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Abstract: An instrument for fast and objective measurement of the peripheral refraction in the
human eye is presented. The apparatus permits the automatic estimation of both defocus and
astigmatism at any retinal eccentricity by scanning a near infrared beam. The design includes a
Hartmann-Shack wavefront sensor and a steering mirror, which operate in combination with a
compounded eyepiece for wide field operation. The basic scanning protocol allows the estimation
of refraction in a circular retinal patch of 50 deg diameter (±25 from central fixation) in 3 sec.
Combined with additional fixation points, wider retinal fields can be sampled to achieve a whole
field. The instrument underwent calibration and testing, and its performance for real eyes was
assessed in 11 subjects of varying age and refraction. The results show high repeatability and
precision. The instrument provides a new tool for the investigation of peripheral optics in the
human eye.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1.

Introduction

Peripheral optics and vision play an important role in different situations. For example, it is
known that peripheral vision is of importance in mobility: some tasks as driving [1–3], walking
[4–6], and practicing certain sports [7–8] are greatly affected by the capability of the visual
system in the periphery. Additionally, peripheral vision provides the only visual information
for those patients suffering from retinal conditions compromising the foveal area, such as, e.g.,
macular degeneration [9,10]. Consequently, measurement and correction of peripheral refractive
errors may be of importance for these patients [11,12]. Aside of these vision-related applications,
much of today’s interest in the study of peripheral refraction arises in the context of myopia
control. Myopia is known to be associated to a different shape of the posterior eye as compared
with the emmetropic eye, affecting the morphology of the retina [13,14]. Whether the changes
in relative retinal shape, the profile compared with central fovea, are cause or consequence of
myopia progression remains controversial. The subject offers a promising research line to better
understand the myopia onset [15,16, 17], and eventually a means to halt its progression through
interventions affecting peripheral refraction.
Peripheral refraction has been measured for more than 90 years [18]. Subjective refraction
in the periphery involves the display of visual charts off axis, occasionally in combination with
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trial lenses. Since the peripheral retina exhibits a significant reduction in visual performance
as compared to foveal vision, these are more complicated tasks as in normal refraction. In
addition, subjective methods rely on the ability of the patient to maintain fixation, involve
continuous change of position of the visual test for sampling different eccentricities, and bring
about significant protraction, all of which may affect the performance of the subjects [19]. While
subjective refraction is still considered as the gold standard for central, foveal vision, in the
periphery, objective methods, requiring little or no cooperation from the patient, are advantageous
[20].
Along the years, several objective techniques have been used for peripheral refraction estimation, for instance retinoscopy [18,21–23], double-pass retinal imaging [24–29], autorefractors,
including commercial models [30–33], and photorefraction [34]. All these modalities require
the subject to change the line of gaze to obtain the refraction at different eccentricities. This
circumstance makes them unfeasible for high sampling of the retinal field, and to certain extent,
unreliable. Their accuracy is based on the subject’s ability to maintain fixation for extended
periods of time.
A major advance in the determination of peripheral refraction has been the use of wavefront
sensors. Among them, the Hartmann-Shack (H-S) sensor is the most widely used technology
[35]. Several studies have used laboratory H-S instruments for estimating peripheral refraction,
in some cases comparing the method with other techniques [36–40]. The results show in general
that the H-S based approach surpasses the alternatives in precision and reliability. Despite the
evident advantage of this class of instruments, including commercial aberrometers, they share in
most cases the main limitation of other techniques: they require changing the fixation point to
retrieve refraction at different eccentricities, which limits the number of points across the retinal
field that can be sampled. An alternative to this cumbersome approach is to keep the subject’s
fixation steady and perform an angular scan with the measurement beam. A first antecedent in
this direction achieved ±15 deg scanning of the retinal field in approximately 7 s [41]. Two other
instruments, combining the H-S sensor with opto-mechanical relays, have been developed to
circumvent some of the limitations of this approach. In the instrument of Jaeken et al. [42,43], the
relay containing the sensor mechanically rotated around the eye of the subject, who maintained
the gaze to a fixation point projected in open view in front of the apparatus. The refraction along
the horizontal meridian could thus be estimated. By changing the height of the fixation point,
horizontal scans at other eccentricities in the vertical direction could be sampled to complete a
2D mapping of refraction [44]. Despite its potential, the instrument presented some drawbacks,
namely the difficulty in centering the subject and the need of multiple scans for every different
fixation point. In other apparatus combining H-S technology with scanning capabilities [45], a
set of prisms directed the wavefront emerging from different retinal locations along a meridian to
an H-S wavefront sensor. The instrument exhibited certain limitations in its range, selection of
meridians, and the density of sampling points.
Despite the vast number of techniques and instruments developed along the years, there are
still important challenges to determine in practice the peripheral refraction. In this work, we
present a new instrument, combining an H-S wavefront sensor with a scanning laser beam, to
obtain the refraction at any retinal eccentricity, which overcomes most of the previous existing
limitations.
2.
2.1.

