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ABSTRACT: Purpose. To evaluate the Complete Ophthalmic Analysis System (COAS; WaveFront Science) for accuracy,
repeatability, and instrument myopia when measuring myopic refractive errors. Methods. We measured the refractive
errors of 20 myopic subjects (�0.25 to �10 D sphere; 0 to �1.75 D cylinder) with a COAS, a phoropter, and a Nidek
ARK-2000 autorefractor. Measurements were made for right and left eyes, with and without cycloplegia, and data were
analyzed for large and small pupils. We used the phoropter refraction as our estimate of the true refractive error, so
accuracy was defined as the difference between phoropter refraction and that of the COAS and autorefractor.
Differences and means were computed using power vectors, and accuracy was summarized in terms of mean vector
and mean spherocylindrical power errors. To assess repeatability, we computed the mean vector deviation for each of
five measurements from the mean power vector and computed a coefficient of repeatability. Instrument myopia was
defined as the difference between cycloplegic and noncycloplegic refractions for the same eyes. Results. Without
cycloplegia, both the COAS and autorefractor had mean power vector errors of 0.3 to 0.4 D. Cycloplegia improved
autorefractor accuracy by 0.1 D, but COAS accuracy remained the same. For large pupils, COAS accuracy was best
when Zernike mode Z4

0 (primary spherical aberration) was included in the computation of sphere power. COAS
repeatability was slightly better than autorefraction repeatability. Mean instrument myopia for the COAS was not
significantly different from zero. Conclusions. When measuring myopes, COAS accuracy, repeatability, and instrument
myopia were similar to those of the autorefractor. Error margins for both were better than the accuracy of subjective
refraction. We conclude that in addition to its capability to measure higher-order aberrations, the COAS can be used
as a reliable, accurate autorefractor. (Optom Vis Sci 2003;80:6–14)
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Aberrometers, also known as wavefront sensors, are instru-
ments that scientists have been using for over 10 years to
study the monochromatic aberrations of the human

eye.1, 2 These instruments have provided valuable new information
about the eye’s optics,3–10 and how aberrations change with age,11

with accommodation,12 after refractive surgery,13, 14 and with ker-
atoconus, cataracts, and tear film anomalies.15

The total aberrations measured by a wavefront sensor include
higher-order aberrations as well as the lower-order aberrations,
referred to by refractionists as spherical and cylindrical refractive
errors. Until recently, when determining refractive error, clinicians
generally ignored higher-order aberrations. This was because, for
most patients, they had little effect on vision and were too difficult

to measure and correct. Recently, however, the clinical measure-
ment of higher-order aberrations has become important for patient
care, especially for refractive surgery cases. When conventional
refractive surgeries correct sphere and cylinder, they often create
unnatural higher-order aberrations that can degrade vision, espe-
cially with large pupils. To improve optical and visual results, the
new generation of refractive lasers will rely on aberrometers to
guide their ablations. More doctors will also begin using clinical
aberrometers for pre- and postoperative evaluation of refractive
surgery patients as well as for other problems associated with the
optics of the eye.

Among the different types of wavefront sensors, Shack-Hart-
mann-based devices have become the most popular. Early research
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with laboratory-built Shack-Hartmann sensors indicates that they
can measure aberrations in both model and living eyes with great
accuracy. One of the first clinical Shack-Hartman aberrometers,
the Complete Ophthalmic Analysis System (COAS, manufactured
by WaveFront Sciences) became available in late 2000. As shown
in Fig. 1, the COAS is similar to an autorefractor in size and
appearance. Like an autorefractor, the patient positions his head on
a chin rest and fixates the center of a circular grid, which is optically
fogged by about 1.5 D. The operator manually aligns a reference
box on a video monitor with the pupil and then takes a single or
multiple measurements with one click of a button. After alignment
and a preliminary estimate of the refractive error, each wavefront
measurement takes 1/30 second. The aberrometer uses an array of
square lenslets that measure the wavefront aberration in the pupil
at 210-�m intervals. This allows approximately 600 sample points
within a 6.0-mm-diameter pupil and provides very high resolution
sampling of the aberrations. The high sampling and close spacing
of the lenselets allows the COAS to measure large aberrations,
including spherical refractive errors between �15 D myopia and
�7 D hyperopia and astigmatism up to 6 D. It can measure pupil
diameters between 3.5 and 9.0 mm. The light source used for
measurement is an 840-nm infrared super luminescent diode, and
results are converted to a user-selected wavelength (default setting
550 nm). After each measurement, the attached computer displays
a color map of both the total and higher-order wavefront aberra-
tion, along with a numerical list showing the spherocylindrical
refractive error to the nearest 0.01 D (corneal or spectacle plane;
plus- or minus-cylinder format), pupil size to the nearest 0.1 mm,
total and higher-order root mean square wavefront error, peak-to-
valley wavefront errors, and Zernike coefficients (Malacara16 or
Optical Society of America17 format) from the third order up to
12th order. If the user selects the “Seidel sphere” option, the spher-
ical power is based on a computation that includes primary spher-

