
ORIGINAL RESEARCH

Ultra-High Resolution Optical Aberrometry in Patients
with Keratoconus: A Cross-Sectional Study

Gonzalo Velarde-Rodriguez . Carolina Belda-Para . Miriam Velasco-Ocaña .

Juan M. Trujillo-Sevilla . Javier Rodrı́guez-Martin . Ignacio Jiménez-Alfaro .
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ABSTRACT

Introduction: This study performs optical
aberration assessment in patients using a novel
ultra-high-resolution device. The objective of
this study is to analyze optical aberrations,
especially the very high order wavefront (more
than 10th order of Zernike coefficients), and
compare between keratoconus and healthy
patients.
Methods: In this cross-sectional study, we ana-
lyzed 43 eyes from 25 healthy patients and 43
eyes from 27 patients with keratoconus using
corneal tomography and a very high-resolution
(8.55 lm) aberrometer prototype (T-eyede) out-
fitted with a sensor originally developed for use

in the field of astrophysics. Corneal aberration
values were assessed using an optical model
built with Zemax optical software, while ocular
aberrations were assessed using T-eyede. In
addition, image-processing analysis was per-
formed of the wavefront phase, creating a high-
pass filter map.
Results: We found lower values for ocular
aberrations than corneal aberrations in both
groups (p\0.001). Specifically, we found a
reduction in primary astigmatism (0.145 lm)
and primary coma (0.017 lm). Also, the kera-
toconus group showed significantly higher
wavefront aberration values compared with
controls (p\0.001). An analysis of the high-
pass filter map revealed 2 contrasting results:
one smooth or clear, while the other presented
a banding pattern. Almost all in the control
group (95%) showed the first pattern, while
77% of the keratoconus group showed a band-
ing pattern on the filtered map (chi-squared
test, p\0.001).
Conclusion: This device provides reliable, pre-
cise measurements of ocular aberrations that
correlate well with corneal aberrations. Fur-
thermore, the extraordinary high-resolution
measurements revealed unprecedented micro
changes in the wavefront phase of patients with
keratoconus that varied with disease stage.
These findings could lead to new screening or
follow-up methods.
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Canary Islands, Spain

Ophthalmol Ther (2023) 12:1569–1582

https://doi.org/10.1007/s40123-023-00684-2

http://orcid.org/0000-0002-6150-7193
https://doi.org/10.1007/s40123-023-00684-2
https://doi.org/10.1007/s40123-023-00684-2
https://doi.org/10.1007/s40123-023-00684-2
https://doi.org/10.1007/s40123-023-00684-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s40123-023-00684-2&amp;domain=pdf
https://doi.org/10.1007/s40123-023-00684-2


Keywords: Keratoconus; Optical aberration;
Optics; Aberrometry; Cornea

Key Summary Points

Why carry out this study?

This study uses a new prototype of an
aberrometer with unprecedented
resolution power in the ophthalmology
field. This feature permitted an exhaustive
analysis of the very high-order aberrations
and characterize the keratoconus eye from
a new perspective.

What was the hypothesis of the study?

Keratoconus eyes and healthy eyes show
differences in aberrometry, not only in
high-order terms (spherical, coma, trefoil),
but also in extraordinary high-order
aberrations.

What was learned from the study?

This prototype of aberrometer provides
reliable ocular aberrometry values, and
these are highly correlated with the
corneal ones.

Keratoconus eyes are more likely to show
micro-alteration (represented by the high-
pass filtered map) in the ocular wavefront
than healthy eyes.

INTRODUCTION

Keratoconus (KC) is a bilateral degenerative
ocular disorder characterized by progressive
stromal thinning and an abnormal, cone-like
corneal shape that leads to visual impairment
[1]. This multifactorial ectatic disease is tradi-
tionally described as a non-inflammatory con-
dition [2], although recent studies suggest that
inflammatory pathways may play an important
role in its pathogenesis [3]. KC is commonly
associated with Down’s syndrome, Leber’s con-
genital amaurosis, connective tissue disorders,

or atopy [4], but it also correlates strongly with
external factors such as eye rubbing, use of rigid
contact lenses, or allergic eye disease [5]. Kera-
toconic corneas have an abnormal distribution
and number of collagen fibril layers at the
thinnest point, which increases tissue flexibility
and alters the corneal mechanism [6]. Modern
treatment techniques try to slow down the
progression by reinforcing corneal tissue [7].

