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ABSTRACT

Background Large-scale mitochondrial DNA deletions
(LMD) are a common genetic cause of mitochondrial
disease and give rise to a wide range of clinical features.
Lack of longitudinal data means the natural history
remains unclear. This study was undertaken to describe
the clinical spectrum in a large cohort of patients with
paediatric disease onset.

Methods A retrospective multicentre study was
performed in patients with clinical onset <16 years

of age, diagnosed and followed in seven European
mitochondrial disease centres.

Results A total of 80 patients were included. The
average age at disease onset and at last examination
was 10 and 31 years, respectively. The median time
from disease onset to death was 11.5 years. Pearson
syndrome was present in 21%, Kearns-Sayre syndrome
spectrum disorder in 50% and progressive external
ophthalmoplegia in 29% of patients. Haematological
abnormalities were the hallmark of the disease

in preschool children, while the most common
presentations in older patients were ptosis and external
ophthalmoplegia. Skeletal muscle involvement was found
in 65% and exercise intolerance in 25% of the patients.
Central nervous system involvement was frequent, with
variable presence of ataxia (40%), cognitive involvement
(36%) and stroke-like episodes (9%). Other common
features were pigmentary retinopathy (46%), short
stature (42%), hearing impairment (39%), cardiac
disease (39%), diabetes mellitus (25%) and renal
disease (19%).

Conclusion Our study provides new insights into

the phenotypic spectrum of childhood-onset, LMD-
associated syndromes. We found a wider spectrum of
more prevalent multisystem involvement compared with
previous studies, most likely related to a longer time of
follow-up.

INTRODUCTION

Mitochondrial disease caused by large-scale mito-
chondrial DNA deletions (LMD) was first described
in 1988.! The deletion is most often sporadic;
however, a recurrence risk of 4% in the offspring
of affected women has been reported.” The preva-
lence of LMD disorders in the adult population has
been estimated from 1.2:100 000° to 1.6:100 000,*

while the point prevalence under 16 years of age
was estimated at 1:180 000.°

The majority with LMD-associated syndromes
(LMDS) have one of three overlapping phenotypes:
Pearson syndrome (PS), Kearns-Sayre syndrome
(KSS) or progressive external ophthalmoplegia
(PEO).® There are also reports of LMDS mani-
festing as a mild myopathy or more atypically with
phenotypes similar to Leigh syndrome, MELAS
(mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes) or Reye-like syndrome.””

PS was originally defined by a combination
of sideroblastic anaemia and exocrine pancreas
dysfunction'® and is often fatal in infancy."' Those
who survive usually developed KSS.'* Subsequent
studies showed that the PS phenotype is more
complex with multiple organ system involvement."
KSS is a progressive multisystem disorder defined
classically by the triad of pigmentary retinopathy,
external ophthalmoplegia and onset before the age
of 20 years, with one or more additional features
including cardiac conduction block, cerebrospinal
fluid protein concentration >100 mg/dL or cere-
bellar ataxia."* ** PEO is characterised by progres-
sive ptosis, ophthalmoplegia, oropharyngeal
weakness, variably severe proximal limb weakness
and absence of a multisystem affection. Patients
with PEO and multisystem involvement, while not
fulfilling the KSS criteria, have often been described
as ‘PEO plus’. Since many patients with LMD have
phenotypes that do not strictly match the original
criteria for KSS, PEO or PS,” ® ¥ new criteria
for the different phenotypes have been proposed.!”

Diagnosis of mitochondrial DNA (mtDNA) dele-
tion syndromes is based on characteristic clinical
findings, blood and bone marrow examination (for
PS), muscle biopsy abnormalities, decreased activity
of oxidative phosphorylation complexes in a tissue
sample and genetic confirmation of an LMD. The
choice of tissue®® and technique is important, with
next-generation DNA sequencing becoming an
increasingly useful diagnostic tool.?!

