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model eye. The chromatic wavefronts were converted into Zernike polynomials. The Zernike
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tudinal chromatic aberration. The measurement and simulation data were consistent.
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1. Introduction

Optic errors of the human eye are divided into
monochromatic and chromatic aberrations. Mono-
chromatic-aberration measurements and adaptive
optics (AO) aberration correction of the human eye
have been performed since 1997.1 This technique
has been widely used in high-resolution retinal im-
aging and vision studies. According to the geome-
try, the chromatic aberration can be divided into
longitudinal chromatic aberration (or axial chro-
matic aberration, LCA) and transverse chromatic
aberration (or lateral chromatic aberration, TCA).
Chromatic aberrations a®ect the resolution of the
multi-wavelength fundus imaging2–4 and reduce
the visual function of a human eye with an intra-
ocular lens (IOL).5–8 In order to eliminate the neg-
ative in°uence of the chromatic aberrations in
multi-wavelength imaging and design of achromatic
IOLs,9,10 it is necessary to study the chromatic
aberrations of the human eye.

LCA has been investigated since 1940s. Wald
and Gri±n employed a specially designed spectral
stigmatoscope to measure LCA of the eye using a
subjective method. The average LCA between
365 nm and 750 nm was 3.2 D.11 In 1998, Rynders
et al. employed a double-pass apparatus to measure
the o®-axis LCA using both subjective and objec-
tive methods in the visible-light range. The average
LCA tends to increase gradually between 458 nm
and 632.8 nm, from �1:0 D at the fovea to ap-
proximately 1.6 D at an eccentricity of 40�.12

In 1999, Marcos et al. employed a spatially resolved
refractometer to measure the LCA objectively in
the visible range. The average LCA between 450 nm
and 650 nm was 1.26 D.13 In their study, unlike in
most of the previous approaches based on subjective
refraction, LCA was directly objectively estimated.
LCA measurements gradually developed from using
subjective methods to objective methods. In 2005,
Fern�andez et al. used the Hartmann–Shack (HS)
wavefront sensor and femtosecond laser to measure
LCA in the range of 700–900 nm; the average LCA
was 0.4 D.14 The results of this study are useful
in experiments where the chromatic defocus
should be corrected including imaging techniques
using broadband near-infrared light. In 2008,
Manzanera et al. employed an HS wavefront sensor
and Xe-white-light lamp to measure the LCA (440–
694 nm) using an objective method. The average
LCA of three subjects was smaller than 2.0 D.15

Manzanera et al. reported that almost all of the
systems in use correspond to the latter group; the
HS sensor1,16,17 was standardly used, and the HS
wavefront technology became the most common
method for LCA measurements. In 2015, Vinas
et al. studied the discrepancies between the human
eye's LCA using both HS wavefront sensor and
psychophysics measurement methods. In the range
of 488–700 nm, the average LCAs were 1.00 D
(objective method) and 1.51 D (subjective method).18

Studies on LCA achieved a signi¯cant progress in
terms of number of employed wavelengths, spectral
range and measurement methods. However, in
many cases, measurements of the LCA did not
consider the TCA. In an actual measurement, eye
movements19,20 such as microsaccade, drift and
tremor can change the wavefront over time. In all of
the current LCA measurement methods, di®erent
wavelengths are measured at di®erent times, which
inevitably causes a certain amount of measurement
error.21 Vinas et al.18 reported that a simultaneous
correction of the eye's chromatic aberrations was
necessary, in particular, for applications that re-
quire a simultaneous imaging at identical depths
with two wavelengths.

