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ABSTRACT

Objective. ADCK3-related disease is a mitochondrial disorder associated with an
abnormality of coenzyme Q10 metabolism. Ataxia and epilepsy are common, and
the phenotype overlaps with other mitochondrial encephalopathies, particularly
POLG-related disease. CoQ10 supplementation may be beneficial. We have noted a
remarkable epileptiform pattern in ADCK3-related encephalopathy, and since EEG
studies in this rare condition are limited, we wished to assess the evolution of EEG
characteristics in patients with this disorder.

Methods. All EEG recordings of the four known patients from Mid-Norway were sys-
tematically reviewed. EEG graphoelements were classified according to the standard-
ized computer-based organized reporting of EEG (SCORE) and international glossary
terms. The evolution of EEG features was assessed. A total of 96 recordings spanning
over 15-32 years were available, with a mean of 24 per patient (range: 17-28). Alto-
gether, 50 digital recordings were reviewed, including four long-term and 46 selected
paper segments.

Results. In three patients, EEG showed prominent bilateral asynchronous and synchro-
nous epileptiform discharges in occipital and posterior-temporal regions. This intense
activity included multiple epileptiform graphoelements, which occurred continuously,
nearly continuously or in prolonged runs. The findings remained stable over many years.
Significance. Although the number of patients is small, we suggest that interictal
EEG findings of continuous/nearly continuous bi-occipital spike-waves may serve as
a biomarker for this potentially treatable condition. This peculiar EEG pattern might
help to differentiate ADCK3-related disease from the more common POLG-related
disease, which is usually characterized by lateralized or focal slowing with more
sporadic epileptiform elements of similar topography.

Key words: ADCK3-related disease; CoQ10 deficiency; EEG; occipital epilepsy;
POLG-related disease

The aarF domain-containing kinase 3
(ADCK3) is a mitochondrial protein

in mitochondrial respiration. Primary
CoQ10 deficiency is caused by defects

belonging to the atypical kinase fam-
ily. Loss of ADCK3 function results in
coenzyme Q10 (CoQ10) deficiency and
mitochondrial failure [1, 2]. CoQ10, also
known as ubiquinone, is a small lipo-
philic molecule that has a central role

in the biosynthesis of ubiquinone that
result in clinically and genetically heter-
ogeneous conditions in which epilepsy is
a prominent feature [3].

Autosomal recessive ADCK3 mutations
are responsible for the most frequent
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form of hereditary CoQ10 deficiency, manifesting with
mainly spinocerebellar ataxia and seizures [3-5]. Other
symptoms include exercise intolerance, dystonia and
cognitive impairment [4, 6]. Presentation may range
from infancy to late onset, and the disease progression
is typically slow with variable severity. Epilepsy may be
the presenting symptom, but in the majority, epilepsy
is preceded by other symptoms [5, 7].

The clinical spectrum of ADCK3-related disease
overlaps with other mitochondrial disorders, par-
ticularly the juvenile/adult-onset form of polymer-
ase gamma (POLG)-related disease [5, 8]. Both POLG
and ADCK3-related disease, as well as mitochondrial
encephalomyopathy with lactic acidosis and stroke-
like episodes (MELAS), cause cortical lesions with
occipital lobe predominance. In these mitochondrial
encephalopathies, seizure onset and EEG abnormali-
ties also have a posterior predilection [5, 9].

Response to CoQ10 supplementation is variable in
patients with ADCK3 mutations [5, 10-15]. While it is
unlikely that treatment will reverse tissue damage,
disease progression may be slowed or stopped [13],
meaning that prompt diagnosis and treatment are cru-
cial [3], as is the need for relevant clinical biomarkers.
The addition of EEG to the diagnostic algorithm used
in patients with mitochondrial disease and epilepsy
has been suggested earlier [16, 17]. As we have noted
a remarkable epileptiform pattern in ADCK3-related
encephalopathy, we wished to assess the evolution
of EEG characteristics over time in patients with this
disorder.

Methods

We reviewed all available EEG recordings in four
patients with known ADCK3-related epilepsy liv-
ing in Mid-Norway. Clinical and genetic features of
these patients have previously been reported [5]. The
patients had slowly progressive ataxia, with cerebellar
atrophy and epilepsy, which in three, was complicated
by episodes of status epilepticus and clinical and
imaging evidence of stroke-like episodes. Two were
siblings of whom one died during epilepsia partialis
continua at the age of 22 years (Patient 3). The data on
phenotype and genotype, summarized by Hikmat et al.
(2016), are presented in table 1. Patient 1 and 2 had
sporadic focal to bilateral tonic-clonic seizures (FTCs)
years apart, and Patient 4 had severe epilepsy with
nearly daily seizures.

