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O R I G I N A L  A R T I C L E

In the natural world, the retinal image quality is af-
fected by monochromatic and chromatic aberrations 
of the ocular optics and by interactions between them. 

Chromatic defocus results from the fact that the refractive 
index of the ocular media depends on the wavelength,1-3 
and is such that the blue wavelengths focus in front of the 
retina and the red wavelengths behind it; the difference is 
known as longitudinal chromatic aberration (LCA).4,5

When an intraocular lens (IOL) replaces the natural 
crystalline lens of the eye, LCA changes according to the 
Abbe number of the IOL material. Various studies report 
the LCA of lenses with different materials, both on bench 
and once implanted in the eye.6-13 For example, the psy-

chophysical LCA (480 to 700 nm) in phakic eyes has 
been reported to be 1.52 diopters (D),5 whereas LCA was 
1.37 ± 0.08 D in patients implanted with hydrophobic 
monofocal IOLs (FineVision hydrophobic raw material) 
and 1.21 ± 0.08 D in patients implanted with hydrophilic 
monofocal IOLs (FineVision hydrophilic raw material).14

Besides the material, the design of the IOL15 also in-
fluences the chromatic aberrations of IOLs. Therefore, the 
optical performance of the pseudophakic eye in polychro-
matic light will be determined by both the IOL material 
and the IOL design, which is especially relevant in diffrac-
tive designs.16-19 Using diffractive optics, it is possible to 
alter20,21 and even change the sign of the chromatic aberra-

ABSTRACT 

PURPOSE: To measure the in vivo longitudinal chromatic ab-
erration (LCA) from the chromatic difference of focus (480 to 
700 nm) using psychophysical methods in patients bilaterally 
implanted with a hydrophobic trifocal intraocular lens (IOL). 

METHODS: Psychophysical best focus was measured in both 
eyes at different wavelengths (480 to 700 nm) and at three differ-
ent viewing distances (0.00, +1.75, and +3.50 diopters [D]) using a 
custom-developed polychromatic adaptive optics set-up provided 
with a supercontinuum laser, a Hartmann-Shack wavefront sen-
sor, a deformable mirror, a motorized Badal system, a pupil moni-
toring system, and a psychophysical channel with monochromati-
cally illuminated stimuli. Measurements were performed on 10 
patients (20 eyes) bilaterally implanted with hydrophobic trifocal 
diffractive IOLs (FineVisionHP POD F GF; PhysIOL). LCA was com-

puted from the chromatic difference of focus curves as the differ-
ence between 480 and 700 nm at near, intermediate, and far. 

RESULTS: The LCA from psychophysical measurements was 
significantly higher for far vision (0.99 ± 0.06 diopters [D]), 
than for intermediate (0.67 ± 0.10 D) and near (0.23 ± 0.08 D) 
vision (one-way analysis of variance, P < .05).

CONCLUSIONS: LCA for far vision was significantly higher than 
for intermediate and near vision in hydrophobic trifocal diffrac-
tive IOLs, in agreement with a previous study with the same opti-
cal design but hydrophilic material IOLs. The LCA for the hydro-
phobic IOL is slightly higher than for the hydrophilic IOL at far. 
Different combinations of refractive and diffractive LCA will allow 
optimizing IOL designs to improve polychromatic image quality.
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tion induced by the lens, at least in several foci.18,22 Shifts 
in the position of the focus peaks of diffractive bifocal 
lenses with wavelength have also been strategically used 
to “fill in” intermediate distances and mimic an extended 
depth-of-focus in polychromatic light. 

Millán et al23 evaluated, theoretically and on bench, 
the LCA and through-focus energy efficiency of four bi-
focal IOLs of apodized and non-apodized designs with 
different add powers and materials (Tecnis ZKB00 & 
ZMA00 by Johnson & Johnson and ReSTOR SN6AD3 
and SV25T0 by Alcon Laboratories, Inc, respectively). 
They found that the chromatic defocus in bifocal IOLs 
due to the refractive base power is additive to the LCA 
of the ocular media for far vision and the achromatiz-
ing effect of diffractive bifocal IOLs compensates, in 
part, for the natural eye’s LCA in near vision.  

