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(57) ABSTRACT

Apparatus and method for non-invasively measuring at least
one optical parameter of a sample, particularly a sample of
tissue that comprises a plurality of layers. The at least one
parameter can be used to determine the presence or concen-
tration of an analyte of interest in the sample of tissue. The
apparatus and method of the present invention (1) measure
light that is substantially reflected, scattered, absorbed, or
emitted from a shallower layer of the sample of tissue, (2)
measure light that is substantially reflected, scattered,
absorbed, or emitted from a deeper layer of the sample of
tissue, (3) determine at least one optical parameter for each
of these layers, and (4) account for the effect of the shallower
layer on the at least one optical parameter of the deeper
layer. Specifying the sampling depth allows determinations
of the optical properties of a specific layer of the sample of
the tissue, e.g., dermis, and decreases interference from
other layers, e.g., stratum corneum and epidermis, in these
determinations.
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NON-INVASIVE SENSOR CAPABLE OF
DETERMINING OPTICAL PARAMETERS IN A
SAMPLE HAVING MULTIPLE LAYERS

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] This invention relates to devices and methods for
measuring optical parameters of a sample, e.g., a sample of
tissue in a human body. More specifically, this invention
relates to devices and methods for the non-invasive deter-
mination of one or more optical parameters in vivo in tissues
comprising a plurality of layers.

[0003] 2. Discussion of the Art

[0004] Non-invasive monitoring of metabolites by optical
devices and methods is an important tool for clinical diag-
nostics. The ability to determine an analyte, or a disease
state, in a human subject without performing an invasive
procedure, such as removing a sample of blood or a biopsy
specimen, has several advantages. These advantages include
ease in performing the test, reduced pain and discomfort to
the patient, and decreased exposure to potential biohazards.
These advantages will result in increased frequency of
testing when necessary, accurate monitoring and control,
and improved patient care. Representative examples of
non-invasive monitoring techniques include pulse oximetry
for oxygen saturation (U.S. Pat. Nos. 3,638,640; 4,223,680;
5,007,423; 5,277,181; 5,297,548). Another example is the
use of laser Doppler flowmetry for diagnosis of circulation
disorders (Toke et al, “Skin microvascular blood flow con-
trol in long duration diabetics with and without complica-
tion”, Diabetes Research, Vol. 5 (1987), pages 189-192).
Other examples of techniques include determination of
tissue oxygenation (WO 92/20273), determination of hemo-
globin (U.S. Pat. No. 5,720,284) and of hematocrit (U.S. Pat.
Nos. 5,553,615; 5,372,136; 5,499,627, WO 93/13706).

[0005] Measurements in the near-infrared region of the
electromagnetic spectrum have been proposed, or used, in
prior art technologies. The 600 nm to 1300 nm region of the
electromagnetic spectrum represents a window between the
visible hemoglobin and melanin absorption bands and the
strong infrared water absorption bands. Light having a
wavelength of 600 nm to 1300 nm can penetrate deep
enough into the skin to allow use thereof in a spectral
measurement or a therapeutic procedure.

[0006] Oximetry measurement is very important for criti-
cal patient care, especially after the use of anesthesia.
Oxygenation measurements of tissue are also important
diagnostic tools for measuring oxygen content of the brain
of the newborn during and after delivery, for monitoring
tissue healing, and in sports medicine.

[0007] Non-invasive determination of hemoglobin and
hematocrit values in blood would offer a simple, non-
biohazardous, painless procedure for use in blood donation
centers, thereby increasing the number of donations by
offering an alternative to the invasive procedure, which is
inaccurate and could lead to the rejection of a number of
qualified donors. Non-invasive determination of hemoglo-
bin and hematocrit values would be useful for the diagnosis
of anemia in infants and mothers, without the pain associ-
ated with blood sampling. Non-invasive determination of
hemoglobin has been considered as a method for localizing
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tumors and diagnosis of hematoma and internal bleeding.
Non-invasive determination of hematocrit values can yield
important diagnostic information on patients with kidney
failure before and during dialysis. There are more than 50
million dialysis procedures performed in the United States
and close to 80 million dialysis procedures performed
worldwide per year.

[0008] The most important potential advantage for non-
invasive diagnostics possibly will be for non-invasive diag-
nosis and monitoring of diabetes. Diabetes mellitus is a
chronic disorder of carbohydrate, fat, and protein metabo-
lism characterized by an absolute or relative insulin defi-
ciency, hyperglycemia, and glycosuria. At least two major
variants of the disease have been identified. “Type I”
accounts for about 10% of diabetics and is characterized by
a severe insulin deficiency resulting from a loss of insulin-
secreting beta cells in the pancreas. The remainder of
diabetic patients suffer from “Type II”, which is character-
ized by an impaired insulin response in the peripheral tissues
(S. L. Robbins, S. L. et al., Pathologic Basis of Disease, 3rd
Edition, W. B. Saunders Company, Philadelphia, 1984, p.
972). If uncontrolled, diabetes can result in a variety of
adverse clinical manifestations, including retinopathy, ath-
erosclerosis, microangiopathy, nephropathy, and neuropa-
thy. In its advanced stages, diabetes can cause blindness,
coma, and ultimately death.

[0009] The principal treatment for Type 1 diabetes
involves periodic injection of insulin. Appropriate insulin
administration can prevent, and even reverse, some of the
adverse clinical manifestations of Type I diabetes. Frequent
adjustments of the level of glucose in blood can be achieved
either by discrete injections of insulin or, in severe cases, by
an implanted insulin pump or artificial pancreas. The amount
and frequency of insulin administration is determined by
frequent or, preferably, continuous testing of the level of
glucose in blood (i. e., blood glucose level).

[0010] Precise control of blood glucose level in the “nor-
mal range”, 60 mg/dL to 120 mg/dL, is necessary for Type
I and Type II diabetics to avoid or reduce complications
resulting from hypoglycemia and hyperglycemia. To achieve
this level of control, the American Diabetes Association
recommends that diabetics test their blood glucose level five
times per day when the control of blood glucose level is
necessary. Thus, there is a need for accurate and frequent or,
preferably, frequent glucose monitoring to combat the
effects of diabetes.

[0011] Conventional measurements of blood glucose level
in a hospital or a physician’s office rely on the withdrawal
of a 5 mL to 10 mL blood sample from the patient for
analysis. This method is slow and painful and cannot be used
for frequent glucose monitoring. An additional problem for
hospitals and physicians’ offices is the disposal of testing
media that are contaminated by blood.

[0012] Portable personal glucose meters are the most
popular devices for monitoring blood glucose levels. Typi-
cally, a drop of blood is obtained by sticking a patient’s
finger with a sharp object, and the blood obtained is ana-
lyzed by means of chemical reactions on a strip. These
reactions provide an optical or electrochemical signal. This
type of device provides a convenient way to monitor blood
glucose level. However, the pain associated with collecting
samples of blood, the potential contamination at the punc-
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turing site, the disposal of biohazardous testing materials,
the cumbersome procedures, and the chance of making
mistakes often prevent patients from using the meters as
frequently as recommended by physicians.

[0013] Implantable biosensors have also been proposed
for glucose measurement. (G. S. Wilson, et al., “Progress
toward the development of an implantable sensor for glu-
cose”, Clin. Chem., Vol. 38 (1992), pages 1613-1617).
These biosensors are electrochemical devices having
enzymes immobilized at the surface of an electrochemical
transducer. They are usually implanted into a patient’s tissue
by means of a surgical procedure.

[0014] All of the foregoing categories of glucose moni-
toring techniques have one feature in common: they all
involve a procedure whereby the skin of a human body part
is disrupted by means of a mechanical device. These tech-
niques are referred to as invasive techniques.

[0015] “Non-invasive” (alternatively referred to herein as
“NI”") glucose-monitoring techniques measure in vivo glu-
cose concentrations without collecting a blood sample. As
defined herein, a “non-invasive” technique is one that can be
used without removing a sample from, or without inserting
any instrumentation into, the tissues. The concept upon
which most such technologies are based involves irradiating
a vascular region of the body with electromagnetic radiation
and measuring the spectral information that results from at
least one of four primary processes: reflection, absorption,
scattering, and emission. The extent to which each of these
processes occurs is dependent upon a variety of factors,
including the wavelength and polarization state of the inci-
dent radiation and the concentration of analytes in the body
part. Concentrations of an analyte, e. g., glucose, are deter-
mined from the spectral information by comparing the
measured spectra to a calibration curve or by reference to a
physical model of the tissue under examination. Various
categories of non-invasive measurement techniques will
now be described.

[0016] NI techniques that utilize the absorption of infrared
radiation can be divided into three distinct wavelength
regimes: Near-infrared (NIR), mid-infrared (MIR) and far-
infrared (FIR). As defined herein, NIR involves the wave-
length range from about 600 nm to about 1300 nm, MIR
involves the wavelength range from about 1300 nm to about
3000 nm, and FIR involves the wavelength range from about
3000 nm to about 25000 nm. As defined herein, “infrared”
(or IR) is taken to mean a range of wavelengths from about
600 nm to about 25000 nm.

[0017] U.S. Pat. Nos. 5,086,229; 5,324,979; and 5,237,
178 describe non-invasive methods for measuring blood
glucose level involving NIR radiation. In general, a blood-
containing body part (e. g., a finger) is illuminated by one or
more light sources, and one or more detectors detect the light
that is transmitted through the body part. A blood glucose
level is derived from a comparison to reference spectra for
glucose and background interferents.

[0018] Due to the highly scattering and absorption nature
of the human skin and tissue, light in the 600 nm to 1300 nm
spectral range penetrates the skin and underlying tissues to
different depths. The penetration depth depends on the
wavelength of light and positioning of the source and
detector. Analyzing the reflected or transmitted signal with-
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out accounting for the effect of different layers of skin can
lead to erroneous estimates of the optical properties of the
tissue and hence, the concentration of metabolites deter-
mined from these measured properties. The stratum cor-
neum, epidermis, dermis, adipose tissue, and muscle layers
can all interact with light and contribute to the measured
signals. Controlling the penetration depth of the light and
understanding the effect of the different layers of the skin on
the generated signal are important for the non-invasive
determination of metabolites in tissues. This NIR spectral
region has been used for determination of blood oxygen
saturation, hemoglobin, hematocrit, and tissue fat content. It
is also used for exciting and detecting compounds in pho-
todynamic therapy. At longer wavelengths, water absorption
bands dominate tissue spectra. There are some narrower
spectral windows in the 1500 nm to 1900 nm range and the
2100 nm to 2500 nm range, where both in vitro and in vivo
tissue measurements were performed.

[0019] Light striking a tissue will undergo absorption and
scattering. Most of the scattered photons are elastically
scattered, 1. e., they have the same frequency as the incident
radiation (Rayleigh scattering). A small fraction of the
scattered light (less than one in a thousand incident photons)
is inelastically scattered (Raman scattering). Unless other-
wise indicated herein, “scattering” refers to elastic scatter-
ing.

[0020] Because of the multiple scattering effect of tissue,
optical measurements, whether in transmission or reflec-
tance, will contain tissue scattering information, as well as
absorption information. Tissue scattering information
includes cell size and cell shape, depth of the tissue layer in
which scattering occurs, and refractive index of intracellular
fluids and extracellular fluid. Absorption information
includes absorption by tissue components, such as hemo-
globin, melanin, and bilirubin, and the overtone absorption
of water, glucose, lipids, and other metabolites.

