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Abstract  37 

 38 

Purpose: To compare central corneal thickness (CCT) measured by standard 39 

ultrasound pachymetry (USP), and three non-contact devices in healthy eyes. 40 

 41 

Methods: A cross-sectional study of CCT measurement in 52 eyes of 52 healthy 42 

volunteers was done by a single examiner at Ocular Surface and Contact Lens 43 

Laboratory. Three consecutive measurements were done by standard USP, non-44 

contact tono-pachymeter, Pentacam corneal topographer, and Anterior Segment 45 

Optical Coherence Tomography (AS-OCT). The mean values were used for 46 

assessment. The results were compared using t-test, linear regression and Pearson 47 

correlation. Agreement among the devices was analyzed using mean differences and 48 

Bland-Altman analysis with 95% limits of agreement (LoA). Finally, reliability was 49 

analyzed using intraclass correlation coefficient (ICC). 50 

 51 

Results: Mean CCT by ultrasound pachymeter, tono-pachymeter, corneal topographer 52 

and AS-OCT were 558.9±31.2 µm, 525.8±43.1 µm, 550.4±30.5 µm and 545.9±30.5 µm 53 

respectively. There was a significant positive correlation between AS-OCT and USP 54 

(Pearson correlation = 0.957, p < 0.001), corneal topography and USP (Pearson 55 

correlation = 0.965, p < 0.001) and corneal topography and AS-OCT (Pearson 56 

correlation = 0.965, p < 0.001). There was a lower correlation between CT-1P tono-57 

pachymeter and the other three modalities. Intraclass correlation coefficients shows an 58 

excellent reliability between pairs except for CT-1P against the other three instruments 59 

that were found moderate. 60 

 61 

Conclusions: CT-1P tono-pachymeter underestimate CCT measurements compared 62 

to Scheimpflug system, AS-OCT device, and USP. Mean CCT among USP, Pentacam 63 

and AS-OCT were comparable and had significant linear correlations. In clinical 64 

practice, these three modalities could be interchangeable in healthy patients. 65 

 66 
 67 
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Introduction 68 

 69 

Central corneal thickness (CCT) is an important and sensitive indicator of corneal 70 

health.1 It is necessary in monitoring corneal diseases such as corneal oedema, 71 

keratoconus, Fuchs dystrophy, glaucoma and to evaluate corneal barrier and 72 

endothelial pump function in several surgical conditions.2-4 In clinical practice, it is 73 

useful in the evaluation of contact lens wear,5,6 selecting patients for refractive surgery 74 

and posterior evaluation.7,8 75 

 76 

CCT is also a predictive factor for glaucoma progression in patients with high baseline 77 

intraocular pressure (IOP). Moreover, CCT is an important parameter in the risk 78 

profiling of ocular hypertensives to glaucoma patients.9,10 Since IOP measurement by 79 

applanation tonometry is influenced by CCT, it is important to obtain the reliable 80 

corneal pachymetry for each patient and adjust the IOP for the measured CCT.1,11 81 

 82 

There are numerous methods available to measure CCT. Ultrasound pachymetry 83 

(USP) has been widely considered as the gold standard because it is very easy, fast 84 

and convenient to repeat several measurements to minimize error.12,13 USP requires 85 

contact with the cornea and uses the Doppler Effect to determine CCT. Disadvantages 86 

of ultrasonic pachymetry include direct placement of the probe on the cornea, the risk 87 

infection and corneal epithelial damage, the necessity for topical anesthesia (which 88 

may influence by up 10 microns CCT measurements), and dependence on examiner 89 

experience for reliable measurements.14-15 90 

 91 

Optical Coherence Tomography (OCT), which was introduced in the early 1990s, is a 92 

noncontact imaging method that provides detailed cross-sectional images of biological 93 

tissues by measuring their optical reflections.16,17 OCT has been widely used clinically 94 
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in ophthalmologic practice for the last two decades.18-19 In recent years, OCT 95 

technology has experimented the incorporation of spectral-domain (SD) imaging that 96 

offers significant advantages over the traditional time-domain (TD) techniques, which 97 

