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Background: The purpose of this study was to compare and correlate central corneal
thickness in healthy, nonoperated eyes with three advanced anterior-segment imaging systems:
a high-resolution Scheimpflug tomography camera (Oculyzer II), a spectral-domain anterior-
segment optical coherence tomography (AS-OCT) system, and a high-frequency ultrasound
biomicroscopy (HF-UBM) system.

Methods: Fifty eyes randomly selected from 50 patients were included in the study. Inclusion
criteria were healthy, nonoperated eyes examined consecutively by the same examiner. Corneal
imaging was performed by three different methods, ie, Oculyzer II, spectral-domain AS-OCT,
and FH-UBM. Central corneal thickness measurements were compared using scatter diagrams,
Bland-Altman plots (with bias and 95% confidence intervals), and two-paired analysis.
Results: The coefficient of determination (#?) between the Oculyzer IT and AS-OCT measure-
ments was 0.895. Likewise, the coefficient was 0.893 between the Oculyzer II and HF-UBM
and 0.830 between the AS-OCT and HF-UBM. The trend line coefficients of linearity were
0.925 between the Oculyzer II and the AS-OCT, 1.006 between the Oculyzer I and HF-UBM,
and 0.841 between the AS-OCT and HF-UBM. The differences in average corneal thickness
between the three pairs of CCT measurements were —6.86 wm between the Oculyzer II and
HF-UBM, —12.20 um between the AS-OCT and Oculyzer 11, and +19.06 um between the HF-
UBM and AS-OCT.

Conclusion: The three methods used for corneal thickness measurement are highly correlated.
Compared with the Scheimplug and ultrasound devices, the AS-OCT appears to report a more
accurate, but overally thinner corneal pachymetry.

Keywords: anterior eye segment, high-frequency ultrasound biomicroscopy, optical coherence
tomography, high-resolution Pentacam, corneal thickness

Introduction
Accurate, precise, and repeatable measurement of corneal thickness has become
increasingly important in the decision-making process for refractive surgery, as well
as in short-term and long-term postoperative assessment. For example, overestima-
tion of corneal thickness could, in principle, incorrectly deem a patient suitable for
laser in situ keratomileusis, while underestimation could lead to rejection of this
option. In addition, corneal thickness mapping is critical in evaluation and assessment
of corneal ectatic disorders, such as keratoconus.!

For these reasons, significant and continuous development of computerized
anterior-segment imaging methods aiming at repeatable, accurate, and precise corneal
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thickness mapping is highly desirable. Most corneal imaging
technologies are optical, although ultrasound imaging has
also been used extensively in clinical practice.

Several studies have been published in the peer-reviewed
literature®'° on the subject of assessing the interchangeability
of quantitative imaging of the anterior-segment (and specifi-
cally, corneal thickness), between various optical modalities
and ultrasound pachymetry.

It has been found in some of these studies’ that ultra-
sound produces corneal pachymetry measurements that are
significantly different from those made by optical coherence
tomography and/or Scheimpflug imaging. A possible source
for the large variability associated with contact ultrasound
pachymetry could be the manual point sampling. In addition,
an oblique incidence may produce thicker measurements.

Our clinical experience using both a Scheimpflug imaging
camera and an anterior-segment optical coherence tomogra-
phy (AS-OCT) system!! has been indicative of a systematic
difference in corneal thickness measurements reported
between the AS-OCT and Pentacam.

The aim of this work was to compare and correlate
central corneal thickness measured in healthy, nonoperated
eyes using three of the most advanced anterior-segment
imaging systems: a high-resolution Scheimpflug rotating
camera (WaveLight® Oculyzer™ II, Oculus Optikgerite
GmbH, Wetzlar, Germany), a spectral-domain AS-OCT
(RTVue-100, Optovue Inc, Fremont, CA, USA), and a high-
frequency ultrasound biomicroscopy (HF-UBM) system
(Artemis I1, Artemis Medical Technologies Inc, Vancouver,
British Columbia, Canada). To the best of our knowledge,
this noncontact (despite the fluid coupling, the probe is not
in contact to the corneal surface) scanning HF-UBM system
has not been clinically compared for central corneal thick-
ness with these two most current optical anterior-segment
modalities. In an era when AS-OCT devices have become
established in clinical practice for providing corneal thick-
ness maps, this study may provide a valuable benchmark
for comparison with Scheimpflug-derived corneal thickness
measurements.

