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Background: The agreement of new instruments or clinical tests with other instruments or 
tests defines the possibility of these being used interchangeably.

Aim: To investigate the validity and reliability of the SW-100 autokeratometer using a Bausch 
& Lomb (B&L) keratometer as the ‘gold standard’.

Methods: Eighty subjects (80 right eyes) aged between 21 and 38 years were recruited. For 
intra-test repeatability, two measurements of the corneal radius of curvature were taken 
with the SW-100 and B&L keratometers. Forty of the 80 subjects participated in the inter-test 
repeatability measurement.

Results: Corneal radius of curvature was found to be statistically different between the two 
instruments (p < 0.001), with the SW-100 providing slightly flatter values of 0.11 mm and 
0.05 mm for the horizontal and vertical meridians, respectively, than the B&L keratometer. The 
average corneal curvature was 0.07 mm flatter with the SW-100 autokeratometer than with the 
B&L device. Agreement between the SW-100 and B&L keratometers’ axes was 45% within  
± 5°, 60.3% within ± 10°, 78.8% within ± 15°, 80.3% within ± 20°, and 88.7% within ± 40°. Inter-
test repeatability was better for the B&L device than the SW-100 and showed no significant 
difference between the two sessions. Both instruments demonstrated comparable intra-
session repeatability. As such, both instruments were comparatively reliable (per coefficients 
of repeatability). The range of limits of agreement of ± 0.14 mm (horizontal meridian) and  
± 0.17 mm (vertical meridian) between the SW-100 and B&L devices showed good agreement.

Conclusion: The results suggest that the SW-100 autokeratometer is a reliable and objective 
instrument that, however, provides flatter radii of curvature measurements than the B&L 
keratometer. A compensating factor incorporated into the instrument could reduce the 
difference between the two instruments and make them more interchangeable.
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Introduction
Technological advances are occurring at a rapid rate, as can be seen with the constant production 
of new instrumentation in ophthalmic practice. The agreement of new instruments or clinical 
tests with current instruments or tests is an important issue in terms of the possibility of such 
instruments or clinical procedures being used interchangeably.1 Most manual and subjective 
keratometers such as the Javal-Schiotz and Bausch & Lomb (Helmholtz) are interchanged with 
automated devices. The popularity of these automated instruments is attributed to their ability 
to provide rapid and easy objective measurements over a much larger corneal area than manual 
keratometers (usually 9 mm or more versus 3 mm).2 However, some automated keratometers may 
measure less than 3 mm of the cornea. Corneal curvature is measured in clinical practice prior 
to contact lens fitting (both conventional and customised lenses) by optometrists. The corneal 
curvature assessment provides very important information for the calculation of intraocular 
lens (IOL) power before cataract surgery and screening and managing corneal refractive surgery 
such as laser in situ keratomileusis (LASIK) and photorefractive keratectomy (PRK),3,4 and 
when designing, monitoring and assessing the fit of orthokeratology lenses, and in detection 
and evaluation of keratoconus.5,6,7,8,9 The present study was designed to assess the validity and 
reliability of the new handheld SW-100 autokeratometer in normals using the manual Bausch & 
Lomb keratometer as the ‘gold standard’.

