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Congenital facial weakness is present in a heterogeneous group of conditions. Among them is Moebius syndrome, which has
been defined as a disorder with congenital, non-progressive facial weakness and limited abduction of one or both eyes. It is
typically attributed to agenesis of the abducens and facial cranial nerves. This paper details ocular motor findings of 40 subjects
(23 months to 64 years; 24 females, 16 males) with congenital facial weakness: 38 presented at a Moebius Syndrome
Conference and two were clinic patients. A new classification scheme of patterns based on ocular motor phenotype is presented.
Of 40 subjects, 37 had bilateral and three had unilateral facial weakness. The most common ocular motor pattern (Pattern 1,
n =17, 43%) was bilateral horizontal gaze palsy with intact vertical range. Pattern 2 (n = 10, 26%) was bilateral horizontal gaze
palsy with variable vertical limitations. Pattern 3, which was rare, was isolated abduction deficits (n =2, 5%). Others had full
motility range and did not meet minimal criteria for the diagnosis of Moebius syndrome (Pattern 4, n =10, 26%). One subject
was too severely affected to characterize. Abnormal vertical smooth pursuit was present in 17 (57%) of 30 subjects: nine with
Pattern 1, five with Pattern 2, and three with Pattern 4. Abnormal vertical saccades were present in 10 (34%) of 29 subjects.
Vertical saccades appeared slow in nine: six with Pattern 1 and three with Pattern 2. Vertical saccades were absent in one
subject with Pattern 2. Abnormal vertical optokinetic nystagmus was present in 19 (68%) of 28 subjects: 10 with Pattern 1,
six with Pattern 2, one with Pattern 3, and two with Pattern 4. Reduced convergence was present in 19 (66%) of 29 subjects:
nine with Pattern 1, six with Pattern 2, one with Pattern 3, and three with Pattern 4. The most common pattern of ocular motor
deficit in Moebius syndrome is bilateral horizontal gaze palsy from pontine abducens nuclear defects, rather than abducens
nerve involvement. Defects in the range or dynamic properties of vertical movements in subjects with congenital facial weakness
may suggest involvement of ocular motor structures in the midbrain, including oculomotor nerves or nuclei, vertical supranuclear
saccadic centres, and convergence neurons. Such deficits were found even in subjects with full vertical motility range.
Classification of patterns of ocular motor deficits in congenital facial weakness may assist with further delineation of anatomic
localization and identification of genetic deficits underlying these disorders.
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Introduction

Congenital facial weakness is uncommon and can be a feature
of a diverse group of disorders. One such condition is Moebius
syndrome (also referred to in the literature as Moebius sequence;
Stromland et al., 2002; Miller et al., 2005; Ventura et al., 2012),
originally described by Alfred Graefe (1880) but eponymously
named after the German neurologist Paul Julius Mobius
(Mobius, 1888). It has been defined as a developmental disorder
with obligate congenital, non-progressive facial weakness and lim-
ited abduction of one or both eyes (Miller, 2007). These features
are typically attributed to agenesis of the abducens (sixth) and
facial (seventh) cranial nerves; however, pontine abducens nuclear
involvement with resultant horizontal gaze palsy may be more
common (Verzijl et al.,, 2003; de Souza-Dias and Goldchmit,
2007). In addition, dynamic eye movements such as saccades,
optokinetic nystagmus and convergence that may clarify pheno-
types and help localize affected ocular motor structures are not
well characterized. Moebius syndrome falls within a broader spec-
trum of congenital cranial dysinnervation disorders, which have
received significant attention in recent years as a result of the
discovery of causative genetic mutations (Gutowski et al., 2003;
Yamada et al., 2003, 2004; Tischfield et al., 2005; Demer et al.,
2007; Tischfield et al, 2010; Webb et al., 2012; Chew et al.,
2013) and in which ocular motor phenotyping is playing a prom-
inent role in targeting genetic screening. The objectives of the
current study were to systematically characterize ocular motor
findings in a large group of subjects with congenital facial weak-
ness and to establish categorical patterns of eye movement
abnormalities, with the goal of using such phenotypic information
to perform targeted genetic studies in the future.

Materials and methods

This is a cross-sectional observational study of 38 subjects with
congenital facial weakness present at the 10th Moebius Syndrome
Conference (2012). The conference was sponsored by the Moebius
Syndrome Foundation. Two additional subjects were evaluated at
Mount Sinai Medical Centre after the conference. Informed consent
was obtained from all subjects according to the Declaration of Helsinki
and the study was approved by the Icahn School of Medicine
Institutional Review Board.