Findings from slit-lamp examination are
indicative of severity and can reveal presence of
stromal thinning, Vogt’s striae, Fleischer rings,
or corneal scarring. However, the introduction
of keratoscopes in clinical practice has allowed
early diagnosis and classification based on
morphology or disease stage [8].

Elevation maps from corneal topography
have been reported as sensitive screening
methods, even in early-stage KC or forme fruste
[9], furthermore new technology applied to
those maps could improve the detection of the
disease [10]. The point of maximal corneal ele-
vation measured in diopters (Kmax) and the
minimum value of the pachymetry map
(PKmin) are two accurate and widely used
indicators of KC progression [11–13], although
more recent publications suggest that combi-
nations of corneal parameters could be even
more precise due to their high repeatability
[13, 14]. Novel devices combining tomography
and air-puff response that have been developed
to measure the biomechanical properties of the
cornea are promising but lag far behind other
systems of KC detection and progression
assessment on the basis of previous technology
[15].

An alternative approach to KC classification
involves measuring corneal aberrations with
Zernike polynomials, in which primary coma or
the root mean square (RMS) of coma-like aber-
rations, astigmatism, or higher-order aberra-
tions (HOAs) are used as indicators [16]. These
parameters showed good repeatability in mild-
moderate KC, although the variability of this
method must be taken into account when
evaluating progression in severe cases [17].
However, KC screening methods based on
optical aberration assessment are highly sensi-
tive and specific [18].
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Ocular aberrations in patients with KC have
been characterized by devices based on the
Shack–Hartman (SH) sensors or laser ray tracing
(LRT) [19, 20], the former more widely used for
obtaining the ocular aberration phase directly.
This technology allows phase-map sampling
from 2600 measurement points with a pupil
diameter of 9 mm (lateral resolution of 175 lm)
for subsequent reconstruction and description
with Zernike’s polynomials up to sixth- or
eight-order aberrations [21]. Some authors have
pointed to sensor resolution as a limiting factor
when calculating aberrations above the eighth
order, and those coefficients might help to
characterize or monitor ocular diseases [22–24].
According to the literature, SH devices exhibit
high variability for HOAs, likely due to incorrect
positioning of the spots in the image sensor,
normally a charge-coupled device (CCD). These
errors could be due to an overlapping of spot
images or result from a high surface slope,
which deviates the spot outside the sensor [25].

In this manuscript, we report on exploratory
research in which patients with KC were
examined by T-eyede, an aberrometer capable
of obtaining the ocular phase at a lateral reso-
lution of 8.55 lm. We expect that resolution
power could result in more trustworthy assess-
ment of the high-order aberration frequently
used, not only to classify the stages of the KC,
but also to describe their vision [26]. Further-
more, we want to explore the differences in
terms of residual aberrations between patients
with KC and healthy patients (after 10th order
Zernike coefficient fitting), using a high-pass
filter.

METHODS

This cross-sectional study was conducted in the
Fundación Jiménez Dı́az University Hospital.
The local institutional review board approved
the study protocol, which complies with the
tenets of the Declaration of Helsinki. Informed
consent was obtained from all subjects follow-
ing an explanation of the nature and possible
consequences of the study.

