NEW TECHNOLOGY

Repeatability of Aberrometric Measurements
With a New Instrument for Vision Analysis
Based on Adaptive Optics

Carles Otero, MSc; Meritxell Vilaseca, PhD; Montserrat Arjona, PhD; Juan A. Martinez-Roda, MSc;

Jaume Pujol, PhD

ABSTRACT

PURPOSE: To evaluate intersession and intrasession re-
peatability of aberration data obtained with a new visual
simulator based on adaptive optics, which includes a
Hartmann-Shack aberrometer (Adaptive Optics Vision
Analyzer; Voptica S.L., Murcia, Spain).

METHODS: Thirty-one healthy right eyes were included
in the study. To evaluate intrasession repeatability, three
consecutive measurements without repositioning the
patient or realigning the eye were obtained. Interses-
sion repeatability was evaluated in three sessions. Ab-
errometric data computed from the second to the fifth
order for a 4-mm pupil were used. Statistical analysis
included the repeated measures analysis of variance (or
the Wilcoxon signed rank test), the coefficient of repeat-
ability, the Bland-Altman method, and the intraclass
correlation coefficient.

RESULTS: No significant differences in the intrasession
and intersession repeatability analysis for any of the pa-
rameters (P > .05) were found, suggesting a consistent
variability of the instrument over time. Similar coefficient
of repeatability values were obtained in the three ses-
sions. The Bland-Altman analysis confirmed differences
close to zero and the variations were independent of the
mean within and between sessions. The intersession
intraclass correlation coefficient values were generally
above 0.75, suggesting moderate to high repeatability.
However, some exceptions were found in the intrases-
sion analysis.

CONCLUSIONS: The findings suggest that the new
instrument provides consistent and repeatable aberro-
metric data. It is therefore a suitable tool to perform
consistent and repeatable visual simulations.

[J Refract Surg. 2015;31(3):188-194.]

ptical aberrations affect human vision. Aber-
rometers allow fast and reliable measurements
of lower- and higher-order aberrations in clinical

practice.m® The most commonly used aberrometers are based
on the Hartmann-Shack technique,®® and the Zernike poly-
nomials are often used to describe the ocular wavefront aber-
ration function.® A new instrument based on this technique
that combines an aberrometer with adaptive optics technol-
ogy (Adaptive Optics Vision Analyzer; Voptica S.L., Murcia,
Spain) has recently been commercially available.”® Adaptive
optics is mainly used to improve the performance of optical
systems by reducing the effect of wavefront distortions; some
ophthalmic systems®'? already apply it to improve the qual-
ity of the displayed images. This new instrument includes
a spatial light modulator capable of performing visual sim-
ulations such as correcting or inducing certain aberrations,
measuring visual acuity, contrast sensitivity and glare, simu-
lating different optics such as lenses and refractive profiles
in a noninvasive manner, and combining optical and visual
testing at any distance.

Before using a commercial ophthalmic instrument as a di-
agnostic tool, it is crucial to ensure that repeated measure-
ments give consistent results. This study evaluated the repeat-
ability of aberrometric data obtained with this new instrument
in a population of healthy participants with good vision. The
study compared within-session repeatability (with no reposi-
tioning of the participant or realignment of the eye) and be-
tween-session repeatability (repositioning the participant and
realigning the eye). Such studies are essential, because clini-
cal assessments are often made in different sessions.
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PATIENTS AND METHODS

PATIENTS

This prospective study was conducted on healthy
participants recruited from the staff and students of
the Polytechnic University of Catalonia (Terrassa, Bar-
celona, Spain). Participants with corrected distance vi-
sual acuity of 20/20 or better, spherical correction less
than 5.00 diopters (D), astigmatism less than 3.00 D,
and no history of ocular disorder were invited to take
part. Soft contact lens wearers were instructed not to
wear them for at least 1 day before measurements. Fur-
thermore, only participants with pupil diameters of 4
mm or greater in mesopic conditions were included in
the study. No mydriatic agents were used. The research
followed the tenets of the Declaration of Helsinki and
all participants gave written informed consent.

