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Study on the effects of monochromatic aberrations
in the accommodation response by using

adaptive optics
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The effect of asymmetric monochromatic aberrations in the accommodation response was studied by using an
adaptive optics (AO) system. This approach permits the precise modification of ocular aberrations during ac-
commodation. The AO system is composed of a real-time Hartmann–Shack wavefront sensor and a membrane
deformable mirror with 37 independent actuators. The accommodation response was measured in two subjects
with their normal aberrations and with the asymmetric aberrations terms corrected. We found a significant
and systematic increase in the response accommodation time, and a reduction in the peak velocity, in both
subjects when the aberrations were corrected in real time. However, neither the latency time nor the precision
of the accommodation were affected. These results may indicate that the monochromatic aberrations play a
role in driving the accommodation response. © 2005 Optical Society of America
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. INTRODUCTION
daptive Optics (AO) permits the measurement and cor-
ection of wavefront aberrations in real time. Originally
eveloped to compensate the images for atmospheric tur-
ulence in both the military and the astronomical fields,1

he reduction in the cost of the technology has extended
ts use to other research areas. AO is the best solution in
hose situations where image quality is degraded dynami-
ally. This is the case in the optics of the human eye,
here the aberrations change continuously over time.2

ttempts to surmount the limitations imposed by the ocu-
ar aberrations in retinal imaging by using speckle inter-
erometric techniques3 were first suggested in the late
980s. In the same year, also reported was the use of a
eformable mirror for the static compensation of the low-
rder ocular aberrations in a scanning laser
phthalmoscope.4 During the next decade, static high-
rder aberrations correction in the human eye was
emonstrated,5 and real-time closed-loop aberration cor-
ections (AO, strictly speaking) in the living eye using de-
ormable mirrors were also recently reported.6,7 Although
eformable mirrors remain the most widely used correc-
ors, the use of other devices, such as liquid crystal spa-
ial modulators, has also been explored to compensate the
ye’s aberrations.8,9

AO techniques can contribute to the study of different
spects of human vision. The correction of ocular aberra-
ions notably increases the quality of the retinal images
btained with ophthalmoscopes. This approach may allow
etection of some retinal features in the living eye that
re undetectable with traditional imaging methods. AO
as already been incorporated successfully in flood-

llumination funds cameras,10 scanning laser
phthalmoscopes,11,12 and more recently in ultra-high-
esolution optical coherence tomography.13 Nevertheless,
1084-7529/05/091732-7/$15.00 © 2
etinal imaging is not the only application of AO in vision
cience. By permitting the subject to perform visual tests
hrough the AO system, the experimenter can both con-
rol and modify all the optical parameters objectively.
his ability to measure and correct for ocular aberrations
imultaneously with the accomplishment of visual tests
an be regarded as an “AO visual simulator”14,15 and be
pplied in a large variety of experiments. As an example,
his type of approach was recently used to discover a neu-
al adaptation in the visual system to the particular eye’s
berrations.14,16

In this paper, we propose the use of AO techniques to
tudy how high-order asymmetric aberrations affect the
ccommodation response. Despite the fact that the
echanism of accommodation in the human eye has been

tudied widely for decades, there are still questions that
emain unsolved and even in some cases are subjects of
ontroversy. Accommodation permits us to keep in good
ocus the images of stimuli placed at different distances
rom the eye. Defocus alone does not provide information
bout the direction of accommodation.17,18 However, un-
er normal conditions the eye correctly accommodates to
he right focus. In consequence, a number of cues help to
ndicate to the system the appropriate direction for mini-

izing defocus in the retinal images. It has been demon-
trated extensively that subjective distance perception,
nowledge of the target size, and perspective and conver-
ence are cues used for accommodation.19 Cues of an op-
ical nature also play an important role in the process:
cular chromatic aberration,20,21 microfluctuations of
ccommodation,22,23 and eye movements during fixation.
oncerning the role that monochromatic aberrations play

n accommodation, it was early recognized that spherical
berration introduces asymmetries in the retinal images
hat may serve to indicate the correct direction of the
005 Optical Society of America
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ccommodation.24 The possible role of other monochro-
atic aberrations serving as a cue to the accommodation

