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Abstract

Static and dynamic aspects of the near pupil response were studied in human subjects in the age range when accommodative
amplitude steadily declines. Dynamic accommodative and pupillary responses to step stimuli were recorded in 66 subjects (ages:
14-45 years). Exponential fits to data provided amplitude, peak velocity and time constants. Accommodative amplitude decreased
linearly with age (p < 0.05). Pupil constriction per diopter of accommodative response increased exponentially with age (p < 0.05).
The amplitude of pupil constriction for a 2 D stimulus decreased linearly with age (p < 0.05) and for a 5 D stimulus did not change
with age (p = 0.90). The latency of pupil constriction did not change with age (p = 0.65), while the mean peak velocity decreased
linearly with age (p <0.05). An increase in the amount of pupil constriction per diopter of accommodative response, but not per
diopter of stimulus amplitude, suggests that the near effort per se does not increase with age. There is a slight reduction in the speed

of near pupil response with age.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

An attempt to focus on a near object includes accom-
modation, convergence eye movements and pupil con-
striction (Loewenfeld, 1999b; Myers & Stark, 1990;
Wick & Currie, 1991). Accommodation results in an in-
crease in the optical power of the eye to focus on the
near object, convergence eye movements direct the eyes
towards the near object and the pupil constriction
increases depth of focus (Campbell, 1957; Campbell &
Gubisch, 1966) and might thereby assist accommoda-
tion in providing a clear image of the near object on
the retina. The ability to accommodate decreases with
age resulting in the condition called presbyopia (Duane,
1912).

The pupil constriction with accommodation has been
linked to the effort exerted when viewing a near target
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(Loewenfeld, 1999b). It has been suggested that an in-
creased effort to accommodate due to reduced accom-
modative ability with age results in an increased near
pupil constriction (Schaeffel, Wilhelm, & Zrenner,
1993). When maximum accommodation was stimulated,
the amount of pupil constriction with accommodation
increases with age, with almost no pupil constriction
per diopter in children to approaching infinity in pres-
byopes (i.e., a strong pupil change with no accommoda-
tive change; Schaeffel et al., 1993). However, the increase
in the ratio of pupil constriction to accommodation with
age could be due to an increase in the pupil constriction,
a decrease in the accommodative amplitude or a combi-
nation of the two. It has also been suggested previously
that the magnitude of near pupil constriction, in fact,
decreases with age between 10 and 74 years of age (Scha-
fer & Weale, 1970) or remains constant after 20 years of
age (Wilhelm, Schaeffel, & Wilhelm, 1993). The specific
age related changes in the near pupil response with the
progression of presbyopia are not clear. Quantifying
the specific changes in the near pupil response with
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age will help understand any adaptive changes in the
near response with the progression of presbyopia.

There are numerous age related changes in the shape
and the activity of the pupil. The scotopic, mesopic and
photopic pupil diameters decrease with age (Bitsios,
Prettyman, & Szabadi, 1996; Loewenfeld, 1979; Netto,
Ambrosio, & Wilson, 2004; Yang, Thompson, & Burns,
2002). The shape of the pupil changes from a regular cir-
cular form to an irregular form with age (Wyatt, 1995).
The amplitude of light induced pupil constriction
decreases with age (Bitsios et al., 1996; Loewenfeld,
1979). The pupil responsivity is influenced by the initial
pupil diameter (Loewenfeld, 1979; Semmlow, Hans-
mann, & Stark, 1975; Sun, Tauchi, & Stark, 1983; Usui
& Stark, 1978) and the relationship between pupil
responsivity and initial pupil diameter changes with
age, suggesting that the age related decline in the ampli-
tude of light induced pupil constriction is not merely due
to a change in the baseline pupil diameter with age (Loe-
wenfeld, 1979). The dynamics of the pupil response have
also been shown to slow down with age (Bitsios et al.,
1996; Loewenfeld, 1979; Netto et al., 2004). The high
frequency pupillary hippus reduces with age (Netto
et al., 2004), the high frequency cut off of pupil respons-
es occurs at a lower frequency in older individuals (Loe-
wenfeld, 1979) and the maximum velocity of pupil
constriction and dilation decreases with age (Bitsios
et al., 1996). Given these age related changes in pupil
responses, it is perhaps surprising that the near pupil re-
sponse should increase with age.

