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Purpose: To evaluate reliability of Fourier-domain optical coherence tomogra-
phy (OCT) (RTVue), time-domain OCT (Visante), and slit-lamp adapted ultra-
sonic pachymetry (SL-US) in the measurement of central corneal thickness
(CCT). Materials and Methods: Thirty healthy volunteers visited our clinic 3
times and fifty eyes were measured by one physician. RTVue and Visante were
randomly performed, and then SL-US, in which the ultrasound probe was insert-
ed into the Goldmann tonometry mount, was done. During the second visit, each
measurement was repeated 3 times. Measurements on the second visit were aver-
aged, and agreement among the instruments was investigated with Bland-Altman
plots. Results: RTVue showed smaller repeatability coefficient than Visante and
SL-US (4.7, 8.3, and 7.7 pm, respectively). Intersession reproducibility of RTVue
and Visante was worse than their repeatability. CCT of RTVue was estimated to
be maximally different by 11.8 pm from CCT of Visante and 8.8 pm from CCT
of SL-US. The repeatability coefficient of SL-US was 7.7 pm and its reproduc-
ibility was similar to the repeatability. Conclusion: CCT measured by RTVue
showed good reliability and generally agreed with Visante and SL-US. SL-US
was as reliable as triple touching conventional US even with a single touch on the
cornea.

Key Words: Optical coherence tomography, ultrasonic pachymetry, reliability,
central corneal thickness

INTRODUCTION

The accurate measurement of central corneal thickness (CCT) is important in pre-
paring for refractive surgery, monitoring corneal ectasia like keratoconus, comple-
menting intraocular pressure (IOP), calculating the risk of progression from ocular
hypertension to glaucoma, and studying corneal endothelial cell function after
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contact lens use."* CCT is also a consideration when colla-
gen cross-linking treatment is performed for progressive
keratoconus.’

Ultrasonic pachymetry (US) is a common technique for
measuring CCT, but its reliability is limited by operator’s
skill level since the US probe needs to be manually placed
as close to perpendicular as possible at the center of the cor-
nea. In addition, US requires topical anesthesia, and the
probe can compress the surface of the cornea, which may
chemically and mechanically change the CCT.® Therefore,
many noncontact instruments have been investigated as al-
ternative methods to US.

Visante optical coherence tomography (OCT), a noncon-
tact method based on low coherence interferometry using a
1310 nm superluminescent diode source, is a user-friendly
instrument operated with a joystick and automatic software,
and quickly provides high-quality cross-sectional images of
the cornea (18 pm axial resolution and 2048 A-scans per
second). Furthermore, it is reliable and consistent with US
in the measurement of CCT,”® and is considered a time-do-
main OCT instrument because the scan speed is limited by
the back-and-forth mechanical movement of a reference
mirror over a range of several millimeters.’

In contrast, RTVue, which implements Fourier-domain
OCT, simultaneously collects signals from the entire range
of interest without any mechanical restraint due to the
speed of a reference mirror. Then, it analyzes data using a
spectral interferogram and rapid Fourier transform.'® The
fast scan speed (26000 A-scans per second) of RTVue can
overcome the effects of eye movements during measure-
ment, leading to the possibility of higher resolution (5 pm
axial resolution).

There have been several reports regarding measurement
reliability or agreement between RTVue and Visante. Both
repeatability and reproducibility!! are fundamental to the re-
liability of an instrument, and reliable accuracy also re-
quires agreement of the instrument with a validated gold
standard method. To our best knowledge, a comparative
study of RTVue and Visante that includes both repeatability
and reproducibility in the same measurement setting has
not yet been published.

Therefore, we investigated the complete reliability of RT-
Vue and Visante for CCT measurement using repeatability
test, intersession reproducibility test and well-designed sta-
tistical analysis. In addition, we introduced a modified US
technique, slit-lamp adapted ultrasonic pachymetry (SL-
US), to handle the US probe more easily and precisely.

MATERIALS AND METHODS

Subjects

This study was designed to assess normal corneas in com-
pliant volunteers. Therefore, subject exclusion criteria in-
cluded a history of ocular surgery, recent contact lens use,
any eye drop use except artificial tears, pathologic changes
of the eyelid, conjunctiva, or cornea upon slit-lamp exami-
nation, best corrected visual acuity less than 20/20, intraoc-
ular pressure over 21 mm Hg by noncontact tonometer, and
an endothelial cell count under 2000/mm?. Volunteers were
allowed to take the examination on one or both of their eyes.
Corneal thickness was measured using Visante (software
version 2.0, Carl Zeiss Meditec Inc., Dublin, CA, USA),
RTVue (software version 3.5, Optovue Inc., Fremont, CA,
USA), and US (UP-1000, NIDEK Co., Ltd., Gamagori, Ja-
pan; ultrasound velocity, 1640 m/s). This study was approved
by the Institutional Review Board of Severance Hospital
and adhered to the tenets of the Declaration of Helsinki. In-
formed consent was obtained from all volunteers.

