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Abstract

Ocular aberrations depend on pupil size and centring and the retinal image quality under natural conditions differs
from that corresponding to laboratory ones. In the present article, pupil and wave aberration data supplied by the Shin
Nippon CT 1000 (SN CT 1000) topography system are analysed. Two groups of eyes under natural viewing conditions
are considered ((260720) lux at the eye under study). The first group consists of 10 normal eyes (�1.25 to 3D sphere; 0
to �1.75D cylinder) of five young subjects (age between 18 and 33years). For this group, five determinations per eye are
performed and the repeatability of results is analysed. Pupil centre is displaced from corneal vertex towards the
temporal region, the largest displacement being (0.570.1)mm. The variation of pupil diameter in each eye is less than
21% while the inter-subject variability is large since diameters are between (370.3) and (5.370.6)mm. Aberrations are
evaluated for two different pupil sizes, the natural one and a fictitious one of 6mm. The corneal higher-order root-mean
square wavefront error (RMSHO) for a 6mm pupil centred in the corneal vertex, averaged across all eyes, is (0.3770.06)
mm while, considering the natural pupil diameter, the average in each eye is significantly lower, up to eight times smaller.
The fourth-order spherical aberration is an important aberration in the considered eyes, its maximum value for a 6mm
pupil being (0.3870.02)mm. The second group consists of 24 eyes of 12 subjects (age between 25 and 68years) such that
four eyes are of normal adults (1.25 to +6D sphere; 0 to �0.5D cylinder), eight have astigmatisms (�5.5 to +3.25D
sphere;�1.5 to�4.5D cylinder), six have post-refractive surgery (+0.5 to+3.5D sphere;�0.5 to�4D cylinder) and six
have keratoconus (�9.5 to +1D sphere; �1 to �4.5D cylinder). For this group only one determination per eye is
performed. Pupil centre is displaced from corneal vertex towards the temporal region except in cases of keratoconus,
where there can be a dominant upwards displacement. Pupil diameters are between 2.7 and 5.6mm. The corneal higher
order root mean square wavefront error for a 6mm pupil ranges between 0.3 (normal eye) and 5.3mm (keratoconus).
r 2006 Elsevier GmbH. All rights reserved.
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1. Introduction

The perceived image quality [1,2] depends on the
performance of both the optical and the neural systems
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and is affected by factors such as diffraction, intraocular
scattering; veil luminance, colour dispersion, Stiles–
Crawford effect, limits imposed by the size and spacing
of photoreceptors and the subject’s psycho-physical
state. Wavefront aberration [3–8] is one of the important
factors affecting retinal image quality and eyes can
suffer not only from conventional or lower-order
aberrations but also from higher order ones [9–29],
specially in old normal or abnormal subjects even with
small pupils and in young subjects with large pupils [14].
Ocular aberrations are usually evaluated by tracing rays
and describing the wavefront aberration as a super-
position (up to a convenient order) of Zernike poly-
nomials. The rays traced to evaluate aberrations of the
complete eye (cornea–pupil–crystalline lens) are real and
methods such as Shack–Hartmann sensor, laser ray
tracing, etc., are employed [20–23]. The rays traced to
evaluate corneal aberrations are virtual considering the
corneal profile supplied by topography systems [16–19]
and some of these, for e.g., Keratron, OPD Nidek, KR-
9000 PW de Topcon, and Skin Nippon CT 1000 (SN CT
1000), yield both topographic and corneal aberrometric
data. On studying aberrations introduced by the
complete eye and by the cornea, it has been found that
in normal eyes there is often a partial compensation
between higher-order aberrations introduced by the
anterior corneal face and by the internal optics [11,21],
while in cases of corneal pathologies this compensation
is reduced [13,16–19,24]. The analysis of higher-order
ocular aberrations is of interest principally to evaluate
optical quality of eyes before and after refractive surgery
[20,21], to improve the optical design of ophthalmic,
contact or intraocular lenses [25] and to design aberra-
tion compensation systems for studying microscopic
retinal structures [29].

