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Abstract
Objective—To map corneal thickness before and after LASIK with optical coherence tomography
(OCT).

Design—Cross-sectional observational study.

Participants—Forty-two eyes of 21 normal subjects undergoing LASIK.

Methods—A high-speed (2000 axial scans/second) 1.3-μm-wavelength corneal and anterior
segment OCT prototype was used for corneal scanning. The scan pattern consisted of 10-mm radial
lines on 8 meridians centered on the vertex reflection. The entire scan pattern of 1024 a-scans was
acquired in 0.5 seconds. We developed automated computer processing for 3-dimensional corneal
reconstruction and measurement. Corneal thickness was measured normal to the anterior surface and
presented as color pachymetry maps and zonal statistics. The maps were divided into a central zone
(<2 mm) and 3 annular areas (pericentral, 2–5 mm; transitional, 5–7 mm; peripheral, 7–10 mm),
which were further divided into quadrantal zones. The average, minimum, and maximum corneal
thicknesses were computed for zones within the 7-mm diameter. Optical coherence tomography and
ultrasound pachymetry were measured 3 times at the preoperative and 3-month postoperative visits.
Reproducibility was assessed by the pooled standard deviations (SDs) of the repeated measurements.

Main Outcome Measures—Optical coherence tomography pachymetric map and zonal statistic,
and ultrasound pachymetry.

Results—Before LASIK, central corneal thicknesses (CCTs) were 546.9±29.4 μm (mean ± SD)
for OCT and 553.3±33.0 μm for ultrasound. After LASIK, CCTs were 513.7±44.5 μm for OCT and
498±46.6 μm for ultrasound. Optical coherence tomography and ultrasound CCT were highly
correlated (Pearson correlation r = 0.97 before LASIK and 0.98 afterwards). Optical coherence
tomography CCT was slightly less than ultrasound CCT before surgery (mean difference, −6.4 μm;
95% limits of agreement, −23.2 to 10.4 μm) but slightly greater after LASIK (15.7 μm; −1.6 to 33
μm). These differences were statistically significant, but no more than the CCT measurement
differences between ultrasound pachymeters. The reproducibility of the OCT zonal pachymetry
averages was roughly 2 μm.

Conclusions—High-speed OCT provided noncontact, rapid, reproducible pachymetric mapping
over a wide area of the cornea. It is equivalent to ultrasound for CCT measurement before and after
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LASIK. This technology could be valuable for planning keratorefractive procedures and diagnosis
of corneal diseases.

The measurement of corneal thickness (pachymetry) has important diagnostic and surgical
applications. Central corneal thickness (CCT) is routinely used to monitor corneal edema and
endothelial function,1-4 manage ocular hypertension,5,6 and plan common keratorefractive
surgeries such as LASIK and photorefractive keratectomy (PRK).

Some pachymetry technologies provide only spot measurements, whereas others provide the
capability to map a wide area of the cornea. Spot measurement technologies include traditional
optical pachymetry,7 specular and confocal microscopy,8 ultrasound pachymetry,9,10 and
optical low-coherence reflectometry.11,12 Pachymetric mapping technologies include slit
scanning optical pachymetry13-28 and very high–frequency ultrasound imaging.29,30

Pachymetric mapping provides several advantages over spot measurements. Mapping can
reveal abnormal patterns such as keratoconus and pellucid marginal degeneration. It also allows
preoperative planning for surgeries that primarily do not concern just the center of the cornea,
such as astigmatic keratotomy, intracorneal ring segment implantation, phototherapeutic
keratectomy, and lamellar keratoplasty.

Despite these advantages, conventional ultrasound spot pachymetry is still the standard because
of its reliability, ease of use, and relatively low cost. The main drawback of the Orbscan slit
scanning technology (Orbscan II, Bausch & Lomb, Inc., Rochester, NY) is the tendency to
underestimate corneal thickness in keratoconic,21 post-PRK,22-24 and post-LASIK23-27
eyes. In these situations, scattering from corneal haze and stromal interfaces interferes with
the identification of the corneal surface reflections due to the limited resolution of slit scanning.
21-23 The main drawback of ultrasound imaging is the inconvenient requirement of immersing
the eye in a coupling fluid. Thus, a better method of pachymetric mapping is still needed.31

Optical coherence tomography (OCT) is a noncontact cross-sectional imaging method with
very high axial resolution.32,33 Several investigators have used the widely available
commercial retina OCT scanner (Carl Zeiss Meditec Inc., Dublin, CA) to image the cornea
and measure central corneal and sublayer thicknesses.34-42 Wirbelauer et al developed a slit
lamp–adapted OCT system that has a larger scan width43,44 and applied it to pachymetry.
Neither of these systems is fast enough for pachymetric mapping because of motion artifacts
in the measurements.

