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Purpose: To compare corneal power difference maps (∆maps) obtained from the Pentacam in patients with 1 year follow-up after 
LASIK, PRK, and SMILE with further stratification to low, moderate, and high myopia.
Patients and methods: This retrospective study was comprised of patients who had preoperative and 1-year postoperative power 
maps that were obtained–front sagittal (SagF), refractive power (RP), true net power (TNP), and total corneal refractive power 
(TCRP)–for evaluation. Measurements were recorded and compared at the 4mm, 5mm and 6mm pupil and apex zones. Comparisons 
were made between each specific power ∆map and the surgically induced refractive change (SIRC). Further analysis of the ∆maps was 
performed based on degree of myopia (high, moderate, and low). Correlation and agreement were also assessed with regression and 
limits of agreement (LoA).
Results: There were 172 eyes in the LASIK group, 187 eyes in the PRK group, and 46 eyes in the SMILE group. In the LASIK group, 
TNP ∆map at 5mm pupil zone had the least absolute mean difference with SIRC (0.007 ± 0.42D). In the PRK group, TNP ∆map at 
5mm apex zone was most accurate compared to SIRC (0.066 ± 0.45D). In the SMILE group, TCRP ∆map at 4mm apex zone had the 
closest absolute value when compared to SIRC (0.011 ± 0.50D). There was good correlation and agreement for all three surgery 
groups, LASIK: r = 0.975, LoA −0.83D to +0.83D, PRK: r = 0.96, LoA −0.83D and +0.95D, and SMILE: r = 0.922, LoA −0.97 D to 
+0.99D.
Conclusion: TNP ∆maps most accurately measured corneal power in the LASIK and PRK groups while TCRP ∆maps were most 
accurate in the SMILE group. The degree of myopia may change which ∆map is most accurate.
Keywords: corneal topography, refractive surgery, total corneal refractive power, TCRP, true net power, TNP, sagittal, SagF

Introduction
Measurements of corneal power are becoming more accurate and precise. Despite continued advancements in technology 
and research, discrepancies between devices and device settings still exist.1,2 Accurate measurements are important for 
several reasons including intraocular lens (IOL) power calculations, corneal refractive surgeries, orthokeratology, and 
fitting custom contact lenses.3,4 One unfavorable outcome that may be seen after cataract surgery following refractive 
surgery is “hyperopic surprise” which may be caused by inaccurate corneal power measurements.5

There are different methods to measure corneal power. One method is conventional keratometry using manual/ 
automated keratometers or Placido disc-based topographers which all attempt to measure the corneal power by measuring 
the anterior corneal curvature and using the standard refractive index of the cornea (1.3375) to calculate the corneal 
power.6,7 This keratometric index is intended to represent both the anterior and posterior surfaces of the cornea but 
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includes some assumptions: 1) the corneal thickness is constant, and 2) the ratio between the anterior and posterior 
surfaces is unchanged throughout.8 For patients without previous refractive surgery, this is an accurate method to 
calculate IOL power for cataract surgery.9 However, for patients who have received refractive surgery, the keratometric 
index is invalid given the change in corneal thickness and an alteration in the ratio between the anterior and posterior 
surfaces.10 One study showed that after surgical treatments for myopia, the anterior surface is altered; however, there are 
minimal changes in the posterior surface.4

Another method to measure corneal power involves taking into account the anterior and posterior curvatures to 
calculate true corneal power using clinical tools that employ strategies such as slit-scanning tomography, optical 
coherence tomography, and Scheimpflug imaging.1 The Pentacam (OCULUS, Wetzler, Germany) is a device that 
analyzes the anterior segment using a rotating Scheimpflug camera to produce power maps of the anterior and posterior 
cornea.7 It can measure several other biometrics of the anterior segment as well, including central corneal thickness and 
anterior chamber depth.11,12 The Pentacam produces 5 different maps that measure corneal power: sagittal curvature map 
of the front surface (SagF), refractive power (RP) map, true net power (TNP) map, equivalent k-readings (EKR) map, 
and total corneal refractive power (TCRP) map. Each of these maps take into account different aspects of corneal 
power.13 Differences maps (∆maps) assess change in corneal power and are produced by over-laying corneal power maps 
obtained at different time points.

