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ABSTRACT 

This study was performed to investigate aberrometric changes of Keratoconus (KC) and its correlation with corneal 
topographic indices. In a cross sectional study, the researchers included 170 eyes of 138 candidates that were seeking 
corneal refractive surgery in Sohag refractive center, Sohag, Egypt and had been diagnosed as clinical KC. Patients were 
divided to mild, moderate, and severe KC. All eyes included in this study were subjected to corneal tomographic 
evaluation. Corneal aberrometry data was collected from the Sirius topography (Sirius, Costruzione Strumenti Oftalmici, 
Italy) over a 5-mm diameter. The collected data included Zernike coefficients for corneal aberrations, including total Root 
Mean Square (RMS), RMS Spherical Aberration (SA), RMS Coma, and RMS astigmatism. The study population was divided 
to mild, moderate, and severe KC. Mild KC cases included 58 eyes of 46 patients, moderate KC were 64 eyes of 52 
patients, and severe KC were 48 eyes of 40 patients. Root mean square total was statistically significant in all groups with 
a higher p value in moderate KC (P = 0.001) and also was statistically significant when compared in the three groups 
altogether (P = 0.0001). Coma aberration was statistically significant in mild and moderate KC and when compared 
between the three groups (P = 0.0001). Root mean square Trefoil aberration was statistically significant only in moderate 
KC yet was statistically significant when compared in all groups (P = 0.0001). Root mean square astigmatism was 
statistically significant in mild KC only and when compared in the three groups altogether (P = 0.0001). Spherical 
aberration was also statistically significant in moderate and severe KC with a P value of < 0.0001 and 0.001, respectively. 
There was a positive correlation between posterior elevation and RMS values in mild and moderate KC while there was 
negative or very weak positive correlation in severe KC. There were negative correlations between the thinnest location 
and RMS values in nearly all variables in the three groups except weak positive correlation with RMS astigmatism in mild 
KC and with RMS total and coma aberration in severe KC .In conclusion corneal high order aberrations measured by the 
Sirius topography system had low to moderate correlation with corneal topographic indices provided by the same device 
in different grades of KC. 
 

KEYWORDS 

Keratoconus, Corneal Topographic Indices, Total Root Mean Square, Coma Aberration, Spherical 
Aberration, Root Mean Square Astigmatism 

©2019, Med Hypothesis Discov Innov Ophthalmol. 

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial 3.0 
License (CC BY-NC 3.0), which allows users to read, copy, distribute and make derivative works for non-commercial 
purposes from the material, as long as the author of the original work is cited properly. 

 

Correspondence to: 

Amr Mounir, MD, Sohag Faculty of Medicine, Ophthalmology Department, Sohag, Egypt. E-mail: dramrmonir@yahoo.com 

How to cite this article: Mounir A, El-Saman IS, Anbar M. The Correlation between Corneal Topographic Indices and Corneal High Order 

Aberrations in Keratoconus. Med Hypothesis Discov Innov Ophthalmol. 2019 Spring; 8(1): 1-6. 

  

mailto:dramrmonir@yahoo.com


 
 

Med Hypothesis Discov Innov Ophthalmol. 2019; 8(1)  
 

