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PURPOSE. To investigate the effect of age on ultraviolet radia-
tion-B (UVR-B)–induced cataract and to detect the maximum
acceptable dose in rats of different age groups.

METHODS. Four age groups of 20 rats each, aged 3, 6, 10, and 18
weeks, were included. Each age group was divided into five
UVR-B dose subgroups. The rats were unilaterally exposed to
UVR-B (�max � 302.6 nm, �0.5 � 4.5 nm). The incident dose on
the cornea varied between 0 and 8 kJ/m2. One week after
exposure, the rats were killed, both lenses were extracted, the
intensity of forward light-scattering was measured, and photo-
graphs were taken. The sensitivity of the lens to UVR-B was
estimated as the maximum acceptable dose.

RESULTS. The maximum acceptable dose for 3-, 6-, 10-, and
18-week-old rats was estimated to be 1.4, 2.7, 4.3 and 5.2
kJ/m2, respectively.

CONCLUSIONS. Young rats were more sensitive to UVR-B than old
ones. Age should be considered when estimating the risk for
UVR-B–induced cataract. (Invest Ophthalmol Vis Sci. 2003;44:
1150–1154) DOI:10.1167/iovs.02-0541

In the present study, the impact of age on ultraviolet radia-
tion-B (UVR-B)–induced cataract was investigated.
Sunlight is the principal source of ultraviolet radiation

(UVR) for most of the world’s population. Depletion of the
stratospheric ozone increases the intensity of UVR. UVR is
considered one of the major risk factors for cataract.1–4 Several
studies have shown that sunlight increases the risk for cortical
cataract.5–7 A correlation between cortical cataract and expo-
sure to UVR was demonstrated in the Chesapeake Bay Study.8

Effects of UVR may be analyzed from different perspectives
(e.g., at molecular, cellular, tissue, individual, population, and
ecosystem levels).9 UVR damages the lens by disturbing cell
proliferation in the lens epithelium,10 by altering kinetic prop-
erties of enzymes in the energy metabolism,11 by increasing
insoluble and decreasing soluble protein,12,13 by inducing un-
scheduled DNA synthesis,14 and by disturbing the sodium
potassium balance and thereby the water balance in the
lens.15,16

One of the major difficulties in epidemiologic studies has
been quantification of exposure to UVR from the sun. In
addition to intensity of sunlight, the ocular dose depends on
other factors, such as the amount of time spent outdoors, the

environment, the use of ocular protection, and the use of
hats.3,4,17–19

Ocular sensitivity versus wavelength20–23 and exposure
time24 for UVR-induced cataract have been studied experimen-
tally in animals. In pigmented rabbits, Pitts et al.22 determined
the threshold dose for UVR in the most toxic wavelength
region, around 300 nm, to be 1.5 kJ/m2 for transient and 5
kJ/m2 for permanent lens damage. Deduction from animal data
to the human situation is always questionable. However, it is
the only option for development of empirically based safety
recommendations for avoidance of cataract after exposure to
UVR. With such knowledge, appropriate public health mea-
sures could be taken.25

The public health significance of UVR-induced cataract is
substantial. A possible thinning of the stratospheric ozone
would probably translate into a large number of cataract cases
worldwide. Safety limits for avoidance of UVR-induced cata-
ract, established by animal models will help to develop appro-
priate public health measures.

Safety limits for UVR-B–induced cataract have been based
on a dichotomous dose–response model, assuming that the
outcome of UVR-B exposure is limited to a binary response:
cataract/no cataract.22 In those studies, cataract was measured
qualitatively by slit lamp, with a grading scale. However, it has
recently been shown with quantitative measurements of cata-
ract that UVR-B–induced cataract has a continuous dose–
response function.26 For this reason, a new concept, maximum
acceptable dose (MAD) for avoidance of UVR-B cataract, was
developed for estimation of UVR-B toxicity in the lens (Fig. 1).27

Based on the dose–response function, MAD is defined as the
dose corresponding to a limit for pathologic forward light-
scattering. The limit for pathologic forward light-scattering is
settled arbitrarily, based on the frequency distribution of light-
scattering in normal unexposed lenses. The limit is defined so
that a certain fraction (�), of normal unexposed lenses scatter
light in the forward direction to an intensity above the limit.
The magnitude of the fraction is a parameter that has to be
settled and is given as an index to MAD1��.

