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Abstract. Measuring the ocular wavefront aberration function by means of the Hartmann-Shack technique 

is a common practice in visual optics. Nowadays several commercial devices provide this functionality; 

this is the reason why it is important that agreement between measurements of different devices exists. In 

this study a commercial Hartmann-Shack aberrometer (KR-1W, Topcon Corp., Japan) and an Adaptive 

Optics Vision Analyzer based on a Hartmann-Shack aberrometer (AOVA, Voptica S.L., Spain) have been 

compared. In order to carry out this study, the wavefront aberration function expressed as a Zernike 

Polynomials expansion up to the fifth order of 29 right eyes has been obtained. A statistical analysis has 

been carried out by comparing the individual Zernike coefficients and the radial Root Mean Square 

(RMSrad) from the second to the fifth order, the high order RMS (RMSHOA) and the total RMS (RMSTOT). 

The values of the Sphere (S) and Cylinder (C) in Diopters (D) have also been compared. A paired sample 

t-test, Pearson correlations as well as the Bland and Altman method have been used to assess the agreement 

between devices. The results showed in general a good agreement between devices when comparing most 

of the Zernike coefficients.    

 

Keywords: Visual Optics, Aberrations, Wavefront Sensing, Hartmann-Shack, Comparability. 

1. Introduction 

The first stage in the visual system is the formation of an optical image on the retina. This complex 

process means that light coming from a point object goes through all the lenses of the eye, that 

are basically the cornea and the crystalline lens, until it reaches the retina. Along this journey, the 

retinal image quality is theoretically affected by diffraction, aberrations and intraocular 

scattering1. However, the normal values of the pupil diameter usually range from 2 to 8 mm, 

which allows the effect of diffraction in the eye to be negligible. On the contrary, ocular 

aberrations are well-known since a long time ago for directly affecting the visual performance. 

That is the reason why scientists have been trying to measure human aberrations with accuracy 

for many years. Besides, the measurement of aberrations has always been a big challenge due to 

the difficulty of accessing the eye’s image space, i.e., the retina. Despite that, thanks to the new 

improvements in optical techniques and optical devices, it is now possible to estimate the 

wavefront aberration of the eye with such accuracy and even manipulate it to further study the 

visual performance with the so-called Adaptive Optics2. Among the most used techniques to 

measure aberrations we can find the Hartmann-Shack technique3,4, which recovers the wavefront 

from the image of the eye’s pupil plane formed by a microlens matrix. This image is registered 

by a camera -CCD or CMOS- placed at the focal plane of the microlenses. Notice that all 

microlenses have the same focal length and diameter. If a flat -i.e., ideal or perfect- wavefront 

reaches the microlens matrix, the camera registers a perfectly regular mosaic of spots. If a 

distorted -i.e., aberrated- wavefront reaches the sensor, the pattern of spots is irregular (Figure 1).  
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Figure 1. (a) General scheme of a Hartmann-Shack setup, (b) plus an ideal and (c) an aberrated 

representations of a wavefront going through the Hartmann-Shack lens and the image obtained by the CCD 

camera. MM: Microlens Matrix, BS: Beam Splitter, PE: Entrance Pupil. 

 
From the images of this irregular pattern it is possible to compute the transverse aberration, i.e., 

the vertical and horizontal displacement of each spot with respect to its ideal position -that 

coincides with the optical axis of each microlens-. This transverse aberration is related to the wave 

aberration function W(x,y) by partial derivatives as: 
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Where f’ is the focal length of the lenslet array. Notice that the four most important parameters in 

a Hartmann-Shack wavefront sensor are the number of lenslets, the dynamic range (θmax), the 

measurement sensitivity (θmin), and the focal length of the lenslet array2. The dynamic range and 

the measurement sensitivity are respectively defined as: 

 max
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Where the pitch is equivalent to the lenslet diameter. It can be deduced from equations (2) and 

(3) that a smaller lenslet diameter (microlens pitch) or a longer focal length decreases the dynamic 

range of the sensor, which makes the sensor less accurate when representing high slopes (it can 

easily appear crossover or overlapped spots). However, if the focal length is longer, this causes 

an increase in the measurement sensitivity; thus, any small variation in the wavefront slope would 

be measured with more precision. Therefore, there exists a trade-off between the dynamic range 

and the measurement sensitivity of the Hartmann-Shack wavefront sensor, which is indeed one 

of the main drawbacks of this sensor. 