There are two potential reasons to expect an
increase in near pupil constriction with age based on
its functional role associated with accommodation.
The decrease in accommodation with age might result
in an increased pupil constriction either to increase the
depth of focus of the eye or from an increased effort
to accommodate. Optically, a decrease in pupil
diameter reduces the size of the blur circle of an out
of focus image, providing an optimal modulation
transfer function (MTF) at a 2-3 mm pupil diameter
(Campbell & Gubisch, 1966). An increased near pupil
constriction in presbyopes may reduce the blur on the
retina caused by inadequate accommodation (Ostrin,
Kasthurirangan, & Glasser, 2004). However, a direct
association between accommodation and pupil con-
striction has been questioned in the past (Phillips,
Winn, & Gilmartin, 1992; Stakenburg, 1991). It has
been suggested that the near pupil constriction may
be due to other factors such as target misalignment
(Phillips et al., 1992; Stakenburg, 1991), proximal cues
such as size (Phillips et al., 1992), fusional vergence
(Backer & Ogle, 1964; Knoll, 1949) and near effort
(rather than accommodation per se; Loewenfeld,
1999b; Schaeffel et al., 1993). Given the controversies
regarding accommodation as a causal factor for the
near pupil response, it is not clear if the decrease in

accommodation with presbyopia necessarily causes
an increase in pupil constriction. Alternately, if a near
effort induces pupil constriction, presbyopia could
result in the requirement for an increased effort to
accommodate and thereby an increase in near pupil
constriction.

The relationship between presbyopia and near effort
is interesting in the context of two contradictory, but
equally supported, theories that deal with the changes
in near effort with presbyopia. The Hess—Gullstrand
theory suggests that with increasing age, maximum
accommodative response will be achieved with a lesser
contraction of ciliary muscle (Atchison, 1995; Eskridge,
1984; Gullstrand, 1909) or with a similar effort
(Ciuffreda, Rosenfield, & Chen, 1997; Gullstrand,
1909). The Duane-Fincham theory suggests that with
increasing age, maximum accommodative response will
be achieved at maximum ciliary muscle contraction
(Atchison, 1995; Eskridge, 1984; Fincham, 1955) or with
increasing effort (Ciuffreda et al., 1997). The Hess—Gull-
strand theory is supported by the suggestion that ciliary
muscle contraction increases beyond the maximum
accommodative response amplitude (Saladin & Stark,
1975; Strenk et al., 1999; Strenk, Strenk, & Koretz,
2005; Swegmark, 1969). The Duane-Fincham theory is
supported by the increase in accommodative conver-
gence to accommodation ratio (AC/A) with age
(Atchison, 1995; Baker & Gilmartin, 2002; Eskridge,
1984; Heron, Charman, & Schor, 2001), although other
studies have shown no change in AC/A with onset of
presbyopia (Ciuffreda et al., 1997) or suggest that chang-
es in AC/A ratio with age need not support the
Duane-Fincham theory of presbyopia (Bruce, Atchison,
& Bhoola, 1995). Part of the controversy with AC/A
could be because both accommodation and convergence
can be controlled voluntarily (Ebenholtz & Citek, 1995;
Provine & Enoch, 1975; Wick & Currie, 1991) and they
can mutually affect each other in the form of AC/A or
CA/C ratios (Schor & Kotulak, 1986). Pupil constric-
tion is not under voluntary control and stimulating a pu-
pil constriction does not cause changes in
accommodation. It is of interest to study the accommo-
dation-pupil constriction relationship as a function of
age to understand which of the two theories is true with
presbyopia, although it should be noted that the pupil
response in itself may undergo age related changes.
Given this caveat, an increase in the near pupil response
with presbyopia may lend support to the Duane-Fin-
cham theory of presbyopia and no change or decrease
in near pupil response with age need not directly provide
support for the Hess—Gullstrand theory of presbyopia.

In this study the static and dynamic characteristics of
the near pupil responses were studied in 66 subjects
14-45 years of age. The magnitude and the dynamics,
in terms of latency, peak velocity and time constants,
of the near pupil constriction are reported as a function
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of age. The study was undertaken to understand the spe-
cific changes in the near pupil response with age related
decline in accommodation.

