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O R I G I N A L  A R T I C L E

Alpins et al1,2 have described a measure of cor-
neal astigmatism that corresponds well with 
manifest refractive cylinder, called the cor-

neal topographic astigmatism (CorT). The CorT is cal-
culated from a device-specific annular region of the 
cornea. For normal eyes, this annular region used to 
calculate the CorT is centered on corneal vertex. For 
keratoconic eyes, we hypothesize that it may be bet-
ter to derive a CorT from an annular region that is not 
centered on corneal vertex, because there is an asym-
metric increase in corneal curvature that occurs in 

the lower region of the cornea (often quantified by the 
inferior-superior value3).

The problem of finding a clinically relevant sphero-
cylindrical measure of corneal power for keratoconic 
eyes has been highlighted in several recent studies,4-6 
which considered how to calculate intraocular lens 
(IOL) power for keratoconic eyes. These studies noted 
the shortcomings of using existing corneal power mea-
sures (manual keratometry, simulated keratometry, to-
tal corneal refractive power, or total keratometry) to 
estimate the spherical equivalent of the IOL to be im-
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PURPOSE: To determine optimal corneal regions from which 
to derive corneal topographic astigmatism (CorT) in kerato-
conic eyes.

METHODS: In this retrospective study, potential measures 
of corneal astigmatism are calculated from raw total cor-
neal power data (179 eyes from 124 patients) from a cor-
neal tomographer. The measures are derived from annular 
corneal regions varying in both extent and center position, 
and evaluated according to the variability of the ocular re-
sidual astigmatism (ORA) in the cohort. This variability is 
quantified by the ORArms, which is the root-mean-squared 
distance of the ORAs from their summated vector mean in 
double angle space. The lower the ORArms, the better the 
corneal astigmatism measure corresponds to manifest re-
fractive cylinder.

RESULTS: Corneal astigmatism measures derived from re-
gions centered on corneal vertex had ORArms values (mild: 
1.07 diopters [D], moderate: 1.61 D, severe: 2.65 D) as low 
or lower than other measures derived from regions centered 
on thinnest point, corneal apex (front or back), or pupil cen-
ter. Corneal astigmatism measures derived from a region 
centered 30% of the way toward thinnest point from corneal 
vertex appeared to have even lower ORArms values (mild: 
1.05 D, moderate: 1.45 D, severe: 2.56 D). None of the corneal 
astigmatism measures corresponded closely with manifest 
refractive cylinder for severe keratoconus (ORArms > 2.50 D).

CONCLUSIONS: For keratoconic eyes, the CorT should be de-
rived from an annular region centered 30% of the way toward 
thinnest point from corneal vertex, although when the kera-
toconus is mild, a standard corneal-vertex–centered CorT 
performs just as well.
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planted. The challenging problem of how to plan the 
cylindrical power and axis of a toric IOL for a kera-
toconic eye remains unsolved, with empirical studies 
showing treatments that were only 40% to 65% effec-
tive in achieving minimal postoperative manifest re-
fractive cylinder, for eyes with keratoconus across all 
levels of severity.7-10

In this article, we examine whether the approach 
used to derive CorT can be adapted for use with ker-
atoconic eyes to produce a better clinical measure 
of corneal astigmatism than other existing corneal 
astigmatism measures. At the core of the CorT meth-
odology is the view that manifest refractive cylinder 
has an important role to play in the assessment of 
the clinical utility of a corneal astigmatism measure. 
This is highly relevant for toric IOL implantation, 
especially in a cataractous eye, because the corneal 
astigmatism acts as a proxy for the manifest refrac-
tive cylinder during surgical planning. Thus, we as-
sess potential corneal astigmatism measures based 
on their correlation with manifest refractive cylinder 
in non-cataractous eyes.

