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Purpose: To investigate the relationship between measured anterior, posterior, and total 
keratometric astigmatism and post-operative refractive astigmatism (RA) after cataract 
surgery.
Patients and Methods: This was a retrospective analysis of eyes that consecutively under
went pre-operative measurements of keratometric astigmatism with a swept-source optical 
coherence tomography (SS-OCT)-based optical biometer and dual-Scheimpflug/Placido disc 
corneal topographer, cataract surgery with implantation of a monofocal intraocular lens, and 
post-operative manifest refraction. The difference between post-operative refractive astigmatism 
and keratometric astigmatism measured using four different ways [Keratometry (K), Simulated 
Keratometry (SimK), Total Keratometry (TK), and Total Corneal Power (TCP)] was calculated.
Results: For all 118 eyes, a smaller mean vector difference between post-operative refrac
tive astigmatism and measured keratometric astigmatism was realized with TK (0.08 @ 151) 
vs TCP2 (0.30 @ 174; p < 0.0006), as well as with K (0.26 @ 173) vs SimK (0.52 @ 177; 
p = 0.036). The mean vector difference between post-operative refractive astigmatism and 
TK astigmatism was 0.31 @ 097, 0.21 @ 163, and 0.69 @ 179 in eyes with against-the rule 
(ATR), oblique, and with-the-rule (WTR) anterior corneal astigmatism, respectively (p < 
0.0006). On the other hand, posterior corneal astigmatism did not significantly change with 
the orientation of anterior corneal astigmatism [0.10 @ 180 for ATR, 0.22 @ 180 for oblique, 
and 0.28 @ 180 for WTR (p = 0.58)].
Conclusion: Compared with the other measures of corneal astigmatism, total keratometric 
astigmatism from the SS-OCT device most closely correlated with post-operative RA. The 
difference between anterior corneal astigmatism and refractive astigmatism is not completely 
explained by the contribution from the posterior cornea. Other contributors, such as lens tilt 
or neuro-adaptation, may be at play.
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Introduction
Minimization of refractive error at the time of cataract surgery is an important goal 
for both surgeons and patients. Since over a third of eyes have clinically significant 
astigmatism,1 correction with limbal relaxing incisions or toric intraocular lenses is 
often part of the surgical plan. As such, appropriate preparation requires an under
standing of the relationship between pre-operative biometry measurements and 
post-operative refractive astigmatism (RA). The relationship between these two 
data points is not trivial and is known to include contributions from the anterior 
and posterior cornea and intraocular media (eg lens tilt); there may also be neuro- 
adaptive or perceptual preferences at work.
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In a previous study,2 Kansara et al showed that there 
was a significant difference between the pre-operative 
keratometric astigmatism and post-operative RA, even 
when using total corneal power from a dual- 
Scheimpflug-Placido disc corneal tomographer/topogra
pher (Ziemer Galilei G4). Their study dataset did not 
include total keratometry (TK) from a swept-source OCT 
(SS-OCT) based biometer (Zeiss IOLMaster 700). We thus 
sought to determine whether the same findings previously 
identified with the corneal topographer could be affirmed 
with an SS-OCT device. The purpose of the present study 
was to evaluate the agreement between pre-operative ante
rior and total keratometric astigmatism and post-operative 
RA in pseudophakic eyes.

Methods
The study was approved by the Penn State College of 
Medicine Institutional Review Board (IRB). Given the 
retrospective nature of the review, the requirement for 
consent was waived, but the data were anonymized and 
maintained with confidentiality in accordance with the 
IRB’s Data Management Plan. The study was carried out 
in compliance with the Declaration of Helsinki. This retro
spective analysis of data included eyes that were consecu
tively evaluated between 11/2018 and 07/2020 that 
underwent pre-operative biometry (IOLMaster 700), tomo
graphy/topography (Galilei G4), cataract surgery with 
implantation of a monofocal intraocular lens, and manifest 
refraction 21–90 days post-operatively. Eyes excluded 
from the analysis included those with measurements 
deemed to be of poor quality (as defined by the respective 
devices’ image quality metrics), history of ocular surgery 
or clinically significant corneal disease, cataract surgery 
combined with another procedure, intraoperative compli
cations, missing post-operative manifest refraction within 
the time frame of interest, or a best-corrected distance 
visual acuity worse than 20/40. Post-operative RA was 
compared to pre-operative astigmatism measured using 
Keratometry (K; IOLMaster), Simulated Keratometry 
(SimK; Galilei G4), Total Keratometry (TK; IOLMaster), 
and Total Corneal Power (TCP2; Galilei G4). An ocular 
residual astigmatism (ORA) vector was calculated for the 
four measurement methods, as described by Alpins.3 In 
accordance with best practices as recommended in an 
editorial by Abulafia et al,4 a multivariate linear model 
for repeated measures or Hotelling’s T-squared test was 
used to compare posterior corneal astigmatism (PCA) and 
ORA summated vector mean/centroids, and a generalized 

estimated equation methodology was used to compare 
proportions of eyes with ORA vector magnitudes less 
than 0.5 and 1.0 D. A Bonferroni correction was applied 
to account for multiple comparisons, with statistical sig
nificance assumed at p < 0.05.