[0021] Spatially resolved diffuse reflectance (SRDR) tech-
niques are a subset of the elastic scattering methods previ-
ously described. In a typical example of a SRDR technique,
as shown in FIG. 1A, light is introduced into the surface of
a tissue sample, such as a body part, at an introduction site.
The diffusely reflected light is measured at two or more
detection sites located on the surface of the sample (e. g., the
skin) at different distances, r, from the introduction site. The
dependence of the intensity of the diffusely reflected light, 1.
e., reflectance R, as a function of the detection distance (r)
is used to derive scattering and absorption coefficients of the
tissue sample. These coefficients, in turn, are related to the
concentration of analyte(s). Spatially resolved diffuse reflec-
tance techniques have been described by L. Reynolds et al.,
“Diffuse reflectance from a finite blood medium: application
to the modeling of fiber optic catheters”, Applied Optics,
Vol. 15 (1976), pages 2059-2067. Another use and interpre-
tation were given by R. A. J. Groenhuis et al., “Scattering
and absorption of turbid materials determined from reflec-
tion measurements. 1: Theory”, Applied Optics, Vol. 22
(1983), pages 2456-2462. Yet another application of spa-
tially resolved diffuse reflectance was the determination of
compounds in tissue, M. S. Patterson et al., “Quantitative
reflectance spectrophotometry for the noninvasive measure-
ment of photosensitizer concentration in tissue during pho-
todynamic therapy”, SPIE (Society for Photooptical Instru-
ment Engineering) Proceedings, Vol. 1065 (1989), pages
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115-122. Other recent publications include: B. Chance, H.
Liu, T. Kitai, Y. Zhang, “Effect of solutes on the optical
properties of biological materials”, Analytical Biochemistry,
Vol. 227 (1995), pages 351-362; H. Liu, B. Beauvoit, M.
Kimura, B. Chance, “Effect of solutes on optical properties
of biological materials: Models, cells and tissues”, Journal
of Biomedical Optics, Vol. 1 (1996), pages 200-211; and J.
Qu, B. Wilson, “Monte Carlo modeling studies of the effect
of physiological factors and other analytes on the determi-
nation of glucose concentration in vivo by near infrared
optical absorption and scattering measurements”, Journal of
Biomedical Optics, Vol. 2 (1997), pages 319-325.

[0022] Frequency-domain reflectance measurements use
optical systems similar to those used for spatially resolved
light scattering (reflectance (R) as a function of distance (1)),
except that the light source is modulated at a high frequency
and a synchronized detector is used (U.S. Pat. Nos. 5,187,
672 and 5,122,974). The difference in phase angle and
modulation between the incident beam of light and the
reflected beam of light is used to calculate the scattering
coefficient and the absorption coefficient of the tissue or
scattering medium. U.S. Pat. No. 5,492,769 describes fre-
quency domain method and apparatus for the determination
of a change in the concentration of an analyte, and U.S. Pat.
No. 5,492,118 describes a method and apparatus for deter-
mination of the scattering coefficient of tissues.

[0023] Co-pending U.S. application Ser. No. 08/982,939,
filed Dec. 2, 1997, assigned to the assignee of this applica-
tion, describes a multiplex sensor that combines at least two
NI measurements in order to compensate for the effects of
spectral and physiological variables. Co-pending U.S. appli-
cation Ser. No. 09/080,470, filed May 18, 1998, assigned to
the assignee of this application, describes a non-invasive
glucose sensor employing a temperature control. One pur-
pose of controlling the temperature is to minimize the effect
of physiological variables.

[0024] Although a variety of spectroscopic techniques
have been disclosed in the art, there is still no commercially
available device that provides non-invasive glucose mea-
surements with an accuracy that is comparable to invasive
methods. Signals obtained by prior art methods reflect the
analyte information of the tissue as if the tissue comprised
a single uniform layer. The signals, however, are vulnerable
to the effects of surface layers of the skin, which are
significantly different from the deeper layers of the skin in
terms of textures, colors, and other properties. Also, prior art
methods fail to address the effect of variations in efficiency
of optical coupling between the measuring device and the
skin. As a result, current approaches to non-invasive
metabolite testing, such as glucose monitoring, have not
achieved acceptable precision and accuracy.

[0025] Thus, there is a continuing need for improved NI
instruments and methods that are unaffected by variations in
skin structures and layers or account for the effect of skin
layers. There is also a need for instruments with simple
calibration schemes that can be set in the factory and
periodically checked for accuracy in the field.

SUMMARY OF THE INVENTION

[0026] This invention involves a method and apparatus for
non-invasively measuring at least one parameter of a sample
of tissue, such as the absorption coefficient or the scattering
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coefficient of a layer of skin. Such parameters can be used
to determine the concentration of an analyte of interest in the
sample of tissue. As will be described more fully below, the
present invention measures light that is reflected, scattered,
absorbed, or emitted by the sample of tissue from a first pair
of average sampling depths, d,,, d, ., and from at least one
other pair of average sampling depths d, 5, d,..,, where d, 5
and d,,, are greater than d,,, and d, ;. These average
sampling depths are preferably less than 3 mm, more pref-
erably less than 2 mm. Confining the sampling depth in the
tissue is achieved by appropriate selection of the distance
separating the site at which light is introduced into the
sample and the site at which light is collected from the
sample after being reflected, scattered, absorbed, or emitted
by the sample.

[0027] Confining the sampling depth in the tissue provides
several advantages. First, confining the sampling depth
allows determinations of the optical properties of a specific
layer of the sample, ¢.g., epidermis, and decreases interfer-
ence from other layers, e. g., stratum corneum, in these
determinations. Secondly, the tissue region that is sampled
can be more homogeneous than the tissue regions sampled
by the devices described in prior art. Thirdly, the signal is
obtained from a region of tissue having a substantially
uniform temperature. Accordingly, the signal is not likely to
be affected by the temperature gradient running from the
surface of the tissue into the interior of the tissue.

[0028] In the preferred embodiments, this invention
involves a method and apparatus for non-invasively mea-
suring at least one parameter of a sample by means of a light
introduction site and a plurality of light collection sites, each
light collection site comprising a plurality of light collecting
elements. The site at which light is introduced into the
sample and the sites at which the light reflected, scattered,
absorbed, or emitted by the sample is collected for detection
occupy a small area on the surface of the tissue. The
minimum distance between the site at which light is intro-
duced into the sample and the closest site at which the light
is collected is approximately equal to or less than the
transport mean free path of a photon in the sample. The
transport mean free path is the average distance that a photon
can be propagated in a sample without undergoing an
absorption event or a scattering event. This minimum dis-
tance is on the order of 1 mm for light in the near infrared
region of the electromagnetic spectrum in typical samples of
tissues. The maximum distance between the site at which
light is introduced into the sample and any site at which the
light is collected should be less than ten times that of the
transport mean free path of a photon in the sample. This
maximum distance is on the order of 1 cm for light in the
near infrared region of the electromagnetic spectrum in
typical samples of tissues. Preferably, the minimum distance
between the site at which light is introduced into the sample
and the closest site at which the light re-emitted from the
sample is collected is less than 0.5 mm, and the maximum
distance between the site at which light is introduced into the
sample and the furthest site at which the light re-emitted
from the sample is collected is less than 6 mm.

[0029] TIn one aspect, this invention involves a method for
determining at least one optical parameter of a sample
having a plurality of layers, wherein the layers have different
properties. The method comprises the steps of:
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[0030] a) introducing a beam of light into the sample
at a light introduction site on a surface of the sample;

[0031] b) determining the intensities of light re-emit-
ted from the sample at a plurality of light collection
sites on the surface of the sample, at least a first light
collection site collecting light re-emitted mainly
from a first layer of the sample, at least a second light
collection site collecting light re-emitted mainly
from a second layer of the sample, the first light
collection site being at a first distance from the light
introduction site, and the second light collection site
being at a second distance from the light introduction
site, the first distance being less than said second
distance;

[0032] c) determining at least one optical parameter
of the first layer of the sample; and

[0033] d) determining at least one optical parameter
of the second layer of the sample, the first layer
having an average depth, as measured from the
surface of the sample, of smaller magnitude than the
average depth of the second layer, as measured from
the surface of the sample.

[0034] In a preferred embodiment of this aspect, the
method of this invention for measuring at least one optical
parameter of a sample having layers having differing prop-
erties comprises the steps of:

[0035] a) introducing a beam of light into the sample
at a light introduction site;

[0036] b) collecting light re-emitted from the sample
at a plurality of light collection sites, wherein each of
the light collection sites comprises at least two light
collecting elements and each of the light collection
sites is located at a different distance from the light
introduction site;

[0037] c) determining the intensity of the light re-
emitted at a first light collecting element of a light
collection site located at a first distance from the
light introduction site and the intensity of the light
re-emitted at at least a second light collecting ele-
ment of the light collection site located at the first
distance from the light introduction site;

[0038] d) determining the absorption coefficient and
the scattering coefficient of the sample at a given
depth of the sample by means of a mathematical
relationship between intensity of the light re-emitted
at the first light collecting element of the light
collection site located at the first distance from the
light introduction site and intensity of the light
re-emitted at at least a second light collecting ele-
ment of the light collection site located at the first
distance from the light introduction site;

[0039] e) determining the intensity of the light re-
emitted at a first light collecting element of a light
collection site located at a second distance from the
light introduction site and the intensity of said light
re-emitted at at least a second light collecting ele-
ment of the light collection site located at the second
distance from the light introduction site, wherein the
second distance is greater than the first distance;
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[0040] f) determining the absorption coefficient and
the scattering coefficient of the sample at a greater
depth of the sample than that of step d) by means of
a mathematical relationship between intensity of the
light re-emitted at the first light collecting element of
the light collection site located at the second distance
from the light introduction site and intensity of the
light re-emitted at at least a second light collecting
element of the light collection site located at the
second distance from the light introduction site.

[0041] Depending upon the number of layers in a sample,
the total number of light collection sites may vary. At a
minimum, the number of light collection sites should be
equal to the number of layers. Also, the separation between
a particular light collection site and the light introduction
site 1s determined by the depth and thickness of the particu-
lar layer in the sample for which this light collection site is
designated. A minimum of two light collecting elements
should be included in each light collection site.

[0042] In order to provide for the mathematical relation-
ships in steps d) and f), in any light collection site of light
collecting elements, the first light collecting element in the
light collection site and at least a second light collecting
element in the light collection site must be located at
different distances from the light introduction site.

[0043] One example of the mathematical relation between
the light collected at a first light collecting element at a first
collection site (R,) and the light collected at at least a second
light collecting element at the first collection site (R,) is the
logarithm of 1/R; as a function of corresponding logarithm
of R,/R,. The mathematical relationship can be used to
determine the absorption and scattering coefficients of the
layer of tissue close to the surface of the sample (stratum
corneum and epidermis) from the measured reflectance
values and a calibration procedure based on known reflec-
tance values.

[0044] One possible calibration procedure involves con-
struction of a calibration diagram by plotting the measured
values of a function of reflectance at one light collection site
distance, ¢. g., f(1/R;), versus the measured values of
another function of reflectance, e. g., f(R,/R,), at that light
collection site distance for a series of materials of known
measured absorption and scattering coefficients. These
materials can be selected from solid plastic disks containing
different levels of scattering and absorbing pigments,
opaque or translucent glass, liquid suspensions of scattering
materials, or the like. From the calibration diagram obtained,
one can determine the scattering and absorption coefficients
of an unknown sample based on its measured values of R,
and R,. Knowledge of the scattering and absorption coeffi-
cients can be used to determine the concentration of an
analyte of interest in the layer of tissue close to the surface
of the sample. The procedure described above can be
repeated for layers of tissue that are located below the layer
of tissue close to the surface of the sample. The method of
this invention can be applied to any tissue comprising, in
effect, two or more layers.

