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(57) ABSTRACT

A method for optical measurements of desired parameters of
the patient’s blood is presented. A state of the blood flow
cessation 1s provided within a measurement region and
maintaired during a predetermined time period. Measure-
ment sessions are performed within this predetermined time
period. Each measurement session includes at least two
measurements with different wavelengths of incident light.
Obtained measured data is representative of the time depen-
dence of light response of the blood in the measurement
region. The analyses of the measured data enables the
determination of the desired blood parameters extracted
from optical characteristics associated with the erythrocytes
aggregation process during the state of the blood flow
cessation.
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METHOD OF OPTICAL MEASUREMENTS FOR
DETERMINING VARIOUS PARAMETERS OF THE
PATIENT’S BLOOD

RELATED APPLICATIONS

[0001] This is a continuation of co-pending parent appli-
cation Ser. No. 10/805,416, filed on Mar. 22, 2004, which is
a continuation of application Ser. No. 10/168,951, filed on
Nov. 5, 2002, of which application was a national stage
under 35 U.S.C. 371 of PCT/IL99/00694, filed Dec. 22,
1999, the contents of which are respectfully incorporated by
reference.

FIELD OF THE INVENTION

[0002] This invention is in the field of optical measuring
techniques and relates to a method for determining desired
parameters of the patient’s blood, for example, the concen-
tration of a substance in blood, such as glucose, hemoglobin,
drugs or cholesterol, or other important blood parameters
such as oxygen saturation. The invention is particularly
useful for non-invasive measurements.

BACKGROUND OF THE INVENTION

[0003] Optical methods of determining the chemical com-
position of blood are typically based on spectrophotometric
measurements enabling the indication of the presence of
various blood constituents based on known spectral behav-
iors of these constituents. These spectrophotometric mea-
surements may be effected either in vitro or in vivo. The
measurements in vitro are invasive, i.e. require a blood
sample to be physically withdrawn and examined. At
present, these measurements have become unpopular, due to
the increasing danger of infection.

[0004] The non-invasive optical measurements in vivo
may be briefly divided into two main groups based on
different methodological concepts. The first group repre-
sents a so-called “DC measurement technique”, and the
second group is called “AC measurement technique”.

[0005] According to the DC measurement technique, any
desired location of a blood perfused tissue is illuminated by
the light of a predetermined spectral range, and the tissue
reflection and/or transmission effect is studied. Although this
technique provides a relatively high signal-to-noise ratio, as
compared to the AC measurement technique, the results of
such measurements depend on all the spectrally active
components of the tissue (i.e. skin, blood, muscles, fat, etc.),
and therefore need to be further processed to separate the
“blood signals” from the detected signals. Moreover, pro-
portions of the known components vary from person to
person and from time to time. To resolve this problem,
calibration must periodically be provided, which constitutes
an invasive blood test and therefore renders the DC tech-
nique of optical measurements to be actually invasive.

[0006] The AC measurement technique focuses on mea-
suring only the “blood signal” of a blood perfused tissue
illuminated by a predetermined range of wavelengths. To
this end, what is actually measured is a time-dependent
component only of the total light reflection or light trans-
mission signal obtained from the tissue. A typical example
of the AC measurement technique is the known method of
pulse oximetry, wherein a pulsatile component of the optical
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signal obtained from a blood perfused tissue is utilized for
determining arterial blood oxygen saturation. In other
words, the difference in light absorption of the tissue mea-
sured during the systole and the diastole is considered to be
caused by blood that is pumped into the tissue during the
systole phase from arterial vessels, and therefore has the
same oxygen saturation as in the central arterial vessels.

[0007] The major drawback of the AC measurement tech-
nique is its relatively low signal-to-noise ratio, especially in
cases where an individual has a poor cardiac output, insuf-
ficient for providing a pulsatile signal suitable for accurate
measurements.

[0008] Various methods have been suggested to enhance
the natural pulsatile signal of an individual for effecting
non-invasive optical measurements, and are disclosed for
example in the following patents: U.S. Pat. No. 4,883,055
U.S. Pat. No. 4,927,264; and U.S. Pat. No. 5,638,816. All
these techniques utilize the artificially induced volumetric
changes of either arterial or venous blood. Since each of
these techniques 1s specific about the kind of blood under
test, they all impose severe restrictions on the value of the
artificially applied pressure. This is due to different “dis-
turbing pressure values” allowed for different kinds of blood
flow. It means that for each kind of blood flow, there is a
pressure value that disturbs specifically this kind of flow
much more than any other kind. For example, when the
artificial pressure at a value of 60 mmHg is applied to a
proximal body part, the venous blood flow will be affected,
whereas the arterial blood flow will not be affected, since the
individual’s diastolic pressure is usually higher than 60
mmHg. The applied artificial pressure definitely should not
exceed pressures causing substantial deformation of the
tissue, since only blood flow changes are supposed to be
detected by optical measurements, and the measurements
are to be effected in synchronism with the artificial pulse.
However, if such an artificially induced pulse causes uncon-
trollable changes of the optical properties of the tissue, these
changes cannot be distinguished from those caused by the
blood flow fluctuations which are the target of the measure-
ments.

SUMMARY OF THE INVENTION

[0009] There is a need in the art to facilitate the determi-
nation of various parameters of the patient’s blood, by
providing a novel method of optical measurements which
can be utilized in a non-invasive manner for in vivo deter-
mination of such parameters as the concentration of a
substance in blood (e.g., hemoglobin, glucose), oxygen
saturation, the difference between the refraction indexes of
hemoglobin and plasma in the patient’s blood, and/or Eryth-
rocyte Aggregation Rate (EAR).

[0010] Tt is a major feature of the present invention to
provide such a method that is universal and does not depend
on such conditions as concrete kinetics, aggregation shape,
etc. which vary from patient to patient.

[0011] The present invention takes advantage of the tech-
nique disclosed in the co-pending application assigned to the
assignee of the present application. The main idea underly-
ing this technique is based on the fact that the light response
characteristics (i.e., absorption and/or scattering) of a blood
perfused medium dramatically changes when a character of
blood flow changes. It has been found by the inventors, that
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the optical characteristics of a blood perfused fleshy medium
(e.g., the patient’s finger) start to change in time, when
causing blood flow cessation. In other words, once the blood
flow cessation state is established, the optical characteristics
start to change dramatically, such that they differ from those
of the fleshy medium with a normal blood flow by about 25
to 45%, and sometimes even by 60%. Hence, the accuracy
(i.e., signal-to-noise ratio) of the optical measurements can
be substantially improved by performing at least two timely
separated measurement sessions, each including at least two
measurements with different wavelengths of incident radia-
tion.

[0012] The main idea of the present invention is based on
the investigation that the changes of the light response of a
blood perfused fleshy medium at the state of the blood flow
cessation (either monotonous or not, depending on the
wavelength of incident radiation) are caused by the changes
of the shape and average size of the scattering centers in the
medium, i.e., red blood cells (RBC) aggregation (Rouleaux
effect). The main principles of this effect are disclosed, for
example, in the article “Quantitative Evaluation of the Rate
of Rouleaux Formation of Erythrocytes by Measuring Light
Reflection (“Syllectometry”)”, R. Brinkman et al., 1963.

[0013] At the state of the blood flow cessation, when there
is actually no blood flow, no shear forces prevent the
erythrocytes’ aggregation process. Hence, the light response
(transmission) of the blood perfused fleshy medium under-
going the occlusion, which causes the blood flow cessation,
can be considered as the time dependence of scattering in a
system with growing scatterers.

[0014] Generally, light response of a medium is defined by
the scattering and absorption properties of the medium.
According to the model of the present invention, at the state
of blood flow cessation under proper conditions, the crucial
parameter defining the time evolution of the light response
is a number of erythrocytes in aggregates. Therefore, it can
be concluded that the average size of aggregates also
changes with time. The scattering properties of blood
depend on the size and shape of aggregates (scatterers). As
for the absorption properties, they do not depend on the
shape and size of scatterers, but depend only on the volume
of the components.

[0015] Although the time increase of the size of aggre-
gates for a specific patient is unknown, as well as a concrete
geometry of aggregates or concrete RBC’s refraction index,
there exists a parameter, which is universal and does not
significantly depend on concrete Kkinetics, aggregation
shape, etc. This parameter is determined as the parametric
slope of the line T, ,(T; ;) (or logT,»(LogT;,)). wherein T, ,
is the time dependence of the transmission of the medium
irradiated with the wavelength A,, and T,, is the time
dependence of the transmission of the medium irradiated
with the wavelength A,. This enables the explicit usage of
the size of aggregates (i.e., the values that are unknown in
experiments in vivo) to be eliminated. The time period
considered in the determination of the parametric slope may
be the so-called “initial time interval” of the entire time
period during which the measurements were made at the
blood flow cessation state, or the so-called “asymptotic time
interval” that follows the initial time interval. The initial
time interval is distinguished from the asymptotic time
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interval, in that the transmission signals more strongly
change with time during this interval, as compared to that of
the asymptotic time interval.

