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Purpose: To assess the potential application of corneal higher-order aberration (HOA) 
excimer ablation map imaging in identifying reproducible keratoconus (KC) features and 
to explore if newly derived map metrics correlate to Pentacam KC indices.
Methods: Case series of 12 eyes with KC ≥ grade 2. Topolyzer Vario corneal imaging with 
its resultant HOA ablation map islands were analyzed for their centroid, distance from center, 
angular position, orientation, sphericity, diameter, area, and maximal ablation depth. 
Correlations to Pentacam indices were studied.
Results: All eyes showed recurrent features with an arrangement of two elliptical para
central ablation islands, one deep inferotemporal and one shallow superonasal, in direct 
mirror-like opposition to each other. These were always accompanied by superior peripheral 
ablation crescents. The two paracentral islands had highly reproducible distance from center 
(1.2 ± 0.1 mm and 1.3 ± 0. 2 mm) and angular positions (246.8 ± 15.9° and 76.7 ± 7.7°), with 
greater variation in ablation depth (68.3 ± 33.2 µm and 17.6 ± 12.1 µm). Distance from 
center of the peripheral superior crescents was highly reproducible (3.3 ± 0.1 mm), with 
a larger range of depth (74.5 ± 37.2 µm). The deep paracentral inferotemporal island “hot 
spot” was coincident with the topographical apical cone. Strong correlations were found 
between the depth of the inferotemporal island and Pentacam indices of posterior radius 
curvature (PRC: R = −0.74) and Belin/Ambrosio enhanced ectasia total deviation (BAD-D: 
R = 0.71).
Conclusion: The corneal HOA ablation map revealed a recurring, distinct, easily recogniz
able pattern in KC eyes. There was a strong correlation between the depth of novel HOA 
ablation map metrics and validated Pentacam KC indices. Novel information can be 
extracted from the corneal HOA ablation map giving it the potential to be a new modality 
to diagnose and grade KC.
Keywords: topography, Contoura, keratoconus, ectasia, diagnosis, higher-order aberration

Introduction
Keratoconus (KC) is a corneal ectatic condition with progressive corneal thinning 
and cone protrusion leading to irregular astigmatism that impairs vision.1 The 
reported prevalence of KC ranges between 0.0003% and 2.3% depending on the 
ethnicity, geographic location, and studied criteria for diagnosis.2–4 Diagnosing 
moderate or advanced KC using clinical findings coupled with topographic, topo
metric, tomographic, and biomechanical indices is straight forward.5,6 The chal
lenge remains in detecting the disease in its earliest subclinical stage. Early 
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detection of KC has gained importance to allow for cor
neal crosslinking, a procedure that delays or halts progres
sion of disease.7 It is also imperative to identify and 
exclude KC and subclinical KC from corneal laser refrac
tive surgery, since flap creation and tissue ablation further 
biomechanically weaken a predisposed cornea and can 
lead to postoperative ectasia.8–10

The accuracy of diagnostic identifiers for early KC 
screening has been a topic of various studies. The anterior 
and posterior surface elevations, the corneal thickness 
profile, the corneal epithelial patterns, wavefront aberra
tion metrics, and corneal biomechanics have all been 
reported as indicators to diagnose KC.11–13 No single 
diagnostic parameter has been found to be sensitive 
enough to differentiate normals from early KC. Decision 
making has therefore been guided by combining several 
metrics as well as indices from different technologies, with 
the use of algorithmic models.

The following case series sets out to identify features 
of the corneal higher-order aberration (HOA) excimer 
ablation map in KC eyes in order to investigate this 
imaging modality’s diagnostic feasibility. The imaging is 
derived from the Alcon platform for topography-guided 
excimer treatments that use the WaveLight® Topolyzer™ 
VARIO high-resolution Placido disc topographer to image 
the cornea. The topographic data is then used by the 
excimer laser Contoura treatment software to generate 
an ablation map that combines both lower-order aberra
tion and HOA data into one image, providing ablation 
depth data.14 By inputting the sphere and cylinder treat
ment to zero in the Contoura planning software, one can 
separate out and exclusively see the anterior corneal HOA 
ablation map, which has clinical utility to graphically 
describe the exact location and depth of anterior corneal 
HOAs to be treated by the excimer laser.14–17 HOA abla
tion maps contain the information used by the excimer 
laser to ablate cornea and are therefore used for treatment 
purposes. HOA ablation map patterns and ablation depth 
have been previously reported in virgin corneas14 and 
highly aberrated corneas,18 but have not been used for 
diagnosis of corneal pathology or to characterize patients 
with KC.

