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Aim: To compare residual astigmatism prediction errors across Barrett toric calculations using predicted posterior corneal astigmatism
(PCA) and PCA measured using the IOL Master 700 with total keratometry (IOLM).
Methods: A retrospective cohort study was undertaken on patients with corneal astigmatism and no other ocular comorbidities that
underwent uneventful refractive femtosecond laser-assisted cataract surgery with toric IOL implantation between May 2019 and
November 2019. Toric calculations were performed using the Barrett toric calculator and the following values: predicted PCA with
anterior corneal measurements from Pentacam, IOLM standard keratometry (SK), OPD scan, and median measurements from these
devices; predicted PCA with IOLM total keratometry (TK); and measured PCA with IOLM SK or IOLM TK. Residual astigmatism
prediction error was calculated for each device and method of calculation at postoperative month 1 and 3 using the astigmatism double
angle plot tool.
Results: A total of 24 eyes, 10 with-the-rule (WTR), 10 against-the-rule (ATR) and 4 oblique astigmatism, from 24 patients were
included in this study. PCA ranged from 0.00 to 0.67 D with a mean of 0.24 ± 0.15 D in all eyes. PCA was significantly greater in
WTR eyes (0.32 D) compared to ATR eyes (0.16 D; p < 0.05). In ATR eyes, calculations made using IOLM SK and measured PCA
had significantly lower total corneal astigmatism and toric IOL cylinder power compared to calculations made using Pentacam and
IOLM TK (p < 0.05). No significant difference in mean absolute or centroid residual astigmatism prediction error was observed across
devices or calculation methods. The percentage of eyes with absolute astigmatism prediction errors ≤0.5 D was not significantly
different across groups.
Conclusion: Barrett toric calculations using predicted PCA and PCA measured using IOLM produced comparable residual
astigmatism prediction errors. The incorporation of median measurements did not significantly impact calculation accuracy.
Keywords: astigmatism measurement, femtosecond laser-assisted cataract surgery, toric intraocular lens calculator, Barrett toric
calculator

Introduction
Preoperative corneal astigmatism is common among cataract patients.1 It is estimated that approximately 30–45% of
patients requiring cataract surgery have greater than 1.0 D of corneal astigmatism, with 15–20% of patients exhibiting
corneal astigmatism greater than 1.5 D.1–3 Toric intraocular lenses (IOLs) have been shown to minimize residual corneal
astigmatism and facilitate spectacle independence for distance vision following cataract surgery.4 Refractive outcomes
are dependent on precise measurement of preoperative corneal astigmatism, accurate and reliable calculation of the ideal
cylindrical power and axis of the toric IOL to be implanted, and optimal positioning of high-quality toric IOLs during
cataract surgery.5 Despite ongoing advances in each of these areas, a recent meta-analysis found that the average residual
astigmatism following toric IOL implantation ranges from 0.18 to 0.77 D.4
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Several devices have been developed to measure corneal astigmatism for preoperative planning. The anterior corneal
surface is optimally positioned for direct imaging and has been fundamental to our understanding of corneal astigmatism.
Anterior corneal astigmatism can be accurately measured using various technologies and remains a prominent variable in
toric IOL calculations. Nevertheless, calculations based on anterior corneal measurements alone lead to an overestima-
tion of total corneal astigmatism in with-the-rule (WTR) eyes and an underestimation of total corneal astigmatism in
against-the-rule (ATR) eyes, highlighting the important contribution of the posterior cornea to total corneal refractive
power.6–10 Posterior corneal astigmatism (PCA) can be predicted using measurements of anterior corneal astigmatism
and fixed anterior to posterior corneal thickness ratios, mathematical models and algorithms that have generally been
derived from healthy, normal eyes.6,10–13 The posterior corneal surface can also be directly imaged to measure PCA in
each individual patient. The IOL Master 700 with total keratometry (IOLM), for example, uses swept-source optical
coherence tomography (SS-OCT) and telecentric keratometry to estimate PCA.14 IOLM also measures total corneal
astigmatism, expressed as the total keratometry (TK) value, which can be incorporated into existing toric IOL
calculators.15 Importantly, incorporation of both predicted or measured PCA into toric IOL calculations has been
shown to significantly reduce postoperative refractive errors.8,11–13,16–28 However, the impact of using predicted PCA
versus measured PCA on the accuracy of toric IOL calculations remains an area of active investigation.

