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Abstract

Purpose—To utilize time-domain optical coherence tomography (OCT) to measure changes in
the crystalline lens with age and accommodation.

Methods—A cross-sectional study of pre-presbyopic and presbyopic subjects was conducted.
Amplitude of accommodation was measured with the push-up test. Objective accommodation was
measured with the Grand Seiko auto-refractor and a Badal lens system. Lens thickness was
measured with the Zeiss Visante OCT and an internal optometer. The data were analyzed using
correlation coefficients, linear regression, and by calculating the average change in lens thickness
per diopter change in objective accommodation.

Results—Twenty-two subjects between the ages of 36 and 50 years completed the study.
Subjective amplitude of accommodation ranged from 2.17 to 6.38 D. Objective accommodation
ranged from 0.22 to 4.56 D. The mean lens thickness was 4.05 £ 0.20 mm. The mean change in
lens thickness for up to a 5-D accommaodative stimulus ranged from 0.01 to 0.26 mm. The
correlation coefficients were: age and subjective accommaodation, r = —0.74; age and objective
accommodation, r = —0.84; change in lens thickness and age, r = —0.65; change in lens thickness
and subjective accommodation, r = 0.74; change in lens thickness and objective accommodation, r
= 0.64; objective and subjective accommodation, r = 0.82; (all p < 0.01). An increase in lens
thickness of 21 um per year of age was determined by linear regression. For the subjects who
showed at least 1 D of accommodative response on the Grand Seiko auto-refractor, there was an
increase of 51 + 19 um per diopter of accommodation.

Conclusions—OCT is a non-invasive technique that can be used to quantify changes in the
thickness of the crystalline lens. Subjective and objective measurements of accommodation, as
well as age, were robustly correlated with the measured changes in lens thickness. Lens thickness
changes with age and accommodation as measured with the Visante OCT compare well with
previous findings using Scheimpflug photography and ultrasound.

Keywords
crystalline lens; accommodation; preshbyopia; optical coherence tomography; imaging

Introduction

The human crystalline lens continues to create new cells and grow throughout life.
Numerous studies using ultrasound, Scheimpflug photography, partial coherence
interferometry (PCI), and magnetic resonance imaging (MRI) have shown that the lens
increases in thickness with age (Koretz et al., 1997; Koretz and Handelman, 1988;
Pierscionek, 1995; Smith, 2003; Hemenger et al., 1995; Dubbelman et al., 2001; Dubbelman
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et al., 2005; Glasser and Campbell, 1998; Kirschkamp et al., 2004; Pierscionek and Weale,
1995; Strenk et al., 1999; Dubbelman et al., 2003; Bullimore et al., 2007; Jones et al., 2007;
Bolz et al., 2007). After childhood, lens thickness increases linearly by 13 to 29 um/year
(Glasser and Campbell, 1999; Koretz et al., 1989; Multti et al., 1998; Dubbelman et al.,
2001; Koretz et al., 2004; Dubbelman et al., 2003; Bullimore et al., 2007). Prior to
presbyopia, the lens increases in thickness by about 42 to 72 um per diopter of
accommodation (Koretz et al., 1997; Garner and Yap, 1997; Dubbelman et al., 2003; Bolz et
al., 2007). The range in lens thickening values reported in the literature are due not only to
differences among individuals but also arise from assumptions and limitations of the various
techniques. All ex vivo studies are limited by the changes in the dimensions and water
content of the lens that occur within a few hours post-mortem (Weale, 1983). In vivo
techniques such as Scheimpflug photography, ultrasound and PCI rely on assumptions of
refractive indices or speed of sound. Scheimflug photography is further compromised by the
need to artificially dilate the pupil (Atchison, 1995). Even the use of sympathomimetic
mydriatic agents may decrease accommodation, and artificial removal of the natural
interaction of the lens with the ciliary body, vitreous, and iris, can lead to a lessened
accommodative response (Findl et al., 2003; Kriechbaum et al., 2005; Koeppl et al., 2005;
Dubbelman et al., 2005; Atchison, 1995). Though MRI has allowed visualization of the lens
without distortion or pharmacological disruption, positioning of the subject in the supine
position required for MRI may alter the natural movement of the lens, as it has been
demonstrated that the amplitude of accommodation is affected by head position (Atchison et
al., 1994). Unfortunately, clinical 1.5T MRI has limited resolution of about 100 to 300 pm,
depending on the sequence and coil used (Strenk et al., 2004; Jones et al., 2007). PCI offers
exceptional resolution of less than 10 um and is widely used for measurements of axial
length (Bolz et al., 2007; Drexler et al., 1997a; Drexler et al., 1997b), but there are no
commercially available PCI systems in the United States to measure lens thickness.
Immersion ultrasound is often considered the gold standard for ocular biometry, but it
requires the subject to be in a supine position with an eye bath (Fledelius, 1997). Non-
immersion ultrasound, while used more often clinically, suffers from decreased accuracy
compared to immersion (Giers and Epple, 1990; Watson and Armstrong, 1999).

