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ABSTRACT

We have developed a new lens measurement system (LMS) that simultaneously measures the intensities of
fluorescence and Rayleigh components at various distances into the lens along the optical axis. The noninva-
sive measurement is performed through an undilated pupil, and with the assistance of a pupil tracking
system that facilitates maintaining the x and y positions of the sample volume (ca. 300 um in length, 600 um
high, and 80 um wide) to within =100 um of any programmed ““lock” position. The intensity of the Rayleigh
component that is used to normalize the measured fluorescent signal serves to correct the attenuation effects
due to absorption and lens light scatter (Mie-Tyndall type). This report, resulting from a SpectRx Site L
clinical study using a refined instrumentation (SpecRx Scan V), presents analysis of fluorescence and Rayleigh
data from the lenses of 923 controls and 239 diabetic subjects (45 Type I and 194 Type II) ranging from 23 to
75 years old. Fluorescence and Rayleigh data have been obtained via confocal mode from various locations
nominally along the lens optical axis (the true trajectory of a sample volume could be shown in a figure) for
controls and diabetics, at different ages, using three pairs of excitation and collection wavelengths: 364/495
nm, 434/495 nm, and 485/515 nm. For control subjects, there exists a strong, almost linear relationship
between age and fluorescence, while diabetic subjects tend to deviate from this age-fluorescence relationship.
Our data show that the lenses of diabetic patients are subject to an accelerated aging process, presumably due
to an elevated level of brown and fluorescent protein adducts and crosslinks from nonenzymatic glycosyla-
tion (Maillard-Amadori reactions). We have also shown that by using the measured Rayleigh profiles to
normalize the measured fluorescence, most of the absorption effects are removed and therefore the separation
between the fluorescence of diabetics and controls is greatly improved. Thus, the device for measuring
fluorescence/Rayleigh ratios can be used to noninvasively screen populations for possible undiagnosed dia-

betes. © 1996 Society of Photo-Optical Instrumentation Engineers.
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1 INTRODUCTION

The fluorescence of human lenses has been the sub-
ject of numerous investigations regarding the
mechanisms of its production,'™ the chemical struc-
ture of the fluorophores,” ! and their possible in-
volvement in cataractogenesis.'>’> The infant lens
contains a yellow pigment, known to be 3-hydroxy-
L-kynurenine-O-S-glucoside,! which exhibits a
characteristic fluorescence at ca. 440 nm when ex-
cited near 350 nm (its absorption maximum).'* This
fluorescence intensity of the infant lens decreases
rapidly as the excitation wavelength increases from
350 to ca. 480 nm, above which fluorescence van-
ishes completely.'® Fixing the excitation wavelength
at, say, 488 nm, one can observe the appearance of a
new fluorescence (emission maximum at ca. 538
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nm);" its intensity increases with age, indicating
the age-related production of a new fluorophore
that is definitely not 3-hydroxy-L-kynurenine-O-
,B-glu(:oside.2 However, based on evidence from
fluorescence distribution profiles, Yu, Barron and
Kuck? suggested that this new fluorophore may be
a derivative of 3-hydroxy-L-kynurenine-O-j-
glucoside (likely protein bound). Additional fluoro-
phores produced in the older human lens can be
detected by excitation at even longer wavelengths
(500-700 nm).'® The exact nature of these fluoro-
phores is unknown at present.

Lens crystallins, being long-lived protein mol-
ecules with little turnover, are particularly suscep-
tible to nonenzymatic glycosylation with glucose,
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leading to the subsequent formation of brown and
fluorescence adducts and crosslinks (via Maillard—
Amadori reactions).'”? The fluorescence of these
adducts and crosslinks will contribute to the total
measured fluorescent signal. The formation of these
adducts and crosslinks should be elevated in diabe-
tes. Thus, the lens of a diabetic patient is expected
to exhibit more fluorescence, which may be viewed
as an indicator for an accelerated aging.

