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PURPOSE. The optic nerve becomes tethered in adduction in most people, which deforms the
disc. We investigated the effect of horizontal ocular duction and subject age on choroidal
volume at the macular side of the optic disc.

METHODS. In 25 younger (18–33 years) and 15 older (50–73 years) normal subjects, the disc
and the peripapillary choroid were imaged with optical coherence tomography (OCT) in
central gaze and 358 adduction and abduction. The choroid temporal to the optic disc
underlying the region between the Bruch’s membrane opening and fovea was segmented into
regions that were multiples of the disc radius for determination of local choroidal thickness.
Regional volume changes from central gaze were determined in adduction and abduction.

RESULTS. In adduction, regional choroidal volume decreased by 42.4 6 3.4 nanoliters (nL)
(standard error of the mean) in younger (P < 0.0001) and 6.2 6 2.6 nL in older (P < 0.02)
subjects. Relative volume reduction in adduction was 7.5% 6 0.6% in younger (P < 0.001)
and 1.3% 6 0.6% in older (P < 0.02) subjects. Volume reduction was greatest near the disc
and significant up to three disc radii from it in younger and 1 radius in older subjects but was
insignificant in abduction.

CONCLUSIONS. Horizontal duction compresses the temporal peripapillary choroid, more in
adduction than in abduction and more in younger than older subjects. This reflects duction-
related peripapillary tissue deformation probably related, at least in part, to optic nerve
tethering in adduction.
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When the human eye rotates into a large angle adduction,
we have shown by magnetic resonance imaging (MRI)

that the optic nerve (ON) and its sheath tether the globe and
exert tractional force on the optic disc.1,2 We have also
demonstrated by optical coherence tomography (OCT) that
adduction deforms the peripapillary Bruch’s membrane (ppBM)
and tilts the ON head (ONH) anterposteriorly.3 The deforma-
tion is exaggerated at a threshold of approximately 268

adduction, the angle at which the limited ON length
necessitates the onset of tethering.3,4 Although some reversal
of the see-saw tilting of the disc also occurs in abduction, the
greater deformation in adduction than abduction is probably
due to ON tethering.

Finite element analysis has been used to simulate mechan-
ical stress and strain in the ONH and the peripapillary retina
during horizontal eye rotation,5,6 and we have shown this to be
especially the case in adduction.7 Those simulations suggest
that ON tethering force is concentrated on the temporal disc
and peripapillary tissue, in the typical location where
peripapillary atrophy occurs in patients with primary open
angle glaucoma (POAG).8–10 Simulations further suggest that
adduction tethering can deform the optic disc more than
extreme, acute intraocular pressure (IOP) elevation, providing

a possible explanation, at least in part, for the many cases of
POAG where there is glaucomatous optic neuropathy without
abnormally elevated IOP.11–13 It has been speculated that
horizontal eye movements that repetitively deform the optic
disc and peripapillary retina may contribute to the peripapillary
chorioretinal atrophy common in glaucoma.10 In addition,
choroidal microvascular dropout in regions of peripapillary
atrophy occurs in POAG where it is associated with advanced
visual field defects.14

Our earlier OCT studies showed that horizontal duction
deforms ppBM and the superficial ON vasculature.3,15–17 We
have not previously investigated the effect of gaze direction on
choroidal volume nor the effect of subject age on such changes.
This current study sought evidence of possible deformation of
the peripapillary choroid (ppC). The ppC has been reported to
thin during both adduction and abduction.4 We sought to
extend the investigation to choroidal volume. Choroidal
thinning due to the loss of inner choroidal vessels is linked to
POAG18 and normal tension glaucoma (NTG).19–21 Older
people typically have thinner choroids,22–26 and thus, choroidal
volume and deformation have been proposed to be associated
with other age-related ocular diseases.26 In this study, we
examined choroidal deformation in different age groups by
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quantifying the choroidal volume change resultant from
horizontal duction.

