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Abstract. This study compared integrating-sphere and double-beam methodologies for measuring the ultraviolet/
visible transmission of intraocular lenses (IOLs). Transmission spectra of control IOLs and clinically explanted IOLs
were measured with an optical spectrophotometer in two optical configurations: single-beam mode with integrating
sphere detector and double-beam mode with photodiode detector. Effects of temperature and surface light scatter-
ing on transmittance were measured. Effects of lens power were measured and were modeled with ray-tracing
software. Results indicated that transmission was consistent over a range of IOL powers when measured with
the integrating-sphere configuration, but transmission gradually decreased with increasing IOL power (in a wave-
length-dependent fashion) when measured with the double-beam configuration. Ray tracing indicated that the
power-dependent loss in transmission was partially due to higher-powered IOLs spreading the light beam outside
of the detector area. I0Ls with surface light scattering had transmission spectra that differed between double-beam
and integrating-sphere configurations in a power-dependent fashion. Temperature (ambient or physiological 35°C)
did not affect transmission in the integrating-sphere configuration. Overall, results indicated that double-beam spec-
trophotometers may be useful for measuring transmittance of low-power IOLs, but an integrating-sphere config-
uration should be used to obtain accurate measurements of transmittance of higher-power IOLs. © 2012 society of Photo-
Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.10.105001]
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1 Introduction

Changes to ultraviolet-visible transmission spectra have been
cited in claims that the optical qualities of intraocular lenses
(IOLs) are affected by surface light scattering,' which is caused
by subsurface nanoglistenings.® The ability to draw accurate con-
clusions about this topic depends on the appropriateness of the
instrumentation used to make the measurements. Ultraviolet-
visible spectra of IOLs and explanted crystalline lenses are com-
monly measured by using double-beam spectrophotometers*> or
spectrophotometers equipped with integrating spheres.®”

The use of integrating spheres for ophthalmic optics is advo-
cated by researchers in both industry and academia. Industrial
proponents of using an integrating sphere to measure the trans-
mittance of IOLs include the International Organization for
Standardization (ISO) and the American National Standards
Institute (ANSI). ISO and ANSI standards for transmittance
of IOLs do not explicitly require an integrating sphere,'®!!
but both refer to the ISO standard for contact lenses, which
does specify the use of an integrating sphere.'? Clinical and aca-
demic researchers who have measured the transmittance of
ex vivo crystalline lenses have noted that if the integrating
sphere were omitted, then the chromatic and spectral aberrations
of the lens could significantly affect the lens transmission char-
acteristics, depending on the exact positioning of the lens in the
spectrophotometer.7
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Research that measured the transmission spectra of contact
lenses with and without integrating spheres established that inte-
grating spheres are necessary to ensure the accuracy of the
data.!®> However, no such research (to our knowledge) has
been published concerning the transmission spectra of explanted
IOLs with surface light scattering, measured with or without an
integrating sphere. The purpose of this study was to investigate
the differences between integrating-sphere and double-beam
methodologies for measuring the ultraviolet/visible transmission
of IOLs when varying a number of parameters, including IOL
power range, ambient temperature versus physiologically rele-
vant 35°C, and presence or absence of surface light scattering.

2 Methods

2.1 Spectrophotometry Equipment

A PerkinElmer Lambda 35 UV/V is spectrophotometer
(PerkinElmer, Waltham, MA) was operated in a single-beam
configuration with a Lab Sphere RSA-PE-20 integrating sphere
with a 50-mm diameter (PerkinElmer) or was operated in a
double-beam configuration with two photodiode detectors (one
for the sample beam and one for the reference beam). The
monochromator was a holographic concave grating with
1053 lines/mm in the center. The light sources were a deuter-
ium lamp for the ultraviolet region and a tungsten halogen lamp
for the visible region.
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Fig. 1 Measuring transmittance of an intraocular lens (IOL) with an inte-
grating sphere. The gray beam (thick beam) represents on-axis trans-
mitted light. The green and violet beams (thin beams) represent light
that has been scattered, refracted off-axis, or otherwise aberrated at
the sample. The custom IOL holder is not shown.