PATIENTS AND METHODS
This study was performed in compliance with the te-

nets of the Declaration of Helsinki. This study was a ret-
rospective and de-identified analysis of data obtained 
during refractive laser suitability assessments and was 
deemed exempt from full review by the Melbourne Ex-
cimer Laser Group Protocol and Ethics Committee.

Study Data
Corneal tomography was measured between May 2011 

and April 2020 with the Sirius tomographer (Costru-
zione Strumenti Oftalmici). All data were exported us-
ing the Phoenix software platform v3.2.1.20, including 
ray-traced total corneal power data at points across the 
whole cornea. Cases for this study were initially iden-
tified as measurements that satisfied multiple tomogra-
pher-specific thresholds discovered by Shetty et al11 to 
distinguish cases of subclinical keratoconus from nor-
mal eyes with high specificity: Baiocchi-Calossi-Versaci 
index front (BCVf) > 0.8, Baiocchi-Calossi-Versaci index 
back (BCVb) > 0.8, Baiocchi-Calossi-Versaci index total 
(BCV) > 0.8, Symmetry Index back > 0.214. Only eyes 
that had a diagnosis of keratoconus or forme fruste kera-
toconus on the patient record were retained. Diagnoses 
of keratoconus and forme fruste keratoconus were made 
on the basis of at least 1.50 diopters (D) inferior steep-
ening and a concomitant thinner-than-normal cornea; 
keratoconus was distinguished from forme fruste kerato-
conus by the presence of irregular keratometry mires. Ex-
clusion criteria included cataract, amblyopia, glaucoma, 

manifest refraction with unreliable endpoint (where the 
sphere or cylinder magnitude could not be resolved with 
an accuracy of 0.50 D), corrected distance visual acuity 
worse than 20/80, pterygium, pinguecula (to exclude 
limbal tear film artifacts), corneal foreign bodies, corneal 
ulceration, corneal scarring, or corneal edema. All mea-
surements used in this study were from virgin eyes, prior 
to any ocular surgery, including corneal cross-linking. If 
there were multiple preoperative scans, the most recent 
scan that also had a corresponding manifest refraction 
was used. The manifest refraction corresponding to the 
tomography data was measured by an optometrist either 
on the same day or within 2 weeks of the tomography 
scan. The Jackson cross-cylinder method was used to 
determine the manifest refractive cylinder. If multiple 
refractions with different cylinder amounts gave similar 
visual quality and acuity, the lowest cylinder value was 
preferred.

Grouping by Keratoconic Severity
The measurement data were divided into three 

groups, with the intention to stratify the data by kera-
toconic severity. Note that this division into three 
groups simply aids clinical comprehension of a con-
tinuum of keratoconic severity, it does not necessar-
ily reflect three distinct subpopulations with distinct 
pathological changes. The BCV parameters have been 
previously found to be higher in keratoconic eyes than 
other eyes.12 Shetty et al11 found thresholds to distin-
guish eyes with keratoconus from normal eyes with 
high specificity, including BCVf > 1.2, BCVb > 1.2, 
and BCV > 1.2. Our data showed a high correlation be-
tween the three forms of BCV (Pearson correlation co-
efficients: front-back 0.91, front-total 0.97, back-total 
0.97), with the following regression formulas:

  BCV ~ 0.25 + 0.94 BCVf
  
  BCV ~ 0.00 + 0.95 BCVb

To ensure that the mild severity group included 
almost all cases of subclinical keratoconus, we chose 
to define this group with a conservative upper limit 
for BCV of (0.25 + 0.94 * 1.2) = 1.38. The remaining 
eyes were divided up into two roughly equal groups, 
respecting a trough in the BCV frequency histogram 
(Figure 1).