Measurements of central corneal thickness with RTVue,
Visante, and SL-US

All measurements were performed from 1 PM to 8 PM af-
ter volunteers had been awake for at least one hour, in order
to minimize diurnal change and any other ophthalmologic
effects from sleep and eye closure. All eye drops were pro-
hibited for 1 hour before measurements. A single physician
measured the CCT of all volunteers as follows. First, Visante
and RTVue were performed on either one or both eyes of
each volunteer. The measuring order of Visante and RTVue
was randomized. To minimize tear evaporation, volunteers
were asked to blink normally between measurements. A
global pachymetry mapping protocol, consisting of eight
radial lines centered on the corneal vertex reflection, was
selected for Visante. Each line was composed of 128 A-
scans, and the entire map was acquired in 0.5 seconds. The
center of measurement was manually aligned at the vertex
of the cornea with maximized vertex reflection. The system
automatically processed scans, and the study used the cen-
tral 2 mm average corneal thickness calculated by the soft-
ware. For RTVue, the central 2 mm average corneal thick-
ness was obtained using the cornea-anterior module long
lens. The pachymetry mapping protocol was composed of
eight radial lines with each line consisting of 1024 A-scans.
The acquisition time for the map was about 0.3 seconds.
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The pupil-centered scan was obtained by aligning the aim-
ing circle at the center of the pupil.

After measurements of Visante and RTVue, the cornea
was anesthetized with 0.5% topical proparacaine (Alcaine,
Alcon Puerto Rico Inc., Fort Worth, TX, USA), and SL-US
was performed. The ultrasound probe was inserted into the
mount instead of the Goldmann tonometry tip (Haag-Streit,
Bern, Switzerland) (Fig. 1). Subjects were then asked to put
their chins and foreheads on the headrest, and the probe
was placed at the center of the pupil using the joystick. A
single SL-US measurement was obtained.

Repeatability, reproducibility and agreement of RT Vue,
visante, and SL-US protocols

Our definitions of repeatability and reproducibility were
based on the definitions of the British Standards Institution."
Repeatability is the variability of the measurements obtained
by one operator while measuring the same subject on the
same set of equipment with the shortest time lapse possible
between successive sets of readings. Reproducibility is the
variability of the measurement obtained using the same
equipment but with one variation in operator or measurement
time. As a reliable measure is to measure something consis-
tently, reliability requires good repeatability and reproducibil-
ity.!? Reliability is analogous to precision.!? In addition, the
accuracy is the closeness of measurements to the true value."
Therefore, a measurement system can be trusted only when it
has both high precision and good accuracy. Every volunteer
was asked to visit the clinic three times within 4 weeks and
the entire process described above was underwent. However,
on the second visit, each measurement was repeated three
times to gather repeatability data. To obtain the intersession
reproducibility, the first visit value, the first measurement of

Fig. 1. Demonstration of slit-lamp adapted ultrasonic pachymetry. The ul-
trasound probe is inserted into the Goldmann tonometry mount, and under
joystick control, it can be softly and precisely used to touch the surface of
the cornea.

the second visit, and the third visit value were used. Three
successive measurements on the second visit were averaged
for each instrument, and agreement among the three instru-
ments was analyzed using Bland-Altman plots.

Statistics
Statistical analysis was performed with PASW (version
18.0.0, SPSS Inc., Chicago, IL, USA). To test repeatability
and reproducibility, the repeatability or reproducibility co-
efficient (Rco), coefficient of variationx100 (CV), and in-
traclass correlation coefficient (ICC) were calculated. For
95% of pairs of repeated observations, the difference is less
than Rco."* Rco was estimated from three repeated mea-
surements as mentioned in details of statistical calculations
section (see below). A smaller CV was interpreted as better
repeatability or reproducibility. As the ICC nears 1.000, re-
peatability or reproducibility approaches perfection.
Agreement among RTVue, Visante, and SL-US was in-
vestigated with Bland-Altman plots.”® Three measurements
for repeatability determination were averaged, and a paired
t-test was used to detect differences between instruments.
In the paired t-test, the standard deviation (SD) of the dif-
ference was corrected because some of the repeated mea-
surement error had been removed by averaging.'® The aver-
aged measurement and the corrected SD were also used to
estimate the limits of agreement (LoAs). 95% of the differ-
ences would be expected to lie within the LoAs. Regardless
of the p value acquired in the paired t-test, LoAs were re-
garded as in agreement if they were small enough to be
clinically acceptable.

