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Abstract
Background: To compare the accuracy of the IOLMaster 700 (IOLM) and iTrace in predicting
postoperative astigmatism after cataract surgery with toric intraocular lens implantation.

Methods: The study was a single-center, prospective, observational study. It

included patients who underwent toric intraocular lens (IOL) insertion during uncomplicated cataract
surgery by a single surgeon. Preoperative corneal astigmatism was measured using the IOLM and
iTrace. The predicted error in residual astigmatism was calculated by vector analysis according to the
calculation methods and the measurements used.

Results: A total of 217 eyes of 165 patients were included. The mean absolute astigmatism prediction
errors were 0.47 ± 0.33 D and 0.49 ± 0.34 D for the IOLM and iTrace respectively (p=0.047) and the
centroid of the prediction errors were 0.09 D @ 172 and 0.09 D @ 173 (p=0.97 for x-axis and p=0.91 for
y-axis). In the with-the-rule subgroup, the mean absolute prediction errors were 0.50 ± 0.30 D and 0.51 ±
0.31 D for the IOLM and iTrace, respectively (p=0.56). In the against-the-rule subgroup, the mean
absolute prediction errors were 0.42 ± 0.34 D and 0.45 ± 0.35 D IOLMshowed better results compared
with iTrace in predicting post-operative astigmatism after cataract surgery. for the IOLM and iTrace,
respectively (p=0.06). The IOLM yielded the best result with 62.7% <0.5D prediction error in the total
group and 70.2% in the against-the-rule subgroup.

Conclusions: IOLM showed better results compared with iTrace in predicting post-operative astigmatism
after cataract surgery.

Background
Cataracts are the world’s leading cause of blindness, affecting approximately 17.2% of adults over forty
with significantly higher prevalence in the elderly.1 Cataract surgery rates have increased over the past

twenty years in North America2 with more than 50% of patients over seventy-five requiring it.3 The
surgery improves vision,4 lowers the risk of falls,5 and reduces financial strain on patients and healthcare
systems.6

Cataract surgery is also increasingly being used to correct astigmatism. Almost half of the population
over sixty years has one diopter or more of astigmatism, causing meaningful visual impairment.7,8 Toric
intraocular lenses (IOLs) implanted during cataract surgery go beyond standard IOLs by correcting
astigmatism and are increasingly being used.9 Despite being more expensive than standard lenses, toric
lenses reduce lifetime costs to correct vision since many patients do not require glasses following the
procedure.10,11

Choosing an appropriate toric IOL relies on precise measurement of the preoperative corneal
astigmatism.12–16 Currently, no gold-standard exists to measure total corneal astigmatism, however the
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IOLM (Carl Zeiss Meditec AG, Jena, Germany) yields accurate and consistent measurements when
compared with other devices17. The IOLM is a widely used swept-source biometer which provides high
accuracy and repeatability17, directly measuring the anterior and posterior cornea. The iTrace by Tracey

Technologies Corp is a newer device which employs ray tracing aberrometry and corneal topography18

and measures the anterior corneal astigmatism. While both machines can perform keratometry
measurements, they are different in purpose and technology18. These differences raise the question of
which machine is better in prediction of toric IOL implantation outcomes. Previous studies comparing
the keratometry between the IOLM and iTrace have shown mixed results of measurement agreements18.
A consistent finding is that the keratometry measurements from these machines cannot be used
interchangeably19,20, however, we do not know which machine is more accurate in toric calculations in
astigmatic cataract surgery patients.

To the best of our knowledge, our study is the first to compare toric calculations based on IOLM and
iTrace keratometry with postoperative visual outcomes to see which device provides better predictions.

Methods
This prospective study followed the Declaration of Helsinki and was approved by the University of
Alberta Research Ethical Board, application number Pro00133635. We enrolled cataract patients at Eye
Physicians and Surgeons (Edmonton, Alberta) between October 1st, 2023, and March 30th, 2024, who (i)
were eighteen or older, (ii) had regular corneal astigmatism between 0.75–5.0 D, (iii) elected toric IOL
implantation, (iv) had otherwise healthy eyes excluding astigmatism and cataracts, and (v) provided
informed consent. We excluded patients with prior ocular disease or surgery, irregular astigmatism,
intraoperative complications, or patients who wore contact-lenses within two weeks of preoperative
measurements.

All patients underwent standard examinations, with keratometry assessments performed by one of two
experienced technicians. Ocular biometry was measured using the IOLM before using any eye drops or
performing any contact-based examination. Corneal measurements with the iTrace were performed in a
dark room with an undilated pupil.