Conventional in vivo measurements of lens fluo-
rescence do not correct the measured fluorescent
signal for changes in lens absorption and scatter.
This can have a marked effect on the measurements
because increased lens absorption and scatter will
attenuate both the incident excitation and the emit-
ted fluorescence, resulting in an apparent diminu-
tion of the actual lens fluorescence. Preliminary
studies at the Joselin Diabetes Center?! revealed
that if the fluorescence data are corrected by using
the intensity of the Rayleigh component for normal-
ization, the separation between the two populations
(diabetics vs. nondiabetics) shows great improve-
ment.

This paper reports on our continued efforts in de-
veloping a clinically oriented lens measurement
system (LMS), and its use in the measurements of
lens fluorescence and Rayleigh profiles along the
optical axis from a larger population (total no. of
subjects=1,162). We demonstrated clearly that
Rayleigh-normalized fluorescence provides more
sensitive discrimination between diabetic and non-
diabetic lenses than the conventional lens fluores-
cence measurements. Thus, it appears that this de-
vice for measuring fluorescence and Rayleigh ratios
can be used to noninvasively screen populations for
detecting, in particular, undiagnosed Type II dia-
betic subjects. In the case of Type I diabetic subjects,
the onset is typically very rapid, providing essen-
tially a step function in the loss of control of glucose
levels; these individuals can be diagnosed by the
conventional methods available today. On the other
hand, the Type II diabetic subjects, which studies
have shown have frequently been undiagnosed for
8 to 12 years prior to the initial diagnosis, would be
expected to show clear signs of accelerated lens ag-
ing, and thus would be detectable by the LMS.

2 MATERIALS AND METHODS
2.1 HUMAN SUBJECTS

Measurements were made from the clear lenses of
923 controls (N,), 45 Type I diabetics (N ;), and
194 Type II diabetics (N,). The subjects with cata-
racts were screened out of the study. The Type I
and Type II diabetes patients were merged to yield
a total number of diabetes patients, N;, of 239. The
inclusion of the 45 Type I diabetics in the calcula-
tion of the “average” wave forms has almost no
effect on the “average” wave form because there
are so few compared with Type IIs. The age distri-
butions of the two populations are shown in Figure
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Fig. 1 The age distributions of (a) controls and (b) diabetic sub-
jects.

1(a) and 1(b). Although the two populations have
obvious differences in their age distributions, there
are enough samples in each age group to eliminate
artifactual results caused by age.

2.2 CLINICAL LENS MEASUREMENT
PROTOCOLS

The lens measurement system employed for the
clinical study was a Scan V model developed by
SpectRx, Inc. (Norcross, Georgia). The schematic for
the LMS is shown in Figure 2. A fiber-coupled
300-W xenon lamp is the excitation source. The de-
vice simultaneously measures the intensities of
fluorescence and wavelength-unshifted component
(loosely called Rayleigh) at various distances into
the lens along the optical axis (defined as the z axis
in our system) of the human lens in situ. This was
accomplished by translating the sample volume of
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Fig. 2 The schematic of the in vivo lens measurement system
(LMS).
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the confocal instrumentation along this z axis.
These studies relied on the automatic x-y-z align-
ment system to preserve the x and y orientation of
the lens relative to the sample volume as it was
scanned.

A pupil tracking system (PTS) has been incorpo-
rated into the Scan V LMS. An infrared CCD cam-
era images the iris and pupil using an optical sys-
tem concentric with the excitation beam. The CCD
image is digitized and the circular pupil is located
using a signal-processing algorithm. The position
data derived from the digitized CCD image are fed
into a two-axis servomotor positioning system. The
system facilitates maintaining the x and y positions
of the sample volume to within £100 um of any
programmed “lock” position. The optics of LMS
defines a sample volume approximately 300 um in
length, 600 um high, and 80 um wide. Separate fil-
ter wheels for each of the LMS’s three optical chan-
nels (excitation, collection channel 1, and collection
channel 2) allow for 72 possible excitation and col-
lection wavelength combinations from a single
broad-spectrum source. The filters were purchased
from Omega Optical Inc. (Brattleboro, Vermont)
and are of Omega’s “DF” series.

