The Alpins Method:

A Breakthrough in Astigmatism Analysis

Refractive surgery is an emerging subspecialty of ophthalmology. About half of the world’s pop-
ulation are candidates for corneal refractive surgical correction of nearsightedness (myopia) or
farsightedness (hyperopia), and about half of these people have astigmatism of sufficient
amount to warrant concurrent correction. A new method, developed by Noel Alpins, MD, assists
in the planning and evaluation of corneal refractive surgery on people with astigmatism. The
Alpins method determines a goal for astigmatism correction and a vector (steepening force)
required to achieve that goal. From this, the method allows the calculation of the principal com-
ponents by which an operation fails to achieve its goal, and other components that assist in the
comparative analysis of the results of astigmatism surgery for individuals and groups of indi-

viduals.

KEITH J. CROES

dome with a base that is a perfect cir-

cle. For people with astigmatism, the
dome is not spherical and the base is ellip-
tical to one degree or another.

The ideal cornea of the eye is a perfect

The cornea (the clear front window of the
eye) has a major role in focusing light on the
retina (the light-sensitive tissue in the back
of the eye which can be likened to the film
in a camera). Any distortion of the cornea
results in the defocusing of light and a
blurred image on the retina.

Since the late 1970s, eye surgeons have
been taking advantage of the refractive
power of the cornea to correct nearsighted-
ness (myopia) and farsightedness (hyper-
opia). The ophthalmic subspecialty that has
emerged is called refractive surgery. Refrac-
tive surgery represents a growing market
worldwide with a huge potential impact
both in economic and human terms.

THE COMPLICATING FACTOR

The various corneal refractive proce-
dures that have been developed over the
past two decades have one thing in com-
mon: to correct myopia, they flatten the
dome of the cornea; to correct hyperopia,
they steepen the dome of the cornea.

The most common corneal refractive pro-
cedures are photorefractive keratectomy
(PRK) and laser in situ keratomileusis

(LASIK). In PRK, an excimer laser is used to
ablate the surface of the cornea, steepening
or flattening it as appropriate for the indi-
vidual patient. In LASIK, the surgeon first
uses an instrument called a microkeratome
to cut a flap on the front of the cornea. The
flap is folded back, the excimer laser is used
to make an ablation on the corneal bed
(steepening or flattening as appropriate),
and the corneal flap is returned to its origi-
nal position. In essence, LASIK is PRK per-
formed under a corneal flap.

Myopia and hyperopia in the absence of
astigmatism are said to be spherical. The
correction of spherical myopia and hyper-
opia by changing the shape of the cornea is
a relatively straightforward process. In
myopia, the focal point of converging light
rays lies in front of the retina. In hyperopia,
the focal point is behind the retina. A flat-
tening of the cornea reduces its refractive
power, which in the myope pushes the
focused image back to the retina where it
belongs. Similarly, steepening the cornea
increases its refractive power, moving the
focal point forward to the retina.

When astigmatism is thrown into the
equation, however, refractive surgery
becomes immensely more complicated. In
planning, implementing and analyzing refrac-
tive surgery, astigmatism has challenged the
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best minds in ophthalmology. This article
describes Noel Alpins’ method of astigmatism
analysis. 234

GETTING WITH THE PROGRAM

In its use of vector analysis, the Alpins
method built on the work of others (see Ref-
erences 5, 6 and 7). Alpins finalized the
method in 1991 and, seeing its commercial
applications, began development of a com-
puter program that incorporated the math-
ematics. He called the program ASSORT,
which stands for Alpins Statistical System
for Ophthalmic Refractive surgery Tech-
niques. The ASSORT program is built on
the Paradox database, a product of the Bor-
land company. ASSORT allows the compila-
tion of patient data and the statistical out-
comes analysis not only of refractive surgi-
cal procedures, but the treatment of
cataract and glaucoma, two common oph-
thalmic conditions.