The principles used for retinal optical coherence tomography (OCT) have been modified by
integrating a longer wavelength of light to allow imaging of the entire anterior segment of
the eye. The Visante OCT (Carl Zeiss Meditec, Jena, Germany) was designed to provide
quick, high resolution, cross-sectional images of the cornea and anterior chamber.
Specifically, the Visante is a commercial time-domain OCT system with a spatial resolution
of less than 20 um (Guell et al., 2007; Baikoff, 2004a,b). This technology does not require
contact with the eye or dilation of the pupil and can be altered to provide a variable
accommodative stimulus (Baikoff et al., 2004a, b; Konstantopoulos et al., 2007). The
Visante OCT has an internal pinwheel target and can be focused for the subject's distance
refractive error using an internal lens system. The optometer-based system uses minus lenses
to create accommodative stimuli in 0.25D steps (Baikoff et al., 2004a, b; Guell et al., 2007).
Preliminary studies have demonstrated that the measurements of lens thickness with the
Visante OCT are repeatable and comparable to A-scan ultrasound (Lehman et al., 2007).

The purpose of this study was to determine the feasibility of using the Visante OCT to
measure changes in lens thickness with age and accommodation in pre-presbyopic and
presbyopic subjects.
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A cross-sectional study of subjects between the ages of 35 and 50 years was conducted.
Objective and subjective measures of accommodation were made, and the crystalline lens
was imaged using the Visante OCT under multiple accommodative stimuli.

The Ohio State University's Biomedical Sciences Institutional Review Board, in accordance
with the tenets of the Declaration of Helsinki, approved the study protocol. Subjects were
educated on the purpose of the study, and informed consent was obtained from each subject
before beginning the study. Subjects were recruited using posters and e-mail announcements
at The Ohio State University. As this was a feasibility study, the only entry criterion was
age.

Only the subject's right eye was used for testing. The subjective amplitude of
accommodation was measured using the push-up to blur technique and a small letter target
(Rosenfield and Cohen, 1996). It has been demonstrated that subjective measures of
accommodation overestimate true accommodative ability (Glasser, 2006; Win-Hall et al.,
2007; Wold et al., 2003) so an objective measurement of accommodation was made using
the Grand Seiko WR 5100K Auto-Refractor and a Badal lens system. Accommodative
response was measured monocularly for 0 to 5 D stimuli, in 1D steps. Five measures were
recorded at each stimulus level, and the spherical equivalents of the measurements were
averaged. The objective accommodative response was not limited other than by the subject's
perception of blur, but due to the power of the Badal lens, the objective accommodative
measurement was limited to 5 D.

To obtain cross-sectional images of the crystalline lens, the subject was instructed to fixate
the internal target in the Visante OCT. Accommodative stimuli from 0 to 5 D in 1D steps
were presented to the subject using the internal accommodative target, and one image was
captured at each stimulus level. Each image was stored for later analysis. Measurements of
the lens thickness were made using the Visante OCT internal caliper system. Figure 1a
shows an example of the images obtained and measurement technique. The white line
through the image is the fixation line and was used to ensure measurement through the
center of the lens. The straight line caliper tool within the Visante software was used to
measure the thickness at the center of the lens for each image.