include faster imaging speed, higher resolution, and better visualization.20 98 

Simultaneously with these improvements, the utility of OCT in the ophthalmic practice 99 

has become more extended. Particularly, anterior segment OCT (AS-OCT), which 100 

provides high-resolution cross-sectional images of anterior segment structures, 101 

including corneal thickness, anterior chamber angle, conjunctiva, and tear meniscus, 102 

has recently gained popularity.21-24 There are very few studies giving comparative 103 

accuracy of CCT measurements by AS-OCT versus USP.4,25 104 

 105 

The Pentacam, developed in 2000s, uses a rotating Scheimpflug camera and a slit-106 

light source that rotate together around the optical axes of the eye to calculate a three-107 

dimensional model of the anterior segment. A total of 25 images are captured within 2 108 

sg, with each slit image composed of 25,000 points including 500 true elevation points. 109 

As a pachymeter, Pentacam provides a corneal thickness map and determines the 110 

thinnest point as well. Previous studies have shown that Pentacam has high agreement 111 

compared with USP,12 high intraoperator repeatability and reproducibility for CCT 112 

measurements.26,27 113 

  114 

In recent years, several units of non-contact tonometry and pachymetry have been 115 

developed. Tono-pachymetry simultaneously measures CCT using the principle of the 116 

Scheimpflug camera system and IOP using a conventional non-contact tonometry 117 

method. Tono-pachymetry is patient-friendly and time-saving, but it has not been well 118 

documented whether the CCT values obtained from tono-pachymetry are comparable 119 

to those derived from conventional USP as the gold standard for measuring CCT.28,29 120 

To the best knowledge of the authors, this was one of the few studies that was 121 

designed to compare the correlation and agreement between CCT measurements 122 
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obtained using recently marketed, CT-1P tono-pachymetry, 3D OCT-2000 and 123 

Pentacam with USP in young myopic healthy eyes. 124 

 125 

Materials and Methods 126 

 127 

Study Design and subjects: This prospective cross-sectional comparative study 128 

includes 52 eyes of 52 healthy subjects voluntarily enrolled at the Ocular Surface and 129 

Contact Lens Laboratory (LSOYLC) from the University of Santiago de Compostela. All 130 

subjects after CCT measurement were subjected to a full ophthalmic examination. This 131 

examination included routine evaluation of visual acuity, refractive error and slit lamp 132 

biomicroscopy with particular attention to the presence of ocular adverse events. The 133 

inclusion criteria were age between 18-30 years, normal corneal topographic pattern, 134 

myopia between -6.00 D and -0.75 D, no more than -1.75 D of astigmatism, correctable 135 

to 20/20 and also included emmetropic eyes achieving 20/20 or better visual acuity. 136 

Exclusion criteria included previous refractive surgery, corneal diseases, recent use of 137 

contact lenses, no other systemic or ocular diseases, and use of topical medications.  138 

 139 

The study was performed according to the renewed and revised rules of Helsinki 140 

Declaration and was approved by the Ethics Committee of the University of Santiago 141 

de Compostela. 142 

 143 

Technologies used to measure CCT: Three consecutive measurements were done 144 

by standard USP, non-contact tono-pachymeter, corneal topography, and anterior 145 

segment optical coherence tomography (AS-OCT). In order to eliminate effects of 146 

diurnal variation on thickness, all measurements were taken between 2 PM and 6 147 

PM.30 148 

 149 
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Automatic analysis by Scheimpflug camera Pentacam (Oculus Optikgerate GmbH, 150 

Wetzlar, Germany) was performed for all eyes. Multiple slit images of the anterior 151 

segment with 500 true elevation points are captured by the rotating camera. CCT was 152 

recorded only when the examination quality specification reading was satisfactory; 153 

otherwise it was excluded and reanalyzed until three valid readings were obtained.  154 