Currently, treatment of LMDS is mainly symp-
tomatic. Dietary supplements are given frequently
but are of uncertain efficacy.”? There are, however,
several emerging treatments,” ** but assessment of
treatment efficacy in clinical trials is difficult due
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to the complex and heterogeneous phenotypes, variable clinical
course and lack of natural history data.**

Most reports of LMDS have been based on individual cases or
small case series,” '’ '*#° and very few studies have attempted to
describe the full clinical phenotype in a larger cohort of patients
and address the question of the clinical course. This is a joint
study from the Mitochondrial Clinical and Research Network
(MCRN), a network established to facilitate clinical research
collaboration among mitochondrial disease centres. The aim of
this study is to describe the phenotypic spectrum and outcome
in 80 patients with childhood-onset LMDS and a long follow-up
time.

METHODS

Study design and population

This retrospective study was conducted in seven MCRN
centres from five countries: Sweden (Gothenburg, Stockholm),
Denmark (Copenhagen), the Netherlands (Maastricht), Finland
(Oulu, Helsinki) and Norway (Bergen). The major inclusion
criteria were a genetically verified large-scale (>1.1 kb) mtDNA
deletion considered to be pathogenic and disease onset before
16 years of age (online supplemental figure 1). No patients with
multiple LMDs were included.

Patient data were collected using an electronic case report
form in a centrally administered database, similar to the
network’s earlier studies on Leigh syndrome and polymerase
gamma (POLG) related diseases.”® 2’ The data included family
history; medical history and survival status; clinical, biochem-
ical, histological, genetic and neuroimaging findings; and treat-
ments received.

Patients were classified according to Mancuso et al'’ into ‘KSS
spectrum’, defined as LMD with ptosis and/or ophthalmopa-
resis and at least one of retinopathy, ataxia, cardiac conduction
defects, hearing loss, failure to thrive/short stature, cognitive
impairment, tremor or cardiomyopathy; PS, defined as LMD
with refractory anaemia; and PEO, defined as LMD with ptosis
and/or ophthalmoparesis that did not fulfil the KSS spectrum or
the PS criteria.

Statistical analysis

Statistical analyses were performed using SAS V.9.4 and
MedCalc V.19.8. Due to the rarity of the disease, the study was
not powered for specific statistical hypotheses and the statistical
evaluations were considered exploratory.

RESULTS

Demographics and family history

A total of 80 patients matched the inclusion criteria, 48 females
and 32 males. None was genetically related and 96% of patients
were of Caucasian descent. All patients were sporadic without a
family history of an LMD.

Genetic findings

The median time between disease onset and genetic confir-
mation of the diagnosis was 11.0 (range 0-63.1) years. Due
to differences in methodology, the exact deletion breakpoints
were known for 36 (45%) patients, while only deletion length
was available for the remaining 44 (55%). The deletion length
ranged from approximately 2000 bp to 9557 bp.

Deletion heteroplasmy level was known for 49 patients, and
48 analyses were performed on skeletal muscle tissue, 14 anal-
yses on peripheral blood, 4 analyses on urine sediment, 4 times
on cavum oris epithelium, 3 times on liver tissue, 2 times on

orbicularis oculi muscle, and 1 time each in bone marrow, fibro-
blasts, kidney tissue and duodenal tissue.

In three of the patients who had peripheral blood analysed, the
deletion was not detected (all three with KSS spectrum pheno-
type), and for one patient (PEO) it was not detected in urine
sediment. Analyses of urine sediment (one KSS spectrum, three
PEO), cavum oris epithelium (one KSS spectrum, three PEO)
and duodenal tissue (PS) showed consistently low heteroplasmy
levels, ranging from 0% to 10%, while skeletal muscle analysis
at the same time showed markedly higher levels, ranging from
9% to 75%.

Biochemical, morphological and enzyme histochemical
findings

Respiratory chain enzyme activities in muscle mitochondria were
abnormal in 25 of 42 patients (60% of assayed patients), with
isolated complex I deficiency seen in 8, isolated complex IV defi-
ciency in 2, isolated complex III deficiency in 1 and combined
deficiencies in 12 patients, while detailed data were not available
for 2 patients (online supplemental table 1).