The BCV thresholds used for this study were:

• “Mild keratoconus” group: BCV < 1.38;
• “Moderate keratoconus” group: 1.38 ≤ BCV < 2.5;
• “Severe keratoconus” group: BCV ≥ 2.5.
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Calculation of Potential CorT Candidates with 
Different Centers

Alpins et al1,2 described a measure of corneal astigma-
tism that corresponds well with manifest refractive cylin-
der, called the CorT. The vectorial difference between the 
corneal astigmatism and the manifest refractive cylinder 
at the corneal plane, which is known as the ocular residu-
al astigmatism (ORA),13 is used to quantify the amount of 
mismatch between the corneal and refractive measures. 
ORAs calculated using the CorT show less variability 
than ORAs calculated using other corneal measures of 
astigmatism.14 This variability can be quantified as the 
standard deviation of the ORA magnitude (ORAsd). A 
low ORAsd indicates that the corneal astigmatism and 
manifest refractive cylinder correspond well to each oth-
er. Note that the ORAsd is independent of any systematic 
difference between the corneal astigmatism and the man-
ifest refractive cylinder; in normal eyes, we would expect 
a systematic difference of approximately 0.50 D against-
the-rule (ATR), in accordance with Javal’s rule.15,16

The use of the ORAsd as a meaningful measure of 
variability is predicated on the ORAs having low vari-
ability relative to the mean magnitude of ORA. When 
there is low relative variability, the distribution of the 
ORA magnitudes remains roughly normal, and the sta-
tistical tail artifact introduced by the fact that ORA mag-
nitudes are non-negative remains negligible. In the orig-
inal studies on CorT based on virgin eyes,1,2 the ORAsd 
was approximately 0.30 D, which is approximately half 
of the mean magnitude of the ORAs. For the current 
study, the ORAs were expected to be far more variable 
because of the amount of uncertainty when measuring 
manifest refractive cylinder and corneal astigmatism in 

keratoconic eyes. When there is more relative variabil-
ity, the ORAsd is less useful as a descriptor of the dis-
tribution of ORA magnitudes because the distribution 
becomes highly non-normal. In such a case, it is more 
appropriate to directly consider the variability of the 
ORAs in double-angle space.13 One measure of variabil-
ity of the ORAs in double-angle space is the root-mean-
squared distance from the summated vector mean, 
which we will refer to as the ORArms. The ORArms is 
the two-dimensional analogue of the ORAsd.

For example, if three eyes have ORAs of 0.50 D Ax 
90, 0.10 D Ax 180, and 0.20 D Ax 80:

• the ORAsd is the standard deviation of the magni-
tudes 0.50 D, 0.10 D, and 0.20 D, which is 0.17 D;

• the double-angle ORA vectors (in diopters) are 
(-0.50, 0), (0.10, 0), and (-0.196, 0.068);

• the double-angle summated vector mean (in diop-
ters) is (-0.197, 0.023), which corresponds to a polar 
representation of 0.20 D Ax 87;

• the distances of the ORA vectors from the summat-
ed vector mean in double-angle space are 0.314 D, 
0.288 D, and 0.045 D;

• the ORArms is the root-mean-squared distance, 
which is: 

The CorT is calculated by fitting a spherocylinder to 
raw corneal power data taken from a device-specific an-
nular region of the cornea.1 For normal eyes, the best 
annular extent is determined via a process of global 
minimization of the ORAsd over all possible annular 
regions centered on corneal vertex.

In this study of keratoconic eyes, the CorT candi-
dates derived from total corneal power data (which in-
cludes the contribution of the posterior cornea) were 
evaluated in a similar way using ORArms instead, but 
this time using annular regions with varying extents 
and centers. The centers that were evaluated were:

• Corneal vertex, as for normal eyes;
• Corneal thinnest point, as one anatomical indicator 

of keratoconic pathology;
• Front and back corneal apex, as anatomical indica-

tors of decentered optics;
• Pupil center, to investigate whether keratoconic man-

ifest refractive cylinder is heavily mediated by the 
pupil, as is the case for ocular wavefront cylinder.

All of these positions were reported by the tomogra-
pher relative to corneal vertex.