Going back to equation (1), from the transverse aberration data it is possible to construct a matrix 

with all the sampled points and by a least squares fitting procedure retrieve the wavefront 

aberration function and express it as a polynomial expansion. We must note that the international 

standards for reporting the ocular aberrations are in terms of Zernike polynomials5,6. Any 

wavefront profile can be decomposed into a weighted sum of these functions which are orthogonal 

over a unit cercle, which means that each mode or polynomial is independent from each other; 

thus, when one mode or polynomial is modified the rest remain unaltered6. These functions are 

particularly useful in visual optics due to its similarity with the ocular aberrations and due to the 

eye’s pupil is almost circular. Despite all that, it is important to notice that the Zernike 

polynomials only apply for monochromatic aberrations and that the low order terms piston -zero 
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order- and tip/tilt -first order- are usually neglected and computed with a zero value. On the 

contrary, the remaining low order terms -i.e., second order- are the most important for vision and 

can be expressed as the common sphere and cylinder notations used in optometric fields. They 

are easily corrected using, for example, spectacles, contact lenses or even refractive surgery. The 

higher order Zernike polynomials -third order or more- are traditionally not correctable by such 

methods, although nowadays Adaptive Optics makes it possible2. Formally, the wave aberration 

expressed as a Zernike expansion has the following form:  
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Where  is the relative distance from the center of the pupil and ranges from 0 to 1 and θ is a 

meridian anticlockwise angle measured in radians and ranges from 0 to 2π. The weighted 

coefficients are cn
m and the Zernike polynomials are Zn

m(,θ). Each of the Zernike polynomials 

consists of three components: a normalization factor, a radial-dependent component and an 

azimuthal-dependent component. It is defined as follows: 
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Where the normalization factor and the radial component are respectively: 
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The index n describes the order of the radial polynomial and the index m the azimuthal frequency. 

It is worth to remark that another important property of the normalized Zernike polynomials is 

that the square of the coefficient of a Zernike polynomial function represents the contribution of 

that polynomial function to the total variance of the wave aberration. Therefore, the Root Mean 

Square of the wave aberration can be calculated as: 
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This parameter is commonly used as a quality metric for studying ocular aberrations, especially 

when comparing the variation of measurements performed on the same subject. A variation that 

might come from the natural variation of the subject, from the measurement process or both. This 

could explain the relative importance of knowing how accurate a new device is in order to 

understand where the measurement variability comes from. In fact, it is a common practice in 

visual optics to assess the accuracy of every new ophthalmic commercial instrument in terms of 

repeatability, reproducibility, precision or trueness. According to the international standards7, 

both concepts of precision and trueness describe the accuracy of a measurement method. Trueness 

refers to the closeness of agreement between a measurement and the true or accepted reference 

value; on the other hand, precision refers to the closeness of agreement between test results. The 

latter involves the concepts of repeatability and reproducibility. Note that in order to study the 

trueness, the measurement method is assumed to be precise. Several studies can be found in 

references8–17 related to these terms on aberrometers. 

Hence, the goal of this study is to statistically analyze the aberrations measurements performed 

by the AOVA (Voptica S.L., Spain), an Adaptive Optics Vision Analyzer based on a Hartmann-Shack 

aberrometer, and compare them with the KR-1W ones (Topcon Corp., Japan), also based on this 

technique. To our knowledge, there is not any study reporting the accuracy of the AOVA 

measurements whereas the KR-1W’s accuracy has only been analyzed in terms of repeatability 

(precision)15,16.  

The KR-1W instrument includes a Placido disk topographer and an automatic mode capable of 

centering, focusing and measuring without any operator’s help. The AOVA includes a spatial 

light modulator capable of performing visual simulations such as correcting or inducing certain 

aberrations. Neither topography functions from the KR-1W nor visual simulations from the 

AOVA were used in this study.  