The Barrett toric calculator is well-suited to address this important question, as PCA is incorporated into each
calculation using either direct measurements from a suitable device or the predicted PCA derived from the Barrett toric
calculator’s proprietary formula. Barrett toric calculations can be performed using measurements from several devices,
enabling direct comparisons of calculation accuracy between different methods of assessing the anterior and posterior
cornea. Median measurements taken from three devices can also be used for individual Barrett toric calculations.
Importantly, the Barrett toric calculator has consistently been shown to produce low residual astigmatism prediction
errors and is considered a reliable and accurate tool for preoperative planning.11,16–18,21,23,24,29–31

The present study was undertaken to assess the impact of using measured versus predicted PCA on the accuracy of
toric IOL calculations in a patient cohort undergoing femtosecond laser-assisted cataract surgery (FLACS). Estimates of
preoperative total corneal astigmatism and residual astigmatism prediction errors were compared across Barrett toric
calculations made using predicted PCA and PCA measured using IOLM. For predicted PCA calculations, additional
comparisons were made between Pentacam, OPD scan, IOLM and the median of these measurements to determine
whether the method used to assess anterior corneal astigmatism impacts calculation accuracy. Barrett toric calculations
performed using the newly developed TK value were also compared to calculations incorporating standard keratometry
measurements from IOLM.

Subjects and Methods
Participants
The present study was approved by the William Osler Health System Research Ethics Board (WOHS REB). Given the
retrospective nature of our study and the presentation of findings at the aggregate level, patient consent to review medical
records was not required by the WOHS REB. All investigations conformed to the tenets of the Declaration of Helsinki. A
retrospective chart review was performed between May and November 2019 to identify patients with regular corneal
astigmatism that underwent femtosecond laser-assisted cataract surgery (FLACS) with the implantation of a toric IOL at
a high-volume surgical center in Ontario, Canada. All efforts were made to maintain patient confidentiality. A unique
identification code was applied to each study participant at the onset of data extraction, and all study data were stored in
encrypted files to maintain confidentiality. Each study participant had a comprehensive ophthalmological examination as
part of their preoperative assessment, including tonometry, slit-lamp biomicroscopy, uncorrected distance visual acuity
(UDVA), best corrected distance visual acuity (CDVA), refractive error, and dilated stereoscopic examination of the
posterior segment. Preoperative corneal astigmatism was measured using OPD Scan III (Nidek Technologies, Japan),
Pentacam (Oculus Pentacam, Germany) and IOLM (Carl Zeiss Meditec Inc., Germany) for surgical planning.
Participants were included in the study if they had a monofocal Tecnis toric IOL (Abbott Medical Optics Inc., USA)
with a total cylindrical power of 1.0–4.5 D implanted during an uneventful FLACS, were seen in follow-up at 1 month
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and 3 months postoperatively and had a CDVA equal to or better than 20/40 on Snellen testing, or 0.3 LogMAR units.
Participants were excluded from analysis if they had pre-existing ocular pathologies affecting visual acuity, including
prior corneal surgeries, ocular trauma, corneal disease, glaucoma, diabetic retinopathy, age-related macular degeneration
or other maculopathies. Participants that experienced surgical complications, had prior hard contact lens use, or that
exhibited IOL decentration, tilt or misalignment postoperatively were also excluded. One eye from each participant was
included in this study. Participants with any missing data both preoperatively and postoperatively were removed from
analysis.

Estimation of Preoperative Corneal Astigmatism
Corneal astigmatism was measured by an experienced technician using OPD-Scan III, Pentacam and IOLM according to
each manufacturer’s instructions. OPD Scan III measures corneal topography, pupil diameter and standard keratometry
(SK) using a built-in Placido disk and refraction using dynamic skiascopy. Pentacam utilizes a rotating Scheimpflug
camera to measure the topography of the anterior and posterior cornea, corneal thickness, SK, anterior chamber depth
and pupil diameter. IOLM uses SS-OCT and telecentric keratometry to measure SK, corneal thickness, PCA, TK, axial
length, anterior chamber depth, lens thickness and white-to-white distance.32

