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Abstract

PURPOSE: To determine if the “arc of contact” is an accurate approximation of the globe-tendon 

interface for the biomechanical modeling of extraocular muscle (EOM) force transfer onto the 

globe.

METHODS: At a single academic institution, 18 normal and 14 strabismic subjects were 

prospectively recruited for surface-coil enhanced magnetic resonance imaging at 312- or 390-

micron resolution in axial planes for horizontal EOMs (23 subjects, 26 orbits) and sagittal planes 

for vertical EOMs (13 subjects, 22 orbits) during large ipsiversive ductions. The measured angle at 

insertion and the predicted angle assuming an “arc of contact” were compared using paired t-tests.

RESULTS: For normal EOMs, the measured angle at insertion was significantly greater than 

predicted assuming an “arc of contact” for the medial rectus (MR) (5.0° ± 4.8° versus 0.0° ± 0.0°, 

P=.03), lateral rectus (LR) (4.9° ± 3.0° versus 0.0° ± 0.0°, P=.02), inferior rectus (7.4° ± 4.8° 

versus 1.2° ± 2.6°, P=.00003), and superior rectus (0.6° ± 1.1° versus 0.0° ± 0.0°, P=.04). In 

strabismic subjects, the measured angle was significantly greater for the MR in abducens palsy 

(9.9° ± 4.3° versus 0.5° ± 0.7°, P=.0007) and after MR resection (9.0° ± 6.9° versus 1.2° ± 2.4°, 

P= .02), but not after LR recession (2.9° versus 0.0°). Single subjects had comparable angles after 

MR recession, but markedly different angles after MR and LR posterior fixation.

CONCLUSIONS: Contrary to the “arc of contact” biomechanical model, normal and post-

surgical EOMs are significantly non-tangent to the globe at their scleral insertions. The “arc of 
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contact” should be replaced in biomechanical modeling by the experimentally measured angles at 

tendon insertions.

INTRODUCTION

The functional anatomy of the rectus extraocular muscles (EOMs) is divided into two 

portions. The anterior part incorporates the collagenous tendon insertion and a portion of the 

contractile muscle wrapping in contact with the scleral surface, while the posterior part 

incorporates contractile muscle not contacting the scleral surface but extending from it to the 

muscle origin at the orbital apex. When devising mechanical schemes of orbital mechanics 

to explain the effects of strabismus surgery on ocular motility, researchers have traditionally 

relied upon planar Euclidean geometry to simplify analysis.1–4 More recent studies have 

incorporated the presence of the EOM pulleys that define EOM posterior paths,5, 6 but still 

rely upon the concept that EOMs wrap over the globe surface for a distance described as the 

“arc of contact” to define both the point of application and direction of the force applied by 

each EOM onto the globe.7, 8 The “arc of contact” biomechanical model, in turn, relies upon 

two additional assumptions: first, that each EOM tendon can be treated biomechanically as 

an infinitely thin line of force that wraps around globe and applies all of the EOM’s force as 

oculorotary until its insertion shifts far enough posteriorly during ocular rotation that the 

EOM tendon loses tangency with the sclera; and second, that the posterior EOM path is a 

straight line between the point of globe tangency and the EOM’s anatomical origin. Using 

this simplified model (Figure 1 Left), once the EOM insertion rotates beyond the “arc of 

contact” to lose tangency with the globe, the oculorotary lever arm is reduced to less than the 

globe radius,1, 3 resulting in loss of oculorotary torque.

The foregoing simplistic biomechanical model has often been invoked to define important 

principles presumably applicable to strabismus surgery, such as the maximum recession that 

can be safely performed before crippling an EOM4 or explaining the mechanical effects of 

posterior fixation surgery.3, 7, 9, 10 Even casual inspection, however, of in vivo anatomy in 

normal subjects using magnetic resonance imaging (MRI) (Figures 2 and 3) reveals that 

EOMs are not infinitely thin and their paths are not linear. Instead, the tendinous insertions 

are approximately one mm thick11 and the EOM paths are curvilinear, deflected from a 

straight-line path by both EOM muscle bulk and orbital pulley tissue.12, 13 The combination 

of tendon thickness at insertion and a curvilinear path prohibit perfect tangency of the EOM 

with the globe at any point (Figure 1 Right), even along what has traditionally been assumed 

to be its putative “arc of contact.” The basic assumptions underlying the “arc of contact” 

biomechanical model are thus violated, but the magnitude of the discrepancy have been 

presumed small and may not be biomechanically relevant.