Thirty-one right eyes of 31 participants (13 males
and 18 females) were finally included in the study,
with a mean age + standard deviation (SD) of 26.5 +
5.8 years (range: 18 to 52 years), corrected distance vi-
sual acuity in decimal notation of 1.01 = 4 - 10 (Snel-
len equivalent 20/19.80), manifest spherical refractive
error of -1.26 = 1.93 D (range: -4.75 to +3.75 D), and
cylinder of -0.76 + 0.74 D (range: -3.00 to 0.00 D).

EXAMINATION PROTOCOL AND MEASUREMENTS
Following international standards of repeatability,’?
all measurements were taken by the same operator in
the same laboratory with the same equipment. Room
illumination was kept low and constant during mea-
surements. In addition to the standardized routine
examination (visual acuity, manifest refractive error,
and natural pupil diameter), measurements of mono-
chromatic ocular aberrations were obtained using the
Adaptive Optics Vision Analyzer (software v1.1.12),
which has two operating modes: the Wavefront Mea-
surement and the Vision Analysis. The first uses a
Hartmann-Shack aberrometer to measure the Zernike
coefficients up to the eighth order for a specific pupil
size. It is used to determine the refractive error, the
higher-order root mean square (RMS), and the total
RMS. In the Vision Analysis mode, the operator has
full control over the visual stimulus as seen by the
participant (ie, the wavefront profile can be modified
by means of adaptive optics). In this study, aberro-
metric data were recorded three consecutive times in
three different sessions. Time between sessions was
10 minutes, which allowed the assessment of intrases-
sion and intersession repeatability, similarly to other
ophthalmic instruments.’*"® At the beginning of each
session, the participant was properly positioned and
the participant’s right eye was aligned with the instru-
ment while an occluder was applied to the left eye.

Next, three consecutive measurements without repo-
sitioning or realignment of the eye were made. No re-
fractive corrections were worn and the participant was
instructed to blink just before the measurement and
then to blink freely to minimize the effect of tear film
instability.

Taking into account that in healthy eyes the most
significant higher-order aberrations are within the
third and fourth orders and that the second order is
important for determining refraction,®'® we evaluated
aberrations from the second to the fifth order. Ocu-
lar aberrations were computed for a 4-mm pupil. The
following aberrometric data were used: individual
Zernike coefficients from the second (Z? ) to the fifth
order (Z° ), with m being the angular frequency; the
radial RMS from the second (RMS__,,) to the fifth order
(RMS_..); the RMS of higher-order aberrations com-
puted from the third to the fifth order (RMS,); the
total RMS computed from the second to the fifth order
(RMS,;); and the spherical and cylindrical refraction.
Aberrometric data were expressed in micrometers
(pm) and refraction data in diopters (D).

STATISTICAL ANALYSIS

All data were entered in a database (Excel; Micro-
soft Corporation, Redmond, WA) and transferred for
data analysis (SPSS version 17.0 for Windows; SPSS,
Inc., Chicago, IL). P values of .05 were considered sta-
tistically significant.

Repeatability was analyzed as follows: to determine
whether there were intrasession differences, the first,
second, and third consecutive measurements in the first
session were compared (intrasession repeatability).
When parametric analysis was possible, the repeated
measures analysis of variance was used for data com-
parison. If parametric analysis was not possible, the
Wilcoxon signed rank test was used. To determine
whether there were intersession differences, the same
analysis was subsequently used with the averaged re-
sults obtained in the first, second, and third session
(intersession repeatability).