[0045] The method of this invention is also applicable for
an arrangement wherein a single light collection site and a
plurality of light introduction sites are employed. In this
variation, the method is also capable of determining at least
one optical parameter of a sample having a plurality of
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layers, wherein each of the layers has different properties.
The method comprises the steps of:

[0046] a) introducing a plurality of beams of light
into a sample at a plurality of light introduction sites
on a surface of the sample, a first light introduction
site being at a first distance from a light collection
site on the surface of the sample, a second light
introduction site being at a second distance from the
light collection site on the surface of the sample, the
first distance being less than the second distance;

[0047] b) determining the intensities of light re-emit-
ted from the sample at the light collection site, the
light collection site collecting light re-emitted
mainly from a first layer of the sample and collecting
light re-emitted mainly from a second layer in the
sample, the light re-emitted from the first layer being
introduced at the first light introduction site, the light
re-emitted from the second layer being introduced at
the second light introduction site;

[0048] c¢) determining at least one optical parameter
of a the first layer of the sample; and

[0049] d) determining at least one optical parameter
of the second layer of the sample, the first layer
having an average depth, as measured from the
surface of the sample, of smaller magnitude than the
average depth of the second layer, as measured from
the surface of the sample.

[0050] In a preferred embodiment of this variation, the
method is also capable of determining at least one optical
parameter of a sample having layers having different prop-
erties. The method comprises the steps of:

[0051] a) introducing beams of light into the sample
at a plurality of light introduction sites, wherein each
of the light introduction sites comprises at least two
illuminating elements, each of the light introduction
sites located at a different distance from a light
collection site;

[0052] b) collecting light re-emitted from the sample
at the light collection site;

[0053] c) determining the intensity of the re-emitted
light resulting from illumination by a first illuminat-
ing element of a light introduction site located at a
first distance from the light collection site and the
intensity of the re-emitted light resulting from illu-
mination by at least a second illuminating element of
the light introduction site located at the first distance
from the light collection site;

[0054] d) determining the absorption coefficient and
the scattering coefficient of the sample at a given
depth of the sample by means of a mathematical
relationship between intensity of the re-emitted light
resulting from illumination by the first illuminating
element of the light introduction site located at the
first distance from the light collection site and inten-
sity of the re-emitted light resulting from illumina-
tion by at least a second illuminating -element of the
light introduction site located at the first distance
from the light collection site;

[0055] e) determining the intensity of the re-emitted
light resulting from illumination by a first illuminat-
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ing element of a light introduction site located at a
second distance from the light collection site and the
intensity of the re-emitted light resulting from illu-
mination by at least a second illuminating element of
the light introduction site located at a second dis-
tance from the light collection site, wherein the
second distance is greater than the first distance;

[0056] f) determining the absorption coefficient and
the scattering coefficient of the sample at a greater
depth of the sample than that of step d) by means of
a mathematical relationship between intensity of the
re-emitted light resulting from illumination by the
first illuminating element of the light introduction
site located at the second distance from the light
collection site and intensity of the re-emitted light
resulting from illumination by at least a second
illuminating element of the light introduction site
located at the second distance from the light collec-
tion site.

[0057] In order to provide for the mathematical relation-
ships in steps d) and f), in any light introduction site of light
illuminating elements, the first illuminating element and at
least a second illuminating element must be located at
different distances from the light collection site.

[0058] Depending upon the number of layers in a sample,
the total number of light introduction sites may vary. At a
minimum, the number of light introduction sites should be
equal to the number of layers. Also, the separation between
a particular light introduction site and the light collection
site is determined by the depth and thickness of the particu-
lar layer in the sample for which this light introduction site
is designated. A minimum of two illuminating elements
should be included in each light introduction site.

[0059] The present invention is particularly advantageous
for samples of biological tissue where the presence of
multiple layers of tissue, such as skin layers, may affect the
result of determination of an optical parameter in a specific
layer. Non-invasive measurements may be made on a body
part of a patient, e. g., a finger, earlobe, lip, toe, skin fold, or
bridge of the nose.

[0060] The invention offers several advantages over the
prior art. The invention makes it is possible to determine the
effect of layers having different optical properties in tissue-
simulating phantoms and in human skin.

[0061] At small separations between the light introduction
site and the light collection site, i. e., where the separation
is close to the mean free path of the photon in tissue, the
majority of light collected has penetrated the tissue to only
a shallow depth. If the separation of the light introduction
site from the light collection site ranges over large distances
(e. g., 0.5 cm to 7 cm), reflected light collected at the light
collection site has been propagated through the stratum
corneum, epidermis, dermis, as well as deeper regions of
tissue. The light path may also include the subcutis (which
has higher fatty adipose tissue content) and underlying
muscle structures. These layers provide sources of variabil-
ity in measurements because of the heterogeneity in cell
size, cell packing, blood content, as well as thermal prop-
erties.

[0062] Better temperature control can be achieved at the
shallower depths of penetration in the sampled region.



US 2002/0084417 Al

Smaller temperature gradients along the depth of a tissue are
encountered when a temperature regulation means is applied
(as described in co-pending U.S. application Ser. No.
09/080,470, filed May 18, 1998, incorporated herein by
reference).

[0063] Furthermore, for tissue that is heterogeneous along
dimensions substantially parallel to the surface of the skin,
there is lower probability of photons encountering body
components, such as hair, scar tissue, or vein structure, that
will cause anomalies in the reflectance measurements. It is
also possible to perform measurements on a small localized
area of the skin with an optical instrument designed to have
the light introduction site close to the light collection site
rather than with a light introduction site that is located at a
great distance from the light collection site. Thus, it is
possible to detect blood vessels and hair fibers and deter-
mine their effect on the optical signals.

[0064] Optical instruments wherein the light introduction
site is separated from the light collection site by a great
distance require the use of a large body mass, such as the
muscle of the arm, thigh, or the abdomen. Accordingly, the
body locations where such an optical instrument can be used
are limited, and substantial disrobing and inconvenience for
the user are required. Thus, another advantage of the design
of the apparatus of the present invention is that optical
instruments wherein the distance from the light introduction
site to the light collection site is 5 mm or less can be used,
particularly with small body parts, such as ear lobes and
fingers. However, optical instruments wherein the distance
from the light introduction site to the light collection site is
5 mm or less can also be used with larger body parts, such
as the forearm, thigh, or abdomen.

[0065] Another advantage of a small distance between
light introduction site and the light collection site is the
higher signal to noise ratio obtainable at small separations,
due to increases in the amount of light ultimately reaching
the detector. Thus simpler, inexpensive, rugged components,
such as light emitting diodes, small flash lamps, and incan-
descent lamps, can be used as sources of light, and inex-
pensive commercially available photodiodes can be used as
detectors. Optical instruments having a large separation
between the light introduction site and the light collection
site require laser diodes as source of light and photomulti-
plier tubes as detector, because weaker signals are generated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0066] FIGS. 1A and 1B are a schematic diagrams illus-
trating (1) an arrangement of light collecting elements with
respect to the light introduction site and (2) the average
sampling depth, d,., for a given separation of light collec-
tions site from the light introduction site.

[0067] FIG. 2 is a block diagram of a device of this
invention.

[0068] FIG. 3A is a diagram illustrating a bifurcated
optical fiber bundle.

[0069] FIG. 3B is a series of diagrams showing portions
of the bifurcated optical bundle of FIG. 3A.

[0070] FIG. 4 is a diagram illustrating the nominal sepa-
ration distances, r, between light collecting elements and the
illuminating element.
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[0071] FIG. 5 is a diagram illustrating a body interface
used for human volunteer experiments.

[0072] FIG. 6A is a graph illustrating the spatially
resolved diffuse reflectance signal at 590 nm of a bulk
scattering medium (a suspension comprising a lipids emul-
sion) with and without layers simulating the stratum cor-
neum.

[0073] FIG. 6B is a graph illustrating the sensitivity of the
slope of the spatially resolved diffuse reflectance signal at
590 nm at different separations of the light introduction site
from the light collection site to changes in the optical
properties of a layer that simulates the stratum corneum.

[0074] FIG. 7A is a graph illustrating the spatially
resolved diffuse reflectance signal at 900 nm of a bulk
scattering medium (a suspension comprising a lipids emul-
sion) with and without layers simulating the stratum cor-
neum.

[0075] FIG. 7B is a graph illustrating the sensitivity of the
slope of the 900 nm spatially resolved diffuse reflectance
signal at different separations of the light introduction site
from the light collection site to changes in the optical
properties of a layer that simulates the stratum corneum.

[0076] FIG. 8A is a graph illustrating the spatially
resolved diffuse reflectance signal at 590 nm of a bulk
scattering medium (a suspension comprising a lipids emul-
sion with a blue dye added) with and without layers simu-
lating the stratum corneum.

[0077] FIG. 8B is a graph illustrating the sensitivity of the
slope of the 590 nm spatially resolved diffuse reflectance
signal at different separations of the light introduction site
from the light collection site to changes in the optical
properties of a layer simulating the stratum corneum.

[0078] FIG. 9A is a graph illustrating the spatially
resolved diffuse reflectance signal at 900 nm of a bulk
scattering medium (a suspension comprising a lipids emul-
sion with a blue dye added) with and without a layer
simulating the stratum corneum.

[0079] FIG. 9B is a graph illustrating the sensitivity of the
slope of the 900 nm spatially resolved diffuse reflectance
signal at different separations of the light introduction site
from the light collection site to changes in the optical
properties of a layer simulating the stratum corneum.

[0080] FIG. 10A is a graph illustrating the spatially
resolved diffuse reflectance signal at 590 nm of a Caucasian
volunteer with and without a layer simulating the stratum
corneum, the layer having a dominantly absorbing property.

[0081] FIG. 10B is a graph illustrating the spatially
resolved diffuse reflectance signal at 900 nm of a Caucasian
volunteer with and without a layer simulating the stratum
corneum, the layer having a dominantly absorbing property.

[0082] FIG. 11A is a graph illustrating the spatially
resolved diffuse reflectance signal at 590 nm of a Caucasian
volunteer with and without a layer simulating the stratum
corneum, the layer having a dominantly scattering property.

[0083] FIG. 11B is a graph illustrating the spatially
resolved diffuse reflectance signal at 900 nm of a Caucasian
volunteer with and without a layer simulating the stratum
corneum, the layer having a dominantly scattering property.
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[0084] FIG. 12A is a graph illustrating the spatially
resolved diffuse reflectance signal at 590 nm of a Caucasian
volunteer with and without a layer simulating the stratum
corneum, the layer having both absorbing and scattering
properties.

[0085] FIG. 12B is a graph illustrating the spatially
resolved diffuse reflectance signal at 900 nm of a Caucasian
volunteer with and without a layer simulating the stratum
corneum, the layer having both absorbing and scattering
properties.

[0086] FIG. 13A is a graph illustrating the sensitivity of
the slope of the spatially resolved diffuse reflectance signal
at 590 nm, at different separations of the light introduction
site from the light collection site, to changes in the optical
properties of a layer simulating the stratum corneum.

[0087] FIG. 13B is a graph illustrating the sensitivity of
the slope of the spatially resolved diffuse reflectance signal
at 900 nm, at different separations of the light introduction
site from the light collection site, to changes in the optical
properties of a layer simulating the stratum corneum.

[0088] FIG. 14A is a graph illustrating the spatially
resolved diffuse reflectance signal at 590 nm of the left arms
of Caucasian (light-skinned) and African-American (dark-
skinned) volunteers.

[0089] FIG. 14B is a graph illustrating the sensitivity of
the slope of the spatially resolved diffuse reflectance signal
at 590 nm, at different separations of the light introduction
site from the light collection site, to changes in the melano-
some content of the top skin layers of the left arms of
Caucasian (light-skinned) and African-American (dark-
skinned) volunteers.

