidaemia. MsMD cases had
significantly more hyperlactacidaemia than CM cases (p=0.006).
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Figure 2 Kaplan-Meier analysis of overall survival with numbers of
subjects at risk. The tick marks show censored cases. The shaded area
indicates the 95% CI.

The overall survival curve is shown in figure 2. The median
survival time was 1.86 years, with a 95% CI of 0.90 to 2.95
years. The median survival rate at 1 year was 51.8% (95% CI
44.8% to 58.5%).

Initial symptoms are summarised in table 2. Patients presented
with one or more of the initial symptoms. Onset within the first
2 days after birth was observed in 236 (73.5%) patients. Symp-
toms in the other 55 patients presented between 3 and 26 days
of life (median: 4 days). The most common initial symptom
was respiratory disorder (n=83, 25.9%), followed by neonatal
asphyxia (n=46, 14.3%) and poor feeding or failure to thrive
(n=34, 10.6%).

Molecular diagnosis
Of the 84 (29.9%) molecularly diagnosed patients, 69 (24.6%)
had nuclear DNA variants in 36 genes (ACAD9, AIFM1, ATAD3,
BOLA3, C10BP, COQ4, COX10, DGUOK, EARS2, ECHSI,
FBXL4, GFM1, GTPBP3, HSD17B10, IBA57, LRPPRC, MPV17,
NDUFA10, NDUFAF6, NDUFB11, PC, PDHA1l, PTCD3,
ORSL1, RARS2, RMND1, SDHA, SERAC1, SLC19A3, SLC25A4,
SLC25A26, SUCLA2, SUCLG1, TAZ, TMEM70 and TUFM).
Among the other 15 (5.3%) patients, 11 had mitochondrial
DNA variants in five genes and four had a single large deletion.
Among the 271 patients diagnosed using the biochemical
approach, the molecular diagnosis was confirmed in 74 (27.3%).
In patients with complex I, complex IV or combined deficiency,
the molecular diagnosis was confirmed in 26.6%, 13.6% and
50.7%, respectively. There were no molecularly diagnosed
patients of complex IT and III deficiency. Of the 89 patients diag-
nosed by decreased OCR, 13 (14.6%) had a confirmed molec-
ular diagnosis.
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Table 2 Initial symptoms by day of onset in 281 newborns with
neonatal-onset mitochondrial disease (N*=321)

n

Initial symptoms Day 0-1 Days 2-28
Neuromuscular Respiratory disorder 69 14
Neonatal asphyxia 46 0
Hypotonia 17 3
Apnea 7 5
Drowsiness/not doing well 3 7
Convulsion 3 3
Encephalopathy 2 0
Hearing disorder 1 1
Cardiovascular Cardiomyopathy 14 2
Heart failure 10 7
Arrhythmia 5 1
Hepatobiliary Liver disorder/hepatomegaly 6 3
Cholestasis/jaundice 2 5
Gastrointestinal Poor feeding/failure to thrive 13 21
Vomiting 2 6
Diarrhoea 1 3
Bloody stool 1 0
Congenital anomaly Congenital anomaly 32 0
Others Hypothermia 1 1
Hyperthermia 1 3

*Patients presenting with one or more of the initial symptoms.

Prognostic factors

In the log-rank test, there was a significant difference in prog-
nosis between patients with and without LS and molecular
diagnosis (p=0.007 and p=0.03, respectively). The prognostic
effect of hyperlactataemia was also suggested, but there was no
significant difference (p=0.08). The Cox proportional hazards
regression analysis of the effects of hyperlactacidaemia, molec-
ular diagnosis and LS on the survival curve showed the inde-
pendent and significant effects of LS (HR=0.15, 95% CI 0.04
to 0.63, p=0.01) and molecular diagnosis (HR=1.87, 95% CI
1.18 to 2.96, p=0.008) on survival. The two survival curves are
shown in figure 3.

DISCUSSION

Studies in a large number of patients with neonatal-onset MD are
limited. In this study, we characterised several clinical features,
molecular diagnosis and prognosis in a larger cohort of patients
with neonatal-onset MD.

The frequency of both preterm birth and SGA was 35%,
which was similar to the previously reported rates of 25%-30%
and 22%-36%, respectively.! > Other reports have shown a rela-
tionship between MD and intrauterine growth restriction, but
not between MD and preterm birth.'® '* Although it is difficult
to determine whether neonatal-onset MD is a risk for preterm
birth due to the different case backgrounds, intrauterine growth
retardation was reconfirmed as one of the characteristics of
neonatal MD.