Muscle histology indicative of mitochondrial disease was seen
in 52 of 56 patients (93% of patients with known data), with
ragged-red fibres in 38, cytochrome ¢ oxidase deficiency in 37
and abnormal mitochondrial proliferation in 14 patients.

Of patients with known data, elevated lactate levels in blood
and cerebrospinal fluid were seen in 32 of 50 and 9 of 15
patients, respectively.

Elevated CSF protein levels were found in 17 of 20 patients,
11 with KSS spectrum, 5 with PS and 1 with PEO.

Major clinical phenotypes

Using the revised criteria for LMDS, ! patients were categorised
into three groups of phenotype: 23 had ptosis and/or ophthalmo-
plegia without additional KSS spectrum symptoms (PEO group),
40 patients without PS fulfilled the KSS spectrum criteria, while
17 patients were categorised as PS (table 1). Eight patients with
PS later met the criteria for KSS spectrum.

In the KSS spectrum group (table 2), there were varying
degrees of multisystem involvement, with one patient affected
by symptoms from nine systems. Involvement of two to five
systems was seen in 31 of 40 (78%) patients.

Even though the patients in the PEO group did not have addi-
tional KSS spectrum symptoms as defined by Mancuso et al,'”
there were additional clinical features besides limb myopathy:
type 2 diabetes mellitus (T2DM) (1 of 23), depression (1 of 23)
and unspecified neuropsychiatric disorder (1 of 23).

Disease course
The median age at disease onset was 10.3 years (range 0-15.4)
(online supplemental figure 2). The median time from disease
onset to last follow-up was 19.4 years (range 0.0-61.4). The
median age at last evaluation was 28.6 years (range 3.0-75.7).
The most common clinical features at onset were ptosis (60%),
PEO (44%) and anaemia (17%) (online supplemental table 2).
The distribution of clinical features according to age of onset
is shown in figure 1. In patients with disease onset up to 10
years of age (35 of 80 patients), anaemia was the most prevalent
clinical feature. In later onset disease, ophthalmological disor-
ders were the most common. Major clinical features that were
typically seen at disease onset, but comparatively rare later in
the disease course, included anaemia, ptosis and failure to thrive.
Conversely, cardiac conduction block, hearing impairment,
visual impairment, renal disorder, diabetes mellitus, ataxia,
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Table 1 Clinical features of 17 patients with Pearson syndrome
Age at Age at Age at
disease anaemia  LFU or
onset onset death
ID (years) Sex (years) (years) Haematological characteristics EPI Other organ involvement
1 0.0 F 0.0 5.8 Pancytopaenia + Muscle, CNS, endocrine, gastrointestinal, renal, hepatic
2 0.0 F 0.0 3.5% Anaemia, not sideroblastic - Muscle, CNS, endocrine, gastrointestinal, renal
3 03 M 0.3 5.3* Pancytopaenia with sideroblastic anaemia + Renal, hepatic
4 03 F 04 12.5% Pancytopaenia with sideroblastic anaemia + Muscle, CNS, ophthalmological, cardiac, hearing, endocrine,
gastrointestinal, hepatic
5 03 F 03 3.3* Pancytopaenia with sideroblastic anaemia ND Hepatic
6 0.4 F 0.4 32.3* Anaemia - Muscle, CNS, ophthalmological, cardiac, hearing, endocrine
7 0.5 F 0.5 19.0 Pancytopaenia with sideroblastic anaemia ND Muscle, CNS, ophthalmological, cardiac, hearing
8 0.7 F 0.7 4.0* Pancytopaenia with sideroblastic anaemia ND Muscle, gastrointestinal, renal
9 0.7 M 0.7 6.2 Pancytopaenia with sideroblastic anaemia + Muscle, CNS, ophthalmological, endocrine, gastrointestinal,
renal
10 0.8 M 0.8 20.2 Anaemia and leucopenia - Muscle, CNS, ophthalmological, cardiac, hearing, endocrine
" 0.8 M 0.8 3.7* Pancytopaenia with sideroblastic anaemia - Muscle, CNS, endocrine
12 0.9 M 0.9 6.2 Pancytopaenia - Muscle, CNS, ophthalmological, endocrine, gastrointestinal,
hepatic
13 1.0 F 1.0 29.3* Pancytopaenia, not sideroblastic - Muscle, CNS, ophthalmological, cardiac, hearing, endocrine,
gastrointestinal, hepatic
14 1.9 F 1.9 9.8* Sideroblastic anaemia - Muscle, CNS, ophthalmological, hearing, endocrine,
gastrointestinal, renal
15 2.3 F 5.0 9.8 Sideroblastic anaemia and thrombocytopaenia + Muscle, CNS, ophthalmological, cardiac, hearing, endocrine,
gastrointestinal, renal, hepatic
16 2.8 F 53 10.0* Anaemia and thrombocytopaenia ND Muscle, CNS, ophthalmological, hearing, endocrine,
gastrointestinal, renal, hepatic
17 5.9 F 5.9 29.0 Anaemia, not sideroblastic - Muscle, CNS, ophthalmological, cardiac, hearing, endocrine,
gastrointestinal, renal
*Deceased.