This pilot study aims to assess the potential applica
tions of HOA ablation maps in identifying and quantitively 
characterizing reproducible, original features in KC eyes, 
and to determine if correlations exist between these novel 
KC attributes and Pentacam indices used for KC 
diagnosis.

Methods
Selection of Keratoconus Patients and 
Keratoconus Grading
Patients diagnosed with keratoconus grade 2 and above at 
the time of their preoperative laser refractive surgery con
sultation were identified. Keratoconus diagnosis and grad
ing was determined by a cornea specialist (LR) based on 
the modified Amsler-Krumeich criteria19–21 and the Belin 
ABCD Keratoconus Staging scale.22 We did not include 
early, subclinical, and grade 1 KC, to ensure that true KC 
eyes were being studied. Only eyes with definitive diag
nostic KC topographies were included as a necessary 
scientific first step. In addition to a complete slit-lamp 
examination, corneas were only included if Pentacam 
tomography (Oculus, Lynwood, WA), Corvis biomechani
cal analysis (Oculus), and corneal epithelium thickness 
map imaging using an anterior segment optical coherence 
tomography (iVue, Optovue, Fremont, CA, USA) were 
available. The rationale for using multiple measures was 
to validate objective assessments that confirm the diagno
sis of grade 2 KC and above. This retrospective study was 
approved by the Ethics Review Board of the Canadian 
Ophthalmic Research Centre. All patients provided written 
consent for use of anonymized data for research. All 
experiments fulfilled the principles of the Declaration of 
Helsinki.

Topography Acquisition
As previously described,14,17,23,24 from 4 to 8 corneal 
topographies were acquired on undilated eyes with the 
WaveLight® Topolyzer™ VARIO (Alcon). The criteria 
for image acceptance included appropriate recognition of 
the pupil and the mire edge by the software, mires with 
minimal breaks, the absence of significant missing data 
(shadow from the lids, lashes, nose, or dry tear film), and 
a percentage of data obtained (Analyzed Area, AA) greater 
than 90% in the 6.5 mm zone. Maps were compared to 
assess the reproducibility of the scans including keratome
try, Q value, and the axis of astigmatism. Cases were then 
exported to the Contoura software to generate the HOA 
ablation profiles.

Corneal HOA Ablation Map Image 
Production and Analysis
Contoura HOA ablation map image was produced using 
a 6.5 mm optical zone as described previously.14,17,23 

Briefly, the ablation map generated by the Contoura software 
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includes both lower-order aberrations and HOAs. The iso
lated HOA ablation profile was obtained by entering 
a sphere and cylinder treatment of zero in the Contoura 
treatment planning software. The HOA ablation pattern 
was verified to be consistent with anterior elevation topo
graphy. The HOA ablation map scale is normalized (fixed 
setting) to its deepest ablation value, resulting in each map 
having the same range of colors, irrespective of the level of 
depth. Yellow/green colors always indicate the shallower 
ablation values for that specific map, while red/purple colors 
always indicate deeper ablation values. When the grid option 
is turned on, the HOA map fixed ring markings represent 2, 
4, 6, and 8 mm diameter circles. We termed ablation islands 
inside the 3 mm diameter zone as paracentral and those 
outside the 3 mm diameter zone as peripheral.

HAO Ablation maps were imported in MATLAB 
R2020a (MathWorks, Natick, MA, USA) and quantitatively 
characterized with the Image Processing Toolbox™ 
(MATLAB). MATLAB® is a programming platform used 
to analyze data, perform statistical analyses, and to create 
algorithms. The MATLAB’s Image Processing Toolbox 
provides standardized algorithms and tools for image visua
lization, segmentation, and analyses. Deep (red/purple on 
the color scale) and shallow (yellow/green on the color 
scale) ablation areas were identified and classified as dis
tinct ablation islands. Up to 4 recurring ablation islands 

were identified on each HOA ablation map, and their 
respective centroid, distance from center, position on the 
map (between 0 and 360 degrees), orientation (between 0 
and 180 degrees), sphericity, diameter (maximal length of 
the ablation island in mm), area (in mm2) and maximal 
ablation depth (in µm) were calculated (see methodological 
details in Figure 1A–C). Ablation island centroids were 
calculated as the arithmetic mean of the coordinates of the 
pixels forming the ablation island in x and y dimensions. 
Each identified ablation island was also highlighted with 
a white outline and numbered #1 to #4.

