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Corneal deformation signal waveform analysis
in keratoconic versus post-femtosecond laser
in situ keratomileusis eyes after statistical

correction for potentially confounding factors
Siamak Zarei-Ghanavati, MD, FICO, Arturo Ramirez-Miranda, MD,

Fei Yu, PhD, D. Rex Hamilton, MD, MS

PURPOSE: To evaluate and compare corneal biomechanical waveform parameters between
keratoconic and post-femtosecond laser in situ keratomileusis (LASIK).

SETTING: Jules Stein Eye Institute, University of California, Los Angeles, California, USA.

DESIGN: Comparative case series.

METHODS: The Ocular Response Analyzer was used to obtain the corneal hysteresis (CH), corneal
resistance factor (CRF), and 39 biomechanical waveform parameters in manifest keratoconic eyes
and post-femtosecond LASIK eyes. Univariate tests were used to assess the difference in each
parameter between the 2 groups of eyes. After controlling for central corneal thickness (CCT)
and age, a logistic regression model was used to select the parameters most useful in
distinguishing between the 2 groups.

RESULTS: After statistically controlling for the differences in CCT and age, 7 parameters were found
to be the most useful in distinguishing between groups: aplhf (high frequency noise in the region
between peaks [P1 and P2]; P<.0001), w2 (width of P2 at base; PZ.001), dslop1 (down-slope
of P1 of wave; P<.0001), aindex (degree of “non-monotonicity” of rising and falling edges of first
peak of wave, PZ.0007), uslope1 (upslope of the P1 of wave; PZ.001), CH (PZ.035), and
P1area (area under P1 of wave; PZ.006). The area under the receiver operating characteristic curve
for the model using these parameters was 0.932.

CONCLUSIONS: Differences in multiple biomechanical waveform parameters between the
keratoconus and post-LASIK groups suggests that waveform analysis may be useful to
differentiate between healthy and diseased biomechanical conditions.

Financial Disclosure: Dr. Hamilton has received honoraria from Reichert for educational lectures
on corneal biomechanics. No author has a financial or proprietary interest in any material or method
mentioned.
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The Ocular Response Analyzer (Reichert Ophthalmic
Instruments) is a noncontact instrument that measures
biomechanical properties of the cornea using an air
pressure pulse to flatten a central area of the cornea.
Briefly, the air pulse indents the cornea, passing from
its unperturbed state, through applanation and into
slight concavity. Then, as the pressure decreases, the
cornea passes through a second applanation, back to
its original unperturbed shape. During corneal defor-
mation by air, an optical system comprised of a light
source and a collimated photodetector monitors the

corneal changes and generates a waveform. Informa-
tion from the optical system is processed, analyzed,
and presented as a corneal deformation signal.1

The most analyzed parameters from the Ocular
Response Analyzer biomechanical waveform analysis
device are corneal hysteresis (CH) and the corneal resis-
tant factor (CRF). Multiple studies have evaluated the
biomechanical properties of the cornea using CH and
the CRF. Although CH and CRF changes were shown
in many corneal diseases, there is significant overlap
among these values in diseased and healthy corneas.2–6
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Interestingly, some studies did not find changes in
CH and CRF despite an iatrogenic change in corneal
biomechanics caused by collagen crosslinking.7–9

The signal of the biomechanical waveform analysis
device provides a morphologically unique fingerprint
for each eye and may contain valuable clinical infor-
mation.10 The new software (version 2) allows more
detailed analysis of the corneal deformation signal
waveform by providing 37 parameters, each of which
describes a morphologic feature of the waveform. It is
well established that the CH and CRF parameters are
lower in keratoconic corneas and in those that have
had laser in situ keratomileusis (LASIK) than in
corneas that have not had surgery.2,11 Despite this
difference, it is clinically apparent that most post-
myopic LASIK corneas are not at risk for developing
ectasia and, therefore, have a biomechanical profile
that differs significantly from keratoconus.2,11

In this study, we compared the biomechanical prop-
erties of keratoconic and post-femtosecond LASIK
patients using corneal deformation signal waveform
analysis in an attempt to quantify these differences
and to assess the ability of these parameters to distin-
guish between these 2 groups (Figure 1). To our
knowledge, this is the first study that examines differ-
ences in the biomechanical properties of keratoconic
and post-femtosecond LASIK patients using corneal
deformation signal waveform analysis.

