
C

Current concepts of mechanical
 and neural factors in

ocular motility
Joseph L. Demer
Purpose of review

The oculomotor periphery was classically regarded as a

simple mechanism executing complex behaviors specified

explicitly by neural commands. A competing view has

emerged that many important aspects of ocular motility are

properties of the extraocular muscles and their associated

connective tissue pulleys. This review considers current

concepts regarding aspects of ocular motility that are

mechanically determined versus those that are specified

explicitly as innervation.

Recent findings

While it was established several years ago that the rectus

extraocular muscles have connective tissue pulleys, recent

functional imaging and histology has suggested that the

rectus pulley array constitutes an inner mechanism,

analogous to a gimbal, that is rotated torsionally around the

orbital axis by an outer mechanism driven by the oblique

extraocular muscles. This arrangement may account

mechanically for several commutative aspects of ocular

motor control, including Listing’s Law, yet permits

implementation of non-commutative motility. Recent human

behavioral studies, as well as neurophysiology in monkeys,

are consistent with implementation of Listing’s Law in the

oculomotor periphery, rather than centrally.

Summary

Varied evidence now strongly supports the conclusion that

Listing’s Law and other important ocular kinematics are

mechanically determined. This finding implies more limited

possibilities for neural adaptation to some ocular motor

pathologies, but indicates possibilities for surgical

treatments.
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Introduction
Interpretation of abnormal ocular motility can be quite

complex, since it is founded on an understanding of the

anatomy of the extraocular muscles (EOMs), the orbital

connective tissue apparatus, and on some general prin-

ciples of motor innervation that ordinarily coordinate

binocular movements. Perhaps surprisingly, our under-

standing of even fundamental gross anatomy of the

EOMs has been significantly clarified in the late

twentieth century.

Laminar structure of extraocular muscles
The oculorotary EOMs are bilaminar [1]. The global

layer is located adjacent to the globe in rectus EOMs

and in the central core of the oblique EOMs [2,3�]. In the

rectus EOMs and the superior oblique muscle the global

layer anteriorly becomes continuous with the terminal

tendon that inserts on the sclera [4]. The orbital layer of

each rectus EOM terminates posterior to the sclera, and

its fibers insert on connective tissue pulleys [4,5�].

Gross structure of extraocular muscles
Rectus EOMs do not follow straight paths from origins to

insertions. In eccentric gaze, rectus EOM paths are

inflected in the anterior orbit. Joel M. Miller first con-

ceived the modern concept of pulleys [6]. The so-called

pulleys of Miller cause the anterior rectus EOM paths,

and thus their pulling directions, to change with eye

position. This is shown in the axial magnetic resonance

images in Fig. 1, illustrating that the anterior inferior

rectus path changes direction by half the horizontal gaze

change. All rectus EOMs behave similarly.

Structural anatomy of pulleys
Pulleys thus act as mechanical origins of the rectus

EOMs. Pulleys consist of rings of dense collagen en-

circling the EOM. Smooth muscle is present in pulley

suspensions [7,8], particularly in a distribution called

the inframedial peribulbar smooth muscle between the

medial rectus and inferior rectus pulleys [9]. The overall
d reproduction of this article is prohibited.
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Figure 1 Axial magnetic resonance images (2 mm thickness,

T1-weighted) of a right orbit taken at the level of the lens, fovea,

and optic nerve (top), and simultaneously in a more inferior

image plane along the path of the inferior rectus muscle (bot-

tom), in abduction (left) and adduction (right)

Note the two segments in the inferior rectus path, with an inflection
corresponding to the location of the inferior rectus pulley. For this 738
horizontal gaze shift, there was a corresponding 368 shift in inferior
rectus muscle path anterior to the inflection at its pulley. IR, inferior rectus
muscle; LR, lateral rectus muscle; MR, medial rectus muscle; ON, optic
nerve. Reproduced with permission from [13��].
structure of the orbital connective tissues is schematized

in Fig. 2.