The purpose of this study was to identify the most accurate corneal power ∆map based on 1-year postoperative 
tomographic changes in a sample of patients who achieved their attempted correction after refractive surgery. Accuracy 
was determined by matching corneal power ∆maps to the surgically induced refractive change (SIRC) in high myopia, 
moderate myopia, and low myopia patients after LASIK, PRK and SMILE surgeries.

Methods
This study was conducted at a corneal refractive research center and was approved by the Biomedical Research Alliance 
of New York institutional review board (#20-12-547-823). All participants gave informed consent. Patients with myopia 
or compound myopic astigmatism underwent either LASIK, PRK, or SMILE between June 2020 and March 2022. 
Inclusion criteria were: patient age of 18 or older and best-corrected visual acuity (BCVA) of 20/25 or better. Only 
patients with a pre-op and 1-year post-op tomography were included, and all image quality measurements for included 
patients were “OK”. Patients with various ocular diseases (age-related macular degeneration, keratoconus, glaucoma, 
cataract development, retinal detachments, etc.), systemic diseases (herpes infections, systemic lupus erythematosus, 
etc.), pregnancy, hyperopia with and without astigmatism, eyes with monovision, and patients requiring enhancements 
were excluded from the study. Patients were divided into 3 groups based on the surgery they received: 1) LASIK, 2) 
PRK, or 3) SMILE. They were further stratified based on the degree of manifest refraction spherical equivalent (MRSE): 
low myopia was defined as a pre-op MRSE of 0 to −2.99D, moderate myopia with a pre-op MRSE of −3 to −5.99D, and 
high myopia with a pre-op MSRE of −6 to −9D. All MRSE values were corrected for the corneal plane.

Pre-op and Post-op Evaluations
All patients underwent a standard pre-op examination including manifest refraction, uncorrected distance visual acuity, 
best corrected distance visual acuity, tonometry, slit-lamp exam and dilated fundus exam. In addition, subjects underwent 
tomography imaging to acquire specific corneal power ∆maps using SagF, RP, TNP, and TCRP. Standard post-op 
examinations were performed at 1 year that included parallel imaging assessments. All tomography data was imported 
from the Pentacam to EXCEL (Microsoft Corporation, Redmond, WA, USA) for further data analysis.

Surgical Technique
All surgeries were performed at a single site by one surgeon (MM). LASIK and PRK surgeries were performed using the 
WaveLight Allegretto Wave Excimer Laser System (Alcon Laboratories, Fort Worth, TX, USA), and flap creation was 
performed with the FS200 (Alcon Laboratories, Fort Worth, TX, USA) femtosecond laser. All LASIK and PRK eyes 
received an optical zone of 6.5mm and a blend zone to 9 mm. SMILE was performed using the Visumax 500 kHz 
femtosecond laser (Carl Zeiss Meditec, Jena, Germany) with all eyes receiving a 6.5mm optical zone with a 0.5mm 
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transition zone. Details concerning the surgical techniques are reflected in the following references for LASIK,14 PRK,15 

and SMILE.16

Assessment of Refractive Changes and Corneal Power
Measurements from the pre-op evaluation and 1-year post-op assessment were included for comparative analysis. All 
corneal power maps were obtained at diameters of 4mm, 5mm, and 6mm that were centered over the apex and repeated 
again centered over the pupil.

1. SagF was measured based on the keratometric index of 1.3375 using the Gaussian optics formula K = (n-1)/r 
x 1000 where n is 1.3375 and r is the radius of the anterior corneal surface in millimeters (mm). This measurement 
is comparable to conventional keratometry.

2. RP is based on the keratometric index 1.3375 and uses varying curvature values from the anterior surface to take 
into account the refractive effect of a sphere. The value is obtained through Snell’s law to convert curvature into 
power. Each curvature value corresponds with a specific focal length from which power can be derived: K = n/f 
where n is 1.3375 and f is the focal length.

3. TNP calculates corneal power by aggregating the refractive power of both the anterior and posterior surfaces. This 
is calculated using the formula:

K ¼ðn1 � n0Þ=r1 x 1000� ðn2� n1Þ=r2 x 1000 where n0 = 1 (the refractive index of air), n1 = 1.376 (refractive 
index of corneal tissue), n2 = 1.336 (refractive index of aqueous humor), r1 is the anterior curvature in mm and r2 
is the posterior curvature in mm.