Using pseudophakic eye models, Ravikumar et al16 
demonstrated that achromatization by a diffractive IOL 
may provide significant improvement in polychromat-
ic retinal image quality, whereas the combination of 
LCA, multifocal design, apodization, and higher order 
aberrations can significantly affect the near-distance 
balance provided by a diffractive multifocal IOL.

The trifocal diffractive IOL hydrophilic FineVision 
POD F lens (PhysIOL), which has been available in 
many markets since 2012, combines two bifocal dif-
fractive patterns (one for far and near vision, and the 
other for far and intermediate vision) designed to con-
centrate light into near (+3.50 D), intermediate (+1.75 
D), and distant foci.21,24 The apodized design of the 
FineVision trifocal technology benefits the far focus 
against near/intermediate focus for larger pupils. The 
energy balance is, as expected, wavelength-dependent, 
due to variations of diffraction efficiency with wave-
length. On-bench studies18,25-28 compared the optical 
performance of diffractive multifocal IOLs with vis-
ible and near infrared light, showing a bias in optical 
performance of the IOL toward far focus for near infra-
red illumination. 

Loicq et al22 published a comprehensive on-bench 
study comparing the through-focus modulation of 
nine different lenses in red, green, and blue wave-
lengths, and confirmed a compensatory effect between 
refractive and diffractive contributions for certain foci 
in diffractive lenses, the actual magnitude depending 
on material and design. 

We recently presented the LCA measured in vivo in 20 
eyes implanted with hydrophilic trifocal diffractive IOLs 
(FineVision POD F; PhysIOL) at three different viewing 
distances (0.00, +1.75, and +3.50 D) in the spectral range 
of 480 to 700 nm.29 We found that subjective LCA was 
higher for far (0.82 ± 0.05 D) than for intermediate (0.27 
± 0.15 D) and near (0.15 ± 0.15 D) vision. 

A new trifocal lens design has been recently in-
troduced by PhysIOL (the FineVisionHP POD F GF), 
with a similar topographic diffractive profile to the 
FineVision POD F design, but using a hydrophobic 
material. This gives us the unique opportunity to test 
in vivo the impact of the lens material alone on the 
chromatic performance of a diffractive trifocal IOL, at 
different foci. 

In this study, we present the first in vivo measure-
ments of LCA in patients bilaterally implanted with 
hydrophobic multifocal diffractive multifocal IOLs 
(FineVisionHP POD F GF) in the visible range (480 to 
700 nm), which will provide insights on the influence 
of material and multifocal IOL design on the LCA of 
pseudophakic patients, with a direct impact on the op-
tical and visual performance with these lenses. 

PATIENTS AND METHODS
LCA was obtained from psychophysical measure-

ments of best focus at different wavelengths and view-
ing distances in 10 patients bilaterally implanted with 
a hydrophobic trifocal diffractive IOL (FineVisionHP 
POD F GF) in each eye. Measurements were performed 
using a custom-developed polychromatic adaptive op-
tics system. 

The instrument and protocols are similar to those 
described in an earlier publication.29 The cohort in 
the earlier publication were 10 patients (20 eyes) 
implanted with the hydophilic trifocal diffractive 
IOL. The current cohort is a new cohort of patients 
(FineVisionHP POD F).

IOLs and Patients
The patients enrolled in this study were bilaterally 

implanted with a hydrophobic multifocal diffractive 
IOL (FineVisionHP POD F GF), which is an aspheric 
diffractive IOL made with a hydrophobic glistening-
free material (Abbe number = 41.91). The IOL design 
has been described previously.29,30 In brief, it com-
bines two bifocal diffractive structures, one for far and 
near vision and the other for far and intermediate vi-
sion, to provide three useful focal distances: 0.00 D for 
far vision, +1.75 D addition for intermediate vision, 
and +3.50 D addition for near vision. 

Ten patients (20 eyes) participated in the current 
study (mean age: 64.56 ± 3.52 years, range: 53 to 71 
years) after bilateral implantation of a hydrophobic dif-
fractive multifocal IOL. Patients received a complete 
ophthalmic evaluation prior to enrollment in the study 
and surgery at Miranza IOA (Madrid, Spain). All par-
ticipants were acquainted with the nature and possible 
consequences of the study and provided written in-
formed consent. All protocols met the tenets of the Dec-
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laration of Helsinki and were approved by the Spanish 
National Research Council Bioethical Committee. 