Abnormalities in the position and strength of the posterior functional anatomy of the rectus 

muscles, such as the heterotopic pulleys found in craniosynostosis syndromes and other 

anatomic disorders that create pattern strabismus14–16 or the sagging lateral rectus (LR) 

EOM path that occurs with age17, 18 or high myopia to create acquired esotropia and 

hypotropias19, 20, have been well described and analyzed. Abnormalities in the anterior 

EOM anatomy have also been described, although the emphasis has been on incomplete or 

imperfect re-attachment after surgical repositioning21, 22 rather than the thickness and angle 

Clark and Demer Page 2

Am J Ophthalmol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of tendinous attachment. To the clinician, securing a firm and permanent re-attachment of 

the rectus muscle to the globe is of paramount concern after surgery. To the scientist, 

understanding the biomechanics of the tendinous attachment is equally important, especially 

when considering the effects of introducing materials around the insertion like amniotic 

membranes to reduce scarring and adhesions23. In this study we used MRI to measure the 

actual angle at tendon insertion to determine if the “arc of contact” model, while not a 

perfect characterization of the globe-tendon interface, still provides a reasonably accurate 

estimate of EOM force transference onto the globe.

METHODS

We conducted this study at a single academic institution as a prospective observational 

series. Each participant gave written informed consent to a protocol approved by the 

Institutional Review Board at the University of California, Los Angeles that conformed to 

the Declaration of Helsinki. The data collection was Health Insurance Portability and 

Accountability Act compliant.

Eighteen normal adult subjects (9 males and 9 females) ages 22–74 (average 50.1 yrs) were 

recruited through advertisement and were examined to verify normal vision, motility, and 

ocular structures. Fourteen strabismic subjects (6 males and 8 females) ages 19–75 (average 

48.6 yrs) were recruited as part of an ongoing prospective imaging study: seven subjects 

with chronic unilateral LR palsy, five subjects with horizontal strabismus status post 

horizontal strabismus surgery, and two subjects following posterior fixation suture 

placement. Imaging for the two subjects with posterior fixation sutures has been previously 

reported using different analytical techniques as part of a study on the mechanics of 

posterior fixation surgery.7 In both cases, posterior fixation was performed using interrupted 

permanent sutures placed through the sclera and adjacent superior and inferior poles of the 

operated rectus muscle far posterior to the muscle’s insertion to shift the muscle’s functional 

position of globe tangency to the location of the sutures instead of its tendinous insertion 

onto the globe7.

High-resolution, T1- or T2-weighted fast spin echo MRI was performed on each subject 

with a 1.5-T General Electric Signa (Milwaukee, WI) scanner utilizing techniques described 

in detail in prior studies.24–27 In brief, subjects were scanned in the supine position with the 

head encased within foam cushions. Gaze was controlled using a fixation target, a fine 

optical fiber embedded in a plastic facemask located 2 cm in front of the scanned eye and 

illuminated from its distal end by a red light emitting diode that was positioned to create 

large ipsiversive globe rotations towards the EOM of interest, i.e. maximal adduction for 

scans of the medial rectus (MR). A dual-phased surface coil array (Medical Advances, 

Milwaukee, WI) was positioned over the scanned orbit to improve the signal-to-noise ratio 

(this surface coil has not been not approved by the US Food and Drug Administration for 

this purpose).

Axial image planes were used to evaluate the horizontal rectus EOMs (Figure 2 Left) and 

quasi-sagittal image planes, vertically transecting the orbit along its long axis, were used to 

evaluate the vertical rectus EOMs (Figure 2 Right). Imaging was performed using a matrix 
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of 256 pixels over an 8- or 10-cm field of view, yielding a pixel resolution of 312- or 390-

microns, respectively. Digital MRI images were quantified using the program ImageJ64 (W. 

Rasband, National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij/, 1997–

2009).

For each subject in each relevant gaze position, an image plane that included the cornea and 

lens was analyzed to determine globe rotation into the scanned EOM’s field of gaze (Figure 

2). Each axial image was rotated to bring the midline of the nose to scanner vertical. The 

rotation of the globe into horizontal gaze was then measured on axial images as the angle 

displacement from scanner vertical of a line from the center of the cornea bisecting the lens 

through to the posterior globe. Similarly, the change in vertical gaze was measured on 

sagittal images as the angle displacement from scanner horizontal of a line from the center 

of the cornea bisecting the lens through to the posterior globe. The globe center was 

approximated by manually outlining the globe and using the ImageJ “Area Centroid” 

measurement (Figure 2). To reduce the aspheric effect of corneal curvature, the posterior 

aspect of the cornea was used to delineate the anterior extent of the globe for this 

measurement.

Then, a single axial or sagittal image plane was chosen for angle measurements that 

contained the entirety of the rectus EOM, origin to insertion. To perform the angle 

measurements, the globe center was marked directly on each image with a single white pixel 

(labeled “1” in all figures). Then, three additional white pixels were placed on each image. 

The second white pixel marked the point of EOM insertion (labeled “2” in all figures) and 

the third white pixel bisected the EOM tendon a short distance posterior to the insertion 

(labeled “3” in all figures), where the muscle path still appeared linear from the insertion. 