Higher-order aberrations and, consequently, the
corresponding root-mean-square wavefront error
(RMSHO), are affected by both size and centring of
the pupil [14,17–21,26]. Frequently [9,17,19–21], aberra-
tions are evaluated under laboratory conditions (paral-
ysed accommodation, pupil dilated with drug and
artificial pupil) and the results obtained yield valuable
information, though they do not precisely account for
visual performance in everyday life [1,2,10,17,24,26]. It
has been reported [12] that the difference in retinal
image quality between the young and old found under
laboratory conditions decreases under natural ones. For
a given illumination, each subject has a particular pupil
diameter and, additionally, the eye disposes of mechan-
isms to improve vision such as slight changes in pupil
size to optimise accommodation, frowning to trim the
pupil reducing aberrations, blinking to modify the tear
film and brain image processing to extract useful
information present in the image [17] .

In this article, we analyse data supplied by the SN CT
1000 topography system developed at the Laboratorio

Pfortner-Cornealent-Argentina. Besides rendering topo-
graphic data, this device records the image of the ocular
pupil, yielding the value in mm of both its diameter and
the displacement of its centre from the keratometric
axis. This system computes corneal aberrations, con-
sidering the corneal vertex as the origin of the
coordinates system, tracing virtual rays through the
corneal profile and describing the wavefront aberration
as a Zernike expansion of up to 7th order. We consider
two groups of eyes. The first group is composed of 10
normal eyes (two requiring no refractive correction and
three requiring spherical correction less than 3D and
cylindrical less than 1.75D) of five young subjects (age
between 18 and 33 years). For this group we study the
repeatability of the data recording five topographies per
eye. We study the variation of size and centring of the
pupil under natural viewing photopic conditions both in
each eye and among eyes. For two values of pupil
diameter, the natural one of each eye and a fixed value
of 6mm for every eye, and considering RMSHO as a
global optical quality metric, we analyse its variability
for each eye and between eyes, and the consequences of
considering a natural or a 6mm pupil. The second group
consists of 24 eyes of 12 subjects (age between 25 and
68 years) such that four eyes are of two normal adults
(51 and 52 years old), eight are astigmatic, six have post-
refractive surgery and six have keratoconus. For this
group, we perform only one determination per eye, we
analyse the values of pupil diameters and the displace-
ment of the pupil centre from the corneal vertex and we
calculate the corneal RMSHO for a 6mm pupil.

2. Aberrations and ocular pupil

Assuming monochromatic illumination, we summar-
ise some concepts related to the aberrations and the
pupil.

2.1. Wavefront aberration and its expansion in

Zernike polynomials

For any image-forming system [3–8], we consider
cartesian coordinates (x,Z) and (x0,Z0) in the object and
image planes, cartesian coordinates (X, Y) and (X0, Y0)
in the reference spheres at the entrance and exit pupils
respectively, and, at image space, we take into account a
convenient axis termed z0 (Fig. 1). For an object point Q,
the intersection of the principal ray with the paraxial
image plane can be chosen a priori as a reference image
point and we denote it Q0. A ray from Q which is not the
principal one intersects the image plane at a point
termed P0, the exit pupil reference sphere (of radius
R0 ¼ E0Q) at B0 and the real wavefront at K0. The
wavefront aberration, W(X0,Y0), is the optical path
length along the ray from the exit pupil reference sphere
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to the real wavefront, while OPD is the optical path length
difference along the ray from Q to the real wavefront and
from Q to the ideal wavefront; so, if square brackets
indicate optical path length, W(X0,Y0) ¼ [B0K0] ¼
[QE0]�[QB0] ¼ �OPD (with W(X0,Y0)40 in Fig. 1). If
the refraction index in the image space is termed n0, the
wavefront aberration is related to the transverse aberra-
tions, Dx0, and DZ0, by the formulae Dx ¼ �(R

0/n0) qW/qX0

and DZ ¼ �(R
0/n0) qW/qY0

Considering [15] normalised polar coordinates, (r0,y0),
with X 0=X 0p ¼ r0Cosy0 and Y=Y 0p ¼ r0Siny0 (X 0p and Y 0p
being coordinates of the marginal rays), the expansion
up to order nmax of W(r0,y0) in Zernike polynomials of
different orders n and angular frequencies m weighed by
coefficients Cm

n is [4,15]

