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Optic Nerve Traction During Adduction in Open Angle Glaucoma
With Normal Versus Elevated Intraocular Pressure

Joseph L. Demerl2345 Robert A. Clarkl:2, Soh Youn Suhl, JoAnn A. Giaconil2, Kouros
Nouri-Mahdavil2, Simon K. Lawl:2, Laura Bonellil-2, Anne L. Coleman2, Joseph
Capriolil:2

1Department of Ophthalmology, University of California, Los Angeles.

2Stein Eye Institute; University of California, Los Angeles.
SBiomedical Engineering Interdepartmental Program; University of California, Los Angeles.
“Neuroscience Interdepartmental Program; University of California, Los Angeles.

SDepartment of Neurology, University of California, Los Angeles.

Abstract

Purpose/Aim: We used magnetic resonance imaging (MRI) to investigate effects of intraocular
pressure (I0OP), race, and other factors on optic nerve (ON) traction in adduction, a phenomenon
proposed as neuropathic in open angle glaucoma (OAG).

Materials and Methods: Thirty-five patients with OAG (26 with maximal untreated 0P
<21mmHg, 9 with IOP >21mmHg) and 48 controls underwent axial and quasi-coronal MRI in
central gaze and large (27-33°) abduction and adduction. Some underwent MRI at smaller
ductions (21-28°). Effects of presence vs. absence of OAG; within OAG whether maximum 10P
level was <21mmHg vs. >21mmHg; adduction angle; race; age; and gender on ON path length and
globe translation were analyzed using generalized estimating equations to account for possible
intereye correlations of individual subjects.

Results: Average visual field mean deviation (xstandard error of mean, SEM) was —8.2+1.2 dB
in OAG with normal IOP, and —6.1+1.4 in high IOP. In central gaze, ON path in OAG was
significantly more redundant than in controls but in both groups the ON became significantly and
almost equally straighter in small (~21°) or large (~27°) adduction than in central gaze. With
progressive adduction only, globes retracted in OAG (P<0.005) but not in controls; this was only
weakly related to globe size and not to IOP elevation. Globe retraction in adduction was
significant only in OAG, and in that group was significantly greater in Asian than white patients
(P<0.02).

Conclusions: Although ON tethering in adduction is normal, progressive adduction is
associated with abnormal globe retraction, in OAG regardless of IOP level. This phenomenon is
more prominent in Asians who have OAG. Traction in adduction may cause repetitive strain injury
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to the ON and peripapillary sclera, thus contributing to the optic neuropathy of glaucoma
independent of IOP.

Introduction

Glaucoma is the leading cause of irreversible blindness worldwide?: 2. The historical view
conceived glaucoma as optic nerve (ON) damage caused by intraocular pressure (IOP)3
exceeding normal. Statistically normal 10P in a study of over 110,000 patients averaged 14.5
mmHg in the fifth decade in all ethnicities, but increases to around 16.5 mmHg by the
seventh decade, with standard deviation (SD) ~4 mmHg?. The pathogenic role of IOP
greatly exceeding normal is unequivocal in congenital and juvenile glaucoma®, as well as in
secondary glaucomas such as angle closure8, uveitic’, and traumatic®, because in such cases
the optic neuropathy is arrested or decisively attenuated when highly elevated 0P is
reduced therapeutically. Moreover, IOP elevation in multiple animal models reliably
produces progressive optic neuropathy®-12, Nevertheless, the general etiologic role of IOP
was long ago removed from the definition of glaucoma for reasons including observations
that many patients with open angle glaucoma (OAG), especially in Asial®-17  lack
abnormally high IOP and sustain progressive ON damage at normal IOP3. In patients with
OAG, I0P is normal in 30-39% of white18-20, 57% of black?!, 70% of Chinesel?, and in
92% of Japanese persons4. In more than 30,000 Chinese subjects there was no statistical
relationship of 10P to prevalence of OAGY’. By 1992, the Primary Open-Angle Glaucoma
Preferred Practice Pattern of the American Academy of Ophthalmology acknowledged
existence of a “subgroup commonly referred to as normal tension glaucoma, that pose a
particular diagnostic and therapeutic challenge?2.” However, even the term “normal tension
glaucoma (NTG)” has been controversial?3, and IOP remains the only modifiable risk factor
for vision loss in OAG. The Advanced Glaucoma Intervention Study?4, Collaborative
Normal-Tension Glaucoma Study Group2>: 26, and others?’ have demonstrated that IOP
reduction, even when damage has occurred at low 10P, reduces the rate of progressive visual
field loss. Yet the absolute level of baseline, unmedicated IOP does not statistically
distinguish which patients with OAG will ultimately suffer progressive optic neuropathy,
even though patients with the greatest therapeutic 0P reduction ultimately suffer less
glaucoma progression?8. About 20% of such patients experience progressive optic
neuropathy five years after 30% IOP reduction from normal baseline levels3, even
sometimes to such deeply subnormal IOP that ocular hypotension then poses a separate risk
of vision loss29. Therefore, without denying the clear pathogenic role of highly elevated 10P,
there seemingly exist one or more IOP-independent mechanisms of progressive optic
neuropathy that operate at normal 0P and can be unresponsive to IOP reduction30: 31,

