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Abstract

Uncorrected refractive astigmatism degrades visual acuity. Spherical intraocu-

lar lenses (IOLs) leave astigmatic errors resident in the cornea manifest in

refractive astigmatism. Toric IOLs, correcting for this corneal astigmatism,

contribute to spectacle-free vision in the pseudophakic eye. This review pro-

vides information to assist surgeons in a rational choice of eyes suitable for

toric IOL implantation, methods of IOL cylinder power calculation, surgical

techniques for toric IOLs and management of complications. With appropriate

application of this information, correction of visually detrimental astigmatism

can be achieved routinely.
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1 | INTRODUCTION

Full refractive correction of the aphakic eye requires not
only correction of the profound spherical error, but also
the astigmatic element of the aphakic refractive state.
Correction of the spherical error with an intraocular lens
(IOL) allows comfortable spectacle correction of
remaining astigmatic refractive error, but the goal of
spectacle-free vision can only be achieved if the astig-
matic element is also corrected.

The simple principle behind the use of toric intralo-
cular lenses is that aphakic astigmatism mainly derives
from corneal astigmatism. This latter entity must, however,
be predictable from pre-operative measurement to be use-
ful in calculating the cylinder power of an IOL. Surgical
incisions in or near the cornea alter corneal astigmatism.1

Advances over the last 30 years of cataract surgery have
enabled these predictions to be made with increasing accu-
racy. Extracapsular cataract extraction with 11 mm inci-
sions did not allow good prediction of postoperative
corneal astigmatism whereas modern phacoemulsification

through incisions under 2.75 mm do.2,3 These incisions
when very small (under 2 mm) are astigmatically neutral,
meaning the change in corneal shape they induce is below
our ability to measure it, and predictable enough to allow
use of toric intraocular lenses and to produce good refrac-
tive correction in the pseudophakic eye.4 Slightly larger
incisions, though astigmatically active, are predictable in
their astigmatic effect.5 This predictable effect can be incor-
porated in the calculation of toric IOL cylinder power and
meridian of placement.

Predictable and stable post-operative corneal astigma-
tism along with rotational stability are the sine qua non
of toric IOL use. With their use comes the promise of
spectacle-free vision in the pseudophakic eye.

2 | HISTORY

Some forms of toric IOL have been in existence for over
30 years. Initial PMMA IOLs met with limited success
because of the large incision size and scleral incision
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approach required for their insertion.6 A silicone version
could be folded for insertion, but encountered problems
with rotational stability and still required a sizable inci-
sion.7 With highly compressible materials with strong
structural memory such as hydrophobic and hydrophilic
acrylics, the astigmatic benefits of smaller and smaller
phacoemulsification incisions have been utilised.7 With
low or no astigmatic power and axis change brought on
by the act of crystalline lens extraction, an IOL could be
chosen of appropriate power and accurate axis of
placement.

3 | THE EFFECT ON UNAIDED
ACUITY OF ASTIGMATISM AND
THE INDICATIONS FOR INSERTION
OF TORIC IOLS

The loss of unaided acuity with increasing astigmatic
error is seen in Figure 1.8,9 The loss is influenced not only
by the power of the astigmatism, but also its orientation.

Toric IOLs come in refractive steps starting with the
lowest available power of 1D.10,11 This lower end of the
power range is capable of correction of 0.5D–0.6D of cor-
neal astigmatism. The steps of increasing power vary
between manufacturers but typically 0.5D–0.75D with
upper ranges of between 6D and 9D, typically, depending
on the manufacturer.11,12 These steps and ranges provide

correction for most physiological astigmatism and a wide
range of pathological astigmatic error.

These ranges of fixed powers mirror the range and
steps of spherical power available in commercially avail-
able IOLs. Surgeons are familiar with the concept of a
non-zero target that the use of these devices with step-
wise progressions of power impose. Our routine calcula-
tion of sphere power is resident on our biometers, and a
table of possible IOL sphere powers is presented to us
with a prediction of the likely sphere equivalent refrac-
tive outcome for each choice. Seldom is the predicted out-
come emmetropic even if that is desired. It is a small
non-zero compromise on that ideal post-operative refrac-
tion dictated by the available steps in IOL sphere power.
The same non-zero astigmatic target is necessary when
calculating the appropriate IOL cylinder power, even if
perfect axis alignment is achieved.