s not completely understood yet. Wilson et al.25 recently
tudied the sensitivity of the eye in subjectively discrimi-
ating the asymmetries in the retinal images caused by
igher-order monochromatic aberrations. They demon-
trated the ability in several subjects to detect asymme-
ries in the ocular point-spread function (PSF) as well as
n more complex targets such as letters. A better discrimi-
ation in the direction of the defocus was achieved by in-
rementing the amount of monochromatic aberrations.
hese results indicate that monochromatic aberrations
ay play an active role in the accommodation mecha-

ism.
In this context, the aim of this study is to further elu-

idate how monochromatic aberrations affect the accom-
odation response. We used an AO system specially dedi-

ated to measuring some properties of the accommodation
esponse for different optical conditions, in particular
hen subjects accommodated either with their natural
berrations or with their asymmetric aberrations par-
ially removed.

. METHODS
. Experimental AO System
he AO system used here includes as main components a
artmann–Shack (HS) wavefront sensor26 and a mem-
rane deformable mirror.27 Figure 1 shows a schematic
iagram of the experimental apparatus. The HS sensor
ses a CCD camera operating at 25 Hz and an array of
quare microlenses (of 0.4 and 6.4 mm focal length)
laced in front of the camera. The HS images are ana-
yzed fast enough by the control PC to estimate the eye’s
berrations from each frame in real time �25 Hz�. A
e–Ne laser ��=633 nm� is used for system alignment
nd calibration. The membrane deformable mirror has 37
ndependent electrodes beneath the mirrored surface that
an be independently driven by the computer while the
embrane remains grounded. The electrostatic force in-

uced between the mirror and the electrodes deforms the
exible membrane toward its base. The control of this de-
ice and its performance for experiments in the human
ye has been described elsewhere.27 Voltages applied to
7 control electrodes electrostatically drive the membrane
hape. Since the force between the membrane and the
lectrodes is attractive, the membrane can be pulled only
oward its base. By biasing the mirror to a nonzero volt-
ge, deformation in both directions can be induced. To
ontrol the mirror, the influence functions were deter-
ined by applying voltages to each electrode sequentially
hile measuring the produced wavefront with the HS

ensor. The surface’s wavefronts are expressed as Zerni-
e’s polynomial expansion using 21 terms, which corre-
ponds to the fifth order. The influence functions are
rouped in the influence function matrix (IFM) by col-
mns. The dimension of the matrix IFM is 21�37: the
umber of Zernike modes and the number of electrodes.
ssuming linear response, the control matrix is obtained
imply as the inverse of the IFM. In general, this matrix
s not regular, so pseudoinversion methods are required.
The subject is fixated by using a bite bar mounted in a
-D micropositioner. The pupil centering is performed by
eans of an auxiliary camera, CAM1, focused at the focal

lane of lens L1. The exit pupil of the eye is conjugated
ith both the deformable mirror and the microlens array
y means of lenses L1, L2 �f1�=120 mm; f2�=200 mm� and
enses L3, L4 �f3�=200 mm; f3�=100 mm�. These lenses
ere selected to produce appropriate magnification
mong the three conjugate planes: an eye pupil diameter
f 5.52 mm permits filling of the optimum controllable
rea on the deformable mirror (9.2 mm diameter) and the
CD camera area used by the HS sensor (4.8 mm diam-
ter). A pigtailed near-infrared diode laser illuminates the
ubject’s eye with a diameter of 1.75 mm. To remove the
orneal reflection from the HS images, the illumination
eam is slightly misaligned. During the measurements,
ight intensity is limited to 5 �W/cm2, �3 orders of mag-
itude below the maximum exposure limit for continuous
iewing.28 This permits long time exposures, which are
mportant in our experiment, where subjects are asked to
ccommodate while the aberrations are continuously
easured and modified. The system incorporates a motor-

zed optometer to correct or add defocus independently of
he deformable mirror. The optometer consists of four
irrors, two of them—M2 and M3—mounted on a mobile

