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ABSTRACT

Purpose. To introduce a novel autorefractor design that is intended to be manufacturable at low cost and evaluate its
performance in measuring refractive errors.

Methods. We developed a handheld, open-view autorefractor (the “QuickSee” [QS]) that uses a simplified approach to
wavefront sensing that forgoes moving parts and expensive components. Adult subjects (n = 41) were recruited to undergo
noncycloplegic refraction with three methods: (1) a QS prototype, (2) a Grand Seiko WR-5100K (GS) autorefractor, and (3)
subjective refraction (SR). Agreements between the QS and GS were evaluated using a Bland-Altman analysis. The accuracy
of both autorefractors was evaluated using SR as the clinical gold standard.

Results. The spherical equivalent powers measured from both autorefractors correlate well with SR, with identical cor-
relation coefficients of r=0.97. Both autorefractors also agree well with each other, with a spherical equivalent power 95%
confidence interval of £0.84 diopters (D). The difference between the accuracy of each objective device is not statistically
significant for any component of the power vector (p = 0.55, 0.41, and 0.18, for M, Jy, and J45, respectively). The spherical
and cylindrical powers measured by the GS agree within 0.25 D of the SR in 49 and 82% of the eyes, respectively,
whereas the spherical and cylindrical powers measured by the QS agree within 0.25 D of the SR in 74 and 87% of the
eyes, respectively.

Conclusions. The prototype autorefractor exhibits equivalent performance to the GS autorefractor in matching power
vectors measured by SR.

(Optom Vis Sci 2015;92:1140-1147)
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ncorrected refractive errors are a leading cause of dis-

ability globally and are especially prevalent in low-resource

settings.! One of the major barriers to obtaining prescription
eyeglasses in these settings is that eye care is often inaccessible—there
is a shortage of eye care professionals and the efficiency of existing
providers is limited by a lack of equipment.? Autorefractors are used
ubiquitously in high-resource settings to expedite the refraction pro-
cess and enable minimally trained personnel to measure eyeglass
prescriptions, but they are too expensive for widespread adoption in
low-resource settings.

*PhD

oD, PhD

Madrid-MIT M+Vision Consortium, Massachusetts Institute of Technology,
Cambridge, Massachusetts (NJD, SRD, DL, EL); Department of Biomedical
Engineering, Johns Hopkins University, Baltimore, Maryland (NJD); New England
College of Optometry, Boston, Massachusetts (FAV-D, FT); Instituto de éptica
“Daza de Valdés,” Consejo Superior de Investigaciones Cientificas, Madrid, Spain
(CD, SM); and Instituto de Investigaciones Biomédicas “Alberto Sols,” UAM/CSIC,
Madrid, Spain (EL).

An eyeglass prescription contains a minimum of three numbers
that characterize the refractive power of each eye (the “refraction”):
the spherical power, S, cylinder power, C, and the axis, A. The six
parameters (three for each eye) obtained with an autorefractor are
often used as a starting point for subjective refraction (SR) and
to reduce the overall time required of an examiner to obtain an
eyeglass prescription. Standard autorefractors use high-quality
optical components with moving parts and are traditionally large,
stationary systems. Portable autorefractors such as the Nikon
Retinomax are also available, but these are more expensive and less
accurate than standard tabletop systems.>* There are also emerging
low-cost techniques for objective refraction that use adjustable
256 or a modified mobile phone,” but these approaches have
yet to demonstrate comparable accuracy to commercial auto-
refractors or the gold standard of SR.

This study introduces and clinically evaluates a new, custom-
developed, handheld autorefractor called the QuickSee (QS).

It is based on Shack-Hartmann wavefront sensing, but unlike

lenses
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conventional wavefront aberrometers, the QS is composed of
low-cost components, a simplified optical layout, and no moving
parts. The prototype is also open view, which reduces the influ-
ence of instrument-induced myopia. Refractions obtained from
the QS prototype were compared with those obtained with a
Grand Seiko WR-5100K (GS) open-view autorefractor and with
binocular SR. The GS autorefractor model chosen for comparison
in this study is frequently used in other clinical studies and known
to agree well with SR.®”?

