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PURPOSE. Orbital magnetic resonance imaging (MRI) was used
to investigate the structural basis of motility abnormalities in
congenital fibrosis of the extraocular muscles type 3 (CFEOM3),
a disorder resulting from missense mutations in TUBB3, which
encodes neuron-specific �-tubulin isotype III.

METHODS. Ophthalmic examinations in 13 volunteers from four
CFEOM3 pedigrees and normal control subjects, were corre-
lated with TUBB3 mutation and MRI findings that demon-
strated extraocular muscle (EOM) size, location, contractility,
and innervation.

RESULTS. Volunteers included clinically affected and clinically
unaffected carriers of R262C and D417N TUBB3 amino acid
substitutions and one unaffected, mutation-negative family
member. Subjects with CFEOM3 frequently had asymmetrical
blepharoptosis, limited vertical duction, variable ophthalmo-
plegia, exotropia, and paradoxical abduction in infraduction.
MRI demonstrated variable, asymmetrical levator palpebrae
superioris and superior rectus EOM atrophy that correlated
with blepharoptosis, deficient supraduction, and small orbital
motor nerves. Additional EOMs exhibited variable hypoplasia
that correlated with duction deficit, but the superior oblique
muscle was spared. Ophthalmoplegia occurred only when the
subarachnoid width of CN3 was �1.9 mm. A-pattern exotropia
was frequent, correlating with apparent lateral rectus (LR)
muscle misinnervation by CN3. Optic nerve (ON) cross sec-
tions were subnormal, but rectus pulley locations were normal.

CONCLUSIONS. CFEOM3 caused by TUBB3 R262C and D417N
amino acid substitutions features abnormalities of EOM innerva-
tion and function that correlate with subarachnoid CN3 hypopla-
sia, occasional abducens nerve hypoplasia, and subclinical ON

hypoplasia that can resemble CFEOM1. Clinical and MRI findings
in CFEOM3 are more variable than those in CFEOM1 and are often
asymmetrical. Apparent LR innervation by the inferior rectus
motor nerve is an overlapping feature of Duane retraction syn-
drome and CFEOM1. These findings suggest that CFEOM3 is an
asymmetrical, variably penetrant, congenital cranial dysinnerva-
tion disorder leading to secondary EOM atrophy. (Invest Ophthal-
mol Vis Sci. 2010;51:4600–4611) DOI:10.1167/iovs.10-5438

Congenital fibrosis of the extraocular muscles (CFEOM) is
typically a nonprogressive disorder of ocular dysmotility

with accompanying blepharoptosis. CFEOM is classified, along
with Duane syndrome, congenital ptosis, congenital facial
palsy, and Moebius syndrome, as a congenital cranial dysinner-
vation disorder (CCDD), proposed to be caused by aberrant
innervation of ocular and facial muscles.1 Three distinct phe-
notypes, CFEOM1, -2, and -3, are recognized. The classic form,
CFEOM1 (MIM 135700; http://www.ncbi.nlm.nih.gov/Omim/,
provided in the public domain by the National Center for
Biotechnology Information [NCBI], Bethesda, MD), is typified
by bilateral congenital blepharoptosis and ophthalmoplegia,
with the eyes restricted to infraduction.2 Horizontal strabismus
may coexist. CFEOM1 is autosomal dominant, maps to chro-
mosome 12,3,4 and is caused by a small number of recurrent
heterozygous missense mutations in the kinesin motor protein
encoded by KIF21A.5 Engle et al.2 have suggested that
CFEOM1 is the result of primary maldevelopment of cranial
motor neurons and their axons, which causes secondary hyp-
oplasia or atrophy of the EOMs that they innervate and con-
tracture of their antagonists.

Persons with CFEOM2 (OMIM 602078) have congenitally
bilateral exotropic ophthalmoplegia and blepharoptosis and
may also have infra- or supraduction of the eyes. This form of
CFEOM is a recessive one, identified in consanguineous pedi-
grees. It maps to the FEOM2 locus on the long arm of chro-
mosome 11, region 136 and is caused by homozygous muta-
tions in PHOX2A (ARIX),7 a homeodomain transcription factor
necessary for development of oculomotor and trochlear motor
neurons in mice and zebrafish.8,9 Affected individuals do not
have detectable oculomotor or trochlear nerves by MRI,10 and
these cranial nuclei most likely fail to form in CFEOM2.

The third CFEOM variant, CFEOM3, encompasses individu-
als from pedigrees with CFEOM that can be clinically indistin-
guishable from CFEOM1 or CFEOM2. Other pedigree mem-
bers, however, have absent or unilateral ptosis, unilateral
ophthalmoplegia, noninfraducted resting eye position, and/or
the ability to supraduct one or both eyes above central posi-
tion. CFEOM3 can be autosomal dominant, and large families
that segregate CFEOM3 typically include affected individuals
who meet CFEOM1 criteria.11 To avoid overlapping classifica-
tions, we defined a CFEOM1 pedigree as one in which all
affected individuals meet CFEOM1 criteria and a CFEOM3 ped-
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igree as one in which at least one affected individual failed to
meet CFEOM1 criteria.12 Although in most large pedigrees,
CFEOM3 maps to the FEOM3 locus on the long arm of chro-
mosome 1611,13 (OMIM 600638), in rare families it maps to the
FEOM1 locus,14 and affected members harbor KIF21A muta-
tions15 (CFEOM3A; OMIM 607034).