nd motorized platform controlled remotely by the com-

ig. 1. Experimental apparatus. A pigtailed near infrared laser
s used as the beacon source for the eye. A Hartmann–Shack
H-S) wavefront sensor measures the ocular aberrations in real
ime �25 Hz�. The deformable mirror modifies the ocular aberra-
ions in closed-loop. During the measurements the apparatus al-
ows the subject to view visual stimuli simultaneously. The mo-
orized optometer can generate abrupt changes in defocus,
nducing accommodation in the subject.
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uter. The precision of the movements is 2.5 �m, which
orresponds to 5�10−4 diopters (D) of defocus. The speed
nd acceleration of the motorized translation stage was
djusted to provide changes in object vergence that were
uch faster than typical eye’s response. An additional

eam splitter, BS3, permits the subject to see visual
timulus while the aberrations are being modified. A 4.8
mm-diameter aperture, P2, placed at the focal distance of
ens L4 matches the same aperture as that selected in the
S image to compute the aberrations. An interference fil-

er centered at 540 nm with 10 nm bandwidth is used to
resent quasi-monochromatic stimuli: a high-contrast let-
er E displayed on a high-fidelity monitor subtending ap-
roximately 30 arcmin with an effective luminance of
5 cd/m2.

. Experimental Protocol
wo subjects with normal vision (PA and SM, aged 40 and
9 years old, 1.5 and 3 D of refractive errors respectively)
articipated in this study. Both subjects were familiar
ith the purpose of the experiment and the methods. Af-

er the eye is centered with respect to the instrument
xis, the subject is asked to look for the best subjective fo-
us by adjusting the motorized optometer. Once the best
ubjective focus is found, the eye’s aberrations are mea-
ured in real time while the subject is looking at the
timulus. We tested the possible influence of the asym-
etric aberrations on the accommodation responses by

nducing abrupt changes in the vergence of the stimulus
nd recording the aberrations, including defocus, when
he subject tried to follow the stimulus. This procedure
as repeated both with the normal aberrations in the eye
nd with all the asymmetric aberrations removed by the
eformable mirror. These changes in vergence were 1.5
nd 2 D for subjects PA and SM, respectively. The proce-
ure was as follows: While the subject was looking at the
timulus through the AO system, at a given time unex-
ected by the subject the optometer abruptly changed the
ergence of the stimulus from far (unaccommodated eye)
o near (1.5 or 2 D). The measurements were repeated un-
er two different situations: the normal and the corrected
ase. In the former, the deformable mirror is set to correct
nly the aberrations introduced by the system statically.
onsequently, the subject will perform the accommoda-

ion experiments solely with his normal aberrations (re-
erred in the following as normal case). In the other situ-
tion, in addition to correcting the system’s aberrations
he deformable mirror also continuously compensates (in
eal time and closed loop) the asymmetric aberrations of
he eye while the subject accommodates. The subject will
erform the accommodation experiments with only his
ymmetric aberrations left uncorrected (referred in the
ollowing as corrected case). Specifically, we corrected
stigmatism (Z3 and Z5) and third-order asymmetric
erms: coma (Z7 and Z8) and trefoil (Z6 and Z9). The sub-
ects were completely unaware of which of these two
ases, normal or corrected, was being performed during
heir accommodation experiments. For subject PA there
ere six runs, half of them with the aberrations corrected
nd the rest under natural viewing conditions. The ac-
ommodative responses of subject SM were measured
uring the experiment eight times, where four corre-
ponded to the natural case and the others with the aber-
ations corrected.