[0016] To determine the parametric slope aimed at deter-
mining a desired parameter of blood, the two wavelengths
are selected in accordance with the parameter to be deter-
mined. For example, if the hemoglobin concentration is to
be determined, the selected wavelengths are in those ranges,
where the absorption properties of the hemoglobin and
plasma are more sharply expressed, namely, the ranges of
600-1000 nm and 1100-1400 nm. If the oxygen saturation is
to be determined, the selected wavelengths lie in the ranges
where the difference in the absorption of hemoglobin (Hb)
and oxyhemoglobin (HbO2) are more sharply expressed,
namely, the ranges of 600-780 nm (HbO2 sensitive range)
and 820-980 nm (Hb sensitive range). When dealing with
the glucose concentration, the spectral ranges of 1500-1600
nm may be added to the above-mentioned range of 600-1300
nm for selecting the two wavelengths, respectively.

[0017] Having determined the parametric slope for a spe-
cific patient, a corresponding calibration curve presenting
the corresponding parametric slope as the function of the
desired parameter is used for determining the desired param-
eter for the specific patient. The calibration curve, or a set of
such curves for different parameters, is previously prepared
and stored as reference data. The calibration curve is pre-
pared by applying measurements of the present invention
and the conventional ones to different patients, and deter-
mining the parametric slope and the desired parameter,
respectively. For the determination of oxygen saturation,
generally, a calibration curve may be prepared by applying
measurements of the present invention to a specific patient,
but at the multiple-occlusion mode at the blood flow cessa-
tion state in a breath hold experiment.

[0018] Additionally, it was found that for one wavelength
of the incident radiation the time dependence of transmis-
sion signal, i.e., T(t), asymptotically falls, and for the
another wavelength it grows. This fact allows for construct-
ing a certain rouleaux geometry factor (RGF). This RGF
essentially involves the different time evolutions of light
responses at the different wavelengths of incident radiation,
and may serve as one of the key-parameters for attributing
the measurement results to the certain calibration curve.

[0019] The RGF may be constructed in different ways. For
example, the RGF can be taken as a certain “cut-off”
wavelength A, corresponding to the transmission value stay-
ing nearly constant with time. This cut-off wavelength can
be determined as the wavelength corresponding to the
condition AT/At=0 (or A(logT)/At=0). On the other hand, it
is known from literature and is theoretically obtainable, that
a function K(x(ngy,-n,,,)), which describes the effects of light
diffraction on particles depending on the model used, has
several extremum values. Here, x=2ma/A, a being the eryth-
rocyte size; Ny, is the refraction index of hemoglobin and
is the refraction index of liquid surroundings, i.e., plasma,
which is similar to water by its optical characteristics. It is
also known, and is shown in the description below, that the
transmission signal is almost proportional to this function K.
It is thus evident that the existence of extremum values of
the function K is the physical reason for the cut-off wave-
lengths appearing. Having determined this cut-off wave-
length A, the scattering function K(x(nyy,,—n,,))) in the par-
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ticular case (or another relevant diffraction related function)
can be used for determining a corresponding value of the
parameter as X(ny,,-n;) and the difference (ng,-n,;) for a
specific patient.

[0020] Indeed, since the erythrocyte size, a, and the dif-
ference (ng,-n,,) lie in certain accepted ranges, the ranges
for the product x(ng,-n,;) can be defined. The extremum
value of the function K corresponds to a certain value of this
product, and to the cut-off wavelength A, which can be
determined as described above. Considering that erythrocyte
is a biconcave disk or spheroid having its small and long
sizes, and that during the aggregation process the erythro-
cytes adhere to each other along their long surfaces (or in
different geometries), at the asymptotic time interval, the
actual aggregate size contributing to the scattering after the
averaging is equal to the effective transverse size of the
aggregate, which in the particular case may be taken, for
example, of the order of small size a of the single erythro-
cyte.

[0021] Another example of the RGF may be such a
wavelength, A ___, that corresponds to such a condition that
the ratio A(logT)/At as the function of wavelength A has its
maximal value. This enables to provide an additional cali-
bration parameter, which is specific for a certain blood
condition of a specific patient. Other peculiarities, well
defined mathematically, of the ratio A(logT YAt as the func-
tion of wavelength and/or time t enable to characterize the
blood conditions of a specific patient, which can be utilized
for calibration purposes.

[0022] Hence, the knowledge of the RGB for a specific
patient enables the determination of the difference (ny,-n,,)
for this patient. The knowledge of this data is very important
for diagnostic purposes. For example, it is known that the
concentration of glucose affects the difference (nyg,—nyps0)-
Furthermore, numerous sets of calibration curves can be
prepared, wherein each such set corresponds to a certain
value of the RGB, and each calibration curve in the set
corresponds to a certain blood parameter. This enables to
obtain more precise information about the patient’s blood.

[0023] Generally speaking, the present invention presents
a technique for obtaining and analyzing the time changes of
the spectral dependence of the light response (transmission)
of the patient’s blood at the state of blood flow cessation,
wherein these changes result from the effect of scattering on
particles of different size (erythrocyte aggregates). The state
of blood flow cessation is preferably obtained in vivo by
applying over-systolic pressure to the patient’s blood per-
fused fleshy medium, e.g., his finger, but can also be
obtained in vitro, by providing the flow of the patient’s
blood sample into a cuvette and occluding the flow for a
certain time period.

[0024] For the calculation of the optical properties of
blood (reflection and transmission coeflicients), properties
of the entire system should be connected with the scattering
and absorption properties of the unit of the system volume.
To this end, the scattering and absorption coeflicients are
evaluated. As indicated above, for blood, the absorption
coeflicient L, . does not depend on the shape of particles and
their sizes. What does depend on the particle size is the
scattering coeflicient _,. This conclusion is true for vari-
ous models of multiple scattering theories, such as the model
of Twersky, diffusion models, model of Hemenger, model of
Rogozkin, and Small-Angle model.
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[0025] There is thus provided according to one aspect of
the present invention, a method of optical measurements of
at least one desired parameter of a patient’s blood, the
method comprising the steps of:

[0026] providing a state of blood flow cessation of the
patient’s blood within a measurement region, and
maintaining the blood-flow cessation state during a
predetermined time period,

[0027] performing measurement sessions within said
predetermined time period, each measurement session
including at least two measurements with different
wavelengths of incident light, and obtaining measured
data representative of the time dependence of light
response of the blood in the measurement region;

[0028] analyzing the measured data for determining
said at least one desired parameter, extracted from
optical characteristics associated with erythrocytes
aggregation process during the state of the blood flow
cessation.

[0029] The term “measurement sessions” used herein sig-
nifies either timely separated measurements, or continuous
measurements over a certain time interval lying within the
predetermined time period during which the blood flow
cessation state is maintained.

[0030] The state of blood flow cessation can be provided
by occluding the blood flow within a measurement region of
the patient’s blood perfused fleshy medium, by applying
over systolic pressure to the medium. In this case, the
pressure is applied at a first location on the patient’s organ,
while measurements are applied to a second location down-
stream of the first location with respect to the direction of
normal blood flow. In this case, the measurements start upon
detecting the existence of the blood flow cessation state,
through preliminary optical measurements. Occlusion is
maintained during a predetermined period of time insuffi-
cient for irreversible changes in the fleshy medium, ranging
generally from one second to several minutes. However, the
same measurements can be applied to the patient’s blood
sample in a cuvette.

[0031] The analysis of the measured data may include the
determination of a parametric slope for the specific patient,
in which case certain reference data is utilized in the form of
a calibration curve presenting the parametric slope as a
function of values of the desired parameter. For the purposes
of this specific application, the different wavelengths are
preferably selected in accordance with the blood parameter
to be determined. If the concentration of a substance in the
patient’s blood is to be determined, the use of two different
wavelengths is sufficient.

[0032] Alternatively or additionally, the analysis of the
measured data includes the determination of an RGF. The
term “RGF” used herein is a factor characterizing the light
response of blood in the state of blood flow cessation as the
function of time and wavelengths of incident radiation,
associated with the Rouleaux effect, or erythrocytes’ aggre-
gation. In this case, the theoretical data indicative of a
scattering function K(x(ng,-n ) may be used for determin-
ing the parameter x(ny,-n,,) for the specific patient, if the
“cut-off” wavelength serves as the RGF. To this end, pref-
erably more than two different wavelengths of incident
radiation are used in each measurement session and corre-
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sponding time variations of the transmission signals T(t) are
measured in order to construct the proper RGF. Then, in the
example of the cut-off wavelength, a ratio A(logT)/At (or
AT/At) as the function of the wavelength A is determined for
the time interval At that lies substantially within the asymp-
totic time interval. The point A, corresponding to the con-
dition A(logT)/At=0 is the cut-off wavelength of incident
radiation corresponding to a certain time stable transmission
for a specific patient, which, in turn, corresponds to the
extremum of the function K(x(ny,-n,)), within the
accepted range of (X(fyg,-n,,))-

[0033] Another important parameter that can be obtained
through the analysis of the measured data is the EAR, which
is determined as the ratio AT/At or A(logT)/At. Generally,
the use of only one wavelength of incident radiation is
sufficient for this specific application. But practically, in
order to enable the determination of several different param-
eters through the single measurement procedure, more than
one wavelength is used.