2 CORNEAL TOPOGRAPHIC INDICES AND CORNEAL HIGH ORDER ABERRATIONS 

INTRODUCTION

Keratoconus (KC) is an ectatic non-inflammatory corneal 
disorder described by gradual thinning of cornea that 
results in corneal protrusion, irregular astigmatism, and 
visual diminution [1]. The disease starts early in puberty 
and gradually increases until the third to fourth decades. 
The exact cause for the disease is still unknown, 
however, hereditary, environmental, and biomechanical 
factors may play a role in its pathogenesis [2]. Also, it was 
found that patients having KC showed a higher level of 
inflammatory mediators in their tear film, which may 
suggest inflammatory etiology [3]. With the progression 
of the disease, patients may complain of blurring and 
distortion of vision due to higher order aberrations [4]. 
Mild, moderate, and advanced KC could be detected 
using corneal topography, bio-microscopic, retinoscopic 
and pachymetry findings [5]. Many indices have been 
used in the diagnosis of KC and forme fruste KC with 
different topography devices [6]. In Scheimpflug imaging 
devices, corneal elevation whether in the anterior or 
posterior corneal surface are evaluated and the hotly 
debated question is which of the corneal surfaces has 
higher sensitivity in perceiving very initial stages of KC [7, 
8].  
Keratoconus is associated with significant high levels of 
ocular and corneal aberrations when compared with 
normal eyes [9]. Several previous studies have evaluated 
different corrected and uncorrected levels of High Order 
Aberrations (HOAs) in KC. In the uncorrected eyes, it has 
been found that KC HOAs was about 5.5 times higher 
than their levels in the normal population and vertical 
coma alone was responsible for about 53% of the 
different types of HOAs in KC patients [10]. Several 
authors suggest that these aberration data can be used 
to classify subgroups of KC and that the common HOA 
characteristic of these subgroups can be used to select 
common optical corrections that may be used for the 
correction [11, 12].  
In this study, the researchers investigated aberrometric 
changes of KC and its correlation with corneal 
topographic indices. 

METHODS 

In this cross sectional study, 170 eyes of 138 candidates 
seeking corneal refractive surgery in Sohag Refractive 
Center, Sohag, Egypt that had been diagnosed as clinical 
KC, were included. All patients involved in this study 
were informed about the aim of the study and signed an 
informed consent. The study adhered to the Helsinki 
declaration and the ethical board committee approval of 
Sohag Faculty of Medicine was obtained. 

Inclusion criteria included any patient with KC aged > 18 
years and exclusion criteria were the presence of corneal 
scarring, history of previous corneal surgeries or ocular 
pathology, history of systemic medications, collagen 
vascular diseases, corneal dystrophies, pregnancy or 
lactation. All keratoconic eyes included in this study had 
been subjected to corneal topography, and corneal 
aberrometry had been done for patients using Sirius 
Scheimpflug placido topography (Sirius, Costruzione 
Strumenti Oftalmici, Italy). Perfect alignment through the 
visual axis was assured by asking the patient to look at 
the central fixation light. Patients were asked to blink 
between examinations to keep the tear film intact.  Eye 
movement of the subject was regularly tracked by the 
system, and the quality factor was automatically 
evaluated.  
Flattest keratometry, steepest keratometry, average 
keratometry (avge k), maximum keratometry, posterior 
elevation, anterior elevation, and pachymetry were 
measured by sirius scheimpflug placido topography, 
toghether with corneal aberrometry data, which were 
evaluated over a 5-mm diameter. Corneal aberrometry 
data included Root Mean Square )RMS( coma, RMS 
trefoil, RMS total high order aberrations, RMS 
astigmatism, and RMS spherical aberrations. All 
keratoconic eyes included in this study were classified to 
three groups according to average K, where mild (group 
1) had average of K< 48 diopters (D), moderate (group 2) 
had average K between 48 and 52 D and severe (group 3) 
had average of K > 52 D. Corneal topography and corneal 
aberrometry were evaluated using Sirius Scheimpflug 
placido topography (Sirius, Costruzione Strumenti 
Oftalmici, Italy). The Costruzione Strumenti Oftalmici 
(CSO) topography system analyzes a total of 6144 corneal 
points of a corneal area comprised in a circular annulus 
outlined by an inner radius of 0.33 millimeter (mm) and 
an outer radius of 10 mm in regards to corneal vertex. 
Mesopic pupil diameter was acquired in a semi dark 
room with the disc illuminated in a way to bring ambient 
light intensity to 4.0 lux, as advised by the original 
manufacturer [13]. 
Corneal aberrometry data was collected from the sirius 
over a diameter of 5 mm. The collected data includes 
Zernike coefficients for the corneal aberrations, including 
total RMS, RMS Coma, RMS Spherical Aberration (SA), 
and RMS astigmatism. Data was analyzed using STATA 
intercooled version 12.1 (Stata Corporation, College 
Station, TX, USA). Quantitative data was characterized as 
mean, standard deviation (SD), median and range. 
Kruskal-Wallis and Mann-Whitney tests were used 
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accordingly.  Spearman’s correlation analyses were 
performed to find the correlation between average k, 
posterior elevation, and RMS values. P value was 
considered statistically significant if it was less than 0.05. 

