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PURPOSE. The purpose of this study was to explore changes in Schlemm canal (SC), trabecular
meshwork (TM), and iridocorneal angle (ICA) morphology during accommodative effort in
children and young adults.

METHODS. We acquired anterior segment optical coherence tomography images (AS-OCT) of
the ICA and ciliary muscle (CM) of both eyes of 50 children age 4 to 16 years with healthy
eyes, at two levels of accommodation: 2.5 and 15 diopters (D). Semiautomated nasal ICA
measurements were as follows: angle opening distance at 500/750 lm (AOD-500, -750),
trabecular iris space area at 500/750 lm (TISA-500, -750), and trabecular iris angle at 500/750
lm (TIA-500, -750). Manual measurements were as follows: anteroposterior and radial SC
diameter (SC-APD, SC-RD), cross-sectional area of SC (SC-CSA) and TM height (TMH), TM
length (TML), and TM density (TMD). CM width was measured at 1, 2, and 3 mm from the
scleral spur (CM-1, CM-2, CM-3). For each parameter, a three-level random-effects model was
fitted to estimate differences between the two levels of accommodation.

RESULTS. With accommodative effort, SC diameters and CSA increase significantly, as do TM
length and iridocorneal angle parameters. With increasing age, SC dimensions reduce. Angle
parameters are smaller in eyes with greater spherical equivalent (hypermetropia).

CONCLUSIONS. AS-OCT can be used to visualize dynamic morphologic changes in outflow
structures with physiologic accommodation. The increase in SC dimensions with
accommodative effort may contribute to the regulation of IOP in children.
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Little is known about the development of the iridocorneal
angle (ICA) and the aqueous outflow structures during

childhood and teenage years and about the possible link
between developmental changes in amplitude of accommoda-
tion (AA) and IOP.

In the first few months after birth, mean IOP is approxi-
mately 8 to 10 mm Hg, increasing over the first years of life.1–3

Evidence as to at which age IOP stabilizes or reaches adult
values is conflicting, with figures varying between 4 and 12
years, with sex differences reported by some authors.2–5 A
gradual, linear decline in AA of around 1 diopter (D) per year
from the age of 5 years until the late teens is, on the contrary,
well described.6–12 In children under the age of 11 years, there
is a negative correlation between AA and IOP.4 In young adults,
sustained or repeated accommodative effort transiently lowers
IOP.13

Histologic, pharmacologic, and electrophysiologic studies
explain the link between accommodation and IOP: elastin
fibers in the tendons of the longitudinal portion of the ciliary
muscle (CM) connect to elastin fibers in the trabecular
meshwork (TM) lamellae, with CM tendon fiber density
greatest near the juxtacanalicular tissue, the part of the TM

adjacent to Schlemm canal (SC).14,15 CM contraction induced
by pilocarpine or electrical stimulation of the Edinger Westphal
nucleus stretches the TM and increases the cross-sectional area
(CSA) of SC.16–21 However, changes in SC and TM morphology
with physiologic accommodation have not yet been demon-
strated in humans.

Optical coherence tomography (OCT), particularly dedicat-
ed anterior segment OCT (AS-OCT), can visualize both SC and
TM22,23 and the anterior portion of the CM,11,24,25 as well as
provide automated measurements of ICA parameters.26 The
aim of the present study was to explore changes in SC, TM, and
ICA morphology during accommodative effort in humans.

METHODS

This cross-sectional cohort study was approved by the London–
Stanmore Research Ethics Committee (16/LO/0327). The study
adhered to the tenets of the Declaration of Helsinki. A research
fellow (MD) screened the clinical records of children attending
Moorfields Eye Hospital, London, UK, and invited eligible
children and young people to take part.
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Participants

Inclusion criteria were as follows: age 4 to 16 years, healthy
eyes (visual acuity normal for age, normal IOP). Participants’
parents gave written informed consent; children could give
written assent.

Between May 16, 2016 and September 12, 2016, we
enrolled 50 children, which is a sample size commonly used
in exploratory studies.

Demographic and Clinical Data

From the medical notes, we recorded age, ethnicity, refractive
error when present (last refraction within 12 months prior to
study visit), and whether refraction was performed with or
without cycloplegia.

AS-OCT

We acquired high-resolution AS-OCT images of the nasal ICA of
both eyes (Tomey SS-1000; CASIA, Nagoya, Japan). We used
standard device settings, acquiring 64 horizontal raster B-scans
and 512 A-scans of a rectangular area of 8 3 4 mm (1600 3 838
pixels), centered on the nasal limbus, over 1.2 seconds. All
images were obtained in a dimmed room by the same observer
(MD), following a standardized imaging protocol and specify-
ing two levels of accommodation.

