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Purpose: Although the lens undoubtedly plays a major role in presbyopia, altered
lens function could be in part secondary to age-related changes of the ciliary muscle.
Ciliary muscle changes with accommodation have been quantified using optical coher-
ence tomography, but so far these studies have been limited to quantifying changes
in ciliary muscle thickness, mostly at static accommodative states. Quantifying ciliary
muscle thickness changes does not effectively capture the dynamic anterior-centripetal
movement of the ciliary muscle during accommodation. To address this issue, we
present a method to quantify the movement of the ciliary muscle during accommoda-
tion using trans-scleral optical coherence tomography images obtained dynamically.

Methods: An image processing framework including distortion correction, geometric
transformation, and Procrustes analysis, was used to quantify the anterior-centripetal
movement of the ciliary muscle apex and centroid during accommodation. The method
was applied in a preliminary study to quantify ciliary muscle displacement and its
relation to lens thickness change with accommodation on two young adults and two
prepresbyopes.

Results: The magnitude and the direction relative to the pupil plane of the
apex/centroid displacement in response to a two diopters (2D) stimulus were 0.16/0.20
mm at 11.3°/30.5° and 0.26/0.34 mm at 6.6°/33.2° for the young adults and 0.20/0.20 mm
at 29.7°/40.6° and 0.24/0.40 mm at 33.0°/31.7° for the prepresbyopes, respectively.

Conclusions: This study demonstrates the feasibility of quantifying dynamic anterior-
centripetal movement of the ciliary muscle during accommodation using optical coher-
ence tomography. The method better captures the functional response of the muscle
than the quantification of thickness changes.

Translational Relevance: We provide a method that holds potential to better under-
stand the age-related changes of the ciliary muscle on presbyopia.

date decreases, leading to presbyopia, the loss of near
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Introduction

Accommodation is the process of changing the eye’s
power to allow for clear vision of nearby objects.
The ciliary muscle is the engine of the accommoda-
tion process. Contraction of the ciliary muscle releases
the resting zonular tension, allowing the lens to take
a more curved shape and thus, increasing the ocular
dioptric power.!® With age, the ability to accommo-
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visual function starting around age 40. Although the
primary cause of presbyopia is the stiffening of the
lens,*7-% altered accommodative function could be in
part secondary to extralenticular age-related changes,
such as changes in the anatomy and displacement of
the ciliary muscle and uveal structures with age.”'°
Imaging the ciliary muscle during accommodation
has been a challenge.!! Although magnetic resonance
imaging has been used,'? its static nature and lower
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resolution have limited its usefulness. Studies using
ultrasound biomicroscopy (UBM) have shown age-
related changes.!> !® However, the need for direct
contact with the eye makes it challenging to image
the response under natural accommodative conditions.
optical coherence tomography (OCT) offers an alter-
native imaging method that, unlike UBM, is noncon-
tact, high resolution, and high speed, thus represent-
ing a promising alternative for assessing the dynamic
accommodative response of the ciliary muscle.!* %’

Prior OCT studies have investigated changes in
ciliary muscle response during accommodation by
measuring thickness changes acquired at static accom-
modative states.!” >’ These studies provide the muscle
shape at the start and end point of accommodation,
but they do not capture the dynamics of the anterior—
centripetal movement,”® which is the primary function
of the ciliary muscle during accommodation.'> We
previously demonstrated the ability to record the
changes in shape of the ciliary muscle dynamically
during accommodation using OCT.?! Dynamic record-
ings provide information that cannot be obtained from
static data, such as the time constant and velocity of
the ciliary muscle response or the relation between
ciliary muscle movement and the resulting changes in
lens shape in real time during accommodation.?! These
parameters can provide insight into the dynamics of
the accommodative plant, which is central to under-
standing the neural control and the biomechanics of
accommodation.

