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T R A N S L A T I O N A L  S C I E N C E

ASIK correction accuracy may depend on many 
variables, such as preoperative refractive error as-
sessment, corneal pachymetry, biomechanical cor-

neal changes induced by the procedure, and refraction fluc-
tuation. Another variable may be the excimer laser output 
consistency, which is related to the volume of ablated tissue. 
Consistency of this variable may be evaluated by comparing 
attempted to achieved tissue thickness reduction, in a similar 
manner to the refractive predictability, in which the attempt-
ed versus achieved refractive correction is compared.1 

Therefore, corneal pachymetry is a factor that affects preop-
erative refractive evaluation, and may also provide a method 
for the evaluation of excimer laser-induced tissue removal as-
sessment. Improved accuracy and precision of pachymetry 
measurement has gained increased significance in the design 
and outcome evaluation of a successful refractive correction 
such as myopic LASIK.2 Continuous and notable improve-
ment in corneal thickness evaluation modalities has led to 
the clinical acceptance of corneal pachymetry maps3 as an in-
dispensable prescreening and evaluation element in corneal 
refractive surgery.4,5 

The purpose of this study was to evaluate stromal thick-
ness changes in eyes undergoing myopic LASIK and compare 
to the intended (planned) maximum stromal ablation. 

PATIENTS AND METHODS
The study received approval by the Ethics Committee 

of the LaserVision Clinical and Research Eye Institute and 
adhered to the tenets of the Declaration of Helsinki. Signed 
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informed consent was obtained from all adults partici-
pating in the investigation. 

This is a single-center, single-intervention case 
series performed from January 2012 to June 2014 in-
volving retrospective data review of 205 consecutive 
eyes of 205 patients subjected to myopic LASIK from 
September to December 2014. One eye was randomly 
selected from each patient in case of bilateral surger-
ies. All of the eyes included in the study had under-
gone successful myopic femtosecond laser-assisted 
LASIK. The same surgeon (AJK) performed all opera-
tions. The FS200 femtosecond and the EX500 excimer 
laser, both by WaveLight (Alcon Laboratories, Inc., Ft. 
Worth, TX), had been employed. Inclusion criteria for 
the procedure were healthy unoperated eyes with no 
ocular pathology other than refractive error and pa-
tient age between 18 and 65 years. A complete ocu-
lar preoperative evaluation was performed to screen 
for corneal abnormalities. Refractive error was up 
to -12.00 diopters (D) of sphere and up to -6.00 D of 
astigmatism, and preoperative central corneal thick-
ness was at least 480 µm. Flap diameter was 8.00 mm 
and thickness was 110 µm, using the clear-cone ap-
planation interface.6 Surgical details of the refractive 
procedure are provided in a previous publication.7 Ex-
clusion criteria for the procedure were clinically sig-
nificant corneal abnormalities including scar in the vi-
sual axis, basement membrane dystrophy, significant 
superficial punctuate keratitis, keratoconus, or other 
abnormalities that in the surgeon’s opinion would 
have negatively affected safety of the procedure and 
the potential for maximum visual outcomes.

For the evaluation of stromal thickness reduction, 
we employed the OptoVue RTVue-100 (OptoVue, Inc., 
Fremont, CA), a Fourier-domain AS-OCT system,8 
using the L-Cam accessory lens. Pachymetry maps ex-
tended over a 6-mm diameter corneal area and were 
obtained and processed via the examination software 
A6 (9,0,27). The default setting of eight meridional 
B-scans, consisting of 1,024 A-scans each, was used. 
Data with ‘good’ measurement reliability, as reported 
in green color in the system report, and quantified by 
a signal strength index greater than 30, have been con-
sidered.

Preoperative and postoperative (1-week and 
3-month) corneal thickness maps were obtained from 
each eye. From each map, the value of the central cor-
neal thickness (CCT) was recorded, which in the myo-
pic ablations examined coincides with the maximum 
ablation depth.

To account for differences in total corneal thickness 
due to epithelial remodeling, as a result of the LASIK 
procedure, the AS-OCT system was also employed to 

measure central epithelial thickness8 preoperatively 
and 3 months postoperatively.9 The difference be-
tween postoperative and preoperative central epithe-
lial thickness (typically, an increase) was subtracted 
from the respective postoperative to preoperative 
CCT difference. Thus, the actual difference in stromal 
thickness was calculated in each eye employing the 
formula: difference in stromal thickness = (postopera-
tive – preoperative CCT) – (postoperative – preopera-
tive central epithelial thickness).