The inclusion criteria were similar to those in 
our previous study,29 the most relevant being good 
general health, IOL power between 16.00 and 26.00 
D, and postoperative corrected distance visual acu-
ity (CDVA) better than 0.7 decimal (20/30 Snellen 
or 0.16 logMAR). The same surgeon (FP) performed 
the surgery in both eyes of all patients, with a time 
difference of less than 3 days between surgeries, 
following the same surgical procedure described 
previously.29 

Table 1 summarizes the patient profile, multifocal 
IOL characteristics, and 1-month postoperative data 
for all 10 patients in the current study. 

Polychromatic Adaptive Optics System
A custom-developed 8-channel polychromatic 

adaptive optics system at the Visual Optics and Bio-
photonics Laboratory (Instituto de Óptica, Consejo 
Superior de Investigaciones Científicas), described in 
detail in previous publications,5,31-34 was used to per-
form psychophysical settings of best focus at differ-

ent wavelengths while controlling the aberrations of 
the system. The components of the set-up specifically 
used in these measurements were: (1) a supercontinu-
um laser source in combination with a dual acousto-
optic tunable filter module to automatically select the 
desired wavelengths in visible light (480 to 700 nm), 
where the laser power at the corneal plane ranged be-
tween 0.5 and 50 µW; (2) a digital micro-mirror device 
placed in a conjugate retinal plane, and used to dis-
play visual stimuli (1.62 degree field) monochromati-
cally illuminated with light coming from the super-
continuum laser source; (3) a Badal optometer used 
to correct the spherical refractive error of the patients 
and the best focus settings; and (4) a pupil monitoring 
camera conjugated to the eye’s pupil to facilitate cen-
tration and control of aberrations.

Psychophysical Best Focus at Different 
Wavelengths and Distances

Patients adjusted their best subjective focus using 
the Badal system while viewing the stimulus illuminat-
ed with five different wavelengths in visible light (480, 
532, 555, 650, and 700 nm). Best subjective focus was 

TABLE 1
1-Month Postoperative Clinical Data

Patient/Sex/Age (y) Eye IOL Power (D) Sphere (D) Cylinder (D) Axis (°) UDVA CDVA
S1/M/53 OD 22.00 0.00 0.00 - 20/10 20/10

OS 22.00 0.00 0.00 - 20/20 20/20
S2/F/70 OD 21.00 -0.50 0.00 - 20/25 20/20

OS 21.00 -0.50 0.00 - 20/25 20/20
S3/F/70 OD 23.50 +0.50 -0.50 95 20/25 20/20

OS 24.00 +0.50 -0.75 85 20/25 20/20
S4/F/53 OD 22.50 0.00 0.00 - 20/20 20/20

OS 22.50 0.00 0.00 - 20/20 20/20
S5/F/69 OD 22.00 0.00 0.00 - 20/10 20/10

OS 23.00 0.00 0.00 - 20/20 20/20
S6/F/67 OD 24.50 -1.00 0.00 - 20/40 20/20

OS 24.00 +0.25 -0.75 55 20/50 20/20
S7/F/71 OD 23.00 +1.25 -1.00 95 20/20 20/20

OS 22.50 0.00 0.00 - 20/20 20/20
S8/M/63 OD 25.50 +0.75 0.00 - 20/30 20/20

OS 25.00 +0.75 0.00 - 20/25 20/20
S9/F/65 OD 24.50 0.00 0.00 - 20/20 20/20

OS 26.00 +0.75 -0.75 180 20/25 20/20
S10/F/71 OD 22.50 -1.00 0.00 - 20/32 20/20

OS 22.00 -0.50 0.00 - 20/25 20/20
IOL = intraocular lens; D = diopters; UDVA = uncorrected distance visual acuity; CDVA = corrected distance visual acuity; OD = right eye; OS = left eye
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set remotely by the patient moving the motorized stage 
while viewing a Maltese cross as a fixation target, start-
ing from an initial positive blur. Patients performed a 
trial before the experiment to become familiar with the 
test, and afterward repeated each wavelength condition 
four times. The focus setting for the stimulus illumi-
nated with a 555-nm wavelength was set as zero. 