IOL spherical equivalent power was based on measurements from the IOLM using the Barrett Universal �
formula, and IOL cylinder power was based using the keratometry entry from IOLM and imputed into the
Johnson and Johnson Toric IOL online Calculator (https://tecnistoriccalc.com/). Keratometry data from
the iTrace was recorded and entered into the same Johnson and Johnson Toric IOL Calculator to
produce a theoretical IOL cylinder power and axis. This theoretical IOL calculation was not used for
actual surgery, but only for simulating the replacement of the inserted IOL and acquiring a new
postoperative refractive outcome for vector analysis. The surgical induced astigmatism (SIA) for the
toric IOL calculation was 0.25 D at 180° in the right eye and 0° for the left eye, calculated based on the
surgeon’s historical personalized results.
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Cataract surgery was performed by a single surgeon in Edmonton zone public hospitals by administering
topical anesthesia, and by making 2.4-mm bi-beveled keratome scleral–limbal incisions at 180° for the
right eye and 0° for the left eye and with “divided and conquer” phacoemulsification. All eyes had in-the-
bag implantation of a Johnson and Johnson (Johnson and Johnson Vision, Markham, Ontario, Canada)
one-piece hydrophobic acrylic IOL, either ZCU or DIU models. At the postoperative visit, the orientation of
the IOL was recorded and any eye with an IOL oriented more than 10° from intended was excluded from
the final dataset. Patients were required to see an optometrist during the six-week follow-up
appointment, who reported back the uncorrected (UCVA) and best corrected visual acuity (BCVA), and
objective and subjective refraction.

Analysis of postoperative visual data was done using vector addition as described by Holladay et al21.
When comparing the predictions made preoperatively with the postoperative refraction, the vector
analysis was performed using the values from the manifest refraction with vertex to the cornea. When
comparing the actual and predicted postoperative refraction, the actual postoperative refractive
astigmatism was calculated by vertexing the postoperative manifest refractive astigmatism to the
corneal plane. The predicted postoperative refractive astigmatism for each machine was calculated
using the preoperative keratometry measurements from both biometers, the IOLM and iTrace, and the
intended IOL power, cylinder, and axis were based on the Johnson and Johnson Toric IOL online
Calculator (https://tecnistoriccalc.com/) using predicted posterior astigmatism. The postoperative
refractive astigmatism prediction error was then calculated as the vector difference between the actual
and predicted postoperative refractive astigmatism. The mean of the absolute prediction error (MAE),
the standard deviation (SD) of the absolute prediction error, the centroid of the prediction error, the total
standard deviation of the prediction error, as well as the proportion of eyes within a prediction error of
0.50 D, 0.75 D, and 1.00 D were calculated.

We performed a subgroup analysis based on the orientation of the anterior corneal astigmatism. Eyes
were considered to have against-the-rule (ATR) astigmatism when the anterior corneal steep meridian
was between 0° and 30° or 150° and 180°, with-the-rule (WTR) astigmatism when the anterior corneal
steep meridian was between 60° and 120°, and oblique astigmatism in all others. The same vector
analysis was performed in each subgroup of astigmatism type.

Our statistical data analysis follows the recent recommendations of the Journal of Cataract and
Refractive Surgery 22, 23. We used the Rallfun-v45 version of the Wilcox-Holladay-Wang-Koch (WHWK)

Statistical Software, as described in detail previously27. For all statistical tests, we chose a significance
level alpha = 0.05 for a type I error. The pairs of p-values given in the mean centroid are non-adjusted p-
values for the x coordinate and for the y coordinate of the centroid, respectively, as provided by the
WHWK statistical software. For the ≤ 0.50 D (%), the intervals are 95% BCA-bootstrap confidence
intervals for the difference in percent as computed with the R package boot, version 1.3–32; here a
difference is significant if 0 is outside the confidence interval.

Results
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We included a total of 217 eyes from 165 patients, WTR astigmatism was present in 56 eyes (25.8%),
ATR astigmatism was present in 124 eyes (57.14%) and oblique astigmatism was found in 37 eyes
(17.06%). Table 1 shows the baseline demographics and biometry data of the studied group. IOL power
and lens type implanted are shown in Fig. 1A. The most common IOL cylinder power used was 150
followed by 100. The comparison of the IOL cylinder power recommendations calculated between the
IOLM and iTrace showed 58.08% of eyes requiring the same corrective cylinder power, and 95.77% of
eyes within one power difference (Fig. 1B).