The intended (planned) maximum ablation depth, 
to which these stromal reduction values were com-
pared, was provided by the Aqua planning software 
incorporated in the refractive laser platform. Statisti-
cal data analysis was performed by SPSS version 21.0 
(IBM Corporation, New York, NY). Statistical signifi-
cance was assessed employing Student’s t tests. P val-
ues less than .05 were indicative of statistically signifi-
cant results in this study. Results are reported as mean 
± standard deviation (range).

RESULTS
Demographic and preoperative data of the patient 

pool included in the study are reported in Table 1. 
Corneal epithelial thickness, planned maximum ab-
lation depth, and measured stromal thickness differ-
ences preoperatively and postoperatively are reported 
in Table 2.

Figure 1 illustrates all 3-month stromal reduction 
data points in the form of Bland–Altman plots (ie, 
the stromal reduction data compared to the planned 
central ablation data). We note that the mean of the 
differences is nearly constant (ie, not dependent on 
the magnitude of the measurement [the mean line has 
slope -0.054 per average µm]) and is close to the iden-
tity line (ie, the line in which the differences between 
measured and planned is zero). 

The detailed epithelial thickness increase with 
spherical equivalent corrected is illustrated in Figure 2. 
The epithelium remodels, increasing its central thick-
ness, depending on the amount of myopia corrected. 
Thus, an average of +3 µm may be considered as a rep-
resentative average central epithelial thickness, which 
has been subtracted from the noted ‘corneal’ (ie, stro-
mal + epithelial thickness measured postoperatively). 
In this study, we subtracted this central epithelial 
thickness increase per eye from the individual CCT re-
duction to obtain the true stromal reduction.

To further investigate the visual and refractive out-
comes in these outlier cases, we identified the cases 
in which the difference of planned to actual stromal 
reduction was equal to or larger by 2× standard de-
viation. We evaluated the uncorrected distance visual 
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acuity (UDVA) and manifest refraction spherical 
equivalent (MRSE) in these cases, as measured clini-
cally 3 months postoperatively.  

Within these cases in which the planned minus the 
actual difference was positive (positive outliers, n = 5), 
indicating that the achieved stromal thickness reduc-
tion was less than planned, the difference was +9.55 
± 2.55 µm (range: +4.77 to +23.43 µm). Mean UDVA 
was 0.98 ± 0.16 (20/20 Snellen) (range: 0.60 to 1.20 
[20/40 to 20/10 Snellen]), reported decimally, and 
mean MRSE was -0.75 ± 0.43 D (-1.75 to -0.25 D). We 
therefore indicate an ‘undercorrection’ in these cases.

In the cases in which the planned minus the actual 
difference was negative (negative outliers, n = 7), in-
dicating that the achieved stromal thickness reduction 
was more than planned, the difference was -12.75 ± 
11.21 µm (range: -38.81 to -14.75 µm). Mean UDVA was 
0.99 ± 0.17 (20/20 Snellen) (range: 0.65 to 1.20 [20/30 to 
20/10 Snellen]), reported decimally, and mean MRSE 
was +0.42 ± 0.62 D (range: -0.50 to +1.75 D). We there-
fore indicate an ‘overcorrection’ in these cases.

DISCUSSION
The recent entry of OCT technology in the domain 

of anterior segment imaging is supported by several 
different OCT systems commercially available today. 
These include not only the OptoVue RtVue, but also 
the SS-1000 CASIA (Tomey Corp., Nagoya, Japan),10 
the Copernicus SOCT (OptoPol Technology S.A., Za-
wiercie, Poland),11 and the Spectralis OCT (Heidelberg 
Engineering GmbH, Heidelberg, Germany).12 Typical-
ly, these systems provide corneal pachymetric maps 
(via interpolation of thickness profile calculated from 
each meridional scan) and high-resolution cross-sec-
tional images along select meridians. Acquisition is 
fast, and, due to the rotating slit-like beam, there is a 

common point (eg, the pupil center) of reference for all 
sequential scans. 

The lack of an absolute metric by which to objec-
tively compare the reported pachymetry values has 
been an obvious limitation to determining accuracy. 
Device accuracy may be evaluated with calibration 
targets graduated with accepted standards, which are 
lacking in the case of a live tissue such as the cornea.

In the case of myopic LASIK, an objective assess-
ment between preoperative and postoperative corneal 
pachymetry reduction may be facilitated by compar-
ing the maximum stromal thickness reduction to the 
ablation depth, which can be either calculated by for-
mulae,13-15 or directly provided by planning software 
embedded in the refractive platform.6

The current study introduces a novel objective 
analysis to address this issue. We employ a ‘reference’ 
to which to compare, and indirectly to deduct accu-
racy of measurement, to the planned maximum abla-
tion depth, provided by the refractive laser planning 
software documentation. Thus, we compared the mea-
sured differences in postoperative to preoperative stro-
mal reduction to this value for each eye. 

