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Abstract

Purpose: To measure the accommodative response in a wide age range popula-

tion using the retinal image quality assessments provided by a double-pass

system.

Methods: The accommodative response was measured using a custom-built dou-

ble-pass setup in 84 patients from 15 to 55 years of age. Patients were classified in

four groups (A: 15–25 year old; B: 26–35; C: 36–45; D: 46–55). Accommodation

was stimulated from 0 to 5 dioptres (D) with the push up method using an open

field fixation test. The total accommodative response in the stimulated range, the

accommodative stimulus-response curve, the slope and the progression of optical

quality with accommodation were measured.

Results: The total accommodation obtained in groups A and B was high, with a

mean value of 4 D or higher, whereas values in older individuals were signifi-

cantly lower. The accommodative stimulus-response curve and the slope were

also high with a sudden decrease in patients over 35 years of age. The optical

quality of the eye during accommodation did not change significantly.

Conclusions: Participants aged 15–35 years showed a good accommodative

response. Thereafter, a significant decrease of the response in the total accommo-

dation, stimulus response curve and slope was observed. The younger groups

showed a larger accommodative response than previously published.

Introduction

The mechanism of accommodation is affected by age-

related changes,1 that have been studied for many years.2

Several studies have focused on the loss of amplitude of

accommodation with age.3–6 These studies report a contin-

uous decrease in the amplitude of accommodation of

around 0.3 D per year, with the onset of presbyopia occur-

ring between 35 and 40 years of age. Another development

of the ageing eye in relation to accommodation is the

change in the accommodative stimulus-response curve

(ASRC). Some authors6–8 have highlighted that the slope of

the ASRC decreases slightly until the age of 40–45, with a

sudden reduction of the slope thereafter. The importance

of the study of the ASRC with age relates to the theories

that explain the accommodative mechanism. According to

the Duane–Fincham theory, the amount of ciliary muscle

contraction required for a given change in accommodation

increases throughout life1; consequently, the slope of the

ASRC decreases with age. On the other hand, the Hess–
Gullstrand theory states that this required contraction is

constant during life1; accordingly, the slope of the accom-

modative response curve should not change with age.

Accommodation is usually measured with simple subjec-

tive techniques based on increasing the accommodative

demand of a fixation test until it begins to blur.9 These

techniques, in comparison with objective methods, provide

an overestimation of the accommodation due to depth of

focus.10 Moreover, the method for stimulating accommo-

dation can also influence the result due to the magnifica-

tion of the test. In the push up method, accommodation is

stimulated by moving the test chart towards the patient’s

eyes and as a consequence there is an increase of the angu-

lar size at higher accommodative demands. On the other
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hand, if accommodation is stimulated by means of negative

lenses the angular size of the test decreases. Some authors4

have reported a difference in the amplitude of accommoda-

tion of 1.72 D when comparing both methods.

Several objective techniques can measure the accommoda-

tive response: dynamic retinoscopy,11 autorefractors,12 pho-

torefraction13 and aberrometers.14,15 Recently, aberrometric

measurements have shown that spherical aberration could be

responsible for a false lag of accommodation since a certain

amount of defocus could be necessary to enhance retinal

image quality.16,17 Consequently, global image quality-based

measurements seem more appropriate than techniques based

just on defocus measurements. The suitability of a double-

pass system for measuring accommodative response based

on image quality has been shown in a recent study.18

The double-pass technique, based on recording images

of a point-source object after reflection on the retina and a

double-pass through the ocular media,19 has been widely

used in laboratory and daily clinical practice to assess the

retinal image quality in different conditions like the ageing

eye20,21 or the effects of refractive surgery and intraocular

lenses.22 A single report has shown the applicability of this

method to the study of accommodation.23 However, this

study reports a comparison of the retinal image quality of

the accommodated and unaccommodated eye rather than

the actual accommodative response. L�opez–Gil and collab-

orators found no differences in the optical quality of the

accommodated and unaccommodated eye, unlike other

authors that used a Hartmann–Shack aberrometer.24 Other

studies have found a similar optical quality up to 3 D of

accommodation and a worsening in higher accommodative

responses.25,26 Finally, a study that used a Hartmann–Shack
aberrometer and which included patients with a broad age

range27 found a small but constant decrease of the optical

quality with accommodation.