All measurements were performed under mydriasis 
(tropicamide 1%; two drops 30 minutes before the test 
start, and one drop every 1 hour) of both eyes. Mea-
surements were performed using a 4-mm diameter pu-
pil (achieved by placing an artificial pupil in a plane 
conjugate to the natural pupil), with adaptive optics–
corrected aberrations of the optical system. The eye’s 
pupil was aligned to the optical axis of the instrument, 
and the patient’s head was stabilized using a dental 
impression on a bite bar. The patient’s spherical re-
fractive error was corrected with a Badal system. 

The different wavelengths were presented random-
ly. Measurements were performed at three different 
viewing distances simulated with the Badal system: 
0.00 D for far vision, +1.75 D for intermediate vision, 
and +3.50 D for near vision. Each measurement ses-
sion lasted approximately 3 hours.

Data Analysis
The best subjective focus at each wavelength was di-

rectly obtained from the automatic readings of the Badal 
optometer. Chromatic difference of focus curves were ob-
tained from the best focus data at each wavelength. The 
LCA was obtained from the linear fittings to those curves.

Statistical analysis was performed with SPSS soft-
ware (version 24.0; IBM Corporation) to test differ-
ences in the estimated LCA across experiments and 
conditions. A paired samples t test was performed to 
analyze specific differences between conditions (n = 
10, alpha = 0.05, power = 0.80). 

RESULTS
Figure A (available in the online version of this ar-

ticle) shows the refractive outcomes.

Chromatic Difference of Focus From Psychophysical 
Measurements

Figure B (available in the online version of this ar-
ticle) shows the chromatic difference of focus curves 
obtained from the focus settings for all patients and 
distances (far: green; intermediate: orange; near: pur-
ple) for both eyes (right eye = left column; left eye = 
right column). Lines represent linear fitting curves to 
the data. Results show similar trends across patients 
for the different distances. On average, the regression 
lines show higher slopes for far (0.005 ± 0.0005 D/nm) 

than for intermediate (0.003 ± 0.0006 D/nm) and near 
(0.001 ± 0.0007 D/nm) distances. The standard devia-
tions are higher for near than for intermediate and far 
distances. We did not find statistical differences in 
the slopes between right and left eyes: 0.005 ± 0.0005 
D/nm (right eye) and 0.004 ± 0.0006 D/nm (left eye) 
(P = .46) for far; 0.003 ± 0.0006 D/nm (right eye) and 
0.003 ± 0.0007 D/nm (right eye) (P = .33) for interme-
diate; and 0.001 ± 0.0008 D/nm (right eye) and 0.001 ± 
0.0007 D/mm (left eye) (P = .05) for near.

Figure 1 shows the LCA from psychophysical mea-
surements for all patients in both eyes and all tested dis-
tances (far: green bars; intermediate: orange bars; near: 
purple bars) in the visible range (480 to 700 nm). Results 
show similar trends for all patients and both eyes, with 
higher LCA for far than for intermediate and near vision. 

Figure 2 shows the average LCA from psychophysi-
cal measurements for far (green), intermediate (or-
ange), and near (purple) vision in the measured vis-
ible range (480 to 700 nm), across patients. The LCA 
from psychophysical measurements was significantly 
higher for far vision (0.99 ± 0.06 D) than for interme-
diate (0.67 ± 0.10 D) and near (0.23 ± 0.08 D) vision 
(one-way analysis of variance, P < .05).