Forty subjects with congenital facial weakness underwent systematic
historical neurological questioning and neuro-ophthalmologic examin-
ation by a paediatric ophthalmologist (T.F.) and a neuro-ophthalmologist
(J.C.R.). Near visual acuity, colour vision (Ishihara Pseudolsochromatic
Plates), pupillary size and reactivity, eyelid position and palpebral fissure
width in three gaze positions (central, right and left) were assessed
when possible (young subject age precluded detailed testing in some
subjects). Near visual acuity results are reported as distance equivalents.
Ocular motor examination consisted of clinical examination and

photographic assessment of the range of eye movements in five gaze
positions (centre, up, down, right, left) and ocular alignment (cover and
cross-cover testing with prism measurements or Krimsky method if the
subject was too young to cooperate with cover testing). Based on ocular
motor range testing, subjects were classified into four Patterns: Pattern 1
with BHGP (bilateral horizontal gaze palsy) and full vertical range;
Pattern 2 with BHGP and vertical range limitations; Pattern 3 with limi-
tation of abduction range only; and Pattern 4 with full ocular motility
range. Dynamic assessment of smooth pursuit, saccades, optokinetic
nystagmus, and convergence was performed by clinical examination
and by review of high-speed infrared video recordings. Handheld
small red targets were used for smooth pursuit, saccade and conver-
gence testing and a red/white striped cloth was used for optokinetic
nystagmus testing. Saccades were tested as subjects were asked to look
between two stationary targets. Convergence was tested as subjects
were asked to follow a target moving from distance to near. Both fast
and slow phases of optokinetic nystagmus were evaluated, as was any
tendency for the eyes to deviate (e.g. in the direction of stripe move-
ment). Dynamic data capture was limited in small children. Neurological
examination included facial sensation, tongue protrusion and anatomy,
strength grading, sensory exam, reflexes, finger-to-nose testing, and
casual and tandem gait. Subjects were also examined for mirror move-
ments, as well as dysmorphic features of Poland anomaly (pectoralis
hypoplasia and ipsilateral syndactyly; Parker et al., 1981; Bavinck and
Weaver, 1986), and major limb malformations such as club foot, limb
reduction defects, or complete syndactyly/fusion of digits.

Results

The 40 subjects included 24 (60%) females and 16 (40%) males
ranging in age from 23 months to 64 years (mean 20.6 + 17.2
years; Supplementary Table 1). Of 40 subjects, 37 (92.5%) had
bilateral and three (7.5%) unilateral left-sided facial weakness.
Five subjects, representing two families, had affected siblings
who also participated in this study. All subjects had near visual
acuity of 20/25 or better or were able to fix and follow, except
for two subjects with acuity in the 20/30-20/40 range and one
with dense amblyopia, with only light perception in the left eye.
All subjects tested (n=30) had normal colour vision, except
for one male (4/14 Ishihara plates OU). All subjects had normal
pupils. One subject had ptosis (bilateral, severe).

Ocular motor range, alignment and
aberrant movement

Twenty-nine subjects (74%) met the minimum diagnostic criteria
for Moebius syndrome: facial weakness and ocular abduction
weakness. One subject was too severely affected cognitively for
detailed ocular motor characterization by examination; however,
ocular motor range appeared limited in all directions and the sub-
ject's guardian substantiated lack of eye movements. For the
remaining 39 subjects, the range of eye movement in horizontal


http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awu021/-/DC1

1070 | Brain 2014: 137; 1068-1079

and vertical directions was classified into four distinct patterns
(Table 1). The most common ocular motor pattern (Pattern 1)
was BHGP (bilateral horizontal gaze palsy) with intact vertical
range of motion. This was present in 17 subjects (43%; Fig. 1).
In subjects with Pattern 1, abduction and adduction were impaired
to an equal degree in 10, whereas abduction was affected more
severely than adduction in seven. Pattern 2, present in 10 subjects
(26%) was BHGP with variable vertical limitations (Fig. 2 and
Table 1). In subjects with Pattern 2, abduction and adduction
were impaired to an equal degree in four, abduction more severely
than adduction in three, and adduction more severely than abduc-
tion in three. All three subjects with adduction affected more se-
verely than abduction had a severe limitation of elevation and
depression. No subject had a deficit of vertical range in absence
of BHGP. The single subject with bilateral ptosis had Pattern 2,
with impaired elevation and depression of both eyes. This subject
was previously noted to have the heterozygous E410 mutation in
TUBB3 (Tischfield et al., 2010; Chew et al., 2013). Pattern 3, the
defined Moebius syndrome with isolated abduction deficits, was
rare (n =2, 5%; Fig. 3). Pattern 4 consisted of full ocular motility
range that does not meet the minimal criteria for the definition of
Moebius syndrome. This was present in 10 subjects (26%).
Subjects with Pattern 4 included three previously published sub-
jects with accommodative esotropia and a homozygous R207C
mutation in HOXB7, now defined as hereditary congenital facial
paresis, type 3 (OMIM #614744; Webb et al., 2012). In the
Pattern 4 group, there were two families, one with two affected
siblings and one with three affected siblings. Ocular alignment was
highly variable in Patterns 1, 2 and 4 (Table 1). Both subjects with
Pattern 3 had normal ocular alignment in central position in the
absence of a history of strabismus surgery.

In addition to impaired range of motility, ocular motor pattern
groups 1, 2 and 3 displayed additional types of aberrant motility
upon attempted horizontal eye movement. These included abnor-
mal elevation of one or both eyes (n=5, 13%; Fig. 4), palpebral
fissure narrowing (n=5, 13%,; Fig. 5), excessive convergence
(n=4, 10%; Fig. 6; Table 1), and globe retraction (n=3, 8%).
Prominent gaze-holding deficits and nystagmus were not observed.