[0034] According to another broad aspect of the present
invention, there is provided a method of optical measure-
ments of desired parameters of a patient’s blood extracted
from optical characteristics associated with erythrocytes
aggregation process during the state of the blood flow
cessation, the method comprising the steps of:

[0035] providing the state of the blood flow cessation
within a measurement region, and maintaining the
blood-flow cessation state during a predetermined time
period;

[0036] performing measurement sessions within said
predetermined time period, each measurement session
including at least two measurements with different
wavelengths of incident light, and obtaining measured
data representative of the time dependence of light
response of the blood in the measurement region;

[0037] analyzing the measured data for determining
said at least one desired parameter, by determining at
least one parametric slope value and a Rouleaux Geom-
etry Factor (RGF) for said patient, the RGF character-
izing the changes of the light response of blood at the
state of the blood flow cessation as the function of time
and wavelengths of the incident radiation, associated
with the erythrocytes” aggregation.

[0038] According to yet another broad aspect of the
present invention, there is provided a method of optical
measurements of at least one desired parameter of blood of
a specific patient extracted from optical characteristics asso-
ciated with erythrocytes aggregation process during the state
of blood flow cessation, the method comprising the steps of:

[0039] providing reference data in the form of a func-
tion describing diffraction effects on particles,
K(x(ngy,—4150), wherein x=2ma/k; a is the size of
erythrocyte, nyy, is the refraction index of hemoglobin
and n; is the refraction index of water, & is the
wavelength of incident radiation;

0040] providing the state of the blood flow cessation
p )
and maintaining said state during a predetermined
period of time;

[0041] performing measurement sessions within said
predetermined time period, each measurement session
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including several measurements with different wave-
lengths of incident radiation, and obtaining measured
data representative of the time dependence of light
response signals;

[0042] analyzing the measured data for determining a
Rouleaux Geometry Factor (RGF) for the specific
patient, the RGF characterizing the changes of the light
response of blood at the state of the blood flow cessa-
tion as the function of time and wavelengths of the
incident radiation, associated with the erythrocytes’
aggregation.

[0043] According to yet another aspect of the present
invention, there is provided a method of optical measure-
ments of at least one desired parameter of blood of a specific
patient extracted from optical characteristics associated with
erythrocytes aggregation process during the state of blood
flow cessation, the method comprising the steps of:

[0044] providing reference data in the form of at least
one calibration curve corresponding to a parametric
slope as a function of values of said desired parameter;

[0045] providing the state of the blood flow cessation
within a measurement region, and maintaining the
blood-flow cessation state during a predetermined time
period,;

[0046] performing timely separated measurement ses-
sions within said predetermined time period, each
measurement session including at least two measure-
ments with different wavelengths of incident light, and
obtaining the time dependence of transmission signals,
wherein the at least two wavelengths are selected in
accordance with the desired parameter to be deter-
mined,;

[0047] analyzing the obtained data for determining the
parametric slope value for said specific patient; using
said calibration curve for determining the value of said
desired parameter for said specific patient.

[0048] There is also provided a measurement apparatus for
performing non-invasive optical measurements of desired
parameters of the patient’s blood.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] 1In order to understand the invention and to see how
it may be carried out in practice, a preferred embodiment
will now be described, by way of non-limiting example only,
with reference to the accompanying drawings, in which:

[0050] FIG. la is a schematic illustration of a measure-
ment apparatus for carrying out a method of the invention
applied to the patient’s finger for performing non-invasive,
in vivo, measurements;

[0051] FIG. 15 is a schematic illustration of a measure-
ment apparatus for carrying out a method of the invention
applied to a blood sample of the patient’s blood in a cuvette
for performing invasive, in vitro, measurements;

[0052] FIG. 2 graphically illustrates the light transmitting
characteristic of blood changes under the experimental
results obtained by applying the apparatus of FIG. 1a to the
patient’s blood-perfused fleshy medium, showing the time
changes of the blood flow state;
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[0053] FIGS. 3a and 354 illustrate graphs showing the
measured time variations of the transmission signals corre-
sponding to different wavelengths, measured by the appa-
ratuses of FIGS. 1a and 15, respectively;

[0054] FIGS. 4a and 4b are graphs of the functions K(w)
and K(<w>) describing diffraction effects on particles;

[0055] FIGS. 5a and 55 illustrate the main principles of
the determination of a cut-off wavelength, wherein FIG. 5a
shows six graphs of the time variations of transmission
signals corresponding to six different values of the wave-
lengths of incident radiation, and FIG. 5b shows a graph of
A(logT)/At as the function of the wavelength obtained from
the graphs in FIG. 5q;

[0056] FIGS. 6a and 65 graphically illustrate the main
principles of the determination of a parametric slope aimed
at determining the concentration of hemoglobin, wherein
FIG. 6a illustrates a parametric slope plotted as the trans-
mission logarithm at the wavelength ., i.e., Log(T,), versus
the transmission logarithm at the wavelength A, ie,
Log(T,), over the initial time interval, using data from the
graphs in FIG. 3a, and FIG. 65 illustrates a calibration
curve in the form of the parametric slope as the function of
the concentration of hemoglobin.

[0057] FIGS. 7a and 75 illustrate the determination of the
glucose concentration, wherein FIG. 7a shows the measure-
ment data in the form of transmission signals as the func-
tions of time T, (t) and T,(t) for two different wavelengths A
and A, of incident radiation, and FIG. 75 shows a parametric
slope plotted as the transmission logarithm at the wave-
length A,, 1.e., Log(T,), versus the transmission logarithm at
the wavelength A, i.e., Log(T);

[0058] FIGS. 8a to 8¢ illustrate the determination of the
oxygen saturation parameter, wherein FIG. 84 shows two
graphs for parametric slopes corresponding to two different
pairs of wavelengths, respectively, and FIGS. 86 and 8¢
illustrate one possible example for plotting a corresponding
calibration curve;

[0059] FIGS. 9a and 95 illustrate some more features of
the present invention relating to a so-called “MegaSlope”
concept, wherein FIG. 9« graphically shows the MegaSlope
graph plotted using the measured data of FIG. 3a, and FIG.
95 shows the corresponding calibration curve; and

[0060] FIG. 10 illustrates the determination of Erythro-
cyte Aggregation Rate, showing A(logT)/At as the function
of Erythrocyte Sedimentation Rate, obtained through the
conventional in vitro measurements.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0061] A method according to the present invention con-
sists of applying optical measurements to the patient’s blood
while in the state of blood flow cessation, within a mea-
surement region, by irradiating this region with at least two
different wavelengths in the near IR or visible range, and
detecting transmission signals as the functions of time
during a predetermined time period. This can be imple-
mented by applying over-systolic pressure to a location on
the patient’s organ so as to create the state of blood flow
cessation, and applying the optical measurements to a loca-
tion on the finger downstream of the pressurized location
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with respect to the direction of a normal blood flow (in vivo).
Alternatively, the flow of a blood sample can be directed into
a cuvette, and upon creating the state of blood flow cessation
in the cuvette, the optical measurements are applied to the
blood sample therein (in vitro).

[0062] FIG. 1a illustrates a block diagram of a measuring
apparatus 1 for carrying out the method of the present
invention in a non-invasive manner. The apparatus includes
such main constructional parts as a pressurizing assembly 2,
an illumination assembly 4, a detection assembly 6, and a
control unit 8. The pressurizing assembly 2 is composed of
an occlusion cuff 10 which may be of any known suitable
type for attaching to the patient’s organ, e.g., finger (not
shown), and a pneumatic system 12 that applies pressure to
the location on the patient’s tissue underneath the cuff 10.
The illumination assembly 4 includes a plurality (an array)
of light sources (e.g., LEDs) 14 associated with a suitable
drive mechanism 16. Alternatively, although not specifically
shown, a single broad band illuminator can be used. The
light sources generate incident radiation propagating
through tissue at a measurement location. The detection
assembly 6 includes one or more frequency selective detec-
tors 18, e.g., spectrophotometer or photodiodes with fre-
quency selective filters, typically equipped with an ampli-
fying means 19. The detection assembly 6 is accommodated
so as to detect light response of the tissue at the measure-
ment location, namely light transmitted through the tissue or
light reflected therefrom, as the case may be, and generating
data representative thereof. A suitable electronic block 20,
typically including an analog to digital (A/D) converter and
data acquisition means, processes the generated data. The
output of the block 20 is coupled to the control unit 8.