PATIENTS AND METHODS

This retrospective chart review study was performed at the
UCLA Laser Refractive Center, Jules Stein Eye Institute,
University of California, Los Angeles. Data from patients
with manifest keratoconus and post-femtosecond LASIK

who presented in clinic between April 2005 and November
2010 were evaluated. Institutional review board approval
was obtained, and the study followed the tenets of the
Declaration of Helsinki.

Patients diagnosed with manifest keratoconus using
clinical evaluation (scissoring of the retinoscopic reflex,
slitlamp findings including Fleischer ring, Vogt striae, and
prominent cornea nerves), topographic (OPD Scan, Nidek
Co., Ltd.), and tomographic analysis (Orbscan II, Bausch &
Lomb) were included in the study.

All post-femtosecond LASIK eyes included in the study
had cleared the myopic LASIK preoperative screening
process, including comprehensive ocular examination,
topography, ultrasound pachymetry, tomography (Orbscan
II), aberrometry (Ladarwave, Alcon Laboratories, Inc.), and
biomechanical evaluation (Ocular Response Analyzer). All
diagnoses and surgeries were performed by the same
experienced cornea and refractive surgeon (D.R.H.). All
eyes with previous ocular surgery, corneal scarring, a history
of other ocular disease, or postoperative complications (in
post-femtosecond LASIK group) were excluded. Post-
femtosecond LASIK patients had been followed for at least
1 year to reduce the chance of including an eye with
post-LASIK keratectasia in the normal post-femtosecond
LASIK group.

Central corneal thickness (CCT) was obtained by ultra-
sonic pachymetry (Tomey SP-3000, Tomey, Ltd.) in both
groups. Flap thickness was calculated by subtracting the
stromal bed thickness measured intraoperatively after
femtosecond-created flap lifting from preoperative CCT.

The Ocular Response Analyzer with software version
2.04 was used to obtain the CH, CRF, and 37 corneal defor-
mation signal waveform parameters. These parameters
describe various mathematic features of the corneal defor-
mation signal, and their description is shown in Table 1.
Figure 2 shows the location of some of the parameters on
a representative corneal deformation signal waveform. The
measurements were taken at least 3 times, and the measure-
ment with the highest waveform score was used. The wave-
form score is a composite index based on 5 mathematic
aspects of the corneal deformation signal. The score ranges
from 0 to 10, with a higher score indicating that the signal
is closer to an ideal signal from a normal cornea.

Statistical analysis was performed using SAS software
(version 9.1, SAS Institute, Inc.). Univariate (t test and Fisher
exact test) and multivariable regression models were used to
compare variables between groups. To address the potential
confounding effect of CCT and age, a multivariate logistic
regression model was used to control for these parameters.
After controlling for CCT and age, a multivariate logistic
regression model with stepwise variable selection method
was used to select the parameters that were most useful in
distinguishing between the keratoconic group and the
post-femtosecond LASIK group. The area under a receiver
operating characteristic (ROC) curve for this function was
also calculated. A P value less than 0.05 was considered
statistically significant.

RESULTS

Ninety-four post-femtosecond LASIK eyes of
51 patients and 105 eyes of 76 patients with manifest
keratoconus were included in the study. Table 2 shows
the demographics of the study groups. There were
statistically significantly more men than women in
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the keratoconus group. There were no statistically
significant differences in age or race between the
groups (PZ.33 and PZ1.00, respectively).

Preoperative refractive error in the post-femtosecond
LASIK group was �3.82 G 1.69 diopters (D) (range
�1.00 to�9.50). At follow-up, the mean refractive error
was 0.14G 0.40 D (range�2.00 toC1.00 D). The mean
flap thickness in post-femtosecond LASIK was 119.4G
11.5 mm (range 97.0 to 143.0 mm). The mean CCT in the
post-femtosecond LASIK and keratoconus groups was
478.5 G 28.9 mm (range 392.3 to 539.3 mm) and
454.8G 51.1 mm (range 370.0 to 461.9 mm), respectively
(PZ.0001).

