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Abstract
· AIM: To evaluate the effects of posterior corneal
surface measurements on the accuracy of total estimated
corneal astigmatism.

·METHODS: Fifty -seven patients with toric intraocular
lens (IOL) implantation and posterior corneal astigmatism
exceeding 0.5 diopter were enrolled in this retrospective
study. The keratometric astigmatism (KA) and total
corneal astigmatism (TA) were measured using a
Pentacam rotating Scheimpflug camera to assess the
outcomes of AcrySof IOL implantation. Toric IOLs were
evaluated in 26 eyes using KA measurements and in 31
eyes using TA measurements. Preoperative corneal
astigmatism and postoperative refractive astigmatism
were recorded for statistical analysis. The cylindrical
power of toric IOLs was estimated in all eyes.

· RESULTS: In all cases, the difference of toric IOL
astigmatism magnitude between KA and TA
measurements for the estimation of preoperative corneal
astigmatism was statistically significant. Of a total of 57
cases, the 50.88% decreased from Tn to Tn-1, and 10.53%
decreased from Tn to Tn -2. In all cases, 5.26% increased
from Tn to Tn +1. The mean postoperative astigmatism
within the TA group was significantly lower than that in
the KA group.

· CONCLUSION: The accuracy of total corneal
astigmatism calculations and the efficacy of toric IOL
correction can be enhanced by measuring both the
anterior and posterior corneal surfaces using a Pentacam
rotating Scheimpflug camera.

·KEYWORDS: cornea; astigmatism; cataract; intraocular
lenses; refractive errors; rotating Scheimpflug camera
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INTRODUCTION

C orneal astigmatism is one of the most common optical
aberrations of the cornea. It has been reported that

between 15% and 50% of cataract patients exhibit 1 diopter
(D) to 2 D corneal astigmatism [1-3]. Corneal astigmatism is
commonly attributed to postoperative uncorrected visual
acuity after cataract extraction. Toric intraocular lens (IOL)
implantation can correct pre-existing corneal astigmatism in
patients undergoing cataract surgery[4-5]. The key requirement
in IOL implantation is accurate calculations of cylinder
power and toric IOLs and correct alignment in order to
neutralize astigmatism in the cornea. Misalignment by 1毅
reduces the efficacy of astigmatism correction by 3.3% [5-7].
Keratometric astigmatism (KA) can be measured by a
variety of techniques such as the utilization of a manual
keratometer or automatic keratometer, corneal topography,
and IOLMaster [8-10]. KA is the most commonly used method
and is based solely on measurement of the anterior corneal
curvature, through the assessment of the reflection of
keratometric mires from the anterior corneal surface.
However, the power of KA does not represent the power of
total corneal astigmatism (TA) in which both the anterior
and posterior corneal surfaces are be taken into account.
Furthermore, obtaining measurements of the posterior
corneal surface has been previously shown to be very
difficult in clinical settings[11-12].
Recently, an anterior corneal measurement method was
developed using the keratometric index (1.3375) that omits
the posterior corneal surface measurement [13]. Both the
anterior and posterior corneal surfaces contribute to TA;
omitting the posterior corneal surface would lead to a
significant deviation from the actual corneal power
estimation prior to surgery[13-16]. Cheng [15] and Ho [16]