Data and Statistical Analysis
Statistical analyses were conducted in MATLAB R2020a. 
Mean and standard deviation (SD) of each feature were 
calculated. The coefficient of variation (CV) was com
puted as the SD divided by the mean and multiplied by 
100. The Pearson correlation coefficient (R-value) was 
used to assess the relationship between continuous vari
ables. Statistical significance was set at P < 0.05.

Results
There were 12 consecutive eyes of 10 patients diag
nosed with KC grade 2 and above that met the inclu
sion criteria. The patients’ average age was 37.8 ± 11.2 
years (range: 27–61 years). Pentacam scans (4 Maps – 

Figure 1 (A) Contoura HOA ablation map in a representative keratoconus eye. (B) Graphical representation of the distance from center and position features of an 
ablation island. The distance from center (ρ) is defined as the radius (in mm) between the origin of the HOA ablation map (X = 0 and Y = 0 coordinates) and the centroid of 
any ablation island. The centroid denoted by the white asterisk (*) is calculated as the arithmetic mean of the X and Y coordinates of all pixels forming the ablation island (in 
this example, all purple pixels). The orientation (θ) of the ablation island is defined as the angle (between 0 to 360º) formed between the centroid of the ablation island and 
the abscissa (dotted line). (C) Graphical representation of the orientation and diameter features of an ablation island. The orientation (α) of an ablation island is defined as 
the angle (reported between 0 to 180º) formed between the longest diagonal of the ablation island (termed major axis in geometry) and the dotted horizontal line passing by 
the centroid of the ablation island. The diameter of an ablation island was defined as the length of the major axis (d). In addition to the above-defined parameters, we 
calculated the area (mm2) and sphericity of each ablation island. The area was calculated by multiplying the number of pixels by the area of one pixel. The sphericity of an 
ablation island was defined as 4π times area divided by the square of the perimeter. Sphericity is equal to 1.0 for a perfect circle and it is smaller than 1.0 for an ellipse or 
a crescent shape.
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Refractive view) revealed imaging consistent with KC 
(Figure 2). See Table 1 for individual Pentacam indices 
and group data. Corneal OCT epithelium mapping 
revealed abnormal epithelium profiles in 11 of 12 
eyes (91.6%), showing significant paracentral 

inferotemporal epithelium thinning, superoperipheral 
epithelium thickening, or a partial characteristic donut 
pattern (Figure 2). The Corvis Biomechanical Index 
(CBI) and Tomographic Biomechanical Index (TBI) 
were abnormal and equal to 1.0 in all eyes (Table 1).

Figure 2 Individual HOA ablation maps, epithelium thickness profiles and Pentacam imaging data (4 Maps – Refractive view).
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Characterization of 4 Ablation Islands on 
the Corneal HOA Ablation Map and 
Associated Reproducibility
Individual KC HOA ablation maps are shown in Figure 3. 
Each map was found to have the following ablation 
islands: One (66.6% of eyes) or two (33.3% of eyes) red/ 
purple deep superior peripheral crescents (identified as #1 
and #4) found in the superior quadrant in 94% of eyes and 
oriented nasally in 70% of eyes; a yellow/green shallow 
paracentral superonasal ablation island (identified as #2), 
superonasal in 100% of eyes; and a deep red/purple para
central inferotemporal ablation island (identified as #3), 
located in the inferior quadrant in 100% of eyes, and 
temporal in 91.6% of eyes.

Both the yellow/green paracentral superonasal ablation 
islands and the red/purple paracentral inferotemporal abla
tion islands were elliptical in shape (Sphericity: 71.4 ± 9.2% 
and 83.5 ± 13.2%; Table 2), of small diameter (3.2 ± 0.5 mm 
and 2.9 ± 0.8 mm), and of identical area (3.6 ± 0.9 mm2 and 
3.6 ± 0.8 mm2), while the red/purple peripheral superior 
crescents were larger in area and longer in diameter, with 
much smaller sphericity indices (29.3 ± 12.1) due to their 
crescent-like shapes. The overall shapes are illustrated in 
Figure 4B, averaging all HOA ablation maps.

