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Abstract

Inborn errors of metabolism are genetic disorders that need to be recognized as

early as possible because treatment may be available. In late-onset forms, core

symptoms are movement disorders, psychiatric symptoms, and cognitive

impairment. Eye movement disorders are considered to be frequent too,

although specific knowledge is lacking. We describe and analyze eye move-

ments in patients with an inborn error of metabolism, and see whether they

can serve as an additional clue in the diagnosis of particularly late-onset inborn

errors of metabolism. Demographics, disease characteristics, and treatment

data were collected. All patients underwent a standardized videotaped neuro-

logical examination and a video-oculography. Videos are included. We

included 37 patients with 15 different inborn errors of metabolism, including

18 patients with a late-onset form. With the exception of vertical supranuclear

gaze palsy in Niemann-Pick type C and external ophthalmolplegia in Kearns-

Sayre syndrome, no relation was found between the type of eye movement dis-

order and the underlying metabolic disorder. Movement disorders were present

Eye movement disorders in inborn errors of metabolism are very heterogeneous, even in patients with the same disorder, with the exception of a
vertical supranuclear gaze palsy in Niemann-Pick type C and a progressive external ophthalmoplegia in Kearns-Sayre syndrome.
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in 29 patients (78%), psychiatric symptoms in 14 (38%), and cognitive deficits

in 26 patients (70%). In 87% of the patients with late-onset disease, eye move-

ment disorders were combined with one or more of these core symptoms. To

conclude, eye movement disorders are present in different types of inborn

errors of metabolism, but are often not specific to the underlying disorder.

However, the combination of eye movement disorders with movement disor-

ders, psychiatric symptoms, or cognitive deficits can serve as a diagnostic clue

for an underlying late-onset inborn error of metabolism.
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1 | INTRODUCTION

The introduction of next-generation sequencing has led
to unexpected diagnoses, including inborn errors of
metabolism (IEMs).1,2 IEMs are genetic disorders that
cause impairment of a biochemical pathway, for example,
dysfunction of an enzyme or transporter involved in cel-
lular metabolism.3 Age of onset is often in childhood, but
late-onset forms presenting in adolescence or adulthood
are more recognized since the implementation of next-
generation sequencing. So, the challenge for the clinician
is to recognize patients that might suffer from an under-
lying IEM to perform timely diagnostics and diminish
diagnostic delay because treatment is available for
some IEMs.

Identification of patients with an IEM can be chal-
lenging as symptoms are often heterogeneous, and
patients with late-onset forms can present with different
phenotypes than children with the classical young-onset
forms. In the late-onset forms, movement disorders, psy-
chiatric symptoms, and cognitive deficits are often the
presenting symptoms.4–6 Interestingly, abnormal eye
movements appear to be a frequent symptom as well, but
are frequently missed as physicians do not always look
for them, and patients may only complain about nonspe-
cific symptoms, such as vertigo, imbalance, and frequent
falling.7,8

Recognition of eye movement disorders in patients is
important because they may serve as an additional clue
in the diagnosis of an IEM. In the literature, specific pat-
terns of ocular motor disorders are described and linked
to specific types of IEMs. This is for example the case in
patients with Niemann-Pick type C (NP-C), where a ver-
tical supranuclear gaze palsy (VSGP) is an important
characteristic of the disease.9,10 In many other IEMs, eye
movement disorders are not extensively investigated and
described, although they might be present early in the
disease course.8

In the current prospective study, we systematically
analyzed eye movement disorders in adolescent and adult
patients with an IEM to determine eye movement charac-
teristics and to assess whether they can serve as an extra
clue to the diagnosis of IEMs.

2 | METHODS

Patients from the University Medical Center Groningen,
Amsterdam University Medical Center, and Canisius
Wilhelmina Hospital were included from November
2015–January 2020. This study was approved by the med-
ical ethical committee of the University Medical Center
Groningen (METc2016/616). All subjects and/or parents
gave written informed consent.