recently reported that neglecting the posterior corneal surface
measurement in the calculation of the TA would lead to
significant inaccuracies during the estimation of the TA
magnitude or axis in some eyes.
The placido-optical coherence tomography device and
motion-corrected optical coherence tomography drastically
shortens measurement time owing to a faster scan rate and a
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significantly reduced influence of motion artifacts [17-19]. The
Pentacam rotating Scheimpflug camera (Oculus, Wetzlar,
Germany) can provide biometric information on the anterior
and posterior corneal surfaces and the anterior chamber [20-23].
In this study, we used both anterior and posterior corneal
surface measurements, derived from Pentacam scanning, to
estimate corneal astigmatism. The accuracy of calculating
AcrySof toric IOL type by TA and KA measurements was
also evaluated. The main objective of this study was to
evaluate the outcome of astigmatism correction with toric
IOL implantation. Therefore, visual acuity and refraction
were not the main outcomes.
SUBJECTS AND METHODS
Patients who had undergone ArcySof toric IOL (Alcon, Fort
Worth, TX, USA) implantation and phacoemulsification,
with the astigmatism of the posterior corneal surface
exceeding 0.5 D, in the Second Hospital of Hebei Medical
University were enrolled in the study. This study was
conducted in accordance with the Declaration of Helsinki
and with approval from the Ethics Committee of the Second
Hospital of Hebei Medical University. Written informed
consent was obtained from all participants. Patients with
corneal irregular astigmatism, retinal disease, intraoperative
complications, posterior capsule opacification, or toric IOL
misalignment were excluded. Poor quality Pentacam scans
was also an exclusion criterion.
Prior to cataract extraction, patients underwent a variety of
ophthalmologic examinations including slit lamp microscope
examination, applanation tonometry, indirect
ophthalmoscopy, keratometry, and Pentacam scanning. The
axial length was measured by an optical biometer
(IOLMaster) or by ultrasonic immersion biometry (for
patients with dense cataracts). Keratometry data were
derived from the Pentacam rotating Scheimpflug camera.
The flat and steep central radius and meridian in the 3 mm
zone on the anterior and posterior corneal surfaces, and the
central corneal thickness were measured. Residual
astigmatism results were obtained with subjective and
objective refraction at 3mo postoperatively.
Astigmatism and Spherical Equivalent Measurements
Omitting the Posterior Corneal Surface The anterior
corneal surface acts as a positive lens, while the posterior
corneal surface acts as a negative lens due to the reduction of
refractive indices ( ) from the cornea to aqueous humour.
The corneal refractive index ( ) and aqueous humor
refractive index ( ) was 1.376 and 1.336, respectively. The
flat meridian was used for vector addition since a positive
magnitude was required for defining the posterior corneal
astigmatism. Astigmatism and the spherical equivalent (SE)
were measured by KA, omitting the posterior corneal
surface.

The refractive index was = 1.3375:
KA = [( -1)/ Rs,front -( -1)/ Rf,front]伊1000@As,front;
SE =1/2 [( -1)/ Rs,front+ ( -1)/ Rf,front]伊1000.
Where, Rs,front, is the steep meridian radius of the anterior
corneal; Rf,front, is the flat meridian radius of the anterior
corneal.
Total Corneal Astigmatism Measurements Incorporating
the Posterior Corneal Surface Ho's formula [16] was used to
calculate the refractive power of the anterior and posterior
corneal surfaces. The powers of the steep and flat meridian
on the anterior corneal surface were calculated by ( -1)/ Rs,front

and ( -1)/Rf,front. The powers of the posterior corneal surface
were calculated by ( - )/Rs,back and ( - )/Rf,back. The SE
of the anterior and posterior corneal surfaces were
determined as follows:
SEfront = 1/2[( -1)/ Rs,front + ( -1)/ Rf,front]伊1000;
SEback =1/2[( - )/ Rs,back + ( - )/ Rf,back]伊1000.
Where, is the refractive index of the cornea ( =1.376);
is the refractive index of the aqueous humor ( =1.336) [24];
Rs,back is the steep meridian radius of the posterior corneal;
Rf,back is the flat meridian radius of the posterior corneal.
The SE of the total cornea (SEtotal) was calculated by the thick
lens formula as follows, where d is the central corneal
thickness:

SEtotal =SEfront +SEback - d
nc

伊SEfront 伊SEback

The cylinder powers of astigmatism on the anterior corneal
surface and posterior corneal surface were described as
follows:
Cfront = [( -1)/Rs,front - ( -1)/ Rf,front]伊1000;
Cback = [( - )/ Rf,back - ( - )/ Rs,back]伊1000.
The vector summation was used to calculate the TA,
including the posterior corneal measurement. The combined
effect of two obliquely crossed cylinders on the anterior and
posterior corneal surface was analyzed by the
Holladay-Cravy-Koch formula. The formula was used for
calculating the crossed cylinders in contact with a theoretical
plane. However, according to the vertex distance formula,
below, since only a small change in focus was caused by an
average corneal thickness of 0.5 mm, this variable could be
disregarded.