Anterior corneal astigmatism was estimated using SK values for IOLM and simulated keratometry (SimK) values for
OPD scan and Pentacam obtained using a refractive index of 1.3375. The Barrett toric calculator v2.0 (available at
https://calc.apacrs.org/toric_calculator20/Toric%20Calculator.aspx) was used to estimate total corneal astigmatism, opti-
mal toric IOL cylinder power and axis, and predicted residual refractive astigmatism. For the OPD scan, Pentacam and
IOLM SK groups, the measured anterior corneal flat and steep meridians and their respective axes were input into the
calculator and PCA was predicted using the Barrett toric calculator’s proprietary formula. For the median measurement
calculation, anterior corneal astigmatism measurements from OPD scan, Pentacam and IOLM SK were input into the
Barrett toric calculator and predicted PCA was used. The IOLM SK with PCA group utilized SK values and PCA
measured using IOLM for Barrett toric calculations. For the IOLM TK and IOLM TK with PCA groups, TK values from
IOLM were used with predicted and measured PCA, respectively.

Measurements of axial length, anterior chamber depth, lens thickness and white-to-white distance were derived from
IOLM for all Barrett toric calculations. Surgery-induced astigmatism (SIA) was estimated at 0.1 D at 200 for the right
eye and 0.1 D at 40 for the left eye.33 The Tecnis toric IOL constant provided by the manufacturer was used for all
calculations. The toric IOL power and alignment used in each surgery to achieve a refractive goal of emmetropia was
determined by the surgeon based on all available data and surgeon preference.

Femtosecond Laser-Assisted Cataract Surgery
One of three experienced cataract surgeons (S.S., E.S.T., H.H.C.) performed each FLACS using a standard protocol with
the implantation of a Tecnis toric IOL. The Catalys Precision Laser System was used to create a 2.5 mm main corneal
incision, a 1.2 mm side-port incision, a 5.0 mm diameter anterior capsulotomy, steep meridian corneal markings, 4.5 mm
diameter lens fragmentation with grid softening, and limbal relaxing incisions on the steep meridian, as appropriate for
each case. Phacoemulsification was then performed and the toric IOL was inserted into the capsular bag and aligned with
the steep meridian corneal markings. Toric IOL alignment was recorded at the time of surgery and reassessed at
postoperative week 1, month 1 and month 3.

Calculation of Residual Astigmatism Prediction Error
The double-angle plot tool developed by Abulafia et al was used to estimate mean absolute and centroid residual corneal
astigmatism prediction errors, as previously described.34 Briefly, subjective postoperative residual astigmatism was
measured using manifest refraction performed at postoperative month 1 (POM1) and postoperative month 3 (POM3).
The predicted residual astigmatism was estimated using the Barrett toric calculator and adjusted according to the
cylindrical power of the implanted toric IOL and actual orientation measured postoperatively. The residual astigmatism
prediction error was calculated by subtracting the predicted residual astigmatism at the corneal plane from the actual
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residual astigmatism at the corneal plane measured using manifest refraction.35 Vector analysis was used for all
calculations.

Statistical Analysis
Participants were stratified according to anterior corneal steep meridian into WTR (steep axis between 60° and 120°),
ATR (steep axis between 0° and 30° or 150–180°) and oblique astigmatism (steep axis between 31° and 59° or 121–149°)
groups. Centroid residual astigmatism prediction errors were converted into x- and y-components and analyzed
separately. Data normality was assessed using the Kolmogorov–Smirnov test and the Shapiro–Wilk normality test.
Repeated measures ANOVAs with Bonferroni post-hoc testing, or Friedman tests with Dunns post-hoc testing for non-
parametric data, were used for statistical comparisons between groups. Paired t-tests were used for comparison of PCA
measurements between WTR and ATR eyes. Chi-squared analysis was used to compare the percentage of participants
with astigmatism prediction errors of ≤ 0.25 D, ≤ 0.5 D, ≤ 0.75 D and ≤ 1.0 D across devices and calculation methods.
All statistical tests were performed using GraphPad Prism 5.0 (GraphPad Software Inc., USA). Data is presented as mean
± standard deviation unless specified otherwise. Differences were considered statistically significant when p < 0.05.