 



 

4 

 

2. Methods 

 
2.1. Subjects 

This prospective study was conducted on healthy subjects recruited from the staff and students of 

the Faculty of Optics and Optometry of the Universitat Politècnica de Catalunya (UPC) (Terrassa, 

Spain). Only subjects with best spectacle-corrected visual acuity of at least 20/20, spherical 

correction between ± 5.00 D and astigmatic cylinder correction smaller than 3.00 D were accepted 

to participate. Besides, no history of any ocular pathology, surgery and/or pharmacological 

treatment was required for the patients invited to take part. Also, contact lens wearers were 

instructed not to wear them for a complete day just before the examination when using soft lenses 

and the last three days when using rigid lenses in order to avoid irregular changes in the corneal 

shape. Furthermore, only subjects with a pupil diameter of 4 mm or more in mesopic conditions 

were included in the study because a 4-mm artificial pupil was later on used to compute the ocular 

aberrations.  

Twenty nine right eyes were finally included in the study with a mean±standard deviation (SD) 

in age of 26.5±5.8 years (from 18 to 52 years). The best spectacle-corrected visual acuity was of 

1.01±0.04 (from 1 to 1.2). The mean spherical manifest refractive error was -1.26±1.93 D (from 

-4.75 to +3.75 D) and the cylinder -0.76±0.74 D (from -3.00 to 0.00 D). 

 
2.2. Examination Protocol 

The study followed the tenets of the Declaration of Helsinki18. All subjects were asked to give 

their written informed consent after receiving a written and verbal explanation of the nature of 

the study. Then, those subjects who accepted to participate underwent a standardized examination 

(without cycloplegia) to determine the following: the best visual acuity; manifest refractive error; 

and natural pupil diameter. After that, a sequence of aberration measurements of the right eye of 

each patient was collected until 9 good measurements were obtained by using both instruments. 

All patients were uncorrected in terms of refraction during the wavefront aberration measurement. 

Moreover, the KR-1W’s automatic mode of centering the eye was used. 

 

2.3. Aberration Data 

In this study data of ocular aberrations up to the fifth order and computed using a 4-mm pupil was 

collected for the comparison of devices, as well as the objective refraction (sphere and cylinder). 

Twenty six parameters were used for the study. They are the individual Zernike coefficients from 

the second (Z(2,n)) to the fifth order (Z(5,n)), the radial RMS from the second (RMSrad2) to the 

fifth order (RMSrad5), the RMS of high order aberrations (RMSHOA), the total RMS (RMSTOT), and 

the Sphere and Cylinder. The Zernike coefficients and the RMS were expressed in micrometers 

(µm) whereas the sphere and cylinder were in diopters (D). 

 
2.4. Analysis of comparability 

The statistical analysis was performed using the software SPSS Statistics version 20 (IBM Corp., 

USA) for Windows and the Microsoft Office Excel 2007 (Microsoft Corp. USA). In all cases a 

95% confidence interval was considered, i.e., a p-value of less than 0.05 was considered to be 

statistically significant. 

The Kolmogorov-Smirnov test was used to evaluate the normal distribution of all variables 

analysed (p > 0.05). After that, the comparison between the measurements made with both 

instruments was analysed applying the parametric paired sample t-test. Besides, in order to 

determine a relationship between measurements of the two devices, bivariate correlations with 

the Pearson’s correlation coefficient (r) were also carried out. Finally, to study the agreement 

between data, the Bland and Altman analysis was used19. These authors suggested that the mean 

of the differences between pairs of equivalent measurements must be close to zero in order to 

agree. They defined the 95% confidence limits (CL) as 1.96 times the standard deviation (SD) of 

the mean difference, within which 95% of the differences between measurements are expected to 

lie. Plotting the differences against the average value is an easy way to visually detect any 

relationship in the differences between the values obtained using the two aberrometers. If the 

differences depend on the mean, i.e., they have a significant correlation coefficient at the 5% 

significance level, conclusions about the mean difference should be cautiously drawn. 
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3. Results 

The mean value of each set of 9 measurements for each variable from each eye and instrument 

was computed. Then, the 29 values obtained for each parameter and instrument defined a set 

which was analysed with the Kolmogorov-Smirnov test that showed that all data were normally 

distributed (p > 0.05).  