The specifications on the filters were important in
that they were designed to allow very pure mea-
surement of the fluorescence without any contribu-
tion from backscattered light. This alone distin-
guishes the LMS from earlier efforts to measure
lens autofluorescence with the Coherent Fluorotron
Master, where the filter leakage of the backscattered
light can clearly be seen in the scans through the
cornea and lens. In the LMS, all of the filters used in
both the excitation channel and the fluorescence re-
ceiving channel have an out-of-band rejection
greater than optical density (OD) 5. That is, less
than 1/100,000th of the light falling outside the fil-
ter’s passband will come through. Furthermore, the
individual filters were oriented to minimize any
beam steering effects of the wedge which may have
been present in them. This was to ensure that the
confocal spot remained in the same location relative
to the instrument regardless of which filters were in
place. In addition, a sensor in the excitation channel
provides an instantaneous monitor of the optical
power delivered to the eye, which can be used to
normalize fluctuations in the source output, and
provides a failsafe mechanism that shuts the lamp
off if the power levels ever exceed a predetermined
threshold.

2.2.1 Preprocessing

The data from each clinical measurement were
stored on a separate computer floppy diskette with
binary files containing all of the measurement data
and text files that had patient information and
hardware and software configuration of the LMS
for that measurement. A library of functions was
developed to preprocess the data into a form that
facilitates the development of the relationship
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among fluorescence, scattering, and absorption.
This process can be divided into three categories:
smoothing, normalization, and alignment.

1 Smoothing

The signal-to-noise ratio (SNR) of the LMS is quite
high (ca. 100 dB). However, there are some high-
frequency variations. This noise is averaged out by
a Gaussian filter that is convolved with each scan
waveform. The filter has a full-width at half-
maximum (FWHM) of 150 nm.

2 Normalization

Power. The intensities recorded by the LMS are de-
pendent on the lamp power. Therefore, the results
must be power normalized to be able to compare
data taken at different times. With the present sys-
tem, there are two different methods one can use to
power normalize the data: calibration target peaks,
and instantaneous power sensor data.

Calibration target peaks. Before each measurement,
a fluorescent calibration target is placed in front of
the LMS, and it is scanned with every excitation
wavelength used in the subject cycle. The peaks of
the fluorescence wave forms are directly propor-
tional to lamp intensity. Therefore, there is one cali-
bration constant for every excitation wavelength.

Power sensor data. As mentioned earlier, a power
sensor allows for the instantaneous collection of ex-
citation intensity at each measurement point. This
results in a calibration constant for every measure-
ment point.

There are advantages and disadvantages with ev-
ery normalization method. The key differences are
that the power sensor calibration can normalize
fluctuations in lamp power during a measurement.
Also, power measurements using this sensor can be
less noisy than the fluorescence of the calibration
target. On the other hand, the calibration target
method provides normalization for the entire sys-
tem while the power sensor only calibrates the
lamp and excitation channel. It has not been deter-
mined which method, if any, is superior. At
present, the dual methods provide redundancy in
case of a hardware failure in either system.

Lens width. Studies have shown that lens width
increases with age. If we are trying to compare fluo-
rescence and scattering intensities at various dis-
tances into the lens, it might be valid to compare an
old lens that is 5.5 mm with a young lens of 4 mm.
So, we need to develop a method of lens width nor-
malization. This is accomplished by determining
the front and rear of the lens, and then applying a
mathematical spline operation to restructure the
scan wave forms into a set number of points. The
result is a wave form in which each point is a cer-
tain percentage through the lens, instead of a cer-
tain absolute distance.



3 Alignment

For any type of intersubject comparisons to be
meaningful, there must be a fixed method of align-
ing the wave forms, or scans. This is done by align-
ing the front edge using the first point where the
value exceeds 10% of the front cortical peak in each
scan. We have chosen this method because it limits
the effect of absorption on the alignment position.

2.2.2 Data Processing

In order to provide better insight into the age con-
tributions in the data, averaging was performed.
For each excitation and collection, the wave forms
(profiles) were put into ““age bins”’ that spanned 2
years and then averaged. This resulted in 53 aver-
age wave forms (profiles) for the controls (23 to 75-
year-old bins; 10 to 20 wave forms per bin) and 47
average wave forms (29 to 75-year-old bins; 2 to 6
wave forms per bin) for the diabetic subjects.