In the prior static or dynamic OCT studies, changes
in the shape of the ciliary muscle were quantified
typically using thickness measurements obtained at
discrete locations along the ciliary muscle or across
its entire profile.' ?’ Ciliary muscle thickness profiles
show the change in shape of the ciliary muscle and
can be used to quantify the displacement of the apex,
but they do not provide a quantitative measurement
of the anterior—centripetal movement of the body of
the muscle in the longitudinal direction, which deter-
mines the direction of the force of accommodation.
Studies of this movement and its changes with age
could be key in clarifying the causes of presbyopia
and optimizing the design of accommodating intraoc-
ular lenses. To better assess ciliary muscle function,
Stachs et al.!” quantified the displacement of the center
of gravity of three-dimensional UBM images of the
ciliary body acquired before and after pharmacologi-
cal stimulation of accommodation. In their approach,
the ciliary muscle was truncated at the same fixed
distance, approximately 3 mm, from the scleral spur
in the relaxed and accommodated state. Therefore, the
contours in the relaxed and accommodated state have
different cross-sections, given the forward displacement
of the muscle, and the calculated centroid displacement

Downloaded from tvst.arvojournals.org on 02/13/2025

TVST | January 2025 | Vol. 14 | No. 1 | Article 17 | 2

does not truly represent the movement of the ciliary
muscle.

We propose a method to quantify the anterior—
centripetal movement of the ciliary muscle during
accommodation using dynamic OCT imaging that
addresses this limitation by using Procrustes analysis.
The proposed method captures the dynamic response
of the ciliary muscle, which is to move forward and
inward by quantifying the movement of the ciliary
muscle centroid and apex, respectively. We demonstrate
the application of the method in a preliminary study on
four participants.

Study Design

Trans-scleral OCT images of the ciliary muscle
acquired on the left eye of four human participants,
two young and two prepresbyopic, using a system that
was described previously?!-2°3! were collected specif-
ically for this study (Table 1). The study followed a
protocol approved by the Institutional Review Board
at the University of Miami. All participants consented
before enrollment in the study.

Imaging Protocol

The imaging system consisted of two separate
spectral domain (SD) OCT systems precisely synchro-
nized and operating at central wavelengths of 1325 nm
and 840 nm for acquiring trans-scleral ciliary muscle
and anterior segment (AS) images at a frame rate of
26 Hz.>! AS images were used to quantify changes in
the lens thickness (LT) during accommodation, which
was used as an objective measure of the accommoda-
tive response. The OCT systems were combined and
synchronized with a dual-channel visual fixation target
designed to produce step stimuli of accommodation
during OCT image acquisition. The two OCT systems
are synchronized with an uncertainty of +1 frame,
or £+38.6 ms."” The ciliary muscle unit is based on
a commercially available OCT platform (TELESTO,

Table 1. Data Sample Collected
Age Refractive ~ Accommodation
Participant  (Years) Error Stimulus (D)
1 22 —2.75 2,4
2 26 —1.50 2,4
3 45 +1.75 2
4 45 —4.50 2

Prepresbyopic participants were only subjected to 2 D of
accommodation stimulus owing to presbyopic limitations.
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Thorlabs Inc., Newton, NJ) that produces images with
an axial resolution of 7.5 um (in air) over an axial range
of 2.5mm (in air). The AS system features an axial
resolution of approximately 8 um (in air) over a range
of 13.5 mm.

Each recording consisted of a sequence of 160
ciliary muscle OCT and 80 AS OCT images acquired
during the response to a step stimulus of accommoda-
tion. The ciliary muscle-OCT unit operated at 28,000
A-lines/s with 897 lines per frame (512 x 897 pixels)
and the AS-OCT was operated at 12,500 A-lines with
400 lines per frame (400 x 2048 pixels). The amplitude
of the accommodation step stimulus was two-diopters
(2D) for the prepresbyopic participants, and 2D and
four-diopters (4D) for the young participants (Table 1).
Each recording lasted 6.17 seconds; the accommoda-
tion step stimulus was triggered 1.54 seconds after the
start of an acquisition.

Quantification of the Anterior-Centripetal
Movement Ciliary Muscle

Figure 1 outlines the procedure for quantifying the
anterior—centripetal movement of the ciliary muscle
during accommodation. The process involves several
steps:

1) Correction of any misalignment (eye movement)
during dynamic recording and enhancement of
ciliary muscle contrast in OCT images using
processing methods;

2) Segmentation of the ciliary muscle shape, scleral
and anterior iris boundaries and correction of the
segmented parts for refractive distortion; and

3) Rotation of the corrected ciliary muscle shape
and sclera according to the iris, which serves as
the reference plane in the image;

4) Quantification of the displacement of the ciliary
muscle’s apex and centroid using Procrustes
analysis.