2. Methods
2.1. Subjects

Eighty six (86) subjects were recruited for the study.
Twenty (20) subjects were rejected at various stages
(data collection through data analysis) for various rea-
sons listed in the results section. Finally, data from 66
subjects, aged 14-45 years, are reported here. The age
of the subjects were calculated in years including month
[year + (month/12)]. The subjects were either emme-
tropes (n = 32) or myopes corrected with soft contact
lenses (n = 33) or LASIK procedure (n=1). Twenty
eight (28) subjects had light irides (Grade A, B and C)
and thirty eight (38) subjects had dark irides (Grade D
and E; Seddon, Sahagian, Glynn, Sperduto, & Gragou-
das, 1990). The subjects underwent a short optometric
examination to ensure 20/20 Snellen visual acuity at dis-
tance and residual refractive error within +0.50 D. This
preliminary screening was followed by dynamic mea-
surement of accommodation and pupil responses from
a far stimulus to stimuli at various near distances. The
maximum accommodative amplitudes of the subjects
were measured objectively with a Hartinger coincidence
refractometer during a push-up task at the end of the
experiment. The research was performed according to
institutionally approved human subjects protocols with
full informed consent and followed the tenets of the
Declaration of Helsinki.

2.2. Dynamic experiment

The experimental set up is the same as that used in
previous studies (Kasthurirangan & Glasser, 2005; Kas-
thurirangan, Vilupuru, & Glasser, 2003) and is further
described briefly below. The subjects were required to
look at black on white, printed, star-like targets present-
ed at far and near real distances. The far target was
placed at 6 m and the near target was placed at near dis-
tances from 1 m to 16.7 cm to create stimulus demands
from 1 to 6 D in 1 D steps. Data was collected for one
stimulus amplitude at a time, following which the stim-
ulus amplitude was increased and data collected again.
The far target at 6 m subtended 0.86° at the eye and
the near target at 1 m subtended 1.66°. The angular size
of the target increased approximately 1.5 times with
each near target position or every diopter increase in
accommodative demand.

The far and near targets were alternately illuminated
by ultra-bright white LEDs under the control of a com-
puter for randomly variable durations from 1.5 to 6 s in

500 ms steps. The room lights were turned off so that at
any moment in time only one target, either at far or
near, was visible. The switch in illumination between
the far and near targets was instantaneous. The targets
were matched in luminance to be 10 cd/m? on the white
background. The luminance was measured with a light
meter (LS 100, Konica Minolta, New Jersey, USA)
through the apparatus from the subjects view. The left
eye of the subject was covered with an eye patch and
the subject’s head was stabilized with a head and chin
rest. The far and near targets were aligned with the right
eye with the help of a beam splitter (Fig. 1). At each near
target distance, subjects were asked to align the far and
near targets by rotating the beam splitter about its ver-
tical axis. For each stimulus demand about 10-15
dynamic responses of refraction and pupil diameter were
recorded. The near stimulus was moved to the next near
distance, and the process repeated.

2.3. Measurement of refraction and pupil diameter

Refraction and pupil diameter were measured with
the PowerRefractor, a dynamic video based optometer
that can measure refraction, pupil diameter and ver-
gence simultaneously at 25 Hz (Allen, Radhakrishnan,
& O’Leary, 2003; Kasthurirangan & Glasser, 2005; Kas-
thurirangan et al., 2003; Schaeffel, 2002; Schaeffel et al.,
1993; Wolffsohn, Hunt, & Gilmartin, 2002). The Pow-
erRefractor refraction measurement was calibrated for
the spectacle plane on each subject as described previ-
ously (Kasthurirangan et al., 2003; Schaeffel et al.,
1993). In short, PowerRefractor measurements were
made through ophthalmic trial lenses of different powers
held in front of the right eye covered with a visible block

@ Far Target
1

PowerRefractor

6 meters
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

* not drawn to scale

Fig. 1. The right eye of the subject (S) was aligned with the far target
at 6 m. The near target was placed on a track to present a near target at
stimulus demands from 1 D (1 m) to 6 D (16.7 cm). The far target, near
target and the PowerRefractor camera were aligned with the subject’s
right eye with two beam splitters (BS; and BS,). The subject viewed the
far and near targets, monocularly with the right eye while the left eye
was covered with an eye patch (EP). The PowerRefractor measured
refraction and pupil diameter simultaneously in the right eye,
continuously at 25 Hz.
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infrared pass filter (Kodak Wratten filter # 89b, high
pass at 700 nm). The uncovered left eye looked at a
far target at 6 m. The PowerRefractor measurements
were plotted against the induced refractive error to ob-
tain an individual linear calibration function for each
subject. In a previous study the PowerRefractor pupil
diameter measurements were found to be reliable albeit
with an average underestimation of the pupil diameter
by 0.50 mm (Kasthurirangan & Glasser, 2005). The
raw unaltered PowerRefractor pupil diameter measure-
ments are reported here.