Table 1
Baseline demographics of the study patients

Parameters Number/Average ± SD (Range)

Age (years) 70.97 ± 7.96 (44–89)

Gender (F/M) 100/65

Eyes, n = 217 (OD/OS) 109/108

Axial length (mm) 24.49 ± 1.53 (20.28–28.72)

Anterior chamber depth (mm) 3.23 ± 0.40 (2.16–4.12)

Lens used (DIU/ZCU) 155/61

Implanted IOL power (D) 18.00 ± 4.7 (5.00–34.00)

Eyes with WTR astigmatism (n) 56

Eyes with ATR astigmatism (n) 124

Eyes with oblique astigmatism (n) 37

Kflat IOLM -K1 (D) 43.35 ± 1.54 (39.91–47.89)

Ksteep IOLM -K2(D) 44.74 ± 1.63 (40.9-50.56)

Kflat iTrace -K1 (D) 43.04 ± 1.45 (39.85–47.58)

Ksteep iTrace-K2 (D) 44.34 ± 1.59 (40.91–49.84)

OD right eye, OS left eye, IOL- intraocular lens implant, D-diopters, ATR = against-the-rule; D = diopter;
SD = standard deviation; WTR = within-the-rule. Data presented as n or mean absolute average ± SD.
Ranges are shown in parentheses.

Figure 2 shows the double-angle plots of the preoperative corneal astigmatism and the postoperative
refractive astigmatism and the cumulative histogram of the amount of preoperative corneal astigmatism
compared with the postoperative refractive astigmatism. The percentage of eyes within a prediction
error of ± 0.50 D, ± 0.75 D, and ± 1.00 D are shown in Fig. 3. Figure 4 shows the double-angle plots of the
prediction error for each machine, 4A for total eyes, 4B for the WTR eyes, 4C for ATR and 4D for oblique
groups respectively. Table 2 presents the overall clinical outcomes for each machine. There was a
significant difference in MAEs in the prediction error between the two machines (p = 0.047), where the
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IOLM showed a better prediction value than iTrace. The centroid of the prediction error was close to zero
for both machines and it was not statistically significant between the two machines (p = 0.97 for x-axis
and p = 0.91 for y-axis). The IOLM yielded statistically significant better results with 62.7% ≤0.5D
prediction error, compared with 56.2% for iTrace (95% CI (1.8, 10.6)).

Table 2
Clinical outcomes for each machine

Machine MAE MedAE Mean centroid (diopters @
degrees) ± SD

≤ 0.50 D (%)

IOLM (total, n = 217) 0.47 0.39 0.09 D @172 ± 0.57 D 62.7

iTrace (total, n = 
217)

0.49 0.42 0.09 D @173 ± 0.59 D 56.2

P 0.047*   0.97 (x-axis), 0.91 (y-axis) 95% CI (1.8,
10.6)*

IOLM (WTR, n = 56) 0.50 0.43 0.35 D @91 ± 0.47 D 58.9

iTrace (WTR, n = 56) 0.51 0.46 0.32 D @92 ± 0.51 D 55.3

P 0.56   0.56 (x-axis), 0.57 (y-axis) 95% CI (-7.1,
12.5)

IOLM (ATR, n = 124) 0.42 0.33 0.30 D @2 ± 0.45 D 70.2

iTrace (ATR, n = 
124)

0.45 0.38 0.29 D @3 ± 0.49 D 62.1

P 0.062   0.60 (x-axis), 0.63 (y-axis) 95% CI (2.4,
12.9) *

IOLM (Oblique, n = 
37)

0.61 0.55 0.22 D @143 ± 0.65 D 43.2

iTrace (Oblique, n = 
37)

0.63 0.63 0.21 D @143 ± 0.68 D 37.8

P 0.50   0.97 (x-axis), 0.90 (y-axis) 95% CI (-5.4,
13.5)

ATR=against the rule, MAE=mean absolute prediction error, MedAE=median absolute prediction error,
SD=standard deviation, WTR=with the rule.

*Statistically significant

When the orientation of anterior corneal astigmatism subgroups was analyzed, there was no significant
difference in MAEs and the centroid prediction error between the two machines (p > 0.05). The IOLM
yielded the best results in the ATR subgroup with 70.2% ≤0.5D prediction error compared with 62.1% in
iTrace group (95% CI (2.4, 12.9)).

Page 6/15



Discussion
Despite our best efforts to minimize unexpected residual astigmatism after cataract surgery, most
cataract surgeons attain an accuracy within ± 0.50 D in 78% of patients, with only 1% of surgeons
reaching 92% accuracy24. Reliable and accurate preoperative corneal astigmatism measurements are
crucial for toric lens implantation. Inaccurate measurements may result in failure of astigmatism
correction or even worsen postoperative corneal astigmatism. Finding more accurate and reliable
measurements will improve the outcome of residual refractive error after cataract surgery.