Table 3 shows univariate analysis of the various
parameters between the 2 groups. The differences in
CH and CRF were statistically significant between
the groups (P!.0001 and PZ.006, respectively). There
was no significant between-group difference between
in the peak heights of the 2 peaks of the corneal defor-
mation signal waveform (P1 and P2, respectively).

After statistically controlling for differences in CCT
and age using a multivariate logistic regression model
with stepwise variable selection, the CRF mean differ-
ence was not statistically significant; however, differ-
ences between the means of CH (PZ.035) and
6 waveform parameters were statistically significant
(Table 4). The area under the ROC curve for this model
using CH and the 6 corneal deformation signal wave-
form parameters was 0.932 (Figure 3). For this logistic
regression model, at the best cutoff point, the sensitiv-
ity was 81.0%, the specificity was 85.1%, and overall
accuracy was 82.9%.

DISCUSSION

This study was designed to compare the corneal bio-
mechanical waveforms between post-femtosecond

LASIK and keratoconic eyes by analyzing CH, CRF,
P1, P2, and 37 corneal deformation signal waveform
parameters. There are several studies in the literature
analyzing aspects of the Ocular Response Analyzer
corneal deformation signal waveform other than CH
and CRF.12,13 The clinical significance of these various
waveform parameters is currently unknown. The
purpose of our study was to identify which of the
new parameters could differentiate post-femtosecond
LASIK corneas from those with manifest keratoconus
after controlling for potential confounding factors
such as CCT and age.

Bowman layer and the corneal stroma are thought
to provide the majority of the biomechanical strength,
although the role of Bowman layer has been a subject
of controversy.14

Keratoconus is an asymmetric bilateral noninflam-
matory thinning of the corneal stroma. It is character-
ized by irregular astigmatism and asymmetric corneal
thinning. Histopathological studies15–17 show breaks
in Bowman layer, collagen bundle separation, and
a decrease in the number of collagen fibers.

In contrast, the LASIK procedure involves cutting
a stromal flap and ablating the underlying stromal
bed of a normal cornea. In this study, we excluded
from our study eyes that had LASIK using a microker-
atome to reduce the confounding effect of flap-
induced biomechanical variability.18,19 We evaluated
whether the Ocular Response Analyzer device pro-
vides information to distinguish biomechanical differ-
ences between a pathologic disease (keratoconus) and
an iatrogenically altered normal cornea (post-femto-
second flap LASIK).

Several studies have shown that myopic LASIK
causes a general reduction in CH and CRF.2,5,6 It has
also been reported that changes in CH and CRF after
femtosecond LASIK strongly correlate with ablation

Figure 1. The waveform in a keratoconic cornea (right) and a post-femtosecond LASIK cornea (left). Gross comparison shows differences in both
peaks including the slopes and the noise (App Z applanation; CH Z corneal hysteresis; CRF Z corneal resistance factor; IOPcc Z corneal-
compensated intraocular pressure; IOPg Z Goldmann-correlated intraocular pressure).
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depth. This suggests that alteration in corneal biome-
chanics is associated with attempted correction.16,20

Shah et al.11 showed that keratoconic eyes have sig-
nificantly lower CH than normal eyes. Other studies

showed that although both CH and CRF are signifi-
cantly lower in keratoconic eyes, a large overlap exists
between normal eyes and keratoconic eyes.2,11 Shah
and Laiquzzaman21 compared biomechanical

Table 1. Description of optical corneal deformation signal parameters.

Parameter Name Description

1 aindex Degree of “non-monotonicity” of rising and falling edges of peak1
(normalized by area)

2 bindex Degree of “non-monotonicity” of rising and falling edges of peak2
(normalized by area)