[0063] It should be noted that the cuff 10 may be accom-
modated on the patient’s wrist or palm, and the illumination/
detection asseniblies may be located on the patient’s finger.
Generally speaking, the first location, to which the pressure
is applied, and the second location, to which the measure-
ments are applied, are aligned along the direction of the
normal blood flow.

[0064] The control unit 8 is interconnected between the
illumination and detection assemblies 4 and 6, and is
coupled to the pneumatic system 12 (i.e., to the pressurizing
assembly). Generally speaking, the control unit 8 is a
computer device having such known utilities as a memory,
a processor, a synchronizer, a display, etc. The processor is
preprogrammied by suitable software capable of analyzing
the received output of the detection assembly and determin-
ing one or more desired conditions of the patient’s blood, as
will be described more specifically further below.

[0065] FIG. 15 illustrates a measurement apparatus 100
utilized for carrying out a method of the present invention in
an invasive manner. To facilitate understanding, the same
reference numbers are used for identifying those compo-
nents which are identical in the apparatuses 1 and 100. The
apparatus 100 is generally similar to the apparatus 1, having
the same illumination and detection assemblies 4 and 6 and
the control unit 8. Here, in distinction to the apparatus 1, a
pump 102 serves for directing the flow of the patient’s blood
sample from a buffer 103 into a cuvette 102. By manipu-
lating the pump, the state of blood flow cessation in the
cuvette can be provided and maintained for a predetermined
period of time.
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[0066] FIG. 2 illustrates a graph G presenting experimen-
tal results obtained by applying the apparatuses 1 to the
patient’s blood perfused fleshy medium. The graph G shows
how the light-transmitting characteristic of blood changes
under the application of the over-systolic pressure. The
transmitting characteristic are shown here as the so-called
“Relative Transmission”, i.e., in Transmission Arbitrary
Units or T(A.U.).

[0067] The application of pressure starts ata moment T
and is maintained for a period of time such as not to cause
irreversible changes in the fleshy medium (e.g., 4 seconds).
The pressure is released at the moment T, .. Measure-
ments of the Relative Transmission are performed continu-
ously, starting prior to the application of the over-systolic
pressure. Different states of the blood flow, designated A, B,
C, D and E, are observed. State A is a state of normal blood
flow before the over-systolic pressure is applied. As shown,
this state is characterized by a standard fluctuating value of
the relative light transmission of blood. State B starts at the
moment T, (when the pressure is initially applied) and
exists during a short period of time Ty, (about 0.5 sec) within
which the over-systolic pressure is actually applied. Mea-
surements taken during this time period should be disre-
garded, due to the unavoidable influence of motional and/or
other artifacts causing non-monotonic fluctuations of the
light transmission.

[0068] State C is a state of the temporary cessation of
blood flow which lasts within a time period T, between a
moment determined as (T, +15) and the moment T ., ..
During this period of time, T, the ascending curve (or
descending curve depending on the incident wavelength) of
relative light transmission of blood is observed. It reaches its
maximum, and may last for about 2-5.5 sec (generally, from
one second to several minutes).

[0069] Itis appreciated that when over-systolic pressure is
applied to any proximal part of the body, there is still
sufficient space for the redistribution of blood between the
exact area of the measurement (i.e. the location of the
detector) and the adjacent areas in close proximity to the
detector. For example, if the detector is located on a fingertip
and over-systolic pressure is applied on the palm, there is
enough space between the fingertip and the margin of the
applied pressure to “squeeze” the blood from one location to
another.

[0070] State D is a transitional state of blood flow which
takes place after releasing the over-systolic pressure. This
state starts with a slight delay T, (approximately 0.5 sec), i.e.
at the moment determined as (T,.;.,..+T4). During the time
period T, of the duration of state D, the relative transmission
of blood monotonously descends until it reaches values
characteristic of the normal blood flow. Such a moment is
marked as T, 4 in the drawing. The end of state D, and the
beginning of state E, is detected when the changes of the
light transmission become periodic and minimal (about 2%).
State E is a state of normal blood flow, which is similar to
state A.

[0071] According to the invented method, optical mea-
surements are applied during the state of blood cessation,
ie., state C, with three different wavelengths of incident
radiation—A, =660 nm, A,=940 nm and A;=1300 nm in the
present example, and corresponding transmission signals are
measured as the functions of time. FIG. 3q illustrates three
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graphs showing the measured time variations of the trans-
mission signals, i.e., T, (t), T5(t) and T;(t), corresponding to
the wavelengths &, A, and A, respectively, obtained with
the apparatus 1 (in vivo). As shown, the transmission always
grows during a certain initial time interval t,,, which is
different for different wavelengths of incident radiation, and
then, in an asymptotic time interval, t,_,,,, it monotonously
grows or falls, depending on the wavelength of the incident
radiation. FIG. 35 illustrates three graphs corresponding to
the time dependence of the transmission signals T', (t), T',(t)
and T',(t) obtained with the same three wavelengths, but in
vitro, i.e., with the measurement apparatus 100 illustrated in
FIG. 15.

[0072] As shown, the corresponding graphs in FIGS. 3a
and3b,ie., T, andT'|, T, and T',, and T, and T';, are similar.
This signifies that the same process takes place in the blood
while in the patient’s body under the occlusion mode, and in
the blood sample in the cuvette, affecting the light response
of the blood. This process is the erythrocytes’ aggregation.

[0073] Turning back to FIG. 2, such an essential differ-
ence between the optical characteristics of the blood per-
fused fleshy medium at the state of blood flow cessation
(state C) and those of the fleshy medium with normal blood
flow (states A and E) can be explained by the physical and
physiological mechanisms—the preferred orientation of red
blood cells, their aggregation, and condition of blood ves-
sels. Red blood cells are biconcave discoid cells, the align-
ment of which drastically changes with the blood flow
changes. In turn, scattering properties of the discoid red cells
depend on their orientation relatively to the axis of optical
measurement. Changes in the scattering properties of the red
blood cells alter light absorption of the blood perfused
medium. The cessation of the blood flow causes the massive
appearance of the aggregated chains that change the light
scattering and light absorption of the blood in the fleshy
medium. With regard to the condition of blood vessels, the
degree of blood perfusion of the vessels and their dimen-
sions essentially depend on the presence of the arterial blood
flow, thus affecting optical characteristics thereof.

[0074] When radiation propagates in blood or in other
bio-tissues, it is scattered by nonuniformities of the medium
which have a random position in space. In a weakly scat-
tering high-transparent medium, radiation undergoes the
single scattering by the scatterer and then leaves the system.
In another type of medium, defined as the strongly scattering
or opaque medium, radiation undergoes many scatterings by
the scatterers during the whole time of its propagation in the
medium. Blood is the strongly (multiple) scattering medium
of this type for near IR and visible spectral ranges.

[0075] Generally, the light response of a medium is
defined by absorption and scattering affects. Blood consists
of particles (erythrocytes) and the surrounding plasma
(which is considered to be similar to water by its optical
characteristics). Erythrocytes are the concave disks of a
certain diameter (about 8 um) having a certain volume V,,
(about 90 pm?*). In the entire volume V of blood there are N
erythrocytes. The concentration of erythrocytes, p, is deter-
mined as: p=N/V. The volume per one particle is: V/N=1/p,
and part of volume that is occupied by erythrocyte is:
H=p*V,. We have the following condition: 0=H=1, where
H=0 stands for no scattering materials in the volume V, and
H=1 stands for the volume V completely filled with scat-
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tering material. Erythrocyte contains a membrane from
lipids and some other components. the main one being
hemoglobin that occupies 30% of the ervthrocyte volume,
the plasma (mostly water) occupying the remaining 70% of
the erythrocyte volume.

[0076] For the calculation of optical properties of blood
(reflection and transmission coeflicients), properties of the
entire system should be connected with the scattering and
absorption properties of the unit of the system volume. To
this end, the scattering and absorption coeflicients have to be
evaluated.

[0077] The radiation is scattered mainly from erythro-
cytes. This is associated with the following. As indicated
above, plasma is similar to water by its optical characteris-
tics. The refraction index of hemoglobin nyy, is about 1.4 and
differs from the refraction index of water, which is ng,o=
1.33, the relative dielectric constant being n'=ng,/ny,o=
1.052. It is known that the dielectric constant of erythrocyte
depends on the dielectric constant of hemoglobin Cy,
which changes in the interval 30-36 g/dl. Correspondingly,
the relative dielectric constant n' changes in the interval
1.03<n'<1.07 (1.37<n4;,,<1.42). In the whole interval of
variation, there is a condition that: ny,,—n,<<n,;. Here, the
estimations that ng,=1.4, n,=ny,o and ng,-ng,o=1.4-
1.33=0.07 are taken.