In addition to this, the study employs a correction 
factor to increase objectivity, which is the difference 
in total corneal thickness attributed to postoperative 
epithelial remodeling. Our team has investigated this 
aspect after LASIK8,16; employing the same OCT sys-
tem, we reported a statistically significant increase in 
epithelial thickness following myopic LASIK, which 
correlates to the amount of refractive error corrected. 
The detailed epithelial thickness increase with spheri-
cal equivalent corrected, as illustrated in Figure 2, 

TABLE 1
Demographic and Preoperative 

Baseline Data of the Study Group 
Parameter No.

No. of eyes 205

Gender (female:male) 84:121

Eye laterality (right:left) 102:103

Patient age (y) 32.3 ± 8.8 (19 to 60)

Preoperative refractive 
error (D)a

  Sphere -5.06 ± 2.36 (-0.25 to -11.25)

  Cylinder -0.90 ± 0.83 (0.00 to -5.25)

D = diopters 
aData are presented in the form of mean ± standard deviation (range).

TABLE 2
Preoperative and 3 Months 

Postoperative Data
Parameter Mean ± SD (Range)

Preoperative CCT 539.93 ± 26.70 (489 to 625)

3-month CCT 451.31 ± 34.98 (375 to 550)

Difference in CCT 88.62±31.15 (18 to 163)

Preoperative CET 52.32 ± 3.34 (43 to 62)

3-month CET 55.03 ± 3.82 (45 to 66)

Difference in CET +2.71 ± 2.68 (-3 to +12)

Calculated stromal  
thickness difference

86.01 ± 28.28 (17 to 161)

Planned central ablation 
depth

88.48 ± 26.05 (21.39 to 155.11)

Planned to calculated +2.19 ± 6.82 (-16.94 to +18.38)

CCT = central corneal thickness; CET = central epithelial thickness; SD = 
standard deviation
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supports our previous finding that there is an average 
epithelial thickness increase at the 1-month and up 
to 1-year postoperative interval; the increase depends 
on the amount of myopia corrected.16 An average of 
+3 µm may be considered as a representative average 
epithelial increase, which must be subtracted from 
the noted ‘corneal’ (ie, stromal + epithelial thickness 
measured postoperatively). A more detailed approach, 
which was applied herein, involves specific evaluation 
of epithelial thickness increase in each eye, which is 
possible with the OCT device employed in this study. 

A limitation of the study might arise from the fact 
that the recorded center(s) of the pachymetry maps, as 
obtained by the OCT device, may not coincide with 
the exact center of ablation. This is because the OCT 
pachymetry acquisition is centered manually by the 
investigator; caution is thus recommended for proper 
centration with the coaxial corneal light reflex (first 
Purkinje reflection), which in myopic eyes with small 
angle kappa nearly coincides with the corneal vertex.

The small percentage of outlier cases (12 of 205) il-
lustrates that some excimer laser ablations may be ei-
ther undercorrecting or overcorrecting. The correlation 
between the positive outliers and the residual MRSE 
indicates slight undercorrection, whose magnitude 
is in agreement with the Munnerlyn formula predic-
tion14: the -0.75 D of MRSE is approximately associat-
ed with -12.50 µm for a 6.5-mm wide optical zone, and 
the +0.42 MRSE with +7.88 µm, respectively. Poten-
tial biomechanical influence in refractive correction 
achieved appears effectively neutralized by the nomo-
gram used in these cases. These findings suggest that 
several variables may contribute in undercorrections 
and overcorrections, such as potential fluctuation in 

laser energy, operating room environmental conditions 
(temperature, humidity), intraoperative corneal dehy-
dration, and potential patient-specific idiosyncratic 
variables that may influence these rare deviations from 
the predicted ablation depth and, consequently, refrac-
tive result.

Actual objective stromal thickness reduction fol-
lowing myopic LASIK correlates well with the at-
tempted versus achieved refractive change. These find-
ings may assist the clinicians in the quest for myopic 
LASIK precision and accuracy with the refractive error 
assessment methodology used and the specific surgical 
devices and technique employed. 

AUTHOR CONTRIBUTIONS
Study concept and design (AJK, GA); data collection (AJK, SG, 

GA); analysis and interpretation of data (AJK, SG, GA); writing the 

manuscript (GA); critical revision of the manuscript (AJK, SG, GA); 

statistical expertise (AJK, GA); supervision (AJK)

REFERENCES 
 1. Reinstein DZ, Waring GO 3rd. Graphic reporting of outcomes of 

refractive surgery. J Refract Surg. 2009;25:975-978.