3 RESULTS

We present here the results from the SpectRx Site L
clinical study. The data are power normalized us-
ing the calibration target and are not normalized for
lens width.

3.1 RELATIVE FLUORESCENCE
MEASUREMENTS

We have obtained relative fluorescence data using
three pairs of excitation and collection wavelengths:
434/495 nm, 485/515 nm, and 364/495 nm. The re-
sults are a series of profiles (or wave forms) along
the optical axis (expressed as displacement in milli-
meters) for different ages, as shown in Figure 3(a)
(controls) and Figure 3(b) (diabetic subjects) with
excitation and collection=434/495 nm. Some linear
(regression) correlation coefficients, r, between
fluorescence and age are displayed in Table 1 for
controls (a) and diabetic subjects (b). Table 1(c)
shows the p-value of a linear regression between
fluorescence and age (or significant F of the regres-
sion) for the 434-nm excitation only. Figure 4(a) to
4(d) show the data extracted from Figure 3(a) to

Fluorescence Intensity

Age (Years)

Displacement (mm)
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3(b): the plots of controls and diabetic subjects’
fluorescence versus age are shown at 1.75, 2.25,
2.75, and 3.25 mm into the lens, using excitation
and collection at 434/495 nm.

3.2 RELATIVE RAYLEIGH MEASUREMENTS

The relative intensities of Rayleigh components (at
434 nm) along the optical axis (expressed as dis-
placement in millimeters) for different ages are
shown in Figure 5(a) (controls) and Figure 5(b) (dia-
betic subjects). For all ages, the Rayleigh profile ex-
hibits maximum intensities at the anterior and pos-
terior lens capsule interfaces due to the specular
component (reflected light) present at these loca-
tions which cannot be resolved from the Rayleigh.

3.3 RAYLEIGH NORMALIZED
FLUORESCENCE (FLUORESCENCE/RAYLEIGH
RATIO)

The results of relative fluorescence [Figure 3(a) to
3(b)] normalized by relative Rayleigh [Figure 4(a) to
4(b)] are shown in Figure 6(a) to 6(b). For older con-
trol lenses (e.g., 70 years old), there are three
maxima (two at the anterior and posterior cortex,
and the third in the nuclear region), which is in
agreement with the fluorescence profiles obtained
from lens slices using similar excitation wave-
lengths (at 441.6 nm).> The profiles of young control
lenses with a maximum near the nucleus center are
also in good agreement with the previous results.’
Figure 7(a) to 7(d) show the data extracted from
Figure 6(a) and 6(b): the plots are for Rayleigh nor-
malized fluorescence (for controls and diabetics)
versus age at 1.75, 2.5, 3.25, and 4 mm into the lens,
using excitation and collection at 434/495 nm.

4 DISCUSSION

From Figure 3 and Table 1, it is clear that for control
subjects, there exists a strong, almost linear rela-
tionship between age and fluorescence. However,
individuals with diabetes tend to deviate from the
normal age-fluorescence relationship. We hypoth-
esize two different explanations for the phenomena.

0.8

0.6~
0.4+
0.2

Fluorescence Intensity

Displacement (mm)

Age (Years)

Fig. 3 Relative fluorescence profiles (or wave forms) for different ages along the optical axis of the lens
in (a) controls and (b) diabetic subjects. The excitation and collection wavelength=434/495 nm.

JOURNAL oF BiomEDICAL OPTICS * JULY 1996 * VoL. 1 No.3 283



YU ET AL.

Table 1 (o) Correlation coefficients between flourescence and age of controls. (b) Correlation coefficients between flourescence and age of
diabetic subjects. (c) Regression p-values for regressions between age and flourescence resulting from 434 nm excitation.