ical aberration. The COAS records these data, as well as the lower-
order Zernike coefficients to a database, and provides other display
options, including a three-dimensional, animated wavefront map
and simulation of the patient’s view of a 20/200 Snellen letter with
or without correction for selected aberrations.

Until recently, aberrometers were largely confined to research
laboratories, but new clinical instruments, such as the COAS, are
providing clinicians with the ability to routinely measure aberra-
tions of their patients. Because COAS measurements include the
lower-order aberrations of sphere and cylinder, we were interested
in determining how well it measures these refractive errors. That is,
in addition to providing higher-order aberration data, can it also be
used as a common autorefractor? We investigated this by testing its
accuracy, repeatability, and instrument myopia when measuring
the refractive errors of young myopes.

METHODS

Subjects were 20 volunteers between the ages of 18 and 35 years.
All had healthy eyes with refractive errors between �0.25 and
�10.00 D sphere and 0 to �1.75 D cylinder. We obtained insti-
tutional review board approval and informed consent from each
subject before collecting data. We measured the refractive errors of
both right and left eyes in dim illumination using three methods:
(1) COAS wavefront sensor, (2) Nidek ARK-2000 autorefractor,
and (3) phoropter. All eyes were measured first without, then with
cycloplegia (2 drops, 1% cyclopentolate). For each eye and condi-
tion, we took five COAS, five autorefractor, and two phoropter
refraction measurements (independently repeated by two clini-
cians). Because the COAS objectively measures pupil size to the
nearest 0.1 mm, we also used its data to estimate pupil sizes for
phoropter measurements, which were completed shortly before the
COAS measurements. All COAS measurements were made for the
full pupil, but for the purposes of analysis, we computed refractive
errors for both large and small pupils. Large pupil analysis was
based on the full pupil, which varied for each eye and measurement
(mean diameter of 6.7 mm without and 7.7 mm with cycloplegia).
For the small pupil analysis, we recomputed the wavefront aberra-
tion and refractive errors for a reduced pupil size of 4.0 mm for all
eyes. The Nidek autorefractor measures a fixed zone with a diam-
eter of approximately 3.5 mm in the central pupil. By default, the
COAS uses only Zernike mode Z2

0 (defocus) to compute the spher-
ical equivalent power, but if the user chooses the “Seidel sphere”
option, it will incorporate mode Z4

0 (primary spherical aberration)
into the computation. We processed COAS data for each eye using
both the default and Seidel sphere setting.

COAS Computation of Spherocylindrical Refractive
Error

The COAS measures the eye’s wavefront aberration function
based on the Shack-Hartmann principle.1, 2 The raw data consist
of a set of Zernike coefficients that quantify the type and magni-
tude of aberrations present. Zernike polynomials are used to sys-
tematically organize optical aberrations into modes, each of which
represents an optical aberration with a specific form.17, 18 Modes
are grouped into orders, and the second Zernike order contains

FIGURE 1.
The current version of the Complete Ophthalmic Analysis Systems
(COAS). It is similar to an autorefractor in size and operation.
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three modes, designated Z2
�2 (45/135 astigmatism), Z2

0 (defocus),
and Z2

2 (90/180 astigmatism). The respective coefficients for these
modes, C2

�2, C2
0, and C2

2 may be used to compute the spherocylin-
drical refractive error in the following steps.
1. Correct the Zernike coefficients for chromatic aberration. The

initial set of Zernike coefficients are based on a wavefront mea-
sured with 840-nm infrared light, so this must be corrected to
the appropriate value for a user-specified wavelength, which is
set to 550 nm by default. All Zernike coefficients, except C2

0

(defocus), are adjusted according to Equation 1, where �Cn
m is

the coefficient for the selected wavelength, 840Cn
m is the original

coefficient, n� is the index of refraction for water at the selected
wavelength, and n840 is the index of refraction for water at 840
nm.

