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Purpose: To evaluate a system based on a Hartmann–Shack wavefront sensor attached
to a phoropter that allows the user to obtain real-time information about the refractive
state of the eye and the accommodation response (AR).

Methods: The objective refractions (ME) and ARs of 73 subjects (50 women, 23 men;
ages, 19–69 years) were assessed with the system developed while placing in the
phoropter the subjective refraction (MS) plus a set of trial lenses with differences in
spherical equivalent power (�M) between ±2 diopters (D).

Results: The objective estimations (ME) showed a good correlation with the subjective
values (MS) (r = 0.989; P < 0.001). The means of the ARs presented a region where the
accommodation remained stable (�M from +2 D to about 0 D), followed by another in
which the response increased progressively (�M from about 0 to−2 D) with themagni-
tude of the accommodation stimulus. The analysis of variancewithin subjects applied to
ARs introducing age and MS as covariates showed an increasing effect size of age from
medium to large between �M of −0.5 and −2 D. In contrast, MS had a medium effect
size (between �M of +2 and 0 D).

Conclusions: The implemented system permitted an objective estimation of the refrac-
tion of the eye and its AR. Because it is coupled to a phoropter, the system can be used
to retrieve the AR during subjective refraction procedures.

Translational Relevance: The developed system can be used as a supporting
tool during subjective refraction to provide certainty about the true state of
accommodation.

Introduction

Subjective refraction is currently the gold standard
procedure for assessing refractive errors in clinical
practice. This process consists of determining the
combination of lenses that allows the patient to resolve
the smallest optotype in the absence of accommoda-
tion.1,2 Therefore, correct control of accommodation,
which ensures that it is not activated (i.e., the ciliary
muscle remains relaxed), is crucial for the success of the
test, especially in children and young adults, who have
the greatest accommodation capacity and an involun-
tary tendency to accommodate.3,4

Different techniques can be used to control accom-
modation during subjective refraction. The most effec-
tivemethod is the use of cycloplegic drops to temporar-
ily paralyze the ciliary muscle,5,6 the organ in charge
of activating accommodation. However, its effects may
persist beyond the test by limiting visual capacity,
which may be uncomfortable for the patient. Another
method that is used is the fogging technique,1,7 which
involves placing trial lenses with positive spherical
power in front of the eye so that accommodation is
relaxed by artificially making the eye more myopic.
Even though fogging has been proven effective in
most cases,8 the success of its implementation depends
to some extent on the expertise of the clinician,
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particularly in children, and there is no evidence about
the true state of accommodation.

Accommodation can be studied indirectly in an
objective manner from estimations of the spheri-
cal refractive state of the eye.9 Using this principle,
different aspects related to the accommodation have
been investigated, especially under laboratory condi-
tions.10–15 Hartmann–Shack (HS) wavefront sensors16
have proven reliable for analysis of the accommodation
response (AR),9,17 and they have permitted a better
understanding of the relation between aberrations
and accommodation. For example, not only varia-
tions with accommodation of higher order aberra-
tions (HOAs)9 but also their impact on the accom-
modative response18 have been shown. In fact, the
larger accommodation errors for near targets (lags)
in myopes have been associated with a larger amount
of HOA observed in this population.19,20 In some
works, the AR has been improved by using multi-
focal patterns,18,21 which could aid improvement of
multifocal lens designs.21 A variety of commercially
available stand-alone tabletop22–24 and handheld25,26
instruments can provide objective estimations of the
refractive error. In addition, systems that integrate
HS wavefront sensors with digital phoropters have
been developed.23 In the standard subjective refraction
procedure in clinical practice, these kinds of instru-
ments are mainly used to obtain a starting point,27
not for determining a final prescription, due to a
lack of control of accommodation.28 Thus, the objec-
tive refraction result is then refined using subjective
refraction, first by adding positive or fogging lenses to

control accommodation and then reducing its power
until maximum plus power for best visual acuity is
achieved.2 Beyond the starting refraction, real-time
availability of the refractive state of the eye could be of
interest for clinicians to be certain about the true AR
during the subjective test, especially when the fogging
technique is used.