2.2 Integrating-Sphere Measurements

With the integrating sphere, transmission spectra were acquired
in accordance with the relevant ISO standard,'® which refers to
an earlier standard.'? Figure 1 shows a schematic of measuring
transmittance of the sample IOL with the integrating-sphere
configuration. The IOL under analysis was placed into a plastic
custom insert that had a 5-mm-diameter aperture and was
designed to hold the haptics of the IOL. The custom insert
was mounted into a standard rectangular quartz cuvette with
a 10-mm path. The quartz cuvette then was filled with balanced
salt solution (BSS) (Alcon Laboratories; Fort Worth, TX) and
placed directly in front of the opening of the integrating sphere.
The quartz cuvette with the custom insert was aligned so that the
light passed through the middle of the aperture into the integrat-
ing sphere. In integrating-sphere mode, the beam size where
sample was located was 2.5 mm in diameter.

Spectra were collected at ambient temperature unless other-
wise noted. First, a background correction was performed with
the empty insert holder immersed in BSS in a quartz cuvette.
Background transmittance spectra were checked to ensure
that 100% transmittance was achieved, and background was
checked in every other sample measurement to ensure that
the background did not shift (> or <100% transmittance) during
measurements. The insert holder was loaded with the IOL into
the quartz cuvette in BSS. The transmission spectrum was
acquired over the wavelength range of 300 to 850 nm at a scan-
ning rate of 120 nm/ min and with a spectral slit width of 2 nm.
Data were collected in 1-nm increments. During measurements,
the solution-filled cuvette was inspected for trapped air bubbles
in the light path; any bubbles were carefully eliminated. At least
two measurements were recorded for each IOL and were aver-
aged. If more measurements were recorded, all were averaged
(up to four scans per IOL).

2.3 Double-Beam Measurements

Double-beam spectra were collected by using the same custom
IOL holder in the cuvette; this lens-containing cuvette was
placed in the sample beam path. A reference quartz cuvette,
containing BSS and an empty IOL holder, was placed in the
reference cuvette compartment. The sample cuvette and the
reference cuvette were aligned so that the light passed through
the centers of the apertures into the detectors (photodiodes). In
double-beam mode, the beam size where the sample was located
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Fig. 2 Measuring transmittance of an intraocular lens in double-beam
mode. The gray beam (thick beam) represents on-axis transmitted light.
The green and violet beams (thin beams) represent light that has been
scattered, refracted off-axis, or otherwise aberrated at the sample. The
IOL holder is not shown.

was 1 mm in diameter. Figure 2 shows the configuration of mea-
suring the transmittance of the IOL in double-beam mode. The
incoming beam from a light source is split into two paths by a
beam splitter. The material being tested (in this case, an IOL) is
positioned in one of the light paths. Transmitted light intensity is
measured and compared with the intensity at the reference path
to determine the transmittance. With most spectrophotometers,
the beam usually is collimated or is weakly converging or diver-
ging over the beam paths, and then is focused by a spectrophot-
ometer lens onto a detector.

2.4 Measuring Effects of Lens Power on
Transmittance

Spectra were captured in double-beam mode and integrating-
sphere mode. Transmittance was measured using finished-
goods inventory AcrySof IOLs of model MA60BM (Alcon)
with powers of 16.0, 20.0, 24.5, 28.5, and 30.0 D. Lenses
were hydrated a minimum of 24 h in BSS before analysis.

