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PURPOSE. The orbital layer of each rectus extraocular muscle
(EOM) inserts on connective tissue, and the global layer inserts
on the eyeball. The active-pulley hypothesis (APH) proposes
that a condensation of this connective tissue constitutes a
pulley serving as the functional origin of the rectus EOM, and
that this pulley makes coordinated, gaze-related translations
along the EOM axis to implement a linear ocular motor plant.
This study was designed to measure gaze-related shifts in EOM
pulley locations.

METHODS. Magnetic resonance imaging (MRI) was performed in
eight normal volunteers in 2-mm thickness coronal planes
perpendicular to the orbital axis for nine cardinal gaze direc-
tions. Intravenous gadodiamide contrast was administered to
define EOM tendons anterior to the globe equator. Paths of
EOMs, defined by their area centroids, were transformed into
an oculocentric coordinate system. Sharp inflections in EOM
paths in secondary and tertiary gaze positions defined pulley
locations which were then correlated with gaze direction and
compared with theoretical predictions.

RESULTS. Rectus pulley positions were consistent with a central
primary position. In tertiary gaze positions, each of the four
rectus pulleys translated posteriorly with EOM contraction and
anteriorly with EOM relaxation by a significant (P � 0.02)
amount predicted by the APH, but more than 100 times greater
than the translation predicted by a passive pulley model.

CONCLUSIONS. The APH prediction of coordinated anteroposte-
rior shifting of EOM pulleys with gaze is quantitatively sup-
ported by changes in EOM path inflections among tertiary-gaze
positions. Human rectus pulleys move to shift the ocular rota-
tional axis to attain commutative behavior of the ocular motor
plant. (Invest Ophthalmol Vis Sci. 2002;43:2179–2188)

The orbital connective tissues in the region of the extraoc-
ular muscles (EOMs) have long been recognized to be

stereotypic in composition and organization.1–3 Indeed, the
idea that these tissues might control EOM paths was proposed
as long ago as the late 19th century, when the French term
“poulie” was applied to their function.4 Even more classic is
the notion that the EOMs insert not only on the globe through
their tendons, but, from the time of Bonnet, it has been rec-
ognized that EOMs also attach to the enveloping connective

tissues of the Tenon capsule.1,4 Later histologic examinations
revealed that the orbital layer of each rectus EOM terminates
on the connective tissue.5,6 Nevertheless, the concept of con-
trol of rectus EOM paths by connective tissues was largely
neglected until recently when computed radiographic tomog-
raphy7 and magnetic resonance imaging (MRI) began to be
used to investigate the effect of gaze shifts on EOM paths.8–14

These studies have repeatedly confirmed relative stability of
posterior EOM paths despite large horizontal and vertical gaze
shifts.

Imaging in living subjects now shows that each rectus EOM
does not pull toward its classic anatomic origin in the annulus
of Zinn. Instead, EOM force is directed toward a much more
anteriorly located and mechanically stable connective tissue
structure called a pulley.15 Each rectus pulley consists of an
encircling sleeve and ring of collagen located near the globe
equator in the Tenon fascia,15 coupled to the orbital wall,
adjacent EOMs, and equatorial Tenon fascia by sling-like bands
containing collagen, elastin, and richly innervated smooth mus-
cle.16 Pulleys inflect rectus and inferior oblique EOM paths in
a manner qualitatively similar to the inflection of the superior
oblique tendon path by the trochlea, although the rectus pul-
leys are less rigid. As might have been expected from the
classically understood uniformity of orbital connective tissue
structure,1 the coronal plane location of each rectus pulley as
determined by MRI is highly uniform in normal subjects.9 The
global layer (GL) of each rectus EOM, containing about half of
total EOM fibers,17 passes through the pulley and becomes
contiguous with tendon to insert on the globe. The orbital
layer (OL), containing the remaining roughly half of the EOM
fibers, inserts on the pulley, not on the globe.17,18

Rectus pulleys influence ocular kinematics, the rotational
properties of the eye. Rotations of any three-dimensional (3-D)
object are not mathematically commutative—that is, final eye
orientation depends on the order of rotations.19 Angular veloc-
ity of a 3-D object differs from the rate of change of its
orientation, being a complex function related to both the time
derivative and the instantaneous eye orientation.20,21 Each
combination of horizontal and vertical eye positions could, for
an arbitrary solid object, be associated with an infinite number
of torsional positions.22 The eye is constrained in its torsional
freedom (with the head upright and immobile) by a relation-
ship known as Donders’ law,23 stating that there is a unique
torsional eye position for each combination of horizontal and
vertical eye position.20 Listing’s law, a specific case of Donders’
law, states that any physiologic eye orientation can be reached
from any other by rotation about an axis lying in a single plane,
the Listing plane.24 Listing’s law is satisfied if, for any eye
movement, the velocity axis of ocular rotation shifts by exactly
half of the shift in ocular orientation.21 This is the so-called
Listing’s half-angle rule.