[0078] The process that takes place at the state of blood
cessation is the aggregation of erythrocytes, during which
the erythrocytes forms a long chain. The number of eryth-
rocytes in aggregate depends on many parameters, such as
hematocrit H, chemical composition of the blood plasma,
and of erythrocyte themselves. Considering that initially the
erythrocyte is a concave disk or spheroid having its small
size ¢ and the long size a, during the aggregation, the
erythrocytes adhere to each other along their long surfaces.
If there is aggregation with x erythrocytes, the number of
aggregates are N/x. The volume per one aggregate is Vx/N.
The volume of one aggregate is V,x. The part of volume
occupied by one aggregate, i.e., the new hematocrit H', is as
follows:

H=(Vx/Ny*(1/Vyx)=(V/N*V)=H

[0079] Hence, within this model, the hematocrit of the
system does not change in the process of aggregation.

[0080] With aggregation, the size of a responding (scat-
tering and absorbing) particle increases. Simulating the
aggregates by a sphere, the radius of an aggregate is: r'=rx"",
wherein r is the radius of the erythrocyte. In a spheroid, the
small size ¢'=cx or both sizes ¢ and a are increased, so that:

(a"’c'=a’cx.

[0081] The total cross-section o, is equal to the sum of
the scattering cross-section o, and absorption cross-sec-
tion o, that is:

abss

Ot0t=0scattOabs

[0082] Let us consider the scattering and absorption
effects separately:

Scattering Effect

[0083] To evaluate the optical properties of the entire
system (blood under occlusion or blood sample), the scat-
tering characteristics of a single scatterer should be first
evaluated. To this end, WKB approximation is used, which
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is known in optics as the approximation of anomalous
diffraction of Van der Hulst, enabling to obtain a micro-
scopic scattering coeflicient of radiation by the erythrocytes
of blood. The disclosures in the following articles can be
used: “Wave Propagation and Scattering in Random Media”,
A. Ishimaru, Vol. 1-2, Academic Press, New York, 1978;
“Light Scattering by Small Particles” H. C. van der Hulst,
Wiley, New Ypork, 1957. In accordance with this approxi-
mation, radiation propagates inside the particle in the same
direction that the incident radiation does (low-refractive
particles), and the radiation wave number inside the particle
is equal to the wave number of the radiation in the particle
material. The effect of scattering in such a case is connected
with the radiation phase change when the radiation propa-
gates inside the particle or more specifically in the hemo-
globin of the erythrocyte.

[0084] The radiation in visible and near IR region (2.=0.5-
1.6 um) is characterized by the following important prop-
erty: the wavelength of the radiation is smaller than the
characteristic size of the particle, that is A<r for sphere or
h<a,c for spheroid. Otherwise, this property is expressed as
the inequality: kr=2nr/A>>1 (or 2ma/A>>1, 2nc/A>1). This
inequality is not strong for small erythrocyte size c=1.34 pum,
but is fulfilled with great margin for aggregates of erythro-

cytes.

[0085] The total cross-section of the radiation scattering
o isequal:

Ol Re dS(1-PEDe0s Dap-Re [dS(1 - Hb
[0086] Here, cos y=1/2r, wherein 1 is the path length of the
radiation ray passing through the scattering sphere; y is the
angle between the direction of the radiation propagation and
the direction of the radius from the center of the sphere to the
first intersection point of the radiation ray with the sphere
surface. The parameters x', x and n' are as follows:

, 27rmp,_x_ 2ar Ry
=—Fix=" putdica

U W

[0087]

I 2
O ea=4-ReKcom|-2ix{myy,—npy Jovr

The result is:

[0088] For real refraction indices (nyy, 1), we have:

O cat=27TF. 2KIx(ng_npl)]’
wherein

K(0)=1-(sin(20)/o+(sin(w)/w)’;

0=x(rgpy=ty,), ¥=20017h.

[0089] Thus, we defined the function K(w) which is
graphically illustrated in FIG. 4a. This function describes
diffraction effects on particles depending on the model used.
As shown, this function has the asymptotic value 1 at w—>co,
in which case o__=2mr”. The other asymptotic expression at
small w—>0, K(o)=n? but this contradicts with the WKB
approximation. For blood, there is the intermediate case
x=~20 and w=1.

[0090] The function K(w) has many maximum and mini-
mum values, the physical sense of which is the interference
between the refracted and diffracted waves. Considering the
second order statistical correlation of mutual arrangements
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of the particles, the scattering coefficient p_,, for spheres
may be written as follows:

2mr?
= Kw)-H(l-H)
Vo

HMscar =

wherein =27y, -0, /A

[0091] For spheres, the scattering coefficient L,
decreases to zero when r increases to infinity. For spheroids,
the scattering coefficient ., in WKB approximation
depends on the radiation propagation direction, and is as
follows:

tscar = H-(L=H)-(1/ Vo) Oscar =2'§'H'(1—H)'K(w)
0

wherein A is an area of geometrical shadow perpendicular to
axes, A=mal(C) and 1(Q)=[a” cos® C+¢? sin® C]V%; L is an angle
between the axis of spheroid and the direction z of the
radiation propagation.

[0092] The parameter o is as follows:
4 2mb
w= §'T'(ﬂﬁb—”pl)

wherein b is the half the mean thickness of a scatterer
(erythrocyte) along the direction of incidence z, that is:

b=-a- =—- ; f=1-(c/a}
4710 4\ -dsin2) )

[0093] The scattering coefficient is minimal (b=3¢/4) for
broadside incidence (C=0) and maximal (b=3a/4) for rim-on
incidence (C=m/4)

[0094] The similar approach may be applied to each
particular geometry of the center of scattering, such as
spheroids with averaged parameters over various orienta-
tions, etc.

[0095] FIG. 45 illustrates the function K(<w=). It can be
seen from this graph that the scattering coefficient ., for
spheroids which is proportional to K(<w>) has the finite
limit when one of the sizes ¢ increases to infinity. This limit
is determined by the unchanged spheroid size a.

[0096] The above equations for the scattering coefficient
u_ are very important for the evaluation of the optical
properties of blood, with taking into account the real size
and shape of erythrocytes. This also allows the evaluation of
the optical properties of erythrocytes when they aggregate
one with another.

[0097] Turning back to FIGS. 3a-3b and FIG. 4a, and
keeping in mind that w=(2nt/A)(ny,-1n,), i€, K is the
function of the wavelength A of the incident radiation, we
can conclude the following. Since for one wavelength the
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transmission signal grows with time in the asymptotic time
interval t,,. and for the other wavelength it falls, there
exists such a wavelength (cut-off wavelength) of incident
radiation, which causes no time changes in the transmission
signal and which corresponds to the extremum (maximum or
minimum) of the function K(w). The transmission signal
corresponding to the cut-off wavelength of incident radiation
will therefore be independent on the erythrocyte aggregation
process.

[0098] Reference is now made to FIGS. 5a and 55,
illustrating the main principles of the determination of the
cut-off wavelength as an example of the particular RGF.
FIG. 5a shows the results of in vivo measurements during
prolonged occlusion, in the form of several graphs—six in
the present example. Graphs T *(1)-T /(1) of the time
variation of transmission signals correspond to different
values of the wavelengths of incident radiation: A, =650 nm,
»,=700 nm, A;=760 nm, A,=880 nm, A,=940 nm and
he=1300 nm. FIG. 5b shows a graph in the form of a ratio
A(logT)/At as the function of the wavelength A obtained
from the graphs in FIG. 5a, wherein At lies substantially
within the asymptotic time interval t,_ ., where the trans-
mission signals change with time slower than in the initial
time interval t,,. The point A, is the cut-off wavelength of
incident radiation corresponding to a certain time stable
transmission for a specific patient, which, in turn, corre-
sponds to the extremum of the function K(w), ie., its
maximum or minimum.

[0099] As indicated above, m=X(1g,—n)=2mr(Ngy, -0, )/
for the sphere-like erythrocyte, or w=x(nyy,~n,;)=2ma(n;,-
n, VA for the spheroid-like erythrocyte. For a given cut-off
wavelength, A,, the parameter w varies from patient to
patient, and lies in a certain interval defined by the minimum
and maximum acceptable erythrocyte size and minimum and
maximal acceptable values of the difference (ny,,—n,,). Hav-
ing determined the wavelength A, corresponding to the
maximum or minimum of K(w), and considering the rel-
evant interval of o values, the corresponding value of o in
this interval can be evaluated for the specific patient. This
data can be used for further analysis, which will be described
further below. As indicated above, the knowledge of the
difference (ny,,-n,,) is indicative, for example, of the glu-
cose concentration.