In this study, we present an open-field instrument
that provides monocular estimations of the refrac-
tive state of the eye every 100 ms. The system was
coupled to a conventional phoropter to retrieve the AR
in conditions similar to those expected during clini-
cal subjective refraction based on a set of measure-
ments while performing a sweep through several spher-
ical trial lenses. For validation purposes, the responses
obtained with the system are compared to expected
behaviors for specific ranges of age and refractive
errors. The developed system may be used to monitor
the AR during subjective procedures and may help
clinicians to validate its behavior at any time, ensuring
that it remains relaxed and that corrective actions can
be taken if needed, especially when using the fogging
technique to control accommodation.

Methods

Experimental System

The optical design and a photograph of the instru-
ment are shown in Figure 1. The system, which works
coupled to a phoropter, operates as follows: Collimated

Figure 1. Optical design (left) and photograph of system developed while coupled to the phoropter (right).
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Figure 2. Image of the graphical user interface (GUI) with its main functional blocks labeled: video control (A), histogram (B), HS image (C),
current refraction state (D), and variations in the spherical refractive state with time (E).

light from a laser diode (LD) emitting at 830 nm
reaches the aperture (P1). This element limits the size
of the beam entering the eye to a diameter of 1.5 mm.
After P1, the light is transmitted through the linear
polarizer (B1) and beam splitter (BS) and reflected
by the hot mirror (HM) before reaching the trial
lenses of the phoropter (0.25-diopter [D] step changes
for sphere and cylinder), which is placed in front of
the eye. The HM allows the system to use infrared
light without interfering with the visual field of the
patient. During measurements, the eye is exposed to
10 μW, which is well within the safety limits.29 At
the working wavelength and radiation power, the laser
beacon is barely observable, but the low visibility30
makes measurements more comfortable for patients.
Based on the changes found in the pupil size in a young,
healthy eye that are detected when turning the laser on
and off, a negligible pupil constriction is expected due
to the laser beacon emitted by the system.

After being backscattered by the ocular fundus, the
light follows a path similar to that described above
until it reaches the BS. This element redirects the
light toward linear polarizer B2, which has a polar-
ization axis perpendicular to that of linear polarizer
B1 so that corneal reflections are considerably atten-
uated. In order to fully avoid the corneal reflections,
the laser beam enters the eye slightly (1 mm) off-
centered with respect to the corneal apex. Then, the
light passes through lens L1, is reflected by the mirror
(M), and passes through lens LF, bandpass filter F with

peak transmission at the working wavelength, and lens
L2 before reaching the HS sensor formed by lenslet
array LHS followed by the complementarymetal-oxide
semiconductor (CMOS) sensor (CHS). Lenses L1 and
L2, whose focal lengths are 50 and 30 mm, respec-
tively, form a telescope that permits the pupil of the
eye and lenslet array LHS at conjugate planes with a
magnification of m = −0.6. The zero of the system
was obtained using an artificial eye composed of an
achromatic lens with cardboard acting as the retina
positioned nominally at its focal plane. The inclusion of
field lens LF with a focal length of −18 mm allows the
instrument to be compact, despite the increase in the
distance needed for coupling the system without inter-
fering with the handling of the phoropter. Regarding
the HS sensor, lenslet array LHS has a pitch and focal
length of 300 μm and 5.1 mm, respectively, whereas
CHS captures images of 1024 × 1024 pixels with a
resolution of 5.3 μm.

The system described above was placed inside a box
with internal dimensions of 120 × 120 × 120 mm3

and mounted on a rail that allows the lateral shift to
align the system with the subject’s right and left eyes.
The HS sensor is controlled remotely through a graph-
ical user interface that permits setting the parameters
of the camera and showing the current HS image and
associated refractive state of the eye (Fig. 2). An HS
image is processed every 100 ms; therefore, 10 estima-
tions of the refractive state are available every second.
The processed data were automatically saved in a text
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file when the video was deactivated. In addition to
information regarding wavefront aberrations, statisti-
cal data of the gray intensity levels in theHS imagewere
recorded. Although wavefront aberrations are used to
compute the refractive state following a paraxial curva-
ture matching approximation using the second- and
fourth-order Zernike coefficients,31 statistical data are
employed by the data processing algorithm to automat-
ically detect blinks and misalignments between the
optical axis of the eye and the system.