—, not present; +, present; CNS, central nervous system; EPI, exocrine pancreatic insufficiency; F, female; ID, identification; LFU, last follow-up; M, male; ND, no data.

pigmentary retinopathy, learning disability, muscular atrophy,
limb weakness and dysphagia more often appeared later during
the disease course.

Initial patient presentation was preceded by infection in 7 of
42 patients with known data. Acute exacerbations were experi-
enced by 16 of 61 patients. The most common cause of exac-
erbations was infection (9 of 16 patients). Hospitalisation due
to acute exacerbation was required at least once by 12 of 16
patients.

Two patients had anaemia onset at birth. Both had intrauterine
growth retardation and were born small for gestational age at
term. One of them had additional pathological signs at birth,
including microcephaly, hypotonia, proximal limb weakness,
respiratory involvement and hyperlactataemia, while the other
had no other pathological features at birth. Only one other
patient was reported small for gestational age.

Survival
Based on the last known status at the time of data recording for
each patient, 60 patients were alive, 19 had died and 1 was lost
to follow-up. The median age at death was 18.9 years (range
3.3-55.6 years). The median time elapsed from disease onset to
death was 11.5 years (range 2.9-42.6 years). The Kaplan-Meier
survival probability since disease onset was markedly decreased
for the PS group compared with PEO and KSS spectrum (log-
rank test p<0.0001; figure 2). There was no significant gender
difference in survival.

Out of the 19 deceased patients, 10 belonged to the PS group,
7 to the KSS spectrum and 2 to the PEO group. The causes of
death were identified for 10 patients, and in all these cases it

was due to disease progression, with multiorgan failure being
the most frequently reported cause. The causes of death for the
two patients in the PEO group were not known; they were both
male, one in their early 20s with widened QRS complexes but no
other known cardiac disorder and one in their early 50s with no
known cardiac disorder.

Haematological features

Childhood-onset transfusion-requiring anaemia was found in 17
patients. Sideroblastic anaemia was found in nine patients and
exocrine pancreatic insufficiency in five. Fourteen patients had
anaemia at disease onset, while in two patients there was more
than 2 years between the first signs of disease until they devel-
oped anaemia. Multisystem morbidity and mortality were high
in this group (table 1). At the time of last follow-up, anaemia
persisted in 7 of these patients, while 10 were free from haema-
tological involvement.

Neurological, neuromuscular and psychiatric features
Skeletal muscle weakness was reported in 42 of 74 patients, and
limb muscle weakness was found in 41 of them. One patient had
bilateral weakness of the sternocleidomastoid muscles without
any associated limb weakness. Muscular atrophy was seen in 21
of 50, muscular hypotonia in 11 of 73 and exercise intolerance
was reported in 15 of 60 patients. Fatigue was reported in 26 of
69 patients.

Psychomotor retardation was present in 11 patients and
learning disability in 18 patients. A psychiatric disorder, predom-
inantly of a depressive nature, was present in six of the patients.