Dynamic assessment of smooth
pursuit, saccades, optokinetic
nystagmus and convergence

Smooth pursuit was assessed in 30 subjects. Horizontal smooth
pursuit was absent or abnormal in most subjects with BHGP and
was normally generated in subjects with Pattern 4, with one ex-
ception. This subject (with hereditary congenital facial paresis, type
3) had impaired smooth pursuit with saccadic breakdown in both
horizontal directions. Vertical smooth pursuit was abnormal in
17 subjects (57%), including subjects with Patterns 1, 2 and 4
(Table 1 and Supplementary Video 1). In three subjects with
Pattern 1, smooth pursuit was impaired in the downward more
than upward direction; in one Pattern 1 subject smooth pursuit
was impaired in the upward more than downward direction; and
in one subject with Pattern 4, smooth pursuit was impaired pre-
dominantly in the downward direction.

Table 1 Ocular motor patterns in congenital facial weakness

Convergence Convergence

Vertical OKN

Vertical saccades

Vertical smooth

Alignment

Horizontal range  Vertical range

n (%)

Pattern

substitution for

Number abnormal
(%) [Number

tested]

Number abnormal
(%) [Number
tested]

Number

pursuit

versions (Cross-
fixation) n, (%)

abnormal (%)

Number abnormal
(%) [Number

tested]
9 (75%) [12]

[Number tested]

10 (91%) [11] 9 (75%) [12] 2 (12%)

6 (55%) [11]

No surgery: 4 ortho, 2 eso, 3

Normal

17 (43%) Bilateral

1

exo, 1 hyper
Post-surgical: 4 ortho, 1 eso, 1

horizontal gaze

palsy

Absent in 5/10

Slow in 6/6

Slow phases only in

eso/hyper, 1 exo/hyper

5/10
6 (86%) [7]

4 (50%) [8] 6 (75%) [8] 1(5%)
Slow in 3/4

5 (63%) [8]

No surgery: 2 ortho

Impaired

Bilateral

10 (26%)

22

Absent in 5/6

Post-surgical: 1 ortho, 3 exo?,

4¢ — elevation and

depression®

n=

horizontal gaze

palsy

Slow phases only in

Absent in 1/4

2 hyper, 1 eso/hyper, 1 exo/

hyper

1/6

6¢ — elevation only

n=
Normal

0 (0%) [2] 1 (50%) [2] 1 (50%) [2] 1 (50%)

0 (0%) [2]

No surgery: 2 ortho

Impaired

2 (5)

abduction

Normal
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0 (0%)

0 (0%) [8] 2 (25%) [8] 3 (43%) [7]

3 (38%) [8]

No surgery: 5 ortho®, 2 exo

Normal

10 (26%)

4b

Post-surgical: 1 eso®, 1 ortho
(eso-nean)®, 1 hyper

#Includes one subject with a confirmed TUBB3 genetic mutation. This subject had a residual exotropia, status-post strabismus surgery.

PIncludes three subjects with confirmed HOXB1 genetic mutation. Two were status-post strabismus surgery, one with residual esotropia and the other with esotropia at near only. One was orthophoric in the absence of a history of

strabismus surgery.

“Elevation deficits were bilateral in all subjects, depression deficits were bilateral in all but one subject.

dElevation deficits were unilateral in three subjects and bilateral in three subjects.

outward-deviated ocular misalignment; hyper = vertical ocular misalignment.

orthophoric/no ocular misalignment; eso = inward-deviated ocular misalignment; exo =

optokinetic nystagmus; ortho =

OKN =


http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awu021/-/DC1

Ocular motor deficits in congenital facial weakness

A

Brain 2014: 137; 1068-1079 | 1071

Figure 1 Pattern 1. Bilateral horizontal gaze palsy. (A) Central position with normal ocular alignment. (B) Attempted right gaze with
partial right horizontal gaze palsy, worse for abduction of the right eye than adduction of the left eye. (C) Attempted left gaze with
complete left horizontal gaze palsy. (D) Normal elevation. (E) Normal depression.

Saccades were assessed in 29 subjects. In all subjects with
BHGP, horizontal saccades were either absent or slowed within
the range of residual movement. Horizontal saccades appeared
normal in all subjects with Pattern 4. One subject with Pattern 3
had slowed horizontal saccades in both directions. The second
subject with Pattern 3 generated no horizontal saccades because
of extreme convergence upon horizontal gaze attempts (Fig. 6).
Vertical saccades were abnormal in 10 subjects (34%; Table 1 and
Supplementary Video 1). Saccadic deficits seemed symmetric for
upward and downward directions, with exception of one Pattern 2
subject, in whom only downward saccades were slowed.