DETAILED DESCRIPTION

[0090] As used herein, the expression “optical properties”
refers to the absorption, scattering, emission, and depolar-
ization properties of the tissues. The expression “optical
parameter” refers to a parameter that describes and defines
an optical property of a medium and its components.
Examples of optical parameters include absorption coeffi-
cients, scattering coefficients, anisotropy factors, transport
optical mean free path, extinction coefficients of analytes.
The expression “scattering medium” refers to a medium that
both scatters light and absorbs light. The expression
“absorption coefficient” (1. e., u,) refers to the probability of
light absorption per unit path length. The expression “scat-
tering coefficient” (i. ., i) refers to the probability of light
scattering per unit path length. The expression “anisotropy
factor” (1. e., g) refers to the average cosine of the scattering
angle for a multiply scattered photon. The expression
“reduced scattering coefficient” (i. e., p.') refers to the
probability of equivalently isotropic (uniform in all direc-
tions) scattering per unit path length. The reduced scattering
coefficient is related to the scattering coefficient g, and the
anisotropy factor g by the relationship g/'=(1-g) u,. The
expression “transport photon mean free path” (i. e., 1/(¢ +
u) refers to the mean path length for a photon traveling in
a medium between two consecutive photon-medium inter-
actions. Photon-medium interactions include (1) a scattering
event followed by a scattering event and (2) a scattering
event followed by an absorption event. The expression
“effective scattering coefficient” refers to the transport
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attenuation coefficient, g x=v3u (u +1.). The expression
“penetration depth” (i. e., d) means the reciprocal of the
effective attenuation coefficient, d=1/u, . Penctration depth
is related to to the change of light intensity in a scattering
medium as a function of distance traveled by the light along
the same path as the incident light. The expression “Monte
Carlo simulation” refers to a statistical method that can be
used to trace photon propagation in a scattering medium by
means of numerical simulation. The expression “diffuse
reflectance” means a measure of the intensity of light that is
re-emitted from the surface of a sample in all directions
except the direct reflection direction when the surface is
illuminated by incident light. The expression “spatially
resolved diffuse reflectance” refers to a measurement of light
that is re-emitted from a sample and collected at several light
collection sites and at a defined distance from a light
introduction site. Alternatively, this expression can refer to
the light collected at a given light collection site on the
sample boundary as a result of introducing light at discrete
light introduction sites located on the same boundary at
defined distances from the light collection site. The expres-
sion “frequency domain measurement” refers to a measure-
ment of light involving the phase angle and/or the amplitude
change of modulated incident light, at a given separation
distance of a light introduction site from a light collection
site, as the light transverses a scattering medium. The
expression “beam of light” means a group of photons
traveling together in nearly parallel trajectories toward a
sample and striking the surface of the sample in a predefined
area only. As a practical matter, the predefined area on the
surface of a sample struck by a given beam of light is that
area that is covered by an illuminating element, such as an
optical fiber. The expression “light introduction site” means
a location on the surface of a sample, e. g., a body part,
tissue, or the like, at which light is injected or inserted into
the sample. The source of the light can be located at the light
introduction site or can be located remote from the light
introduction site. If the source of light is located remote from
the light introduction site, the light must be transmitted to
the light introduction site by light transmitting means, such
as, for example, optical fibers. The expression “illuminating
element” means a component located at the light introduc-
tion site that delivers light to the sample, €. g., a body part,
tissue, or the like. The illuminating element is typically an
optical fiber that transmits light from a source of light to the
light introduction site. However, if the source of light can be
located at the light introduction site, the source of light can
be the illuminating element. The expression “light collection
site” means a location on the surface of a sample, e. g., a
body part, tissue, or the like, at which light is that is
re-emitted from the sample is accumulated. The detector,
which determines the intensity of the re-emitted light, can be
located at the light collection site or can be located remote
from the light collection site. If the detector is located
remote from the light collection site, the light must be
transmitted to the detector by light transmitting means, such
as, for example, optical fibers. The expression “light col-
lecting element” means a component covering an area at the
light collection site that accumulates light that is re-emitted
from the sample, e. g., a body part, tissue, or the like. The
light collecting element is typically an optical fiber that
transmits light from the light collection site to a detector.
However, if the detector can be located at the light collection
site, the detector can be the light collecting element. The
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term “sample” means a biological or non-biological material
that scatters and absorbs light. Samples include, but are not
limited to, tissue, blood, urine, and other biological solids
and fluids. Samples can be homogeneous or heterogeneous
and can consist of a single layer or a plurality of layers. As
used herein, the term “tissue” includes tissue of any animal,
including humans. Moreover, the term “tissue” is intended to
include the intact tissue of a living animal, including
humans. The term “distance” means (1) the distance as
measured from the center of one site to the center of the
other site when referring to the distance between two sites;
(2) the distance from the center of one element to the center
of the other element when referring to the distance between
two elements; (3) the distance between the center of a given
site and the center of an element not in that site when
referring to the distance between a given site and an element
not in that site. The expression “re-emitted light” means a
group of photons emerging from a sample as a result of the
scattering, reflection, absorption, and emission of the light
that illuminates the sample. As used herein, the term “light”
means electromagnetic radiation. Preferably, the light has a
wavelength ranging from about 400 nm to about 10,000 nm,
more preferably from about 400 nm to about 2500 nm, most
preferably from about 500 to about 1500 nm.

[0091] The effect of samples and media, particularly
sample of tissue, on light will now be discussed briefly. For
samples and media that slightly scatter light, Beer’s law
describes the light fluence within a sample as follows:

=l exp—(u,2) €]
[0092] where
[0093] T represents the light fluence at a distance, z,

into the sample,

[0094] 1, represents the intensity of incident light,
and

[0095] g, represents a total attenuation coefficient.

[0096] g, is the sum of the absorption coefficient, s, , and
the reduced scattering coefficient, #,'. The mean free path of
a photon describes the average distance traveled by a photon
either (1) between a first scattering event followed by a
second scattering event or (2) between a scattering event
followed by an absorption event, and is defined as 1/,

[0097] At wavelengths of visible and NIR light, scattering
dominates absorption in biological tissues (i. €., ¢#,>>u,), and
photon propagation deviates significantly from Beer’s law.
Tissue scattering occurs because of a mismatch between the
indices of refraction of either the extracellular fluid (ECF) or
the intracellular fluid (ICF) and the cellular membranes of
the tissue. As used herein, the expression “cellular mem-
branes” encompasses both the cell membrane as well as the
membranes of organelles, such as mitochondria or collagen
fibrils. Besides undergoing scattering and absorption, pho-
tons can be reflected at the interface between tissue and an
illuminating element; photons can also be re-emitted out of
the tissue.

[0098] A practical approach for describing the transfer of
light energy through a scattering medium uses radiative
transport theory. In the radiative transport formalism, light
propagation is considered equivalent to the flow of discrete
photons, which may be locally absorbed by the medium or
scattered by the medium. For samples and media that highly
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scatter light, where the distance from the light introduction
site to the light collection site is much larger than the
transport photon mean free path, the radiative transport
theory can be simplified to yield the Diffusion Theory
approximation. The Diffusion Theory describes photon
propagation in tissues by the absorption coefficient, #,, and
the reduced scattering coefficient g '=u[1-g], where the
anisotropy factor, g, represents the average cosine of the
angle at which a photon is scattered. Typical values of g for
tissues are 0.9<g<1.0 (forward scattering). The attenuation
of photons in tissues is described by an effective attenuation
coefficient, u g, as follows:

o=Vttt =V Guel s (1-g) D @
[0099] The value of u_g can be calculated from scattering
measurements (such as by spatially resolved diffuse reflec-
tance techniques) and both g, and ' can be derived from
measurements of under different conditions. In turn, changes
in the values of u, and g can be related to tissue parameters,
such as the concentration of an analyte.

[0100] Light fluence within the sample, where light may
undergo frequent scattering events, is described by the
following formula:

T=Iexp=(itess?) ©)

[0101] where I, I, and z are defined as above and 82_¢ is
defined as above and differs from the g, defined in Equation
.
[0102] For tissue samples irradiated at visible and near-
infrared wavelengths of light, the size of the scattering
material in the tissue is near the wavelength of light, and the
reduced scattering coefficient, «,', can be expressed using
Mie theory as follows:

=45 (1-8)=3.287a” p(2man /M) > (m=1 )% 4
[0103] where

[0104] p represents the volume density, 1. e., number
of particles per unit volume,

[0105] a represents the radius of the scattering par-
ticle (e. g., cells, mitochondria, or collagen fibrils),

[0106] n.. represents the refractive index of the
medium (ECF or ICF),

[0107] m=(n;,/n.,), the ratio of the refractive index of
the scattering particle n;, to the refractive index of
the medium n__, and

x>

[0108] 7. represents the wavelength of the light.

[0109] See R. Graaff, et al.,, “Reduced light-scattering
properties for mixtures of spherical particles: a simple

approximation derived from Mie calculations”, Applied
Optics, Vol. 31 (1992), pages 1370-1376.

[0110] For a given wavelength of incident light, u'
changes directly with either the size of the scattering par-
ticle, “a”, or the refractive index ratio “m”, as shown in
Equation (4). Because the refractive index of the scattering
particles, n, , remains relatively constant, #,' is influenced
mostly by n.. and particle radius “a”. For example, an
increase in concentration of glucose, or concentration of
other solute, reduces tissue scattering by decreasing the
difference in refractive index between the ICF/ECF and the
cellular membranes. Variations in n_, are not specific for a
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particular analyte, however, and are affected by any change
in the total concentration of solutes in the ECF, including
salts and proteins. The values of n_, is also susceptible to
changes in physiological variables, such as temperature of
the tissue.

[0111] Determination of u_, i, and g of a tissue at different
wavelengths can give information on physical and chemical
properties of the tissue, such as concentration of analytes,
cell sizes, and tissue heterogeneity. Methods of determining
Ui U, and g, are known in the art. One of these methods
is the measurement of diffuse reflectance of the skin tissue.
In a diffuse reflectance measurement, the measured reflec-
tance is a function of the reduced scattering coefficient g,
the absorption coefficient u,, the refractive index of the
scattering medium n_, and the refractive index of the sur-
rounding layer n,, which is usually air.

[0112] Another method of measuring the absorption and
scattering coefficients is referred to as spatially resolved
diffuse reflectance, wherein the value of reflectance is a
function of the distance of the light introduction site from the
light collection site. In this method, the intensity of the light
re-emitted from a sample is measured at several distances
from the site at which light is introduced into the sample.
Under certain conditions, intensity of the re-emitted light is
related to the separation of the light introduction site from
the light collection site by the relationship:

R(r)=K[exp(~pgr))r or S
La[rR() =LK o) —eeer (6

[0113] where R(r) represents the intensity of light re-
emitted from a sample at a light collection site, which is
separated from the light introduction site by a distance r, and

[0114] K, is a constant.

[0115] For a given measurement, the logarithm of the
product of the intensity of the re-emitted light as a function
of distance, R(r), times the separation distance between the
light introduction site and the light collection site, r, may be
plotted against the separation distance r. The plot is linear at
large separations of the light introduction site from the light
collection site. This linear region is known as the diffusion
theory limit. Under these conditions the absolute value of the
slope of the line is the effective attenuation coefficient u_g.
Other methods for determination of optical properties of
tissues are described in the art. These methods include
collimated transmittance and frequency domain measure-
ments.

[0116] TFor the spatially resolved diffuse reflectance mea-
surement that is outside the diffusion theory limit, an effec-
tive way of establishing the relationship between R(r) and
stand g, and ' is the Monte Carlo simulation. This numeri-
cal iteration algorithm requires the fewest assumptions in
comparison with other scattering theories.