The main goal of this study was to measure the accom-

modative response in a population with a wide age range

using the double-pass technique. Firstly, we measured the

total accommodative response that occurred when stimu-

lating from 0 to 5 D. Secondly, we assessed the ASRC and

its slope for the accommodative stimulation range. Finally,

we analysed optical quality progression during accommo-

dation. To our knowledge, no study assessing the accom-

modative response in a broad age range population using a

technique based on recording the retinal image quality and

therefore taking into account all aberrations has previously

been published.

Methods

Subjects

This prospective study was conducted on healthy adults.

All subjects or legal representatives gave their written

informed consent after a written and verbal explanation of

the nature and aims of the study. The research followed the

tenets of the Declaration of Helsinki and was approved by

the Ethics Committee. The criteria for inclusion were as

follows: best spectacle-corrected visual acuity of 0.00 log-

MAR (Snellen 6/6 or 20/20) or better, and no history of

any ocular condition, eye surgery and/or pharmacological

treatment. Eighty-four subjects, forty-five male and thirty-

nine female, were eventually enrolled in the study.

Measurements were carried out in only one eye: due to the

configuration setup, the left eye was chosen in all cases. The

mean age (� standard deviation) was 34.9 � 12.3 years

(range: 15–55 years). The mean uncorrected visual acuity

was 0.17 � 0.31 logMAR (Snellen 6/9 or 20/30; range: 1.30

–�0.08), and the mean best spectacle-corrected visual acu-

ity was �0.05 � 1.00 (Snellen 6/5 or 20/15; range: 0.00–
�0.08). The mean spherical refractive error was

�1.01 � 1.72 dioptres (D) (range: +3.00–�8.00 D), and

the mean cylindrical refraction was �0.46 � 0.45 D

(range: 0.00–�1.75 D). Patients were divided in four

groups according to their age: group A (range: 15–
25 years), group B (range: 26–35 years), group C (range:

36–45 years) and group D (range: 46–55 years). Mean age

� S.D., uncorrected visual acuity, best spectacle-corrected

visual acuity and refraction for the different groups are

shown in Table 1.

Setup

Accommodative response measurements were carried out

using an experimental double-pass setup19 developed in our

laboratory, as shown in Figure 1. The setup and measure-

ment procedures were similar to those described by Aldaba

and collaborators.18 In the first pass, a point source is pro-

jected on the retina of the subject. An infrared laser diode

(LD, k = 780 nm) coupled to an optical fibre is collimated

and passes through a 2 mm diameter diaphragm, which acts

as the entrance pupil (EP) of the system and is conjugated

to the subject’s pupil plane. After retinal reflection and a

double-pass through the ocular media, double-pass images

are recorded with a digital CCD (charge-coupled device)

camera. Since no diaphragm is placed in the second pass,

the pupil of the patient acts as the exit pupil of the system.

The vergence of the laser beam is changed by means of a

Badal system (L2, L3, M2, M3). A black and white Maltese

cross containing a wide range of frequencies, presented on

a monitor screen with a luminance of 20 cd m�2 and

viewed through open field is used as fixation test (FT).

Although there is a magnification effect when moving the

test toward, even for the closest positions of the test the

Maltese cross presents high enough frequencies to properly

stimulate accommodation. A CCD camera is used for pupil

monitoring and centring.
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Measurement procedures

All subjects underwent an optometric examination per-

formed by the same qualified examiner to analyse their left

eye. Refractive state was assessed by means of the Grand

Seiko Auto Ref/Keratometer WAM-5500,28 streak retinos-

copy and subjective refraction. Uncorrected visual acuity,

stenopeic visual acuity and best spectacle-corrected visual

acuity were also evaluated.