4. TCRP uses ray tracing to calculate corneal power. It makes no assumptions about the corneal shape, but rather 
measures the refraction at each corneal location. It also takes into account the corneal thickness at each location as 
well as the refractive indices of air, cornea, and aqueous humor. In a recent study, Pan et al demonstrated that TCRP 
is comparable with other ray-tracing measurements including mean pupil power (MPP), and total corneal power 
(TCP).17

To ensure accuracy of the Pentacam, the machine was calibrated weekly by a certified technician and bi-monthly by 
a manufacturer’s representative. SIRC was defined by subtracting the post-op MRSE from the pre-op MRSE. Corneal 
power ∆maps (TNP, TCRP, RP and SagF) were calculated by subtracting the pre-op corneal power map from the post-op 
corneal power map. All SIRC values were negative to compare with the negative corneal power ∆maps. Comparisons 
were made as SIRC minus corneal power ∆map.

Statistical Analysis
Minimum required sample size was calculated using PS Power and Sample Size Calculation Software (ver 3.1.6, 
Vanderbilt University, Nashville, TN, USA). Prior data from one study reported that the difference in corneal power 
∆maps had a standard deviation of approximately 0.22D.17 Hence, if α = 5% and power (1- β) = 95% then a minimum 
sample of 43 eyes was needed to detect a difference of 0.125D between pairs within each surgery group.

Statistical analysis was performed with commercial software (SPSS ver. 29.0; SPSS Inc., Chicago, IL). Normality 
was assessed using the Shapiro–Wilk test. For samples with normal distribution, comparisons between SIRC and corneal 
power ∆maps were performed using a paired t-test with a P value of less than 0.05 for statistical significance. For 
samples with non-normal distributions, comparisons between SIRC and corneal power ∆maps were performed using 
a Wilcoxon Signed Rank test with a P value of less than 0.05 for statistical significance. Linear regression analyses and 
Bland-Altman plots were also used to assess agreement between SIRC and corneal power ∆maps. A P value of less than 
0.05 was used for statistical significance. To reduce potential bias in our data set with inclusion of bilateral eyes, all 
analyzed groups were randomly divided into two subsets of unilateral eyes and results of each subset were compared. 
Only results that were congruent between randomized unilateral groups were reported in the bilateral analysis.
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Results
A total of 405 eyes of 242 patients were included: 172 eyes of 95 patients in the LASIK group, 187 eyes of 101 patients 
in the PRK group, and 46 eyes of 25 patients in the SMILE group. Within the LASIK group, there were 29 high myopic, 
60 moderate myopic, and 83 low myopic eyes. In the PRK group, there were 21 high myopic, 98 moderate myopic, and 
68 low myopic eyes. In the SMILE group, there were 15 high myopic, 28 moderate myopic, and 2 low myopic eyes.

All samples were normally distributed except for the LASIK overall and PRK overall groups (Shapiro–Wilk p < 0.05). 
Table 1 shows demographics for patients in each surgery group. Table 2 shows the best mean difference between SIRC and 
corneal power ∆map for each group overall as well as differences for high myopia, moderate myopia, and low myopia. 
Mean differences closest to zero are bolded and significant differences are marked with an asterisk. Figure 1 illustrates the 
best mean difference between SIRC and each corneal power ∆map: a difference that is close to zero indicates better 
accuracy of a corneal power ∆map, a difference greater than zero indicates an overestimation compared to SIRC, and 
a difference less than zero indicates an underestimation compared to SIRC.

The SIRC for the overall LASIK group was −3.27 ± 1.82D. TNP ∆map at 5mm pupil zone was most accurate with 
a value of −3.27 ± 1.69D (p = 0.993). TCRP ∆map significantly overestimated the SIRC while SagF ∆map and RP ∆map 
significantly underestimated the SIRC (see Figure 1A).

The SIRC for the overall PRK group was −3.52 ± 1.54D. TNP ∆map at the 5mm apex zone was most accurate with 
a value of −3.59 ± 1.33D, nevertheless this difference was statistically significant (p = 0.034). TCRP ∆map significantly 
overestimated SIRC while SagF ∆map and RP ∆map significantly underestimated SIRC (see Figure 1A).

The SIRC for the overall SMILE group was −4.98 ± 1.29D. TCRP ∆map 4mm apex zone was most accurate with 
a mean value of −4.99 ± 1.19D and was not significantly different from the SIRC (p = 0.886). TNP ∆map, RP ∆map, and 
SagF ∆map all significantly underestimated the SIRC (see Figure 1A).