Causes of glaucomatous ON damage independent of IOP have been suggested to include
translaminar 10P gradients against intracranial pressure32-3° or vasculopathy3®, but a recent
review concluded no clear etiology for ON damage in at normal IOP3. For example, there is
no relationship between translaminar pressure and glaucoma3’, even in multiple postural
orientations8. Vascular dysregulation has also been suggested as pathological, but it is not
clear if vasculopathy is cause or consequence of glaucomas.
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Eye-movement related deformation of the ON has been proposed as another mechanical
etiology for optic neuropathy in OAG that may operate along with IOP39-42, The
contribution of ocular adduction has been emphasized, because the ON is insufficiently long
to permit unhindered ocular rotation, tethering the globe in adduction3® at angles exceeding
~26°43, Optical coherence tomography (OCT) shows progressive deformation of the normal
ON head and peripapillary region during horizontal eye rotations*3-6, but particularly in
adduction?3: 44, Deformations of the ON head and Bruch’s membrane produced by eye
movements exceed many-fold those resulting from extreme I0OP elevation?’, or the IOP-
related deformations proposed pathological to the retina®@.

In extreme axial high myopia, MRI has demonstrated prominent globe retraction during
adduction tethering3°. Sibony et a/. suggested that oculorotary forces may contribute to
peripapillary subretinal hemorrhage®. Nonuniformities in mechanical properties or physical
dimensions of ON head and peripapillary tissues could further concentrate adduction
counterforce to reach locally pathological levels, as suggested by the computational
mechanical engineering technique known as finite element modeling (FEM). The patterns of
mechanical strain in the posterior sclera predicted by FEM during ON tethering®? closely
match the temporal peripapillary atrophy typical of NTG%0-52 and resemble the
peripapillary staphylomata seen in high myopia®3. The FEM performed by Wang et a/. also
suggest that horizontal eye movements would strain the peripapillary region more in ad- than
in abduction?0.

Our group employed MRI to investigate adduction tethering of the ON in patients with
primary OAG who had never had IOP elevated above the statistical upper limit of 21
mmHg*L. While age-matched, healthy control subjects also exhibited tethering in adduction,
there was significant globe retraction only in OAG. We then suggested that adduction
tethering in OAG concentrates abnormally high counterforce at the disc and peripapillary
region, causing repetitive strain injuries over the temporal accumulation of numerous
voluntary and reflexive adduction eye movements. Since adduction tethering might also
operate jointly with elevated 10P to cause optic neuropathy, the current study therefore
extended the investigation to include patients with OAG who had abnormally elevated 10P
prior to therapeutic reduction. It has been unclear why NTG is so much more common than
high pressure glaucoma in Asian populations®#, where NTG represents 52—-92% of all cases
of primary OAG. The comparable percentage in white populations in the United States??, the
Netherlands®® and Italy® is only 30-39%. We therefore took advantage of the opportunity
to compare Asians with OAG to other races. If hypothesized ON traction were an 1OP-
independent pathogenic factor in optic neuropathy, we predicted that MRI would
demonstrate abnormally great globe retraction in adduction in all patients with OAG,
regardless of I0P.

This study was prospectively approved by the Institutional Review Board for Protection of
Human Subjects of the University of California, Los Angeles, and conformed to the tenets of
the Declaration of Helsinki. Subjects gave written informed consent prior to participation.
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Glaucoma was diagnosed based upon Heidelberg Cirrus or Spectralis OCT evidence of
retinal nerve fiber layer loss correlating with typical glaucomatous VF defects on automated
perimetry, irrespective of IOP, along with ophthalmoscopic features of glaucoma such as
diffuse or localized neuroretinal rim loss and disc hemorrhages®®. Medical records of
subjects with glaucoma included multiple IOP measurements on different days, ON photos,
ON imaging by OCT, and standard automated threshold perimetry examinations (with
Humphrey programs 24-2 or 30-2 SITA standard strategy) performed within one year of
recruitment. All patients were being actively treated during the study by an author who is a
glaucoma specialist.

As the “OAG-low” group, 26 patients were recruited who had been treated for OAG, yet had
never been observed to have IOP elevated above the statistical normal maximum of 21
mmHg with or without treatment, on multiple clinical examinations; 17 of these were
reported in our earlier study*!. Nine treated patients were recruited as the “OAG-high”
group who had 0P elevated on at least one occasion above 21 mmHg, of whom 7 had
primary OAG and two had secondary OAG due to pseudoexfoliation. Patients were excluded
if they had previously undergone intraocular surgeries besides those for cataract, glaucoma,
or refractive error, or if they had any other cause for optic neuropathy. No adjustment to IOP
values was made for central corneal thickness (CCT) as measured according to standard
clinical protocol.

