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(57) ABSTRACT

A method and device are presented for use in non-invasive
optical measurements of at least one desired characteristic of
patient’s blood. A condition of artificial blood kinetics is
created at a measurement location in a patient’s blood
perfused fleshy medium and maintained for a certain time
period. This condition is altered over a predetermined time
interval within said certain time period so as to modulate
scattering properties of blood. Optical measurements are
applied to the measurement location by illuminating it with
incident light beams of at least two different wavelengths in
a range where the scattering properties of blood are sensitive
to light radiation, detecting light responses of the medium,
and generating measured data indicative of time evolutions
of the light responses of the medium for said at least two
different wavelengths, respectively, over at least a part of
said predetermined time interval.
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METHOD AND SYSTEM FOR USE IN
NON-INVASIVE OPTICAL MEASUREMENTS OF
BLOOD PARAMETERS

FIELD OF THE INVENTION

[0001] This invention is generally in the field of non-
invasive optical measurement techniques for measuring
blood-related parameters, and relates to an optical probe to
be applied to a patient’s finger or toe and a method of
operating the probe.

BACKGROUND OF THE INVENTION

[0002] Non-invasive techniques for measuring various
blood parameters, e.g., blood oxygen saturation, have
become very popular, since they do not require the with-
drawal of a blood sample from a patient’s body. Optical
monitoring techniques of the kind specified utilize the
detection of light transmitted or reflected from the location
on the patient’s body under measurement, and are based on
spectrophotometric measurements enabling the indication of
the presence of various blood constituents based on known
spectral behaviors of these constituents.

[0003] Most of these techniques utilize a measurement
optical device or probe, designed in a manner to be attached
to the patient’s finger, which includes an optical assembly
for irradiating the finger with light and detecting its light
response. The conventional devices of the kind specified,
such as a pulse oximeter, which is the generally accepted
standard of everyday clinical practice, provide for measur-
ing enhanced optical pulsatile signals caused by the changes
in the volume of a blood flowing through a fleshy medium
(e.g., finger).

[0004] It is known that for blood parameters other than
oxygen saturation, e.g., glucose concentration, significant
difficulties have been accoutered, because their absorption
spectral behavior in red and near infrared regions is not as
remarkable as for the oxygenized hemoglobin. Hence, the
main limitations on the way of expanding the non-invasive
techniques to the measurements different from pulse oxim-
etry are associated with the limited selectivity of the absorp-
tion based method.

[0005] A different technique is disclosed in U.S. Pat. No.
6,400,972, WO 01/45553 and WO 01/96872, all assigned to
the assignee of the present application. This is an occlusion-
based technique, according to which an over-systolic pres-
sure is applied to the blood perfused fleshy medium with a
normal blood flow so as to create a state of temporary blood
flow cessation at the measurement location. The measure-
ment with different wavelengths of incident radiation and/or
different polarization states of detected light are carried out
at timely separated sessions taken during a time period
including a cessation time when the state of the blood flow
cessation is maintained. This technique utilizes the condition
of the “artificial blood kinetics” rather than the natural blood
kinetics taking place when the state of the total blood
cessation is not achieved. As a result of the cessation of the
blood flow, a condition of the artificial kinetics is achieved
with the optical characteristics of the blood associated with
the light response being different from those at the natural
blood kinetics. Indeed, it is known that the scattering prop-
erties of blood depend on the size and shape of scatterers
(aggregates). Thus, time changes of the light response at the
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condition of artificial kinetics depend on the changes in the
shape and average size of the scattering centers in the
medium, i.e., red blood cells (RBC) aggregation (Rouleaux
effect). It was found that owing to the effect of the artificial
kinetics, the optical characteristics of blood changes dra-
matically, 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 technique based on the artificial kinet-
ics as well as selectivity of the optical measurements can be
substantially better when compared with those based on
measurements of the blood parameters at natural kinetics.

[0006] Various probe devices suitable for the occlusion-
based measurements are described in U.S. Pat. No. 6,213,
952 and US 2002/0173709 both assigned to the assignee of
the present application. These devices are designed to apply
over-systolic pressure to the patient’s finger at a location
upstream of a measurement location in the finger, with
respect to the direction of normal blood flow, thereby
creating a state of blood flow cessation at the measurement
location. Generally, the device includes a clip member for
securing the patient’s finger between its two clamping arms
that also serve for carrying the optics of a measurement unit,
and includes a pressurizing assembly outside the clip mem-
ber for applying over-systolic pressure.

SUMMARY OF THE INVENTION

[0007] There is a need in the art to facilitate non-invasive
measurements of blood-related characteristics by providing
novel method, probe device and system for non-invasive,
occlusion-based measurements applied to a patient’s blood
perfused fleshy medium, e.g., finger or toe.