[0117] The present invention involves methods and instru-
ments for the measurement of optical properties of tissues
taken across a skin boundary, while accounting for the
effects of skin layers on the properties measured. The
measurement of optical properties of tissue across a skin
boundary is adversely affected by the non-homogeneity of
the different layers of the skin. Prior art methods and devices
ignore the effect of multiple layers of skin tissue on the
measured optical properties. Thus, U.S. Pat. Nos. 5,057,695;
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5,551,422, 5,676,143; 5,492,118; 5,419,321; 5,632,273, and
5,513,642 are silent as to the effect of different layers of skin
on optical measurements, and they disclose no methods or
instruments that address this issue. Other prior art methods
use widely separated sources of light and detectors of light
and a diffusion theory approach to map deep tissue layers.
These devices operate on large body masses such as the
skull, thigh, or large arm muscles. Studies on blood circu-
lation in skin show that cutaneous microcirculation occurs at
depths of 1 to 2 mm below the skin’s epidermal surface (I.
M. Braverman, “The Cutaneous microcirculation: ultra-
structure and microanatomical organization”, Microcircula-
tion, Vol. 4 (1997), pages 329-340). Thus, measurement of
optical properties close to the surface of the skin can provide
useful information on the effect of blood circulation on the
concentration of metabolites in tissues that are close to the
surface of the skin. Also, studies of blood circulation close
to the surface of the skin by means of laser Doppler
flowmetry have shown that laser Doppler flowmetry is a
good tool for diagnosing peripheral circulatory disease.

[0118] As shown in FIGS. 1A and FIG. 1B, the apparatus
100 of this invention comprises a means for introducing
light into tissue through a defined light introduction site 102.
The light is introduced by means of an illuminating element
104. At small distances from the light introduction site 102
are located a plurality of light collection sites 106 compris-
ing light collecting elements 108, which collect the light
re-emitted from tissue for measurement of the intensity of
the re-emitted light at one or more detectors (not shown).
The source of light (not shown) for providing light at the
light introduction site 102 can be a focused beam of light, a
collimated beam of light, or a surface-mounted light emit-
ting diode or a laser diode in contact with the skin. Other
sources of light can also be used. In addition, the source of
light can be remote from the light introduction site 102, in
which case a fiber tip can be used to carry light from the
remote source of light. Re-emitted light is collected at
several sites located at different distances from the light
introduction site 102 and directed towards one or more
detectors that measure the intensity of the collected light.
Re-emitted light can be collected by any of several means.
Representative examples of these means of collecting re-
emitted light include, but are not limited to, fibers that are in
contact with the skin and a mask with holes at predetermined
distances from the light introduction site. The light thus
collected can be imaged into a charge coupled device (CCD)
camera, a series of photodiodes in contact with the skin or
a one-dimensional or a two-dimensional photodiode array,
or any other suitable type of detector.

[0119] Although the previous discussion has focused pri-
marily upon a single light introduction site and a plurality of
light collection sites comprising light collecting elements, in
an alternative embodiment, a plurality of light introduction
sites and a single light collection site can be used. A single
light collection site replaces the light introduction site, and
the light collection sites at distances r; through r, are
replaced by a plurality of light introduction sites. See FIGS.
1A and 1B for examples of distances r; through r,.

[0120] The apparatus of the present invention requires that
the sites for introducing light and for collecting light be
closely spaced. Thus, the maximum distance between the
light introduction site and any light collection site is less
than 10 mm, preferably less than 6 mm, more preferably less
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than 4 mm. The minimum distance between the sites for
introducing light and for collecting light must be less than
the mean free path of a photon in the medium. The mean free
path of a photon is defined as 1/(u_ +."). For a typical tissue
illuminated with light at a wavelength of 600 nm to 900 nm,
the mean free path of a photon ranges from about 0.6 mm to
about 1.2 mm. The penetration depth in the tissue ranges
from about 0.7 mm to about 2 mm. Thus, the smallest
separation between the light introduction site and the site at
which re-emitted light is collected should be less than 600
micrometers, preferably from about 200 micrometers to
about 400 micrometers. These distances are in contrast with
those disclosed in an article by Kumar et al. Kumar et al.
recommend that the separation between the light introduc-
tion site and the light collection site be greater than 4 mm,
in order to avoid the structural effects of the surface of the
skin. See G. Kumar, J. M. Schmitt, “Optical probe geometry
for near-infrared spectroscopy of biological tissue”, Applied
Optics, Vol. 36 (1997), pages 2286-2293.

[0121] Another feature of the preferred embodiment of
this invention is that there are two or more light collecting
elements at each light collection site in the case of a single
light introduction site. Similarly, there are two or more light
introducing elements at each light introduction site in the
case of a single light collection site. Although the embodi-
ment in which a plurality of light collection sites comprising
a plurality of light collecting elements will now be dis-
cussed, the distance relationships between elements also
apply to the embodiment in which a plurality of light
introduction sites comprise a plurality of illuminating ele-
ments. The light collecting elements at each light collection
site are very close to each other. The light collecting ele-
ments at each light collection site are arranged to cover
distances that are either in very close proximity to the light
introduction site, near the light introduction site, or greatly
separated from the light introduction site. FIGS. 1A and 1B
show a schematic arrangement of a light introduction site
and light collection sites. The light collecting elements,
which can be optical fibers, are preferably adjacent to each
other, i. e., almost touching each other, or are separated by
a very small distance, which is typically less than the linear
dimension of the cross section of a light collecting element.
Light collecting elements can be also arranged in groupings
of three or more. Light collecting elements at a given light
collection site are very close to each other and well separated
from light collecting elements at other light collection sites.

[0122] The light collecting elements can be arranged in a
structure, such as a non-reflective plastic housing or a
non-reflective metal housing to decrease the probability of
scattered light re-entering the surface of the skin. Alterna-
tively, a set of optical fibers mounted in a transparent plastic
holder can be used to divert the re-emitted light away from
the skin. Light collecting elements can be arranged in holes
drilled in the housing. A preferred structure for an optical
instrument of this invention involves arranging optical fibers
in a hexagonal close-packed fiber bundle. Some of the fibers
are used for illumination and others are used for collection
of light. Other fibers can be used to divert scattered light
away from the surface of the skin into a light trap, such as
a non-reflective hollow cone, to prevent its re-introduction
into the surface of the tissue.

[0123] The diffusely reflected light is measured, at each
wavelength, as a function of the distance between the light
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introduction site and the light collection site. The signal is
amplified and is corrected for fluctuation of the light source
and variation of the fiber throughput. The corrected signal is
used for calculating the absorption coefficient and the scat-
tering coefficient of the sample.

[0124] Absorption and scattering coefficients can be deter-
mined from the output of the apparatus of this invention,
Monte Carlo modeling, and a calibration procedure. Cali-
bration can be carried out by determining the spatially
resolved diffuse reflectance values of a set of materials of
known optical properties. These materials are known as
tissue-simulating phantoms. They include lipid suspensions,
such as Intralipid® (Pharmacia, Clayton, N.C.) and Lipo-
syn® (Abbott Laboratories, North Chicago, Ill.). The lipid
suspension is diluted to generate suspensions having known
values of scattering coefficients. A colored compound,
hemoglobin, or blood is added to the suspension to generate
different values of absorption coefficients. Alternatively,
plastic rods or sheets containing colored pigments can be
used. Also, polished pieces of scattering glass, such as opal
glass, can be used to generate reference values for absorp-
tion and scattering coefficients. Absorption coefficients and
scattering coefficients of these phantoms are usually deter-
mined by independent standard optical methods.

[0125] An experimental calibration diagram can be estab-
lished by measuring spatially resolved diffuse reflectance
values R(r,), R(r,), R(r), . . . , R(r,) of a series of phantoms
having known values of u, and u/. After the spatially
resolved diffuse reflectance values are obtained, one can plot
one function of the magnitude of the measured reflectance
values on one axis (the Y axis) versus the corresponding
slope of the measured reflectance values (dR/dr) on the
X-axis for each pair of the absorption and scattering coef-
ficients of the tissue-simulating phantoms. A set of scattering
coefficient curves is obtained by connecting adjacent points
in the plot that have the same scattering coefficient. A set of
absorption coefficient curves is obtained by connecting
adjacent points in the plot that have the same absorption
coefficient. A given scattering coefficient curve shows how
the absorption coefficient changes when the scattering coef-
ficient is constant. A given absorption coefficient curve
shows how the scattering coefficient changes when the
absorption coefficient is constant. An example of such a
calibration diagram involves plotting a function of reflec-
tance at one distance, R, or 1/R_, versus a ratio such as
R /R, where R, and R, are the reflectance values at two
different distances r,, and r,, from the light introduction site.

[0126] A preferred method for generating the two dimen-
sional grid comprises the step of plotting 1/R; versus R, /R,.
R, represents the intensity of the re-emitted light at a first
collection position. This first collection position is located at
a very short distance from the light introduction site. R,
represents the intensity of the re-emitted light at a second
collection position. This second position is also located at a
very short distance from the light introduction site. The first
position is adjacent to the second position. The distance of
the first position from the light introduction site is not equal
to the distance of the second position from the light intro-
duction site. Thus, the first position and the second position
are positions of a closely spaced pair of light collecting
elements at a given light collection site. As shown sche-
matically in FIG. 1A, light collecting elements positioned
close to the light introduction site mainly collect photons
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scattered in the layer close to the surface of the skin and have
average penetration depth between d_,; and d_ .. A plot of
1/R; versus R;/R, yields another set of optical parameters.
R, represents the intensity of re-emitted light at a third
position. This third position is located at a distance farther
from the light introduction site than the first and second
positions. R, represents the intensity of re-emitted light at a
fourth position. This fourth position is also located at a
distance farther from the light introduction site than the first
and second positions. The third position is adjacent to the
fourth position. The distance of the third position from the
light introduction site is not equal to the distance of the
fourth position from the light introduction site. Thus, the
third position and the fourth position are positions of a
closely spaced pair of light collecting elements at a given
light collection site. As shown schematically in FIG. 1A,
light collecting elements at positions relatively far from the
light introduction site, i. e., the third and fourth positions,
collect photons scattered mainly in the deeper layers of skin
and have average penetration depth between, d,, and d__,,
respectively. Thus, re-emitted light collected by light col-
lecting elements positioned relatively close to the light
introduction site contain information mainly on the optical
properties of the surface layer, which extends to a depth of
a few hundred micrometers, while re-emitted light collected
by light collecting elements positioned relatively far from
the light introduction site contain information mainly on the
optical properties of the deeper tissue layers, which extend
to a depth of 1 to 2 millimeters. The optical properties of the
two layers may still affect the re-emitted light from both the
closer and further light collection sites and may require
special mathematical treatment of the data in order to obtain
values for optical parameters specific to a given layer. It
should be noted that the formation of a grid is not the only
means for determining optical parameters. Optical param-
eters can be determined from tables of values, such as, for
example, tables of values stored in a computer.

[0127] The placement of the light collection sites (in the
case of a single light introduction site) or the placement of
the light introduction sites (in the case of a single light
collection site) depends upon the number of layers in the
sample and the thickness of each layer. In the case of a
sample of skin tissue, the number of layers of skin and the
thickness of each layer have been accurately reported in the
art of dermatology.

[0128] Although the previous discussion illustrates the use
of a single light introduction site and a plurality of light
collection sites, it is equivalently possible to perform the
same steps with other configurations of the apparatus. One
such configuration comprises a single light collection site
and a plurality of light introduction sites distributed at the
appropriate distances from the light collection site.

[0129] In the preferred embodiment, at least two light
collection sites are required in the case of a single light
introduction site. It is possible to use a greater number of
light collection sites than two. In an alternative embodiment,
at least two light introduction sites are required in the case
of a single light collection site. It is possible to use a greater
number of light introduction sites than two. Increasing the
number of light collection sites or light introduction sites,
depending on the embodiment employed, increases the
resolution of the measurement. Balance between perfor-
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mance and cost may determine the number of possible light
introduction sites or light collection sites.