For the insertion of a toric IOL to be appropriate, the
minimum requirement is that the predicted remaining
astigmatism is less than the predicted post-operative
corneal astigmatism and the patient receives a refractive
benefit. At what point above this minimum a toric IOL
is indicated, in terms of unaided visual acuity, is dis-
puted, particularly in terms of cost-effectiveness since
toric IOLs cost more than spherical IOLs. Surgeons set
various thresholds of corneal astigmatism based on
these considerations.12,13

One limitation on toric IOL step selection seems to be
the commonly held, but erroneous, view that the corneal
astigmatism should not be overcorrected. The advice
given is that the ‘axis should not be flipped’.14 This
advice seems to emanate from optometric practice
where overcorrection and ‘flipping the axis’ with specta-
cle correction leads to visual discomfort from meridional
magnification and unusual distortion of the visual envi-
ronment. This does not apply with IOLs. They are not
prone to these aberrations, and overcorrection is indi-
cated if it leads to less remaining refractive astigmatism
than under-correction.15

A further layer of decision-making when choosing to
use a toric IOL is imposed by the intended refractive
effect of the IOL. Specifically, if the IOL is being chosen
to minimise or eliminate the use of spectacles, then astig-
matic correction is quite obviously mandatory. There is
little point in inserting a multifocal IOL if remaining
refractive astigmatism is predicted. In such cases, no
remaining astigmatism is useful.

Toric IOLs cost more than spherical IOLs.16 Limited
access therefore occurs in less well funded health care
systems. Typically, optometric services to the post-
operative patient in such systems would also be limited.
In those circumstances, it could be argued the need for
toric IOLs is greater than in a well-funded system,

FIGURE 1 Distance visual acuity with uncorrected

astigmatism was significantly influenced by axis orientation at each

diopter of astigmatism (P!0.001 for 1.0D, 2.0D, and 3.0D, ANOVA).

The asterisks represent a significant difference (Fisher LSD post

hoc test). ATR, against-the-rule astigmatism; OBL Z, oblique

astigmatism; WTR, with-the-rule astigmatism. Source: Reproduced

from Reference [8]
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because the patient in a well-funded system can access
spectacles for remaining astigmatism whereas the less
well-funded patient cannot.

4 | CALCULATION OF TORIC IOL
CYLINDER POWER

There is a universally held, but perhaps oversimplified,
assumption that all refractive astigmatism in an aphakic
eye is resident in the cornea.17 Corneal astigmatism must
therefore be measured accurately, and its axis and power
in the postoperative eye accurately predicted to achieve
refractive success using toric IOLs.

4.1 | Accurate corneal power and axis
measurement

Today's cataract surgeons are presented with a wide
range of devices that measure corneal curvature and
convert those data into useful and accurate power and
axis information that can be inserted into readily avail-
able toric calculators. There is a large body of published
data on these devices demonstrating their comparability
and the accuracy of the refractive outcome they provide
both for spherical and toric IOLs.18–21 Once the surgeon
has decided on the preferred device a few steps can be
taken to ensure success. It is evident, even with mini-
mal experience of these devices, that there is a test-to-
test variation in measurements with all of them.22 To
avoid inaccurate outcome from this phenomenon, most
surgeons will compare the data from at least two inde-
pendent measurements to examine for consistency.
Barrett has provided a method of combination of infor-
mation from several devices into one set of composite
data used in toric IOL power calculation and designa-
tion of axis.23

4.2 | Accurate corneal power and axis
prediction

4.2.1 | Surgically induced astigmatism

Because of the propensity of the surgical incision to
reduce corneal curvature along the incised meridian and
increase curvature on the orthogonal meridian, it is nec-
essary to predict what the corneal shape will be once the
cataract is extracted and the IOL has been inserted. The
simplest approach to this is to reduce incision size to a
point where no measurable change occurs. This is proba-
bly around 2 mm incision size in the clear cornea.4 Most