The inferior rectus pulley is coupled to the inferior

oblique pulley in a bond stiffened by a heavy elastin

deposit at their point of crossing [9,10]. The orbital layer

of the inferior oblique muscle inserts partly on the con-

joined inferior oblique–inferior rectus pulleys, partly on

the sheath of the inferior oblique muscle temporally and

partly on the lateral rectus pulley.

Although the rigid trochlea of the superior oblique muscle

has been known since antiquity [11,12], its immobility is
opyright © Lippincott Williams & Wilkins. Unauth
exceptional, and also unique is the superior oblique’s

indirect orbital layer insertion via the superior oblique

sheath on the superior rectus pulley [3�]. Net superior

oblique pulling direction probably changes half as much as

ocular duction despite an immobile pulley, because of the

uniquely broad, thin insertion of the tendon as it wraps

over the globe [13��].

Functional anatomy of pulleys
The insertion of each rectus EOM’s orbital layer on its

pulley is arguably the main driving force that linearly

moves that pulley posteriorly during contraction. Fibers

on the orbital surface of each rectus EOM form bundles

that extend up to 1 mm [5�] to insert into the dense

encircling tissue [2,4]. Pulley locations and shifts during

ocular rotation have been quantified from coronal mag-

netic resonance imaging (MRI) in secondary and tertiary

gazes associated with inflections in EOM paths. All four

rectus pulleys move anteroposteriorly in coordination

with their scleral insertions, by the same amounts [4].

The inferior oblique pulley moves anteroposteriorly by

half as much as the inferior rectus insertion [10].

The 95% confidence intervals for the horizontal and

vertical coordinates of normal rectus pulleys range over

less than � 0.6 mm [14]. Pulley stability in the coronal

plane implies high stiffness of pulley suspensions. The

anteroposterior mobility of the pulleys is accomplished

by application of substantial force by the orbital layer of

each EOM (Fig. 2).

Kinematics of pulleys
Sequential rotations are not mathematically commutative,

so that final eye orientation depends on the order of

rotations [15]. Ocular torsion is constrained (when the

head is upright and immobile) by Listing’s Law: eye

torsion in any gaze direction is that reached by a single

rotation from primary eye position about an axis lying in a

plane [16]. Listing’s Law is satisfied if the ocular rotational

velocity axis shifts by half of the shift in ocular duction [17].

Conformity to this ‘half-angle rule’ makes the sequence of

ocular rotations effectively commutative [18].

The active pulley hypothesis explains how rectus pulley

positioning can implement the half-angle kinematics

required by Listing’s Law [4,13��,19,20]. Each EOM

imparts rotational velocity to the globe in a direction

perpendicular to the path of its tendon as the tendon

approaches the globe. In Fig. 3a and b it is seen that a

horizontal rectus EOM’s pulling direction tilts posteriorly

by half the angle of upward gaze if the pulley is located as

far posterior to globe center as the insertion is anterior to

globe center. If all rectus EOMs are similarly arranged,

this configuration mechanically enforces Listing’s Law

since all rectus forces acting on the globe exhibit half-

angle kinematics.
orized reproduction of this article is prohibited.
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Figure 2 Diagram of EOMs and orbital connective tissues

Coronal views are depicted at three levels
indicated on the axial view. The functional
pulleys are at the level depicted on the lower
right. GL, global layer; IO, inferior oblique
muscle; IR, inferior rectus muscle; LG, lacrimal
gland; LE, lateral enthesis, the attachment of
the pulley suspension to the orbital bone; LPS,
levator palpebrae superioris muscle; LR, lateral
rectus muscle; ME, medial enthesis, the
attachment of the pulley suspension to the
orbital bone; MR, medial rectus muscle;
OL, orbital layer; SO, superior oblique muscle;
SOT, superior oblique tendon; SR, superior
rectus muscle.
It has been shown analytically that agonist–antagonist