[0008] The technique of the present invention takes advan-
tage of the above-described occlusion-based measurements,
namely is based on creating and controlling the artificial
blood kinetics in a patient’s blood perfused fleshy medium
and applying optical measurements thereto. The condition of
artificial kinetics is created and maintained for a certain time
period, and is controllably altered over a predetermined time
interval within said certain time period. The condition of
artificial kinetics is created by applying a primary over-
systolic pressure to a certain location at the medium with a
normal blood flow so as to achieve a state of temporary
blood flow cessation at the medium at a measurement
location. The location of application of the primary pressure
is either upstream of the measurement location with respect
to the normal blood flow direction in the medium or in the
vicinity of the measurement location. The control of the
condition of the artificial kinetics is achieved by applying a
perturbation of a secondary pressure to the fleshy medium,
either downstream of the location of the primary pressure
application or substantially at the same location. The physi-
cal effect of the secondary pressure results in the modifica-
tion of the aggregates of red blood cells (RBC). Therefore,
the location of the applying of the secondary pressure has to
be in the vicinity of the measurement location.

[0009] The non-invasive optical measurenients are carried
out by illuminating a measurement location on the medium
with incident light beams of at least two different wave-
lengths in a range where the scattering or absorbing prop-
erties of blood are sensitive to light radiation (e.g., in red
through near infrared (NIR) range). The optical determina-
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tion of blood characteristics is carried out over a predeter-
mined time interval when the condition of artificial blood
kinetics is controllably altered. This predetermined time
interval is within the time period during which the over-
systolic pressure is applied.

[0010] Thus, according to one broad aspect of the inven-
tion, there is provided a method for use in non-invasive
optical measurements of at least one desired characteristic of
patient’s blood, the method comprising:

[0011] (a) creating a condition of artificial blood kinet-
ics at a measurement location in a patient’s blood
perfused fleshy medium and maintaining this condition
for a certain time period,

[0012] (b) altering said condition of artificial blood
kinetics at the measurement location over a predeter-
mined time interval within said certain time period so
as to modulate scattering properties of blood; and

[0013] (c) applying optical measurements to the mea-
surement location by illuminating it with incident light
beams of at least two different wavelengths in a range
where the scattering properties of blood are sensitive to
light radiation, detecting light responses of the medium,
and generating measured data indicative of time evo-
lutions of the light responses of the medium for said at
least two different wavelengths, respectively, over at
least a part of said predetermined time interval.

[0014] According to another broad aspect of the invention
there is provided a method for use in non-invasive optical
measurements of at least one desired characteristic of
patient’s blood, the method comprising:

[0015] applying a primary over-systolic pressure to a
patient’s blood perfused fleshy medium at a location in
vicinity of a measurement location to thereby create a
condition of artificial blood kinetics at the measurement
location, and maintaining this condition for a certain
time period;

[0016] wvarying the over-systolic pressure in the vicinity
of the measurement location starting from said primary
over-systolic pressure value thereby altering said con-
dition of artificial blood kinetics at the measurement
location over a predetermined time interval within said
certain time period so as to modulate scattering prop-
erties of blood; and

[0017] applying optical measurements to the measure-
ment location by illuminating it with incident light
beams of at least two different wavelengths in a range
where the scattering properties of blood are sensitive to
light radiation, detecting light responses of the medium,
and generating measured data indicative of time evo-
lutions of the light responses of the medium for said at
least two different wavelengths, respectively, over at
least a part of said predetermined time interval.

[0018] According to yet another broad aspect of the
present invention, there is provided an optical system for use
in non-invasive optical determination of at least one desired
characteristic of patient’s blood, the system comprising:

[0019] (A) a probe including: (i) an optical measuring
unit operable for illuminating a measurement location
on a patient’s blood perfused flesh medium with dif-
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ferent wavelengths of incident light, detecting light
responses of the medium, and generating measured
data indicative of time evolutions of the light responses
of the medium corresponding to the different wave-
lengths of incident light, respectively; and (ii) a pres-
surizing assembly operable for applying pressure to the
patient’s fleshy medium;

[0020] (B)a control unit connectable to said measuring
unit and said pressurizing assembly for synchronizing
the operation thereof so as to apply a primary over-
systolic pressure to a certain location on the medium to
create a condition of artificial blood kinetics in the
medium at the measurement location and maintain this
condition for a certain time period, to apply a secondary
controllably varying pressure to the fleshy medium in
the vicinity of the measurement location so as to alter
said condition of artificial blood kinetics over a prede-
termined time interval within said certain time period
thereby modulating scattering properties of blood, and
to apply the optical measurements while altering the
condition of the artificial blood kinetics, the control
unit comprising: (a) a memory for storing reference
data sensitive to patient individuality and indicative of
the desired blood characteristic as a function of a
parameter derived from scattering spectral features of
the medium, and (b) a data acquisition and processing
utility coupled to output of the measuring unit for
receiving and analyzing the measured data to utilize the
reference data and determine said at least one desired
blood characteristic.