RESULTS 

One hundred and seventy eyes of 138 patients were 
included in this study. Patients were divided to three 
groups, including mild, moderate, and severe KC. Mild KC 
cases included 58 eyes of 46 patients, moderate KC were 
64 eyes of 52 patients and severe KC were 48 eyes of 40 

patients. Of all the previously mentioned groups, 81 
(58.7%) were females and 57 (41.3%) were male. Age of 
the subjects ranged from 10 to 42 years old. The mean ± 
SD age of mild KC group was slightly higher; 26.08 ± 6.74 
years old, yet this difference was statistically insignificant 
(P = 0.06) (Table 1). Table 2 summarizes baseline 
characteristics of corneal topographic indices and HOAs 
in different groups. Mean ± SD of corneal thickness in 
mild, moderate, and severe KC was 457.1 ± 33.20, 426.36 
± 32.18, and 400.28 ± 37.39. 

Table 1: Age Characteristics in Different Groups 

Variable Keratoconus 

 Mild (n = 46) Moderate (n = 52) Severe (n = 40) 

Age/years     

Mean ± SD 26.08 ± 6.74 23.00 ± 5.85 24.43 ± 6.98 

Median (range) 24.5 (14-42) 23 (10-41) 23.5 (12-39) 

P1 = 0.06, P2 = 0.68, P3 = 0.86 

SD: Standard Deviation; n: Number, P1 compared mild and moderate, P2 compared mild and severe and P3 compared moderate and  severe. 

 

Table 2: Baseline Characteristics of Corneal Topographic Indices and High Order Aberrations in Different Groups 

Variable Mean ± SD, Median (range) Mean ± SD, Median (range) Mean ± SD, Median (range) 

 Mild KC Moderate KC Severe KC 

Average K 45.90 ± 1.40, 46 (42.86-51.91) 49.74 ± 1.30, 49.84 (46.76-51.91) 55.70 ± 3.15, 55.05 (52.25-69.77) 

P1<0.0001*, P2<0.0001*, P3<0.0001* 

Posterior elevation 28.47 ± 14.26, 25 (10-75) 42.59 ± 12.97, 39 (20-84) 67.73 ± 19.29, 64 (28-120) 

P1=0.0001*, P2=0.0001*, P3=0.0001* 

RMS total 1.05 ± 0.64, 1.0 (0.23-2.39) 1.95 ± 0.81, 1.92 (0.49-4.2) 3.21 ± 1.06, 3.2 (1.1-6.26) 

P1=0.0001*, P2=0.0001*, P3=0.0001* 

RMS coma 0.86 ± 0.61, 0.76 (0.1-2.09) 1.69 ± 0.86, 1.72 (0.06-3.93) 2.55 ± 0.97, 2.62 (0.25-4.54) 

P1=0.0001*, P2=0.0001*, P3=0.0001* 

RMS Trefoil 0.34 ± 0.19, 0.3 (0.07-0.9) 0.51 ± 0.29, 0.47 (0.09-1.2) 1.01 ± 0.47, 0.96 (0.13-2.83) 

P1=0.0007*, P2=0.0001*, P3=0.0001* 

RMS Astigmatism 1.58 ± 0.92, 1.37 (0.21-3.65) 1.97 ± 1.22, 1.86 (0.23-6.02) 3.42 ± 2.11, 3.1 (0.07-10.13) 