As for the disease types, MsMD accounted for the majority
(69%) of the cases because the exclusion criteria for the other
types make it the default. However, the concept of MsMD as a
disease is less established, and hence, clear diagnostic criteria are
needed in the future. Relative to the overall population onset
from infancy to adulthood,” the proportion of LS decreased, and
the proportion of CM increased.

The neonatal mortality rate was 23%, indicating that the
prognosis is still poor compared with that reported previously
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Figure 3 Association of survival rates with significant factors.
Multivariate analysis with Cox proportional hazards regression
analyses. (A) Survival rate by the presence of Leigh syndrome (LS)
with the number of subjects at risk. The red colour indicates patients
with LS. The blue colour indicates patients without LS. Patients with
LS had a significantly lower mortality rate (p=0.010). The tick marks
show censored cases. (B) Survival rate by the presence of molecular
diagnosis with the numbers of subjects at risk. The red colour indicates
patients with molecular diagnoses. The blue colour indicates patients
without molecular diagnoses. Patients with molecular diagnoses had
a significantly lower mortality rate (p=0.008). The tick marks show
censored cases. The shaded areas show the 95% Cls.

(15%-419%)." > By disease type, mortality was higher in patients
with CM (61%) and lower in those with LS (23%). A poor prog-
nosis for CM has been reported previously.”” Mortality in the
neonatal period was significantly higher for MsMD than for LS.
The low all-cause mortality in LS is partially considered to be
due to the low neonatal mortality rate.

Disease onset within the first 2 days of birth was 74%, with
is higher than that in previous studies (51%-599%)." * This is
thought to be due to the fact that MD is now being diagnosed
when a patient’s general condition deteriorates immediately after
birth and early death occurs. Neonatal asphyxia of an unknown
cause and sudden respiratory distress are common immediately
after birth, and poor feeding, failure to thrive, drowsiness or
poor health condition are common 2 days after birth, as previ-
ously reported.' In addition, MsMD presented an earlier onset
than HD. The reason for the late onset of HD was thought to be
that cholestasis (jaundice), one of the main symptoms of HD, is
common 2 days after birth.

With respect to biochemical findings, hyperlactacidemia
was observed in 86% of patients, as in previous reports
(77%-87%).% '® It should be noted that the frequency is lower
in organ-specific disease types such as CM. OCR was used in
the diagnosis of MD in 32% of patients. OCR measurement
tends to be used as a screening tool in patients with clinically
suspected MD.?! The combination of the MRC enzyme assay
and the OCR measurement method improves the diagnosis
rate of LS."?

With respect to molecular diagnoses, 30% patients had
genetic variants, 81% of which were in nDNA. There are no
recent large cohort reports of genetic variants in neonatal
MD to compare with. The higher molecular diagnosis rate of
combined complex deficiencies (51%) than that of a complex
I and IV deficiency (27% and 14%) is thought to be due to
the fact that many of the pathogenic genes are involved in
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other metabolic pathways rather than oxidative phosphor-
ylation subunits and assembly factors.® On an average, 22
novel, disease-related genes have been identified each year
since the widespread adoption of next-generation sequencing
(NGS).?* A comprehensive analysis of Japanese data targeting
childhood-onset MD was reported in 2016 and showed that a
causative gene could be identified in 35% of cases.” Compared
with overall childhood-onset MD, neonatal-onset MD still
has a lower rate of molecular diagnosis. One reason for this is
probably the difficulty in clinically diagnosing neonatal-onset
MD, which presents with non-specific symptoms and is prone
to developing into severe disease.

Among the patients diagnosed using the biochemical
approach and with a confirmed molecular diagnosis, 18%
(n=13/71) did not have decreased MRC enzyme activity and
were screened for decreased OCR. The diagnosis of neonatal-
onset MD is based on a general method for diagnosing MD, !
but making a diagnosis is challenging because many patients
die early during the clinical course, and the collection of
samples during survival is difficult. If necessary, a combined
analysis of MRC enzyme assay and OCR measurement will
help confirm the diagnosis of neonatal-onset MD, which is
difficult to diagnose clinically. On the contrary, depending
on local accessibility to broad NGS approaches, diagnostic
algorithms for MDs tend to favour genetic first over pheno-
type first.”> As we observed in a small number of patients,
certain patients with possible MD cannot be diagnosed using
biochemical analyses alone* but could be diagnosed molec-
ularly. However, biochemical tests are still valuable in criti-
cally ill patients for whom time is an issue and for functional
validation of class 3 variants to establish a firm diagnosis. It
is important to perform comprehensive testing by collecting
appropriate tissue samples, while considering invasiveness,
and by analysing the genes responsible.