We recently identified the FEOM3 gene as TUBB3 (GenBank
10381; http://www.ncbi.nlm.nih.gov/Genbank; provided in the
public domain by NCBI), encoding neuron-specific �-tubulin iso-
type III.16 CFEOM3 can be caused by one of at least eight different
heterozygous missense mutations in TUBB3. These TUBB3 mu-
tations alter dynamic instability, and some also alter microtu-
bule interactions with kinesins, including KIF21A. Moreover,
although some TUBB3 mutations result in relatively isolated
CFEOM, other mutations cause additional central and periph-
eral nervous system dysfunction.16

The clinical findings of blepharoptosis and strabismus are
not highly specific, rendering them susceptible to phenocopy
from a wide variety of causes, as well as to potential variation
in presentation. The external phenotypic heterogeneity of
CFEOM3 has particular potential to confound identification of
the genotype or genotypes of this disorder. Magnetic reso-
nance imaging (MRI) now affords the opportunity for detailed
study of the endophenotype of EOMs and nerves in the orbits
of living subjects,17 and the subarachnoid cranial nerves (CNs)
can be imaged as they exit the brain stem.18 We used MRI to
investigate the internal phenotype, or endophenotype, of a
well-defined group of subjects with CFEOM3 caused by muta-
tions in TUBB3. The purpose was to characterize orbital inner-
vation and the structure and function of EOMs, to distinguish
endophenotypes that may be unique to CFEOM3. Our findings
support the hypothesis that CFEOM3 is a primary motor neu-
ropathy that mainly affects the oculomotor nerve (CN3) and
arises from the inability of motor axons to correctly target the
cranial musculature.16 Moreover, although in some individuals
MRI findings may be indistinguishable from CFEOM1, CFEOM3
is more often asymmetric and variable in its clinical and MRI
presentation.

METHODS

Subjects
Thirteen subjects from four unrelated and previously reported pedi-
grees participated in the study.16 The diagnosis of CFEOM3 was estab-
lished by clinical criteria and was correlated with TUBB3 mutation
status. Pedigrees AT, BT, and QX segregate the most common TUBB3
mutation that results in a R262C amino acid substitution. We estab-
lished that most individuals harboring this mutation have CFEOM3
without other nervous system findings.16 Pedigree D segregates the
mutation resulting in a D417N amino acid substitution. We established
that most individuals harboring this mutation are born with CFEOM3
and then develop a later-onset axonal sensorimotor peripheral neurop-
athy.16 Subjects gave written informed consent to a protocol conform-
ing to the Declaration of Helsinki and approved by the Institutional
Review Boards of the University of California, Los Angeles (UCLA), and
Children’s Hospital Boston. At UCLA, subjects provided ophthalmic
histories and underwent complete ophthalmic examination. They also
underwent measurement of palpebral fissure height and levator func-
tion, with video recording of ocular versions and eyelid motility.
Affected subjects also underwent an attempt to elicit Bell’s phenome-
non of involuntary supraduction on attempted eyelid closure; this
maneuver was omitted in unaffected subjects who exhibited normal
voluntary supraduction. Levator function was taken as the maximum
vertical excursion of the upper eyelid associated with vertical duction.

Quantitative MRI
Imaging was performed at UCLA by using published methods with a
1.5-T MRI scanner (General Electric Signa; Milwaukee, WI) supple-

mented with an array of surface coils embedded in a transparent face
mask (Medical Advances, Milwaukee, WI). Illuminated fixation targets
were used to minimize eye motion.19,20 Targets were secured as
closely as possible to central position for each eye and, in selected
cases, in secondary and tertiary gazes.

Imaging at and posterior to the orbital apex was performed with
standard head coils. With surface coils, T1-21 or T2-weighted fast spin
echo (FSE)22 quasicoronal images of 2 mm thickness in a matrix of
256 � 256 were obtained over an 8-cm field of view (FOV; resolution
in the 312-�m plane, with two excitations) for imaging of extraocular
muscles (EOMs), and 6 cm for imaging of intraorbital CNs (resolution
in plane 234 �m). Quasisagittal images parallel to the orbital axis were
obtained with an 8-cm FOV. Imaging of intracranial portions of CNs
and the skull base region was performed in 0.8-mm thickness planes
parallel to the optic chiasm and major cranial nerves to the orbit by
using the heavily T2-weighted FIESTA (fast imaging with steady state
acquisition) sequence.18 In-plane resolution was 195 �m over a 10-cm
FOV (matrix 512 � 512) with 10 excitations.

Digital MRI images were analyzed with the program ImageJ (Wayne
Rasband; National Institutes of Health, Bethesda, MD, http://rsb.info.
nih.gov/ij/). The method of quantitative analysis is described
elsewhere.23We computed rectus and SO EOM volumes in normal
control subjects, affected subjects with CFEOM3 and unaffected family
members, and strabismic subjects without CFEOM3 who had under-
gone surgical strabismus correction. Volumes were computed from a
total of six contiguous image planes, beginning with the one that
included the globe-ON junction and extending five image planes pos-
teriorly. Thus, volume computations did not include the region of the
orbital apex, which was generally deep in relation to the field of
imaging. Even in the presence of prior strabismus surgery, orbital MRI
is considered to reasonably reflect the sizes and positions of the rectus
EOM bellies, since surgery is largely confined to the region of the
insertional tendons, and because strabismus surgery does not alter
measured EOM volumes in mid orbit.24 The exception may be the
inferior rectus (IR) muscle, which had been freely tenotomized and
allowed to retract posteriorly in several cases of CFEOM3. This prior
surgery would cause the IR volume to shift posteriorly, potentially
even posterior to the orbital region images. Confounding by this
potential artifact may result in exaggeration of IR volumes. Volumes of
the IO were computed from complete quasisagittal image sets from
origin to insertion. Volume measurement was not attempted for the
levator palpebrae superioris (LPS).