P1=0.12, P2=0.0001*, P3=0.0001* 

RMS SA 0.18 ± 0.14, 0.15 (0.01-0.58) 0.39 ± 0.31, 0.3 (0.02-1.3) 0.66 ± 0.59, 0.5 (0.04-2.34) 

P1=0.0001*, P2=0.0001*, P3=0.01* 

SD: Standard Deviation; RMS: Root Mean Square: SA: Spherical Aberration 

*: P values less than 0.05 is Significant. P1 compared Mild and Moderate, P2 compared Mild and Severe and P3 compered Moderate and Severe 

According to the statistical analysis of the corneal HOAs 
in these different grades of KC, this research found a 
positive correlation between average keratometry and 
RMS values (Table 3). Correlation of RMS total with 
average k was positive with statistically significant values 
in all groups with a higher p value in moderate KC (P = 
0.001) and also was statistically significant when 
compared in the three groups altogether (P = 0.0001). 
Correlation of RMS total coma with average k was 
positive with statistically significant values in all groups 
and it was statistically significant in mild and moderate 
KC (P = 0.03 in both) and when compared in the three 
groups altogether (P < 0.0001). Correlation of RMS Trefoil 
with average k was statistically significant in moderate KC 
only (P = 0.04) and also statistically significant when 

compared in all groups (P < 0.0001).  Correlation of RMS 
astigmatism with average k was positive with statistically 
significant values in mild KC only (P = 0.02) and all RMS 
values had significant positive correlation with average k 
when considered in total (P < 0.0001). Correlation of SA 
with average k was positive with statistically significant 
values in moderate and severe KC with a P value of less 
than 0.0001 and 0.001, respectively, and when compared 
in the three groups altogether (P < 0.0001). (Table 3). 
With regards to the correlation between posterior 
elevation and RMS values, the researchers found a 
positive correlation between posterior elevation and 
RMS values in mild and moderate KC while there was 
weak or negligible negative or weakly positive correlation 
in severe KC. In mild KC all RMS values were statistically 
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significant except for RMS astigmatism (P = 0.17), in 
contrast to moderate KC, where RMS total was the only 
statistically significant value (P = 0.03) and in severe KC, 
RMS SA was statistically significant with a P value of 

0.004 while other RMS values were insignificant. 
Interestingly, all RMS values had significantly weak to 
moderate positive correlation with posterior elevation 
when considered in total (Table 4). 

 

Table 3: Correlation between Average k and Root Mean Square (RMS) Values. 

Variables Keratoconus 

 Mild Moderate Severe Total 

 r P r P r P r P 

RMS total +0.36 0.01* +0.42 0.001* +0.29 0.03* +0.78 <0.0001* 

RMS coma +0.28 0.03* +0.27 0.03* +0.24 0.08 +0.68 <0.0001* 

RMS Trefoil +0.17 0.20 +0.26 0.04* +0.19 0.16 +0.66 <0.0001* 

RMS Astigmatism +0.31 0.02* +0.18 0.16 +0.11 0.43 +0.45 <0.0001* 

RMS Spherical aberration +0.01 0.92 +0.57 <0.0001* +0.44 0.001* +0.53 <0.0001* 

r: correlation co-efficient; P: p-value; *: p-values less than 0.05 is significant. 

 
Table 4: Correlation between Posterior Elevation and Root Mean Square (RMS) Values. 

Variables Keratoconus 

 Mild Moderate Severe Total 

 r P r P r P r P 

RMS total +0.58 <0.0001* +0.26 0.03* -0.01 0.92 +0.68 <0.0001* 

RMS coma +0.56 <0.0001* +0.14 0.28 -0.07 0.64 +0.61 <0.0001* 

RMS Trefoil +0.43 0.001* +0.04 0.76 +0.01 0.92 +0.59 <0.0001* 

RMS Astigmatism +0.18 0.17 +0.24 0.06 +0.03 0.85 +0.43 <0.0001* 

RMS Spherical aberration +0.31 0.01* +0.01 0.92 -0.39 0.004* +0.34 <0.0001* 

r: correlation co-efficient; P: p-value; SD: Standard Deviation; RMS: Root Mean Square;*: p values less than 0.05 is significant. 