As the Visante OCT was originally intended to measure the cornea and anterior chamber,
the software setting options in VVersion 1.0 for refractive index are 1.000 (for air), 1.388
(cornea), and 1.343 (aqueous). If no changes are made to the lens image, the software will
artificially create a “cornea” on the anterior portion of the lens (Figure 1b). This will change
the anterior portion of the lens to a refractive index of 1.388 and the posterior portion of the
lens to a refractive index of 1.343. The refractive index lines can be manually adjusted up or
down to allow for the image to be set at any of the three refractive index options. After
discussion with engineers at the Carl Zeiss Corporation, the refractive index for the images
was set at 1.000 (air) to decrease the chance of artificial warping of the image, and the
thickness was measured. This thickness value could then be used to calculate an equivalent
thickness for any refractive index. For the purposes of this pilot study, a refractive index of
1.42, measured by previous studies, was used for the final lens calculations (Jones et al.,
2007; Glasser and Campbell, 1999; Garner and Smith, 1997). The lens is known to have a
gradient refractive index (Dubbelman and van der Heijde, 2001; Jones et al., 2007; Garner
and Smith, 1997), and the limitation of the use of this single refractive index is discussed
later.
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All data were analyzed using SPSS (version 15.0) statistical software. Measures of central
tendencies including means, standard deviations, and ranges were calculated. Spearman
correlation coefficients and linear regression were used to determine relationships among
lens thickness, age, and accommaodation.

Twenty-five subjects were enrolled. Due to problems with imaging on the Visante, 22
completed the study. The mean age was 43.4 + 4.2 years (range 35.9 to 49.8 years). Figure 2
shows the subjective amplitude of accommodation and objective measures of
accommodation for each subject. The mean subjective amplitude of accommodation was
3.80 £ 1.31 D (range 2.17 to 6.38 D). Maximum objective accommodation was calculated as
the difference between the maximum and minimum accommodation readings on the Grand-
Seiko (i.e., for a pre-presbyope, this would be the mean of the readings at the 5D stimulus
minus the readings at the 0D stimulus). As expected, the mean maximum objective
accommodative response was lower, at 1.95 + 1.38 D (0.22 to 4.56), due in part to the
limitations imposed by the Badal lens. Five subjects showed subjective accommodative
amplitudes greater than 5 D and thus the objective measures may underestimate their true
accommodative ability.

The mean lens thickness for the 0D accommaodative stimulus was 4.05 £ 0.20 mm (range
3.63t0 4.47 mm). The mean change in lens thickness for up to a 5D accommodative
stimulus was 0.10 + 0.07 mm (range 0.01 to 0.26 mm). The measures of accommodation
and lens thickness showed a wide range and large standard deviation due to the inclusion of
both presbyopes and pre-presbyopes. Figure 3 shows the lens thickness for each subject at
each accommodative stimulus. It is interesting to note that some subjects steadily increase in
thickness up to their maximum accommodative response, while others fluctuate and return
back to a baseline value, presumably when the accommaodative stimulus exceeds their
accommodative amplitude. The changes in lens thickness for each accommodative level are
shown in Table 1. Again, the inclusion of both non-presbyopes and presbyopes creates a
large standard deviation and wide range of responses to the accommodative stimuli. The
negative value (—14 um) for minimum change in lens thickness is within the resolution of
the instrument.

Using the values for the OD stimulus, an increase of 21 um per year of age was determined
by linear regression (lens thickness in mm = 0.021*age + 3.14). For the 15 subjects who
showed at least 1 D of accommodative response on the Grand Seiko auto-refractor, there
was an increase of 51 + 19 um per diopter of accommodation.

As expected, subjective accommodative amplitude and objective accommodation were well
correlated (r = 0.82, p<0.01). Age was highly correlated with both subjective amplitude of
accommodation (r = —0.74) and objective accommaodation (r = —0.84) (both p< 0.01). The
change in lens thickness to up to a 5D stimulus was well correlated with age (r = —0.65),
amplitude of accommodation (r = 0.74), and objective accommodation (r = 0.64) (all
p<0.01).