Methods
Experimental apparatus

The optical system’s diagram is presented in Fig. 1. The apparatus employed only off-the-shelf
components, and it was devised to operate in the human eye. The system included a wide field
eyepiece (lenses L1-5) specifically designed and optimized for this apparatus by using a ray
tracing program (OpticStudio 16, Zemax LLC, USA). The eye lens L1 is a positive meniscus of
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100mm focal and 50 mm diameter (LE1076-B, Thorlabs Inc, USA), L2-L4 are identical doublets
of 200 mm focal and 75 mm diameter (#88-596, Edmund Optics, UK). L5 is a negative singlet
lens of -60 mm focal and 40 mm diameter (SLB-40-60NIR1, Optosigma Europe SAS, France).
The eyepiece exhibited a back focal length of 37.6 mm. This distance is the clearance from the
eyepiece to the plane where the entrance pupil of the eye must be placed for correct operation of
the instrument. Lens L6 was a positive doublet of 75 mm focal and 50 mm diameter forming a
telescope in combination with the compounded eyepiece. To operate in such telescopic manner,
the focal point of L6 coincided with the virtual object focal point of the eyepiece. The latter
was located at 28.1 mm away from the surface of L5. The next element in the system was a
steering mirror SM (MR-15-30-PS-25 × 25D, Optotune Switzerland AG, Switzerland) located at
the object focal plane of L6. With such design, the SM is optically conjugated with the entrance
pupil of the eye. The mirror allowed a resolution of 22 µrad, with a typical response time of 8 ms.
The SM was the responsible of scanning a collimated narrow laser beam of 850 nm (#37-040,
Edmund Optics, UK), limited at the exit of the source by a pupil of 0.8 mm diameter. Accounting
for the magnification of the telescope formed by L6 and the eyepiece, the beam was 0.29 mm at
the entrance pupil of the eye. The laser beam was introduced in the optical axis of the system by
means of a non-polarizing 10/90 beam splitter (shown as BS in Fig. 1). The emission of the laser
was attenuated with a neutral filter, not shown in the figure, so that energy of the beam at the
entrance pupil was kept below 75 µW, far below the maximum exposure limit. The SM scanned
at any eccentricity within the operating range. In Fig. 1 different colors display angles of 11.5.
8.5, 6, and 3 deg from mirror, from top to the bottom, corresponding on the entrance pupil of the
eye to 31.74, 23.4, 16.5, and 8.25 deg, respectively. The light back-reflected from the patient’s
retina followed the same trajectory and was de-scanned by the SM, resulting in a steady optical
path towards the sensor for all beams containing phase information from the eye, independently
of their angle at the pupil plane.

