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Abstract

Purpose—Previous studies in children report reduced accommodative responses with minus lens
stimulated demands compared to proximal demands. This study seeks to identify age-related changes
in accommodative lag with minus lens stimulated demands in subjects from preschoolers to adults.

Methods—Accommodative responses were measured in 101 subjects (3-40 years) with at least 10
subjects in each 5 year age bin. Subjects monocularly viewed a high contrast target at 33.3 cm on
the near-point rod of the Grand Seiko autorefractor. Measurements of refraction were taken as the
subject viewed the target. Accommodative lag was defined as the difference between demand and
measured response. Four additional demands were tested by introducing minus lenses (—1 to —4 D)
in the spectacle plane of the viewing eye. Maximum accommodative amplitudes were determined
by presenting additional lenses until the measured response plateaued or peaked. Accommodative
demands and responses were adjusted to the corneal plane.

Results—Accommaodative lag showed a significant linear decrease with age for subjects 3 to 20
years for each of the first four demands (3 D, 3.92 D, 4.80 D, 5.67 D, p <0.013) and approached
significance for the largest demand (6.52 D, p = 0.053). For the entire group, accommodative lag
increased with increasing stimulus demand, with the largest increase occurring for subjects aged 30
to 40 years as stimulus demands approached the subjects' maximum amplitude. For subjects aged 3
to 20 years, multi-level modeling analysis revealed a significant relationship between age and lag (p
< 0.0001) and a significant relationship between maximum amplitude and the increase in lag per unit
increase in stimulus demand (p = 0.0032).

Conclusions—These findings suggest the accuracy of accommodation to minus lens stimulated
accommodation improves throughout the school years and that the degree to which lag increases
with increasing demand is related to maximum accommodative amplitude rather than age.
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Accommodative lag is the amount of under-accommodation of an accommodative response
relative to the stimulus demand. Lag is reported to be large in young infants and decrease over
the first few months of life.1"> This developmental change in accommodative accuracy has
been attributed to the decrease in depth of focus and the improvement in visual acuity that
occurs during infancy.2 By the school age years, expected norms of accommodative lag
measured in response to proximal targets by MEM and Nott dynamic retinoscopy range from
plano to +1.00 D for near demands of 2 to 5 D and increase with closer viewing distances.
6-8 The presence of age-related changes in lag beyond infancy remains unclear, as studies have
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reported both no change with age8:% and an increase in lag with increasing age® during the first
two decades of life.

Studies in children in which accommaodation is stimulated with minus lenses report increased
accommodative lags in response to lens blur when compared to proximal stimulated
accommodation.10:11 However, age-related changes in accommodative accuracy for minus
lens stimuli have yet to be explored and it is unknown whether increased accommaodative lags
to minus lens blur as compared to proximal stimulated accommaodation are present in both
children and adults, or if the ability to respond to minus lens blur improves between childhood
and adulthood. A recent study of objectively measured minus lens stimulated maximum
accommodative amplitudes shows that accommaodative amplitude is relatively stable from 3
to 20 years!2. This is unlike the linear decrease reported for school aged children from studies
that used the subjective push-up technique which overestimates true amplitudes.3 These more
recent objectively measured data would suggest that accommaodative amplitude should not
impact the accuracy of the accommodative response in an age-dependent manner over this age
range when stimulated with minus lenses; however, other factors such as depth of focus may
change with age and result in differences in accommaodative responses, just as they may impact
maturation of accommodative responses in infants.

The aim of this study was to objectively measure accommaodative lag to a near target viewed
through increasing powered minus lenses in individuals over a large age range to identify any
trends in accommodative accuracy with age, or accommaodative accuracy with minus lens
stimulated accommodative amplitude. A subset of subjects was also tested with proximal
stimulated accommodation to determine if accommodative responses differed between minus
lens versus proximal stimulated demands.

This study followed the tenets of the Declaration of Helsinki and was approved by the
University of Houston Committee for the Protection of Human Subjects. Informed consent
was obtained from all adult participants and parental consent and child assent obtained for all
participants less than 18 years of age.