The angle between the globe center (1), EOM insertion (2), and EOM tendon (3) was then 

measured in ImageJ64 and used to calculate the actual angle at tendon insertion, defined as 

the measured angle minus the 90-degree angle formed by a perfect globe tangent (Figures 3 

and 4). The final white pixel bisected the posterior EOM belly near its origin in the posterior 

third of the orbit (labeled “4” in all figures). The angle between the globe center (1), EOM 

insertion (2), and posterior EOM belly (4) was used to calculate the predicted angle at 

insertion from the “arc of contact” biomechanical model (Figures 3 and 4). If this “arc of 

contact” angle was less than 90 degrees, possible because the curve of the EOM around the 

globe was neglected for this measurement, this angle was defined as zero degrees (a perfect 

tangent to the globe). If the angle exceeded 90 degrees, the “arc of contact” angle was 

calculated as this angle minus 90 degrees.

For normal subjects and subgoups of strabismic patients with sufficient numbers for 

analysis, the measured angle at tendon insertion was compared with the predicted “arc of 

contact” angle using paired t-tests. Data from individual strabismic subjects was also 

included for descriptive purposes.

RESULTS

On imaging, the EOMs could be tracked from near the origin to the insertion for every 

subject. At the insertion, the thickness of the tendon created a measurable angle at tendon 
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insertion for most EOMs, regardless of posterior path (Figures 2, 3 and 4). Each of the 

posterior EOM bellies had one of two distinct morphologies. The MR and inferior rectus 

(IR) had thicker, fusiform bellies that tapered into comma-shaped, curved tendons. During 

contraction, the MR tendon flattened somewhat towards the globe, slightly decreasing the 

angle at tendon insertion, while the IR tendon retained most of its retroequatorial curve. The 

superior rectus (SR) and lateral rectus (LR) had a smoother curvilinear course from origin to 

insertion, with no marked taper or curve within the tendon compared with the EOM belly. 

For both of those EOMs, the posterior muscle path straightened markedly with contraction.

For each EOM in normal subjects, the measured angle at tendon insertion was significantly 

greater than the “arc of contact” angle, demonstrating a greater loss of muscle tangency than 

predicted by the “arc of contact” model even for normal EOMs during routine gaze changes. 

Figure 3 displays representative images for each normal EOM. For the MR in adduction 

(5.0° ± 4.8° measured versus 0.0° ± 0.0° predicted, P = .03), LR in abduction (4.9° ± 3.0° 

versus 0.0° ± 0.0°, P = .02), and IR in infraduction (7.4° ± 4.8° versus 1.2° ± 2.6°, P = .

00003), both the average and maximum measured angles at tendon insertion differed 

substantially from the angles predicted by the “arc of contact” model. For the SR in 

supraduction, both the average angle at insertion (0.6° ± 1.1°versus 0.0° ± 0.0°, P = .04) and 

the maximum angle of 3.6°, while statistically significantly different than predicted, were 

too small to be biomechanically significant. Not all positions of gaze were imaged in each 

normal subject, but sufficient images were available to generate statistically significant 

results for all rectus EOMs. Results for the normal subjects are summarized in Table 1.

The clinical data for the subjects undergoing horizontal strabismus surgery are summarized 

in Table 2. Comparable results for the measured angle at tendon insertion for strabismic 

patients are summarized in Table 3. Statistical comparisons could only be performed for two 

subgroups, both involving the MR. In patients who had LR palsy with a resultant large 

esotropia (ET), the MR had a significantly larger angle at insertion (9.9° ± 4.3°) than 

predicted from the ‘arc of contact” model (0.5° ± 0.7°, P = .0007). For this group with 

paralytic ET, the measured angle was almost double that found in the normal MR during 

adduction, despite similar degrees of adduction for both groups (Figure 4 Upper Left). 

Unexpectedly, the MR after large resection for exotropia also had a significantly larger angle 

at insertion (9.0° ± 6.9°) than predicted from the ‘arc of contact” model (1.2° ± 2.4°, P = .

02), similar to the finding in LR palsy (Figure 4 Upper Right). Because the MR tendon 

insertion was in the normal anatomic location for both of these strabismic groups, this 

finding suggests that increased EOM bulk at the insertion, either from intrinsic contracture 

after paralysis of the antagonist or from anterior shift of the EOM belly after surgical 

resection, substantially increases the angle at tendon insertion with subsequent loss of MR 

tangency to the globe.