Optokinetic nystagmus was assessed in 28 subjects. In all but
two subjects with BHGP, horizontal optokinetic nystagmus was
absent or substantially reduced. The two exceptions generated
normal horizontal optokinetic nystagmus within the range of hori-
zontal eye movement that remained. In one subject with BHGP,
the horizontally-presented optokinetic nystagmus stimulus elicited
convergent-retraction ocular motion. Vertical optokinetic nystag-
mus was abnormal in 19 subjects (68%; Table 1). Abnormal opto-
kinetic nystagmus was either absent vertically, suggesting inability
to follow the stripes, or a slow phase with eye motion only in the
direction of the stripes was generated, suggesting inability to
generate optokinetic nystagmus quick phases (Table 1). In three
subjects (one with Pattern 1 and two with Pattern 2), downward

optokinetic nystagmus was predominantly affected, with gener-
ation of a downward slow phase in the direction of stripe
motion. The majority of subjects with absent optokinetic nystag-
mus demonstrated abnormal vertical smooth pursuit. Convergence
was assessed in 29 subjects. Convergence capacity was reduced in
19 (66%; Table 1).

Additional neurological and
systemic deficits

On a researcher-administered questionnaire and review of available
medical records, imbalance was reported in 18 subjects (45%),
hearing loss in nine (23%), moderate to severe mental retardation
and intellectual disability in 10 (25%), mild cognitive delay and
learning disabilities in eight (20%), and eye tearing with chewing
in four (10%). Five of the nine with hearing loss had ocular motor
Pattern 4. Of the nine subjects with moderate to severe mental
retardation and intellectual disability who were able to cooperate
with ocular motility range testing, two had Pattern 1, five had
Pattern 2, and two had Pattern 4. Also reported were history of
hypotonia (n =3, 8%), mirror movements of the limbs (n =3, 8%),
psychiatric abnormalities (n =3, 8%) including paranoia and repeti-
tive behaviours, seizure disorder (n =2, 5%), autism (n=1, 3%),
and vocal cord paralysis (n=1, 3%). One subject required a
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Figure 2 Pattern 2. Bilateral horizontal gaze palsy with impaired vertical motility. (A) Central position with small left hypertropia.

(B) Attempted right gaze with right horizontal gaze palsy, worse for abduction of the right eye than adduction of the left eye.

(C) Attempted left gaze with left horizontal gaze palsy, worse for abduction of the left eye than adduction of the right eye. (D) Impaired
elevation of the right eye with intact elevation of the left eye. (E) Normal depression.

wheelchair and one required a walker. In subjects with Pattern 4,
two reported moderate to severe mental retardation and intellectual
disability, two cognitive delay, one imbalance, and one repetitive
behaviours. The remaining deficits were reported by subjects with
abnormal ocular motor range.

Full neurological examination was performed on 29 subjects.
The remaining subjects were too young to fully cooperate. The
most common abnormality was impaired tandem gait (n =10,
34%), found in seven subjects with ocular motor Pattern 1, two
with Pattern 2, and one with Pattern 3. Additional neurological
findings, present only in patients with ocular motor Patterns 1 and
2 included: weakness (n =6, 21%; proximal in three, distal in two,
and a single limb in one), abnormal reflexes (n =4, 14%; reduced
in two, brisk in two), and unilateral trigeminal sensory deficits
(n=4, 14%). Severe limb anomalies such as club foot, limb re-
duction defects, or complete syndactyly were present in 18 sub-
jects (45%; eight with Pattern 1, eight with Pattern 2, one with
Pattern 3, and one with an uncharacterized ocular motor pattern)
(Fig. 7A) and Poland anomaly was present in three subjects (8%;

two with Pattern 1, one with Pattern 2), all of whom had abnor-
mal ocular motility. The tongue was examined in 36 subjects, 21
(58%) of whom had abnormalities: 10 with ocular motor Pattern
1, eight with Pattern 2, both subjects with Pattern 3, and one with
Pattern 4. The main abnormality was tongue atrophy, unilateral or
bilateral, in 14 subjects (39%; Fig. 7B). Seven subjects (18%) had
tongue deviation with protrusion. Three subjects (8%) had limited
protrusion and one subject, the subject excluded from eye move-
ment analysis because of severe mental retardation, had complete
absence of the tongue.

Discussion

Horizontal range of motion in Moebius
syndrome: BHGP versus sixth nerve palsy

The most common pattern of ocular motor deficit in Moebius
syndrome is bilateral horizontal gaze palsy from pontine abducens
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Figure 3 Pattern 3. Impaired abduction. (A) Central position with normal ocular alignment. (B) Right gaze with impaired abduction of the
right eye. (C) Left gaze with impaired abduction of the left eye. (D) Normal elevation. (E) Normal depression.