Absorption Effect

[0100] The incident radiation is absorbed by the blood
components—hemoglobin and water. The absorption coef-
ficient of hemoglobin 1™ (per unit of hemoglobin den-
sity) and analogous absorption coeflicient of plasma (water)
P!, can be obtained experimentally and are known from
literature. These coeflicients depend on the wavelength of
incident radiation, and their magnitudes may be estimated as
follows: p™,, =2.5%10"> dl/(g*mm) and u?,, ~1.5%10""
dl/(g*mm).

[0101] The total absorption coeflicient is equal:

HgPEHHbabs'C}m'H+ﬂplabs'Cp1=lleabs'CHb'H+

U (100 g/dl-Cgy,H)

[0102] Here, Cyy, is the concentration of hemoglobin and
is approximately equal to 30 g/dl; u™™ _ is the absorption
coeflicient of hemoglobin and is approximately equal to
2.5¥107% and pP',,_ is the absorption coefficient of plasma
which is about 1.58*10~2 (considering that the optical char-
acteristics of plasma as similar to those of water).
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[0103] Since there is a concrete geometry of erythrocytes
in the system, the role of their spherical shape in the
absorption of radiation should be considered.

[0104] The absorption coeflicient is expressed by the

imaginary part of the refraction indices and is as follows:
O.abs=2_ReJdS(1_e4x(s-lm.nH1,+(lfs)-Im.npl)-cos
v=2-Keom(4x(sImnyg,+(1-5)Imn-)

wherein hemoglobin occupies only the part s of the eryth-

rocyte volume V.

[0105] For the real system x=18, Im ny,,n,, is about 107
and the argument of function is small. Considering the
expression for Kcom[v]:

s

Keom [y] =

W
|
T
+
W<
=3

we have:
8 2
T abs = gx-/‘rr (s-Imnyp + (1= 5)- Imn,y)

[0106] Taking into account the following:

2+(2a0/W)s I =u™° _Cop

2N (L8 T =i g (1-5) e

we receive:

Uabs=(HaHb 'CHb+Hapl' (1-s) ppl) I

[0107] For the absorption coefficient of erythrocyte we
have the expression:

(eryth)_

Hatys -P'Oabf(HHbasb'CHb'H +ﬂplabs' (1-9)Hpy,

[0108] Tt is thus evident that for blood, the absorption
coeflicient does not depend on the shape of particles and
their sizes, but depends only on the volume of the compo-
nents. With the contribution of water in the space between
the erythrocytes, we reproduce again the above, more gen-
eral equation for p .

[0109] For the opposite limit of very large particles, we
have: o,, ~mr’, and therefore (when X(ngg-n,)>>1), we
have: o_,,=0,,~0,,.=m’. So, for this case: O, /0, =%,

which means that they are of the same order of magnitude.

[0110] Simulations were carried out utilizing various mod-
els of multiple scattering theories, such as the model of
Twersky, diffusion models (which provide better approxi-
mation for blood in a regular situation as compared to that
of the model of Twersky), model of Hemenger, model of
Rogozkin, and Small-Angle model. The transport theory
dealing with average values was also considered in the
simulations.
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[0111] The above models are disclosed, for example, in the
following articles:

[0112] “Interface Effects in Multiple Scattering by Bio-
logical Suspensions”, V. Twersky, Journal of the Optical
Society of America, Vol. 60, No. 7, pp. 908-914, 1970;

[0113] “Optical Properties of Turbid Media with Specu-
larly Reflecting Boundaries: Applications to Biological
Problems”, R. P. Hemenger, Appl. Opt., Vol. 16. NO. 17, 99.
2007-2012, 1997,

[0114] “Long-Range Correlations in Wave Reflection from
a Disordered Medium”, D. B. Rogozkin, Phys. Rev. B. Vol.
51, No. 18, pp. 12256-12267, 1995;

[0115] “Long-Range Intensity Correlations for the Mul-
tiple Scattering of Waves in Unordered Media”, D. B.
Rogozkin, JETP Vol. 84(5), pp. 916-939, 1997, and

[0116] “Intensity Correlation in a Disordered Medium
with Large Scaterrers”, D. B. Rogozkin, Physics Letters A
178, pp. 431-439, 1993.

[0117] Since the transmissions at different wavelengths
are the functions of the number of particles in aggregates or
particle size, the transmission at one wavelength can be
expressed as a parametric function of the transmission at
another wavelength. This function is a straight line with
reasonable accuracy. This conclusion is verified for both the
transmissions themselves and the logarithms of transmission
for different models and different simulations of erythrocyte
shape.

[0118] If the transmission signal T,(t) is measured when
using the incident wavelength A;, and the transmission
signal T,(t) is measured when using the incident wavelength
A, then the slope of the line T,(A,)/T,(A,) (or logT,(A,)/
logT,(},) is a certain parameter, called “parametric slope”
(PS) for a specific patient that can be determined. By this, we
can get rid of the explicit usage of the size of aggregates, i.e.,
the values that cannot be known from experiments in vivo.

[0119] The model of Rogoskin for spheres is used to
obtain an approximate analytical expression of the paramet-
ric slope PS. It should however be noted that, for the cases
of more complicated shapes, the proper generalization also
may be done.

[0120] Thus, the following expression is used:

o OTIOny  OT/3peh, @k l0n),
" @Tory, " @T/0k, k10,

wherein T is the transmission signal and ,, is the transport
scattering coeflicient that describes the energy decay for the
case of anisotropic scattering, and is determined as follows:
w=l....(1-2), g being the anisotropic coeflicient.

[0121] Here, the «case when (nys*d)21 and
Sinh(py;*d)=exp(u*d) is used, wherein ;. is the diffu-
sion coefficient; d is the thickness of the blood slab.
(0770 ) ==<H(©,1)> 3" -(5) (yy /o) T+t
(1+2(pane/per)) Fexp(-pag
[0122] At (u/n,)>>1 we have:

(DTt ==<H(O,1)> (a1 [37 (5 A1)
exXp(=3" )
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[0123] At (uabs/,)<<1, we have:

(OT/Atye)y == <H(O, 1 1> gy ) 3 H-d (1

(Hats M) 2 TeXD (=3 P e 1270
[0124] Here, H(O,1) is the function of Chandrasekhar that
depends on the angle 6 of the radiation propagation, <H(6,
1)> is the value averaged by all angles of radiation propa-
gation.

[0125] Analogous, the expressions for derivatives of LogT
can be obtained and the parametric slope for LogT can be
defined:

A(LogD) o s =—(3/2)(Hyps/Masep [d+(1 i) 1+
2 (Man/He))]

[0126]

O(LogTYap)=-[(2/2d+(1i)]
[0127]

{A(LogT)ap)r=—(%) (tavs/ier) "> (32 dH( Vs )
2]

At (,,/1L,)>>1, we have:

At (/1 )<<1, we have:

[0128] For the Small-Angle model:

(OLogD)i ) =—(4) (et > d
[0129] The derivative (du,/dr), is got from the above
expression for the scattering coeflicient p_.,, for the sphere-
based model.

[0130]
(O Orlp=—(3/2)- (177 [K(e)~00K (@) H(1~H)-(1-g)
wherein g is the average cosine of the scattering angle

(g=<cos 0>) and is connected with the anisotropy of the
radiation scattering.

[0131] In the region of real value of parameters 1<m<2,
there is the approximation K(w)=0.82053*w+0.0366. Then,
we have:

The following expression is known:

(01O == (3/2) (1172 0.0366-H(1-H)-(1-g)

[0132] The above ratio (dp,/dr), depends on the wave-
length through the factor (1-g) only.

[0133] The value p,, with K(w)=0.82053%*w becomes:
~(3/2)-0.82053-2v-(1/0)-H-(1-H)-(1-g)

[0134] If we substitute this expression in the above equa-

tions for (dT/dy, ), , we receive the expression that depends

on the wavelength very simply and does not depend on the
size of particles.

[0135] As the result of substitution of ., and (dp,/dr), in
the above expression for PS, we receive the parameter that
does not depend on the particle size.

[0136] Now we shall describe how the above theoretical
considerations can be used in practice. What we actually
obtained through the above simulations, is the fact that there
exist a parameter (“parametric slope”), which does not
depend on the particle size and only on the concentration of
hematocrit in blood. This fact can be used for determining
the concentration of a substance of interest in blood.

[0137] To do this, first, a set of calibration curves should
be provided. Each calibration curve corresponds to a specific
substance and is in the form of a parametric slope (PS), as
the function of the hematocrit. This can be done by applying
two kinds of measurements to a large number of patients.
The measurements of one kind are those of the present
invention enabling the determination of the parametric slope
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value for each patient (as will be described below), and the
others are conventional ones enabling the determination of
the corresponding parameter for the same patient. This set of
calibration curves presents reference data, which is previ-
ously stored in the memory of the control unit.