Advancements in OCT technology have allowed very high–speed scanning of the anterior
segment of the eye at up to 4000 axial scans per second.45-47 In this study, we apply the high-
speed OCT technology to corneal imaging and thickness mapping. To our knowledge, this is
the first article to describe pachymetric mapping with OCT.

Materials and Methods
A high-speed corneal and anterior segment OCT prototype (Carl Zeiss Meditec) was used in
the study. The prototype's performance is similar to that of the recently Food and Drug
Administration–approved Zeiss Visante model. The scan rate was 2000 axial scans per second,
and the optical power incident on the cornea was 5 mW. This was well below the American
National Standards Insititute exposure limit of 15 mW at the 1.31-μm operating wavelength.
48 The axial resolution was measured to be 17 μm full-width-half-maximum, assuming a
corneal group index of 1.389.49 The transverse resolution (beam diameter) was 45 μm. The
scan geometry was rectangular, with the incident OCT beam always parallel to the optical axis
of the instrument. The axial scan depth was set to 4 mm. Each axial scan was sampled digitally
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at 768 points, giving an axial pixel size of 5.2 μm. The scan dimensions were calibrated with
a specially designed calibration block, an aluminum plate engraved with crosshair grooves
(depth = 2.493 mm) and covered with a fine metal grid mesh (30 per inch; SPI Supplies, West
Chester, PA). The base plate was manufactured at the Cleveland Clinic Prototype Laboratory
with a superprecise vertical machining center (SV-400, Mori Seiki Co., Nagoya, Japan) and
inspected with a coordinate measuring machine (LK-CMM G-90CG, LK Metrology Systems,
Inc., Brighton, MI) that has 5-μm accuracy along the z axis. The depth of the groove on the
calibration block on the OCT image was compared with the known depth to calibrate the axial
pixel height. The mesh grid width on the OCT calibration image was compared with the known
grid spacing to calibrate the transverse pixel width.

The corneal and anterior segment OCT scanner used a pie chart–shaped internal fixation target,
and the accommodative compensation was set for the spherical equivalent refraction of each
eye to optimize fixation. The scan area was visualized with a black-and-white charge-coupled
device camera. The real-time charge-coupled device and OCT images were displayed
simultaneously on the computer screen to facilitate scan positioning.

The cornea was mapped with 10-mm radial lines on 8 meridians centered on the vertex
reflection (Fig 1A). Each meridional line consisted of 128 axial scans (a-scans) and was
visualized as a cross-sectional image (Fig 2A). The entire scan pattern had 1024 a-scans and
was acquired in approximately 0.5 seconds.

We developed automated computer processing for 3-dimensional corneal reconstruction and
measurement. First, the anterior and posterior corneal surfaces were identified by the signal
peaks at the air–tear film and cornea–aqueous interfaces on each a-scan (Fig 2B).50 Then the
image distortion due to refraction and transition of the group index at the air–cornea interface
was removed using a dewarping algorithm.51 From the dewarped image (Fig 2C), corneal
thickness was measured as the distance between the anterior and posterior corneal surfaces
along lines perpendicular to the anterior surface at the point of measurement. A corneal
thickness profile was generated from each meridional cross section. The computer algorithm
registered the 8 corneal cross sections (Fig 1B) and computed the corneal thickness
(pachymetry) map by interpolation. The pachymetry map was presented on a banded color
scale (Fig 3). The map was divided into a central zone (<2 mm) and 3 annular zones by diameter:
pericentral, 2 to 5 mm; transitional, 5 to 7 mm; and peripheral, >7 mm. The mean, maximum,
and minimum pachymetries within the central, pericentral, and transitional sectors were
computed. Reproducibility was assessed by the pooled standard deviations (SDs) of the
repeated measurements.

Forty-two eyes of 21 normal subjects were studied. The subjects were recruited from patients
presenting in the refractive surgery department of the Cleveland Clinic Cole Eye Institute. All
subjects were older than 21 years and myopic and had normal corneal topography as determined
by the Atlas system (Carl Zeiss Meditec). The study protocol was approved by the institutional
review board of the Cleveland Clinic Foundation. Written informed consent was obtained from
all subjects. This study was in accord with Health Insurance Portability and Accountability Act
of 1996 regulations. Optical coherence tomography pachymetry mapping and ultrasound
central pachymetry were obtained before LASIK (all subjects) and again at the 3-month
postoperative visit (13 subjects). LASIK was performed by one coauthor (DH) using an
automated microkeratome (Hansatome, Bausch & Lomb, Inc., Rochester, NY) and a scanning
spot excimer laser (LADARVision 4000, Alcon Laboratories, Inc., Fort Worth, TX).