Methods
This observational, prospective, cross-sectional study was conducted in the Optometry Clinic, 
Department of Optometry, University of Benin, Benin City, Nigeria. The research protocol was 
approved by the Departmental Research and Ethics Committee in accordance with the tenets of 
the Declaration of Helsinki. Informed consent was obtained from each subject after thorough 
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explanation of the procedure and possible outcomes. All 
subjects fulfilled the inclusion criteria: at least 21 years 
of age with no history of corneal pathology, contact lens 
wear, systemic diseases, ocular trauma or surgery. The 
corneal radius of curvature of the right eye of each subject 
was assessed with a Bausch & Lomb H-135A one-position 
keratometer (Bausch & Lomb Corporation, USA). The 
instrument was calibrated by using a stainless steel ball 
bearing of 44.75 D power prior to measurements. For the 
purposes of statistical analysis, measurements were made 
along the horizontal and vertical meridians instead of the 
maximum and minimum radii of the eyes concerned. The 
average corneal radius of curvature was also calculated as 
the average of the vertical and horizontal radii of curvature 
(in millimetres). The handheld SW-100 autokeratometer 
(Shanghai Opnation Industry, China) was calibrated 
according to the manufacturer’s specification. Keratometry 
with the Bausch & Lomb (B&L) was performed by the second 
author (O.M.A.) whilst the first author (E.I.) performed all 
autokeratometry. The subjects were randomly assigned 
to one of the two techniques at a time at each session. The 
first assessor (E.I.) had no knowledge of the corneal radius 
of curvature measurement taken by the second assessor for 
each subject. Prior to measurements with the B&L device, 
the eyepiece was adjusted before each reading to avoid 
introducing accommodative errors, and the instrument was 
realigned before each measurement. The SW-100 device 
was held in an upright position and the subject instructed 
to fixate on the green light at the centre of the device. Four 
red lights (two horizontal and two vertical) were projected 
onto the corneal surface, giving rise to the Purkinje image. 
The Purkinje image was kept within the 15 mm circle on the 
screen whilst the distance between the instrument and the 
cornea was varied from 15 mm to 40 mm until horizontal 
projections were seen on both sides of the mire. This was 
then accompanied with a beep which increased in frequency 
as alignment was maintained (to ensure the coincidence 
of the optical axis of the instrument and visual axis of the 
observer) and readings taken. The instrument automatically 
took five readings, and the calculated average of the vertical 
and horizontal radii of curvature along with the axis were 
displayed on the LCD screen. Two corneal measurements 
were taken with the B&L and SW-100 keratometers and 
recorded under the first session. Intra-test repeatability of 
each instrument was determined in all subjects (N = 80 right 
eyes). Two measurements were taken for each subject for 
both the horizontal and vertical meridians, and the within-
subject standard deviation (Sw),1 which is a measure of the 
interval within which 95% of the measurement differences 
lie, was obtained by one-way analysis (ANOVA) performed 
on the measurements. We also calculated the coefficient of 
repeatability (repeatability limit) using 1.96√2 (2.77)  ×  Sw, 

which gives the probable limits within which 95% of 
measurements should be found.1 Inter-test repeatability was 
estimated by calculating the p-value between the first and the 
second set of measurements that were obtained a week after 
the initial data on 40 of the original subjects who were willing 
to participate in this phase.

Statistical analysis was performed with the SPSS software 
(SPSS, Chicago) for the PC. All data collected were normally 
distributed (Gaussian) using the Kolmogorov-Smirnov Z 
test with standardised skewness and standardised kurtosis. 
Paired data (differences between variables) were assessed 
with Student’s t-test and 95% confidence intervals (CIs) 
were calculated. The mean difference between methods of 
measurements (the ‘bias’) and 95% limits of agreement (LoA) 
as the mean difference (± 1.96 s.d.) were obtained using 
the Bland-Altman method.10,11 Statistical significance was 
declared when p ≤ 0.05.

Results
Eighty students (80 right eyes) from the Department of 
Optometry at the University of Benin participated in the 
study. The mean age and s.d. were 25.2 ± 3.2 years (range 
21–38 years).

Mean astigmatism was -1.10 ± 0.65 D for the SW-100 and 
-0.87 ± 0.60 D for the B&L device, and the maximum values 
were -3.20 D (SW-100) and -2.35 D (B&L). For the inter-
test repeatability study, 40 students participated (40 right 
eyes; mean age 22.9 ± 1.6 years). Mean keratometric values 
measured with the SW-100 and B&L keratometers for all 
subjects for the two principal meridians are given in Table 1. 
The radius of curvature was flatter along the horizontal 
meridian with both instruments. The data showed that, on 
average, the SW-100 gave flatter radii of curvatures than the 
manual B&L keratometer.

The agreement between the two instruments (new versus 
older) assessing the same parameter in a clinical setting is 
better referred to as the LoA, which describes by how much 
the methods differ and whether the differences are small 
enough not to cause any clinical misinterpretation, and 
therefore may be used interchangeably.

The LoAs are represented by plotting the differences between 
the two methods for each subject against their means. 
The mean differences (or biases) of the present study are  
given in Figures 1 and 2 as approximately 0.11 mm (95% 
CI -0.03 mm – 0.24 mm) and 0.05 mm (95% CI -0.12 mm to 
0.22 mm) for horizontal and vertical meridians, respectively 
(Table 1). The mean differences (biases) between the SW-100 

TABLE 1: Mean (±s.d.) readings (in mm) with the SW-100 and Bausch & Lomb keratometers and 95% confidence intervals of the mean differences (N = 80 right eyes  
of 80 subjects).