Materials and methods

This study was approved by the ethics committee at our
institution, and was adherent to the tenets of the Declara-
tion of Helsinki. Informed consent was obtained from all
adult subjects participating in the investigation and from
the parents and/or legal guardians of participating minors.
The study was conducted in our clinical practice on patients
during their regular scheduled visit.

Inclusion criteria were healthy nonoperated normal eyes
with no ocular pathology other than refractive error. A com-
plete ocular evaluation was performed to screen for corneal
abnormalities. The prime reasons for exclusion from the study
were previous eye surgery on that study eye, irritation, and
trauma. To avoid any potential artifacts, imaging preceded
the ocular examination for all three methods. Given that all
three instruments provide a live image of the pupil to allow
centration, pupil centration was used to ensure proper mea-
surement of central corneal thickness.

The Scheimpflug diagnostic device used was the
WaveLight Oculyzer II. The Oculyzer is a high-resolution
Pentacam camera'? which is incorporated into the Alcon/
WaveLight refractive suite.!> The AS-OCT system used was
the RTVue-100, an anterior-segment Fourier-domain optical
coherence tomography system, and the HF-UBM imaging
system used was the Artemis [+ superior.

The same investigator performed all measurements on the
subjects using each modality. Each subject’s corneal thick-
ness was measured by the three modalities at the same time
of day in the order of Oculyzer II, AS-OCT, and Artemis II.
The Oculyzer II pachymetry measurements (9 mm diameter)
were obtained and processed by Oculyzer examination soft-
ware (version 1.17r91). The default setting of 25 images per
acquisition was used.

The AS-OCT pachymetry measurements were obtained
and processed using RTVue A6 software (9,0,27). The scan
rate was 26,000 axial scans per second, the axial resolution
was 5 um, and the transverse resolution was 15 m using the
L-Cam accessory lens. Eight meridional B-scans were used
per acquisition, consisting of 1,024 A-scans each, covering
a 6 mm corneal diameter. Following correct fixation and
centering, acquisition time was in the order of a few seconds
for both optical modalities.'

The HF-UBM pachymetry measurements (9 mm
diameter) were obtained and processed using Zeus
version 1.0 (Build 11.780) software licensed from Artemis
Medical Technologies Inc. During acquisition, the center of
rotation of the system was adjusted until it was coaxial with
the pupil center, as observed from the internal camera image.
Following correct fixation and centering, acquisition time
was in the order of 5 minutes. The setting was four meridional
B-scans per acquisition, consisting of 256 A-scans each,
8 mm in diameter. Of the two options for corneal analysis
mode offered, the option “centered on the middle of the scan”
was selected and not “circle-filter to smooth the map”.

Descriptive and comparative statistics, analysis of vari-
ance between the three modes, and linear regression were
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performed with statistics tools provided by Minitab version
16.2.3 (MiniTab Ltd, Coventry, UK) and Origin Lab version 9
(OriginLab Corporation, Northampton, MA, USA).

We employed scatter diagrams showing the regression line
of corneal thickness measurements between pairs (ie, Ocu-
lyzer versus HF-UBM, HF-UBM versus AS-OCT, and Ocu-
lyzer versus AS-OCT). Due to the bias found for each pair, the
linear fit curves were not forced to the intercept point of (0,0).
In each pair of modalities, and for the same measurements
of central corneal thickness, the coefficient of determination
(7%) and the linear curve fit coefficient of linearity is reported,
showing the regression line, the 95% confidence interval line,
and the 95% prediction intervals. In addition, Bland-Altman
plots comparing central corneal thickness measurements
between the pairs were constructed, showing the upper and
lower limits of agreement. Paired-analysis P-values less than
0.05 were considered to be statistically significant.

Results

Fifty cases (18 female, 32 male) were studied over a 3-month
period during their scheduled visits to our practice. Twenty-three
cases were right eyes (OD) and 27 were left (OS) eyes. Subject
age ranged from 17 to 68 (average 32.1%12.3) years.

