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Assessment of eye length changes in
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Abstract: It has been suggested that accommodation induces increases in axial eye length
which could contribute to the development of myopia. However, it is debated whether
changes in eye length occur during accommodation as the degree of change varies widely
across literature. In this study, an extended-depth optical coherence tomography (OCT)
system that provides dynamic whole eye biometry was utilized to assess changes in lens
thickness (LT) and axial eye length (AEL) in young subjects responding to step
disaccommodation stimuli of amplitude 2D, 4D, and 6D. The decrease in lens thickness with
disaccommodation was strongly correlated with stimulus amplitude. No statistically
significant changes in AEL during accommodation were observed.
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1. Introduction

Near work [1, 2] and accommodation response [3-5] have been implicated in the
development and progression of myopia but the mechanism underlying physical changes
leading from near work to myopia remains unknown. One particular theory has been
proposed which suggests the act of accommodation might provide an additional mechanical
contribution to the elongation of the eye [6, 7]. According to this theory, the eye elongates
during accommodation and this stretching of the eye might not completely reverse after
disaccommodation, causing incremental increases in eye length with repeated
accommodation.

However, the influence of accommodation on AEL remains inconclusive given the
pronounced variability of reported results. Changes in AEL reported in literature range from
1.2 to 9.7 um/D [6-10]. Further, differences reported between myopes and emmetropes are
inconsistent, ranging from greater [8] to lesser [7] to no difference [6, 9] in AEL change
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between the two groups, rendering association between eye length change during
accommodation and myopia equivocal.

This uncertainty in the magnitude and direction of AEL change during accommodation
may originate from limitations in current methods of AEL measurement which use optical
biometry. In particular, calculation of AEL requires that measurements from optical
biometers undergo conversion from optical to geometric path lengths. To perform this
conversion, measurements must be scaled by the group refractive indices of the different
media of the eye. In practice, an average summary refractive index for the whole eye is often
used that approximates the contributions of the different ocular media, but this approach has
been demonstrated to introduce errors in AEL measurements [11]. Furthermore, in all prior
studies except that of Fan et al. [10], measurements of accommodative changes in AEL have
been performed statically, comparing AEL from separate recordings at different
accommodative states. The separation between recordings might introduce changes in
alignment by which differences in AEL can represent differences in the location or axis of
measurements. These changes in alignment may not be readily apparent, especially when
using optical biometers which measure from a single A-line. In addition, changes in the
position of the pupil center with accommodation might additionally contribute to differences
in measured eye-length when measurements are recorded along the visual axis. Finally, prior
studies have reported changes in AEL but have not included analyses to determine
measurement and experimental variability. The lack of such analyses prevents a definitive
assessment of whether accommodative changes in AEL occur or represent operator, subject,
or instrument variability.

In order to address these limitations, we employed a recently developed custom extended-
depth SD-OCT system [12] to provide more accurate characterization of AEL in
accommodation. The custom SD-OCT system produces 2-D whole-eye images, which enable
dynamic biometry of ocular structures for calculation of AEL using structure-specific
refractive indices and provide a wide field of view around the corneal apex to verify
consistent alignment during imaging. In addition, the dynamic nature of measurements allows
direct observation of AEL throughout the process of accommodation, minimizing the
potential for changes in alignment during imaging and providing a basis for analyses on
measurement variability during a constant accommodative state and experimental variability
between sessions. By considering AEL values in the context of measurement variability, we
can reconcile differences in literature due to non-physiological variability to clarify the
current level of understanding of axial eye length in accommodation.

2. Methods
2.1 Study design

This prospective study was carried out at the Bascom Palmer Eye Institute, University of
Miami Miller School of Medicine with approval from the Institutional Review Board at the
University of Miami while following the tenets of the Declaration of Helsinki. Written
informed consent was obtained for all participants. The experiments were performed on the
left eyes of 10 young healthy subjects (age: 25.1 + 3.9 y/o, 20 to 31 y/o) with refractive errors
of —1.2 + 1.2 D (range: 0 to —3 D). The exclusion criteria were presbyopia, history of ocular
disease or ocular surgery and high myopia (> 6D).