Qualitative evidence of posterior shifts of the pulley tissues
during rectus EOM contraction obtained in humans by the
MRI-motivated proposal of the active pulley hypothesis
(APH).18 The APH states that rectus pulleys move to regulate
ocular kinematics and is considered herein to consist of two
postulates: The coordinated control postulate of the APH ac-
counts for kinematics conforming to Listing’s half-angle rule by
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supposing pulley movements along the EOM axis. The postu-
late states that, in an oculocentric coordinate system, rectus
pulley location is maintained in a constant relationship with
the EOM’s scleral insertion, so that the distance from the pulley
to globe center is equal to the distance from globe center to
insertion. By this relationship, the velocity axis produced by
EOM contraction shifts by half the change in ocular orienta-
tion. Such half-angle behavior implements a linear ocular mo-
tor plant that is effectively commutative (in the mathematical
sense) with respect to ocular rotations.25 The differential con-
trol postulate of the APH was proposed to account for ocular
motor kinematics such as observed during the vestibulo-ocular
reflex (VOR)26 and convergence27–29 not conforming to the
classic description of Listing’s law. The differential control
postulate proposed that differential innervation in rectus OLs
and GLs, oblique EOM OLs, or orbital smooth muscle, sepa-
rately may move the rectus pulleys differently from the travel
of their scleral insertions18 or even in directions transverse to
the EOM axis,14,30,31 to alter ocular kinematics. The original
proposal of differential control of rectus pulleys supposed
larger anteroposterior shifts during the VOR than during visu-
ally guided eye movements.18 Although differential control of
pulleys as originally proposed no longer appears to be a tena-
ble explanation for the steady state VOR during low frequency
head rotation,32 pulley repositioning transverse to the rectus
EOM axes appears to occur during convergence,30,31 albeit in
different directions than originally proposed.18

Given the precise quantitative implications of rectus pulley
position, mere qualitative evidence of pulley motion along
EOM axes is insufficient. A test of either postulate of the APH
must be quantitative, because the details are central to deter-
mination of the relative contributions of neural and mechanical
factors to ocular motor control.32 At present, MRI cannot
directly resolve the location of each human rectus pulley ring
sufficiently to determine gaze-related changes with adequate
precision. However, rectus paths can be followed sufficiently
anterior in the orbit by high resolution MRI to determine the
discrete inflections produced by the pulleys. This method was
used for the secondary gaze positions, either horizontal or
vertical, to confirm that the anteroposterior locations of all the
rectus pulleys were consistent with the average orientation of
the Listing plane.14 The coordinated control postulate of the
APH predicts large anteroposterior shifts in pulley locations in
tertiary gaze positions, positions containing both horizontal
and vertical components.18 Alternatively, the Orbit 1.8 compu-
tational simulation of orbital mechanics, a detailed biomechani-
cal model that implements passive EOM pulleys, allows pulleys
to move only under passive elastic tension and thus predicts
negligible anteroposterior shifts of rectus pulleys.33 Although
technically difficult, it is now possible to demonstrate EOM
paths anterior to the pulleys in these eccentric gaze positions
using high resolution, surface coil MRI and paramagnetic con-
trast.34

The present study was conducted to measure accurately the
EOM pulley locations in secondary and tertiary gaze positions,
allowing quantitative comparison with predictions of the co-
ordinated control postulate of the APH versus the alternative
supposition of passive pulley behavior. The current experi-
ment did not address the differential control postulate.

METHODS

Subjects

Eight adult volunteers were recruited by advertisement and gave writ-
ten informed consent according to a protocol conforming to the
Declaration of Helsinki and approved by the Human Subject Protection
Committee at the University of California, Los Angeles. All volunteers

underwent complete eye examinations verifying normal corrected
vision, normal ocular versions, orthotropia in all gaze positions, and
stereopsis of 40 arcsec by Titmus testing.

Magnetic Resonance Imaging

High-resolution, T1-weighted MRI was performed with a 1.5-T scanner
(General Electric Signa; Milwaukee, WI). Crucial aspects of this tech-
nique, described in detail elsewhere, 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.14

Initially, a localizer axial scan was obtained at 3-mm thickness using a
256 � 192 matrix over a 10-cm2 field of view. Contiguous MRI images
along the axis of the right orbit were obtained with 2-mm slice
thickness, using a 256 � 256 matrix over an 8-cm2 field of view, giving
pixel resolution of 313 �m. Some of volunteers received the intrave-
nous paramagnetic MRI contrast agent (gadodiamide, 0.1 mmol/kg) to
improve the contrast of EOMs against connective tissue in the anterior
orbit.34

During imaging, subjects fixated small, individually illuminated,
afocal targets delivered by a fiberoptic system mounted on the trans-
parent faceplate of the surface coil array. Imaging was initially per-
formed in central gaze, as well as in secondary positions of abduction,
adduction, supraduction, and infraduction. Tertiary-gaze positions of
supraducted abduction, infraducted abduction, supraducted adduc-
tion, and infraducted adduction were attained by presentation of the
fixation target at the maximum eccentricities that could be maintained
for the 3.5-minute duration of each scan. The actual eccentricities
attained varied among subjects because of facial anatomy, but were
measured in each case. For all adducted gazes, the fixation target was
presented to the nonscanned fellow eye, because the nasal bridge and
surface coil over it occlude a highly adducted target presentation to the
scanned eye. One subject underwent complete imaging on two occa-
sions, one without and the other with gadodiamide contrast.

Analysis

Digital MRI images were transferred to computer (Macintosh; Apple
Computer, Cupertino, CA), converted into 8-bit tagged image file
format (TIFF) using locally developed software, and quantified using
NIH Image (Wayne Rasband, National Institutes of Health; available by
file transfer protocol [FTP] from zippy.nimh.nih.gov or on floppy disc
from NTIS, Springfield, VA, catalog number PB95-500195GEI).