 155 

Spectral-domain optical coherence tomographic 3D OCT-2000 (Topcon, Tokyo, Japan) 156 

equipment was used for anterior segment analysis using the headrest attachment. It 157 

captures high resolution images of the cornea using non-contact OCT, allowing for 158 

topographical mapping of the cornea including corneal thickness. The system obtained 159 

different images, separated by 0.25 mm with 5-6 micron of axial resolution and 20 160 

microns of transverse resolution. The corneal thickness was measured by an 161 

automated algorithm, that detects epithelium and endothelium limits on the cross-162 

sectional images of the cornea. The mean value from three consecutive measurements 163 

was taken as the CCT value. 164 

 165 

The non-contact tono-pachymeter CT-1P (Topcon, Tokyo, Japan), also was used for 166 

pachymetric analysis by a specular microscope method. The patient was seated and 167 

asked to look at a fixation target. The emitted light from a narrow slit in the cornea is 168 

reflected by the front and backside of the cornea and CCT was measured according to 169 

the interval between both reflection images on the line sensor. The operator visualized 170 

a real-time image of the patient’s eye on the screen. Although the operator manually 171 

focused the image to the center of the pupil, CT-1P tono-pachymeter automatically 172 

measured CCT three times and calculated the average value. 173 

 174 

These non-contact measurements were followed by USP (Paxis, Biovision Inc, 175 

Clermont-Ferrand, France). The subject was seated on the chair and asked to look at 176 

fixation light located straight ahead. The examiner placed the pachymeter probe on the 177 
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central cornea as perpendicular as possible. Measurements were obtained 5 times and 178 

the average reading was recorded for each patient. USP was performed by one 179 

experienced operator on all patients under topical anesthesia with tetracaine 180 

hydrochloride 0,5% (Colircusí Anestésico, Alcon Cusí, Barcelona, Spain).  181 

 182 

Data Analysis: Data were analyzed by SPSS version 20 (SPSS Inc., Chicago, Illinois, 183 

USA) using descriptive statistics, linear regression and Pearson correlation coefficient. 184 

The CCT measured by USP and the three non-contact devices was compared by 185 

paired t-test. A p-value of less than 0.05 was considered statistically significant. Bland-186 

Altman plot was used to evaluate the agreement between the four techniques. Finally, 187 

reliability was analyzed using intraclass correlation coefficient (ICC). Based on the 95% 188 

confident interval of the ICC estimate, values less than 0.5, between 0.5 and 0.75, 189 

between 0.75 and 0.9, and greater than 0.90 are indicative of poor, moderate, good, 190 

and excellent reliability, respectively.31-32 191 

 192 

Results 193 

 194 

A total of 52 eyes in 52 healthy subjects (only right eyes) were studied (32 females and 195 

20 males). The mean age was 23.52±3.78 years (range 20 to 28 years) and a mean 196 

spherical equivalent of -1.56±1.78 D (range -0.50 to -5.75 D).  197 

 198 

The highest CCT mean value was obtained with the USP (558.9 ± 31.2 µm; range from 199 

476 to 614 µm), followed by the Pentacam (550.4±30.5 µm; range from 465 to 615 200 

µm), then by the 3D OCT (545.9±30.5 µm; range from 457 to 602 µm), and finally, the 201 

lowest value was obtained with the tono-pachymeter (525.8±43.1 µm; range from 431 202 

to 674 µm).  203 

 204 
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Figures 1 shows a significant positive correlation between the CCT readings obtained 205 

by USP and by the non-contact devices. There was a significant strong correlation 206 

between AS-OCT and USP (Pearson correlation = 0.979, p < 0.001), Pentacam and 207 

USP (Pearson correlation = 0.946, p < 0.001) and Pentacam versus AS-OCT (Pearson 208 

correlation = 0.951, p < 0.001). The correlation coefficient between tono-pachymeter 209 

and the other three modalities was significantly lower than between USP, Pentacam 210 

and OCT with each other. 211 

 212 

The t-Student analysis (Table 1) showed statistically significant differences between 213 

CCT mean values from all paired instruments (p < 0.001 in all cases). The highest 214 

difference between pairs was found between tono-pachymeter and USP (-33.1 ± 33.3 215 

µm; CI 23,8 to 42,3 µm; p < 0.001), while the lowest difference was found between 216 