Meridional K SW-100 B&L p-value Mean difference (95% confidence interval)

Horizontal K 7.84 ± 0.12 7.73± 0.12 < 0.001 0.11 -0.027–0.239
Vertical K 7.65 ± 0.13 7.60 ± 0.12 < 0.001 0.05 -0.117–0.217
Average K 7.75 ± 0.07 7.68 ± 0.08 < 0.001 0.07 -0.087–0.227
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and B&L devices for the average radii of curvature are given in  
Figure 3.

The LoAs between the two methods (SW-100 and B&L 
keratometers) were -0.03–0.24 (or ± 0.14 mm) for the 
horizontal meridian and -0.12–0.22 (or ± 0.17 mm) for the 
vertical meridian. In addition, the LoA between methods was 
-0.09–0.23 (or ± 0.16 mm) for the average radius of curvature. 
The means and standard deviations of the two repeated 
measurements of the curvature of the horizontal and vertical 
meridians obtained with each instrument in each subject in 
one session are shown in Table 2.

For the inter-test study, the range of 95% LoAs are ± 0.74 mm 
(1.48 mm) for the vertical radius of curvature, and ± 0.76 mm 
(1.52 mm) for the horizontal curvature between the first and 

second sessions with the SW-100 autokeratometer. With the 
B&L keratometer, the ranges of LoAs were ± 0.67 mm 
(1.34 mm) for vertical and ± 0.71 mm (1.42 mm) for horizontal 
curvature between sessions. The mean differences in radius 
of curvature between two repeated measurements along 
both meridians with the SW-100 and B&L devices in the first 
session was not statistically significant (p > 0.05, ANOVA).

The agreement between the SW-100 and B&L keratometer 
axes was 45% within ± 5°, 60.3% within ± 10°, 78.8% within  
± 15°, 80.3% within ± 20° and 88.7% within ± 40°.

Discussion
The ability to determine corneal radius of curvature with 
a high degree of accuracy and reliability on clinical setting 
is important to eye care professionals in determining the 
suitability of contact lens patients. In previous studies, 
Pearson product moment correlation coefficients were used 
to assess the agreement between two techniques measuring 
the same parameter, and this was misleading.1 There can be 
a strong correlation between variables but poor agreement. 
Correlation coefficients are highly dependent on variability 
between subjects and cannot detect systematic errors or 
provide information about under- and/or over-estimation 
of the measured parameter by any of the methods. Bland-
Altman analysis10,11 is now widely used in comparing two 
methods that measure the same variable to determine if they 
can be used interchangeably. In their analysis, emphasis is 
placed on the ‘limit of agreement’ technique as it is unlikely 
that two methods will agree exactly. The LoA describes by 
how much the two methods under consideration differ and if 
this difference is small enough to avoid problems with clinical 
interpretation so that they may be used interchangeably or a 
new method may replace an older method.1

In the present study, it was reported that corneal radius 
of curvature was statistically different between the two 
instruments and that the SW-100 provided a slightly flatter 
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FIGURE 1: Differences in horizontal radius of curvature between the SW-100 
and Bausch & Lomb keratometers, plotted against the mean horizontal radius 
of curvature.
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FIGURE 2: Differences in vertical radius of curvature between the SW-100 
and Bausch & Lomb keratometers, plotted against the mean vertical radii of 
curvature.
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FIGURE 3: Differences in average radius of curvature between SW-100 
autokeratometer and Bausch & Lomb keratometer, plotted against the mean 
average curvatures of horizontal and vertical meridians.
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bias (mean difference between methods) of 0.11 and 0.05 mm 
for the horizontal and vertical meridians (p < 0.001). For the 
average corneal radius of curvature, the mean difference 
between methods of 0.07 mm was also reported. Shneor et 
al.,2 in their study comparing the L80 videokeratographer 
with the B&L keratometer, reported a statistically significant 
steeper bias of 0.05 mm and 0.07 mm for horizontal and 
vertical meridians (p < 0.001). The SW-100 autokeratometer 
measures a wider area of the cornea, greater than the 
traditional 3 mm of the B&L keratometer. The probable 
reason for the bias between the results of the SW-100 and 
B&L keratometers may be attributed to the variation in 
keratometric measuring procedure of the two instruments 
including the area measured (9 mm versus 3  mm). Shneor 
et al.2 claimed that the discrepancy observed in their 
study was probably owing to the fact that two different 
practitioners performed the measurement, and changes in 
tear film properties that vary continuously throughout the 
day. In our study, one assessor performed one procedure 
only throughout the investigation. The mean difference 
of 0.07 mm (0.35 D) between the two instruments was 
clinically significant, and therefore the two methods may 
not be used interchangeably. This claim was consistent with 
that of Shneor et al. Shirayama et al.12 reported a significant 
bias in corneal curvature between the IOLMasters and B&L 
devices. Similarly, Wang and colleagues13 found a significant 
difference in radii of curvature between the IOLMasters 
autokeratometer and B&L keratometer, and that steeper 
corneal power values were obtained with the IOLMasters. 
The steeper corneal power values obtained may be related 
to the more central corneal area of approximately 2.5 mm 
diameter assessed by the instrument. In our study, the 
findings from both instruments indicated flatter curvature 
along the vertical than the horizontal meridian, which is 
consistent with the claim that with-the-rule astigmatism is 
usually seen in a group of young subjects.2,14,15,16 The SW-100 
autokeratometer gave a mean value flatter by approximately 
0.10 mm in the horizontal and 0.05 mm in the vertical 
meridian than the B&L keratometer. The standard deviations 
for the horizontal and vertical meridians were almost the 
same (Table 1) with  both instruments, thus indicating 
a consistent variance along both meridians.2 The LoAs 
between the two instruments were found to be ± 0.14 mm 
(-0.03 mm – 0.24  mm) for the horizontal and ± 0.17 mm 
(-0.12 mm – 0.22 mm) for the vertical meridian. These values 
were comparable to the LoAs reported by Davies et al.17  
(± 0.17 mm for horizontal, ± 0.27 mm for vertical meridian) 
and Sheppard and Davies17 (± 0.17 mm for horizontal and 
± 0.16 mm for vertical meridian) in their respective studies. 