EEG elements were classified according to the stand-
ardized computer-based organized reporting of EEG
(SCORE) and the international glossary of terms
[18, 19]. The EEG features and their evolution were
assessed along with the various seizure types. The

following EEG variables were evaluated: waveform,
frequency, amplitude, localization, distribution, quan-
tity, variability, morphological characteristics of inter-
ictal and ictal epileptiform activity, reactivity to eye
opening and provocations (hyperventilation and pho-
tostimulation).

Atotal of 96 EEG recordings were assessed (table 2). The
number of EEGs per patient ranged from 17 to 28 (mean:
24). Fifty were digital recordings and 46 were selected
segments of paper recordings. Most were standard
recordings; four were taken from long-term (24 hours)
monitoring (LTM). The first available EEG was recorded
at various ages, with a range of 2-10 years. The record-
ing periods spanned from 1981 to 2020, and follow-up
was 15 years for the deceased patient and between 23
and 32 years for the three others (figures 1-4).

Written informed consent from the patients or their
parents had been obtained.

Results

Interictal epileptiform EEG activity

The findings are summarized for each patientin table 2.
Patients 1-3: EEG showed prominent bilateral asynchro-
nous and synchronous epileptiform discharges in occip-
ital and posterior-temporal regions (figures 1-3). This
activity was continuous in Patient 1 (figure 1) and nearly
continuous in Patients 2 and 3 (figures 2 and 3). In these
patients, the occipital epileptiform pattern was present
in the first EEG, even prior to seizures in Patient 3. The
abnormality persisted in all later recordings. Graphoele-
ments were mainly high-voltage, up to 300 mV, atypical
spike-waves. Spike-wave frequency varied from 2.5 to 4
Hz in the majority of recordings. Spikes and polyspike
elements of variable morphology merged with spike-
wave runs and 3-5 Hz slowing. The epileptiform activity
was markedly suppressed by eye opening and increased
during photic stimulation (table 2).

Patient 4: The first EEG at age two years prior to seizure
occurrence was unremarkable. After epilepsy onset,
EEG mostly showed multifocal and bilateral epilepti-
form discharges, particularly in the frontotemporal
areas with independent posterior involvement, but
the pattern varied (figure 4). We observed spike-waves,
sharp-waves and sharp-and slow-waves at up to 600 mV
with variable 1.5-4 Hz frequency, as well as multifocal
moderate voltage spikes and sometimes polyspikes.

Background EEG activity

Patients 1-3: The background activity was normal
or nearly normal. In the first recordings, discrete
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¥ Table 1. Demographic, clinical and MRI data (partly summarized from Hikmat et al. 2016).

Patients 1 2!
Gender Female Male
Age at study (years) 39 39
Age first seizure 7 7
(years)

First seizure type FTC F
Later seizure types FTC; M FTC; F

Antiseizure
medications

Eslicarbazepine Lamotrigine,

valproate.

Other clinical signs From early teens: From pre-school age:

and symptoms ataxia; mild dysarthria; ataxia; moderate

tremor cognitive impairment;
dysarthria
Brain MRI Cerebellar atrophy Cerebellar atrophy;
stroke-like lesions
temporo-occipital left
and occipital right
Genotype ¢.895C>T, p.R299W c.895C>T, p.R229W;
homozygous c.1732T>G, p.F578V
compound
heterozygous
CoQ10 treatment From age 33 From age 33

Treatment effect Halt of progression of ~ Some improvement

ataxia of balance, ataxia and

speech

31
Female
22?

F
FTC; F; EPC

Carbamazepine,
clonazepam,
phenobarbital,
topiramate

From age 3: ataxia;
moderate cognitive
impairment;
dysarthria; tremor

Cerebellar atrophy;
multiple bilateral
stroke-like lesions

€.895C>T, p.R229W;
¢.1732T>G, p.F578V
compound
heterozygous

No

4
Female
27

3

FTC

FTC; multiple,
including F, M and EPC
Clonazepam
lamotrigine,
levetiracetam,
valproate

From age 2: ataxia;
severe cognitive and
motor regression;
wheelchair-bound
from age 12
Cerebellar atrophy;
global substance loss;
extensive bi-occipital
gliosis

€.895C>T, p.R299W
homozygous

Short term at age 18

No improvement

FTC: focal to tonic-clonic seizures; F: focal seizures; M: myoclonic jerks; EPC: epilepsia partialis continua.

