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ABSTRACT

This paper reviews previous work done to demonstrate the clinical relevance of the measurement of blue-
green autofluorescence and light transmission of the ocular lens (A=450 to 550 nm). These can be determined
quantitatively with fluorophotometry in a few seconds. Autofluorescence and transmission values are deter-
mined in healthy volunteers, in patients with insulin-dependent diabetes mellitus, and in patients with un-
treated glaucoma or untreated ocular hypertension. The lens autofluorescence of healthy volunteers increased
linearly and transmission decreased exponentially with age. Each year of diabetes induced an increase of
autofluorescence equal to one extra year of age. Untreated glaucoma or ocular hypertension had no signifi-
cant effect on lens autofluorescence and transmission. Increased autofluorescence and decreased transmission
values in comparison with values of a healthy population are proved to be indicative for an increased risk of
developing cataract and the clinical usefulness of these measures is demonstrated. Diabetes is a risk factor for
developing cataract while untreated glaucoma or ocular hypertension is not. © 199 Society of Photo-Optical Instrumen-

tation Engineers.
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1 INTRODUCTION

The healthy human lens is a coherent structure con-
taining about 60% water and 38% proteins, mainly
crystallins. The essential refractive and accommo-
dative properties of the lens are derived from the
variable curvature of this structure.’
Photo-oxidation of lens proteins by chronic UV,
UV-A, or visible light results in oxidized forms of
these proteins, which cross link to other proteins,
causing opacities or pigment formation. These pro-
teins remain in the eye for the entire human life
span with little or no turnover.>® Consequently the
resultant changes are cumulative, leading to age-
related coloration of the lens* and presumably for-
mation of the most common types of age-related
cataract (cortical, nuclear, or posterior subcapsular
cataract).”” Cataract is a partial or total opacifica-
tion of the normally clear ocular lens, leading to
reduced visual clarity and ultimately to blindness.
Concomitantly, fluorescent pigments accumulate
in the human lens partly as by-products of the
photo-oxidation of tryptophan and other
substances.® ' As a result of this accumulation, ag-
ing of the lens is associated with an increase in fluo-
rescence emission at A=~420 nm, originating from

crystallins, and at A=~530 nm, originating from yet-
unknown proteins.®

An increased lenticular autofluorescence at
A~530 nm and a decreased lens transmission at
A=450 to 550 nm have been proved to be indicative
for an increased risk of cataract formation.''™*
Cataract is supposed to start gradually in a healthy
lens, most likely resulting in a simultaneous in-
crease in the autofluorescence. On the other hand,
an increased lenticular autofluorescence at A=~420
nm was found not to be an indicator of
cataractogenesis.'

Few quantitative in vivo methods have been de-
scribed that are based on a comparison of lens fluo-
rescence with a fluorescence standard,'* on mi-
crodensitometric  analysis  of  slit  lamp
photographs,'>*® or on scanning of the lens with a
fluorophotometer.”” The studies described in this
paper are a summary of earlier papers on the sub-
ject and concern measurements of lens autofluores-
cence and lens transmission (A\=450 to 550 nm) per-
formed with a scanning fluorophotometer. The
measurements were done in patients with diabetes
mellitus, primary open-angle glaucoma, and ocular
hypertension since these patients are known to de-
velop cataract prematurely. The results were com-
pared with those in healthy volunteers.
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Fig. 1 Top: Principle of fluorophotometry. A beam of blue excita-
tion light is projected in the eye and the green fluorescence is
viewed along a "“looking beam.” In this way only fluorescence at
the intercept of both “‘beams’” (black diamond) is measured. This
intercept is moved in steps from the posterior side of the lens up to
the cornea. Bottom: The fluorescence profile obtained by stepwise
fluorescence measurements along the optical axis of the eye. The
upper thick and lower thin curves represent the fluorescence profile
of healthy volunteers aged 59 and 27 years, respectively. F, and
F, are the anterior and posterior lens fluorescence peaks, respec-
tively. The fransmission values calculated were 0.88 and 0.93,
respectively. A.C.: anterior chamber of the eye.