RESULTS

Subjects

General characteristics are summarized in Table 1 for the seven
male and six female subjects. Ten of them met clinical criteria
for CFEOM3 and were TUBB3-mutation positive, whereas sub-
jects 11 and 12 did not have CFEOM3 but were TUBB3-
mutation positive, and subject 13 did not have CFEOM3 and
was TUBB3-mutation negative. Subject 13 was included as an
immediate family member of affected, mutation-positive sub-
jects, to provide insight into the effects of family genetic
background. The mean age of subjects with the CFEOM3
phenotype was 45 � 6 years (mean � SEM, range, 17–74),
whereas clinically unaffected subjects had an average age of
18 � 3.2 years (range 14 – 24). Although not tested formally,
the subjects had generally normal intellectual function, al-
though several reported having had developmental delay as
children.

Comparisons are provided here with previously published
rectus EOM data from 21 normal volunteers, 10 men and 11
women, who underwent MRI with the current technique with
an 8-cm quasicoronal FOV.24 Six normal volunteers underwent
MRI of the CNs in the skull base. Ten control subjects who
contributed rectus and superior oblique (SO) EOM data had an
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average age of 20 � 1 years (mean � SEM; range, 14–28). An
additional 13 control subjects of average age 23 � 1 years
(range, 14–33) underwent higher resolution MRI of the optic
nerves (ONs) in quasicoronal planes with a 6-cm FOV, and 10
subjects underwent MRI of the IO muscles in the quasisagittal
planes. All control subjects had normal ocular and lid motility
and visual acuity in each eye correctable to 0 logarithm of the
minimum angle resolvable in arcmin (logMAR, 20/20), or bet-
ter.

Clinical Findings in CFEOM3

Overall, subjects with CFEOM3 had slightly subnormal visual
acuities. The mean corrected visual acuity of the subjects
exhibiting the CFEOM3 phenotype was 0.29 � 0.08 averaged
over the two eyes (Table 1). The mean corrected visual acuity
of the two eyes of the three clinically unaffected subjects was
normal at �0.03 � 0.02 logMAR.

All subjects exhibiting the CFEOM3 phenotype had symmet-
rical pupils ranging in diameter from 5 to 8 mm and normal
pupillary reactions, without afferent pupillary defect or light-
near dissociation. The ophthalmoscopic appearance of the ON
head was normal in all subjects with CFEOM3 except for
subject 3, who had unilateral, and subject 4, who had bilateral
ON hypoplasia. Unaffected, mutation-negative subject 13 had
unilateral ON hypoplasia.

Subjects with CFEOM3 had unilateral or mild bilateral
blepharoptosis. Four had unilateral blepharoptosis, and six had
bilateral blepharoptosis. Seven subjects who exhibited the
CFEOM3 phenotype had undergone one to two surgeries each
for blepharoptosis.

All subjects who exhibited the CFEOM3 phenotype had
undergone 1 to 15 strabismus surgeries. Even after strabismus
surgeries, all subjects exhibiting the CFEOM3 phenotype had
limited supraduction and were exotropic in some gaze posi-
tions. Although subjects 1, 4, 5, 7, 8, 9, and 10 had normal
vertical binocular alignment, subjects 2, 3, and 6 had hypo-
tropia due to asymmetric limitation of supraduction. Affected
subjects 4, 5, 7, 9, and 10 exhibited abduction of one eye in
deorsumversion (binocular downward gaze), and subjects 1 to
3 exhibited increased exotropia in deorsumversion, constitut-
ing a �- or A-pattern incomitance. Bell’s phenomenon was
absent in all orbits of affected subjects, with the exception of
subject 5, who exhibited normal Bell’s phenomenon in her
externally unaffected right eye.

Because of the heterogeneity of the CFEOM3 phenotype
within pedigrees, informative features are described for each
affected subject.

Ocular Motility in Subjects Manifesting the
CFEOM3 Phenotype

D417N Amino Acid Substitution. Subject 1 from pedi-
gree D was a 26-year-old woman who harbored the D417N
TUBB3 amino acid substitution and had CFEOM3 and a pro-
gressive sensorimotor axonal neuropathy that is common to
this and several other specific TUBB3 mutations.16 She had
undergone surgery for left-side blepharoptosis at 8 months of
age and strabismus surgeries of the left eye at 9 and 11 years.
Left eye supraduction and adduction were markedly limited,
right eye adduction was mildly limited, and the both eyes
abducted markedly during deorsumversion (binocular down-
ward gaze, Fig. 1). Levator function was decreased to 4 mm on
the left and was normal at 16 mm on the right.

Subject 2, also from pedigree D, was a 57-year-old woman
and the mother of patient 1. She also harbored the D417N
amino acid substitution and had both CFEOM3 and later-onset
upper and lower extremity weakness and sensory loss. She was
born with exotropia, limited supraduction, and blepharoptosis
greater on the right side than on the left. She underwent
multiple eyelid and numerous strabismus surgeries in child-
hood and bilateral frontalis suspension surgery for eyelid ele-
vation at 27 years of age. The left but not right eye exhibited
high myopia and astigmatism, but vision in both eyes was
correctable with spectacles to 0.1 logMAR. There was fine,
horizontal, spontaneous nystagmus in central gaze and conver-
gence nystagmus in levoversion. Neither eye supraducted
above horizontal midposition. The left eye adducted markedly
in attempted supraversion and abducted markedly in at-
tempted deorsumversion. Levator function was absent on the
right and mildly subnormal at 10 mm on the left.

Subject 12 from pedigree D was the 24-year-old son of
subject 2 and was clinically unaffected, despite harboring the
D417N amino acid substitution. Visual acuity in each eye was
normal after correction of low myopia. Lid position and ocular
motility were normal as was stereopsis when tested by the
Titmus method at 40 arcsec. The ONs also appeared normal.
The subject had no symptoms of peripheral neuropathy.