3 p1area Area of peak1 (sum of values)
4 p2area Area of peak2 (sum of values)
5 aspect1 Aspect ratio of peak1 (height/width)
6 aspect2 Aspect ratio of peak2 (height/width)
7 uslope1 Upslope of peak1 (base to peak value of peak1)
8 uslope2 Upslope of peak2 (base to peak value of peak2) (downslope in real

time of peak2)
9 dslope1 Downslope of peak1 (base to peak value of peak1)
10 dslope2 Downslope of peak2 (base to peak value of peak2) (upslope in real

time of peak2)
11 w1 Width of peak1 at base of peak1 region
12 w2 Width of peak2 at base of peak2 region
13 h1 Height of peak1 (from lowest to highest value in peak1 region)
14 h2 Height of peak2 (from lowest to highest value in peak2 region)
15 dive1 Absolute value of monotonic decrease on downslope part of peak1

starting at the peak value
16 dive2 Absolute value of monotonic decrease on downslope part of peak2

starting at the peak value (montonic increase in real time for peak2)
17 path1 Absolute value of path length around peak1
18 path2 Absolute value of path length around peak2
19 mslew1 Maximum single step increase in rise of peak1
20 mslew2 Maximum single step increase in rise of peak2
21 slew1 Aspect ratio of dive1 (value of dive divided by width of dive region)
22 slew2 Aspect ratio of dive2 (value of dive divided by width of dive region)
23 aplhf High-frequency noise in region between peaks (normalized by

product of average of peak heights times width of region)
24 p1area1 Area of peak1 (sum of values)
25 p2area1 Area of peak2 (sum of values)
26 aspect11 Aspect ratio of peak1 (height/width)
27 aspect21 Aspect ratio of peak2 (height/width)
28 uslope11 Upslope of peak1 (base to peak value of peak1)
29 uslope21 Upslope of peak2 (base to peak value of peak2) (downslope in real

time of peak2)
30 dslope11 Downslope of peak1 (base to peak value of peak1)
31 dslope21 Downslope of peak2 (base to peak value of peak2) (upslope in real

time of peak2)
32 w11 Width of peak1 at base of peak1 region
33 w21 Width of peak2 at base of peak2 region
34 h11 Height of peak1 (from lowest to highest value in peak1 region)
35 h21 Height of peak2 (from lowest to highest value in peak2 region)
36 path11 Absolute value of path length around peak1
37 path21 Absolute value of path length around peak2

Notes: Parameters 1–24 are derived from upper 75% of applanation peak (defined on baseline-subtracted signal). The 2nd applanation region is time reversed so
that the upslope (uslope notation) of peak2 is actually a downslope (dslope notation) in real time. Parameters 24–37 have same descriptions as parameters 3–14,
17, and 18 except they are derived from the upper 50% of the applanation peaks.
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parameters (CH and CRF) of post-LASIK and kerato-
conus and found very similar changes in both groups.
In contrast, Ortiz et al.22 showed that CH and CRF
values were significantly lower in keratoconic eyes
than in post-LASIK eyes. Neither of the 2 studies
controlled for potential confounding factors, such as
CCT or age.

In our study, univariate analysis showed a lower
mean CH in the keratoconus group. The CH is defined
as the absolute difference between the peak pressure
values causing inward and outward corneal

applanations (P1 � P2). It represents the viscoelastic
property of the cornea. We also found a lower mean
CRF in keratoconic patients under univariate analysis.
The CRF is derived from the formula (P1 � kP2),
where k is a constant that is strongly associated with
CCT. This renders CRF more CCT-dependent than
CH.1,23–25 The CRF is usually considered to be the pa-
rameter most closely related to corneal elasticity.1,26,27

In a clinical study, Touboul et al.13 confirmed this and
found a strong positive correlation between CRF and
CCT and a low correlation for CH.

We tried to control for potential confounding factors
using multivariate analysis. The mean CCTwas 24 mm
thicker in post-femtosecond LASIK eyes. Although the
significance of this difference with regard to biome-
chanics is unknown, it is reasonable to assume there
may be a correlation between biomechanical strength
and CCT. As a consequence, we controlled for CCT
as a confounding factor in multivariate analysis. Ag-
ing changes both CH and CRF.28,29 Therefore, age
should be considered a confounding factor in studies
of corneal biomechanics. In our study, there was no
statistically significant difference in age between the
2 groups. Nevertheless, we adjusted for age in the
multivariate analysis.