[0021] According to one embodiment of the invention, the
altering of the condition of the artificial blood kinetics is
performed by applying a perturbation to the medium by a
secondary pressure pulse of a predetermined value over the
predetermined time interval so as to modulate scattering
properties of blood.

[0022] According to one example, the secondary pressure
can be applied to the medium (e.g., patient’s finger) at the
location of the main occlusion providing the over-systolic
pressure. In this case, the secondary pressure is varied
starting from said primary over-systolic pressure value and
reaching higher values.

[0023] According to another example, the secondary pres-
sure can be applied to the medium at a certain location
selected downstream of the main occlusion with respect to
the blood flow direction. In this case, the secondary pressure
may vary from zero to over-systolic pressure values that may
be higher than the primary over-systolic pressure. The
location of the applying of the secondary pressure may
either coincide with the location of a light detector or
slightly differ from it, depending on the kind of measured
medium and/or design of the measurement probe.

[0024] Ttshould be appreciated that a modification of RBC
clusters resulting in the altering of the artificial kinetics can
be caused by many different ways. Thus, other than the
single secondary pulse described above, the altering of the
condition of artificial blood kinetics can be carried out by
applying a perturbation to the medium by means of the
secondary pressure of a predetermined cyclic pattern over
the predetermined time interval.

[0025] According to the invention, the detection of the
light responses of the medium for the purpose of determin-
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ing the desired blood characteristics is carried out during the
altering of the condition of the artificial blood kinetics. For
example, for the case when one secondary pulse was applied
to the medium, the measured data indicative of time evolu-
tions of the light responses of the medium for at least two
different wavelengths over the time interval that starts when
step pulse of the secondary pressure has been applied and
onward can be used for the determining of the blood
characteristics. Likewise, for the case when a series of
pulses have been applied to the medium, the measured data
of the light responses over at least one time interval selected
from the intervals when the secondary pressure pulse was
applied can be used for the determining of the blood
characteristics. Moreover, the measured data over at least
one interval selected from the intervals after the release of
the secondary pressure can also be utilized for the deter-
mining of the blood characteristics.

[0026] According to the invention, a parameter derived
from scattering spectral features of the medium during the
altering of the condition of the artificial blood kinetics is
used for the determination of blood characteristics. Accord-
ing to one example, this parameter is a parametric slope (PS)
defined as a ratio between a first function depending on a
light response of the medium corresponding to one wave-
length and a second function depending on the light
response of the medium corresponding to another wave-
length.

[0027] According to one embodiment, the first and second
functions can be logarithmic functions log (T,) and log(T,)
of the light responses T, and T, corresponding to the two
different wavelengths A, and A, respectively. According to
another embodiment, the first and second functions can be
functions of the time rate of the changes of the light response
signal, i.e., AT/At (or A log T/At), where £t can be any part
of the time interval during which the condition of artificial
kinetics is changed.

[0028] According to the invention, for determination of a
desired blood characteristic a reference data sensitive to
patient individuality should be provided. The reference data
should be indicative of the desired blood characteristic as a
function of the parameter derived from scattering spectral
features of the medium. Such reference data can, for
example, be a calibration curve defining a dependence of the
PS on the desired blood characteristic. The calibration curve
can be created by plotting a dependence of the PS versus the
desired blood characteristic that can be obtained for the
particular individual by any other known method, indepen-
dent of the current measurements. It should be appreciated
that for different blood characteristics the independent meth-
ods may also be different.

[0029] The measuring system of the present invention
comprises such main constructional parts as a probe and a
control unit.

[0030] According to one embodiment, the probe includes
a pressurizing assembly and a measuring unit. The pressur-
izing assembly includes a primary occlusion cuff for apply-
ing the primary over-systolic pressure to the medium, a
secondary occlusion cuff for applying the secondary pres-
sure to the medium and a pressure driver actuated by the
control unit for operating the squeezing of the cuffs and.
According to this embodiment, the location secondary
occlusion cuff is selected downstream of the location pri-
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mary occlusion cuff with respect to the normal blood flow
direction. The measuring unit comprises an illumination
assembly and a light collection/detection assembly. The
illumination assembly includes a plurality of light sources
(e.g., LEDs) associated with a suitable drive mechanism
operated by the control unit. Alternatively, a single broad
band illuminator can be used. The light sources generate
incident radiation propagating through the medium at a
measurement location. The light collection/detection assem-
bly includes one or more frequency selective detectors
arranged near the measurement location. Examples of col-
lection/detection assembly include, but are not limited to,
spectrophotometers and/or photodiodes typically equipped
with frequency selective filters and amplifying means,
which are not specifically shown. It should be noted that the
measurement location may, for example, be accommodated
so as to coincide with the location of applying the secondary
pressure or slightly differ from it, depending on the kind of
measured medium and/or design of the measurement probe.