R262C Amino Acid Substitution. Subject 3 from pedigree
AT was a 17-year-old boy who harbored the R262C substitution
and had a mild intellectual deficit. He had A-pattern horizontal

FIGURE 1. Subject 1 with the CFEOM3 phenotype, exhibiting left-side blepharoptosis, limited supraduction and adduction, and �-pattern
exotropia. Ductions were are normal for the right eye. The eyelids were manually elevated for photography in deorsumversion.
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strabismus manifested by esotropia in supraversion and exo-
tropia in infraversion (Fig. 2). In his right eye, he had blepha-
roptosis with limited adduction, supraduction, and infraduc-
tion. Lid position and ductions of the left eye were normal. The
right ON was clinically hypoplastic, exhibiting the double-ring
sign of a bare scleral annulus encircling an attenuated central
ON head.

Subject 4, also from AT and harboring the R262C substitu-
tion, was a 32-year-old man with bilateral congenital blephar-
optosis, absence of vertical versions, exotropia, bilaterally lim-
ited adduction, and conjugate horizontal nystagmus. Although
both ONs were ophthalmoscopically hypoplastic, visual acuity
was 0.8 logMAR in the right eye and was essentially normal at
0.05 logMAR in the left eye. The right eye abducted in deor-
sumversion, whereas the left eye abducted poorly under all
conditions.

Subject 5, also from AT and harboring R262C, was a 39-year-
old woman who had congenital left blepharoptosis and limitation
of abduction, supraduction, and infraduction, with aberrant ab-
duction during both infraversion and attempted lid closure during
examination to evaluate Bell’s phenomenon. Right eye motility
was normal, and she was exotropic in central gaze (Fig. 3). Visual
acuity was 0.4 logMAR in the affected left eye.

Subject 11 from pedigree AT was a 14-year-old boy who
harbored the R262C mutation and was clinically unaffected.
Visual acuity in each eye was normal after correction of low
myopia. Lid position and ocular motility were normal, but

stereopsis determined by the Titmus method was slightly sub-
normal at 80 arcsec. The ONs appeared normal.

Subject 13 from pedigree AT was a 15-year-old boy who was
mutation negative and clinically unaffected. Visual acuity in
each eye was at least 0.0 logMAR after correction of low
myopia. Lid position and ocular motility were normal, as well
as stereopsis by the Titmus method at 40 arcsec. The left ON
exhibited a double-ring sign suggestive of mild ON hypoplasia.

Subject 6 was a 48-year-old woman from pedigree BT, who
harbored R262C (Fig. 4). She had right blepharoptosis that had
not been treated surgically. Although both eyes had limited
supraduction, the limitation was greater in the right eye, cre-
ating right hypotropia. The left eye abducted and, paradoxi-
cally, supraducted on attempted deorsumversion, whereas the
left eye adducted in attempted supraduction.

Subject 7, also from pedigree BT and R262C positive, was a
67-year-old woman who had bilateral blepharoptosis and com-
plete ophthalmoplegia except for adduction of the left eye and
abduction of the right eye on attempted infraduction. Conver-
gence was absent. Visual acuity was 0.25 and 0.40 logMAR in
the right and left eyes, respectively. The subject had under-
gone bilateral surgery for blepharoptosis and exotropia and
bilateral IR tenotomy, to mitigate severe bilateral limitation of
vertical gaze to deorsumversion only.

Subject 8 from pedigree QX harbors the 262C substitution
and was a 33-year-old man with bilateral congenital blepharop-
tosis, large angle exotropia, and bilaterally fixed deorsumver-

FIGURE 2. Subject 3 with the CFEOM3 phenotype limited to the right eye, which exhibited blepharoptosis and limitation of supraduction,
infraduction, and adduction. The subject had A-pattern strabismus, with esotropia in supraversion, and exotropia in infraversion.

FIGURE 3. Subject 5 from pedigree AT with the CFEOM3 phenotype exhibiting left-side congenital blepharoptosis and limitation of abduction,
supraduction, and infraduction, with synkinetic abduction in both infraversion and lid closure. Right eye motility was normal. Unable, version
position could not be attained.
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sion. He had nearly complete ophthalmoplegia, except for
abduction of both eyes and for the transient ability to align the
eyes during proximal convergence. Visual acuity was 0.2 and
0.1 logMAR for the right and left eyes, respectively. He exhib-
ited disconjugate, jerky horizontal nystagmus. Both IR muscles
had been surgically transected before examination.

Subject 9 from pedigree QX harbored the R262C substitu-
tion and was a 74-year-old woman with bilateral congenital
blepharoptosis, large angle exotropia, and bilaterally fixed de-
orsumversion. She had undergone surgeries for blepharoptosis
and strabismus. Visual acuity was counting fingers in the right
eye and 0.2 logMAR in the left eye. She had nearly complete
ophthalmoplegia, except for abduction of the right eye in
attempted infraduction. Both eyes incycloducted in attempted
infraduction, suggesting bilateral SO function. Both IR muscles
had been surgically transected before her examination.

Subject 10 from pedigree QX harbored the R262C substitu-
tion and was a 53-year-old man with bilateral congenital
blepharoptosis, large angle exotropia, and bilaterally fixed de-
orsumversion. He had undergone surgeries for blepharoptosis
and strabismus. Visual acuity was 0.2 in the right eye and 0.4
logMAR in the left eye. He had nearly complete ophthalmople-
gia, except for abduction of the left eye in attempted infraduc-
tion, and limited adduction with slow adducting saccades bi-
laterally. Both eyes incycloducted in attempted infraduction,
suggesting bilateral SO function. Claustrophobia precluded
MRI in this subject.