Results
Participant Demographics
A total of 24 eyes from 24 participants were included in this study (Table 1). There were 11 females (45.8%) and 13
males (54.2%) with an average age of 66.4 ± 9.2 years (range 48 to 82 years). Axial length ranged from 22.2 to 27.8 mm
with an average of 24.2 ± 1.4 mm. The average anterior chamber depth was 3.2 ± 0.4 mm (range 2.7 to 4.3 mm).
Preoperative corneal astigmatism cylinder power ranged from 1.0 to 4.2 D with a mean absolute power of 1.69 ± 0.24 D
for all eyes. Toric IOLs implanted during FLACS had an average spherical power of 18.7 ± 4.4 D and an average
cylinder power of 2.1 ± 0.9 D. All participants received TECNIS toric model ZCT lenses with the following

Table 1 Patient Demographic and Preoperative Data

Number of Eyes 24

Number of patients 24 (45.8% female)

Age (years) 66.4 ± 9.2 (range 48–82)

Axial length (mm) 24.2 ± 1.4 (range 22.2–27.8)

Anterior chamber depth (mm) 3.2 ± 0.4 (range 2.7–4.3)

Posterior corneal astigmatism cylinder power (D) 1.69 ± 0.24 (range 1.0–4.2)

Toric IOL spherical power (D) 18.7 ± 4.4

Toric IOL cylindrical power (D) 2.1 ± 0.9

Number of eyes with WTR astigmatism 10 (41.7%)

Preoperative corneal astigmatism cylinder power (D) Mean: 2.12 ± 0.89

centroid: 1.9 @ 86° ± 1.37
(range 1.13–4.2)

Number of eyes with ATR astigmatism 10 (41.7%)

Preoperative corneal astigmatism cylinder power (D) Mean: 1.43 ± 0.42

centroid: 1.25 @ 175° ± 0.85
(range 1.0–2.26)

Number of eyes with oblique astigmatism 4 (16.6%)

Abbreviations: D, diopter; WTR, with-the-rule; ATR, against-the-rule.
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characteristics: ZCT100 (n = 4), ZCT150 (n = 7), ZCT225 (n = 6), ZCT300 (n = 5), ZCT375 (n = 1) and ZCT450 (n = 1).
Ten eyes (41.7%) had WTR astigmatism, 10 eyes (41.7%) had ATR astigmatism and 4 eyes (16.6%) had oblique
astigmatism. Given the small sample of eyes with oblique astigmatism, only ATR and WTR eyes were included in the
subgroup analyses. In WTR eyes, preoperative corneal astigmatism cylinder power ranged from 1.13 to 4.2 D with a
mean of 2.12 ± 0.89 D and a centroid of 1.9 D @ 86° ± 1.37 D. In ATR eyes, preoperative corneal astigmatism cylinder
power ranged from 1.0 to 2.26 D with a mean of 1.43 ± 0.42 D and a centroid of 1.25 D @ 175° ± 0.85 D.

At POM1, UDVAwas 0.08 ± 0.11 LogMAR units and CDVAwas 0.03 ± 0.06 LogMAR units, and at POM3 UDVA
was 0.10 ± 0.10 LogMAR units and CDVAwas 0.04 ± 0.06 LogMAR units. Double angle plots of postoperative residual
astigmatism are presented in Figure 1 for all, WTR and ATR eyes at POM1 and POM3.

Anterior Corneal Astigmatism
Anterior corneal astigmatism had a mean absolute power of 1.63 ± 0.78 D for OPD scan, 1.81 ± 0.83 D for Pentacam,
1.69 ± 0.76 D for IOLM SK and 1.66 ± 0.75 D for median measurements across all eyes. Mean absolute anterior corneal
astigmatism was significantly higher for Pentacam compared to OPD scan for all eyes (p < 0.05). No significant
difference in the mean absolute anterior corneal astigmatism was observed across devices or median measurements
when eyes were stratified according to type of astigmatism (WTR: p = 0.55; ATR: p = 0.46). The x-component of the
centroid anterior corneal astigmatism was significantly lower for Pentacam (−2.06 ± 0.75 D) compared to OPD scan
(−1.55 ± 1.2 D) in WTR eyes (p< 0.01).

Posterior Corneal Astigmatism
PCA measured using IOLM ranged from 0.00 to 0.67 D with a mean of 0.24 ± 0.15 D for all eyes. Mean absolute PCA
was significantly greater in WTR eyes (0.32 ± 0.16 D) compared to ATR eyes (0.16 ± 0.07 D; p < 0.05). The centroid
PCA was also significantly different between WTR (0.30 @ 86° ± 0.21 D) and ATR eyes (0.07 @ 130° ± 0.17 D; p <
0.001 for x-component; p = 0.058 for y-component).