One hundred and one subjects from the University Eye Institute's staff, student, and patient
populations were included in this study. Subjects included 60 females and 41 males ranging
in age from 3 years to 40 years. For analysis, subjects were binned in age groups consisting of
one interval from 3 to 5 years and then five year age intervals from 6-40. Each age-bin had at
least 10 subjects. The inclusion criterion for the experiment was that subjects either had no
correction, or were corrected with contact lenses or LASIK. Subjects wearing spectacles were
not included due to the effect of spectacle lens effectivity on the accommodative stimulus
demand, to ensure that demand varied by the same discrete steps in all subjects for inter-subject
comparisons.

Subjects were excluded from participation if they had a history of significant eye or head
injuries, a history of intraocular surgery, or were currently using any medications which are
suspect for interfering with accommodation. In addition, subjects with a history of strabismus
or amblyopia were excluded from participation in the study.

Study participants included 41 myopes (—1.75 D to —10.87 D spherical equivalent) and 60
emmetropes (—0.50 D to +0.75 D). Five adult myopic subjects had undergone LASIK prior to
the study and the remaining 36 were corrected with contact lenses. Although subjects were not
cyclopleged as part of the study protocol to screen for latent hyperopia, all subjects had age-
expected unaided threshold visual acuities as reported below, making it unlikely that large
amounts of uncorrected hyperopia were present in the emmetropic group. In addition, many
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of the subjects had previously received cycloplegic examinations in the university clinic
(unrelated to the present study) and were documented as emmetropes.

Distance visual acuities were measured on all subjects using an age appropriate acuity task,
either the Bailey-Lovie high contrast acuity chart'4 for older subjects, or the Lea symbols acuity
matching test!® for younger subjects. All subjects had monocular visual acuities of 20/20 in
each eye, except for a few of the youngest subjects who were testable only to 20/25. This level
of acuity is within the expected range for normal young children.16:17

Refraction of the eye was measured using the Grand Seiko WR-5100K® open-field
Autorefractor (RyuSyo Industrial Co., Ltd. Kagawa, Japan). All measurements were taken on
the subject's left eye with the right eye occluded in full room illumination while the subject
wore their contact lens refractive correction if they had one. Subjects were first instructed to
view a high-contrast target with pictures and letters positioned 11 meters across the room and
three repeated distance measurements were taken over a period of seconds. The mean of these
distance measurements represented the subjects' distance corrected residual refraction (over
refraction) for those wearing contact lenses, or any small amounts of uncorrected refractive
error for those subjects considered emmetropic. This measurement will be termed “distance
residual autorefraction” for the remainder of the discussion of this study.

Next a high contrast target with both letters and pictures was suspended from the near-point
rod of the Grand Seiko autorefractor at 33.33 cm (3D). The letters on the target ranged in size
from 0.8 mm to 2.4 mm (approximately 20/32 to 20/100 Snellen equivalent at a 33 cm viewing
distance) while the overall vertical size of the pictures was 13 mm and included multiple fine
detail components as small as 0.8 mm in size. The subjects were instructed to look at the target
and keep it clear while three repeated refraction measurements were taken over a series of
seconds and then averaged. Accommodative demand was then increased by an examiner
inserting minus lenses in the spectacle plane (13 mm) of the viewing eye of the subjectin 1 D
steps from —1 to —4 D in sequential order. For each minus lens, three repeated refraction
measurements of the eye plus lens were taken through the lens and averaged.

The autorefractor was set to output both the spherical and cylindrical components of the
refraction. For data analysis, all measurements were converted to the spherical equivalent
(sphere + 1/2*cylinder). All demand and response values were referenced to the corneal plane
using the effectivity formula presented by Muitti et al. (2000)18 for reconciling the effect of
spectacle lenses on autorefractor readings.