The ASSORT program is designed to
apply the Alpins astigmatism-analysis
method to patient data entered by the sur-
geon or the surgeon’s staff. For refractive
surgery patients, the data consist of mea-
surements that are routinely taken in asso-
ciation with refractive surgery by instru-
ments and techniques commonly found in
the offices of refractive surgeons — ie.,
standard refraction, keratometry and
corneal topography. The Alpins method can
be seen as an additional level of the soft-
ware. In fact, the method is employed with-
in a number of specific components of the
program, which the ASSORT company
describes as modules. In short, the program
applies conventional statistical analyses to
the entered data, but can also subject the
data to the Alpins method of analysis.
Notably, while the Alpins method will forev-
er retain the purity of the mathematical
construct it is, the accuracy of its results are
invariably tied to the accuracy of the mea-
surements fed into it (topography, keratom-
etry and refraction) and the tools used to
perform the surgery. Highlights of the
ASSORT program are shown in Table 1.

REFRACTIVE ERRORS IN THE POPULATION

Astigmatism can be divided into three
main types: (1) naturally occurring regular
astigmatism; (2) naturally occurring irregu-
lar astigmatism; and (3) irregular astigma-
tism associated with disease, trauma or
prior ocular procedures. This article deals
mainly with the first two.

The amount of myopia, hyperopia and
astigmatism is expressed using a unit of
measurement called a diopter (D), which
describes the ability of a lens to bend
(refract) light. By convention, myopia is
reported in negative diopters, hyperopia in
positive diopters. Corneal refractive surgi-
cal procedures exist that can effectively
treat myopia from approximately —1 D to
—-16 D, according to a survey of 30 leading
surgeons reported in the September 1997
issue of EyeWorld (upper limit of =16 D rep-
resents the average of all respondents).
Corneal refractive surgical procedures for
hyperopia, not widely used in the United
States, appear to have a more limited range:
from +1 D to +6 D, according to reports.

A zero refractive error, -called
emmetropia, is for the most part the desired
state. Intraocular procedures beyond the
scopc of this article exist that can treat
higher amounts of both myopia and hyper-
opia. People with refractive errors within 1
D of emmetropia (refractions between —1 D
and +1 D) ordinarily are not considered can-
didates for refractive surgery.

People with refractions between —1 D
and —16 D, and those with between +1 D
and +6 D, therefore can be considered can-
didates for corneal refractive surgery, given

TABLE 1 — Highlights of the ASSORT program.

The ASSORT program:

s |s provided on diskettes or CD-ROM and oper-
ates on Windows 3.1, Windows 95 or Windows
NT.

= Accepls patient data related to refractive surgery,
as well as cataract surgery and the medical and
surgical treatment of glaucoma.

e Employs the patented Alpins astigmatism-analy-
sis methodology to plan and analyze the results
of cataract and refractive surgery.

e [dentifies and enables carrection of errors in
technique or laser operation that result in over-
corrections, undercorrections, or off-axis astig-
matic treatment in refractive surgery.

= Determines the customized “surgeon factor” in
selecting intraocular lens power at cataract
surgery, and helps plan the size and location of
cataracl incisions lo minimize postoperative
asligmatism.

= Produces statistical tables, charts and scauer plots
for use in presentations and publications.
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FIGURE 1. The base of a cornea with regular astigma-
tism is an ellipse. The long axis of the ellipse (A) at 10°
is perpendicular to the short axis (B). In the otherwise
normal astigmatic human eye, the long axis can be
found anywhere from 1° to 180°. However, astigma-
tism with the long axis near 180°, called “with-the-
rule” astigmatism, is considered “better” — i.e., peo-
ple having with-the-rule astigmatism can see better
and report less handicap than people with similar
degrees of against-the-rule astigmatism.

that they qualify in other respects. A report
by the consulting firm Arthur D. Little
establishes the “vision-wear population” of
the United States at 150 million citizens
(EyeWorld, July 1997, page 30). From this,
one might estimate that about half of the
country’s population falls into these two
ranges, and thus perhaps half of the world’s
population as a whole.

The incidence of greater than 1 D of nat-
urally occurring astigmatism in U.S. studies
has been reported at 56%,* 39.5%,° and
32%.1° One study estimated that astigma-
tism greater than 0.5 D was present in
44.4% of the population, with 8.44% of the
total having astigmatism of 1.5 D or
greater.!! In one Australian PRK series,
70% of patients required an astigmatic cor-
rection as part of their treatment.