2.5 Calculating Power/Wavelength Dependence

Published values of 1.55 units at 587.6 nm for the refractive
index of AcrySof IOL material and 37 units for the Abbe num-
ber of AcrySof IOL material'* were used to determine that the
refractive indices of AcrySof material were approximately
1.566 units at 450 nm and 1.538 units at 850 nm. Interactions
between refractive indices at these wavelengths (450 and
850 nm) and resultant lens power were calculated by using
the “lens maker’s equation” for thin lenses," as follows:

1 1
Lens power = (nlens - nmedium) (R_l - R_2> , (1)
where 7 is the refractive index and R; and R, are the radii of
curvature of the lens. Calculations assumed the IOLs were in
water (refractive index = 1.33). Power/wavelength variations

were calculated for IOLs having labeled powers of 6.0, 16.0,
and 30.0 D.
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2.6 Modeling Beam Size

Beam size variation (as a result of an IOL positioned in the sam-
ple holder) was calculated in Zemax software (Radiant Zemax,
Bellevue, WA), using the first-order approximation. These
calculations did not account for spherical aberration, misalign-
ment, or tilting of the IOL. Divergence of the beam was calcu-
lated in both the vertical and horizontal axes. The collimated
beam size was set to 5 mm at the sample, because of the aperture
of the custom IOL holder. In the double-beam configuration of
the spectrophotometer, the instrument contained a lens with a
focal length of 22.7 mm that was used to focus the beam
onto a photodetector (see Fig. 1). The photosensitive area on
the photodiode detector was 3.7 by 3.7 mm. These parameters
were included in the modeling calculations.

2.7 Measuring Effects of Surface Light Scattering on
Transmittance

Three IOLs that had been explanted in clinics in Japan (for var-
ious reasons) and then returned to the manufacturer were ana-
lyzed. Characteristics of these IOLs are shown in Table 1.
Sterling Institutional Review Board (Atlanta, GA) indicated
that ethical approval was not required for the study of these
explanted IOLs. Any variations in shipping duration and condi-
tions were not expected to affect the optical qualities of the
IOLs, since evidence indicates that surface light scattering is
a long-term phenomenon,'!” unlikely to be affected by
short-term changes associated with storage, and since research
has shown that surface light scattering is reversible with hydra-
tion, drying, and rehydration,® allowing dry storage of IOLs
before analysis. The explanted IOLs were matched to controls
of the same model and power.

Clinically explanted IOLs and matching controls were
cleaned (as previously described®) before optical analyses
were conducted to specifically assess the effect of subsurface
nanoglistenings independent of proteinaceous surface deposits,
since a previous study confirmed that surface scattering intensity
was similar before and after protein removal.’> That previous
study also confirmed that the 10% formalin treatment, staining,
and protein removal processing steps did not alter the surface
chemistry of the IOL material.> After cleaning, IOLs were stored
in BSS between optical analyses.

A Scheimpflug image-capture system was set up for consis-
tent surface light scattering analysis of all explanted and match-
ing control IOLs in the study. A custom-made dark eye model
was assembled that would hold the IOL being examined and that
could be filled with either air or BSS at room temperature.
Images of the model eye and IOL were captured with an

EAS-1000 Anterior Segment Analysis System (Nidek, Gama-
gori, Japan) at the following settings: 200-W flash, 10-mm
slit length, 0.08-mm slit width, and a fixed camera angle posi-
tion at 45 deg from the light beam path. Surface light scattering
densitometry was measured in computer compatible tape (CCT)
units ranging from O (least intense) to 255 (most intense). Scatter
densitometry values were measured for anterior and posterior
surfaces of the IOL along the axis of a line that crossed perpen-
dicular to the center of the IOL optic. Peak scatter intensities
were measured for anterior and posterior surfaces along the
axis of three lines within the central 3-mm optic zone, yielding
six measurements per IOL, which then were averaged. Surface
light scattering was measured after IOLs were hydrated 24 h
in BSS.

After surface light scattering measurements, control and
explanted IOLs were measured for ultraviolet/visible transmit-
tance (via integrating sphere and double beam) at ambient tem-
perature after 24-h minimum hydration in BSS. Transmittance
in the 450- to 600-nm range has been shown to be potentially
sensitive to changes related to surface light scattering.! There-
fore, transmittance spectra were averaged at 450 and 550 nm for
each IOL. After averaging per IOL, transmittance results from
double-beam and integrating-sphere modes were compared.