Multivariate analysis showed that after controlling
for CCT and age, the difference in CH was still statis-
tically significant between the 2 groups while the
difference in CRF was no longer significant. The loss
of significance of the CRF difference may relate to
the parameter’s correlation with CCT.27

In this study, multivariate logistic regression model
analysis that controlled for potential confounding fac-
tors found that CH (PZ.003) and 6 corneal
deformation signal waveform parameters (P1area,
PZ.042; uslope1, PZ.0007; dslop1, PZ.0001; w2,
PZ.003; aindex, PZ.0004); and aplhf, P!.0001) had
the best statistical ability to differentiate between
post-LASIK corneas and keratoconic corneas. How
these parameters represent biomechanical properties
of the cornea is still unknown and should be a focus
of future studies. Keratoconus and myopic LASIK
cause opposing changes in corneal curvature. Kerato-
conic corneas are steeper and post-myopic LASIK
corneas are flatter than normal unaltered corneas.
Although several studies10,23,30,31 showed no correla-
tion between the main Ocular Response Analyzer
parameters (CH, CRF) and corneal curvature, there
might be an association between curvature and certain
corneal deformation signal waveform parameters. In
general, the keratoconic cornea does not flatten as
uniformly as a normal cornea. This likely leads to over-
all lower corneal deformation signal amplitudes and
more noisy signals. For example, the time during
which the maximum area of the cornea is flattened is

Figure 2. Corresponding location on corneal deformation signal
waveform for parameters with statistically significant difference be-
tween manifest keratoconus and post-femtosecond LASIK groups.
(See Figure 1 legend and Table 1 for a description of the parameters.)

Table 2. Demographics by group.

Characteristic
Post-LASIK
(n Z 51)

Keratoconus
(n Z 76) P Value

Age (y) .33*
Mean G SD 35.6 G 9.2 37.6 G 12.1
Median 34.0 36.3
Range 23.0, 56.0 17.1, 67.3

Sex, n (%) .001†

Male 24 (47) 58 (76)
Female 27 (53) 18 (24)

Race, n (%) 1.00z

White 22 (61) 37 (61)
African-American 3 (6) 6 (10)
Hispanic 6 (17) 15 (25)
Asian 5 (14) 3 (5)
Unknown 15 15

LASIK Z femtosecond laser in situ keratomileusis
*t test for the difference between post-femtosecond LASIK and keratoco-
nus groups

†Fisher exact test for the difference between post-femtosecond LASIK and
keratoconus groups

zComparing white race with all other race categories combined
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likely shorter in the keratoconic cornea than in the
normal cornea. This maymanifest as narrower corneal
deformation signal peaks. Further studies may
elucidate which quantifiable metrics from the corneal
deformation signal waveform best describe the hall-
marks of keratoconic corneal biomechanics.

Another possible confounding factor is post-LASIK
dry eye. Dry eye is common after LASIK. It alters the
tear breakup time and causes corneal surface irregu-
larly.32,33 Because the corneal deformation signal is
produced from light reflection from the cornea, any
surface irregularity might change the reflected beam

Table 3. Univariate comparison of CH, CRF, CCT, P1, P2 and 37 corneal deformation signal waveform parameters between groups.