Preoperative Total Corneal Astigmatism and Toric IOL Cylinder Power and Axis
The estimated preoperative total corneal astigmatism for each device and calculation method is presented in Figure 2 for
all, WTR and ATR eyes. Mean absolute total corneal astigmatism was significantly lower in the IOLM SK with PCA
group compared to the IOLM TK and Pentacam groups for all eyes (p < 0.05) and ATR eyes (p < 0.01). The
x-component of the centroid total corneal astigmatism was significantly lower for IOLM SK with PCA calculations
compared to the IOLM TK, OPD scan and median measurements groups in ATR eyes (p < 0.05). No significant
difference in mean absolute or centroid total corneal astigmatism was observed across devices or calculation methods for
WTR eyes (Figure 2).

The toric IOL cylinder power and axis of alignment recommended by each method of calculation is presented in
Table 2. The mean recommended toric IOL cylinder power was not significantly different across calculations for all eyes
(p = 0.07) and WTR eyes (p = 0.39). The x-component of the centroid toric IOL cylinder power and axis was
significantly lower in IOLM SK with PCA calculations compared to the IOLM TK group in WTR eyes (p < 0.05). In
ATR eyes, mean toric IOL cylinder power was significantly lower in the IOLM SK with PCA group compared to the
IOLM TK and Pentacam groups (p < 0.05). The x-component of the centroid toric IOL cylinder power and axis
recommended by IOLM SK with PCA calculations was significantly lower than that of IOLM TK, Pentacam and OPD
scan in ATR eyes (p < 0.05).

Residual Refractive Astigmatism Prediction Error
The absolute error in predicted residual astigmatism is presented for all eyes across devices and calculation methods at
POM1 (Figure 3A) and POM3 (Figure 3B). Mean absolute error in predicted residual astigmatism was highest for OPD
scan (0.58 ± 0.52 D) at POM1 and Pentacam at POM3 (0.55 ± 0.32 D). The median measurements group had the lowest
mean absolute residual astigmatism prediction error at POM1 (0.40 ± 0.25 D) and POM3 (0.41 ± 0.29 D). Mean absolute
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Figure 1 Postoperative residual astigmatism. Double-angle plots of postoperative residual astigmatism at postoperative month 1 and 3 in all (top), WTR (middle) and ATR
(bottom) eyes. No significant (p < 0.05) differences were observed.
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prediction errors were not significantly different between devices and calculation methods at POM1 (p = 0.09) and
POM3 (p = 0.11) (Figure 3).

Double-angle plots of residual astigmatism prediction error are presented for WTR eyes in Figure 4 and ATR eyes in
Figure 5. There was no significant difference in mean absolute error in predicted residual astigmatism for WTR or ATR

Figure 2 Estimated preoperative total corneal astigmatism. Double-angle plots of preoperative total corneal astigmatism estimated using the Barrett toric calculator
incorporating measurements from each device or their median values. Barrett toric calculations made using measurements from IOLM SK with PCA produced significantly
lower mean absolute total corneal astigmatism compared to IOLM TK and Pentacam groups for all eyes and ATR eyes. IOLM SK with PCA calculations demonstrated
significantly lower x-component of the centroid total corneal astigmatism compared to IOLM TK, OPD scan and median measurements groups in ATR eyes. In WTR eyes,
significant difference in mean absolute or centroid total corneal astigmatism was observed across devices or calculation methods. *p < 0.05 and **p < 0.01 compared to
IOLM SK with PCA; †p < 0.05 and ‡p < 0.01 for x-component of centroid preoperative total corneal astigmatism compared to IOLM SK with PCA.

Table 2 Recommended Toric IOL Cylinder Power and Axis Calculated Using the Barrett Toric Calculator Incorporating
Measurements from Each Device or Their Median Values

Device All Eyes WTR ATR

OPD Scan Mean ± SD (D) 2.15 ± 0.87 2.23 ± 0.90 2.4 ± 0.73
Centroid ± SD (D) 0.45@13° ± 2.32 1.43@81° ± 2.04 2.26@175° ± 1.16†