[0031] The optical measurements are carried out to detect
the light transmitted through the medium (or the light
reflected therefrom, as the case may be), and to generate data
representative thereof (constituting measured data). In the
present example, the light transmitted through the medium
is detected (constituting the light response of the medium).

[0032] According to another embodiment of the invention,
the probe has a substantially ring-like shape that is formed
by two substantially U-shape parts configured for enclosing
and holding a portion of the medium therebetween. These
U-shape parts can partially overlap over a predetermined
distance. The pressure applied to the finger should be
sufficient to case total cessation of the blood flow in the
finger downstream of the occlusion (i.e., the place where the
pressure is applied). The pressurizing assembly may include
an air cushion mounted on an inner side of at least one of the
U-shaped portions and connected to a driver operable by the
control unit to apply a controllable variable pressure to the
portion of the medium enclosed between the two U-shaped
parts. Alternatively, the pressurizing assembly may include
a cufl associated with a pressure drive operable to move
either one of the semi-rings towards one another, and
thereby apply pressure to the finger portion enclosed ther-
ebetween. An example of the pressure drive includes, but is
not limited to a wind-up spring coupled with the cuff.
Squeezing of the cuff can provide a movement of the
semi-rings to each other, and thereby provide continues
variation of the pressure applied to the finger. With the
ring-like configuration of the probe, the primary over-
systolic pressure as well as the secondary pressure is applied
by the same pressurizing assembly. Therefore, the location
of the main occlusion (primary pressure) causing the cre-
ation of the condition of artificial kinetics (a blood flow
cessation state) coincides with the location at which the
artificial blood kinetics is altered (application of secondary
pressure).

[0033] The probe of this embodiment further comprises
the measuring unit configured for illuminating a measure-
ment location on the portion of the finger with incident light
beams, detecting light responses of the medium, and gen-
erating measured data indicative of time evolutions of the
light responses of the blood. For this purpose, the measuring
unit includes an illumination assembly and a light collection/
detection assembly. The illumination assembly can include
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a plurality of light sources (e.g., LEDs) with a suitable drive
mechanism operated by the control unit. Alternatively, a
single broad band illuminator can be used. The light sources
radiate the measurement location of the finger through an
aperture arranged in one of the semi-ring to provide unob-
structed optical transmission to the surface of the fleshed
medium. The light collection/detection assembly includes a
detector that can receive the light radiation transmitted
through the medium. Alternatively, the detector unit may
include an array (generally, at least two) light detectors
arranged in a spaced-apart relationship along the circumfer-
ence of the finger within the measurement location.

[0034] The collection/detection assembly of the probe is
coupled to the control unit via a suitable electronic block,
typically including an analog to digital (A/D) converter (not
shown). The control unit is interconnected between the
measuring unit and the pressurizing assembly of the probe
for operating the corresponding pressure and light sources
drivers, and is coupled to the output of the detection assem-
bly to be responsive to the measured data. The control unit
includes a data acquisition and processing utility having a
computer device having such known utilities as a processor,
a memory for storing, inter alia, reference data (RD) and a
monitor. The processor is preprogrammed by a suitable
software model capable of analyzing the received output of
the detection assembly (measured data) and determining one
or more desired characteristics of the patient’s blood, as
have been described above.

[0035] Thus, according to yet another aspect of the inven-
tion, there 1s provided a probe for use in non-invasive optical
measurements of blood-related parameters, the probe
including:

[0036] (A) two substantially U-shaped portions config-
ured for enclosing and holding a portion of a patient’s
blood perfused flesh medium therebetween,

[0037] (B) a measuring unit operable for illuminating a
measurement location on the portion of the medium
with different wavelengths of incident light beams,
detecting light responses of the medium, and generat-
ing measured data indicative of time evolutions of the
light responses of the medium corresponding to the
different wavelengths of incident light, respectively;
and

[0038] (C) a pressurizing assembly associated with one
of the U-shaped portions and operable for applying a
primary over-systolic pressure to the fleshy medium so
as to create a condition of artificial blood kinetics in the
fleshy medium and maintain this condition for a certain
time period; and for applying a secondary controllably
varying over-systolic pressure to the fleshy medium, so
as to alter said condition of artificial blood kinetics over
a predetermined time interval within said certain time
period, thereby to modulate scattering properties of
blood.