In each of the MRI scans obtained, the location of each rectus EOM
was described by a single point in each image plane using the “area
centroid” function of the NIH Image program (Fig. 1). The area cen-
troid of a cross-section is equivalent to the center of gravity of a shape
of uniform density and thickness. Next, approximating the globe as
spherical, its 3-D center was determined to subpixel resolution in
scanner coordinates, by using curve fitting to cross-sectional images of
the globe, as previously described.14 Rectus EOM positions were then
translated to place the 3-D coordinate origin at the computed center of
the globe. After data were transformed, the scanner coordinates were
scaled to millimeters and were then scaled to normalize each globe to
the measured average diameter of 24.3 mm found by MRI in an earlier
study of normal subjects.14 Displacement of the globe–optic nerve
junction from its position in central gaze was used to estimate ocular
rotation, as previously described.14 For tertiary gaze positions, ocular
rotation was measured using the Fick rotation sequence, with horizon-
tal followed by vertical globe rotation. The central gaze target was
chosen to approximate straight ahead gaze, and other gaze positions
were measured relative to this position.

Because of low contrast with adjacent tissues, it was not possible in
every gaze position of every subject to identify EOM cross-sections
clearly in every image plane. To determine inflections in EOM paths in
secondary or tertiary vertical gaze positions, we analyzed only those
orbits for which there were complete image sets and inflection points
in multiple gaze positions.
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Inflections were determined using piece-wise linear regression on
EOM mean area centroid coordinates (Fig. 2).14 The data set represent-
ing the length of each EOM was divided into all possible combinations
of anterior and posterior parts sequentially, beginning from the poste-
rior orbit. Linear regressions and corresponding coefficients of varia-
tion (r2) were then computed separately for the two parts, anterior and
posterior, until all possible parsings of anterior and posterior data
points were analyzed (Fig. 3). The best estimate of the inflection point
for each EOM was taken to be the intersection of the two regressions
with the highest summed coefficients of variation. This procedure

avoided subjective bias in determination of inflection points, but al-
ways identified inflections that appeared subjectively reasonable in
comparison with graphed EOM paths. Because this procedure uses the
entire data set to estimate the inflection point, it has anteroposterior
resolution better than the MRI image thickness of 2 mm. The inflection
was taken to represent the functional location of the involved pulley.

This procedure resulted in data pairs consisting of a gaze position
and a pulley position. Gaze positions were deliberately varied through
the nine target positions within subjects, and also varied among sub-
jects. After pooling data across subjects for each of the four EOMs, gaze
and pulley positions were graphed and compared by linear regression.
These graphs and regressions were compared with the predictions of
the APH, accounting for the approximately 22° temporal orientation of
the orbital axis relative to the standard coordinate system.

FIGURE 1. Magnetic resonance images in quasicoronal planes near the globe equator in the tertiary-gaze positions of supraducted abduction and
infraducted abduction. The belly and tendon of the MR is outlined in white. The area centroids represent geometric centers of the areas outlined
and were used to determine MR path. Numbers indicate the distance anterior to globe center in the normalized coordinate system. Anterior to
globe center (right side), images show a superior shift of the MR tendon in elevation, with an inferior shift in depression.

FIGURE 2. Path of the MR of a representative subject in the four
tertiary-gaze positions. The inflection (arrow) in the MR path with
vertical gaze indicates the pulley’s location. Note the posterior location
of the path inflection in adduction and anterior location in abduction.
A linear trend due to a 10° upward orbital orientation relative to the
coordinate system was uniformly removed from MR paths for graphical
clarity. The following gaze positions were imaged: 21.6° abduction
with 14.6° supraduction; 20.0° abduction with 19.8° infraduction;
36.6° adduction with 20.5° supraduction; and 16.4° adduction with
6.7° infraduction.

FIGURE 3. Path of the MR of a representative subject in supraducted
abduction illustrating determination of anteroposterior pulley location
by piece-wise linear regression. The summed coefficient of determina-
tion (r2) was maximized when the most anterior four data points were
assigned anterior to the pulley, and the remainder assigned posterior to
it. Intersection of the resultant two linear regressions provided the best
estimate of pulley location (double-ended broken arrow).
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RESULTS

The eight normal subjects ranged in age from 21 to 59 years
(mean, 33 � 12 [SD]). Mean globe diameter determined from
MRI was 24.7 � 1.2 mm (range, 22.4–25.9). Mean gaze posi-
tions used in imaging are summarized in Table 1. Axial plane
imaging with the central target presented to the right eye
confirmed the absence of binocular convergence.

Centroids were determined for each of the rectus EOMs
(Fig. 1) and shifted with gaze in the anterior orbit. The loca-
tions of rectus pulleys were identifiable from discrete inflec-
tions in rectus EOM paths, determined by centroids, in second-
ary and tertiary gaze positions. In tertiary-gaze positions, these
inflections moved posteriorly during EOM contraction and
anteriorly during relaxation. Figure 2 displays representative
data from one subject showing average vertical area centroid
positions of the MR muscle along the anteroposterior orbital
axis, with zero referenced to globe center. An upward trend in
MR path due to orbital orientation in the skull has been uni-
formly removed from each path for graphic clarity. Imaging
was performed in the four tertiary gaze positions. If no pulley
had existed, the MR path would have followed an approxi-
mately straight line from the orbital apex to the vertically
displaced MR insertion in each tertiary gaze position. The
posterior MR path was little changed by gaze position, exhib-
iting only small parallel shifts indicative of globe translation.14

There was a discrete inflection in MR path, indicative of the MR
pulley, however, anterior to which the MR followed the verti-
cal gaze direction toward the scleral insertion. As may be seen
in Figure 2, in 27° mean adduction the MR path inflection
produced by vertical gaze was approximately 6 to 9 mm pos-
terior to globe center, whereas in 21° mean abduction the
same inflection occurred 0 to 4 mm posterior to globe center,
which indicates anterior displacement of the MR pulley with
abduction.

