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Abstract. The design and manufacture of intraocular lenses (IOLs) depend upon the identification and quanti-
tative preclinical evaluation of key optical properties and environmental parameters. The confocal laser method
(CLM) is a new technique for measuring IOL optical properties, such as dioptric power, optical quality, refractive
index, and geometrical parameters. In comparison to competing systems, the CLM utilizes a fiber-optic confocal
laser design that significantly improves the resolution, accuracy, and repeatability of optical measurements.
Here, we investigate the impact of changing the beam diameter on the CLM platform for the evaluation of
IOL dioptric powers. Due to the Gaussian intensity profile of the CLM laser beam, the changes in focal length
and dioptric power associated with changes in beam diameter are well within the tolerances specified in the ISO
IOL standard. These results demonstrate some of the advanced potentials of the CLM toward more effectively
and quantitatively evaluating IOL optical properties. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/

1.JB0O.19.5.055004]
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1 Introduction

Intraocular lens (IOL) implantation is the most commonly per-
formed surgical procedure, averaging approximately 3 million/
year in the United States' and 19.7 million/year worldwide.
The IOL industry is growing rapidly, with new IOL designs
and materials emerging each year and a market value projected
to reach $3.8 billion by 2019.2 Some new designs have led to
additional complications resulting in explantation to realign or
exchange the lens.>* As a result, the implementation of novel
methods to evaluate current and future IOL optical properties
is needed to reduce IOL complications.

The international organization for standardization (ISO)
specifies environmental parameters and tolerances to accurately
characterize optical properties of IOL designs (e.g., temperature,
solution conditions, and optical parameters of the testing sys-
tem).’ In addition to environmental parameters, the ability to
identify and evaluate critical optical properties (e.g., dioptric
powers and image quality) is important, as they may impact
IOL performance and can themselves be influenced by environ-
mental parameters.

The TOL dioptric power® is a critical optical characteristic for
evaluating IOL efficacy, and its accurate assessment is a major
factor in implanting the appropriate lens for improving vision to
precataract states. One of the conventional methods currently
used for determining the IOL dioptric power is based on meas-
uring the back focal length (Fgp ) with an optical microscope
with standard deviations as low as 0.01 mm.” In this evaluation,
the microscope is focused onto the back surface of the IOL and

*Address all correspondence to: Bennett N. Walker, E-mail: bennett.walker@
fda.hhs.gov

Journal of Biomedical Optics

055004-1

subsequently the image of the IOL target. The distance between
these two focused locations provides the Fgg . The effective
focal length (F) is then calculated by Eq. (1) below:

Fot = FgpL/[1 = t(mioL = Mimea) / (MioLR)], 1

where ¢ is the thickness of the IOL, R is the IOL front surface
radius of curvature, and n;q;, and n,,.4 are the refractive indices
of the IOL and surrounding medium, respectively. Finally, the
effective focal length is directly converted into dioptric power
(DioL) by Do = fmea/Fett’

ISO standards recommend using a 3-mm aperture for all
Fgrr, measurements to standardize measurements and minimize
deviations due to defocusing from the nonparaxial beams of the
optical microscope. Longitudinal spherical aberrations (LSA)
inhibit the ability to distinguish an object from its background,
resulting in a significant defocusing factor.® By using a standard
aperture diameter, a known defocusing (D) correction of
D¢ = LSA/2 can be incorporated into all Djo; measurements
where LSA is the first primary aberration.” However, measuring
the LSA numerical value is not trivial and requires a ray-tracing
analysis to determine the distance between the back paraxial
focal point and the intersection of the meridional ray; this
process has been described as “both a science and an art.”
As a result, estimating LSA ultimately leads to some dioptric
power uncertainties even with the use of a standardized aperture
diameter.

In certain measurements, a 3-mm aperture diameter may not
be suitable for measuring IOL dioptric powers. For example,
a measurement of the primary dioptric power of a multifocal
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IOL requires the light source to be smaller than the IOL’s first
concentric ring, which can be as small as 1 mm. Additionally,
with nonparaxial light sources, these changes in aperture diam-
eters may result in different LSA values, due to changes in longi-
tudinal spherical aberrations, and lead to further IOL dioptric
power calculation uncertainties.

Recently, an advanced confocal laser method (CLM) was
developed to improve the accuracy, repeatability, and precision
of testing IOL dioptric powers.'*"!* The CLM operating princi-
ple is based on a simple fiber-optic confocal laser design that
integrates properties of high-resolution confocal microscopy
and fiber-optic sensing.'” A key component of the CLM design
is a single-mode fiber module that serves simultaneously as a
point light source (3—5-um fiber core diameter) for the formation
of a collimated laser beam with a Gaussian intensity profile and
as a highly sensitive confocal point receiver to measure spatial
displacement of the focused back-reflected laser emission. As a
result, LSA defocusing is minimized and diminishes the impor-
tance of a standardized beam diameter, which can be helpful
when evaluating different IOL designs.