Unless stated otherwise, the estimations of the
ocular refractive state presented in this study are given
in power vector notation (M, J0, J45).32,33 Although
measurements were performed in an open field and for
natural pupils, the Zernike coefficients were computed
over a pupil 3.5 mm in diameter, which is a size that
enables the estimation of low-order aberrations34 and
permits a maximummisalignment between the eye and
the optical axis of the system of 2.75 mm without
leaving the measurement region of the HS sensor.

Measurement of the Accommodation
Response

The instrument described above was tested through
an experimental study conducted at the Centre Univer-
sitari de la Visió of the Universitat Politècnica de
Catalunya. This observational study was approved
by the ethics committee of the Hospital Universi-
tari Mútua Terrassa and conformed to the tenets of
the Declaration of Helsinki. All participants signed
a written informed consent after the purpose and
procedure of the trial were explained to them. Inclu-
sion criteria were age over 18 years, distance visual
acuity measured with a Snellen chart of at least
0.8 (decimal notation), subjective spherical equivalent
refraction between ±6 D, and maximum magnitude
of astigmatism of 3 D, which are within the operat-
ing range of the system and suitable for most of the
population.35 Patients with ocular pathologies, binoc-
ular dysfunctions at a far distance, or any other condi-
tion that prevented standard subjective refraction were
excluded.

In every session, the objective spherical equivalent
refraction (MO) was first measured using the open-field
autorefractometer Grand Seiko WAM 5500 (Shigiya
Machinery Works, Fukuyama, Japan).22 Next, partic-
ipants were placed and properly aligned with the
instrument coupled to the phoropter described above.
Eventual ametropia taken from the known manifest
refraction (MS, J0S, J45S), previously assessed by
an optometrist, was properly translated into the
phoropter, and it was considered as the reference

refraction. Subsequently, real-time variations in the
refractive state due to changes in the accommodation
were estimated with the developed instrument while
placing the reference refraction plus a set of trial lenses
in the phoropter with the following spherical equiva-
lent power differences (�M) in this order: +2, +1.50,
+1, +0.75, +0.50, +0.25, 0, −0.25, −0.50, −1, −1.50,
and −2 D. Each trial lens was kept in front of the eye
for at least 10 seconds. Therefore, approximately 100
estimations of the refractive state were available for
each trial lens. During measurements, the subject was
asked to stare at a Snellen chart positioned 4 meters
away from the phoropter while blinking normally. On
average, the sweep of the trial lenses was completed in
approximately 120 seconds. The process was performed
for the right eye and then repeated for the left eye, with
a resting time of 1 minute in between.

Data Processing

Real-time estimations of the refractive state were
postprocessed as follows: First, the gray levels of the
HS spots measured using the instrument were used to
discard all estimations whose images showed a mean
intensity below a given threshold. The purpose was to
exclude data obtained during blinks from the analy-
sis. Subsequently, the mean spherical equivalent (M�)
was obtained considering all the non-discarded estima-
tions available for each trial lens after compensating
for chromatic aberrations by adding −0.83 D to the
estimated values as measurements were carried out in
the infrared.36

The values of M� as a function of the trial lens
represent a curve that includes the contribution to
the optics of the eye and the phoropter (reference
refraction plus trial lens). Therefore, accommodation-
related changes of the steady-state spherical equiva-
lent response of the eye (MR) were obtained relative
to the reference refraction after removing fromM� the
contribution of the trial lenses placed in the phoropter
using Equation 1:

MR = M� + �M + 0.25D (1)

where 0.25 stands for the expected spherical refractive
error when looking at a target located at 4 meters. In
this study, the AR is defined as the negative MR for
the set of trial lenses placed in front of the eye with
the phoropter. Using this definition, an increase in the
optical power of the eye due to accommodation was
registered as an increase in AR.

To estimate the spherical equivalent refraction of
the eye from the measured data (ME), we considered
the MR value measured at �M = 0 after removing the
contribution of the reference refraction. For validation

Downloaded from tvst.arvojournals.org on 06/02/2023



System for Objective Assessment of Accommodation TVST | May 2023 | Vol. 12 | No. 5 | Article 22 | 5

purposes, the ME estimations were compared with the
objective values of MO, which were obtained using the
Grand Seiko WAM 5500.