MRI Findings in CFEOM3

All except subject 10 underwent MRI. The three affected
subjects (8, 9, and 10) in pedigree QX harbored the R262C
substitution and exhibited the most severe ocular findings,
with exotropia and infraduction and almost total external oph-
thalmoplegia, except for residual abduction and limited incy-
cloduction on attempted infraduction. Subject 8 could
intermittently achieve binocular alignment by proximal con-
vergence. MRI findings in severely affected subjects 8 and 9
revealed profound bilateral hypoplasia of the SR, LPS, and MR
muscles (Figs. 5 and 6). Both subjects also exhibited highly
aspheric globes (Fig. 5), a feature that had been observed in
members of a large CFEOM3 pedigree25 now known to harbor
the R262C substitution.16

Other subjects exhibited a less severe, asymmetrical phe-
notype. For example, EOMs in the right orbit of subject 1 from
pedigree D appeared normal on quasicoronal (Fig. 7) and
quasisagittal (Fig. 8) MRIs, yet in the left obit, there was marked
hypoplasia of the LPS and the deep portions of the SR, MR, and

IO muscles. Thus, MRI findings in the left but not right orbit of
subject 1 were compatible with the CFEOM1 phenotype.

Quantitative Features of EOMs

EOM volumes in affected subjects with CFEOM3 were subnor-
mal for the SR, MR, and IR (Table 2). This effect was significant
at the 0.0002 level for the SR and at the 0.02 level for the MR
and IR. IO volume was slightly but not significantly subnormal,
and LR volume was slightly but not significantly greater than
normal. Subjects with CFEOM3 who had evidence of surgical
IR disinsertion had displacement of the IO belly without sig-
nificant change in IO volume. Such an IO path change would
not have been expected to change apparent IO volume. On
average, externally unaffected members of families with
CFEOM3 had normal EOM volumes. However, the total num-
ber of unaffected family members who were studied was small,
and externally unaffected subject 12, who carried the D417N
substitution, exhibited in his left orbit volume reductions of
the SR (220 mm3), MR (278 mm3), and IR (246 mm3) that were
below the 2.5 percentile for normal EOM volumes. Subject 12
had no other subnormal EOM volumes, and subjects 11 and 13
did not have any subnormal EOM volumes. Subject 12 was thus
regarded as carrying the endophenotype of CFEOM3.

Extraocular Muscle Dysplasia

In externally affected subjects 4, 5, 7, 8, and 9, the LR exhibited
a longitudinal fissure separating it into distinct superior and
inferior zones. Such fissuring was also evident in externally
unaffected subjects 11 and 12, who carried the R262C and
D417N substitutions, respectively. In addition, in the left orbit
of subject 12, CN3 was in continuity with the inferior zone of
the LR, whereas CN6 entered the superior zone. All other
EOMs were free of dysplasia in the remaining subjects with
CFEOM3 who underwent MRI.

Globe Position and EOM Paths

Coordinates of the LR, MR, and SR pulleys in subjects exhibit-
ing the CFEOM3 phenotype were not significantly different
from normal (P � 0.05), and the lateral coordinate of the IR
pulley was minimally abnormal, as a likely result of IR disinser-
tion surgeries that had been performed in nearly all affected
orbits.

Imaging of Intraorbital Motor Nerves

Orbits affected by CFEOM3 exhibited abnormal motor inner-
vation, in approximate proportion to the degree of clinical

FIGURE 4. Subject 6 from pedigree BT with the CFEOM3 phenotype who had right blepharoptosis and right hypotropia, A-pattern strabismus, and
paradoxical supraduction and abduction of the left eye on attempted deorsumversion. Both eyes had limited supraduction. Unable, version position
could not be attained.
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motility restrictions. It was possible to visualize the inferior but
not the superior division of CN3 in the subjects with CFEOM3
who were imaged. The superior division was seen, however,
only in a subset of normal subjects. In some subjects with
CFEOM3, the inferior division of CN3 was too small to trace its
branches.

Image resolution was insufficient for quantitative analysis of
intraorbital motor nerve size.24 When the nerve was of suffi-
cient size to trace, however, MRI demonstrated misinnervation
of EOMs in some subjects with CFEOM3. The inferior division
of CN3 failed to innervate the MR in subjects 2, 3, 6, and 7 and
was in intimate continuity with the inferior zone of the LR as
well its normal target EOMs in subjects 2, 6, 7, and 9 (Fig. 7).
In subjects 1, 2, 4, 8, 9, and 10, CN6 entered the superior zone
of the LR, whereas a branch of CN3 was in continuity with the
inferior zone (Fig. 7). Contraction of the LR in infraduction
would explain exotropia in that gaze position, with relaxation
in supraduction accounting for the associated esotropia in that
gaze position.

Functional imaging in subject 1 was also consistent with LR
misinnervation. In subjects 1 and 2 from pedigree D, one LR
exhibited contractile thickening in attempted infraduction
(Fig. 9). Although subjects 4, 5, 7, 9, and 10 also exhibited
abduction on attempted infraduction, MRI could not be per-
formed in this situation because infraduction to a target could
not be maintained in the scanner. Misinnervation of the LR by
a CN3 branch normally destined for the IR appears to account
for the A- and �-pattern strabismus in pedigrees D and AT and
for the anomalous abduction in attempted infraduction in ped-
igrees BT and QX.

Imaging of Intracranial Motor Nerves

Heavily T2-weighted imaging of the skull base region has suf-
ficient resolution to demonstrate easily and consistently the
course of CN3 of normal subjects.26 CN3s were strikingly
hypoplastic ipsilateral to all affected orbits, except for the
nearly normal left CN3 of subject 5. CN3 was of normal size in
subject 1’s unaffected right orbit and was of normal size bilat-
erally in the clinically unaffected family members, regardless of
mutation status (Table 3). No orbit was affected by the clinical
CFEOM3 phenotype when the subarachnoid oculomotor nerve
ipsilateral to that orbit had a width of at least 1.9 mm. For

FIGURE 6. Quasi-sagittal T2 FSE MRI in subject 9 with a severe
CFEOM3 phenotype, exhibiting severe bilateral hypoplasia of the LPS
and SR muscles, as well as bilateral absence of the IO muscle. An
epithelial inclusion cyst and artificial IOL were present in the surgically
treated left orbit.

