
Expanding Repertoire In The Oculomotor Periphery: Selective
Compartmental Function In Rectus Extraocular Muscles

Joseph L. Demer, M.D., Ph.D.a,b,c,d,e, Robert A. Clark, M.D.a, Roberta M. da Silva Costa,
M.D., Ph.D.a, Jennifer Kung, B.A.a, and Lawrence Yoo, Ph.D.a
aDepartment of Ophthalmology, University of California, Los Angeles, U.S.A.
bDepartment of Neurology, University of California, Los Angeles, U.S.A.
cDepartment of Bioengineering, University of California, Los Angeles, U.S.A.
dDepartment of Neuroscience, University of California, Los Angeles, U.S.A.
eInterdepartmental Programs, and the Jules Stein Eye Institute, University of California, Los
Angeles, U.S.A.

Abstract
Since connective tissue pulleys implement Listing's law by systematically changing rectus
extraocular muscle (EOM) pulling directions, non-Listing's law gaze-dependence of the vestibulo-
ocular reflex is currently inexplicable. Differential activation of compartments within rectus
EOMs may endow the ocular motor system with more behavioral diversity than previously
supposed. Innervation to horizontal, but not vertical, rectus EOMs of mammals is segregated into
superior and inferior compartments. Magnetic resonance imaging in normal subjects demonstrates
contractile changes in the lateral rectus (LR) inferior, but not superior, compartment during ocular
counter-rolling (OCR) induced by head tilt. In human orbits ipsilesional to unilateral superior
oblique palsy, neither LR compartment exhibits contractile change during head tilt, although the
inferior compartment contracts normally in contralesional orbits. This suggests that differential
compartmental LR contraction assists normal OCR. Computational simulation suggests that
differential compartmental action in horizontal rectus EOMs could achieve more force than
required by vertical fusional vergence.
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Introduction
Kinematic Mystery

Listing's law (LL) specifies unique eye torsion in any gaze direction1, and is satisfied if the
ocular rotational velocity axis shifts by half the shift in ocular orientation.2 Recent data has
compelled rejection of the formerly prevalent belief that the brain explicitly commands the
LL.3-7 Inconsistent with that idea is the observation that motor neurons activating
cyclovertical EOMs of monkeys do not encode LL torsion during smooth pursuit,8 that
electrical stimulation of the abducens nerve evokes saccade-like movements that do conform
to LL while the head is upright,9 and that these electrically stimulated movements change
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vertical direction during head tilt by the amount of ocular counter-rolling (OCR).10 The
Active Pulley Hypothesis (APH) alternatively explains absence of such neural torsion
signals by positing that systematic changes in rectus EOM pulling directions generate LL
torsion, even as offset by oblique EOM action during OCR. 11-14 The APH suggests that
pulleys, comprised of connective tissue rings encircling rectus EOMs, are translated by the
EOMs' fibers while global layer fibers insert on the eye to rotate it.11-13, 15, 16

Anteroposterior locations of rectus pulleys are thus neurally controlled,15 influencing ocular
torsion indirectly via EOM path geometry as set by contractile force in the EOM's orbital
layer.

While no controversy remains that LL is the peripheral oculomotor apparatus's kinematic
default behavior, a serious paradox has intruded: the vestibulo-ocular reflex (VOR) violates
LL such that the VOR's velocity axis changes by one-fourth or less of eye position, not half
as required by LL. 17 This means that ocular torsion is different during a VOR eye
movement than during an otherwise identical horizontal or vertical eye movement evoked
by a visual stimulus with the head stationary. Motor neurons driving cyclovertical EOMs of
behaving monkeys have been demonstrated not to command the VOR's violations of LL.8
This means that neural commands for torsion necessary to override half angle APH behavior
of the orbital tissues are not executed by cyclovertical EOMs! So where could this non-LL
torsion arise? Having long abandoned as unrealistic5, 17 our early suggestion16 that LL
violations could be implemented by retraction of the rectus pulleys, we proposed that LL
violations are executed by differential compartmental activity in one or both horizontal
rectus EOMs.18, 19 The current report contains novel, preliminary functional evidence that
differential compartmental activity does indeed occur in humans during the static torsional
VOR.