Statistical Analysis

Statistical analysis was performed using SPSS
Statistics 24 for Windows (IBM, Chicago, IL). In all
cases, a 95% confidence interval was used;P< 0.05 was
considered statistically significant. The Kolmogorov–
Smirnov test was used to evaluate the normal distri-
bution of all variables. The right or left eye of each
subject was randomly selected for analysis to avoid any
bias due to inter-eye correlation. Bivariate Pearson’s
correlation coefficient (r), related-sample t-test, and
Bland–Altman analysis were used to study the agree-
ment between MS and MO and between MS and ME.
The 95% limits of agreement (LoA) were calculated as
1.96 times the standard deviation (SD) of the mean
difference. A multivariate general linear model using
the AR values for the different trial lenses as the depen-
dent variables was used to assess the effect of age and
MS on AR, and the effect size (partial eta-squared ηp

2)

was calculated (small= 0.01, medium= 0.06, and large
= 0.14).37

Results

Seventy-three volunteers between 19 and 69 years
of age were included in the study (50 women and 23
men; mean age ± SD, 29.8 ± 12.9 years). The analy-
sis presented here corresponds to data from 37 and
36 randomly selected right and left eyes, respectively.
The mean ± SD and ranges of the spherical equivalent
refractions MS, MO, and ME for the selected eyes are
shown in Table 1.

The agreement between the spherical equivalent
refractionsMS andMO and betweenMS andME can be
observed in the Bland–Altman plots in Figure 3. With
respect to MS, the objective values MO obtained with
the commercial device presented a lower mean of the
differences (mean = −0.14 D, P = 0.212 vs. −0.48 D, P
< 0.001). However, the ME estimations obtained with
our system presented a lower range in terms of the 95%
LoA (range, 1.24 vs. 1.87 D) and a better correlation

Table 1. MS, MO, and ME for the 37 Right and 36 Left Eyes Randomly Selected

Diopters

Parameter MS MO ME

Mean ± SD −1.22 ± 1.98 −1.08 ± 1.85 −0.49 ± 1.90
Range (min, max) (−5.38, +5.00) (−4.88, +3.75) (−4.79, +5.42)

Figure 3. Bland–Altman plots showing agreement between MO and MS (left) and between ME and MS (right) for the 73 analyzed eyes. The
mean of the differences (continuous line) and the 95% LoAs (discontinuous lines) are indicated in the plots.
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Table 2. Within-Subjects Analysis of Variance F-test, P, and ηp
2 Values for Age and MS

�M (D)

+2.00 +1.50 +1.00 +0.75 +0.50 +0.25 0.00 −0.25 −0.50 −0.75 −1.00 −1.50 −2.00

Age F 0.01 0.01 0.47 0.65 0.27 0.10 0.60 1.58 4.27 8.43 14.97 22.57 55.94
P 0.931 0.912 0.494 0.421 0.600 0.742 0.439 0.212 0.042 0.005 0.000 0.000 0.000

ηp
2 0.000 0.000 0.007 0.009 0.004 0.002 0.008 0.022 0.057 0.106 0.174 0.241 0.441

MS F 7.97 8.29 7.94 9.53 10.03 9.32 8.10 3.06 0.56 0.14 0.02 0.35 0.00
P 0.006 0.005 0.006 0.003 0.002 0.003 0.006 0.085 0.456 0.707 0.875 0.552 0.971

ηp
2 0.101 0.105 0.101 0.118 0.124 0.116 0.103 0.041 0.008 0.002 0.000 0.005 0.000

Statistically significant P values and medium and large effect sizes are indicated in bold.