Fig. 1. Experimental apparatus showing the optical axis in solid black line and diverse
optical elements. Trajectories in colors correspond to different scanning angles generated
by the steering mirror (SM). Light backscattered from the retina is de-scanned so that the
beam enters the sensor’s relay steady along the optical axis. Folding mirrors M1-3 permit a
compact design. An interference filter IF in front of the sensor selects light centered at 850
nm emitted by the laser. For more details and meaning of abbreviations in the figure see the
main text.
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The plane containing the SM was optically conjugated with the H-S wavefront sensor by
means of a telescopic relay formed by lenses L7 (AC254-200-B, Thorlabs Inc, USA) and L8
(AC254-50-B, Thorlabs Inc, USA). The total magnification of the system, from the eye’s entrance
pupil to the plane of the sensor was 0.69.
The H-S wavefront sensor was compounded of an array of microlenses of 3.17 mm focal
length and 192 µm pitch (APO-Q-P192-F3.17, Flexible Optical B.V., Netherlands), and a CMOS
camera (DMM 37UX252-ML, The Imaging Source Europe GmbH, Germany). An interference
filter IF centered at 850 nm and with a 10 nm bandwidth (FBH850-10, Thorlabs Inc, USA)
selected the light emitted by the laser.
Two CMOS cameras (DMM 72BUC02-ML, The Imaging Source Europe GmbH, Germany)
185 mm apart, evenly separated from the eye lens L1 in the horizontal meridian, served to center
the subject to the system. Additionally, they were used to center external optical elements for
alignment and calibration. The entrance pupil of the eye, given by the virtual image of the pupil
generated by the cornea, must be located at the focal plane of the eyepiece and coincident with
the optical axis of the apparatus for its optimal operation. By using the simultaneous images
from the two cameras and applying straightforward triangulation, the clinician can accomplish
precise 3D positioning of the eye, as described before [46].
The optics of the instrument was mounted on a 300 × 300mm breadboard occupying approximately half of its surface. A picture of the actual system is shown in panel (A) of Fig. 2. All
the electronics and power supplies for the laser and cameras were placed around the optics, so
that the full set could be enclosed in a single frame. The external cover was manufactured on
a 3D printer in polylactic acid (PLA) material and mounted on a movable stage allowing 2D
displacement in the horizontal plane, and vertical adjustment using a joystick. A chin rest and
forefront served for subject’s fixation. The system was connected to a single computer ready for
operation in the clinic. Panel (B) of Fig. 2 shows a picture of the instrument once mounted and
enclosed in the frame.

Fig. 2. (A) Picture of the actual optical system with its main components. The red dashed
line indicates the light path across the apparatus. (B) Instrument enclosed in a frame for
clinical use.

2.2.

System calibration

The optical aberrations introduced by the system through different eccentricities were accounted
for and subtracted in the wavefront sensor by means of a semi-empirical method. In a first stage,
a collimated beam was introduced at different angles in 5 deg steps from the optical axis of
the instrument, with the pivot point conjugated with the SM. Horizontal, vertical and the two
oblique meridians were sampled. Zernike polynomials up to fifth order were determined from
the recorded H-S images, corresponding to the intrinsic aberrations of the system for the sampled
directions. To obtain semi-empirical mathematical functions for the system aberrations to be
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compensated at any possible angle within the instrument range, the experimental values at the
sampled points were fit to a 2-D polynomial of horizontal and vertical eccentricity for each
individual Zernike term. In all cases, the correlation coefficient of the fitting stood above 0.95.
Accordingly, during the operation of the system the so-obtained values for the set of polynomials
at a given eccentricity were subtracted from the wavefront readouts, so that the output discharged
the aberration contribution of the system.
Another type of aberration also introduced by the eyepiece that affected the output of the
H-S sensor was image distortion. It manifests as a change in magnification across the field,
typically as a function of the distance to the optical axis. Because of distortion, the pupil, and
likewise the wavefront, projected onto the H-S were stretched mainly in a radial direction, by an
amount proportional to the eccentricity. To illustrate the effect of this stretching, a circular pupil
perpendicular to the path of light at a given eccentricity would appear as an ellipse elongated in
radial direction on the HS plane, and a spherical wavefront impinging the ocular would have
a longer radius of curvature in radial direction, thus appearing as a combination of defocus
and astigmatism. Instead of altering the H-S processing algorithm to compensate for this
wavefront distortion, we selected, for simplicity, to always process the H-S images on a fixed
circular pupil regardless of eccentricity, and then apply a geometrical correction to the resulting
Zernike coefficients, based on a simple model of distortion considering radial and tangential
magnifications. To estimate these magnifications as a function of eccentricity, series of spherical
trial lenses ranging from -10 D to +10 D were introduced at the pupil plane, perpendicular to the
path of a collimated beam entering the system at different angles. Magnification values for each
eccentricity were calculated by fitting from the measured defocus and astigmatism as a function
of lens power. Finally, each set of magnification estimates, radial and tangential, was fitted to a
circular paraboloid to produce the required parameters for Zernike coefficient conversion. These
fittings corresponded to a first order approximation in a typical “even-order polynomial model”
of distortion treatment [47]. The distortion was compensated at every eccentricity accordingly.
Because of the existing field aberrations in the eyepiece, the entrance pupil of the eye projected
on the wavefront sensor drifted with eccentricity, with a maximum around 0.5 mm for 25 deg.
This drift was calibrated and accounted for when processing H-S images at any given eccentricity.
2.3.