Figure 1. Frequency histogram for the Baiocchi-Calossi-Versaci index 
total (BCV). The three severity categories are shown. The thresholds 
between the categories align with local troughs in the distribution.
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For clarity, the corneal vertex used in this study 
is the presumed point on the cornea through which 
the visual axis passes, which is the central point of 
tomographic images produced by the Sirius, and thus 
its topographic reference axis. The corneal apex is the 
point of maximum curvature.17 

In addition, we generated CorT candidates from re-
gions that were centered on a conceptual line running 
from corneal vertex to corneal thinnest point, to check 
whether there might be some other part of the cornea 
that might be relevant.

Analyses were performed using the R statistical en-
vironment.18 Estimates and standard errors were ob-
tained via simple bootstrapping,19 using the package 
‘boot’20,21 to generate 1,000 bootstrap samples.

RESULTS
The study included 179 eyes in total (91 right, 88 

left) from 124 patients (mean age: 39.0 ± 11.6 years, age 
range: 15 to 88 years, 73% men and 27% women). Based 
on the keratoconic severity classification detailed in the 
methods, there were 55 eyes in the mild group, 58 eyes 
in the moderate group, and 66 eyes in the severe group. 
Table 1 shows descriptive statistics for the eyes in the 
study, stratified by keratoconic severity.

The positions of the potential annular centers rela-
tive to corneal vertex are shown in Figure A (available 
in the online version of this article). Corneal thinnest 
point and pupil center are tightly clustered for each 
eye, whereas front and back corneal apex are more 
spread out.

For each potential annular center, the ORArms 
values were calculated for all of the different annular 
extents, stratified by keratoconic severity. The low-
est ORArms value for each potential annular center is 
shown in Figures 2-4 and Table A (available in the on-
line version of this article). For all keratoconic severi-
ties, the ORArms value from an annular region centered 
at corneal vertex tends to be as good as or better (lower) 

than the ORArms value from annular regions centered 
at thinnest point, front apex, back apex, or pupil center.

There is a weak indication that there may be an im-
provement in ORArms if an annular center 30% of the 
way toward thinnest point from corneal vertex is used 
(Figures 3-4 and Table A). This displaced annular 
center also results in a reduced ORA summated vector 
mean (mild: 0.43 D, moderate: 1.07 D, severe: 1.37 D) 
as compared to the ORA summated vector mean cor-
responding to corneal vertex (mild: 0.87 D, moderate: 
1.95 D, severe: 2.98 D).

Case Example
Here is an example of how we anticipate the decen-

tered keratoconic CorT might be used during toric IOL 
surgical planning. The data for this example are real 
data, one of the cases in this study that was classified 
as having moderate keratoconus. The manifest refrac-
tion was -2.75DS/-2.25DC × 172, the simulated kera-
tometry (SimK) was 45.36/49.78 @ 86 (indicating an 
astigmatism of 4.42 D @ 86), and the decentered kera-
toconic CorT (30% decentered toward thinnest point, 
using rings 6 to 27) was 2.59 D @ 72 (Figure B, avail-
able in the online version of this article). In this case, 
there is a large mismatch between the SimK and CorT 
magnitudes and a minor mismatch in steep meridia. If 
this eye had been a candidate for cataract surgery with 
no useful manifest refraction, this large mismatch in 
magnitudes would have acted as a red flag, allowing 
the surgeon to proceed with caution, with an incli-
nation to choose a toric IOL that would significantly 
undercorrect the SimK cylinder, with an axis falling 
somewhere between the two steep meridia. 