routine phacoemulsification devices require an incision
size in the region of 2.4 mm or slightly larger. This is
astigmatically active.5 A surgically induced astigmatism
can be calculated by examining the vector difference
between the preoperative corneal astigmatism and the
postoperative corneal astigmatism. This value, averaged
vectorially or arithmetically over a population of eyes,
can then be included in the power and axis requirement
of the IOL. This method tends to over-estimate the
change that occurs due to the test-to-test variability of
corneal power and axis measurement.24 An alternative is
to derive the flattening that occurs on average on the
incised meridian by vector analysis.25 Once again that
value depends on possibly inaccurate corneal measure-
ment. A third option is to apply a theoretical value, 0.1D
for instance, of induced flattening on the incised merid-
ian. Whatever method is used, a new set of corneal curva-
ture data is derived that predicts the altered corneal
astigmatism power and axis that is then used to calculate
the cylinder power of the toric IOL and its ideal axis.

4.2.2 | Posterior corneal astigmatism

The cornea has two refracting surfaces, anterior and poste-
rior.26 The latter, because the difference between the refrac-
tive indices of cornea and aqueous humour is less than
between cornea and air, the refractive effect of the posterior
cornea is greatly less than the anterior corneal surface. It is
more highly curved than the anterior surface so has a con-
cave or negative lens effect of the order of 5 or 6 dioptres.
It also has an astigmatic component. This astigmatism
contributes to a total corneal astigmatism.18 Growing
numbers of devices can measure this astigmatism which
appears to have its steep component near the vertical
corneal meridian in the majority of but not all eyes.27 For
accurate prediction of corneal astigmatism, this posterior
corneal astigmatism effect needs to be either measured
or estimated and included in toric IOL calculations.28,29

There is a difference between the measured and esti-
mated effect of posterior corneal astigmatism. These esti-
mates of non-anterior corneal astigmatism are from
refraction of eyes with intraocular lenses.32 Such eyes have
known lenticular astigmatism, making calculation of the
non-anterior corneal and non-lenticular astigmatism possi-
ble, and the measured posterior astigmatism is smaller than
the values derived from such a calculation. This implies that
the measurement of posterior corneal astigmatism is inaccu-
rate or that there is another ‘left-over’ astigmatism present
derived from other sources—lens tilt or decentration, for
instance.30 This entity is poorly understood as yet.

For the present, the use of measured posterior corneal
astigmatism values to derive a total corneal astigmatism for
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inclusion in toric IOL calculation is less successful in
predicting outcome than the application of estimated or
outcome-derived values.31,32 The later methods automatically
include the effect of this ‘left-over astigmatism’. This may
explain their higher success rates. These estimated or theo-
retical methods include the Baylor Nomogram,33 the Goggin
Nomogram34 and the Barrett/Abulaffia/Koch method.35

The effect of the posterior corneal astigmatism on total
corneal astigmatism varies with the difference between
the anterior and posterior corneal astigmatism axes. The
posterior corneal curvature has a negative lens effect. If
the posterior corneal steep axis is predominantly at or near
the vertical meridian18 and the anterior steep axis is near
vertical (a with-the-rule cornea), the anterior astigmatic
power effect at that steep vertical meridian will be signifi-
cantly reduced. Conversely, the reduction of effect on the
flat axis power, at or near the horizontal in a with-the-rule
eye, will be less. The overall effect is to reduce the total
corneal astigmatism power in with-the-rule eyes by com-
parison with the anterior corneal astigmatism power. With
consistent near vertical orientation of the posterior corneal
steep axis, the opposite effect will occur in against-the-rule
corneas. There is an augmentation of the total corneal cyl-
inder power versus the anterior power. There is evidence
that these effects are maximal in eyes with lower astigma-
tism power and may not to occur in eyes with oblique cor-
neal astigmatism.36,37

Several online resources exist for the calculation of toric
IOL powers from pre-operative data, provided by IOL
manufacturers.38–40 All require keratometric data. Some
will accept combined anterior and posterior corneal data
(commonly called ‘total cornea’ data), anterior chamber
depth and axial length. Some will provide automatic appli-
cation of theoretical or population-based adjustment for the
effect of the posterior corneal astigmatism and will incorpo-
rate an estimate of corneal surgically induced astigmatism.
Surgeons are well advised to be familiar with what the
calculator of their preferred manufacturer actually does.
Some third-party calculators and nomograms also exist
(Kane,41 ASSORT,42 Barrett,24 Goggin43) for assistance in
all or part of the calculation. Surgeons should be aware that
the sphere power of the IOL influences the required cylin-
der power for a constant corneal astigmatic power as does
the anterior chamber depth and its correlate, the effective
lens position. This is a consequence of the effect on power
of these parameters for all IOLs not only toric IOLs.44,45