Discussion

This study demonstrated the feasibility of using the Visante OCT to image the crystalline
lens and to measure lens thickness as a function of age and accommodation. Despite the
limited number of subjects and measurements, the calculated increase in lens thickness with
age and accommodation compares well to previous studies using Scheimpflug photography,
ultrasound, PCI and MRI (Table 2). Our cross-sectional findings of an increase of 21 pm in
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lens thickness with age are within the range of values reported using other techniques
(Dubbelman et al, 2003;Bullimore et al., 2007;Garner and Yap, 1997;Jones et al., 2007). To
our knowledge, there is no reported measurement of a change in lens thickness with age
using PCI. Our calculated increase in lens thickness of 51 um with each diopter of
accommodative stimulus agrees well with 1.5T MRI results (Jones et al., 2007), but are
slightly higher than those found by Scheimpflug photography (Dubbelman et al., 2003) and
ultrasound (Garner, 1997). Recent studies using PCI to measure changes with
accommodation report disparate values, likely due to one group referencing to the
accommodative stimulus and another measuring the accommodative response.
Tsorbatzoglou et al (2007), using the ACMaster, reported an increase of 36 um per diopter
of accommodative stimulus. In one of the few studies to measure accommodative response
simultaneously, Bolz et al (2007) used the ACMaster and a photorefractor and reported an
increase in lens thickness of 63 um in emmetropic subjects and 72 pm in myopic subjects
for each diopter of accommodative response.

There are many reasons for the reported differences in lens thickness between techniques.
First, many of the studies, including this one, did not record accommodative response, but
only assumed that the subject was accommodating accurately to the target. Each study may
have used different accommodative stimuli. Depending on the amount of accommodative
lag for each subject and with each target, the calculation for change in lens thickness per
diopter of accommodative stimulus would be artificially reduced. The internal fixation target
in the Visante OCT system (a pinwheel pattern), may not be an adequate accommodative
stimulus, and is different than the letter target we used to measure accommodative response
with the autorefractor. Current studies using the Visante OCT and photorefraction are being
conducted to improve the precision of the measurement and confirm accurate
accommodation with the internal target.

The resolution of the techniques available to measure lens thickness also vary widely with
PCI and OCT being the best at approximately 10 to 20 um and ultrasound and 1.5T MRI at
over 100 um (Drexler et al., 1997b; Jones et al., 2007; Guell et al., 2007). The addition of
repeated measurements could improve the precision of any of the techniques. In this pilot
study, only one measurement at each accommodative stimulus was taken, and a statistically
significant change was found which agreed well with other reports. Although repeatability
was not assessed as part of this study, our colleagues (Lehman et al. 2007) have found 95%
limits of agreement of —0.030 to +0.030 mm for images that contain the light reflex
(manuscript in preparation).

OCT, like other optical imaging techniques, assumes a single refractive index. A refractive
index of 1.42 was chosen for these calculations based on previous studies, but this value
may underestimate the true lens thickness. Changing the refractive index from 1.42 to 1.40
increases the calculated lens thickness, but does not alter change in thickness with age or
accommodation (Table 2). Dunne et al (2007) measured lens thickness in a known model
eye and found that the Visante overestimates lens thickness, and presented formulas that
could be used to improve accuracy. Future studies could combine phakometry with OCT to
calculate the individual subject's equivalent refractive index and apply a unique correction
factor. Still, this method could not account for the gradient refractive index of the lens.
Likewise, ultrasound assumes a single speed of sound. Numerous studies have demonstrated
that the speed of sound and refractive index of the lens vary throughout the population
(Dubbelman and van der Heijde, 2001;Glasser and Campbell, 1999;Beers and van der
Heijde, 1994a,b). When comparing findings between different studies, differences in
assumed refractive index and speed of sound should be considered.
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The Visante OCT provides another useful tool to examine the crystalline lens in vivo.
Although there are limitations to this technique, comparisons of findings to other
measurement techniques allow for a better understanding of the changes in the lens with age
and accommodation. Future studies combining OCT with phakometry and photorefraction
are needed to improve the accuracy of the measurements.
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Figure 1.
Figure 1a. Image of lens obtained with the Visante OCT. The white line through the image

is the fixation line and was used to ensure measurement through the center of the lens. The
straight line caliper tool within the Visante software was used to measure the thickness at the
center of the lens for each image.

Figure 1b. Unprocessed Visante image of lens. If no changes are made to the lens image, the
software will artificially create a “cornea” on the anterior portion of the lens
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Figure 2.
Subjective amplitude of accommodation (open circles) and objective accommaodation (black

circles) by age for each subject.
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Figure 3.
Changes in lens thickness for each subject at each accommodative stimulus.
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