FIGURE 5. Quasicoronal T2 FSE MRI in subject 9 with a severe
CFEOM3 phenotype. Image planes are 2 mm thick with a 4-mm gap
between them, arranged from posterior at top to anterior at bottom.
There was marked bilateral hypoplasia of the LPS, SR, and MR. The IR
was mildly hypoplastic bilaterally. The SO muscle was preserved. An
epithelial inclusion cyst present near the IR insertion was a probable
effect of prior IR surgery. The globe cross section was bilaterally
irregular and nonspherical. SOT, reflected SO tendon.
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comparison, normal CN3 width measured using this technique
is 2.01 � 0.36 mm.26 Asymmetry of subarachnoid CN3 size is
illustrated in Figure 10 for subject 1. The left CN3 was affected
with a width of 1.05 mm, whereas on the right side, CN3 was
normal, with a width of 2.01 mm.

In normal subjects, the heavily T2-weighted imaging tech-
nique also demonstrates the course of CN6 after it exits the
pons.27,28 The CN6 was unilaterally or bilaterally hypoplastic in
subjects 7, 8, and 9 with the CFEOM3 phenotype; abnormali-
ties of CN6 were not evident in the remaining subjects.

Optic Nerve

ON cross sections normally decrease anteriorly to posteriorly,
because of the reduction of connective tissues surrounding
axon bundles.29 Thus, ON cross section was analyzed as
closely as possible posterior to the globe-ON junction. Subjects
with the CFEOM3 phenotype exhibited mean ON cross sec-
tions of 9.19 � 0.60 mm2, which was a 35% reduction and
significantly smaller than the mean of 14.1 � 0.77 mm2 for 17
control ONs (P � 0.00005). All ophthalmoscopically hypoplas-
tic ONs exhibited reduced MRI cross sections, yet not all ONs
with reduced MRI cross sections were ophthalmoscopically
hypoplastic. The ophthalmoscopic finding of ON hypoplasia
was concordant with MRI in subject 4, whose right ON had a
cross section of 4.3 and left ON had cross section of 4.8 mm2.
The unilateral ophthalmoscopic finding of the double-ring sign
indicative of right ON hypoplasia in subject 3 also correlated
with reduction in MRI cross section to 7.5 mm2, compared
with 13.1 mm2 on the ophthalmoscopically left side. Subject 3
also had a dysplastic corpus callosum on sagittal MRI. The
ophthalmoscopically hypoplastic left ON of CFEOM3-unaf-
fected, mutation-negative subject 13 had a subnormal cross
section of 8.0 mm2, compared with 10.0 for his ophthalmo-
scopically normal right ON. However, ONs were ophthalmo-
scopically normal in on the right-affected subject 8, whose
right ON cross section was 7.0 mm2, and on the left in affected
subject 1, whose left ON cross section was 6.7 mm2.

Facial Nerve

The facial nerve was bilaterally normal in all subjects imaged.
Consistent with this, no subject exhibited clinical signs of facial

FIGURE 8. Quasisagittal T1 MRI in less affected subject 1, in whom
only the left eye was phenotypically involved. The subject exhibited
hypoplasia of the involved left LPS and SR muscles, as well as severe
hypoplasia of the left IO muscle in this image plane. The left IR muscle
had been surgically transected, displacing the IO nasally.

FIGURE 7. Quasicoronal T1 MRI in phenotypically less affected subject
1, with asymmetric hypoplasia of the left LPS and milder hypoplasia of
the deep portion of the left MR and SR muscles. The inferior division
of the left oculomotor nerve (CN3) was in contact with the inferior
portion of the left LR muscle (top right). The motor nerve branch to
the right but not left MR was visualized. CN6, abducens nerve; N to IO,
motor nerve to inferior oblique muscle.
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weakness, and we have not found facial weakness to cosegre-
gate with either the R262C or D417N substitutions.16

DISCUSSION

Employing high-resolution MRI, we demonstrated variable and
asymmetric affection of CNs and EOMs correlating closely with
the external findings of CFEOM3. This correlation confirms and
extends imaging findings in other CCDDs that manifest ocular
motility disorders. The most severely affected phenotypes in
CFEOM3 may be indistinguishable from CFEOM1, both exter-
nally and in the internal involvement of EOMs and associated
nerves by orbital MRI. These phenotypes include severe bilat-
eral hypoplasia of the SR, LPS, MR, and occasionally the IO,
with anatomic contiguity suggestive of misinnervation of the
LR by CN3 and marked bilateral hypoplasia of the subarach-
noid CN3. Unlike individuals with CFEOM1, some with
CFEOM3 who are less severely affected may exhibit only uni-
lateral, relatively mild hypoplasia of a few EOMs, with less
severe hypoplasia of the subarachnoid portion of CN3.

External Ocular Phenotype of CFEOM3

Affected subjects had a range of presentations, typically with
exotropia in at least one gaze position and limited supraduc-
tion in at least one eye. Most, but not all, subjects also had

either vertical gaze restricted to deorsumversion or unilateral
hypotropia. None had pupillary abnormalities. Corrected visual
acuities averaged approximately 0.3 logMAR (20/40 Snellen),
despite strabismus and occasional clinically evident ON hyp-
oplasia. The mild nystagmus present in some subjects was
similar to that observed in association in early-onset strabismus.
No affected subject had vision binocularly impaired to the
degree that nystagmus might be attributable to sensory loss. If
presented as isolated cases, subject 1 from pedigree D and
subject 5 from pedigree AT might be considered to have
unilateral partial CN3 palsies. At the other end of the spectrum,
subject 7 from pedigree BT and subjects 8, 9, and 10 from
pedigree QX exhibited profound bilateral hypotropia and
blepharoptosis with A- or �-pattern exotropia similar to the
presentation of a subset of subjects with CFEOM1. Bell’s phe-
nomenon was uniformly absent in affected eyes. Thus, the
external phenotype of CFEOM3 can vary widely among af-
fected individuals within CFEOM3 families. However, severe
cases of CFEOM3 always present with exotropia and vertical
gaze limited to deorsumversion.