2.8 Measuring Effects of Temperature on
Transmittance

The control and explanted IOLs were hydrated at the physiolo-
gically relevant temperature of 35°C for a minimum of 2 days.
The warmed BSS in the cuvette was degassed to eliminate air
bubbles before inserting the IOL (in its holder) into the cuvette.
(Because solubility of gases decreases with increasing tempera-
ture, the heating generated many small air bubbles in the cuv-
ette.) Degassing the BSS was performed in a vacuum oven by
applying vacuum until the solution boiled at ambient tempera-
ture. The solution was then back-filled with nitrogen. This
procedure was applied three times, and the freshly degassed
solution was used during transmittance measurements.

For data collection, the cuvette in the spectrophotometer was
equilibrated at 35°C by a water circulating bath attached to the
temperature control cell holder (PerkinElmer, cat. no. #B00S-
0819). Ultraviolet-visible transmission spectra at 35°C were
recorded for the control finished-goods inventory IOLs in the
range of powers previously described and for the two explanted
IOLs that had the highest amounts of surface light scattering
(along with their control IOLs). These results were compared
with the spectra recorded at ambient temperature.

Table 1 Characteristics of the clinical sample IOLs and their matched controls.

Surface light scattering,
mean units = SD

Explanted Duration implanted,

1oL years Power, D Model Explanted IOL Matched Control IOL
A 8.5 12.0 SAGOAT 212+16 25+14

B ~10 21.0 MA30BA 221 +1 57+1.5

C 10.5 23.0 MAG6OBM 216+ 11 1.8+1.2
Note: SD, standard deviation.
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Table 2 Calculated variation in apparent lens power as a function of
wavelength.

Labeled lens Power at Power at Power variation,
power, D 450 nm, D 850 nm, D 450 to 850 nm, D
6.0 6.4 5.6 0.8

16.0 16.9 14.9 2.0

30.0 31.8 28.0 3.8

2.9 Analysis of Data

Spectra were compared from double beam to integrating sphere,
from ambient temperature to 35°C, from with surface light scat-
tering to without, from one IOL power to another, and from one
wavelength to another. Because the spectrophotometer was
accurate to within +1% transmittance, any difference larger
than 1% was designated as having optical significance, but
not necessarily clinical significance.

3 Results

3.1 Effects of Wavelength on Lens Power

(Calculated)

Calculations from the lens maker’s equation indicated that lens
power variation from 450 to 850 nm would be 0.8 D for a 6-D
IOL, 2.0 D for a 16-D IOL, and 3.8 D for a 30-D IOL, as shown
in Table 2.

3.2 Effects of Lens Power on Transmittance
(Measured)

Figure 3 shows the ultraviolet-visible spectra of finished-goods
inventory IOLs having various powers, from 16 to 30 D, when
measured in the integrating-sphere configuration [Fig. 3(a)] and
in double-beam configuration [Fig. 3(b)]. When the integrating
sphere was used [Fig. 3(a)], the spectra were consistent at all
tested IOL powers. When the double-beam configuration was
used [Fig. 3(b)], transmittance gradually decreased with increas-
ing IOL power; the largest changes in transmittance were notice-
able in the region from 400 to 500 nm.

A. Integrating Sphere

100 ————
90 1
80 1
70 1
®
g ]
7]
2 50
5
£ 40 1
g e 16.0 D
30 1 e=—20.0D
20 4 245D
285D
10 1 30.0D
0 477 + + + +
350 450 550 650 750 850

Wavelength, nm

1 FANSIISSI0I, 70

Table 3 shows a quantitative summary of these effects of lens
power, measurement mode, and wavelength. Transmittance was
considerably lower at shorter wavelengths for higher-powered
IOLs when measured in the double-beam mode, as expected.
For example, double-beam transmittance for the 16.0-D IOL
decreased only from 99% at 850 nm to 97% at 450 nm, but dou-
ble-beam transmittance for the 30.0-D IOL decreased from 97%
at 850 nm to 92% at 450 nm. In contrast, transmission was fairly
constant across power/wavelength combinations when mea-
sured by integrating sphere.