Details of statistical calculations

One-way ANOVA was used to obtain within-subject SD
(Sw)." Sw assumes that the subject SD should be indepen-
dent of the subject mean. This assumption was checked by
plotting the SDs against the means of the individual subject
and analyzing with Kendall’s tau correlation. In addition,
outliers with SDs that were more than three times the box
width in a boxplot were excluded. The standard error of the
Sw was then determined by Sw/[2n(m-1)]"? for n subjects
with m observations per subject.”

Rco was defined as 1.96x2"2xSw."* CV was calculated
via a logarithmic method.'® The CV can be referenced even
when the assumption of Sw is not satisfied. 95% confi-
dence intervals (ClIs) for Rco and CV were calculated from
the standard error of Sw."” ICC and its 95% CI were com-
puted with PASW software for both the two-way mixed
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model and absolute agreement type.

RESULTS

Repeatability and reproducibility of RT Vue, Visante,
and SL-US measurements

Fifty eyes of 30 healthy volunteers (21 men and 9 women)
were studied. All subject’s measurements were included in
statistical verification without any outliers. The subjects had
a mean age of 27.0+2.9 (SD) years and a spherical equiva-
lent of -2.94+2.89 (SD) diopters.

Repeatability was compared using Rco, CV, and ICC
(Table 1). According to the Rco and CV, RTVue gave high-
er repeatability than Visante and SL-US. The ICC of RT-
Vue was greater than that of Visante. However, the ICC of
RTVue was not larger than that of SL-US as the 95% Cls
barely overlapped.

The intersession reproducibility of RTVue was also high-
er than Visante and SL-US in terms of Rco (Table 2). How-
ever, the 95% Cls of the CV for RTVue and SL-UL barely
overlapped and the 95% ClIs of ICC overlapped for RT Vue,
Visante, and SL-US as well.

Agreement among RT Vue, Visante, and SL-US
measurements

Agreement was assessed with Bland-Altman plots and the

LoA. Observations were randomly distributed among LoAs
in all three Bland-Altman plots, which ensured that this
analysis was reliable (Figs. 2, 3 and 4).

The mean CCT value of RTVue was not significantly dif-
ferent from the SL-US value (p=0.410, paired t-test), with
the largest likely difference of 8.8 um (Table 3) (Fig. 2).
Visante gave a thinner CCT than SL-US by 3.6 pum (p<
0.001, paired t-test) (Table 3) (Fig. 3), with the largest likely
difference of 14.9 pm. RTVue gave a thicker CCT than

RTVue CCT - SL-US CCT (pm)
°
°
°
°

I I I I I I I
440 460 430 500 520 540 560 580 600
Average of RTVue CCT and SL-US CCT (um)

Fig. 2. Bland-Altman plot of the difference in the measurement of central
corneal thickness between RTVue and slit-lamp adapted ultrasonic
pachymetry (SL-US). Mean difference of 0.5+4.3 (corrected SD) pm with
limits of agreement between - 7.8 to 8.8 pm. For each subject, three con-
secutive measurements (repeatability data) with each instrument were av-
eraged, and the difference was calculated. CCT, central corneal thickness;
SD, standard deviation.

Table 1. Repeatability of RTVue, Visante, and Slit-Lamp Adapted Ultrasonic Pachymetry in the Measurement of Central Cor-

neal Thickness

Mean (SD), pm Reo (95% CI), um* CV (95% CI), % ICC (95% CI)
RTVue' 524.7(27.8) 4.7 (4.0-5.3) 032 (0.28-0.37) 0.996 (0.994-0.998)
Visante' 520.5 (27.7) 8.3(7.2-9.5) 0.57 (0.50-0.65) 0.988 (0.982-0.993)
SL-US 5242 (27.4) 7.7 (6.7-8.8) 0.53 (0.46-0.61) 0.990 (0.984-0.994)

Cl, confidence interval; CV, coefficient of variation; ICC, intraclass correlation coefficient; Rco, repeatability coefficient; SL-US, slit-lamp adapted ultrasonic

pachymetry; SD, standard deviation.

*One-way analysis of variance was used to compute Rco. Each subject’s standard deviation was not correlated with each subject’s mean (p=0.400, 0.188,

0.540 for RTVue, Visante, SL-US, respectively, Kendall's tau correlation).

"Average thickness of the central zone (2 mm diameter) was used. The corneal thickness was calculated by automated image processing software.

Table 2. Intersession Reproducibility of RTVue, Visante, and Slit-Lamp Adapted Ultrasonic Pachymetry in the Measurement

of Central Corneal Thickness

Mean (SD), um Rco (95% CI), pm* CV (95% CI), % ICC (95% CI)
RTVue' 525.0 (28.0) 72(62-82) 0.50 (0.43-0.57) 0.992 (0.987-0.995)
Visante' 519.9 (27.6) 11.4 (9.9-13.0) 0.79 (0.68-0.90) 0.978 (0.965-0.987)
SL-US 5242 (27.7) 9.7 (8.3-11.0) 0.66 (0.57-0.76) 0.984 (0.975-0.991)

Cl, confidence interval; CV, coefficient of variation; ICC, intraclass correlation coefficient; Rco, reproducibility coefficient; SL-US, slit-lamp adapted ultra-

sonic pachymetry; SD, standard deviation.