Apparatus

The T-eyede device (Wooptix S.L., San Cristóbal
de La Laguna, Canary Islands, Spain) obtains
phase data using the wavefront phase imaging
(WFPI) sensor (Fig. 1a), which has a resolution
of 8.6 lm for a pupil diameter of 9 mm [27].
This sensor captures two intensity images, shif-
ted an equal distance to either side of the pupil
plane over a conventional image detector as a
CCD (Fig. 1b). Each pixel thus became a data
point for phase determination, achieving the
highest-resolution aberrometry measurements
seen in the field of ophthalmology [28]. As a
result, the wavefront phase can be described
with extremely high orders of Zernike’s poly-
nomials, not yet analyzed to date (Fig. 1c).
Based on the geometric propagation of light,
this technique is capable of recovering the
outgoing wavefront phase of the refractive
sample, using the relationship between the
intensity distribution map in both planes and
the phase gradient on the Cartesian coordinates
[29].

The device is a double-pass optical set-up
that uses a super luminescent diode as its light
source, with a wavelength of 785 nm and an
exposure time of 30 ms in the pupil plane at a
power of 0.78 mW [as required by the American
National Standards Institute (ANSI)]. The light
beam that emerges from the diode is collimated
and directed toward the eye, passing through its
components until it reaches the retina, which
disperses the incoming light from back to front,
providing a beam that carries complete ocular
phase information. When this beam emerges
from the eye, it is then redirected and resized by
an optical system that corrects for defocus in
the range of [-10.00 to ?10.00 D]. After this,
the beam is divided into two paths to obtain the
intensity image of each plane at both sides of
the pupil plane with the use of a camera (ter-
med science camera) [27, 28].

To ensure correct alignment of the patient
with the system, and correspondence between
the pupil and sensor planes, the device is out-
fitted with another camera that monitors the
position of the patient, who is placed with their
chin on the chinrest. The camera’s reference
allows the apparatus to be displaced in the three

Ophthalmol Ther (2023) 12:1569–1582 1571



Fig. 1 a Wavefront phase imaging (WFPI) sensor tech-
nique principle scheme for transparent samples. b The pair
of intensity images captured by the sensor. cThe full
resolution phase reconstructed from the two images
obtained withWFPI, compared with the Hartmann–Shack

sensor resolution. Adapted from Bonaque-González et al.
2021 [27]. This article is distributed under the terms of the
Creative Commons CC BY license, which permits unre-
stricted use, distribution, and reproduction
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perpendicular directions until the pupil is
properly centered and focused.

Corneal Aberrations

Corneal tomography was performed using the
Pentacam HR camera system (Oculus Optikge-
räte GmbH, Wetzlar, Germany), which obtains
cross-sectional images with two rotating
Scheimpflug cameras capturing up to 138 000
elevation points. Using these coordinates, a
three-dimensional reconstruction of both cor-
neal surfaces is converted into maps for clinical
guidance [28–31]. Zernike coefficients for cor-
neal elevation were obtained for a 6-mm diam-
eter and exported to Zemax software using a
dynamic data exchange toolbox.

To assess corneal aberration, we built an
optical model in Zemax OpticStudio (Ansys
Inc.), similar to other research [30]. The
entrance aperture diameter was fixed at 3 mm
for an infrared wavelength of 785 nm (the same
used by the T-eyede device). Two corneal sur-
faces were inserted with Zernike elevation val-
ues from Pentacam with a refractive index of
1.443. The refractive index used for aqueous
and vitreous was 1.3346. Anterior chamber
depth was also imported from the Pentacam,
and a third surface emulating the pupil was
inserted with an automatic diameter. This pro-
cess was automated for each subject using cus-
tom routines written in the Python language.
The merit function used to optimize the posi-
tion of the image plane was the default RMS
wavefront for the centroid using a lenslet array
of 64 9 64. Finally, the first 45 terms of the
Zernike coefficients were collected in standard
notation. A sign correction for left eyes was
performed in vertical axis symmetrical aberra-
tions to avoid enantiomorphism bias (Fig. 2).