By inspection of EOM centroid plots at an anteroposterior
resolution equal to the 2-mm thickness of the image planes
(Fig. 2), EOM path inflections appeared sharp. Locations of
pulley inflections were estimated with greater precision using
the intersections of piece-wise linear regressions, as illustrated
in Figure 3. This allowed all the path data to contribute to the
estimates and avoided subjective bias. A separate measure of
anteroposterior pulley position was obtained for each tertiary-
gaze position, because both the horizontal and vertical com-
ponents typically varied somewhat.

Pooling all the data for which pulley positions were avail-
able, the relationship of anteroposterior pulley position to
horizontal gaze angle is displayed for the MR in Figure 4. Data
were available for the gaze range of 35° adduction through 35°
abduction, for which the MR pulley moved from approxi-
mately 13 mm posterior to 1 mm anterior to globe center. A
linear regression through these data points yielded a slope of
4.51 � 0.57 deg/mm (SE; n � 36) of pulley shift that was

significantly different from zero (P � 0.0001) and accounted
for 65% of the variance. Zero degrees of horizontal gaze, the
presumptive primary position, corresponded by interpolation
to a pulley location 5.3 mm posterior to globe center.

Because of difficulties in distinguishing the lateral rectus
(LR) from adjacent soft tissues, fewer total determinations of
LR pulley position could be made than for the medial rectus
(MR), encompassing a smaller range of gaze from 10° abduc-
tion to 30° adduction. Larger amounts of abduction resulted in
greater obscuration of the LR by the lacrimal gland and adja-
cent soft tissues. Anteroposterior LR pulley positions are
pooled and plotted as a function of horizontal gaze angle in
Figure 5. This plot is almost a mirror image of that in Figure 4
for the MR, with the LR pulley moving from 13 mm posterior
to globe center in abduction to 3 mm posterior to globe center
in adduction. A linear regression through these data points
yielded a slope of –3.36 � 1.16 deg/mm (n � 11) of pulley shift
that was significantly different from zero (P � 0.018) and
accounted for 48% of the variance. Zero degrees of horizontal
gaze, the presumptive primary position, corresponded by in-
terpolation to a pulley location 10.2 mm posterior to globe
center.

Pooling all the data for which pulley positions were avail-
able, the relationship of anteroposterior pulley position to
horizontal gaze angle is displayed for the superior rectus (SR)
in Figure 6. Data are available for the gaze range of 25° supra-
duction through 30° infraduction, for which the SR pulley
moved from approximately 14 mm posterior to 3 mm posterior
to globe center. A linear regression through these data points
yielded a slope of �5.47 � 0.97 deg/mm (n � 13) of pulley
shift that was significantly different from zero (P � 0.0001) and
accounted for 74% of the variance. Zero degrees of horizontal
gaze, the presumptive primary position, corresponded by in-
terpolation to a pulley location 9.2 mm posterior to globe
center.

With all the data pooled for which pulley positions were
available, the relationship of anteroposterior pulley position to
horizontal gaze angle is displayed for the IR in Figure 7. Data

FIGURE 4. Relationship of horizontal gaze angle to anteroposterior
position of the MR pulley. Data were pooled for all subjects, with each
point determined from a set of contiguous MRI images in one gaze
position that inflected the MR path. Abscissa zero is referenced to
globe center. Solid line: linear regression through data points with
slope significantly differing from zero (P � 0.0001). Dotted line: MR
pulley position predicted by the APH. See the Discussion section and
Figure 8 for theoretical details.

TABLE 1 Gaze Angles during MRI Scanning (mean � SD)

Gaze Position

Angle of
Supraduction

(deg)

Angle of
Abduction

(deg)

Infraduction �23.9 � 2.4 2.2 � 6.4
Supraduction 20.3 � 4.0 13.0 � 11.4
Abduction 2.4 � 5.2 22.3 � 5.5
Adduction �2.8 � 5.4 �29.2 � 2.2
Infraducted Adduction �20.6 � 8.1 �21.7 � 6.9
Supraducted Adduction 19.8 � 6.7 �23.8 � 6.7
Infraducted Abduction �19.0 � 5.6 14.9 � 5.2
Supraducted Abduction 15.0 � 5.9 21.3 � 8.4
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are available for the gaze range of 30° infraduction through 30°
supraduction, for which the IR pulley moved from approxi-
mately 13 mm posterior to 3 mm anterior to globe center. A
linear regression through these data points yielded a slope of
2.72 � 0.47 deg/mm (n � 30) of pulley shift that was signifi-
cantly different from zero (P � 0.0001) and accounted for 55%
of the variance. Zero degrees of horizontal gaze, the presump-
tive primary position, corresponded by interpolation to a pul-
ley location 4.2 mm posterior to globe center.

DISCUSSION

Support for Coordinated Control Postulate

Using careful MRI technique, including intravenous paramag-
netic contrast, the anteroposterior locations of discrete rectus
EOM path inflections associated with secondary- and tertiary-
gaze positions could be determined in eight normal subjects.
The 2-mm thickness of each MRI plane imposed this level of
precision on measurements from individual images. Determi-
nation of EOM paths, however, from two-part regression on
EOM centroid data from complete sets of 17 image planes
improved anteroposterior precision to better than the 2-mm
slice thickness. Pooling of data from multiple subjects further
improved precision. Even without these precautions, however,
the individual subject data were consistent with the group data
in all essential regards. For each rectus EOM, a discrete inflec-
tion moved significantly posteriorly during EOM contraction
and anteriorly during relaxation. These changes in path inflec-
tions are interpreted as anteroposterior shifts in the rectus
EOM pulleys.