It was not possible to use the optical targets built into the
device, as these can only be used in primary position of gaze.
Our region of interest, the ICA, is best imaged in slight side

gaze. Light emitting diodes (LEDs) are mounted onto the
device casing, and we had planned to use these as near targets
(‘‘light’’). However, some children could not fixate on the LED;
we therefore used a handheld target next to the LED, at 6.5 cm
from the eye, as an additional near target (‘‘near object’’). The
accommodative effort induced was approximately 15 D.

In preliminary assessments, we noticed that a distance
target at 3 m from the eye was for some children not sufficient
to maintain interest for long enough to allow the acquisition of
the OCT scans. We therefore again used a handheld target, held
at 40 cm from the eye, for distance fixation. The accommo-
dative effort induced was thus 2.5 D (‘‘relaxed accommoda-
tion’’).

Measurements on AS-OCT Images

One observer (MD) carried out the analysis of all images. The
difference in angle configuration between relaxed accommo-
dation and accommodative effort prevented genuine masking.
A second, independent observer (AHA) repeated SC measure-
ments. To confirm that accommodative effort had been exerted
with near fixation, we measured CM width at three locations;
with accommodation, the anterior portion of the CM width is
expected to increase.27–29 We acquired triplicate measure-
ments of the CM width at 1, 2, and 3 mm posterior to the
scleral spur (CM-1, CM-2, CM-3) (Fig.).

The point at which optically dark CM changed to brighter
TM was defined as the scleral spur; the Schwalbe line was
defined as the border between bright corneal endothelium and
darker TM; and the anteroposterior SC diameter (SC-APD) was
measured as the anteroposterior extent of dark space external
to the TM.

As SC is frequently tear shaped, with greatest height
posteriorly, we measured its radial diameter (SC-RD) at three
locations and calculated the average. We measured the cross-
sectional area of SC (SC-CSA) by outlining the SC contour using
the freehand tool and measuring the area of the resulting
shape. Similarly, we measured trabecular meshwork area (TMA,
defined as the area enclosed by a line connecting the scleral
spur, posterior endpoint of SC, and Schwalbe’s line), and
trabecular meshwork length and height (TML and TMH,
defined as the distance from the Schwalbe line to the
inferoposterior edge of TM [TML], and as the distance from
the posterior endpoint of SC to the TM bordering the ICA
anterior to the scleral spur [TMH], respectively). To quantify
TM density (TMD), we exported the raw images into FIJI
(ImageJ version 2.0.0-rc-30/1.50b [http://imagej.net]; National
Institutes of Health, Bethesda, MD, USA), outlined the TM area
using the freehand tool, and analyzed the mean gray value.

ICA measurements were semiautomated: after marking of
angle recess and the apex of the scleral spur, we noted angle
opening distance at 500/750 lm from the apex of the scleral
spur (AOD-500, -750), trabecular iris angle at 500/750 lm (TIA-
500, -750), and trabecular iris space area at 500/750 lm (TISA-
500, -750).30 All measurements were carried out in triplicate,
and the mean of three measurements was used for further
analysis.

Statistical Analysis

MD entered data onto a spreadsheet in Excel (Microsoft,
Redmond, WA, USA). We calculated the means of triplicate
image measurements. We included all available unilateral and
bilateral data from all participants in the analysis.

Descriptive statistics are presented as mean and SD for
continuous approximately normally distributed data and
median and interquartile range for continuous non-normally
distributed data (normality assessed using quantile-quantile

FIGURE. AS OCT measurements. Left, top: To confirm that accommo-
dative effort was made, we measured ciliary muscle width at 1, 2, and 3
mm posterior to the scleral spur (CM1, 2, 3). CM1 is known to increase
and CM3 to decrease with accommodation. Center: We defined the
anteroposterior diameter of SC as the anteroposterior extent of the
black shape, which represents SC on AS OCT. Bottom: As SC is
frequently tear shaped, with greatest height posteriorly, we measured
its radial diameter at three locations and calculated the average. We
measured the SC-CSA by outlining the SC contour using the freehand
tool and measuring the area of the resulting shape. Right, top: We
defined the TM area as the area enclosed by a line connecting the
scleral spur, posterior endpoint of SC, and Schwalbe’s line. Center: We
defined TM height as the distance from the posterior endpoint of SC to
the TM bordering the ICA anterior to the scleral spur (TMH), and TM
length as distance from scleral spur to Schwalbe line. Bottom: Irido-
corneal angle measurements were acquired semiautomatically using
the device software: angle opening distance at 500/750 lm from the
apex of the scleral spur (AOD-500, -750), trabecular iris angle at 500/
750 lm (TIA-500, -750), and trabecular iris space area at 500/750 lm
(TISA-500, -750).
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plots). Categorical data are presented as frequencies and
percentages.