2.2 OCT imaging system

Ocular dimensions were measured from 2-D OCT images acquired with a custom SD-OCT
system previously described [12]. Briefly, the SD-OCT system operates at a central
wavelength of 840 nm. The system features an axial resolution of 8 pm (in air) and is
operated at an axial scan rate of up to 12,500 A-lines/s. Imaging of the eye ranging from the
cornea to the retina was performed by automatically stitching three OCT frames
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consecutively acquired at 25.9 frames per second at three depths using a high-speed optical
switch implemented in the reference arm. Each frame consists of 400 A-lines acquired over
the central 8 mm zone with 10.43 mm depth (in air). The final image which comprises the
entire anterior segment from anterior cornea and posterior lens, and the posterior vitreous and
retina is acquired at a frame rate of 8.7 frames per second.

The SD-OCT system also includes a custom accommodation module for generating
monocular step stimuli [12]. The module consists of two optical channels, each based on a
variation of the Badal optometer, which provide either a low vergence stimulus (at distance)
or high vergence stimulus (at proximity), both consisting of a high contrast cross target. The
two channels are optically and co-axially coupled to ensure mutual alignment, eliminating
target parallax during accommodation/disaccommodation to enable steady fixation during
stimulus presentation. The targets of each channel are alternately retro-illuminated to produce
a monocular step stimulus. A timing circuit provides synchronization of the stimulus with
OCT acquisition.

2.3 Imaging protocol

Subjects were seated in front of the instrument with their heads stabilized by a chin rest and
contour head frame. To correct for the subject's refractive error, the distance channel of the
accommodation module was adjusted to the subject’s far point by moving the target until the
subject was able to see the target in focus. The near channel of the module was set to produce
the desired accommodative effort relative to the distance target. The OCT system was then
aligned to the optical axis of the subject’s eye by visualizing the real-time image and finding
the corneal reflex. The final adjustment was refined by also using the iris plane to help adjust
the angle of the beam to minimize tilt of the lens. In each trial, subjects were asked to fixate
on the near target before OCT recording was started. Once recording was started, the target
was electronically switched from the near to far channel after 1.50 s, eliciting a
disaccommodative response in the subject. Recording continued after the subject completed
disaccommodation and reached a stable disaccommodated state resulting in a total scan
duration of 6.22 s. A minimum of three trials was performed in succession at each stimulus
level without adjusting the location of the near and far targets. Three trials were performed for
all but two subjects for whom ten trials were performed for variability analysis. Subjects
performed trials at 2, 4, and 6 D in order of increasing stimulus amplitude.

2.4 Image post-processing and data analysis

Each dynamic sequence acquired with the SD-OCT system at 840 nm consists of 54 OCT
images ranging in depth from the cornea to the retina at an effective frame rate of 8.7 frames
per second or 0.11 s per frame, sufficient to avoid significant eye movement, misalignment,
or accommodation fluctuations. An automated segmentation algorithm previously reported
[13] was applied to each of the 54 whole eye OCT images to detect the boundaries of the
cornea, lens, and retinal pigment epithelium. The optical distances between the surface
boundaries were then measured along the A-line passing through the apex of the cornea. An
example of the determination of optical distances is shown in Fig. 1.
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Fig. 1. Example of measurements derived from SD-OCT images. The figure shows images of
the eye and the corresponding intensity profile of the A-line at the corneal apex while
accommodated in response to stimulus at 6 D (left) and while relaxed at 0 D (right).
Boundaries of ocular structures were determined through automated segmentation and are
indicated by points on the A-line of the corneal apex and on the intensity profile (AC =
anterior cornea, PC = posterior cornea, AL = anterior lens, PL = posterior lens, RPE = retinal
pigment epithelium). A video of an example response to a stimulus at 6 D from the same
subject is shown in Visualization 1.