A control group of 48 community subjects was recruited by advertisement, and from patients
with simple refractive error. Control subjects were required to have best corrected visual
acuity of 20/20 in each eye, normal IOP by applanation, and no history of ocular surgeries
besides those for cataract or refractive error, no ocular trauma, and no other ocular disorder
except for refractive error or lens opacity. The prior study included 31 of these controls*L.

MRI Acquisition.

The first author performed high resolution MRI with a 1.5T General Electric Signa scanner
and surface coils (Medical Advances, Milwaukee, WI) with T2 fast spin echo pulse
sequence as®’ described*157-6141 Eye position was controlled by monocular fixation of an
illuminated target in central position, or laterally to establish abduction of the fixating eye
with simultaneous adduction of its fellow since the surface coil occludes the adducting eye.
Axial 2-mm thick images (10-12 cm field of view, 256x256 matrix) including both orbits
were generally obtained to determine gaze direction and globe axial length (AL). Quasi-
coronal sets of 17-20, 2-mm thick planes perpendicular to the long axis of each orbit were
obtained separately (field of view 8x8 cm, 256x256 matrix, resolution 312 microns).
Acquisitions were repeated for central gaze, and large (~30°), or both moderate (~25°) and
large abduction and adduction of each eye (Fig. 1) in 54 control eyes, 34 eyes with OAG-
low, and 18 eyes with OAG-high. Imaging was performed with only large ductions in an
additional 38 subjects. The data set here required about 1,150 individual MRI acquisitions,
for which limited results were included in our earlier publication®L.

MRI Analysis was performed as elsewhere described*! using /mageJ 64 and custom
software. Gaze direction was computed in axial images (Fig. 1 left) as the angle of a line
connecting the lens plane perpendicular to the fovea®®. This approach does not account for
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angle kappa discrepacies between anatomic and subjective visual directions, so is only
reliable for changes in gaze angle®® but not absolutely equivalent to subjective gaze angles
reported for OCT studies®3: 44,

Quantitative measure of ON path length and straightness were obtained by 3-D analysis of
contiguous, quasi-coronal MRI images after manual outlining in each 2 mm thick image
plane, with automated calculation of horizontal and vertical coordinates of the ON area
centroid, and the third dimension corresponding to the image plane’s anteroposterior
coordinate*!. Cartesian distances between centroids were summed to compute overall path
lengths. Minimum geometric distances between the globe-ON junction and the most
posterior image plane in which the ON was visible were computed from Cartesian distances
between points. The ratio between actual and minimum distance between the globe and the
most posterior point imaged, represented in percent, was taken as a measure of straightness,
with 100% being the theoretical minimum?1.

Globe AL was determined as the distance from anterior corneal to retinal surface in the axial
plane that included the maximum anteroposterior globe diameter for each eye, averaging
measurements duplicated 3 — 6 times in different image sets for all gaze positions. Axial
imaging was not obtained in some of the earliest control subjects in the study; however, axial
MRI was performed in all subjects with OAG, and all controls imaged in small duction.
Equatorial globe diameter was determined in all subjects at subpixel resolution from analysis
of cross sections in three quasi-coronal image planes spanning the equator®2. Location of the
globe center was determined at sub-pixel resolution from outlines of globe cross sections in
multiple quasi-coronal planes, relative to the orbit centroid®2, as commonly used in MRI
studies of orbital structures®2-65, Analysis following manual outlining of structures in the
MRI images was automated.

Validity of ON straightness determinations has been verified by independent investigators
comparing axial versus quasi-coronal images for the same subjects viewing the same
targets#L. Robustness and validity of the quasi-coronal analyses has been confirmed by
duplicate analyses by different investigators*!. Such analyses have determined that gaze
changes determined in prior studies from quasi-coronal image sets are significantly
influenced by globe translation®, typically underestimating adduction angles. Consequently,
horizontal gaze angles were measured from axial images not subject to this cofound.

Parametric statistical analyses were performed using GraphPad Prism software (GraphPad
Software, LaJolla, CA), but confirmed using generalized estimating equations (GEE) in
SPSS software (IBM Corporation) that corrects for possible confounding by possible
interocular correlations between eyes of individual subjects and has type 1 error
characteristics superior to t-testing®’. Multiple models were evaluated to control for possible
effects of diagnosis, duction angle, age, gender, race, and ocular size. Analysis of the
foregoing factors was exploratory. Chi-square values were also reported for significant
differences for which reported probabllility values would be rounded to zero at three decimal
places by SPSS.

Curr Eye Res. Author manuscript; available in PMC 2021 February 01.
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Subject Characteristics.

Included were 50 orbits of 25 patients who had OAG without elevated 0P before or during
treatment (OAG-low), and 18 orbits of 9 patients with OAG (including POAG and
pseudoexfoliation) in whom 10P before treatment exceeded 21 mmHg in one or both eyes
(OAG-high). These were compared with 93 orbits of 48 control subjects.