DISCUSSION
The optical performance of the pseudophakic eye in 

polychromatic light is determined by both the material 
and design of the IOL. This is especially relevant in dif-
fractive designs, such as trifocal diffractive IOLs, aiming 
at generating an intermediate focal point in the IOL op-
tic to improve the optical range. In a previous study, we 
measured the in vivo subjective LCA of 20 eyes bilater-
ally implanted with hydrophilic trifocal diffractive IOLs 
(FineVision POD F) for the different working distances: 
0.00 D for far, +1.75 D for intermediate, and +3.50 D for 
near distances. The LCA from psychophysical measure-
ments was significantly higher for far (0.82 ± 0.05 D) than 
for intermediate (0.27 ± 0.15 D) and near (0.15 ± 0.15 D) vi-
sion. In the current study, LCA of 20 eyes implanted with 
same design but hydrophobic material (FineVisionHP 
POD F GF) was obtained from in vivo psychophysical 
measurements (480 to 700 nm). Similarly, to the hydro-
philic design, LCA for far vision was significantly higher 
than for intermediate and near vision (far: 0.99 ± 0.06 D; 
intermediate: 0.67 ± 0.10 D; near: 0.23 ± 0.08 D), and, on 
average, LCA with the hydrophobic IOL was higher than 
with the hydrophilic IOL for all distances. 

Diffractive multifocal IOLs are typically a hybrid 
refractive–diffractive design, where light energy is 
split between different foci. In most designs, the far 
foci receive light that appears to be purely refracted 
(0 diffraction order), whereas the other foci (inter-
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mediate and near) are obtained through a combina-
tion of diffracted light (first and second order of dif-
fraction). Refractive or diffractive focalization leads 
to opposite signs of LCA, thus allowing modulation 
of the chromatic aberration of the eye at different 
distances. The decrease of the LCA at intermediate 
distance in patients implanted with the FineVision 
trifocal IOL, for both materials, is also supported by 
recent on-bench work by Loicq et al.22 They found 
that for far vision there is a refractive dominant pro-
cess, whereas for near the trend is reversed and there 
is a diffractive dominant process. The LCA (of the 
IOL alone) was almost fully cancelled at intermediate 
distance and its sign was reversed at near distance. 

Figure 2. Average longitudinal chromatic aberration (LCA) from psy-
chophysical measurements for all measured distances (far: green 
bars; intermediate: orange bars; near: purple bars). Error bars indicate 
inter-patient variability. D = diopters

Figure 1. Longitudinal chromatic aberration (LCA) obtained from linear fitting of the chromatic difference of focus curves (480 to 700 nm) for all patients, 
and for each measured distance (far: green bars; intermediate: orange bars; near: purple bars). Error bars indicate inter-patient variability. D = diopters; 
OD = right eye; OS = left eye
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This agrees well with our findings of reduction and 
almost full cancelation at intermediate and near dis-
tance in eyes implanted with the IOL. 

At every distance, we found a consistently higher 
LCA value in patients implanted with the hydrophobic 
IOL than with the hydrophilic IOL. This is consistent 
with a previous study where patients were bilaterally 
implanted with monofocal IOLs of the same design, 
but with hydrophobic material in one eye and hydro-
philic material in the contralateral eye.13 In that study, 
there was a constant offset of 0.15 D between the LCA 
measured in vivo in eyes implanted with monofocal 
IOLs of both materials, which compares with the off-
set in the LCA found between the hydrophobic and 
hydrophilic trifocal IOL at far (0.17 D). However, the 
magnitude of the LCA in patients implanted with 
monofocal IOL designs was higher (1.37 ± 0.08 D for 
the hydrophobic and 1.2.1 ± 0.08 D for the hydrophil-
ic) than with the corresponding trifocal designs. 

The ability to measure in vivo LCA in monofo-
cal and multifocal IOLs with different materials and 
designs allows quantifying retinal image quality in 
polychromatic pseudophakic eyes. Understanding the 
interactions between monochromatic and chromatic 
aberrations of the eye and the different multifocal dif-
fractive design improves the resulting polychromatic 
retinal quality and simultaneous vision quality, there-
fore opening the path to real custom designs. 
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Figure A. Refractive outcomes for intraocular lens–based procedures in the sample’s study: (A) uncorrected distance visual acuity (UDVA); (B) 
UDVA vs corrected distance visual acuity (CDVA); (C) spherical equivalent refraction accuracy; and (D) postoperative refractive cylinder. D = 
diopters



Figure B. Chromatic difference of focus (CDF). Psychophysical best focus chosen by each patient for each wavelength (480, 532, 555, 650, and 700 
nm), distance (far: green; intermediate: orange; near: purple), and eye (right eye, left column; left eye, right column). Error bars indicate standard 
deviation for each measurement. D = diopters; OD = right eye; OS = left eye