METHODS
QS Prototype

The QS prototype tested in this study is a new, simplified
implementation of a Shack-Hartmann wavefront aberrometer.
It differs from conventional wavefront aberrometers in a number
of ways: (1) it uses a laser diode as a light source instead of a super-
luminescent diode, (2) it uses a low-cost complementary metal-oxide-
semiconductor detector instead of a scientific-grade charge-coupled
device for the wavefront sensor, (3) there is no Badal relay lens system
in either the illumination or detection paths, (4) there is no dedicated
pupil camera, and (5) it is a see-through device. These modifications
allow for a simplified layout (Fig. 1A); a compact, handheld form
factor (Fig. 1B); and a reduced bill of materials. Much of the re-
duction in performance that would result from the removal and
reduction in quality of components compared with a conventional
wavefront aberrometer is mitigated with the use of a custom data pro-
cessing algorithm that examines many recorded wavefront images to
calculate the refractive power of the eye.

The removal of the Badal system in our aberrometer does create
three complications that have the effect of reducing the measure-
ment range, but not significantly reducing performance within the
measurement range. First, the illumination beam is always colli-
mated entering the pupil, resulting in large spots on the retina for
eyes with severe primary aberrations. Because the retinal plane is
approximately conjugate with the image sensor plane, this can result
in large spots in the Shack-Hartmann image that are difficult to

A

4-mm Beam- Hot Iris
pupil splitter Mirror
AN 1 |:|
1
' Neutral
Bandpass i  —| Density
Filter C————3 850nm Filter
Lenslet Array ©—===2 Layser Diode
---- -4D Myopia
— Emmetropia

CMOS Sensor

FIGURE 1.

.- - +4D Hyperopia

Handheld Wavefront Autorefractor—Durr et al. 1141

isolate. Second, without moving lenses to compensate for defocus
aberration, the envelope of the wavefront may converge or diverge
as it enters the microlens array (Fig. 1A, inset). Thus, for severe
myopia, the wavefront will be undersampled by the lenslet array, and
for severe hyperopia, the periphery of the pupil is not sampled.
Third, because the pupil plane is not optically conjugate with the
microlens array in our configuration, the refraction calculated at the
microlens array must be propagated to the spectacle plane using a
vertex correction.

The QS prototype uses an 850-nm laser diode that delivers an
average power to the eye of 250 WW with a beam diameter, Dy,
of 1 mm at the cornea. The safety threshold for viewing 850-nm
collimated light for 5 minutes continuously is 332 pW, as
specified by the ANSI Z136.1-2000 Standard for protection of
the human eye.'® The laser diode creates a point on the retina of
the subject, the light from which is then remitted through the pupil,
passed through an 850-nm band-pass filter with a 10-nm full width
athalf maximum, and analyzed with a custom wavefront sensor. The
choice of a relatively high power source enabled a high signal-
to-noise ratio of the spots in the Shack-Hartmann image at fast
imaging rates. This proved to be especially important in patients
with strong refractive errors where the beacon generated on the
retina is blurred. Additionally, a bright source facilitated alignment
of the prototype for the subject. We also include a 1.0 neutral density
filter at the output port of the prototype that attenuates the ambient
light in the see-through channel to increase the contrast of the source
for the subject.

The propagation distance from the pupil to the lenslet array, 4,
is 105 mm. The wavefront sensor is composed of a 1.2-mm-thick,
10- x 10-mm microlens array and a 1.3-megapixel monochrome
complementary metal-oxide-semiconductor image sensor with a
5.3- X 6.7-mm active area. Each lens in the microlens array is
plano on one side and convex parabolic on the other side with a
focal length, f, of 19 mm and a pitch, p, of 300 wm. The QS
prototype connects to an external power source and a laptop
computer that records and processes wavefront images.