Pentacam Mean ± SD 2.24 ± 1.02 2.33 ± 0.78 2.65 ± 0.98**

Centroid ± SD (D) 0.06@61° ± 2.51 2.05@86° ± 1.42 2.25@174° ± 1.79†

IOLM SK Mean ± SD (D) 2.10 ± 0.87 2.20 ± 0.94 2.33 ± 0.71

Centroid ± SD (D) 0.20@27° ± 2.32 1.82@86° ± 1.64 2.18@175° ± 1.14

Median Measurements Mean ± SD 2.09 ± 0.91 2.20 ± 0.81 2.40 ± 0.73
Centroid ± SD (D) 0.19@21° ± 2.32 1.83@85° ± 1.55 2.26@175° ± 1.16

IOLM SK with PCA Mean ± SD 2.00 ± 0.97 2.30 ± 1.20 2.00 ± 0.69

Centroid ± SD (D) 0.18@79° ± 2.26 2.02@89° ± 1.71 1.80@173° ± 1.17
IOLM TK Mean ± SD 2.24 ± 1.00 2.13 ± 1.17 2.63 ± 0.77*

Centroid ± SD (D) 0.37@18° ± 2.48 1.74@85° ± 1.78† 2.44@175° ± 1.29‡

IOLM TK with PCA Mean ± SD 2.08 ± 1.10 2.23 ± 1.43 2.23 ± 0.77
Centroid ± SD (D) 0.12@46° ± 2.40 1.91@88° ± 1.93 2.02@175° ± 1.28

Notes: *p < 0.05, **p < 0.01 compared to IOLM SK with PCA. †p < 0.05, ‡p < 0.01 for x-component of centroid toric IOL cylinder power and axis compared to IOLM SK
with PCA.
Abbreviations: IOLM, IOL Master 700; SK, conventional keratometry; PCA, posterior corneal astigmatism; TK, total keratometry; WTR, with-the-rule astigmatism; ATR,
against-the-rule astigmatism.
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eyes across devices or calculation methods at POM1 (WTR: p = 0.56; ATR: p = 0.43) or POM3 (WTR: p = 0.94; ATR: p
= 0.43). The group trend for centroid residual astigmatism prediction error reached statistical significance at POM1 in
WTR eyes (x-component: p = 0.049; y-component: p = 0.044), though post-hoc comparisons between devices and
calculation methods were not statistically significant. At POM3, there was no significant difference in centroid residual
astigmatism prediction error in WTR eyes across groups (x-component: p = 0.051; y-component: p = 0.28) (Figure 4). In
ATR eyes, the x-component of the centroid residual astigmatism prediction error was significantly higher in the IOLM
SK with PCA group compared to the IOLM TK, Pentacam and median measurements groups at POM1 and POM3 (p <
0.05). The y-component of the centroid residual astigmatism prediction error was not significantly different across
calculation methods in ATR eyes at POM1 (p = 0.83) or POM3 (p = 0.87) (Figure 5).

Figure 3 Absolute residual astigmatism prediction errors. Box and whisker plots of absolute residual astigmatism prediction errors across devices and calculation methods
at postoperative month 1 (A) and postoperative month 3 (B) in all eyes. The mean absolute residual astigmatism prediction error is denoted by the +. Central horizontal
lines represent the median prediction errors and whiskers extend to the 10th and 90th percentiles. There was no significant difference in mean absolute prediction error
across devices and calculation methods at either time point.

Figure 4 Mean absolute and centroid residual astigmatism prediction errors in WTR eyes. Double-angle plots of residual astigmatism prediction errors in WTR eyes at
postoperative month 1 (top) and postoperative month 3 (bottom). Mean absolute and centroid residual astigmatism prediction errors were not significantly different across
devices or calculation methods at postoperative month 1 or month 3 (p > 0.05).
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Figure 6 illustrates the percentage of eyes with absolute residual astigmatism prediction errors ≤ 0.25 D, 0.5 D, 0.75
D and 1.0 D at POM3. No significant difference in the percentage of eyes within each category of absolute error in
predicted residual astigmatism was observed when all eyes (Figure 6A), WTR eyes (Figure 6B) and ATR eyes
(Figure 6C) were compared across devices and calculation methods (p > 0.05).