Table 3. Spherical Equivalents for MS, MO, and ME for the Four Subgroups

Spherical Equivalents (D)

Young

Adult All Myopic Non-Myopic
Parameter (n = 19) (n = 54) (n = 36) (n = 18)

MS Mean ± SD −0.27 ± 1.59 −1.55 ± 2.01 −2.61 ± 1.39 0.56 ± 1.23
Range (min, max) (−4.25, 2.75) (−5.38, 5.00) (−5.38, 0.50) (−0.38, 5.00)

MO Mean ± SD −0.14 ± 1.54 −1.41 ± 1.85 −2.38 ± 1.35 0.54 ± 0.94
Range (min, max) (−3.25, 3.00) (−4.88, 3.75) (−4.88, −0.25) (−0.25, 3.75)

ME Mean ± SD 0.63 ± 1.63 −0.55 ± 1.90 −1.54 ± 1.32 1.45 ± 1.18
Range (min, max) (−3.57, 3.70) (−4.79, 5.42) (−5.79, 0.53) (−0.07, 5.42)

(r = 0.989, P < 0.001 vs. r = 0.955, P < 0.001) with the
subjective values.

Table 2 shows for each value �M of the trial lenses,
the analysis of variance within subjects, introducing
age andMS as covariates into theARmodel. As shown,
the effect size of age was negligible in the fogging inter-
val between +2.00 D and −0.25 D lens trial. However,
it was medium for the −0.50 D trial and increased
progressively up to the maximum stimulus of −2.00 D,
in which the effect size was large. In contrast, MS had
a medium effect size throughout the fogging range but
was negligible for the negative lens trial range.

The capacity of the system to determine changes in
accommodation as a function of the trial lens, that is,
the obtainment of the AR, was analyzed considering
the influence of age and MS in the measured responses
described above. First, the sample was divided into the
following age subgroups: young (age ≤ 30 years; mean
± SD = 23 ± 3 years) and adult (age > 30 years; mean
± SD= 49± 10 years). It should be noted that the ARs
for these two subgroups are expected to differ due to the
influence of age on accommodation.38 In addition, the
young subgroup was subdivided into myopic subjects
(MS ≤ −0.5 D) and non-myopic subjects (MS > −0.5
D) according to the subjective refraction.39 The influ-

ence of age is expected to be negligible in the second
subdivision. Statistical information about the spher-
ical equivalents MS, MO, and ME for the resulting
subgroups are listed in Table 3.

Specific examples of the AR measured for volun-
teers 005 and 021, as well as themeanARs as a function
of the trial lens for the four subgroups are shown
in Figure 4. In general, the response may be divided
into twomain regions: one between+2D and 0D (trial
lenses with �M ≥ 0 D) and the other between 0 and
−2 D (trial lenses with �M ≤ 0 D). In the first region,
the trial lens with positive spherical power induces
pseudo-myopia in the eye under analysis, thus relax-
ing accommodation, as in the fogging technique; conse-
quently, the measured response remains constant. In
contrast, in the second region, the accommodation is
active, and its magnitude increases to compensate for
the trial lens with �M < 0 D placed in the phoropter.

In the specific examples, a visual inspection of the
responses shows that transitions between relaxed and
active accommodation occurred for trial lenses with
�M of −0.50 D and +0.50 D for volunteers 005
(female, 25 years old; MS = −1 D, ME = −0.07 D)
and 021 (female, 21 years old; MS = −1.50 D, ME =
−1.54 D), respectively. At such values, the error bars,
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Figure 4. (Top) Individual ARs as a function of the�M trials for volunteers 005 (a) and 021 (b). (Bottom) Mean accommodative response as a
function of�M for young (c, continuous blue line) and adult (c, discontinuous red line) subjects and for youngmyopic (d, continuous blue line)
and young non-myopic (d, discontinuous red line) subjects The error bars represent 1 SD of the fluctuations in ARs (top) and the variability
between subjects (bottom) for each trial lens. The blue circles indicate the transition between relaxed and active accommodation obtained
by visual inspection (top).

which represent the AR fluctuations considering the
100 measurements available for each trial lens, also
presented their minimum values. In the mean curves,
the ARs presented differences among the measured
groups, as expected from the analysis of variance
summarized in Table 2. When analyzing the groups
divided by age within the region in which the influ-
ence of this parameter caused statistical differences

(trial lenses with �M between −0.5 D and −2 D), we
found values of m = 0.77 and 0.29 for the slopes in
the measured AR for young and adult subjects, respec-
tively.