Optical coherence tomography scanning was performed 3 times at each visit. The subject was
asked to look at the center of the internal fixation target. The fixation target was set at 0° to
align the fixation axis of the eye along the optical axis of the instrument. Rough alignment was
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obtained by centering the cornea on the charge-coupled device video image. Fine alignment
was adjusted using a 10-mm-long horizontal aiming scan. The operator adjusted the OCT
system position to maximize the vertex reflection (Fig 2A) and placed the vertex at the center
of the OCT image. Then the subject was instructed to blink and hold still while the mapping
scan for 8 meridians was actuated by the operator. Subjects were repositioned after each OCT
scan.

Ultrasound pachymetry was also performed 3 times at each visit by an ophthalmic technician.
The 50-megahertz CorneoGage 2 (Sonogage, Cleveland, OH) was used to measure CCT after
anesthetizing the cornea with 0.5% proparacaine. The 3 measurements were averaged and
compared with average and minimum OCT corneal thicknesses (OCTMean and OCTMin,
respectively) in the central zone by linear regression, Pearson correlation, and Bland–Altman
analysis.52

Post-LASIK CCT measurements (Table 1) were subtracted from preoperative readings to
evaluate the amount of tissue removed during LASIK. Bland–Altman analysis was performed
to compare both ultrasound measurements and OCT measurements with the ablation depth
estimate given by the excimer laser system.

Image processing, thickness calculation, and Bland–Altman analysis were performed with
MATLAB software (version 7.0.1, MathWorks, Inc., Natick, MA). Other statistical analyses
were performed with JMP software (version 4.0.4, SAS Institute Inc., Cary, NC).

Results
In a well-centered cross-sectional scan, the reflection from the anterior vertex of the cornea is
strong enough to saturate the dynamic range of the OCT system and produce a vertical flare
(Fig 2A). This phenomenon allows us to easily find the transverse location of the corneal vertex.
However, where signal saturation occurs, the anterior and posterior signal peaks are broadened
and the boundaries are blurred. To get around this problem, we removed the saturated axial
scans from the pachymetry profiles and used a 4-knot third-order spline fitting to interpolate
the missing data. The vertex area interpolated over was 0.5 to 1.0 mm in diameter. The
computer-identified boundaries agreed well with our visual inspection of each dewarped cross-
sectional image (Fig 2C).

A typical pachymetry map is shown in Figure 3. The thinnest area of the cornea was located
slightly inferotemporal to the vertex. The cornea was thicker peripherally, as expected. For
ultrasound pachymetry, the average preoperative CCT was 553.3±33.0 μm. The OCTMean over
the central zone was 546.9±29.4 μm, and the OCTMin was 540.1±29.6 μm. Postoperatively,
the ultrasound pachymetry average was 498±46.6 μm, whereas the OCTMean was 513.7±44.5
μm and the OCTMin was 504.4±44.9 μm.

The central OCT corneal thickness was compared with the ultrasound pachymetry readings
before and after LASIK. In both situations, OCT measurements correlated very well with
ultrasound pachymetry (Pearson correlation r = 0.97 before surgery and 0.98 after LASIK;
Table 2). Regression analysis of OCTMean and ultrasound data showed that the OCT
measurements were slightly less than the ultrasound pachymetry before LASIK (Fig 4A) but
slightly greater than the ultrasound pachymetry after LASIK (Fig 5A) [available at http://
aaojournal.org]). This was verified by the Bland–Altman analysis. Preoperatively, the
difference between the OCTMean and ultrasound was −6.4 μm (95% limits of agreement, −23.2
to 10.4 μm; Fig 4B). The difference between OCTMin and ultrasound was −13.1 μm (95%
limits of agreement, −28.8 to 2.5 μm). Postoperatively, the difference between OCTMean and
ultrasound was 15.7 μm (95% limits of agreement, −1.6 to 33 μm; Fig 5B). The postoperative
difference between OCTMin and ultrasound was 6.5 μm (95% limits of agreement, −10 to 22.9
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μm). All differences were statistically significant (t test, P<0.001). Overall, the repeatability
of the mean corneal thickness was roughly 2 μm for the 3 zones within the 7-mm diameter in
both pre-LASIK (Table 3) and post-LASIK (Table 4 [available at http://aaojournal.org]) OCT
pachymetry maps.