Variables

The topographical variables we collected were
the most elevated point of the front surface in
diopters (Kmax), the thinnest pachymetry value
(PKmin), corneal astigmatism derived from
simulated keratometry, and mean keratometry
(Km). The keratoconus severity scale used was

based on the topographical keratoconus classi-
fication (TKC) of the Pentacam HR [31]. This
scale spans stage 0 (healthy cornea) to stage IV
(severe KC); additionally, a label of ‘‘possible’’
was used for borderline cases. Corneal aberra-
tion analysis included Zernike polynomial cal-
culations up to the eighth order; we used the
elevation Zernike polynomial (EZ) when
describing anterior and posterior corneal sur-
faces for a 6-mm diameter and computed the
wavefront Zernike polynomial for the entire
cornea for a pupil with a diameter of 3 mm.
Comparisons were made using the RMS for
primary astigmatism (Z 2 ± 2), primary coma (Z
3 ± 1), coma-like aberrations (Z 3 ± 1, Z 5 ± 1,
Z 7 ± 1), or the coefficients of HOAs.

Ocular aberration analysis with T-eyede fol-
lows a two-step approach. First, a phase map
represents the first 65 Zernike coefficients,
except piston, tip/tilt, and defocus. Another
phase map, named extremely high-order aber-
ration map, determines Zernike polynomials up
to the tenth order. Then, custom image-pro-
cessing software routines are applied [27] and
converted to a high-pass filter map (HPFM).

Ophthalmological examination included
slit-lamp microscopy, recording signs of corneal
ectasia such as Vogt’s striae or corneal scarring.
Refraction variables such as best corrected visual
acuity (BCVA) on the decimal scale and sub-
jective refraction were also analyzed.

Patient Selection

This study was carried out in a volunteer cohort
with no ocular diseases, as well as a group of
patients with KC diagnosed by three experi-
enced ophthalmologists. Diagnostic criteria for
KC were based on abnormal values obtained for
sensitive corneal topographical variables such as
Kmax, PKmin, presence of irregular or asym-
metric astigmatism, or analyzing the map of the
best-fit toric ellipsoid with fixed eccentricity
(BFTEFE) [32]. An additional diagnostic crite-
rion for KC was the presence of signs in slit-
lamp examination, including stromal thinning,
Vogt’s striae, Fleischer ring, or corneal scarring.
Furthermore, the TKC of Pentacam was studied
and compared with physician criteria.
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The exclusion criteria were other ocular dis-
eases, presenting with keratoconus, age under
18 years, current pregnancy or breastfeeding, or
participation in another interventional study
approximately 30 days prior to starting this
study. Contact-lens wearers from the KC group
were advised to suspend lens use at least one
week before the clinical examination; no indi-
viduals in the control group wore contact
lenses.

Statistical Analysis

Statistical analysis was performed using SPSS
IBM version 28.0.1.1 (Chicago, IL, USA) soft-
ware. Statistical significance was set at p val-
ues\ 0.05. The Shapiro–Wilk test was used to
test for normal distribution of the samples,
Mann–Whitney U test was used to compare
features between the keratoconus and control
group, and comparisons between corneal and
ocular aberrations were performed by means of

the Wilcoxon test. Between-group comparisons
were performed by chi-squared test.

RESULTS

This study comprised 43 eyes (25 patients, 15
females and 10 males) in the control group and
43 eyes (27 patients, 11 females and 16 males)
in KC group. Healthy patients were
40.16 ± 9.84 (range 27–58) years old and kera-
toconus subjects were 38.42 ± 11.71 (range
18–66) years old.

Ophthalmological Examination

During slit-lamp examination, two right eyes
from two different patients showed corneal
scarring, and five eyes from three male patients
presented signs of Vogt striae. Values for
spherical equivalent and refractive cylinder
were lower in the control group (- 0.5 [- 3, 0] D
and - 0.5 [- 1, 0] DC) when compared with the
KC group (- 2 [- 3.25, - 1] D and - 2[-3,

Fig. 2 Linear plot of RMS of primary coma for every patient, distinguishing between corneal and ocular aberration
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- 1.25] DC, respectively); these refraction dif-
ferences were statistically significant
(p\ 0.001). BCVA was high considering all
patients, though a significant difference was
found between groups (p\0.05), as the control
group had better results (1[1, 1.2] decimal units)
than the KC group (0.9[0.7, 1] decimal units).