One might therefore conclude that as
many as half of the patients who are candi-
dates for corneal refractive surgery, who
may constitute half of the world’s popula-
tion, have astigmatism sufficient to be of
concern to the refractive surgeon.

THE ASTIGMATIC CORNEA

The ideal corneal dome, viewed from
above, is a circle. The cornea with regular
astigmatism is an ellipse. The astigmatic

cornea complicates analysis because an
ellipse has two primary meridians, one long
and one short. The meridians are at right
angles to one another and, superimposed on
an X-Y axis, can assume various orienta-
tions in the human eye (Figure 1).

The slope of the astigmatic corneal dome
on the short meridian is steeper than the
slope of the corneal dome along the long
meridian. One can think of the bowl of a
dinner spoon, which also has short (steeper)
and long (flatter) meridians. If we use the
flat meridian as a reference, on an X-Y axis
the flat meridian can be found, in the other-
wise normal human eye, at any point
between 1° and 180°.

When the flat meridian is at or near 180°,
the astigmatism is said to be “with the rule.”
When the flat meridian is at or near 90°, the
astigmatism is said to be “against the rule”
With-the-rule astigmatism is more common
and is said to provoke less disruptive visual
effects than against-the-rule astigmatism of
similar magnitude.®'"

Because regular astigmatism is symmet-
rical, it can be defined by its magnitude
(steepness) and its meridian (axis). The
range between 1° and 180° is sufficient to
describe regular astigmatism because it is
symmetrical — that is, 3 D of astigmatism
at the 10° axis, for example, describes the
same situation as 3 D of astigmatism at the
190° axis, so by convention practitioners
define regular astigmatism as occupying
axes between 1° and 180°.

To correct myopic astigmatism and
achieve a perfect dome, the procedure must
flatten the cornea as a whole to correct the
myopia, but flatten the steeper axis of astig-
matism a little more (or, seen another way,
relatively steepen the flatter axis). To cor-
rect hyperopic astigmatism, a procedure
must steepen the cornea as a whole, but rel-
atively steepen the flatter axis of astigma-
tism a little more.

One can now imagine that various
amounts of spherical flattening or steepen-
ing can be accompanied by various amounts
of astigmatic flattening or steepening,
which can be accompanied by axis shifts to
any point between 1° and 180°. The situa-
tion presents an extremely complicated
analytical challenge. Traditional methods of
reporting refractive surgical correction of
astigmatic patients fall short mainly in
their inability to convey axis shifts and han-
dle aggregate data. The Alpins method, as
will be described, determines a goal for



astigmatism correction, and a vector (steep-
ening force) required to achieve that goal.
From this, the method allows the calcula-
tion of the principal components by which
an operation fails to achieve its goal, and
other components that assist in the compar-
ative analysis of the results of astigmatism
surgery for individuals and groups of indi-
viduals.

Here is an additional confounding factor
we will revisit: Astigmatism as measured by
refraction (the well-known test where vari-
ous lenses are placed in front of the eye
while the doctor asks, “Which is better, this
or this?”) often differs from astigmatism as
measured by keratometry and corneal
topography, tests considered more objective
and quantitative.

THE GOLF ANALOGY

Fundamental concepts of the Alpins
method are demonstrated by a golf putt per-
formed on a flat green with no outside
forces such as wind (Figure 2).

A golf putt is a vector, possessing magni-
tude (length) and axis (direction). The
intended putt (the path from the ball to the
hole) corresponds to Alpins’ target induced
astigmatism (TIA), which is the astigmatic
change (by magnitude and axis) the surgeon
intends to induce in order to correct the
patient’s pre-existing astigmatism. The
actual putt (the path the ball follows when
hit) corresponds to Alpins’ surgical induced
astigmatism (SIA), which is the amount and
axis of astigmatic change the surgeon actu-
ally induces. If the golfer misses the cup, the
difference vector (DV) corresponds to the
second putt — that is, a putt (by magnitude
and axis) that would allow the golfer to hit
the cup on the second attempt.

Alpins’ “Correction Index” is determined
by the ratio of the SIA to the TIA (what the
surgery actually induces versus what the
surgery was meant to induce), and is prefer-
ably 1 (it is greater than 1 if an overcorrec-
tion occurs and less than 1 if there is an
undercorrection). It is calculated by divid-
ing SIA (actual effect) by TIA (target effect).