Regarding the groups of young subjects classified
by ametropia, the AR presented a similar (stable)
behavior but with a different magnitude along the
region in which the influence of MS caused statistical
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differences (trial lenses with �M between +2 D and
0 D). With the reference being the minimum value of
AR, the responses decreased from +0.26 D for the
myopic group to +0.02 D for the non-myopic one;
in other words, a difference in magnitude of 0.28 D
between these two groups was observed in the region
where accommodation was relaxed. The error bars
representing the SD of our population indicate that
there is lower inter-subject variability in the myopic
group when accommodation is not stimulated (trial
lenses with �M > 0 D). For example, for the extreme
value of +2 D, the myopic and non-myopic groups
showed SDs of 0.29 D and 0.53 D, respectively. In
contrast, this dispersion was higher in the myopic
group as the accommodation demand increased (trial
lenses with �M < 0 D). For −2 D, the myopic and
non-myopic groups presented SDs of 0.46 D and 0.20
D, respectively.

Discussion

One of the goals of this study was to test the
developed instrument as a means of measuring the
refractive state of the eye every 100 ms, a sampling
rate that allows the instrument to obtain representa-
tive estimates of the steady-state AR.40–42 Although
the instrument also provides information about astig-
matism and HOAs, this study focuses on the analy-
sis of accommodation-related changes in spherical
refraction M, whose negative value is the parameter
used to account for accommodation. Errors in focus
followed by spherical aberrations are the main cause
of image degradation in an accommodated eye,9,10,31
which are actually included in the metric used for
obtaining M (paraxial curvature matching) and may
be well estimated using the fourth-order Zernike coeffi-
cients used in the developed instrument.43,44 As shown
in Figure 3, the estimations of the spherical equiva-
lent (ME) obtained with the system showed a good
correlation (precision) with the subjective refraction
values (MS), as indicated by the 95% LoA between
these two estimations. Such a correlation was close
to that observed between the objective values (MO)
measured with the commercial autorefractor and the
subjective refraction (MS). Although the instrument
used as a reference has been widely proven effective
in measuring refractive errors,22 the better correlation
between our system and the subjective refraction may
be attributed to the differences in the methodology
followed. For the autorefractor, measurements were
performed in open field and binocular vision, but no
attention was given to the control of accommodation.

In our measurements, the estimation corresponded
to data obtained after the �M values of the trial
lenses presented in front of the eye decreased gradu-
ally from +2 D to 0 D in the phoropter. The addition
of trial lenses with �M > 0 should relax (deactivate)
accommodation,8,13 thus reducing errors due to stimu-
lated accommodation in our measurements. Addition-
ally, the estimations obtained are comparable to those
of other systems reported in the literature.23,26 For
example, in Carracedo et al.,23 a range of about 1.7
D (95% LoA) is given as the difference between the
estimations of the spherical refractive error and the
subjective refraction using a system that integrates a
HS sensor to a system that fulfills the functionalities
of a phoropter.

The mean differences in magnitude between the
spherical equivalentsME estimatedwith the system and
the subjective values (accuracy) might be attributed
to the fact that participants were positioned 4 meters
from the visual target, and for that a general correction
of 0.25 D was applied; however, the real accommoda-
tive lag or lead at this distance for each participant
was unknown. Other systematic errors may have also
contributed to the mean differences between ME and
MS. The estimations of the system were corrected for
chromatic aberrations during data processing. There-
fore, the differences may have been due to a resid-
ual defocus in our reference image used to obtain the
positions of the spots in the HS image for 0 D. In
our system, such an image was obtained using an
artificial eye composed of an achromatic lens with
cardboard acting as the retina positioned nominally
at its focal plane. Regardless of the cause, this offset
should be incorporated into the software in the future
after testing a larger number of eyes to avoid this inter-
ference in the computation of the refractive state.

The system coupled to a phoropter allowed us to
obtain the AR of patients from real-time estimations
of the refractive state of the eye while placing a set of
trial lenses that added spherical power to the subjective
refraction. In terms of shape, the behavior of the AR
shown in Figure 4 was expected.13 Such responses are
composed of a region with a practically constant value
and another with an increasing value as �M decreases
after a transition point. In the latter case, the increment
in magnitude is attributed to the fact that accommoda-
tionwas active to compensate for the trial lens with�M
< 0 D placed in the phoropter.