2 METHODS

2.1 LENS AUTOFLUORESCENCE

The lens autofluorescence measurements were per-
formed with a commercially available scanning
fluorophotometer (Fluorotron Master, Ocumetrix,
Mountain View, California) fitted with a ~2.5X
magnifying lens (“anterior segment adapter”) for
detailed scanning of the lens, anterior chamber, and
cornea. Measurements were done within 1 min
without use of mydriatics, contact lens, or fluores-
cein. Autofluorescence excited by a beam of con-
tinuous light (A\=450 to 500 nm) was scanned along
the optical axis of the eye in steps of 0.1 mm by
moving the internal lens system of the fluoropho-
tometer by a computer-controlled motor (Figure 1,
top). The wavelengths of excitation and detected
fluorescence light were set by color filters with peak
transmissions at 490 and 530 nm, respectively. The
fluorescence intensity measured, expressed in
equivalents of fluorescein concentration (ng.
eq.ml™), was recorded as a function of the distance
in the eye (Figure 1, bottom). To avoid loss of exci-
tation and fluorescent light by scatter and absorp-
tion within the lens,'’™'? the peak value of axial au-
tofluorescence in the anterior part of the lens was
used as the parameter for lens fluorescence. The
values measured were independent of the observer
and the intraindividual variability was within 3%.?
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2.2 LENS TRANSMISSION

Lens transmission is defined as the light intensity
fraction of a narrow beam that passes through the
lens along its optical axis.'®!” The assessment of the
light transmission of the ocular lens is derived from
a principle suggested by Zeimer and Noth." It is
based on the assumption that the peak quantum
efficiency for autofluorescence is about equal in the
anterior and posterior part of the lens since the lens
has a symmetric structure consisting of homoge-
neous layers around its nucleus.”” Consequently,
any difference in fluorescence intensity between
both parts can be attributed to a loss of exciting as
well as fluorescent light by scatter and by absorp-
tion in the lens nucleus and cortex. The lens trans-
mission for A=450 to 550 nm, T, can then be ap-
proximated by the equation

T:\/Fp/Fa (1)

where F, and F, are the values of the relative peak
autofluorescence in the anterior and posterior part
of the lens, respectively (Figure 1). From this equa-
tion, it follows that a certain transmission value can
occur with a low as well as with a high average lens
autofluorescence value. The validity of the assump-
tion concerning an equal fluorescence quantum ef-
ficiency in the anterior and posterior part of the lens
was verified by in vitro measurements of peak fluo-
rescence efficiency in both parts of donor lenses (N
=7, age 24 to 85 years).'® Note that the lens trans-
mission can be measured in vivo in a few seconds
with no burden to the patient.

3 STATISTICAL EVALUATION

3.1 EVALUATION OF FLUOROPHOTOMETRIC
RESULTS

Several statistical procedures were used to evaluate
fluorophotometric results. The lens autofluores-
cence values of healthy volunteers as a function of
age could be approximated by a linear function
with the use of a weighted linear regression proce-
dure using squared inverse age as a weighting
function.’ The values of lens transmission in
healthy volunteers as a function of age could be
approximated by a single exponential decay'® with
the use of a least-squares approximation procedure
based on the gradient expansion algorithm of
Marquardt.?!

3.2 NORMALIZATION FOR NORMAL AGE
DEPENDENCY

To make a comparison of lens autofluorescence or
transmission values among various (patient)
groups possible, each value was normalized for
normal age dependency. The normalization was
done by taking the ratio between the value mea-
sured and the value expected for a healthy control
of the same age. This expected value was calculated
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Fig. 2 Autofluorescence of the lens of healthy volunteers as a func-
tion of age. Each square represents the average value of both eyes.
The solid and dotted lines represent the mean value and the 95%
probability limits and were obtained by a weighted linear regres-
sion procedure to the data points. The data points were obtained
from Bleeker et al., Invest. Ophthalmol. Vis. Sci. 27, 791-794
(1986) and van Wirdum et al., Graefe’s Arch. Clin. Exp. Ophthal-
mol. 227, 26-29 (1989).

using an approximating function describing the
values for healthy controls as a function of age. A
comparison between patients and age-matched
healthy controls could not be used because of the
large interindividual spread in the values of indi-
viduals of the same age and category.