Histologic examination of serially sectioned human orbits
indicates that the pulley regions consist of connective tissue
sleeves of varying thickness surrounding the EOMs over an
anteroposterior extent of approximately 10 mm.15 Although
more focal, ringlike condensations of connective tissue within
pulleys can be identified,16,18 direct morphologic examination
of somewhat distributed orbital tissues, even in vivo by MRI,
cannot provide exact locations for the biomechanically func-
tional pulleys. Functional pulley locations are defined by the
sharp inflections they confer on EOM paths in secondary- and
tertiary-gaze positions.14 The rotational axis of an EOM is per-
pendicular to the average path of the EOM segment connecting
the pulley inflection with the scleral insertion. Thus, linear
regressions of anterior EOM paths by MRI provide the biome-
chanically relevant information on the direction of EOM action
that is unavailable even from ideal direct study of connective
tissues alone. Although direct imaging of pulley connective

FIGURE 5. Relationship of horizontal gaze angle to anteroposterior
position of the LR pulley. Data were pooled for all subjects, with each
point determined from set of contiguous MRI images in one gaze
position that inflected the LR path. Abscissa zero is referenced to globe
center. Solid line: linear regression through data points with slope
significantly differing from zero (P � 0.017). Dotted line: LR pulley
position predicted by the APH. See the Discussion section and Figure
8 for theoretical details.

FIGURE 6. Relationship of vertical gaze angle to anteroposterior posi-
tion of the SR pulley. Data were pooled for all subjects, with each point
determined from set of contiguous MRI images in one gaze position
that inflected the SR path. Abscissa zero is referenced to globe center.
Solid line: linear regression through data points with slope significantly
differing from zero (P � 0.0001). Dotted line: SR pulley position
predicted by the APH. See The Discussion section and Figure 8 for
theoretical details.

FIGURE 7. Relationship of vertical gaze angle to anteroposterior posi-
tion of the IR pulley. Data were pooled for all subjects, with each point
determined from set of contiguous MRI images in one gaze position
that inflected the IR path. Abscissa zero is referenced to globe center.
Solid line: linear regression through data points with slope significantly
differing from zero (P � 0.0001). Dotted line: IR pulley position
predicted by the APH. See the Discussion section and Figure 8 for
theoretical details.
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tissues is not definitive for evaluation of the role of pulleys in
ocular kinematics, direct imaging of horizontal rectus pulley
components is consistent with pulley movements inferred
from EOM paths.18 This qualitative behavior is a novel finding
predicted by the coordinated control postulate of the APH,18

but may also be consistent with more general concepts of EOM
connective tissue sleeves.

The coordinated control postulate of the APH is specific,
however, in predicting that during visually guided eye move-
ments, each rectus EOM pulley would move anteroposteriorly
as if locked to the sclera. This axial mobility is predicted for
visually guided eye movements in the nonconverged state,
despite the observation that in the directions perpendicular to
the EOM axis, the pulley remains highly stable in the orbit
while the posterior sclera moves beneath it. Quantitative inter-
pretation of this prediction requires conversion of the ocular
relationship to the coordinate system in which the data were
collected: one centered on the globe but rotationally refer-
enced to cranial landmarks.14 The geometry is summarized in
Figure 8. Let R � globe radius. Primary position is typically
displaced somewhat from central gaze. In primary position, the
LR pulley is thus located distance X0 � Rtan �0 posterior to
globe center in the standard coordinate system, where �0 is the
polar displacement of the LR pulley from the reference posi-
tion. Primary position pulley location X0 was directly deter-
mined from the horizontal axis intercept of linear regressions
to the data for each EOM. In abduction, the LR pulley moved
posteriorly to distance Xabd � Rtan �abd in the standard coor-
dinate system, where �abd is the polar displacement of the LR

pulley. The net posterior displacement of the LR pulley �X
resulting from abducting to angle is �abd is thus given by

�X � Xabd � X0 � R tan �abd � R tan �arctan �X0

R ��
For the vertical rectus EOMs, an additional trigonometric pro-
jection was made for the roughly 22° temporal orientation of
the EOM axes.

Using the equation, predicted anteroposterior pulley posi-
tion was computed and superimposed on the data in Figures 4
to 7. Note in Figures 4 and 6 that the linear regressions through
the data almost superimpose the prediction of the coordinated
control postulate of the APH. Although the slope of the regres-
sion for the LR (Fig. 5) and IR (Fig. 7) pulleys differed modestly
from the theoretical prediction, the data still corresponded
well to the prediction. The coordinated control postulate—
rectus pulley repositioning corresponding to Listing’s half-an-
gle behavior—thus has been quantitatively supported to the
limit of precision of the MRI technique for each of the four
EOMs.