Historical Suggestions of EOM Compartmentalization
There are seemingly more EOM fibers and motor neurons than required for conventionally
recognized eye movements20, 21, suggesting potential for compartmental functions. For
example, the feline inferior oblique muscle is innervated by distinct medial and lateral
branches that generate different contractile responses.22 With a dual headed origin23, 24

arising from dual embryologic precursors,25, 26 the LR seems designed to have two parallel
compartments. Longitudinal LR splitting is clearly evident by MRI in congenital cranial
dysinnervation disorders, including congenital fibrosis of the EOMs type 1,27 Duane
syndrome,28-30 and trochlear,31 and oculomotor palsy.31 Gross dissection demonstrates that
LR innervation is often bifid in humans, with frequent abducens nerve spliting into parallel
nerves,32-35 that sometimes extends even as far proximally as the pons.35

Histological Investigation
In order to examine the possibility of compartmental control of rectus EOMs, their
peripheral intramuscular innervation was studied by serial sectioning of whole, undisturbed
orbits at 10 μm thickness. Sectioning was in the quasi-coronal plane perpendicular to the
long orbital axis, and thus perpendicular to most nerve and EOM fibers. Typically, this
required about 3,000 sections per monkey orbit, 4,000 sections per human orbit, and about
6,000 sections per bovine orbit. In general, every tenth section was stained with Masson
trichrome, which stains EOM fibers bright red in the global layer and dark red in the orbital
layer, collagenous connective tissues blue, and nerves purple. The distance between sections
was sufficiently small that the transverse profiles of both types of fibers retain such
substantial similarity between stained sections as to be individually identifiable from section
to section. In the occasional event of ambiguities in fiber branching between sections, we
stained and examined as required the unstained serial sections between the regular staining
intervals of 100 μm, reducing the sampling interval to as little as 10 μm. Using these
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methods, it was possible reliably to trace motor nerves from their proximal trunks in the
deep orbit through many levels of bifurcation in which their motor axons coursed anteriorly
through the rectus EOM.

Anatomical Potential for Muscle Compartmentalization
Exact counting shows that orbital and global layers of each rectus EOM contain on the order
of 10,000 fibers each in humans and monkeys.36 Longitudinal tracing of individual bundles
of rectus EOM fibers suggests that there are very few myomyous junctions among adjacent
fibers, and certainly not between orbital and global layer fibers.37 Longitudinal tracing of
hypertrophic fibers in the superior oblique (SO) global layer following trochlear neurectomy
confirms that most such fibers extend nearly the entire length of the EOM belly without
myomyous junctions; the few fibers that exhibit myomyous junctions do so only near the
myotendonous junction.38 There are few collagenous or other mechanical intercouplings
among EOM fiber bundles except near the sites of entries of the major motor nerve trunks.
This overall organization suggests the potential for mechanical independence among
compartments consisting of groups of EOM fibers.37

Tendons of EOMs also consist of parallel arrangements of thick, highly stiff fibers that are
loosely wrapped transversely by much finer fibers. Such architecture appears structurally
suited to transmit differing forces in tendon bundles lying in parallel along the transverse
tendon widths. For example, during strabismus surgery under topical anesthesia, one
observes marked posterior retraction of a partially severed portion of a tendon whose
remainder remains attached at the sclera. Thus, individual bundles of EOM fibers are in
continuity with their own individual bundles of tendon fibers, and can apparently exert
differing forces on the globe.

Anatomical Potential for Motor Nerve Compartmentalization
The motor nerves divide into branches on the global surface of each EOM and travel
anteriorly, sometimes with further branching, before penetrating into the EOM in an anterior
continuation of further bifurcation and arborization. These motor nerve distributions can be
traced in serial digital micrographs by creation of color-coded contour overlays that are then
reconstructed three-dimensionally using software.18, 19, 39 In rabbit, cow, monkey, and
human, the main motor nerves to the LR divide into two divisions posterior to entry into the
EOM. This segregated innervation is seen for a sequence of serial sections of the human LR
in Fig. 1. It may be seen from Fig. 1 that the inferior division of the human abducens nerve
arborized within the LR about 1.5 mm more posteriorly than did the superior division.
Examination via similar serial sections of two human and five monkey orbits demonsrated
consistency of this finding, with the inferior division entering the LR 0.4 – 2.5 mm more
posteriorly than the superior division.18 Moreover, the inferior division arborized into
extensive intramuscular branches posterior to the first extensive intramuscular arborization
of the superior division (Fig. 1). More anteriorly, the superior division completed its
arborization anterior to completion of the inferior arborization, without significant overlap
of the two divisions.

Three dimensional reconstruction of intramuscular abducens nerve arborization vividly
confirms the anatomy suggested by serial histological sections. Such reconstruction
necessarily includes only the larger nerve branches, and stops short of terminal
neuromuscular junctions because the nerves become too small to trace reliably. Figure 2
illustrates three perspectives of a three-dimensional reconstruction of the human LR
showing segregation of the terminal arborization of the superior and inferior division of the
abducens nerve. The intramuscular course of subsequent abducens nerve branches followed
almost parallel, separate courses, remaining within superior or inferior LR compartment
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with no turns and at most rare anastomoses, even between branches of the same main trunk.
Note absence of any recurrent motor nerve branches; all branches coursed from posterior to
anterior, without turning back. These findings were consistent in all species examined.