Fixation and scanning

A visual stimulus was presented to the subject to keep a steady line of sight during the scanning of
the laser beacon on the retina. The fixation target was produced by rapid rotation of the steering
mirror itself, forming a flickering disc of 0.5 deg diameter. The stimulus was intermittently
presented for 150 ms every 300 ms while the rest of the cycle was used to scan through
eccentricities at 90 HZ to measure refraction/aberrations. The choice of the fixation target was
made twofold: in one hand to keep a small stimulus so that foveal vision could be guaranteed, and
in the other hand to assure as much as possible that the programmed eccentricities were applied by
rapidly changing between fixation and refraction measurements. A custom software interface was
developed to operate and control the instrument. The software incorporated different scanning
protocols. The basic operation mode consisted of displaying the fixation circle on axis and
sampling a circular retinal field of 50 deg in diameter following a square grid in 5 deg steps,
completed in 3 sec. Combinations of scans with eccentric fixations allow extending the field. For
example, by using 2 fixation orientations at ±15 deg in horizontal meridian aberrations/refraction
can be mapped on a 70 × 50 deg retinal field. An additional pre-set mode allows a high-density
sampling in steps of 1 deg along any selected retinal meridian. All changes in fixation could be
accomplished by the steering mirror with no other movable part in the instrument. Measurements
can be stored and combined from consecutive runs to enlarge the retinal field or to achieve higher
resolution, keeping each scan under 3 sec as a rule.

Research Article

Vol. 13, No. 5 / 1 May 2022 / Biomedical Optics Express

2952

Since the eyepiece is used in double pass to convey and collect light, when the scanning
beam hits on the optical axis of the system, back reflections on its lenses dazzle the H-S sensor
preventing its correct operation, creating a blind area of approximately 6 deg diameter. Outside
this zone, back reflections from the instrument did not affect its performance. Corneal reflections
occasionally appearing for some subjects and angles were compact, since the beam at the corneal
plane was just 0.29 mm wide and therefore, only a small fraction of the total number of spots in
the H-S images were affected. The software package performed routine checking of each spot
quality (morphology, intensity, and signal-to-noise ratio) and discarded non-compliant ones, so
that modal estimation of the wavefront or refraction was not compromised.
2.4.

Protocol for experimental measurements

To assess the accuracy or the apparatus, set of trial lenses with known values of defocus and
astigmatism were measured in the system. The lenses were placed in a dedicated holder designed
to maintain them steady, still allowing the controlled rotation around the pivot point in front
of the system. The sensitivity of the reticle on the rotating wheel of the holder was 1 deg. A
collimated beam from a diode laser source emitting at 785 nm (S1FC780, Thorlabs Inc, USA)
back illuminated the lenses and moved together with them in the rotation. Collimation of the beam
(F810APC-780, Thorlabs Inc, USA) was set prior to its use by using a shearing interferometer.
The orientation of the astigmatic lenses was adjusted manually by means of an angle conveyor
with 1 deg sensitivity. The trial lenses were measured for different meridians and eccentricities
ranging from 0 to 25 deg.
To test the instrument in real eyes, 11 volunteers (mean age 36 ± 10 years, mean refraction
-2.8 ± 1.8 D) were examined. The participants were free from any ocular pathology and exhibited
normal vision. No constraint was placed on age or refraction in the study. The subjects underwent
different scanning protocols to test the instrument. The recruitment of participants followed the
tenets of the Helsinki declaration and adhered to the ethical protocols approved by the institution
pertaining this project.
3.
3.1.