Evidence against Passive Pulley Movements

The finding that, during visually guided fixations in the non-
converged state, rectus pulleys move anteroposteriorly with
ocular rotation as if they were in fixed relationship with the
globe naturally raises the possibility of the trivial explanation
that the pulleys may be directly attached to the globe. Several
lines of evidence exclude this possibility. First, MRI shows
EOM paths at the pulley inflections to be widely separated
from the sclera,35 in a region where direct histologic examina-
tion shows no significant connective tissues in continuity with
the globe. The posterior globe in the region of the pulleys is
separated from the adjacent Tenon fascia by a bursalike
space.15 Second, transverse to the EOM axes, rectus pulleys are
highly stable in the orbit, despite large horizontal and vertical
gaze shifts.8–12,15,36 Because pulleys are posterior to the center
of globe rotation, they could not remain stable in the orbit if
they were firmly adherent to the highly mobile globe underly-
ing them. Third, division of all musculoglobal tissue connec-
tions during strabismus surgery has been demonstrated by MRI
to have only a minimal effect on the coronal plane location of
the rectus pulleys.36 This was the first clear evidence that
rectus EOM paths are controlled, not by musculoglobal cou-
plings, but instead by orbitally coupled pulleys. The findings
have been confirmed more recently, even after transposition
surgery that involves surgical division of all musculoglobal
attachments.37

The high stiffness of pulley couplings to the orbital rim
responsible for the general stability of rectus paths also works
against any sort of passive anteroposterior displacement of the
pulleys. The Orbit 1.8 computational simulation of orbital bio-
mechanics implements pulleys passively suspended from the
orbit at high stiffness (40 g/mm) to achieve the observed high
stability of rectus EOM paths in the coronal plane.33 With this
passive implementation, Orbit 1.8 predicts for the MR pulley a
maximum anteroposterior shift of only 0.1 mm over the �35°
horizontal gaze range that produced the 14-mm anteroposte-
rior shift observed in this study. This discrepancy of more than
two orders of magnitude between passive and active pulley
behavior highlights the necessity of powerful muscular activity
to position rectus pulleys. Finally, the mere existence of an
EOM pulley does not necessarily obligate it to move with gaze
shifts by the same distance as the nearby sclera, and not all
EOM pulleys do so. The inferior oblique muscle has a pulley
that moves anteroposteriorly with IR vertical gaze, but by only
half the travel distance of the IR insertion and adjacent sclera.38

FIGURE 8. Horizontal rectus pulley movement with gaze as predicted
by APH. Listing’s half-angle rule is satisfied when D1 � D2 in oculo-
centric coordinates, requiring the horizontal rectus pulleys to move as
if fixed to the globe’s circumference. Primary position may differ from
central gaze, in this case by approximately 12°. See the Discussion
section for computation of predicted pulley positions.
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Could the anteroposterior shifts of pulleys along rectus
EOM axes be attributable to passive forces exerted by the
posterior pressure of EOM insertions alone? Qualitatively, this
may appear to be a possibility. However, the data presented
herein confirm that the insertions remain more than 16 mm
from the pulleys along the ocular circumference, quite far to
exert significant compressive force on the pulley. Except after
surgical manipulations such as retroequatorial myopexy that
are designed to cause the scleral insertions to mechanically
interfere with the pulleys,13 mechanical pressure from the
insertions on the pulleys would seem precluded. Rectus paths
are bowed outward away from the orbital center, more during
relaxation than during contraction.8 Although this effect has
been attributed to hydrostatic pressure on compartmentalized
orbital fat,7 a greater contribution to this effect is likely to
come from the elastic suspensions of the pulleys that run
radially and anteriorly toward attachments on the orbital rim.35

Outward bowing is orthogonal to the anteroposterior move-
ment of the rectus pulleys documented in this study, and so
could, at most, convert only a small fraction of motion of the
globe circumference into pulley translation.

Differential Effort in EOM Laminae

The current data show that under the current experimental
conditions of nonconverged visual fixation, pulleys neverthe-
less move anteroposteriorly in one-to-one correspondence
with the rectus insertions. Evidence suggests that posterior
pulley movements arise from active tension of rectus EOMs on
their respective pulleys. Could this effect be simply due to the
classically recognized attachment of the connective tissue
sleeves to the EOMs themselves? In a broad sense, the answer
seems affirmative. The sleeves are adherent to the EOMs, and
passive forces alone are inadequate to account for the pulley
movements observed in this study. However, recent anatomic
studies provide further insight into the nature of the insertion
of rectus EOMs on their connective tissue sleeves. Mammalian
EOMs are bilaminar, consisting of an OL and GL.5 The OL of
each rectus EOM in humans,17,18,34 monkeys,17,34 rabbits (De-
mer JL, Poukens V, unpublished data, 2002), and rats39 inserts
into connective tissue in its pulley sleeve but does not insert on
the sclera. Rectus OLs in humans typically contain around
10,000 fibers, although individual numbers vary in rough pro-
portion to the amount of connective tissue in each pulley.17

The OLs contain almost as many fibers as the GLs that do insert,
through tendons, on the globe. This would appear to be a
sufficient EOM mass to actively position the pulleys, especially
considering the higher vascularity34 and fatigue resistance of
the OL compared with GL.17,34 Rectus OL fibers are oriented
anteroposteriorly, appropriate to translate the pulleys in that
direction. In cat, the most powerful and fatigue-resistant motor
units of the LR muscle, comprising 27% of all units, consist of
single neurons innervating fibers in both the orbital and global
layers.40 These bilayer motor units would command similar
timing of contraction in the two layers, an arrangement facili-
tating coordinated control of pulley position.