Both LS and molecular diagnosis had significant effects on
prognosis. Although neonatal onset has been shown to be a poor
prognostic factor for LS in childhood,** it was found to be a
good prognostic factor in the present study, where we compared
only patients with neonatal onset. Against the possible influ-
ence of genetic background, a larger number of cases should be
studied. The poor prognosis of patients with a molecular diag-
nosis suggests that patients with a mitochondrial dysfunction
based on a biochemical analysis may include secondary mito-
chondrial dysfunctions other than MD. Therefore, prognosis
should be separate for patients whose mitochondrial dysfunction
is detected using biochemical analyses and those with a molec-
ular diagnosis.

Finally, although this study was conducted in a larger group
than that used in previous studies, the number of cases is still
low due to the diversity of pathogenesis and genetic variations.
Therefore, it is necessary to study more cases to validate the
outcomes.

CONCLUSIONS

Neonatal-onset MDs show diverse pathogenesis and genetic
aetiologies. The number of diagnoses can be increased, and
clarity regarding prognosis can be achieved with comprehen-
sive biochemical and molecular analyses using appropriate
tissue samples. It is necessary to continue to study cases and,
as genetic testing becomes more widespread and advanced,
to use them in larger studies to clarify the pathogenesis of
neonatal-onset MD.

Acknowledgements The authors would like to thank all the patients and their
physicians for allowing us to analyse their data.

Contributors TE, TN and KM conceptualised and designed the study, drafted the
manuscript, collected the data, carried out the initial analyses and reviewed and
revised the manuscript. YS, TT, KI, AM, NA, MO-T, YoO, MS, MT, TM, YY, KRN, YK, TF,
AtO, AkO and YaO coordinated and supervised data collection and critically reviewed
the manuscript for important intellectual content.

Funding This work was partially supported by the Practical Research Project
for Rare/Intractable Diseases from the Japan Agency for Medical Research and
Development, AMED (JP21ek0109468, JP19ek0109273, JP21kk0305015.)

Competing interests None declared.
Patient consent for publication Consent obtained directly from patient(s)

Ethics approval This study was approved by the Institutional Review Board in
Saitama Medical University (numbers 482 and 844).This study was approved by
the ethics boards of the Chiba Children's Hospital, Saitama Medical University, and
Juntendo University.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available on reasonable request.
Deidentified participant data are available from corresponding author, Kei
Murayama. kmuraya@mri.biglobe.ne.jp. ORCID iD 0000-0002-3923-8636. Data are
available on reasonable request.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Tomohiro Ebihara http://orcid.org/0000-0003-2296-5527
Taro Nagatomo http://orcid.org/0000-0002-9520-9629
Yohei Sugiyama http://orcid.org/0000-0002-4693-4584
Tomoko Tsuruoka http://orcid.org/0000-0002-1987-4133
Yoshiteru Osone http://orcid.org/0000-0001-5712-7019
Masaru Shimura http://orcid.org/0000-0002-1998-7349
Makiko Tajika http://orcid.org/0000-0001-6975-7712
Tetsuro Matsuhashi http://orcid.org/0000-0002-4769-6549
Keiko Ichimoto http://orcid.org/0000-0002-7152-6240
Ayako Matsunaga http://orcid.org/0000-0003-3316-8400
Nana Akiyama http://orcid.org/0000-0003-4610-0755
Minako Ogawa-Tominaga http://orcid.org/0000-0003-1449-5916
Yukiko Yatsuka http://orcid.org/0000-0003-3137-6919
Kazuhiro R Nitta http://orcid.org/0000-0003-3151-0962
Yoshihito Kishita http://orcid.org/0000-0003-4978-1680
Takuya Fushimi http://orcid.org/0000-0002-6346-4975
Atsuko Imai-Okazaki http://orcid.org/0000-0002-7517-2881
Akira Ohtake http://orcid.org/0000-0003-1147-3113
Yasushi Okazaki http://orcid.org/0000-0003-3241-5502
Kei Murayama http://orcid.org/0000-0002-3923-8636

REFERENCES

1 Gibson K, Halliday JL, Kirby DM, et al. Mitochondrial oxidative phosphorylation
disorders presenting in neonates: clinical manifestations and enzymatic and molecular
diagnoses. Pediatrics 2008;122:1003-8.