*One-way analysis of variance was used to compute Rco. Each subject’s standard deviation was not correlated with each subject’s mean (p=0.230, 0.159,

0.115 for RTVue, Visante, SL-US, respectively, Kendall's tau correlation).

"Average thickness of the central zone (2 mm diameter) was used. The corneal thickness was calculated by automated image processing software.
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Visante by 4.1 um (p<0.001, paired t-test) (Table 3) (Fig.
4), with the largest likely difference of 11.8 um.

DISCUSSION

RTVue yielded good repeatability and intersession repro-
ducibility in CCT measurements (Table 1 and 2). SL-US
showed reliability similar to Visante even without multiple
measurements (Table 1 and 2). The CCT of RTVue was ex-
pected to be about 10 pum different at most from that of SL-
US or Visante (Table 3).

RTVue had higher repeatability and intersession repro-
ducibility than Visante (Table 1 and 2). However, the 95%
ClIs of ICC for intersession reproducibility barely over-
lapped and the statistical power of ICC might not be enough
to discriminate small differences in reproducibility (Table
2). While Rco and CV are directly derived from the within-
subject SD, ICC is conceptualized as the ratio of between-
subject variance to total variance, and indirectly reflects the
effect of the within-subject SD."” In addition, fewer repeat
numbers require a larger sample size for ICC comparison.'’

Repeatability of SL-US was worse than RTVue, but sim-
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Fig. 3. Bland-Altman plot of the difference in the measurement of central
corneal thickness between Visante and slit-lamp adapted ultrasonic
pachymetry (SL-US). Mean difference of - 3.645.7 (corrected SD) ym with
limits of agreement between - 14.9 to 7.6 ym. For each subject, three con-
secutive measurements (repeatability data) with each instrument were av-
eraged, and the difference was calculated. CCT, central corneal thickness;
SD, standard deviation.

ilar to Visante (Table 1 and 2). Usually, several successive
US measurements are necessary to obtain reliable individu-
al CCT because a single US measurement can fluctuate.
For example, the Ocular Hypertension Treatment Study re-
gards the mean of five CCT measurements as adequate,’!
and the average of three repeated measurements is suggest-
ed to gain a confidence within 10 wm.?® In addition, we could
calculate several repeatability coefficients from previous
studies using their SDs of the difference between repeated
measurements: calculated coefficients were 17.4 um with a
single measurement, 18.0 or 7.1 um with three measure-
ments, and 1.4 pm with five measurements.”>> Therefore, a
single SL-US measurement was as precise as three repeated
measurements of conventional US, but does not necessarily
guarantee the best repeatability.

The intersession reproducibility coefficients for RTVue
and Visante were about 3 um greater than their repeatability
coefficients, which may mean an indication of diurnal vari-
ation in corneal thickness between different sessions (Table
1 and 2). In contrast, the intersession reproducibility of SL-
US was not significantly different from its repeatability. We,
therefore, postulate that SL-US is less influenced by tear
film thickness changes because of its contact on cornea sur-
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Fig. 4. Bland-Altman plot of the difference in the measurement of central
corneal thickness between RTVue and Visante. Mean difference of 4.1+3.9
(corrected SD) ym with limits of agreement between - 3.5 to 11.8 pm. For
each subject, three consecutive measurements (repeatability data) with
each instrument were averaged, and the difference was calculated. CCT,
central corneal thickness; SD, standard deviation.

Table 3. Agreement among RTVue, Visante, and Slit-Lamp Adapted Ultrasonic Pachymetry in the Measurement of Central

Corneal Thickness

Mean difference (95% CI), pm

Lower LoA (95% CI), um

Upper LoA (95% CI), pm

RTVue - SL-US
Visante - SL-US
RTVue - Visante

0.5 (-0.7to 1.7)
3.6 (-5310-2.0)
4.1(3.0t05.2)

-7.8(9.9t0-5.7)
-14.9 (-17.7 to -12.1)
3.5(-5.4t0-1.6)

8.8 (6.7t0 10.9)
7.6 (4.8 t0 10.4)
11.8 (9.8 to 13.7)

Cl, confidence interval; LoA, limit of agreement; SL-US, slit-lamp adapted ultrasonic pachymetry.
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face during measurements.
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gle touching SL-US’ reliability was as good as triple touch-

ing conventional US, which could be helpful if an operator

intends to avoid multiple corneal touches with the probe or

is seeking a more precise way to use US.
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