EOM pair alignment is possible only if pulley locations

are not fixed in the orbit [21�]. Tertiary gazes such as

adducted supraduction require anteroposterior shift of

rectus pulleys in the orbit, maintaining constant relation-

ship to the globe (Fig. 3d and e). The active pulley

hypothesis proposes that these shifts are generated by

contractile activity of the orbital layers of EOMs acting

against pulley suspension elasticity [4,20,22,23]. Compu-

tational simulation suggests that forces required to imple-

ment anteroposterior pulley shifts are too great to be

passive results of changes in tensions of the traversing

EOMs [20]. Further, anteroposterior rectus pulley move-

ments persist even after enucleation [24]. The inferior

oblique pulley shifts anteroposteriorly by half of vertical

ocular rotation [10], shifting its rotational axis similarly

(Fig. 3d and f) [10].

Optimal stereopsis requires ocular torsion to align corre-

sponding retinal meridia in convergence [25]. In central

gaze, excyclotorsion occurs in convergence that violates

Listing’s Law [26]. During asymmetrical convergence to

a target aligned to one eye, extorsion occurs in both eyes
opyright © Lippincott Williams & Wilkins. Unautho
[27]. MRI during convergence has demonstrated extor-

sional shift of most human rectus pulleys [28]. It is likely

that all four rectus pulleys shifted extorsionally about

1.98, an amount similar to globe extorsion under these

conditions [29]. The rectus pulley array apparently

rotates about the orbital axis in coordination with ocular

torsion, changing the torsional pulling directions of all

rectus EOMs without altering their half-angle depen-

dence on horizontal and vertical eye position. If Listing’s

Law were a property of the rectus pulleys then extorsion

of the rectus pulley array would cause a parallel, torsional

offset in Listing’s plane.

The high stiffness of the rectus pulley suspensions

necessary to stabilize them against sideslip would

severely limit passive torsional shifts, and always to less

than ocular torsion [28]. An active mechanism has been

suggested for torsional shifts of rectus pulleys in conver-

gence. The inferior oblique muscle’s orbital layer inserts

on the inferior rectus and lateral rectus pulleys [10].

Contraction of the inferior oblique orbital layer would

directly extorsionally shift the lateral rectus and inferior

rectus pulleys, and contractile inferior oblique muscle
rized reproduction of this article is prohibited.
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Figure 3 Diagram of EOM and pulley behavior for half-angle kinematics conforming to Listing’s Law

(a) Lateral view. For each rectus EOM, the rotational velocity axis is perpendicular to the segment from pulley to scleral insertion. The velocity axis for the
lateral rectus is vertical in primary position. (b) Lateral view. In supraduction to angle a, the lateral rectus rotational velocity axis tilts posteriorly by angle
a/2 if distance D1 from pulley to globe center is equal to distance D2 from globe center to insertion. (c) Lateral view. In primary position, the terminal
segment of the inferior oblique muscle lies in the plane of the lateral rectus and inferior rectus pulleys into which the inferior oblique muscle’s orbital layer
inserts. The inferior oblique rotational velocity axis is parallel to primary gaze direction. (d) Superior view of rectus EOMs and pulleys in primary position,
corresponding to (a). (e) Superior view. In order to maintain D1¼D2 in an oculocentric reference in adduction, the medial rectus pulley must shift in the
orbit posteriorly, and the lateral rectus pulley anteriorly. This is proposed to be implemented by contractile changes in the orbital layers of these EOMs,
working against elastic pulley suspensions. (f) Lateral view similar to (c). In supraduction to angle a, the inferior rectus pulley shifts anteriorly by distance
D3, as required by the relationship shown in (e). The inferior oblique pulley shifts anteriorly by D3/2, shifting the inferior oblique rotational velocity axis
superiorly by angle a/2. IO, inferior oblique muscle; IR, inferior rectus muscle; LR, lateral rectus muscle; MR, medial rectus muscle; SR, superior rectus
muscle. Reproduced with permission from [13��].
thickening has been demonstrated by MRI during con-

vergence [28]. Inferior lateral rectus pulley shift could

be coupled to lateral superior rectus pulley shift via the

dense connective tissue band between them [30]. The

superior oblique’s orbital layer inserts on the superior

oblique sheath posterior to the trochlea, with both the

tendon and sheath reflected at that rigid pulley [3�].