W ðr0; y0Þ ¼ S
nmax

n¼0
S
n

m¼�n
Cm

n Zm
n ðr
0; y0Þ, (1)

with n+m even and mpn. If Rjmjn (r0) are radial
polynomials; f m

ðy0Þ is such that f m
ðy0Þ ¼ cosðmy0Þ when

mX0 and f m
ðy0Þ ¼ sinð�my0Þ when mo0 and if dmo ¼ 1

when m ¼ 0 and dmo ¼ 0 when m 6¼0, we have

Zm
n ðr
0y0Þ ¼ Nm

n Rjmjn ðr
0Þf m
ðy0Þ,

Nm
n ¼ ½2ðnþ 1Þ=ð1þ dmoÞ�

1=2. ð2Þ

2.2. Aberrations and pupil of the eye

In the case of the eye, the coefficients Cm
n (termed Cj in

the bar plots with j ¼ (n(n+2)+m)/2) [15]) are eval-
uated using information available from ray tracing. For
corneal aberrations, the rays are usually traced numeri-
cally [16–19] employing the corneal profile supplied by a
topography system and if the keratometric axis is
regarded as reference as a starting point, then a change
of coordinates to consider the line of sight as reference is
recommended [14,15,21]. The root mean square of the
total aberration (i.e. of higher and lower order),

RMSTOT, is [15]

RMSTOT ¼
Xnmax

n¼0

Xn

m¼�n

Cm
n

� �2" #1=2
. (3)

In what follows, the root mean square corresponding
to higher-order aberrations (n42 of Eq. (3)) is termed
RMSHO and that corresponding to these aberrations
plus the second-order astigmatism is termed RMS.

Higher-order aberrations are affected by pupil size
and centring [1,2] and, under natural viewing conditions
and if the external conditions are fixed, its diameter,
which we denote DP, and the displacement of its centre
with respect to corneal vertex, which we denominate DX0

and DY0 (along the X0- and Y0-axes, respectively) vary
from one subject to another. For a given eye, pupil
diameter varies if illumination varies (adaptation), if the
illumination of the other eye varies, if the viewing
distance varies (accommodatic miosis), if the psycholo-
gical or physical state of the subject varies; etc. In a
previous work [26] we obtained that in normal eyes,
under natural viewing conditions and for illuminances at
the pupil between 2.5 and 42 lux, pupil diameter varies
between 3 and 8mm depending on the subject and on
the illumination and, additionally, if the eye, illumina-
tion and viewing distance are fixed, pupil diameter
suffers variations which are within 25% of the minimum
diameter.

3. Methodology and results

For each eye, using the SN CT 1000 topography
system, we obtain the topography and the corneal
aberrometry evaluated considering as the origin of the
coordinates system the corneal vertex (intersection of
the cornea with the keratometric axis when the subject
looks at the fixation point). We take into account the
data corresponding to DP and decentring (DX0,DY0),
Zernike coefficients (Cj) and corneal RMSHO for pupils
of diameter DP and 6mm.

While the topography is captured, the subject has
both eyes opened, the ophthalmologic room is illumi-
nated and the eye under study also receives light
originated at the topography system. The illuminance
at the location of each eye, measured with a photometer
IL 1700 of International Light, is in the photopic range
and it is Eeye under study ¼ (260720) lux and Eother

eye ¼ (90710) lux.

3.1. Methodology and results for the first group

3.1.1. Methodology

In the first group, we consider 10 normal eyes of five
young subjects (two male and three female) and we have
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Fig. 1. Coordinates in the object, image and pupils planes. Q

and Q0 are an object point and its ideal image point while E

and E0 are points at the entrance and exit pupils centres;

respectively, QEE0Q0 is the principal ray and QBB0Q0 is an

arbitrary ray.
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E.C. : 18 years old (no refractive correction required),
E.D.C. : 25 years old (no refractive correction
required),
A.C. : 22 years old (+0.25D in the right eye and
�1.25D in the left eye),
M.S. : 18 years old (+0.75D �0.25D� 130 1 in the
right eye and +3D 0.5D� 30 1 in the left eye) and
K.B. : 33 years old (�1D in the right eye and �0.5D
�1.75D� 0 1 in the left eye).

In each eye, five topographic determinations (each
indicated by a number N with N ¼ 1,y5) are performed
in one experimental session. All the topographies are
obtained by the same technician, no topography is
captured immediately before or after blinking and the
time interval between successive topographies in one eye
is Dt ¼ (10.573.6)min. For any magnitude u whose
mean value is /uS , the perceptual dispersion of u with
respect to the mean is termed D%u ¼ 100|u—/uS|//uS.