[0039] There has thus been outlined, rather broadly, the
more important features of the invention in order that the
detailed description thereof that follows hereinafter may be
better understood. Additional details and advantages of the
invention will be set forth in the detailed description, and in
part will be appreciated from the description, or may be
learned by practice of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0040] In 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:

[0041] FIG. 1 illustrates a typical plot representing light
transmission characteristics of blood obtained by when the
condition of artificial kinetics is created;

[0042] FIG. 2 illustrates a plot showing three examples of
the time dependency of light transmission characteristics of
blood experimentally obtained for three different wave-
lengths when the condition of artificial kinetics is altered by
a perturbation of a secondary pressure step pulse applied to
the medium;

[0043] FIG. 3 illustrates a plot showing three examples of
the time dependency of light transmission characteristics of
blood experimentally obtained for two different wavelength
when the condition of artificial kinetics is altered by a
perturbation of the medium by a series of shot pressure
pulses;

[0044] FIG. 4 illustrates a relationship between the natural
logarithm of the light response of the medium at one
wavelength A, and natural logarithm of the light response at
the other wavelength;

[0045] FIG. 5 illustrates an example of a calibration curve
for a certain patient;

[0046] FIG. 6 illustrates a schematic block diagram of a
measuring system for carrying out the method of the present
invention, according to one embodiment of the invention;

[0047] FIG. 7 illustrates a schematic block diagram of the
probe schematically shown in FIG. 6, according to one
embodiment of the invention; and

[0048] FIG. 8 illustrate a perspective view of the probe
schematically shown in FIG. 6, according to another
embodiment of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0049] The principles and operation of the system and
method for non-invasive optical measurement of blood
parameters according to the present invention may be better
understood with reference to the drawings and the accom-
panying description, it being understood that these drawings
and examples in the description are given for illustrative
purposes only and are not meant to be limiting. The same
reference Roman numerals and alphabetic characters will be
utilized for identifying those components which are com-
mon in the system for non-invasive optical measurement of
blood parameters shown in the drawings throughout the
present description of the invention.

[0050] According to one general aspect, the present inven-
tion provides a novel method and system for non-invasive
optical determination of blood characteristics. Examples of
the blood characteristics include, but are not limited to
concentration of a substance in patient’s blood (e.g., glu-
cose, hemoglobin), oxygen saturation, Erythrocyte Sedi-
mentation Rate (ESR) and Erythrocyte Aggregation Rate
(EAR). The method is based on creating and controlling the
artificial blood kinetics in a patient’s blood perfused fleshy
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medium, e.g., his finger, and applying optical measurements
thereto. The condition of artificial kinetics is created and
maintained for a certain time period. The condition of
artificial kinetics is preferably created by applying a primary
over-systolic pressure to a certain location at the medium
with a normal blood flow so as to achieve a state of
temporary blood flow cessation. The control of the condition
of the artificial kinetics is achieved by applying a perturba-
tion of a secondary pressure to the fleshy medium, as will be
described in detail hereinbelow.

[0051] The non-invasive optical measurements are carried
out by illuminating a measurement location on the medium
with incident light beams of at least two different wave-
lengths in a range where the scattering or absorbing prop-
erties of blood are sensitive to light radiation (e.g., in red
through near infrared (NIR) range).

[0052] Referring now to the drawings, FIG. 1 illustrates
an example showing a typical plot representing light trans-
mission characteristic (light responses) of blood obtained
over the time interval when the condition of artificial kinet-
ics is created, maintained during a certain cessation time,
and then released. In particular, the plot shows how the
light-transmitting characteristic of blood changes under the
application and release of the primary over-systolic pres-
sure. The transmitting characteristics are shown in FIG. 1
(and in the further drawings) as the so-called “Relative
Transmission”, i.e., in Transmission Arbitrary Units or
T(AU).