The purpose of the present study was to determine the
dependence of MAD on age.

MATERIALS AND METHODS

The experimental animal was the albino Sprague-Dawley outbred rat.
All animals were treated in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. Animals were
exposed to UVR-B in vivo, kept a week after exposure, and then killed
for measurement of forward light-scattering.

Experimental Devices

The radiation from a high-pressure mercury lamp (HBO 200 W; Osram,
Munich, Germany) was collimated, passed through a water filter and
then a double monochromator (�max � 302.6 nm, �0.5 � 4.5 nm), and
finally projected on the cornea of the exposed eye.28 Irradiance was
measured with a thermopile (model 7101; Oriel, Stratford, CT) in the
corneal plane. The thermopile had been calibrated to a standard es-
tablished by the U.S. National Bureau of Standards. The radiant expo-
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sure varied between 0.25 to 8 kJ/m2 in the corneal plane, depending
on the age group.

The amount of cataract was quantified as forward light-scattering.
The intensity of forward light-scattering was measured with a light-
dissemination meter.29 This instrument uses the principle of dark-field
illumination. The object to be measured is transilluminated from below
at an angle of 45° against the horizontal plane of the object. Above the
object, light is collected and focused on a photodiode. If the light
impinging on the object to be measured at 45° is directly transmitted,
the transmitted light is lost outside the collecting optic. If there is
forward light-scattering in the object, a fraction of that light is focused
on the photodiode and gives rise to a signal. The instrument was
calibrated with a standard lipid emulsion of diazepam (Diazemuls;
KabiVitrum, Stockholm, Sweden) and the primary unit of intensity of
forward light-scattering was therefore expressed as transformed equiv-
alent diazepam concentration (tEDC).29

Experimental Procedure

Ten minutes preceding the exposure, the animals were anesthetized
with a mixture of 95 mg/kg ketamine and 14 mg/kg xylazine, injected
intraperitoneally, as recommended by Wixson et al.30 Five minutes
after the injection, mydriatic tropicamide was instilled in both eyes.
After another 5 minutes, one eye of each animal was exposed to a
narrow beam of UVR-B that cover only the cornea and the eyelids. The
exposure time was 15 minutes.24

One week after exposure, the animals were killed with an overdose
of carbon dioxide. The eyes were enucleated, and both lenses were
extracted and placed in balanced salt solution (BSS; Alcon, Ft. Worth,
TX). Remnants of the ciliary body were removed from the lens equator
under a microscope. The side (left or right) of the exposed eyes was
masked to the measurement operator. Photographs were taken of each
lens against a dark background with a white grid. Finally, the intensity
of forward light-scattering was measured.

Experimental Design

The experimental design is given in Figure 2. Four groups of twenty
rats aged 3, 6, 10, and 18 weeks were used. Each group was subdivided
into five dose subgroups of four rats. The subgroups were assigned to
0, 21/2, 20, 21, and 22 expected MAD0.975. The expected MAD0.975 was,
based on a pilot experiment, 0.75, 1, 1.5, or 2 kJ/m2 for 3-, 6-, 10-, and
18-week-old rats, respectively. The exposure time was 15 minutes. The
intensity was 0 to 0.9 mW/cm2 at the corneal level. In each rat, one eye
was exposed to UVR-B while the contralateral eye was kept unex-
posed. Side exposed to UVR-B as well as radiant exposure received was
alternated in a controlled fashion throughout the experiment to avoid

bias. The intensity of forward light-scattering was measured three
times in each lens.

MAD Estimation

The intensity of forward light-scattering (y), as a function of UVR-B
dose received (x) in all the rats within an age group were fitted to a
second-order polynomial omitting the first order term as described by
Michael et al.27

y � a � kx2 (1)

MAD was estimated as outlined in the introduction (Fig. 1). The
mean (�) and the SD (�) for normal nonexposed control lenses were
estimated in each age group from the readings of the intensity of
forward light-scattering for the contralateral nonexposed lenses. The
limit between normal and pathologic light-scattering was then calcu-
lated from the standardized normal distribution setting the risk for
wrong classification of a normal lens as pathologic to 2.5%

yLimit � �̂ � 1.96 �̂ (2)

Finally, the MAD (in this case, thus, MAD0.975) was read on the
dose–response function as the dose corresponding to the limit be-
tween pathologic and normal light-scattering.