In Fig. 2, as examples, we show the topography, the
morphological and refractive maps and the corneal
aberrometry for pupils of diameter DP and 6mm for the
cases N ¼ 3, right eye (without astigmatism) of subject
E.C and N ¼ 4, left eye (with astigmatism) of K.B. In
each aberrometry, the OPD maps corresponding to
RMSHO (below) and to RMS (above) are shown to the
left and the spot diagram and Zernike coefficients to the
right.

3.1.2. Results for the variation of pupil diameter and

centring for each subject and between subjects

The variation undergone by the pupil from one
measurement to another for a particular eye can be
due to a measurement error or to natural variations [26]
and we obtain the results that follows.

(a) Variations due to measurement errors: Since pupil
contour is not neatly defined in the topography, there
is an error in the determination of DP, of DX0 and of
DY0 and, as an example we do five determinations
for the two cases in Fig. 2. For N ¼ 3, right eye of
E.C., we obtain DPEC ¼ (4.6270.04)mm; DX 0E:C: ¼

ð�0:18�0:04Þ mm and DY 0E:C: ¼ ð�0:10� 0:00Þ mm
while for N ¼ 4, left eye of K.B., we get DPK.B.

¼ (3.8470.05)mm; DX 0K:B: ¼ ð�0:40� 0:0Þ mm and
DY 0K:B: ¼ ð�0:08� 0:04Þ mm. Thus the error in the
determination of pupil diameter and decentring is at
the most 0.05mm, so the perceptual error in
determining DP is less than 2% and, additionally,
we consider the decentring significant if it is larger
than 0.1mm.

(b) Natural variations: There are natural variations in
pupil size (treated in Section 2.2) that do not
constitute measurement errors. In the upper left
panel of Fig. 3, we indicate the values of natural

pupil diameter, DP, for the five measurements in
every eye and, considering each eye, we get
D%DPo21%. In the upper right panel of
Fig. 3, we show the results for the mean value of
DP and its standard deviation per eye. Both eyes of
the same subject have similar diameters (indicating
absence of certain pathologies [1]) and there is a
relatively high dispersion of diameters between
subjects since we get

3 mmphDPip5:3 mm (4)

Decentring of pupil from corneal vertex (lower left
panel of Fig. 3), is such that |DY0| is negligible and
|DX0|p0.2mm for all the eyes except for N ¼ 5 of the
left eye of K.B., which is such that |DX0| reaches 0.6mm
which is 15% of DP (in this case DP ¼ 3.9mm). For
every measurement of every subject except for N ¼ 5
right eye of M.S. for which DX0 ¼ 0.1mm that is of the

ARTICLE IN PRESS

Fig. 2. Topographic and aberrometric results for N ¼ 3, right

eye of E.C. (four upper panels) and N ¼ 4, left eye of K.B.

(four lower panels). For each eye we show Placido rings and

pupil (above left), morphological and refractive maps (above

right) and aberrometries for pupil diameters equal to DP

(below left) and 6mm (below right).
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order of magnitude of measurement error, we get

Right eye : DX 0p0 DY 0 small,

Left eye : DX 0X0 DY 0 small. ð5Þ

Therefore in both eyes of the five normal young
subjects of the first group, pupil centre is displaced
towards the temporal region with respect to corneal
vertex (this can be seen in Fig. 3 for K.B.).

3.1.3. Results for RMSHO and RMS (pupil diameter

6mm and DP)

For each eye, we evaluate the aberrations for DP and
for a fixed pupil diameter of 6mm (associated magni-
tudes are indicated with supra-indices (DP) and (6mm)
respectively). In the two upper panels of Fig. 4 we plot
RMSHO for the five measurements of the right eye
(black) and the left eye (stripes) of each subject and also
RMS for both eyes (grey). When pupil diameter is the
natural one (left panel), for each particular eye,
RMS

ðDPÞ
HO and RMS(DP) vary considerably from one

measurement to another (principally because DP varies)
and the corresponding perceptual dispersion is
D%RMS

ðDPÞ
HO o93% and D%RMS(DP)o75%. Contra-

rily, when pupil diameter is 6mm (right panel), the
variation of RMS

ð6 mmÞ
HO and RMS(6mm) in the five

measurements of an eye is small, an adequate repeat-
ability being attained. We obtain D%RMS