DISCUSSION
This study indicates that there is a role for a kerato-

conic corneal astigmatism measure that is based on an 
annular region decentered away from corneal vertex, 
particularly in less severe cones. In advanced kerato-

TABLE 1
Descriptive Statistics for the Eyes in the Study (Mean ± SD)

Parameter
Mild Keratoconus  

(BCV < 1.38)
Moderate Keratoconus  

(1.38 ≤ BCV < 2.5)
Severe Keratoconus 

(BCV ≥ 2.5)
No. of eyes 55 58 66
Manifest sphere (corneal plane) (D) -1.38 ± 1.85 -1.19 ± 2.27 -0.26 ± 2.67
Manifest cylinder (corneal plane) (D) -1.43 ± 1.19 -1.85 ± 1.23 -3.12 ± 1.94
Mean SimK (D) 44.36 ± 1.59 44.74 ± 1.78 46.76 ± 2.54
SimK astigmatism (D) 1.84 ± 1.47 2.07 ± 1.35 3.55 ± 2.10
SimK ORA magnitude (D) 1.20 ± 0.80 2.02 ± 1.26 3.25 ± 2.04
BCV = Baiocchi-Calossi-Versaci index total; D = diopters; SD = standard deviation; ORA = ocular residual astigmatism; SimK = simulated keratometry
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conus, the relationship between corneal astigmatism 
and manifest refractive cylinder is more variable.

The need to identify a corneal astigmatism measure 
that corresponds well with manifest refractive cylinder 
in non-cataractous eyes is most evident when planning 
for toric IOL implantation for an eye with cataract, espe-
cially when there are no historical refractive or corneal 
measurements available. In such a situation, the measured 
corneal astigmatism directly affects both the toric power 
and the orientation of the implanted toric IOL. A reliable 
corneal astigmatism measure can provide surgeons with 
confidence that the calculated expected refractive cylin-
der is likely to match the actual postoperative refractive 
cylinder. In the special case where the eye also has non-
progressive keratoconus, it is important for the surgeon to 
know both how reliable the corneal astigmatism measure 
is and how much ORA is likely to be present. Based on 
this information, the surgeon can make an appropriate 
risk assessment when planning the astigmatism treat-
ment and manage the patient’s expectations accordingly. 
Clinical trials will be necessary to quantify the amount of 
real-world improvement in the predictability of refractive 
outcome when using the decentered CorT for keratoconic 
eyes.

Although the calculation of the CorT appears to 
be improved by decentering the region of the cornea 
used for calculation, we do not imply that a toric IOL 
should also be decentered accordingly. Indeed, such 
an attempt would be detrimental for other reasons (eg, 

edge effects) and nigh on impossible with current IOL 
designs. Instead, the decentered CorT should be seen 
as a tool for estimating the eventual subjective mani-
fest refraction after toric IOL implantation. Reduction 
of image quality due to parallax effects caused by not 
viewing through the center of the IOL should be con-
sidered during lens selection, including the avoidance 
of implants that require excellent centration.22

We have used the variability of the ORAs to quan-
tify how closely the corneal astigmatism corresponds 
to the manifest refractive cylinder. It may appear that 
we have neglected the mean ORA magnitude, which 
is the bias term of the difference. A measure of corneal 
astigmatism with zero mean ORA magnitude would 
appear to be a good measure to use when calculating 
refractive outcomes. Unfortunately, this simplistic 
view ignores the fact that manifest refractive cylinder 
is caused by factors other than corneal astigmatism, 
including lenticular astigmatism and cortical astigma-
tism13,23; thus real ORAs are actually non-zero. In our 
view, a good corneal astigmatism measure is one that 
correctly accounts for the contribution of the cornea 
toward manifest refractive cylinder. By analyzing the 
variability of the ORAs, we essentially attempt to re-
duce the effect of lenticular and cortical astigmatism 
on our analysis of corneal astigmatism measures. As 
one example, for the eyes in our study with severe ker-
atoconus, the CorT that was decentered 30% toward 

Figure 2. Lowest root-mean-squared distance of ocular residual astig-
matism from the summated vector mean (ORArms) possible using 
total corneal power data located in annular regions centered on differ-
ent ocular anatomical features, with the simulated keratometry (SimK) 
ORArms shown for comparison. Error bars indicate 95% confidence 
intervals. The ORArms values derived from annuli centered on cor-
neal vertex are as low or lower than the ORArms values derived from 
annuli centered on corneal thinnest point, corneal apex (front or back), 
or pupil center. Increased severity of keratoconus is associated with 
higher ORArms. D = diopters