Anterior chamber depth (ACD), lens thickness (LT), and vitreous chamber depth (VCD)
were then obtained by dividing the optical distances by the group refractive index of the
corresponding ocular media at 840nm (naqueous = 1.341 [14, 15], nyens = 1.415 [15, 16], and
nyitreous = 1.341 [14, 15]). Axial eye length was then calculated as the sum of ACD, LT, and
VCD. To avoid reduced measurement precision due to signal saturation at the anterior corneal
surface, corneal thickness was not included in calculations. Changes in lens thickness and
axial eye length due to accommodation were defined as the difference in lens thickness and
axial eye length between the average value in the first 13 images acquired before stimulus
presentation (accommodated state), and the last 13 images acquired after stimulus
presentation (relaxed state). Values obtained after stimulus presentation were subtracted from
those before to show accommodative change. Results were averaged across trials after
removing trials with errant subject behavior, excessive noise in biometry, or issues in
acquisition (see Data File 1 for more details and results from individual trials).

2.5 Repeatability of LT and AEL measurements and repeatability of experiments

To quantify the precision of the measurement, a repeatability study was performed in two
randomly chosen subjects out of the total ten. In these two subjects, ten trials were performed
at each stimulus level (2, 4, and 6 D). The standard deviation of LT and AEL was determined
in the first 13 and in the last 13 images of each imaging session when subjects were at a fixed
accommodative state. Repeatability of LT and AEL measurements were reported as the range
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of standard deviations found across trials, accommodative stimuli, and subjects. Similarly, the
standard deviation of accommodative changes (difference between accommodated and
relaxed states) in LT and AEL was determined across trials. Repeatability of experiments was
reported as the range of the standard deviation of accommodative changes in LT and AEL
across accommodative stimuli and subjects (results shown in Table 2 and Table 3).

3. Results

Responses from a representative subject are shown in Fig. 2. Lens thickness started at higher
values for larger stimuli but decreased to a similar end value after disaccommodative stimuli
were presented. Both LT and AEL demonstrated consistent responses between separate trials.

Accommodative changes in LT and AEL for individual subjects after averaging across
trials are shown for different stimuli (Fig. 3). Average LT increases across subjects were 104
+ 23,205 £ 70, and 290 £ 19 pum for 2, 4, and 6 D, respectively, while average AEL increases
were 9 = 15, 2 £ 22, and 2 + 10 um for 2, 4, and 6 D, respectively. The change in LT was
significantly correlated with increasing stimulus amplitude (p < 0.001); however, AEL
change had no correlation with stimulus amplitude (p = 0.62). Notably, responses varied such
that AEL did not consistently increase or decrease during accommodation in 6 out of 10
subjects. Average changes in AEL were within a standard deviation of zero despite increases
in lens thickness (LT) with accommodation. In addition, as shown in Fig. 4, AEL does not
change at any point throughout the duration of subject responses when responses are averaged
across subjects.

A further analysis was performed by plotting AEL change against LT change for all
subjects, accommodation levels, and trials. Association between AEL change and LT change
was tested using a linear mixed model to account for intra-subject correlation in the data.
There was no significant relationship between AEL and LT change at a p-value of 0.114 (Fig.
5).
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Fig. 2. Sample disaccommodative responses from three different trials (indicated by square,
circle, and asterisk points) of a subject responding to 2, 4, and 6 D step stimuli to distance
(shown from top to bottom, respectively). Lens thickness is shown in plots on the left, whereas
axial eye length is shown on the right. Stimulus presentation is indicated by the dotted line.
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Fig. 3. (Left) Lens thickness accommodative change (difference between accommodated and
relaxed states) averaged over trials (if more than one trial was performed) for subjects from 2,
4, and 6 D to distance. Different symbols represent results from different subjects. LT change
was significantly correlated with stimulus amplitude (p < 0.001). (Right) AEL accommodative
change from the same subject in the same session as the recorded lens thickness changes. AEL
change was not correlated with stimulus amplitude (p = 0.62). See Data File 1 for lens
thickness and AEL accommodative change from individual trials for each subject.
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Fig. 5. AEL accommodative change (difference between accommodated and relaxed states)
versus lens thickness accommodative change from responses for each subject at each stimulus
level. A linear mixed model shows no significant relationship (p = 0.114, y = 0.0387 x - 4.7)
between LT and AEL change.