Alpins’ “Coefficient of Adjustment” is the
inverse of the Correction Index and quanti-
fies the modification needed to the initial
surgery plan to have achieved a Correction
Index of 1, the ideal correction. If the sur-
geon achieves an overcorrection, for exam-
ple, the Coefficient of Adjustment might be
.90, indicating that the surgeon should have
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FIGURE 2. Vector mapping of a golf putt demonstrates
fundamentals of the Alpins approach to astigmatism
analysis.

90°

. O
TIA
AT SIA
@2
180° : \ 0°
X axis 3
Y axis
270°

FIGURE 3. The target induced astigmatism (TIA), sur-
gical induced astigmatism (SIA), and difference vector
(DV) correspond to the golf putt analogy in Figure 2,
and are calculated from (1) the patient's preoperative
astigmatism; (2) the targeted astigmatism the surgeon
plans to achieve; and (3) the actual achieved effect of
the surgery in this double-angle vector diagram
(DAVD).

selected a correction 90% of what was actu-
ally selected. The Coefficient of Adjustment
can be used to refine future procedures.

The Alpins method also includes concepts
such as the “Magnitude of Error” (intended
correction minus actual correction) and
“Angle of Error” (the angle described by the
vectors of the intended correction versus the
achieved correction). The Angle of Error is



positive if the achieved correction is on an
axis counterclockwise to where it was
intended, and negative if the achieved cor-
rection is clockwise to its intended axis.

Alpins’ “Index of Success” is calculated
by dividing the DV (how far you miss the
target effect) by the TIA (the original target
effect). The Index of Success is a relative
measure of success. Going back to our golf
analogy: If golfer John attempts a long putt
and golfer Bob a shorter one, and each
golfer’s ball lands the same distance from
the cup, John’s putt can be considered more
successful because he had the longer initial
putt. The Index of Success constitutes a
valuable new measure of the relative effec-
tiveness of various surgical procedures, and
even of the surgeons themselves.

Unlike other available approaches to astig-
matism, the indices Alpins describes can be
subjected to conventional forms of statistical
analysis, generating averages, means, stan-
dard deviations, etc., for each individual com-
ponent of surgery.

THE DOUBLE-ANGLE VECTOR DIAGRAM

Figure 3 is a double-angle vector dia-
gram (DAVD) used by Alpins to allow calcu-
lations in a 360° sense and permit the use of
rectangular coordinates. It is an analytical
technique that simplifies interpretation of
differences among preoperative, desired
and achieved astigmatic values, and allows
the calculation of the magnitude and direc-
tion of surgical vectors. The trigonometry is
described in detail in References 1-4.

Line 1 defines a patient’s preoperative
astigmatism by magnitude (length of the
line) and axis (an angle from the x axis rep-
resenting twice the patient’s measured axis
of preoperative astigmatism). Line 2 defines
the target astigmatism — that is, the mag-
nitude and axis of the correction the sur-
geon is determined to achieve. Line 3 repre-
sents achieved astigmatism — that is, the
magnitude and axis of the postoperative
astigmatism. The dashed lines are the TIA,
SIA and DV, as described above. The TIA,
SIA and DV, and the description and calcu-
lation of their various relationships, com-
prise the essence of the Alpins method.

The method can be applied to irregular
astigmatism. Although irregular astigma-
tism is commonly associated with prior ocu-
lar surgery, it is also naturally occurring'
and prevalent.® Corneal topography, a tech-
nique that produces an image map based on
the refractive power of the cornea at many

discrete points on its surface, reveals that
irregular astigmatism comes in various con-
figurations: the two steep hemimeridians,
180° apart in regular astigmatism, may be
separated by less than 180° (a situation
called nonorthogonal); and the two steep
hemimeridians may be asymmetrically
steep — that is, one may be significantly
steeper than the other, as shown by a larger
magnitude value.

Unlike other available astigmatism-
analysis approaches, the Alpins method can
independently analyze the two hemimeridi-
ans of irregular astigmatism. This capabili-
ty becomes more important as refractive
lasers gain the ability to treat discrete parts
of the cornea.