Three level random effects models were used to estimate
the average difference between levels of accommodation with
respective 95% confidence interval (CI) for each parameter (5%
significance level). This method allows accounting for corre-
lation between measurements taken from the same participant
(repeated measurements within eye and eyes nested within
participants). A random coefficient for state of accommodation
was used for the cases where there was evidence of model fit
improvement compared with a fixed coefficient.

Data not approximately normally distributed were log-
transformed, and analysis was conducted on the transformed
data. Missing data were not imputed, and therefore analysis
was conducted on available data. Analysis was conducted in
Stata/MP version 14 (StataCorp LLC, College Station, TX, USA).
To investigate the role of age and refractive error, we
conducted exploratory analyses by fitting the main analysis
models while adding age and refractive error as covariates
separately. We fit both covariates together only when each
covariate was statistically significant and we had more than 30
observations to fit the model.

RESULTS

Participants

We enrolled 50 children and young people and imaged both
eyes in all participants. Table 1 summarizes demographic and
refractive characteristics.

Confirmation of Accommodative Effort

Data were available on 71 eyes from 37 patients for ciliary
muscle width at 1 mm posterior to the scleral spur (CM1).
There was a statistically significant increase by 0.025 mm (95%
CI: 0.01, 0.04), or 5%, between intense near accommodative
effort and relaxed accommodation: with relaxed accommoda-
tion, CM1 measured 0.658 mm (95% CI: 0.628, 0.689), and
with accommodative effort, CM1 measured 0.680 mm (95% CI:
0.650, 0.710).

Changes in SC, TM, and ICA During
Accommodation

SC measurements by two observers showed good agreement
(data not shown). With accommodative effort, radial and
anteroposterior SC diameter and SC-CSA increased significantly

(Table 2). Except for an increase in length with accommoda-
tion, we did not detect a significant change in TM parameters.

All conventional ICA parameters (i.e., angle opening
distance, trabecular iris angle, and trabecular iris space area)
increased significantly with intense accommodative effort; only
the increase in TISA at 500 lm anterior to the scleral spur did
not reach statistical significance (Table 2).

Association Between Age/Refractive Effort and
Accommodation-Induced Changes on the Random
Fit Model

For SC anteroposterior diameter and CSA, there was a
statistically significant association with age: if accommodative
state is held constant, the anteroposterior diameter decreased
by 0.012 mm (95% CI: 0.005, 0.019) per year increase in age,
and logarithmic CSA decreased by 0.08 mm (95% CI: 0.019,
0.133) per year increase in age.

For trabecular iris angles 500 and 700 lm, there was a
statistically significant association with spherical equivalent
(SE): if state is held constant, TIA500 decreased by 2.108 (95%
CI: 0.51, 5.48) and TIA750 decreased by 2.878 (95% CI: 0.98,
4.77) per diopter increase in SE. Similar results were observed
for trabecular iris space area (TISA)750: a decrease of 0.04 mm2

(95% CI: 0.008, 0.072) per diopter increase in SE, but not for
TISA500, where there was no evidence of an association with
SE.

DISCUSSION

Key Findings

This is, to our knowledge, the first study to demonstrate
morphologic changes in aqueous outflow structures during
accommodation in humans, reporting an increase in antero-
posterior and radial diameter and CSA of SC and in the length
of the TM during accommodative effort. It bridges the gap
between studies that have shown an increase in SC CSA
following CM contraction induced by pilocarpine or electrical
stimulation of the Edinger-Westphal nucleus,16–21,31 and OCT
imaging studies of the aqueous outflow structures.22,23,26 In
addition, this study reports a reduction in SC size with
increasing age. A third finding, to our knowledge not
previously reported in healthy children, is that, in eyes with
greater SE (hypermetropia), the iridicorneal angle is narrower.