Stimulus demands were determined by:

StimulusDemand= — REcornea

( ( +)1+Len s‘Power) - 0.013
0.013-DTE :

Autorefractor responses were determined by:
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AutorefractorResponse= — REcornea

1 -0.013

( ]+ )+LensPower
(i )+0013

In the above formulas, 0.013 is the vertex distance in meters of lenses placed in front of the
eye, DTE is the distance in meters of the target to the eye, Lens Power is the power of the minus
lens place in front of the eye, REcornea is uncorrected distance refractive error at the corneal
plane, and RawAR is the spherical equivalent of the accommodated autorefractor measurement
of the eye plus lens set for the corneal plane.

After corrections were made for vertex distance, the demands tested were effectively: 3, 3.92,
4.80,5.67,and 6.52 D. For each subject, the vertex corrected autorefractor response represented
the point of focus of the eye for each stimulus demand and was termed the accommodative
response. Lag was calculated as the difference between the stimulus demand and the effectivity
adjusted autorefractor response. For the analysis of accommodative lag, individual subject
accommodative response measurements were not corrected for the distance residual
autorefraction measurements because the measurement of interest for the present study was
the point of focus of the eye relative to the stimulus demand, rather than the total amount of
accommodative effort exerted for each demand. Thus it should be noted that the term
“accommaodative response” does not include corrections for distance residual autorefraction
measurements between subjects. However, distance residual autorefraction measurements
were not ignored, but were considered in later analysis of factors accounting for differences in
accommodative lag between subjects.

To measure maximum accommodative amplitude, minus lenses of increasing power beyond
the -4 D lens were introduced in 1 D steps until each subject's accommodative response peaked
or plateaued. Responses were adjusted for lens effectivity and the maximum accommodative
amplitude was defined as the greatest amount of effectivity corrected autorefractor response
combined with the distance residual autorefraction measurement. This technique has been
previously described in detail in a study of maximum accommodative amplitude measured in
response to minus lens blur as a function of age.12

To make comparisons between the accuracy of accommodative responses stimulated by minus
lens blur versus proximal blur, a subset of the youngest subjects (aged 3 to 5 years) and a subset
of young adults (aged 24 — 30 years) was tested first with the minus lens protocol described
above, and then subsequently by viewing the same real, proximal target at decreasing distances
of 33 cm to 16.67 cm in 1 D steps without the addition of minus lenses.

In this study, a range of print sizes and a picture were all presented on the near target which
could potentially result in differences in measured lag depending on which part of the target
each subject viewed. Previous studies have reported differences in accommodative responses
related to the spatial frequency of the accommodative target; however, the findings of these
studies are varied with conflicting ideas as to the ideal stimulus size for accurate
accommodative responses.19-21 In the present study, adult subjects were not specifically
instructed which part of the target to view; however, the youngest subjects were primarily
encouraged to look at the pictures in an attempt to maintain their attention to the task, so it is
likely that adult subjects and young children were viewing different parts of the target. If
accommodative accuracy varies with the print sizes presented on the target in this study,
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differences in accommodative lag between subjects may be observed related to which part of
the target each subject viewed.

To investigate this potential variable, nine young children (ages 3 to 7 years) and nine adults
(ages 23 to 29 years) were tested and instructed precisely which part of the target to view. The
measurements were obtained in the same manner as the minus lens-stimulated measurements
described above, although for each stimulus demand, the subject was instructed to view each
of the specific sizes of print (i.e., small 20/32 letters, large 20/100 letters, and the picture target)
in random order. The first four stimulus demands were tested and the fifth demand (-4 D lens)
was eliminated due to poor subject cooperation on the part of the youngest subjects whose
attention to the task diminished after having completed the first 12 measurement conditions.

Data Analysis

First, accommodative lags were binned by age for all subjects (aged 3 to 38 years) and the
averages plotted as a function of age for each stimulus demand to identify differences and
trends in accommodative lag by age and demand. Next, accommodative lags from individual
subjects aged 3 to 20 years were plotted as a function of age for each demand tested and fit
with a linear regression to identify significant changes with age. The subgroup from 3 to 20
years was of interest because individuals in this age range have previously been reported to
have similar maximum accommodative amplitudes when measured in response to minus lens
stimulation? and individuals in this age group would therefore not be predicted to have
differences in accommodative lag attributable to differences in maximum accommodative
amplitude.