Bjorkman K, et al. / Med Genet 2023;60:65—73. doi:10.1136/jmedgenet-2021-108006

67

"1yb61Adoo Ag pa193101d "18101UONULIMSSPIL
uabiag 118x9101|qIgSIBNSIBAIUN Te €207 ‘9Z sunr uo /wod fwg Bwlj:dny wouy papeojumoq "TzZ0Z 18quiadaq 9 uo 90080T-TZ0zZ-18usbpawl/9eTT 0T Sk paysiignd 1s1y :18U8D PBN


http://jmg.bmj.com/

Genotype-phenotype correlations

_ = Cerebellar ataxia was reported in 25 of 63 patients, while 4 of
0 = + .. .
~ Y RN 75 had spasticity, 1 of 63 had dystonia and 5 of 74 had unspec-
S =2 ' R ified limb hypertonia. Peripheral neuropathy was reported in
three patients.
bl N P [ (O B T B = T B i .p . . . .
Epileptic seizures were reported in four patients, of whom
b e VR T I S LT I T O BT T two were seizure-free with anticonvulsant treatment at last
< i elelelelsl 2l 110 follow-up. Stroke-like episodes were reported in 7 patients (5
SR . ; .
in the KSS spectrum group and 2 in the PS group), while 11
(=) . . . . .«
SIRNZ|Z |+ |+ O+ patients had migraine and/or cyclic vomiting.
b -3 PR NI N (T T (OO I BT (PR I
Neuroimaging
R[22 =+ + + + 1 = | - . . .
- ~ E Of the 80 patients, 29 underwent brain MRI at a median time
2l n|. 24+ |2]|2/12]2|2|2 |8 of 6.6 years (range 0.5-46.2) after clinical onset. Abnormal find-
= | leleleli el Ll ] ings were present in 18 of 29 (62%), as detailed in table 3 and
< | — 0 = . . . . . [y
online supplemental figure 3, with 1 patient having unspecified
Sl 2R w e abnormal findings. Abnormal MRI findings in 17 patients where
B~ - 2l.gl 12l el ] specified flndlngs were knowg included &gr}al abn.ormahtles in
ola ala the globus pallidus in 53%, in supratentorial white matter in
ISR e+ s+ + +=2 222 47%, in the cerebellar white matter, thalamus, mesencephalon
;| NN P i e T = P B T Y and pons respectively in 249, in other basal ganglia and medulla
A respectively in 12%, and in the cerebral cortex in 6%. Cerebral
m N . .
bl R At ol Il I A L A O or cerebellar atrophy was detected in 29% of the patients.
Nlels S+ |1 |+]2]1(2]2|2
- MR RC I Eyes and hearing . _ _ .
. The most frequent ophthalmological manifestation was ptosis,
S{S S w2 affecting 70 patients. It was unilateral in five of them. PEO was
| IS R R PO PO IO O O I observed in 66 patients and was bilateral in all but one of them.
In one patient, the ptosis and ophthalmoplegia were reversible
e e e N A and were only seen during intercurrent infections at a younger
E=i <1 U PR (U PR (T = B [ T N O § age. Pigmentary retinopathy was detected in 37 of the patients
- © = and visual impairment was found in 31 of the patients. Stra-
= w = . . . . .
" | IR Al e A I B U L I P bismus was seen in 16, optic atrophy in 4 and nystagmus in 1