METHODS

Subjects

Forty volunteers (19 male and 21 female; mean age, 37 6 20
[standard deviation, SD] years; range, 18–73) were recruited
for the study. Subjects, who had not previously participated in
research of this sort, were separated into a younger group of 25
(15 male and 10 female; mean age, 24 6 5; range, 18–33) and
an older group of 15 volunteers (4 male and 11 female; mean
age, 62 6 8 years; range, 50–73). Subjects gave written
informed consent before participating according to a protocol
approved by the University of California, Los Angeles,
Institutional Review Board and compliant with the Declaration
of Helsinki. Ophthalmic evaluations were performed of all
subjects to confirm normal corrected visual acuity and absence
of any ocular abnormalities besides refractive error and
pseudophakia. Subjects had normal IOP (<21 mm Hg), normal
binocular alignment, and normal ONs. The mean spherical
equivalent refractive error where determined was �1.5 6 2.9
(SD; range, þ2 to �8.3), although refractive error was not
ascertained for 24 volunteers.

Optical Coherence Tomography

A spectral domain OCT scanner (Spectralis; Heidelberg
Engineering, Heidelberg, Germany) was used to image the
choroid with enhanced depth imaging. Volume scans of both
eyes in central gaze, abduction (358), and adduction (358) were
performed sequentially. Imaging consisted of 25 horizontal B-
scans covering a 308 3 58 rectangular region centered between
the fovea and disc at vertical increments of approximately 62
lm, depending on the focal depth. To scan in the eccentric
gazes, the OCT imager was pivoted in yaw to angles set by
goniometric scale placed on the instrument’s gimbal. For
standardization, the raster was rotated for every scan to align
the center of the disc with the fovea. This rotation
compensated for ocular torsion, which according to Listing’s
Law varies systematically with gaze direction, but typically by
different amounts in each eye of the same individual, and
differently among individuals.27,28 Torsional correction of the
OCT scan raster, thus, cancelled the effect of ocular torsion and
rendered otherwise superimposable the sets of images
obtained in multiple gaze positions.

Axial tilt of the B-scans was maintained because the
scanning light beam always entered the eye at the same angle
relative to the visual direction. The axial tilt of the B-scans was
held constant because when the scanner head rotated, the eye
rotated with it maintain fixation on the scanner’s internal
target. Thus, the angle of beam entrance into the eye did not
change with gaze direction. Subjects’ heads were fixed straight
ahead with straps and cushions. Subjects were instructed to
maintain this head position as they fixated the scanner’s
internal target that was measured to be offset 128 nasally from
straight ahead.3 Rotation of the OCT imager was mechanically
limited to 358 by its design.

Image Analysis

Images were processed with Adobe Photoshop (Adobe
Systems, San Jose, CA, USA) as TIFF files. The scans were
cropped, scaled, and, if necessary, rotated to correct the aspect
ratio so that peripheral retinal features were in precise
alignment for all gaze positions for the same eye. Images were
converted to a volumetric stack in Materialise Mimics
(Materialise, Leuven, Flemish Brabant, Belgium) with the slices
in original scaling (3.87 lm/pixel horizontally, an average of
11.6 lm/pixel in depth, and an average of 62.1 lm/slice
vertically [distance between B-scans]). For each stack, the
middle 12 slices of the 25 acquired were all analyzed in order
to evaluate the ppC, as these 12 slices consistently straddled
the central optic disc. Tracing of the choroid was temporally
bounded nasally by the Bruch’s membrane opening (BMO).
The ppC was then segmented into three contiguous regions
with horizontal dimensions equal to the BMO radius, beginning
at the temporal edge of the BMO (Fig. 1). For each eye in each
subject, a three-dimensional representation of the temporal
ppC was rendered from 12 traced cross-sections, with the
distance between B-scans as the interval with which the
summed areas were multiplied to generate the volume. Each
eye was treated as a separate sample in the analyses.