ð6 mmÞ
HO o26%

and D%RMS(6mm)o19% except for N ¼ 1 in the left eye
of A.C. who, because of fatigue, was probably not in an
optimum condition and has D%RMS

ð6 mmÞ
HO ¼ 58% and

D%RMS(6mm)
¼ 55%. Averaging the mean values of all

the eyes, it results in

RMS
ð6 mmÞ
HO

D ED E
¼ ð0:37� 0:06Þ mm (6)

Hence, for a 6mm pupil, the dispersion of RMSHO

among normal young subjects is smaller than for the
natural pupil size and, since 6mm is usually larger than
natural pupil diameters under photopic conditions,

the values of RMS
ð6 mmÞ
HO are usually larger than those

of RMS
ðDPÞ
HO RMS

ð6 mmÞ
HO

D ED E
can be up to eight times

�
greater than RMS

ðDPÞ
HO

D E
Þ. In the lower left panel of

Fig. 4, to facilitate comparison, we plot the mean values
of RMSHO for each eye for pupils of diameter DP and
6mm. We have

0:05 mmp RMSDP
HO

� �
p0:19 mm;

0:30 mmp RMS
ð6 mmÞ
HO

D E
p0:51 mm: ð7Þ

Furthermore, comparing RMS with RMSHO, the
second-order corneal astigmatism for pupil of diameter
DP (left upper panel of Fig. 4) is negligible in all eyes
except for the right eye of A.C. and the left eye of M.S.
(moderate astigmatism) and for both eyes of K.B.
(astigmatism is the dominant aberration).

3.1.4. Results for the fourth-order spherical aberration

Spherical aberration is an important corneal aberra-
tion in all the considered eyes. In the lower right panel of
Fig. 4, we indicate the values of the spherical aberration
coefficients yielded by the topography system (co-
ordinates origin at corneal vertex) for a 6mm
pupil. We consider each eye measurement and also a
spherical surface of radius equal to the apical one
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Fig. 3. Size and centring of the pupil for the first group. Upper

panels (grey: right eye; stripes: left eye): DP in the five

measurements of each eye (left) and mean value of DP for each

eye (right). Lower panels (grey: DX0 for the right eye, stripes:

DX0 for the left eye; black: DY0 for both eyes): pupil decentring

from corneal vertex in the five measurements of each eye (left)

and mean value of decentring for each eye (right)
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(Rapical-7.85mm) which is C12 (sphere) ¼ �0.36 mm. We
obtain 0.11 mmo|C12|o0.40 mm and considering the
mean values per eye, the maximum is (0.3870.02) mm
which is similar to C12(sphere). Taking into account
these and other results [21], for a 6mm pupil, a corneal
spherical aberration of up to 0.4 mm can be considered
as normal and, moreover, it is probably compensated up
to a high degree by that originated in the internal optics
of the eye [11,19,21].

On the other hand, if a spherical aberration coefficient
C
ðDAÞ
12 is determined regarding the coordinates origin at

the corneal vertex and an artificial pupil of diameter
DA, then when a pupil of diameter DP centred at the
real pupil centre is considered, spherical aberration
introduces (besides lower-order aberrations) both sphe-
rical aberration and coma. As an example, we analyse
the case N ¼ 4, left eye of K.B. (Fig. 2) which has
relatively low coma and spherical aberration and large
decentration since DP ¼ 3.7mm, C

ðDPÞ
8 ¼ �0:04 mm,

C
ð6 mmÞ
8 ¼ �0:15 mm, C

ðDPÞ
12 ¼ �0:02 mm, C

ð6 mmÞ
12 ¼

�0:14 mm and DX0 ¼ 0.5mm.For DA ¼ 6mm and
aberrations computed with origin at the pupil centre,
the spherical aberration and coma coefficients (ignoring
other higher order aberrations), C

ðDPÞ
12 and C0

ðDPÞ
8 , are

C0
ðDPÞ
12 ¼ C

ð6 mmÞ
12 (DP/DA)4 ¼ �0.02 mm and C0

ðDPÞ
8 ¼

C
ð6 mmÞ
8 ðDP=DAÞ3 þ C

ð6 mmÞ
12 2 (10)1/2 (2 DX0 DP3/

DA4) ¼ (�0.04�0.03) mm ¼ �0.07 mm so, since the pu-
pil-centred spherical aberration coefficient is indepen-
dent of DX0, C