TOPOGRAPHY VERSUS REFRACTION

Most refractive surgeons perform corneal
topography, keratometry and refraction
before and after refractive surgery. As men-
tioned, corneal topography provides an image
map based on the refractive power of the
cornea at thousands of separate points on the
corneal surface. Keratometry does the same
at only a few points at an optical zone away
from the center of the cornea. Corneal topog-
raphy and keratometry are considered “objec-
tive” measures of corneal refractive power.
Since corneal topography has come to be
more widely used,'® keratometry will be dis-
regarded for the purpose of this discussion.

Refractive measurements are based on
the subjective response of the patient to
various lenses placed in front of the
patient’s eyes. A refraction identifies the
myopic or hyperopic correction, as well as
the magnitude and axis of astigmatic cor-
rection needed for clear vision.

Most people with astigmatism demon-
strate differences in magnitude and axis
between topographic astigmatism (7) and
refractive astigmatism (R).? In other words,
refractive power as measured at the surface
of the cornea does not coincide with the
refractive power that these people perceive
as supplying good vision. The phenomenon
may be related to the internal optics of the
eye and the visual perception of the brain;
clinicians sometimes refer to it as “lenticu-
lar astigmatism” (related to the lens of the
eye). It presents a significant problem to
current efforts to couple real-time corneal
topography and laser treatment in an effort
to “sphericize” the cornea. It also poses a
common clinical quandary.
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FIGURE 4A. This DAVD shows a patient having a dis-
crepancy between refractive astigmatism (R) and
corneal topographic astigmatism (T), whose targeted
treatment is based 100% on T. The vector between R
and T is the ocular residual astigmatism (ORA), the
minimal amount of astigmatism that can remain in the
optical system of this eye. The target refraction is the
amount of refractive astigmatism remaining after treat-
ment to eliminate topographic astigmatism — that is,
the cornea would be spherical but the patient would
have a remaining refractive astigmatism equal to the
target refraction (and ORA) shown. The treatment is
shown as a vector of equivalent magnitude to 7, but
180° away from Ton the DAVD (actual steepening treat-
ment on the cornea would be 90° away).
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FIGURE 4B. DAVD shows same patient as in Figure 4A,
but with correction targeted 100% on correcting
refraction. Target topography is the corneal topograph-
ic astigmatism remaining after treatment to eliminate
refractive astigmatism. The treatment vector has an
equivalent magnitude to A, but is 180° away from Ron
the DAVD (actual steepening treatment on the cornea
would be 90° away).

Faced with a discrepancy between T and
R, most refractive surgeons treat the
patient’s spectacle astigmatism in the belief
that reshaping the cornea to the patient’s
refractive preference will produce better
visual results. It is apparent, however, that
treating R may do nothing to alleviate 7T, and
in fact can result in increased corneal topo-
graphic astigmatism. Increasing the corneal
astigmatism violates fundamental principles
of corneal surgery and may lead to spherical
aberration.'” For these reasons, Alpins does
not dismiss the discrepancy so lightly, and
offers a system for its management.

Figures 4A, 4B and 4C demonstrate how
the Alpins method can be used to approach a
patient who has a discrepancy between T and
R. Alpins describes the vector between T' and
R as ocular residual astigmatism (ORA), and
sees ORA as an irreducible minimum astig-
matism that can be achieved in any individual
eye that has such a discrepancy.2!® If a sur-
geon chooses to treat the topographic astig-
matism, the refractive astigmatism remains,
and vice versa.

The ORA is equivalent in magnitude to
the refractive (Figure 4A) and topographic
(Figure 4B) targets. The maximum correc-
tion of astigmatism is achieved when the
remaining astigmatism is at its minimum
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FIGURE 4C. An intermediate TIA can be chosen
between the boundaries of the topographic TIA and
refractive TIA. The relative proximity of the intersec-
tion to either the topographic or refractive endpoints
(heavy dashed line) is determined by the emphasis of
treatment required (total will equal 100%). Any TIA
that achieves the minimum target astigmatism for the
prevailing topographic and refractive parameters will
terminate on the ORA line.