Subjects were placed in front of the setup with their head

on a chinrest, wearing their subjective refraction on the left

eye and with the right eye occluded. They were instructed

to fix and try to see clearly the fixation test. Accommoda-

tion was stimulated by means of the push up method in the

range from 0 to 5 D with a 1 D step. The accommodative

response was calculated aiming at the best double-pass

image of a through focus scanning performed with the

Badal system. The vergence of the best double-pass image

was then associated with the accommodative response

value, as shown in Figure 2. To determine the best double-

pass image and assess the corresponding optical quality, the

metric used was the volume under the Modulation Transfer

Function, which has been shown to be a good predictor of

the refractive state of the eye.29

Similarly to previous studies,18 the accommodative

response cross over point was set at 1 D to offset the system,

i.e. there was no accommodative error at 1 D of stimulation.

Since participants were corrected with spectacles during

measurements, lens effectivity formulae were applied both

for accommodation stimulations and response calculations

as shown in equations (1) and (2). Specifically, we applied

Mutti’s effectivity formulae,17,30

AS ¼ 1
1

1
Dvertex �DTest

þPlens
� Dvertex

� Rx ð1Þ

AR ¼ 1
1

1
1

RawAR
þDvertex

þPlens
� Dvertex

� Rx ð2Þ

where AS is the accommodative stimulation, AR is the

accommodative response, Rx is the subjective refraction of

Table 1. Study groups. Number of patients (n), mean age in years (�S.D.), uncorrected visual acuity (UCVA), best spectacle-corrected visual acuity

(BSCVA) and sphere and cylinder in dioptres (D).

Group n Age (years) UCVA (logMAR) BCVA (logMAR)

Refraction

Sphere (D) Cylinder (D)

A 24 20.5 � 3.8 0.19 � 0.29 �0.06 � 1.05 �1.30 � 1.93 �0.47 � 0.51

B 20 29.8 � 2.6 0.12 � 0.29 �0.06 � 1.05 �1.13 � 2.05 �0.40 � 0.36

C 20 41.2 � 3.6 0.10 � 0.31 �0.05 � 1.00 �0.92 � 1.47 �0.31 � 0.53

D 20 51.3 � 4.6 0.23 � 0.38 �0.05 � 1.00 �0.44 � 1.22 �0.42 � 0.54

Figure 1. Diagram of the double-pass setup. LD: Laser diode; L1, L2, L3:

lenses; BS1: Beamsplitter; M1, M2, M3, M4: Mirrors; DF: Dichroic filter;

HM: Hot mirror; EP: Entrance pupil; FT: Fixation Test; CCD-DP, CCD-Pupil:

CCD cameras used for the double-pass and pupil monitoring, respectively.

Figure 2. Example of double-pass images acquired along the through focus scanning (bottom) and the volume under the Modulation Transfer Func-

tion (VMTF) in arbitrary units (a.u.) for each image (top). The vergence (in dioptres) that maximizes the retinal image quality, and thus the accommoda-

tive response, is 0.0 D in this case.
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the subject, Plens is the power of the trial lens and RawAR is

the raw measured accommodative response (in dioptres).

Dvertex is the vertex distance and DTest is the test distance (in

metres).

The total accommodative response was calculated as the

difference between the maximum and minimum accom-

modative response in the stimulated range, i.e. from 0 to

5 D. Note that this could differ from the amplitude of

accommodation in some cases, particularly in the younger

groups, where some patients did not reach their accommo-

dative limit.

The slope of the ASRC was calculated according to pub-

lished studies.6,8 Regression lines were fitted to accommo-

dative stimulus response data in the range where the

response was linear. The slope was thereafter calculated as

the gradient of the fitting line.