Limitations

Although our use of nonvalidated accommodative targets and
lack of formal monitoring of accommodation during OCT
acquisition using an autorefractor may be considered a
limitation of our study, the increase in the anterior portion of
the ciliary muscle we used as a proxy of accommodative effort
has previously been shown to correlate with accommoda-
tion.27–29 Similar to previous reports, we also observed a
significant thinning of the posterior portion of CM with
accommodation.28,29 We therefore consider our approach to
be a valid method to confirm accommodative effort, although
future studies may include autorefractor monitoring of
accommodation. Image quantification by a nonmasked observ-
er is a limitation that should also be addressed in future work.

Our acquisition of OCT images in one nasal location is a
limitation of our study: SC diameter is now known to vary
considerably along the limbal circumference.32,33 This may at
least in part explain why complete image sets allowing
quantification of the aqueous outflow structures with different
levels of accommodation could only be acquired in approxi-

TABLE 1. Demographic and Refractive Participant Characteristics

Characteristic n (%) Summary Statistics

Age, y, mean (SD) 50 (100%) 10.9 (3.0)

Female 29 (58%)

Ethnic group

White 8 (16%)

Asian/Asian British 8 (16%)

Black/black British 4 (8%)

Mixed 11 (22%)

Other 3 (6%)

Unknown 16 (32%)

SE, D, median (IQR) 41 (82%)

Right eye 0.25 (�0.13, 0.88)

Left eye 0 (�0.13, 0.75)

IQR, interquartile range.
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mately 30% of our participants. Other authors report higher
visualization rates, using multiple scans32 or averaging of
several scans.34 Working with children, we opted to use the
standard settings to keep scanning time as short as possible.

We used a nonvalidated target to induce intense accommo-
dative effort but observed a 5% increase in anterior CM
thickness, which is similar to the increase observed in studies
that controlled levels of accommodation.27–29

External Validity of Findings

Our manual measurements of SC and TM dimensions are
similar in magnitude to those previously reported (i.e.,
anteroposterior SC diameter in the range of 0.2 to 0.3
mm,34,35 radial diameter in the range of 0.015 to 0.03 mm,
and TM area around 0.08),34,35 confirming the validity of our
measurements. Similar to pilocarpine studies,17,31 we observed
an increase in SC CSA during physiologic accommodation.

With accommodative effort, we observed an increase in TM
length but not height; an OCT study in mice using pilocarpine
to induce CM contraction equally reported no change in TM
height.17 It has been suggested that CM contraction pulls the
TM lamellae toward the center of the eye, leading to an
expansion of the spaces between the TM lamellae,15,19 but
imaging studies providing evidence for this process are lacking,
both with OCT and histology.17,36 It is possible that rather than
an expansion of TM spaces or total TM height, CM contraction
may induce a change in the configuration of the meshwork,
allowing increased outflow of aqueous toward SC. It is also
possible that the age-related decrease in SC dimensions does
not reflect true change, but merely that the diameter falls
below the limit imposed by image resolution. In vivo imaging
using second harmonic generation technology14 may offer
higher resolution visualization of the TM in an intact eye.

Although limited by our lack of IOP data in this cohort, our
findings may contribute to an understanding of IOP regulation
in healthy human eyes. IOP in children is known to be lower
than in adults,1–5 and higher amplitude of accommodation may
play a role in the promotion of aqueous outflow. Static and
repeated accommodation significantly reduces IOP in young
adults,13 although others report that IOP may rise during
accommodation in adults37 and in progressing myopes.38 SC
dimensions correlate with outflow facility39 and have an effect
on outflow resistance.40,41 The inner wall of SC and the
juxtacanalicular portion of the trabecular meshwork, which
account for the majority of outflow resistance,21,42 also
respond to changes in mechanical tension.43 Conversely, SC
dimensions are reduced in eyes with high IOP.17,33,44,45

Although we did not measure IOP or outflow facility, these
previous studies indicate a link between morphology and
function of aqueous outflow structures.

Our finding that the angle opening distance and trabecular
iris angle increase during accommodation is novel. Only two
previous studies used OCT to evaluate SC changes induced by
pilocarpine.17,31 Of these two, one explored SC in humans, but
did not evaluate changes in ICA parameters used in glaucoma
patients.31 The other reported that, in mice, the angle between
cornea and iris did not change17; this parameter is slightly
different from TIA, and differences in angle morphology
between rodents and humans may contribute to this finding,
which is in conflict with our report.

In summary, this study demonstrates the effect of physio-
logic accommodation in humans on the morphology of
structures of the aqueous outflow, indicating that accommo-
dation may contribute to IOP regulation in children and young
adults. High-resolution OCT can be used to visualize dynamic
morphologic changes in outflow structures not only after

pharmacologic stimulation31 or glaucoma surgery,35 but also
with physiologic accommodation.
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