Figure 4 Aberrant vertical motion with attempted horizontal

gaze. (A) Central position with a large exotropia and left Figure 5 Aberrant palpebral fissure narrowing with attempted
hypertropia. (B) Right horizontal gaze palsy with mild elevation horizontal gaze. (A) Baseline eye and lid position in central
of the right eye and marked elevation of the left eye upon at- position. (B) Mild narrowing of the right palpebral fissure and

tempted right gaze. marked narrowing of the left palpebral fissure on right gaze.
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Figure 6 Aberrant excessive convergence with attempted
horizontal gaze. (A) Baseline eye position in central position. (B)
Excessive convergence upon attempted left gaze.

nuclear defects, rather than abducens nerve involvement.
Neurological localizations controlling conjugate horizontal eye
movement are shown in Fig. 8 (Supplementary Table 2). An ab-
ducens palsy results in impaired ipsilateral abduction for saccades,
smooth pursuit, and optokinetic nystagmus and is not overcome
by vestibulo-ocular reflexes. A unilateral abducens nucleus lesion
results in an ipsilateral horizontal gaze palsy for saccades, smooth
pursuit, optokinetic nystagmus and vestibulo-ocular reflexes.
Bilateral lesions result in BHGP. Adduction movements of the
medial rectus may still be achieved by convergence, as conver-
gence neurons are located in the midbrain and convergence com-
mands do not travel in the medial longitudinal fasciculus (Mays
et al., 1986; Gamlin et al., 1989). In addition to the above struc-
tures, the caudal paramedian pontine reticular formation just
above the abducens nucleus houses excitatory burst neurons
that project to the ipsilateral abducens nucleus to initiate saccadic
eye movements (Cohen et al., 1968; Horn et al., 1995). A unilat-
eral lesion of the paramedian pontine reticular formation results in
an ipsilateral saccadic horizontal gaze palsy with slow saccades of
normal or reduced range of motion, with smooth pursuit less
affected and the horizontal gaze deficit often overcome by vesti-
bulo-ocular reflexes. Optokinetic nystagmus quick-phases are gen-
erally absent in the direction of the paramedian pontine reticular
formation lesion. Bilateral paramedian pontine reticular formation
lesions result in bilateral horizontal saccadic gaze palsies and also
cause mild slowing of vertical saccades (Henn et al., 1984).

The primary diagnostic criteria (Graefe, 1880; Mobius, 1888;
Miller, 2007) for Moebius syndrome have been defined as obligate
congenital, non-progressive facial weakness and limited abduction
of one or both eyes. These findings are typically attributed to
agenesis of the abducens (sixth) and facial (seventh) cranial
nerves. However, 70% of our subjects that meet the minimal
criteria of Moebius syndrome had BHGP. Only two subjects

Figure 7 (A) Bilateral hand deformities. (B) Atrophy and deep
central furrowing of the tongue.

llird nucleus
(Midbrain)

Vith nucleus
(Pons)

Figure 8 Schematic diagram of structures involved in horizontal
gaze, including the abducens (VIth) nucleus, the medial longi-
tudinal fasciculus (MLF), the oculomotor (llird) nucleus, the
abducens (VIth) and oculomotor (llird) nerves, and the lateral
and medial rectus muscles. Note the two neuronal populations in
the abducens nucleus. The abducens nucleus is comprised of
two populations of neurons: motor neurons that project ipsilat-
erally to the lateral rectus and interneurons that form the medial
longitudinal fasciculus. Both neuron types are present through-
out the nucleus, though more interneurons are present rostrally
and more motor neurons caudally.
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(5%) had impaired abduction in the absence of impaired adduc-
tion. In all subjects, the BHGP was present for saccades,
smooth pursuit, and optokinetic nystagmus. We did not assess
vestibulo-ocular reflexes; however, they have previously been re-
ported to be absent horizontally in Moebius syndrome (Traboulsi
and Maumenee, 1986). The presence of BHGP localizes to bilat-
eral abducens nuclei. In subjects with Pattern 1, those with equally
impaired abduction and adduction represent typical abducens nu-
clear involvement, with presumably equal dysgenesis of lateral
rectus motor neurons and medial longitudinal fasciculus-destined
interneurons. The subjects with Pattern 1 in whom abduction def-
icits were more severe than adduction deficits may have more
prominent dysgenesis in the motor neuron-rich caudal portions
of the abducens nuclei (Steiger and Buttner-Ennever, 1978).
Supranuclear paramedian pontine reticular formation lesions are
much less likely the source of BHGP, given the uniform deficit
for all dynamic conjugate horizontal eye movements. Further,
the clinical presence of BHGP from abducens nuclear lesions is
not surprising, given pathological reports confirming abducens nu-
clear hypoplasia in Moebius syndrome and recent MRI demonstra-
tion of absence of the abducens and facial nuclei (Henderson,
1938; Towfighi et al., 1979; Wu et al., 2013). Indeed, patients
originally described by Graefe (1880) and Mdobius (Mdbius, 1888;
Simonsz, 2008) demonstrated BHGP and Mobius, himself, sug-
gested that the causative structure may be the abducens nucleus.
After these early accurate descriptions, weakness of adduction was
largely dropped from the description and Moebius syndrome
became entrenched in the literature as bilateral VI and VII nerve
weakness (Thakkar et al., 1977, Meyerson and Foushee, 1978;
Towfighi et al., 1979; Abramson et al., 1998; Pedraza et al.,
2000; Holve et al., 2003; Traboulsi, 2007; Park et al., 2012).
Attention has only recently returned to BHGP, with adduction
defects reported in up to 69% (Supplementary Table 3) of patients
with Moebius syndrome in recent studies (Cronemberger et al.,
2001; Stromland et al., 2002; Verzijl et al., 2003; de Souza-Dias
and Goldchmit, 2007; Carta et al., 2011). Several of these studies
do not discuss the implications of the finding with regard to
localization and to the traditionally accepted description of the
syndrome; however, the abducens nucleus has been implicated
(de Souza-Dias and Goldchmit, 2007; Carta et al., 2011), despite
the finding of absence of convergence (Carta et al., 2011). The
importance of the convergence deficit will be discussed below. In
addition to studies reporting frank adduction defects, it has been
suggested by some authors that the absence of a large esotropia
in subjects with an abduction deficit also suggests weakness of the
medial rectus, even when a discreet adduction deficit is not seen
(Henderson, 1938; Metz, 1983). It is worth noting that both of
our subjects with the traditionally defined Moebius ocular motor
Pattern 3 had no ocular misalignment in central position, despite
substantial abduction defects.