On the other hand, the LR after large recessions for both subjects had smaller measured 

angles at tendon insertion than occurred in normal subjects during abduction for both 

subjects, despite retroplacement of the insertion 7 to 9 mm (Figure 4 Center Left). The only 

patient who underwent bilateral MR recessions of 6.5 mm had similar measured and 

predicted angles at tendon insertions (Figure 4 Center Right).
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The only subject with a substantially smaller measured angle at tendon insertion than 

predicted from the ‘arc of contact” model had undergone MR scleral posterior fixation 

(Figure 4 Lower Left). Using this measurement technique, both the “arc of contact” and 

actual angles were smaller than those reported in the prior study,7 but the conclusions are the 

same – the actual loss of MR tangency during ipsiversive duction after posterior fixation was 

not as large as predicted and, in fact, fell within the range found for the normal MR during 

adduction. The angle at tendon insertion after LR scleral posterior fixation was slightly 

larger than the predicted angle, but also fell within the range for the normal LR during 

abduction (Figure 4 Lower Right). Overall, the maximum loss of oculorotary force from the 

angle at tendon insertion, based on force vector analysis and the cosine of the measured 

angle, was less then 7% for all subjects.

DISCUSSION

For all normal and most strabismic subjects, during ipsiversive ductions the angle at scleral 

tendon insertion was significantly larger, producing greater loss of muscle tangency, than 

predicted by the “arc of contact” biomechanical model. Two factors were visible on MRI 

that accounted for the difference: EOM tendon thickness, particularly pronounced after 

surgical resection and somewhat diminished after surgical recession (Table 3), and the 

curvilinear posterior EOM path. Only one subject had a substantially smaller measured 

angle than predicted. For this subject who underwent MR posterior fixation with scleral 

sutures, the curvilinear posterior MR path eliminated some of the predicted effects of the 

posterior fixation (Figure 4 Lower Left).2, 3 Given the current practicality and widespread 

availability of noninvasive high-resolution orbital imaging, this data strongly suggests that 

the “arc of contact” be abandoned and replaced in biomechanical modeling by the 

experimentally measured angles at tendon insertion. Conclusions that rely exclusively on 

line-drawn biomechanics1–4, 8 should require in vivo confirmation prior to widespread 

acceptance to ensure that the actual EOM tendon anatomy matches the schematic anatomy.

Clearly, it is overly simplistic to model the EOM insertion as a single point and the EOM 

tendon as infinitely thin. The high-resolution MRI used for this study allowed identification 

of the EOM insertion in these subjects, but did not allow direct visualization of the 

individual muscle fibers that comprise the force generating units within each EOM. These 

fibers are parallel throughout most of the EOM belly, but cannot follow exactly parallel 

straight lines at the EOM insertion. Instead, the most posterior fibers are tangent to the globe 

at scleral contact, while the more anterior fibers lose tangency as they curve from scleral 

attachment around the posterior fibers to complete the EOM tendon (Figure 1 Right). The 

transmission of EOM force to the globe is thus made less efficient and, even in normal 

subjects, never achieves the perfect globe tangency predicted by the “arc of contact” model. 

From angle at tendon insertion measurements only, the maximum loss of oculorotary force 

was less then 7% for all subjects based upon force vector analysis and the cosine of the 

measured angle. In strabismic subjects, however, the relative size, number, orientation, and 

distribution of fibers at EOM insertion may vary with pathology, surgical technique, orbital 

anatomy, or other factors and further diminish the oculorotary effectiveness of the EOM.
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The most directly comparable MRI study of the “arc of contact” is by Chatzistefanou and 

coworkers.28 That study utilized MRI to measure the length of scleral contact for each EOM 

and equated that length directly with the “arc of contact” concept. Those authors made the 

fundamental assumption that scleral contact equals perfect tangency, an assumption 

disproven by their own Figures 1 through 5. Their post-surgical Figures 4 and 5, in 

particular, depict substantial tendon thickening anteriorly that markedly increased the angle 

at tendon insertion and thus reduced the oculorotary effectiveness of the operated EOM, 

“scleral contact” notwithstanding. That study’s main conclusion, that EOM-sclera contact is 

required after surgery to promote re-attachment of the EOM tendon to the globe, remains 

valid, but should not be confused with the “arc of contact” biomechanical model of perfect 

globe tangency that transmits all the EOM force as oculorotary.

This data continues to expand our understanding of the biomechanics of eye movement by 

replacing assumed behavior with experimentally determined in vivo behavior. The most 

immediate impact is to improve the accuracy of mathematical models designed to predict 

changes in eye movements in response to various perturbations. Beginning with the seminal 

studies by Miller5 and Demer13, 29 almost 30 years ago, the combination of high resolution 

orbital imaging and careful orbital histology has profoundly influenced the fundamental 

principles governing eye movement. The connective tissue pulleys that constrain posterior 

EOM belly sideslip simplify neurological control of eye movements by solving the 

potentially complex mathematics of coordinated three-axis eye movements with an elegant 

mechanical solution30, 31. The pulleys themselves retract posteriorly with EOM contraction 

and extend anteriorly with EOM relaxation because a portion of each EOM, the orbital layer, 

inserts into the pulley itself30, 31. The shifts in pulley position mechanically implement the 

necessary change in rotational angle required by Listing’s Law of ocular torsion without 

requiring complex upper level neurological input30, 31. The brain can control eye movement 

with simple directional commands while the structure and behavior of the orbital tissues 

solves the complex mathematical relationships to ensure smooth, coordinated eye tracking 

and alignment.