Concerning the corneal thinnest location, the research 
found a negligible or low or weakly negative correlation 
between the thinnest location and RMS values in nearly 
all variables in the three groups except a weak positive 
correlation with RMS astigmatism in mild KC (r = +0.13, P 
= 0.32) and with RMS total and coma aberration in 
severe KC (r = +0.03, P = 0.81; r=+0.09, P = 0.51). Root 
mean square total and coma aberration were 

significantly correlated with thinnest location in both 
mild and moderate KC groups. However, other variables, 
including RMS astigmatism, RMS Trefoil and RMS SA had 
insignificant correlation with thinnest location in three 
groups. Interestingly, all RMS values had significantly 
negligible or weak correlation with thinnest location 
when considered in total (Table 5). 

 
Table 5: Correlation between Thinnest Location (CT) and Root Mean Square (RMS) Values. 

Variables Keratoconus 

 Mild Moderate Severe Total 

 r P r P r P r P 

RMS total -0.53 <0.0001* -0.38 0.002* +0.03 0.81 -0.60 <0.0001* 

RMS coma -0.55 <0.0001* -0.36 0.003* +0.09 0.51 -0.55 <0.0001* 

RMS Trefoil -0.16 0.21 -0.21 0.09 -0.07 0.62 +0.44 <0.0001* 

RMS Astigmatism +0.13 0.32 -0.07 0.60 -0.22 0.11 -0.25 0.001* 

RMS Spherical aberration -0.13 0.33 -0.06 0.63 -0.11 0.42 -0.28 0.0002* 

r: correlation co-efficient; P: p value; SD: Standard Deviation; RMS: Root Mean Square; *: p values less than 0.05 is significant. 

DISCUSSION

Optical aberrations result in decreased visual quality and 
distorted images. High order aberrations affect the 
retinal image quality in patients with irregular cornea 
[14]. High order aberrations, including total aberration, 
coma aberration and spherical aberration were deeply 
evaluated in several previous studies and found to be 
increased in patients with KC [15-17]. In this study, the 
aberrometric changes of KC were evaluated, including 

changes in the HOAs at the anterior corneal surface and 
the correlation of the corneal topographic indices 
measured by Sirius Scheimpflug placido topography with 
these aberrations.  This study evaluated the correlation 
between the corneal HOAs and the most important 
topographic indices measured by corneal tomography. 
The results were a positive correlation between posterior 
elevation and RMS values in mild and moderate KC while 
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there was negligible negative or negligible or weakly 
positive correlation in severe KC. Also, there was a 
significant negative correlation between the thinnest 
location and RMS values in nearly all variables in total, 
except significant weak positive correlation with RMS 
trefoil. Additionally, there was a significant correlation 
between average K and total aberrations (total RMS 
values).  
Coma, trefoil, astigmatism, and spherical aberrations 
were found to increase in advanced groups of KC. Colak 
et al. compared the corneal topographic indices and the 
anterior high order corneal aberrations in KC and normal 
eyes by using Scheimpflug-Placido topography, and 
found that there was a high correlation between corneal 
curvature and total aberrations [18]. Maeda et al. [19] 
compared wave front aberrations of normal and 
keratoconic eyes and evaluated the characteristics of the 
HOAs in KC eyes measured with Hartmann-Shack sensor. 
They concluded that the increase of ocular HOAs in 
keratoconic eyes results from an increase of corneal 
HOAs. 
In the current study with regards to the posterior 
elevation, this study found significant differences in all 
variables of HOAs when comparing groups of KC patients 
in total. However, there was a positive correlation 
between posterior elevation and RMS values in mild and 
moderate KC groups while there was a negative or 
positive correlation in severe KC, which can be explained 
by the marked difference of changes in HOAs and very 
high posterior elevations in severe cases of KC. This 
coincides with the study of Delgado et al., [20] who 
evaluated the correlation between HOAs in anterior 
corneal surface and the degree of KC measured with a 
Scheimpflug camera and found that coma aberration was 
significantly correlated with KC severity, yet RMS Trefoil 
and KC were weakly correlated. 
 In a study by Nakagawa et al., [21] they  investigated 
corneal  Higher-Order Aberrations (HOAs) in keratoconic 
eyes compared with normal eyes by the rotating camera 
system (Pentacam; Oculus, Inc.). They found that corneal 
HOAs on corneal surfaces in eyes with KC were higher 
than in control eyes, which coincides with the results. All 
these previous data can be used as a method for staging 
KC. Alio et al., [12] showed that HOAs of the anterior 
corneal surface can be used to detect grades of KC by 
using corneal map analysis video keratoscopy. 
Different studies have evaluated optical aberrations in KC 
eyes and showed increased HOA, especially coma and 
spherical aberrations, as found in the current study [9], 
[22]. This significant increase in HOA leads to reduced 
visual acuity, which cannot be corrected with spectacles 