Corneal Tomography

Topographical variables such as Km, PKmin,
Kmax, and corneal astigmatism presented
higher values among patients diagnosed with
KC than those in the control group. A more
detailed analysis of descriptive data and the
differences found is reported in Table 1.

Based on Pentacam keratoconus classifica-
tion (TKC classification), 43 out of 86 eyes were
classified as ‘‘healthy,’’ only one of which was in
the KC group. Six were labeled as ‘‘possible:’’ five
from the KC group and one in the control
group. A total of 37 were classified as unhealthy
corneas: 12 KC stage I, 21 KC stage II, 2 KC stage
III, and 2 KC stage IV.

Considering the front corneal surface shape
assessed by RMS of the Zernike polynomials of
elevation data, the RMS of the primary coma for
the control group was 0.546 [0.39, 0.871] lm,
whereas the same variable in the KC group rose
to 5.115 [2.723, 7.532] lm. A similar result was
obtained when considering more coefficients of
coma, as RMS coma-like was 0.558 [0.394,

0.882] lm for healthy corneas, while for the KC
group it was 5.247 [2.75, 7.636] lm. When the
rest of the higher-order coefficients were inclu-
ded, the results tended to be stable, as RMS
HOAs for the normal corneas was 1.816 [1.641,
1.996] lm, while for the ectactic corneas it was
5.774 [3.73, 8.349]lm. A high level of statistical
significance was reached for all the aforemen-
tioned variables between groups (p\0.001).

The posterior corneal surface also presented
significant shape differences between groups
(p\ 0.001), with patients from the control
group showing lower RMS values than the KC
group. For the first group, RMS primary coma
was 1.065 [0.662, 1.409] lm, RMS coma-like was
1.15 [0.832, 1.474] lm, and RMS HOAs was
4.548 [4.176, 4.887] lm; and for the KC group,
these results were 10.45 [7.157, 16.49] lm,
10.686 [7.247, 16.654] lm, and 14.355 [11.09,
18.56] lm, respectively.

Optical Aberrations

Corneal wavefront aberrations obtained by
custom ray tracing eye model presented higher
values than ocular wavefront aberrations mea-
sured by T-eyede; these differences were statis-
tically significant for the whole dataset. The
median RMS of the primary astigmatic terms (Z
2 ± 2) decreased by 0.145 lm, which indicates
51% crystalline lens cushioning. RMS of the
primary coma (Z 3 ± 1) was also mitigated, with

Table 1 Summary of values for corneal features of interest and comparison between control and study groups

Variable Group Median [Q1, Q3] Mann–Whitney U test p value

Maximum keratometry (Kmax) Control 43.9 [43, 45] D \ 0.001

Keratoconus 51.7 [48.2, 54.4] D

Minimum pachymetry (PKmin) Control 556 [538, 576] lm \ 0.001

Keratoconus 487 [451, 504] lm

Mean keratometry (Km) Control 43.16 [15, 42, 44] D \ 0.001

Keratoconus 45.92 [44.91, 47.17] D

Corneal astigmatism Control 0.8 [0.35, 1] D \ 0.001

Keratoconus 2.6 [2.05, 3.8] D

Ophthalmol Ther (2023) 12:1569–1582 1575



a median change of -0.017 lm (25%). For RMS
of the coma-like aberrations (including coma
terms of the fifth and seventh order), the dif-
ference is also 25% of the corneal aberration.
The spherical corneal aberration (Z40) was
0.014 [0.007, 0.025] lm, while the median
measurement with T-eyede was 0.009 [0.003,
0.023] lm. For HOAs, the median reduction in
RMS was -0.034 (from 0.105 [0.072, 0.274] to
0.071 [0.043, 0.156]) lm; despite the small size
of this change, it was significant statistically
according to Wilcoxon signed-rank test
(p\ 0.001). Further statistical analysis, taking
into consideration both groups, appears in
Table 2.