Although the medial rectus (MR) did not show as clearly segregated a bizonal innervational
pattern as found in the abducens nerve, the intramuscular branches of the oculomotor nerve
innervating the MR of humans and monkeys divided external to the EOM and subsequently
distributed within it in an organized pattern maintained along the MR length. Anastomoses
between branches either from the same or from different main trunks of intramuscular
oculomotor nerve occur occasionally. Occasional motor nerve branches in the MR took a
recurrent course from anterior to posterior, mainly in the initial intramuscular divisions of
the nerve.

Quantitative comparison of nerve segregation within superior and inferior compartments of
the LR and MR was obtained by determining, along the length of each EOM, the percentage
of transverse EOM width occupied by exclusively segregated nerve projections, and the
proportion containing overlapping projections. In both human and monkey, 1.7 – 4.1% of
LR width contains nerve branches from both the superior and inferior divisions of the
abducens nerve, while the remaining LR contained nerve arborizations exclusively from
either the superior or inferior division. Among individual specimens, the ratio of superior to
inferior compartment transverse LR width ranged from 60:40 to 40:40, averaging
approximately equal proportions. The situation differs slightly for the MR, where in both
human and monkey, 2 - 41% of EOM width contains mixed branches of both the superior
and inferior divisions of the motor nerve; the remaining 20 – 40% of MR width receives
exclusive innervation from either superior or inferior division.19

These general findings have been confirmed for the LR in rabbit, cow, monkey, and human
orbits, and for the MR in human and monkey orbits. One implication of this anatomy is that
it would be experimentally feasible to perform selective electrical stimulation, tracer
injection, or surgical section of the motor nerve branch to either nerve division, with
identification based upon the anteroposterior location of the nerve branch's entry into the
EOM.

Identical tracing methods have failed to demonstrate topography of intramuscular
innervation within the human superior rectus (SR) muscle.19 Motor nerves within the human
inferior rectus (IR) muscle are “mixed” in the lateral portion, but the medial division of the
motor nerve exclusively innervates the medial portion of the EOM. This finding may
indicate existence of a limited potential for differential activation of the lateral portion of the
IR.

Anatomically, therefore, there exists an excellent basis for selective compartmental control
of the superior and inferior compartments of the LR, and probably also of the MR. While
there might be limited potential for selective innervational control of the lateral
compartment of the IR, selective compartmental innervation appears highly unlikely for the
SR. We therefore first sought functional evidence for selective compartmental control in the
LR, during an oculomotor behavior known to violate LL.

Magnetic Resonance Imaging (MRI) of Compartmental LR Function
High resolution MRI with surface coils readily demonstrates large changes in EOM cross-
section directly corresponding to contraction during ocular versions40 and convergence.41

Moreover, EOM changes during ocular counter-rolling (OCR) to 90° roll head tilts can also
be demonstrated by MRI.42 Static OCR is a VOR that can be evoked during fixation of a
centered target that inhibits changes in horizontal and vertical eye position that would create
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large, potentially confounding changes in rectus EOM contractility. Obviously, OCR
violates LL. We therefore chose to examine possible differential compartmental contractility
of the LR during OCR.

Normal subjects, recruited by advertisement, underwent complete ophthalmic examinations
to verify that they were visually normal, with visual acuity correctable to at least 0.0
logMAR (20/20 Snellen) in each eye, normal ocular motility, and normal contour stereo
resolution of at least 40 arcsec. Also studied were 12 subjects, recruited from a clinical
strabismus practice, who exhibited the pattern of cyclovertical strabismus typical of SO
palsy, and who had unilateral SO palsy manifested by significant SO atrophy of about 50%
(P < 0.00001).43 Subjects with SO palsy had normal uncorrected or correct visual acuity in
each eye, but an average of 17.4 ± 2.4 (SEM) Δ ipsilateral hypertropia that was 25.1 ± 5.1 Δ
greater in ipsilesional than contralesional head tilt. 43

Both groups of subjects were scanned in 90° right side down (decubitus) and left side down
head tilt positions while lying on the scanner bed, using surface coils as previously
described.42 Details of this technique41, 42 include use of a dual-phased surface coil array
(Medical Advances, Milwaukee, WI) to improve signal-to-noise ratio and fixation targets to
avoid motion artifacts. Imaging employed T1 or T2 fast spin echo pulse sequences.44