We analyzed two parameters for the scans in each eccentric
gaze relative to central gaze: (1) change in volume of the
choroid within the three total regions, and (2) variation among
the three segmented regions. These changes were then
compared between younger and older age groups.

Statistical Analysis

In order to account for possible interocular correlation
between the two eyes of the same subject and among
choroidal regions in the same eye, statistical analysis was

FIGURE 1. The choroid was outlined (green) from the temporal edge of Bruch’s membrane to the fovea and then separated into three contiguous
regions (yellow), each equal to the BMO radius beginning at the temporal margin of the BMO.
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executed utilizing generalized estimating equations (GEE) with
SPSS software (version 24.0; IBM Corp., Armonk, NY, USA),
with eye and choroidal region as nested, within-subject
variables. The statistical package reports significant values to
only three decimal places based upon a v2 distribution, but this
is not a simple v2 test of simple proportions. Where the SPSS
package reported significance at P¼0.000, we also note the v2

value and number of degrees of freedom for the reader’s
interest because probabilities of the random significant
differences for the findings reported here could never be
exactly zero.

RESULTS

Choroidal Volume in Younger and Older Subjects

Images in Figure 2 illustrate the decrease in choroid volume
reduction when gaze shifts from central to adduction in
example and younger and older subjects. The choroid typically

appeared thicker in younger than older subjects, with
supported measurements showing 556 6 25 nanoliters (nL)
(standard error of the mean) average choroidal volume in
central gaze in younger subjects but only 460 6 21 nL in older
subjects (P < 0.01). Choroidal volume was also greater in
younger than older subjects in eccentric horizontal gazes but
was always less in adduction than in central gaze in both
groups. In adduction, choroidal volume in younger subjects
decreased to 514 6 24 nL but in older subjects decreased less
so to 454 6 21 nL, reducing to statistical insignificance the
difference between groups. In abduction, choroidal volume of
younger subjects increased insignificantly to 559 6 26 nL and
that of the older group remained 460 6 21 nL so that the
difference between groups again became significant (P <
0.01).

Test-Retest Variability

Test-retest variability was evaluated by repeating the experi-
ment on different days in 10 eyes of 5 young subjects by using

FIGURE 2. Optical coherence tomography of choroid between temporal edge of optic disc (right) and foveola (left) color in a young (left column)
and an older subject (right column). Top row: central gaze. Bottom row: adduction. The central row overlays images in central gaze and adduction
so that overlapping choroidal regions appear yellow-brown but areas of choroidal thinning in adduction appear green. Note greater choroidal
thinning in adduction in the young subject.
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identical data collection and analysis to compute choroidal
volume in both central gaze and adduction. As shown in Figure
3, Bland-Altman analysis of test-retest agreement was per-
formed, demonstrating for central gaze a mean choroidal
volume of 562 nL, with bias of 5 nL (<0.9%) in the repeat
measurement relative to the first measurement. For central
gaze, the 95% limits of agreement were from �34 to 45 nL,
representing a maximum 8% for individual measurements. In
adduction, the comparable values were 514 nL, with bias of 4
nL (<0.8%). The 95% limits of agreement were from�27 to 36
nL, representing a maximum 7% for individual measurements.
This implies that test-retest variability would account for no
more than 0.9% difference in average measurements. The first
and second sets of measurements in each eye, in both central
gaze and adduction, were also compared using linear
regression for difference from the null hypothesis of unity
slope, the ideal value if both sets of measurements were
identical in every eye. For both primary gaze and adduction
choroidal volumes, neither regression slope differed signifi-
cantly from unity (P > 0.75), indicating that the repeat
experiments yielded statistically similar results to the initial
experiments.