Tables 1 and 2 report mean values for central corneal
thickness as well as comparative statistics for the three
groups. Examples of three-dimensional pachymetry maps for
the same eye obtained via the three modalities are presented in
Figure 1. Intra-individual repeatability studies, performed on
same-eye measurements with the three modalities indicate the
following standard deviations: Oculyzer I, 6.5 um; Artemis
HF-UBM, £8.7 um; Optovue AS-OCT, 3.2 um.

The HF-UBM had a mean central corneal thickness of
545.1428.3 (range 596—474) um; the AS-OCT mean was
525.8%31.2 (range 590-432) um and the Oculyzer II mean
was 538.0£30.7 (range 586—447) um. The standard deviation
for all measurements was in the order of £28-31 um, or
approximately 7% of the corresponding values. The central

Table | Descriptive statistics for CCT as measured by the three

modalities

CCT AS-OCT Oculyzer Il HF-UBM
Mean (um) 525.8 538.0 545.1

SD (um) +31.2 +30.7 1283
Maximum (im) 590 586 596
Minimum (um) 432 447 474
Normality P 0.218 0.173 0.741

Abbreviations: AS-OCT, anterior-segment optical coherence tomography; CCT,
central corneal thickness; HF-UBM, high-frequency ultrasound biomicroscopy;
SD, standard deviation.

corneal thickness data distribution for the three modalities
is shown in Figure 2 in the form of box plots.

Comparative statistics (Table 2) for central corneal
thickness shows a bias of —6.86 um for the Oculyzer II and
HF-UMB pair, —12.20 um for the AS-OCT and Oculyzer 11
pair, and +19.06 um for the HF-UBM and AS-OCT pair. The
estimated standard deviation of the differences was similar
between the three pairs.

Figure 3A compares the HF-UBM (x axis) measurements
with those of the Oculyzer II (y axis). A highly correlated
group of data (#>=0.893) can be observed with a trend line
(linear fit) coefficient of linearity of 1.006. These findings are
supported by the Bland-Altman plot (Figure 3B).

Figure 4A compares central corneal thickness measure-
ments for HF-UBM with those for AS-OCT. A slightly less
correlated group of data (7°=0.830) can be observed, with a
coefficient of linearity of 0.8412. The thinner than average
central corneal thickness measurements provided by OCT
(in comparison with the same corneas as measured by HF-
UBM) is supported by the corresponding Bland-Altman plot
(Figure 4B).

Figure SA compares central corneal thickness measure-
ments for the AS-OCT with those for the Oculyzer II. This set
of data has an also excellent correlation (coefficient of deter-
mination 7°=0.895) with the trend line coefficient of linearity
of 0.929. The slightly thinner than average central corneal
thickness measurements, as provided by optical coherence
tomography (in comparison with the same corneas mea-
sured by the Oculyzer II), is supported by the corresponding
Bland-Altman plot (Figure 5B). With very few exceptions, in
which AS-OCT yielded larger readings (up to +20 wm) than
the Oculyzer, the trend was that the AS-OCT measurements
were smaller than the corresponding Oculyzer readings by
a mean of —12.20 um.

Discussion
Optically-based anterior-segment

imaging technologies
Optically-based anterior-segment imaging technologies are
well established because of their excellent resolution, fast
acquisition (few seconds), and naturally aided alignment.
The three major optical systems for anterior-segment imag-
ing are scanning slit-lamp combined with topography'®
(eg, Orbscan), AS-OCT, and rotating Scheimpflug camera
systems (eg, Pentacam).