or soft contact lenses [23]. Intracorneal ring segments 
and phakic Toric Implantable Collamer Lens are effective 
methods in patients with KC based on their reduction 
effect for optical aberrations [24].  
 
CONCLUSION 
Corneal high order aberrations measured by the Sirius 
Scheimpflug camera Placido corneal topography system 
were correlated with corneal topographic indices 
provided by the same device in different grades of KC. 

DISCLOSURE 

Ethical issues have been completely observed by the 
authors. All named authors meet the International 
Committee of Medical Journal Editors (ICMJE) criteria for 
authorship of this manuscript, take responsibility for the 
integrity of the work as a whole, and have given final 
approval for the version to be published. No conflict of 
interest has been presented. 

ACKNOWLEDGMENTS 

All authors are grateful for the help and support of Sohag 
Future Center for Femtolasik and Corneal Surgeries. We 
would like also to thank the technical team of the center 
for their help in this research. 

REFERENCES 

1. Rabinowitz YS. Keratoconus. Surv Ophthalmol 

1998;42(4):297-319. doi: 10.1016/s0039-6257(97)001 19-7  

2. Sugar J, Macsai MS. What causes keratoconus? Cornea. 

2012;31(6):716-9. doi: 10.1097/ICO.0b013e31 823f8c72 

pmid: 22406940 

3. Gatzioufas Z, Panos GD, Hamada S. Keratoconus: is it a Non-

inflammatory Disease? Med Hypothesis Discov Innov 

Ophthalmol. 2017;6(1):1-2. pmid: 28428967 

4. Applegate RA, Hilmantel G, Howland HC, Tu EY, Starck T, 

Zayac EJ. Corneal first surface optical aberrations and visual 

performance. J Refract Surg. 2000;16(5):507-14. pmid: 

11019864 

5. Maeda N, Klyce SD, Smolek MK, Thompson HW. Automated 

keratoconus screening with corneal topography analysis. 

Invest Ophthalmol Vis Sci. 1994;35(6):2749-57. pmid: 

8188468 

6. Nilforoushan MR, Speaker M, Marmor M, Abramson J, Tullo 

W, Morschauser D, et al. Comparative evaluation of 

refractive surgery candidates with Placido topography, 

Orbscan II, Pentacam, and wavefront analysis. J Cataract 

Refract Surg. 2008;34(4):623-31. doi: 

10.1016/j.jcrs.2007.11.054 pmid: 18361985 

7. Ucakhan OO, Cetinkor V, Ozkan M, Kanpolat A. Evaluation 

of Scheimpflug imaging parameters in subclinical 

keratoconus, keratoconus, and normal eyes. J Cataract 

http://dx.doi.org/10.1016/s0039-6257(97)00119-7
http://dx.doi.org/10.1097/ICO.0b013e31823f8c72
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/22406940
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/28428967
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/11019864
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/11019864
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/8188468
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/8188468
http://dx.doi.org/10.1016/j.jcrs.2007.11.054
http://dx.doi.org/10.1016/j.jcrs.2007.11.054
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/18361985