It has been proven that the AR is highly influ-
enced by age, as shown by an effect size of up to
44% for the 2-D stimulus used during the measure-
ments, as shown in Table 2. The loss of accommo-
dation capacity with age is shown in Figure 4c. In
the region where the response presented statistically
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significant differences, the AR was linked to slopes
within the range reported in Radhakrishnan and
Charman,14 who found variation in accommodation
between 0.8 D and 0.7 D per diopter of stimula-
tion for patients under 30 years. It has been reported
elsewhere that, at this age, accommodation capacity
starts to decline more rapidly.38 Although this behavior
of accommodation with age was already expected, the
similarities between our results and those reported by
other authors demonstrate the capacity of our system
to provide true estimations of the AR of the eye.

It was found that MS also had an influence on AR
in the accommodation relaxation interval (trial lenses
with �M > 0 D), with an effect size of approximately
10%. In the young population grouped as myopic and
non-myopic subjects, a comparison of the error bars
in Figure 4d indicates that the responses of myopic eyes
showed higher intersubject variability for trial lenses
with �M < 0 D, whereas in non-myopic subjects,
maximum dispersion was found for trial lenses with
�M > 0 D. This behavior appears to agree with data
for the two groups reported by other studies13,19,45 and
could be explained by the effects of unquantifiedHOAs
(spherical aberrations) under the measurement condi-
tions19,20,46 and variations in the lag of accommoda-
tion with refractive error observed in myopes.47

The differences between the ARs of young myopic
and non-myopic subjects can be seen in Figure 4d
as the difference in the values registered for trial
lenses with �M > 0 D. In our measurements, such a
higher value should not be interpreted as a stronger
accommodation for the myopic group but rather as
a higher offset in the measured response that might
be caused by a disagreement between the refrac-
tion used as a reference (manifest subjective refrac-
tion) and the refraction of the eye due to optical
factors. Because accommodation is computed as the
negative of M, a lower value indicates that, for
the reference refraction, non-myopic eyes presented
residual refraction of about +0.36 D as compared
to myopic eyes. However, this difference is well
within the reliability of manifest subjective refraction,
which has been reported elsewhere and is 0.25 D or
0.50 D.48

Information on the behavior of accommodation
can be used by clinicians to validate the subjective
procedure that they generally performed. For example,
let us consider that the individual ARs shown in
Figure 4 (top) for volunteers 005 and 021 correspond
to the measurements during subjective refraction. At
the end of the test, the optometrist would be capable
of analyzing the objective ARs and making decisions
about the refraction found. In particular, for volun-
teers 005 and 021, the results in terms of the transition

point would suggest corrections of −0.5 D and +0.50
D, respectively, from the reference refraction found.

Wavefront sensing allows access to pupil size
and spherical aberration data, information that
permits a better understanding of the accommo-
dation process.43,49 A limitation of this study is that
pupil size was not monitored and, consequently, the
accommodation was available for a fixed pupil size.
Using the rate of pupil constriction per diopter of
accommodation (miosis) of 0.18 mm/D reported
elsewhere,9 we would expect variations in the pupil size
of about 0.36 mm in the stimulated range. Regarding
the use of a fixed pupil, simulations of the effects
on accommodation of spherical aberrations predict
a difference of 0.16 D in the range from 0 to 2 D
between the accommodative responses computed for
a fixed 4-mm pupil diameter and the one obtained
when the effects of miosis are considered.43 Therefore,
taking into account that illumination conditions were
the same for all participants during measurements
and that there was a limited accommodative demand
(and consequent miosis), few variations were expected
in the pupil size and in the accommodation-related
changes of HOA. However, these assumptions should
be corroborated in future work.

In summary, the developed instrument can be used
as a supporting tool during any clinical procedure in
which accommodation plays a role. The instrument
showed good precision in estimating the refractive state
of the eye and was able to obtain an AR when working
in combination with a phoropter. Additionally, the
instrument may also be used to provide information
about the instantaneous refractive state without inter-
fering with subjective refraction. After this process,
clinicians would have information about the accom-
modative response during the test, helping them to
validate the results and make any additional decisions
if necessary. Finally, the results presented here could
be used in the future to study the effects of the
fogging technique during subjective refraction or to
develop new methodologies for objective refractive
error estimations based on analysis of the AR.
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