Next, the intrasession repeatability of each param-
eter was determined using the coefficient of repeat-
ability (COR) (1.96 times intrasubject SD), which rep-
resents the value below which the difference between
two repeated measurements from the same session are
expected, with 95% probability.?® The mean COR for
each session was obtained adding the square of the in-
dividual CORs for each individual eye and calculating
the square root of the mean value. The intrasession and
intersession repeatability for each parameter was also
assessed with the Bland—Altman method.?! Specifi-
cally, we used the first and second measurements and
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TABLE 1
Mean Sphere and Cylinder and Mean of the Intrasubject SD (S,)
of the Measurements Obtained During the Three Sessions

First Session

Second Session Third Session

Parameter Mean Se Mean S Mean Sg
Sphere (D) -1.04 0.17 -1.12 0.16 -1.09 0.15
Cylinder (D) -0.79 0.13 -0.78 0.16 -0.82 0.14

SD = standard deviation; D = diopters
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Figure 1. Mean (A) Zernike coefficients and (B) root mean square (RMS)
values of the measurements carried out during the three sessions. Values
are in micrometers (um).

the first and third measurements of the first session to
assess intrasession repeatability. However, we com-
pared the mean values of the three consecutive mea-
surements in each session between the first and second
sessions and the first and third sessions to establish
intersession repeatability.

Finally, an intraclass correlation coefficient (ICC)
test, a measure of the reliability of measurements, was
also performed.?? This correlation measures the rela-
tive homogeneity within groups (between the repeated

measurements) in relation to the total variation. The
ICC approaches 1.0 when the variability within re-
peated measurements is zero and low intraobserver re-
peatability is generally assumed when ICC values are
below 0.75. In this study, we used a two-way mixed
analysis. The three measurements of the first session
for each participant were considered to account for in-
trasession repeatability. Intersession repeatability was
studied by means of the analysis of the nine measure-
ments obtained in the first, second, and third sessions.

RESULTS

Table 1 shows the mean of the sphere and cylinder
obtained in the three sessions. The mean of the intrasu-
bject SD (Sy) is also shown. Values of S_ less than 0.25
D, and thus not clinically significant, were obtained.
Figure 1 shows the mean Zernike coefficients and RMS
values obtained in the three sessions.

For each parameter, no significant differences in the
intrasession repeated measures analysis of variance (or
the Wilcoxon signed rank test if needed) and the inter-
session analysis were found (P > .05), suggesting that
the variability of the instrument remained constant
over time.

The three mean intrasession COR values obtained
for each different session are shown in Table A (avail-
able in the online version of this article) together with
the S_. Table A also shows that the values obtained are
similar for the three sessions considered.

Table B (available in the online version of this ar-
ticle) shows the mean of the differences (mean,) and
the corresponding 95% confidence limit for the param-
eters within the first session, when the first and second
measurements and the first and third measurements
were compared (Bland—Altman method). Table C
(available in the online version of this article) shows
the same results but for the comparison of the differ-
ent sessions (ie, the first and second sessions and the
first and third sessions). Figure 2 shows the Bland—Alt-
man graphs for the RMS,,,,, where mean differences
close to zero were obtained when comparing measure-
ments within the first session and between sessions.
Furthermore, similar or slightly better intersession

Copyright © SLACK Incorporated




Aberrometric Measurements/Otero et al

c
(]
£ 04 -
L
3
2]
3 0 72 S —
1 ’ .
'8 ]
oo
S 001 f'fsfgff::: fffffffffff
C [ ] L]
g .
s 021 « °
3 [ ]
0]
g I
S -0.4
®
0.0 0.1 0.2 0.3 04 05
Mean of the 1st and 2nd measurements
(a)
04 -
c
2
[
8 021 .
w > ]
'8 [
N | _e L egte *
!I: 0.0 40* ..4'%.'. v 'Y * .
2 .
[ 5 Y
® -0.2
(0]
®
-0.4
005 010 015 020 025 030 035 040

Mean of the 1st and 2nd sessions

(c)

€
(]
E 04
L
3
©
©o 029 ]
S
L ) L] L ]
' 0.0 1 ey %,% $ *
- f%-fikffgfififr ffffff
g . . .
@ .02 - »
|
0]
©
(] [
E .04 1 .
®
005 010 015 020 025 030 035 040
Mean of the 1st and 3rd measurements
04 -
c
(o]
2
® 024
(0] .
B . o
o o0 o, .....
‘|: 0.0 ii44i4iir7 iiiiiiiiii
© et
] . .
§ 02 f————————— |
®
-~ L ]
-0.4
0.0 0.1 0.2 0.3 04 05 06
Mean of the 1st and 3rd sessions

Figure 2. Plots showing the mean of the differences and the corresponding 95% confidence limit for the root mean square of higher-order aberra-
tions computed from the third to the fifth order parameter when the (A) first and second measurements and (B) first and third measurements of the
first session were compared. The differences when the (C) first and second sessions and (D) first and third sessions were compared are also shown.