Statistics

Statistical analysis was performed using commercial SPSS

software for Windows (www.ibm.com/software/uk/analytics/

spss). A p value of 0.05 was considered significant. The

Kolmogorov–Smirnov test was used to evaluate the normal

distribution of all variables analysed. In order to compare

results from different groups, one-way ANOVA was carried

out with a post hoc Tukey analysis.

Results

Total accommodation

The total accommodative response was calculated as the

difference between the maximum and minimum accom-

modative response in the stimulated range, i.e. from 0 to

5 D. Figure 3 shows the total accommodative response that

occurs when stimulating up to 5 D for all patients. When

dividing by age groups, the total accommodative responses

were 4.51 � 0.38 D (group A), 4.05 � 0.67 D (group B),

2.79 � 1.15 D (group C) and 0.73 � 0.33 D (group D).

The results showed a normal distribution according to the

Kolmogorov–Smirnov test (p > 0.05) and significant dif-

ferences between groups when applying the ANOVA analysis

were found (p < 0.001). The post hoc Tukey test showed no

differences between the youngest groups A and B

(p = 0.19). However, differences in all the other compari-

sons among groups were found (p < 0.001).

Accommodative stimulus-response curve

The ASRC was measured in the different age groups as

shown in Figure 4. The accommodative response results for

every stimulation had a normal distribution according to

the Kolmogorov–Smirnov test (p > 0.05) and significant

differences between groups when applying the ANOVA analy-

sis (p < 0.001) for stimulations higher than 1 D were

found. Table 2 shows the ANOVA values for each comparison

and the post hoc Tukey values comparing different groups.

Slope

The slope of the ASRC for all patients is shown in Figure 5.

When dividing by age groups, the slope was as follows:

0.93 � 0.05 (group A), 0.85 � 0.11 (group B),

0.66 � 0.23 (group C) and 0.18 � 0.08 (group D). The

results had a normal distribution according to the Kol-

mogorov–Smirnov test (p > 0.05) and significant differ-

ences between groups when applying the ANOVA analysis

(p < 0.001) were found. The post hoc Tukey shows no

Figure 3. Scatter plot of age and total accommodative response (TA)

when stimulating accommodation up to 5 D for all patients.

Figure 4. Comparison of the ASRC in the different age groups. The

mean accommodative response (AR) with (�S.D.) is plotted against the

accommodative stimulation (AS) for each case (D: dioptres).
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difference between the younger groups A and B (p = 0.24),

and differences in all the other comparisons among groups

(p < 0.001).

Optical quality

Finally, changes in the optical quality with accommodation

were studied for the different age groups. Figure 6 shows

the evolution of the double-pass image quality, measured

as the volume under the Modulation Transfer Function,

with accommodation. When performing a regression on

the measured data, no significant correlations were found

due to the high inter-subject variability: group A (all

r2 < 0.01, p > 0.34).

The mean baseline optical quality for the different groups

was as follows: 6.50 � 1.18 (group A), 5.76 � 1.33 (group

B), 5.62 � 1.39 (group C) and 5.37 � 1.29 (group D). The

results had a normal distribution according to the Kolmo-

gorov–Smirnov test (p > 0.05) and significant differences

among groups when applying the ANOVA analysis were found

(p = 0.041). The post hoc Tukey showed differences between

groups A and D (p = 0.038), and no differences in any of the

other comparisons between groups (p > 0.05). The mean

baseline pupil diameter for the different groups was

6.01 � 0.82 mm (group A), 5.70 � 0.92 mm (group B),

5.58 � 1.00 mm (group C) and 4.84 � 0.92 mm (group D).