Eye refractions are calculated automatically, with no human
intervention, using a custom algorithm that analyzes the sequence

(A) Layout of the QS low-cost open-view autorefractor. An 850-nm laser diode illuminates a point on the retina (dashed red line) and a custom-built
wavefront sensor captures the remitted light field (solid blue lines). This schematic shows the wavefront envelope simulated with Zemax from a 4-mm-
diameter pupil of an emmetropic eye. The inset shows a magnified view of the wavefront envelope from eyes that are =4 D myopic, +4 D hyperopic,
and emmetropic. The width of the image sensor (6.66 mm) shows the size of the wavefront envelope relative to the size of the sensor. (B) Photographs of the
QS in use show that the layout can be implemented in a compact prototype that can be held and aligned by the subject. A color version of this figure is

available online at www.optvissci.com.
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of wavefront images recorded by the QS. To optimize the ex-
posure of the recorded wavefront images, a closed-loop control
system adjusts the frame rate (from 5 to 25 Hz) and exposure time
(from 40 to 200 ms) of the detector to maintain a target per-
centage (0.1%) of saturated pixels in the image. After the video
acquisition is complete, the algorithm removes unusable frames
from the raw image sequence using a set of quality metrics. The
most common causes for unusable frames in the 41 patients tested
here were (1) misalignments between the eye and the device, (2)
low signal owing to saturated pixels from corneal reflections, and
(3) no signal attributed to the subject blinking. Frames are also
removed if they contain less than 21 resolvable spots, which is the
minimum required for fitting a sixth-order Zernike polynomial.
An average of 281 * 113 frames was recorded per video. After
removing unusable frames, there was an average of 137 + 93
wavefront images remaining to analyze in each video. The input
data to the QS algorithm are thus substandally different from con-
ventional wavefront aberrometers, which typically calculate aberra-
tions from a single frame rather than from a dynamic sequence of
wavefront images.

Wavefront images that pass the filtering stage are evaluated
individually to create a set of refractions and then the statistics
of the set are analyzed to generate the final prescription. De-
pending on the number of spots identified in the image, the slopes
of the wavefront sampled within each lenslet are fitted to a 6th-
to 10th-order Zernike polynomial expansion using least-squares
estimation.'! The second-order Zernike coefficients are used
to determine the power vector representation of the refraction
(M, Jackson cross-cylinder components at 0 degrees, Jo, and at
45 degrees, J45),'? using well-known formulas.'? The magnitudes
of some higher-order coefficients are known to correlate with
visual acuity,'® but we found that evaluating only the low-order
aberrations resulted in accurate autorefraction. The software
groups the refractions in sets with similar M, /o, and J45 (binned at
0.125-diopter [D] increments), and the average value in the data
set with the largest number of elements (the statistical mode of
the histogram) is used as the uncalibrated refraction value.

The QS is calibrated by measuring refractions from an em-
metropic model eye with known trial lenses placed at the spectacle
plane to vary M, J,, and /45, independently. The model eye has a
5-mm-diameter iris in front of a 19-mm-focal-length doublet lens
(Thorlabs AC127-019-B-ML) with a flat surface placed approx-
imately at a focal distance behind the lens to act as the retina. Values
from these uncalibrated measurements are interpolated piecewise
and applied to each power vector component measured by the QS
to generate the calibrated output. In addition to this calibration, an
additional offset is expected to account for the difference in dis-
persion between the model eye and human eye. The model eye has
a defocus shift of only 0.25 D (calculated in Zemax) whereas a
human eye is expected to have a defocus shift of about 0.75 D
between 850 and 543 nm.'> However, in our pilot human tests, we
found that we did not need to include an offset to account for the
0.5-D difference in the QS refractions to agree with the GS and SR.
This discrepancy is attributed to the model eye being emmetropic
at green wavelengths, which was later confirmed by a measurement
of —=0.5 D of myopia by a commercial autorefractor.

The myopic range of the QS is limited by ray crossover—when
the wavefront converges so strongly that spots formed on the image

sensor from adjacent lenslets cannot be resolved. For a system like
the QS, with no compensation optics between the eye and the lenslet
array or the light source, Campbell'® has used geometric optics to
derive a relation for the minimum refractive error measurable, P, ;.