Values are in micrometers (um).

than intrasession repeatability was observed for each
parameter using the Bland—Altman method, suggest-
ing that the repositioning or realignment of the eye had
a relatively small (although useful) impact on the re-
sults. The Bland—Altman analysis also confirmed that
the variations were independent of the mean because
the plots did not show bias between the mean and the
differences, for both the intrasession and intersession
repeatability analysis.

Finally, Table 2 shows the ICC for intrasession and
intersession repeatability; values of ICC above 0.75
were obtained for many parameters analyzed in the
intersession analysis, which we interpreted as moder-
ate to high repeatability. On the other hand, where the
parameters were linked to lower ICC values, mainly
for the intrasession analysis, a poorer repeatability
was achieved. This could be partially explained by
a lower number of measurements included in the

analysis of intrasession repeatability. Moreover, it is
in agreement with some of the former Bland—Altman
results where intersession repeatability was slightly
better for some specific parameters than that obtained
for the intrasession analysis. In addition, lower-order
aberrations seemed to be associated with a better re-
peatability than higher-order aberrations when the
ICC analysis was done. Overall, better results were
obtained with RMS values than with some individual
Zernike coefficients.

DISCUSSION
The availability of commercial adaptive optics tech-
nology has generated a great interest in aberrometry. In
this study, the repeatability of aberrometric data of a
new instrument based on the Hartmann-Shack sensor
was evaluated. The results show good overall repeat-
ability.
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TABLE 2
Intrasession and Intersession Repeatability Expressed in Terms of ICC?

Intrasession

Intersession

0
z, 0.535 [0.152, 0.761]

Z“4 0.400 [-0.096, 0.692]
ZS_5 0.329 [-0.226, 0.655]
Z5_3 0.477 [0.062, 0.728]
2571 0.340 [-0.312, 0.448]
Z51 0.519 [0.121, 0.753]
Z53 0.435 [-0.041, 0.712]
255 0.375 [-0.012, 0.628]
RMS_, 0.996 [0.992, 0.998]
RMS,_, 0.488 [0.199, 0.731]
RMS,_,, 0.443 [-0.090, 0.761]
RMS,_. 0.651 [0.371, 0.819]
RMS, 5 0.608 [0.300, 0.796]
RMS o 0.997 [0.994, 0.998]
Sphere (D) 0.997 [0.995, 0.999]
Cylinder (D) 0.979 [0.961, 0.989]

Parameter Icc [CL,,, CL,,] Icc [CL,,, CL,,]
z, 0.949 [0.907, 0.973] 0.977 [0.963, 0.988]
z, 0.996 [0.993, 0.998] 0.998 [0.997, 0.999]
z, 0.933 [0.879, 0.965] 0.980 [0.968, 0.989]
z, 0.306 [-0.269, 0.643] 0.781 [0.643, 0.880]
z, 0.349 [-0.190, 0.666] 0.774 [0.633, 0.876]
z, 0.692 [0.436, 0.842] 0.758 [0.606, 0.868]
z, 0.546 [0.171, 0.767] 0.516 [0.207, 0.736]
zt, 0.433 [-0.037, 0.710] 0.569 [0.301, 0.764]
z, 0.510 [-0.037, 0.700] 0.834 [0.711, 0.895]
z 0.789 [0.616, 0.892] 0.871 [0.789, 0.929]
[

0.864 [0.779, 0.925]
0.799 [0.672, 0.890]
0.494 [0.021, 0.767]
0.698 [0.508, 0.835]
0.749 [0.591, 0.863]
0.401 [0.027, 0.472]
0.556 [0.281, 0.756]
0.397 [-0.054, 0.718]
0.998 [0.997, 0.999]
0.796 [0.670, 0.888]
0.847 [0.751, 0.916]
0.846 [0.749, 0.916]
0.867 [0.784, 0.927]
0.998 [0.997, 0.999]
0.999 [0.997, 0.998]
0.987 [0.978, 0.993]

RMS, 0,
to the fifth order; D = diopters
aThe corresponding 95% confidence limits (CL) are also shown.