OCT and Pentacam (-4.5 ± 9.5 µm; CI 1.9 to 7.2; p = 0.001) but followed too close by 217 

difference between Pentacam and USP (-8.5 ± 10.2 µm; CI 5,7 to 11.3; p < 0.001) or 218 

between OCT and USP (-13.0 ± 6.4 µm; CI 11.2 to 14.8; p < 0.001).  219 

 220 

Bland-Altman analysis confirmed these results, CCT obtained by Pentacam, 3D OCT-221 

2000 and USP pairs showed excellent agreement, with the mean difference centered 222 

close to zero, and 95% of the points were accurately located between the predicted 223 

95% limits of agreement (Figure 2ABC). Conversely, tono-pachymeter CT-1P showed 224 

the lowest concordance when compared with USP, Pentacam or OCT (Figure 2DEF), 225 

with the higher differences (mean ± 1.96 SD). The limits of agreement 95% (LoA = 226 

mean of the difference ± 1.96 × SD of the differences) indicates that the values on the 227 

error between the pairs of measurement have exceeded the limits of concordance. 228 

Particularly, tono-pachimetry underestimated CCT by 33.1 µm when compared with 229 

USP, with 95% LoA ranging between 23.8 and 42.3 µm (Figure 2DEF). 230 

 231 
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For a more complete reliability analysis between pairs of CCT measurements, the ICC 232 

values was calculated and can be seen in Table 1. The reliability between all pairs was 233 

statistically significant (p < 0.001).  234 

 235 

Discussion 236 

 237 

According to our findings, the average values of CCT taken with the four instruments 238 

were significantly different in healthy myopic patients. Our data demonstrated that 239 

Pentacam, AS-OCT and CT-1P tono-pachymetry significantly underestimates CCT 240 

compared with the USP, considered as the gold standard, by -8.5 ± 10.2 µm, -13.0 ± 241 

6.4 µm and -33.1 ± 33.3 µm respectively. Several studies demonstrated that 242 

Scheimpflug-base system, as Pentacam, significantly underestimates CCT compared 243 

with USP in myopic patients before and after LASIK.33,34 Conversely, other authors 244 

found that Pentacam tends to overestimate CCT compared to USP after LASIK.35,36 245 

Other studies have analyzed the relationship between different spectral domain AS-246 

OCT devices from other manufactures and, in most of those papers difference between 247 

OCT and USP measurement was similar to the differences shown in this research.37-40 248 

There are reports with different tono-pachimetric devices, using a different operating 249 

principle (the Scheimpflug-base system), showing an underestimation of CCT when 250 

compared with USP.40-42 However, the underestimation reported by these authors was 251 

less than difference observed in our study. Sagdik et al, also found that mean CCT was 252 

28,4 µm thinner than USP using the CT-1P device, to the best of our knowledge the 253 

unique study found using the same tono-pachymetry system.43 254 

 255 

There are many possible reasons to explain these differences, in part derived from the 256 

different operating principles of each instrument. Factors conditioning USP 257 

measurements include the necessity for topical anesthesia (which may influence by up 258 
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10 µm CCT measurements),14-15 the indentation of the cornea by direct placement of 259 

the probe on the cornea, the risk of corneal epithelial damage, and dependence on 260 

examiner experience for reliable measurements. Conversely the main advantage of the 261 

new non-contact measuring systems is that they avoid contact with the cornea, 262 

eliminating the risk of edema or epithelial damage. New AS-OCT systems include 263 

faster imaging speed (nearly 26,000 A-scans per second), higher resolution (5-6 µm of 264 

axial resolution and 20 µm of transverse resolution), and better visualization. This high-265 

speed scanning makes ocular movements negligible during measurements, which 266 

results in a good accuracy and repeatability.40,44-45 The Pentacam is a Scheimpflug-267 

base system that, non-invasively determines CCT by acquiring images on the front and 268 

back corneal surface. As mentioned above, there are controversy on CCT 269 

measurement using the Scheimpflug-base systems compared to USP.33-36 The tono-270 