Structural Correlations in CFEOM3

In subjects with CFEOM3, blepharoptosis and limited supra-
duction correlate with variable hypoplasia of the LPS and SR
muscles, both of which are innervated by the superior division

FIGURE 9. Coronal MRI of left orbit
of subject 2 with CFEOM3, illustrating
anomalous contractile thickening of
LR with the fellow right eye fixating in
infraduction. The subject had hypopla-
sia of the MR and superior rectus/leva-
tor (SR/LPS) muscles. SOV, superior
ophthalmic vein.

TABLE 2. Muscle Volumes in Control Subjects and Subjects with the CFEOM3 Phenotype

Muscle

Normal
Control

Muscles (n � 21)

Strabismic
Control Muscles,

Postoperative (n � 12)

Clinically
Affected

Muscles (n � 18)

Unaffected,
Mutation-Positive
Muscles (n � 4)

Unaffected,
Mutation-Negative
Muscles (n � 2)

MR 395 � 16 369 � 14 314 � 31* 402 � 45 450 � 2
SR 370 � 13 336 � 14 251 � 21† 396 � 60 429 � 2
LR 428 � 15 374 � 17 461 � 18 547 � 50 588 � 50
IR 386 � 12 327 � 15 342 � 16* 414 � 58 403 � 28
SO 202 � 7 — 212 � 9 263 � 6 263 � 10
IO 263 � 10 — 192 � 24 332 � 48 244 � 13

Data are expressed as the mean volume (mm3) � SEM.
* P � 0.02.
† P � 0.0002.
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of CN3. Other EOMs exhibiting clinically deficient function,
such as the MR and IR, also exhibit hypoplasia that correlates
in severity with the corresponding functional deficit. This EOM
hypoplasia is also found in typical cases of CFEOM124 and
occasionally in cases of DURS2,28 which are CCDD disorders
due to mutation in KIF21A5 and CHN1,30 respectively. Curi-
ously, EOM hypoplasia is not a feature of Duane radial ray
syndrome,27 another form of Duane syndrome caused by mu-
tation in the zinc finger transcription factor SALL4.31

While his visual function and ocular motility were entirely
normal, externally unaffected subject 12 with the D417N sub-
stitution exhibited the endophenotype of significant unilateral
hypoplasia of multiple EOMs innervated by CN3. Subjects 1
and 2 with this same substitution exhibited unilateral blepha-
roptosis, bilateral ocular motility abnormalities, and A- or �-pat-
tern strabismus. These different presentations highlight the
variability in CFEOM3 phenotype resulting from the same mu-
tation, even within the same pedigree.

Aspheric globes were observed in subjects 8 and 9, neither
of whom was highly myopic. Little is known about globe
asphericity in the absence of high myopia.32 Hemiretinal de-
privation33 and regional defocus34 can also create aspheric
globes by induction of local eye shape changes in primates.
Conceivably, both of these factors could have been present in
subjects 8 and 9. It is also possible that abnormal EOM forces
in CFEOM altered globe shape or that unknown factors con-
tribute.

Oculomotor Nerve Hypoplasia

Although the number of subjects was small, evidence suggests
a threshold effect of subarachnoid CN3 width in CFEOM3 on
manifestation of EOM hypoplasia. The external phenotype of
blepharoptosis and impaired motility is most commonly evi-
dent when CN3 width is less than 1.0 mm. Subarachnoid CN3
width in the internally affected left orbit of subject 12, who had
no external phenotype was 2.0 mm, similar to the width of
CN3 in the unaffected right orbit and to that in the unaffected
left orbit of mutation-negative subject 13. The current, variable
MRI findings of small subarachnoid CN3 supports previous
autopsy findings showing a decrease in axon number and
overall size in the proximal common trunk of CN3 in
CFEOM1.2 Since the CN3 cross-sectional area and its maximum

possible number of axons varies with the square of the CN3
radius, it may be estimated that the CFEOM phenotype is likely
to be manifested when the total number of axons in CN3 is
reduced to less than approximately 25% of normal. Of course,
this reduction need not be homogeneous and, for example,
may be more severe in the superior than in the inferior division
of CN3. The separate divisions were not distinguishable in this
study by overall measurements of subarachnoid CN3 width.
Like CFEOM1, the SR and LPS EOMs innervated by the superior
division of CN3 were most severely affected by CFEOM3. The
oblique EOMs were more likely to be spared in CFEOM3, but
might be involved.

LR Muscle

The present findings confirm widespread LR misinnervation in
CFEOM3. Particularly common was A-pattern exotropia, in-
creasing in deorsumversion. MRI confirmed that this phenom-
enon is due to LR contraction in infraduction, presumably
because a branch of CN3 normally destined to innervate the IR
muscle also innervates the LR. This finding is typical of both
CFEOM1 resulting from KIF21A mutations,24 and chromosome
2-linked Duane’s syndrome (DURS2),28 which we recently
demonstrated to result from gain-of-function missense muta-
tions in the signaling protein �-2-chimerin, which is responsi-
ble for ocular motor axon pathfinding.30 Similarly, CFEOM3
caused by TUBB3 mutations results in axon guidance defects
in mouse.16 Overall, these findings further support a primary
defect in cranial motor neuron axon guidance in CFEOM3 and
other closely related strabismus disorders.