ICC = intraclass correlation coefficient; CL, . = inferior confidence limit; CLsup = superior confidence limit; RMS
RMS,_ ., = radial root mean square to the third order; RMS_,, = radial root mean square to the fourth order; RMS . = radial root mean square to the fifth order;
= root mean square of higher-order aberrations computed from the third to the fifth order; RMS.

.q> = radial root mean square to the second order;

or = the total root mean square computed from the second

With regard to the assessment of objective refraction,
the instrument showed low variability for the sphere
and the cylinder (mean intrasubject SD values from 0.13
to 0.17 D) (Table 1). These values are below the limit
of 0.25 D used in clinical practice and thus have little
impact on clinical outcomes. These results are similar
to those reported by authors using other commercial
instruments also based on Hartmann-Shack sensors.
Specifically, Lépez-Miguel et al.’® found intrasubject
SD values for the spherical and astigmatic component
of 0.20 and 0.40 D, respectively, with an integrated to-
pographer and a Hartmann-Shack wavefront sensor
(Topcon KR-1W, Tokyo, Japan). Pifiero et al.?® found

a within-subject SD of 0.05 D for astigmatism when
performing three consecutive measurements with the
same instrument. Miranda et al.?® also found a small
variability in lower-order aberrations; they reported that
the average SD of the differences produced an equiva-
lent defocus of 0.045 D. Mirshabhi et al.?* reported mean
intrasession S_ of 0.15 D for the sphere value and 0.16
D for astigmatism. They obtained six consecutive mea-
surements of each eye after pupil dilation. Hofer et al.>®
did not find differences in aberration between natural
accommodation and cycloplegia. We found similar re-
sults to those found by Mirshahi et al., although we ob-
tained the measurements without cycloplegia.

Copyright © SLACK Incorporated
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With respect to higher-order aberrations, no sig-
nificant intrasession and intersession differences were
found, suggesting that the repeatability of the instru-
ment was constant over time. This agrees with the
results of Miranda et al.,?® who analyzed aberration
data over 1 week. Moreover, they obtained COR val-
ues similar to ours and they found the largest varia-
tion in the total higher-order aberrations, for which a
COR value of approximately 0.1 pm was obtained. In
our study, the COR value for the RMS, , parameter
was slightly higher, at 0.191, 0.183, and 0.222 pm for
the first, second, and third session, respectively. In ad-
dition, Mirshahi et al.* reported an intrasession S, of
0.097 pm for the RMS,,,,, whereas most other aberra-
tion coefficients had lower values. In our study, the
intrasession S_ was just below 0.07 pm for the total
higher-order RMS in the three sessions (Table A); the
other parameters measured were also linked to lower
S, values. Visser et al.? also reported good repeatabil-
ity values for two Hartmann-Shack aberrometers, the
IRX-3 (Imagine Eyes, Paris, France) and the Keratron
Onda (Optikon, Rome, Italy), with mean SD values be-
low 0.1 pm for both aberrometers in all higher-order
aberrations and slightly larger values (0.1 to 0.2 pm)
for second-order aberrations. In contrast, in our study
the intrasession S, was always below 0.1 pm.

On the other hand, although Cheng et al.?” reported
statistically significant differences in a large number of
Zernike coefficients when performing twenty sequen-
tial measurements with a Hartmann-Shack sensor, they
concluded that pupil realignment was critical to mini-
mize variability. These results agree in our study with
the slightly better results obtained in some parameters
for the Bland—Altman intersession analysis than for
the intrasession analysis (Tables B-C). However, the
statistical analysis of intrasession repeatability com-
pared three independent measurements, whereas the
intersession analysis considered the average of three
measurements taken during each session. The Bland-—
Altman analysis in our study did not show a trend
based on the mean value of the aberrations, similarly
to what other authors have already reported with other
instruments?® (Figure 2).