2.4. Data analysis

For each subject, the accommodation and pupil data
for each stimulus demand were averaged after removing
the data during the latency period. The averaged accom-
modative and pupil responses for each stimulus demand
were analyzed to determine the amplitude of accommo-
dative and pupil responses, and the dynamics of pupil
constriction in terms of peak velocity and time con-
stants, as described previously (Kasthurirangan & Glas-
ser, 2005).

2.4.1. Determination of the latency of response

Both the accommodative and pupil responses show a
typical pattern. Following stimulus onset, there is an ini-
tial delay in the response (latency), followed by a re-
sponse to a new level (Fig. 2A). The start of the
response was determined as described previously (Kas-
thurirangan et al., 2003). In short, custom software
developed for the PowerRefractor data searched for
three consecutively increasing values, followed by five
consecutive values in which no two consecutive decreas-
es occurred. When these criteria were met, the first data
point in the sequence was recorded as the start of the re-
sponse (Kasthurirangan et al., 2003). This algorithm
was verified, by visual inspection, to reliably detect the
start of a response. If a start of the response could not
be identified in the first 1 s of the response following
stimulus onset, then that particular response was dis-
carded. Latency was determined individually for accom-
modation and pupil responses.

2.4.2. Amplitude of accommodation and pupil constriction

The amplitude and dynamics, in terms of time con-
stants and peak velocity, of accommodative and pupil
responses were determined by fitting the responses with
exponential functions:

Accommodation : 'y =y, + a X (1 - e_t/f), (1)

Pupil constriction : y =y, —ax (1— e”/f). (2)

Exponential functions were fit to 2 s of the averaged
accommodative and pupil constriction responses
(Fig. 2B) using the Levenburg-Marquadt algorithm

based on chi-squared reduction (Press, Teukolsky,
Vetterling, & Flannery, 2002). Pupil responses have been
shown to exhibit transient characteristics (Kasthuriran-
gan & Glasser, 2005; Sun et al., 1983). In such cases,
the exponential function was fit to the first 800 ms of
the pupil data following the onset of the response. In
general, the exponential functions provided excellent fits
to the data. Only those responses that had no residuals
greater than 1.0 D for accommodation and 0.50 mm
for pupil responses were considered for further analyses.
The exponential fits provided amplitude and time con-
stant. The maximum value of the derivative of the expo-
nential fits provided peak velocity. The dynamics of the
accommodative responses in this population will be
reported in a separate paper.

2.4.3. Amount of pupil constriction per diopter of
accommodation (mmlD)

The amount of pupil constriction per diopter of
accommodation was determined by two methods. In
the first method, the pupil constriction amplitudes for
various stimuli were plotted against the corresponding
accommodative response amplitudes (Fig. 2C). A
straight line was fit to the pupil constriction vs accom-
modation plot. The slopes of significant straight-line fits
provided the magnitude of pupil constriction per diopter
of accommodation. The relationship was not linear in all
subjects (Fig. 2C), therefore, to include data from all the
subjects, the second method considered the ratio of pu-
pil constriction to accommodation for a maximum stim-
ulus amplitude. It should be noted that in subjects that
show a saturation of pupil responses at higher accom-
modative response amplitudes (Fig. 2C, left panel), a
lower pupil constriction per diopter of accommodation
will be measured. However, this metric provides the pu-
pil constriction per diopter of response accommodation
for a maximum stimulus amplitude. Both these numbers
are reported in the manuscript as a function of age.