�Cn
m � � n� � 1

n840 � 1�
840

Cn
m (1)

The refractive index values for n� and n840 can be found by Equa-
tion 2,19 where the wavelength (�) is written in nanometers.

n��1.320535�
4.685

(��214.102)
(2)

2. Convert Zernike coefficients to power vectors. As an interme-
diate step, the coefficients are converted to a refractive power
vector of the form [J45, M, J180]. The components J45, M, and
J180, respectively, represent the power of a Jackson crossed-
cylinder with axes at 45 and 135°, the spherical equivalent
power, and the power of a Jackson crossed-cylinder with axes at
180 and 90°. If the coefficients are expressed in meters and y is
the pupil radius in meters, Equations 3 to 5 compute the re-
fractive power in diopters for each vector component.9

J45���2�6/y2�C2
�2 (3)

M � ��4�3/y2�C2
0 (4)

J180���2�6/y2�C2
2 (5)

3. Correct the spherical equivalent for wavelength. The COAS
adjusts the spherical equivalent power (M) for chromatic aber-
ration because the measurement is made using 840-nm infrared
light but is reported for visible light (550 nm by default). The
formula (Equation 6) also assumes that the infrared light is
reflected from a plane 0.125 mm (expressed in meters for X in
Equation 6) posterior to the retina of a 60 D model eye, which
has a focal length in air of 16.667 mm (expressed in meters for
L in Equation 6). This is necessary because the subjective focal
plane will be at the level of the photoreceptors, perhaps the
external limiting membrane,20 but the infrared light used for
measurement passes through to deeper layers and is predomi-
nantly reflected from within the choroid.21 Variable M in
Equation 6 represents the new spherical equivalent power cor-
rected for wavelength �.

M � 60 � � 1

�L � X)
� M840�� n� � 1

n840 � 1� (6)

4. Calculate the Seidel sphere. If the user selects the Seidel sphere
option, the COAS will add the value Ms, computed in Equa-
tion 7, to the value of M computed in Equation 4. Because the
Z2

0 term is a parabola, inclusion of the Z4
0 term (primary spher-

ical aberration) should, in theory, improve the fit of the wave-
front to a sphere and improve accuracy of the spherical equiv-
alent power. Note that according to this formula, a positive
spherical aberration (positive C4

0 coefficient) adds a small
amount of positive dioptric power, which will decrease a myo-
pic prescription.

Ms � �12�5/y2�C4
0 (7)

5. Compute sphere, cylinder, and axis. Use Equations 8 to 10 and
the pseudo code below to convert J45, M (or Ms), and J180 to
sphere, cylinder, and axis of the clinical minus-cylinder nota-
tion.9 (Note that reference 9 contains a typographical error in
the last line of psuedo code at the bottom of page 668. It is
correctly written as the second line of pseudo code after Equa-

TABLE 1.
Refraction accuracy for noncycloplegic Complete Ophthalmic Analysis System (COAS) and autorefractor (AR) measure-
mentsa

Pupil
Diameter

(mm)

OD OS

Vector Sphere Cylinder Axis Vector Sphere Cylinder Axis

COAS 4.0 �0.30 � 0.04 �0.04 � 0.10 �0.15 � 0.06 168 �0.35 � 0.05 �0.04 � 0.11 �0.25 � 0.06 177
6.7b �0.33 � 0.03 0.15 � 0.11 �0.16 � 0.08 171 �0.41 � 0.05 �0.23 � 0.13 �0.29 � 0.08 179