. RESULTS
igure 2 shows an example of the root mean squared

RMS) of the aberrations (except defocus) for each subject,
ith and without correction of the asymmetric aberra-

ions, while the subjects were performing one of the ac-
ommodation experiments. The origin in the temporal
xis corresponds to the beginning of the change in the
ergence of the stimulus. The triangles represent the case
ith dynamic correction of the asymmetric terms, and the

quares are for the normal case. In subject SM, RMS in
he normal case increases slightly with accommodation,
hile in subject PA it remains stable. The AO system per-
its reasonably stable aberrations (RMS) to be main-

ained for the corrected case in both subjects while they
re accommodating. Figure 3 shows the modulus-2� rep-
esentation of the wave aberrations (without defocus) for
ubject PA for the normal and corrected cases, with the
ssociated PSFs. As an estimation of the retinal images
uality, the corresponding Strehl ratios have been added
n every PSF plot. There are two maps for every case
normal and corrected) showing the aberrations for both
naccommodated and accommodated cases. The same
ype of results for subject SM is presented in Fig. 4. These
gures show nicely the correction of the asymmetric ab-
rrations during the accommodation experiments. For
oth subjects, the retinal image remains rotationally sym-
etric in that case during the accommodation. For the
ormal case, the retina image is clearly asymmetric and
he aberrations change during accommodation in a differ-
nt manner for each subject, as previously reported.29,30

o better quantify the aberration changes occurring dur-
ng accommodation, Figs. 5 and 6 show the values of the

ig. 2. Evolution of the average RMS of the ocular aberrations
or subjects PA and SM during accommodation in a 5.52 mm pu-
il. Experimental data are shifted in the temporal axis to per-
orm the average, so that the origin in this axis matches the ex-
ct starting point for the induced changes in the defocus.
riangles, RMS when the accommodation is performed under
atural viewing conditions (natural aberrations); squares,
losed-loop asymmetric-aberration correction.
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ernike terms for each subject in the two accommodation
tates and in the natural and corrected cases. These plots
how that the asymmetric terms are well corrected within
he capability of the corrected device.27 Spherical aberra-
ion changed in a similar way in both subjects and in the
wo conditions, becoming less positive with accommoda-
ion. It must be noted (and will be discussed in more de-
ail below) that spherical aberration was not corrected
ainly because of the limitations of the device used.
The accommodation response was measured for each

xperimental condition. From these responses (defocus as
function of time after the abrupt change of the stimulus

ergence), a series of selected parameters were obtained:
atency time, defined as the time delay measured between
he change of vergence of the stimulus and the beginning
f the accommodation; accommodation response time, de-
ned as the time that the eye is continuously varying the
ocus, from the initial state to the finally accommodated
tate reached; and accommodation error, defined as the
ifference between the ideal response, corresponding to
he case of perfect focusing, and the reached steady state.
he peak velocity in the response was also obtained. To
xtract all these parameters, the experimental data of the
ccommodation response were fitted to a Boltzmann sig-
oidal function, given by

y =
A1 − A2

1 + exp��x − x0�/dx�
+ A2, �1�

ith A1, A2, dx and x0 the fitting parameters. The values
or A1 and A2 correspond to the initial (before accommo-
ation) and the final defocus (after accommodation), re-
pectively. Figure 7 shows the measured accommodation
esponse as a function of time in subject PA for a 1.5 D
brupt change of vergence (circles). The temporal axis has
een shifted so that the value zero corresponds to the

ig. 6. Average ocular aberrations, excluding defocus and tilt, in
ubject SM before (white bars) (shaded bars) and during the 2 D
nduced accommodation for both the natural and the corrected
ases.
ig. 3. Average ocular aberrations (modulus-2� representation)
or subject PA before and during the induced 1.5 D accommoda-
ion in a 5.52 mm pupil. (a) The natural case shows the mea-
ured aberrations when the subject performs the accommodation
nder natural viewing conditions. (b) The corrected case presents
he aberrations when the asymmetric aberrations are corrected.
n both cases the associated PSFs are shown together with the
stimated Strehl ratios. The tilt terms and defocus are not in-
luded in the aberrations maps.
ig. 4. Average ocular aberrations (modulus-2� representation)
or subject SM before and during the induced 2.0 D accommoda-
ig. 5. Average ocular aberrations, excluding defocus and tilt, in
ubject PA before (white bars) and during (shaded bars) the 1.5 D
nduced accommodation for both the natural and the corrected
ases. The aberrations are expressed in terms of the Zernike
olynomial expansion following the OSA standard ordering.
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brupt change of vergence of the stimulus. The sigmoidal
t is represented by the solid curve. The velocity of the ac-
ommodation response, in diopters per second, is obtained
s the first derivative of the sigmoidal function fitted to
he data (dashed curve in Fig. 7). The peak velocity is de-
ermined as the maximum of the accommodation velocity.
he full accommodation change is the difference between
he initial and the final defocus in the eye. We considered
hat the accommodation ramp starts when the defocus
eaches 2% of the total accommodation change and fin-
shes at 98%. Following this criterion, the latency is the
emporal interval between the change of vergence of the
timulus and the beginning of the accommodation ramp.
e evaluated the quality of the fit of the sigmoidal func-