4.2.3 | Post-keratorefractive corneas

Keratorefractive procedures alter corneal shape. It is by
this effect that these procedures alter the refractive error
of the eye. Use of routine keratometers to measure such

corneas yields erroneous corneal power values.46 First,
the corneal power is measured by standard keratometers
at a ring that is roughly 3.2 mm to 3.4 mm in diameter.
In post-keratorefractive corneas, this may lie outside the
visually active more central zone of the cornea that has
been altered by the procedure from its normal shape.
Some devices measure at a more central ring that does
reflect the true power of the visually important part of
the cornea. The IOLMaster (Carl Zeiss Meditec Gmb,
Oberkochen, Germany), for instance, measures nearer to
a 2 mm ring and is more accurate in these eyes as a
result. Second, the corneal refractive index used by
almost all keratometers includes the effect of the anterior
and posterior cornea in one value. Keratorefractive cor-
neas have an altered relationship of anterior and poste-
rior corneal curvature rendering this combined value
invalid. The conversion of radius of curvature to refrac-
tive power therefore becomes invalid. Third, the ker-
atometric values influence the prediction of the effective
lens position in some IOL power calculation formulae
not specifically designed for use in post-keratorefractive
eyes. These differences versus normal corneas affect the
IOL sphere power calculation and consequently the
toric component in a similar way. Resources for use in
such eyes to calculate toric IOLs exist online and in
some biometers. They have long been available for IOL
sphere calculation and now for toric IOLs specifically.
The Barrett True-K toric calculator47 or the Haigis-L48

are examples. The significant errors in outcome from
IOL power calculations are avoided by use of such
methods.49

5 | SURGICAL TECHNIQUES FOR
TORIC IOLS

Surgery for toric IOls must include a method of identifi-
cation of the intended meridian of placement of the IOL,
use of an incision with predictable corneal astigmatic
effect and accurate rotational placement of the IOL at
that meridian.

5.1 | Axis identification

The eye will tort with movement of the patient from an
upright position to a recumbent position for surgery, so
identification of appropriate corneal meridia must take
place in the upright position.50 Local anaesthetic can
alter the rotational position of the eye by variable motor
block effect, and identification of the required meridian
must take place before any anaesthetic procedure. This
can be achieved in a number of ways.
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5.1.1 | Pre-operative manual meridional
marking

Immediately prior to surgery a mark can be placed to
identify a typical meridian, the horizontal or vertical
meridian, for instance.51 This is used per-operatively to
identify the meridian for IOL axis placement. All toric
IOLs have the least powered axis of the IOL marked on
the optic of the IOL. This is common to all manufac-
turers. This axis is, therefore, placed on the most powered
corneal meridian identified, as described above. The
marking is carried using the surgeons naked eye or one
of several instruments or other tools such as a smart
phone.52

5.1.2 | Pre-operative identification using an
automated system

A number of automated image guidance systems exist
that use preoperative measured or programmed data to
identify the appropriate corneal meridian per-operatively.
They rely on identification of conjunctival vessels. Exam-
ples are the Alcon Inc. (Geneva, Switzerland) Varion™
and Carl Zeiss Meditec Gmb (Oberkochen, Germany)
Callisto eye™ systems. Automation holds the promise of
increased IOL placement accuracy.53 It remains to be
shown whether they improve toric refractive outcome in
a clinically useful manner. Even if accuracy of meridional
placement of a toric IOL can be improved, consequent
improvement in refractive outcome may or may not
occur given test-to-test variability in steep axis identifica-
tion combined with the very small effect on refraction of
very small variations in astigmatic alignment. In fact,
since most corneas show some form of topographic varia-
tion from exact orthogonal astigmatism, there is probably
a range of axes of toric IOL placement that will yield the
same refractive result in most eyes. Intraoperative aber-
rometry may assist in assessing the IOL power and axis
requirement of the aphakic eye but with limited clinical
benefit.54,55