The Bland–Altman analysis showed that the tissue ablation amount measured by the OCT
method agreed better (average difference, −5.7 μm; 95% limits of agreement, −23.2 to 11.8
μm) with the ablation depth estimate by the laser system than with that by the ultrasound method
(average difference, 12.1 μm; 95% limits of agreement, −40.9 to 65.1 μm).

Discussion
Although focal pachymetric measurements with OCT have been described,34,37,39-42,44 this
article reports pachymetric mapping with OCT for the first time. Several features of the corneal
and anterior segment OCT system that we demonstrated are very desirable for pachymetric
mapping:

1. The high-speed OCT system acquires the pachymetric map in a short time (0.5
seconds) to reduce motion artifacts. This is faster than slit scanning technologies (2.1
seconds for Orbscan II53).

2. Optical coherence tomography has a high axial resolution, allowing the corneal
boundaries to be clearly defined by distinct signal peaks, free of interference from
stromal reflections. In contrast, slit scanning technology has much lower axial
resolution, and corneal edge detection can be confounded by subepithelial haze and
other stromal reflections.53

3. Unlike ultrasound, the measurement does not require contact or immersion.

4. The accommodation-adjusted fixation target optimizes the establishment of the
fixation axis.

5. The rectangular scan geometry, in addition to the fixation target, provides an accurate
corneal vertex landmark.

In our study, the OCT central pachymetry was slightly thinner than standard ultrasound
pachymetry before LASIK surgery, but slightly thicker postoperatively. The measurement
difference was −6.4±8.6 μm before surgery and 15.7±8.8 μm after surgery. The 95% limits of
agreement in both cases, as Bland and Altman52 suggested, have a span of approximately 30
μm. This difference is statistically significant, but no more than the CCT difference measured
with different ultrasound pachymeters. Reader and Salz reported a maximum difference of 49
μm on CCT measurement with different ultrasound pachymeters.54 Miranda et al observed a
significant LASIK flap thickness variation of 21 to 40 μm in SD, depending on the
microkeratome and setting.55 The average CCT of normal eyes is 536±31 μm (median ± SD),
as determined by a meta-analysis.56 These variations are much larger than the small difference
between OCT and ultrasound pachymetry described in this study. Based on these comparisons,
the differences between OCT and ultrasound central pachymetry are relatively small, and they
could be used interchangeably both before and after a LASIK procedure.

There are several theoretical explanations for the small systematic difference between OCT
and ultrasound pachymetry measurements in our current study. The OCT measurement
includes the tear film, whereas the ultrasound contact probe displaces the tear film. This could
bias the OCT measurement slightly toward a higher value. Our OCT methodology should
provide better measurement centration and perpendicularity than ultrasound pachymetry. This
could bias the OCT measurement slightly toward a lower value. Post–myopic LASIK central
corneal epithelial thickening57-60 and shifts in stromal hydration61,62 could alter the corneal
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index and acoustic velocity, which in turn affects OCT and ultrasound thickness measurements.
In addition, there could be small calibration errors for either system. The excellent agreement
we obtained between OCT and ultrasound suggests that these errors are small.

Previous OCT studies39,40,63 showed that OCT pachymetry correlated well with ultrasound
but tended toward underestimation (mean difference: Bechmann et al, 49.4 μm; Wong et al,
32 μm; Wirbelauer et al, 23 μm). The difference is much smaller in our study. One possible
explanation is that we averaged the OCT pachymetry over the central 2 mm rather than using
a single focal measurement. There also may have been differences in calibration.

We were not able to compare our OCT pachymetry measurements in off-center sectors with a
reference technology because we did not have access to an alternative pachymetric mapping
system. We are conducting a comparative study with the Orbscan II, and we hope others will
be able to conduct comparative studies with other pachymetric mapping systems such as the
Artemis (very high–frequency ultrasound; Ultralink, St. Petersburg, FL) and Pentacam
(Scheimpflug photography; Oculus, Inc., Dutenhofen, Germany). Based on our data,
pachymetry measurement in the sectors up to 7 mm diameter is highly reproducible. Because
the anterior and posterior boundary peaks are clearly identifiable, we believe these
measurements should be as accurate as the central measurement. However, signals from the
peripheral zone (>7-mm diameter) are weaker, and the thickness measurement is not as reliable.
Another limitation of the current OCT technology is that interpolation is used in the central
0.5- to 1.0-mm diameter and among the 8 radial scans. Thus, small areas of corneal thickness
variation might be missed.