We have added an adjustable iris aperture to the CLM plat-
form, which allows the beam diameter to be precisely manipu-
lated to determine its influence on the IOL dioptric power
measurements. Here, we present the quantitative results of these
experiments for measurements of monofocal IOL dioptric
powers and demonstrate that aperture diameters do not signifi-
cantly impact CLM measurements. As a result, the CLM tech-
nique can be used to accurately evaluate the dioptric powers of
more complex designs that require different aperture diameters,
such as multifocal IOLs, as well as improve the overall accuracy
and repeatability of dioptric power measurements by potentially
eliminating the need for LSA corrections.

2 Experimental Method

The CLM-based optical setup'* used for this study is illustrated
in Fig. 1. The laser beam profile assessment was conducted with
monofocal IOLs of different dioptric powers and materials.
Dioptric powers were measured with IOLs in air and at room
temperature (approximately 20.0°C) using a 543-nm (£1-nm)
low-noise laser (Opto Engine LLC, Midvale, Utah). The laser
spatial intensity distribution and beam profile were determined
using a laser beam profiler (Ophir-Spiricon Inc., North Andover,
MA).

A thorough description of the CLM technique for its precise
measurement of IOL dioptric powers has been described previ-
ously.'®!? Briefly, a 1 x 2 single-mode optical fiber coupler
(Newport Corp., Irvine, California) was integrated with a

Single-mode
fiber coupler

Mirror

Linear
stage

Computer

Fig. 1 The configuration of the experimental setup using the CLM
method where O, is the optical input, OC depicts the collimation
of the beam using the 10x objective lens, and PM portrays the
Ophir power sensor and meter used to measure the focal point profile.
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10x infinity corrected objective lens (Edmund Optics Inc.,
Barrington, New Jersey) to establish a collimated Gaussian beam.
Figure 2 shows typical three- and two-dimensional Gaussian laser
beam profiles formed by the single-mode fiber coupler. An IOL
was then placed in front of the collimated laser beam where the
back reflectance of the focused light (Fgg ) was detected and
measured back through the fiber coupler using a low-power
thermal sensor connected to a computerized power meter
(Ophir, North Andover, Massachusetts), as shown in Fig. 1.
Alignment of the setup, as well as IOL positioning, is critical for
accurate measurements utilizing confocal microscopy. Beam
collimation is confirmed quantitatively without the presence
of an IOL by measuring a constant back reflected power
from a linearly translating total reflectance mirror.

By measuring the distance between observed focal and half-
focal points, IOL dioptric powers can be accurately measured.
To improve precision and repeatability, the back-reflectance
mirror was attached to an automated linear stage (Thorlabs
Inc., Newton, New Jersey) with step sizes as short as 1 ym.
The laser beam diameter was changed using a ring-activated
iris diaphragm (Thorlabs Inc., Newton, New Jersey) integrated
within the platform. The resulting focal peak locations, laser
intensity distributions, and beam widths were determined and
compared using a scientific data processing package (OriginLab
Corp., Northampton, Massachusetts).

The use of a monochromatic laser emission with a Gaussian
beam profile and relatively small beam diameter provides near
to the theoretical paraxial conditions for collimating and focus-
ing the testing laser beam. As a result, various aberration effects
have negligible influences on measurement accuracies. Dioptric
power measurements, as well as focal point profiles, were stud-
ied for fully open (3.43-mm), 3-mm (ISO Standard require-
ment), 2-mm, and 1-mm diameter apertures. The actual shape
of the focal point profiles (or confocal response curve) was
not perfectly symmetrical, which made the peak location diffi-
cult to determine, particularly as the full width at half maximum
changed with different aperture settings. With confocal micros-
copy techniques, various peak identification algorithms are
often used to improve confocal axial resolution, such as a real
peak detection approach.'*!> Here, the raw data of the focal
point profiles were analyzed by fitting a Gaussian peak to
the top 20% of each curve, improving the accuracy compared
to basic peak fitting techniques.

Acrylic monofocal IOL test samples were used for the
experiments from three common IOL dioptric power ranges:
low (10.0 D), medium (20.0 D, 20.75 D), and high (34.0 D),
and labeled as IOL #1, #2, #3, and #4, as shown in Table 1.

Fig. 2 Laser beam profile using the Beamstar FX50 laser beam pro-
filer from single-mode fiber. Inset shows cross section of laser signal.

May 2014 « Vol. 19(5)



Walker et al.: Assessing the effect of laser beam width on quantitative evaluation. ..

Table 1 Measured dioptric power changes when changing diameter of exposed laser beam. Averages, percent errors, and standard deviations
are shown in the last three columns.