For the high myopia patients, TCRP ∆maps most accurately estimated SIRC for LASIK, PRK and SMILE (p = 0.962, 
0.653, 0.089 respectively) (see Figure 1B). For moderate myopia patients, TNP ∆maps were most accurate in the LASIK 
and PRK groups (p = 0.979 and 0.918). For the moderate myopia patients in the SMILE group, TCRP ∆map was most 
accurate (p = 0.445) (see Figure 1C). For low myopia patients in the LASIK group, RP ∆map was most accurate (p = 
0.829). For low myopia patients in the PRK group SagF ∆map was most accurate to SIRC (p = 0.933). There were only 2 
low myopia patients in the SMILE group, thus no meaningful conclusions can be drawn regarding the difference map 
measurements (see Figure 1D).

All corneal power ∆maps significantly correlated with SIRC, except for the RP ∆map in the high myopia LASIK 
group. Correlations for each overall group were TNP ∆map 5mm pupil zone (r = 0.974), TNP ∆map 5mm apex zone (r = 
0.96), and TCRP ∆map 4mm apex zone (r = 0.922) for LASIK, PRK, and SMILE groups respectively. Figure 2 shows 
scatter diagrams that demonstrate the correlations between SIRC and the most accurate corneal power ∆map for each of 

Table 1 Patient Demographics

Variable Mean ± SD (Range)

LASIK PRK SMILE
n=172 Eyes (95 pts) n=187 Eyes (101 pts) n=46 Eyes (25 pts)

Age 33.6 ± 7.04 (20 to 51) 33.25 ± 5.66 (20 to 45) 33.09 ± 5.98 (22 to 45)
Male / Female 108 / 64 92 / 95 19 / 27

Pre-op Sphere (D) −3.03 ± 2.01 (−7.5 to 1.5) −3.24 ± 1.72 (−7.75 to 1) −5.17 ± 1.68 (−8.5 to −2.25)

Pre-op Cylinder (D) −3.02 ± 0.91 (−5.75 to 0) −0.97 ± 0.88 (−4.25 to 0) −0.42 ± 0.39 (−1.25 to 0)
Pre-op MRSE (D) −3.51 ± 1.98 (−8.38 to −0.25) −3.73 ± 1.64 (−8 to −0.375) −5.38 ± 1.67 (−8.5 to −2.75)
†SIRC (D) −3.27 ± 1.82 (−7.3 to 0) −3.52 ± 1.54 (−7.05 to −0.12) −4.98 ± 1.29 (−7.63 to −2.88)

Pre-op BCVA (LogMAR) −0.01 ± 0.03 (−0.1 to 0.1) −0.02 ± 0.04 (−0.1 to 0) −0.02 ± 0.04 (−0.1 to 0)
Post-op BCVA (LogMAR) −0.03 ± 0.05 (−0.1 to 0.2) −0.02 ± 0.04 (−0.1 to 0) −0.02 ± 0.04 (−0.1 to 0)

Note: Patient demographics for myopic refractive groups: LASIK, PRK, and SMILE. 
Abbreviations: †SIRC, Surgically Induced Refractive Change (manifest refraction SEbefore - manifest refraction SEafter) used for comparisons with TCRP, TNP 
and SagF in the LASIK and PRK groups AND for all comparisons in SMILE group; BCVA, Best corrected visual acuity.
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the overall surgery groups. No Pearson analysis was performed for low myopia patients in the SMILE group given the 
small sample size.

To assess agreement, Bland-Altman plots were created for the most accurate corneal power ∆map in each group (see 
Figures 3–5). TNP ∆map at the 5mm pupil zone was the most accurate for the LASIK group overall and had 95% limit of 
agreement (LoA) range between −0.83D and +0.83D. TNP ∆map at the 5mm apex zone was most accurate for the PRK 
group overall and had 95% LoA range between −0.83D and +0.95D. TCRP ∆map at the 4mm apex zone was most 
accurate for SMILE group overall and had 95% LoA range from −0.97D to +0.99D No analysis was performed for the 
low myopia SMILE group due to sample size of only 2 eyes.