4. Discussion

Dynamic axial biometry of the eye using a custom SD-OCT system was used to improve the
accuracy of axial eye length measurements in accommodation. Dynamic whole-eye
measurements provided direct observation of eye length in accommodation, which enabled
calculation of AEL with structure-specific refractive indices and minimized changes in
alignment between accommodative states. In contrast to recent studies performed with optical
biometry [6-9], no significant change in AEL was found in response to accommodation,
suggesting AEL remained constant within the precision of our method.

Differences between the present study and other studies performed with optical biometry
bring up possible issues in analysis and methodology. In previous studies [6, 8], the optical
path length of the whole eye was converted to distance using an average refractive index of
the unaccommodated eye rather than using the individual refractive indices of each element
of the eye. Given the increase in lens thickness during accommodation, the relative
contribution of the lens to the average refractive index increases, causing an overestimation of
AEL in an accommodated state [11, 17]. This effect might explain the relatively large AEL
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changes seen in Mallen et al. [8] which were approximately twice the changes seen in other
studies when accounting for accommodative amplitude. Read et al. [6] reported distances
calculated both with an average index for the entire eye and with individual refractive indices,
and found lower values of changes in AEL when individual refractive indices were used for
correction. The changes in eye length were reduced to within a standard deviation of zero,
suggesting results from individual subjects after correction might be mixed, showing
increases in AEL in some and decreases in others, although only the average and standard
deviation after correction were shown. This overestimation produced by correction with an
average refractive index was reproduced in our study. As shown in Table 1, using the average
refractive index increased AEL accommodative changes such that average AEL changes were
now significantly distributed from zero, possibly explaining the large AEL changes seen by
Mallen et al. [8].

Table 1. Accommodative change (difference between accommodated and relaxed states)
in axial eye length in response to stimuli at 2, 4, and 6 D upon conversion of axial eye
length from optical to geometric path length using an average refractive index of the eye
and, alternatively, refractive indices of individual media. Mean and 95% confidence
intervals are shown for both cases in each cell (RI = Refractive Index).

Change in AEL

Target Vergence (D)

Average RI (um) Individual RI (um)
2D 6.9+13.7 25+54
4D 10.7+21.2 0.3+9.0
6D 19.7+19.7 48+74

Correction for individual elements of the accommodative system were performed in other
studies [6, 7, 9]. Although an increase in AEL during accommodation was also found, this
increase might be caused by changes in alignment or pupil center with accommodation. In
prior studies, measurements were performed statically. Accommodative responses to different
stimuli were recorded in separate sessions, raising the possibility of subject movement or
changes in fixation in between sessions. In particular a change in alignment is evident in
representative OCT images provided by Zhong et al. [9] and Fan et al. [10]. In our study
using dynamic imaging, the alignment of the subject is preserved due to the short session
duration (see Fig. 1 and Data File 1), short break between different trials, and precise co-
alignment of the near and far stimuli.

Alternatively, an explanation posed in Drexler et al. [7] suggests that the observed
increase in axial eye length might be an artifact related to changes in the refractive index of
the lens during accommodation. Drexler et al. [7] found that an increase in refractive index of
0.3% after accommodation could account for the increase in AEL seen in their study.
Changes in the gradient refractive index of the lens in an accommodated state have since been
observed by Kasthurirangan et al. [18], which would cause an increase in the average index.
If an increase in refractive index of the lens occurs with accommodation, our results, which
are based on a constant refractive index of the lens, would suggest a decrease in AEL during
accommodation in sharp contrast with the literature discussed so far.

Other possible sources of change in alignment, including those inherent to the mechanism
of accommodation such as changes in pupil centration during accommodation [19], might
prevent quantification of AEL along the same path before and after accommodation when
measurements are acquired along the visual axis (i.e., aligned with the pupil center). The
effect of these sources have been minimized in the present study by using the corneal apex,
which does not shift during accommodation, as a reference for alignment as well as a
landmark for determining a location for AEL measurement.