(the minimum target astigmatism) and is
equal to the ORA. This remaining astigma-
tism will be refractive, topographic or a com-
bination. The Alpins approach enables sur-
geons to calculate the ORA as well as the
parameters (laser settings) for eliminating
100% of T, 100% of R, or any combination of
T and R equaling 100%, while leaving the
absolute minimal amount of astigmatism in
the eye’s optical system. The Alpins method
also helps surgeons choose these treatment
parameters through the use of Alpins “opti-
mal treatment.”

Alpins’ optimal treatment is based on
calculations that put more surgical empha-
sis on topographic astigmatism the more
unfavorably the astigmatism falls on the
cornea (toward an against-the-rule orienta-
tion). The surgical emphasis graph shown
in Figure 5 assumes a linear relationship
(the heavy V-shaped lines); however, a non-
linear relationship may exist.

Alpins performed an as-yet-unpublished
study where astigmatic patients were ran-
domly assigned to optimal treatment or the
more conventional approach of treating only
the refractive astigmatism. Optimal treat-
ment produced better visual results even
though it did not aim to treat 100% of the
refractive astigmatism. The reasons cited
above — that is, the more physiologic orien-
tation of with-the-rule astigmatism, the
spherical aberration introduced by corneal
astigmatism, etc. — probably underlie these
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TABLE 2 — The Alpins method in a laser or
corneal topography machine.

Incorporation of the Alpins method would allow a
refractive laser or corneal topography machine to
display the following information:

 Preoperative measurements — sphere and astig-
matism by topography and refraction.

o Target induced astigmatism (TIA).
e QOcular residual astigmatism (ORA).

» Treatment emphasis — laser settings based on the
surgeon’s choice of eliminating 100% refractive
astigmatism, 100% topographic astigmatism, or
any combination of the two equaling 100%.

¢ Optimal treatment — suggested laser settings
that allow greater treatment emphasis on refrac-
tive astigmatism the closer the remaining corneal
astigmatism is to 90° (against-the-rule),

s Treatment vector graphs — graphs of refraction,
topography and TIA vectors, and how they change
as treatment emphasis changes.

* Nomogram of adjustment — coefficients applied
to laser settings based on past experience; for
example, to correct for hyperopic shift or consis-
tent spherical over- or undercorrection by a par-
ticular laser.

e Designer cornea — the Alpins methodology
applied independently to both hemidivisions of
the cornea in a case of irregular astigmatism, fea-
turing a calculated vector value of irregularity
called topographic disparity (TD) useful for topo-
graphic descriptions.

FIGURE 5. Alpins" “optimal treatment,” which is the
optimal point of termination of the TIA with the ORA
line, is determined from the surgical emphasis graph
shown here. In this example, the meridian of target
topography is 147°. As it lies 57° from a with-the-rule
orientation of 90°, the surgeon may decide to appor-
tion 57 of 90, or 63% emphasis, to a topography-
based goal of zero astigmatism (and the remainder,
37%, to refractive astigmatism). If the meridian of tar-
get topography is 90°, a physiologically more favor-
able orientation, 100% of the treatment will be devot-
ed to the correction of refractive astigmatism. If the
meridian of target topography is 180°, or against-the-
rule, 100% of the treatment will be devoted to correct-
ing the topographic astigmatism (“sphericizing” the
cornea and eliminating the unfavorable against-the-
rule astigmatism).




results. With optimal treatment, one appears
to gain the advantage of less remaining
corneal astigmatism without the penalty of
increased refractive astigmatism.

LASERS AND CORNEAL TOPOGRAPHERS

Refractive lasers and corneal topography
machines could include the Alpins method
either as planning and analysis “add-ons” to
their current software (Table 2), or as a
basis for the development of custom appli-
cations. For lasers, it makes sense to consid-
er use of the Alpins method in the program-
ming of a laser’s operating system. In this
way, treatment parameters calculated by
the Alpins method could directly guide the
ablation pattern of a laser, as opposed to the
operator having to manually enter settings
into the laser after using the Alpins method
to calculate the settings.

Corneal topography machines, while ben-
efiting from the add-on functions of the
Alpins method, could use it to simulate prior
to surgery the corneal image map that might
be expected after any proposed refractive
surgical correction. This would be especially
helpful and dramatic for those patients in
whom treatment of refractive astigmatism
alone would actually exacerbate existing
corneal astigmatism. O
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