AR 3.5 �0.33 � 0.07 �0.01 � 0.13 �0.20 � 0.08 173 �0.34 � 0.05 �0.02 � 0.11 �0.20 � 0.07 179
a Results show the mean difference from phoropter refraction for 20 right and 20 left eyes. Intervals show standard errors. Mean

differences are displayed in terms of mean power vector magnitude and mean sphere-cylinder-axis power difference from phoropter
refraction. Negative values for the sphere indicate that the instrument measured more myopia than the phoropter refraction; positive
values indicate more hyperopia. COAS results for a uniform 4-mm-diameter pupil for all subjects are based on the default (non-Seidel)
computation of sphere power. Accuracy with the Seidel algorithm for a 4-mm pupil diameter (not shown) was the same or only
marginally worse. COAS full-pupil (mean diameter, 6.7 mm) results were based on the Seidel computation of sphere power because
it was slightly more accurate than the default sphere (not shown). Vector, sphere, and cylinder units are in diopters. Axes are in degrees.

b Maximum pupil diameter, which varied with each eye and measurement. The mean noncycloplegic pupil diameter was 6.7 � 0.7
mm (SD) with a range of 5.3 to 8.0 mm for OD and 4.3 to 7.7 mm for OS.
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tion 10.) For plus-cylinder notation, change the negative sign in
Equation 8 to positive and use Equations 9 and 10 as written.

cylinder � �2�J45
2 � J180

2 (8)

sphere � M � cylinder/2 (9)

axis �
1

2
tan�1� J45

J180
� (10)

After computing Equation 10, modify the axis value according
to the Excel pseudo code below to ensure that the minus-cylinder
axis is a value between 0 and 180°.

IF (J180 � 0, IF (J45	0, 135, 45), IF (J180	0,

axis � 90, IF (J45�0, axis � 180, axis))).

For the plus-cylinder axis, reverse the direction of all three in-
equality signs, as shown below.

IF (J180 � 0, IF (J45
0, 135, 45), IF (J180
0,

axis � 90, IF (J45�0, axis � 180, axis))).

Accuracy

Accuracy (statistical validity) describes how well an instrument
measures what it is designed to measure. The COAS measures both
higher- and lower-order aberrations, but for this study, we limited
our assessment to the lower-order aberrations of sphere and
cylinder.

We had no absolute “gold standard” for the true refractive error
with which to compare the COAS data, so we used the clinical
subjective refraction as the best estimate because it is presently
considered the most reliable technique for establishing a spectacle
prescription. In selecting this standard, we were mindful that in-
dividual subjective refractions are accurate to only about �0.25 D
for both sphere and cylinder. Although a subjective optometer
might have been used to estimate the true refractive error, we had
greater confidence in the accuracy of standard clinical phoropter
refraction. Data used to assess accuracy were processed in the fol-
lowing steps.
1. Each COAS, Nidek autorefractor, and subjective phoropter

measurement was converted to a power vector with the form
[J45, M, J180]. Each of these represents an independent power

profile that can be summed to equal the original spherocylin-
drical prescription.22

2. The vector mean of each set of five COAS and Nidek autore-
fractor measurements and two subjective phoropter refractions
were computed. Subsequent steps are described specifically for
the COAS data but were also followed for the Nidek autore-
fractor data.

3. Estimated COAS error (vector E) for each eye was defined as the
difference between the mean COAS (vector C) and subjective
phoropter refraction vector (S

3
) as shown in Equation 11:

E
3

� C
3

� S
3

(11)

4. Overall COAS accuracy was taken as the mean of the COAS
error vectors, averaged across the 20 eyes in each testing condi-
tion (cycloplegic, noncycloplegic, right, left, large pupil, small
pupil, Seidel, and non-Seidel). The mean error vector was con-
verted back to clinical sphere, cylinder, and axis to simplify
interpretation. We computed the Hoteling T2 statistic and
equivalent F statistic to test the null hypothesis that the value
of the mean error vector was not significantly different from
zero.23, 24

5. We also computed the magnitude (m) of the COAS error vec-
tor (vector E, above) for each eye according to Equation 12
where J45, M and J180 were components of vector E. This can be
interpreted as the absolute dioptric error, in vector space, of
each eye’s COAS measurement.25 We then computed the mean
magnitude of these errors across 20 eyes, tested under the var-
ious conditions.

m � �J45
2 � M2 � J180

2 (12)