3.3 fEffects of Lens Power on Transmittance
(Modeled)

Figure 4(a) shows how the calculated size of the beam on the
detector in the vertical axis varied with IOL power. The beam
size approached the detector size limit as the IOL power
increased. The beam size became larger than the detector
size with IOLs having power higher than 30 D. These calcula-
tions did not account for spherical aberration, misalignment, or
tilting of the IOL; all of these factors would have spread the light
energy of the beam over an even larger area.

Figure 4(b) shows how the beam in the horizontal axis
was converged at the sample cuvette position, where the
minimum beam size was 1 mm. Because the beam could
not be tightly focused at a single plane, the light source
was treated as an extended source. Incident light was consid-
ered as a collection of beams that had foci that were continu-
ously distributed over an extended range around the sample
location. The beam foci were estimated to extend 23 mm in
front of, and 23 mm to the back of, the sample position.
Figure 4(b) shows how the beam size of the end-focusing
components varied with IOL power in the horizontal axis.
The front-end focusing beam became smaller with higher
IOL power. Conversely, the back-end focusing beam became
larger with higher IOL power. The size of the beam between
two focusing ends would be represented by the area between
the lines in Fig. 4(b). Overall, Fig. 4(b) shows that the beam
size in the horizontal axis on the detector was small enough
so that all energy was likely to be contained in the detector,
even if spherical aberration and misalignments were added
into the model.

B.Double Beam
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Fig. 3 Ultraviolet-visible transmittance spectra of model MA60BM intraocular lenses with varying powers.
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Table 3 Transmittance at a short wavelength (450 nm) and a long
wavelength (850 nm) for intraocular lenses of varying power, measured
in single-beam configuration with an integrating sphere and measured
in double-beam configuration.

Transmittance, %

160D 200D 245D 285D 300D

At 450 nm
Double beam 98 97 96 93 92
Integrating sphere 96 97 96 97 96
At 850 nm
Double beam 99 99 98 97 97
Integrating sphere 98 98 99 99 99

Measurement error is £1%.

A. Vertical Dimension

4 $detectorsize
€ 3¢
£ L
5 - 126
g 2 [ beamg\'L
L
0 L] L] L) L] L L] L] L]
6 10 14 18 22 26 30 34
Intraocular lens power, D
B.Horizontal Dimension
4 ¢detectorsize
€ .4
£ 3
.g 2 4 beam size,front-endfocu
n

10 14 18 22 26 30 34

Intraocular lens power, D

Fig. 4 Calculated beam size on the detector as a function of labeled
intraocular lens power, assuming lenses without spherical aberration
and with perfect alignment. Calculations assumed that the beam was
vertically collimated, was 5 mm in diameter, and had a wavelength
of 450 nm.

3.4 Effects of Surface Light Scattering on
Transmittance

The surface light scattering values of the three explanted IOLs
and their matched controls are shown in Table 1. The ultravio-
let-visible spectra of the explanted IOLs are plotted in Fig. 5,
which shows how the differences between integrating-sphere
spectra and double-beam spectra became more prominent as
the power of the IOLs increased. Figure 5(a) shows that ultravio-
let-visible transmission for the low power (12.0-D) explanted IOL
was similar when measured in either configuration (integrating
sphere or double beam), consistent with the results of the model-
ing and measurements of low-power IOLs. Figure 5(b) shows that
transmittance was slightly lower for the medium-power (21.0-D)
explanted IOL when measured in double-beam configuration
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Fig. 5 Ultraviolet-visible transmission spectra of cleaned and hydrated
clinically explanted IOLs and their control IOLs. Each curve represents
the average of two to four spectra.

than in integrating-sphere configuration. Figure 5(c) shows that
transmittance was much lower for the medium/high-power
(23.0-D) explanted IOL when measured in double-beam config-
uration than in integrating-sphere configuration.