Subjects were categorized by race as summarized in Table 1. All patients with OAG in all
groups had similar average ages (60 — 66 years). The average age of controls was lower, but
the large overall control group included an intentional representation of ages comparable to
patients with glaucoma. Gender was generally balanced, except for a predominance of
women among Asian patients with OAG-low. It should be noted that myopia is highly
prevalent among Asian adults®®: 69, making it impractical to recruit a non-myopic Asian
control group.

Intraocular Pressure.

All patients with glaucoma had undergone prior medical and surgical treatments to reduce
IOP to target levels. In the OAG-low group, minimum IOP averaged 9.6+2.4 mmHg (SD),
and maximum IOP averaged 13.9+2.8 mmHg. In the OAG-high group, minimum 10P
averaged 10.1+2.7 mmHg, and maximum IOP (pre-treatment) averaged 23.8+7.8 mmHg. In
OAG-low, reduction of IOP was accomplished by trabeculectomy in 10 eyes, selective laser
trabeculoplasty (SLT) in 12 eyes, and in all but two eyes by topical ocular hypotensive
medications including brimonidine, timolol, dorzolamide, latanoprost, brimatoprost,
brinzolamide, and tafluprost. In OAG-high, reduction of IOP was accomplished by
trabeculectomy in 8 eyes, SLT in 3 eyes, and topical ocular hypotensive medications in all
except 6 eyes. Incisional glaucoma surgery was thus performed in 18 of the 68 eyes with
OAG. Prostaglandin analog drops were employed in all except 15 eyes of 8 subjects with
OAG.

Visual Field Loss.

Globe Size.

Visual field mean deviation averaged over both eyes was —9.0+6.0 dB in Asians with OAG-
low, —=7.1+6.4 dB in whites with OAG-low, —7.0£5.6 dB in blacks with OAG-low, and
-6.6+7.3 dB in (all white) patients with OAG-high. Despite aggressive 0P reduction, one
white patient with OAG-low had progressed to severe glaucomatous vision precluding
automated perimetry, so perimetric data was omitted for him. Mean deviation did not differ
significantly between all subjects with OAG-low and OAG-high, nor between Asian subjects
with OAG-low and all subjects with OAG-high.

Many patients and controls had undergone cataract or refractive surgeries altering refractive
error, so globe size is reported here as more relevant. Equatorial globe diameter over all
patients with OAG-low averaged 25.88+1.05 mm, significantly greater than the 25.21+1.25
mm diameter in the full control group (P=0.000, chi-square >10* by GEE after controlling
for age, race, prostaglandin analog use, and gender), but not significantly different from the
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average of 25.23+1.93 in the smaller number of patients with OAG-high, which was in turn
quite similar to the control group (Table 2). Mean AL of patients with OAG-low was
25.44+1.51 mm, significantly greater than the corresponding value of 24.64+1.50 mm (P=
0.000, chi-square >10* by GEE after controlling for age, race, prostaglandin use, and
gender) for all control subjects in whom it was available.

Optic Nerve Straightness.

In all subjects, the ON was usually redundant in abduction, but straightened in adduction
(Fig. 1). A subgroup of 97 eyes (45 control, 34 OAG-low, and 18 OAG-high) underwent
MRI in both small and large duction angles. While the mean angles, were similar in all
groups (Fig. 2), “small” adduction averaged 20-24°, and “large” adduction averaged 27-28°,
representing 5-6°average incremental adduction. The apparently larger ab- than adduction is
attributable to the phenomenon of “positive angle kappa,” in which apparent anatomic globe
orientation is abducted relative to subjective gaze direction by an average of ~3°70 - 5°71,
Average vertical gaze position was statistically similar for all groups and did not change by
more than 2° in any horizontal gaze position.

In central gaze and abduction, ON path redundancy did not vary with incremental duction
(Fig. 2). Path redundancy was significantly greater for patients with OAG-low than controls
(P 0.001 or less). Most strikingly, however, ON path redundancy significantly decreased to a
consistent, minimum value of 101.5 — 102% in adduction for all subject groups for both
small and large adduction (P<0.0002). Such a “floor effect” is interpreted to represent
maximal straightening of the ON during adduction tethering, reflecting measurement errors
among other factors.

Globe Translation.

The globe translated relative to central gaze in both ab- and adduction (Fig. 3). Mediolateral
translation was greatest at up to 0.8 mm, with the globe “rolling” medially in adduction and
laterally in abduction. While lateral translation in abduction was similar in control subjects
and patients with OAG-high, patients with OAG-low exhibited significantly less lateral
translation in abduction than the other groups (paired t-test, p<0.05, Fig. 3). All groups
exhibited similar medial globe translation in adduction of 0.4-0.8 mm. Subjects with OAG
exhibited highly significantly greater posterior globe translation in adduction — equivalent to
globe retraction - than did controls (Fig. 3 middle). For small adduction, the ~0.5 mm
posterior translation in OAG-low was significant (P<0.03), but in OAG-high the smaller
posterior translation was similar to control. For large adduction, however, posterior
translation in adduction increased to ~0.6 mm in OAG-low and to ~0.8 mm in OAG-high,
both significantly (P<0.0002) greater than near-zero control translation. Vertical globe
translation during horizontal duction was less than 0.3 mm for all groups, without major
differences among groups.