Results
Trial lenses

The first testing consisted of measuring the set of spherical trial lenses with power ranging from
-10 to 10 D and placed perpendicular to the path of light for eccentricities in 5-deg steps along
four meridians: vertical, horizontal, and ±45° oblique directions. Lenses were mounted on a
dedicated holder as it was disclosed in previous section. Figure 3 displays a selection of the
results corresponding to the positive vertical eccentricities, presented in different panels.
Linear fitting of the measured refraction versus lens power yielded slope values very close to
the ideal value, -1, and determination coefficients, R2 , above 0.999 in all cases. The application
of negative lenses of power produced a measured positive value of defocus and vice versa, in
accordance with the sign convention in optometric practice.
Panel A in Fig. 4 presents a summary of the results for spherical trial lenses. It shows the
mean defocus for each lens power, averaging across different meridians and eccentricities. Error
bars correspond to standard deviation for each data point. The average standard deviation across
eccentricities was 0.19 D.
The system was further tested by using astigmatic trial lenses of power -4, -2, 2, and 4 D.
These lenses were rotated to orientations 0, 45, 90, and 135 deg with the horizontal direction as
reference origin (0 deg). Panel (B) in Fig. 4 shows the experimental results for the dioptric power
of the signed astigmatic lenses (dots). Error bars corresponding to the standard deviation (mean
value 0.15D) are barely visible for they are contained in the points. The linear fit exhibited a
virtually perfect R2 = 1, with a slope superior to 0.99 in absolute value.
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Fig. 3. Experimental defocus along the positive vertical direction for the set of trial lenses
(black dots). Linear fitting is shown with a red line. The linear equation estimated from the
fitting is presented at every panel.

Fig. 4. (A) Average measured defocus across eccentricities as a function of spherical trial
lens power. (B) Average signed astigmatism measured across eccentricities as a function
of cylindrical trial lens power. (C) Average, across eccentricities and lens power values,
of the estimated orientation of the astigmatic lenses. In all the panels a linear fit of the
experimental data is presented. Error bars corresponding to the standard deviation lie below
the size of the points.
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The estimation of the rotated angles of the astigmatic trial lenses is presented in panel (C) of
Fig. 3. In this case, the mean standard deviation was 1.8 deg. The error bars lie below the size of
the black dots corresponding to the experimental results; therefore, they remain hidden in the
scale of the figure.
3.2.

Real eyes

The basic operation mode, consisting of scanning a circular retinal field of 50 deg of diameter
in a rectangular grid with 5-deg steps, was first applied to study the repeatability of the output
in all subjects. Three consecutive runs of the basic scanning protocol were acquired for each
volunteer’s right eye. The spherical equivalent refraction (SER) was calculated at every sampled
point of the retina across the field. In Fig. 5, the standard deviation obtained from 3 runs is
presented for this scanning mode together with a color-coded representation of the spherical
equivalent refraction in two subjects.

(A)

(B)
+25 deg

-25 deg

+25 deg

Subject 2

Subject 1

-25 deg

Fig. 5. The larger panels show the standard deviation obtained at every eccentricity with
the basic scanning protocol through 3 consecutive runs in 2 subjects. Numerical values are
provided at any point in diopters. The spherical equivalent refraction (SER) maps from the
3 runs are shown in the columns. The same color code is used in all panels. Mean standard
deviation, obtained by averaging each standard deviation map is given at the bottom.