[0130] TInstruments constructed according to the present
invention differ from instruments of the prior art with respect
to configuration. In the case of instruments of the prior art,
the scattering coefficient of the tissue must be much greater
than the absorption coefficient of the tissue, and the mean
free path of a photon in the tissue must be much smaller than
the distance between the light introduction site and the light
collection sites. The wavelength range of the instruments of
the present invention includes ranges where the absorption
coefficient is approximately equal to the scattering coeffi-
cient, and some of the distances from the light introduction
site to the light collection sites are of the same magnitude as
the transport photon mean free path. Thus, a Monte Carlo
simulation model is preferred to the Diffusion Theory model
for calculating absorption and scattering coefficients of the
tissue to process the output of the instrument of the present
invention.

[0131] Determination of the concentration of an analyte in
a given layer of tissue of a sample, such as, for example, a
layer of skin, can be carried out by measuring the optical
parameter(s) of the given layer of tissue of the sample and
comparing the optical parameter(s) measured to optical
parameter(s) that correspond to known concentrations of the
analyte, whereby the concentration of analyte in the layer of
tissue can be ascertained. The known concentrations of the
analyte can be obtained by previously conducted in vivo or
in vitro tests. The results of the previously conducted tests
can be programmed into a data processor and used to predict
concentrations of analytes by means of algorithms derived
empirically.

[0132] The method and apparatus of this invention
addresses the layered structure of the skin and provides
solutions for the effect of outer layers of the skin on the
determination of the optical properties of inner layers of the
skin.

EXAMPLES

[0133] The following examples are illustrative of the
apparatus and method of this invention and are not intended
to be restrictive.

Example 1

[0134] FIG. 2 is a block diagram illustrating an embodi-
ment of an apparatus 10 of this invention. The apparatus 10
comprises a source of light module 12, a bifurcated optical
fiber bundle 14, a human interface module 16, and a detector
module 18. The source of light module 12 includes a source
of modulated light (not shown), such as a Gilway [.1041
lamp modulated with a Stanford Research Optical Chopper.
A prism, a dichroic beam splitter, or the like (not shown)
may be used to direct a portion of the beam emerging from
the source of light module 12 to a reference detector (not
shown), such as a Hamamatsu S-2386-44K 6C silicon
detector, in order to normalize the measurements for fluc-
tuations in intensity of the source of light. The rest of the
light emerging from the source of light module 12 is focused
onto the end of the source tip of a bifurcated fiber 14 by
means of at least one focusing lens (not shown). Additional
optical elements (not shown), such as attenuators, optical
filters, and irises may be inserted between the source of light
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and the source tip. The source tip is preferably held in an
adapter (not shown) having provisions for adjusting the
location of the source tip with respect to the beam emerging
from the source of light.

[0135] FIGS. 3A and 3B illustrate in detail a bifurcated
optical fiber bundle 14. The bifurcated optical fiber bundle
14 was constructed from Anhydrous G Low OH VIS-NIR
optical fibers. Referring now to FIG. 3A, the bifurcated
optical fiber bundle 14 comprises a source tip 20, a detector
tip 22, and a common tip 24. The three distinct “tips” or
termination sites of the bifurcated optical fiber bundle 14 are
shown in FIG. 3B. During operation, the source tip 20 is
contained within the source of light module 12, the detector
tip 22 is contained within the detector module 18, and the
common tip 24 is contained within the human interface
module 16. A single optical fiber 26 transmits light from the
source tip 20 to the common tip 24. Six optical fibers 28, 30,
32, 34, 36, 38 transmit light from the common tip 24 to the
detector tip 22.

[0136] The common tip 24 is installed in the human
interface module 16, which is placed against a body part
during use. As shown in FIG. 3B, the common tip 24
comprises the fiber 26 that transmits light from the source tip
20 to the common tip 24 and the six fibers 28, 30, 32, 34, 36,
38 that collect the light that is re-emitted from the tissue
sample and transmit the collected light to the detector tip 22.

[0137] One end of each of the fibers 28, 30, 32, 34, 36, 38
is located within the common tip 24 at increasing distances
from the fiber 26. The nominal separation distances, T,
between the center of the fiber 26 and the centers of the
fibers 28, 30, 32, 34, 36, 38 of the common tip 24 are shown
in FIG. 4. An important aspect of the present invention is
that all of the fibers 28, 30, 32, 34, 36, 38 are located at
separation distances, r, that are less than 4 mm away, and,
preferably, less than 2 mm away from the fiber 26. As will
be more thoroughly described below, positioning the fibers
in this manner results in enhanced precision and accuracy as
compared with the methods used in the prior art.

[0138] The other ends of the fibers 28, 30, 32, 34, 36, 38
are arranged in a circle within the detector tip 22, as shown
in FIG. 3B, with sufficient spacing to allow a shutter to
interrogate each fiber individually. The detector module 18
receives the detector tip 22 and holds it adjacent to a rotating
shutter (not shown) that allows detection of the light emitted
from one fiber at a time. The shutter has a detent or other
means to lock it in the six fiber positions. A pair of
achromatic lenses (25 mm diameter, 60 mm focal length)
focuses the light from the fiber of interest on a detector. The
detector was a Hamamatsu S-2386-44K 6C silicon detector.
The detector module 18 also comprises appropriate elec-
tronic signal processing instrumentation, such as large
dynamic range amplifiers and lock-in amplifiers. Alterna-
tively, the outputs of the six fibers can be directed to six
detectors for parallel signal processing.

[0139] FIG. 5 illustrates the human interface module 16,
which comprises an aluminum disk 40, a thermoelectric
cooling element 42, a thermocouple 44, a heat sink 46, the
common tip 24, and an interface adapter 48. The aluminum
disk contains an aperture 50, which receives the common tip
24 of bifurcated optical fiber bundle 14 and holds the
common tip 24 against a body part. The temperature of the
aluminum disk 40 (and of the tissue adjacent to the disk 40)
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is controlled by a thermoelectric cooling element 42, such as
model number SP1507-01AC (Marlow Industries). The
thermoelectric cooling element 42 is powered by a tempera-
ture controller/power supply, such as model number
SE5000-02 (Marlow Industries). A heat sink 46 is provided
on the back of the thermoelectric cooling element 42 to
enhance heat transfer. The interface adapter 48 is shaped to
conform to a body part and may, for example, be cylindrical,
flat, spheroidal, or any other shape.

[0140] The apparatus described in Example 1 was tested
by measuring the quantity of light re-emitted from the
forearms of several individuals. The distances of the light
collecting elements from the light introduction site are
shown in Table 1. FIG. 4 shows the spatial arrangement of
the light collecting elements and the light introduction site.
With a few simplifying assumptions, the values of y.' and g,
for several Caucasian, Oriental, and Mediterranean subjects
were determined at 34° C., by means of spatially resolved
diffuse reflectance signals from all the fiber positions. The
average values of u' and u, at several illumination wave-
lengths were used to estimate the transport mean free path of
the photons in the skin of these individuals. The results are
shown in Table 2.

TABLE 1

Distance from light introduction site to

Light collecting element light collecting element (mm)

t 0.435
t 0.764
t 0.899
I 1.194
I 1372
ts 1.816
[0141]
TABLE 2

Estimated Average Optical Parameters for Human Subiects

550 nm 590 nm 650 am 750 nm 800 am 900 am
(i + uy) 1.6 1.4 1.1 1.0 0.9 0.8
(mm™)
Mean free 0.62 0.72 0.88 1.0 1.1 1.2
path (mm)
Penetration 0.72 0.92 1.4 1.7 1.9 2.0
depth (mm)

[0142] Thus, the estimated mean free path is greater than
the distance between the light introduction site and closest
light collecting elements, while the distance between the
light introduction site and the furthest light collecting ele-
ments is greater than the mean free path of photons in the
tissue. The penetration depths achieved were less than or
equal to about 2.0 mm. The majority of the re-emitted light
was sampled at depths in the skin less than or equal to about
2 mm. Longer wavelengths, up to 2500 nm, can be selected
to achieve shallower or deeper penetration depth.

Example 2

[0143] The method of this example was carried out with
the apparatus described in Example 1. A suspension con-
taining a lipids emulsion comprising 0.65% Intralipid® (a
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dilution of 10% I1.V. Fat Emulsion, made by Pharmacia,
Clayton, N.C.) in water was used. This type of suspension
has been used in the art to simulate the scattering of human
tissue in the near-infrared region of the electromagnetic
spectrum. A volume of the suspension (45 mL) was placed
in a 50 mL polypropylene centrifuge vial. The opening of the
vial was sealed with a polyethylene film (15 pm thick, u,=0,
4,'=0, Cling Wrap, Dow Chemical Company), a rubber band
fixing it in place. The vial containing the suspension was
inverted and placed on top of the optical fiber bundle at the
human interface module 16 described in Example 1, the
polyethylene film contacting the optical fiber bundle.
Reflectance as a function of distance from the light intro-
duction site was determined. Complete reflectance curves
are shown in FIG. 6A for wavelength 590 nm and are
designated as bulk scattering. The ratio of the re-emitted
light collected by the two light collecting fibers closest to the
light introduction site (R,/R,), and the ratio of the re-emitted
light collected by the two light collecting fibers furthest from
the light introduction site (Rs/R,) are plotted in FIG. 6B. in
FIG. 6B, R, is the intensity of the light re-emitted at
distance r; from the illuminating fiber. R, is the intensity of
the light re-emitted at distance r, from the illuminating fiber.
R, is the intensity of the light re-emitted at distance r5 from
the illuminating fiber. R, is the intensity of the light re-
emitted at distance rg from the illuminating fiber. The values
of ry, 15, 15, and ry are set forth in Table 1. The re-emitted
light collected by the fibers closest to the light introduction
site, R; and R,, mainly represents the signal generated close
to the interface of the scattering medium and the optical
instrument (in this case, the polyethylene film). The re-
emitted light collected by the fibers further from the light
introduction site, R5 and R, mainly represents the signal
generated in the bulk of the scattering medium (in this case,
the Intralipid® suspension).

[0144] To simulate the effect of the stratum corneum on
the scattering pattern, a sheet of polyvinyl alcohol (80
micrometer thick) containing scattering hollow polystyrene
particles (referred to hereinafter as PVA sheet) was added
between the optical fiber bundle and the inverted covered
vial. The effect of this sheet is to mimic the stratum corneum
and create a layered structure where the outermost layer has
absorption and scattering properties different from the bulk
of the scattering medium. These polyvinyl alcohol sheets
have been described in W. Steenbergen and F. deMul, “New
optical tissue phantom and its use for studying laser Doppler
blood flowmetry”, SPIE Proceedings, Vol. 3196 (1997),
pages 12-23, incorporated herein by reference. The refrac-
tive index of PVA sheet was 1.53, the thickness of the PVA
sheet was 80 micrometers, the scattering centers were hol-
low polystyrene particles (0.8 micrometer), and the reduced
scattering coefficient ranged from 4.5 mm™" at 590 nm to 2.6
mm™' at 950 nm. The effect of the scattering layer as
measured at wavelength 590 nm is shown in FIG. 6A and
FIG. 6B. There was a noticeable change in the reflectance
of the layered phantom as a result of the added the PVA
sheet. This change occurred mainly in the values of R /R,
with a minimal change being observed in the values of
R/Rg, because R;/Rg mainly represents mainly light inter-
action with the deeper unchanged bulk phase.