5.2 | Incision placement and width

The surgically induced astigmatism of any incision in or
near the cornea is proportional to its arc length and
inversely proportional to its distance from the centre of
the cornea.56,57 Clear corneal incisions placed on the hor-
izontal meridian (the widest corneal diameter in most
eyes) are less astigmatically active than those on a more
vertical meridian, given the limbus is an oval structure.58

Scleral incisions are less active and longer incision at all

sites are more active. Astigmatic neutrality is achieved at
about 2–2.2 mm in the periphery of the clear cornea.4

Above this threshold the effect may be variable but is
largely predictable and can be used to augment the astig-
matic effect of the toric implant. The alternative of
increased toric IOL power is likely to be more predict-
able.59 A power value and axis value of the incision-
induced astigmatism can be included in the toric IOL
power calculation, as outlined above. The astigmatic
effect of sutured incisions is unpredictable.

6 | POST-OPERATIVE
ASSESSMENT AND MANAGEMENT
OF TORIC IOLS

If accurate power calculation and meridional placement
has taken place, rotational stability of the IOL must con-
tinue in order to achieve appropriate refractive results.
Malposition of a toric IOL in the postoperative period can
arise from erroneous per-operative placement or post-
operative rotation. The former can be avoided by good
pre-operative measurement and good surgical technique.
Eyes at risk of the latter are large and often highly myo-
pic.60,61 It is assumed that the capsular bag is sufficiently
large that poor contact of the IOL haptic with the equator
of the capsular bag occurs and allows rotation. It can
occur in smaller eyes but less commonly.

The phenomenon of toric IOL rotation or mal-
positioning can be recognised by examination with a
dilated pupil. It can also be inferred from a failure to
achieve the expected vision as it recovers post-operatively.
If an astigmatic refractive surprise is identified, there are
three causes: the IOL is off axis; the IOL cylinder power is
incorrect; or a combination of these two problems. Analysis
of the problem should be undertaken whenever a reason-
able manifest refraction can be obtained, usually from
about week 2 post-operatively. The manifest refraction
should be accompanied by a post-operative keratometry in
case the corneal astigmatic axis has changed, a measure-
ment of the exact IOL axis and ideally a measured anterior
chamber depth. A check should be made that the correct
IOL power was inserted and that the correct axis was cho-
sen. A transcription error might, for instance, have led to
the IOL being placed on the flat corneal meridian rather
than the steep meridian. With these data, specifically a
knowledge of the IOL sphere and cylinder power and its
axis and the refraction, the ideal axis of placement and the
ideal IOL cylinder power can be vector calculated. This
kind of analysis can be done using a number of online
resources that vector analyse the problem and provide a
solution.62–64 If the power is at fault, a lens exchange, a sec-
ondary IOL or an excimer ablation might be considered,
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but an isolated axis error can be rectified by a rotation of
the IOL. The severity of a power error can be assessed by
calculating if the ideal IOL cylinder power is more than
half way to the next available cylinder power step, up or
down. If so, consideration should be given to an IOL
exchange. Post-operative keratometry and anterior cham-
ber depth measurement provide corroborating information.
The calculated ideal IOL meridian should, for instance,
coincide with the postoperative steep axis which may have
changed from its preoperative position having been altered
by the incision.

The best timing of an IOL rotation is not established
by trials, but is logically best carried out when some cap-
sular shrinkage has occurred to avoid a further rotation.
This may be between 2 and 4 weeks post-operatively.
Later intervention may be complicated by inability to free
the IOL in a tightly adherent capsular bag. Consideration
should be given to placement of a capsular tension ring,
expanding the capsular equator and thus approximating
the anterior and posterior capsular leaves to each other
and to the IOL.