The descriptive data (mean, SD) for the sphere and cylinder is shown in the Table 1. A direct 

comparison of the descriptive data of the Zernike coefficients and the RMS parameters provided 

by both devices is shown in the Figure 2. As it was expected, the largest Zernike coefficient mean 

value was obtained for the defocus (Z(2,0)) since all patients were uncorrected during the 

measurements; besides, defocus is typically the largest aberration in human eyes.  

Table 1. Descriptive data of the mean value and the standard deviation (D) for the Sphere and 

Cylinder obtained with the AOVA and the KR-1W aberrometers. 

 
AOVA KR-1W 

 Mean (D) Standard Deviation (D) Mean(D) Standard Deviation (D) 

Sphere -1,22 1,87 -1,11 1,86 

Cylinder -0,69 -0,35 -0,63 0,37 

 

 
Figure 2. Descriptive data of the mean value and the standard deviation (µm) for the individual Zernike 

coefficients (Left) and the RMS values (Right). 

A parametric paired sample t-test was used to determine whether there were statistically 

significant differences between the values provided by both aberrometers. Table 2 shows the 

results obtained in this case. As it can be seen, for the majority of parameters linked to individual 

Zernike coefficients no significant differences between instruments were found. However, 

statistically significant differences could be established between the coefficients Z(2,0), Z(3,-1) 

and Z(4,0), the cylinder and the RMS values. In addition to the paired sample t-test, Table 2 

provides the Pearson’s correlation coefficients for the correlations performed between 

measurements of both instruments. For most of the variables analyzed, statistically significant 

correlations (p < 0.05) between them could be established. In this case, the only exceptions were 

found for Z(4,-2), Z(5,-5), Z(5,1), Z(5,5) and RMSrad5. In general, the Pearson correlation 

coefficients decreased as the radial order of the Zernike coefficient increased. The same tendency 

could be observed when analyzing the RMS values, for which higher Pearson coefficients were 

obtained for lower order values while no correlation was observed in the 5th order RMS. As an 

example, Figure 3 illustrates some correlations obtained for some of the Zernike coefficients and 

the sphere and cylinder. 

 



 

6 

 

Table 2. The Paired sample t-test column (left) shows the p-values from the comparison of means 

through this test between measurements of the AOVA and KR-1W aberrometers. The symbol (*) 

means for this column significant differences. The Pearson column (right) shows the Pearson’s 

correlation coefficients (r) and corresponding significance (p-values) between measurements of 

both devices. The symbol (*) means for this column significant correlations. 

 
Paired Sample t test Pearson 

Zernike Coefficients (µm) p r p 

Z(2,-2) 0,060 0,941 <0,001* 

Z(2,0) <0,001* 0,993 <0,001* 

Z(2,2) 0,104 0,972 <0,001* 

Z(3,-3) 0,139 0,825 <0,001* 

Z(3,-1) 0,004* 0,834 <0,001* 

Z(3,1) 0,734 0,874 <0,001* 

Z(3,3) 0,551 0,764 <0,001* 

Z(4,-4) 0,493 0,541 0,002* 

Z(4,-2) 0,253 0,263 0,167 

Z(4,0) 0,001* 0,575 0,001* 

Z(4,2) 0,249 0,600 0,001* 

Z(4,4) 0,458 0,562 0,001* 

Z(5,-5) 0,191 0,183 0,341 

Z(5,-3) 0,182 0,584 0,001* 

Z(5,-1) 0,869 0,430 0,020* 

Z(5,1) 0,417 0,364 0,053 

Z(5,3) 0,847 0,573 <,001* 

Z(5,5) 0,988 0,254 0,184 

Root Mean Squares (µm)    

RMSrad2 <0,001* 0,993 <0,001* 

RMSrad3 0,001* 0,492 0,005* 

RMSrad4 <0,001* 0,408 0,023* 

RMSrad5 <0,001* 0,057 0,761 

RMSTOT <0,001* 0,993 <0,001* 

RMSHOA <0,001* 0,379 0,035* 

Objective Refraction (D)    