[0145] A layer of polyvinyl alcohol sheet (80 micrometer
thick) containing hollow polystyrene particles was inserted
between the optical fiber bundle and the first PVA sheet
covering the inverted covered vial. The total thickness of the
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PVA sheets was 160 micrometers. Silicon oil was applied to
the interfaces of the PVA sheets to assure index matching
between the layers simulating the stratum corneum. The
effect of the second layer of polyvinyl alcohol sheet is to
mimic a stratum corneum having an increased thickness,
because different body parts have different thicknesses of the
stratum corneum. The effect of the scattering layer is shown
in FIGS. 6A and 6B for wavelength 590 nm. There was a
noticeable change in the reflectance of the layered phantom
as a result of adding the second PVA sheet. There was an
increase in the values of R,/R,, which mainly represents the
interaction of light with the surface layer. There was a
minimal change in the values of Rs/R, upon increasing the
thickness of the surface layer. The R /R, ratio mainly
represents the interaction of light with the bulk scattering
medium. The magnitude of the change indicates that the
change in scattering properties of the surface layer has a
minimal effect on the measurement of optical properties of
the bulk or the deeper layers of the scattering medium.
Similar effects are observed at 900 nm as shown in FIGS.
7A and 7B. Thus, the instrument of this invention is able to
track changes in the optical properties at the outer surface of
a tissue-simulating phantom.

Example 3

[0146] In a manner similar to that of Example 2, the
apparatus and method of this invention was tested on a
tissue-simulating phantom, which comprised a suspension
containing a lipids emulsion comprising 0.65% Intralipid®
emulsion and 0.012% nigrosine dye (Eastman Kodak, Roch-
ester, N.Y., Cat. No. C3536). A liquid phantom was con-
structed in the same manner as described in the first part of
Example 2. Instead of the almost non-absorbing pure
Intralipid® suspension used in Example 2, this blue dye
solution was used to simulate both scattering and absorbing
properties of human tissues. The absorption coefficients of
dye-containing suspension at several measurement wave-
lengths are listed below.

TABLE 3
Wavelength (nm) #, (mm™)
590 0.2710
650 0.2373
750 0.1438
800 0.1103
900 0.0669

[0147] In addition, to simulate the effect of the stratum
corneum on the reflection pattern, a PVA sheet (80 um thick,
the same as that used in Example 2) was inserted between
the optical fiber bundle and the liquid phantom. Variations in
the stratum corneum were further simulated by using two
layers of the PVA sheet (160 um thick), with silicon oil being
applied to the interfaces of the PVA sheets to assure index
matching between the layers simulating the stratum cor-
neum.

[0148] Inspatially resolved diffused reflectance at 590 nm,
a general increase in reflectance amplitude is noted when
one or two layers of a sheet simulating the stratum corneum
is inserted (FIG. 8A). This increase resulted from the
stronger scattering and weaker absorption characteristics of
the PVA sheets, when compared with those characteristics of
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the blue Intralipid® suspension. Moreover, the reflectance
curves show noticeable changes in curvature. As a result, the
slope of the curve varies greatly at the smaller distance from
the light introduction site (e. g., r; and r,), while remaining
almost unchanged at the greater distance from the light
introduction site (e. g., r5 and r,). The actual distances are set
forth in Table 1. This phenomenon is illustrated more clearly
in FIG. 8B, where the change in slope as a function of the
number of PVA sheets (as represented by the Ln (R,/R,) ) is
depicted. It seems that the large changes in R,/R, are greatly
influenced by the changes in the topmost layer. In contrast,
the minimal changes in Rs/R4 represent the unchanged
characteristics of the bulk part of the phantom. In other
words, measurement at the smaller distances from the light
introduction site r; and r, is useful for sensing the optical
properties of the top layer of the phantom. This measure-
ment is particularly useful when the contribution of the top
layer to the measurement at greater distances from the light
introduction site, rs and ry, needs to be accounted for. This
is apparent at a wavelength of 900 nm, where the difference
in absorption between the top layer and the bulk part of the
phantom becomes smaller; addition of the top layer to the
phantom has much less effect on R;, R, and R;/R,. How-
ever, very significant changes are still observed in R, R,
and R,/R,, as shown in FIGS. 9A and 9B.

Example 4

[0149] The apparatus and method of this invention were
tested on human volunteers. The following experiments
were performed to test the effect of changing the absorption
and scattering characteristics of the outer layer of skin on the
spatially resolved diffuse reflectance signal, which was
measured at different distances from the light introduction
site. The spatially resolved diffuse reflectance signal of the
inner left arm of a Caucasian volunteer was measured. Room
temperature was 22° C. and temperature of the common tip
24 and aluminum disk 40 in FIG. 5 was set to 34° C. The
temperature at the measurement site was allowed to equili-
brate at 34° C. for two minutes before the measurement was
begun. In the first part of the experiment, measurements
were first made directly on the volunteer’s arm, and then
another measurement was made with a nearly purely absorb-
ing layer (1,~0) inserted between the common tip 24 of the
human interface module 16 and the arm. The nearly purely
absorbing layer was a polyacrylic material (Pale Grey #397,
ROSCO, Stamford, Conn.), 64 um thick, and having the
transmittance characteristics shown below.

TABLE 4

Wavelength (nm) Transmittance (%)

590 67
650 67
750 84
900 >84

[0150] FIGS. 10A and 10B depict the effects of the
topmost layer on the measurement of the spatially resolved
diffuse reflectance signal. At the strongly absorbing wave-
length 590 nm, an almost parallel downward shift of the
reflectance curve can be seen (FIG. 10A). At the nearly
non-absorbing wavelength 900 nm, the parallel shift is still
seen, but to a very small extent (FIG. 10B). This example
illustrates that the effect of absorption in the topmost layers
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is to shift the R(r) curve downward, i. e., there is no preferred
detection position for tracking such effect.

[0151] Inthe second part of the experiment, measurements
were first made directly on the volunteer’s arm, and then
another measurement was made with a nearly purely scat-
tering layer being inserted between the arm and the optical
fiber bundle of the human interface module 16. This scat-
tering layer was a sheet of white vellum paper having a
thickness of 81 um (Cat. #3R3525, Xerox, Rochester, N.Y.).

[0152] FIGS. 11A and 11B depict the effects of the
topmost layer on the measurement of the spatially resolved
diffuse reflectance signal, at wavelengths 590 nm (FIG.
11A) and 900 nm (FIG. 11B). Due to the non-specificity of
scattering with respect to wavelength, the effect of the top
layer on the spatially resolved diffuse reflectance signal
observed for both wavelengths was similar. The apparent
curvature changes for the R(r) curves, which are much
greater at small distances from the light introduction site, r,
and r,, than at greater distances from the light introduction
site, r5 and rg, are evident. In other words, the slope of the
R(1) curves at the smaller distance between the light intro-
duction site and the light collection site (R,/R,) has changed
significantly, while only minimal changes are seen for the
slope of the R(r) curves at the greater distance between the
light introduction site and the light collection site (Rs/Rg).

[0153] In the third and the last part of the experiment,
measurements were first made directly on the volunteer’s
arm, and then another measurement was made with an
absorbing and scattering layer being inserted between the
arm and the optical fiber bundle of the human interface
module 16. This layer was a sheet of light blue vellum paper,
71 um thick.

[0154] FIGS. 12A and 12B depict the effects of the
topmost layer on the measurement of the spatially resolved
diffuse reflectance signal, at wavelengths 590 nm (FIG.
12A) and 900 nm (FIG. 12B). Due to both the absorbing and
scattering characteristics of the top layer, both significant
downward shift and the curvature change of the R(r) curves
can be observed. The shift is much larger at the more
absorbing wavelength 590 nm than at the less absorbing
wavelength 900 nm. However, the curvature changes are
similar at both wavelengths. Again, the slope of the R(r)
curves at the smaller distance between the light introduction
site and the light collection site (R;/R,) has changed sig-
nificantly, while only minimal changes are seen for the R(r)
curves at the greater distance between the light introduction
site and the light collection site (R5/Ry).

[0155] FIGS. 13A and 13B summarize the results of the
experiment described above regarding the effects of insert-
ing additional stratum corneum simulating layers between
the optical fiber bundle and the human forearm. The curva-
ture changes for the R(r) curve from the arm measurement
due to higher scattering top layers mainly occur at the
smaller distance between the light introduction site and the
light collection site, r; and r, (0.4 to 0.8 mm). The diffuse
reflectance ratio R,/R, (which represents the slope of the
R(r) curve at a small distance between the light introduction
site and the light collection site) is much more sensitive than
the diffuse reflectance ratio Rs/Ry (which represents the
slope of the R(r) curve at a greater distance between the light
introduction site and the light collection site). More specifi-
cally, in terms of the sensitivity to changes in the slope of the
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R(r) curve from the arm measurement, it is apparent that for
a nearly purely absorbing top layer (left pair of bars in FIGS.
13A and 13B), there was no discernible difference for short
and long distance measurement. Measurement at short dis-
tances is preferred to measurement at long distances for a
purely scattering top layer (middle pair of bars in FIGS. 13A
and 13B). Mecasurement at short distances is preferred to
measurement at long distances for a layer that has both an
absorbing and scattering top layer (right pair of bars in
FIGS. 13A and 13B).

Example 5

[0156] Another example of tests on human volunteers is
summarized in FIGS. 14A and 14B. The following experi-
ment was performed to test the effect of changing the
absorption and scattering characteristics of the outer layer of
skin on the spatially resolved diffuse reflectance signal,
which was measured at different distances from the light
introduction site. The spatially resolved diffuse reflectance
values of the inner left arms of two Caucasian (light-
skinned) volunteers and two African-American (dark-
skinned) volunteers were measured. Room temperature was
22° C. and temperature of the common tip 24 and aluminum
disk 40 in FIG. 5 was sct to 34° C. The temperature at the
measurement site was allowed to equilibrate at 34° C. for
two minutes before the measurement was begun. FIG. 14A
shows the spatially resolved diffuse reflectance signal for the
dorsal forearm of the four volunteers at a wavelength of 560
nm. Noticeable differences in the slopes and magnitudes of
the spatially resolved diffuse reflectance signal were
observed for the light-skinned and dark-skinned volunteers.
FIG. 14B shows the difference in the ratio R,/R, and the
ratio R5/R for the four subjects. The four subjects exhibited
close spatially resolved diffuse reflectance ratio signals at
larger distances between the light introduction site and the
light collection site (mean=0.88+0.10). At smaller distances
between the light introduction site and the light collection
site, considerable difference was observed. The mean of the
Ln (R,/R.) (which represents the slope of R(r) curve) was
1.4 for the dark-skinned subjects and 0.9 for the light-
skinned subjects. Melanosomes, which are the pigment-
containing particles of the skin, are known to be concen-
trated in the top layers of the skin. These pigmented particles
have different absorption and scattering coefficients from the
cells and fibers of the stratum corneum and the epidermis. It
is these differences that primarily contribute to the differ-
ences in skin colors. The measurement at smaller distances
between the light introduction site and the light collection
site (<1 mm) carries more information about the top skin
layer, including the stratum corneum and the epidermis.
Conversely, the measurement at greater distances between
the light introduction site and the light collection site (>1.65
mm) is less sensitive to such differences, and dominated by
information about the deeper skin layer. Thus, it is possible
to select a given layer within the skin structure to calculate
the optical properties of the skin and determine the correct
values of the absorption and scattering coefficients. Use of a
signal measured only at the greater distances between the
light introduction site and the light collection site would
have led to erroneous values for the optical parameters for
the test subjects. Also, the use of a much greater distance
between the light introduction site and the light collection
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site would lead to a complication of mixing of optical
parameters of the dermis with those of the deeper adipose
and muscle layers.

[0157] Various modifications and alterations of this inven-
tion will become apparent to those skilled in the art without
departing from the scope and spirit of this invention, and it
should be understood that this invention is not to be unduly
limited to the illustrative embodiments set forth herein.