ðDPÞ
12 , is equal to C

ðDPÞ
12 while since spherical

aberration gives rise to coma, the pupil-centred coma
coefficient, C0

ðDPÞ
8 , is considerably larger than C

ðDPÞ
8 . In

eyes with higher values of C
ð6 mmÞ
12 and/or DP and/or

DX0, the spherical aberration and coma coefficients
resulting from the translation and contraction of the
pupil increase and, though the general calculation is
recommended [14,15], it is beyond the scope of the
present study.

3.2. Second group of eyes

In this group we consider 24 eyes with different
pathologies of 12 subjects (age between 25 and 68 years)
and we obtain only one topography and aberrometry
per eye (24 measurements). The subjects, sorted in each
pathology according to increasing RMSHO, are

Normal (1.25 to +6D sphere; 0 to �0.5 D cylinder):
R.E. (51 years old) and S.C. (52 years old),

Astigmatism (�5.5 to +3.25D sphere; �1.5 to
�4.5D cylinder): J.B. (25 years old), M.F. (29 years
old), A.L. (68 years old), S.B. (43 years old),

Post-refractive surgery (+0.5 to +3.5D sphere; �0.5
to �4D cylinder): G.A. (37 years old), V.C. (40 years
old), C.F. (49 years old)

Keratoconus, (�9.5 to +1D sphere; �1 to �4.5D
cylinder): L.V. (40 years old), M.D. (30 years old), G.F.
(30 years old).

3.2.1. Results for pupil diameter and centring

Concerning pupil diameter (left panel of Fig. 5),
similar to the first group, we get

2:7mmpDPp5:6mm. (8)

Regarding decentring (right panel of Fig. 5), in
cases of keratoconus (last three subjects of Fig. 5), an
upward displacement of the pupil centre from corneal
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Fig. 4. Corneal aberrations for the first group. Upper panels

(black: RMSHO right eye; stripes: RMSHO left eye; grey: RMS

both eyes): RMSHO and RMS for every measurement for

natural pupil (left) and 6mm pupil (right). Lower left panel

(black: RMS
ðDPÞ
HO right eye; stripes: RMS

ðDPÞ
HO left eye; white with

black border: RMS
ð6 mmÞ
HO : comparison between the mean values

of RMS
ðDPÞ
HO and RMS

ð6 mmÞ
HO . Lower right panel: spherical

aberration for 6mm pupil for the five measurements of the

right eye (grey) and the left eye (stripes) of each subject
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vertex often dominates and DY0p0.4mm while in
the other cases, as in the first group, the displacements
that are significant are towards the temporal region.
On the other hand, Adler [1] states that the pupil
centre is placed in a location slightly inferior and
nasal with respect to the centre of the cornea. To
study whether this statement is compatible with
our findings and considering normal or astigmatic
eyes (which are such that vertical displacements
are negligible), besides the displacement of the pupil
centre from corneal vertex (DX0), we take into account
the displacement of the curvature centre of the
exterior iris border from corneal vertex ðDX 0IRISÞ. As
an example, in Fig. 6 we show the case of the right eye of
subject S.B. and we obtain DX0 ¼ �0.3mm and
DX 0IRIS ¼ �0:5mm so the displacement of the pupil
centre from the iris centre is 0.2 cm, this is, as Adler
states, towards the nasal region. This result is usually
verified in the normal or astigmatic eyes considered in
the present article.

3.2.2. Results for RMSHO and RMS (pupil diameter

6mm)

Only considering a 6mm pupil (Fig. 7 which is
such that the maximum value along the axis is 7.5 mm
instead of 2.5 mm as in Fig. 4), while in normal eyes
RMSHO is at the most 0.4 mm (as in the first group),
in cases of keratoconus it reaches 5.3 mm and we

obtain:

0:3mmpRMS
ð6 mmÞ
HO p0:4mm for normal eyes;

0:3mmpRMS
ð6 mmÞ
HO p0:8mm for astigmatism;

0:9mmpRMS
ð6 mmÞ
HO p3:5 mm for post�surgery;

2:4mmpRMS
ð6 mmÞ
HO p5:3mm for keratoconus:

(9)