In every plot, right and left sides correspond to temporal and nasal retina, and up and down to
superior and inferior retina, respectively. Average standard deviation is presented below each
panel. When repeating the process for all subjects, a mean variation of 0.35 D was a found across
eccentricities.
As an aid to visual interpretation of results, the outcomes of a 2-D scan across eccentricities
can be represented as color-coded maps. Besides SER, as in both columns in Fig. 5, the custom
software can produce maps showing sphere, cylinder, and horizontal/vertical and oblique Jackson
crossed cylinders, J0 and J45. Figure 6 shows examples of these maps in 3 subjects, with a
protocol combining 3 scans with fixation at 0 and ± 15 deg in the horizontal meridian. In the
overlapping areas, average values were calculated across scans. Color codes for retinal dioptric
power are the same in all panels, ranging from -4 (red) to 4 D (blue). The numerical value is
superimposed at each data point.
Isolated values significantly different than their neighbors can be found in some scans, as is
the case for Subjects 3 and 5 around 15-20 deg nasal, 5 deg superior. It was frequent to find this
type of artifact, which can probably be attributed to the optic disc, as it lies about this retinal
eccentricity. Neither these nor any other freak values have been eliminated from the maps since
they constituted a small fraction of the retinal eccentricities at most and can be easily discarded if
necessary. The difference in SER relative to foveal refraction is presented in Fig. 7 for several
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Fig. 6. Peripheral refraction maps in terms of Jackson crossed cylinders J0 and J45, sphere,
and spherical equivalent refraction, obtained by combining 3 fixation points at 0, ±15 deg
for 3 subjects. All maps have the same color coding, shown in the color bar. The scanning
time for each fixation was below 3 sec. Mean values were calculated for eccentricities
covered with more than one fixation. Numerical values in diopters are superimposed at each
eccentricity. Adjacent squared cells are separated by 5 deg in every direction.

subjects. This kind of map is particularly useful to better compare retinal morphology across
subject with, e.g., different refractive errors.
-2.8D (S6)

-7.4D (S7)

-3.8D (S8)

-3.5D (S9)

-3D (S10)

-1.9D (S11)

-3.4D (S2)

0.5D (S1)

Fig. 7. Relative spherical equivalent peripheral refraction, with reference in central fovea,
obtained by combining 3 fixation points at 0, ±15 deg for 8 subjects. Foveal SER for each
subject is provided above each panel, together with the identification code of the subject.
All maps have the same color coding, shown in the colorbar. The scanning time for each
fixation was below 3 sec. Mean values were calculated for eccentricities covered with more
than one fixation. Numerical values in diopters are superimposed at each eccentricity.
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Foveal refraction and subject ID are given on top of each panel in Fig. 7. All retinal refractions
are represented with the same color code, ranging from -4 to 4 D. The foveal data point was left
in white color for a better visual identification of the central retina position.
4.