The two-color Vernier-alignment technique has
been used over a long period of time in TCA mea-
surements. In 1947, Hartridge revealed that when a
human eye stared at aligned red and blue sighting
marks, the subject would feel that there is an o®set
between the two sighting marks.22 The o®set be-
tween the sighting marks re°ects the TCA; the two-
color Vernier-alignment technique was developed
based on this phenomenon. In 1987, Ogboso et al.
employed the two-color Vernier-alignment tech-
nique to measure TCA between 435 nm and 572 nm
using a subjective method. In general, the TCA
increased with the retinal eccentricity; however, it
remained smaller than 10 arcmin within 40� of the
fovea. At 60�, the TCA increased to approximately
30 arcmin.23 In 1995, Rynders et al. used the im-
proved two-dimensional two-color Vernier-alignment
technique to measure the TCA between 497nm and
605 nm, which revealed that the TCA is in the
range of 0.05–2.67 arcmin24; the two-color Vernier-
alignment technique was subjective. The sensitivity
of the human eye could decrease in the peripheral
visual ¯eld; hence, the accuracy of the subjective
measurement method would decline. Even if the
monochromatic aberrations have been corrected by
the AO technique, the resolution acuity of the eye
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periphery cannot be improved.25 Furthermore, the
psychophysics measurement method requires the
subjects to undergo a measurement training before
the experiment, which is time-consuming and can-
not guarantee measurement accuracy. Therefore,
objective measurements could be advantageous.
In 1999, Marcos et al. used a spatially resolved re-
fractometer to measure the di®erence between two
alignments, which corresponded to TCAs in di®er-
ent time moments; this method had a lower preci-
sion in the estimation of the foveal TCA (0.52–
1.84 arcmin) between 473 nm and 601 nm.13 The
in°uence of the eye movements, in particular that of
microsaccades,26 was signi¯cant in the TCA mea-
surement. In this method, each measurement had to
be realigned to the reference, which was the main
cause of the low precision. This issue can be over-
come by a simultaneous measurement of wavefront
quantities. In 2016, Winter et al. used an adaptive
optics scanning laser ophthalmoscope (AOSLO)
system to achieve an objective and simultaneous
method for TCA measurements across all four vi-
sual-¯eld directions in the range of 543–842 nm. The
measurement method was based on the Grieve
et al.'s3 and Harmening et al.'s4 studies. The TCA
increased linearly with the eccentricity, with an
average slope of 0.21 arcmin per degree of visual-
¯eld angle.27 However, this system was very com-
plex; in order to measure the TCA, the retina
should be imaged and then di®erent-wavelength
fundus images should be analyzed.

McLellan et al.28 reported that monochromatic
aberration, LCA and TCA interplayed to impact
the retinal image quality. A simultaneous LCA and
TCA measurement was necessary for a chromatic-
aberration study. To the best of our knowledge,
methods to simultaneously obtain the two chro-
matic aberrations (TCA and LCA) have not yet
been developed. In this study, two HS wavefront
sensors were used to achieve a simultaneous mea-
surement of both chromatic aberrations with two
wavelengths. The simultaneous measurement
prevented errors attributed with the interplay
between the two chromatic aberrations. In addition,
it reduced the measurement time and error.
Simultaneous measurement technology is indis-
pensable for a higher-precision chromatic-aberra-
tion determination.

In this study, a simple method was proposed,
based on an objective measurement of TCA and
simultaneous measurement of LCA. The chromatic

aberrations were calculated using only the mea-
surement data of the eye wavefront. In Sec. 2, the
principle of the measurement method is discussed.
In Sec. 3, the development of a two-wavelength
wavefront measurement system is presented. In
Sec. 4, a model eye is proposed, which is used in
the experiment. The method of the chromatic-
aberration measurement is described in Sec. 5.
Measurement results and discussion are provided in
Sec. 6. The conclusions of this study are presented
in Sec. 7.

2. Principle of the Measurement

Method

According to the Thibos et al.'s study,29 the chro-
matic aberration can be expressed in both object
and image spaces (Fig. 1). The two-color Vernier-
alignment technique for the measurement of TCA is
based on the image space. The measurement of the
LCA using the HS wavefront sensor is based on the
object space. In this study, HS sensor is employed to
measure TCA in the object space [Fig. 1(d)]. The
angular di®erence between the chief rays with
di®erent wavelengths can be represented as the
overall tilt-angle di®erence of the wavefronts. For
the human eye, the wavefront Wðx; yÞ can be
measured using an HS sensor and can be expressed
by the Zernike polynomials Ziðx; yÞ17,30:

Wðx; yÞ ¼
X

i

CiZiðx; yÞ; ð1Þ

where Ci is the Zernike coe±cient, while i is an in-
teger that represents the terms of the Zernike
polynomials; Ziðx; yÞ is the i th term of the Zernike
polynomial.