(a)

Displacement (mm)  0.25 0.75 1.25 1.75
485 nm Excitation  0.953 0.969 0.993 0.995
434 nm Excitation ~ 0.909 0.920 0.992 0.988
364 nm Excitation  0.691 0.803 0.934 0.570
(b)

Displacement (mm)  0.25 0.75 1.25 1.75
485 nm Excitation  0.784 0.707 0.927 0.952
434 nm Excitation ~ 0.337 0.430 0.912 0.950
364 nm Excitation  -0.05 0.108 0.757 0.658
()

Displacement (mm)  0.25 0.75 1.25 1.75
Control 4.66e-21 3.14e22 1.01e-47 5.66e-43
Diabetic 2.08e2 2.42e3 5.18e-19 5.59e-24

2.25 2.75 3.25 3.75 4.25 4.75
0.992 0.980 0.954 0.946 0.910 0.786
0.971 0.915 0.833 0.966 0.953 0.620
-0.46 -0.32 -0.22 0 0 0
2.25 2.75 3.25 3.75 4.25 4.75
0.952 0.921 0.850 0.896 0.910 0.737
0.910 0.624 -0.21 0.734 0.866 0.696
0.460 0 0] 0 0 0
2.25 2.75 3.25 3.75 4.25 4.75
1.86e-33 9.03e-22 9.74e-15 1.35e-31 3.94e-28 7.54e-7
1.94e-18 2.78e-6 1.47e-1  4.30e9 2.89e-14 5.66e-8

First, the lenses of diabetic patients are subject to an
accelerated aging process (protein glycation and
subsequent Maillard—Amadori reactions). Our ex-
perimental data support this hypothesis. While the
lenses of control subjects have physiological ages
close to their chronological ages, those of a diabetic
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Fig. 4 Relative fluorescence vs. age at (a) 1.75, (b) 2.25, ()
2.75, and (d) 3.25 mm into the lens along the optical axis of
controls (O) and diabetic subjects (*). The excitation and collection
wavelength=434/495 nm.
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subject appear to have a physiological age signifi-
cantly greater than their chronological age. Further-
more, the relationship between physiological and
chronological ages in diabetic subjects has a much
wider distribution due to the wide variety in sever-
ity, duration, and control of diabetes in the subjects.

Second, there may be an attenuation effect due to
the absorption of the incident photons before reach-
ing the target and the self-absorption of the emitted
photons (fluorescence) on the way out. The actual
fluorophore concentrations might continue to in-
crease as subjects’ ages increase, yet the in vivo mea-
surement of fluorescence may approach a maxi-
mum and perhaps even decline because of the
attenuation effect. Therefore, this roll off will affect
the linearity of the fluorescence-age relationship.
Because it is assumed that diabetic subjects have
more fluorescence and therefore more absorption
for their chronological age, this roll-off point should
be manifested at an earlier age. Also, since absorp-
tion effects accumulate exponentially as we scan
into the lens, the roll off (hence the difference be-
tween controls and diabetic subjects) should be-
come more obvious further into the posterior lens.
In comparing the coefficients for the three excita-
tion wavelengths, the correlation appears to be
poor at the 364-nm excitation, presumably because
of the attenuation effect caused by stronger absorp-
tion and possibly scattering.

Figure 4 supports both hypotheses discussed
here. The physiological age argument is supported
because of the increased spread of diabetes about
the fit-line in comparison with the controls. This is
most apparent for the younger individuals with
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Fig. 5 Relative Rayleigh profiles (or wave forms) for different ages along the optical axis of the lens in (a)
controls and (b) diabetic subjects. The excitation (Rayleigh) wavelength is at 434 nm.

diabetes. The absorption theory is more obvious.
Figure 4(a) shows an almost linear age relationship
for the controls. The diabetic subjects” fluorescence
at this measurement distance is starting to roll off at
about age 70. Going 500 um further into the lens
[Figure 4(b)] shows a slight nonlinearity in the con-
trols and a further degradation in the diabetic sub-
jects” linearity. The diabetic subjects’ roll-off age is
decreased from 70 to about 55. Proceeding another
500 um [Figure 4(c)], both populations have obvi-
ous nonlinearity. The roll-off points are about 45
and 50 years for diabetic subjects and controls, re-
spectively. Here, absorption is so dominant that it
attenuates the measured fluorescence for the older
subjects. Figure 4(d), at yet another 500 um deeper
into the lens, shows that any increase in the diabetic
subjects’ fluorescence with age is cancelled out by
the attenuation of both the excitation energy and
the fluorescence. The control population roll-off
point has moved down to about 45 years old.