Figure 3. Lowest root-mean-squared distance of ocular residual 
astigmatism from the summated vector mean (ORArms) possible 
using total corneal power data located in annular regions centered 
on various positions on the line between corneal vertex and corneal 
thinnest point. Values on the horizontal axis corresponding to corneal 
vertex and corneal thinnest point have been annotated for clarity. For 
mild keratoconus, there is no real improvement (decrease) in ORArms 
when shifting the annular region away from corneal vertex. However, 
for moderate and severe keratoconus, the ORArms appears to reach 
a minimum for an annulus centered approximately 30% of the way 
toward corneal thinnest point from corneal vertex. D = diopters
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the thinnest point predicted approximately 47% of the 
variance in the manifest refractive cylinder (with-the-
rule/ATR component), 3% more than the SimK pre-
dicted. A more detailed discussion of this point can 
be found in the original publication about the CorT.1

In this cohort of patients with keratoconus, manifest 
refractive cylinder did not correlate best with corneal 
measures centered on front corneal apex, back corneal 
apex, or corneal thinnest point. This indicates that 
visual performance is not primarily governed by the 
most extreme pathological changes seen in the cornea. 
There was also a worsening correlation of manifest re-
fractive cylinder with corneal measures centered on 
pupil center as keratoconic severity increased. This 
indicates that ocular wavefront measures of astigma-
tism, which are measured through the pupil, should 
not be used as a proxy for manifest refractive cylin-
der in eyes with moderate to severe keratoconus. Even 
without our results, there is already reason to believe 
that the second-order astigmatism component of ocu-
lar wavefront measurements may be a poor proxy for 
manifest refractive cylinder in keratoconus, due to the 
contribution of large amounts of coma-like higher or-
der aberrations to manifest refractive cylinder.24,25

The annular region of the cornea centered on corne-
al vertex corresponding to the lowest ORA variability 
grew larger with increasing keratoconic severity: rings 
5 to 13 for normal virgin eyes,2 rings 3 to 19 for mild 
keratoconus, rings 1 to 27 for moderate keratoconus, 
and rings 1 to 27 for severe keratoconus. This change in 
ring range indicates that the manifest refractive cylin-
der is influenced by both central and peripheral corneal 
power, and that we cannot ignore the effect of periph-
eral corneal changes on the manifest refraction. For ker-
atoconic eyes, the reduced ORA variability for a region 
decentered slightly toward thinnest point indicates that 
the pathologically thinned part of the cornea dispropor-
tionally influences the manifest refractive cylinder.

As keratoconic severity increased, the variability of 
the ORAs increased. This is not unexpected and is in 
part caused by the unreliability of manifest refraction and 
in keratoconic eyes,26 as well as the unreliability of the 
corneal astigmatism measure. In addition, the amount of 
ORA also increased as keratoconic severity increased, 
which is consistent with a previous study.27 From our 
results, the best annular regions centered on corneal ver-
tex had ORA summated vector means of 1.20 D ATR for 
mild keratoconus, 2.38 D ATR for moderate keratoconus, 
and 3.67 D ATR for severe keratoconus, as compared 
with 0.53 D ATR for normal virgin eyes.2 The increase 
in ORA magnitude with increasing keratoconic sever-
ity may be a consequence of the interaction of several 
factors, including the increased depth of field in kera-

toconus26 and the manifest refraction paradigm used in 
our clinic that prefers the minimum manifest refractive 
cylinder associated with the best corrected visual acuity. 
The results would be somewhat different if a manifest 
refraction paradigm were used that instead preferred the 
maximum manifest refractive cylinder associated with 
the best corrected distance visual acuity.