The chromatic aberration of human eye can be
calculated using the Zernike coe±cients (Table 1).
The LCA can be described as the di®erence between
the Zernike defocus coe±cients of di®erent wave-
lengths. The TCA is equal to the di®erence between
the Zernike tilt coe±cients, and it is called Zernike
TCA.31

The application of double-pass technology is an
advancement in the measurements of monochro-
matic aberration of human eye. When the double-
pass system is employed in chromatic experiments,
the phenomenon of chromatic-aberration cancella-
tion cannot be ignored,32,33 as the double-pass im-
aging process features autocorrelation. The TCA is

Simultaneous quanti¯cation of longitudinal and transverse ocular chromatic aberrations

1850021-3

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
8.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/1
3/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



canceled by the second-pass optic path, when the
light passes through the eye's optical system. The
entrance and exit pupil (P) sizes can be made un-
equal to reduce the cancellation to the minimum.34

In this study, an arti¯cial pupil (AP) is set at the
entrance light path to produce di®raction-limited
light spots at the retina; the entrance and exit
pupils have di®erent sizes to retain the odd-
aberration information such as tilt and coma.

3. Description of the Measurement

System

Figure 2 illustrates the chromatic-aberration mea-
surement system. Red (THORLABS LP637-SF70,
639.1 nm, LD1) and near-infrared (THORLABS
LP785-SF20, 786.0 nm, LD2) light sources were
employed. The two LDs were installed on a three-
dimensional adjustment rack. Two collimating
lenses (L1 and L2) were placed in front of the lasers.
Red and near-infrared light beams were emitted
from the lasers. The two light beams were colli-
mated by L1 and L2, respectively, and combined by

a beam splitter (BS1, Edmund No. 86-395, re°ective
band: 632.8–647.1 nm, 96%; transmission band:
671.0–790.0 nm, 94%). The two beams passed
through an AP and a beam splitter (BS2) re°ected
the lights that enter into the eye. The two light
spots on the retina were separated from each other
owing to the TCA. LD1 was adjusted to make the
red light spot coincident with the near-infrared light
spot. Then, the TCA in the image space was con-
verted into the object space. The two beacons came
out of the eye back to the measuring light path,
carrying the wavefront information; then, they
passed through BS2, were de°ected by SM1, M3

Fig. 1. Illustration of eye's TCA and LCA in the image and object spaces. The dotted line represents red light, while the solid line
represents near-infrared light. LCAs in the (a) image and (b) object spaces. TCAs in the (c) image and (d) object spaces.

LLD2

LD1

L1

L2

BS1

M1

M2

BS2
Eye

SM1

M3

HS1

BS3

HS2

AP

SM2

Red

Near infrared

P

Fig. 2. Illustration of the chromatic-aberration measurement
system, which comprises: L: collimating lens, P: pupil of the
eye, AP: arti¯cial pupil, BS: beam splitter, SM: spherical mirror
and M: plane mirror.

Table 1. Zernike coe±cients, C0–C4.

Term Zernike polynomial Meaning

C0 1 Constant term
C1 � sin � Tilt in x-direction
C2 � cos � Tilt in y-direction
C3 �2 sinð2�Þ Astigmatism with axes at � 45�

C4 2�2–1 Defocus

Y. Deng et al.

1850021-4

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
8.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/1
3/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



and SM2 and were transmitted to another beam
splitter (BS3, Edmund No. 86-395). BS3 was
employed to separate the wavefront of the red light
received by the HS wavefront sensor 1 (HS1) and
that of the near-infrared light received by HS2.
Both HS sensors were consisting of a 16� 16
microlens array (diameter of each microlens:
400�m; focal length: 15mm) and a CCD camera
(Baumer; type: TXG14NIR).