Distance from center, position, orientation, sphericity, dia
meter, area, and depth (methods described in Figure 1A–C) are 
reported for all 4 ablation islands in Figure 3. Group data 
reveals that the yellow/green paracentral superonasal ablation 
island (Figure 4A; green circles) and the red/purple paracentral 

inferotemporal ablation island (Figure 4A; red diamonds) 
were both highly reproducible in terms of distance from center 
(1.3 ± 0.2 mm and 1.2 ± 0.1 mm; CV: 12.9% and 11.9%) and 
angular position (76.7 ± 7.7° = superonasal and 246.8 ± 15.9° 
= inferotemporal; CV: 10.0% and 6.5%), while their ablation 
depth varied more (17.6 ± 12.1 µm and 68.3 ± 33.2 µm; CV: 
68.8% and 48.6%). Similarly, the superior peripheral ablation 
crescents (Figure 4A, purple markers) were highly reproduci
ble in terms of distance from center (3.3 ± 0.1 mm; CV: 2.4%), 
with a superonasal angular position (77.9 ± 27.1°; CV: 34.8%), 
and a larger range of depth (74.5 ± 37.2 µm; CV: 49.9%). All 
ablation island data and CV are reported in Table 2.

Strong correlations were found between the depth of the 
deepest peripheral crescent and the depth of the paracentral 
inferotemporal ablation island (R = 0.94; P < 0.0001), between 
both the angular positions and the depths of the two paracen
tral ablation islands (angular position: R = 0.81; P = 0.0014; 
depth: R = 0.76; P = 0.0044). The angular position of the 
paracentral ellipses was also highly correlated to the angular 
position of the peripheral crescent (R = 0.68; P = 0.0152).

Correlations Between Ablation Island 
Features and Pentacam Indices
Given that the ablation depth showed a larger range of 
values and a higher CV for all ablation islands, we exam
ined if the ablation depth parameter correlated to KC 
grade. Pearson correlations between the ablation island 
depths and 8 different Pentacam indices (Kmax, ARC, 
PRC, TP, ARTmax, PPI, BAD-D, and ACA; Table 3) are 
reported. Strong correlations were found between maximal 

Table 1 Description of Pentacam/Corvis Indices and Keratoconus Grade

Case Kmax ARC PRC TP ARTmax PPI BAD-D CBI TBI A-K Grade ABCD Grade

KC #01 55.4 6.6 4.9 415 12 2.5 9.6 1.0 1.0 2 A2B4C2D1

KC #02 61.0 6.1 4.4 428 93 2.7 12.9 1.0 1.0 2 A4B4C2D2

KC #03 54.1 6.6 4.9 481 141 2.4 7.6 1.0 1.0 2 A2B4C1D1

KC #04 61.7 6.2 4.6 373 116 2.3 11.5 1.0 1.0 4 A3B4C3D2

KC #05 58.7 6.1 4.3 446 109 2.9 14.6 1.0 1.0 2 A4B4C2B2

KC #06 74.1 5.7 4.1 451 94 2.8 14.8 1.0 1.0 4 A4B4C1D2

KC #07 81.4 5.9 4.5 448 150 2.1 10.9 1.0 1.0 2 A4B4C2D2

KC #08 50.5 7.1 5.5 511 283 1.4 2.8 1.0 1.0 2 A1B2C0D0

KC #09 63.6 5.9 4.4 444 117 2.4 15.1 1.0 1.0 4 A4B4C2D3

KC #10 56.0 6.9 4.3 443 100 2.8 12.6 1.0 1.0 2 A2B4C3D1

KC #11 58.9 6.9 4.2 433 97 2.8 12.9 1.0 1.0 2 A2B4C3D1

KC #12 63.2 6.0 4.2 485 137 2.5 11.9 1.0 1.0 3 A4B4C1D2

Average 61.6 ± 8.6 6.3 ± 0.5 4.5 ± 0.4 447 ± 35.4 121 ± 62.1 2.5 ± 0.4 11.4 ± 3.5 1.0 ± 0.0 1.0 ± 0.0 2.6 ± 0.9 A3B4C2D2