(18 Dyl
P oin = {z—fl z}/{”zp-zp-n} M

where 0 is the tangent of the angle subtended by the source, £ is

the distance between the retina and the second principal plane of
the eye, £, is the distance between the retina and the second nodal
point of the eye, and 7 is the index of refraction of the eye. Using
values of 8, = 0.0067, L = 23 mm, Zp =17 mm, and 7= 1.3306, the
theoretical P, of the QS prototype is —5.7 D. This agrees well
with the measured limit of —6 D determined by measuring trial
lenses with a model eye.

In hyperopic eyes, the wavefront envelope expands as it pro-
pagates from the pupil to the lenslet array. Thus, the hyperopic
range of the QS, Py is limited by the diameter of the pupil, D,
desired to be sampled and the diameter of the wavefront sensor,
Dy. The maximum measureable refractive power can then be de-
termined by geometric optics to be:

P max — DI—DP .
Dy

(2)

The smallest dimension measured by the QS wavefront sensor
is 5.3 mm. In this model, the QS can measure up to 7 D of hyperopia
while still sampling at least a 3-mm diameter of the pupil.

Experimental Protocol

Institutional review boards at both the New England College of
Optometry and Massachusetts Institute of Technology approved
the protocol used in this study. The study also conformed to the
tenets of the Declaration of Helsinki. Subjects were recruited from
the students and staff at the New England College of Optome-
try via e-mail requests to approximately equally populate four
refractive groups categorized by their spherical equivalent power,
M: high myopes (—6.00 D < M < —3.00 D), low myopes (—3.00
D < M < —0.50 D), emmetropes (—0.50 D < A< 1.00 D), and
hyperopes (1.00 D < M < 4.00 D) as measured with SR. Addi-
tional criteria for inclusion were (1) no history of surgery or eye
disease, (2) age between 18 and 64 years, (3) best-corrected visual
acuity of 20/20 or better in each eye, (4) astigmatism of less than
or equal to 3 D, and (5) not using drugs, systemic or ocular, that
may affect vision. Informed consent was collected for participa-
tion in the study and, optionally, for being photographed while
using the QS prototype.

Refractions were performed on both eyes of every subject with-
out the use of cycloplegia. Subjects were first measured with a GS
and then with the QS prototype. Lastly, an experienced optometrist
performed binocular SR on the subject, using the GS measurement
as a starting point. We note that starting from the GS measurement
may bias the SR from the optometrist, resulting in a worst-case
comparison of the accuracy of the QS device in matching SR.
The GS measurement was determined from an average of five
measurements of the GS autorefractor set to high accuracy mode
while the subjects looked at a target placed 20" away. When subjects
used the QS prototype, they were instructed to hold and look
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through the device at an external target placed 20" away. Subjects
were asked to manually adjust the position of the device until they
could see a bright red spot and then to look at the target across the
room with both eyes open while a 30-second video was recorded.
Three 30-second videos were recorded for each eye. The first video
was considered a practice run for the subject to align the device. The
analysis presented here was performed on the wavefront images
recorded from the last two videos of each eye.

Analysis of Autorefractor Performance

Refractions obtained from each of the three methods were com-
pared in both the refractive domain (S, G, and A4) and the power
vector domain (M, Jy, and J4s). First, to evaluate the agreement
between the QS and the GS measurements, we perform a Bland-
Altman analysis on the independent components of the power
vector measurements as well as the total dioptric strength of the
combined components (TDS = |/M? + J} +Jﬁs).17 Second,
using SR as the gold standard, we compare the errors in’power vector
measurements of the QS and GS autorefractors. In this case, we
define the 7DS error as the 7DS of the difference between each
component of the power vector measured by objective refraction
and SR. Differences in error distributions were evaluated using a
Wilcoxon signed rank test with a criterion of p less than 0.05 for
statistical significance. Only the results from the right eye for each
subject were considered in the statistical test to avoid the influence
of isometropia on the independence of the samples. Third, we
compare the agreement between the refractions provided by both
autorefractors and SR within thresholds of 0.25 and 0.50 D of
optical power and 10 and 20 degrees of cylindrical orientation.
The axis agreement is calculated by only evaluating eyes that have
a nonzero cylinder measurement by SR (IC1 > 0.25 D).