The AP enabled paraxial incidence of the light to
avoid specular re°ection from the front surface of
the model eye. Spherical mirrors (SM1 and SM2)
were employed to match the 6-mm diameter of the
pupil with the 6.5-mm diameter of the HS wave-
front sensors' pupil without introducing an addi-
tional chromatic aberration in the system. The SM1
and SM2 were installed in a three-dimensional
arrangement to compensate the system's mono-
chromatic aberration, which increased owing to the
oblique incidence. Plane mirrors (M1, M2 and M3)
were employed to de°ect the light path. Two HS
sensors were used to prevent an in°uence of eye
movements such as microsaccade, drift and tremor.
Therefore, the two simultaneously used HS sensors
can maintain the relative value of the chromatic
aberration during the measurement process.

4. Design of a Chromatic Eye Model

In order to verify the feasibility of the proposed
chromatic-aberration measurement method, a
chromatic-aberration eye model was developed.
The chromatic-aberration eye model consisted of a
plano-convex lens (K9, radius of curvature R ¼
51:69mm, focal length F ¼ 100mm, back focal
length Fb ¼ 92:7mm and center thickness Tc ¼
11:0mm) and di®user (diameter D ¼ 25mm, 120-
grit THORLABS DG10-120-MD), which simulated
the retina, as shown in Fig. 3. A pellicle beam
splitter and fundus charge-coupled device (CCD)
were used to observe the di®raction-limited light
spots. The light spots for the two wavelengths can
be observed using the fundus CCD.

In order to verify the accuracy of the chromatic-
aberration measurement method, the chromatic-
aberration eye model was emulated using the
ZEMAX (Radiant Zemax) optical design software.
The TCA was calculated along the x-direction. The
639.1-nm and 786.0-nm wavelengths were chosen,
consistent with the actual measurement lights.

The dependences of TCA [Fig. 4(a)] and LCA
[Fig. 4(b)] as a function of the measurement posi-
tion of the eye model are revealed. In Fig. 4, the
x-axis represents the position in the eye model, from
the center (position 0) to the periphery.

5. Chromatic-Aberration Measurement

5.1. System control and calibration

The HS sensors were controlled by a software de-
veloped in Visual Cþþ (Microsoft, USA). The
wavefront information for the two wavelengths is
displayed on the same computer monitor in real
time. The image of the fundus CCD camera was
displayed on another computer monitor.

Prior to the experiment, the measurement sys-
tem was calibrated using standard parallel light
sources with the same wavelengths as those of the
beacon lights (639.1 nm and 786 nm). The centroids

Fundus CCD

diffuser

pellicle beam splitter

F=100 mm lens

Measurement system 

6 mm pupil

Fig. 3. Illustration of the chromatic-aberration eye model and
fundus observation system.

Fig. 4. Dependences of (a) TCA and (b) LCA as a function of
the position in the eye model; the zero-position corresponds to
the center of the eye model.

Simultaneous quanti¯cation of longitudinal and transverse ocular chromatic aberrations
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of the HS sensors' microlens surfaces were cali-
brated to eliminate the original system's aberration
errors.

5.2. Calculation of the chromatic

aberration

The pupil wavefront information for the two
wavelengths were collected simultaneously by dif-
ferent HS sensors. The computer converted the
wavefront information into Zernike polynomials:
Wðx; yÞ ¼ P

iCiZiðx; yÞ; the LCA can be calculated
using the expression

D ¼ Dr �Di ¼ 4
ffiffiffi
3

p
ðCr4 � Ci4Þ=R2; ð2Þ

whereD is the LCA (expressed in diopter),Dr is the
red light's defocus, Di is the near-infrared light's
defocus, Cr4 is the red light's defocus (in �m), Ci4

is the near-infrared light's defocus (in �m) and R is
the pupil radius. The TCA can be calculated using
the expression

tan �r � tan �i ¼ 2Cr1R=R� 2Ci1=R; ð3Þ
where �r is the angle between the measuring
axis and red-light chief ray, �i is the angle between
the measuring axis and near-infrared light chief ray,
Cr1 is the Zernike x-tilt coe±cient of the red light
and Ci1 is the Zernike x-tilt coe±cient of the near-
infrared light. As the measurement angle is
su±ciently small, the expression can be approxi-
mated as

tan �r � tan �i � �r � �i

¼ �� 0 ¼ 2�C 0
1=R; ð4Þ

�C 0
1 ¼ Cr1 � Ci1; ð5Þ

where �� 0 is the TCA expressed in arcmin; �� 0 also
represents the overall tilt deviation between the
wavefronts of the two wavelengths.