The results for the transmission of the IOLs at the selected
wavelengths (450 and 550 nm) are tabulated in Table 4, which
shows that higher transmission was detected by the integrating-
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Table 4 Percentage transmission in at the selected wavelengths of 450 and 550 nm for explanted IOLs and their control 1OLs.

Double beam Integrating sphere

Integrating sphere—double beam

Explant Control Differences Explant Control Differences Explant versus explant: Control versus controlt Difference versus differences

At 450 nm

Llens A 93 97 4 95 98 4
Lens B 87 96 9 91 98 8
Lens C 85 94 9 90 97 7
At 550 nm

Llens A 97 98 1 97 99 2
Lens B 93 98 5 94 99 5
Lens C 91 95 4 95 99 4

1
3

1 0
2 -1
4 -2
1 1
1 0
4 0

Positive values indicate the control had higher transmission than the explant.
PPositive values indicate the transmission was higher wh d by integrati h han by double b
gher when measured by integrating sphere than by double beam.
“Positive value indicates that a larger difference between comparators was detected with the integrating sphere than with the double beam; negative
values indicate that a larger difference between comparators was detected with the double beam than with the integrating sphere.

sphere configuration than by the double-beam configuration
for all IOLs. Differences between explanted IOLs and their
controls were not as consistent: larger, equivalent, and smaller
differences were detected when integrating-sphere mode was
compared with double-beam mode. Larger differences
between explanted IOLs and control IOLs occurred at
450 nm than at 550 nm in all cases, and ranged from 4% to
9%. Similarly, larger differences between double-beam
mode and integrating-sphere mode occurred at 450 nm;
these differences were 1% for the lowest-powered IOL,
3% for the medium-powered IOL, and 5% for the medium/
high-powered IOL.

3.5 Effects of Temperature on Transmittance

The finished-goods inventory control IOLs of model MA60BM
and having powers 16.0, 20.0, and 30.0 D had similar spectra
when measured with an integrating sphere at ambient tempera-
ture or at 35°C. All between-temperature comparisons were
similar within the experimental error (1% transmission) at
all wavelengths. The spectra of two of the explanted IOLs
(explant C, medium power, and explant A, low power) also
were measured at ambient temperature and at 35°C. For both
explanted IOLs, spectra were within the experimental error
(£1% transmission) when compared between temperatures at
all wavelengths.

4 Discussion

Observed transmittance was considerably lower at shorter wave-
lengths, and higher at longer wavelengths, for high-powered
IOLs measured in the double-beam mode. For example, the dou-
ble-beam transmittance of the 30.0-D IOL decreased from 97%
at 850 nm to 92% at 450 nm. These power-dependent, wave-
length-dependent changes could be expected from optical prop-
erties of lenses. The refractive indices of IOLs decrease with
increasing wavelength, leading to chromatic dispersion of
focus, with different apparent optical powers for different wave-
lengths, as noted in the literature!*!® and as calculated in the

Journal of Biomedical Optics

105001-6

current study (3.8 D of variation for the 30-D IOL). The mea-
sured wavelength-dependent changes in transmission of the
30-D IOL, for example, could be explained by the calculated
change in lens power with wavelength, by the modeled vertical
beam size after passing through a 30-D IOL (indicating that
beam size would be as large as or larger than the detector),
and by the knowledge that spherical aberration is worse with
higher-power IOLs;'" all of these factors could have contributed
to the measured loss of light at the detector in double-beam
mode. Moreover, since our calculations did not account for
spherical aberration, misalignment, or tilting of the IOL, our cal-
culations could be considered a best-case scenario for double-
beam measurements; even in the best case, the double-beam
mode has serious limitations.