RESULTS

We tested the accuracy and variability of the QS calibration by
applying the calibration to a test set of three new measurements of
each trial lens used for the calibration. Uncalibrated measurements
tended to slightly underestimate the magnitude of power of the
trial lens for each power vector component except in eyes with
greater than 8 D of hyperopia (Fig. 2). Because the model eyes we
tested have a relatively constant power with smaller apertures, we
were able to measure the correct power of tested trial lenses to over
10 D of hyperopia. The calibrated measurements demonstrated
excellent agreement with the power of the tested trial lenses. In
the linear regime of the spherical equivalent power measurements
(=1 to +1 D), the calibration has an average offset of 0.32 D.

Forty-three subjects were enrolled in the study, but two were
determined to be outside of the M range for inclusion during the
procedure (both were more than —6 D M myopic). Both subjects
were removed from the analysis. The remaining 41 patients (32
were female), ranged in age from 21 to 62 years (26.4 + 9.7 years).
There were no observed adverse events in this study and we were
able to obtain refractions for all recruited subjects using each of the
three refraction methods.

Comparing the power vectors measured from the QS and the
GS with a Bland-Altman analysis, we find average differences of
—0.19, —0.20, 0.09, and 0.06 D for M, J,, J4s, and TDS,
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QuickSee calibration and test measurements of trial lens combinations that
independently vary the spherical equivalent power, M (A), the vertical
Jackson cross-cylinder power, J, (B), and the oblique Jackson cross-cylinder
power, /45 (C). The uncalibrated measurements indicate the output of the QS
algorithm using an analytical calculation. These measurements are inter-
polated piecewise and used to calibrate QS measurements. Calibrated
points show the mean and SD of a set of three separate measurements of
each trial lens combination.
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respectively, with the QS providing lower mean values of Mand /,
and higher average values of /45 and 7DS than the GS (Fig. 3).
The 95% confidence limits of agreement (1.96 ) between the QS
and GS are +£0.85, £0.32, +£0.25, and £0.90 D for M, Jy, /45, and
TDS, respectively, although the subjects only spanned a small
range of /45 values (—0.38 to 0.26 D when measured by the GS).

Power vector measurements are strongly correlated between the
objective refraction and SR techniques (Fig. 4). The GS and SR
measurements of M were correlated with a Pearson linear corre-
lation coefficient of r=0.97 (p = 2.4 X 10°Y). The QS and SR
measurements of M were correlated with a Pearson linear corre-
lation coefficient of 7 = 0.97 (p = 6.4 x 10 7). The average
difference between M measured by the objective and subjective
technique was —0.08 D for the GS and 0.13 D for the QS. There
are no significant systematic measurement differences associ-
ated with the magnitude of the refractive error. However, one
young hyperopic subject was an outlier for the spherical equival-
ent measurements in both eyes with both objective techniques
compared with the SR. This subject reported to have known
difficulties when obtaining her refractive error as it fluctuates
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significantly because of overaccommodation problems. She is a
corrected moderate hyperope, and the SR matched her current
eyeglass correction. Therefore, these values are used to compare
with the objective measurements, both of which showed to be
much less hyperopic.

The mean and SD of the absolute value of the errors for each
autorefractor versus SR are similar (Table 1). Because the error
variables are not normally distributed, we tested for statistical
significance of the differences with a Wilcoxon signed rank test.
There were no statistically significant differences (p > 0.05 in every
case) in the error distribution of the power vector components
measured with the QS device compared with the GS device, indi-
cating that they have similar accuracy in the power vector domain.