RESULTS

One lens in the dose subgroup of rats receiving 0.25 kJ/m2 in
the 3-week age group was damaged when the remnants of the
ciliary body was removed from the equator. This lens was
excluded from the study.

Examination of backscattered light in the stereomicroscope
demonstrated that 3-week-old rats, after receiving 2 kJ/m2,
exhibited development of more cataract than the other age
groups after receiving similar doses (Fig. 3).

In the lenses exposed from the 3-week-old rats, the anterior
pole appeared rough and hazy, and the lens equator showed
dense opacities. In the lenses exposed from the 6-and 10-week-
old rats, there were light opacities at the equator (Fig. 3,
arrow). The backscattered light from the lenses from the 18-
week-old rats was impossible to differentiate macroscopically
from that of the lenses not exposed to UVR-B.

The images in Figure 3 also illustrate the growth of the lens
with age. The distance between the white wires was 0.79 mm.
The mean diameter of lenses from 3-week-old rats was 3.6 mm;
from 6-week-old rats, 4.0 mm; from 10-week-old rats, 4.4 mm;
and from 18-week-old rats, 4.6 mm.

The intensity of forward light-scattering measured in the
different age groups after 2 kJ/m2 UVR-B is given in Figure 4.
The regression line for each age group was estimated based on
equation 1. The inset in Figure 5 shows individual data and
regression line for the 6-week-old group. The dose–response
functions for UVR-B–induced cataract for the four age groups
examined indicated that lenses in young rats had a higher level
of light-scattering than old rats at the same dose of UVR-B (Fig.
5). Each curve in Figure 5 is the linear regression fit of the
experimental data obtained by equation 1.

FIGURE 1. Maximum acceptable dose concept, according to Mi-
chael.27 Left function: frequency distribution for nonexposed control
lenses, where � (arrow) is the probability for a nonexposed control
lenses to be classified as pathologic. Dashed line: limit between phys-
iological and pathologic light-scattering. Right function: dose–re-
sponse function. Arrow: Maximum acceptable dose (MAD1��).

FIGURE 2. Experimental design.
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Because, for each age group the experimental error in-
creased with increasing dose, the estimation of the regression
line is valid but the estimation of the residual variance is
mathematically invalid. For this reason, the regression line, but
not its confidence intervals, is given in Figure 5.

The homogeneity of the variation of light-scattering for
contralateral nonexposed lenses among age groups, was tested

with Bartlett’s test. The result showed that there is a statisti-
cally significant difference among age groups (P � 0.05).
Therefore, the frequency distribution for light-scattering in
normal contralateral nonexposed lenses was estimated sepa-
rately for each age group. MAD0.975 was estimated to be 1.4,
2.7, 4.3, and 5.2 kJ/m2 for the 3-, 6-, 10- and 18-week-old rat
groups, respectively (Fig. 6). It should be noted that MAD0.975

was almost four times lower for 3-week-old rats than for 18-
week-old rats.

One week after exposure to UVR-B, corneal damage in-
creased with increasing radiant exposure. Most rats exhibited
corneal edema and opacities. However, 3-week-old rats had
more severe corneal damage than older rats after the same
radiant exposure. Anterior chamber hemorrhage (Fig. 7, arrow-
head) was found after 2 kJ/m2 UVR-B in the group of 3-week-
old rats but not in any other age group.

DISCUSSION

In the current study, the age dependence of sensitivity of the
ocular rat lens to in vivo exposure to UVR-B was determined.
Sprague-Dawley rats were selected for this study because they
are available at uniform size in large numbers and they provide
a good model to gather primary empiric information that can
serve as a basis for further studies. It should be pointed out,
however, that the rat as an experimental model for damage
from optical radiation has several limitations: It is nocturnal
and the dimensions of the eye tissues are very different from

FIGURE 3. Backscattering of light from isolated rat lenses 1 week after
in vivo exposure to UVR-B; 3, 6, and 18 weeks: 2 kJ/m2; 10 weeks: 1.5
kJ/m2. (There was no 2 kJ/m2-exposure in the 10-week age group; the
closest dose was 1.5 kJ/m2.)