pachymeter CT-1P uses light reflection by the front and backside of the cornea. The 271 

reflected light was brought in by the line sensor. The CCT was measured according to 272 

the interval between the front and backside reflection images on the line sensor, so the 273 

corneal limits detection may be different than those obtained by ultrasound reflection or 274 

the Scheimpflug-base system.28,43 Despite the implications derived from the different 275 

algorithms that are used for CCT calculation, the differences could result too from the 276 

fixation. Pentacam, AS-OCT and CT-1P tono-pachymetry have macular fixation points 277 

conditioning by the capture process, while USP is obtained by the clinician choosing 278 

where to make the measurement. These phenomena, also might be considered a 279 

measure bias in the study and explain in part the differences between non-contact 280 

devices and USP. The impact of the tear film on the measurements should also be 281 

taken into account. 282 

 283 

Although there are various instruments utilizing different principles that can measure 284 

CCT showing significant differences, not all are equal in terms of the degree of 285 

concordance and interchangeability. Therefore, in this study we have comprehensively 286 
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analyzed the relationship among the CCT values obtained using USP, Pentacam, AS-287 

OCT and tono-pachymetry systems, and we have also quantified the limit of agreement 288 

(LoA) between the CCT measurements with the pairs as plotted against their mean, 289 

using Bland–Altman plots. The mean difference between the measurements on the 290 

Bland–Altman plot is an estimate of the fixed bias in the measurements, which is the 291 

relationship of the difference in the measurements and the mean of the measurements. 292 

Our results show that CCT measurements among USP, Pentacam and AS-OCT were 293 

comparable and had significant strong positive correlations. Conversely CT-1P tono-294 

pachymetry show lower correlation and agreement when compared between USP, 295 

Pentacam or AS-OCT. Several authors demonstrated that CCT measurements 296 

performed using the Pentacam have good correlation and agreement with those 297 

performed using USP in healthy myopes.12,46-48 Similarly, with measures obtained with 298 

different AS-OCT devices.49-50 According to all of these results, highest agreement was 299 

accepted between Pentacam or AS-OCT and USP, hence, many authors assume that 300 

Pentacam or modern AS-OCT can substitute USP in CCT measurement. Meanwhile, 301 

there are a few studies that suggest than Scheimpflug-base tono-pahymters were 302 

similar to Pentacam or USP in terms of agreement.40-42 However recently Sagdik et al, 303 

found a similar agreement between CT-1P and USP which suggest that this tono-304 

pachymeter cannot be interchangeably used with USP or the other non-contact devices 305 

because of broad 95% LoA between the pairs in normal eyes.43 306 

 307 

As indicated in the methods, reliability value ranges between 0 and 1, with values 308 

closer to 1 representing stronger reliability. Historically, Pearson correlation coefficient, 309 

paired t test, and Bland-Altman plot have been used to evaluate reliability.51-52 310 

However, paired t test and Bland-Altman plot are methods for analyzing agreement, 311 

and Pearson correlation coefficient is only a measure of correlation, and hence, 312 

separately they are “non-ideal” measures of reliability. However, ICC reflects both 313 

degree of correlation and agreement between measurements which indicates reliability. 314 
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Thus, for a more complete analysis, ICC was assessed. ICC shows an excellent 315 

reliability between pairs except for CT-1P against the other three instruments that were 316 

found moderate. The relationship between values obtained by AS-OCT compared with 317 

the USP showed the highest ICC, while matching values obtained with CT-1P tono-318 

pachymetry and USP had the lowest ICC (Table 2). These relation-ships, coupled with 319 

the differences, confirm that the CCT measurements obtained by CT-1P tono-320 

pachymetry are not interchangeable with those obtained by USP. On the contrary, the 321 

lower differences between AS-OCT or Pentacam when compared with USP and their 322 

high ICC suggest the possibility of interchanging their values. 323 

 324 

There are some limitations to this study. We excluded subjects with severe myopia, 325 

astigmatism of more than 1.75 D, irregular astigmatism, refractive surgery, and ocular 326 

pathologies, for which any bias between instruments could have clinical implications, 327 

and thus, our findings may hold true only for subjects with similar refraction 328 

characteristics. Furthermore, the sample size of this study was relatively small, future 329 

studies will need to include larger populations, with different ocular conditions.  330 

