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APPARATUS AND METHODS FOR
MEASURING CHARACTERISTICS OF
BIOLOGICAL TISSUES AND SIMILAR

MATERIALS

This application is a continuation-in-part of application
Ser. No. 07/731,533 (now U.S. Pat. No. 5,203,328), filed Jul.
17, 1991, entitled “Apparatus and Methods for Quantita-
tively Measuring Molecular Changes in the Ocular Lens,”
now U.S. Pat. No. 5,203,328 which application is incorpo-
rated herein in its entirety by this reference.

This invention relates to the measurement of the char-
acteristics of biological tissues and similar materials and
more specifically to apparatus and methods for quantita-
tively measuring spectral characteristics of human tissue for
the purpose of medical evaluation.

BACKGROUND OF THE INVENTION

Existing methods of spectral examination of biological
tissues and other turbid media are often less than desirable.
These methods fail to properly normalize for variations in
the density, scattering, reflectivity, absorbance and transmit-
tance of such tissues and as a result, have wide variations in
the results obtained. Typically, spectral transmittance, fluo-
rescence (normal and time resolved) and Raman spectros-
copy are used to evaluate biological tissues and other
materials in order to determine the materials present and
measure their concentrations. Each of these methods are
affected by the scattering, reflecting, absorbing and trans-
mitting properties of the media since the amount of light
reaching the tissue is a function of these parameters and in
the case of fluorescence and Raman emissions, reabsorption
of emission spectra.

In our pending patent application Ser. No. 07/731,533, we
discussed the use of new normalization techniques for the
detection of cataracts and diabetes. In addition, we are aware
of a patent by Schiller, German Patent #261957A1 and R. R.
Alfano, U.S. Pat. No. 4,930,516 (which patents are incor-
porated herein in their entireties by this reference), which
refer to the use of the ratio between two fluorescence peaks
in fluorescence spectroscopy as normalization techniques.
However, since both the target spectra and the reference
spectra are affected by scattering and absorption, these
techniques are not wholly satisfactory.

SUMMARY OF THE INVENTION

The present invention provides apparatus and methods for
characterizing biological tissues and other turbid media with
normalization that serves to compensate for the effects of
scattering, reflectance, and absorption. Utilizing a beam of
electromagnetic or other radiation directed into the tissue or
other media to be examined, the pump beam, (preferably a
beam of optical radiation at a wavelength between 400
nanometers and 20,000 nanometers) and a suitable detector
directed toward the volume of the tissue or other material to
be characterized, the receiver, a measurement is made of the
amount of the pump beam returned to the receiver by effects
such as scattering, reflection, or other similar effects. A
measurement is also made of the physical parameter of
interest, which could be transmission or emission. Emission,
such as Raman emission or fluorescence emission is typi-
cally at a wavelength offset by the pump beam by an amount
and intensity dependent on the particular chemical proper-
ties of the material. Other methods, such as time-resolved
spectroscopy could also be used. Normalization of the
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material under examination is achieved by using the inten-
sity or other characteristics of the unshifted scattered,
reflected, or otherwise modified beam. In the simplest of
systems, the normalization is accomplished by using the
ratio of the emission intensity to the scattered or reflected
intensity.

The process of normalization can be improved further by
the use of a confocal arrangement with a wide cone between
the receiver and the pump beam. If the pump beam is
directed into the tissue via a focusing arrangement with a
wide focusing cone and a small focal volume and the
receiver field of regard is limited to the small focal volume,
the normalization is further improved. If the media to be
characterized is a human eye, the receiver is preferably
slightly off axis from the axis of the pump beam so as to
eliminate specular reflections from the received signal and
improve the effects of the normalization.

It is therefore an object of the present invention to provide
apparatus and methods for normalization of various spec-
troscopic techniques for accurate use in biological tissues
and other turbid media.

It is another object of the present invention to provide
apparatus and methods suitable for compensating for scat-
tering and density differences encountered when making
measurements in turbid media.

It is yet another object of the present invention to provide
apparatus and methods for eliminating the effects of specular
reflections from media with highly reflective boundary lay-
ers, such as the human eye.

It is a further object of the present invention to provide
apparatus and methods for determining characteristics of
tissue, including ones related to the level of glycation in the
tissue or in other tissues such as the blood.

It is a further object of the present invention to provide
apparatus and methods for determining characteristics of
tissue, including ones related to the level of glycation in the
tissue or in other tissues such as the blood.

Other objects, features and advantages of the present
invention will become apparent with reference to the
remainder of the written portion and drawings of this
application.

BRIEF DESCRIPTION OF THE INVENTION

FIG. 1is a schematic representation of an apparatus of the
present invention.

FIG. 2 is a graphical representation of an example of the
fluorescent signal intensity obtained using the apparatus of
FIG. 1.

FIG. 3 is a graphical representation of an example of the
ratio of the fluorescent to backscattered signal intensities as
measured in the lens of a human eye (turbid media) using the
apparatus of FIG. 1.

FIG. 4 is a graphical representation of the mathematical
relationship between fluorescence and Hemoglobin Alc.

FIG. 1A is a schematic representation of a prototype
system in accordance with the present invention.

FIG. 2A is a schmetic representation of an alternative
prototype system in accordance with the present invention.

FIGS. 3A and 4A are graphical representations of data
obtained using an excitation wavelength of 406.7 nm.

FIG. 5A is a graphical representation of data on fluores-

cence ratios obtained using an excitation wavelength of
441.6 nm.



5,582,168

3

FIG. 6 is a graphical representation of data and a proposed
mathematical model of age dependence of the fluroescence
ratio.

FIG. 7 is a graphical representation of the model proposed
in connection with FIG. 6 as compared with data measured
from a diabetic population.