Repeatability

Repeatability (statistical reliability) describes how consistent
successive measurements are. For each eye and condition (noncy-
cloplegic and cycloplegic), five measurements with the COAS were
taken within a few minutes of each other. We processed the data
and analyzed repeatability according to the steps outlined below.
These steps were used to process COAS data with both the default
and Seidel sphere and for both large and small pupils. Autorefrac-
tor repeatability was computed in the same manner.
1. Each COAS measurement was converted to power vector form.
2. The mean COAS vector was computed, and then the vector

TABLE 2.
Cycloplegic refraction accuracy for the Complete Ophthalmic Analysis System (COAS) and autorefractor (AR)a

Pupil
Diameter

(mm)

OD OS

Vector Sphere Cylinder Axis Vector Sphere Cylinder Axis

COAS 4.0 �0.31 � 0.04 �0.03 � 0.10 �0.19 � 0.05 1 �0.33 � 0.05 �0.10 � 0.11 �0.18 � 0.06 170
7.7b �0.38 � 0.04 �0.14 � 0.12 �0.13 � 0.08 7 �0.43 � 0.06 �0.23 � 0.14 �0.17 � 0.08 171

AR 3.5 �0.21 � 0.03 �0.14 � 0.07 �0.18 � 0.06 4 �0.23 � 0.03 �0.18 � 0.07 �0.15 � 0.05 161
a Data are arranged and formatted similarly to that in Table 1.
b Maximum pupil diameter, which varied with each eye and measurement. The mean cycloplegic pupil diameter was 7.7 � 0.4 mm

(SD) with a range of 6.6 to 8.4 mm for OD and 6.4 to 8.4 mm for OS.
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difference of each of the five measurements from the mean was
computed. We referred to this as the vector deviation from the
mean for each of the five measurements.

3. We computed the magnitude of each deviation vector (Equa-

tion 12), then computed the mean deviation (mean of five
magnitudes) for each eye.

4. We squared and summed the mean deviations for the 20 eyes in
each group, then divided by 20 to obtain the root mean squared
deviation.

5. Finally we computed a repeatability coefficient, defined as the
root mean square deviation multiplied by 1.96.
This analysis generally follows the methods described by Bland

and Altman26 and used in other studies of repeatability for clinical
refraction.27–29 Those studies tested repeatability in terms of
power differences for one meridian only, but to use the complete
power vector, we substituted the deviation vector for their differ-
ences. Our repeatability coefficient corresponds to their 95% limit
of agreement.

Instrument Myopia

Instrument myopia is a source of error in tabletop instru-
ments that measure refractive errors, because many patients
accommodate while viewing internal fixation targets that are
optically projected to infinity. This causes the instrument to
overestimate myopia or underestimate hyperopia. We com-
puted instrument myopia for the COAS and the Nidek autore-
fractor in the following steps. Although these steps are de-
scribed for the COAS data they were identically followed for the
Nidek autorefractor data.
1. Cycloplegia could have induced a slight change in the actual

refractive error, so for each eye, we computed any such change
(vector �) as the difference between the subjective noncyclople-
gic (vector Sm) and subjective cycloplegic (vector Sc) power vec-
tors (Equation 13).

�
3

� Sm
3

� Sc
3

(13)

2. Instrument myopia (vector I in Equation 14) for each eye was
defined as the difference between the COAS noncycloplegic
(vector Cm) and COAS cycloplegic (vector Cc) refractions mi-
nus the true change (vector �, from Equation 13).

I
3

� Cm
3

� Cc
3

� �
3

(14)

The mean of all right-eye COAS instrument myopia values was
computed and a similar analysis was performed for left eyes. We
also computed instrument myopia separately for the different test
conditions of large and small pupils and with the default or Seidel

FIGURE 2.
Complete Ophthalmic Analysis Systems (COAS) accuracy for small and
large pupils. Distribution of COAS power vector errors as a function of
phoropter spherical equivalent refraction for right and left eyes, with and
without cycloplegia. A: data points are based on a uniform 4.0-mm-
diameter pupil and the default COAS algorithm for computing sphere
because it gave marginally less error than the Seidel algorithm. B: data
points are based the maximum pupil size for each measurement using the
Seidel algorithm because it was slightly more accurate than the default
algorithm. Mean � SD of pupil diameters were 6.7 � 0.7 mm without
cycloplegia and 7.7 � 0.4 mm with cycloplegia. See Tables 1 and 2 for
summary statistics.