To understand the age related trends in near pupil
responses for small and large stimulus amplitudes, a 2
and a 5 D stimulus were chosen. Reliable responses were
not obtained for the 1 D stimulus in most subjects and
therefore, the 2 D stimulus was chosen as the small stim-
ulus amplitude, although even this stimulus was above
the accommodative amplitude of three of the older sub-
jects. The accommodative response amplitude and the
ratio of pupil constriction to accommodation were com-
pared across ages for a 5 D stimulus to understand the
age related changes for a stimulus beyond the accommo-
dative amplitude of the older subjects. This analysis was
performed to understand if there are any changes in the
effort involved for accommodation as a function of age.

2.4.4. Pupil transience
In an earlier study on young human subjects, it was
found that the near pupil constriction was not sustained
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Fig. 2. (A) Two consecutive pupillary and accommodative responses from a 14-year-old (left panel) and a 40-year-old (right panel) subject are shown
for a 6 D (black trace) and a 3 D (gray trace) stimulus. The onset of far and near stimuli is indicated below the figure. In this particular case, the
young subject has a smaller baseline pupil diameter than the old subject. This reflects the normal individual differences in resting pupil diameter in the
population. In this figure, the accommodative, disaccommodative and pupil responses have been truncated at 3 s (indicated by vertical dashed lines)
to align the start of each response. (B) The accommodative and pupillary responses for each subject for each stimulus demand were averaged after
removing latency. The averaged responses for a 3 D (gray filled symbols) and a 6 D stimulus (open symbols) demand are shown for the same subjects
as in A. The error bars represent +1 SD. The averaged traces were fit with exponential functions (black lines) to calculate amplitude, time constant
and peak velocity of responses (see Section 2). The exponential equations are shown in the right panels. The pupil response to a 3 D stimulus of the
40-year-old subject (right panel) showed transience and so the exponential function was only fit to 800 ms of the data. (C) The amplitude of pupil
constriction is plotted against the accommodative amplitude for various stimulus demands for the same subjects in A. In the 14-year-old subject, the
pupil constriction amplitude saturated at higher accommodative amplitudes (fit with a polynomial) and in the 40-year-old subject, pupil constriction
increased linearly with accommodative amplitude.



1398 S. Kasthurirangan, A. Glasser | Vision Research 46 (2006) 1393-1403

and exhibited transient properties (Kasthurirangan &
Glasser, 2005). This pupil transience has been reported
in the past for light induced pupil responses (Sun
et al., 1983) and can also be seen in Fig. 2A. It is possible
that the near pupil constriction may become more sus-
tained with presbyopia. To evaluate this, the transience
of the near pupil response was calculated as the differ-
ence between the maximally constricted pupil diameter
and the pupil diameter at the 2 s time point of the aver-
aged response. In cases where the pupil response was
transient, the maximally constricted pupil diameter
was always within the 2 s time point. All responses to
a stimulus were averaged and 2 s of the averaged data
was considered. Responses less than 2s long are also
included in the averaged traces. This analysis was per-
formed on the averaged pupil responses for each subject
for each stimulus amplitude.

3. Results

Out of the 86 subjects originally recruited, 20 were
rejected due to various reasons such as uncorrected
refractive errors (n = 3, aged 20, 22, and 32 years), very
small baseline pupil diameters or high pupil constriction
even for low (~3 D) stimulus amplitudes (n = 10, aged
21-31 years), inability to follow the dynamic far and
near targets (n =25, aged 21-36 years) and nonlinear
PowerRefractor calibration functions (n =2, aged 24
and 27 years). Although the present study is on the near
pupil response, 10 subjects were rejected due to high pu-
pil constriction, because of the inability of the PowerRe-
fractor to record at pupil diameters smaller than
3.5 mm.

The objectively determined accommodative amplitude
decreased linearly with age (Fig. 3A, slope = —0.26 D/
year, p < 0.05). The baseline pupil diameter was calculat-
ed as the average of ten successive data points (400 ms)
from a continuous record of pupil diameter measure-
ments during far fixation at the beginning of the dynamic
experiment. The baseline pupil diameter also decreased
with age (slope = —0.03 mm/year, p <0.05; Fig. 3B).
Although, if the two subjects aged 41.83 and 45 years with
pupil diameters less than 5 mm are not considered in the
linear regression, then there is no significant decreasing
trend in the data (Fig. 3B).