On the double-angle vector diagrams for ORA, an ORA 
of 1.00 D is displayed at 1.00 D away from the origin, in 
keeping with the conventions used in this journal.28 The 
corresponding ORArms directly quantifies the spread of 
the ORAs in the sample, conceptually like a two-dimen-
sional standard deviation. It should be noted that this 
ORArms is entirely different to the root-mean-squared 

Figure 4. Ocular residual astigmatism (ORA) displayed on double-
angle vector diagrams as calculated from simulated keratometry 
(SimK) and corneal topographic astigmatism candidates derived from 
total corneal power centered on various ocular anatomical features. 
95% confidence ellipses are shown on each plot. The row labelled “30% 
toward thinnest point [TP]” pertains to an annular region centered 30% 
of the way toward corneal thinnest point from corneal vertex.
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wavefront error for Zernike second-order astigmatism 
components. Indeed, the two do not even share the same 
units because the ORArms is in diopters, whereas the 
root-mean-squared wavefront error is often given with 
units of microns or as a proportion of wavelength.

All of the manifest refractions used in this study 
were non-cycloplegic. We believe that our results 
would not change substantially if we used cyclople-
gic refractions instead. Refractive cylinder appears to 
differ substantially under cycloplegia only for hypero-
pia,29,30 and only 15% of the eyes in our study had a 
subjective refraction with spherical equivalent greater 
than zero. In addition, it appears that the influence of 
cycloplegia on refractive cylinder may be less evident 
for keratoconic eyes.31

In this study, we have focused on spherocylindrical 
refractive error, as measured by subjective manifest 
refraction. Higher order aberrations are important to 
consider in detail when the treatment paradigm allows 
these to be addressed directly. However, in the context 
of toric IOL implantation, any contribution of coma to 
the subjective refractive cylinder is likely to remain 
essentially unchanged by the lens implantation itself. 
This means that toric IOL selection can still proceed 
as if the subjective refractive cylinder had been caused 
by astigmatism instead of coma.

Our results for mild keratoconus appear to be similar 
to those for normal virgin eyes, indicating that for these 
eyes, visual quality is close enough to normal that view-
ing behavior is unaffected. Thus, surgeons planning toric 
IOL implantation surgery in eyes with stable mild kera-
toconus should have confidence that a normal planning 
procedure using a good total corneal power measure2,32 
should produce reasonably reliable refractive outcomes. 
There will be more variability in keratoconic eyes than 
in normal eyes, but the variability for mild keratoconus 
is within the bounds of IOL power selection.

In moderate and severe keratoconus, there may be 
multiple plausible spherocylindrical corrections, each 
resulting in a different retinal image with differing vi-
sual distortion patterns.33,34 Our results show that an 
annular region displaced 30% of the way toward cor-
neal thinnest point from corneal vertex results in im-
provements to the CorT in both variability (ORArms) 
and bias (ORA summated vector mean) as compared to 
an annular region centered on corneal vertex. This ap-
pears to indicate that the neutralization of astigmatism 
generated by the toricity of the corneal region slightly 
inferior and temporal of corneal vertex appears to be 
more effective at improving visual acuity. If this is the 
case, then it may also be sensible to decenter laser ab-
lative treatments of keratoconus in a similar manner 
and include a displaced corneal astigmatism measure 

in the refractive treatment planning. However, it is im-
portant to consider the impact of such a decentration 
on higher order aberrations to avoid unpredictable re-
sults. Various decentration paradigms are already avail-
able to “offset” ablations in excimer lasers such as the 
Amaris (SCHWIND eye-tech-solutions) to balance both 
corneal and refractive requirements,17 and clinical evi-
dence from such treatments will be highly relevant in 
any consideration of a decentered treatment. 