Change in Choroidal Volume with Gaze

Choroidal volume change from central gaze was significantly
related to gaze position as a factor (P¼ 0.000, GEE v2¼ 47, 2
degrees of freedom [df]). In both younger (Fig. 2) and older
subjects, choroidal volume consistently decreased in adduction
but did not change much in abduction (Fig. 4). In younger
subjects, mean choroidal volume decreased in adduction by 42
6 3 nL (P < 0.0001), a value about 8-fold greater than test-
retest variability. Choroidal volume insignificantly increased by
2 6 3 nL in abduction. In older subjects, choroidal volume
decreased by 6 6 3 nL in adduction (P < 0.02) and increased
insignificantly by 1 6 4 nL in abduction. There was a
significant interaction of gaze position with age (P ¼ 0.000,
GEE v2 ¼ 17, 2 df).

It is informative to evaluate the change in choroidal volume
relative to central gaze. In the younger subjects, adduction was
associated with a 7.5% 6 0.6% mean decrease in choroidal
volume (P < 0.001), whereas in abduction, there was an
insignificant 0.4% 6 0.4% increase in volume. In the older
subjects, adduction was associated with a 1.3% 6 0.6% mean
decrease in choroidal volume (P < 0.02), whereas in abduction
there was an insignificant 0.2% 6 0.7% increase in volume.

In younger subjects, relative choroidal volume change in
adduction was greatest in the immediate peripapillary zone

and decreased progressively with distance from the disc
margin (v2 ¼ 19). As shown in Figure 5, in younger subjects
during adduction, choroidal volume within one radius of the
disc decreased 12% 6 1%, between one and two radii
decreased 2% 6 1%, and between two and three radii
decreased 1% 6 1%. In these younger subjects, the relative
volume decrease in abduction was significant only within one
disc radius of the disc margin (1 disc radius [R]; P < 0.01). In
older subjects, relative choroidal volume did not change
significantly in adduction or abduction in any region.

DISCUSSION

Previous studies have shown that horizontal duction, particu-
larly adduction, deforms the optic disc and surrounding
peripapillary tissues.4,15–17 This deformation in adduction
includes temporal shifting of the nasal part of the disc,
anteroposterior displacement of the ppBM, and tilting of the
disc. The current study demonstrates that temporal ppC
volume decreases more in adduction than in abduction,
extending prior findings that adduction deforms the peripap-
illary retina. Most of the compression of the temporal choroid
during horizontal duction occurs near the disc, suggesting that

FIGURE 3. Bland-Altman plot of test-retest variability in 10 eyes of 5
young subjects who were each tested twice in both central gaze and
adduction.

FIGURE 4. Temporal peripapillary choroidal volume in central gaze,
adduction, and abduction for younger and older subjects. Choroidal
volume was less in adduction than in central gaze in both younger and
older subjects but did not change in abduction. C, central gaze; AD,
adduction; AB, abduction. Solid-colored bars indicate data of 50 eyes of
younger subjects. Hatched bars indicate data of 30 eyes of older
subjects. 95% confidence limits.
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the deformation is due to force transmission by the ON or its
sheath during eye movements.

Compression of the temporal choroid is associated with
deformation of the peripapillary retina and ON fibers. The
temporal choroid is compressed during adduction in both
younger and older subjects but approximately 15-fold more so
in adduction than in abduction in younger subjects. This
greater compression in adduction than abduction is consistent
with optical imaging showing greater deformation of the disc
and peripapillary retina in these duction directions15 and the
observation by MRI imaging of ON tethering only in
adduction.3,4,29 Compression of the temporal choroid is also
consistent with observed temporal displacement of peripapil-
lary vessels15 and the overall temporalward compression of
optic disc tissue during ON tethering in adduction.2 The
situation in abduction is quite different, being associated with
only minimal choroidal compression and less ON and
peripapillary deformations in young adults but none in older
subjects.15 This difference between adduction and abduction is
also consistent with MRI studies showing that the ON is usually
slack during abduction.2