 
 

Med Hypothesis Discov Innov Ophthalmol. 2019; 8(1)  
 

6 CORNEAL TOPOGRAPHIC INDICES AND CORNEAL HIGH ORDER ABERRATIONS 

Refract Surg. 2011;37(6):1116-24. doi: 

10.1016/j.jcrs.2010.12.049 pmid: 21596255 

8. de Sanctis U, Loiacono C, Richiardi L, Turco D, Mutani B, 

Grignolo FM. Sensitivity and specificity of posterior corneal 

elevation measured by Pentacam in discriminating 

keratoconus/subclinical keratoconus. Ophthalmology. 

2008;115(9):1534-9. doi: 10.1016/j.o phtha.2008.02.020 

pmid: 18405974 

9. Jafri B, Li X, Yang H, Rabinowitz YS. Higher order wavefront 

aberrations and topography in early and suspected 

keratoconus. J Refract Surg. 2007;23(8):774-81. pmid: 

17985796 

10. Pantanelli S, MacRae S, Jeong TM, Yoon G. Characterizing 

the wave aberration in eyes with keratoconus or 

penetrating keratoplasty using a high-dynamic range 

wavefront sensor. Ophthalmology. 2007;114(11):2013-21. 

doi: 10.1016/j.ophtha.2007. 01.008 pmid: 17553566 

11. Gobbe M, Guillon M. Corneal wavefront aberration 

measurements to detect keratoconus patients. Cont Lens 

Anterior Eye. 2005;28(2):57-66. doi: 

10.1016/j.clae.2004.12.001 pmid: 16318836 

12. Alio JL, Shabayek MH. Corneal higher order aberrations: a 

method to grade keratoconus. J Refract Surg. 

2006;22(6):539-45. pmid: 16805116 

13. Prakash G, Srivastava D, Suhail M, Bacero R. Assessment of 

bilateral pupillary centroid characteristics at varying 

illuminations and post-photopic flash response using an 

automated pupillometer. Clin Exp Optom. 2016;99(6):535-

43. doi: 10.1111/cxo.12409 pmid: 27432474 

14. Lombardo M, Lombardo G. Wave aberration of human eyes 

and new descriptors of image optical quality and visual 

performance. J Cataract Refract Surg. 2010;36(2):313-31. 

doi: 10.1016/j.jcrs.2009.09.026 pmid: 20152616 

15. Mahmoud AM, Nunez MX, Blanco C, Koch DD, Wang L, 

Weikert MP, et al. Expanding the cone location and 

magnitude index to include corneal thickness and posterior 

surface information for the detection of keratoconus. Am J 

Ophthalmol. 2013;156(6):1102-11. doi: 

10.1016/j.ajo.2013.07.018 pmid: 24075426 

16. Saad A, Gatinel D. Evaluation of total and corneal wavefront 

high order aberrations for the detection of forme fruste 

keratoconus. Invest Ophthalmol Vis Sci. 2012;53(6):2978-

92. doi: 10.1167/iovs.11-8803 pmid: 22427590 

17. Hallahan KM, Sinha Roy A, Ambrosio R, Jr., Salomao M, 

Dupps WJ, Jr. Discriminant value of custom ocular response 

analyzer waveform derivatives in keratoconus. 

Ophthalmology. 2014;121(2):459-68. doi: 

10.1016/j.ophtha.2013.09.013 pmid: 24289916 

18. Colak HN, Kantarci FA, Yildirim A, Tatar MG, Goker H, Uslu 

H, et al. Comparison of corneal topographic measurements 

and high order aberrations in keratoconus and normal eyes. 

Cont Lens Anterior Eye. 2016;39(5):380-4. doi: 

10.1016/j.clae.2016.06.005 pmid: 27395753 

19. Maeda N, Fujikado T, Kuroda T, Mihashi T, Hirohara Y, 

Nishida K, et al. Wavefront aberrations measured with 

Hartmann-Shack sensor in patients with keratoconus. 

