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Abstract
Purpose—We used magnetic resonance imaging (MRI) to determine why lateral rectus (LR)
recession has a variable effect on binocular alignment.

Design—Prospective observational and interventional case series.

Methods—Posterior LR path lengths from orbital apex to first globe contact were determined by
axial plane, surface coil MRI in 8 patients with unilateral LR palsy and in four patients before and
after bilateral LR recession.

Results—Posterior paths of paretic LR muscles were 2.2 to 6.0 mm longer (mean 3.4 mm, p =
0.0002) than normal contralateral paths. Each paretic LR was sharply inflected laterally at a point in
the anterior orbit corresponding to the histological location of the LR pulley sleeve. Every recessed
LR was 0.8 to 4.4 mm (mean 2.4 mm, p = 0.0008) longer post- than pre-operatively, with less temporal
deflection.

Conclusions—The LR pulley suspension contributes to LR tension, tightening the muscle belly
by stretching it temporally when LR tone is reduced. The increase in LR path length due to temporal
inflection offsets recession effect by up to 4 mm. Connective tissue action explains some response
variability after LR recession.

INTRODUCTION
Lateral rectus (LR) recession, the surgical weakening of the LR muscle by posteriorly shifting
its scleral insertion, has long been known to have less effect on horizontal eye alignment than
a corresponding amount of medial rectus (MR) recession. Published surgical tables1 routinely
recommend larger LR recessions to treat exotropia (XT) than corresponding MR recessions to
treat similar degrees of esotropia (ET). Many strategies have been introduced to reduce the
undercorrection rate after LR recessions for XT2–4, all having the effect of increasing the
distance of LR recession performed.

Recession of the LR shifts binocular alignment in a more esotropic direction in the immediate
postoperative period than is ultimately attained after long-term healing, a phenomenon often
resulting in reoccurrence of concomitant XT5–7. Because of this consistent clinical response
to LR recession, surgical planning for concomitant XT aims to achieve an initial large
overcorrection into consecutive ET, with anticipated subsequent reduction of ET over time5–
7. Analogous over-correction is not advised for forms of strabismus not treated by LR
recession, suggesting that some characteristic of the LR may be unique.
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Orbital anatomy can have a profound effect on both strabismus and in the response of
strabismus to eye muscle surgery8–10. The discovery of the rectus extraocular muscle (EOM)
pulleys11, connective tissue sleeves of collagen, elastin, and smooth muscle that surround and
stabilize the posterior EOM paths within the bony orbit12, 13, has increased the complexity
of analysis of the biomechanical behavior of the EOMs in response to surgery14. In particular,
abnormal LR path variants, including changes with aging and globe growth, have been
implicated as either causes or complicating factors in certain types of strabismus15–21. We
used magnetic resonance imaging (MRI) in subjects with LR palsy, and in subjects before and
after LR recession, to determine what changes, if any, occurred in orbital anatomy over time
that might influence the LR response to an initial weakening event.

METHODS
The study was designed as a prospective observational case series. Eight subjects were
identified with unilateral LR palsy. Four subjects were identified pre-operatively with large
XT for whom bilateral LR recessions, with or without MR resections, were planned. All
subjects underwent complete ophthalmic examinations. Each subject then underwent high-
resolution, T1-weighted MRI using a dual-phased surface coil array and, in some cases,
intravenous gadodiamide contrast using techniques described in detail elsewhere22. Subjects
were imaged in straight-ahead gaze fixating with the preferred eye. Subjects with XT were
imaged before and at least three weeks after strabismus surgery.

Contiguous axial MRI images 3 mm thick were obtained using a 256 × 192 or 256 matrix over
a 10 cm square field of view. Digital MRI images were transferred to Macintosh® computers
(Apple Computer, Cupertino, CA), converted into 8-bit tagged image file format (TIFF), and
quantified using the program Image J (W. Rasband, National Institutes of Health; available by
ftp from zippy.nimh.nih.gov).

An observer who was masked to the clinical characteristics of each subject quantitatively
analyzed only images free from degradation by motion or other artifacts. For each orbit, the
posterior LR path length, defined as the length of the LR muscle belly from orbital apex to first
globe contact, was measured in the axial image plane containing the longest contiguous section
through the LR by tracing a curvilinear path through the center of the muscle belly. For LR
palsy subjects, the posterior LR path length in the involved orbit was compared to the
contralateral, uninvolved orbit. For subjects with XT, pre-operative and post-operative LR path
lengths were compared.