The increase in pupil constriction with accommoda-
tion, calculated by two different methods (see Section
2), is shown in Figs. 4A and B. In either method, an
age related exponential increase in the amount of pupil
constriction with accommodation is seen. The increase
in pupil constriction per diopter with age could be due
to a true increase in pupil constriction or due to a reduc-
tion in accommodative response. Therefore the pupil-
lary constriction amplitude and the accommodative
response amplitudes to a low 2 D and a high 5 D stimu-

A

. y =-0.26*x + 12.99
. rz2=0.63,p<0.05

Accommodative Amplitude (D)

50
Age (years)
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E 8 . r2=0.06, p = 0.047
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3 6
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©
(2]
©
0 4

Age (years)

Fig. 3. The objectively measured maximum accommodative amplitude
(A) and baseline pupil diameter (B) are plotted against age. The
accommodative amplitude decreased linearly with age. From the linear
regression, the calculated age for zero accommodation was 50 years.
The baseline pupil diameter was highly variable between subjects. The
decrease in baseline pupil diameter with age approached significance,
although the linear regression was not significant if the data from two
old subjects with the smallest pupil diameters were removed.

lus amplitude were compared (Figs. SA and B). The
amplitude of near pupil constriction decreased linearly
with age for the 2 D stimulus (slope = —0.02 mm/year,
p <0.05, Fig. 5A) and did not change systematically
with age for the 5D stimulus (p for straight line
fit = 0.90, Fig. 5B). The accommodative response ampli-
tude did not change with age for the 2 D stimulus (p for
straight line fit = 0.14, data not shown) and decreased
linearly with age for the 5D stimulus (slope: —0.08 D/
year, p<0.05, Fig. 5C). The pupil constriction to
accommodation ratio did not show any systematic
trends with age for the 2 D stimulus (data not shown)
and increased exponentially with age for the 5 D stimu-
lus (Fig. SD). The age related increase in pupil constric-
tion per diopter of accommodation for a maximum
stimulus amplitude is therefore, merely due to a reduc-
tion in accommodative amplitude and not due to an in-
crease in pupil constriction amplitude per se.

There was no age related change in the magnitude of
pupil transience for any of the stimulus amplitudes (data
not shown). The data from all subjects were combined
for a subsequent analysis to compare magnitude of pupil
transience and stimulus amplitude. In this analysis the
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Fig. 4. The change in pupil diameter per diopter of accommodation
obtained from the slope of significant linear fits to pupil constriction vs
accommodation plots (A) and from the ratio of pupil constriction to
accommodation for a maximum stimulus amplitude (B) are plotted
against age. The number of subjects considered for each analysis is
shown. In both cases the amount of pupil constriction with accom-
modation increased exponentially with age.

magnitude of pupil transience was averaged for each
stimulus amplitude (Fig. 6). A one way ANOVA proce-
dure revealed significant difference in pupil transience as
a function of stimulus amplitude (Fsa299 = 9.40;
p <0.05). Post hoc t-tests with Tukey correction re-
vealed that the pupil transience for the 1, 2 and 3 D
stimuli were significantly different from the pupil tran-
sience for the 4, 5 and 6 D stimuli at the p <0.05 level.
In other words the pupil responses became more sus-
tained at higher stimulus demands (Fig. 6). Interestingly,
pupil transience was not related to pupil constriction
amplitude (data not shown).

The latency of pupil constriction did not show any
age related changes (p for straight line fit = 0.65, data
not shown) and the mean + 1 SD latency of the pupil
constriction was 357 + 82 ms. There were no age related
trends in accommodative latency either (data not
shown) and the mean + 1 SD latency of accommodative
responses was 256 + 67 ms. Histograms of pupil and
accommodative latencies from all the subjects are shown
in Fig. 7. The accommodative latencies are generally
shorter than the mean pupillary latencies. The

accommodative latency histogram has a Gaussian form,
whereas the pupil latency histogram is skewed with a
longer tail towards larger pupil latencies.

Time constants for pupil constriction increased with
the amount of pupil constriction (slope =0.13 s/mm,
p <0.05, Fig. 8A), as reported previously (Kasthuriran-
gan & Glasser, 2005). Only in 32 out of the 66 subjects,
significant linear fits were obtained for the time constant
vs amount of pupil constriction relationship. The slopes
of such significant linear relationships did not change
significantly with age (p for straight line fit = 0.67, data
not shown). The mean peak velocity of pupil
constriction from each subject showed a slight but
significant decline with age (slope: —0.08 mm/s/year,
p <0.05, Fig. 8B).