The results of the ICC analysis showed good re-
peatability, in particular for the intersession analysis
where ICC values above 0.75 were obtained for most
parameters analyzed. Nevertheless, a lower repeat-
ability was observed when the intrasession analysis
was done. The ICC values obtained in this study are
similar or slightly lower than those found by Pifiero
et al.,”® who reported ICC values above 0.75 for most
parameters analyzed when three repeated automatic
consecutive measurements were obtained by the same

examiner. No pupil dilation was used for the mea-
surements and a 4-mm pupil was considered in the
calculations. A higher variability was observed in the
repeated measurements of RMS values correspond-
ing to primary coma, secondary astigmatism, and tet-
rafoil. In our study, these parameters were linked to
low ICC values in the case of the intrasession repeat-
ability analysis. However, fifth order coefficients also
presented poor values.

Lopez-Miguel et al.’® studied intrasession repeat-
ability (nine consecutive measurements) and interses-
sion reproducibility (two consecutive sessions 1 week
apart) for a 6-mm pupil. Intrasession repeatability
ICCs showed good results for higher-order aberrations
(> 0.85). The day-to-day variability of the system was
not as good as that obtained during a single session
(> 0.71). These results contradict the results found in
this study, because for ICC better results were reported
for the intersession analysis than for the intrasession
analysis. It could be possibly explained by the differ-
ence in time between sessions: whereas Lépez-Miguel
et al. evaluated two consecutive sessions 1 week apart,
the sessions in our study were separated only by 10
minutes. Furthermore, the average of three measure-
ments in each session and three independent measure-
ments for the intrasession analysis were taken into
consideration in our study. Several repeated measure-
ments of ocular aberrations are recommended to avoid
instrument variability.

In addition, when considering the Zernike polyno-
mials in ascending order, our results showed a tenden-
cy toward decreasing absolute repeatability (ie, intra-
subject SD and CORs). These results agree with similar
studies'’?* that measured larger relative repeatability
errors for higher orders.

Finally, variability between measurements over
time may be attributed not only to the instrument and
its precision but also to changes in the properties of
the light reflected from the retina®® and to changes
occurring in the eye during measurements.?” Indeed,
aberrations are dynamic because they can be directly
affected by microfluctuations of accommodation,
instability of the tear film, and fixation micromove-
ments of the eye. The operator might also have an im-
pact on variability because the instrument used is not
fully automated (ie, operators are in charge of placing
the patient and focusing and centering the eye during
measurements).

Our findings suggest that the new instrument for
vision analysis based on adaptive optics provides
consistent and repeatable aberrometric data and can
thus be used to obtain consistent and repeatable
visual simulations.
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TABLE A
Mean of the Intrasubject SD (S_) and Intrasession COR (1.96 x S )?

First Session Second Session Third Session
Parameter S, COR S, COR S, COR
2, 0.046 0.113 0.036 0.084 0.051 0.128
72, 0.094 0.260 0.077 0.201 0.088 0.228
z, 0.083 0.279 0.068 0.170 0.084 0.256
2, 0.057 0.144 0.048 0.123 0.041 0.110
2, 0.042 0.115 0.042 0.121 0.044 0.118
2N 0.039 0.101 0.043 0.113 0.054 0.188
Z33 0.044 0.103 0.041 0.115 0.045 0.125
7, 0.040 0.107 0.033 0.084 0.036 0.090
'y 0.028 0.071 0.022 0.054 0.025 0.067
z4 0.027 0.063 0.032 0.107 0.041 0.114
a 0.041 0.125 0.033 0.079 0.041 0.112
Z“4 0.051 0.137 0.046 0.124 0.043 0.113
7 0.039 0.095 0.031 0.076 0.029 0.078
S 0.024 0.061 0.022 0.053 0.021 0.055
Z9 0.023 0.055 0.023 0.068 0.019 0.051
2N 0.024 0.058 0.024 0.066 0.027 0.086
7%, 0.021 0.054 0.020 0.050 0.027 0.073
7 0.031 0.079 0.032 0.094 0.032 0.077
RMS_, 0.079 0.204 0.072 0.188 0.082 0.200
RMS_ . 0.044 0.114 0.048 0.133 0.054 0.172
RMS_ ., 0.054 0.171 0.049 0.143 0.049 0.153
RMS 0.031 0.077 0.031 0.082 0.033 0.093
RMS, ;. 0.067 0.191 0.063 0.183 0.069 0.222
RMS, . 0.081 0.213 0.073 0.181 0.079 0.184
Sphere (D) 0.17 0.372 0.16 0.369 0.15 0.352
Cylinder (D) 0.13 0.296 0.16 0.353 0.14 0.315