Anterior to the trochlea, the superior oblique sheath

inserts on the superior rectus pulley. Although not

directly demonstrated by MRI, relaxation of the superior

oblique orbital layer during convergence is consistent

with single-unit recordings in the monkey trochlear

nucleus [31], and could contribute to extorsion of the

pulley array. The inframedial peribulbar smooth muscle

might also contribute to rectus pulley extorsion [9].

Current controversies
Surprisingly, even the anatomy of the EOMs and asso-

ciated connective tissues remains controversial. One

fundamental issue has, however, been resolved in the

past year.
opyright © Lippincott Williams & Wilkins. Unauth
Existence of pulleys

Because of their distributed nature, some anatomic con-

troversy persists regarding existence of the pulleys of

Miller, with the alternative supposition being that the

penetrations of the rectus EOMs through Tenon’s fascia

are mechanically insignificant, or the archaic view that

the connective tissues serve only to limit ocular rotations

[32�]. The elasticity of the lateral rectus pulley suspen-

sion has been questioned based on manipulation of

human orbits exenterated for cancer, suggesting incon-

sistency with large anteroposterior pulley shifts [32�].

However, the mechanical assessments were only semi-

quantitative, and were limited by artifacts introduced by

tissue removal, and failure to consider resting tissue

lengths [33]. Histological evidence has previously been

presented suggesting the presence of EOM pulleys in

rodents [34], and Ruskell et al. [5�] have proposed that

orbital layer insertion into connective tissue sleeves may

be a general mammalian feature [5�]. Histological study

in rat, including three-dimensional reconstruction,

suggested insertion of the inferior rectus orbital layer

on a pulley [35�].
orized reproduction of this article is prohibited.
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Ruskell et al. [5�] studied isolated human and monkey

rectus EOMs near their pulleys. They reported tendons

leaving the orbital surface of EOMs to insert in sleeves

or other surrounding connective tissues, and considered

their results to confirm the observation of Demer et al.
[4] that the orbital fibers of rectus EOMs separate from

the global fibers and insert in the sheath, and that

these fibers are unlikely to contribute significantly to

ocular rotation [5�]. These investigators favored an

interpretation, consistent with the coordinated control

postulate of the active pulley hypothesis, that the sleeve

tendon insertions coordinate the movement of the con-

nective tissues against viscoelastic resistance of fascia

[5�].

Dimitrova et al. [36] used electrically stimulated abdu-

cens motor units to evoke eye movements from central to

secondary gaze positions in anesthetized cats and mon-

keys before and after removal of the lateral bone and

adjacent orbital tissue. Although removal of the lateral

rectus pulley predictably increased the amplitude and

velocity of horizontal eye movements, there was no effect

on vertical eye movements [36]. Dimitrova et al. [36]

attributed increased horizontal eye movement to trans-

mission of orbital layer force to the tendon, although they

also noted that pulley removal would also reduce elastic

loading of the pulley suspension as another mechanism.

The experiment of Dimitrova et al. was not a test of the

active pulley hypothesis, which would have required

examination of tertiary gazes. However, this paper did

emphasize probable transmission of orbital layer force to

the global layer and thence to the insertional tendon.

Interlaminar force coupling is probably important, but its

magnitude is currently unknown.

Fixed pulleys?

Koene and Erklens [21�] recently published theoretical

analysis of ocular rotations assuming fixed pulley

locations substantially posterior and much closer to the

orbital center than observed in MRI data [14,20]. These

authors showed that the rotational velocity axes produced

by agonist–antagonist rectus EOM pairs with these

assumed pulleys are misaligned so that their co-contrac-

tion produces net torque, especially for more posteriorly

located pulleys [21�]. This effect would be reduced for

the observed actively shifting pulleys located much more

anteriorly and peripherally in the orbit, and might not

be very important. However, the analysis highlights the

heretofore neglected geometric consequences of travel of

anterior tendons of relaxing EOMs over the curved globe

surface in gaze positions where the rectus pulleys do not

enforce straight paths.