In several CCDDs, particularly CFEOM124 and DURS2,28 the
deep LR muscle is commonly dysplastic, typically split longi-
tudinally into superior and inferior portions or otherwise struc-
turally disorganized. Dysplasia of the LR was observed in sub-
jects 2, 4, 7, 8, 9, and 12, but this finding was less prominent
than in the other CCDDs. We proposed in earlier work that
normal CN6 innervation is essential for normal structure of the
deep LR.28 We proposed that variability in severity and pattern
of ophthalmoplegia in DURS2 depends on the degree to which
residual axons of the hypoplastic inferior division of CN3 reach
their normal target EOMs or are misdirected to innervate the

FIGURE 10. Heavily T2-weighted MRI of the subarachnoid oculomotor
nerve (CN3) in subject 1 with a unilateral left CFEOM3 phenotype. The
right CN3 was normal at 2.0 mm wide, whereas the left CN3 was
subnormal at 1.0 mm wide.

TABLE 3. Duction Abnormalities and Oculomotor Nerve Width in
Members of Families Affected by CFEOM3

Subject

Duction
Abnormality

Subarachnoid
Oculomotor

Nerve
Width (mm)

Right Eye Left Eye Right Left

1 � � 2.01 1.05
2 � � 0.87 0.70
3 � � 1.18 2.90
4 � � 1.09 1.04
5 � � 1.90 1.79
6 � � 0.82 0.97
7 � � 0.35 0.69
8 � � 0.62 0.92
9 � � 0.42 0.73

10 � � N.D. ND
11 � � 2.14 2.46
12 � � 2.01 2.01
13 � � 2.27 1.98

Normal mean 2.01
Normal SD 0.36
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LR.28 It seems reasonable to suppose that CFEOM3 is due to
one or several cranial nerve targeting abnormalities that are
relatively specific for CN3.

SO Muscle

The SO is hypoplastic in acquired and congenital SO palsy,17,35

commonly hypoplastic in CFEOM1,24 occasionally hypoplastic
in DURS2,28 but not hypoplastic in DRRS.27 Mean SO volume is
preserved in subjects exhibiting the CFEOM3 phenotype and
in externally unaffected carriers of the R262C and D417N
substitutions (subjects 11 and 12). No subject in the present
study had SO volume less than the 5th percentile of normal.

Optic Nerve Involvement in CFEOM3

We have found quantitative MRI useful for ON analysis.29 Size
of the ON is normal in DRRS.27 However, subjects with
CFEOM1 consistently exhibit a subclinical reduction from nor-
mal of approximately 30% to 40% in ON cross section,24 and
subjects with dominant Duane syndrome linked to chromo-
some 2 (DURS2) average a 25% reduction in ON cross sec-
tion.28 Two of the subjects with CFEOM3 and unaffected,
mutation-negative subject 13 exhibited clinically evident ON
hypoplasia on ophthalmoscopy, but typical subjects affected
with CFEOM3 manifest only subclinical ON hypoplasia. The
present finding of a significant but usually subclinical 35%
reduction in ON cross section in CFEOM3 is similar. Notably,
ON hypoplasia can cosegregate with polymicrogyria resulting
from homozygous truncating mutations in TUBA8, suggesting
that this phenotype is commonly associated with tubulin mu-
tations in general. No subject with CFEOM3 has a gross visual
field deficit or afferent pupillary defect. The only marked visual
loss in the subjects with CFEOM3 is due to amblyopia associ-
ated with anisometropia and strabismus.

Absence of Widespread Pulley Abnormalities

Pulley disorders can cause strabismus.17,36 Markedly abnormal
rectus EOM paths due to misplaced pulleys are associated with
craniosynostosis syndromes that are caused by mutations in
FGFR37 that spare orbital nerves and EOM volumes. In
CFEOM1,24 DRRS,27 and DURS2,28 EOM paths are normal or
only minimally abnormal. Overall, rectus pulley positions in
the coronal plane remain remarkably normal in CFEOM3, de-
spite severe congenital dysinnervation. This finding further
buttresses the accumulating genetic evidence that normal EOM
innervation is not requisite for establishment and maintenance
of normal rectus pulley positions.24,27,28 It provides additional
evidence favoring the idea that pulley abnormalities are pri-
mary in cases of incomitant strabismus with which they are
associated38–40 and that pulley heterotopy is unlikely to be
secondary to acquired EOM denervation.39

Fundamental Implications

We previously reported that subjects harboring the TUBB3
mutations R262C and D417N can have thinning of the anterior
commissure and corpus callosum and, as found in subjects 1
and 2, D417N can result in a peripheral axonal neuropathy.16

Subject 3 exhibited localized corpus callosum thinning and
dysplasia, as well as in intellectual deficit. TUBB3 mutations
not represented in this study can be associated with more
severe structural brain abnormalities and fairly consistent and
severe external ophthalmoplegia.16 Thus, it is possible that the
ocular motor endophenotype associated with other mutations
differs from the present cases of CFEOM3, but we anticipate
that it would be similar to the more severely affected subjects
included in this study.

Overall, these findings suggest that CFEOM3 is an asymmet-
ric, variably penetrant, congenital cranial dysinnervation disor-
der characterized mainly by oculomotor nerve hypoplasia that
affects the superior more than the inferior division and leads to
secondary atrophy of EOMs, with associated occasional CN6
and mild ON hypoplasia. The CFEOM3 ocular phenotype pre-
senting asymmetrically may closely resemble incomitant stra-
bismus due to a variety of etiologies, including trauma17 and
anomalous EOM bands.41 High-resolution imaging would be
useful in recognition of the MRI features of CFEOM3 in cases
presenting outside of well-established dominant pedigrees and
may reveal clinically unsuspected structural abnormalities of
EOMs and their innervation.
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