[0053] The application of primary pressure to the fleshy
medium starts at a moment T, ,, and is maintained for a
period of time such as not to cause irreversible changes in
the medium (e.g., 4 seconds). The pressure is released at the
moment T,,..... Measurements of the Relative Transmis-
sion are performed continuously, starting prior to the appli-
cation of the over-systolic pressure. Different regions of
light responses of the medium, designated A, B, C, D and E,
corresponding to the different states of the blood flow are
observed. Region A corresponds to a state of normal blood
flow before the over-systolic pressure is applied. As shown,
this region is characterized by a standard fluctuating value of
the relative light transmission of blood. Region B starts at
moment T, (when the pressure is initially applied) and
maintains over a short period of time Ty (about 0.5 sec)
following the actual start of the condition of artificial blood
kinetics. Measurements taken over this time period are not
steady and can be disregarded, due to the unavoidable
influence of motional and/or other artifacts causing non-
monotonic fluctuations of the light transmission. Region C
corresponds to a state of the temporary cessation of blood
flow, which lasts within a cessation time T. between a
moment determined as (T,,,,+15) and the moment T ,.,_..
During this cessation time T the ascending curve (as shown
in FIG. 1) or descending curve (not shown), depending on
the incident wavelength of relative light transmission of
blood, can be observed. It should be noted that this is the
region where the condition of artificial kinetics is maintained
over Tc. Generally, the light transmission curve can reach an
asymptotic maximum over one second to several minutes.
Region D corresponds to 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 Ty, of the duration of region D, the relative
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transmission of blood monotonously descends until it
reaches values characteristic of the normal blood flow. Such
amoment is marked as T, in the drawing. Usually, the end
of region D, and the beginning of region E, is detected when
the changes of the light transmission become periodic and
minimal (about 2%). Region E corresponds to a state of the
normal blood flow, which is similar to that in region A. This
technique is disclosed in the above-indicated patent publi-
cations, assigned to the assignee of the present application.

[0054] According to the present invention, the optical
determination of blood characteristics is carried out over a
predetermined time interval when the condition of artificial
blood kinetics is controllably altered. This predetermined
time interval is within the time period during which the
primary over-systolic pressure is maintained.

[0055] According to one embodiment of the invention, the
altering of the condition of the artificial blood kinetics is
performed by applying a perturbation to the medium by a
secondary pressure pulse of a predetermined value over the
predetermined time interval so as to modulate scattering
properties of blood. According to one example, the second-
ary pressure can be applied to the medium (e.g., patient’s
finger) at the location of the main occlusion providing the
over-systolic pressure. According to another example, the
secondary pressure can be applied to the medium at a certain
location selected downstream of the main occlusion with
respect to the blood flow direction. It should be noted that
the location of the applying of the secondary pressure may
either coincide with the location of a light detector or
slightly differ from it, depending on the kind of measured
medium and/or design of the measurement probe. The
physical effect of the secondary pressure results, inter alia,
in the modification of the aggregates of red blood cells
(RBC). Therefore, the location of the applying of the sec-
ondary pressure has to be in the vicinity of the measurement
place.

[0056] FIG. 2 illustrates a plot showing three examples
(curves 21, 22 and 23) of the time dependency of light
transmission characteristics of blood experimentally
obtained for three different wavelengths (namely, A,=610
nm, A,=670 nm and A;=810 nm) when the condition of
artificial kinetics is altered by a perturbation of a secondary
pressure step pulse applied to the medium.

[0057] The application of the primary over-systolic pres-
sure (for example, higher than 180 mmHg) to the fleshy
medium starts at a certain time moment (t,, =0 sec as
shown in FIG. 2), and is maintained as long as desired (16
sec in FIG. 2). Preferably, the duration of the applying of the
primary pressure is stipulated by the condition to bring about
the artificial blood kinetics without causing irreversible
changes in the medium. Then, the step pulse of the second-
ary pressure (about 300 mmHg) is applied at the time
moment of t_,~4 sec that is reflected by a bend of the curves

sec’

21, 22 and 23 at the time kick point t_,_.

[0058] Tt should be noted that the predetermined value of
the secondary pressure pulse can, for example, be in the
range of about 0-300 mmHg. It was found by the inventors
that one can obtain some more useful information about the
patient’s blood characteristics by means of manipulating the
magnitude of the secondary pressure pulse. In particular, in
the case when the magnitude of the secondary pressure pulse
is small and does not exceed a certain relatively small value
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P,, all three main components of the blood (venous, capil-
lary and arterial blood components) can provide contribution
in the measurements. However, in the case when the mag-
nitude of the secondary pressure would exceed the value of
P, the venous blood component can be excluded from the
consideration. Likewise, in order to exclude from the con-
sideration also the capillary blood component the secondary
pressure should exceed the value of P, (where P,>P)). In
other words, when the magnitude of the secondary pressure
is over P, venous and capillary blood becomes forced out of
the measurement location, while arterial blood remains at
the measurement location, and measurements in this case
would be applied to arterial blood only. It should be under-
stood that the values of P, and P, depend on the person’s
physiology, and should be selected individually for each
patient. It should be appreciated that a modification of RBC
clusters resulting in the altering of the artificial kinetics can
be caused by many different ways. Thus, other than the
single secondary pulse described above, the altering of the
condition of artificial blood kinetics can be cartied out by
applying a perturbation to the medium by means of the
secondary pressure of a predetermined cyclic pattern over
the predetermined time interval. The cyclic pattern can be a
series of shot pressure pulses having amplitudes in the range
of about 0-300 mmHg.