Mechanically determined kinematics of Listing’s Law

The past year has seen resolution of a fundamental

controversy in ocular kinematics: the basis of Listing’s
opyright © Lippincott Williams & Wilkins. Unautho
Law. Long regarded an organizing principle of ocular

motility, Listing’s Law effectively reduces the rotational

freedom of the eye from three (horizontal, vertical, and

torsional) to only two (horizontal and vertical) degrees

during visually guided eye movements [17]. Conformity

with Listing’s Law can be demonstrated by expressing

ocular rotational axes as mathematical ‘quaternions’, that,

when plotted, lie in Listing’s plane [15]. Unlike one-

dimensional velocity that is simply the time derivative of

position, three-dimensional (3-D) eye velocity is a func-

tion both of eye position and its derivative. Each time

derivative of each component of 3-D eye position is a

coordinate velocity, but this differs from 3-D velocity in a

way critical to neural programming of saccades [18,37–

39]. The ocular rotational position axis will be constrained

to a plane if, in the velocity domain, the ocular velocity

axis changes by half the amount of eye position change.

Since in most situations the eye begins in Listing’s plane,

half-angle behavior constrains the eye to remain in the

plane. However, if eye position were somehow to begin

outside Listing’s plane at onset of an eye movement

subsequently conforming to half-angle kinematics, eye

position would remain in a plane parallel to but displaced

from Listing’s plane.

The vestibulo-ocular reflex (VOR) violates Listing’s Law

since the reflex must compensate for head rotation about

arbitrary axes irrespective of eye position [40–42]. Con-

troversy has arisen because the VOR does not violate

Listing’s Law with the ideal zero-angle dependency, but

has an axis dependency on eye position of approximately

one-quarter [40–42]. Controversy exists regarding quar-

ter-angle VOR behavior, with most studies reporting it

[40–42,43��]. Others have reported that the monkey and

human VOR have zero-angle dependency for some head-

rotation axes [44], particularly when torsional VOR gain is

high [45], or in monkey viewing a structured visual

environment [46].

Earlier investigations of the temporal dynamics of VOR

axis behavior yielded confusing findings. During manu-

ally delivered transient yaw head, the human VOR

reportedly matched the head’s rotational axis for the first

47 ms following head-rotation onset, and thereafter in

upward of central gaze to tend towards Listing’s Law

behavior [41]. However, in down gaze, and during self-

generated yaw rotation, the human VOR axis reportedly

remained aligned with the head’s [41]. Others have

reported that the human VOR during manually imposed

yaw transients follows Listing’s Law partially at lower

head velocities, while aligning with the head at higher

velocities [47]. One study found time dependence of the

VOR axis [48], suggested to be due to rectus pulley shifts

[41]. That suggestion was recently evaluated by studies

of the effect of vertical gaze on the human VOR axis in

response to whole-body transient yaw at high acceleration
rized reproduction of this article is prohibited.
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[49,50�]. Under these conditions, the VOR exhibited

quarter-angle dependency at all times [50�]. Such kin-

ematics would be consistent with neural drive to a mech-

anical implementation of quarter-angle VOR kinematics,

and a different mechanical specification of half-angle

behavior during saccades.

The roles of neural and mechanical factors in ocular

kinematics have been hotly debated. Prior to modern

descriptions of orbital tissues, it seemed obvious that

Listing’s Law was implemented neurally in pre-motor

circuits [51–53,54��,55]. The active pulley hypothesis

then proposed to account for Listing’s Law mechanically,

but physiologic violations of Listing’s Law continued to

suggest a role for central neural control [56]. A neural role

in Listing’s Law appeared tenable given the observation

of ocular extorsion and temporal tilting of Listing’s plane

during convergence [57,58], associated with torsional

repositioning of the rectus EOM pulley array [28]

and alteration of trochlear motor neuron discharge in

monkeys [31].