2 Honzik T, Tesarova M, Magner M, et al. Neonatal onset of mitochondrial disorders in
129 patients: clinical and laboratory characteristics and a new approach to diagnosis.
J Inherit Metab Dis 2012;35:749-59.

3 Kohda M, Tokuzawa Y, Kishita Y, et al. A comprehensive genomic analysis reveals the
genetic landscape of mitochondrial respiratory chain complex deficiencies. PLoS Genet
2016;12:1005679.

4 Bernier FP, Boneh A, Dennett X, et al. Diagnostic criteria for respiratory chain disorders
in adults and children. Neurology 2002;59:1406-11.

5 Thorburn DR, Rahman J, Rahman S. Mitochondrial DNA-associated Leigh syndrome
and NARP. In: Adam MP, Ardinger HH, Pagon RA, et al, eds. GeneReviews®. Seattle,
(WA): University of Washington, Seattle, 1993-2020. https://www.ncbi.nlm.nih.gov/
books/NBK1173/

6 Meyers DE, Basha HI, Koenig MK. Mitochondrial cardiomyopathy: pathophysiology,
diagnosis, and management. Tex Heart Inst J 2013;40:385-94.

7 Lee WS, Sokol RJ. Mitochondrial hepatopathies: advances in genetics and
pathogenesis. Hepatology 2007;45:1555-65.

8 Imai-Okazaki A, Kishita Y, Kohda M, et al. Cardiomyopathy in children with
mitochondrial disease: prognosis and genetic background. /nt J Cardiol
2019;279:115-21.

Ebihara T, et al. Arch Dis Child Fetal Neonatal Ed 2022;107:F329-F334. doi:10.1136/archdischild-2021-321633 F333


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-2296-5527
http://orcid.org/0000-0002-9520-9629
http://orcid.org/0000-0002-4693-4584
http://orcid.org/0000-0002-1987-4133
http://orcid.org/0000-0001-5712-7019
http://orcid.org/0000-0002-1998-7349
http://orcid.org/0000-0001-6975-7712
http://orcid.org/0000-0002-4769-6549
http://orcid.org/0000-0002-7152-6240
http://orcid.org/0000-0003-3316-8400
http://orcid.org/0000-0003-4610-0755
http://orcid.org/0000-0003-1449-5916
http://orcid.org/0000-0003-3137-6919
http://orcid.org/0000-0003-3151-0962
http://orcid.org/0000-0003-4978-1680
http://orcid.org/0000-0002-6346-4975
http://orcid.org/0000-0002-7517-2881
http://orcid.org/0000-0003-1147-3113
http://orcid.org/0000-0003-3241-5502
http://orcid.org/0000-0002-3923-8636
http://dx.doi.org/10.1542/peds.2007-3502
http://dx.doi.org/10.1007/s10545-011-9440-3
http://dx.doi.org/10.1371/journal.pgen.1005679
http://dx.doi.org/10.1212/01.WNL.0000033795.17156.00
https://www.ncbi.nlm.nih.gov/books/NBK1173/
https://www.ncbi.nlm.nih.gov/books/NBK1173/
http://www.ncbi.nlm.nih.gov/pubmed/24082366
http://dx.doi.org/10.1002/hep.21710
http://dx.doi.org/10.1016/j.ijcard.2019.01.017

Original research

Murayama K, Shimura M, Liu Z, et al. Recent topics: the diagnosis, molecular genesis,
and treatment of mitochondrial diseases. / Hum Genet 2019;64:113-25.

Kirby DM, Thorburn DR, Turnbull DM, et al. Biochemical assays of respiratory chain
complex activity. Methods Cell Biol 2007;80:93-119.

Invernizzi F, D'Amato |, Jensen PB, et al. Microscale oxygraphy reveals OXPHOS
impairment in MRC mutant cells. Mitochondrion 2012;12:328-35.