A multi-level modeling technique was used to identify significant effects of four factors that
might be predictive for differences of accommaodative lag in subjects aged 3 to 20 years. The
four factors tested were age, refractive error classification (myope versus emmetrope), distance
residual autorefraction, and maximum accommodative amplitude. The multi-level modeling
approach was selected due to the nested observations design of the study (i.e. the same subjects
were tested at each stimulus demand and thus observations at each stimulus demand are
related). This approach assures the correct standard errors are used despite the correlated
observations from the nested observations. The statistical analysis was performed with the
commercial analysis software SAS version 9.1.3 (SAS Institute, 2003) using the Proc Mixed
analysis tool for the multi-level modeling technique as described by Singer (1998).22

To compare responses to lens stimulated accommodation versus proximal stimulated
accommodation (in those subjects in whom both tests were performed) the stimulus response
function for each subject was plotted for both the lens stimulus and the proximal stimulus. The
accommodative error index (AEI) was then calculated for each subject. The AEI was chosen
for the analysis due to the difference in effective demands tested between the lens stimulated
and proximal stimulated conditions. The AEI avoids the complication of comparing different
discrete demands by providing one value representing accommodative accuracy over a range
of demands. This is calculated from the area between the 1:1 stimulus demand line and the
linear regression fit to the subject's accommodative responses, divided by the coefficient of
determination.23 A positive AEI indicates a lag of accommodation. The AEI was used to
quantify the lag of accommodation for the two different conditions. It is expressed in diopters
and is calculated using the formula:

0-m(252) b

AEI= R
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where, m is the slope of the linear regression of the subject's accommodative responses, b is
the intercept of the linear regression, X, is the smallest demand tested, x» is the largest demand
tested, and R is the coefficient of determination which was greater than 0.98 for all of the
linear fits used in the analysis. For the present study, the AEIs of the subjects were stratified
by age group (preschool versus adult) and the lens stimulated and proximal stimulated
conditions compared using a one-way ANOVA analysis.

Accommodative lag from all subjects for each demand tested was averaged for each age-bin
and the means plotted in figure 1. For the 3 D demand, the smallest lags were observed in
subjects aged 26 to 30 and the largest lags were observed in the younger subjects (Figure 1).
As stimulus demand increased, accommaodative lags increased dramatically for the older
subjects, as would be expected due to lower accommaodative amplitudes in these subjects.
However, for subjects aged 3 — 20 years over which accommodative amplitude was relatively
constant and should not limit the magnitude of the response to the stimulus demands tested,
accommodative lag actually decreased with increasing age for all stimulus demands.

To investigate the trend observed in subjects aged 3 to 20 years, figure 2 (A-E) shows
accommodative lags for each stimulus demand tested as a function of age for individual subjects
aged 3 to 20 years (n =57) with the mean and standard deviations of repeated measures shown.
A linear regression fit to each set of data showed a significant decrease in accommaodative lag
with increasing age for the first four demands tested (p < 0.013) and a linear decrease which
approaches significance (p=0.053) for the greatest demand tested (6.52 D).

In addition to age, refractive error classification, distance residual autorefraction, and
maximum accommodative amplitude were considered as factors to explain variability in the 3
to 20 year old subjects' accommodative lags using the multi-level modeling approach.?2 To
perform the analysis, the nature of the relationship between accommodative lag and stimulus
demand (linear or non-linear) must first be identified for the entire group. As a group, a
significant linear fit described the accommodative stimulus vs accommodative lag functions
of the subjects (p <0.001), and a curvilinear fit approached significance (p = 0.067). Individual
subjects' linear and curvilinear fits were then inspected and it was found that the curvilinear
relationship observed for the entire group (p = 0.067) was driven by only four subjects (aged
5,5, 16, & 19 years) who had significant curvilinear fits due to large variability in their lag
measurements and a lack of a linear relationship. These four subjects were eliminated from
further analysis as their responses were not in agreement with the significant linear trend
observed for the overall group model. The remaining 53 subjects included 12 myopes and 41
emmetropes. The mean distance residual autorefraction for these subjects was 0.10 D + 0.37
and there was no significant relationship with age or refractive error classification. The mean
maximum accommodative amplitude was 7.24 D + 1.16 and there was also no significant
relationship with age or refractive error classification.