Regarding the analysis of HPFM, we observed
certain patterns. Thirty-five out of 86 maps
(41%) evidenced a rough surface with prolifer-
ation of deep banding pattern or zones with low
spatial frequencies out of focus, and 51 (59%)
presented smooth and fine details in these maps
(see Fig. 3 for an example).

Forty-one (95%) control patients exhibited a
smooth HPFM and high-frequency patterns, 2
(ID_20 and ID_71) out of 43 (5%) showed
presence of an irregular surface on HPFM; more
information on these results appear in the sup-
plementary material, and these findings are
commented on at length in the discussion sec-
tion below. In the KC group, 33 eyes (77%)
showed banding patterns, while 10 out of 43
(23%) did not, comprising 8 which were cata-
loged as early-stage (possible or stage I) by
Pentacam TKC and 2 as moderate (stage II).

The proportion of banding pattern presence
on HPFM was statistically different between the
control group and KC group as determined by
chi-squared test (v2 (dof = 1, N = 86) = 43.36,
p\0.001), showing a large effect size (Phi value
of 0.61). Exploring the dependency of irregular
HPFM on KC classification, 17% of the cases
labeled as ‘‘possible’’ presented this phe-
nomenon, as did 75% of those labeled as stage I,
90% labeled stage II, and 100% of cases labeled
as stage III and IV.

Regarding the relationship between KC clas-
sification and presence of a banding pattern on
HPFM, this correlation was found in 17% of
cases labeled as ‘‘possible.’’ The same occurred in
58% of the sample in KC stage I, 71% in stage II, T

ab
le
2

D
es
cr
ip
ti
ve

da
ta
of

co
rn
ea
la
nd

oc
ul
ar
op
ti
ca
la
be
rr
at
io
n
an
d
co
m
pa
ri
so
n
be
tw
ee
n
th
e
he
al
th
y
an
d
ke
ra
to
co
nu

s
(K

C
)
gr
ou
ps
,r
ep
re
se
nt
ed

by
m
ed
ia
n
va
lu
es

[I
Q
1,

IQ
3]

C
on

tr
ol

gr
ou

p
W
ilc
ox
on

si
gn
ed
-

ra
nk

te
st

K
C

gr
ou

p
W
ilc
ox
on

si
gn
ed
-

ra
nk

te
st

C
or
ne
a

O
cu
la
r

C
or
ne
a

O
cu
la
r

R
M
S
pr
im

ar
y
co
m
a

(l
m
)

0.
04
4
[0
.0
33
,0

.0
68
]

0.
02
1
[0
.0
11
,0

.0
32
]

p
\

0.
00
1

0.
21
7
[0
.0
71
,0

.3
84
]

0.
14
1
[0
.0
75
,0

.2
24
]

p
\

0.
00
1

R
M
S
co
m
a-
lik
e
(l
m
)

0.
04
4
[0
.0
33
,0

.0
68
]

0.
02
1
[0
.0
12
,0

.0
32
]

p
\

0.
00
1

0.
21
7
[0
.0
71
,0

.3
85
]

0.
14
1
[0
.0
75
,0

.2
25
]

p
\

0.
00
1

R
M
S
as
ti
gm

at
is
m

(l
m
)

0.
18

[0
.1
32
,0

.2
36
]

0.
08
2
[0
.0
52
,0

.1
4]

p
\

0.
00
1

0.
49

[0
.3
2,

0.
72
5]

0.
23
7
[0
.1
46
,0

.4
13
]

p
\

0.
00
1

R
M
S
H
O
A
s
(l
m
)

0.
07
2
[0
.0
63
,0

.0
95
]

0.
04
3
[0
.0
31
,0

.0
51
]

p
\

0.
00
1

0.
28
3
[0
.1
74
,0

.4
3]

0.
15
9
[0
.0
94
,0

.2
72
]

p
\

0.
00
1

1576 Ophthalmol Ther (2023) 12:1569–1582



and 100% in both stages III and IV. The result of
a chi-squared test of independence for KC clas-
sification and an irregular pattern on the HPFM
was v2 (dof = 5, N = 86) = 57.83, p\0.001.