Discussion
Advances in cataract surgery have greatly improved postoperative refractive outcomes, making spectacle independence
for distance vision an achievable goal for many patients.4 Toric IOLs have become a powerful tool for correcting corneal
astigmatism through cataract surgery and their success is dependent upon accurate measurements of preoperative corneal
astigmatism and reliable toric IOL calculations.5 Mounting evidence suggests that PCA should be incorporated into toric
IOL calculations to minimize postoperative refractive errors.6–13,16–28 However, it remains unclear whether measured or
predicted PCA is best suited for this purpose. Here, we show that residual astigmatism prediction errors are comparable
between Barrett toric calculations performed using predicted PCA and PCA directly measured using IOLM. When
predicted PCA was used, toric calculations were similar across devices and median measurements. Incorporation of TK
values from IOLM into Barrett toric calculations did not significantly improve calculation accuracy over standard
keratometry measurements.

The contribution of PCA to the total refractive power of the eye was originally suggested through Javal’s rule, though it was
not known at the time that the posterior cornea was responsible for the observed deviation between refractive astigmatism and
anterior corneal astigmatism keratometry measurements.36 Direct measurements of PCA were performed in the 1990s using
Purkinje imaging.37–39 Several studies have since used rotating Scheimpflug imaging and dual Scheimpflug and Placido disk
imaging to demonstrated that PCA has an average magnitude of approximately 0.24–0.42 D and is vertically oriented in the
majority of eyes, particularly in patients withWTR anterior corneal astigmatism.7,9,12,20,22,26,39–43 LaHood et al14 measured PCA
using the recently released IOLMwith SS-OCTand telecentric keratometry and found that PCA ranged from 0 to 1.21 Dwith an
average magnitude of 0.24 D. Similar to Scheimpflug and Purkinje imaging, IOLMmeasured a vertically oriented steep axis of
the posterior cornea in 73% of eyes and PCAwas found to be significantly greater in WTR eyes compared to ATR eyes.14 In the
present study, an average PCA of 0.24 ± 0.15 D (ranging from 0 to 0.67 D) was measured using IOLM for all eyes and higher
PCAwas observed in WTR eyes compared to ATR eyes, which aligns with previous studies.

Figure 5 Mean absolute and centroid residual astigmatism prediction errors in ATR eyes. Double-angle plots of residual astigmatism prediction errors in ATR eyes at
postoperative month 1 (top) and postoperative month 3 (bottom). There was no significant difference in mean absolute residual astigmatism prediction error across groups
at either time point. The x-component of the centroid prediction error was significantly higher in the IOLM SK with PCA group compared to the IOLM TK, Pentacam and
median measurements groups at postoperative month 1 and 3. The y-component of the centroid was not significantly different across groups at either time point. *p < 0.05,
**p < 0.001 for x-component of centroid residual astigmatism prediction error compared to IOLM SK with PCA.
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Toric IOL calculations performed using anterior corneal measurements alone have been shown to overestimate total
corneal astigmatism in WTR eyes and underestimate astigmatism in ATR eyes.6–10 The Baylor nomogram, Abulafia-Koch
formula, Goggin coefficient of adjustment and other mathematical formulas have therefore been developed to account for
PCA when only anterior corneal measurements are available. The incorporation of predicted PCA into toric IOL calcula-
tions has been shown to significantly reduce residual astigmatism prediction errors.8,11–13,16–24 Many of these methods for
predicting PCAwere developed using large datasets of corneal measurements from normal, healthy eyes. This has led some
to suggest that the direct measurement of PCA may enable more accurate toric IOL calculations in individual patients,
particularly in eyes that are considered to be outliers.15 Several studies have compared toric IOL calculations performed
using anterior corneal measurements alone to those that account for directly measured PCA. Similar to predicted PCA, in
the majority of these studies, the utilization of measured PCA in toric IOL calculations led to lower residual astigmatism
prediction errors compared to calculations performed using anterior corneal measurements alone.25–28

Although the utilization of both measured and predicted PCA have been shown to improve toric IOL calculation
accuracy, studies directly comparing calculations performed using predicted PCA to those using measured PCA have
produced mixed results. Reitblat et al26 demonstrated that vector summation calculations performed using measured PCA
generated lower mean absolute residual astigmatism prediction errors in all eyes and lower centroid residual astigmatism
prediction errors in WTR eyes compared to predicted PCA calculations performed using the Baylor nomogram. In ATR