[0138] Then, for a specific patient, two measurement
sessions are applied with the above-described measurement
apparatus 1 in vivo (or apparatus 100 in vitro), with two
different wavelengths A, and A,. These wavelengths are
selected in accordance with the given task, namely the blood
parameter to be determined, as will be exemplified further
below. These measurements can be taken within the initial
time interval of the entire time period during which the
blood flow cessation state is maintained, namely the time
interval where the time changes of the transmission signal
are stronger as compared to the asymptotic time interval, as
well as during the asymptotic time interval.

[0139] For example, if the concentration of hemoglobin is
to be determined, the two selected wavelengths are those of
the absorption of hemoglobin and plasma (water) in the
ranges where the difference in the absorption of hemoglobin
and water is more sharply expressed, 1.e., typically 600-1000
nm and 1100-1400 nm, but may also be 940-980 (water
sensitive space) and 600-930 (hemoglobin sensitive space).
In the present example, the wavelengths A,=950 nm and
7»,=1300 nm are used. The corresponding graphs of the
transmission logarithms log(T, ) and log(T, ) as the functions
of time t corresponding to these wavelengths are shown in
FIG. 3a.

[0140] As graphically illustrated in FIG. 6, to determined
a parametric slope PS, the function of the transmission
logarithm at the wavelength A, i.e., Log(T,), versus the
transmission logarithm at the wavelength A, i.e., Log(T ) is
determined over the initial time interval. This graph is
obtained by the linear regression algorithm. The value of the
tg(¢) corresponds to the parametric slope PS. The corre-
sponding calibration curve is shown in FIG. 65. By using
this curve, the concentration of hemoglobin can be deter-
mined for the specific patient, to whom the measurements
are applied.

[0141] Turning now to FIGS. 7a and 75, there are illus-
trated two steps in the method for determining the concen-
tration of glucose. Here, the wavelengths A, and %, are
selected in the ranges 600-1300 nm and 1500-1600 nm,
respectively, namely A,=660 nm and A,=1550 nm. FIG. 7a
illustrates the corresponding transmission signals as the
functions of time, ie., T,(t) and T,(t). Then, the function
logT, vs. LogT, is determined, as graphically illustrated in
FIG. 74, and the corresponding parametric slope is deter-
mined as described above. Having determined the paramet-
ric slope value for a specific patient, a corresponding cali-
bration curve (not shown) is used for determining the
glucose concentration for this specific patient.

[0142] Another important blood parameter that can be
determined with the invented method is the oxygen satura-
tion in the patient’s blood. Oxygen saturation is defined as
the ratio of the content of oxyhemoglobin (HbO,) to the total
amount of hemoglobin (Hb) in the blood volume unit. The
classic pulse oximetry method allows for determining the
oxygen saturation. This method utilizes the so-called “natu-
ral pulsatile” component of a light transmission signal. This
pure natural pulse-related signal component of a detected
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signal, determined by an appropriate signal processing tech-
nique, is commonly called the “AC component” of the
detected signal, whereas the entire transmission signal by
itself is called the “DC component” of the detected signal.
The transmission measurements in the pulse oximetry are
carried out simultaneously at two different wavelengths, for
example A, =760 nm and A,=940 nm, where the significant
difference in the light absorption of oxyhemoglobin and
hemoglobin exists between the two chosen wavelengths.
Two pairs of AC and DC components are obtained. Genet-
ally, the ratio R, defined as (AC/DC),,/(AC/DC),, is the
value of oxygen saturation.

[0143] We applied the “parametric slope” concept and
obtained the same results as with the pulse oxymetry tech-
nique. FIG. 8a illustrates two graphs P, and P, (the provi-
sion of only one of them being sufficient for the purposes of
the present invention), corresponding respectively to
(logT )5y vs. (logTy),s and (logTs),, vs. (logTs),s. The
measured data T (t), T,(t) and T5(t) is obtained in the
above-described manner using the following wavelengths of
incident radiation: A, =650 nm, 2,=760 nm and A;=940 nm.
It should be understood that the use of two wavelengths and,
correspondingly, the provision of one parametric slope
related graph, is sufficient for the determination of the
parametric slope PS.

[0144] Generally, a calibration curve to be used for deter-
mining the oxygen saturation for a specific patient may be
constructed as described above, 1.e., applying measurements
to various patients. Alternatively, or additionally, in the case
of oxygen saturation determination, the calibration curve
can be plotted when applying the two kinds of measure-
ments for a single patient in a breath hold experiment using
a multiple-occlusion mode. This is illustrated in FIGS. 85
and 8c.

[0145] FIG. 8b shows the measured data in the multiple-
occlusion mode in the form of the transmission functions
T, (1), T,(t) and T5(t) corresponding, respectively, to the
wavelengths A,=650 nm, A,=760 nm and »,;=940 nm. As
shown, several occlusions were performed during the state
of the patient’s breath hold, and the corresponding paramet-
ric slope values were determined during the time interval of
the saturation decrease. Concurrently, conventional mea-
surements are applied to the same patient, for example to his
other finger, for determining the changes in the oxygen
saturation. FIG. 8¢ shows the so-obtained calibration curve
in the form of the parametric slope PS as the function of the
oxygen saturation SPO2.

[0146] It should be noted, although not specifically shown,
that the similar results for the oxygen saturation, as well as
for the concentrations of hemoglobin and glucose, were
obtained when applying the “parametric slope” based mea-
surements to a blood sample in cuvette, i.e., in vitro mea-
surements.

[0147] FIGS. 9a and 954 illustrate another important fea-
ture of the present invention consisting of the determination
of a so-called “MegaSlope” (MS). FIG. 9a shows a graph P'
determined from the measured data shown in FIG. 34. The
wavelengths used are: A, =660 nm, A,=950 nm and A,=1300
nm. To this end, the entire time period in FIG. 3a is divided
into a plurality of time intervals At-ten in the present
example, and for each time interval At a pair of parametric
slope values is obtained from the following: (logT),5 vs.
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(logT),, and (logT),, vs. (logT),,. In other words, each
point in the graph P' corresponds to a pair of parametric
slopes calculated for a pair of wavelengths A;-A, and A,-A,,
respectively, each for a corresponding one of the time
intervals At. Each such parametric slope is determined in the
above-described manner. The MegaSlope is determined as
tg(¢). A calibration curve shown in FIG. 95 presents the
MegaSlope as the function of hemoglobin concentration,
ie., MS(H).

[0148] One more important feature of the present inven-
tion consists of determining the Erythrocyte Aggregation
Rate (EAR) for a specific patient. Assuming that the only
process that takes place at the state of the blood flow
cessation is the erythrocytes’ aggregation, the EAR can be
simply determined as the rate of the time changes of light
response signal, i.e., AT/At (or AlogT/At). To this end, the
transmission as the function of time is measured with one
wavelength of incident radiation. For more precise measure-
ments, two such transmission signals as functions of time are
measured with two different wavelengths of incident radia-
tion. As for the time interval At, it may be either initial time
interval or asymptotic time interval. The EAR parameter can
be used for the determination of such an important param-
eter as Erythrocyte Sedimentation Rate (ESR). This is
illustrated in FIG. 10, showing the EAR (AlogT/At) as the
function of ESR, the latter being measured in the conven-
tional in vitro manner.

[0149] Thus, the advantages of the present invention are
self-evident. We have proved that the main effect defining
the optical characteristics of blood in the state of temporarily
blood flow cessation is the erythrocytes’ aggregation. In
other words, in the asymptotic time interval, the erythrocyte
serves as the sensor for the determination of the various
blood parameters. The technique of the present invention,
preferably performed in a non-invasive manner, but even in
an invasive manner, is simpler and quicker then the con-
ventional one. A physician can apply this technique to
evaluate the various blood conditions of a patient, and then,
if desired, direct him to a laboratory for more careful
measurements. The parameter x(ng;,~n,;) can be used in the
set of calibration curves for PS and MS or the combination
of the both.

What is claimed is:

1. A method for use in non-invasive measurements of
chemical compositions of a patient’s blood, the method
comptrising:

creating a state of blood flow cessation of the patient’s
blood within a measurement region of the patient’s
body and maintaining the blood-flow cessation state
during a predetermined time period which is insuffi-
cient for irreversible changes to occur in the body,
thereby affecting an erythrocytes’ aggregation process
in the measurement location defining a change in
characteristics of the patient’s blood,;

applying measurements to the measurement region within
said predetermined time period, and obtaining mea-
sured data representative of the time dependence of a
response of the blood in the measurement region to an
external electromagnetic field, the measured time
dependence including an initial time period of the
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response variation and an asymptotic time period of
relatively slow charges of the response as compared to
the initial time period; and

analyzing the measured data for determining one or more
parameter of the patient’s blood, extracted from
changes in the blood characteristics associated with the
erythrocytes aggregation process during the state of the
blood flow cessation.

2. The method according to claim 1, wherein said state of
the blood flow cessation in the measurement region is
provided by applying an occlusion mode to the patient’s
blood perfused fleshy medium.