To continue the multi-level modeling analysis, an accommodative stimulus vs accommodative
lag function was plotted for each individual subject with 3 D set as the start point of the x-axis
(Figure 3). Using this approach, the 3 D intercept of each subject's linear function is equal to
their lag for the 3 D demand, and the slope of the function represents the rate of increase in lag
with increasing demand. The mean intercept and slope, or fixed effects are calculated for the
group as a whole, and then the variances of both the 3 D intercepts and slopes of the individual
subject linear functions, or random effects were estimated across subjects and models run to
evaluate which factors might account for inter-subject variability. For predictions of slope,
which is itself a description of the association between lag and demand, this is accomplished
by using interaction terms which allow modeling of the variability in slopes as a function of
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the predictive factor of interest (i.e. age, refractive error classification, distance residual
autorefraction, or maximum accommodative amplitude).

Table 1 a and b show the results of the effect of age, refractive error classification, distance
residual autorefraction, and maximum accommodative amplitude on the variability in the 3D
intercept and slope of the accommodative stimulus versus accommodative lag functions. Table
1A lists the effects of all four of the factors tested, while Table 1B shows the results when the
non-significant factors are eliminated from the model. In Table 1B any factors which have
significant interactions with demand (i.e. maximum amplitude) must also remain in the model
for other comparisons to properly account for their portion of the estimate on variability. The
results from the latter model provide the most accurate estimate of each factor's effect on subject
variability. The outcome of the multi-level modeling analysis revealed a significant
relationship between the 3 D intercept (lag at the 3 D demand) and subject age (p < 0.001) for
subjects aged 3 to 20 years. As age increased from 3 years, lag at the 3 D demand decreased
at a rate of —0.034 D per year. For example, the model predicts a 3 year old would have a lag
of 1.16 D when viewing the 3 D demand, whereas a 20 year old would have a lag of 0.59 D
(lag = 1.16 — 0.034 * (20-3)). There was no significant relationship between the 3 D intercept
and refractive error classification, distance residual autorefraction, or maximum
accommodative amplitude. For the entire group, the mean slope of the accommodative stimulus
vs accommodative lag function was 0.146 indicating that lag increased by 0.146 D per diopter
increase in stimulus demand. Inter-subject variability in slope for the first four minuses lenses
was only significantly related to objectively measured, trial-lens stimulated maximum
accommodative amplitude and not to the other three factors tested (p < 0.001). As maximum
accommodative amplitude decreased from the group mean of 7.24 D, the slope of the
accommodative stimulus vs accommodative lag function increased by 0.068 D per diopter
decrease in maximum amplitude from the group mean. This indicates that lags increased at a
greater rate with increasing stimulus demands for subjects with accommaodative amplitudes
lower than the mean. From the model, a subject with a maximum accommodative amplitude
of 7.24 D would be predicted to have a slope of 0.146, whereas a subject with a maximum
amplitude of 5.24 D would be predicted to have a slope of 0.282 (slope = [0.146 + {7.24-5.24
*(0.068)}D).