It should also be noted that AEL was observed during disaccommodation instead of
accommodation. Disaccommodation was chosen to be studied during preliminary tests of the
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imaging protocol which tests indicated that subjects provided a more consistent
accommodative response when performing disaccommodation instead of accommodation to
the same stimulus level. However, the total change in AEL from accommodation is expected
to be the same as the total change in disaccommodation.

Critically, changes in LT and AEL should be considered in light of measurement and
experimental variability. Here, we define measurement variability as the variation during
subject fixation on a constant accommodation stimulus (e.g. due to subject motion or
instrument and segmentation precision). We define experimental variability as trial-to-trial
variation in subject responses to a set accommodation stimulus. Both sources of variability
might produce uncertainty in measurements unrelated to changes occurring in the eye. To
determine the confidence with which changes can be seen in LT and AEL, analyses of
variability were performed as shown in Tables 2 and 3. Measurement variability ranged from
5to 15 pm for LT and 15.8 to 22.7 pm for AEL while experimental variability ranged from
11 to 70 pm for LT and 5 to 10 um for AEL, suggesting variability greater than
accommodative changes in AEL reported in the literature [6-9]. It may be reasonable to
assume similar variability in other measurements and experiments performed with optical
biometers. Although analyses of variability have been performed on the devices used for
studying accommodative changes in AEL in the literature [20-26], these analyses often do
not address variability in the conversion from optical lengths to AEL [21-26] or report
variability in measurements averaged across a population of subjects rather than variability in
individuals [27]. Our reported variability is comparable to that seen in previous studies [20]
and indicates measurements of AEL cannot be obtained with a precision below ~25 microns
with current optical biometry devices. Changes in AEL reported below this level of precision
are likely due to operator, subject, or instrument variability instead of actual elongation of the
eye.

Table 2. Table shows mean and standard deviation of LT accommodative change
(difference between accommodated and relaxed states), mean and standard deviation of
the standard deviation of LT in first 13 frames (when accommodated), and of the

standard deviation of LT in last 13 frames (when unaccommodated) over 10 trials for
two subjects at 2, 4, and 6 D.

Subject A Subject B

Mean Change (pm) 1053 +24.3 1192+ 11.2
2to0D Mean SD of First 13 (um) 123+£5.0 83+35
Mean SD of Last 13 (um) 4.8+3.6 9.3+6.8

Mean Change (pm) 211.3+£30.7 187.2 +58.7
4t00D Mean SD of First 13 (um) 13.5+4.1 6.1£2.9
Mean SD of Last 13 (um) 45+14 7.6£6.9

Mean Change (pm) 2849+£52.2 331.7+14.5
6to 0D Mean SD of First 13 (um) 13.3+4.2 11.1+£49

Mean SD of Last 13 (um) 53+£1.8 15.0+6.4
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Table 3. Table shows mean and standard deviation of AEL accommodative change
(difference between accommodated and relaxed states), mean and standard deviation of
the standard deviation of AEL in first 13 frames (when accommodated), and of the
standard deviation of AEL in last 13 frames (when unaccommodated) over 10 trials for
two subjects at 2, 4, and 6 D.

Subject A Subject B

Mean Change (um) 73+6.8 -4.7+5.7

2t00D Mean SD of First 13 (um) 21.8+9.1 17.0+4.0
Mean SD of Last 13 (um) 18.1+£9.0 15.8+4.7

Mean Change (um) 183+72 -7.0£5.0

4t00D Mean SD of First 13 (um) 20.1+7.3 209+6.5
Mean SD of Last 13 (um) 16.0+7.3 21.1+15.0

Mean Change (um) 182+5.0 -3.8+£10.0

6t0o0D Mean SD of First 13 (um) 22.7+12.1 21.8+9.0
Mean SD of Last 13 (um) 22.0+12.0 19.8+5.3

In summary, changes in AEL due to accommodation were not observed at the precision of
a custom extended-depth OCT system. Changes in AEL might occur below this level of
precision, but a conclusive answer as to whether AEL changes during accommodation and
consequently whether the act of accommodation has a mechanical contribution to myopia
cannot be determined with the current level of variability inherent to optical biometry.
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