Processing of the Raw Trans-scleral OCT Images

The ciliary muscle images of each recording are
processed to correct for eye movements using the
‘imregister’ MATLAB function. To enhance contrast,
each pair of consecutive images were averaged, result-
ing in a sequence of 80 images for each recording. The
overall contrast of the averaged images was further
improved with the ‘imadjust’ MATLAB function,
which is based on the following function:

_x—aV
y= b—a)’

(D
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where y and x are the resulting and original pixel values,
respectively, y specifies the distribution of the image
histogram (i.e., the brightness of the image), and a and
b determine the lower and upper limits calculated for
contrast stretching of the image, respectively. Param-
eters a and b were calculated automatically through
the ‘stretchlim’ MATLAB function, and y = 1.5 was
applied to all images.

Segmentation and Distortion Correction of the OCT
Images

The preprocessed trans-scleral images are
segmented with a custom-developed automatic tool
based on fully convolutional neural networks*? (Fig. 1).
The anterior iris was manually segmented only for the
first image of the recording. We then implemented
an algorithm to correct image distortion owing to the
refraction of the OCT beam at the air-sclera, sclera—
ciliary muscle, and sclera—anterior humor boundaries
based on the vector form of Snell’s law.>’ For distor-
tion correction, we used the group refractive indices of
the sclera (1.415) and ciliary muscle (1.380) estimated
at 1325 nm.?! The anterior conjunctiva was included
in the scleral segmentation.

Selection of the Reference System

The peripheral portion of the anterior surface of the
iris was used as a reference plane for the registration
and alignment of the images. Specifically, all images
were initially registered according to the first image,
and then rotated to align the iris along the x axis of
the coordinate system, assuming that the position of
the iris does not change significantly axially during the
accommodative response. The constriction of the iris
or the radial movement does not affect this assumption.
This allowed for precise comparison and measurement
of the anterior—centripetal movement of the ciliary
muscle.

The outer scleral boundary of all segmentations
was then re-aligned using the iterative closest point
method® assuming that the outer scleral boundary
remains approximately constant during accommoda-
tion** to reduce fluctuations in the quantification
of ciliary muscle displacement caused by small eye
movements. This additional step minimized poten-
tial misalignment errors resulting from the registration
process, further enhancing the accuracy of the analysis.

Quantification of the Ciliary Muscle Apex and Centroid

We measured the anterior—centripetal movement of
the ciliary muscle by measuring the displacement of the
ciliary muscle centroid and apex, respectively (Fig. 1).
The apex was defined as the point with the maximum
ciliary muscle thickness (i.e., maximum distance from
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I) Image preprocessing (averaging + contrast filters)

IT) Segmentation + Distortion correction

IIT) Rotating the image to reorient the iris

—

applying rotation y
transformation () |

X

IV) Biometric terms (CM apex and centroid displacement)

ROI m Unaccommodated shape
(1.45 mm?) m Accommodated shape
apex
apex
centroi
X truncated posterior region

Figure 1. Method to quantify the displacement of the apex and centroid of the ciliary muscle. (I) Image processing to correct for eye
movement and improve image contrast. (Il) Segmentation and distortion correction of the ciliary muscle and the sclera. (Ill) The ciliary
muscle and sclera are rotated to align the iris in the same direction as in the AS image, that is, ensuring that it is aligned at 0° with respect to
the lens. (IV) biometry of the ciliary muscle obtained through a statistical shape method (Procrustes analysis).
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posterior scleral boundary) in the unaccommodated
state. To track the apex during the corresponding
frames, we performed a Procrustes analysis®> with the
assumption that the ciliary muscle’s volume remains
constant during accommodation. Procrustes analysis
enables a comparison of the deformed and undeformed
ciliary muscle shape in successive frames, including
translation and rotation, enabling us to track the
movement of the ciliary muscle apex or centroid. The
initial position of the apex is defined as the point of
maximum thickness of the unaccommodated state. As
the position of this point shifts and the ciliary muscle
deforms during accommodation, in subsequent images,
the displaced apex may no longer correspond to the
point of maximum thickness
The Procrustes analysis assumes a constant volume
of the ciliary muscle. It therefore requires that the
same area of the ciliary muscle is segmented across
each dataset. We then chose a specific region of inter-
est of 1.45 mm? that captures most of the muscle’s
cross-section while excluding the distal end (Fig. 1).
This approximation covers more than 85% of the area
of the ciliary muscles analyzed in the study, with a
length of more than 4.0 mm from the scleral spur.
The centroid was then calculated as a measure of
the average of the contour for each OCT frame as
follows:
pr+pr+---+py

C(x,y)= " ,

2)

where n (500) is the total number of equally spaced
perimetral points, p(X,y), representing the ciliary
muscle shape (Fig. 1, blue contour).