Sphere (S) 0,079 0,993 <0,001* 

Cylinder (C) 0,009* 0,920 <0,001* 

 

Finally, according to the Bland and Altman analysis19, Table 3 shows the mean differences 

(Meand), the standard deviation of the mean differences (SD) and the corresponding 95% 

confidence limits (CL) between measurements from both devices (all units are in µm). As it was 

expected for a good agreement, all the mean differences obtained were very close to zero. The 

biggest mean difference in absolute terms was found for the defocus coefficient. However, it can 

be seen that this mean difference was not clinically significant in terms of sphere (D) since it was 

below 0,25D, which is usually the limit of significance in clinical terms. Notice that the Zernike 

coefficient of defocus is the main contributor to the spherical refractive error expressed in 

Diopters. In our case, the mean difference for the sphere was of 0,12D. 
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Figure 3. Correlations between the values provided by the AOVA and KR-1W aberrometer for some of the 

variables analyzed (Z(3,-1) (µm), Z(5,-1) ) (µm), sphere (D), and cylinder (D)). 

 

Table 3. Mean differences (Meand ±standard deviation [SD]) and corresponding confidence 

limits (CL) between measurements of the AOVA and KR-1W aberrometers. 

Zernike Coefficients (µm)  Meand  SD Min CL Max CL 

Z(2,-2) 0,024 0,050 -0,123 0,074 

Z(2,0) 0,190 0,099 -0,004 0,384 

Z(2,2) 0,015 0,055 -0,093 0,124 

Z(3,-3) 0,012 0,028 -0,042 0,067 

Z(3,-1) 0,017 0,026 -0,034 0,067 

Z(3,1) 0,005 0,024 -0,042 0,052 

Z(3,3) 0,002 0,021 -0,038 0,043 

Z(4,-4) 0,001 0,018 -0,035 0,034 

Z(4,-2) 0,002 0,013 -0,022 0,027 

Z(4,0) 0,019 0,024 -0,027 0,066 

Z(4,2) 0,008 0,027 -0,045 0,061 

Z(4,4) 0,000 0,021 -0,042 0,042 

Z(5,-5) 0,003 0,017 -0,031 0,038 

Z(5,-3) 0,004 0,013 -0,022 0,030 

Z(5,-1) -0,003 0,012 -0,027 0,022 

Z(5,1) -0,001 0,013 -0,026 0,024 

Z(5,3) 0,001 0,011 -0,021 0,023 

Z(5,5) 0,000 0,017 -0,033 0,032 

Root Mean Squares (µm) 
    

RMSrad2 0,161 0,124 -0,082 0,404 

RMSrad3 0,028 0,043 -0,056 0,112 

RMSrad4 0,050 0,035 -0,020 0,119 

RMSrad5 0,044 0,034 -0,023 0,111 

RMSTOT 0,170 0,123 -0,071 0,410 

RMSHOA 0,065 0,063 -0,057 0,188 
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Objective Refraction (D) 
   

Sphere (S) 0,120 0,210 -0,530 0,300 

Cylinder (C) -0,070 0,150 -0,360 0,220 

 
Figure 4 provides the Bland and Altman plots for some of the variables analyzed. Very few 

outliers in the data sets can be observed thus indicating the good agreement found in general for 

both devices. Moreover, it can be observed that the plots do not show any recognizable pattern 

and therefore the differences did not vary in any systematic manner over the range of 

measurements, which leads the comparison to a good agreement between devices in general. 

 

 
Figure 4. Bland and Altman plots showing the mean of the differences (meand) and the corresponding 95% 

confidence limits (CL) between the values provided by the AOVA and KR-1W aberrometers (Z(3,1) and 

Z(5,1) correspond to the primary and secondary vertical coma). 

 

4. Discussion 

In the present study, we explored the agreement of several aberrometric parameters provided by 

the two commercial devices AOVA and KR-1W, both based on a Hartmann-Shack technique. It 

can be deduced from our results that a good agreement between measurements from both devices 

exists. However, because neither the KR-1W nor the AOVA are a gold standard to measure ocular 

aberrations (actually no gold standard exists for this purpose), we cannot make any inferences 

regarding the trueness of the aberrometric measurements.  