Post-Femtosecond LASIK Group Keratoconus Group

Parameter* Mean SD
Lower
Quartile

Upper
Quartile Mean SD

Lower
Quartile

Lower
Quartile P Value

CCT (mm) 478.5 28.9 458.0 497.2 454.8 51.1 421.0 493.0 .0001
CH (mm Hg) 9.2 1.2 8.4 10.0 8.2 1.5 7.1 9.1 !.0001
CRF (mm Hg) 8.2 1.5 7.1 9.1 7.5 1.8 6.3 8.4 .0006
P1 15.9 2.8 14.0 17.7 15.8 3.6 13.1 17.6 .74
P2 6.7 2.6 4.8 8.2 7.5 3.7 5.1 9.8 .075
aindex 9.1 1.2 8.7 10.0 7.8 2.0 6.6 9.2 !.0001
bindex 9.4 1.1 9.1 10.0 8.1 2.4 6.6 10.0 !.0001
p1area 2595.5 636.8 2216.0 2942.0 2578.5 1071.5 1708.6 3316.5 .89
p2area 1831.9 505.2 1417.0 2124.0 1680.3 692.6 1246.8 2089.9 .082
aspect1 15.1 5.8 11.0 18.6 15.8 8.5 9.5 20.8 .51
aspect2 20.0 8.4 13.5 25.7 15.0 9.3 8.0 20.7 .0001
uslope1 73.8 33.8 49.2 99.0 62.3 39.2 34.9 80.4 .028
uslope2 101.5 36.3 82.8 121.5 69.7 45.8 36.7 98.8 !.0001
dslope1 19.7 7.8 13.8 26.0 22.8 13.4 13.0 28.9 .057
dslope2 25.5 12.2 16.6 32.1 20.0 12.9 11.1 26.5 .002
w1 22.5 4.5 2.0 25.0 22.3 6.1 18.0 25.0 .77
w2 16.8 4.7 14.0 19.0 20.0 7.8 15.0 23.0 .0006
h1 316.8 81.0 267.9 373.9 316.7 133.1 223.7 413.1 1.00
h2 304.1 77.2 252.6 353.3 247.1 107.1 163.5 315.0 !.0001
dive1 274.8 94.1 211.3 340.5 265.0 134.2 174.8 354.5 .55
dive2 216.7 79.8 169.0 269.5 193.5 98.8 124.0 267.3 .072
path1 24.3 5.7 19.5 27.7 26.0 6.7 21.3 29.4 .062
path2 29.8 6.8 25.0 34.2 29.4 8.6 23.1 35.2 .70
mslew1 108.4 38.6 8.3 137.0 102.5 48.3 62.3 133.8 .34
mslew2 148.1 47.2 114.3 179.0 110.4 58.7 61.8 145.8 !.0001
slew1 74.2 33.6 49.4 99.0 64.6 38.7 37.5 87.1 .065
slew2 101.8 35.9 82.8 121.5 72.0 43.7 40.5 98.8 !.0001
aplhf 1.2 0.3 1.0 1.4 1.7 0.5 1.4 2.0 !.0001
p1area1 1019.1 306.1 832.3 1191.8 1038.8 483.0 727.8 1261.4 .74
p2area1 763.1 225.9 592.5 906.3 693.7 318.7 504.4 844.8 .082
aspect11 24.4 12.0 14.7 30.9 24.2 14.9 13.4 32.7 .92
aspect21 31.1 12.7 21.6 39.2 23.7 16.2 12.1 32.3 .0004
uslope11 68.2 32.1 41.3 90.3 61.8 38.2 33.2 83.4 .20
uslope21 81.3 35.4 55.8 103.5 58.9 38.3 29.8 78.0 !.0001
dslope11 38.5 22.5 23.4 51.8 42.4 30.6 21.1 57.2 .30
dslope21 49.1 25.3 31.4 63.1 38.6 28.7 17.6 53.9 .007
w11 10.1 3.5 8.0 12.0 10.4 3.7 8.0 12.0 .59
w21 7.2 2.4 6.0 8.0 8.8 3.9 6.0 11.0 .0007
h11 211.2 54.0 178.6 249.3 211.2 88.7 149.1 275.4 1.00
h21 202.8 51.5 168.4 235.5 164.7 71.4 109.0 210.0 !.0001
path11 37.1 10.0 29.6 42.6 37.7 10.3 30.5 43.8 .72
path21 43.0 12.7 34.4 49.6 40.8 13.0 30.6 49.9 .25

LASIK Z laser in situ keratomileusis
*See Table 1 for description of parameters.
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and alter the corneal deformation signal waveform pa-
rameters, especially those associated with signal qual-
ity, such as aplhf (high frequency noise in the region
between P1 and P2).

In conclusion, we found statistically significant
differences in the mean CH and 6 other waveform
parameters between keratoconic corneas and post-
femtosecond LASIK corneas after controlling for
CCT and age. This study shows that analysis of the
parameters derived from the corneal deformation
signal waveform could improve our understanding
of the differences between a pathologic condition
such as keratoconus and a surgically altered normal
cornea such as the post-LASIK condition. Further
studies are needed to evaluate the biomechanical
relevance and clinical importance of these new
parameters.
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