DISCUSSION

The etiology of KC remains unclear, despite
numerous efforts to find a correlation with
systemic diseases or environmental factors
[33, 34]. There is a currently unmet need for
deeper understanding of the disease mecha-
nisms, and for methods that contribute to
accurate characterization of corneal properties
and early detection [35, 36]. In this study, we
applied an innovative aberrometer with a lateral
resolution of 8.55 lm to the clinical study of
patients with KC disease. The results reveal not
only high-precision assessment of optical aber-
rations and fuller understanding of patient
vision, but also offer a description of novel

image-processing techniques that could aid in
KC diagnosis.

Diagnostic methods for KC are constantly
being refined with the implementation of new
technologies and in light of comprehensive
research on the topic [9, 15, 37, 38]. The diag-
nostic criteria used in this study followed widely
used consensus methods [39] and included
measurement of posterior corneal elevation,
which could lead to better screening results,
even in forme fruste KC [32]. The heteroge-
neous presentation of KC disease is a handicap
for aberrometry, and taking measurements in
more advanced stages of the disease can be
challenging. In this study, the maximum Km
value for the KC group was 51.57 D, which is
similar to previous studies [40, 41]. However,
Km is not the most suitable index to classify KC
stage, as vertical coma (Z3,-1) is the most char-
acteristic aberration of this disease and a good
predictor of severity. In this study, the median
RMS for elevation primary coma was 5.247 lm
with a range from 1.53 to 17.85 lm, a median

Fig. 3 High-pass filter map (HPFM) analysis patterns
cataloged in millimeters. a Represents a smooth HPFM
surface of a healthy patient (ID: 15). b Shows a banding
pattern from an early stage of keratoconus (KC) (ID: 5).
c and d Two moderate cases of KC, which showed

different shapes of banding patterns, ID: 9 and 22,
respectively. e and f Two different curve banding or
irregular patterns from two patients with advanced and
severe KC, ID: 41 and 24, respectively

Ophthalmol Ther (2023) 12:1569–1582 1577



value classified as advanced KC (Stage IV) by
other authors [18].

Regarding the healthy group, mean ocular
aberrations provided by T-eyede resembled
those described by Applegate et al. [42], and the
maximum value for each measurement was
within the expected upper-limit value for the
selected pupil and age range [43]. Nevertheless,
we did not find normal aberration values for
3-mm pupils from patients with KC. The aber-
ration measurements suggest that internal
structures tend to absorb a substantial part of
corneal aberrations, as described by Atchison
et al. in 2016 [44]. In this study, the crystalline
lens reduced the mean ocular HOAs (32%), RMS
astigmatism (51%), and RMS for primary coma
(25%), similar to other studies [41, 45], though a
divergent trend was found between groups.
Gordon-Shaag et al. found lower rates of com-
pensation, due to internal aberration for RMS of
primary coma and astigmatism, than in our
study, possibly because aberration absorption
by crystalline lenses depends not only on the
direction of the coefficient, but also seems to be
related to individual patient refraction [46].

According to the literature, nearly half of KC
cases present with signs such as Vogt striae on
slit-lamp examination [47], which are related to
the banding pattern observed using confocal
microscopy in 73% of patients with KC [48].
This sign resembles the irregular presence of
bands in the HPFM of this study; however, the
two devices are based on different principles
and should be carefully studied. Mocam et al.
hypothesize that this light–dark pattern could
be produced by a change in the arrangement of
some corneal lamellae resulting from the
altered corneal shape, and these authors per-
formed a thorough analysis of each corneal
layer and its abnormalities. The T-eyede device
captures the wavefront phase emerging from
the eye in a more general manner, taking
information from all the structures of the eye
and delimited by the patient’s pupil. Neverthe-
less, the results of the current study displayed in
HPFM suggest that the abnormal structure of
the KC corneal tissue interacts with light, and
the phase of the ocular wavefront is affected. To
the best of our knowledge, this is the first time
this phenomenon has been detected at this

level detail, and it is due to the high-resolution
power of this aberrometer.