Discussion
In this study, we evaluated the accuracy of various corneal power difference maps (∆maps) by comparing such changes 
to the surgically induced refractive change (SIRC) among three surgery groups: LASIK, PRK, and SMILE. We found 
that for the LASIK group overall, TNP ∆map 5mm pupil zone was most accurate. For the PRK group, TNP ∆map 5mm 
apex most closely matched SIRC. For SMILE, TCRP ∆map at the 4mm apex zone was most accurate. Interestingly, we 
noted that stratifying patients by degree of myopia may change which ∆map was most accurate. For high myopia, TCRP 
∆map was the most accurate in all groups. For moderate myopia, TNP ∆map was superior for LASIK and PRK groups, 

Table 2 Mean Differences Between SIRC and Corneal Power Difference Maps

Best Mean Difference Between †SIRC and Each Corneal Power Difference Map (∆map) (D) ± SD

Patient Group TCRP ∆map TNP ∆map RP ∆map SagF ∆map

LASIK (= 172) *0.190 ± 0.42 0.007 ± 0.42 *‒0.198 ± 0.47 *‒0.285 ± 0.48
6mm Apex Zone 5mm Pupil Zone 5mm Apex Zone 4mm Pupil Zone

High Myopia (n = 29) −0.004 ± 0.46 −0.168 ± 0.46 *‒0.576 ± 0.50 *‒0.744 ± 0.46
6mm Apex Zone 5mm Apex Zone 4mm Apex Zone 4mm Apex Zone

Mod Myopia (n = 60) *0.230 ± 0.43 0.002 ± 0.44 *‒0.256 ± 0.51 *‒0.390 ± 0.44

6mm Apex Zone 4mm Apex Zone 4mm Apex Zone 4mm Pupil Zone
Low Myopia (n = 83) *0.229 ± 0.38 0.031 ± 0.37 −0.008 ± 0.32 −0.039 ± 0.34

6mm Apex Zone 6mm Apex Zone 5mm Pupil Zone 5mm Pupil Zone

PRK (n = 187) *0.287 ± 0.54 *0.066 ± 0.45 *‒0.143 ± 0.51 *‒0.222 ± 0.51
6mm Apex Zone 5mm Apex Zone 4mm Apex Zone 4mm Apex Zone

High Myopia (n = 21) 0.043 ± 0.43 *‒0.414 ± 0.35 *‒0.797 ± 0.32 *‒0.948 ± 0.32
4mm Pupil Zone 4mm Apex and Pupil Zone 5mm Pupil Zone 4mm Apex Zone

Mod Myopia (n = 98) *0.447 ± 0.53 −0.004 ± 0.42 *‒0.234 ± 0.42 *‒0.337 ± 0.42

4mm Pupil Zone 5mm Apex Zone 4mm Apex Zone 4mm Apex Zone
Low Myopia (n = 68) *0.519 ± 0.44 *0.191 ± 0.31 *‒0.094 ± 0.32 0.003 ± 0.32

6mm Apex Zone 6mm Apex Zone 6mm Pupil Zone 6mm Pupil Zone

SMILE (n = 46) 0.011 ± 0.50 *‒0.399 ± 0.48 *‒0.723 ± 0.47 *‒0.857 ± 0.50
4mm Apex Zone 4mm Apex Zone 4mm Pupil Zone 4mm Pupil Zone

High Myopia (n = 15) −0.219 ± 0.46 *‒0.695 ± 0.46 *‒1.071 ± 0.46 *‒1.272 ± 0.45

4mm Pupil Zone 4mm Pupil Zone 4mm Pupil Zone 4mm Pupil Zone

Mod Myopia (n = 29) 0.066 ± 0.46 *‒0.253 ± 0.39 *‒0.520 ± 0.36 *‒0.662 ± 0.37
6mm Apex Zone 4mm Apex Zone 5mm Pupil Zone 4mm Apex Zone

Low Myopia (n = 2) −0.140 ± 0.68 −0.133 ± 0.69 −0.340 ± 0.69 −0.323 ± 0.84

5mm Apex Zone 5mm Pupil Zone 5mm Pupil Zone 5mm Pupil Zone

Notes: Best mean differences between †SIRC and corneal power difference maps (∆maps). All comparisons were performed as SIRC minus corneal 
power ∆map. If the difference was negative, the corneal power ∆map underestimated the SIRC. If the difference was positive, the corneal power ∆map 
overestimated the SIRC. Differences closest to zero are bolded in each group. Significant differences are marked with an asterisk [*]. Of note, the 
SMILE Low Myopia group only had 2 subjects and thus no meaningful conclusions can be drawn. 
Abbreviation: †SIRC, Surgically Induced Refractive Change (manifest refraction SEbefore - manifest refraction SEafter).
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but TCRP ∆map was most accurate for SMILE. In case of low myopia, RP ∆map was most accurate for LASIK group 
and SagF ∆map was most accurate for PRK group. The low myopia SMILE group had a sample size of 2 thus no 
meaningful conclusions can be drawn.