Effects of Other Factors on Globe Retraction in Adduction.

Data on posterior globe translation in large angle adduction was pooled with data
accumulated in the prior study#!, permitting exploratory analysis of 12 orbits of 6 Asian
control subjects, 67 orbits of 35 white control subjects, 14 orbits of 7 black control subjects,

Curr Eye Res. Author manuscript; available in PMC 2021 February 01.
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24 orbits of 12 Asian patients with OAG-low, 22 orbits of 11 white patients with OAG-low,
four orbits of two black patients with OAG-low, and 18 orbits of 9 white patients with OAG-
high. This data set was subjected to multivariate analysis by GEE to explore possible
predictors of posterior globe translation in ab- and adduction. Because both eyes of each
subject were analyzed when available, ocular laterality was treated as a within-subject
variable whose possible correlation was considered. Subject variables included gender, age,
race, diagnosis (normal, OAG-low, OAG-high), duction angle, equatorial globe diameter,
globe AL, path length from the orbital apex to the globe-ON junction in central gaze, and the
binary variable of positive history of topical ocular prostaglandin treatment. Because the
SPSS software reports significance levels only to three decimal places, resulting in
significance values of “0.000” for several predictors, Table 3 reports chi-square values in
lieu of P-values. From standard tables, chi-square values exceeding 3.9 for one degree of
freedom (DF) and 6.0 for two DF are statistically significant at 0.05. Chi-square values
exceeding 23.0 for two DF are statistically significant at 0.00001.

As seen in Table 3, posterior globe translation in adduction was predicted by diagnosis
(normal, OAG-low, OAG-high), with chi-square 35.2, indicating a significance P<<0.00001.
Race, and interaction of diagnosis with race, were predictive of retraction in adduction
(P<0.05). AL and harizontal duction angle did not predict posterior globe translation. Lateral
and superior globe translation in abduction were predicted by race (Table 3), as was superior
translation in adduction, but was predicted by diagnosis for adduction.

Figure 4 illustrates effects of IOP level in OAG on posterior globe translation in large
adduction, and its interaction with race in all subjects. Posterior globe translation was small,
less than 0.2 mm in healthy control subjects of all racial groups, and did not vary
significantly among them. It is also apparent from Fig. 4 that in both the white and Asian
eyes with glaucoma, posterior globe translation in adduction was significantly larger than
normal (P<0.005, t-test). There was a trend in this direction in four eyes of black patients
with OAG-low, but paucity of such eyes precludes statistical conclusion. Among white
patients, there was no significant difference in posterior globe translation in adduction
between OAG-low and OAG-high. However, posterior globe translation in adduction was
significantly greater in Asian than in white patients with OAG-low (P<0.02).

Effects of Topical Prostaglandin Drugs on Globe Retraction in Adduction.

Since all patients were under ophthalmic management to control 10P, the great majority of
eyes with OAG had been treated with topical prostaglandin agents, often for many years.
However, 15 eyes of 8 subjects with OAG had not received these agents. Posterior globe
translation in large adduction in these eyes was 0.64+0.11mm (SEM), not significantly
different by 2-tail t-test from 0.69+0.08 mm in eyes with OAG who had received topical
prostaglandins. Incorporation of topical prostaglandin therapy as a factor in GEE
demonstrated chi-square values less than 1.5 for all measures of globe translation during eye
movement, except for superior translation in adduction, with chi-square 6.9 giving P=0.009.

Curr Eye Res. Author manuscript; available in PMC 2021 February 01.
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Discussion

The present study confirms by augmentation of our earlier sample that progressive globe
retraction in adduction is strongly associated with OAG despite absence of IOP elevation®?,
and extends this finding to OAG in which IOP was abnormally elevated prior to therapy.
While incremental adduction past threshold of ON straightening caused little or no globe
retraction in adduction in healthy subjects, such adduction caused progressive globe
retraction in OAG regardless of IOP. Moreover, globe retraction in adduction was greater in
Asian than in white patients with OAG, neither group having ever displayed abnormally
elevated IOP. Abnormal globe retraction in adduction was not related to prior topical therapy
with prostaglandin agonist agents, and thus is not likely an artifact of medical treatment.

Globe Displacement During Horizontal Duction.