Vertical range of motion

Ten of our subjects (26%) demonstrated a reduction in vertical
range of motion. Traditionally defined Moebius syndrome does
not implicate abnormalities of vertical gaze. However, vertical
motility deficits attributed to oculomotor nerve (cranial nerve Ill)
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involvement are reported in early descriptions of patients with
congenital facial weakness and abnormalities of horizontal eye
movements ascribed to Moebius syndrome (Evans, 1955;
Meyerson and Foushee, 1978), including in 25% of patients in
an extensive literature review (Henderson, 1938), a percentage
nearly identical to that in our subjects. Even a patient originally
described by Mé&bius demonstrated a mild reduction in the range
of ocular depression in combination with BHGP (Simonsz, 2008).
Pathology in a patient with complete ophthalmoplegia and con-
genital facial weakness revealed absence of cranial nuclei I, IV, VI
and VII (Henderson, 1938). More recently, patients labelled as
having deficits identical to congenital fibrosis of the extraocular
muscles (CFEOM) types 1 and 2 have been reported in Moebius
series (Verzijl et al., 2003; Traboulsi, 2007; Carta et al., 2011).

It is tempting to implicate the oculomotor nuclei as the localiza-
tion of the vertical deficits in our subjects, given the finding that
abducens nuclei rather than nerves create BHGP and given the
pathologic finding described above. Clinically, a unilateral oculo-
motor nucleus lesion is most strongly suspected when bilateral
ptosis and bilateral elevation defects are present, given a single
midline caudal central subnucleus providing innervation to both
levator palpebrae superioris muscles and a superior rectus subnu-
cleus providing innervation to the contralateral superior rectus
muscle. A unilateral oculomotor nucleus lesion often affects both
this contralateral superior rectus innervation and the ipsilateral
superior rectus innervation by affecting the decussating motor
neurons from the opposite nucleus. Certainly, oculomotor nuclear
lesions may be suspect in our three subjects with bilateral elevation
defects in absence of depression defects; however, none of these
subjects had ptosis. The affected structure in these subjects might
also be the superior division of each oculomotor nerve, which
innervates superior recti and levator superioris palpebrae muscles,
but again none of these had ptosis. It is not possible on clinical
grounds alone to localize the vertical deficits in our subjects to the
oculomotor nuclei versus nerves.

It is interesting to consider whether the relative abnormality of
abduction versus adduction in our subjects with ocular motor
Pattern 2 may help localize their defects. Similar to subjects with
Pattern 1, those with equally impaired abduction and adduction
have presumably equal dysgenesis of lateral rectus motor neurons
and medial longitudinal fasciculus-destined interneurons. As in
Pattern 1, those in whom abduction deficits were more severe
than adduction deficits may have more prominent dysgenesis in
the motor neuron-rich caudal portions of the abducens nuclei
(Steiger and Buttner-Ennever, 1978). What was not seen in sub-
jects with Pattern 1, but was seen in subjects with Pattern 2, was
adduction affected to a greater extent than abduction. Given the
severe limitation of vertical range for elevation and depression in
these subjects and the presence of bilateral ptosis in one, it is
possible that medial rectus weakness as a result of decreased
motor neuron innervation from oculomotor nucleus or nerve
involvement contributes to the profound deficit of adduction
beyond that typically seen with abducens nuclear interneuron
involvement.