Figure 1 Box plot representations of the difference between †SIRC and corneal power difference maps (∆maps) obtained by the Pentacam for LASIK, PRK, and SMILE (A) 
overall surgical groups (B) high myopia (C) moderate myopia (D) low myopia. Corneal power ∆maps that were significantly different from SIRC are marked with an*. There 
were only 2 low myopia patients in the SMILE group, thus no meaningful conclusions can be drawn regarding low myopia and SMILE. 
Abbreviations: †SIRC, Surgically Induced Refractive Change (manifest refraction SEbefore - manifest refraction SEafter); TNP, true net power; TCRP, total corneal refractive 
power; SagF, sagittal front curvature power; RP, refractive power.

Figure 2 Linear regression analysis between SIRC and corneal power difference maps (∆maps) of overall groups for (A) LASIK TNP ∆map 5mm pupil, (B) PRK TNP ∆map 
5mm apex, and (C) SMILE TCRP ∆map 4mm apex vs †SIRC. 
Abbreviations: †SIRC, Surgically Induced Refractive Change (manifest refraction SEbefore - manifest refraction SEafter); TNP, True net power; TCRP, total corneal refractive 
power.
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Several other studies have looked at the accuracy of different tomographic ∆maps. The results of these studies and the 
present study are summarized in Table 3. It is important to note that not all of these studies compared the same corneal 
power ∆maps or ∆map settings (centration, diameters, ring/zone, etc.), and did not all stratify their patients based on 
degree of myopia. Numerous studies reported that TCRP ∆map was most accurate after LASIK,18–20 PRK6,18 and 
SMILE8,20,21 given the point that TCRP ∆map takes into account more factors when calculating the corneal power than 
other ∆maps. In addition, several of these studies found that the accuracy of TCRP ∆map was better at smaller zones (see 
Table 3). For the overall LASIK and PRK groups, we found that TCRP ∆map 6mm apex zone was close to SIRC 
(difference of 0.19D and 0.29D respectively), but ultimately overestimated it, while TNP ∆map 5mm pupil and apex 

Figure 3 Bland-Altman Agreement plots of most accurate corneal power difference maps (∆maps) for (A) LASIK overall, (B) PRK overall and (C) SMILE overall compared 
with †SIRC. The solid line represents the mean difference between the corneal power ∆maps and the †SIRC. The dotted lines represent the 95% LoA = mean ± 1.96*SD. 
Abbreviations: †SIRC, Surgically Induced Refractive Change (manifest refraction SEbefore - manifest refraction SEafter); TNP, true net power; TCRP, total corneal refractive 
power; SagF, sagittal front curvature power; RP, refractive power; LoA, limits of agreement.

Figure 4 Bland-Altman Agreement plots of most accurate corneal power difference maps (∆maps) for (A) LASIK high myopia, (B) PRK high myopia and (C) SMILE high 
myopia compared with †SIRC. The solid line represents the mean difference between the corneal power ∆maps and the †SIRC. The dotted lines represent the 95% LoA = 
mean ± 1.96*SD. 
Abbreviations: †SIRC, Surgically Induced Refractive Change (manifest refraction SEbefore - manifest refraction SEafter); TNP, true net power; TCRP, total corneal refractive 
power; SagF, sagittal front curvature power; RP, refractive power; LoA, limits of agreement.