Ophthalmology. 2002;109(11):1996-2003. doi: 

10.1016/s0161-6420(02)01279-4 pmid: 12414405 

20. Delgado S, Velazco J, Delgado Pelayo RM, Ruiz-Quintero N. 

Correlation of higher order aberrations in the anterior 

corneal surface and degree of keratoconus measured with a 

Scheimpflug camera. Arch Soc Esp Oftalmol. 

2016;91(7):316-9. doi: 10.1016/j.oftal.2016.01.014 pmid: 

26907199 

21. Nakagawa T, Maeda N, Kosaki R, Hori Y, Inoue T, Saika M, et 

al. Higher-order aberrations due to the posterior corneal 

surface in patients with keratoconus. Invest Ophthalmol Vis 

Sci. 2009;50(6):2660-5. doi: 10.1167/iovs.08-2754 pmid: 

19029032 

22. Schlegel Z, Lteif Y, Bains HS, Gatinel D. Total, corneal, and 

internal ocular optical aberrations in patients with 

keratoconus. J Refract Surg. 2009;25(10 Suppl):S951-7. doi: 

10.3928/1081597X-20090915-10 pmid: 19848377 

23. Alio JL, Pinero DP, Aleson A, Teus MA, Barraquer RI, Murta 

J, et al. Keratoconus-integrated characterization considering 

anterior corneal aberrations, internal astigmatism, and 

corneal biomechanics. J Cataract Refract Surg. 

2011;37(3):552-68. doi: 10.1016/j.jcrs. 2010.10.046 pmid: 

21333878 

24. Ramin S, Sangin Abadi A, Doroodgar F, Esmaeili M, Niazi F, 

Niazi S, et al. Comparison of Visual, Refractive and 

Aberration Measurements of INTACS versus Toric ICL Lens 

Implantation; A Four-year Follow-up. Med Hypothesis 

Discov Innov Ophthalmol. 2018;7(1):32-9. pmid: 29644243 

 

 

http://dx.doi.org/10.1016/j.jcrs.2010.12.049
http://dx.doi.org/10.1016/j.jcrs.2010.12.049
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/21596255
http://dx.doi.org/10.1016/j.ophtha.2008.02.020
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/18405974
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/17985796
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/17985796
http://dx.doi.org/10.1016/j.ophtha.2007.01.008
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/17553566
http://dx.doi.org/10.1016/j.clae.2004.12.001
http://dx.doi.org/10.1016/j.clae.2004.12.001
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/16318836
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/16805116
http://dx.doi.org/10.1111/cxo.12409
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/27432474
http://dx.doi.org/10.1016/j.jcrs.2009.09.026
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/20152616
http://dx.doi.org/10.1016/j.ajo.2013.07.018
http://dx.doi.org/10.1016/j.ajo.2013.07.018
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/24075426
http://dx.doi.org/10.1167/iovs.11-8803
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/22427590
http://dx.doi.org/10.1016/j.ophtha.2013.09.013
http://dx.doi.org/10.1016/j.ophtha.2013.09.013
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/24289916
http://dx.doi.org/10.1016/j.clae.2016.06.005
http://dx.doi.org/10.1016/j.clae.2016.06.005
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/27395753
http://dx.doi.org/10.1016/s0161-6420(02)01279-4
http://dx.doi.org/10.1016/s0161-6420(02)01279-4
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/12414405
http://dx.doi.org/10.1016/j.oftal.2016.01.014
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/26907199
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/26907199
http://dx.doi.org/10.1167/iovs.08-2754
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/19029032
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/19029032
http://dx.doi.org/10.3928/1081597X-20090915-10
http://dx.doi.org/10.3928/1081597X-20090915-10
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/19848377
http://dx.doi.org/10.1016/j.jcrs.2010.10.046
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/21333878
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/21333878
file:///C:/Users/HP/Downloads/www.ncbi.nlm.nih.gov/pubmed/29644243