As first geometrically deduced by Friedman’2 and later directly demonstrated by MRI, the
ON is redundant in central and abducted gazes, but becomes taut in adduction where it
tethers the globe3°. Beyond ~26° adduction threshold of straightening#3: 73, the ON can only
stretch, displace, and/or deform the globe. While ON tethering in adduction also occurs in
healthy eyes, tethering has different effects in OAG. The globe normally “rolls” laterally in
abduction and medially in adduction (Fig. 3 top)®6; while “rolling” increased with duction
angle in all subject groups, lateral rolling in abduction was significantly less in OAG-low
than in OAG-high. These differences during abduction cannot be attributed to ON tethering
since ON path was redundant in abduction, but instead must reflect differences in orbital
anatomy or mechanical differences in tissue properties, or both.

Importantly, in OAG but not in healthy subjects, ON tethering in adduction was associated
with highly statistically significant globe retraction averaging about 0.6 — 0.8 mm (Fig. 3
middle). Thus, in OAG with or without elevated 0P, the globe abnormally retracts as the
ON tethers the globe in adduction.

Mechanical Strain During Adduction Tethering.

Globe translation represents mechanical strain on orbital suspensory tissues. When the
healthy ON tethers in adduction, orbital and ocular structures must deform to absorb medial
rectus muscle counterforce exerted against the ON. The current results indicate that this does
not normally induce globe retraction, but the normal globe rolls a little farther nasally in
adduction than in POAG-low (Fig. 3 top). The abnormally great globe retraction in
adduction in OAG is most likely due to abnormally large force exerted by the ON,
transferring the associated strain that would normally be dissipated elsewhere onto the
vulnerable peripapillary junction and disc.

The foregoing interpretation is consistent with other evidence. Eye movements induce
phosphenes adjacent to the cecum’# 7> even after vitreous detachment’®, more with

adduction and convergence than with abduction’? 74. The early model of Enoch et a/.
suggested that duction deforms the posterior globe’®, a prediction supported by finite
element biomechanical analysis (FEA)*0: 4245 OCT has shown that the peripapillary
Bruch’s membrane and optic cup of normal subjects are deformed progressively*3 by
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horizontal duction*449, especially in esotropia where adduction is exaggerated, but not in
exotropia where adduction is less’3. Sibony has reported that horizontal duction causes ONH
movement directionally inverse between ab- and adduction, but augmented in papilledema*®.
Wang et al. demonstrated the lamina cribrosa strain by OCT during horizontal eye
movement*. Li et al. imaged en face the larger epipapillary and retinal and blood vessels as
fiducials to map two-dimensional strain during eye movements, reporting significantly more
horizontal compression of the ON head and displacement of the peripapillary retina in ad-
than in abduction’8. Eye movement related deformations of the ON head and peripapillary
Bruch’s membrane are much larger than the effects of severe, acute IOP elevation during
angle closure?’.

Frequent Occurrence of Large Adductions.

Subjects with OAG exhibited globe retraction with as little as 21° adduction, less than half
of the approximately +55° human oculomotor range’’. In the laboratory, subjects touching
targets made saccades up to 40-45°.78 About three saccades occur every second’®, for a
daily total of ~183,000 saccades8?, even during sleep8l. We propose that everyday eye
movements most likely to produce ON tethering are associated with self-generated head
movements82 and ambulation. When head and body are unrestrained, 25-45°saccades
frequently occur8?, including automatic ocular counter-rotations generated by the vestibulo-
ocular reflex. Large gaze shifts accompanying head movement include eye movements
averaging ~30°83. 84 While adductions causing globe retraction in OAG commonly occur in
active life, small eye movements during reading and similar near vision activities probably
do not cause adduction tethering. Convergence in normal subjects is not associated with
globe retraction, with 0.5 mm oppositely-directed proptosis occurring during 22°
convergence®®. Scanning saccades during reading are small and probably do not tether the
ON.

Possible Factors in Pathological Adduction Tethering.

If the mechanical loading on the ON occurs during ubiquitous adduction tethering, why
would optic neuropathy only result in the minority of people who develop OAG? Eye
movements perhaps eventually do damage the ON in everyone, but at rates varying greatly
among individuals. Some age-related thinning of the retinal nerve fiber and ganglion cell
layers is considered normal,®® although only projected to be symptomatic at ages exceeding
typical longevity®6. An important clue is specificity of globe retraction in adduction to OAG.
Figure 4 illustrates as a second clue the significantly greater globe retraction in adduction in
Asian than white patients with OAG-low. In Japanese and Koreans, IOP is not abnormally
elevated most cases of OAG®* 87, Lateral and superior globe translation in abduction were
associated with diagnosis and race (Table 3), but this phenomenon does not cause ON
tethering or retraction. Multivariate analysis in Table 3 indicates that globe retraction in
adduction is significantly predicted by the interaction between the diagnosis of glaucoma,
and race. The inference from these observations is that race-related factors influence
adduction tethering in glaucoma, but race by itself does not cause tethering. Presumably,
globe retraction due to tethering requires additional pathological factors, probably including
variations in biomechanical properties of the ON, ON sheath, and sclera. Stress and strain in
the ON and peripapillary sclera have been modeled by FEA#2, evaluating combinations of
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local biomechanical properties measured in fresh post-mortem human eyes88. These
properties are generally nonlinear, and interact in a non-linear manner. For adduction 6° past
the point of first ON tethering, FEA suggests that realistic combinations of observed local
biomechanical properties can produce large variations in the degree and distribution of stress
and strain in peripapillary sclera88. In sum, there are suggestions that both race-related
anatomical variations and possibly tissue biomechanical variations may influence globe
retraction during adduction tethering of the ON, but that such retraction during adduction
tethering is a hallmark of OAG irrespective of history of elevated I0P.