Figure 5 Bland-Altman Agreement plots of most accurate corneal power difference maps (∆maps) for (A) LASIK moderate myopia, (B) PRK moderate myopia and (C) 
SMILE moderate myopia compared with †SIRC. The solid line represents the mean difference between the corneal power ∆maps and the †SIRC. The dotted lines represent 
the 95% LoA = mean ± 1.96*SD. 
Abbreviations: †SIRC, Surgically Induced Refractive Change (manifest refraction SEbefore - manifest refraction SEafter); TNP, true net power; TCRP, total corneal refractive 
power; SagF, sagittal front curvature power; RP, refractive power; LoA, limits of agreement.
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zones more accurately matched SIRC (see Table 2). One reason why our results differ may be due to the fact we did not 
compare measurements at smaller zones such as 2mm or 3mm which may have revealed more accurate TCRP ∆map 
calculations. Furthermore, our results showed that TCRP ∆maps (4, 5 and 6mm apex and pupil zones) more accurately 
measured the corneal power in high myopia patients, and thus it may be possible that our sample size contained less 
patients with high myopia compared to other studies that found TCRP ∆maps to be most accurate in LASIK and PRK. 
For SMILE, our results are consistent with other studies in that TCRP ∆maps (4mm, 6mm apex zones) were most 
accurate overall and for high and moderate myopia.

One important clinical application of corneal power measurement is IOL calculation after refractive surgery. Potvin 
et al studied the accuracy of different Pentacam corneal power maps in several formulas used to calculate IOL in post- 
myopic LASIK eyes. They found that TNP power measurement 4mm apex zone was most accurate for use in post- 
LASIK IOL calculations. Their results showed TCRP power measurement 4mm apex ring to also be close, though not as 
accurate.26 While it is important to compare the accuracy of different corneal power maps, the latter study showed TNP 
power measurement to be superior to TCRP power measurement with the current IOL calculation formulas used in 
clinical practice. As technologies continue to advance and new formulas are developed, TCRP power measurement may 
become more useful in this clinical application.

In the current study, we also investigated the accuracy of different corneal power ∆maps by degree of myopia. In 
regard to TCRP ∆maps (4, 5, and 6 mm apex and pupil zones), we saw a trend that as the degree of myopia decreased, 
the degree of overestimation by TCRP ∆maps increased. Mello et al found a similar trend in their study comparing 
conventional keratometry with total corneal power (TCP) ∆map (4mm apex zone), a ray-tracing measurement similar to 
TCRP ∆map. They observed that with higher levels of myopia, TCP ∆map would underestimate the corneal power.24 Our 
results showed that, except for high myopia, TNP ∆map was relatively close to SIRC in other degrees of myopia. 
Accuracy with SagF ∆map and RP ∆map was best at low degrees of myopia and decreased with higher degrees of 
myopia.

There was good correlation and agreement in each of the overall surgery groups (See Figures 2 and 3). The agreement 
between SIRC and the best corneal power ∆map in the overall groups was adequate with a 95% LoA range less than ± 

Table 3 Corneal Power Difference Map Comparisons by Study

Author N (Eyes) Follow Up 
(Months)

Surgery Type Comparisons of ∆Maps Most Accurate ∆Map

Lischke et al, 202122 40 3 SMILE TCRP and TK (IOL Master) TK

Pan et al, 201921 40 3 SMILE SimK, EKR and TCRP TCRP after correction

Ng et al, 201823 71 1 LASIK EKR, TNP and TCRP EKR 4mm pupil zone
Whang et al, 201819 18 12 Hyperopic LASIK SimK, TNP and TCRP TCRP 5mm apex zone

Qian et al, 20178 144 6 SMILE SimK, TNP and TCRP TCRP 3mm pupil ring

Gyldenkerne et al, 201520 410 3 SMILE SagF, TNP and TCRP TCRP 3mm apex ring
Gyldenkerne et al, 201520 111 3 LASIK SagF, TNP and TCRP TCRP 4mm pupil zone

Gyldenkerne et al, 201520 40 3 Hyperopic LASIK SagF, TNP and TCRP TCRP 2mm apex ring
Oh et al, 20146 49 6 PRK SimK, TNP and TCRP TCRP 4mm pupil zone

Savini et al, 201410 72 3 LASIK, PRK or LASEK MPP and SimK MPP 4.5 mm pupil zone

Savini et al, 201318 36 6 LASIK SimK, TNP and TCRP TCRP 3mm apex zone
Mello et al, 201324 58 3 LASIK TCP and SimK TCP 4mm apex zone

Savini et al, 200825 16 1 LASIK, PRK or LASEK SimK, TNP, BESSt Formula and 

EKR

EKR 2mm ring

Current Study 172 12 LASIK SagF, RP, TNP and TCRP TNP 5mm pupil zone

Current Study 187 12 PRK SagF, RP, TNP and TCRP TNP 5mm apex zone

Current Study 46 12 SMILE SagF, RP, TNP and TCRP TCRP 4mm apex zone

Note: Summary of studies comparing different corneal power difference maps (∆maps). 
Abbreviations: TCRP, Total corneal refractive power; TK, Total keratometry; SimK, Simulated keratometry; EKR, Equivalent K-readings; TNP, True net power; SagF, Front 
Sagittal Curvature; MPP, Mean pupil Power; TCP, Total corneal power; RP, Refractive power.
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1D for all three. Figures 4–6 demonstrate that there was less agreement in the high myopia groups when compared to 
lower myopia groups.