Abbreviations: Kmax, maximal keratometry; ARC, anterior radius of curvature; PRC, posterior radius of curvature; TP, thinnest point; ARTmax, maximum ambrosio 
relational thickness; PPI, Pentacam progression index; BAD-D, Belin/Ambrosio enhanced ectasia total Deviation; CBI, Corvis biomechanical index; TBI, tomographic 
biomechanical index; A-K Grade, keratoconus grade based on the modified Amsler-Krumeich criteria; ABCD Grade, keratoconus grade based on the Pentacam Belin ABCD 
Keratoconus Staging.
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keratometry (Kmax) and the depth of the peripheral cres
cents (R = 0.70; P = 0.0132), between the corneal posterior 
radius of the curvature (PRC) and the ablation depth of the 
paracentral inferotemporal ablation island (R = −0.74; 
P = 0.0054), between the Pentacam Progression Index 
(PPI) and the ablation depth of the paracentral inferotem
poral ablation island (R = 0.58; P = 0.0485), and between 
the Belin/Ambrosio enhanced ectasia total deviation 
(BAD-D) and the ablation depth of all ablation islands 
(R = 0.71; P = 0.0101). Other moderate to strong statisti
cally significant correlations are reported in Table 3.

Discussion
The WaveLight Contoura planning software combines 
anterior corneal HOA Zernike coefficients (C6 to C27) 
from high-resolution Placido disc topographer scans 
(WaveLight Topolyzer VARIO) to generate an eye- 
specific anterior corneal HOA ablation map that is used 
to differentially remove small amounts of corneal tissue 
within the spherocylindrical ablation. This corneal HOA 
ablation map graphically represents the shapes, locations 
and depths of the excimer laser tissue removal patterns 
that are delivered onto the cornea to correct the anterior 

Figure 3 Individual HOA ablation maps. On each map, yellow/green colors indicate shallower ablation values and red/purple colors deeper ablation values. Each map is 
normalized to its deepest ablation value, so that all maps comprise the same range of colors. There were one or two red/purple peripheral ablation crescents (identified as 
Island #1 and #4), a yellow/green paracentral superonasal ablation island (Island #2), and a red/purple paracentral inferotemporal ablation island (Island #3) in each HOA 
map. Each of the HOA ablation map islands were quantitatively characterized in terms of distance from center, position, orientation, sphericity, diameter, area, and depth.
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corneal surface HOA wavefront errors. The present pilot 
and proof-of-concept study is the first to analyze this map 
in order to quantify the graphical representation of corneal 
HOAs to be treated in KC eyes. Seven quantitative para
meters from 4 ablation islands were derived. Unlike 
Zernike HOA values, these maps provide additional infor
mation related to position, eccentricity, depth, orientation 
and shape of anterior corneal HOAs to be treated. These 
new metrics can be used to describe features seen in KC 
eyes.

The current study identified four consistently recurring 
ablation islands on HOA ablation map imaging in KC 
eyes. These consisted of 2 elliptical paracentral mirror 
image ablation islands of equal sphericity and area, with 
a deeper inferotemporal ellipse (92% of eyes inferotem
poral) and its shallow corresponding superonasal ellipse 
(100% of eyes superonasal). Both paracentral ablation 
islands had highly reproducible angular positions and dis
tances from center, always within a 3.2 mm diameter 
central ring (1.6 mm radius from center). All eyes also 
displayed one or two superior, more peripheral crescents 
of various lengths consistently within the 6–7 mm dia
meter central ring, positioned in the superior quadrant in 
94% of cases, and nasally in 70% of cases. The orientation 
of the superior crescents was nearly perpendicular to the 
position of the paracentral ellipses. The relationship 
between the paracentral ellipses and the superior periph
eral crescents above them was also consistent, with similar 
average positions (76.7° vs 77.9°), and with strongly cor
related angular positions (R = 0.68) and depths (R = 0.94).

The inferotemporal deeper ellipse was visually coinci
dent with the corneal thinnest spot, and with the peaks of 
both the anterior and posterior elevation topography/tomo
graphy maps. A comparison to topography elevation maps 
revealed that on average, the inferotemporal deeper island 
was identical in distance to center (1.2 ± 0.2 mm vs. 1.2 ± 
0.2 mm; P = 0.8486), to the cone apex on elevation maps, 
with a maximum difference of 0.3 mm between the two. 
Similarly, the inferotemporal angular position of the deep 
paracentral ablation island (246.8 ± 15.9°) was consistent 
with previously reported cone apex position, most com
monly between 240° and 270°.25 These findings support 
the consistently identifiable inferotemporal “hot spot” as 
representing the apical cone.