Our LoAs were much narrower than the ± 0.35 mm reported 
for both meridians by Shneor and colleagues. The validity 
of an instrument or procedure is generally expressed in 
terms of agreement with a standard reference.10,18,19 The 
LoAs from the present study, as stated above, showed that 
the SW-100 autokeratometer demonstrated a good validity 
compared with the B&L device. As the SW-100 gave flatter 
radii of curvature than the B&L keratometer, it would be 
more reasonable clinically to incorporate in its software a 
mathematical offset to the keratometric value of 0.07 mm 
(obtained from the average keratometric values). This factor 
would reduce the mean differences in the horizontal and 
vertical meridians to 0.03 mm and -0.02 mm with dioptric 
values less than 0.25 D. The ANOVA performed on the two 
repeated measurements of the radius of curvature along 
both meridians with the SW-100 and B&L devices in the first 
session (intra-test) was not statistically significant (p > 0.05, 
ANOVA), indicating a good degree of reliability.

The mean difference in radius of curvature between sessions 
(inter-test) was -0.03 mm (± 0.15) for the horizontal meridian 
and -0.05 mm (± 0.14) for the vertical meridian with the 
SW-100 whereas it was between -0.001 mm (± 0.13) and  
-0.01 mm (± 0.12) with the B&L keratometer for the horizontal 
and vertical meridians, respectively (Table 2). Consequently, 
wider standard deviations ranging from 0.12 to 0.15 mm were 
reported. From the inter-test repeatability of the SW-100, the 
instrument demonstrated a good degree of reliability. This 
scenario was similar to the trend reported by other studies.17,19

Conclusion
Although the range of limits of agreement of ± 0.14 mm 
(horizontal meridian) and ± 0.17 mm (vertical meridian) 
between the SW-100 and B&L devices defined a better 
agreement,20 the mean difference of 0.07 mm (0.35 D) is 
greater than the minimum clinical significant value of  
0.25 D. As clinical interpretation is an essential attribute of this 
approach, the two devices cannot be used interchangeably. If 
they are to be used interchangeably, then 0.07 mm should be 
considered as a correction factor to modify the readings of 
the horizontal and vertical curvature of the SW-100 device.
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TABLE 2: Intra-test (N = 80) and inter-test (n = 40) variability of the curvature results obtained with the SW-100 and Bausch & Lomb keratometers.

Test Assessed parameters SW-100 Bausch & Lomb

Horizontal Vertical Horizontal Vertical

Intra-test Mean of first session (mm) 7.83 7.65 7.73 7.6
Within-subject deviation 0.22 0.22 0.22 0.2
Coefficient of repeatability (1.96√2 × Sw = 2.77 × Sw) 0.61 0.61 0.61 0.55

Inter-test Mean difference (mm) -0.03 -0.005 -0.01 -0.001
s.d. of difference (mm) 0.15 0.14 0.13 0.12
p-value (between first and second sessions) 0.45 0.6 0.55 0.63
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