Figure 6 Percentage of eyes with absolute residual astigmatism prediction errors ≤ 0.25, 0.5, 0.75 and 1.0 D. No significant difference in the percentage of eyes with absolute
prediction errors within each range was observed across devices or calculation methods for all eyes (A), WTR eyes (B) and ATR eyes (C) at postoperative month 3.
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eyes, however, calculations performed using the Baylor nomogram resulted in lower centroid residual astigmatism
prediction errors compared to vector summation using measured PCA.26 Barrett toric calculations using predicted PCA
and Holladay calculations using the Abulafia-Koch formula have been shown to produce lower residual astigmatism
prediction errors compared to calculations incorporating measured PCA in all, ATR and WTR eyes.18,21 When Barrett
toric calculations incorporating predicted and measured PCAwere directly compared, no significant difference in residual
astigmatism prediction error was observed between groups.44 In each of these studies, PCA was measured using rotating
Scheimpflug imaging, and it is unclear whether comparable outcomes occur when other methods of PCA measurement
are used.

In the present study, estimated preoperative total corneal astigmatism, recommended toric IOL cylinder power and
axis, and postoperative residual astigmatism prediction errors were not significantly impacted by the incorporation of
measured versus predicted PCA into Barrett toric calculations. This is evident in comparisons between the IOLM SK and
IOLM SK with PCA, and IOLM TK and IOLM TK with PCA groups. The results from this study therefore suggest that
comparable clinical outcomes can be achieved when preoperative planning is performed using Barrett toric calculations
incorporating predicted PCA and PCA directly measured using IOLM.

Several devices are available for the measurement of anterior corneal astigmatism. Meta-analysis of 127 studies
assessing the agreement between biometers found that anterior corneal measurements were generally comparable across
devices, though significant inter-device differences do exist.45 Studies comparing toric IOL calculations performed using
anterior corneal measurements from different devices have demonstrated variable effects on residual refractive astigma-
tism prediction errors and no one device has consistently been shown to produce the most accurate calculations.6,16,24,46

In the present study, mean absolute anterior corneal astigmatism was greater when measurements were performed using
Pentacam compared to OPD scan. However, no significant difference in estimated preoperative total corneal astigmatism,
recommended toric IOL or postoperative residual astigmatism prediction error was observed between Barrett toric
calculations performed using predicted PCA and measurements derived from IOLM, OPD scan, Pentacam or their
median values.

Fabian et al recently compared Barrett toric calculations performed using SK and TK measurements from IOLM with
predicted PCA. Similar to the present study, they found that there was no significant difference in residual astigmatism
prediction errors between Barrett toric calculations performed using SK and TK measurements.15 We further extended
our analysis to include calculations incorporating measured PCA and found that the IOLM SK with PCA and IOLM TK
with PCA groups produced comparable estimates of total corneal astigmatism, recommended toric IOLs and residual
astigmatism prediction errors. In comparison to the IOLM TK group, calculations made using IOLM SK with measured
PCA generated significantly lower estimates of mean preoperative total corneal astigmatism in all eyes. In ATR eyes,
mean total corneal astigmatism and toric IOL cylinder power were approximately 0.40 D and 0.60 D lower, respectively,
in the IOLM SK with PCA group compared to IOLM TK group. Centroid residual astigmatism prediction error was
approximately 0.13 D lower in the IOLM SK with PCA group compared to IOLM TK group in ATR eyes, which was
statistically significant for the x-component but not the y-component of the centroid. These results suggest that IOLM TK
measurements are suitable for use in Barrett toric calculations with either predicted or measured PCA.

It is important to highlight that the present study was limited by its retrospective nature and small sample size. Only 4
eyes with oblique astigmatism were included which prevented meaningful statistical comparisons. Future studies
involving a greater number of patients with oblique astigmatism are warranted to address the impact of measured versus
predicted PCA on toric IOL calculations for oblique astigmatism. Another potential limitation of this study was that SIA
was not measured for each individual patient. Although FLACS was used for consistency of corneal incisions across all
three surgeons, it is possible that variability in SIA affected our analysis. Furthermore, PCA was only measured using
IOLM. Additional studies may wish to directly compare Barrett toric calculations performed using PCA measured using
several available devices to determine whether the method of PCA measurement impacts calculation accuracy.

In conclusion, the present study suggests that the incorporation of measured PCA or TK values derived from IOLM
into Barrett toric calculations does not result in clinically meaningful differences in the accuracy of these calculations.
The Barrett toric calculator produces low residual astigmatism prediction errors across several devices measuring anterior
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corneal astigmatism when predicted PCA is used. Calculation accuracy was not significantly impacted by the utilization
of the median measurements function for Barrett toric calculations.
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