This novel, highly recognizable pattern seen in KC 
eyes is clinically relevant to the practicing surgeon, who 
as part of their workflow, could use the normalized color- 
coded HOA ablation map as an indicator that KC may be Ta
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present. Identifying this pattern should lead to further 
review to confirm the diagnosis, in the same way a quick 
glance at inferior keratometric steepening triggers addi
tional investigation. Future studies are needed to determine 
if other clinical conditions create a similar pattern, and if 
so, should quantify differences and establish discriminat
ing values.

The characteristic arrangement of the paracentral deep 
and shallow ablation islands, in direct opposition to each 
other, seen in 100% of the KC HOA ablation maps, 
explains the differential corneal ablation required to 

correct a localized corneal elevation (KC cone protrusion) 
causing comatic aberration. The peripheral crescent abla
tion also contributes to the comatic correction by effectu
ating a relative elevation superocentrally, further levelling 
out the cone. This explains why very strong correlations 
were found between the paracentral islands and the per
ipheral crescent in both depth (R = 0.94) and position (R = 
0.68). While the presence of concomitant spherical aberra
tion and trefoil affect the position, shape and depth of the 
various ablation islands reported, coma was always the 
dominant aberration.

Figure 4 (A) Group data of the four ablation islands. The yellow/green superonasal ablation islands (island #2; green circles) and the red/purple inferotemporal ablation 
islands (Island #3; red diamonds) were highly reproducible in terms of distance from center and angular position, while their ablation depth varied more. The distance from 
center of the deep peripheral ablation islands (Island #1 and Island #4; purple markers) was highly reproducible, with a larger range of depth. (B) Composite HOA ablation 
map obtained by averaging the HOA ablation map of all 12 KC cases.
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The characteristic high coma ablation pattern was con
sistently identifiable in all eyes regardless of the position of 
the decentered cone. This pattern is comparable to the ver
tical coma-dominant arrangement recognizable on 
Topolyzer, Pentacam, Wavescan, and other wavefront analy
zer wavefront maps in KC.26–30 Since any decentered cone 
will create coma-dominant optics, this comatic pattern 
should also be present in atypical KC eyes, where the cone 
is not inferotemporal, but is nasal, central, or superior. 
Higher-order Zernike coefficients are used to construct an 
HOA wavefront map, producing a graphical and color-coded 
image of the ocular or corneal wavefront that produces this 
pattern. The wavefront phase is advanced superiorly because 
of the inferior shift of the cone’s apex, leading to the familiar 
superior red and inferior blue opposing ellipses. The pattern 
that originates from corneal wavefront maps though are 
limited, in that no information is provided for the specific 
corneal location of the irregularity that produced the aberra
tion. The HOA ablation map is unique in that it provides 
a quantitative measure (ablation depth) of aberrations while 
also localizing them on the corneal surface.

Anterior surface corneal HOA Zernike coefficients 
have been studied in diagnosing KC, with coma-like aber
rations thought to be good indicators for early detection 
and grading of keratoconus.26,30–33 However, conflicting 
results have not yielded adequate sensitivity and specifi
city to rely on this metric. Since the HOA ablation map 
provides additional graphical and depth data regarding 
HOAs, it may improve diagnostic ability beyond just 
Zernike coefficients alone.

The maximal depth in the HOA ablation map was 
previously found to be directly and highly correlated to 
the amount of anterior corneal HOAs, with total coma 
having the highest correlation.34 Our previous study 
showed that the maximal depth in normal eyes (6.5 mm 
optical zone) was 8.02 ± 3.00 µm, compared to 74.5 ± 37.2 
µm in the current study’s KC eyes, which is 9.3-fold 
higher than normals.14 In addition, the ablation depth 
was found to have a larger range of values and a higher 
coefficient of variation for all ablation islands, which may 
reflect the varying severity of KC. Pearson correlations 
between the maximum ablation depth of the paracentral 
inferotemporal ablation island and Pentacam indices used 
for keratoconus grading revealed Kmax, PRC, PPI and 
BAD-D having strong correlations. Considering that the 
described paracentral inferotemporal ablation island is 
coincident with the apical cone, the ablation depth metric 
of this island may lend itself to be a new descriptor of KC 
severity. Further study to determine an ablation depth 
threshold for normals, subclinical and clinical KC could 
prove useful.