3.3 COMPARISON AMONG GROUPS

The Student two-tailed ¢ test was used to evaluate
the significance level between two groups if the
age-normalized values were normally distributed;
otherwise the nonparametric Mann-Whitney test
with corrections for tied ranks was used.?? Normal
distribution was assessed with the d’Agostino test
for departure of normality.*

4 RESULTS

4.1 LENS AUTOFLUORESCENCE OF HEALTHY
INDIVIDUALS

The autofluorescence of the anterior part of the lens
as a function of age is presented for healthy volun-
teers in Figure 2% These volunteers were re-
cruited from co-workers and their families in
Leiden, The Netherlands; had no general diseases;
and showed no ocular diseases on slit lamp exami-
nation. The solid line in the figure corresponds with
the course of the average lens autofluorescence as a
function of age. The spread in the values was found
to increase linearly with age and was accounted for
in the statistical evaluation. Each point in the figure
represents the mean value of both eyes since the
values of the left and right eyes were found to be
strongly correlated.’ The regression procedure re-
vealed that the expected value of lens fluorescence,
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Fig. 3 Lens fransmission (A=450 to 550 nm) in healthy volunteers
as a function of age. Each square represents the average value of
both eyes. The solid and dotted lines represent the mean value and
90% probability limits and were obtained by a leastsquares ap-
proximation procedure to a single exponential decay. The broken
line corresponds to the mean transmission value of donor lenses as
calculated from the data of Weale [R. A. Weadle, J. Physiol. (Lond.)
395, 577-587 (1988)]. The data points were obtained from van
Best et al., Invest. Ophthalmol. Vis. Sci. 26, 532-536 (1985) and
van Wirdum et al., Graefe’s Arch. Clin. Exp. Ophthalmol. 227,
26-29 (1989).

F, (in ng.eq.fluorescein.ml™), of a healthy control
can be related to age A (in years) by the equation:

F,=Fo+F,xXA )

F, was -121 ngeqml’ and F, was 59
ng.eq.ml™".y . The correlation coefficient was 0.96
and the slope of the line differed significantly from
zero (P<0.0001). The value of F, differed signifi-
cantly from zero as well (p=0.002) and corre-
sponded to an increase in lens autofluorescence
starting at the age of 2.

Similar measurements using an identical fluoro-
photometer were also performed in Coimbra,
Portugal.'” The sensitivities of the instruments in
Leiden and in Coimbra were checked by measuring
the autofluorescence values of the lenses of the
same volunteer. In Coimbra, F, was -62.2
ng.eq.ml™ and F, was 9.14 ng.eq.ml".y™". The cor-
relation coefficient was 0.86. The regression line of
the Portuguese controls was significantly higher
(p<0.001) but just within 2 SD of that of the Dutch
controls. A similar relationship has been found for
a third group in California:** F, was -63.5
ng.eqml™ and F, was 8.0 ng.eq.ml L.y".

4.2 LENS TRANSMISSION IN HEALTHY
INDIVIDUALS

The lens transmission of 93 healthy volunteers
without noticeable cataract is presented as a func-
tion of age in Figure 3."%% Each data point repre-
sents the average value of left and right eyes since
the values of both eyes were strongly correlated
(correlation coefficient 0.94, p<0.0001). It can be
concluded that the lens transmission of healthy in-
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dividuals decreases slowly with age up to about 50
years. After this, it decreases rapidly. The transmis-
sion values could be approximated by a single ex-
ponential function:

T(A)=To[1—exp((A—tg) /tu)] (3)

where T(A) is the lens transmission, A is age in
years, and T, ty, and t,, are constants with values
of 0.985, 115, and 23.0, respectively. These values
were obtained by a least-squares, curve-fitting
procedure.”! The coefficient of relative deviation
was 6.1%. The transmission curve is comparable to
that calculated from the absorbance curve of hu-
man donor lenses obtained by R. A. Weale,” (Fig-
ure 2, A=500 nm in Ref. 25; broken line in Figure 3):

T(A)=exp(—D(A)-In10) (4a)

D(A)=D(0) X exp(BA) (4b)

where D(A)=absorbance of the lens, A=age (years),
D(0)=0.0907, and B=0.02. Note that Eq. (3) repre-
sents an approximating function corresponding
reasonably with the values measured up to the age
of 95 and that the number of healthy noncatarac-
tous lenses for individuals over 75 is low and may
have a considerable impact on the curve fitting.