4. Discussion

In this study, the characteristics of the near pupil re-
sponse were studied in humans over an age range during
which the accommodative amplitude progressively de-
clines. An upper age limit of 45 years was chosen to en-
sure that some measurable accommodation was present.
No attempt was made to test absolute presbyopes,
although, accommodative stimulus amplitudes beyond
the accommodative reserve of the older subjects were
used to monitor the effort involved in accommodation.
The finding that the magnitude of the near pupil con-
striction decreased with age for a 2 D stimulus corre-
sponds to a decline in light induced pupil response
with age (Loewenfeld, 1979; Schafer & Weale, 1970).
It has been reported previously that the magnitude of
near pupil constriction remains constant for stimulus
amplitudes from 3 to 10 D over the age range 20-55
years (Wilhelm et al., 1993) or decreases for a 10 D stim-
ulus amplitude over the age range 10-73 years (Schafer
& Weale, 1970). In the present study, the magnitude of
near pupil constriction for a 5 D stimulus did not change
with age up to 45 years. It is possible that a decline in
near pupil response to a 5 D stimulus may be observed
if subjects older than 45 years were included, as reported
by Schafer and Weale (1970).

The scotopic, mesopic, photopic and the accommo-
dated pupil diameters are suggested to decrease with
age (Bitsios et al., 1996; Kadlecova, Peleska, & Vasko,
1958; Loewenfeld, 1979; Schafer & Weale, 1970). A wide
range spanning 10-100 years were considered in these
studies. In the present study with a relatively restricted
age range from 14 to 45 years, there was considerable
variability in the baseline mesopic pupil diameter and
no clear trend of decrease in pupil diameter with age
was observed. The high individual variability in pupil
diameter and response is a well characterized feature
of the pupillary system (Brown, Khanani, & Xu, 2004;
Loewenfeld, 1979). The variability in pupil diameter
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Fig. 5. The change in pupil diameter to 2 D (A) and 5 D (B) stimulus demands are plotted against age. The number of subjects considered for each
analysis is given in the figures. These subjects represent those from whom reliable responses were obtained. The change in pupil diameter decreased
linearly with age for the 2 D stimulus demand and had no relationship with age for the 5 D stimulus demand. The accommodative response to a 5 D
stimulus decreased linearly with age (C). The change in pupil diameter per diopter of accommodation or the ratio of the pupil constriction to

accommodative response increased exponentially with age (D).

and pupil response has been attributed to emotional fac-
tors (Loewenfeld, 1979), iris color (Bergamin, Scho-
etzau, Sugimoto, & Zulauf, 1998) and refractive errors
(Chateau, de Brabander, Bouchard, & Molenaar,
1996; Schaeffel et al., 1993; Woung, Lue, & Shih, 1998;
Yang et al., 2002). Dark irides have been shown to have
a significantly greater constriction amplitude and veloc-
ity responses than light irides (Bergamin et al., 1998).
The influence of refractive error on pupil responses is
unclear, with two studies showing no effect (Chateau
et al., 1996; Yang et al., 2002), one study showing great-
er pupil response in myopes (Woung et al., 1998) and
another study showing diminished pupil response in
myopes (Schaeffel et al., 1993). The emotional factors,
iris color or refractive error were not controlled in this
study.

It is commonly suggested that older individuals have
smaller pupil diameters when focusing at closer targets
(Chateau et al., 1996; Schafer & Weale, 1970). In this
study, neither an increase in near pupil response nor

any changes in the transience of the near pupil response
was found in older individuals. With increasing age, the
reduction in baseline pupil diameter will result in smaller
accommodated pupil diameters for similar amplitude
pupil constriction as in a younger individual. Therefore,
the smaller accommodated pupil diameter in older indi-
viduals may be mainly due to a decline in baseline pupil
diameter, as reported in other studies (Bitsios et al.,
1996; Kadlecova et al., 1958; Loewenfeld, 1979; Schafer
& Weale, 1970), and not due to an increase in near pupil
constriction.