What is claimed is:

1. A method for determining at least one optical parameter
of a sample, said sample having a plurality of layers, each of
said layers having different properties, said method com-
prising the steps of:

a) introducing a beam of light into said sample at a light
introduction site on a surface of said sample;

b) determining the intensities of light re-emitted from said
sample at a plurality of light collection sites on said
surface of said sample, at least a first light collection
site collecting light re-emitted mainly from a first layer
of said sample, at least a second light collection site
collecting light re-emitted mainly from a second layer
of said sample, said first light collection site being at a
first distance from said light introduction site, and said
second light collection site being at a second distance
from said light introduction site, said first distance
being less than said second distance;

¢) determining at least one optical parameter of said first
layer of said sample; and

d) determining at least one optical parameter of said
second layer of said sample, said first layer having an
average depth, as measured from said surface of said
sample, of smaller magnitude than the average depth of
said second layer, as measured from said surface of said
sample.

2. The method of claim 1, wherein light is delivered to

said light introduction site by means of an optical fiber.

3. The method of claim 1, wherein the effect of interaction
of said light with said first layer of said sample upon the
measurement of said at least one optical parameter of said
second layer of said sample is determined.

4. The method of claim 3, wherein concentration of an
analyte in said sample is determined after said at least one
optical parameter of said first layer of said sample and said
at least one optical parameter of said second layer of said
sample are determined.

5. The method of claim 1, wherein said light has at least
two wavelengths.

6. The method of claim 1, wherein said light has a
wavelength ranging from about 400 nm to about 2500 nm.

7. A method for measuring at least one optical parameter
of a sample having a plurality of layers having differing
properties, said method comprising the steps of:

a) introducing a beam of light into said sample at a light
introduction site;

b) collecting light re-emitted from said sample at a
plurality of light collection sites, each of said light
collection sites comprising at least two light collecting
elements, each of said light collection sites located at a
different distance from said light introduction site;
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¢) determining the intensity of said light re-emitted at a
first light collecting element of a light collection site
located at a first distance from said light introduction
site and the intensity of said light re-emitted at at least
a second light collecting element of said light collection
site located at said first distance from said light intro-
duction site;

d) determining the absorption coefficient and the scatter-
ing coefficient of said sample at a given depth of said
sample by means of a mathematical relationship
between intensity of said light re-emitted at said first
light collecting element of said light collection site
located at said first distance from said light introduction
site and intensity of said light re-emitted at at least a
second light collecting element of said light collection
site located at said first distance from said light intro-
duction site;

e) determining the intensity of said light re-emitted at a
first light collecting element of a light collection site
located at a second distance from said light introduction
site and the intensity of said light re-emitted at at least
a second light collecting element of said light collection
site located at said second distance from said light
introduction site, wherein said second distance is
greater than said first distance;

) determining the absorption coefficient and the scatter-
ing coefficient of the sample at a greater depth of said
sample than that of step d) by means of a mathematical
relationship between intensity of said light re-emitted at
said first light collecting element of said light collection
site located at said second distance from said light
introduction site and intensity of said light re-emitted at
at least a second light collecting element of said light
collection site located at said second distance from said
light introduction site.

8. The method of claim 7, wherein said light collecting

elements comprise optical fibers.

9. The method of claim 7, wherein said light collecting
elements in any light collection site are separated by a
distance equal to or less than the average transport mean free
path of photons in the sample.

10. The method of claim 9, wherein said light collecting
elements in any light collection site are separated by a
distance of less than 1 mm.

11. The method of ¢laim 7, wherein the distance between
said defined area of said sample and any light collecting
element is no more than 6 mm.

12. An apparatus for measuring at least one optical

parameter of a sample having a plurality of layers having
different properties, said apparatus comprising:

a) a source of light;

b) means for introducing light from said source of light
into said sample at a light introduction site on a surface
of said sample;

¢) a plurality of light collecting elements for collecting
light re-emitted from said sample at a plurality of light
collection sites on said surface of said sample;

d) at least one detector for determining the intensity of
light collected at said light collection sites;
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¢) a means for computing said at least one optical param-

eter of said sample.

13. The apparatus of claim 12, wherein said source of
light can be of at least two wavelengths.

14. The apparatus of claim 12, wherein said wavelength
of said source of light can range from about 400 nm to about
2500 nm.

15. The apparatus of claim 14, wherein said wavelength
of said source of light can range from about 500 nm to about
1500 nm.

16. The apparatus of claim 12, wherein light is directed to
said light introduction site by an optical fiber.

17. An apparatus for measuring at least one optical
parameter of a sample having layers having different prop-
erties comprising:

a) at least one source of light for introducing light to a
defined area on a surface of said sample;

b) at least two groups of light collecting elements, each of
said groups of light collecting elements comprising at
least two light collecting elements, each of said groups
of light collecting elements located at a different dis-
tance from said defined area on said surface of said
sample;

¢) at least one detector for measuring light collected by
said light collecting elements; and

d) a signal processor to determine said at least one optical

parameter of said sample.

18. The apparatus of claim 17, wherein said light collect-
ing elements comprise optical fibers.

19. The apparatus of claim 17, wherein said light collect-
ing elements are disposed in a non-reflecting housing.

20. The apparatus of claim 18, wherein said optical fibers
are arranged in a hexagonal close-packed structure.

21. The apparatus of claim 20, wherein some of said
close-packed fibers direct re-emitted light to said at least one
detector and other of said close-packed fibers direct re-
emitted light to a light trap.

22. The apparatus of claim 17, wherein the distance of
said defined area of said sample to said groups of light
collecting elements and the wavelengths of said source of
light are selected to limit the depth of penetration of light in
said sample to a depth wherein the temperature is being
controlled.

23. The apparatus of claim 17, wherein the distance
between said defined area of said sample and any light
collecting element is no more than 6 mm.

24. A method for determining at least one optical param-
eter of a sample, said sample having a plurality of layers,
each of said layers having different properties, said method
comprising the steps of:

a) introducing a plurality of beams of light into said
sample at a plurality of light introduction sites on a
surface of said sample, a first light introduction site
being at a first distance from a light collection site on
said surface of said sample, a second light introduction
site being at a second distance from said light collection
site on said surface of said sample, said first distance
being less than said second distance;

b) determining the intensities of light re-emitted from said
sample at said light collection site, said light collection
site collecting light re-emitted mainly from a first layer
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of said sample and collecting light re-emitted mainly
from a second layer in said sample, said light re-emitted
from said first layer being introduced at said first light
introduction site, said light re-emitted from said second
layer being introduced at said second light introduction
site;

¢) determining at least one optical parameter of a said first
layer of said sample; and

d) determining at least one optical parameter of said
second layer of said sample, said first layer having an
average depth, as measured from said surface of said
sample, of smaller magnitude than the average depth of
said second layer, as measured from said surface of said
sample.

25. The method of claim 24, wherein light is delivered to
said light introduction sites of said sample by means of
optical fibers.

26. The method of claim 24, wherein the effect of inter-
action of said light with said first layer of said sample upon
the measurement of said at least one optical parameter of
said second layer of said sample is determined.

27. The method of claim 26, wherein concentration of an
analyte in said sample is determined after said at least one
optical parameter of said first layer of said sample and said
at least one optical parameter of said second layer of said
sample is determined.

28. The method of claim 24, wherein said light has at least
two wavelengths.

29. The method of claim 24, wherein said light has a
wavelength ranging from about 400 nm to about 2500 nm.

30. A method for measuring at least one optical parameter
of a sample having layers having differing properties, said
method comprising the steps of:

a) introducing beams of light into said sample at a
plurality of light introduction sites by a plurality of
groups of illuminating elements, at least two illuminat-
ing elements being at each of said light introduction
sites, each of said light introduction sites located at a
different distance from a light collection site;

b) collecting light re-emitted from said sample at said
light collection site;

¢) determining the intensity of said re-emitted light result-
ing from illumination by a first illuminating element of
a light introduction site located at a first distance from
said light collection site and the intensity of said
re-emitted light resulting from illumination by at least
a second illuminating element of said light introduction
site located at said first distance from said light collec-
tion site;

d) determining the absorption coefficient and the scatter-
ing coefficient of said sample at a given depth in said
sample by means of a mathematical relationship
between intensity of said re-emitted light resulting from
illumination by said first illuminating element of said
light introduction site located at said first distance from
said light collection site and intensity of said re-emitted
light resulting from illumination by at least a second
illuminating element of said light introduction site
located at said first distance from said light collection
site;
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¢) determining the intensity of said re-emitted light result-
ing from illumination by a first illuminating element of
a light introduction site located at a second distance
from said light collection site and the intensity of said
re-emitted light resulting from illumination by at least
a second illuminating element of said light introduction
site located at said second distance from said light
collection site, wherein said second distance is greater
than said first distance;

f) determining the absorption coefficient and the scatter-
ing coefficient of said sample at a greater depth of said
tissue than that of step d) by means of a mathematical
relationship between intensity of said re-emitted light
resulting from illumination by said first illuminating
element of said light introduction site located at said
second distance from said light collection site and
intensity of said re-emitted light resulting from illumi-
nation by at least a second illuminating element of said
light introduction site located at said second distance
from said light collection site.

31. The method of claim 30, wherein said illuminating

elements comprise optical fibers.

32. The method of claim 30, wherein said illuminating
elements in any light introduction site are separated by a
distance equal to or less than the mean free path of photons
in said sample.

33. The method of claim 32, wherein said illuminating
elements in any light introduction site are separated by a
distance of less than 1 mm.

34. The method of claim 30, wherein the distance between
said defined area of said sample and any light collecting
element is no more than 6 mm.

35. An apparatus for measuring at least one optical
parameter of a sample, said sample having a plurality of
layers having different properties, said apparatus compris-
ing:

a) at least one source of light;

b) a plurality of means for introducing light from said at
least one source of light into said sample at a plurality
of light introduction sites on a surface of said sample;

¢) a light collection site for collecting light re-emitted
from said sample;

d) at least one detector for determining the intensity of
light collected at said light collection site; and

e) a means for computing said at least one optical param-

eter of said sample.

36. The apparatus of claim 35, wherein said at least one
source of light can be of at least two wavelengths.

37. The apparatus of claim 35, wherein said wavelength
of said at least one source of light can range from about 400
nm to about 2500 nm.

38. The apparatus of claim 37, wherein said wavelength
of said at least one source of light can range from about 500
nm to about 1500 nm.

39. The apparatus of claim 35, wherein said plurality of
means for introducing light from said at least one source of
light into said sample comprises a plurality of optical fibers.

40. An apparatus for measuring at least one optical
parameter of a sample, said sample having layers having
different properties, said apparatus comprising:



US 2002/0084417 Al

a) at least one source of light for introducing light to
defined areas on a surface of said sample;

b) at least two groups of illuminating elements, each of
said groups of light illuminating elements comprising
at least two illuminating elements, each of said groups
of illuminating elements located at a different distance
from a light collection site on said surface of said
sample;

¢) at least one detector for determining the intensity of
light collected at said light collection site; and

¢) a signal processor to determine said at least one optical
parameter of said sample.
41. The apparatus of claim 40, wherein said illuminating
elements comprise optical fibers.
42. The apparatus of claim 40, wherein said illuminating
elements are disposed in a non-reflecting housing.
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43. The apparatus of claim 41, wherein said optical fibers
are arranged in a hexagonal close-packed structure.

44. The apparatus of claim 43, wherein some of said
close-packed fibers direct said light to said at least one
illuminating element and other of said close-packed fibers
direct said light to a light trap.

45. The apparatus of claim 40, wherein the distance of the
illuminating elements to said light collection site and the
wavelengths of said at least one source of light are selected
to limit the depth of penetration of light in the sample to a
depth wherein the temperature is being controlled.

46. The apparatus of claim 40, wherein the distance
between said light collection site and any illuminating
element is no more than 6 mm.
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