Discussion

Lenses L1 to L6 were a combination of doublets and singlets. Different lens models are
commercially available with the same focal lengths and diameters but better performance and
optical quality. Nevertheless, the selection presented here exhibited a critical advantage in
comparison with other possible arrangements in terms of back reflections of the scanned laser
beam. In some cases, these unwanted reflections were several orders of magnitude brighter
on the wavefront sensor than the signal received from the eye, therefore preventing the system
from proper operation. Current antireflection coatings did not circumvent the problem, since
the reflected intensity was still far higher than the one coming from the patient’s retina. The
solution for the instrument presented in this work consisted of choosing lenses with geometries
that avoided back reflections coaxial to the incidence beam. To get this effect, the incoming beam
was prevented from hitting any lens surface in a direction pointing to its center of curvature. With
this approach, there was still an unavoidable back reflection when the scanned beam entered L6
and the eyepiece through the optical axis. This fact does not limit the system in practice, since
central refraction can be obtained by setting the fixation point off-axis. The back reflection on
axis could be further limited by narrowing the beam. In the system presented in this work, with
the given beam diameter, the blind zone because of on-axis reflection comprised approximately 6
deg (±3 deg).
In practice, scanning angles through the eyepiece were limited by lens holders to a portion of
the usable diameter. In addition, the wavefront coming back from the eye was wider than the
incident beam. The wavefront estimation was accomplished by a standard modal algorithm, so
a portion of the beam would be enough, at least theoretically, to estimate spherical equivalent
across the entire beam. Nevertheless, for the sake of precision the range was constrained to ± 25
deg in the vertical and horizontal meridians so that through the scan a pupil at least 3 mm in
diameter was always fully available in the sensor for processing. By changing the fixation point,
or adding more than one point, this field has been shown to increase without other technical
difficulties but increasing the time of measurement.
The measurement of trial lenses was required to test the performance of the instrument, both
hardware and software. From the results shown in Figs. 3 and 4, it can be concluded that the
instrument is able to estimate defocus and astigmatism with high accuracy, since the slope of the
linear fitting between lens power and measured refractive error is very close to the ideal -1 and
there is virtually no offset in either case. Concerning precision, average standard deviations were
0.19 D and 0.15 D in the magnitude of sphere and astigmatic power, respectively. Regarding
cylinder axis, average standard deviation was 1.8 deg, while the linear polynomial fitting in panel
(C), Fig. 4 shows an offset of 4.77 deg. This bias is hardly relevant from a clinical perspective,
and it can be easily corrected in the results, but we suspect it to be due to a tilt of the platform
where the trial lenses were positioned. Although already clinically good, the accuracy of the
instrument it can be further improved by developing calibration protocols which guarantee better
alignment between trial lenses and instrument, and by using a more precise set of lenses instead
of standard trial lenses.
When testing repeatability in the instrument, the standard deviation of SER along 3 scans in
the same subject was 0.35 D on average across eccentricities and subjects. This variability can
be due to several factors. One of them is the initial centering of the subject to the instrument.
Although the double camera system allowed high precision, the user must perform the operation
carefully to attain similar positions across runs. Other potential sources of uncertainty in
the results came from the patient. The instrument requires the subject to maintain fixation
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on the test during the scan, and therefore, results may fluctuate with the subject’s ability to
do so. Additionally, accommodation fluctuations naturally change the eye’s refraction and,
accordingly, the instrument outcomes. Consequently, young subjects should present larger
uncertainty in the results under natural vision conditions. The mean age of the subjects in this
work was 36 ± 10 years, ranging from 26 to 60. Consequently, while some subjects maintained a
significant amplitude of accommodation, others were fully presbyopic. In any case, the average
standard deviation found is within the range of fluctuations in accommodation for young subjects,
suggesting this to be the main source of variability in the measurements. Better results could be
obtained by paralyzing accommodation, which in addition it would prevent the appearance of
instrument myopia.
The instrument operated under quite different refractions, as it was presented in Figs. 6 and 7.
Nevertheless, a characterization of the retinal morphology as a function of SER was out of the
scope of this work. The number of subjects was low, with ages spanning a wide range, to infer
any conclusion in this regard. The instrument was shown capable for such task, although in the
present work we focused on studying and characterizing its performance.
5.

Conclusions

We present a new instrument for fast, programmable 2D measurement of refraction and aberrations
of the whole human retina in a wide range of eccentricities. A major advantage of the apparatus
is its accuracy and fast operation time, allowing to scan near 100 points for a single fixation in
a circle of 50 deg diameter on the retina in less than 3 sec. By combining this basic operation
mode with different fixation points, expanded fields can be measured. The instrument passed
a thorough calibration, showing high accuracy. A group of participants of varying ages and
central refractions underwent different scanning protocols to demonstrate the versatility of the
apparatus. The variability of refraction across the field in real eyes was 0.35 D, comparable to
any non-cyclopegic current technique. The instrument provides an unprecedented tool for the
investigation of peripheral refraction that might give a new insight into basic questions such as
the emmetropization process or myopia control. Due to its robust operation and simplicity, the
apparatus can be employed in large populations efficiently in clinical environments.
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