Changes in the apex and centroid of the ciliary
muscle are calculated as the magnitude of the displace-
ment. For comparative purposes, the changes in ciliary
muscle thickness were also calculated by measuring
the distance of the scleral-muscle border and the
muscle—pigmented epithelium border along the direc-
tion perpendicular to the scleroconjunctival-air inter-
face.

Quantification of LT

A custom automated segmentation algorithm was
applied to each of the 80 OCT images of the AS to
detect the anterior and posterior boundaries of the
lens along the A-line passing through the pupil center
and calculating the central thickness.’! The measured
optical thickness was converted into a geometrical LT
assuming an average refractive index of 1.408 for the
lens in the age range of the participants included in the
study.?’

All biometrical changes (ciliary muscle apex, ciliary
muscle centroid, and LT) for each accommodative
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stimulus were then calculated as the difference between
the average values calculated from the start of the
acquisition to the stimulus onset (first 1.54 seconds;
participant unaccommodated), and at the end of the
recording (last 1.67 seconds; participant fully accom-
modated).

A representative sample of the anterior—centripetal
movement of the ciliary muscle and thickness during
accommodation acquired from participant 4 is
presented (Figs. 2 and 3). The results for the remain-
ing participants and a video showing the dynamic
displacement of the ciliary muscle are reported in the
Supplemental Materials.

Figure 2A shows the ciliary muscle thickness
profile for participant 4 in the accommodated and
unaccommodated state for a 2D accommodation
stimulus. Figure 2B shows the temporal change in
ciliary muscle thickness at the point of maximum thick-
ness and at 3 mm from the scleral spur. For partici-
pant 4, the changes in maximum thickness of the ciliary
muscle and ciliary muscle 3 mm from the scleral spur
were 0.10 £ 0.01 mm and —0.02 £ 0.01 mm, respec-
tively.

Figure 2C shows the time dependence of the
displacement of the apex and centroid of the ciliary
muscle and the change in LT for a 2D accommodation
stimulus. LT for participant 4 increased by 0.08 + 0.004
mm, the ciliary muscle apex displacement was 0.24 +
0.02 mm, and the ciliary muscle centroid displacement
was 0.40 = 0.03 mm. Figure 2D shows the change in
LT vs. ciliary muscle movement. The results show that
there is a displacement of the ciliary muscle before the
lens shape starts to change, that is, 0.09 £ 0.04 mm
and 0.19 + 0.05 mm for the ciliary muscle apex and
centroid, respectively. This difference was calculated
as the average of the four ciliary muscle displacement
values recorded just before the change in LT reached a
threshold set slightly above the axial resolution of the
AS-OCT system (0.01 mm).

Figure 3 shows the 2D displacement of the apex
and centroid of the ciliary muscle during the 2D
accommodative stimulus in participant 4 quantified
considering a horizontal iris. The X- and Y- compo-
nents of the displacement were —0.20 £+ 0.02 mm and
0.13 £ 0.02 mm, respectively, for the apex and —0.34
+ 0.03 mm and 0.21 + 0.02 mm, respectively, for
the centroid, where the values represent the mean +
standard deviation. The X component represents the
centripetal movement toward the lens (along the plane
of theiris). The measurement of the apex is noisier than
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Figure 5. Ciliary muscle apex (A) and centroid (B) angle of movement. Participants 1 and 2 are young participants. Participants 3 and 4 are

prepresbyopic participants.

the centroid owing to higher uncertainty in the
segmentation in the region of the apex. The centroid
displacement shows that the anterior movement
follows a nearly linear path aligned with the
longitudinal fibers of the ciliary muscle during
accommodation.