The discovery of the pulleys has quickly progressed from basic science and computer 

simulations into clinical practice along three major lines: 1) improvements in existing 

surgical techniques; 2) recognition of the role of disorders in EOM pulley location in 

previously poorly defined pathology; and 3) creation of novel techniques to correct those 

disorders. One of the most important modifications to strabismus surgery in recent history 

has been the addition of posterior fixation sutures to augment the effects of transposition 

surgery32. These sutures are designed to transpose the posterior EOM belly to match the 

surgical transposition of the EOM insertion, an addition not considered necessary until the 

discovery of EOM pulleys. The posterior fixation sutures directly increase the mechanical 

force of the tendon transposition by shifting the EOM pulley itself33, improving the 

mechanical effectiveness of transposition surgery so profoundly that transpositions 

augmented with posterior fixation have virtually supplanted all prior transposition 

techniques.

Abnormality of EOM pulley location has now been implicated in one of the leading forms of 

acquired adult strabismus, distance ET with normal near alignment. Imaging demonstrates 
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age-related dehiscence of the LR pulley suspension from the SR17–19. The LR pulley slides 

inferotemporally around the globe, changing the LR direction of force from directly 

temporal to inferotemporal. The displaced LR force is no longer sufficient to balance the 

MR adducting force in central gaze, resulting in ET and horizontal diplopia in the distance 

that resolves on near gaze when the diminished LR force is no longer biomechanically 

important. The posteriorly sagging LR belly that defines “sagging eye syndrome17, 18“ can 

be directly treated with novel surgeries designed to correct the LR pulley displacement, such 

as loop myopexy34 and LR equatorial myopexy35, without changing the position of the LR 

insertion. This approach can reduce tissue trauma, future risk of healing abnormalities such 

as stretched scar or hypertrophic scar, and patient morbidity.

Another recent finding that has fundamentally altered our understanding of orbital 

biomechanics is the discovery that all EOMs except the SR have bifid, segregated 

neuromuscular innervation, essentially created two functionally distinct muscles within each 

EOM36–38. Rather than acting as a single, monolithic contractile force, the different poles of 

compartmentalized EOMs contract differentially to generate secondary rotational forces that 

are functionally important during various eye movements such as vertical vergence or ocular 

counter-rolling39–42. Similar to the discovery of EOM pulleys, recognition of EOM 

compartments has allowed the identification of a new clinical entity, compartmental EOM 

palsy43, 44. Rather than affecting the entire EOM, palsy of the superior compartment of the 

LR is associated with a smaller primary gaze ET, better abducting function, and an 

associated small vertical deviation that distinguishes it from the larger ET and profound 

abduction deficit created by a complete LR palsy affecting both LR compartments43. 

Similarly, superior oblique (SO) compartmental palsies primarily affect the lateral 

compartment, which contributes to vertical gaze, rather than the medial compartment, which 

contributes to torsion44. The presence of neuromuscular compartments supports an ongoing 

clinical role for partial EOM surgery such as split-tendon transpositions45, slanted 

recessions46–49, SO posterior tenectomy, and the Harada-Ito procedure45. Going forward, 

the identification of functional neuromuscular EOM compartments suggests an expanded 

role for more targeted strabismus surgery, focusing intervention on the compartment of the 

EOM most likely to correct the pathology while preserving the function and ciliary 

circulation of the other, uninvolved compartment.

By redefining the anatomy and biomechanics of the EOM insertions onto the globe, the 

angle at insertion will increase the precision of the biomechanical analysis and mathematical 

modeling of eye movements. The clinical impact of these findings is also becoming 

apparent. Recognition of the difference between the angle at insertion and perfect globe 

tangency has already led to a significant modification to an existing surgical technique. The 

most obvious example of the erroneous application of the “arc of contact” model was the 

biomechanical explanation for the use of posterior fixation sutures to limit a muscle’s 

function into its field of gaze. Simple line drawings suggested that the posterior EOM 

insertion created by the scleral sutures would lose tangency with the globe during 

contraction, resulting in minimal effect in central gaze but significant muscle weakening 

during contraction2, 3. Imaging studies have demonstrated, however, that the actual loss of 

tangency is much less than predicted and, in fact, most of the mechanical effect impeding 

muscle contraction occurs due to a collision between the posterior scleral attachment and the 
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muscle’s pulley sleeve7. This improved understanding of the mechanism of action resulted 

in a modification of the posterior fixation procedure to place the suture directly through the 

pulley sleeve instead of the sclera50, resulting in a much safer procedure that accomplished 

similar results25, 26.