 331 

In conclusion, our data suggest that the clinician should be aware of significant 332 

differences of CCT values when measuring with different devices. Furthermore, in 333 

clinical settings where CCT values are critical, we suggest that the CCT results of the 334 

CT-1P versus USP and the CT-1P versus Pentacam or CT-1P versus AS-OCT should 335 

not be used interchangeably. Given mean differences and range variations in CCT 336 

measurements between devices, AS-OCT, Scheimpflug-based system and USP could 337 

be interchangeable to measure CCT in healthy subjects. However, in clinical practice, 338 

these three modalities should be tested in different pathologic conditions. Although 339 

CCT values measured with Pentacam, AS-OCT and USP are closely similar, clinicians 340 

should keep in mind that these methods are not simply interchangeable. 341 

 342 
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Figure 1. Scattered plot analysis of CCT showing a significant positive strong correlation between CCT 
measured by: A) USP and Pentacam (slope=0.946, R2=0.895); B) USP and 3D OCT-2000 (slope=0.979, 
R2=0.957); C) Pentacam and 3D OCT-2000 (slope=0.951, R2=0.905); D) USP (slope=0.640, R2=0.409); 

E) Pentacam (slope=0.700, R2=0.490); F) 3D OCT-2000 (slope=0.687, R2=0.471).  
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Figure 2. Bland-Altman analysis. Mean difference (solid line) and 95% limits of agreement-LoA (dashed line) 
for CCT. Mean differences were: A) 8.5 µm with 95% LoA from -11.4 to 28.4 µm for the USP/Pentacam pair; 
B) 13.0 µm with 95% LoA from 0.4 to 25.6 µm for the USP/AS-OCT pair; C) 4.5 µm with 95% LoA from -
14.1 to 23.2 µm for the Pentacam/AS-OCT pair; D) 33.1 µm with 95% LoA from -32.2 to 98.3 µm for the 
USP/CT-1P pair; E) 20.0 µm with 95% LoA from -41.4 to 81.5 µm for the AS-OCT/ CT-1P pair; F) 24.6 µm 

with 95% LoA from -35.7 to 84.9 µm for the Pentacam/ CT-1P pair.  
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Pairs-Parameter Mean Diff. 95% Confidence 
Interval 

Range Sig (p-value) Correlation 
Pearson  

USP vs Pentacam 8.5±10.2 -11.4 to 28.4 39.8 <0.001 0.946 

USP vs 3D OCT 13.0±8.4 -1.1 to 25.6 26.7 <0.001 0.979 

USP vs CT-1P 33.1±33.3 -32.2 to 98.3 130.5 <0.001 0.640 

Pentacam vs 3D OCT 4.5±9.5 -14.1 to 23.2 37.3 0.001 0.951 

Pentacam vs CT-1P 24.6±30.8 -35.7 to 84.9 120.6 <0.001 0.700 

3D OCT vs CT-1P 20.0±31.3 -41.4 to 81.5 122.9 <0.001 0.687 

 

Table 1. Comparisons among pairs of instruments, average difference, upper and lower 95% 
confidence limits and statistical significance. Values are in microns. 
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Pairs-Parameter ICC 95% Confidence Interval Sig (p-value) 

USP vs Pentacam 0.946 0.807 to 0.968 < 0.001 

USP vs 3D OCT 0.978 0.863 to 0.987 < 0.001 

USP vs CT-1P 0.608 0.303 to 0.759 < 0.001 

Pentacam vs 3D OCT 0.951 0.839 to 0.972 < 0.001 

Pentacam vs CT-1P 0.660 0.375 to 0.790 < 0.001 

3D OCT vs CT-1P 0.648 0.347 to 0.781 < 0.001 

 
Table 2. Results of intraclass correlation coefficient (ICC), upper and lower 95% 
confidence limits and statistical significance. Calculation in SPSS using two-way 

random model. 
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