Dioptric power at varied laser beam widths (D)

IOL # Labeled dioptric power (D) 1 mm 2 mm 3 mm 3.43 mm Average % Error Standard deviation
1 10.0 10.294 10.312 10.305 10.297 10.302 2.93 0.009
2 20.0 19.999 20.003 19.999 19.998 20.000 0.00 0.002
3 20.75 20.764 20.758 20.743 20.762 20.757 0.03 0.011
4 34.0 34.199 34.186 34.207 34.201 34.198 0.58 0.011

The IOL materials used were hydroxyethylmethacrylate and
polymethylmethacrylate. All IOL types were measured in iden-
tical environmental conditions to ensure accuracy.

3 Results and Discussion

The changes in IOL dioptric power due to the variable aperture
are shown in Table 1, where IOLs of varying dioptric powers are
labeled #1, #2, #3, and #4. Figure 3 shows the focal point peak
profile for IOL #2, where a change in profile shape or peak with
respect to aperture diameter turned out to be insignificant. These
results suggest that the focused light from the IOL produces a
paraxial ray of light with negligible aberration effects. Since the
focal point peak profile shapes and locations remain constant,
the measured dioptric powers also remain accurate and repeat-
able, as shown in Table 1. The 8th column in Table 1 shows the
percent errors compared to the labeled powers. IOLs #2, #3, and
#4 were found to be within the acceptable ISO tolerance range,
while IOL #1 was on the fringe. The reason for this discrepancy
is not fully understood and is currently being studied further.
The final column of Table 1 shows minimal standard devia-
tions for all the laser beam diameter measurements with
negligible variances in the dioptric power readings. The actual
dioptric power differences within trials range from 0.005 D to
0.021 D, which is within the range of CLM accuracy and are
significantly lower than the tolerances specified in the ISO
Standard.’ These findings strongly suggest that LSA effects

are negligible when determining IOL dioptric powers with
the CLM technique.

Although the dioptric power measurements remained rela-
tively consistent for all aperture diameters, at 1-mm an increase
in measurement deviations and inaccuracies was observed.
Observed deviations were likely due to alignment issues that
become exaggerated as the beam diameter decreases as opposed
to known discrepancies due to LSAs. These observations
occurred for the thicker, higher IOL dioptric power lenses, sug-
gesting that the decrease in signal intensity may be the more
significant factor. However, it should be noted that although
dioptric power measurement differences are observed, these
differences are still insignificant according to ISO standard
specifications.

The inset of Fig. 3 shows the calculated Gaussian fit for the
focal point profile for the 3-mm aperture with a 0.999 R fit.
Similar observations were observed for all IOLs measured as
well as for different aperture diameters. The ability to use a
Gaussian fit to describe the focal and half-focal points signifi-
cantly improves the accuracy of IOL dioptric power measure-
ments. These results suggest that the focal spots with the CLM
platform, particularly at the top of the profile curve, can be
treated as paraxial. As a result, LSA affects could be considered
negligible and the corresponding corrections may no longer be
necessary.

Although not discussed here, the CLM technique can be used
to evaluate the dioptric powers of other IOL types (e.g., multi-
focal and toric IOLs). Furthermore, the flexibility of changing

221 ——3a3mm the aperture diameter may improve the accuracy and feasibility
3 mm T _ 25 =3 mm of results from newly introduced IOL types.
20{ <=2 mm [, d = Gaussian Fit
= R A RCPT 7N
g oz - / ‘\ 4 Conclusions
g 181 ‘|‘. 815 / The discussed results suggest that the CLM technique is a highly
% Py = : accurate quantitative approach for determining IOL dioptric
§ 1.6 ’ ] 13_9'26 139.32 powers. Furthermore, fitting the focal point profiles to Gaussian
£ { “ Distance (mm) curves results in improved accuracies (< 1 gm) and repeatabil-
1.4- § ) ity (< 0.021 D). Moreover, due to the paraxial Gaussian shape
: ] of the focal point profile, changes in diameter of the laser beam
. [} ‘l profile as well as longitudinal apenations may be negligible and
: 139.2 139.4 139.6 no longer require LSA corrections.

Distance (mm)

Fig. 3 Effects of laser beam diameter changes on the shape and posi-
tioning of the IOL focal point profile for IOL #2. Inset shows Gaussian
fit for the 3-mm beam profile with a 0.999 A? value. Results show that
minimal change is observed with change in diameter of the laser
beam, indicating a paraxial configuration with CLM.
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This particular study is focused on monofocal IOLs for com-
parison purposes. However, the CLM platform is capable of test-
ing dioptric powers from other IOL designs (e.g., multifocal and
toric) and the discussed results may lead to improved optical
property evaluations for all IOL designs. Nevertheless, the opti-
cal properties of each new IOL design should be independently
evaluated to determine its safety and efficacy. Other potential
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parameters that may influence IOL dioptric power measure-
ments (e.g., surrounding medium and optical properties of the
incident light) require equal scrutiny to determine their specific
impacts when evaluating intraocular lenses.
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