 2. Vinciguerra P, Camesasca FI. Prevention of corneal ecta-
sia in laser in situ keratomileusis. J Refract Surg. 2001;17(2 
suppl):S187-S189. Erratum in: J Refract Surg. 2001;17:follow-
ing table of contents.

 3. Ma XJ, Wang L, Koch DD. Repeatability of corneal epithelial 
thickness measurements using Fourier-domain optical coher-
ence tomography in normal and post-LASIK eyes. Cornea. 
2013;32:1544-1548.

 4. Ciolino JB, Khachikian SS, Belin MW. Comparison of corneal 
thickness measurements by ultrasound and Scheimpflug pho-
tography in eyes that have undergone laser in situ keratomileu-
sis. Am J Ophthalmol. 2008;145:75-80.

 5. Tomita M, Watabe M, Mita M, Waring GO 4th. Long-term ob-
servation and evaluation of femtosecond laser-assisted thin-
flap laser in situ keratomileusis in eyes with thin corneas but 
normal topography. J Cataract Refract Surg. 2014;40:239-250.

Figure 1. Bland–Altman plots comparing planned to measured stromal 
thickness reduction with mean difference and 95% upper (defined as 
mean + 2× standard deviation) and lower (defined as mean – 2× 
standard deviation) limits of agreement. Positive difference indicates 
achieved stromal thickness reduction was less than planned. All units are 
expressed in microns.

Figure 2. Scatter diagram showing the regression line of epithelial thick-
ness increase (expressed in microns) versus attempted myopic spherical 
equivalent corrected (expressed in diopters [D]). Shown are regression 
line, the 95% confidence interval (CI), and the prediction interval (PI) lines.



632 Copyright © SLACK Incorporated

Stromal Thickness Reduction/Kanellopoulos et al

 6. Kanellopoulos AJ, Asimellis G. FS200 femtosecond laser 
LASIK flap digital analysis parameter evaluation: comparing 
two different types of patient interface applanation cones. Clin 
Ophthalmol. 2013;7:1103-1108.

 7. Kanellopoulos AJ, Asimellis G. Long-term bladeless LASIK out-
comes with the FS200 Femtosecond and EX500 Excimer Laser 
workstation: the Refractive Suite. Clin Ophthalmol. 2013;7:261-
269.

 8. Kanellopoulos AJ, Asimellis G. In vivo three-dimensional cor-
neal epithelium imaging in normal eyes by anterior-segment 
optical coherence tomography: a clinical reference study. 
Cornea. 2013;32:1493-1498.

 9. Kanellopoulos AJ, Asimellis G. Longitudinal postoperative 
LASIK epithelial thickness profile changes in correlation with 
degree of myopia correction. J Refract Surg. 2014;30:166-171.

 10. Grewal DS, Brar GS, Jain R, Grewal SP. Comparison of Scheimp-
flug imaging and spectral domain anterior segment optical co-
herence tomography for detection of narrow anterior chamber 
angles. Eye (Lond). 2011;25:603-611.

 11. Vidal S, Viqueira V, Mas D, Domenech B. Repeatability and 

reproducibility of corneal thickness using SOCT Copernicus 
HR. Clin Exp Optom. 2013;96:278-285.

 12. Francoz M, Karamoko I, Baudouin C, Lebbé A. Ocular surface 
epithelial thickness evaluation with spectral-domain optical co-
herence tomography. Invest Ophthalmol Vis Sci. 2011;52:9116-
9123.

 13. Munnerlyn CR, Koons SJ, Marshall J. Photorefractive keratec-
tomy: a technique for laser refractive surgery. J Cataract Refract 
Surg. 1988;14:46-52.

 14. Chang AW, Tsang AC, Contreras JE, et al. Corneal tissue abla-
tion depth and the Munnerlyn formula. J Cataract Refract Surg. 
2003;29:1204-1210.

 15. Lackerbauer CA, Grüterich M, Ulbig M, Kampik A, Kojetinsky 
C. Correlation between estimated and measured corneal abla-
tion and refractive outcomes in laser in situ keratomileusis for 
myopia. J Cataract Refract Surg. 2009;35:1343-1347.

 16. Kanellopoulos AJ, Asimellis G. Epithelial remodeling after 
femtosecond laser-assisted high myopic LASIK: comparison 
of stand-alone with LASIK combined with prophylactic high-
fluence cross-linking. Cornea. 2014;33:463-469.