Demographics, disease characteristics, and treatment
data were collected from patient files and anamnesis. All
patients underwent a standardized videotaped neurologi-
cal examination. The following movement disorders were
scored through consensus-based discussion: ataxia, dysto-
nia, myoclonus, chorea, parkinsonism, tremor, and tics.
Additional non-neurological and neurological abnormali-
ties, such as spasticity, were documented as well. Video-
oculography (VOG) was performed in all patients to eval-
uate eye movements during rest (with and without fixa-
tion), gaze, smooth pursuit, (self-initiated) saccades,
optokinetic nystagmus, and eye movements during
hyperventilation (see the Supplementary Information I
and II for the protocol, definitions of eye movement
abnormalities, and norm data). An adolescent- or adult-
onset was defined as age of onset ≥12 years.

Inclusion criteria were age at examination ≥12 years,
a confirmed IEM (biochemical and/or genetically), and
eye movement abnormalities during neurological exami-
nation. Exclusion criteria were severe visual distur-
bances, severe ptosis, or severe cognitive disturbances
that would interfere with the VOG (see Supplementary
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Information I, Table S2 for information about selection of
patients).

Statistical analyses were performed using IBM SPSS
Statistics for Windows (version 23). To examine differ-
ences in eye movement disorders related to the presence
of other variables (movement disorders, type of move-
ment disorder, psychiatric symptoms, cognitive impair-
ment, and different types of IEMs) separate Pearson chi-
square tests were performed (e.g., the presence of a VSGP
in NP-C). The Bonferroni correction was used because of
the number of statistical tests, and the alpha was set
at 0.001.

3 | RESULTS

We included 37 patients with 15 different IEMs, includ-
ing 18 patients with an adolescent- or adult-onset. The
median age was 34 years (range 12–67), median age of
diagnosis was 23 years (range 0–61) with a median diag-
nostic delay of 5 years (range 0–45). The patient charac-
teristics are shown in Table 1.

3.1 | Eye movement disorders

During the first documented neurological examination,
eye movement abnormalities were reported in 14 patients,
while in 11 patients eye movements were normal. In
10 patients, eye movements were not examined or
reported at that moment. In the remaining patients, no
neurological examination was performed prior to this
study. Eye movement abnormalities were noticed by the
patient self or their relatives in 11 patients.

Figure 1 presents an overview of the different eye
movement abnormalities detected by VOG. Saccadic
oscillations and impaired smooth pursuit were most fre-
quently observed, followed by a VSGP. Hyperventilation-
induced eye movement abnormalities were examined in
34 patients, and abnormalities were found in eight of
them, including four patients with cerebrotendinous xan-
tomatosis, two with Wilson's disease, one with ataxia
with vitamin E deficiency, and one with GLUT-1 defi-
ciency. None of the included patients had a history of
oculogyric crisis or showed ocular motor apraxia.

Figure 2 presents an overview of the impaired modali-
ties of eye movements in relation to the underlying IEM.
Although most of the observed eye movement disorders
were not associated with a type or group of IEMs, there
were two exceptions to this. First, a VSGP was strongly
related to NP-C, χ2 (1) = 23.69, p < 0.001. All 10 included
patients with NP-C showed a VSGP during testing sac-
cades, combined with abnormal horizontal saccades in

seven patients. Horizontal optokinetic nystagmus (OKN)
was impaired in four patients, vertical OKN in all of
them. A so-called “round-the-houses” phenomenon,
where the eyes move in a lateral arc when attempting to
look up and down, was found in four NP-C patients, and
is illustrated in Video S1. In the other patients, vertical
saccades were too severely affected for assessment of this.
Second, progressive external ophthalmoplegia was only
present in the mitochondrial disease Kearns-Sayre syn-
drome, χ2 (1) = 35.00, p < 0.001. This patient showed a
progressive external ophthalmolplegia consisting of a pto-
sis, impaired abduction and adduction (more severe in
the right eye), and impaired upgaze. Downgaze was not
assessable due to the ptosis (see Video S2).