F2= F
1- d

1000伊n 伊F

We calculated the vertex of both surfaces on the anterior
corneal plane without conversion, according to
Holladay-Cravy-Koch formula[25]:

=A2-A1

2茁=arctan C2 (sin2琢)
C1+C2 (cos2琢)

= 2茁琢+180°
2

SC=C1sin2兹+C2sin2(琢-兹)
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C3=C1+C2-2SC
A3=A1+兹
The TA was described as C3@A3

Magnitude of the Astigmatic Power Vector [16,26] The
residual astigmatism data were described by two cylinder
and [16,26]. The following formulae were used where C was
residual cylinder power and 琢 was the axis:

=-(Ccos2琢)/2; =-(Csin2琢)/2
The vector from the origin to and was termed the
astigmatic power vector. The magnitude of the power was
derived using the formulae:

Astigmatic power vector=( 2+ 2)1/2

The magnitude of the power vector were used to compare
the difference of the magnitude of residual cylinder between
two groups.
Toric Intraocular Lens Calculations The intended target
of the postoperative D was emmetropia. The SE of the IOLs
was calculated using the SRK/T formula. An online toric
IOL calculator was utilized for calculating the cylinder
power and alignment axis (available at: http://www.
acrysoftoriccalculator.com).
Surgical Procedures Prior to surgery, meridians at 0毅 and
180毅 were marked on the corneal limbus when the patients
were sitting up straight and looking ahead. The targeted
implantation axis was marked during the operation. The
same operation was performed in all cataract extractions
with a standard two-plane 3 mm incision created 110毅 above
the clear cornea. Following a divide-and-conquer
nucleofractis and cortex removal, the AcrySof toric IOL was
injected through the incision using a Monarch II injector
(Alcon Laboratories Inc.). Subsequently, the cylindrical axis
of the IOL aligned with the limbal axis marks by rotating the
IOL. Examinations including uncorrected visual acuity and
best spherical corrected visual acuity, slit lamp microscope
examination, applanation tonometry, Pentacam scans, and
automated and manifest refraction were performed at the 1
and 3mo postoperative visits. The postoperative axis of the
toric IOL was measured using the slit lamp when the patient
was sitting straight.
Statistical Analysis Mean astigmatism was compared
between the TA and KA groups using the paired -test.
Preoperative and postoperative astigmatism was compared
between the TA and KA groups using the independent
sample -test.
RESULTS
Demographics and Preoperative Data The mean依standard
deviation (SD) patient age was 62.7依12.9y (range: 28-86y).
The mean SE依SD of the total corneal powers and keratometric
corneal powers was 42.7依3.7 D (range: 38.2 D-48.0 D) and
44.0依3.4 D (range: 39.7 D-48.2 D), respectively.
Keratometric Corneal Astigmatism and Total Corneal
Astigmatism Magnitude and Meridian TA and KA were

measured for each of the 57 cases. The mean依SD astigmatism
of the TA and KA was 1.57依0.56 D伊90.92毅 (range: 0.9 D-3.7 D)
and 2.01依0.61 D伊85.55毅 (range: 1.3 D-4.3 D), respectively.
There was a statistically significant difference between TA
and KA magnitude ( <0.0001, paired -test).
Posterior Corneal Astigmatism Magnitude and Meridian The
mean依SD posterior corneal astigmatism of the 57 cases was
0.61依0.14 D伊15.71毅 (range: 0.5 D-1.2 D).
Functions of Total Corneal Astigmatism Posterior and
Anterior Magnitude Figure 1 presents a scattergram
illustrating the functions of TAback magnitude and TAfront