5.3. Experiments using the eye model

Six positions between the center and edge of the eye
model along the x-direction were selected for the
measurement. The fundus light points were dis-
played for each position. The red LD1 was adjusted
to provide coincident light points. Then, the pupil
wavefront information were collected by the

HS sensors simultaneously in a period of 10 s. The
chromatic aberrations were calculated by averaging
the data.

The measurement was repeated for each of
the selected measurement positions (six positions)
of the eye model. Repetitive experiments were per-
formed in three di®erent time periods, and then
the data for each measurement position were
averaged.

5.4. Experiments on human eye

5.4.1. Subjects

Two normal subjects (S1: female, aged 27; and S2:
male, aged 25) participated in this study. The
subjects had no previous history of ocular surgery or
trauma and had corrected vision. The measure-
ments were performed for the right (R) and left (L)
eyes of S1, and for the right eye of S2. During the
experiments, the subjects subjectively judged the
coincidence between the two beacons.

In order to avoid a constriction of the human eye
pupil, paralysis of accommodation and dilation of
pupil were achieved using 1% cyclopentolate. In-
formed consents were obtained from all subjects.
The experiment procedures conformed to the tenets
of the Declaration of Helsinki. The power levels of
the LDs at the pupil were smaller than 23�W
during the experiment, which was well below the
maximum permissible exposure (red: 384.7�W;
near infrared: 571.6�W) for a continuous viewing
established by the American National Standards
Institute.35

5.4.2. Experiments

The subject's head was ¯xed using a rack. First,
the beacon light intensity was adjusted to a com-
fortable brightness. The subjects subjectively
judged the positions of the two beacon points then
adjusted the LD1 to obtain coincident light points.
Second, the beacon light intensity was adjusted
according to the HS sensors' detectable intensity.
The pupil wavefront information were collected by
the HS sensors' simultaneously in 10 s (20ms per
frame). Third, the untrusted data, a®ected by
blinks, were removed. The chromatic aberrations
were calculated by averaging the remaining data.
For each eye, the measurements were repeated three
times only in the central ¯eld of view.

Y. Deng et al.
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6. Results and Discussion

6.1. Results of the eye model

After eliminating the chromatic aberration intro-
duced by the system using the zero-position data
(center of the eye model), the two chromatic aber-
rations of the measured and calculation results are
shown in Figs. 5 and 6, respectively; the data are
also provided in Tables 2 and 3, respectively.

The results of the ZEMAX calculations (Fig. 5)
showed that the TCA increased monotonously as a
function of the position. The standard deviations
increased with the o®-axis distance, as the mono-
chromatic aberration increased with the o®-axis
distance.

Figure 6 shows that the LCA was small, close to
the measurement accuracy. The measurement
data points are near the calculated data points. The
standard deviations appearing large were due to the
small LCA value itself.

6.2. Results for the human eye

Table 4 shows the TCA and LCA results of the
three eyes of the two subjects in the central ¯eld of
view. The average horizontal TCA was 2.496 arc-
min, while the vertical TCA was 0.458 arcmin in the
central ¯eld of view. The average LCA was 0.339 D.
All measurement results were repeatable.

These results of chromatic aberration were cal-
culated by the wavefronts which detected from HS
sensors. Here, the main HS sensor's measurement
errors are repeatability error and accuracy error.36

Repeatability error of this system was calculated by
multiple measurements of the same position of the
model eye. Repeatability is expressed in standard
deviation of root mean square (RMS). The standard

Fig. 5. (Color online) TCA as a function of the position. The
black curve represents the calculations, while the green curve
represents the ¯tting of the measured values. The black squares
represent the mean TCA values for each measurement position,
while the error bars represent the standard deviations.