No clear relation was found between eye movement
disorders and other IEMs (Figure 2). In most included
disorders, the ocular motor abnormalities were heteroge-
neous (Table 2).

The other three patients with different mitochondrial
diseases included one patient with a LIG-3 mutation, and
two patients with a mitochondrial trifunctional protein
deficiency (MTP-deficiency). The patient with the LIG-3
mutation had among others a history of macular degen-
eration and ischemic stroke, leading to a left-sided
neglect. In this patient, saccadic oscillations in alternat-
ing directions and downward drift were found during
rest, with saccadic intrusions during smooth pursuit.
OKN to the right was impaired. One of the patients with
the MTP-deficiency showed microsaccadic oscillations
during rest, both had dysmetric saccades and impaired
OKN in vertical direction. Ophthalmoplegia was not pre-
sent in these three patients.

All four patients with cerebrotendinous xanthomatosis
(CTX) had a history of cataract and showed pupil abnor-
malities. In two patients, microsaccadic oscillations were
observed during rest, which also interfered with smooth
pursuit. In one patient, shown in Video S3, there were
random horizontal and vertical eye movements that
seemed to be associated with blinking, which aggravated
during hyperventilation. This patient also showed nystag-
mus during self-initiated saccades. In two other patients,
saccades showed impaired precision (combined hypo-
and hypermetric). Horizontal microsaccadic oscillations
were present during hyperventilation in two patients,
which can be seen in Video S4. In one of these patients,
the microsaccadic oscillations were not present
during rest.

Two patients with glucose transporter type 1 deficiency
(GLUT-1 deficiency) were included. Upbeat nystagmus
was observed during rest in one of them, while the other
showed saccadic oscillations that increased during hyper-
ventilation. Smooth pursuit was impaired in both
patients with microsaccadic intrusions and abnormal
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gain (alternately too low and too high) in one of them.
This latter patient also had an impaired OKN in upward
direction.

In three of the six patients with Wilson's disease, VOG
results indicated saccadic oscillations during rest. An
example is shown in Video S5. Saccades were too slow in
one patient. Smooth pursuit was impaired in all but one,
showing saccadic intrusions (four patients) or square-
wave jerks (one patient). In one patient, OKN was
severely impaired in horizontal direction and absent in
vertical direction. Hyperventilation aggravated square-
wave jerks in another patient with also an increase of
amplitude.

The two patients with ataxia with vitamin E deficiency
(AVED) both showed horizontal microsaccadic oscilla-
tions at rest. Smooth pursuit, saccades, and OKN were
disrupted by these saccadic oscillations, which presented
as a pendular nystagmus in one of them. Video S6 shows
a hyperventilation-induced ocular flutter and hippus in
one of the patients.

We included two patients with glutaric aciduria type 1
(GA-1), of which one of them was diagnosed during the
newborn screening and treated with a lysine-restricted
diet since then. This patient showed a latent strabismus,
too low gain during smooth pursuit, and very subtle
hypermetria during testing saccades. The other patient
was diagnosed with GA-1 in her forties and was not trea-
ted with a diet. She showed a spontaneous nystagmus to

the left which was suppressed by fixation, as can be seen
in Video S7. Furthermore, smooth pursuit showed sac-
cadic intrusions (anticipation). In both patients, a vestib-
ular origin of the eye movement abnormalities was
suggested, although the vestibular-ocular reflex was not
performed.

The patient with a congenital disorder of glycosylation
type Ig (CDG-1 g) had a history of ptosis and strabismus,
for which he underwent surgery. At rest, a drift to the
right was still found, with square-wave jerks during fixa-
tion. These saccadic intrusions were also found during
smooth pursuit and saccades.