Our evidence of altered viewing strategy in moder-
ate and severe keratoconus provides additional support 
for the view that in addition to directly treating mea-
sured refractive error, it is just as important to reshape 
the cornea toward a desired shape that will produce a 
single high-quality image on the retina. Hemidivisional 
Vector Planning35-37 is one theoretical way of balanc-
ing these two goals in eyes with irregular astigmatism, 
allowing the surgeon to specify how much emphasis 
should be on treating refractive cylinder versus corneal 
astigmatism. Study of the theoretical postoperative reti-
nal image considering higher order aberrations may im-
prove future treatment strategies further.

One direction for future research includes using 
data from different tomography systems to derive a 
CorT for keratoconic eyes, which may serve to validate 
the observations made in this article. Another direc-
tion for future research is to analyze the clinical ben-
efit of applying a keratoconic CorT to the selection of 
toric IOLs, ideally in both retrospective and prospec-
tive arms of a clinical study.
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Figure A. Positions of ocular anatomical features relative to corneal vertex. Thinnest point tends to be 

inferior temporal, whereas pupil center is slightly temporal on average. Front corneal apex and back 

corneal apex both tend to be inferior, with back apex with a slight tendency to being temporal. OD = 

right eye; OS = left eye  



TABLE A 

Summary of the Best (Lowest) ORArms From Total Corneal Power When Derived From 

Annuli With Varied Centers, Reported Separately for Different Keratoconic Severity 

 

Severity Center 

Ring 

Range 

ORArms 

(SE) 

Raw P Value When 

Compared to 

Minimum ORArms 

ORA 

Summated 

Vector 

Mean 

Mild Corneal vertex 3–19 1.068 

(0.153) 

0.41 0.87 Ax 180 

30% of the way 

toward thinnest point 

from corneal vertex 

1–19 1.052 

(0.130) 

0.44 0.43 Ax 2 

Thinnest point 1–23 1.159 

(0.077) 

0.12 0.16 Ax 176 

Front apex 1–17 1.489 

(0.119) 

< 0.001a 0.73 Ax 89 

Back apex 1–17 1.356 

(0.113) 

0.009 0.59 Ax 91 

Pupil center 1–18 1.030 

(0.079) 

— 1.06 Ax 1 

(SimK)  1.129 

(0.173) 

0.30 0.87 Ax 180 

Moderate Corneal vertex 1–27 1.608 

(0.131) 

0.20 1.95 Ax 180 

30% of the way 

toward thinnest point 

from corneal vertex 

1–27 1.448 

(0.133) 

— 1.07 Ax 1 

Thinnest point 1–31 1.633 

(0.115) 

0.15 0.60 Ax 1 

Front apex 1–31 1.887 

(0.134) 

0.010 0.39 Ax 90 

Back apex 1–30 1.785 

(0.098) 

0.021 0.10 Ax 163 

Pupil center 5–24 1.685 

(0.129) 

0.10 2.32 Ax 1 

(SimK)  1.886 

(0.157) 

0.017 1.40 Ax 179 

Severe Corneal vertex 1–27 2.652 

(0.201) 

0.36 2.98 Ax 1 



30% of the way 

toward thinnest point 

from corneal vertex 

1–31 2.558 

(0.163) 

— 1.37 Ax 178 

Thinnest point 1–31 3.070 

(0.280) 

0.06 0.53 Ax 164 

Front apex 1–31 3.104 

(0.309) 

0.06 1.08 Ax 88 

Back apex 1–31 3.133 

(0.293) 

0.04 0.67 Ax 100 

Pupil center 10–10 3.475 

(0.275) 

0.002a 4.48 Ax 178 

(SimK)  2.929 

(0.247) 

0.11 2.42 Ax 180 

ORA = ocular residual astigmatism; ORArms = root-mean-squared distance of the ORAs from 

their summated vector mean in double angle space; SE = spherical equivalent; SimK = simulated 

keratometry 
aStatistically significant after Bonferroni correction. 

 



Figure B. Corneal tomography scans and measurements for case example. 
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