The comparison of proximal stimulated accommodation versus lens stimulated
accommodation included 13 subjects aged 3 to 5 years and 10 subjects aged 24 to 30 years.
The mean stimulus response functions of the two groups are shown in figures 4 A&B with the
calculated AEI for each condition indicated. The AEI was largest for children with the lens
stimulus condition (AEI = 1.46 D) and smallest for adults with the proximal stimulus condition
(AEI = 0.36 D). Both children and adults had a larger AEI with the lens stimulus condition,
and children had a larger average AEI than adults with both the lens and proximal conditions.
One-way ANOVA analysis indicated significant differences between AEI when compared for
the two age groups and testing conditions (F =22.4, df =3, 42, p <0.0001). A post-hoc Scheffe's
test indicated that AEI comparisons were significantly different between all conditions and
ages (calculated F statistic > Fj; = 2.83).

The results from the comparison of the target components (small print, large print, and the
picture) are shown in figure 5. The accommodative lags of the young children were always
greater than that of the adults, regardless of which target was viewed. This is consistent with
the results shown in figure 2. These differences in lag were statistically significant for all target
comparisons between young children and adults by Bonferonni adjusted one-way ANCOVA
analysis (p <0.00005, F > 20.66, df = 1.69). For the adults, mean accommodative lags were
smallest when viewing the small letter size and largest when viewing the picture, although the
differences in lag between targets were not statistically significant (Bonferonni adjusted one-
way ANCOVA, p>0.32, F <1.01, df = 1, 69). For the young children, accommodative lags
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were smallest when viewing the picture and largest when viewing the small letter size, although
the differences in lag between targets were also not statistically significant (Bonferonni
adjusted one-way ANCOVA, p > 0.15, F < 2.15, df = 1, 69). These findings indicate that the
age-related differences in accommodative lag observed in this study were unrelated to which
portion of the target the subject viewed.

DISCUSSION

The primary finding of interest from this study is that in the subjects from 3 to 20 years of age
inwhom minus lens stimulated maximum accommodative amplitude did not vary significantly,
accommodative lag showed a significant linear decrease with increasing age. From the multi-
level modeling analysis used in this study, accommodative lag was found to decrease at a rate
of —0.034 D per year for the 3 to 20 year old subjects viewing the 3 D stimulus demand.
However, the individual subjects' rate of change in accommodative lag with increasing stimulus
demand (slope) did not vary significantly with subject age. Therefore since the lag for the 3D
demand varied as a function of age, but the rate of change in lag with increasing demand (slope)
did not vary as a function of age, accommaodative lag decreased with increasing age for all
stimulus demands presented in subjects aged 3 to 20 years. It is important to note that these
results were obtained under monocular viewing conditions and may not be predictive of results
obtained under binocular viewing conditions.

Although the rate of change in lag with increasing demand (slope) did not vary as a function
of subject age, slope did decrease significantly with decreasing maximum accommodative
amplitude for subjects aged 3 to 20 years. The group mean accommaodative amplitude for the
subjects included in the model was 7.24 D and inter-subject variability in amplitude was
unrelated to age. The slopes calculated for the model were based upon responses to stimulus
demands ranging from 3 D to 6.52 D, and thus it is likely that the significant relationship
observed between slope and maximum amplitude is due to the subjects whose maximum
amplitudes were approached by the 6.52 D stimulus demand.

Prior studies have shown poorer accommodative responses to minus lens stimulated demands
than proximally stimulated demands in preschool and school aged children using a distance
target viewed through minus lenses.10:11 The present study found that adults also responded
more accurately to proximal targets than minus lens blur (Figure 4B), although the differences
were not as great as those of the young children. Thus it is possible that a portion of the age-
related differences in accommodative lag observed in this study (Figure 2) might be explained
by differences between young children and adults' abilities to accommodate accurately to minus
lens stimulated demands. However, comparisons of accommodative lag between young
children and adults were significantly different for both the minus lens and the proximal
stimulus conditions with children always having larger average accommodative lags for both
forms of stimulation (Figure 4A&B). Thus it is unlikely that the experimental method of
stimulating accommodation with minus lenses can completely explain the age related
differences in lags observed in this study.