Two patients with a Zellweger spectrum disorder were
included. In one of them, the parents noticed a nystag-
mus when she was a few months old that eventually dis-
appeared again. Both suffered from reduced vision.
Horizontal microsaccadic oscillations were observed at
rest, during fixation, and during smooth pursuit. Sac-
cades were not assessable in both patients, in one of them
because the initiation of saccades was incorrect, and in
the other because the pupil was not detectable by the
camera. Vertical OKN was impaired in one patient. This
may be due to visual impairment, as the gain of vertical
OKN is influenced by binocular disparity.12

The included patient with succinic semialdehyde dehy-
drogenase deficiency (SSADH deficiency) had a history of
strabismus, and showed saccadic intrusions during neu-
rological examination. These abnormalities were not

FIGURE 1 Different types of eye movement disorders
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present on VOG, in which only catch-up saccades were
observed during smooth pursuit, suggesting the influence
of fluctuation in attention.

Finally, Figure 2 also shows the results of eye move-
ment investigations in patients with adult-onset Krabbe
disease, metachromatic leukodystrophy (MLD), and
methylmalonic acidemia. These eye movement abnormal-
ities are not described in detail in the literature earlier.
The patients with adult-onset Krabbe disease and MLD
showed saccadic oscillations during rest, which is square-
wave jerks in the patient with MLD and horizontal
microsaccadic oscillations in the patient with adult-onset
Krabbe disease. These oscillations interfered with smooth
pursuit and saccades in both patients. In the patient with
methylmalonic acidemia, micro-opsoclonus was observed
during fixation. The gain of smooth pursuit was too low
with microsaccadic intrusions, whereas saccades were
normal. Gain was also too low during OKN.

3.2 | Movement disorders, psychiatric
symptoms, and cognitive impairment

Movement disorders were present in 29 patients (78%).
Of these patients, 7 had a single movement disorder,
14 had two movement disorders, and 8 had patients three

or more. Dystonia was most frequently present
(23 patients), followed by ataxia (18 patients) and myoc-
lonus (12 patients). No relation was found between the
presence of a specific type of eye movement disorder and
the presence of movement disorders in general nor a spe-
cific movement disorder subtype (Supplementary infor-
mation, Figure S1).

Psychiatric symptoms were present in 14 patients
(38%), of which 3 patients had a history of psychosis. In
26 patients (70%) cognitive impairment was present. The
presence of cognitive impairment or psychiatric symp-
toms did not show any significant relation with specific
eye movement abnormalities. An overview of the pres-
ence of these and other symptoms can be found in
Figure S2 of the Supplementary Information.

In the 18 patients with onset during adolescence or
adulthood, symptoms that were most frequently present
were movement disorders (n = 14, 78%), dysarthria
(n = 13, 72%), cognitive impairment (n = 12, 67%), liver
and/or spleen abnormalities (n = 12, 67%), and psychiat-
ric symptoms (n = 8, 44%). Dysarthria was only present
in patients with a movement disorder. In the patients
with liver and/or spleen abnormalities, 6 were diagnosed
with Wilson's disease, 5 with NP-C, and 1 with a mito-
chondrial disorder. In the patients with NP-C, these
abnormalities were mainly characterized by prolonged

FIGURE 2 Inborn errors of metabolism and associated eye movement disorders. AVED, ataxia with vitamin E deficiency; CTX:

cerebrotendinous xanthomatosis; GA1, glutaric aciduria type 1; KSS: Kears–Sayre syndrome, MLD: metachromatic leukodystrophy; MMA:

methylmalonic acidemia; NP-C, Niemann-Pick type C; OKN: optokinetic nystagmus; SSADH, succinic semialdehyde dehydrogenase

deficiency; VSGP: vertical supranuclear gaze palsy.
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jaundice in the neonatal period or by liver/spleen
enlargement during the ultrasound (Figure 3).

3.3 | Combination of symptoms in late-
onset inborn errors of metabolism

None of the patients presented with an isolated eye
movement disorder (Figure 3). Of all the patients with a
late-onset IEM, 17% had eye movement abnormalities in
combination with movement disorders, psychiatric symp-
toms, or cognitive impairment. In 33% of the patients,
two of these symptoms were present, and another 33%
showed all three symptoms. Only 17% presented without
one of these features, and among them were patients
with adult-onset Krabbe disease, Kearns-Sayre syndrome,
and Wilson's disease. All three of them had other neuro-
logical or non-neurological symptoms instead.