Could GL fibers participate in the anteroposterior position-
ing of pulleys even though the GL does not directly insert on
the pulley? Frictional drag of GL fibers passing through a pulley
would tend to move it in the direction observed in the present
study, even without a direct insertion, as would friction of OL
fibers against GL fibers at their interface within the EOM. Some
frictional interaction between OL and GL probably occurs.
However, even if the OL and GL were assumed to contract
identically and homogeneously, moving a pulley attached to
their combined homogeneous mass somewhere along their
anteroposterior extents, the observed Listing’s half-angle kine-
matics could not be achieved. This is because contractile short-

ening of the EOM anterior to the pulley would move the
insertion closer to the pulley during EOM activation, and allow
the insertion to relax farther away from the pulley during
relaxation. Both of these effects would reduce the anteropos-
terior movement of the pulley relative to the orbit and allow
the pulley to move relative to the globe, contrary to the current
observations of pulley behavior conforming to Listing’s half-
angle kinematics. The current precise confirmation of the pre-
dicted coordinated pulley movements casts serious doubt on
traditional assumptions of homogeneous EOM structure and
behavior, suggesting instead a degree of differential effort of
the OL and GL, even during eye movements conforming to
Listing’s law. Differential effort is suggested by quasisagittal
imaging in the plane of the IR during vertical gaze shifts,30 in
which the two layers can be separately resolved to show
greater thickening of the OL than GL in infraduction. Even
under static conditions, there is no biomechanical reason to
expect that the stiffness of a pulley suspension, which plausi-
bly might approximate a linear spring, should be equal to the
rotational load on the globe, which by contrast varies in a
complex way with eye position.41 The EOM effort devoted to
positioning the pulley should thus be expected to differ from
its effort in rotating the globe, even if equal movements are
ultimately achieved. Selective electromyography (EMG) in the
OL and GL of humans shows different recruitment thresholds
in the two layers,42 again supporting the concept of differential
effort.

Implications for Ocular Motor Control

Before pulleys were known, Listing’s law was presumed to be
implemented entirely by complex neural commands to the
EOMs, despite absence of an identifiable neural substrate for
this behavior. In the superior colliculus, saccades are encoded
as the two-dimensional (2-D) rate-of-change of eye orientation,
implying that any computation of the third dimension, torsion,
is accomplished downstream.25,43 Even in the oculomotor nu-
cleus and rostral interstitial nucleus of the medial longitudinal
fasciculus, saccadic burst commands are better correlated with
rate-of-change of 3-D eye position than with angular eye veloc-
ity.43,44

Pulleys form a mechanical substrate for behavior conform-
ing to Listing’s law and other aspects of ocular kinemat-
ics.18,25,45 Figure 8 is a top view of a schematic globe showing
rectus EOMs and pulleys. If the distance from pulley to globe
center (D1) is equal to the distance from insertion to globe
center (D2), then (for small angles typical of the oculomotor
range) the rotational axis tilts posteriorly by half the angle of
the eye, as required by Listing’s law. As demonstrated here, in
tertiary gaze positions, pulleys shift within the orbit to main-
tain these relationships relative to the scleral insertions.18 Pul-
leys render horizontal and vertical eye position commands
essentially commutative, simplifying central neural con-
trol,25,45 so that even a simple, 2-D control law suffices.46

The pulley system does not always require conformity to
Listing’s law, which may be violated by explicit neural com-
mands.25 Noncommutative behavior of the oculomotor sys-
tem, such as the VOR47 and visual spatial localization,48 would
require explicit specification in the brain. When the head is
rotated, Listing’s law is violated by the VOR for which the
velocity axis rotates from as much as approximately 25%49 to
as little as 0%50,51 of the ocular angle. A kinematically ideal
VOR would have a rotation axis coincident with the head and
independent of eye position, so as to optimally stabilize retinal
images. Non-Listing VOR kinematics cannot be explained by
coordinated or even differential anteroposterior shifts in rectus
pulley locations.32 For the VOR, the oblique EOMs must play
important roles. The oblique EOMs are configured to maintain
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a half-angle behavior orthogonal to rectus half-angle behavior,
apparently ideal for commanded violations of Listing’s law,52 as
during the VOR. Kinematics of the VOR are consistent with
high gain pitch and yaw responses mediated by mechanisms
consistent with the coordinated control postulate of the APH,
but a lower gain roll response consistent with the observed
behavior of the torsional VOR.32 Another instance of the VOR
is static ocular counterrolling in response to maintained head
tilt relative to gravity. Recordings from burst neurons in mon-
keys are compatible with torsional shift of rectus pulleys trans-
verse to the EOM axes in the direction of ocular counterroll
induced by static head tilt.53 This pulley shift may be mediated
by the oblique EOMs.30

The coordinated control postulate of the APH has major
implications for ocular dynamics.18,35 By implementing a linear
plant, pulleys permit motor commands to the EOM GL to
consist of the rate of change of desired eye orientation, and its
simple mathematical integral.25,45 This simplifies the otherwise
complex problem of matching the pulse to the step of saccadic
innervation to avoid postsaccadic drift.25 As a corollary, abnor-
mal pulley locations are predicted to cause postsaccadic drift
for saccades from secondary to tertiary gaze positions.25 Be-
cause the mechanical loads on the OL and GL differ, coordi-
nated control during saccades conforming to Listing’s law
should not be expected to be associated with either equal
effort or identical neural commands in the OL and GL. Selective
EMG recordings in the human MR GL demonstrated both a
phasic pulse and tonic step of activity during saccades—the
former necessary to drive the formidable viscous load imposed
by the relaxing antagonist EOM, and the latter necessary to
oppose the lesser elastic load as position is maintained.42