To investigate systematic bias in the astigmatism measured by
each autorefractor compared with SR, we constructed double-
angle plots of the cross-cylinder difference vectors. Fig. 5 shows
that both the QS and the GS autorefractor had asymmetrical
spreads, with the QS exhibiting a center of distribution of 0.12 D
at 161 degrees and the GS exhibiting a center of distribution of
0.10 D at 84 degrees. We also investigate the error rates of each
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Bland-Altman plots show the agreement between the QS and GS autorefractors when measuring M (A), Jo (B), J45 (C), and TDS (D). Solid lines represent the
bias between autorefractors (mean of the measurement difference) and dashed lines are placed at the £95% confidence interval for the difference. The two
autorefractors agree within (mean difference + 95% confidence interval) —0.20+ 0.84 D, —0.15 £ 0.31 D, 0.06 £ 0.25 D, and 0.08 £ 0.89 D, for M, Jo, J4s,

and TDS, respectively.
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The M (A), Jo (B), and J45 (C) measured with both the GS and QS
autorefractors correlate well with the SR measurements. The two hyperopic
outliers in the M measurement come from two eyes of the same subject.

autorefractor in comparison to the SR results in the refractive do-
main. The QS provides spherical and cylindrical powers that more
frequently agreed with the measurements from SR (Table 2). The
QS agrees within 0.25 D of the SR S and C for 74 and 87% of
the eyes, respectively, whereas the GS agrees within 0.25 D of the
SR Sand Cfor 49 and 82% of the eyes. For larger thresholds, the

Handheld Wavefront Autorefractor—Durr et al. 1145

performance of the QS and GS is more similar, as both devices have
a similar fraction of outliers that deviated from the SR. The axis
measured by the QS and GS were within 10 degrees of SR for 52 and
64% of the eyes, respectively. The poorer performance of the QS for
the axis is likely attributed to variations in how the subjects held the
QS prototype—the axis measurement is provided relative to the
orientation of the device and most subjects did not hold the device
consistently vertically.

DISCUSSION

This study evaluates the accuracy of a potentially low-cost,
open-view autorefractor compared with a commonly used com-
mercial autorefractor. One challenge in evaluating the clinical
accuracy of any autorefractor is that although SR is the most re-
levant gold standard, it is a relatively imprecise technique that can
be confounded by variations in subject feedback, as well as by
uncertainties in the working distance, vertex correction distance,
depth of field, and trial lens power.'® Nevertheless, previous studies
have shown that SR is repeatable within 0.25 D about 80% of the
time,"®!? and introducing as small as a 0.25-D refractive error is
known to cause some discomfort to subjects.?’ Therefore, 0.25 D
is a relevant benchmark level of accuracy to attempt to achieve
in autorefraction.

The QS and GS autorefractors tested in this study measured
values of M that agreed within 0.25 D of the value measured from
SRin 71% and 63% of the measured eyes, respectively. This result
is within the range found in other recent studies of commercial
autorefractors, which have shown an agreement of M within
0.25 D of SR in 44%,5! 51%,® and 57%22 of the measured eyes.
There are several emerging low-cost and portable technologies cur-
rently being pursued to improve refraction in low-resource settings.*
Adjustable lenses can be used for self-refraction and can be locked
to provide the prescription eyeglasses after refraction. However, at
present, they either only correct for defocus errors or, in one case,
require the subject to go through a challenging three-parameter
optimization process to tune S, C, and A for each eye.>>® Another
approach is to retrofit a mobile phone to act as an adjustable
Scheiner disk.” This strategy has the advantage of being low cost
if a mobile phone with a high-quality screen is already available.

TABLE 1.
Power vector measurement errors of the GS and QS autorefractors

Mean £ SD of absolute

Power vector  Objective test error of right eyes, D p

M GS 0.40 = 0.46 0.55
Qs 0.41+0.53

Jo GS 0.14 £0.10 0.41
Qs 0.16 £ 0.11

Jas GS 0.09 £ 0.08 0.18
Qs 0.10 + 0.06

DS GS 0.47 £0.44 0.55
Qs 0.49 + 0.51

Errors are calculated using SR as the gold standard. We found
that there is no statistically significant difference (a p value of >0.05
for each power vector component) between the accuracies of the
two autorefractors in measuring power vectors.
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Double-angle astigmatic distribution of the cross-cylinder difference vectors
between the QS and SR (A) and the GS and SR (B). The centers of the
distributions are located at 0.12 D at 161 degrees and 0.10 D at 84 degrees
from the origin for the QS and GS measurements, respectively. All mea-
surements fell within a 0.50-D-radius circle except for two eyes measured
with the GS autorefractor.