Results
One-hundred eighteen eyes met the criteria for inclusion. 
The relevant biometric parameters describing these eyes 
are displayed in Table 1. The age of patients ranged from 
21 to 90 years old. Fifty-five eyes (47%) belonged to 
males and sixty-three (53%) belonged to females. Fifty- 
four (46%) and sixty-four (54%) were right and left eyes, 
respectively. Based upon anterior corneal power measure
ments from the optical biometer, 50 (42%), 45 (38%), and 
23 (20%) had against-the-rule (ATR), with-the-rule 
(WTR), and oblique astigmatism, respectively.

The PCA, as measured by the optical biometer, had 
a steep meridian oriented vertically in 87% of eyes. PCA 
arithmetic mean was 0.22 D, and the summated vector 
mean (centroid) was 0.19 @ 180 for all eyes. Broken 
down by sub-group, the PCA centroid was 0.10 @ 180, 
0.22 @ 180, and 0.28 @ 180 for ATR, oblique, and WTR 
anterior corneal astigmatism. Although the centroid mag
nitude of PCA slowly increased with increasing WTR 
astigmatism, this trend was not statistically significant (p 
= 0.58). In other words, both the arithmetic and vector 
mean magnitudes of PCA were stable, regardless of ante
rior corneal astigmatism orientation and magnitude.

The summated vector mean/centroid of ORA vectors 
for the four measurement methods is displayed in Table 2, 
and double angle plots depicting the refractive astigmatism 

Table 1 Eye Demographics

Parameter Arithmetic Mean ± SD 
(Range)

AL (mm) 24.45 ± 1.40 (21.78 to 30.4)

Flat K (D) 43.47 ± 1.41 (40.35 to 47.17)

Steep K (D) 44.29 ± 1.40 (41.27 to 48.3)

Anterior keratometric 

astigmatism (D)

0.81 ± 0.50 (0 to 2.28)

Post-operative manifest refraction

Sphere (D) −0.65 ± 0.72 (−4.0 to 0.50)
Cylinder (D) 0.61 ± 0.53 (0 to 2.5)

SE −0.35 ± 0.72 (−3.375 to 0.875)

Abbreviations: AL, axial length; SE, spherical equivalent.
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estimation error for each eye, using the four different 
measurement methods, are shown in Figure 1. When all 
eyes were considered, a smaller ORA summated vector 
mean/centroid was realized with K vs SimK (p = 0.036), 
as well as with TK vs TCP2 (p < 0.0006). The proportion 
of eyes with ORA magnitudes <0.5 were 36.4%, 23.7%, 
41.5%, and 28.8% for the four above mentioned measure
ment methods, respectively, with K performing similar to 
SimK (p = 0.132) and TK performing better than TCP2 (p 
= 0.042). The proportion of eyes with ORA magnitudes 
<1.0 D were 85.6%, 67.8%, 83.9%, and 75.4%, respec
tively (p = 0.024 for K vs SimK and p = 0.24 for TK vs 
TCP2).

Discussion
One might prematurely conclude that because the ORA 
summated vector mean/centroid is statistically equivalent 
to zero (Hotelling's T-squared p = 0.78) when TK is used, 
we have successfully accounted for all post-operative RA 
with pre-operative TK measurements. However, this ORA 
centroid is the result of averaging data from ATR and 
WTR sub-groups. When the sub-groups are considered 
separately, we observe non-zero (Hotelling’s T-squared 
p < 0.0006) ORA centroids of 0.31 @ 097 in ATR and 
0.69 @ 179 in WTR eyes. In other words, even after all 
measurable keratometric astigmatism is taken into 
account, there is an unmistakable amount of unaccounted 
for astigmatism that increases with the amount of WTR 
astigmatism in the eye. In fact, we observed that in some 
individuals with 3 D of total keratometric astigmatism that 
the unaccounted for magnitude approached 1.0 D. Since 
the PCA does not significantly increase with increasing 
WTR astigmatism, but ORA does, we hypothesize that this 
non-corneal astigmatism is coming from some other 
source. The trend is present with such systematic predilec
tion that we do not believe it can be explained by intrao
cular lens tilt or PCA measurement error.