It has recently been reported that there are small, but systematic measurement errors when
using the Grand Seiko autorefractor combined with lenses in front of the subject's eye.24 Added
lenses cause measurement errors which varied depending upon the lens power and the
refractive status of the subject's eye (which was left uncorrected for study measurements).24
However, for all refractive groups, the measurement errors for minus lenses from —1 to —6 D
were small (+ 0.30 D).24 In the present study, all subjects were either emmetropic, or
ammetropes corrected with contact lenses, with the exception that a few subjects could have
been undetected low level hyperopes. In addition to limited uncorrected refractive errors, all
subjects also had measurements recorded through the same minus lenses (-1 to —4 D), thus it
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is unlikely that the observed age-related differences in accommodative lag could be accounted
for by between subject differences in measurement error. Additionally, age-related differences
in accommodative lag were still present between the small subset of preschoolers and young
adults who were tested with proximal targets only, a testing condition which would be free
from measurement errors induced by lenses.

Accommodative lag to near stimuli, despite sufficient accommodative amplitude, is believed
to be due in part to the depth of focus of the eye, or possibly ocular aberrations. The depth of
focus of the eye is the amount of change in retinal image focus that can be tolerated without a
perceptible change in blur of the retinal image. This is closely related to the depth of field of
the eye which is the range over which a target can be moved in space without a perceptible
change in blur of the image.2® Thus one might presume that differences in accommodative lag
with age may be related to differences in depth of focus (or depth of field) with age.
Unfortunately current techniques for measuring depth of field require good cooperation from
the subjects and thus no known studies have been performed with young children, preventing
this theory from being investigated directly. However, it is known that pupil diameter is one
of the significant factors that impact depth of focus of the human eye, 26728 and so it is possible
to make predictions about depth of field from pupil diameter.

In the present study, pupil diameter was not measured, which represents a limitation of the
study; however, previous studies have reported increases in pupil diameter of approximately
1 to 2 mm from infancy to the teenage years.2%:30 If a similar increase in pupil diameter with
age occurred in the subjects in the present study, it would correlate with a decrease in depth of
field with increasing age and a decrease in accommodative lag with increasing age that was
observed in this study. Based on studies of pupil size and depth of field in adults; however, the
impact of a 2 mm change in pupil size on the depth of field would not be large enough to
account for the age-related differences in accommodative lag observed in this study (greatest
difference = 0.83 D) given that the pupil would have to change from 1 to 8 mm to attain a
predicted decrease in depth of field of approximately 0.70 D.26:27,31

The relationship between accommodative lag and higher order ocular wavefront aberrations
has previously been explored32:33 and may provide another explanation for the age-related
differences in accommodative lag observed in this study. Studies report that higher order
aberrations change with increasing accommodation and also with increasing age.32:33 It has
been suggested that an individual's lag of accommodation may maximize retinal image quality
by balancing the defocus from higher order aberrations that increase with increasing
accommodation.32 Thus, if age-related changes in higher order aberrations occur between the
years of 3— 20, this may offer an explanation for the differences in accommodative lag observed
in these subjects. However, the role that pupil diameter plays must be considered, as it has also
been shown that the pupil constriction associated with an increase in accommodation may
decrease the impact of higher order aberrations during accommodation.33

As shown in figure 5, the age-related differences in accommaodative lag could not be accounted
for by differences in the various components of the printed target (text versus picture). In
addition, all subjects were cooperative at placing their chin in the chinrest and fixating the
target; however, it is possible that there were individual differences in subject motivation to
bring the target into sharp focus. If differences in subject motivation and voluntary effort varied
systematically with age, it could offer a possible explanation for some of the observed changes
in accommodative lag with age.

This study did not find significant differences in accommodative lag between emmetropes and
myopes between the ages of 3 to 20 years. However, previous studies have reported differences
between these refractive groups.10:34:35 The subjects in the current study were not recruited
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specifically to compare differences between refractive groups and thus the number of myopes
included in the refractive error analysis was small (n = 12) and may not have provided the
power to detect differences between groups. In addition, analysis was performed across a wide
range of ages (3 to 20) in which the distribution of refractive errors is not balanced due to the
emergence of myopia in the school age years. The analysis of refractive error was included in
this study to account for any potential impact of refractive error on the differences in
accommodative lag observed with increasing age; however, the study was not designed
specifically to investigate the question of accommodative lag and its relationship to refractive
error.