Ogawa E, Shimura M, Fushimi T, et a/. Clinical validity of biochemical and molecular
analysis in diagnosing Leigh syndrome: a study of 106 Japanese patients. J Inherit
Metab Dis 2017;40:685-93.

Gusic M, Prokisch H. Genetic basis of mitochondrial diseases. FEBS Lett
2021;595:1132-58.

Yatsuka Y, Kishita Y, Formosa LE, et al. A homozygous variant in NDUFA8 is associated
with developmental delay, microcephaly, and epilepsy due to mitochondrial complex |
deficiency. Clin Genet 2020;98:155-65.

Distelmaier F, Haack TB, Wortmann SB, et al. Treatable mitochondrial diseases:
cofactor metabolism and beyond. Brain 2017;140:e11.

Debray F-G, Lambert M, Chevalier |, et a/. Long-Term outcome and clinical spectrum of
73 pediatric patients with mitochondrial diseases. Pediatrics 2007;119:722-33.
Kanda Y. Investigation of the freely available easy-to-use software "EZR’ for medical
statistics. Bone Marrow Transplant 2013;48:452-8.

18

20

21

22

23

24

Garcia-Cazorla A, De Lonlay P, Nassogne MC, et al. Long-Term follow-up

of neonatal mitochondrial cytopathies: a study of 57 patients. Pediatrics
2005;116:1170-7.

Skladal D, Sudmeier C, Konstantopoulou V, et al. The clinical spectrum of
mitochondrial disease in 75 pediatric patients. Clin Pediatr 2003;42:703-10.

Schiff M, Ogier de Baulny H, Lombeés A. Neonatal cardiomyopathies and metabolic
crises due to oxidative phosphorylation defects. Semin Fetal Neonatal Med
2011;16:216-21.

Germain N, Dessein A-F, Vienne J-C, et al. First-Line screening of OXPHOS deficiencies
using microscale oxygraphy in human skin fibroblasts: a preliminary study. int J Med
S¢i 2019;16:931-8.

Frazier AE, Thorburn DR, Compton AG. Mitochondrial energy generation
disorders: genes, mechanisms, and clues to pathology. J Biol Chem
2019;294:5386-95.

Parikh S, Karaa A, Goldstein A, et al. Diagnosis of 'possible’ mitochondrial disease: an
existential crisis. / Med Genet 2019;56:123-30.

Ogawa E, Fushimi T, Ogawa-Tominaga M, et al. Mortality of Japanese patients with
Leigh syndrome: effects of age at onset and genetic diagnosis. J Inherit Metab Dis
2020;43:819-26.

F334

Ebihara T, et al. Arch Dis Child Fetal Neonatal Ed 2022;107:F329-F334. doi:10.1136/archdischild-2021-321633


http://dx.doi.org/10.1038/s10038-018-0528-6
http://dx.doi.org/10.1016/S0091-679X(06)80004-X
http://dx.doi.org/10.1016/j.mito.2012.01.001
http://dx.doi.org/10.1007/s10545-017-0042-6
http://dx.doi.org/10.1007/s10545-017-0042-6
http://dx.doi.org/10.1002/1873-3468.14068
http://dx.doi.org/10.1111/cge.13773
http://dx.doi.org/10.1093/brain/aww303
http://dx.doi.org/10.1542/peds.2006-1866
http://dx.doi.org/10.1038/bmt.2012.244
http://dx.doi.org/10.1542/peds.2004-2407
http://dx.doi.org/10.1177/000992280304200806
http://dx.doi.org/10.1016/j.siny.2011.04.002
http://dx.doi.org/10.7150/ijms.32413
http://dx.doi.org/10.7150/ijms.32413
http://dx.doi.org/10.1074/jbc.R117.809194
http://dx.doi.org/10.1136/jmedgenet-2018-105800
http://dx.doi.org/10.1002/jimd.12218

	Neonatal-­onset mitochondrial disease: clinical features, molecular diagnosis and prognosis
	Abstract
	Introduction﻿﻿﻿﻿
	Methods
	Patients
	Disease types
	MRC enzyme assay
	OCR measurement
	Variant analysis of the genes responsible for MD
	Statistical analysis

	Results
	Breakdown of subjects by a diagnostic approach
	Clinical features
	Molecular diagnosis
	Prognostic factors

	Discussion
	Conclusions
	References