Fig. 6. (Color online) Dependence of the LCA as a function of
the position. The black curve represents the calculations, while
the red curve represents the ¯tting of the measured values. The
black squares represent the mean values of the LCA for each
measurement position, while the error bars represent the
standard deviations.

Table 2. Measured and calculated TCA data.

Position
(mm)

Measured
TCA (arcmin)

Calculated
TCA (arcmin)

TCA's standard
deviation

0.00 0.000 0.000 0.051
4.00 1.004 0.994 0.156
5.30 1.4278 1.322 0.147
8.00 1.945 2.012 0.135
10.60 2.430 2.699 0.314
16.36 3.937 4.346 0.287

Table 3. Measured and calculated LCA data.

Position (mm)
Measured
LCA (D)

Calculated
LCA (D)

LCA's
standard deviation

0.00 0.067 0.070 0.018
4.00 0.056 0.071 0.030
5.30 0.075 0.071 0.021
8.00 0.060 0.072 0.019
10.60 0.084 0.074 0.005
16.36 0.096 0.080 0.028
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deviation of red light RMS was 0.01�m. And the
standard deviation of near-infrared light RMS was
0.0022�m. Accuracy error is de¯ned as the ability
of the sensor to measure a given known wavefront.
The accuracy error of HS sensor was 0.02�m in this
chromatic-aberration measurement system.

6.3. Discussion

The model eye experiment demonstrated the feasi-
bility of the proposed method. A primary human
eye experiment was performed to demonstrate that
the method can also be applied for real human eyes.

Table 5 shows TCA data reported in recent
studies. The statistical TCA results signi¯cantly
varied among the subjects, even between the eyes
of the same subject. Rynders et al.24 used the

subjective method to measure 85 subjects' eyes for a
statistical analysis. The wavelength spacing was
108 nm, between 497 nm and 605 nm. The visual
axis TCA was in the range of 0.05–2.67 arcmin. The
comparison with Rynders et al.'s24 study shows
that our wavelength spacing was 147 nm and that
the TCA measurement results (Table 4) were
mainly in the range of those provided in their study,
which further con¯rms the reliability of our TCA
measurement results.

Table 6 shows LCA data reported in previous
studies. The LCA measurements in recent studies
focused on the visual-light band, owing to the sig-
ni¯cant interests in multi-focal (M)-IOL design9,10

in vision science. Owing to the multi-wavelength
fundus imaging, studies were also focused on the
infrared light range. In this study, both visible and
infrared lights are considered. Previous studies
employed di®erent spectral ranges and conditions.
It was challenging to compare the measurement
results directly. However, the LCA results can be
compared with those obtained by the longitudinal
chromatic dispersion equations.37 Atchison and
Smith38 showed that the theoretically derived
Cauchy's equation yields results that are in an ex-
cellent agreement with the data in the visible
spectrum. It can be employed to extrapolate reliable

Table 5. TCA data reported in previous studies.

Study (S: subjective, O: objective) Number of subjects Wavelength (nm) Average visual axis TCA (arcmin)

Rynders et al.,24 1995 (S) 85 497–605 0.05–2.67
Marcos et al.,13 1999 (O) 2 473–601 0.52–1.84
Grieve et al.,3 2006 (O) 3 532–840 1.41–3.68
Winter et al.,27 2016 (O) 4 543–842 � 2.00
This study (O) 2 639.1–786 2.10–2.80

Table 6. LCA data reported in previous studies.