FIG. 8 is a graphical representation of Alc levels versus
age corrected fluorescence ratios of both the diabetic and
control populations.

DETAILED DESCRIPTION

FIG. 1 illustrates a schematic layout of the present inven-
tion. The FIG. 1 shows a illuminating source 20, which is
directing electromagnetic radiation into the media to be
examined 10. A collecting, separating and detecting means
30, is shown oriented toward the media to be examined 10.
A processing means is shown for determining the math-
ematical relationship between the separated radiation 40.

Further information concerning the subject matter of the
present invention can be obtained from the following article
authored by two of the named inventors (J. Eppstein & S.
Bursell, “Non-invasive detection of diabetes mellitus™):

Recent advances in fluorescence spectroscopy of the lens
reveal the potential of a non-invasive device and method-
ology to sensitively measure changes in the lens of the eye
associated with diabetes mellitus. The system relies on the
detection of the spectrum of fluorescence emitted from a
selected volume (approximately Yio mm?®) of the lens of
living human subjects using low power excitation illumina-
tion from monochromatic light sources. The sensitivity of
this technique is based on the measurement of the fluores-
cence intensity in a selected region of the fluorescence
spectrum and normalization of this fluorescence with respect
to attenuation (scattering and absorption) of the incident
excitation light. The amplitude of the unshifted Rayleigh
line, measured as part of the fluorescence spectrum, is used
as a measure of the attenuation of the excitation light in the
lens. Using this methodology we have demonstrated that the
normalized lens fluorescence provides a more sensitive
discrimination between diabetic and non-diabetic lenses
than more conventional measurements of fluorescence
intensity from the lens. The existing instrumentation will be
described as well as the proposed design for a commercial
version of the instrument expected to be ready for FDA trials
by late 1992. The results from clinical measurements are
used to describe a relationship between normalized lens
fluorescence and hemoglobin Alc levels in diabetic patients.

1. INTRODUCTION

Over the last two decades, a good deal of research has
been done to characterize the fluorescent response of the
human lens. Researchers have searched to uncover correla-
tions between detected shifts in the lens’ optical properties
and the physiological condition of the subject under test.
Previous research has established some correlation between
the fluorescent response of the lens and the subjects age and
the presence of diabetes. The work described in this paper
continues in this direction, with the focus being to refine the
apparatus and method such that a non-invasive test for the
detection of diabetes mellitus becomes possible.

In the case of Type I, or juvenile diabetes, early detection
can significantly benefit the patient. Some research has
indicated that if detected early enough, the onset of full
blown Type I diabetes maybe delayed for several years with
new developments in immunosuppressive drug therapy.
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Type I diabetes is essentially an auto-immune disease in
which the immune system attacks the insulin producing islet
cells in the pancreas. Because of this, early detection of Type
I diabetes is possible in some patients, through the use of a
complex test for antibodies to the pancreatic islet cells. (Islet
Cell Antibody test or ICA). Unfortunately, standardization
of the ICA test is not yet sufficient for most diabetologists to
prescribe it routinely. However, when the ICA test has been
applied properly, a model developed by Jackson et. al. has
shown that it can detect a prediabetic condition of Type I
diabetes several years before overt clinical symptoms of the
disease are present. One of the most provocative results of
the work described here, is its’ apparent ability to detect this
prediabetic condition when no other symptoms are present.
Another blood test which is routinely prescribed for
diagnosed diabetic patients is a measure of the serum
hemoglobin Alc levels. Measuring the glycosylation of the
patients hemoglobin, this test gives the clinician a quanti-
tative measure of how well the patient has controlled their
blood glucose levels over the last 6 to 10 weeks. The Alc
test is routinely prescribed every one to three months for
most type I diabetic patients and at least twice a year for
most type II diabetic patients. The Alc test is generally
accepted as the best indicator of the efficaciousness of a
prescribed treatment regimen for a diabetic. Upon initial
diagnosis, the Alc test is used even more frequently to fine
tune a treatment program. A definite correlation has been
observed between the fluorescence ratio measurements
made with the system and a diabetic subject’s Alc levels. A
model for estimating the Alc level as a function of age and
Fluorescence/Rayleigh Ratio has been developed.

The prototype system utilizes a low power laser to excite
a fluorescent response in a small volume of the ocular lens
tissue. A schematic representation of this system is shown in
FIG. 1A. The system allows the illumination source to be
selected from lasers emitting at 406.7 nm, 441.6 nm, 488
nm, or 514.5 nm. An optical collection system, aligned
confocally with the illumination system, is used to gather the
entire spectrum of the fluorescence response as well as the
backscattered Rayleigh radiation from the lens. The optical
design of the system is such that specular reflections of the
incident light from the cornea and lens capsule are excluded
from the collection system. The collection optics also pro-
vide the operator with an eyepiece through which the
operator views the area in the lens which is currently being
targeted. The collected light, both emitted fluorescence and
backscattered excitation light, is delivered to a spectrometer
which focuses the spectrum onto an intensified diode array
detector. The intensity spectrum of the emitted fluorescence
is thus recorded together with the unshifted Raleigh com-
ponent for subsequent processing.

The emitted fluorescence in a defined spectral region is
normalized using the amplitude of the unshifted Rayleigh
components. This fluorescence ratio provides a good dis-
crimination between lenses of diabetic and non-diabetic
subjects.

2. METHODS

2.1 Instrumentation

A unigue optical system has been devised which allows
the user to selectively target small volumes within the lens
for excitation with a light source. The laser light used in this
system is directed through a variable optical attenuator (A)
and then focused onto the end of a 140 micrometer fiber
optic. The fiber optic routes the laser light to the delivery
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