The near pupil constriction could potentially increase
with age to increase the depth of field of the eye and
thereby compensate the inadequate accommodation.
No such increase in near pupil constriction is seen in
the present study, although the smaller accommodated
pupil diameter in older individuals will definitely help in-
crease the depth of field. Therefore the older eye would
have a greater depth of field at rest and therefore also a
greater depth of field in the accommodated state, but
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Fig. 7. The frequency distribution of accommodative and pupil
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than the pupil latency.

not because of a stronger pupil constriction. The pri-
mary function of the pupil is to control the light level
within the eye (Loewenfeld, 1999a). The optical reasons
for pupil constriction need further investigation. It
seems likely that the optical benefits or depth of field ef-
fects of the pupil constriction are secondary and not the
causal factor for near pupil constriction.

If the magnitude of near pupil constriction can be
considered an indicator of accommodative effort (Loe-
wenfeld, 1999b), then the results of the present study
do not suggest a strong increase in effort to accommo-
date with age. The age related reduction in near pupil
constriction for a 2 D stimulus may suggest subtle age
related changes in the iris musculature, because it is
unlikely that older individuals would exert less effort
for a 2 D stimulus. Only a slight trend of decrease in
baseline pupil diameter with age was seen, with all sub-
jects having baseline pupil diameters greater than
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Fig. 8. Cumulatively the time constants of pupil constriction increased
linearly with amplitude (A). The number of subjects considered for
each analysis is shown. The mean peak velocity of pupil constriction
(£1 SEM) from each subject showed a slight but significant decrease
with age (B).

4.5 mm. This suggests that age related changes in iris
function precede the gross structural changes such as
change in pupil diameter and pupil shape. The age relat-
ed decline in iris functionality may counteract any age
related increases in near pupil response. The maximum
accommodative amplitude of the oldest subjects was
ten time less than that of the youngest subjects
(Fig. 3A), with many older subjects having amplitudes
well less than 5 D. The lack of any change in near pupil
constriction for the 5 D stimulus argues against a signif-
icant increase in near pupil constriction, even after con-
sidering any age related changes in iris functionality or
the marginal decrease in baseline pupil diameter. The
magnitude of the near pupil constriction for a high
5D stimulus may saturate and obscure age related
trends. However, there was no age related increase in
the near pupil constriction even for a low 2 D stimulus.
Therefore, the present study does not lend support to
the Duane-Fincham theory of presbyopia and supports
the Hess—Gullstrand theory of presbyopia, which sug-
gests that there is no increase in near effort to achieve
maximum accommodative response in older individuals.
If true, this would suggest that the human ciliary muscle
does not lose the ability to contract with increasing age
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in accordance with MRI data which shows the persis-
tence of ciliary body motility in presbyopes (Strenk
et al., 1999, 2005).

The latency of pupil constriction found in the present
study is similar to previous reports (Bergamin &
Kardon, 2003; Hunter, Milton, Ludtke, Wilhelm, &
Wilhelm, 2000; Kasthurirangan & Glasser, 2005). The
mean latency of accommodation found in the present
study (256 ms) is slightly lower than previous reports
ranging from 285 to 370 ms (Heron, Charman, & Gray,
1999; Schor, Lott, Pope, & Graham, 1999; Shirachi
et al., 1978). In the present study, the onset of far and
near targets were randomized, although the subjects
were aware of the far and near target positions and that
the near target would be presented immediately follow-
ing the far target and vice versa. Prediction, in terms of
target positions, could have resulted in slightly lower
latencies. The measurement frequency of the PowerRe-
fractor was 25 Hz, which could have resulted in errors
in the estimation of latency of about 40 ms, in part lead-
ing to the slightly smaller latencies found in the present
study. The latency of near pupil constriction did not
change with age in this age group. As reported previous-
ly, the pupil constriction latency is longer than the asso-
ciated accommodative latency (Kasthurirangan &
Glasser, 2005; Wilson, 1973). The peak velocity of pupil
constriction shows a small but significant decrease with
age, as has been shown previously (Bitsios et al., 1996).
It has been reported that the dynamics of the pupil
responses are influenced by the biomechanics of the iris
muscle plant (Semmlow & Stark, 1973; Sun et al., 1983).
The form of the pupil also shows age related change,
presumably due to structural changes (Wyatt, 1995)
such as changes in the contractility of the muscle fibers,
stromal atrophy with loss of connective tissue and
hyaline degeneration (Loewenfeld, 1979). It is plausible
that the age related decrease in peak velocity also reflects
the age related changes in the structure and the biome-
chanics of the iris muscle plant.
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