4.3 CHECK OF THE EFFECT OF UV-A ON
LENS AUTOFLUORESCENCE

A special study on the effect of UV-A irradiation on
autofluorescence of the ocular lens was performed
in an animal model.?® In this study, rabbit lenses
were irradiated and the lens fluorescence was de-
termined in vivo by fluorophotometry. The light
source was a slide projector containing a standard
tungsten-halogen bulb (24 V, 250 W) and three IR-
blocking filters. The irradiated central lens area was
about 4 mm?. The maximum power of the white
light, including UV-A, (Figure 4) on the lens was 1.2
W cm™. By means of a UV bandpass filter, a maxi-
mum UV-A power of 0.015 W cm™ could be deliv-
ered on the lens. The eyes were exposed for 15 min
up to 180 min.

The lens autofluorescence was found to increase
linearly with the UV-A energy (Figure 5; correlation
coefficient 0.86; p<0.0001). The increase amounted
to 0.041 ng.eq.ml_l per Jem™. A significant increase
in autofluorescence was observed only if UV-A was
present (p<0.005). The simultaneous exposure to
high-intensity white light (1.2 W/cm™ of white
light to about 0.007 W/cm™ of UV-A) did not alter
the effect of the UV-A light (Figure 5). The in-
creased autofluorescence values were found to re-
turn to normal within 4 days. Note that the inter-
cept of the regression line in the figure did not
differ significantly from the autofluorescence of the
nonexposed rabbit lens, indicating the absence of a
threshold energy for lens alterations by UV-A.
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Fig. 4 Relative light intensity as a function of the wavelength of the
tungsten halogen lamp used to irradiate rabbit lenses. The thin line
represents the total spectrum (excluding IR) and the thick line the
UV-A spectrum as obtained with a bandpass filter. The data were
obtained from van Vreeswijk et al., Exp. Eye Res. 56, 349-354
(1993).

These results clearly demonstrated that UV-A light

significantly increases lens autofluorescence in the
rabbit.

4.4 LENS AUTOFLUORESCENCE OF
DIABETES PATIENTS

The lens autofluorescence values of insulin-
dependent diabetes patients is presented as a func-
tion of age in Figure 6.3* These patients were re-
cruited from the outpatient department of the
clinic, had no disease except diabetes, and no signs
of cataract on slit lamp examination. The relation-
ship of the anterior lens autofluorescence (F, in
nanogram equivalents of fluorescein ml™!) with age
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Fig. 5 Autofluorescence of rabbit lenses as a function of the UV-A
energy delivered. Open and solid squares: irradiated eyes and
nonirradiated contralateral eyes, respectively. Solid and dotted
lines: mean value and 95% probability limits for the line obtained
with a linear regression procedure fo the data points representing
irradiated eyes. Broken line: mean value of the nonirradiated eyes.
Bars: standard deviation of the measurements. Double squares:
eyes that were irradiated concomitantly with white light (13 kJ
cm™?). The data were obtained from van Vreeswiik et al., Exp. Eye
Res. 56, 349-354 (1993).
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Fig. 6 Autofluorescence of the lens as a function of age in diabetic
patients. A subdivision was made to the duration of diabetes: open
triangles, <6 years; solid triangles, é to 15 years; crosses, >15
years. Solid and dotted lines: mean value and 95% probability
limits for healthy controls. The data points were obtained from
Bleeker et al., Invest. Ophthalmol. Vis. Sci. 27, 791-794 (1986)
and van Wirdum et al., Graefe’s Arch. Clin. Exp. Ophthalmol.
227, 26-29 (1989).

(A in years) and diabetes duration (D in years) was
investigated by multiple regression analysis with
the same weighting system used for the healthy
controls. The analysis revealed the following equa-
tion:

F,=—69.3+7.98x A+8.78xD. ()

The coefficient for age and that for duration of dia-
betes differed from zero (7.98, p<0.001 and 8.78,
p<0.001, respectively). This is illustrated in Figure 6
by using different symbols for three groups accord-
ing to duration of diabetes. Roughly speaking, one
can say that each year of diabetes corresponds with
one extra year of age.