The loss of MR tangency after surgical resection might also provide a biomechanical 

explanation for the effects of the combined recess-resect procedure (the same EOM is both 

resected and recessed simultaneously).51–53 This procedure, touted as an easier and 

adjustable alternative to standard scleral posterior fixation, creates a bulky, retroplaced 

EOM-sclera attachment that, because of the increased tendon thickness at EOM insertion, 

could result in a greater loss of muscle tangency than predicted by the “arc of contact”. The 

net result might be a stiffer, shortened EOM that maintains primary gaze alignment but 

whose tendon rapidly loses globe tangency during contraction. In vivo imaging after surgery 

is required to validate this prediction.

Beyond loss of EOM tendon tangency to the globe, post-surgical disorders of muscle fiber 

attachment onto the globe beyond slipped22, 54 or stretched21 muscles might also affect the 

angle at insertion. Tendon re-attachment to the globe after non-uniform (i.e. slanted 

recessions or partial tendon surgeries) might result in an oblique orientation of EOM fibers 

that would significantly reduce force transmission in the direction of EOM contraction 

despite apparently perfect insertional tangency with the globe. The resulting loss of EOM 

force should increase the effective recession effect of the surgery regardless of the direction 

of slant, thus providing a potential explanation for why EOM recessions slanted in opposite 

directions (i.e. MR superior pole anterior versus MR superior pole posterior) appear to 

create similar biomechanical effects46.

There are three major limitations to the present study. The most important limitation is the 

imaging modality itself. High-resolution MRI clearly delineates the orbital structures, but for 

this purpose, the anatomy of the EOM beyond the first mm or two from its insertion is 

irrelevant. There is no need to define the middle of the posterior EOM (point 4 in the 

figures) because, just like the position of the posterior belly of the superior oblique (SO) 

plays no role in determining the pulling direction of the SO tendon, the position of the 

posterior rectus EOM belly plays no role in determining tendon-globe tangency. The 

immediate path of the tendon from its scleral attachment completely defines the direction of 

force application, so an imaging modality that provides greater resolution and a narrower 

field of view centered right at the EOM insertion might be more useful in defining the angle 

at tendon insertion by allowing characterization of the direction and organization of the 

individual muscle fibers as well as the breadth of the globe attachment. Ultrasound 

biomicroscopy has been used in the past to detect EOM insertions,55–57 but may not have 

sufficient resolution to define the complete extent of the insertion, and is usually impossible 

during duction ipsiversive to the EOM of interest. Anterior segment optical coherence 

tomography (OCT) has shown considerable promise as a non-contact method of imaging the 

EOM insertion,58 yet might share the anatomical limitation of UBM insofar as EOM 

insertions are displaced posteriorly and overlain by conjunctiva and other orbital tissues 

during large ipsiversive duction. Further investigation is required to determine if OCT can 
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provide useful anatomic data besides just detection of the EOM insertion site in 

contraversive gaze.

The second limitation is the lack of post-surgical imaging for the vertical rectus EOMs. The 

data on normal EOMs (Table 1) suggests that the inferior rectus (IR) might be most 

susceptible and the SR least susceptible to loss of globe tangency, in line with common 

clinical experience and prior imaging studies.28 Post-surgical imaging after vertical rectus 

recessions and resections is required to confirm this prediction.

The final limitation is the small overall number of subjects, particularly strabismic subjects. 

In addition, the wide range of values for the measured angles at tendon insertion suggests 

that variation in EOM-scleral attachment may account for some of the variable results after 

strabismus surgery. More imaging is required to determine the magnitude of this effect.

CONCLUSION

In conclusion, MRI demonstrates that, contrary to the “arc of contact” biomechanical model, 

both normal and post-surgical EOMs are significantly non-tangent to the globe during large 

ipsiversive ductions. In most cases, the EOM tendon thickness and post-insertional 

curvilinear path combined to create a substantially larger than predicted angle at tendon 

insertion with resultant greater than predicted loss of globe tangency. From the angles 

measured in this study, the effective reduction in oculorotary force is less than 7%, but may 

be greater depending on the actual organization of the EOM tendon fibers at insertion. Past 

biomechanical modeling that relied exclusively on the “arc of contact” should be validated 

with imaging of the in vivo anatomy and future analyses of both normal and abnormal ocular 

motility should replace theoretical angles predicted by the “arc of contact” model with 

experimentally measured angles at tendon insertions.
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Figure 1: 
Schematic diagram of the globe-tendon interface. Left) The “arc of contact” biomechanical 

model assumes infinitely thin extraocular muscle (EOM) tendons and linear muscle paths. 