| IS P N O PO =1 I [PPR B B (R B ; of the patients. Corneal manifestations including keratoconus,
o _ . e = oedema, dystrophy and haze were reported in five patients.
— o ar | ar | | ar 5 . . . . .
~ il U8 Hearing impairment was reported in 31 patients. For all
o . . . .
Rl2 5w 1+ 0+ 1 +2 0 0 01 g patients with known data (n=21), the type of impairment was
nl|® o o 2 sensorineural. Use of hearing aid was reported in 17 patients.
o o (e (2 [+ |0 F | (| 2
S o El - .
ol bl e e e I R e L L L R L Cardiac involvement
SIgi=sl++20 0ol § Cardiac disorder was reported in 31 patients. Conduction block
E < |l 2 was present in 25 patients, with second-degree atrioventricular
5 o + | + & . . . . . . .
£ = T S R g block in 3, third-degree atrioventricular block in 8, bifascic-
a S [l -3 T (T TR T T T I ular block in 7, and right bundle branch block and partial left
A olelz | lelelilils .8 bundle branch block in 1 each. Fourteen patients were treated
— | | I 1 . .
= © g with pacemaker. More uncommon features included supraven-
§ Bl |+ |+ 0+ 0B+ g tricular/sinus tachycardia (n=2), dilated cardiomyopathy (n=1),
2 Slalzlsle o[ |el ol la o]0 ] & h}fpertrophlc cardiomyopathy (n=1), sinus l?radycardla (n.= 1),
2 § wide QRS complex (n=1), premature ventricular contractions
3 3 ® ] = _ . _ . . .. _
o S | L IR U T = (n=1), heart failure (n=1), aortic valve insufficiency (n=1) and
= T 1 P PR O P O % bicuspid aortic valve (n=1). One patient died of cardiac arrest.
S k]
= o |« [= b
- = + + + 1 + 2 L+ ] |=E . .
2 ~ " =28 Endocrine system and growth involvement
Q T @ . . . . .
ZIR| 2R w|+ + ++++2 0 0+ 22 Diabetes mellitus was present in 20 patients. Fourteen patients
£ =3
L e 1 1 1
c 9 g ls g lwlalelelel |ololsls|BE deve.loped type 1 diabetes mellitus (TlDM?, w1.th an age of onset
2 5T ranging from 0.1 years to 34.4 years, while six patients devel-
o = . .
%S SIRZ [+ B8 oped T2DM with an age of onset ranging from 1.9 years to 57.4
22 .
5 B = 2= 212000 ] ] |BS years (figure 1). . .
> &g Eleven of 20 male patients and 9 of 28 female patients were
] v = H
> 57 Ta short of stature (height less than 2 SD below the mean for age
o L3 T 3 o+ . . .
Z S £ £& and sex). Growth hormone (GH) deficiency was seen in nine
w D & S v s 3 .
° @ = ° $|E|e EEE |o|ng patients (age at onset: 0.8-15.8 years), and seven of them were
<@ 8= ¢ |8 EPE5EE_ gg= ; )
223 ¢ v 3,85 %556 T 288 short of stature, while growth data were not available for the
S8l 2 235 |E|E 85288 EE2ET L
remaining two.
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denote adjacent values (ie, the most extreme values within 1.5 IQR of the 25th and 75th percentile of each group); dots denote observations outside the