RESULTS
Table 1 summarizes the clinical characteristics for the 8 subjects with LR palsy. Average age
at time of imaging was 49 years (range 20–76 years old), with 34 months (range 6–120 months)
average duration of LR palsy. Every subject was esotropic with an average deviation of 49 Δ
(range 15–90 Δ). For each subject, atrophy of the involved LR belly was confirmed by
MRI23. In every case, the paretic LR posterior path length significantly exceeded the
contralateral normal LR by more than 2 mm (range 2.2 to 6.0 mm, average 3.4 mm, p = 0.0002
using a paired t-test). Measured LR lengths are summarized in Table 2. The increased posterior
LR path length was accompanied by a temporal and posterior bowing of the LR muscle belly
in the region of the posterior part of the LR muscle pulley sleeve (Fig. 1), near the globe-optic
nerve junction.

Table 3 summarizes the surgical data for the 4 subjects with XT. Each subject underwent
bilateral 6 to 8 mm LR recessions, augmented in 3 cases with 5 or 6 mm MR resections for
distance XT greater than or equal to 55 Δ. Each subject followed a typical course after XT
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surgery. Subjects 9 and 11 were initially overcorrected into ET and experienced a gradual
reduction of the ET in the post-operative follow up. Subjects 10 and 12 had initial good
alignment with slow recurrence of distance XT. Table 4 summarizes the pre-operative versus
post-operative LR posterior path lengths. In every case, the post-operative LR posterior path
length significantly exceeded pre-operative length (range 0.8 to 4.4 mm, average 2.4 mm, p =
0.0008 using a paired t-test). Once again, the increased LR posterior path length was
accompanied by temporal and posterior bowing of the LR muscle belly in the region of the
posterior part of the LR muscle pulley sleeve near the globe-optic nerve junction, although the
effect was not as profound as seen in LR palsy (Figure 2).

The net result was to offset the effective amount of surgical LR recession performed. Each
millimeter increase in LR posterior path length reduces the effective slack created by LR
recession by one millimeter. Comparing the change in LR path for both eyes to the surgical
recession performed, the actual recession effect was reduced by 20 to 45% (average 33%) in
these subjects.

DISCUSSION
Imaging reveals that the posterior LR muscle path has a clear, consistent response to an initial
weakening event: temporal and posterior bowing in the region of the globe-optic nerve junction
and posterior part of the LR pulley sleeve, with resulting increased posterior LR path length.
In LR palsy, the path through the orbit of the denervated, slack LR muscle belly is substantially
influenced by external connective tissue forces, most prominently those forces exerted by the
LR pulley sleeve and its suspension23. The LR pulley, like the other rectus pulleys, is composed
of focal encircling rings of collagen and elastin, embedded within more distributed connective
tissue sleeves suspended elastically from the orbital walls23. These tissues drag the paralyzed
LR belly temporally and posteriorly, increasing muscle path length and thus passive elastic
tension. Because of the paralysis, of course, the increased path length does not increase active
tension within the paralyzed muscle.

In LR recession, shortening the initial muscle length reduces passive muscle tension, but the
innervated muscle still generates active force. The force exerted by the pulley suspension is
still sufficient to bow the innervated muscle away from a straight-line path, increasing LR path
length and offsetting some of the surgically induced slack created by recession. As shown in
Figure 3, the pulley sleeve effectively “pretensions” the recessed LR muscle by dragging it
laterally. The increased path length decreases recession effect by 1 – 4 mm (Table 4), with a
corresponding reduction in the effective mm dosage of the recession. In the most extreme case,
Subject 9 underwent planned bilateral LR recessions totaling 14 mm, but post-operatively had
only a combined 7.6 mm of surgically induced slack between the two muscles, reflecting a
45% reduction in the surgically induced effect.

Earlier studies have considered anatomic changes resulting from surgical recession of rectus
muscles, but these studies typically employed simplistic line drawings and speculation on post-
operative anatomy without actually imaging and measuring the relationships within the
orbit10, 24, 25. The in vivo behavior of the LR after surgery is much more complex. Orbital
imaging and quantitative analysis provides a greater understanding of three widely-observed
but otherwise mysterious effects of LR recession. First, these results help explain the large
regression towards exotropia observed after bilateral LR recession. The average increase in
LR path length following LR recession in this small group of surgical patients was 2.4 mm. A
bilateral 2.4 shortening of the LR would create 10–15 Δ of XT shift, based on current surgical
tables1, precisely the average amount of post-operative drift observed in many large studies
of XT over many years5, 7, without postulating any other changes in orbital anatomy, number
of sarcomeres, or LR innervation. In addition, the variability of the change in LR posterior path
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length, from 0.8 mm to 4.4 mm in our small group of subjects, also helps explain the variability
of exotropic shift observed after LR recession. Simply increasing the amount of LR recession
does not account for the variable effects of orbital size and connective tissue density that
appears to affect the LR muscle belly.