TABLE 3.
Repeatability coefficients for the Complete Ophthalmic Analysis System (COAS) (4.0 mm and full pupil) and autorefrac-
tor, in diopters, for right and left eyes with and without cycloplegiaa

Condition Eye COAS (4-mm) COAS (Full Pupil) Autorefractor

Manifest OD 0.30 0.26 0.29
OS 0.24 0.22 0.32

Cycloplegia OD 0.15 0.13 0.18
OS 0.16 0.11 0.19

a Results shown here were computed using the default (non-Seidel) sphere because the Seidel results were marginally worse and
similar to the autorefractor values.
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sphere. Mean instrument myopia power vectors were converted to
sphere, cylinder and axis and the mean spherical equivalent power
was also recorded.

RESULTS
Accuracy

Table 1 summarizes accuracy of noncycloplegic refractions for
the COAS and autorefractor in terms of the mean power vector
error, and the mean sphere-cylinder-axis error for right and left
eyes, and for the different pupil sizes. Means and standard errors
(N � 20) are shown. Power vector errors are shown in bold because
they best show the mean departure of each instrument’s measure-
ment from the subjective refraction with a single number. For right
eyes, COAS small and large pupil and autorefractor mean vector

error were about 0.3 D. Left-eye errors were marginally worse,
approximately 0.4 D.

Interpretation of the sphere-cylinder-axis error is less obvious
because it represents the mean of twenty spherocylindrical
power differences between the COAS, or autorefractor and the
phoropter refraction. As such, the sphere, cylinder and axis
should not be viewed as three separate scalar quantities but as a
single vector. The sign of the spherical power indicates the
power error, for the COAS or autorefractor, in the meridian of
the axis (close to 180° in all cases). A negative sign indicates that
the instrument measured too much minus; a positive sign indi-
cates too much plus, relative to the phoropter refraction. Mean-
while, because all the axes were oriented horizontally, these
instruments tended to measure excess negative power, in the

FIGURE 3.
Complete Ophthalmic Analysis Systems (COAS) and autorefractor repeatability. Each data point shows the mean power vector deviation from the mean
power vector, computed from five repeated measurements for each eye. Results are plotted as a function of phoropter spherical equivalent refraction.
All COAS results are based on the default (not Seidel) algorithm for computing the sphere because it showed better repeatability. The top row (A, B)
shows results for a 4.0-mm-diameter pupil. The middle row (C, D) shows results based on the maximum pupil for each measurement (mean � SD, 6.7
� 0.7 mm without cycloplegia and 7.7 � 0.4 mm with cycloplegia). The bottom row (D, E) shows results for the autorefractor (pupil diameter, 3.5 mm).
The left column shows results without cycloplegia, and the right column shows results with cycloplegia. Filled circles indicate OD data, and the filled
horizontal arrows show the root mean square (RMS) vector deviations for OD. Filled triangles indicate OS data, and the open horizontal arrow shows
the RMS vector deviations for OS. See Table 3 for summary statistics.
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amounts shown in the cylinder column, in the vertical
meridians.

COAS 4.0-mm pupil accuracy data were based on refractions
using the default sphere because accuracy with the Seidel sphere
was the same or marginally worse. COAS full-pupil measurements
were based on refractions using the Seidel sphere because, for large
pupils, these data were most accurate.

Table 2 likewise summarizes accuracy statistics for cycloplegic
refractions. COAS large and small pupil accuracies were similar to
that shown in Table 1. The autorefractor showed about a 0.1 D
improvement in accuracy with cycloplegia. In all cases, except one
(COAS, OS, full pupil, Seidel sphere; p � 0.18) mean COAS and
autorefractor measurements showed statistically significant differ-
ences from subjective refractions by the Hoteling T2 test (p �
0.05), which allows multivariate analysis of power vectors as a
whole.23 For all COAS test conditions and combinations, the
spherical equivalent accounted for 84 to 91% of the error, whereas
astigmatism accounted for the remainder of the variance between
COAS and subjective refractions.24 The mean sphere and cylinder
errors for both COAS (large and small pupils) and autorefractor,
shown in Tables 1 and 2 were less than about � 0.25 D, which is
within the clinical accuracy of subjective refraction under ideal
conditions.