[0059] FIG. 3 illustrates a plot showing three examples
(curves 31 and 32) of the time dependency of light trans-
mission characteristics of blood experimentally obtained for
three different wavelengths (namely, A, =670 nm and A,=810
nm) when the condition of artificial kinetics is altered by a
perturbation of the medium by a series of shot secondary
pressure pulses. In the example shown in FIG. 3, the
duration of the secondary pressure pulses is 1.5 s while the
amplitude is in the range of about 220-300 nm Hg. It should
be appreciated that in practice the magnitudes of the pulse
duration and amplitude depend on the particular patient and
configuration of the measurement system.

[0060] Different regions of light responses of the medium,
designated N, P, SA1, SR1, SA2, SR2, etc. corresponding to
the different states of the blood flow, are observed. Region
N is analogous to region A in FIG. 1, and corresponds to a
state of normal blood flow before the over-systolic pressure
is applied. As shown, this region is characterized by a
standard fluctuating value of the relative light transmission
of blood. Region P starts at the time moment when the
primary over-systolic pressure is applied to the medium
(t.ar=8 sec in FIG. 3) and continues until the perturbation
of the medium by a first secondary pressure pulse (t_,=10.5
sec in FIG. 3). The first secondary pressure pulse is applied
over 8.5 sec (region SA1) and released at the time moment
t,,;=19 sec that is reflected by a decrease of the light
transmission curve over 7 sec (region SR1). Thereafter, a
second secondary pressure pulse (t,,,=26 sec in FIG. 3) is
applied over 9 sec (region SA2), which is released at the
time moment t_,=33 sec (region SR2). It should be noted
that application of the secondary pressure pulses can con-
tinue as long as desired over the time period when the
over-systolic pressure is applied.

[0061] According to the invention, the detection of the
light responses of the medium for the purpose of determin-
ing the desired blood characteristics is carried out during the
altering of the condition of the artificial blood kinetics. For
example, for the above case corresponding to FIG. 2, the
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measured data indicative of time evolutions of the light
responses of the medium for at least two different wave-
lengths over the time interval that starts when step pulse of
the secondary pressure has been applied and onward can be
used for the determining of the blood characteristics. Like-
wise, for the case corresponding to FIG. 3, the measured
data of the light responses over at least one time interval
selected from the intervals when the secondary pressure
pulse was applied (i.e., any interval selected from intervals
SAl, SA2, etc.) can be used for the determining of the blood
characteristics. Moreover, the measured data over at least
one interval selected from the intervals after the release of
the secondary pressure (ie., any interval selected from
intervals SR1, SR2, etc.) can also be utilized for the deter-
mining of the blood characteristics.

[0062] According to the invention, a parameter derived
from scattering spectral features of the medium during the
altering of the condition of the artificial blood kinetics is
used for the determination of blood characteristics. Accord-
ing to one example, this parameter is a parametric slope (PS)
defined as a ratio between a first function depending on a
light response of the medium corresponding to one wave-
length and a second function depending on the light
response of the medium corresponding to another wave-
length.

[0063] According to one embodiment, the first and second
functions can be logarithmic functions log (T,) and log(T,)
of the light responses T, and T, corresponding to the two
different wavelengths A, and A, respectively. According to
another embodiment, the first and second functions can be
functions of the time rate of the changes of the light response
signal, i.e., AT/AT (or A log T/At), where At can be any part
of the time interval during which the condition of artificial
kinetics is changed.

[0064] Referring to FIG. 4, an exemplary plot showing a
relationship between the natural logarithm of the light
response In(T,) of the medium at the wavelength A, =670 nm
and the natural logarithm of the light response In(T,) at the
wavelength A,=810 nm. The measurements were obtained
when the condition of artificial kinetics is altered by a
perturbation of the medium by a first secondary pressure
pulse, i.e., over interval SA1 shown in FIG. 3. As can be
seen, the relationship between In(T,) and In(T,) is a linear
function, and the parametric slope (PS) is determined as the
value of tangent of the angle between the line 41 and the
abscissa axis. It can be appreciated that for determination of
the PS, for example, a known linear regression algorithm
can be used. For the example shown in FIG. 4, PS=0.9.