Crane et al. [43��] studied the transition between the

angular VOR’s quarter-angle strategy and saccades’ half-

angle behavior. These investigators used the yaw VOR to

drive ocular torsion out of Listing’s plane, and then

evoked a vertical saccade using a visual target. To return

the saccade’s position domain axis to Listing’s plane

would require that the saccade’s velocity axis violate

the half-angle rule in the process of canceling the initial

non-Listing torsion. If instead the saccade’s velocity axis

conformed to the half-angle rule, the saccade would

begin and end with non-Listing torsion induced by the

VOR. Crane et al. [43��] found that saccades observed

half-angle kinematics, and maintained any non-Listing

initial torsion. This suggests that the half-angle velocity

relationship is the fundamental principle underlying

Listing’s Law, as would be expected from coordinated

active positioning of the rectus pulleys. However, intra-

saccadic torsion returning the eye to Listing’s plane has

been observed after torsional optokinetic nystagmus had

driven the eye out of Listing’s plane [59], a difference

perhaps related to the entrainment of quick phases

during nystagmus, and seemingly impossible with a

purely mechanical system [59]. Reconciliation of these

findings would require differences in neural control of

visual saccades compared with vestibular quick phases,

which is plausible [43��] given the ability of the vestibular

system to drive saccades [60].

A recent study evaluated human EOMs during ocular

counter-rolling, an otolith-mediated, static torsional VOR

that can be evoked in an MRI scanner by lateral decu-

bitus positioning [61��]. The coronal plane positions of

the rectus EOMs shifted torsionally in the same direction

as ocular torsion evoked by ocular counter-rolling.
opyright © Lippincott Williams & Wilkins. Unauth
Torsion of the rectus pulley array was roughly half of

the ocular torsion reported by others in the same lateral

decubitus position. Torsional shift of the rectus pulley

array half of ocular torsion would change rectus EOM

pulling directions by one-quarter of ocular torsion

(Fig. 4), ideal for quarter-angle kinematics of the VOR.

Oblique EOMs exhibited cross-section changes consist-

ent with their putative roles in torsional repositioning of

rectus pulleys [61��]. This finding, considered in context

of saccade kinematics during the VOR [43��], suggests

that the array of rectus pulleys resembles a kind of ‘inner

gimbal’ conforming to Listing’s half-angle kinematics for

visually guided movements such as fixations and sac-

cades, but which is rotated by the oblique EOMs to

implement eye movements such as the VOR.

Older recordings of trochlear motor neuron discharge

suggest that ocular extorsion during convergence is neu-

rally commanded [31]. If the ocular torsion specified by

Listing’s Law were similarly commanded, torsional com-

mands should be reflected in discharge patterns of

neurons innervating the oblique and vertical rectus

EOMs. Ghasia et al. [62��] recently recorded from motor

neurons and nerve fibers innervating the vertical rectus

and oblique EOMs in monkeys during smooth pursuit

conforming to Listing’s Law. This study found no neural

commands for Listing’s Law torsion in motor units

innervating the cyclovertical EOMs, although there were

small discharge variations with eye position possibly

related to passive stretching of the oblique EOMs [37].

This strong evidence for a mechanical basis of Listing’s

Law was also recently supported by the experiment of

Klier et al. [63] in which electrical stimulation was deliv-

ered to the abducens nerve of behaving monkeys to

evoke saccade-like movements. By varying starting ver-

tical position, Klier et al. [63] demonstrated that the

evoked eye movements had velocity axes that changed

by half the angle of vertical gaze, thus conforming to

Listing’s Law. Direct electrical stimulation of the abdu-

cens nerve would appear to allow no possibility of down-

stream neural processing. The decisive conclusion from

these two experiments is that Listing’s Law has a mech-

anical basis, and is not specified by the instantaneous

neural commands. These two results were predicted by

the active pulley hypothesis [4], while the neural theory

of Listing’s Law predicted opposite results [54��]. How-

ever, the single unit recording experiment of Ghasia et al.
[62��] uncovered a new mystery for which no explanation

currently exists. Neurons driving cyclovertical EOMs not

only did not command half-angle Listing’s torsion, but

also did not command the quarter-angle torsion evident

in the VOR. This observation indicates that quarter-angle

VOR behavior is also mechanical, rather than neural.