Fig. 2A shows the distribution of COAS vector errors, as a
function of phoropter spherical equivalent refraction for a uniform
4.0-mm diameter pupil (default sphere). Most of the power vector
errors (83%) were within 0.50 D of zero diopters. There was no
apparent correlation between COAS error and magnitude of the
spherical equivalent refractive error. Fig. 2B shows a similar anal-
ysis for the full pupil diameter, which varied from eye to eye and
measurement to measurement, but had a mean value of 7.7 mm
with cycloplegia and 6.7 mm without. With the full pupil, errors
were slightly greater, but still small in terms of clinical accuracy,
because 84% of the power vector errors were 	 0.60 D. For both
Fig. 2A and B, the most extreme errors were about 1.00 D. For
comparison, 91% of the autorefractor vector errors were 	 0.50 D,
but its most extreme error was about 1.60 D.

Repeatability

Repeatability for the COAS (4-mm and full pupil) and autore-
fractor is summarized in Table 3, which shows the repeatability
coefficients, in diopters, for right and left eyes with and without
cycloplegia. COAS repeatability for the 4-mm and full pupil was
slightly better when the default COAS sphere was used, therefore
only those data are listed. For most cases, repeatability with the
COAS was slightly better than the autorefractor. Without cyclo-
plegia it was about 0.25 D or better; with cycloplegia it improved
to about 0.15 D. Repeatability with the Seidel algorithm was
slightly worse and similar to that of the autorefractor.

Fig. 3 presents repeatability, in terms of the mean deviations
(refer to Methods), as a function of phoropter spherical equivalent
refraction. This is similar to the difference vs. mean plots recom-
mended by Bland and Altman26 and used by Zadnik et al.29 Each
of the six graphs include results for right and left eyes and are
organized with noncycloplegic refractions in the left columns (Fig.
3 A, C, and E) and cycloplegic refraction in the right column (Fig.
3 B, D, and F). The top pair of graphs (Fig. 3 A and B) show results

for the COAS analyzed for a 4-mm-diameter pupil and using the
default sphere. The middle pair (Fig. 3 C and D) are for the COAS
with full-pupil data, also with the default sphere, and the bottom
pair (Fig. 3 E and F) are for autorefraction. The horizontal arrows
indicate the level of the root mean square deviation for right and
left eyes on each graph. For both COAS pupil sizes and the autore-
fractor, the use of cycloplegia improved repeatability. The smaller
spread of points for the COAS shows that its repeatability was
slightly better than the autorefractor, especially with cycloplegia
(Fig. 3 B and D). Among noncycloplegic COAS refractions, the
largest deviations were for medium myopes (�2.00 to �6.00 D).
With cycloplegia, there appeared to be relatively constant level of
COAS repeatability across the entire spherical equivalent refractive
error range.

Instrument Myopia

Table 4 summarizes instrument myopia for the COAS and
Nidek autorefractor in terms of the spherical equivalent change in
refraction. COAS results listed are for the full pupil using the
default sphere, but instrument myopia was essentially the same for
4-mm pupils and with the Seidel sphere. Results are shown in
diopters with �1 SEM. The COAS showed less spherical equiva-
lent instrument myopia than the autorefractor—essentially no in-
strument myopia. For both the right- and left-eye COAS and
right-eye autorefractor measurements, instrument myopia was not
statistically significantly different from zero (Hoteling T2 test; p 	
0.05).

DISCUSSION

We found that the COAS has a range of accuracy similar to both
clinical subjective refraction and Nidek autorefraction under non-
cycloplegic and cycloplegic conditions. The mean COAS, autore-
fraction, and subjective phoropter refractions showed statistically
significant differences from each other, however the differences
were smaller than the accuracy with which we can measure subjec-
tive refraction (approximately �0.25 D). Therefore, we could not
rule out the possibility that either the COAS or the autorefractor
was more accurate than subjective refraction for measuring lower-
order aberrations.