SD = standard deviation; COR = coefficient of repeatability; RMS,,, = radial root mean square to the second order; RMS, ., = radial root mean square to the
third order; RMS,, , = radial root mean square to the fourth order; RMS _,; = radial root mean square to the fifth order; RMS,,, = root mean square of higher-
order aberrations computed from the third to the fifth order; RMS, . = the total root mean square computed from the second to the fifth order; D = diopters
aValues are in micrometers (um) unless otherwise indicated.




TABLE B
Results From the Bland-Altman Analysis for the First Session
(Intrasession Repeatability)?

Between 1st and 2nd Measurements Between 1st and 3rd Measurements

Parameter Mean, [CL, ., CL_, ] Mean, [CL, .,CL_ ]

7~ __sup
z, -0.003 [-0.137, 0.130] 0.004 [-0.175, 0.184]
2, -0.031 [-0.483, 0.420] -0.024 [-0.289, 0.240]
7z, -0.049 [-0.477, 0.379] -0.002 [-0.234, 0.229]
g 0.001 [-0.217, 0.221] 0.018 [-0.158, 0.195]
2, 0.015 [-0.150, 0.180] 0.008 [-0.132, 0.148]
z, 0.002 [-0.131, 0.135] 0.005 [-0.117, 0.126]
72, -0.006 [-0.113, 0.101] 0.005 [-0.146, 0.156]
Z', -0.017 [-0.125, 0.090] -0.004 [-0.176, 0.168]
AR -0.007 [-0.090, 0.075] -0.003 [-0.106, 0.100]
7 -0.004 [-0.096, 0.088] -0.002 [-0.075, 0.070]
z4, -0.016 [-0.184, 0.153] -0.005 [-0.135, 0.124]
zZ, -0.014 [-0.204, 0.177] -0.010 [-0.163, 0.144]
2 -0.004 [-0.113, 0.104] -0.023 [-0.152, 0.106]
724 -0.001 [-0.064, 0.061] -0.008 [-0.096, 0.081]
Z3P -0.002 [-0.070, 0.065] -0.016 [-0.096, 0.064]
Z 0.004 [-0.086, 0.093] -0.003 [-0.076, 0.071]
7% -0.001 [-0.075, 0.074] 0.001 [-0.067, 0.068]
75 0.009 [-0.108, 0.125] -0.005 [-0.083, 0.074]
RMS ., 0.007 [-0.320, 0.333] 0.000 [-0.255, 0.255]
RMS,_ -0.034 [-0.193, 0.125] -0.029 [-0.158, 0.099]
RMS,, -0.030 [-0.258, 0.199] -0.023 [-0.217, 0.170]
RMS,_ s -0.005 [-0.105, 0.094] -0.016 [-0.129, 0.0971]
RMS, ., -0.047 [-0.308, 0.214] -0.040 [-0.255, 0.175]
RMS, o -0.004 [-0.346, 0.338] -0.006 [-0.267, 0.254]
Sphere (D) 0.01 [-0.50, 0.52] 0.02 [-0.51, 0.55]
Cylinder (D) -0.02 [-0.35, 0.31] 0.00 [-0.48, 0.47]