Today’s most advanced AS-OCT systems use Fourier
spectral-domain signal processing featuring higher imaging
speed and increased image resolution, in comparison with
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Table 2 Comparative statistics for the three pairs of imaging modalities examined

HF-UBM versus AS-OCT versus Oculyzer Il versus
AS-OCT Oculyzer 1l HF-UBM

Estimated mean of the differences (m) +19.06 —12.20 —6.86

Estimated SD of the differences (um) +12.62 +10.01 +9.85

95% ClI for mean difference (m) (15.47, 22.65) (—15.05, -9.35) (-9.66, —4.06)

t-test of mean difference =0 (versus not =0) +10.68 -8.61 —4.92

t-value (Um)

t-test of mean difference =0 (versus not =0) P-value <0.0001 0.0002 0.0003

Coefficient of determination (r?) 0.830 0.895 0.893

Coefficient of linearity 0.8412 0.9295 1.006

Abbreviations: CCT, central corneal thickness; AS-OCT, anterior-segment optical coherence tomography; HF-UBM, high-frequency ultrasound biomicroscopy; Cl,
confidence interval.

800
780

Figure | Corneal thickness maps of a cornea from the same subject obtained sequentially on the same day by (A) Oculyzer Il Scheimpflug camera, (B) OptoVue AS-OCT,
and (C) Artemis Il HF-UBM. We observe “thinner measurements” of corneal thickness (eg, centrally) by the AS-OCT versus the Scheimpflug and the HF-UBM (—15 um).
Abbreviations: AS-OCT, anterior-segment optical coherence tomography; CCT, central corneal thickness; HF-UBM, high-frequency ultrasound biomicroscopy.
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Figure 3 (A) Scatter diagram showing the regression line of CCT measurements (all units in tm) between HF-UBM and the Oculyzer Il with coefficient of determination (r?).
(B) Bland-Altman plot comparing CCT measurements with HF-UBM and the Oculyzer Il with mean bias and 95% upper and lower limits of agreement.

Abbreviations: AS-OCT, anterior-segment optical coherence tomography; CCT, central corneal thickness; HF-UBM, high-frequency ultrasound biomicroscopy;
Cl, confidence interval; LLA, lower limit of agreement; ULA, upper limit of agreement; PI, prediction interval.

the earlier generation of time-domain optical coherence
tomography systems.'¢!”

As of today, there are a number of different spectral-
domain optical coherence tomography systems commercially
available,' including the RTVue, OCT/SLO combination
imaging system (Optos Inc, Marlborough, MA, USA),
SS-1000 CASIA (Tomey Corporation, Nagoya, Japan),"
Copernicus SOCT (OptoPol Technology SA, Zawiercie,
Poland),?® and the Spectralis OCT (Heidelberg Engineering
GmbH, Heidelberg, Germany).*! Typically, optical coherence

tomography systems provide three-dimensional pachymetric
maps (via interpolation of the thickness profile corresponding
to each meridional scan) as well as high-resolution cross-
sectional images along select meridians.?

Systems based on rotating Scheimpflug cameras, on the
other hand, are designed for reconstruction of the anterior-
segment (such as anterior chamber depth and volume), as
well as two-dimensional corneal mapping, including corneal
pachymetry, anterior and posterior corneal curvature, total cor-
neal refractive power, and anterior and posterior elevation.
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Figure 4 (A) Scatter diagram showing the regression line of CCT measurements (um) between HF-UBM and AS-OCT with coefficient of determination (r?).
(B) Bland-Altman plot comparing CCT measurements (tm) HF-UBM and AS-OCT measurements (ltm), mean bias and 95% upper and lower limits of agreement.
Abbreviations: AS-OCT, anterior-segment optical coherence tomography; CCT, central corneal thickness; HF-UBM, high-frequency ultrasound biomicroscopy;
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The prominent system in this class is the Pentacam,? the
most recent update of which is the high-resolution Pentacam
HR.?*% In recent years, more Scheimpflug imaging instru-
ments have become commercially available, including the
Galilei G6 dual-Scheimpflug analyzer (Ziemer Ophthalmic
Systems AG, Port, Switzerland), with dual rotating Scheimp-
flug cameras and a Placido topography system,? the Sirius
(Costruzione Strumenti Oftalmici, Scandicci, Italy), and the
TMS-5 (Tomey Corporation).”” As with the OCT systems,
acquisition is fast, and, due to the rotating slit-like beam,

there is a common point (eg, the corneal apex) of reference
for all sequential images.