Recordings of tension at the insertions of simian horizontal
rectus EOMs confirmed the presence of both saccadic pulses
and steps.54 In the human OL, however, EMG showed only a
step of activity during saccades.42The OL’s mechanical load is
likely to be dominated by elasticity of the attached pulley
suspension. Collins has pointed out that the main load on an
EOM attached to the globe is viscosity arising from the relaxing
antagonist EOM.42 A phasic pulse of force in the OL is unnec-
essary to achieve brisk pulley motion against a mainly elastic
load. However, this elastic loading by passive connective tissue
requires that OL fibers maintain active tension throughout the
oculomotor range to avoid slack. In contrast, GL fibers remain
under tension, even when relaxed due to stretching by the
antagonist EOM. Thus, to maintain coordinated control and
identical movements of the pulley and globe under dynamic
conditions such as saccades, the innervation to OL and GL
must differ. The coordinated control postulate of the APH
predicts that motor neurons preferentially innervating fibers in
the OL should, during saccades, exhibit step, but not pulse,
changes in activity. Many such “tonic” motor neurons have
been found in the abducens and oculomotor nuclei.55 Separate
motor neurons projecting exclusively to the OL or GL have
been demonstrated in the feline LR.40

Differential Control

As pointed out earlier, even coordinated control of pulley
movement requires differential EOM effort because of different
static and dynamic loadings on pulley and globe. This implies
a requirement for at least some differential neural commands to
the OL and GL of each EOM, even during coordinated control.
Beyond differential effort to achieve coordinated control, the
APH also includes a second postulate, differential control. The
postulated differential control supposes pulley movements in a
direction or an amount different from ocular rotation. Move-
ments of pulleys unrelated to ocular rotations were neither
anticipated nor found in the current experiment, and the

present data are therefore not informative concerning the
possibility of differential control. Alterations in EOM paths
independent of horizontal and vertical eye position have been
observed, however, during convergence,30,31 suggesting that
differential control of pulley positions may exist. That possibil-
ity should be further investigated.

Primary Position

To assess rectus pulley positions as a function of gaze, it would
have been ideal to use true kinematic primary eye position as
the reference, defined as a zero-torsion normal to Listing’s
plane.56 Unfortunately, even in the head-upright position, List-
ing’s plane has considerable craniotopic variability among in-
dividuals,57 and the plane shifts with head position58 and
variably with convergence, depending on the stimulus.59,60

The yaw orientation of Listing’s plane has not been determined
for the supine position used in the current experiment. Rela-
tive to a plane passing through globe center and tilted tempo-
rally by 12°, however, both the MR and LR pulleys were 7.8
mm posterior to globe center. This distance is consistent with
the reported temporal tilt of the Listing plane in upright sub-
jects. When the pulley position graphs for the MR (Fig. 4) and
the LR (Fig. 5) are superimposed, they intersect 7.4 mm pos-
terior to globe center. This distance is similar to the roughly
8-mm distance from globe center anterior to the MR and LR
insertions, as required for half-angle behavior. It should be
noted, however, that the current findings are independent of
the chosen reference position. The graphs in Figures 4 and 5
would intersect approximately 8 mm posterior to globe center
for any arbitrary rotational reference position consistently cho-
sen for both graphs. It should also be noted that rectus EOM
insertions are broad and often modestly slanted relative to the
corneoscleral limbus,3,61 and therefore agreement to within 1
mm of measurements and a theory representing each EOM as a
single point insertion is probably the best that can be expected.

The mean vertical (pitch) tilt of Listing’s plane in upright
humans is reportedly less variable than the horizontal, being on
average tilted upward by 3° in upright subjects,57 with little
change in the supine position used in the current study.62 The
vertical position chosen to be central for this study appeared
natural, but was necessarily arbitrary. Relative to the cranium,
the SR pulley was found to be 9.2 mm posterior to globe
center, and the IR pulley 4.2 mm posterior. Relative to a plane
passing through globe center and tilted superiorly by 12°,
however, both the SR and IR pulleys were 6.7 mm posterior to
globe center. When the pulley position graphs for the SR (Fig.
6) and the IR (Fig. 7) are superimposed, they intersect 7.5 mm
posterior to globe center. This distance is also consistent with
the approximately 8 mm distance from globe center anterior to
the SR and IR insertions required for half-angle behavior, if the
Listing plane were tilted superiorly by 12°. The origin of this
presumed small upward tilt of the Listing plane is uncertain,
but perhaps related to the near-viewing environment of the
MRI scanner relative to the longer viewing distances used by
other investigators.62 Nevertheless, as for the horizontal rectus
EOMs, the current findings are independent of the chosen
reference position. The graphs in Figures 6 and 7 would intersect
at 7.5 mm posterior to globe center for any arbitrary rotational
reference position consistently chosen for both graphs.

Implications for Models of the Ocular Motor
Plant and Central Control

The quantitative consistency of the present data with the
prediction of the coordinated control postulate of the APH
validates the relatively novel assumption of a linear ocular
motor plant used in recent dynamic models.25,32,45,63 Realistic
dynamic models now cannot avoid this feature. Computational

2186 Kono et al. IOVS, July 2002, Vol. 43, No. 7



models of binocular statics, such as the Orbit model,33 should
also implement moving pulleys conforming to Listing’s half-
angle behavior. Future studies of neural control of eye move-
ments perhaps should involve study of EOM pulley behavior in
addition to eye orientation. This is feasible by MRI in humans
and possibly also in behaving animals.
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