As the EOM insertion rotates from point A to the equator (point B), perfect tangency is 

maintained with 100% force application as oculorotary torque. With further rotation from 

point B to point C, the posteriorly directed force is no longer tangent to the globe and some 

rotational torque is lost. The remaining oculorotary torque is proportional to the cosine of 

angle β. Right) The thickness of the tendon and the changes that occur in the posterior 

muscle belly during contraction fundamentally alter the globe-tendon interface. Instead of a 

single line at the EOM insertion, multiple lines are drawn to simulate the muscle fibers that 

thicken the insertion. At point A, the cumulative force from these lines can be summed into 

a single force vector displaced by angle α from perfect tangency. From the cosine function, 

for small angles α, almost 100% of the force exerts oculorotary torque. As the EOM 

insertion rotates from point A to point B, the muscle thickness increases with EOM 

contraction, resulting in a larger angle δ displacement from perfect tangency (δ > α). 

Finally, from point B to point C, imaging demonstrates that the EOM insertion begins to 

compress the pulley tissue, deforming the EOM path towards the center of the orbit. Thus, 

despite further thickening of the EOM belly, the resultant angle θ has been shown to be less 

than the angle β defined by the traditional “arc of contact” model7 (θ < β).
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Figure 2: 
Axial and quasi-sagittal magnetic resonance imaging (MRI) of the orbit. Left) Axial images 

were rotated to bring the midline of the nose to scanner vertical. The angle of globe rotation 

into adduction or abduction was then measured by drawing a line from the center of the 

cornea through the center of the lens towards the posterior globe and measuring the angle 

displacement of that line from scanner vertical (dashed lines). The center of the globe, 

marked with a white pixel (1), was determined by manually outlining the globe, then using 

the “Area Centroid” function of ImageJ64 to find its center. The posterior aspect of the 

cornea was used to delineate the globe’s anterior extent for this measure. White pixels were 

also used to mark the extraocular (EOM) insertion (2), immediate posterior tendon path (3), 

and middle of the posterior EOM belly (4). Right) For quasi-sagittal MRI, the angle of globe 

rotation into infraduction or supraduction was measured by a drawing a line from the center 

of the cornea through the center of the lens towards the posterior globe and measuring the 

angle displacement of that line from scanner horizontal (dashed lines). The center of the 

globe (1), EOM insertion (2), immediate posterior tendon path (3), and center of the 

posterior EOM belly (4) were defined the same as for the axial MRI. LR = Lateral Rectus; 

MR = Medial Rectus; ON = Optic Nerve; LPS = Levator Palpebrae Superioris; SR = 

Superior Rectus; IR = Inferior Rectus.
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Figure 3. 
Axial and quasi-sagittal magnetic resonance imaging (MRI) in normal subjects maintaining 

large ipsiversive ductions. For each panel, the solid white line represents a perfect tangent to 

the globe. The dashed white line with arrow represents the measured angle at tendon 

insertion. The solid gray line with arrow represents the predicted angle based on the “arc of 

contact” model. Point (1) marks the globe center, (2) the extraocular muscle insertion 

(EOM), (3) the middle of the immediate posterior tendon path, and (4) the middle of the 

posterior EOM belly. Upper Left) Supraduction. This sagittal MRI demonstrates the typical 

finding for the superior rectus (SR), perfect tangency for both the measured angle at tendon 

insertion and the predicted angle assuming an “arc of contact.” Because the line to point (4) 

created an angle less than 90°, the “arc of contact” measure was 0° (perfectly tangent) as the 

Clark and Demer Page 16

Am J Ophthalmol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SR wraps around the globe. Upper Right) Infraduction. This sagittal MRI of the inferior 

rectus (IR) demonstrates a much larger angle at tendon insertion than predicted because of 

inferior bowing of the IR path near its insertion. Even though the IR insertion (2) has not yet 

rotated posterior to globe center, the IR has experienced a substantial loss of tangency not 

predicted by the “arc of contact” model. Lower Left) Abduction. Similar to the SR, on axial 

MRI the “arc of contact” model predicts no loss of tangency for the lateral rectus (LR) 

during abduction. The thickness of the LR tendon, however is sufficient to create a small 

measured angle at its insertion. Lower Right) Adduction. Similar to the IR, on axial MRI the 

medial rectus (MR) demonstrates a much larger angle at tendon insertion than predicted by 

the “arc of contact” model because of tendon thickness and curvilinear MR path. Even 

though the MR insertion (2) remains anterior to globe center, the MR tendon has a 

substantial loss of tangency not predicted by its “arc of contact”. LPS = Levator Palpebrae 

Superioris; SR = Superior Rectus; IR = Inferior Rectus; LR = Lateral Rectus; MR = Medial 

Rectus; ON = Optic Nerve.
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Fig. 4. 
Axial magnetic resonance imaging (MRI) in strabismic subjects maintaining large 

ipsiversive ductions. In each panel, the solid white line represents a perfect tangent to the 

globe. The dashed white line with arrow represents the measured angle at tendon insertion. 