Two eyes (20th and 71st) within the control
group showed a banding pattern in HPFM, and
more information about these eyes, such as
Pentacam topography maps and PK progression
analysis appears in the supplementary material.
The eye with ID: 20 showed an oblique astig-
matism of 1.5 D, normal corneal values for Km
(44.61D) and PKmin (572 lm), and the front
corneal surface RMS for the primary coma was
0.375 lm, which is close to the cut-off value
(0.377 lm) for diagnosis of KC suggested by
Ortiz-Toquero et al. [18]. In addition, this eye
showed an abnormal value for vertical coma
(Z3-1) on the anterior corneal surface
of ?1.437 lm, which is far from the control
group mean of Z3-1 (-0.129 lm). In contrast,
the eye with ID: 71 showed a normal anterior
corneal surface (Km = 41.28D, Kmax = 42 D,
Pkmin = 555 lm, and Z3-1 = 0.226 lm),
although the posterior vertical coma was
-1.74 lm and the elevation map (BFTEFE)
revealed a ?8 lm at the minimum pachymetry
point.

Ten eyes of the KC group presented no
irregular patterns on HPFM analysis. Corneal
tomography showed that some of these had a
cone apex far from the pupil center. One
hypothesis could be that the damaged tissue,
which produced the light distortion, is outside
of the analysis diameter of the T-eyede device.
Extending this diameter could be a possible
solution, although the larger the area analyzed,
the greater the likelihood of error in the loca-
tion of spots on the aberrometer. Another
solution could be to decenter the measurement
with respect to the line of sight, although doing
so would induce aberration coefficients that do
not represent the normal vision of the patient.

However, the findings of this study must be
seen in light of some limitations. Firstly, this
HPFM map deserves further study given that it
is taken from the whole path of the light,
including internal ocular aberrations and pos-
sible crystalline lens issues, such as vacuoles in
the crystalline lens or any type of cataract. On
the other hand, the participants in this study
were young and crystalline lens opacifications
are rare for this age. Furthermore, a more
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advanced version of the T-eyede aberrometry
system is under development. This new device
will be able to change the distance between
image planes, making it more sensitive to
smaller structures, and enhancing its ability to
distinguish among ocular components. Once
completed, this device will allow us to study
individual structures of the human eye and
characterize its optical properties separately.

Another restriction was to choose a small
pupil radius for the analysis of the optical
aberrations. To measure highly aberrant KC
eyes, we needed to select a relatively low
diameter of analysis (3 mm), while most previ-
ous studies are designed to assess a 6-mm pupil.
Nevertheless, some studies have used this same
pupil diameter for healthy patients [42, 43], and
ours could be the first study to describe high-
precision ocular aberration in patients with KC
for this pupil size.

Another limitation concerns interpretation
of presence or absence of a banding pattern in
the HPFM. For this reason, every map was
independently reviewed by three researchers
(G.V.R., C.B.P., N.A.A.), and all HPFM results are
available from the corresponding author on
reasonable request. Our next step will be to
perform a numerical analysis of the HPFM and
vary the frequency filter to explore a new KC
classification, and thereby increase the sensi-
tivity. Finally, we find another limitation in the
lack of previous research studies using this
technology on clinical practice. It is important
to highlight that the device used in this study is
a prototype and it is not in the market. There-
fore, the findings of this investigation cannot be
applied to the daily clinical practice at this
moment. We are aware that this technology is
in an early stage of development for this field
and more studies are needed.

CONCLUSION

This study demonstrates that the T-eyede device
is able to measure KC eyes across a wide range of
disease stages. The ocular aberration measures
provided by the system are reliable and precise,
and correlate well with corneal aberrations.
T-eyede has an extraordinary resolution that is

capable of capturing small details of the human
eye wavefront, and in this study, we found a
correlation between the HPFM and the KC
diagnosis.
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