Discussion

In this study we have measured the accommodative

response in a wide age range population when stimulating

from 0 to 5 D using a method based on measuring the best

image quality provided by a double-pass system. We mea-

sured the total accommodation that occurs when stimulat-

ing from 0 to 5 D as the difference between the maximum

and minimum accommodative responses. We found a large

total accommodation in the two younger groups (A and B)

with no significant differences between them, whereas a

noticeable decrease was detected in patients over 35 years of

age. Other authors who used photorefraction31 have already

published similar data, although only the accommodative

response at 5 D stimulation rather than the total accommo-

dation was included. The most remarkable difference

between our study and that reported by Kasthurirangan

and colleagues is a larger accommodative response found in

our younger population groups. This discrepancy can be

attributed to the use of different measuring techniques. In a

previous study, Aldaba and collaborators18 measured higher

accommodative responses than formerly published, proba-

bly as a result of the use of a technique based on optical

quality metrics. It has already been suggested that a certain

amount of accommodative error could be used to enhance

the retinal image quality16,17; therefore defocus-based mea-

surements could underestimate the accommodative

response in comparison with retinal quality measurements.

In the older population, we can assume that our total

accommodation data equals the amplitude of accommoda-

tion measurements. In comparison with previous subjective

amplitude of accommodation measurements,3–5 we have

found a significantly lower amplitude of accommodation in

the older participants. While these studies reported an

amplitude of accommodation for groups C and D of circa 5

and 2 D, our analysis showed a total accommodative

response for the same groups of 2.79 � 1.15 and

0.73 � 0.33 D, respectively. This discrepancy could be

attributed to the differences between subjective and objec-

tive measuring methods. Other authors14 have already men-

tioned significant differences between subjective and

objective measurements, with subjective measurements

overestimating the amplitude of accommodation by almost

2 D. On the other hand, objective amplitude of

accommodation measurements made by other authors are

Figure 5. Scatter plot of ASRC and age for all patients.

Table 2. ANOVA and post hoc Tukey p values for the accommodative

response at the different accommodative stimulations (AS) and groups.

(D: dioptres).

AS 0 D AS 1 D AS 2 D AS 3 D AS 4 D AS 5 D

ANOVA

A-B-C-D 0.064** 1** <0.001 <0.001 <0.001 <0.001

Post hoc (Tukey)

A-B 1** 1** 0.95** 0.95** 0.66** 0.25**

A-C 0.70** 1** 0.45** 0.036 <0.001 <0.001

A-D 0.08** 1** <0.001 <0.001 <0.001 <0.001

B-C 0.73** 1** 0.79** 0.16** 0.007 <0.001

B-D 0.10** 1** <0.001 <0.001 <0.001 <0.001

C-D 0.58** 1** <0.001 <0.001 <0.001 <0.001

**Non-significant differences.

� 2013 The Authors Ophthalmic & Physiological Optics � 2013 The College of Optometrists

Ophthalmic & Physiological Optics 33 (2013) 508–515

512

Age-related changes in accommodation M Aldaba et al.



more in line with our results than the subjective measure-

ments; Ostrin and collaborators32 measured an amplitude

of 2.5 D and 0.95 D for the C and D age groups, and Win–
Hall14 an amplitude of 2.9 D for the age range from 38 to

49 years.

The analysis of the ASRC showed a highly accurate

response in the two younger groups (A and B), whereas a

significantly decreased response was found in the older

groups (C and D). Similar to the assessment of total

accommodation, the mean ASRC was more accurate in

group A, although no significant differences with group B

were found. The ASRC in the younger groups was slightly

more accurate than that previously published by Kalsi and

colleagues,8 and noticeably more accurate than the ASRC

measured by Iida.24 This could be explained by the measur-

ing technique used: larger accommodative responses are

obtained when optical quality metrics instead of defocus-

based techniques are used. Moreover, another source of

differences when comparing Iida’s work with ours could be

the accommodative stimulation as Iida used a Badal system

while we stimulated with a push-up method. Group D was

significantly different from all the others, and group C was

similar to group A for up to 2 D of stimulation and for up

to 3 D when compared with group B, which underlines the

noticeable changes in the accommodative response in

patients over 35 years of age.