Factors Not Associated With Adduction Tethering.

Of course, the putative repetitive strain injury to the ON during natural activities would
accumulate over a lifetime, paralleling the increase in glaucoma prevalence with advancing
age89 90 Absence of significant association between globe retraction in adduction and age
in Table 3 does not permit causative inferences about age because of our intentional
selection of an age-matched control group, but it does exclude an age effect as a potential
confound of other inferences. Neither AL (Table 3) nor equatorial globe diameter were
associated with posterior globe retraction in adduction, although AL was associated with
lateral translation in adduction.

Topical prostaglandin analogue drugs can cause adnexal fat atrophy92, particularly in pre-
aponeurotic lid fat%2, and ipsilateral enophthalmos®3: %4 that is reversible94. Notwithstanding,
globe retraction during adduction tethering in the current study was similar in eyes not
exposed to prostaglandin drugs, and multivariate analysis did not suggest an effect of
prostaglandin exposure on retraction in adduction. This suggests that the globe retraction in
OAG is associated with the disease, not an epiphenomenon of its treatment. This inference
must be provisional since the number of patients with OAG not exposed to prostaglandin
agonist agents was relatively small.

Possible Therapeutic Implications.

The current study was designed to evaluate the plausibility of the proposed contributory role
of eye movements in glaucomatous optic neuropathy, and was not a therapeutic trial. Since
adduction tethering of the ON is ubiquitous even in healthy people, and since precise
measurements of presumably-pathological posterior globe retraction in adduction require
highly specialized MRI technique, it is unlikely that the MRI measurements employed in
this study would enter routine clinical practice for individual patients. However, MRI in
individual patients would probably be unnecessary for therapeutic decisions in patients with
OAG-low who continue to experience progressive glaucomatous optic neuropathy despite
effective 10P reduction.

If adduction tethering of the ON were to be confirmed as a significant cause of OAG, then
tethering could readily be therapeutically attenuated by extraocular muscle surgery limiting
adduction range. Surgically-created enophthalmos would also reduce adduction tethering,
and could be accomplished by surgical expansion of the bony orbit, a reduction in orbital fat
volume, or a combination of approaches.
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Study Limitations.

Conclusion.

This cross-sectional comparison might have been subject to unknown confounds. While
efforts were made to include a comparable representation of races and ages in the control
group, imbalances were unavoidable, and analyses of these factors was exploratory; a larger
and more diverse sample of subjects might demonstrate significance of additional effects. A
larger sample size is desirable and might also be informative about the possible contributions
of variations in anatomical factors such as orbital size and configuration, and variations in
globe size and biomechanical properties of the globe, ON, and other tissues in the orbit.

Since a relatively small number of subjects with OAG-high was studied, it is remotely
possible that a larger sample size might have demonstrated a significant difference in globe
retraction in adduction based on 1OP level. However, we calculate that MRI data would be
required in over 4,200 eyes to demonstrate with 80% power the statistical significance at the
0.05 level of the observed 0.05 mm difference in globe retraction in adduction between the
OAG-low and OAG-high groups. Such a study would be impractical due to its extreme cost
in time and money.

Since OAG with elevated IOP is rare in Asians, we were unable to recruit any patients with
this combination. Myopia is highly prevalent in the Asians®®, making it impractical to recruit
a non-myopic Asian control group. Even the strong demonstrated association of globe
retraction in adduction with OAG does not prove causality.

Tethering of the ON in adduction produces abnormal globe retraction in patients with OAG
across a range of 0P within or above normal. Globe retraction in adduction, apparently
specific to OAG, is more pronounced in Asian than white glaucoma patients. Greater globe
retraction in adduction may in part explain the greater prevalence of OAG at lower than
higher 10P in Asian than in white populations. Further investigation of pathological effects
of adduction tethering may suggest future therapeutic measures to limit this cause of
repetitive ON strain to the ON.
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Fig. 1.
Axial (center column) and quasi-coronal (left and right right columns) MRI of both orbits in

a patient with advanced OAG and maximal IOP exceeding 21 mmHg, imaged in maximal
dextorversion (top row), moderate dextroversion (second row), central gaze (third and fourth
rows), moderate levoversion (fifth row), and maximal levoversion (bottom row). Duction
angles are listed. Each ON tethered in moderate adduction and remained so in maximal
adduction, while being sinuous centrally and in abduction. Quasi-coronal just posterior to
the globe-ON junction demonstrate that the ON within its sheath is surrounded by a white
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ring of cerebrospinal fluid. Both ON cross sections are subnormal due to glaucomatous
atrophy, and an enlarged optic cup is evident in the right eye (third row, left). IR — inferior
rectus muscle. LPS — levator palpebrae superioris muscle. LR — lateral rectus muscle. MR —
medial rectus muscle. SR — superior rectus muscles.
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107 Optic Nerve Path Redunancy: Large Duction