The relationship, if any, between our subjects with Pattern 2
who lacked ptosis and patients with heterozygous missense mu-
tations of TUBB3, is unclear. TUBB3 mutations are reported as a
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cause of CFEOM3, with bilateral ptosis and restricted eye move-
ments. Some patients have facial weakness (in overlap with our
subjects), cognitive impairment, or polyneuropathy. TUBB3
encodes the neuron-specific B-tubulin isotype Ill, which is involved
in axon guidance of commissural fibres and cranial nerves
(Tischfield et al., 2010). Although CFEOM is named after congeni-
tal fibrosis of the eye muscles and some patients demonstrate
positive forced duction testing, the deficits are deemed likely to
be primarily because of maldevelopment of cranial nerve motor
neurons (Doherty et al., 1999). MRI in one patient with CFEOM3
revealed oculomotor nerve hypoplasia and atrophy of the superior
rectus, levator palpebrae superioris, and medial rectus (Tischfield
et al., 2010). Ocular motor examination in CFEOM3 reveals vari-
able degrees of limitation of vertical range of motion, minimal
lateral eye movement in severely affected individuals (in overlap
with our subjects), and aberrant motion of residual movements
(globe retraction and palpebral fissure narrowing on lateral gaze,
vertical deviations of the eyes with attempted horizontal
gaze; Doherty et al., 1999). Our subjects included one individual
with a confirmed genetic mutation of TUBB3. In addition,
several of our subjects demonstrated aberrant innervation upon
attempted horizontal gaze. Aberrant movements have been
reported in Moebius series (Ghabrial et al., 1998; Verzijl et al.,
2003).

Dynamic vertical eye movements and
convergence

Dynamic vertical eye movements have been largely unaddressed
in patients with bilateral congenital facial weakness. Vertical
dynamic eye movements were abnormal in a large number of
our subjects; most interestingly, even in subjects with full vertical
range of motion. These findings suggest that subclinical ocular
motor deficits may be present in patients with congenital facial
weakness, even when eye movements appear normal upon initial
assessment. Furthermore, in combination with the suggested in-
volvement of midbrain structures described above, vertical dy-
namic eye movements provide further evidence to suggest that
the deficits in patients with congenital facial weakness and BHGP
extend beyond the lower brainstem.

Saccadic breakdown of vertical smooth pursuit in our subjects
may be attributable to co-existent medial longitudinal fasciculus
involvement (Baloh et al., 1978; Yee et al., 1982). Slowing of
vertical saccades in our subjects is of particular interest in those
with Pattern 1. This may be attributable either to co-existent
bilateral paramedian pontine reticular formation or omnipause
neuron involvement (Henn et al., 1984; Kaneko, 1996), or to
midbrain involvement of the supranuclear centre that houses ex-
citatory burst neurons for vertical saccades, the rostral interstitial
medial longitudinal fasciculus (Horn and Buttner-Ennever, 1998).
The finding of abnormal vertical optokinetic nystagmus, with gen-
eration of a slow phase only in the direction of stripe motion, in
several subjects with Pattern 1 suggests the latter.

In addition to dynamic eye movement assessment in Pattern 4
subjects, careful assessment of ocular alignment is important
in these patients: three of our subjects with Pattern 4 had
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accommodative esotropia and were previously reported to have
genetically confirmed mutations in HOXB7 (Webb et al., 2012),
which encodes a transcription factor important in rhombencephalic
development. These individuals, specifically not characterized as
Moebius syndrome because of lack of abduction deficit, are
described to also have bilateral facial weakness and hearing loss
(Webb et al., 2012).

The final dynamic eye movement of interest in our subjects
was convergence, found to be abnormal in 66%. Convergence
is uniquely known to remain intact in the presence of abducens
nuclear lesions causing BHGP (Supplementary Table 2). However,
the majority of our subjects with BHGP had poor to absent con-
vergence. As convergence commands are not carried in the abdu-
cens nuclear interneurons or medial longitudinal fasciculus, its
absence implies either possible co-existent involvement in supra-
nuclear vergence centres that have been identified in the midbrain
(Mays et al., 1986; Gamlin et al., 1989) or impaired relaxation of
the lateral rectus muscles as a result of aberrant innervation from
oculomotor axons, as occurs in Duane syndrome. Indeed, a few
subjects displayed palpebral fissure narrowing and globe retraction
upon horizontal gaze, but the majority with convergence deficits
did not.

Additional neurological and
systemic deficits

We identified neurological and systemic abnormalities in a high
percentage of our subjects. Most common were self-reported im-
balance, hearing loss, moderate to severe mental retardation and
intellectual disability, and mild cognitive delay. Most common on
examination was impaired tandem gait. Seizures, mirror move-
ment of the limbs, weakness, and trigeminal sensory deficits
were less common. It has been recognized since the early 20th
century that a large percentage of patients with congenital facial
weakness also have other cranial nerve or neurological deficits.
Review of 61 patients with congenital facial palsy and ocular
motor deficits revealed that 18% had lingual involvement and a
small number had epilepsy or hearing loss (Henderson, 1938).
Pathological findings in a patient with ocular motor, facial, and
tongue involvement included nuclear hypoplasia in cranial nerve
nuclei VI, VII and XIl (Henderson, 1938). Absence of the hypo-
glossal eminence on brain MRI has also been reported (Pedraza
et al., 2000). Developmental delay, seizures, imbalance, aberrant
tearing, and hearing loss are also well reported (Meyerson and
Foushee, 1978; Stromland et al., 2002; Verzijl et al., 2003;
Miller et al., 2008). Although tongue, hearing and balance
abnormalities implicate the lower brainstem and hindbrain, any
other of the above deficits indicate more widespread injury to
the CNS.