6.1 | Deliberate off-axis placement of
toric IOLs

The advice to place a toric IOL deliberately off-axis to
‘depower’ its astigmatism correcting effect is occasionally
seen in non-peer-reviewed publications. It has not
appeared in the peer-reviewed literature. The idea is that
if one does not have access to a lower powered IOL, reduc-
ing the astigmatic correction by deliberately placing it
off-axis may be a way of providing a good outcome. An
example would be if the corneal astigmatism was 1D, but
the only IOL available had a 1.5D cylinder, as is the cases
in some health care systems; placing the IOL off-axis
might reduce its correcting power to a suitable level. This is
a misunderstanding of toric IOL optics. Reducing the cor-
recting effect of the cylinder in the IOL leads to increasing,
not decreasing, remaining astigmatism.65 An eye receiving
such a misaligned IOL will be worse off refractively than if
the IOL were perfectly placed. The best correction any toric
IOL will achieve, with the least possible remaining astigma-
tism, is if it is perfectly aligned. This applies to under- and
over-correcting IOL cylinders equally.

7 | TORIC IOL REFRACTIVE
OUTCOME

With good pre-operative measurement, good IOL toric
power calculation and good surgical technique, excellent
refractive results can be achieved with toric IOLs, providing

spectacle-free vision. Of course, to the patient, successful
use of a toric IOL means least refractive astigmatism post-
operatively. To achieve that the two components of success
are adequate alignment of the IOL and adequate power
selection, and each of these can be analysed as measures of
success. There are many studies of possible outcome of
application of newer techniques by calculation of the proba-
ble refractive result of the new technique if applied to the
results from a previous set of eyes treated using an older
technique.66–68 This applies particularly to IOL toric power
calculation methods. This methodology assumes the eyes
studied would behave the same with a differently chosen
IOL. In experimental terms, this assumption may not be
safe. There is significant test-to-test variation in almost all
the parameters used to calculate IOL toric power
(keratometry, axial length and anterior chamber depth) and
in the post-operative assessment of outcome (manifest
refraction). This method gives information, but would be
enhanced by actual results of application of the techniques
in prospective case series. Below are data collected, where
possible from reported case series, where the implanted
IOL has been calculated by the method being examined.

7.1 | Axis placement accuracy

Routine accuracy of axis placement is reported as within 50

of the intended axis.69,70 Average of misalignment where
the alignment axis is signed (positive for counter-clockwise
from the intended axis and negative for clockwise) is close
to zero with a mean absolute value of less than 50.71

7.2 | Power calculation accuracy

The success of power calculation can only be assessed by
vector analysis, since the effect of off-axis placement on
remaining refractive astigmatism must be removed. The
basic measure of success is a vector value called the ‘magni-
tude of error’. It is the difference between the planned
power effect of the IOL cylinder and the actual power effect
achieved, calculated from the post-operative refraction. This
can be calculated even if the IOL is misaligned. The median
magnitude of error is reported as 0.2D or less, particularly
when corneal surgically induced astigmatism is included in
the cylinder power choice and allowance is made for the
effect of the posterior cornel astigmatism.24,72,73

7.3 | Remaining refractive astigmatism

Because toric IOLs are manufactured in steps (0.5D or
0.75D depending on the manufacturer), there is seldom a
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situation where exactly zero remaining refractive astig-
matism can be targeted. Instead, a non-zero target of
minimal but acceptable power is set as close to zero as
possible. This is similar to the setting of a spherical equiv-
alent target for the sphere power of IOLs. Average
achieved remaining refractive astigmatism is around
0.4D.24 This is acceptable to most patients if the sphere
equivalent remaining error is similarly on target. Achiev-
ing astigmatic refractive outcome of close to 100% of eyes
within 1D or less from the target and 90% within 0.5D is
possible.32

8 | CONCLUSION

In combination with appropriate sphere power choice,
accurate use of toric IOLs enhances the patient's visual
experience post-operatively. In fact, it will commonly
improve on the patient's pre-morbid state. Ophthalmic
surgeons are privileged in those terms. With accurate
pre-operative measurement, good calculation of IOL cyl-
inder power, including allowance for corneal surgically
induced astigmatism and the effects of astigmatism aris-
ing from sources other than the anterior cornea (chiefly
the posterior cornea) and good surgical technique, excel-
lent refractive results can commonly be achieved. Market
share data suggests that toric IOL are implanted in 10%–
15% in most of the developed world. In some regions this
rises to closer to 30% (Australia, for instance). The latter
rate reflects the prevalence of visually significant corneal
astigmatism in any human population.74 The limiting
factor is probably cost. We as ophthalmologists should
advocate that this anomaly be addressed.
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