'Siblings.
*Died from status epilepticus at age 22.

generalized slowing, mainly in the theta range, was
present. In the frontotemporal regions, occasional
intermittent bilateral 2-3 Hz waves occurred, some-
times as short generalized bursts.

Patient 4: Severe generalized slowing, mostly in the 2-5 Hz
frequency range, was seen in all recordings, sometimes

Evolution of EEG findings

rhythm was identified in Patients 2 and 3, whereas a
dominant posterior rhythm was absent in Patient 4.

accentuated in epochs with variable location.

Posterior dominant EEG rhythm

Patient 1 had some intermittent 9.5 Hz rhythmical
activity mostly in the parietal regions while her occipi-
tal activity was dominated by continuous epileptiform
discharges. Fragmented 9.5-10.5 Hz occipital alpha

The EEG patterns remained unchanged for many years
in Patients 1-3. A mild increase in the occurrence of
bursts with bilateral generalized epileptiform dis-
charges with multifocal elements and slowing was
seen at adult age (Patient 3 at 18 years, Patient 1 at 33
years). In Patient 2, the EEG changed in the form of
decreased occurrence and voltage of the epileptiform
discharges and less slowing in the posterior regions
at the age of 38.
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Patients
Number of recordings

Age at first recording
(years)

Age range (years)
EEG type
Standard
Long-term monitoring
Digital
Paper segments
Epileptiform activity

Localization
Type
Persistence

Evolution

Suppression upon eye
opening

Increase upon
photostimulation

1
28
10

10-39

27

19

Occipital/temporal
(parietal)

Bilateral
/synchronous/
asynchronous

Continuous

Largely unchanged

yes

yes

Epileptiform graphoelements

Spikes

Spike-waves and slow
waves

Polyspikes
Polyspike-waves
Sharp-waves

Sharp-wave and slow
waves

++

+++

++

++

2
17
7

6-39

16

11

Occipital/temporal

Bilateral
/synchronous/
asynchronous

Nearly continuous

Largely unchanged
until improvement
from age 38

yes

yes

++

+++

++

++

3
28
6

6-22

28

28

Occipital/temporal

Bilateral
/synchronous/
asynchronous

Nearly continuous/
prolonged runs

Largely unchanged
until recurrent EPC
during last two years
of life

yes
yes
+++

+++

++

¥ Table 2. EEG recordings and interictal epileptiform abnormalities.

4
23
2

2-26

21

20

Fronto-temporal and
temporo-parieto-
occiptal predominance

Multifocal and bilateral
synchronous/
asynchronous

Episodic. Variation
within/between
recordings

Less posterior activity;
focal activity in left
temporal region, partly
as EPC, from age 13-14

yes
yes
++

++

++

+++

+++

EPC: epilepsia partialis continua; -/+/++/+++: not present/discrete/occasional/frequent.
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m Figure 1. EEG of Patient 1. (A) The first recording at age 10 years shows continuous bilateral synchronous
and asynchronous epileptiform activity with discrete slowing in the post-temporal and occipital regions (paper
segment). Montage: longitudinal bipolar. Trace duration: 10 s. (B, C) The principal findings of continuous bilateral
synchronous and asynchronous epileptiform activity with occipital predominance persist from the first recording
at 10 years (A) to the recording at 22 years (B) and at 38 years (C). Montage: average reference; 30 mm/s; 12.4 s
trace duration; 100 mV/cm; High-pass filter (HF) 70 Hz; low pass filter (LF) 0.50 Hz; notch 50 Hz.

Ictal EEG recordings

Patient 4: During epilepsia partialis continua at age
13-14, the EEG showed focal epileptiform discharges
mainly in the left temporal and partly in the occipital
areas. During later LTM recordings, runs of general-
ized fast activity, lasting up to 30 seconds, were not
clinically recognized.