In general, younger people may have more compliant
peripapillary tissues than older people because of age-related
stiffening in sclera,30–32 Bruch’s membrane,33 and lamina
cribrosa.34–37 As such, ppC deformation would be expected
to be less in older people who have stiffer tissues surrounding
the choroid. Older people generally have thinner cho-
roids,22–26 perhaps accounting for the relatively smaller change
in choroidal volume in the eccentric gaze positions in older
people. Subjects with NTG have significantly thinner choroids
than normal in the inferonasal, inferior, and inferotemporal
regions.18 Choroids of subjects with both NTG and high
myopia average significantly thinner than normal at the fovea,
superior, superotemporal, temporal, and inferotemporal re-
gions than at the ONH.21 In light of the correlation between
decreasing choroidal thickness and age-related ocular neurop-
athies, choroidal thinning might be a cause or effect of
glaucomatous optic neuropathy because choroidal thickness is

subnormal in both ordinary NTG20,38,39 and highly myopic
NTG.21

During adduction, the disc and the peripapillary retina shift
and tilt, signifying that this entire region undergoes mechanical
strain. Some of the blood supply to the ON arises from the
choroid.40–42 Compression of the ppC in adduction might
interfere with some of the blood supply to the ON,40 which
may eventually damage these tissues in situations where there
is also compromise to the posterior ciliary circulation.
Choroidal vascular insufficiency might, thus, contribute to
optic neuropathies, such as glaucoma.41,42 There are conflict-
ing reports regarding the relationship between choroidal
thickness and glaucoma, with some histologic and in vivo
studies showing a thinner ppC in glaucomatous eyes,18,19,43

but other studies finding no association.44–49 However, the
present study provides in vivo evidence that adduction
instantaneously compresses the ppC. As this study only
includes healthy subjects, future research could investigate
possible gaze-evoked changes in the choroidal volume of
patients with glaucoma to clarify a possible relationship
between choroidal deformation and glaucoma.

There may be pathologic implication to the lesser
choroidal compression in adduction observed here in older
than younger subjects. This might be the consequence of
remodeling induced by the accumulation of strains during
adduction eye movements. The thinner elderly choroids are
probably also sclerotic, containing proportionately more rigid
connective tissue than younger choroids. If so, choroidal
volume reduction in adduction would be diminished by
greater resistance to mechanical strain imposed by the
tethering ON. Our MRI studies have demonstrated that the
ON becomes tethered when adduction exceeds 268 in people
of all ages3,4 so that reaction force to the powerful medial
rectus muscle must, in everyone, deform or displace the
globe to permit further adduction. Limited ON length makes
local deformation in the eye or orbit geometrically inevitable.
Healthy deformation—‘‘strain’’ in mechanical terminology—
would ideally occur only in compliant tissues that are not
functionally compromised by deformation and so dissipate

FIGURE 5. Volume change in the temporal papillary choroid, relative to central gaze, was greater in regions nearest the optic disc in younger
subjects. Data are from 50 eyes of younger and 30 eyes of older subjects. Brackets mark 95% confidence intervals. R, disc radius, as defined in the
text.
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the mechanical force harmlessly. We propose that the choroid
is among the tissues that safely absorb mechanical strain
during adduction. Choroidal deformation normally acts like a
cushion to avert the transfer of mechanical strain to critical
tissues, such as the lamina cribrosa and ON. Sclerosis of the
choroid and other peripapillary tissues would defeat the
cushioning function and transfer potentially damaging strain
to critical tissues, such as the ON. A relatively thin and poorly
compressible ppC would then be a pathogenic factor in optic
neuropathy, including glaucoma.

This study was limited to imaging of the temporal
peripapillary region. Although more remote areas of the
choroid could not be evaluated, absence of significant eye
movement-related changes in choroidal volume beyond three
disc radii from the border of the BMO is highly suggestive that
the effects of eye movement are limited to this region, but the
current study cannot verify this directly. This study did not
include graded duction angles and, thus, cannot determine if a
threshold exists for gaze-evoked choroidal deformation, as has
been shown in Bruch’s membrane deformation.3 The current
study did not measure choroidal blood flow.
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