4 | DISCUSSION

In the current paper, we describe in detail the phenome-
nology of eye movement abnormalities and other symp-
toms in 37 patients with an IEM. These eye movement
disorders were quantified with VOG and illustrated by
videos. Eye movement abnormalities were an early

feature in at least 14 patients, as they were reported
during the first documented neurological examination.
This indicates that examining eye movements can be
helpful in the early diagnosis of IEMs, facilitating early
treatment when available. Clinical examination of eye
movements is not difficult, and can be performed
quickly.8,11,12

Our results showed that the type of eye movement
disorder, with a few exceptions, is often not related to a
specific type of IEM. Only in NP-C and Kearns-Sayre syn-
drome, the observed eye movement disorders are a
known characteristic of the IEM.9,10,13 This heterogeneity
may be partially explained by the fact that patients were
investigated at different ages and different stages of their
disease. However, as earlier described in the literature,
many other symptoms are heterogeneous in IEMs as
well. This is the case for movement disorders, where the
exact type of movement disorder often does not guide
into the direction of a specific IEM.6,14 As movement dis-
orders and eye movement disorders may share an ana-
tomical substrate, for example, cerebellar dysfunction,15

the variety of eye movement disorders in the same IEM
could be expected. However, no clear association was
found when eye movement abnormalities were assessed
in relation to a specific movement disorder, which may
be partially related to the combined movement disorder
phenotypes in most of the patients. Our findings

FIGURE 3 Combination of eye movement disorders and other frequent symptoms in late-onset IEMs. Other symptoms include

movement disorders, psychiatric symptoms, and cognitive impairment.

992 KOENS ET AL.



underscore again that symptoms, including eye move-
ment disorders, can be very heterogeneous in IEMs, and
this in itself can be considered as an important character-
istic of IEMs.

The exact underlying pathophysiological substrate of
the eye movement disorders is unknown for many IEMs.
An exception to this is NP-C, where histopathological
examinations showed damage of the rostral interstitial
nucleus of the medial longitudinal fasciculus (riMLF) in
the mid-brain, leading to an isolated vertical saccadic
paresis.9 In our cohort, all the included patients with
NP-C showed indeed a VSGP during examination of sac-
cades. This is higher than reported in the literature,
where VSGP is described in 66% of the NP-C patients.10

This difference might be due to the fact that a VSGP may
initially only be present during (self-initiated) saccades,
as smooth pursuit gets affected in progressive disease.16

Eye movement disorders are also well described in
patients with mitochondrial disease: the extraocular mus-
cles are extremely vulnerable to mitochondrial dysfunc-
tion leading to progressive external ophthalmoplegia,
which was also found in our patient with Kearns-Sayre
syndrome.17

Vestibular dysfunction is also related to eye move-
ment disorders, and may be present in some IEMs. In
certain mitochondrial diseases, sensorineural hearing loss
is associated with a vestibular disorder, although this was
not the case in our included patients.18 Interestingly, in
the two patients with GA-1, a vestibular origin of the eye
movement disorder was suggested, even though the VOG
protocol did not contain examination of the vestibular-
ocular reflex. Vestibular involvement causing vertigo is
recently described in patients with late-onset GA-1 and
vertigo, but the role of the vestibular system still needs to
be elucidated for many other IEMs.19 Therefore, we rec-
ommend analysis of the vestibular system in patients
with IEMs.