P =0.0003 N.S. _
106} Abduction
B Abduction P=0.001 M Central
— i
M Central 105} T H Adduction

OAG-low
N =34 eyes

Control
N =54 eyes

OAG-high
N =18 eyes

Optic nerve (ON) straightness represented as path length relative to shortest geometric
distance to the globe-ON junction in central gaze, and small and large angle horizontal
ductions to the average angles indicated in each column. In all groups, the ON was
significantly straighter in adduction than in the other gaze positions, and its straightness in

adduction did not differ significantly among groups

or with duction angle (P>0.15).

However, in central gaze and abduction, the ON was significantly more redundant in OAG-
low than in OAG-high or the control group. For all groups, the ON was highly significantly
straighter in adduction than in central gaze (P<0.0002). SEM - standard error of mean.
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Fig. 3.

Globe translation during small and large ductions to the angles specified in Fig. 2. Upper
row illustrates significantly less mediolateral translation during horizontal duction in OAG-
low than in controls or OAG-high patients. Middle row shows greater posterior globe
translation (retraction) than normal in OAG-low for small adduction, and for both OAG-high
and OAG-low in large adduction, without significant difference in abduction. Lower row
illustrates absence of significant vertical globe translation during horizontal duction in any
subject group. SEM - standard error of mean. P values by t-testing.
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Fig. 4.

Posterior globe translation (retraction) in large adduction in healthy control subjects, patients
with OAG-low, and OAG-high, separately analyzed for white, Asian, and black races.
Control subjects did not differ significantly by race. N — number of eyes tested. SEM —
standard error of mean. t-tests employed.
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Table 1.
Subject Demographics
Controls OAG-Low OAG-High
Race | Ageyrs | Female | Male | Ageyrs | Female | Male | Ageyrs | Female | Male
+SD +SD
Asian 40+21 3 3 61+12 10 3 N/A 0 0
Black 62+7 4 3 61+2 2 0 N/A 0 0
White | 44+21 20 15 65+9 6 5 66+9 4 5
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N/A: data not available. OAG-low: subjects with primary open angle glaucoma in who maximum untreated or treated intraocular pressure never

exceeded 21 mmHg. OAG-high: subjects with primary open angle or pseudoexfoliative glaucoma in whom maximum untreated intraocular

pressure on at least one examination exceeded 21 mmHg. SD: standard deviation.
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Table 2.
Globe Size
Controls OAG-Low OAG-High
: Equatorial : Equatorial : Equatorial
Race Aﬂ?rl] I;eggth Diameter A)r(T']?TI] I:_eggth Diameter A)r(]'q?rl] I;eggth Diameter
- mm = SD - mm = SD - mm £ SD
Asian 26.3+1.7 26.1+1.0 26.1+1.6 26.2+1.0 N/A N/A
Black 242+09 258+05 24.3+0.7 25.8+0.4 N/A N/A
White 244+1.4 249+1.3 250+1.2 256+1.0 23.2+17 25.8+0.8
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N/A: data not available. OAG-low: subjects with primary open angle glaucoma in who maximum untreated or treated intraocular pressure never

exceeded 21 mmHg. OAG-high: subjects with primary open angle or pseudoexfoliative glaucoma in whom maximum untreated intraocular

pressure on at least one examination exceeded 21 mmHg. SD: standard deviation.
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Table 3.

Chi-Square Values for Generalized Estimating Equation Predictors

Measurement Diagnosis | Race | DiagnosisxRace | Age | Axial Length
Posterior Globe Translation
Abduction 1.2 1.4 35 3.6 0.3
Adduction 35.2 2.6 9.3 0.5 0.6
Globe Lateral Translation
Abduction 2.3 46.8 1.6 0.3 2.2
Adduction 0.5 0.7 2.2 3.5 10.2
Globe Superior Translation
Abduction 0.5 8.7 41 14 0.1
Adduction 8.2 2.6 0.1 1.2 0.1
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Table 3. Statistically significant values (P<0.05) are bolded. The interaction of diagnosis and race was significant for posterior translation in
adduction at the 0.01 level, as was axial length for lateral translation in adduction; and race for superior translation in abduction, and diagnosis for

superior translation in adduction. Chi-square values for prostaglandin treatment effect (not listed) were all less than 1.5 except for superior

translation in adduction, with chi-square 6.9 giving P=0.009 (2 DF).
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