ig. 7. Accommodation response as a function of time for sub-
ect PA induced by a 1.5 D abrupt change in defocus (circles). The
ata are shifted so that the value 0 in time matches the origin of
he change of defocus. The thick solid line represents the ideal
nal accommodation �1.5 D�. The thin solid curve shows the sig-
oidal fit obtained from the experimental data. The dashed

urve shows the velocity of the accommodation (in diopters per
econd), calculated as the first derivative of the estimated sigmoi-
al function.

ig. 8. Accommodation responses in subject PA under natural
iewing conditions (top) and with asymmetric aberration correc-
ion (bottom). The programmed step change in defocus was
.5 D. The experimental data are shifted on the temporal axis so
hat the zero value corresponds to the beginning of the defocus
hange.
ion to the experimental data of the accommodation re-
ponse by calculating the chi square parameter ��2�. For
ubjects PA and SM, �2 ranged from 0.0016 to 0.0079 and
rom 0.007 and 0.048, respectively (for a perfect fit �2 is
ero). These values support the choice of a sigmoidal func-
ion to fit the experimental data of the accommodation re-
ponse over exponential functions.

Figure 8 shows all the measured accommodation re-
ponses for subject PA for both the case with his normal
berrations and the case with the symmetric aberration
erms corrected in closed loop. The correction of the asym-
etric aberrations appears to produces a less abrupt

slower) accommodative response. This tendency is also
pparent in subject SM (Fig. 9). The accommodation
timuli were 1.5 and 2 D for subjects PA and SM, respec-
ively. For every response the corresponding the sigmoidal
t was performed and the parameters obtained. Figures
0 and 11 show the results for both subjects and the two
onditions. The bar diagram on the left side of Fig. 10 pre-
ents the final level of accommodation in each subject
ith (gray) and without (white) asymmetric aberration

orrection. The dotted lines indicate the ideal response. In
he two subjects, the achieved level of accommodation was
ot affected by the correction of the asymmetric terms.
his indicates that the precision in the accommodation
esponse seems to be unaffected by the correction of the
symmetric monochromatic aberrations. The panel on the
ight side of Fig. 10 presents the latency time for both
ubjects. Although the latency time is significantly differ-
nt between subjects, the corrected and the natural cases
how similar values. Figure 11 presents the accommoda-
ion response time and the response velocity. The re-
ponse time increases for both subjects when the asym-
etric aberrations were corrected. This increase is

ignificant in both subjects (a factor of 4 and 2 for subjects
M and PM, respectively). This increase in the temporal
esponse together with the fact that the final level of ac-
ommodation did not change explains the measured
hange in the velocity of the accommodative response.

ig. 9. Accommodation responses in subject SM under natural
iewing conditions (top) and in the corrected case (bottom). The
nduced change in defocus was 2.0 D.
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he panel on the right side of Fig. 11 shows the response
elocity (in diopters/seconds) for both subjects and condi-
ions. The relative decreases of the speed of the response
hen the asymmetric aberrations were corrected were 3
nd 1.5 for SM and PA, respectively.