We have shown that the in vivo measurement of
fluorescence in the lens saturates due to absorption
effects. Therefore, any population prediction algo-
rithm must take this into account, or the prediction
performance will be poor. For example, referring

Rayleigh Normalized Fluorescence

Displacement (mm)

Age (Years)

back to Figure 4(a) and 4(c), we see that although
there is a clear separation in the two populations
for all ages for 4(a), at 2 mm deeper into the lens,
the separation is no longer apparent for subjects
more than 50 years old.

4.1 FLUORESCENCE/RAYLEIGH RATIOS

Earlier preliminary data have already indicated that
Rayleigh-normalized fluorescence in the lens pro-
vides more separation between the normal and dia-
betic lens than conventional methods.”! The
fluorescence/Rayleigh ratios were calculated for
the age-binned and averaged profiles we have been
examining. The result is a ratio value at each point
in the lens (see Figure 7). Let us elaborate as to
what effect this Raleigh normalization will have on
the fluorescence data with respect to subject popu-
lation and age as we scan through the lens.

It is readily seen that absorption is inherently em-
bedded in both the measured fluorescence and
measured Rayleigh. We may define F,(z,\{,\,) as
the actual fluorescence excited at \;, collected at \,
at a distance z into the lens:

Rayleigh Normalized Fluorescence

Displacement (mm)

Age (Years)

Fig. 6 Rayleigh normalized fluorescence (fluorescence/Rayleigh ratio) for different ages along the op-
tical axis of the lens in (a) controls and (b) diabetic subjects. The excitation and collection wavelength

=434/495 nm.

JOURNAL OF BIOMEDICAL OPTICS * JULY 1996 ¢ VoL. 1 No. 3 285



YU ET AL.

1.75mm
15
*
&= ]
< 10 * X Mﬁgﬁﬁ
g ¥
[ o
3 5
-
20 40 60 80
Age
3.25mm
15
y o
SRUN} T
g . '
g o
3 s
-

2.5mm
15
b3
= el
= 10 ¢
= X X "‘%x
i~ AL
< SATHAT G
?5 g
20 40 60 80
Age
4mm
15
b3
10 £ =
g
=
=H
X5

Fig. 7 Rayleigh normalized fluorescence (fluorescence/Rayleigh ratio) vs. age at (a) 1.75, (b) 2.5, (c)
3.25, and (d) 4 mm into the lens along the optical axis of controls (O) and diabetic subjects (*). The

excitation and collection wavelength=434/495 nm.

z
Fo(z, N1, N2) =F(z,h 1, Ny)exp fo {a)\l(w)

+ay (w)tdw

7 (1)

where F,, is the measured fluorescence, and «,(z) is
the absorption profile of the lens, which is
NA-dependent. Likewise, we may define R,(z,\;) as
the actual Rayleigh at \; and z:

R,(z,M) =R, (z,\1)exp

ZJOZa)\l(w)dw}. (2)

In fact, R, depends on the angle of scattering. How-
ever, because of the pupil tracker in our LMS, the
angle remains fixed for all measurements and pa-
tients. The 2 in the exponent in Eq. (2) is due to the
absorption of the excitation beam and the collection
beam. Note that in Eq. (1), if A;=\,, one would also
get a 2 in the exponent. From the ratio of Egs. (1)
and (2) and upon rearrangement, one obtains the
following expression for calculating the ratio of
measured values:
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Fm(zl)\l /)\2) _ Fa(zr)\l /)\2) z
Ru(zN) Rz OF fo{‘“l(“’)
—ay,(w)}dw|. ®)