Initially, a triplanar scan was obtained to verify correct head positioning relative to
gravitational scanner coordinates, with head repositioning as necessary. Sets of 18 - 20
contiguous, 2-mm-thick quasicoronal images were placed perpendicular to the long axis of
each orbit using a 256 × 256 matrix over an 8-cm FOV, yielding a final pixel resolution of
312 μm. During imaging, the scanned eye monocularly fixated a fine optical fiber
illuminated from its distal end by a red, light emitting diode in straight ahead gaze 2 cm
distant. Repeatability of horizontal and vertical central fixation in both head orientations was
confirmed by computation of the area centroid of the globe-optic nerve junction relative to
the orbital centroid, a method validated to be effective in demonstrating eye position during
convergence.41

Quasi-coronal images of the orbit were analyzed digitally. It was recognized that while the
relative sizes of the superior and inferior LR and MR compartments are roughly equal on
average, their ratios may vary from 60:40 to 40:60. Since MRI demonstrates no landmarks
permitting reliable segregation of compartments, we adopted the conservative approach of
rotating each EOM cross section to make its major axis vertical, then arbitrarily bisecting the
vertical dimension of the EOM into two equal parts along a horizontal line. Averaged over
multiple subjects, the superior half of EOM cross sections would thus be expected to contain
predominantly superior compartment fibers, and the inferior half to contain predominantly
inferior compartment fibers. The inevitable misallocation of some fibers to the two arbitrary
analysis compartments might diminish the potential significance of any differential activity
observed, but could not invalidate a differential effect that reached statistical significance.
We considered change in maximum EOM cross section to be a good indication of
contractility.17, 45

This functional MRI study did provide evidence for differential compartmental activity in
the LR during OCR. Twelve orbits of 8 visually normal adult subjects were imaged with
adequate repeatability of central fixation in the two head tilt positions; orbits were excluded
from analysis when there were significant variations in horizontal or vertical eye position
between the two head tilt positions. As demonstrated in Fig. 3, there was a significantly
greater change in maximum cross section of the inferior LR compartment in the orbit up vs
down head tilt. In 9 subjects with SO palsy, mean horizontal and vertical positions of the
contralesional eye were not significantly different in the two head tilts, while a slight
abduction in the ipsilesional eye did not differ significantly from eye position changes in the
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contralesional eye or in normal subjects. As also seen in Fig. 3, there was a significantly
greater change in maximum cross section of the inferior LR compartment in the orbit up vs
down head tilt in unaffected orbits contralateral to unilateral SO palsy, the the change was
reduced to a non-significant level ipsilesional to SO palsy. This contractile effect was not
evident in the superior LR compartment, indicating a differential response from the inferior
compartment. There was no significant change in maximum LR superior compartment cross
section in the orbit up vs down head tilt, in normal subjects or in subjects with SO palsy.
There was no effect of head tilt on change in maximum MR cross section in either
compartment in normal subjects or in SO palsy (Fig. 3).

Since horizontal and vertical eye positions were held constant, the findings of contractile
change in the LR inferior compartment suggests that it actively participates in normal ocular
torsion during OCR. Absence of a corresponding contractile change in the normal LR
superior compartment, or in either MR compartment, suggests that the observed change in
the LR inferior compartment is not a passive or nonspecific effect of the ocular torsion that
occurs during OCR. Moreover, ablation of the contractile effect in the LR inferior
compartment ipsilesional to SO palsy suggests that there may be a complex interplay
between oblique EOM and compartmental LR function during OCR.

Potential Kinematic Effects of Compartmentalization
Strabismus surgeons have long recognized that rectus EOMs can be made to have torsional
or vertical effects; transverse surgical transposition of rectus EOM insertions is known to
impart torsional actions.46, 47 Prior mechanical models of LR action have assumed that the
LR tendon acts on the globe as if at a single point corresponding to the force centroid of its
insertion; the LR is thus modeled as a line of thin string.48 The simplest model of a dual
compartment LR would be a pair of such strings, one for each compartment, and acting at
their force centroids. The LR tendon is less than 1 mm thick, but 10 – 12 mm in vertical
dimension. It may be reasonably assumed that the superior and inferior LR compartments
insert on tendon portions of equal width totaling about 12 mm. The force centroid of each
equal compartment would act on the sclera at the midpoint of each compartment's width, or
about ± 3 mm from the overall LR midpoint. In the extreme case, total relaxation to zero of
one compartment, with non-zero tension in the other, would shift the net LR force centroid
toward the active compartment by 3 mm. However, the mechanical effect of such a shift
depends also upon the location of each compartmental centroid farther posteriorly at its
effective origin, the LR pulley. If the LR is as wide at the pulley as at the tendon insertion,
and if both compartments remain mechanically independent there, then the mechanical
effect of differential tension would be to generate vertical without torsional force. If there is
substantial mechanical coupling between compartments at the pulley, or in the unlikely
event the LR narrows significantly at the pulley, then more of the differential force would be
directed towards torsion.