For the 2D stimulus, the mean and standard devia-
tion of the ciliary muscle displacement were 0.21 +
0.07 mm and 0.20 £+ 0.06 mm for the apex and 0.27 +
0.10 mm and 0.30 & 0.14 mm for the centroid, for the
young and prepresbyopic participants, respectively. In
the young group, for the 4D stimulus, the ciliary muscle
apex and centroid displacements were 0.23 £ 0.08 mm
and 0.27 £ 0.07 mm, respectively.

To illustrate the distinction between 2D and 4D
accommodation stimuli, we present in Figures 4A and
B the variations in LT with respect to the displacement
of the ciliary muscle apex and centroid for participant
1. When subjected to a 2D accommodation stimulus,

Downloaded from tvst.arvojournals.org on 02/13/2025

the LT changed by 0.11 4+ 0.01 mm, and the ciliary
muscle apex and centroid displacement were 0.16 +
0.01 mm and 0.20 # 0.02 mm, respectively. In contrast,
under a 4D accommodation stimulus, the LT changed
by 0.20 £+ 0.01 mm, with the ciliary muscle apex and
centroid displacement measuring 0.17 4 0.02 mm and
0.22 £ 0.02 mm, respectively.

Figure 5 shows the angle of the anterior—centripetal
movement of the ciliary muscle, which quantifies the
direction of the ciliary muscle movement. The angle
was calculated as the arc tangent between the Y and
X component displacement of the ciliary muscle apex
and centroid (Table 2). The angles of movement of
the ciliary muscle apex and centroid had an average
value of 11.12° and 30.06° for the young participants
(4D stimulus) and 30.93° and 36.15° for the prepresby-
opic participants, respectively. Table 2 lists the changes
in ciliary muscle movement for all participants and
accommodation stimuli.
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) g & g |2g2g22¢8¢g tion quantitatively, which determines the direction of
n s X SE|HHHHHH the force of accommodation?® that releases the resting
c = = EE|lL—VoITO . :
) kY] % = N3y =9 zonular tension and pulls the choroid forward (the
D o £ = e anterior—centripetal movement of the ciliary muscle).
> €T This movement of the entire muscle is clearly visible in
o < e . . .
© @ §_ sla Aon dynamic UBM 1mages,1°’13’15. and we have previously
g =N § TS A shown that it can also be visualized using dynamic
S = 5 OCT imaging.zf Our study demonstrates the feasi-
[} Iy g bility of quantifying this movement from dynamic
[T} = ,§- OCT recordings by measuring the displacement of the
= S5 = apex or centroid of the ciliary muscle contour usin
] © 5 p _ y mus g
= = 3 - - NNy Procrustes analysis. The centroid displacement repre-
e y p p
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sents a measurement of displacement of the more
posterior longitudinal fibers of the ciliary muscle that
cannot be captured using thickness measurements. The
apex displacement produced using our method is differ-
ent from the apex displacement predicted from thick-
ness measurements. The Procrustes analysis calculates
the displacement of contour points from the deforma-
tion of the contour, whereas methods based on thick-
ness define the apex as the point of maximum thickness
measured in the transverse direction.*® In our study,
we find that the magnitude of the apex displacement
produced using the Procrustes analysis (<0.13 mm/D)
is much more pronounced than the changes in apex
thickness (<0.05 mm/D)."” We, therefore, expect that
the ciliary muscle displacement will provide greater
sensitivity in quantifying changes with accommodation
or age than thickness measurements.

Overall, the results of our preliminary study are
consistent with findings from prior studies using OCT
and with the Helmholtz theory of accommodation.
As in prior OCT studies, we find an increase in
thickness in the anterior region of the ciliary muscle
close to the apex and a thinning in the posterior
region at 3 mm from the scleral spur.'®?%:20-2 Qur
change in thickness profile (Fig. 2B) is also compara-
ble with the findings of Wagner at al.'” (their Figure
7). Our thickness changes at maximum thickness (0.01
up to 0.05 mm/D) are within the range of previ-
ously published studies, which found values of 0.01
up to 0.03 mm/D.!-20-26:2 In addition, as in our
prior study,”' we find that there is a lag between the
response of the muscle and the lens, which is more
pronounced in older adults. No obvious lag between
the movement of the lens and ciliary processes was
observed in gonioscopic video recordings acquired in
nonhuman primates during accommodation induced
by stimulation of the Edinger-Westphal nucleus stimu-
lated using implanted electrodes. However, this differ-
ence could be due to differences in methodology (stimu-
lated response in iridectomized monkeys vs. natural
response in human participants). Further studies on a
larger population sample are required to confirm the
presence of the lag and its age dependence.