The evolution of the ASRC slope with age agrees with the

findings from several authors6–8,33: the slope decreases

slightly until middle age, falling sharply thereafter. There

are some differences in the literature regarding the age in

which the slope starts to fall more abruptly: while some

authors6,7 did not find significant changes in the response

slope until 45 years of age or over, others8,33 brought for-

ward this age to 40. Our data match the two last studies

mentioned, with a more pronounced change in the slope

decrease beginning at the age of 40. The discrepancies

between similar studies could be explained by the differ-

ences in determining the linear region of the accommoda-

tive stimulus response or by the smaller number of patients

in the first two reports (Ramsdale et al. one patient; Mordi

et al. 30 patients) in comparison with the other studies

(Kalsi et al. 49 patients; Radhakrishnan et al. 47; and 84

patients in the current study). The evolution of the slope of

the ASRC with age could be used in order to support the

two main theories explaining the mechanism of presbyopia.

The results in our study do not agree with the expectations

from both theories, as we can assume constant slope until

middle age and a decreasing slope thereafter. In this sense,

we agree with the interpretation made by other authors,8

Duane–Fincham and Hess–Gullstrand theories can be over-

simplifications of the complex mechanism of presbyopia.

With regard to optical quality, other authors have

already reported a decrease with age20,21,33–35 of the base-

line or far vision optical quality. In our study, we only

found a significant differences among groups when com-

paring the youngest versus the oldest groups. The reason

for this difference with other studies could be the use of the

natural pupil of the patient in our measurements. As

pointed by other authors21 age-related optical quality

differences are reduced when using natural pupils as the

age-related miosis compensates for increases in aberrations

and light scattering.

Figure 6. Change in optical quality (OQ) in arbitrary units (a.u.) as a function of accommodative response (AR) in the different age groups.
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We found also a slight worsening of optical quality with

accommodation, although this change was small and not

significant. In the case of group D, the fitted line shows an

increase (positive slope) of the optical quality with accom-

modation. Possible explanations of these results are the

narrow width in the accommodative response axis, inter-

subject variability and the possibility of having a pupillary

miosis due to proximity of the fixation test, by which the

patient is unable to accommodate. Some authors24 found

no differences when comparing the root mean square of

the aberrations (RMS) measured with a Hartmann–Shack
device with accommodation. In addition, when using the

double-pass technique, similar Modulation Transfer Func-

tions were obtained in the accommodated and unaccom-

modated eye.23 Other authors25,26 found similar RMS in

the range 0–3 D, and increasing differences in higher

accommodative stimulations. On the other hand, Li and

colleagues36 found significant differences between the

accommodated and unaccommodated eye (accommodative

stimulation=2.5 D) for 5 mm pupils, while no differences

for 3 mm pupils were reported. L�opez–Gil and collabora-

tors27 registered a progressive RMS worsening for different

age groups. Although several studies report a slight worsen-

ing in the optical quality with accommodation, consensus

has not been reached on this topic. Our study detected a

slightly worse optical quality in the accommodated eye but

a conclusion cannot be reached due to the great inter-

subject variability. Some authors27 have found a more

noticeable change of the optical quality with the accommo-

dative response when using fixed pupils instead of natural

pupils. In our measurements natural pupils were used and

the evolution of pupil diameter with accommodative

response is shown in Figure 7, where the well known

accommodative miosis can be appreciated. Thus, in our

measurements under real viewing conditions with natural

pupils, the increase of aberrations with accommodation is

partially compensated by the accommodative miosis. Con-

sequently there is just a slight optical quality worsening

with accommodation.

In conclusion, our study includes a large number of par-

ticipants and shows that the accommodation measured

using the double-pass technique is generally in agreement

with previously published research. However, we found

some differences attributable to the measuring technique

based on optical quality metrics. In this context larger

accommodative responses were found in younger patients.
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