3. The method according to claim 2, wherein the appli-
cation of the occlusion mode comprises the application of
over-systolic pressure to the patient’s blood perfused fleshy
medium at a location upstream of said measurements region
with respect to the direction of the normal blood flow in the
patient’s body.

4. The method according to claim 3, and also comprising
the step of preliminary optical measurements for detecting
the existence of the blood flow cessation state.

5. The method according to claim 1, wherein said prede-
termined period of time is from one second to several
minutes.

6. The method according to claim 1, wherein the analyz-
ing of the measured data comprises the step of: determining
a Rouleaux Geometry Factor (RGF) characterizing the
changes of the light response of blood in the state of blood
flow cessation, associated with the erythrocytes” aggregation
process, as the function of time and wavelengths of the
external illumination.

7. The method according to claim 8, wherein the deter-
mination of the RGF comprises:

determining a ratio A(logT)/At as the function of wave-
length A of the external illumination obtained from the
several measurement sessions with different wave-
lengths, T being the measured response and At being a
preset time interval of said predetermined period of
time; and

determining a cut-off wavelength corresponding to the
condition A(logT)/At=0.
8. The method according to claim 8, wherein the deter-
mination of the RGF comprises:

determining a ratio or AT/At as the function of wavelength
A obtained from the several measurement sessions with
different wavelengths, T being the measured response
and At being a preset time interval of said predeter-
mined period of time; and

determining a cut-off wavelength is that corresponding to

the condition or AT/At=0.

9. The method according to claim 9, wherein said preset
time interval is the asymptotic time interval.

10. The method according to claim 9, wherein said desired
parameter to be determined is an evaluated value of a
parameter (ng,-n,) for said patient, wherein ny, is the
refraction index of hemoglobin in erythrocyte, and n,; is the
refraction index of plasma.

11. The method according to claim 12, wherein the
evaluation of the parameter (n;,-n,,;) comprises the utiliza-
tion of theoretical data representative of a scattering function
K(x(ny,-n,;)), wherein x=2ma/h, a being the effective size
of erythrocyte.
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12. The method according to claim 1, wherein the appli-
cation of measurements comprises optical measurements
with at least two different wavelengths of the external
illumination selected in accordance with at least one desired
blood parameter to be determined, the analyzing of the
measured data comprises:

determining a parametric slope; and

using reference data in the form of a calibration curve of
the parametric slope as a function of values of the
desired parameter.

13. The method according to claim 14, wherein the
determination of the parametric slope comprises the deter-
mination of a function T, (T;,), wherein T;, and T, are the
measured data corresponding to the wavelengths A, and A,
of the incident radiation, respectively, the function T, ,(T; )
being determined for a preset time interval of said prede-
termined time period.

14. The method according to claim 14, wherein the
determination of the parametric slope comprises the deter-
mination of a function logT, ,(logT, ), wherein T, , and T,
are the measured data corresponding to the wavelengths A,
and A, of the incident radiation, respectively, the function
T, (T, ) being determined for a preset time interval of said
predetermined time period.

15. The method according to claim 15, wherein said preset
time interval is the initial time interval.

16. The method according to claim 15, wherein said preset
time interval is the asymptotic time interval.

17. The method according to claim 1, wherein the ana-
lyzing of the measured data comprises the determination of
Erythrocyte Aggregation Rate, as AT/At, where T is the
measured light response for the external illumination of a
certain wavelength and At is a preset time interval of said
predetermined period of time.

18. The method according to claim 21, wherein At is
within the initial time interval or asymptotic time interval.

19. The method according to 1, wherein said desired
parameter is the concentration of a certain substance in
blood.

20. The method according to 14, wherein said desired
parameter is the concentration of a certain substance in
blood.

21. The method according to claim 24, wherein said
calibration curve is determined from values of the paramet-
ric slope and values of the concentration obtained for
different patients.

22. The method according to claim 23, wherein said
substance is hemoglobin.

23. The method according to claim 24, wherein said
substance is hemoglobin, the at least two wavelengths being
in the ranges of about 600-1100 nm and about 1100-1400
nm.

24. The method according to claim 23, wherein said
substance is glucose.

25. The method according to claim 24, wherein said
substance is glucose, the at least two wavelengths being in
the ranges of 1500-1600 nm and 600-1300 nm.

26. The method according to claim 1, wherein said desired
parameter is oxygen saturation.

27. The method according to claim 14, wherein said
desired parameter is oxygen saturation.
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28. The method according to claim 31, wherein the at least
two wavelengths are in the ranges of about 600-780 nm and
about 820-980 nm.

29. The method according to claim 31, wherein the
determination of said calibration curve comprises at least
one of the following: the calibration curve is determined
from values of the parametric slope and values of the oxygen
saturation obtained for different patients; and the calibration
curve is plotted by applying to the patient’s blood in the
measurement region at least two multiple-occlusion mea-
surement sessions with the at least two wavelengths, deter-
mining the parametric slope values for each occlusion, and
concurrently determining the oxygen saturation in the blood
perfused fleshy medium of said patient outside said mea-
surement region.

30. A method of non-invasive optical measurements in a
patient’s body, the method comprising:

creating a state of blood flow cessation of the patient’s
blood within a measurement region of the patient’s
body and maintaining the blood-flow cessation state
during a predetermined time period being insufficient
for irreversible changes to occur in the body, thereby
affecting an erythrocytes” aggregation process in the
measurement location defining optical characteristics
of blood;

applying measurements to the measurement region within
said predetermined time period, and obtaining mea-
sured data representative of the time dependence of a
light response of the blood in the measurement region
to incident light of one or more wavelength, the mea-
sured time dependence including an initial time period
of the light response variation and an asymptotic time
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period of relatively slow charges of the light response
as compared to the initial time period,

analyzing the measured data for determining one or more
chemical composition of the patient’s blood, extracted
from the optical characteristics associated with the
erythrocytes aggregation process during the state of the
blood flow cessation.
31. An apparatus for non-invasive optical measurements
of chemical compositions of the patient’s blood, the appa-
ratus comprising:

an occlusion assembly adapted for applying pressure to
the patient’s body, so as to create a state of the blood
flow cessation in a measurement region in the body for
a predetermined time period;

illumination/detection assembly for applying optical mea-
surements with at least two different wavelengths of
incident radiation to said measurement region during
said predetermined period of time, and generating data
representative of light response signals; and

a control unit configured to be responsive to the generated
data and preprogrammed for carrying out the follow-
ing: determining, from said generated data, measured
data in the form of time variations of the light response
signals; utilizing optical characteristics associated with
erythrocytes aggregation process during the state of the
blood flow cessation to analyze the measured data from
within a preset time interval of said predetermined
period of time and determine one or more chemical
composition of the patient’s blood.



THMBW(EF)

RE(EFR)AGE)

HAT R E(ZFRR)AGE)

patsnap
ATHESENRNEHSHBHNAENES E

US20060200014A1 NI (»&E)B 2006-09-07

US11/409034 RiEH 2006-04-24
ORSENSE LTD.

ORSENSE LTD.

¥R & B A FINE ILYA
SHVARTSMAN LEONID
KEAA FINE, ILYA
SHVARTSMAN, LEONID
IPCH %5 AB61B5/00 A61B5/022
CPCH %5 A61B5/022 A61B5/14532 A61B5/14542 AB1B5/14546 A61B5/1455 A61B5/14551 A61B5/14552 A61B5
/6824 AB1B5/6825 A61B5/6826 A61B5/6838 GO1N2015/0073 GO1N2015/0092
£ £ 10/168951 2002-11-05 US
PCT/IL1999/000694 1999-12-22 WO
H T SCEk US7317939
S\EBEEE Espacenet USPTO
HE(R) 8\ e
BHEHT—HATAXFNESEMNENAESHN S :. ENEXSRIE COWER SUPPLY : :
M FAF IR HETUE R B R AR S, EiZFE R A B AR TI w"u?ofﬁ#é?um - L COMPUTER | :
ELE, SMIEATFSREETRAREKNAGTENELFAMNE, K . ‘ S .
SHYM B BIE A IR A T £ X 15 Fh Y S e B2 A9 B R B . 3 23K ' g RS232 /20
B ESEBBEEMREILRSHRAMNEIMERESEHRRH '
K2R R AR RS R, ~ CONTROLLER / AD / DA / DATA ACQUISITION
S 6 1
] || ] e
- S - REATER
| 0 l l DRIVER
LI;:D s DETECTORS CONTROLLER

r___
!
|
N
!
i
AN


https://share-analytics.zhihuiya.com/view/7aa1f1a7-3a30-4f00-b6f3-a4159eff09db
https://worldwide.espacenet.com/patent/search/family/011062768/publication/US2006200014A1?q=US2006200014A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220060200014%22.PGNR.&OS=DN/20060200014&RS=DN/20060200014