In the same age range, the centroid displacements
found by Stachs et al.!” using UBM (0.04 to 0.26 mm)
are lower than our results (0.20 to 0.40 mm), even
though their study relied on pharmacological stimula-
tion, which is expected to produce more pronounced
changes. The reason for these differences is most likely
that Stachs et al.'” truncated the ciliary muscle more
anterior, at approximately 3 mm from the scleral spur,
that they truncated the ciliary muscle at the same
fixed distance from the scleral spur in the relaxed and
accommodated states, and that they included the ciliary

Downloaded from tvst.arvojournals.org on 02/13/2025

TVST | January 2025 | Vol. 14 | No. 1 | Article 17 | 9

processes in their contour. In a separate analysis, we
found that the magnitude of the centroid displacement
decreases by approximately 25% if the OCT images are
truncated at 3 mm. The effect of truncation is discussed
further elsewhere in this article.

The proposed OCT-based method offers several
biometric parameters that could be used to better
understand the age-related changes in the ciliary
muscle, such as, for example, the displacement of
the ciliary muscle apex and centroid. We believe that
the most suitable metric will depend on the research
question being addressed. It seems the centroid
movement might be driven more by the longitudinal
fibers, whereas the ciliary muscle apex might be driven
more by radial and circular fibers. Apex displacement
is more directly related to the interaction with the lens,
because the displacement of the apex more directly
determines the tension on the zonules. We expect
that the combination of multiple metrics will help to
better understand the muscle response as a whole. For
instance, comparing the centroid displacement with the
apex displacement and studying age-related changes
could help understand if the ciliary muscle displace-
ment remains constant with age, but apex movement
changes, or the age-related changes, are the same.

The proposed method was developed using the iris
as a reference plane and Procrustes analysis to relate
the shape of the ciliary muscle across different time
points during the accommodative process, providing
a new approach to measure the anterior—centripetal
movement of the ciliary muscle during accommodation
in dynamic OCT imaging.

For this preliminary study, we somewhat arbitrar-
ily chose a fixed area of 1.45 mm? for the Procrustes
analysis, because we found that it captured most of
the ciliary muscle in the study participants (>85% of
the area and >4.0 mm from the scleral spur), except
for the distal end. The position of the centroid may
be shifted if instead we would have included the entire
ciliary muscle all the way to the posterior insertion
zonule. In addition, the calculated centroid displace-
ment will be affected by interindividual variations in
the shape of the muscle or the size of the truncated
area. For instance, with a fixed truncated area, we
expect that we will find a smaller overall displace-
ment with a more pronounced inward component for
a shorter muscle relative to a longer muscle. However,
in a separate analysis, we found that these effects can
be largely compensated for by expressing the displace-
ment in percent of the initial length. Further analyses
on a larger sample will help to quantify the effect of
interindividual variations and determine the optimal
approach to quantify displacement (e.g., relative vs.
absolute, size of the area).
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Acquiring dynamic images of the ciliary muscle
during accommodation has also the advantage of
ensuring that the same region of the ciliary muscle is
imaged at different accommodative states during the
same imaging session, whereas imaging of the ciliary
muscle at static accommodative states may introduce
misalignment errors owing to the need of acquiring
images in different sessions.?! In our method, the great-
est source of error is the variability of the segmenta-
tion at the ciliary muscle’s apex owing to the lower OCT
image contrast in this region.?’*> Our previous studies
show that the variability of ciliary muscle thickness
measurement in the region of the apex is on the order
of £45 pum. This is a known limitation that could be
addressed by increasing the signal to noise ratio of the
images, for instance by using a high incident power.?!
The maximum power of the research-grade commer-
cial spectral domain OCT system used in the present
study was 4 mW, well below the exposure limit at 1300
nm. In the two participants (1 and 4) where the images
of the ciliary muscle apex had high quality, the variabil-
ity of the measurements was minimal.
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