Ultrasound anterior-segment

imaging technologies

The principle of operation of the ultrasound technique lies in
the reflection of an elastic wave from an interface because of
the change in the medium’s impedance.”® The major advan-
tage of ultrasound over optically based systems is that they
are not hindered by optically opaque intervening ocular struc-
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tures. Ultrasound systems, however, require fluid coupling
to the eye, resulting in a less practical process.

There has been a lot of evolution since the simple one-
dimensional (A-scan) ultrasound systems, which are mainly
contact (and thus require local corneal anesthesia). Their dis-
advantage is possible corneal compression by the probe and
the risk of epithelium scarring, corneal injury, and infection.

The evolution of conventional noncontact B-scanning
(two-dimensional brightness scan), known as ultrasound bio-
microscopy,?’ has been useful in assessment of many corneal

pathologies including edema,*” keratoconus,®' dystrophies,*
corneal scars,? trauma,** and corneal keloid.*> The most
advanced digital ultrasound high-frequency (35-50 mHz),
noncontact arc-scanning ultrasound biomicroscopy system
is the Artemis 1.3

Comparison of corneal pachymetry

measurements
Compared with the HF-UBM, each optical method has its
particular advantages and disadvantages®® in terms of providing
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precise and accurate corneal mapping. The two optical modali-
ties are significantly faster with regard to overall acquisition
time. Mainly due to the eye recentration required for each
sequential meridional scan, as well as potential patient dis-
comfort during the examination, the HF-UBM requires at
least five minutes per eye. Regarding the extent of corneal area
imaged, the Oculyzer Il and HF-UBM map approximately the
same corneal area (9 mm diameter), while the AS-OCT maps
a smaller area (6 mm diameter).

Our results indicate a high degree of correlation between
the three modalities. While this is expected, given that
the same quantity was measured, the residual differences
are of greater interest. The Bland-Altman comparisons,
as well as the bias results (Table 2), indicate that central
corneal thickness measurements follow a trend of HF-
UBM >Oculyzer II >AS-OCT.

Our results are similar to those reported in the literature*?
whereby older diagnostic ultrasound, UBM, and Orbscan were
correlated. In more related studies,® where AS-OCT corneal
thickness measurements were compared against the Scheimpflug
and hand-held ultrasound in which the reported corneal thick-
ness difference between the Scheimpflug and AS-OCT has
been found to be 10.4 um. This compares with a similar study
by Chen et al® in which the same two optical instruments were
used. Although that study reports different mean central corneal
thickness values, which can be attributed to the different geo-
graphic origins of the study population, the average difference
in corneal thickness measurements between the Scheimpflug
and AS-OCT is reported to be +11 wm. The large span of ages
in the sample group might have been better addressed if divided
in age groups, given the known dependency of corneal thickness
decrease including the Bowman’s membrane,’” and perhaps,
opacity and stray light scatter increase with age,*® which may
adversely affect the reported pachymetry.

The slight difference between the optical (slightly thinner)
and ultrasound (slightly thicker) pachymetry measurements
can be attributed to the fact that the optical modalities may
be influenced by tear film, including the hydrated epithelial
layer of the cornea and the posterior corneal surface, while
ultrasonic pachymetry utilizes ultrasound echoes from the
posterior cornea to calculate corneal thickness. Therefore, the
optical modalities face the problem of correcting for refraction
by the curved corneal surface, irregularities of tear film, and
possibly differences in definition of the posterior surface.!
Our clinical experience of simultaneous employment of
these three modalities in corneal pachymetry measurements
suggests that the OCT offers more accurate identification of
corneal structures - even in cases of compromised corneal

clarity and an irregular cornea surface. This fact, in addition
to the higher axial resolution and the reduced intra-individual
repeatability provided by the OCT, indicate that the anterior-
segment OCT may be offering the most accurate and precise
corneal thickness measurements of the three modalities
examined in this study.

Conclusion

AS-OCT appears to report more accurate, and slightly thinner
corneal pachymetry measurements by an average of —20 um
when compared with HF-UBM, and by an average of —12
pm when compared with the Scheimpflug system. Given the
increasing clinical applications of AS-OCT in corneal imaging
and pachymetry, we believe that this is a very interesting find-
ing that may help to adjust corneal thickness determination.
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