range of adjacent values. PEO, progressive external ophthalmoplegia.

Five patients developed hypoparathyroidism during the
disease course, with an age at onset ranging from 3.8 to 17.5
years. Four patients developed hypothyroidism during the
disease course with an age at onset ranging from 4.5 years to 46
years. One patient developed Addison’s disease.

100 ——,
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Figure 2 Kaplan-Meier analysis of survival since disease onset for
patients of the KSS spectrum (n=40), PEO (n=23) and PS (n=17) groups.
KSS, Kearns-Sayre syndrome; PEO, progressive external ophthalmoplegia;
PS, Pearson syndrome.

Visceral and gastrointestinal tract involvement

Renal manifestations were reported in 15 patients (10 of 17 with
PS, 5 of 48 with KSS spectrum), with isolated tubulopathy being
the most common (n=9). In two patients, it was diagnosed as
Fanconi syndrome. Combined tubular and glomerular involve-
ment was reported in four patients and isolated glomerular
disease was seen in one patient. Mild liver involvement, without
signs of liver failure, was reported in nine patients. Five patients
had exocrine pancreatic dysfunction and all these also had
anaemia. Dysphagia was reported in 18 of 62 patients. Chronic
constipation and chronic diarrhoea were seen in five patients
each.

DISCUSSION

While LMD is one of the most frequent genetic causes of
mitochondrial disease and has been known for more than 30
years," ' ' considerable delay in establishing the diagnosis
remains common. We found a median time from onset to diag-
nosis of 11 years. Further, the clinical phenotypes of PS, KSS
and PEO classically associated with LMD appear insufficient
in describing the entire spectrum of the disease.® Our study
confirms that these diseases appear to be more of a continuum.
Prior to our study, knowledge of the clinical spectrum of these
diseases has been limited. Most information was contained in
small case series, with few reports attempting to describe the
full clinical phenotype in larger cohorts of patients spanning all
ages,” 7% apart from one relatively large study of 34 patients'®
which focused on patients with paediatric onset. Our study
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of 80 patients with paediatric disease onset provides detailed
information about the clinical features and outcome. The male
to female ratio in our cohort of 0.67 is similar to two earlier
studies,” ' while other studies'® > have described an even gender
distribution.

The diagnostics is not always straightforward. The mtDNA
deletion was occasionally absent in blood cells, while the lactate
levels in blood and CSF were only inconsistently elevated. Our
finding of low heteroplasmy levels in urine sediment analysis is
consistent with what has been recently reported.”” The most reli-
able biomarker for disease detection was morphological findings
indicating mitochondrial myopathy in those who underwent a
muscle biopsy.

We identified 17 patients with childhood-onset anaemia, of
whom only § had additional exocrine pancreatic insufficiency
compatible with the original criteria for the Pearson marrow-
pancreas syndrome.'? Since the first reports of PS, the pheno-
typic spectrum has gradually been shown to be more diverse than
initially described.'® ?8* QOur patients confirm this phenotypic
diversity, with all exhibiting multisystem involvement. Eight of
the patients with PS later fulfilled the criteria for KSS spectrum
disorder. Two of the patients with PS in our study had a prenatal
onset, which has only rarely been reported before.'' *° It is
important to include PS in the differential diagnoses of refrac-
tory anaemia in neonates and infants with or without accompa-
nying signs of exocrine pancreatic dysfunction, especially in the
presence of other organ involvement.

Skeletal muscle is the most frequently involved organ system
in LMDS. In our study we found major involvement of the
extraocular muscles, with ptosis in 88% and external ophthal-
moplegia in 82%. Ptosis and external ophthalmoplegia are
defining clinical features of LMDS and the prevalence increases
with age, as illustrated by an even higher prevalence of 94%
in the study from Japan.” The mechanism behind the preferen-
tial involvement of extraocular muscles is likely to be a more
sustained metabolic demand than other skeletal muscles, with
more COX-deficient fibres and a lower mutational threshold
compared with skeletal muscles.’! Compared with a previous
paediatric study,' we found a much higher prevalence of
external ophthalmoplegia. Exercise intolerance is an important
feature of myopathy in LMDS and was reported in 25% of
patients. In a previous paediatric study,'® the presence of exer-
cise intolerance was not reported. It is essential to search for
the presence of exercise intolerance in patients suspected to
have LMDS as it is an indicator of an associated mitochondrial
myopathy.

The presence of central nervous system involvement, for
example, ataxia, cognitive impairment, psychiatric involvement,
stroke-like episodes and migraine, was higher in our cohort
than reported in earlier studies.'” '® %° Stroke-like episodes were
reported in one patient in the Japanese study and only rarely
previously in LMDS.?* * Stroke-like episodes are more typical
in MELAS and POLG-related mitochondrial disease, where
they frequently associate with seizures.* In contrast, epilepsy in
LMDS is typically rare and treatable and was only found in 5%
in our study.