The value of lens autofluorescence for each indi-
vidual was normalized for normal age dependency
by calculating the ratio between the value mea-
sured and the value calculated using Eq. (2) (Table
1). The ratios of the three diabetes groups differed
significantly from the ratios of the healthy controls
(Mann-Whitney test, p=<0.001). The differences
among the diabetes groups were also significant
(p<0.006) except between patients with a diabetes
duration of less than 6 years and those between 6
and 15 years, respectively (p>0.2).

4.5 LENS TRANSMISSION OF DIABETIC
PATIENTS

The lens transmission values of diabetic patients
are presented as a function of age in Figure 7.7 Tt
can be seen that the deviation from the values for
healthy controls (solid line in the figure) is larger
for the group who had diabetes in excess of 10
years (squares) than for the group with a lower du-
ration (triangles). One can roughly estimate that the
sharp decrease in transmission value in patients

FLUORESCENCE AND TRANSMISSION OF THE OCULAR LENS

Table 1 Lens autofluorescence of diabetic patients.

Age-normalized® lens autofluorescence

Group Number ~ Mean=SD P value®

Diabetics® 38 1.40+x0.34  <0.0001
(duration <6 years)

Diabetics® 17 1.48+0.39 0.0001
(duration 6-15 years)

Diabetics® 19 1.95+0.57  <0.0001
(duration >15 years)

Healthy controls 66 1.00+£0.22 —

¢ Value measured divided by value calculated for a healthy control of the
same age.

b Two-sided Mann-Whitney test between patient group and healthy controls.

¢ Insulin-dependent diabetes mellitus patients.

with diabetes in excess of 10 years occurs about 15
years earlier than in healthy controls."” The lens
transmission values normalized for normal age de-
pendency with the use of Eq. (3) are presented in
Table 2. The values of the patient groups differed
from those of healthy controls (Mann-Whitney test,
P<0.02). The difference between both patient
groups was also significant (p<0.001).

4.6 LENS AUTOFLUORESCENCE AND
TRANSMISSION IN GLAUCOMA OR OCULAR
HYPERTENSION PATIENTS

The lens autofluorescence and transmission values
of patients with newly detected, untreated, primary
open-angle glaucoma (POAG; patients with optic
nerve damage, visual field defects and an ocular
pressure above 21 mm Hg) or ocular hypertension

Lens transmission

Mo——= 2 % 0

Age (y)

Fig. 7 Lens transmission for blue-green light as a function of age in
diabetic patients. A subdivision was made to the duration of dia-
betes: triangles, <10 years; squares, >10 years. Solid and dotted
lines: mean value and 95% probability limits for healthy controls.
The data points were obtained from van Best et al., Invest. Oph-
thalmol. Vis. Sci. 26, 532-536 (1985) and van Wirdum et al.,
Graefe’s Arch. Clin. Exp. Ophthalmol. 227, 26-29 (1989).
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Table 2 Lens transmission of diabetic patients.

Age-normalized® lens transmission

Group Number Mean=SD P value®

Diabetics® 68 0.98+0.045 0.024
(duration <10 years)

Diabetics® 50 0.91+0.113  <0.0001
(duration >10 years)

Healthy controls 93 1.00+0.056 —

° Value measured divided by value calculated for a healthy control of the
same age.

b Two-sided Mann-Whitney test between patient group and healthy controls.
¢ Insulin-dependent diabetes mellitus patients.

(OHT; patients with intraocular pressure above 21
mm Hg) were compared with the values for healthy
controls.” All fluorescence and transmission values
were normalized for age dependency by taking the
ratios between the measured values for each par-
ticipant and the calculated values for a healthy con-
trol of the same age [Egs. (2) and (3)]. The results
are presented in Tables 3 and 4. The mean age-
normalized autofluorescence and transmission val-
ues for the POAG and the OHT patients did not
differ significantly from the values for healthy con-
trols (Student two-tailed ¢ test; p=0.2).