TABLE 4.
Mean instrument myopia for the Complete Ophthalmic
Analysis System (COAS) and autorefractor, expressed as the
spherical equivalent power, in diopters (� 1 SEM)a

Eye COAS Autorefractor

OD �0.01 � 0.07 �0.16 � 0.10
OS �0.05 � 0.07 �0.23 � 0.08

a A negative value indicates that the noncycloplegic refraction
was more myopic than the cycloplegic refraction. A small change
in astigmatic power, about 0.1 D (not shown), accompanied the
instrument myopia for both the COAS and autorefractor. COAS
results are for full pupil (mean, 7.7 mm), non-Seidel computations
of refractive error. Instrument myopia for the COAS was approx-
imately the same when analyzed for 4-mm-diameter pupils and
with the Seidel algorithm.
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Analysis of variability showed that 80 to 90% of the COAS/
subjective discrepancy was due to differences in the spherical
equivalent powers. Several factors could have accounted for this.
(1) Dioptric compensation for the depth of the COAS fundus
reflection, presumably from the choroid, might not exactly match
the subjective best focus. This is further complicated by the fact
that the layer of reflectance varies from person to person and de-
pends on factors such as the amount of melanin or hemoglobin
present at that site.30 (2) Subjective refractions were performed
with incandescent light, but the COAS refracts with 850-nm in-
frared light, then it mathematically corrects this for a default value
of 550 nm at the peak of the visible spectrum to allow for the effects
of chromatic aberration. Because the subjective examination was
done with a letter chart projected by an incandescent light bulb, a
more accurate comparison should be gained by setting the wave-
length correction to about 570 nm. This should allow a shift in
COAS spherical measurements by about �0.1 D.31 (3) Slight
differences and fluctuations in pupil size and state of accommoda-
tion between the time we measured the phoropter and the COAS
refractions might have contributed to small differences in the non-
cycloplegic refractions. A change in pupil size would affect primary
spherical and higher-order aberrations, but probably more impor-
tant, it would affect the depth of focus for the eye, smaller pupil
diameters giving an increased depth of field,32, 33 and consequently
greater variability in measured refractive error. (4) Subjective best
focus might balance total aberrations, whereas the default COAS
spherical equivalent (non-Seidel) is based on a single mode, Z2

0

(defocus) and the Seidel sphere added compensation for Z4
0 (pri-

mary spherical aberration). This is consistent with our observation
that the Seidel sphere improved accuracy by about 0.1 D (mean
power vector), but for large pupils only.

In most cases, repeatability for the COAS was slightly better
than the Nidek autorefractor. Repeatability improved with cyclo-
plegia but was slightly worse when the Seidel option was used, with
or without cycloplegia. Finally, there was no significant instrument
myopia with the COAS.

For the measurement of lower-order aberrations (sphere and
astigmatism) accuracy, repeatability, and instrument myopia with
the COAS were good enough that it should serve as a reliable
autorefractor. As we learn how to better compensate for factors
affecting the spherical equivalent power, it might be possible to
refine accuracy even further. Our study was limited to an assess-
ment of lower-order aberrations, and these results cannot be ex-
trapolated to higher-order terms. The manufacturer of the COAS,
WaveFront Sciences, tested accuracy with phase plates and found
errors of 	0.05 �m in the value of fourth-order and other Zernike
coefficients. Their repeatability studies with a human eye found a
standard deviation (N � 30) for third- and fourth-order Zernike
coefficients of 	0.05 �m.

Wavefront sensors such as the COAS allow the measurement of
the full complement of higher- plus lower-order aberrations, which
has become important in clinical practice, especially for doctors
who manage refractive surgery patients. These aberrometers can
also be used for the early diagnosis of keratoconus, cataracts, and
tear film anomalies15 and may assist in the evaluation of other
apparently healthy, nonamblyopic eyes that cannot be corrected to
20/20 with spectacles. Aberrometers can also help us objectively
evaluate and improve the optical design of contact lenses.34 In a

separate study, we have been comparing the optical performance of
an aspheric soft contact lens, designed to correct spherical aberra-
tion, with that of a conventional spherical lens.34 Aberrometry has
revolutionized visual optics research and will certainly make an
increasingly important contribution to clinical eye care in the com-
ing years.
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