We report a large spectrum of MRI changes associated with
LMD. In contrast to a recent study that identified abnormal MRI
of the brain in all patients,® we found normal MRI in 38% of
our patients. Characteristic MRI findings included signal abnor-
malities in supratentorial white matter and globus pallidus. The
increased T2 signalling from white matter possibly represents
spongiform degeneration, while the occasional finding of
increased T1 signalling from the basal ganglia could be secondary

to iron accumulation, as has been described in previous neuro-
pathological studies.*®

Ophthalmological features, predominantly pigmentary reti-
nopathy and visual impairment, were also more frequent in our
study compared with the previous paediatric study.'® Retinal
photoreceptors have very high requirements for ATP production
and retinal involvement is a frequent finding in both primary
and secondary mitochondrial diseases.”” Hearing impairment
was also a more common finding. The initial site of lesion for
hearing loss in LMDS seems to be the cochlea, indicating that
even in the presence of radiological evidence of brain abnor-
mality involving the auditory pathway, the diagnosis, in general,
does not represent a contraindication to cochlear implantation.®®

Cardiac involvement was found in 39% of our patients. The
most frequent cardiac finding was a conduction defect, identified
in 31%, and most of these patients were treated with pacemaker.
None of our patients was reported to have had ventricular
arrhythmias, and only one patient in our study died from sudden
death. In a study of 35 children and adults with KSS, a mortality
of 11% was found, all due to sudden cardiac death.’’ The reason
for our different results is unclear, but it seems that cardiac mani-
festations could be a major determinant of outcome in LMDS
and it should be monitored closely and treated appropriately. A
weakness of our data is that the cause of death was not specified
for nine patients (47% of the deceased patients).

Endocrine system or growth involvement was common, the
most frequent involvements being short stature or diabetes
mellitus. GH deficiency was identified in nine patients, but
unfortunately we do not have data on GH treatment in these
patients. Previous reports suggested heterogeneous response to
GH treatment, with occasional short-term increase in growth
velocity, but often with poor long-term effect.** A possible
reason could be that the associated short stature is instead caused
by respiratory chain dysfunction in the growth plate cartilage.*!
Diabetes mellitus in mitochondrial disease frequently has an
insidious onset due to gradual reduction of the insulin produc-
tion caused by slow destruction of the beta cells, as opposed
to insulin resistance.*” The prevalence of diabetes mellitus in
our study is similar to a previous paediatric study'® and much
higher than the 11% reported in a British study.* Mitochondrial
dysfunction’s role in TIDM development has been suggested to
act both through enhancing autoimmune susceptibility in beta
cells and upregulating T cell autoreactive activity.**

Renal manifestations were more common than reported in a
previous paediatric study,'® while it was not reported in two other
studies.” '’ In two-thirds the renal manifestation was tubular and
in one-third glomerular. Proximal tubulopathy, and especially
De Toni-Debré Fanconi syndrome, is known to be comparably
frequent in LMDS.* Renal manifestations may occasionally be
the first manifestation of a mitochondrial disease, but are more
frequently detected later in the course and may be overshadowed
by extrarenal manifestations*® and the frequency is probably
underestimated. We identified mild hepatopathy without effect
on liver function in 11% and swallowing difficulties in 29% of
our patients. Liver failure seems to be a rare manifestation in
LMDS but has been described in early-onset severe forms with a
PS phenotype,** *” while dysphagia is important to actively look
for since it could lead to aspiration, malnutrition and secondary
deterioration.

One limitation of the current study is its retrospective and
multicentre design, which occasionally makes it difficult to
access clinical data at a desired level of detail. We feel that this is
partially balanced by the large number of patients and multiple
centre involvement, although differing clinical practices and
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methods of investigations among the centres may still contribute
a confounding factor to be considered when interpreting the
results. Furthermore, we recognise that the co-occurrence of
some clinical features otherwise common in the population
can be incidental findings. A strength of the study was the long
follow-up observation time compared with previous studies,
which could explain the higher prevalence of neurological
involvement found in our study.

To our knowledge this is the largest study on LMDS in the
paediatric population. The diagnostic delay identified in our
study suggests a possible underdiagnosis of the disease. An
improved understanding and awareness of the clinical spec-
trum is therefore important. Compared with previous studies,
we found a broader spectrum of more frequent multiorgan
involvement. The progressive course and the wide range of
organ system involvement demonstrate the need for coordinated
multidisciplinary follow-up of these patients for timely diagnosis
and treatment of the different possible organ manifestations.
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