5 DISCUSSION

5.1 HEALTHY CONTROLS

The increase in lens autofluorescence (A=530 nm) in
healthy controls starting from early childhood and
continuing during life supports theories dealing
with UV light-induced photochemical generation of
fluorescent proteins, a process likely to start di-
rectly after birth. The 55% higher increase in lens

Table 3 Lens autofluorescence of glaucoma and ocular hyperten-
sion patients.

Age-normalized® lens autofluorescence

Group Number Mean=SD P value®

Glaucoma patients® 16 1.06+0.27 0.6

Ocular hypertension 22 1.04+0.25 0.7
pclﬁentsd

Healthy controls 24 1.01+0.25 —

° Value measured divided by value calculated for a healthy control of the
same age.

b Two-sided Student # test between patients and healthy control groups.
¢ Untreated open-angle glaucoma patients.

d Untreated ocular hypertension patients.
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Table 4 Lens transmission of glaucoma and ocular hypertension
patients.

Age-normalized® lens transmission

Group Number Mean=SD P value®

0.96+0.08 0.3

Glaucoma patients® 16

Ocular hypertension patients® 22 0.96=0.09 0.2

Healthy controls 24 1.00+0.14 —

° Value measured divided by value calculated for a healthy control of the
same age.

b Two-sided Student f test between patients and healthy control groups.
¢ Untreated open-angle glaucoma patients.

d Untreated ocular hypertension patients.

autofluorescence as a function of age in the Portu-
guese group in comparison with the Dutch group
may be attributed to an increased exposure to UV
radiation in the Portuguese population since Coim-
bra is situated at a lower latitude than Leiden (40
deg and 52 deg northern latitude, respectively). The
susceptibility to UVA found in vivo in rabbit lenses
tends to confirm this assumption and provides fur-
ther evidence that low-intensity UV-A exposure to
the human lens should be avoided, especially when
taking into account the probability that the primate
lens is more susceptible to UV-A than the rabbit
lens.

The lens transmission was found to remain con-
stant up to the age of 50 and started to decrease
hereafter. The lower transmission values in donor
lenses found by Weale may be attributed to the
enucleation process and the postmortem period.

5.2 PATIENTS

The increase of lens autofluorescence value as a
function of age was significantly higher in diabetes
patients than in healthy controls. The extra increase
in fluorescence as a result of 1 year of diabetes was
about as large as 1 year of aging in healthy controls.
The decrease in lens transmission values in diabetes
patients occurred about 15 years earlier than in
healthy controls. This study supports the assump-
tion that diabetes is an important risk factor for the
development of cataract and that this risk factor be-
comes more important the longer one has diabetes.

The mean age-normalized lens autofluorescence
and transmission values of the untreated POAG
and untreated OHT patients differed less than 5%
from those of healthy controls (P=0.2). This implies
that neither untreated glaucoma nor ocular hyper-
tension are associated with an increased risk of de-
veloping cataract in the axial region of the lens.
Changes outside this region may not be evident
since fluorophotometry scans only a small region
along the optical axis of the eye. The results are
supported by those of a previous study® in which



the incidence of cataract in a healthy and a glau-
coma population treated with pilocarpine or carba-
choline only did not differ significantly.

The results presented here contrast with those of
another study in which glaucoma was identified as
a powerful and independent risk factor for cataract
and was held responsible for 5% of all cataracts re-
ported in England.” However, this study con-
cerned medically and/or surgically treated glau-
coma patients, which may have biased the study
outcome. Some topical antiglaucomatous medica-
ments such as strong miotics were held responsible
for inducing cataract.*>*' Surgical drainage proce-
dures also have been recognized as a factor contrib-
uting to the development of cataract’®*'™ or as a
cataract accelerating factor.*

6 CONCLUSIONS

The studies presented here demonstrate the clinical
value of fluorophotometry of the ocular lens. Fluo-
rophotometry is a noninvasive measurement per-
formed by nonspecialized personnel in a few sec-
onds. The measurement is painless, easy to
undergo, does not require the use of drugs or con-
tact lenses, and does not tire or alarm the patient. It
provides a quantitative evaluation of the probabil-
ity for developing cataract. The results show that
age, exposure to UV-A light, and diabetes are risk
factors. On the other hand, the results demonstrate
that having untreated OHT or POAG may not be a
risk factor for developing cataract, while the treat-
ment of the disease probably is.
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