An early suggestion had been made that quarter-angle

behavior could be implemented mechanically by retrac-

tion of rectus pulleys [4], but subsequent recognition that
orized reproduction of this article is prohibited.
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Figure 4 Diagrammatic representation of effects of head tilt on rectus pulley shifts in lateral (top) and frontal (bottom) views
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this idea would be unrealistic under many conditions [53]

led to abandonment of the concept of pulley retraction

[19,28]. Furthermore, uncoordinated anteroposterior

shift in pulley location would be inconsistent with the

recent experiments of Crane et al. [43��] demonstrating

transition between quarter-angle VOR, and half-angle

saccade behavior without measurable latency. The fore-

going results seemingly require that quarter-angle VOR

behavior be due to mechanical phenomena not pre-

viously considered. Since orbital microanatomy has

now been thoroughly re-examined, it is unlikely that

undiscovered structures such as additional pulleys or

gross articulations can explain quarter-angle VOR beha-

vior. One remaining possibility might be differential

activation of subpopulations of EOM fibers and motor

neurons, which are known to exist in superabundance

relative to requirements of the conventionally recognized

eye movements [64,65]. The rectus EOMs near their

insertions are shaped as broad, thin straps [19]. Rectus

EOMs could generate appreciable torsional actions if

fiber tensions were unequally distributed across the

broad tendon widths, a mechanism that might, at no

additional latency, alter the transverse location of an
opyright © Lippincott Williams & Wilkins. Unautho
EOM’s functional origin without shift in location of

the pulley ring.

Implications for neural control
Some tentative conclusions can now be reached concern-

ing neural control of eye movements generally, and some

older data probably should be reinterpreted. The central

neural signals correlated with all types of eye movement

would be expected to reflect effects of torsional recon-

figuration of rectus pulleys during the VOR. Recordings

from burst neurons in monkeys appear compatible with

torsional shift of rectus pulleys transverse to the EOM

axes induced by static head tilt [66]. In monkeys the

displacement plane for 3-D eye positions during pursuit

and saccades shifts opposite to changes in head orien-

tation [67], and such shifts may be dynamic during

semicircular canal stimulation [68,69]. Hess and Angelaki

[67] earlier suggested that shift in Listing’s plane is

mediated by otolith input to the 3-D neural integrator,

but the finding may be reconciled with the observation

that lesion of the integrator in the rostral interstitial

nucleus of the medial longitudinal fasciculus also

abolishes shift in Listing’s plane associated with ocular
rized reproduction of this article is prohibited.
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counter-rolling [70] if the torsional shift of pulleys were

mediated by the 3-D neural integrator.

In monkeys, preferred directions of saccadic superior

colliculus neurons shift in the opposite direction, and

by slightly more than half the amount, of static head tilt

[71]. Frens et al. [71] concluded that the changes in the

horizontal and vertical pulling directions of the EOMs

during ocular counter-rolling are probably about two-

thirds of ocular torsion.

Regardless of the ocular motor subsystem involved, tor-

sional rectus pulley shifts during the VOR would preserve

the advantage of apparent commutativity of the periph-

eral ocular motor apparatus for concurrent saccades and

pursuit. This commutativity would be valuable even

though higher-level sensorimotor transformations must

account for 3-D geometrical effects of eye and head

orientation [56,71–73]. Neural processing for the VOR

must be generated in three dimensions, based on trans-

duction of head motion in three degrees of freedom, and

on 3-D eye orientation in the head.