While the present study and that of Kansara et al may 
be the first to describe these findings in detail, they are in 
fact well corroborated by recommendations from modern 
toric intraocular lens calculators [ie Barrett Toric 
Calculator (BTC)].5 When nominal values of 24 for axial 
length, 44 @ 180 for Flat K, 45.5 @ 90 for Steep K, 3 for 
anterior chamber depth, 4.5 for lens thickness, and 12 for 
white-to-white are entered, the calculator reveals a “Net 
Astigmatism” of 0.85 D @ 090, suggesting 0.65 D of 
astigmatism that is unaccounted for by the 1.5 
D contributed by the anterior corneal surface. When the 
Steep K magnitude is increased to 47, the BTC reports 
a “Net Astigmatism” of 2.06 D @ 090, suggesting 0.96 
D of astigmatism unaccounted for by the 3 D contributed 
by the anterior corneal surface.

It has been previously postulated that neuro-adaptation 
is a contributor toward the non-zero ORA. The current 
study further potentiates this hypothesis: an astigmatic lens 
contributes power 90 degrees away from its axis, and eyes 
with pre-operative ATR astigmatism preferred additional 
focusing power along the horizontal meridian post-opera
tively; those with WTR astigmatism preferred the oppo
site. In other words, each sub-group preferred to be driven 
toward a refractive state similar to that present pre-opera
tively. The fact that the WTR sub-group had a higher ORA 
vector magnitude than the ATR group might be explained 
by the fact that we spend most of our lives with WTR 
astigmatism, making those neuro-adaptive preferences the 
strongest.

One limitation of the present study was the inabil
ity to account for surgically induced astigmatism 
(SIA), since post-operative keratometry measurements 
were not available. To overcome this shortcoming, we 
attempted to empirically account for SIA by adding 
varying amounts of astigmatism (between 0.01 and 
0.25D) 90 degrees away from the incision axis, but 
every empirical model resulted in increases in ORA 

Table 2 Ocular Residual Astigmatism Centroids by Measurement Method

Group Keratometry (K) Simulated Keratometry (SimK) Total Keratometry (TK) Total Corneal Power (TCP2)

Centroid ± SD (D)

All eyes (n = 118) 0.26 @ 173 ± 0.75* 0.52 @ 177 ± 0.75* 0.08 @ 151 ± 0.77† 0.30 @ 174 ± 0.81†

ATR eyes (n = 50) 0.17 @ 107 ± 0.73 0.24 @ 146 ± 0.78 0.31 @ 097 ± 0.69 0.16 @ 116 ± 0.76

Oblique eyes (n = 23) 0.14 @ 173 ± 0.53 0.43 @ 180 ± 0.66 0.21 @ 163 ± 0.49 0.30 @ 001 ± 0.72

WTR eyes (n = 45) 0.77 @ 179 ± 0.54 0.90 @ 001 ± 0.55 0.69 @ 179 ± 0.58 0.86 @ 179 ± 0.62

Notes: */†, difference is statistically significant. 
Abbreviations: ATR, against-the-rule; WTR, with-the-rule.
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vector magnitudes (eg attempts to incorporate SIA 
worsened the modeling). This is not completely sur
prising – in fact, it is recommended to use an SIA of 
zero when using the Kane toric calculator,6 and 
Warren Hill suggests that SIA likely resides between 
zero and 0.1 D for clear corneal incisions less than 
2.75 mm (personal communication). Furthermore, the 

IOLMaster 700’s User Manual suggests that the SDs 
and repeatability limits for cylinder measurements are 
0.148 and 0.414, respectively. Since these values are 
higher than the 0–0.1 D effect known to come from 
SIA, the device may not be sensitive enough to accu
rately take into account its effect.7 Nevertheless, any 
small amount of unaccounted for SIA is unlikely to 

Figure 1 Double-angle plots depicting ocular residual astigmatism (ORA) using (A) Keratometry; K, (B) Simulated Keratometry; SimK, (C) Total Keratometry; TK, and (D) 
Total Corneal Power; TCP.
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explain the large ORA magnitudes with opposing sub- 
group orientations.

Conclusion
The present work demonstrates that SS-OCT keratometry 
most closely correlates with post-operative RA when com
pared with other measurement methods; however, there are 
still additional factors contributing to RA beyond the anterior 
and posterior cornea. These findings, previously identified 
using anterior and posterior corneal curvature measurements 
from Scheimpflug images, have now been confirmed by the 
present study using a second imaging modality, SS-OCT. 
Further work is needed to investigate whether these factors 
might be directly measurable or more accurately predicted at 
the individual level.
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