4. Conclusion

Considering two groups of subjects, we analyse pupil
and aberration data supplied by the SN CT 1000
topography system. For the first group (10 young
normal eyes), we perform five measurements per eye
and study repeatability. We take into account two
different pupil sizes, a natural one and a fixed value of
6mm and the corresponding values of RMSHO. Fourth-
order spherical aberration is an important corneal
aberration in all the eyes of this group and, for a
6mm pupil, its maximum value is (�0.3870.02) mm
which is in the range reported in other studies for
normal corneas [21]. For the second group (four normal
adult eyes, eight with astigmatism, six with post-
refractive surgery and six with keratoconus) we perform
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Fig. 5. Results for the second group. Left panel (grey: right eye; stripes: left eye): DP for each subject. Right panel (grey: DX0 right

eye; stripes: DX0 left eye; black: DY0 both eyes): pupil decentring with respect to corneal vertex.

Fig. 6. Displacement from corneal vertex of the iris centre (left

panel) and of the pupil centre (right panel) for right eye of S.B.

Fig. 7. Aberrations for a 6mm pupil (second group; black:

RMSHO right eye; stripes: RMSHO left eye; grey: RMS both

eyes).
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only one measurement per eye. We obtain the following
general conclusions:

(a) Repeatibility of pupil size and centring in successive

measurements for one eye: For the first group, in the
successive measurements of the natural pupil dia-
meter of a given eye, we obtain a perceptual
dispersion smaller than 21% which is consistent
with natural pupil size variations previously
found [26].

(b) Variation of pupil diameter between subjects: For an
illumination of (260720) lux at the eye under study
and (90710) lux at the other eye, the natural pupil
diameters have a significant dispersion between eyes
ranging from 3 to 5.3mm in the first group and from
2.7 to 5.6mm in the second group.

(c) Pupil decentering: The decentering values which
we obtain are in the range reported in other works
[19] and, additionally, our results reveal a displace-
ment of pupil centre from corneal vertex of up to
0.5mm towards the temporal region, except for the
six eyes with keratoconus where an upwards
displacement of up to 0.4mm can dominate. More-
over, in normal or astigmatic eyes, the displacement
of the pupil centre from the curvature centre of the
iris exterior border usually results to be towards the
nasal region.

(d) Dispersion of RMSHO for a 6 mm pupil: Considering
a fictitious pupil of 6mm, for the first group there is
little perceptual dispersion both for a particular eye
and between eyes, and the average across all eyes is
(0.3770.06) mm. The relatively low deviation with
respect to the average reveals, on the one hand, the
adequacy of the measurement methodology and, on
the other hand, that normal young eyes have similar
RMSHO when the same pupil size is considered in all
of them. Contrarily and as expected, for the second
group the dispersion increases significantly since
RMSHO is between 0.3 mm (normal eye) and 5.3 mm
(keratoconus). Our results are consistent with recent
reports of other authors. For example, Applegate et
al. [17], considering 13 normal patients and 78
patients with various corneal conditions, obtained
that, for a 7mm pupil, RMSHO is around 0.5 mm in
normal corneas and between 2 and 5.5 mm in those
suffering from keratoconus. Marcos et al. [21],
considering 14 myopic eyes (age 28.975.4 years),
found that for a 6.5mm pupil and for corneal
aberrations, RMSHO before LASIK is between 0.2
and 1.1 mm and it increases after LASIK, the
maximum being 3 mm.

(e) Dispersion of RMSHO for a natural pupil: For the
first group, the RMSHO value obtained for a 6mm
pupil significantly decreases (except for a few eyes
with naturally large pupils where the decrease is
moderate) when the natural pupil corresponding to

photopic illumination is considered and the disper-
sion between eyes increases, the mean value per eye
ranging from 0.05 mm to 0.19 mm.

The results show the consistency of the data supplied
by the SN CT 1000 system, the convenience of capturing
various topographies per eye principally to account for
changes in the subject’s psycho-physical state and the
importance of considering the natural pupil diameter
when aberrations are determined to give insight about
everyday visual performance. Finally, since the SN CT
1000 software evaluates aberrations with origin at the
videokeratography map centre, to describe image
formation through the cornea with higher accuracy,
aberration coefficients should be recalculated correcting
the decentration between the corneal vertex and pupil
centre.
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