Recent results do suggest that some low level visuo-

motor processing may be simpler than previously

believed. In saccade programming, it appears tenable

to map visual retinal error onto corresponding zero-

torsion motor error commands within Listing’s plane as

modeled by the displacement-feedback model of

Crawford and Guitton [74]. The displacement-feedback

model, with a downstream mechanism for half-angle

behavior, can simulate the visuo-motor transformations

necessary for accurate and kinematically correct saccades

within a reasonable oculomotor range, but had been

rejected by Crawford and Guitton [74], who supposed

that saccades from non-Listing torsional starting positions

return to Listing’s plane. Crane et al.’s [43��] recent

demonstration that such saccades maintain their initial

non-Listing torsion suggests that the displacement-feed-

back model, lacking in a neural representation of

Listing’s Law, is plausible for control of saccades to visual

targets. In the context of realistic EOM pulleys, sensor-

imotor integration of saccades does not require explicit

neural computation of ocular torsion. This simplification

solves some complexity, but moves other kinematic

issues to a higher level. When head movements are

involved, neural consideration of torsion is geometrically

unavoidable for target localization in space [72,74].

The weight of the evidence indicates that several aspects

of ocular kinematics are primarily implemented by a

complex mechanical articulation, rather than by complex

neural commands to a simpler mechanical arrangement.

This insight alters the interpretation of common situations,

and offers hope of mechanical (that is, surgical) solutions to

clinical disorders that might earlier have been believed to
opyright © Lippincott Williams & Wilkins. Unauth
have neural origins. If the active pulley hypothesis is

correct, oblique EOM function would not be critical for

Listing’s Law [75], although oblique EOM tone might set

initial orientation of Listing’s plane. This is supported by

the finding in chronic superior oblique paralysis that List-

ing’s Law is observed, albeit with temporal tilting of

Listing’s plane [76,77], and that this temporally tilted

Listing’s plane is not changed by vergence [78�]. Orien-

tation of Listing’s plane varies considerably both among

individuals and between eyes of individuals, making it

unlikely that absolute Listing’s plane orientation is very

important to either vision or ocular motor control [50�].

Although oblique EOMs do not actively participate in

generation of Listing’s Law, passive elastic tensions arising

from stretching and relaxation of oblique EOMs would

create torques violating Listing’s Law unless their inner-

vations were adjusted to compensate [37]. Consequently,

recordings of small changes in oblique EOM innervations

during pursuit movements conforming to Listing’s Law

[62��,79] do not negate a pulley contribution, and nor do

dynamic violations of Listing’s Law during saccades in

superior oblique palsy [76].

Conclusion
The anatomy of the ocular motor effector apparatus fun-

damentally differs from traditional teaching. The follow-

ing encapsulates this author’s broad concept of the effector

apparatus, greatly simplified here for heuristic purposes.

Rather than consisting of mechanically simple EOMs

rotating the globe under explicit neural control of every

kinematic nuance, the system consists of a rather intricate

mechanical arrangement comprised of a trampoline-like

suspension supported by the rectus EOMs and their

associated connective tissues, which in turn is circumfer-

entially controlled by the oblique EOMs. The rectus

EOMs and their pulleys constitute the inner suspension

that implements kinematics in two dimensions, corre-

sponding largely to the two-dimensional organization of

the retina and subcortical visual system, and so conform

mechanically to Listing’s Law without additional neural

specification. The inner suspension has effectively com-

mutative properties. Analogous to a gimbal arrangement,

the outer suspension moves the inner with force from the

oblique EOMs to generate torsion not conforming to

Listing’s Law, so non-commutatively influencing the

inner suspension. The extent to which neural adaptive

processes can adjust or compensate for ocular kinematics

that normally are mechanically determined is an important

question, since the answer will inform us about the clinical

significance of many ocular motor abnormalities, and the

degree to which they may be amenable to surgical cure

[80��].
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