As second issue, these results help explain why virtually every recommendation that increases
the amount of LR recession performed2–4, 6 enhances the success of surgery for XT without
increasing the rate of overcorrections. The increase in LR posterior path length appears to have
a dose-response relationship, with greater weakness (LR palsy compared with surgical
recession) creating a larger change in posterior path length. Although the small number of
subjects and similar amounts of recession performed in this study prevents adequate
quantification of this effect, our results would predict greater posterior path inflections for
larger compared with smaller LR recessions. The greater path inflection reduces the
comparative effectiveness of a larger recession, minimizing overcorrection.

A third issue is that these results help explain why the intraoperative tension of the recessed
LR does not correlate its duction or with observed changes in alignment26. Modest amounts
of LR recession reduce intraoperative LR tension to zero26, but postoperatively abduction
remains clinically normal and alignment predictably drifts towards XT. Innervational tone in
both the LR and LR pulley tissue in the alert patient appears sufficient to restore LR tension
to near pre-operative levels. In fact, a recent report suggests that orbital layer force exerted on
the pulley tissues is sufficient alone to permit normal or nearly normal ductions even after
disinsertion of the LR from the sclera27.

There are two implicit assumptions in our analysis of this data. The first assumption is that
posterior path elongation in response to weakness in the muscle belly is not shared by the
antagonist medial rectus (MR). The LR has a unique path within the orbit, suspended
completely within connective tissue in a curvilinear path from orbital apex to globe contact.
The MR has a straighter path from apex to globe contact and is supported by a stiffer, more
rigid pulley structure. Initial analysis of several subjects with MR palsy demonstrates no change
in posterior path length (unpublished data). Greater numbers of subjects with this less common
palsy are required to complete this study quantitatively, but if the extreme case of MR palsy
does not change MR posterior path length, then neither should lesser weakening due to surgical
recession. This preliminary result corresponds with clinical experience of stable eye alignment
after MR recession surgery for ET.

The second assumption of this study is that change in central gaze alignment does not by itself
change LR posterior path length. For example, in Figure 2, the pre-operative eye is the
abducted, XT position, while the post-operative eye is in the orthotropic, straight-ahead
position. In both images, however, the subject is fixating with the other, preferred eye, so the
innervational tone to the LR should be similar. With a similar level of innervation in both
images, an adducted position should tighten, not loosen, the LR28, resulting in less temporal
and posterior bowing, not more, in the postoperative image. This tightening of the LR should
only be increased by the MR resections performed in most of these patients, because tightening
the MR should forcibly adduct the globe, reducing the amount of LR slack created by the
recession. Instead, observed LR muscle path was increased, not diminished. The observed
displacement noted in the post-operative image can only be caused by the relative balance of
forces between the LR and its connective tissue pulley, and could not be an artifact of eye
position.

To further support this assumption, the data was re-analyzed by gaze position before and after
surgery. In each subject, the preferred eye was in the straight ahead position in both pre-
operative and post-operative imaging, while the non-preferred eye moved from the pre-

Clark and Demer Page 4

Am J Ophthalmol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



operative exotropic, abducted position to a more straight ahead position post-operatively. Both
eyes in every subject demonstrated an increase in LR posterior path length. The magnitude of
the change was similar in both groups, an average of 2.0 mm increase in the preferred eye
versus 2.8 mm increase in non-preferred eye, a difference that was not statistically significant
(p = 0.38). The observed change in LR path length does not appear to be dependent on gaze
position.

The current study has some limitations. All imaging was performed in adults, who typically
have larger orbits than observed in children. While axial length does not appear to have an
effect on the response of patients to XT surgery10, 29, orbital size and the relative position of
the LR with respect to the orbital wall might have an important effect. In a baby or very young
child, the relatively shallow orbit and close proximity of the LR to the lateral orbital wall may
minimize the effect of any temporal and posterior bowing created by surgical recession. This
effect may be partially offset by the more abundant and sturdy orbital connective tissue in
young patients, which diminishes over time in the elderly30.

All the LR recessions in this study were 6 to 8 mm. The results can be extrapolated somewhat
toward larger recessions because of our data on LR palsy, but the effects of smaller LR
recessions are unknown. A minimum threshold amount of LR recession might exist before any
effect on LR muscle path can be observed. Further study quantifying the relative change in LR
path with surgical dose should help improve the accuracy of the LR recession surgery.