Overlap with other congenital cranial
dysinnervation disorders with bilateral
horizontal gaze palsy

Horizontal gaze paresis with progressive scoliosis (HGPPS) is a
disorder caused by mutations in ROBO3, which encodes a
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transmembrane protein involved in axonal midline crossing that is
expressed in hindbrain and spinal cord axons during embryogen-
esis (Jen et al., 2004; Chan et al., 2006). It is typified clinically by
progressive scoliosis and BHGP for smooth pursuit, saccades, opto-
kinetic nystagmus, and vestibulo-ocular reflexes (Bosley et al.,
2005)—similar to the BHGP seen in many of our subjects,
though none of our subjects had scoliosis or the horizontal pen-
dular nystagmus typical of HGPPS and facial weakness is generally
absent in HGPPS. Previous eye movement studies in HGPPS
revealed the presence of BHGP affecting smooth pursuit, saccades,
optokinetic nystagmus and vestibulo-ocular reflexes; variable
convergence from normal to absent; saccadic smooth pursuit in
the vertical direction, and impaired vertical optokinetic nystagmus
(Yee et al., 1982; Bosley et al., 2005). Abnormalities of vertical
smooth pursuit and optokinetic nystagmus were attributed to
co-existent medial longitudinal fasciculus involvement (Yee et al.,
1982). Though patients with HGPPS undoubtedly clinically
differ substantially from our subjects, it is hard to deny that the
BHGP and vertical dynamic eye movement abnormalities are
similar.

Mice with ROBO3 deletions were found to have poor horizontal
eye movements similar to humans with HGPPS (Renier et al.,
2010). The authors showed that the genetic mutation, although
not affecting the pathfinding and formation of abducens cra-
nial nerve neurons, disrupted the formation of the abducens-
oculomotor internuclear commissural projection (the homologue
of the medial longitudinal fasciculus in humans). It was concluded
that absence of this structure, with additional possible paramedian
pontine reticular formation non-decussation, explains both the
medial and lateral impaired eye movement in patients with
HGPPS (Renier et al., 2010; Nugent et al., 2012). However, the
aetiology for BHGP is not readily attributable to the above explan-
ation, as absent bilateral medial longitudinal fasciculi would result
only in impaired adduction of both eyes with intact abduction and
the excitatory burst neurons comprising the paramedian pontine
reticular formation project ipsilaterally to the abducens nucleus for
saccade generation and do not decussate.

A second disorder, Athabascan brainstem dysgenesis syndrome,
has been described as distinct from Moebius syndrome because of
the presence of BHGP rather than abducens nerve involvement
and due to the presence of deafness and central hypoventilation
(Holve et al., 2003). Developmental delay, poor facial movement,
seizures, and cerebellar dysfunction were seen in some patients.
The patients described have features similar to those seen in many
of our subjects; however, screening of a 40 proband sample of
40 subjects with Moebius syndrome failed to reveal mutations in
HOXAT1 that have been identified in subjects with Athabascan
brainstem dysgenesis syndrome (Rankin et al., 2010). Again,
although patients with this disorder vary clinically and genetically
from our subjects, it is difficult to ignore the similarities in the eye
movement findings.

HGPPS and Athabascan brainstem dysgenesis share—in
common with the majority of our subjects—an indistinguishable
BHGP. In all of these disorders, BHGP is the most common and
dominant eye movement disorder and localizes clinically to the
abducens nuclei.
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Conclusion

Ocular motor findings in patients with congenital facial weakness
can be phenotypically categorized into four ‘patterns’: BHGP
(Pattern 1); BHGP with vertical range impairments (Pattern 2);
impaired abduction (Pattern 3); and full ocular motor range
(Pattern 4). Patients with the first three patterns fulfill the criteria
for the diagnosis of Moebius syndrome; whereas those with
Pattern 4 do not meet criteria, but may have other ocular motor
deficits. Our study indicates that further subcategorization may be
possible based on concurrent abnormalities of dynamic eye move-
ment. A weakness of the current study is the lack of quantified
ocular motor recording data to substantiate the clinical ocular
motor dynamic findings, though certainly this study will prompt
further investigation in patients with congenital facial weakness.
Our research group is in the process of collecting and analysing
such quantitative ocular motor recording data. Additional ques-
tions, such as whether the vertical saccades are truly slowed
or whether they are multi-step and hypometric, will need to be
addressed by quantitative recordings.

The most common eye movement abnormality in Moebius
syndrome is BHGP, localizing clinically to bilateral abducens
nuclei. Many of these patients do seem to have a developmental
disorder of the entire lower brainstem rather than just the cranial
nerve nuclei (Verzijl et al., 2003); however, clinical extension even
beyond the lower brainstem and cerebellum are common. The
considerable similarities and differences among the ocular motor
deficits and other clinical features in a number of the congenital
cranial dysinnervation disorders (Holve et al., 2003; Traboulsi,
2004; Tischfield et al., 2005) underscore the need for further de-
tailed study of ocular motility to facilitate ocular motor localization
and future detection of underlying genetic diagnosis.
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