However, in a recent study on 34 eyes, the M measured with the
mobile phone refractometer was found to agree within 0.25 D of the
SR in only 15% of the measured eyes.??

There are several areas in which the QS could be improved. The
range of the current prototype is limited to subjects with an M of
greater than or equal to —6.0 D of myopia. With this range, an

autorefractor can provide a prescription to about 95% of adults,
depending on the population.?#?> To cover a larger portion of the
population, the range must be expanded to work for patients with
more severe myopia. Additionally, the usability and speed of the
QS could be improved to make alignment easier for the patient
and to reduce the measurement time from 60 seconds (two 30-
second videos) closer to the approximately 10 seconds that the com-
mercial autorefractors take. These usability and speed constraints are
related to each other in that as the prototype is made more intuitive
and robust to alignment errors, the time required to record a suf-
ficient number of high-quality wavefront images will be reduced.
Improvements in usability and speed will also facilitate the testing
of this device in a more diverse population, including children and
elderly patients.

The accuracy of the QS could also be improved. We found an
average spherical equivalent power error of 0.12 D, which is likely
attributed to chromatic defocus. After testing a larger number of
eyes, this offset can be incorporated into the calibration, and this
systematic error can be reduced. The axis measurement from the
QS was likely limited by the handheld use of the device. Subjects
were instructed to hold the device with the handle vertically but
would often tilt the prototype relative to their face. This limitation
may be overcome by incorporating a contralateral viewing channel
for the opposite eye (a binocular port) so that the axis of the device
is fixed relative to the axis between the two eyes of each subject.
There is also the potential to increase the accuracy of the prototype
by incorporating more sophisticated algorithms that analyze the
higher-order aberrations measured by the device.!>2°

To make further progress toward a low-cost autorefractor, several
additional steps are necessary to replace the remaining high-cost
components of the prototype evaluated here: (1) a low-cost mi-
crocontroller and display should be incorporated into the device
to replace the laptop currently needed for operation, (2) the 10- x
10-mm lenslet array currently used overfills the image sensor and
should be replaced with a smaller clear-aperture lenslet array, and (3)

TABLE 2.

Agreement between refractive parameters measured by
objective refraction and SR

Refractive  Obijective

parameter test Agreement with SR

S GS <0.25 D: 49% <0.5 D: 80%
QS <0.25 D: 74% <0.5 D: 82%

c GS <0.25 D: 82% <0.5 D: 98%
QS <0.25 D: 87% <0.5 D: 95%

A GS <10 degrees: 64% <20 degrees: 85%
Qs <10 degrees: 52% <20 degrees: 82%

M GS <0.25 D: 63% <0.5 D: 89%
QS <0.25 D: 71% <0.5 D: 82%

The frequency of agreement was calculated for absolute differ-
ence thresholds of 0.25 and 0.5 D for power measurements and
10 and 20 degrees for axis measurements. The axis accuracy is
reported from only the set of eyes that had a nonzero cylinder
power (ICI >0.25 D) measured by SR. The GS and QS autorefrac-
tors measured a spherical equivalent power that was within 0.25 D
of the SR measurement for 63% and 71% of the measured eyes,
respectively.
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a custom, monolithic housing should be designed to house and orient
the prototype parts.

CONCLUSIONS

This study introduces a novel wavefront-sensing autorefractor
and demonstrates that it is as accurate as a high-end commercial
autorefractor in predicting the power vectors measured by SR in
a population of adults with a moderate range of refractive errors
(=6 D of myopia to +4 D of hyperopia). Given that this auto-
refractor was implemented in a compact prototype using low-cost
components and no moving parts, it is an encouraging step toward
the development of an autorefractor that is portable, affordable,
and robust.
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