This study compared the accuracy and reliability of toric IOL calculations between two machines, the
IOLM and iTrace, using their keratometry measurements. To the best of our knowledge, this is the first
study directly comparing the two machines' preoperative toric predictions using real post-operative
outcomes. The present study showed IOLM measurements resulted in more accurate and better
outcomes than iTrace measurements. The prediction error of ≤ 0.5D was found to be in 62.7% of eyes
measured with IOLM and 56.2% of eyes measured with iTrace being statistically significant (95% CI (1.8,
10.6)). These results are plausible because the intraocular lens suggested by IOLM was always inserted.
The difference in prediction errors between the two machines are not related to direct measurements of
posterior curvature. In our study, we used anterior values of keratometry measured by IOLM and
Johnson and Johnson online calculator with predicted posterior astigmatism to equalize the two
machines in measuring the total corneal astigmatism. The mean absolute error (MAE) was used to
investigate the accuracy of IOL calculations. The MAE was statistically significantly different between
the two machines with an MAE of 0.47 for IOLM and 0.49 for iTrace (p = 0.047). The results showed that
the IOLM is better than the iTrace in accuracy of toric IOL calculations. The centroid of prediction errors
in our study was similar between IOLM (0.09 D @172) and iTrace (0.09 @ 173), which was not
statistically significant (p = 0.97 for x-axis and p = 0.91 for y-axis). Our study showed one of the lowest
centroid prediction errors reported in the literature. Previous studies15–16, 25–27 which included direct
measurements of posterior corneal curvature such as Scheimpflug imaging systems (Pentacam and
Galilei Dual analyzer) and sswept-source optical coherence tomography (IOL Master 700) showed a
centroid prediction error ranging from 0.09 D to 0.64 D.

Our study also analyzed clinical outcomes in subgroups based on the orientation of anterior corneal
astigmatism. The prediction error of ≤ 0.5D was found to be the highest in ATR in 70.2% of eyes
measured with IOLM. Previous studies 15–17, 28 looking at the correlation between prediction errors and

subgroups of astigmatism had controversial results. Yang et al.16 showed the highest prediction error of
≤ 0.5D in WTR subgroup (65.9%), however this study used only IOLM measurements to compare different
types of formulas. Ho et al.15 did not show any significant WTR/ATR prediction error differences in WTR
or ATR eyes; on the other hand, Koch et al.28 showed a significant WTR prediction error of 0.57 D in WTR
eyes, while the ATR astigmatism was fully corrected. The MAE and centroid prediction errors of all
subgroups were very similar in our study, and not statistically significant between the IOLM and iTrace.
Yang et al.16 had comparable results in IOLM measurements with no statistical significance in MAE
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values subgroups, however, they showed a lower MAE across all the subgroups than in our study (0.22
D). The lowest centroid values of the prediction value in our study were in oblique astigmatisms, 0.22 D
@143 for the IOLM, and 0.21 D @143 for the iTrace. Yang et al.16 showed a centroid error in the WTR
astigmatism subgroup closer to 0 compared with those in the ATR astigmatism subgroup (0.9 D versus
0.22 D).

While our prospective study design has robust inclusion criteria and large sample size, this study has
some limitations. One such limitation is a lack of generalizability to other patient populations due to the
data being collected from a single center. Additionally, our exclusion of complex cases suggests that our
findings may not apply to irregular-astigmatism cases. A follow-up time of six weeks could also miss
long term astigmatic shifts or lens position changes. Furthermore, this study only evaluated the toric
lenses from Johnson and Johnson and therefore excluded other types of lenses. In the current study,
always the lens suggested by IOLM is inserted. It is thus expected that IOLM predicts no worse than
iTrace. Future research should include multi-center studies with a more diverse population, longer follow-
ups, intraocular lens inserted by iTrace calculations and diverse IOL types.
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Figure 1

A. Type of Intraocular lens implants (IOL) implanted during cataract surgery and their respective powers.
B. Lens cylinder power recommendation differences between the IOLM vs iTrace biometry. Johnson and
Johnson IOL toric powers were 100, 150, 225, 300, 375, and 400.
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Figure 2

A. Double-angle plots of the preoperative and actual postoperative refractive astigmatism (vertex to
cornea plane). B. Cumulative histogram of preoperative and actual postoperative refractive astigmatism.
D = diopter.
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Figure 3

Histograms showing percentages of eyes with an absolute prediction error (PE) of ≤0.50 D, 0.75 D, and
1.00 D for each of the machines, IOLM and iTrace.* statistically significant.
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Figure 4

A. Double-angle plots of the prediction error for each machine in the total group (vertex to the cornea
plane). B. Double-angle plots of the prediction error for each machine in the WTR group (vertex to the
cornea plane). C. Double-angle plots of the prediction error for each machine in the ATR group (vertex to
the cornea plane).D. Double-angle plots of the prediction error for each machine in the oblique group
(vertex to the cornea plane).
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