Study (S: subjective, O: objective) Number of subjects Wavelength (nm) Average visual axis LCA (D)

Wald and Gri±n,11 1947 (S) 21 365–750 3.2
Rynders et al.,12 1998 (O) 4 458–632.8 1.0
Marcos et al.,13 1999 (O) 3 450–650 1.26
Fern�andez et al.,14 2005 (O) 4 700–900 0.4
Manzanera et al.,15 2008 (O) 3 440–694 � 1.75
Vinas et al.,18 2015 (O) 5 488–700 1.00
Vinas et al.,18 2015 (S) 5 488–700 1.51
Vinas et al.,18 2015 (O) 5 700–950 0.45
This study (O) 2 639.1–786 0.34

Table 4. Chromatic aberrations between red (639.1 nm) and
near-infrared (786 nm) lights in the central ¯eld of view.

Subject
Horizontal

TCA (arcmin)
Vertical

TCA (arcmin) LCA (D)

S1 L 2.076 � 0.153 0.385 � 0.035 0.334 � 0.011
S1 R 2.620 � 0.116 0.237 � 0.012 0.334 � 0.033
S2 R 2.792 � 0.117 0.752 � 0.278 0.348 � 0.028
Average 2.496 � 0.129 0.458 � 0.108 0.339 � 0.024
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results in the nearinfrared range:

RXð�Þ ¼ 1:60911� 6:70941� 105=�2 þ 5:55334

� 1010=�4 � 5:59998� 1015=�6; ð6Þ

where Rxð�Þ is the LCA between � and 590 nm.
In this study, using the Cauchy's equation, LCA,
calculated between 639.1 nm and 786 nm, was
0.428 D (compared with the LCA measurement
value of 0.34 D). The Cauchy's equation was based
on psychophysical measurement data which was a
subjective method. However, the results of our LCA
were obtained by an objective method. Vinas et al.18

indicated that the psychophysically measured LCA
was signi¯cantly higher than the value obtained
using HS technique which was an objective method.
The results of our LCA measurement were lower
than the calculated results. Measured results and
the calculated results of LCA were consistent with
this phenomenon.

Current chromatic-aberration measurements are
performed by 2–5 subjects to verify the feasibility of
the experiment. Two subjects (three eyes) were
chosen in our study to demonstrate the feasibility of
the method.

This system was originally designed for the
measurement of chromatic aberrations of human
eye in large visual ¯eld. First, subjects were asked to
distinguish fundus color spots. Owing to the
monochromatic aberrations, in particular, spherical
aberration, coma and astigmatism, in real human
eye, the fundus color spots were too blurry to be
distinguished, in particular, in the peripheral vision.
Then, the experiment operator analyzed the fundus
color spots through the fundus camera to improve
accuracy. However, the monochromatic aberrations
a®ect the quality of the fundus spots. In the pe-
ripheral ¯eld of the eye, the blurring is worse.
Therefore, the real-human-eye experiment in large
visual ¯eld was unsatisfactory. The experiments can
be performed for the eye with a low monochromatic
aberration in the central ¯eld of view, which dem-
onstrated that the chromatic-aberration measure-
ment method is feasible.

Clear eyes' point spread function (PSF) can be
obtained using the AO technology. Further studies
are required to complement the AO technique to
enable chromatic-aberration measurements for
human eye in entire visual ¯eld. In the future,
according to the type of practical application, cor-
responding number of wavelengths can be used to

enrich the chromatic-aberration information. The
distance between the fundus color spot and mea-
suring fundus axis cannot be obtained from the
camera image. Therefore, the TCA in the image
space cannot be calculated without the distance
data. Only approximate values can be obtained by
calculations. A more accurate TCA still needs to be
obtained using HS sensors in the object space.

7. Conclusion

A system for an objective and simultaneous
measurement of chromatic aberrations of human
eye was presented. Images of the retina and mea-
surement trainings of the subjects were not re-
quired. The chromatic-aberration measurement can
provide more accurate chromatic-aberration data
for a personalized human eye model design. Re-
garding clinical applications, the chromatic-
aberration data could optimize the design of IOL.
For fundus photography applications, the measured
chromatic-aberration data can be employed to
compensate the multi-wavelength image chromatic-
aberrations of the eye in real time. After the com-
pensation, high-de¯nition fundus images can be
obtained. This technique can also be employed to
evaluate the chromatic aberration of a lens.
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