magnitude. The regression formula comprised: (TAback

magnitude)=0.107伊(TAfront magnitude)+0.365 ( =0.531, <
0.0001).
The posterior corneal astigmatism measurement resulted in a
mean reduction of 0.44依0.26 D (range:-0.3 D to1 D) and a
mean percentage reduction of 21.86%依13.59% (range: 20%-
38.89%) in the anterior corneal astigmatism magnitude.
Estimation of Total Corneal Astigmatism and
Keratometric Corneal Astigmatism Magnitude and
Angle Measurements The estimation results of the TA and
KA measurements in all of the 57 enrolled eyes were
summarized. The mean arithmetic error of the magnitude
between KA and TA was 0.44依0.26 D (range: -0.3 D to 1 D).
Among the 57 eyes, 8 (14.04%) and 40 (70.18%) had a KA
magnitude that was within 依0.25 D and 依0.50 D of the TA
magnitude, respectively. Seventeen eyes (29.8%) had a KA
magnitude greater than 依0.50 D of the TA magnitude. The
mean arithmetic errors of the KA angle for the TA angle was
0.94毅依10.06毅 (range: -42.8毅 to 18毅). There was no significant
difference between the TA and KA angle ( =0.919, paired

test). Twenty-five eyes (43.86%) and 44 eyes (77.19%)
had a KA angle that was within 依5毅 and 依10毅 of the TA
angle, respectively.
Change of Toric Intraocular Lens Type Calculated with
Total Corneal Astigmatism and Keratometric Corneal
Astigmatism We classified all of the 57 cases according to
toric IOL type with TA and KA. Table 1 shows that three
eyes (5.26%) increased from Tn to Tn+1, 19 eyes (33.33%)
remained the same, 29 eyes (50.88%) decreased from Tn to
Tn-1, and 6 eyes (10.53%) decreased from Tn to Tn-2. Toric
IOL implantation became unnecessary for seven eyes
according to the reduction in astigmatism magnitude.
Toric Intraocular Lens Implantation Surgical Outcomes
Among the 57 eyes that underwent toric IOL implantation
for astigmatism correction, 26 cases were assessed with KA
and 31 cases were assessed with TA. The mean astigmatism
of the TA and KA groups was 1.65 D依0.67 D伊86.58毅 and
1.91依0.39 D伊95.91毅 , respectively. There was no significant
difference in magnitude between the two groups
preoperatively ( =0.08887, -test).
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For the TA group, we also calculated the type of ArySof
toric IOLs with KA. The type of toric IOL for two eyes
(6.45% ) changed from Tn to Tn+1, eight eyes (25.81% )
remained the same, 16 eyes (51.62%) changed from Tn to
Tn-1, and five eyes (16.13% ) changed from Tn to Tn-2.
According to KA calculations, toric IOL implantation
became unnecessary for five eyes in the TA group. Figure 2
shows the percentage alteration in all 57 summarized eyes
and in the TA group. Out of 57 eyes, three eyes (5.26%)
increased from Tn to Tn+1, 19 eyes (33.33%) remained the
same, 29 eyes (50.88%) decreased from Tn to Tn-1, and 6 eyes
(10.53%) decreased from Tn to Tn-2. For the TA group, the
type of toric IOL for 2 eyes changed (6.45%) from Tn to Tn+1,
8 eyes (25.81% ) remained the same, 16 eyes (51.62% )
changed from Tn to Tn-1, and five eyes (16.13% ) changed
from Tn to Tn-2.
Residual Astigmatism Postoperative Outcomes We
measured the residual astigmatism of the TA and KA groups
at 3mo postoperatively. The residual astigmatism of TA was
0.47依0.39 D伊75.45毅 (range: 0 D-1.5 D). The residual astigmatism
of KA was 0.73 依0.37 D 伊96.32毅 (range: 0.25 D-1.5 D).
Figure 3 summarizes the preoperative and postoperative
astigmatism results according to the two different groups. In
the TA group, the magnitude of the residual astigmatic
power vector was 0.21 依0.19 D. In the KA group, the
magnitude of the residual astigmatic power vector was
0.38 依0.18 D. There was a significant difference in the
magnitude of astigmatism between the TA and KA group ( =
0.022, -test).
We performed a correlation analysis between the posterior

corneal surface astigmatism (Aback) and postoperative astigmatic
shift (Ashift) for the TA and KA groups. The postoperative
astigmatic shift comprised the deviation of residual
postoperative astigmatism from the toric IOL calculator. In
the TA group, the posterior corneal surface astigmatism was
0.71 依0.19 D (range: 0.5 D-1.2 D) and the postoperative
astigmatic shift was 0.38依0.26 D (range: 0 D-0.8 D). There
was no significant correlation between posterior corneal