Not only were integrating-sphere measurements consistent
with varying lens power, they were consistent over varying
temperature. Transmittance of IOLs did not change between
35°C and ambient temperature when measured with an
integrating sphere. Therefore, keeping IOLs at the ambient
temperature for transmission measurements not only is con-
venient and protective of the lens against temperature
fluctuations, but also is a good approximation of transmission
at physiological temperatures. Refractive indices are depen-
dent on temperature,m but the effect usually is small; in this
study, any temperature-induced effects were not detectable
when the integrating sphere was used.

For IOLs with surface light scattering, higher transmission
was detected by the integrating-sphere configuration than by
the double-beam configuration in all three cases. Differences
between explanted IOLs and their controls were not as consis-
tent: larger, equivalent, and smaller differences were detected
when integrating-sphere mode was compared with double-
beam mode. The shapes of the spectra with reduced transmis-
sion were consistent with the etiology of surface light scattering:
the nanovacuoles (subsurface nanoglistenings), as previously
described.? It is well known that scattering from small particles
or vacuoles (presences or absences in a refractive medium) is
higher at blue wavelengths than at red wavelengths, because
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small particles or vacuoles follow Raleigh-type scattering. The
higher reduction of transmission in the bluer regions is most
likely associated with subsurface nanoglistenings. The optical
qualities of IOLs with surface light scattering will be examined
in further detail in a forthcoming article, which will use only
integrating-sphere measurements, per the conclusions of
this study.

Our current results, which were specific to our setup, should
be generalizable to other double-beam spectrophotometers. Spec-
trophotometers in double-beam configuration have been widely
used to measure transmittance of flat materials and solutions
over a wide range of wavelengths. Our modeling and measure-
ment results indicated that caution should be given to measuring
an IOL in the double-beam configuration, since the optical power
of the IOL may change the divergence of beam and may lead to
significant energy loss on the detector, especially at high IOL
powers. In double-beam configuration, the beam size on the
detector would depend on the optical details of the system
setup, such as distances between optical components, detector
size, beam size, divergence of beam, and power of the IOL.
The PerkiElmer Lambda 35 UV/V is spectrophotometer in dou-
ble-beam setup was used for our modeling and measurements, but
similar conclusions would be expected for different configura-
tions from different manufacturers. Because of variations in
the transmittance measurements of IOLs when different spectro-
photometer brands and different double-beam optical configura-
tions are used, double-beam IOL transmittance cannot be easily
compared between different studies.

Unlike double-beam results, transmission spectra measured
by integrating sphere should translate better across different
laboratories. However, consistency of results from one type
of integrating sphere to another was not tested in the current
study. A Lab Sphere (PerkinElmer) 50-mm diameter integrating
sphere was studied and was demonstrated to be superior to the
double-beam mode, but integrating spheres from other manufac-
turers and with other diameters were not studied. For example,
Oriel brand integrating spheres are available from Newport
(Irvine, CA) with diameters of 51 to 203 mm. Whereas more
research should be conducted to compare consistency of mea-
surements from integrating spheres with various characteristics,
the current study is valuable in establishing the general super-
iority of integrating spheres over double-beam methods for mea-
suring the transmission of IOLs.

In conclusion, our results indicated that transmittance mea-
surements with integrating-sphere mode were consistent with
varying lens power and over varying temperatures. A double-
beam spectrophotometer may be useful for measuring total
transmittance of lower-power IOLs (up to ~24.0 D in our
experimental setup, though a different optical setup spectro-
meter could have a different range). For higher-power IOLs
(>24.0 D in our setup), either the double-beam setup should
be modified by incorporating a negative lens in the system or
by changing the distance between the IOL and the photodetec-
tor, or an integrating sphere configuration should be used to
eliminate variations due to spherical aberration and misalign-
ment of IOLs.
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