FIGURE 4. Light-scattering measurements for rats of different ages
after 2 kJ/m2 UVR-B: (�) 3 weeks of age; (Œ) 6 weeks of age; (f) 10
weeks of age; (F) 18 weeks of age.

FIGURE 5. Dose–response functions for UVR-B–induced cataract as a
function of rat age.
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the human. The rat eye has a thinner cornea than the human
eye, and therefore, due to higher transmittance is expected to
have a higher sensitivity to UVR-B. Data from more species are
required before the details of the age aspect can be conclu-
sively settled and interpreted to human exposure.

Empiric data on toxicity of UVR-B in the human lens can be
derived only from in vitro experiments on isolated human
lenses. In vitro experiments, however, have the drawback of
the lack of co-reactivity with surrounding tissues. Therefore, it
is necessary to perform in vivo experiments in animals to
derive an empiric foundation for safety standards. We believe
that, in general, the significance of an examined aspect of
safety increases if the aspect can be demonstrated in several
species. In the current study, age was an important variable for
prediction of UVR-B toxicity in the rat lens after a close-to-
threshold dose.

When risk is estimated for damage to the eye from optical
radiation, energy application (intensity, exposure time and
exposure pattern) and spectral radiance are essential. The
currently accepted strategy for risk estimation is based on
adding the individual spectral components of a source while
weighting each spectral component with its relative biological
efficiency according to the action spectrum. In the present
study, we chose to use UVR-B in the 300-nm wavelength region
and exposure for 15 minutes, because the lens has a maximum
sensitivity in this wave band22,23 and this exposure time.24

However, we would like to point out that for the highest dose
used in present experiment was 8 kJ/m2, for 15 minutes ex-
posure, the intensity was 0.9 mW/cm2 at the corneal level. This
intensity was 10 to 100 times higher than the expected irradi-
ation of the human cornea in sunlight.

The current safety limits estimation for UVR-B–induced
cataract was based on slit lamp observations and assuming a
binary dose–response model.22 MAD was introduced based
on the objective observation and is based on the notion that
UVR-B–induced cataract has a continuous dose–response
model.26 There are some limitations for estimation of MAD,
because the mean and the SD for normal nonexposed control
lenses were estimated from limited samples of contralateral
nonexposed eyes (n � 20), the probability for wrong classifi-
cation of a normal lens as pathologic is in the strict statistical
sense not exactly known. However, the strategy for estimation
of MAD is a practical objective method for estimation of UVR-B
toxicity and provides useful information on the relative toxicity
for the ages measured.

In the present study, MAD0.975 was estimated to be 2.7
kJ/m2 in 6-week-old rats. This closely agrees to the previous
estimates of MAD in 6-week-old rats.23

The higher sensitivity to UVR-B presently found in young
individuals may be due to a thinner cornea that thus transmits
more UVR-B. This is supported by measurements of the trans-
mittance of the cornea at 300 nm in mouse (81%), rat (76%),
rabbit (71%), and man (63%).31 Further, it was shown that
UVR-B at 300 nm penetrates only approximately 0.5 mm in the
lens (intensity � 1/e2 of original).32 It may be that the zone
penetrated includes a biologically more important part of the
young than of the old lens.

Michael et al.,33 found that there is frequent occurrence of
TUNEL-positive cells in the germinative zone after exposure to
UVR-B in the 300-nm wavelength region. The high rate of cell
division in the germinative zone in the young lens may render
the young lens more sensitive to UVR-B–triggered DNA frag-
mentation. Further, the young lens requires more protein syn-
thesis that includes a biologically more important part of the
young than of the older lens.12,34 Sidney Lerman35 exposed
young (first decade) and old (seventh decade) normal human
lenses to low level (�0.1 kJ/cm2) broad band UVR-B (300–400
nm) and found that the �-crystallins were significantly affected
by UVR-B in young lenses, whereas the aged lens proteins
appeared to be relatively unaffected by this degree of UVR-B
exposure.

Today, age is not considered in toxicity estimates for avoid-
ance of cataract after exposure to UVR-B. The present finding
that MAD for avoidance of UVR-B–induced cataract strongly
depends on age (Fig. 6) implicates that, in the future, age
should be considered in safety estimations for avoidance of
cataract from UVR-B. We also feel that until better data are
available, the current data should be considered in toxicity
estimates for avoidance of UVR-B cataract after exposure to the
sun as well as to artificial sources.
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