Table 1 The types of AcrySof toric IOL calculated retrospectively and preoperatively 
Parameters No. of eyes Non-Toric T3 T4 T5 T6 T7 T8 

Calculated with KA retrospectively 57 0 17 14 16 4 5 1 
Calculated with TA retrospectively 57 7 17 22 5 5 1 0 

Non-Toric: The toric IOL was unnecessary according to the result of a Web-based AcrySof toric IOL calculator; KA: 
Keratometric astigmatism; TA: Total corneal astigmatism. 

Figure 1 Scattergram of the TAback magnitude as a function of
the TAfront magnitude The regression formula was (TAbackmagnitude)=
0.107伊(TAfront magnitude) +0.365 ( =0.531, <0.0001).

Figure 2 The alteration percent of calculating in theory for all
eyes and TA group The cases of 29 eyes (50.88% ) decreased
from Tn to Tn-1, 19 eyes (33.33%) remained the same, 6 (10.53%)
decreased from Tn to Tn-2, and 3 eyes (5.26%) in all cases increased
from Tn to Tn+1. According to the decreased magnitude of
astigmatism, 7 eyes became unnecessary for toric IOL.

Figure 3 The preoperative and postoprative astigmatism of
between TA and KA group There is no statistical significance
between the two groups for the preoperative astigmatism
magnitude. The postoperative astigmatic power vector is
significantly lower in the TA group compared with the KA group ( =
0.022, -test).
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surface astigmatism and postoperative astigmatic shift ( =
0.2145, >0.05). In the KA group, the posterior corneal
surface astigmatism was 0.66依0.29 D (range: 0.5 D-1.2 D)
and the postoperative astigmatic shift was 0.61 依0.33 D
(range: 0.4 D-1.1 D). There was a significant correlation between
posterior corneal surface astigmatism and postoperative
astigmatic shift ( =0.642, <0.05). The regression formula
was (Ashift)=0.712伊Aback +0.214 ( =0.642, <0.05).
DISCUSSION
The main finding of this study is that determination of the
AcrySof toric IOLs through TA measurements significantly
reduces postoperative keratometric-associated astigmatism
(that is frequently the result of omitting astigmatism
measurements on the posterior corneal surface). It is very
important to accurately measure the magnitude and axis of
corneal astigmatism when determining the AcrySof toric IOL
type. However, both the anterior and posterior corneal
surfaces contribute to the TA. Conventionally, the corneal
astigmatism is obtained from measuring the curvature of the
anterior cornea whilst omitting the curvature of the posterior
corneal. This may be due to the difficulty in measuring the
posterior corneal curvature based on the Purkinje images in a
clinical setting [11,27-28]. Another potential reason may be that
the posterior corneal astigmatism is so small that it could be
easily be overlooked. The difference in the refractive indices
from the posterior corneal surface to the aqueous humor
(1.336-1.376=-0.04) was relatively small compared with that
from the air to the anterior corneal surface (1.376-1=0.376).
Dunne [29] found that the toricity anterior to posterior
ratio was significantly lower in the vertical direction than in
the horizontal direction. This indicated that the posterior
corneal surface exhibits greater toricity than the anterior
surface on some radii. Therefore, astigmatism of the
posterior surface on some radii may be elevated compared
with the anterior surface [30]. The ratio of posterior to anterior
surface astigmatism was 0.33 in Mas 's [31] study, while
Oshika [32] obtained a mean ratio of 0.35. In our study,
the regression formula comprised TAback magnitude=0.107 伊
(TAfront magnitude) +0.365; this is very similar to Ho's
finding of PAback magnitude = 0.0998 伊(PAfront magnitude)+
0.3073 [16]. The convergence induced by the anterior corneal
surface could be partially neutralized by the negative dioptric
power of the posterior surface due to the reduction of the
refractive indices across the corneal stroma to the aqueous
humor (1.376-1.336= -0.04). Previous studies have shown
that in 77.1% to 81.7% of eyes, posterior corneal surface
astigmatism resulted in a reduction of TA and an average
reduction in the astigmatism of the anterior corneal surface
by 12.9% to 31.0% [33] . Koch [34] analyzed 715 corneas
using ray tracing and found that the mean magnitude of
posterior corneal astigmatism was -0.30 D. The posterior