In general, we obtained better results when comparing the Zernike coefficients than when 

comparing the radial RMS. This may not be surprising since the RMS applies a non-linear 

transformation of the raw Zernike data that makes it not dependant on the Zernike’s coefficient 

sign anymore, as it is shown in equation (8). As a consequence of the loss of information, the 

RMS might overestimate the differences between measurements. In fact, similar results were 

obtained by Rozema et al.10. Moreover, statistically significant differences in the defocus 

coefficient Z(2,0), the vertical coma Z(3,-1), and the spherical aberration Z(4,0) were also 

obtained, which seems to be a general trend when assessing the agreement between ocular 

aberrometric devices as has been widely reported in the bibliography8,10,11,14.  

It is of special interest the difference in the measurements obtained for the spherical aberration 

and defocus, which are somewhat accommodation indicators8,12; that is, the variability in these 

terms is quite linked to the change in the accommodative state of the eye. We shall remind that 
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all patients underwent the examination without cycloplegic conditions, and even though both 

devices presented a target to the infinity in order to minimize the accommodation effects, it can 

never be perfectly controlled without the instillation of a cycloplegic agent for several reasons. 

One of them, and probably the most important, is just because the devices were placed very close 

to the patients eyes, which automatically activated the accommodation state. Moreover, the 

instrumental accommodation for both devices could not be exactly the same.    

However, aside from the accommodation changes, there might be other factors related to the 

patients’ variability that can affect the accuracy between devices. For instance, López-Miguel et 

al.16 suggested that saccadic eye movements and the eye tear-film instability can significantly 

reduce the reliability of high order aberrations measurements. On the other hand, regarding the 

instruments’ variability, the alignment procedure is inferred in references10,16 to affect the 

accuracy of a measurement. Along the same lines, we shall remind as well that the KR-1W has 

an automatic mode of centering that was used in all patients; therefore, a larger variability were 

somewhat expected from the AOVA measurements. Either the patients’ variability or the 

instruments’ variability effects can be reduced by increasing the measurements for each eye, and 

in fact most companies advise it. 

Finally, another factor that may justify the difference in measurements could also be the 

wavelength of the light source included in each instrument, although in general manufacturers 

correct this influence before providing the final results. In the paper of Rodriguez et al.17 is 

suggested that the main difference found between aberrometers is due to the longitudinal 

chromatic aberration caused by the use of different wavelengths. In particular, the authors found 

the sphere to differ by 0.7 D as maximum between infrared and green wavelengths9. In our case, 

the AOVA operates at 808 nm and the KR-1W in a range from 820 to 840 nm according to its 

specifications. This lead us to think that the difference in wavelength is not the main cause of 

differences observed although it may have had some influence.   

5. Conclusions 

Wavefront sensing has become a part of the daily clinical practice at ophthalmic clinics, as it does 

not only provide a high-value information for refractive and cataract surgery purposes but also is 

useful for tracking and assessing diseases such as keratoconus. 

When one ophthalmic device comes into the market, one of the most important things that need 

to be evaluated is its precision and agreement with other already available devices. As far as we 

know, there are no studies reporting the agreement neither of the AOVA nor the KR-1W. 

Accordingly, we have demonstrated in this study that agreement between AOVA and KR-1W is 

in general good; however, data should be interpreted with caution especially when comparing 

some of the Zernike coefficients and the RMS parameters where statistically significant 

differences have been found.  

It would be worthwhile in future studies to compare different wavefront aberrometers in a sample 

of post–refractive surgery patients, patients with intraocular lenses, or patients with corneal 

disorders such as keratoconus to see how consistent the agreement between devices in eyes with 

more aberrations is. Besides, it would also be interesting to assess the comparison between 

devices under cycloplegic conditions. This approach would eliminate the influence of the 

accommodation on the measurements and would allow for a more reliable comparison. 

Finally, since there is a lack of a gold standard aberrometer in this field, it is important to remark 

that a measurement by an aberrometer deviating from another is not necessarily wrong. Whether 

these deviations -especially for the high order aberration terms- are clinically significant or not 

still remain to be studied.     
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