There have been several studies interested in determining the accuracy of centration over the pupil vs the apex with 
varying results.2,27,28 Whang et al preferred centration over the apex, given that the center of the pupil may change as the 
pupil changes shape.19 Qian et al8 and Savini et al10 opted for centration over the pupil. Naeser et al found there to be no 
significant difference in centration over pupil or apex.29 Our results were similar to the latter in that there appeared to be 
no clinically significant difference between ∆maps centered over the pupil or apex (see Table 2).

It has been shown that another method of measuring corneal power is by using optical coherence tomography 
(OCT).30 OCT has shown to be comparable to conventional keratometry31 and used for IOL calculations.32 Wang et al 
compared the measurements obtained by OCT to measurements obtained with the Pentacam in healthy, unoperated eyes. 
They found that OCT overestimated TNP power measurement.1 In 2022, Lischke et al compared corneal power 
measurements from OCT and TCRP in patients who received SMILE. They found that total keratometry (TK) measured 
with swept source OCT by the IOL Master 700 (Carl Zeiss Meditec AG, Jena, Germany) was superior in estimating the 
SIRC when compared with TCRP ∆map 4mm apex zone.33 OCT may have the potential for more accurate measurements 
of corneal power, however further studies should be conducted to better understand the comparisons between OCT 
accuracy and other corneal power measurements.

Our study has a few limitations. First, the surgery samples include eyes from the same patient. This may introduce 
bias into results given the correlation that exists between bilateral eyes. However, to address this issue, we randomly 
selected two sub groups of unilateral eyes and only reported the bilateral results that were congruent between both 
randomized, unilateral sub groups. This allowed for the power of our study to be increased, given the minimum sample 
size needed was 43 eyes, which was exceeded in all three surgery groups. Second, we focused on MRSE because the 
majority of our patients did not have high astigmatism and the steep and flat meridians are averaged in the corneal power 
measurements. However, it is important to acknowledge that our results may not apply to patients with high levels of 
astigmatism. It has furthermore been shown that refractive astigmatism, which is a subjective measurement, may not 
accurately reflect corneal astigmatism, an objective measurement.34 Further studies should be performed to evaluate how 
the degree of astigmatism influences the accuracy of corneal power measurements. Finally, our study did not include data 
from the Pentacam corneal power Equivalent-K Readings (EKR) ∆map. Further investigation should be performed to 
understand the comparisons of EKR with other Pentacam power ∆maps after various types of corneal refractive surgery, 
however we do provide a robust analysis with detailed stratification based on the level of MRSE among the other 
Pentacam corneal power ∆maps in a large sample with 1 year follow-up, including only patients who, indeed, achieved 
their attempted correction.

Figure 6 Bland-Altman Agreement plots of most accurate corneal power difference maps (∆maps) for (A) LASIK low myopia, and (B) PRK low myopia compared with 
†SIRC. No plot for SMILE low myopia group is shown given the small sample size of 2. The solid line represents the mean difference between the corneal power ∆maps and 
the †SIRC. The dotted lines represent the 95% LoA = mean ± 1.96*SD. 
Abbreviations: †SIRC, Surgically Induced Refractive Change (manifest refraction SEbefore - manifest refraction SEafter); TNP, true net power; TCRP, total corneal refractive 
power; SagF, sagittal front curvature power; RP, refractive power; LoA, limits of agreement.
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Conclusion
In conclusion, we found that the most accurate corneal power ∆maps after LASIK, PRK, and SMILE were TNP ∆map at 
the 4mm pupil zone, TNP ∆map at the 5mm Apex zone, and TCRP ∆map at the 4mm Apex zone, respectively. However, 
the accuracy may depend on the level of myopia with TRCP ∆maps (4, 5, 6mm apex and pupil zones) consistently being 
more accurate for patients with high myopia.

Disclosure
The authors report no conflicts of interest in this work.
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