corneal surface astigmatism exceeded 0.50 D in 9% of eyes.
Astigmatism correction outcomes were affected by regular
corneal astigmatism, the accuracy of toric IOL types, and
rotational stability. Surgically induced astigmatism (SIA) is
an important factor for the accurate correction of corneal
astigmatism. The IOL calculator program calculated the type
of toric IOL to be implanted by taking both the preoperative
corneal astigmatism magnitude and the SIA (which in our
cases was 0.5 D) into account. The vector calculation of SIA
will slightly increase or reduce the difference when the
direction of astigmatism for a given eye varies from either
against the rule astigmatism (ART) or with the rule
astigmatism (WRT). Karunaratne [10] and Ahmed [35]

found that 51% eyes with preoperative WTR astigmatism
changed in ATR astigmatism, and 34.1% of ATR changed in
WTR after the toric IOL implantation. With regards to the
direction of the preoperative corneal astigmatism, there was
no significant effect when the toric IOL was implanted. It
appears that toric IOLs can sufficiently correct large
astigmatism, while any relative SIA included in the
calculation program can induce a low amount of astigmatism
but does not affect the final outcome.
In this study, we found that the inclusion of posterior corneal
surface astigmatism reduced astigmatism in 21.86% cases.
Out of the 57 eyes, 70.18% had a KA magnitude within
依0.50 D of the TA magnitude and 77.19% had a KA angle
within 依10毅 of the TA angle. The alteration of the toric IOL
type was calculated with TA and KA; 50.88% decreased
from Tn to Tn-1 and 10.53% decreased from Tn to Tn-2,
retrospectively. Toric IOL implantation could be avoided in
seven eyes according to the reduction in pre-existing
astigmatism after the posterior corneal measurement was
considered. This finding may explain some of the
unpredictable results associated with toric IOL implantation
when omitting the posterior corneal surface measurement.
The surgical prognosis related to the reduction of the
postoperative residual refractive cylinder is influenced by the
accurate estimation of TA and its axis. The efficacy of
astigmatism correction can be reduced by 3.3% due to 1毅 of
misalignment [5-7]. Posterior corneal surface astigmatism has
been reported to cause between 2.63毅 to 7.40毅 of change in
the axis[24]. In our study, the mean arithmetic estimation error
was 0.94依10.06毅 (range: -42.8毅 to 18毅) and the mean absolute
estimation error was 7.24依7.00毅 (range: 0.1毅-42.8毅); however,
there was no significant difference between the TA and KA
angle.
Eyes with a posterior corneal astigmatism exceeding 0.5 D
were enrolled in this study. The AcrySof toric IOL offers
different cylinder powers at 0.5 D intervals. Therefore,
posterior corneal surface astigmatism less than 0.5 D may be
too weak to affect the determination of AcrySof toric IOLs.
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In our study, the residual refractive cylinder was smaller in
the TA group (0.47依0.39 D) than in the KA group (0.72依
0.53 D). However, there was a significant difference in the
magnitude of astigmatism between the TA and KA groups.
In summary, we found that omitting the posterior corneal
surface measurement leads to inaccuracy in the estimation of
the magnitude of the TA in some eyes that have received
toric IOL implantation. When a Pentacam rotating
Scheimpflug camera is used to measure anterior and
posterior corneal surfaces simultaneously, calculation of TA
will improve the prediction of the corneal astigmatism, and
therefore enhance the efficacy of astigmatism correction with
toric IOLs.
In conclusion, the accuracy of TA, with a posterior surface
astigmatism exceeding 0.5 D, and the efficacy of toric IOL
correction can be enhanced by measuring both anterior and
posterior corneal surfaces with a Pentacam rotating
Scheimpflug camera.
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