We see that the absorption contribution is almost
corrected for, leaving only the difference in absorp-
tion at the two wavelengths. It should be noted that
since ), will always be less than «,  in the human

lens in the 360 to 600-nm region,” the absorption
factor will always be positive. Furthermore, as we
measure deeper into the lens, the absorption effects
increase and consequently so does the ratio of fluo-
rescence to Rayleigh. It is of interest to see if the
experimental data agree with the above theory.
Two key observations can be made from Figure
7(a) to 7(d). First, the theory presented above is
supported. At the more shallow depths into the
lens, the ratio values for both the control and dia-
betic subjects roll off with age, as did the fluores-
cence values in Figure 4(a) to 4(d). However, as we
scan deeper into the lens, we can see that the roll-
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Displacement (mm)
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Fig. 8 (a) Percent difference in the fluorescence of the two popu-
lations vs. age and displacement; (b) percent difference in the Ray-
leigh normalized fluorescence of the two populations vs. age and
displacement.
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off point does not decrease as it did with only fluo-
rescence intensity. On the contrary, the roll off be-
comes less obvious. In fact, at a depth of 4 mm
[Figure 7(d)], it appears that the ratio values in-
crease in an exponential relationship with age. This
agrees with the equations above: the deeper we go,
the more of an effect absorption has. As absorption
effects increase, the ratio values increase as well.
The second observation can be made by contrast-
ing Figure 4(a) and 4(d) with Figure 7(a) and 7(c).
These plots are at comparable distances into the
lens (1.75 and 3.25 mm). We showed that in Figure
4(d), absorption effects had become so dominant
that the fluorescence differences between the two
populations was removed in the older patients.
However, Figure 7(c) does not show this degrada-
tion in separation. To discuss the data quantita-
tively, refer to Figure 8(a) and 8(b). These are the
percent differences between the fluorescence [Fig-
ure 8(a)] and Rayleigh normalized fluorescence
[Figure 8(b)] versus age and displacement. Figure
8(a) and 8(b) can be summarized by Tables 2(a) to
2(c). Table 2(a) shows the difference in the fluores-
cence of the two populations; Table 2(b) shows the
difference in the Rayleigh normalized fluorescence
of the two populations; and Table 2(c) shows the
difference between the values in Tables 2(b) and
2(a) (Rayleigh normalized difference—fluorescence
difference). By examining Table 2(c), one sees that

Table 2 (o) Differences between diabetes and control fluorescence (%). (b) Differences between diabetes and control Rayleigh normalized
fluorescence (%). (c) Improvement in population separation between Rayleigh normalized fluorescence and fluorescence (2b-2a).

Z=0.75 mm 1.25 1.75 2.25 2.75 3.25 3.75 4.25
(a)
Age 30 78 66 59 54 50 71 108 -200
40 25 23 21 18 15 21 32 32
50 34 30 24 17 14 6 19 56
60 30 21 18 13 9 6 9 28
70 21 23 21 17 13 11 16 22
(b)
Age 30 114 88 82 89 97 117 104 101
40 75 41 31 31 34 42 41 31
50 81 59 53 60 62 59 52 39
60 78 43 43 48 47 47 16 15
70 48 26 32 39 41 38 50 29
(c)
Age 30 36 22 23 35 47 46 -4 301
40 50 18 10 13 19 21 9 -1
50 47 29 29 43 48 53 33 -17
60 48 22 25 35 38 41 7 -13
70 27 3 11 22 28 27 34 7
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using Rayleigh profiles to normalize fluorescence
compensates for absorption and greatly improves
the overall separations between diabetic subjects
and controls.

In summary, we have shown that the measured
fluorescence in the lens saturates due to absorption
effects. Therefore, any population prediction algo-
rithm must take this into account, or the prediction
performance will be poor. We have also shown that
by using the measured Rayleigh profiles to normal-
ize the measured fluorescence, most of the absorp-
tion effects are removed. When discussing the sepa-
ration between the fluorescence of diabetic subjects
and controls, this Rayleigh normalization creates a
definite improvement. This improvement consists
of decreasing the age dependency of the separation,
as well as increasing the overall magnitude of the
separation.
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