. DISCUSSION
e found that the spherical aberration changes in the two

ubjects during the accommodation, becoming less posi-
ive. This has been a well-known fact ever since the first
tudies measuring aberrations in the eye.31,32 Although
pherical aberration and its possible changes during ac-
ommodation may play a role in accommodation, in this
tudy we concentrated only on the effect of asymmetric
berration terms. The rationale for this decision was two-
old. On the one hand, we had a technical limitation in the
egree of spherical aberration correction imposed by the
embrane mirror; on the other hand, we decided to ex-

lore the effect of only asymmetric terms, minimizing the
ariations in the symmetry of the retinal images during
ccommodation. We achieved a quite good correction of
symmetric aberrations when the accommodation experi-
ents were performed. As far as we know, this was the

rst attempt to use closed-loop AO to perform accommo-
ation experiments. Because of the technical difficulties

ig. 10. Average results from the accommodation responses in
he two subjects. In the left panel, the bars show the finally
chieved accommodation with natural aberrations (gray) and
ith asymmetric-aberration correction (white). The right panel

hows the latency time in the two cases. The error bars represent
he standard deviation.

ig. 11. Response time with natural aberrations (left panel,
ray) and with asymmetric-aberration correction (white). The
ight panel shows the accommodation velocity in the two cases.
f this experiment, we limited our study to two subjects.
lthough this would limit the conclusion to a general
opulation, we were more interested in showing the po-
ential of the approach.

In the two subjects, both the accommodation response
nd the latency time were unaffected by the correction of
symmetric aberration. Nonetheless, we found a signifi-
ant increment in the response time when the subjects
erformed the experiment with their asymmetric aberra-
ions corrected. As there are related parameters, the
peed of the response also decreased with the aberrations
orrected. These changes in the response time and the
eak velocity when the aberrations were removed may in-
icate the existence of a complex relationship between
onochromatic aberrations and accommodation. This fur-

her supports the existence of a feedback-loop mechanism
ased on the asymmetric aberration terms that drives the
ccommodation response. A recent study25 showed that
he subjects were able to identify the correct direction of
efocus solely using the information on monochromatic
berrations. If these aberrations helped the visual system
o choose the appropriate direction of accommodation, it
ould not be surprising that when they were removed,

he performance of the accommodation also would de-
rease. Although in our experiments the subjects always
new the direction of the accommodation (from far to
ear), the possible feedback loop may become impaired by
he elimination of the asymmetric aberrations terms. In
his case, perhaps the addition of a particular aberration
hat introduces more asymmetry in the retinal images
hile keeping the optical quality acceptable for the sub-

ect could improve the accommodation time.
This proposed scenario becomes highly complicated

hen other factors are considered. Recently a novel effect
n vision related to monochromatic aberrations has been
eported.14,16 It was found that the subjects exhibit a sig-
ificant neural adaptation to their monochromatic aber-
ations. When the ocular aberration pattern is changed,
ven if the optical quality of the retinal image is pre-
erved, the subjects suffer a notable decrease in vision.
oreover, this effect is expected also to occur when the

ptical quality of the retinal images is not maintained at
ll, as is the case in our experiment. The possible en-
ancement of the retinal image quality produced by the
artial correction of the aberrations could be balanced by
he change of the perceived ocular aberrations. This neu-
al effect may partially contribute to the obtained results.

In summary, we demonstrated the potential of using an
O apparatus to explore the role of monochromatic aber-
ations during accommodation. When we partially re-
oved asymmetric aberrations, we found a systematic re-

uction in the performance of accommodation. To our
nowledge, these findings are the first experimental evi-
ence that the correction of some high-order monochro-
atic aberrations may produce a deterioration of a par-

icular visual function, accommodation. These results
uggest that a hypothetical perfect real-time correction of
ormal aberrations could induce a collateral reduction in
ccommodation performance. However, it should be noted
hat accommodation involves, and is affected by, a large
ariety of factors, showing important intersubject vari-
bility. Therefore, future studies should incorporate a
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arger number of subjects and different accommodation
timuli. As an example, Chen and colleagues33 found no
ignificant changes in the accommodation response when
orrecting all the monochromatic aberrations in a smaller
ange of defocus �±0.5 D� and using a different accommo-
ation stimulus. Further investigations using AO are
eeded to increase our understanding of the actual role of
igh-order monochromatic aberrations in the accommoda-
ion mechanism.
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