In summary, our data demonstrates that the orbital connective tissue variably but consistently
reduces LR recession effect by pulling the LR posterior belly temporally and posteriorly. The
amount of LR displacement appears dependent on the degree of LR weakness, with the actual
effect on path length and muscular tension presumably dependent upon both the individual
stiffness of the pulley suspension and the distance between the globe and lateral orbital wall,
which in turn depends on the size of the bony orbit.
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Figure 1.
Normal and Contralateral Lateral Rectus Palsy Orbit - Axial Imaging. For Subject 3, the normal
right lateral rectus follows a nearly straight path from orbital apex through the pulley sleeve
(small white arrows) toward the globe. The path of the paretic and atrophic left lateral rectus
path is bowed temporally and posteriorly in the pulley sleeve region (large white arrowhead),
as the elastic and smooth muscle components of the pulley sling pull the denervated muscle
against the lateral orbital wall. For this subject, the paretic lateral rectus had a posterior path
length of 41.8 mm compared with the nonparetic length of 35.8 mm, a difference of 6 mm. ON
= Optic Nerve; LR = Lateral Rectus; MR = Medial Rectus.
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Figure 2.
Pre- and Post-Op Lateral Rectus Recession - Axial Imaging. For Subject 9, the lateral rectus
path after lateral rectus recession is bowed temporally and posteriorly in the anterior orbit
(white arrowhead), increasing lateral rectus path length compared with pre-operatively (small
white arrows). This displacement is similar in direction but smaller than observed with lateral
rectus palsy. For this subject, the pre-operative LR posterior path length was 27.5 mm compared
with 31.0 mm in the post-operative image. The post-operative change in lateral rectus path
length reduced the effect of lateral rectus surgical recession by 3.5 mm, eliminating almost half
the 8.0 mm of recession performed. LR = Lateral Rectus; MR = Medial rectus.
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Figure 3.
Change in Lateral Rectus Path Length After Surgical Recession. Before recession, the lateral
rectus path represents a balance between muscle tension (green arrow) and pulley tension
(yellow arrows). After recession, the pulley partially restores lateral rectus tension by
displacing the muscle belly temporally and posteriorly, increasing LR path length, and so
negating some of the slack introduced by the surgical recession. LR = lateral rectus.
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Table 2
Paretic versus Normal Lateral Rectus Posterior Path Length

LR Palsy Paretic Length (mm) Normal Length (mm) Difference (mm)

Subject 1 39.8 37.4 2.4
Subject 2 40.9 37.4 3.5
Subject 3 41.8 35.8 6.0
Subject 4 44.6 42.1 2.5
Subject 5 39.2 35.2 4.0
Subject 6 42.1 37.3 4.8
Subject 7 39.0 36.8 2.1
Subject 8 39.5 37.3 2.2

Mean 40.9 37.4 3.4
SD 1.9 1.9 1.3

Paired t-test 0.0002
Posterior Path Length is distance from orbital apex to first contact of the lateral rectus with the globe. LR = Lateral Rectus. SD – standard deviation.
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Table 3
Surgical Dosage for Exotropic Subjects

Subject Diagnosis Surgery (mm)

9 Exotropia Bilateral MR Resection 6.0, Bilateral LR Recession 7.0
10 Exotropia Left LR Recession 6.0, Right LR Recession 8.0 adj.
11 Exotropia Right MR Resection 5.0, Bilateral LR Recession 7.0
12 Exotropia Left MR Resection 6.0, Bilateral LR Recession 8.0

LR = Lateral Rectus; MR = Medial Rectus; adj. = adjustable suture surgery.
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Table 4
Effect of Recession on Lateral Rectus Posterior Path Length

LR Recession Pre-Op Length (mm) Post-Op Length (mm) Difference (mm)

Subject 9 - OD 34.5 36.5 2.0
Subject 9 - OS 31.0 35.4 4.4

Subject 10 - OD 27.5 31.0 3.5
Subject 10 - OS 30.0 32.9 2.9
Subject 11 - OD 31.8 32.6 0.8
Subject 11 - OS 30.4 32.7 2.3
Subject 12 - OD 37.8 38.8 1.0
Subject 12 - OS 36.0 38.3 2.3

Mean 32.4 34.8 2.4
SD 3.4 2.7 1.1

Paired t-test 0.0008
Posterior Path Length is distance from orbital apex to first contact of the lateral rectus onto the globe. LR = Lateral Rectus. SD = standard deviation.
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