In summary, for the first time we have demonstrated reproducible pachymetric mapping over
a wide area of the cornea using a high-speed corneal and anterior segment OCT system. This
technology could be valuable for the planning of keratorefractive procedures and diagnosis of
corneal diseases.
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Figure 1.
A, Optical coherence tomography scan pattern for pachymetry mapping shown on a frame of
charge-coupled device video image. The pattern consisted of 8 radial lines of 10-mm length.
B, Three-dimensional reconstruction of the cornea from 8 dewarped cross sections.
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Figure 2.
A, Cross-sectional optical coherence tomography (OCT) image from 1 of the 8 radial line
scans. B, An OCT axial scan from pericentral cornea plotted on a logarithmic scale. Arrows
mark the signal peaks at the anterior (left) and posterior (right) corneal boundaries located by
the automated algorithm. C, Dewarped OCT cross section overlaid with detected corneal
boundaries.
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Figure 3.
A corneal pachymetry map. d = diameter; I = inferior; N = nasal; S = superior; T = temporal.
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Figure 4.
Pre-LASIK optical coherence tomography (OCT) central corneal thickness compared with the
ultrasound (US) pachymetry measurement. OCTMean = average OCT corneal thickness over
the central zone. A, Regression analysis. y = x is the line of equality. The 95% confidence
interval (CI) of the slope was 0.789 to 0.936. The 95% CI of the y intercept was 29 to 110.1
μm. The R2 of the fit was 0.939. B, Bland–Altman plot. The distribution of the mean (x axis)
and the difference (y axis) between US pachymetry and OCT reflects the level of agreement.
The mean difference was −6.4 μm, with 95% limits of agreement from −23.2 to 10.4 μm. SD
= standard deviation.
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Figure 5.
Post-LASIK optical coherence tomography (OCT) central corneal thickness compared with
the ultrasound (US) pachymetry measurement. OCTMean = average OCT corneal thickness
over the central zone. A, Regression analysis plot. y = x is the line of equality. The 95%
confidence interval (CI) of the slope was 0.862 to 1.018. The 95% CI of the y intercept was
6.7 to 84.3 μm. The R2 of the fit was 0.964. B, Bland–Altman plot. The distribution of the mean
(x axis) and the difference (y axis) between US pachymetry and OCT reflects the level of
agreement. The mean difference was 15.7 μm, with 95% limits of agreement from −1.6 to 33
μm. SD = standard deviation.
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Table 1
Central Corneal Thickness Measurements

Pre-LASIK Post-LASIK

Mean ± SD (μm) Range (μm) Mean ± SD (μm) Range (μm)

US 553.3±33.0 489–607  498±46.6 405–574
OCTMean 546.9±29.4 477–599 513.7±44.5 437–587
OCTMin 540.1±29.6 471–584 504.4±44.9 424–580

OCT = optical coherence tomography; OCTMean = average OCT corneal thickness over the central zone (diameter < 2 mm); OCTMin = minimum OCT
corneal thickness over the central zone; SD = standard deviation; US = ultrasound pachymetry.
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Table 2
Optical Coherence Tomography Pachymetry Measurements Compared with Ultrasound Pachymetry
Measurements

Mean Difference (μm)
95% Limits of Agreement

(μm) Correlation (r)

Pre-LASIK
  OCTMean – US  −6.4±8.6 −23.2 to 10.4 0.969
  OCTMin – US −13.1±8.0 −28.8 to 2.5 0.973
Post-LASIK
  OCTMean – US  15.7±8.8  −1.6 to 33 0.982
  OCTMin – US  6.5±8.4 −10.0 to 22.9 0.984

OCT = optical coherence tomography; OCTMean = average OCT corneal thickness over the central zone; OCTMin = minimum OCT corneal thickness
over the central zone; US = ultrasound pachymetry.

Ophthalmology. Author manuscript; available in PMC 2006 June 6.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li et al. Page 17

Table 3
Pre-LASIK Optical Coherence Tomography Pachymetry Map Zonal Repeatability by Pooled Standard
Deviations

Maximum (μm) Minimum (μm) Average (μm)

Central (D < 2 mm) 2.3 2.1 1.6
Pericentral (D = 2–5 mm) 4.8 2.3 1.5
Transitional (D = 5–7 mm) 8.1 4.0 2.4
D = diameter.
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Table 4
Post-LASIK Optical Coherence Tomography Pachymetry Zonal Repeatability by Pooled Standard Deviation

Maximum (μm) Minimum (μm) Average (μm)

Central (D < 2 mm) 2.9 2.1 1.7
Pericentral (D = 2–5 mm) 5.0 2.3 1.6
Transitional (D = 5–7 mm) 8.2 4.5 2.3
D = diameter.
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