Delgado (2016) previously reported that coma aberra
tions were significantly correlated with keratoconus sever
ity (R = 0.60).35 The current study found higher 
correlations (up to 23% higher) between the inferotem
poral ablation island’s maximum depth and Pentacam 
grading indices (Kmax, PPI, PRC, and BAD-D), suggest
ing that the HOA ablation map may have the potential to 
increase the sensitivity and specificity of KC diagnosis and 
grading compared to individual corneal Zernike coeffi
cients alone. Of note are cases #7 and #8, the right and 
left eye of the same patient. The least affected eye (OS, 
case #8) showed no signs of KC on corneal epithelium 
mapping, while the HOA ablation map revealed KC-like 
features, supporting the potential discriminating ability of 
the map.

Limitations of this study include its small sample size, as is 
typical for a proof-of-concept investigation. Future larger stu
dies are needed to evaluate these novel HOA ablation map 
descriptors and HOA depth measurements. Comparison to 
existing technologies for early keratoconus detection in sub
clinical or form-fruste keratoconus as well as the role in 
determining KC disease progression warrants further 
investigation.

In summary, this pilot study qualitatively and quanti
tively characterizes the features of the HOA ablation map 
in KC eyes and adds to objective characteristics of KC 
corneal irregularities evidenced by other imaging 

Table 3 Pearson Correlation Between Ablation Depth and 
Pentacam Indices

Parameters Depth of Island 
#1

Depth of Island 
#2

Depth of Island 
#3

Kmax 0.70 (0.0132) 0.03 (0.9383) 0.64 (0.0254)

ARC −0.49 (0.1057) 0.03 (0.9417) −0.40 (0.1945)

PRC −0.66 (0.0204) −0.55 (0.0645) −0.74 (0.0054)

TP −0.52 (0.0824) −0.38 (0.2166) −0.35 (0.2646)

ARTmax −0.33 (0.2938) −0.28 (0.3729) −0.35 (0.2646)

PPI 0.44 (0.1574) 0.55 (0.0619) 0.58 (0.0485)

BAD-D 0.69 (0.0132) 0.58 (0.0459) 0.71 (0.0101)

ACA 0.56 (0.0572) 0.11 (0.7336) 0.46 (0.1333)

Notes: Values reported as Pearson correlation coefficient R. P-values are reported 
in brackets. Bold values highlight statistically significant correlations. Island #1 = 
deep peripheral superior crescent; Island #2 = shallow paracentral superonasal 
ablation island; Island #3 = deep paracentral inferotemporal ablation island. 
Abbreviations: Kmax, maximal keratometry; ARC, anterior radius of curvature; 
PRC, posterior radius of curvature; TP, thinnest point; ARTmax, maximum 
Ambrosio relational thickness; PPI, Pentacam progression index; BAD-D, Belin/ 
Ambrosio enhanced ectasia total deviation; ACA, anterior corneal astigmatism.
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modalities. KC eyes, with an inferotemporal cone, show 
a distinct easily recognizable pattern on HOA ablation 
maps. An arrangement of two ablation ellipses is seen, 
one deeper inferotemporal and a shallower superonasal, 
in direct mirror-like opposition to each other within the 
3.2 mm diameter central ring. These are accompanied by 1 
or 2 longer crescents of ablation above, confined within 
the 6–7 mm ring, whose mostly superonasal position cor
related to the central ellipses. The deep inferotemporal 
ellipse “hot spot” is coincident with the topographical 
apical cone and its ablation depth strongly correlates to 
Pentacam BAD-D KC indices. HOA map ablation depth, 
as well as the other ablation island features, should be 
further studied to develop cut-off values with their corre
sponding sensitivity and specificity for differentiation of 
normals, subclinical and clinical keratoconus. Novel infor
mation can be extracted from the corneal HOA ablation 
map giving it the potential to be a new modality to diag
nose, and grade KC. The concepts presented in this pilot 
study would be applicable to any topography-guided 
platform.
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