Mean, = mean of differences; CL, . = inferior confidence limit; CL , = superior confidence limit; RMS,,,, = radial root mean square to the second order; RMS ,,,
= radial root mean square to the third order; RMS , ,, = radial root mean square to the fourth order; RMS,_, = radial root mean square to the fifth order; RMS,,,,
= root mean square of higher-order aberrations computed from the third to the fifth order; RMS. . = the total root mean square computed from the second to the
fifth order; D = diopters

#The mean of the differences (mean ) and the corresponding 95% confidence limits (CL) for the first and second measurements and the first and third measure-
ments are shown. Values are in micrometers (um) unless otherwise indicated.
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TABLE C

Results From the Bland-Altman Analysis Between Sessions
(Intersession Repeatability)?

Between 1st and 2nd Sessions

Between 1st and 3rd Sessions

Parameter Mean, [CL, .,CL_ ] Mean, [CL, ,CL_ ]
V2 -0.021 [-0.154, 0.111] -0.016 [-0.182, 0.149]

-2

2 -0.031 [-0.266, 0.204] -0.044 [-0.382, 0.293]

72y 0.033 [-0.188, 0.255] 0.019 [-0.184, 0.222]

72y -0.006 [-0.103, 0.092] -0.003 [-0.129, 0.122]

Z, -0.004 [-0.087, 0.079] -0.002 [-0.094, 0.089]

7z, -0.011 [-0.136, 0.114] -0.011 [-0.120, 0.0971]

72y -0.004 [-0.113, 0.105] -0.011 [-0.130, 0.108]

7z, -0.012 [-0.089, 0.064] -0.006 [-0.095, 0.083]

74, -0.012 [-0.065, 0.041] -0.009 [-0.071, 0.052]

Zy -0.004 [-0.064, 0.055] -0.013 [-0.100, 0.075]

7z 0.016 [0.003, -0.056] 0.087 [-0.084, 0.091]

A 0.002 [-0.074, 0.078] 0.004 [-0.097, 0.106]

2 0.002 [-0.064, 0.068] 0.009 [-0.058, 0.076]

2 0.003 [-0.036, 0.042] 0.007 [-0.041, 0.054]

2, -0.002 [-0.049, 0.046] 0.000 [-0.035, 0.035]

N -0.011 [-0.073, 0.052] -0.010 [-0.074, 0.055]

72y -0.009 [-0.061, 0.042] -0.004 [-0.053, 0.044]

/28 -0.005 [-0.069, 0.059] -0.001 [-0.056, 0.054]

RMS ., -0.006 [-0.231, 0.219] -0.012 [-0.341, 0.317]

RMS_ s 0.002 [-0.077, 0.081] -0.013 [-0.135, 0.109]

RMS_ . 0.000 [-0.091, 0.091] -0.013 [-0.135, 0.110]

RMS 5 -0.001 [-0.076, 0.075] 0.000 [-0.079, 0.079]

RMS,,o 0.001 [-0.127, 0.130] -0.017 [-0.198, 0.164]

RMS, o -0.007 [-0.226, 0.212] -0.019 [-0.317, 0.280]

Sphere (D) 0.08 [-0.37, 0.53] 0.05 [-0.50, 0.60]

Cylinder (D) -0.01 [-0.43, 0.40] 0.02 [-0.36, 0.40]

Mean, = mean of differences; CL, . = inferior confidence limit; CLsup = superior confidence limit; RMS _,, = radial root mean square to the second order;
RMS, ., = radial root mean square to the third order; RMS _,, = radial root mean square to the fourth order; RMS,_ . = radial root mean square to the fifth order;
RMS,,,, = root mean square of higher-order aberrations computed from the third to the fifth order; RMS,,, = the total root mean square computed from the sec-

ond to the fifth order; D = diopters
aThe mean of the differences (mean,) and the corresponding 95% confidence limits (CL) for the first and second sessions and the first and third sessions are
shown. Values are in micrometers (um) unless otherwise indicated.
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