Another analytical method suggests similar magnitude of effect. The Orbit 1.8® simulation
treats each EOM as a line passing through a pulley of infinitesimal size.48 Computational
simulation using this model's formulation suggests that the consequent vertical net LR force
centroid shift, without change in net pulley location, would impart vertical action ± 13-15%
of total LR tendon force, and torsional action ± 16 - 22% of total LR force.48 If pulley
location is also assumed to shift as described above, resulting torsion would be reduced to to
0 – 4% of total LR force, but vertical action would be increased to 22 - 24% of total LR
force. While the present data have not indicated that it occurs, simulation using Orbit 1.8®
of shift in effective MR insertion and MR centroid at the pulley yields 5 – 7% torsional, and
20 – 21% vertical components of total MR force. Taking this analysis to the extreme,
simulation of simultaneous activation of the superior compartments of both the MR and LR
in one eye, with inhibition of the inferior compartments, predicts a 6° supraduction relative

Demer et al. Page 6

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to a central target, with torsion less than 0.5°; this vertical rotation markedly exceeds the 1 –
1.5° amplitude of normal vertical fusional vergence. 49, 50

Summary of Overall Implications
Additional anatomical and biomechanical data are required to predict the precise kinematic
effects of differential compartmental activity in the LR. Nevertheless, reasonable
assumptions suggest that differential compartmental LR activation might, without additional
latency, alter LR pulling direction without shifting its pulley or changing oblique EOM
activity.12 Differential compartmental LR activation could permit the LR pulling direction to
vary from that required by LL, for example generating the torsional LL violations typical of
the VOR. Such violations of LL would be implemented by differential compartmental LR
activation commanded by innervation patterns limited to regional variations in activity
within the abducens nerve that would have been inapparent in single unit recordings in the
abducens nucleus. Experimental demonstration of this phenomenon at the single unit level
would require simultaneous recording from at least two motor neurons projecting to
different LR compartments.

The preliminary functional data did not demonstrate differential compartmental activation in
the MR. Failure to demonstrate this finding might be because differential MR activity
actually does not occur during OCR, or might be the result the conservative analysis
assumption employed here of equal cross sectional areas in the MR's superior and inferior
compartments. This simple assuption may have resulted in erroneous mixing of observed
MR activity in the two compartments, reducing or eliminating the apparent significance of
compartmental differences. Of course, it may alternatively be that differential
compartmental activity does not occur in the MRI during the VOR.

Additional functional studies of potential compartmental specialization in both LR and MR
are warranted for behaviors in which LL is violated, including convergence, where there is
non-LL excycloduction in infraversion, and incycloduction in supraversion.51-56 It might be
that differential compartmental contraction in the horizontal rectus EOMs occurs during
vertical fusional vergence, and perhaps sometimes during conjugate versions. Differential
compartmental activation of horizontal rectus EOMs might have confounded prior
interpretations of motor mechanisms of vergence based on classically assumed mechanical
actions of the cyclovertical EOMs.57
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Fig. 1.
Planar histological views from serial quasi-coronal sections of human lateral rectus muscle
showing non-overlapping arborization of the superior and inferior divisions of the abducens
nerve within the respective compartments of the muscle. Masson trichrome stain. Section
distances are indicated posterior to the corneal surface.
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Fig. 2.
Three dimensional reconstruction of intramuscular arborization of superior and inferior
divisions of the abducens nerve within the respective compartments of the human lateral
rectus muscle. This arborization measured 6.6 mm vertically, 12 mm anteroposteriorly, and
1.2 mm mediolaterally.
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Fig. 3.
Change in maximum lateral (LR) and medial rectus (MR) muscle maximum cross section, a
reflection of contractile change, between the orbit tilted up vs down positions in normal
control subjects, and in the ipsi- and contralesional orbits in superior oblique (SO) palsy.
The inferior LR compartment exhibited significant contractility in normal subjects and in
orbits contralesional to SO palsy, but did not do so ipsilesional to SO palsy. No significant
contractility was observed in the superior compartment of the LR, or in either compartment
of the MR. N.S. – not significant at 0.05 level. SEM – standard error of mean.
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