Discussion

The topography of EEG abnormalities in ADCK3-related
disease is consistent with the reported predilection

for occipital lobe involvement in mitochondrial dis-
orders. The characteristic EEG graphoelements asso-
ciated with this, and indeed other variants of CoQ10
deficiency, have, however, received little attention
[1,3-6, 11,13, 20-23]. Interestingly, even prior to the
detection of ADCK3 mutations, bi-occipital epilepti-
form activity was emphasized in encephalomyopathies
associated with CoQ10 deficiency, even in the absence
of seizures [24, 25].

In the present study, three of our four patients
exhibited a peculiar and intense posterior epilep-
tiform pattern with occipital predominance, in one
patient even prior to seizure onset. Remarkably, the
activity occurred continuously or nearly continuously
in prolonged runs. These findings prompted a large
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over posterior head regions, mainly the occipital and mid-posterior temporal areas. Montage: average reference;
30 mm/s; 12.4 s trace duration; 100 mV/cm; HF 70 Hz; LF 0.5 Hz; notch 50 Hz.
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synchronous epileptiform discharges in occipital (O1 and O2) and posterior-temporal leads (T5 and T6) (paper
segment). Montage: average reference; 9.8 s trace duration.

286 ¢ Epileptic Disord, Vol. 23, No. 2, April 2021



| EEG in ADCK3-related disease

e

H——t A~

R

=
‘ Tsec 70mV

m Figure 4. Patient 4. Interictal EEG at age seven years shows combined multifocal and bilateral synchronous and
asynchronous epileptiform discharges with spike focus in the posterior region, mostly on the left side. Montage:
average reference; 30 mm/s; 12.4 s trace duration; 150 mV/cm; HF 70 Hz; LF 0.5 Hz; notch 50 Hz.

number of follow-up recordings. The abnormalities
were stable over many years, albeit with some pro-
gression to occasional multifocal involvement of the
frontotemporal areas, with a generalized non-specific
abnormality. Three to four years after starting CoQ10
treatment, epileptiform activity was reduced in Patient
2, suggesting potential improvement. Patient 4 also
had abundant bilateral temporo-occipital spikes, but
less striking due to widespread epileptiform activity
(figure 4), suggesting a more extensive dysfunction or
a propagation to anterior networks.

The characteristic interictal bi-occipital EEG abnor-
malities in ADCK3-related disease are consistent with
focal-onset seizures. The seizure disorder is classifiable
as focal epilepsy with a combined genetic, metabolic
and conceivably even a secondary structural aetiology
[26]. In mitochondrial disorders, such as POLG disease,
so-called stroke-like lesions are often transient and
thought to be due to neuronal adenosine triphosphate
depletion driven by ongoing seizure activity [27, 28]. The
common denominator of these disorders is mitochon-
drial energy failure, although of different genetic aeti-
ologies. The reason for the posterior location has been
explained by the fact that the visual cortex is among the
most active cerebral regions, thus rendering this part
of the brain more vulnerable to energy collapse dur-
ing ictal activity. Three of the patients had stroke-like
lesions; in Patient 2 and 4 particularly in the occipital
lobes and in Patient 3 more widespread (table 7) [5].

In POLG disease, EEG abnormalities differ from those
seen in our patients, being more focal or lateralized
and dominated by pronounced slowing and/or peri-
odicity of 0.5-2 Hz with relatively scarce interictal epi-
leptiform elements [16, 28-33]. The present patients
showed pronounced runs of spike-waves along with

an abundance of various epileptiform graphoele-
ments, only occasionally accompanied by explicit
slowing in the posterior areas (table 2, figures 1-3).
Moreover, in POLG disease, the EEG pattern varies,
often with only initial occipital predilection [28, 30],
whereas the unusual pattern seen in the present
patients appeared to remain stable over many years.
It has been suggested that rhythmic high-amplitude delta
activity with superimposed spikes (RHADS) represents a
reliable early pathognomonic EEG marker of severe and
early-onset POLG disease (Alpers’disease). These changes
may fluctuate over time [16]. Such elements did not occur
in our patients. No other characteristic EEG markers have
been linked to mitochondrial disorders [3, 17].