The solid gray line with arrow represents the predicted angle based on the “arc of contact” 

model. Point (1) marks the globe center, (2) the extraocular muscle insertion (EOM), (3) the 

middle of the immediate posterior tendon path, and (4) the middle of the posterior EOM 

belly. Upper Left) Subject with lateral rectus (LR) palsy. Because of the large esotropia 
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created by the palsy, the medial rectus (MR) insertion (2) is near the equator of the globe. In 

this position, however, the curvilinear MR path and thickened posterior belly creates a much 

larger loss of tangency than predicted by the “arc of contact” model. Upper Right) Subject 

who had undergone prior medial rectus (MR) resection. Similarly, after MR resection, the 

thickened insertion creates a much larger loss of tangency during adduction than predicted 

by the “arc of contact” model. Center Left) Subject who had undergone prior LR recession. 

The measured angle at tendon insertion demonstrates perfect tangency with the globe during 

abduction, identical to the “arc of contact” model. Center Right) Subject who had undergone 

prior MR recession. The measured angle at tendon insertion is nearly identical to the 

predicted angle from the “arc of contact” model. The combination of recession and 

adduction has rotated the insertion (2) posterior to globe center, plus the recessed MR has a 

thinned tendon and a nearly linear path towards its insertion, creating a near perfect 

agreement between predicted and measured angles. Lower Left) Subject who had undergone 

prior MR posterior fixation. Similar to MR recession, the posterior fixation suture has 

moved the effective MR insertion (2) posterior to globe center during adduction. Because the 

posterior muscle path deflects inward towards the center of the orbit, however, the measured 

angle at tendon insertion is closer to globe tangency than predicted. This MRI demonstrates 

the only scenario where the “arc of contact” model predicted a much greater loss of globe 

tangency than was actually measured. Lower Right) Subject who had undergone prior LR 

posterior fixation. The measured angle at tendon insertion was slightly larger than predicted 

by the “arc of contact” model, but the loss of tangency was much less than observed after 

MR posterior fixation. LR = Lateral Rectus; MR = Medial Rectus; ON = Optic Nerve
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Table 1:
Normal Subjects Imaged During Large Ipsiversive Ductions

# of Globe Angle at Insert (°) “Arc of Contact” Angle (°) Paired

Subjects Rotation (°) Average Range Average Range T-Test

Medial Rectus 7 22.6 5.0 0.0 to 12.3 0.0* 0.0* 0.03

Lateral Rectus 5 27.6 4.9 0.0 to 7.7 0.0* 0.0* 0.02

Superior Rectus 11 26.2 0.6 0.0 to 3.6 0.0* 0.0* 0.04

Inferior Rectus 12 25.7 7.4 0.0 to 16.0 1.2 0.0 to 10.2 0.00003

Globe rotation is defined as rotation towards the scanned extraocular muscle, i.e. degrees of adduction for the medial rectus.

*
“Arc of contact” predicted angles were 0 degrees (perfectly tangent) for every subject in this group.

Am J Ophthalmol. Author manuscript; available in PMC 2019 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Clark and Demer Page 21

Table 2 -
Clinical Profile of Horizontal Strabismus Subjects

Type of Horizontal Strabismus Surgery Performed (mm)

Subject Strabismus RMR RLR LMR LLR

1 Esotropia Recess 6.5 - Recess 6.5 -

2 Esotropia - Resect 7.0 - Resect 7.0

3 Exotropia Resect 6.0 Recess 7.0 Resect 6.0 Recess 7.0

4 Exotropia Resect 4.0 - Resect 4.0 -

5 Exotropia Resect 5.0 Recess 7.0 - Recess 7.0

RMR = right medial rectus; RLR = right lateral rectus; LMR = left medial rectus; LLR = left lateral rectus
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Table 3:
Strabismic Subjects Imaged During Large Ipsiversive Ductions

# of Globe Angle at Insert (°) “Arc of Contact” Angle (°) Paired

Subjects Rotation (°) Average Range Average Range T-Test

MR in LR Palsy 7 25.6 9.9 6.3 to 15.3 0.5 0.0 to 1.6 0.0007

MR Resection 4 23.1 9.0 0.0 to 18.5 1.2 0.0 to 6.1 0.02

MR Recession 1 35 15.2 - 17.2 - -

LR Recession 2 31.5 2.9 0.0 to 5.9 0.0* 0.0* -

MR Posterior Fixation 1 23.7 12.2 - 19.4 - -

LR Posterior Fixation 1 38.4 9.3 - 3.4 - -

Both lateral rectus (LR) recession subjects also underwent medial rectus (MR) resections and are counted in both groups. Globe rotation is defined 
as rotation towards the scanned extraocular muscle, i.e. degrees of adduction for the MR.

*
“Arc of contact” predicted angles were 0 degrees (perfectly tangent) for every subject in this group.
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