CONCLUSIONS

Accommodative lag measured in response to minus lens stimulated blur decreased with
increasing age from 3 to 20 years. The rate of increase of accommaodative lag with increasing
demand was significantly related to the maximum accommodative amplitude. These findings
suggest that the accuracy of accommodation improves throughout the school aged years when
stimulated with minus lenses. Both young preschool subjects and adult subjects responded
more accurately to proximal blur than minus-lens stimulation; however, adult subjects had
more accurate accommodative responses than preschool subjects for both proximal stimulated
and lens stimulated demands, suggesting that age related improvement in accommodative
accuracy may also occur for proximal stimuli.
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Figure 1.

Mean accommodative lags for each 5 year age-bin (3-5yrs n =22, 6-10 yrsn =12, 11-15 yrs
n=13,16-20 yrs n =10, 21-25 yrs n = 10, 26-30 yrs n = 15, 31-35 yrs n = 10, 36-40 yrs n =
10). Error bars show £1 SD of average group responses. In general, lags increased with an
increasing stimulus demand. Lags decreased with increasing age from 3 to 20 years.

Optom Vis Sci. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Anderson et al.

5
3.00 D Demand y=1.07-0.02x
4 - R%*=0.11
a p=0.013
o 3
©
|
S 2
s
g,
£
£
S 0
[3)
<
A1 -
'2 T T T T
0 5 10 15 20
Age (Years)
5
3.92 D Demand  y=1.49-0.05x
—~ 4] R?=0.26
=) p < 0.0001
o 31
©
-
() 2 -
©
B 1] 6
g ¢
0 J
; ¢
< -1 -
'2 T T T T
0 5 10 15 20

Age (Years)

Optom Vis Sci. Author manuscript; available in PMC 2010 June 1.

Page 13



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anderson et al.

Accommodative Lag (D)

Page 14

C
5
s 4.80 D Demand . 493.0.07x
—_ 4 - R?=0.22
Q p = 0.0002
g 31
|
2 2]
®
B 1
£
§ o
8
< 4
2 :
(] 5 10 15 20
Age (Years)
5
5.67 D Demand y=1.83-0.05x
4 - i R?=0.12
_ p =0.0081
3 ]
2 ]
1 u
0 1 1
[
-1 i
-2 I 1 1 I
0 5 10 15 20

Age (Years)

Optom Vis Sci. Author manuscript; available in PMC 2010 June 1.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anderson et al. Page 15

m

5
6.52 D Demand y=1.69-0.03x
— 4 - R?=0.07
=) p = 0.053
g 3-
1
s 2-
= ®
° 1-
:
0 - - 1
8 1 [
(&)
< 1 - 1
'2 T T T T
0 5 10 15 20
Age (Years)
Figure 2.

Individual subjects’ data (aged 3 to 20 yrs) for each stimulus demand tested (A-E). Error bars
show 1 SD for each subject for three repeated measurements. Accommodative lag showed a
significant linear decrease with increasing age for the first four demands tested (p < 0.02) and
approaches significance at the largest demand (p = 0.053).
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Figure 3.

An example of a single 15 year old subject's stimulus-lag function and a single 6 year old
subject's stimulus-lag function used in the multi-level modeling analysis of factors predicting
differences in lag among subjects aged 3 to 20 years.
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Figure 4.

Stimulus response functions for children (A) and adults (B) obtained by lens blur versus
proximal blur. The AEI is the calculated accommodative error index and represents the area
between the 1:1 line and the stimulus response curve divided by the coefficient of
determination.
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Accommodative lag measured when subjects were given specific instructions on which part
of the target to view. Group means +1 SD are shown for 9 children aged 3 to 7 years and 9

adults aged 23 to 29 years.
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