Occipital lobe epilepsies have multiple aetiologies
and a variable prognosis, and they are relatively
uncommon. They include self-limited focal childhood
epilepsies of the Gastaut and Panyiotopolous type,
SCNB8A-related epilepsy, epilepsies due to structural
lesions, and mitochondrial disorders. The majority
of lesional epilepsies are limited to one hemisphere.
The EEG abnormalities in the Panayiotopolous and
Gastaut syndromes usually share a morphology with
other self-limited childhood epilepsies, with varia-
ble negative diphasic slow spikes followed by a slow
wave, isolated and in clusters [34]. Although similar in
location, they are distinctly different from the nearly
continuous pattern reported here. Patients with the
developmental and epileptic encephalopathy associ-
ated with SCN8A mutations often exhibit early mul-
tifocal and bilateral epileptiform abnormalities with
temporo-occipital predominance, but the EEG find-
ings also differ in that the epileptiform discharges
with high-amplitude sharp waves are infrequent and
multifocal with progressive background slowing [35].

Epileptic Disord, Vol. 23, No. 2, April 2021

* 287



V. Arntsen, et al.

The patients we report confirm the broad pheno-
typic spectrum of ADCK3-related disease [6], even
within the same family (Patients 2 and 3), as well as in
unrelated subjects with the same genotype (Patients
1 and 4). The phenotypes differed conspicuously and
seemed to correlate to age at onset. They ranged from
insidious mild to moderate ataxia with little overt
cognitive symptoms, satisfactory seizure control and
retained vocational abilities in adult age (Patient 1) to
early-onset encephalopathy with severe and progres-
sive ataxia with wheelchair dependency and profound
intellectual disability (Patient 4). Curiously, the inten-
sity of the characteristic EEG pattern was independent
of the severity of the disorder. In fact, the patient with
the least severe symptoms showed the most distinct
EEG pattern with continuous epileptiform activity that
was unchanged for nearly three decades, despite the
absence of evident focal cortical MRI lesions (Patient
1) (figure 7). The epileptiform activity thus appeared
to be independent of MRI abnormalities. In Patients 2
and 3 with mild-to-moderate intellectual disability, the
pattern was nearly continuous in parts of each record-
ing (figures 2 and 3). In the most severely affected
patient (Patient 4), the first EEG prior to seizure onset
was unremarkable, but later EEG and MRI both sug-
gested a more widespread cerebral expression (table
1, figure 4).

The present patient series suggests that this peculiar and
persistent epileptiform pattern in patients with epilepsy
and ataxia should raise a suspicion of ADCK3-related dis-
ease, although its absence does not rebut the diagnosis.
In accordance with previous reports [10-13, 15], patients
showed a variable response to CoQ10 supplementa-
tion [5]. In Patient 2, the epileptiform changes appeared
to decline after treatment and he also experienced
improvement in ataxia. Seizures were well controlled
for several years, but breakthrough did occur during
CoQ10 treatment. In other studies, no definite effect on
seizures was demonstrated [14, 36], although a marked
improvement of myoclonus was reported in one patient
[11]. Patient 1 experienced a halt in the progression of
her ataxia and no seizure recurrence within the last four
years with unchanged antiepileptic drug treatment.
Although anecdotal, this course is promising, as she pre-
viously had sporadic FTCs and myoclonic jerks.

The limited number of included patients with this rare
disorder is an obvious weakness of the present retro-
spective survey. Nevertheless, the significance of this
characteristic EEG pattern is strengthened by its per-
sistence in numerous available recordings over many
years. More studies in a larger number of patients are
needed to confirm these findings.

Conclusion

ADCK3-related disease with ataxia and seizures shares
many features with the more common POLG-related
disease, but the molecular pathogenesis of mitochon-
drial dysfunction is dissimilar and potential precision
treatment is available. The present study suggests that
EEG abnormalities in ADCK3-related disease differ
sufficiently from those associated with POLG disease
to be useful for differential diagnosis. A continuous
or nearly continuous bi-occipital epileptiform pattern,
which persists over time, should lead to the suspicion
of the ADCK3-related form of mitochondrial disorder.
Early recognition and treatment to limit tissue damage
is crucial, and EEG is a readily available tool which may
help to differentiate the phenotype of ADCK3 disease
from other mitochondrial disorders. W

Supplementary data.
Summary didactic slides are available on the www.epilepticdis-
orders.com website.
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TEST YOURSELF

(1) What is the main differential diagnosis of ADCK3-related disease with ataxia and epilepsy?
(2) Why is early recognition of ADCK3-related disease essential?

(3) What are the characteristic EEG features of this disorder?

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section “The EpiCentre”.
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