In addition, we showed that hyperventilation could
induce very prominent eye movement disorders. Hyper-
ventilation was added to the protocol because it can pro-
voke abnormal eye movements in patients with
vestibular disease or cerebellar disorders.12 This may be
mediated through the effect on voltage-gated calcium
channels, which are sensitive to pH changes.
Hyperventilation-induced alkalosis may cause abnormal
activity of these channels, leading to nystagmus.20–22 Cer-
ebellar involvement is common in IEMs and may lead to
ataxia and abnormal eye movements, but abnormalities
during hyperventilation are not described earlier in IEMs.
We found hyperventilation-induced oscillations in 8 of
the 34 tested patients. Some of the included IEMs that
showed hyperventilation-induced eye movement disor-
ders are indeed strongly associated with cerebellar

impairment, such as CTX and AVED, and these patients
also showed ataxia. However, this association is less clear
for the other disorders. Interestingly, among them is a
patient with Wilson's disease without other neurological
involvement.

Other factors that are associated with eye movement
abnormalities according to the literature include cogni-
tive impairment and psychiatric symptoms. In our study,
no significant relation was found between these symp-
toms and eye movement disorders. In addition, also
visual disturbances may cause eye movement disorders,
and in particular nystagmus is frequently described.12

The three patients with visual impairment (two with a
Zellweger spectrum disorder and one with a mitochon-
drial disorder) did show saccadic oscillations in rest,
which may be (partially) caused by the visual
disturbances.

It is not only important to recognize eye movement
disorders as they may serve as an additional clue in the
diagnosis of an IEM, it is also important to recognize
them because they sometimes can be treated when they
interfere with normal vision. Downbeat and upbeat nys-
tagmus can be found in disorders affecting the brainstem
or the cerebellum, and were present in two of the
included patients. It can lead to oscillopsia with reduced
visual acuity, and therefore increase the risk of falls. This
is even more a problem in patients who also have an
impaired balance due to movement disorders. Treatment
of this specific type of nystagmus is possible with amino-
pyridines or baclofen.23,24 In our cohort, VSGP interfered
most with daily life, as patients mentioned difficulties
during walking outside or performing hobbies, such as
playing pianos. Unfortunately, no treatment is available
for VSGP yet.

Although we aimed to perform a very comprehensive
study on eye movement abnormalities in selected IEMs,
our study has some limitations. This is the first big cohort
that systematically describes eye movements in IEMs,
however, only few patients were included of some IEMs.
Therefore, it is not possible to generalize the observed
eye movement abnormalities to a larger group. This is
partially due to the low prevalence of IEMs, but also to
the fact that severely affected patients were not capable
to undergo a VOG, which requires sitting still and per-
forming specific tasks. This underscores the need for an
easier way of measuring eye movements in these
patients, and future research to develop this is needed.
Furthermore, the results may be influenced by medica-
tion. Anti-epileptic drugs, antidepressants, and mood sta-
bilizers, which were frequently used in this cohort, can
cause nystagmus, ocular flutter, and opsoclonus. To end,
the differential diagnoses of the described eye movement
disorders is of course broader than the described IEMs in
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this study, and includes also nonmetabolic disorders.
VSGP is a very characteristic sign of progressive supra-
nuclear palsy, and progressive ophthalmoplegia can be
found in other energy metabolism disorders as well.12

However, a systematic approach that involves next-
generation sequencing after exclusion of more common
acquired or neurodegenerative disorders will lead to the
diagnosis of both metabolic and non-metabolic
disorders.4–6

5 | CONCLUSION

Our results indicate that eye movement disorders may be
present early in the course of an IEM, and can be a char-
acteristic symptom. This is in particular the case for
patients with NP-C and Kearns-Sayre syndrome. How-
ever, apart from these few exceptions, the type of eye
movement disorder does not point in the direction of spe-
cific IEMs. Symptoms, including eye movement disor-
ders, are very heterogeneous in IEMs, and this variety in
symptoms seems to be an important characteristic of
IEMs. It is important to note that in adolescents and
adults with eye movement disorders, the presence of
movement disorders, psychiatric symptoms, or cognitive
deficits should raise the suspicion of an underlying IEM,
as in our cohort 83% of the late-onset patients presented
with one or more of these additional symptoms.
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