[0065] According to the invention, for determination of a
desired blood characteristic certain reference data sensitive
to patient individuality should be provided. The reference
data should be indicative of the desired blood characteristic
as a function of the parameter derived from scattering
spectral features of the medium. Such reference data can, for
example, be a calibration curve defining a dependence of the
PS on the desired blood characteristic. The calibration curve
can be created by plotting a dependence of the PS versus the
desired blood characteristic that can be obtained for the
particular individual or various patients by any other known
method, independent of the current measurements. It should
be appreciated that for different blood characteristics the
independent methods may also be different. For example, a
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calibration curve to be used for determining the oxygen
saturation for a specific patient may, in general, be con-
structed by applying measurements to various patients,
and/or by applying the two kinds of measurements for a
single patient in a breath hold experiment using a multiple-
occlusion mode.

[0066] FIG. 5 illustrates an example of the calibration
curve for a certain patient. This calibration curve represents
a dependence of the PS calculated for the patient from the
measurements of light transmission signals of the measured
medium at the wavelengths A;=610 nm and A,=810 nm
versus glucose concentration. This calibration curve can be
used for determining a resulting value of the glucose con-
centration when a value of the PS is obtained by using the
described above method.

[0067] Tt should be appreciated that the corresponding
calibration curve can be obtained also for other blood
characteristics. Examples of the blood characteristics
include, but are not limited to concentration of a substance
in patient’s blood (e.g., glucose, hemoglobin), oxygen satu-
ration, FErythrocyte Sedimentation Rate (ESR) and Erythro-
cyte Aggregation Rate (EAR).

[0068] Referring to FIG. 6, a schematic block diagram of
a measuring system 60 applied to a patient’s finger F for
carrying out the method of the present invention is illus-
trated. It should be noted that the blocks in FIG. 6 are
intended as functional entities only, such that the functional
relationships between the entities are shown, rather than any
physical connections and/or physical relationships.
Although the application of the measuring system to the
patient’s finger F will be illustrated below, it should be
understood that other parts of the patient’s body, e.g., a toe,
a wrist, an elbow and/or a knee, can also be used, mutatis
mutandis, as a medium for the light transmission measure-
ments. The system 60 comprises such main constructional
parts as an optical probe 61 and a control unit 62. The optical
probe 61 includes illumination and light collection/detection
assemblies and a pressurizing assembly, as will be described
more specifically further below with reference to FIGS. 7
and 8. The control unit 62 is connectable to the illumination
assembly for operating light sources drivers, to the output of
the light collection/detection assembly (via a suitable elec-
tronic block, typically including an analog to digital con-
verter) to be responsive to measured data, and to the
pressurizing assembly for controllably applying the corre-
sponding pressure. The control unit 62 is a computer system
having such utilities as a processor 621 (data acquisition and
processing utility), a memory 622 for storing inter alia
reference data (RD), and a monitor 623 for presenting the
measurement results. The processor is preprogrammed by a
suitable software model capable of analyzing the received
output of the detection assembly (measured data) and deter-
mining one or more desired characteristics of the patient’s
blood, as have been described above.

[0069] FIG. 7 exemplifies one possible implementation of
the probe 61. The probe 61 includes a pressurizing assembly
701 and a measuring unit 702. The pressurizing assembly
701 includes a primary pressurizing arrangement (occlusion
cuff) 72 operable for applying the primary over-systolic
pressure to the patient’s finger F at a location I, a secondary
pressurizing arrangement (occlusion cuff) 71 operable for
applying the secondary pressure to the patient’s finger at a
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location L, in the vicinity of a measurement location (where
optical measurements are applied), and a pressure driver 73
actuated by the control unit (62 in FIG. 6) for operating the
squeezing of the cuffs 71 and 72. The primary occlusion cuff
72 and the secondary occlusion cuff 71 may be of any known
suitable type. It should be noted that the primary occlusion
cuff 72 may, for example, be accommodated on the patient’s
wrist or palm, while the secondary occlusion cuff 71 and the
measuring unit 702 may be located on the patient’s finger.
According to this embodiment, the measurement location
ML and consequently the location L, of the secondary
pressure, is selected downstream of the main occlusion
location (location L) with respect to the normal blood flow
direction.

[0070] The measuring unit 702 comprises an illumination
assembly 74 and a light collection/detection assembly 75 for
detecting a light response of a measurement location ML.
The position of the illumination and detection assemblies 74
and 75 can be exchanged, or they can be located on the same
side of the finger for reflection-mode measurements. The
illumination assembly 74 is designed for generating light of
different wavelengths (at least two different wavelengths).
For example, the illumination assembly may include a
plurality of light sources (e.g., LEDs), which are not spe-
cifically shown, associated with a suitable drive mechanism
76 operated by the control unit (62 in FIG. 6). Alternatively,
a single broad band illuminator can be used. The light
collection/detection assembly 75 includes one or more fre-
quency selective detectors. Examples of collection/detection
assembly 75 include, but are not limited to, spectrophotom-
eters and/or photodiodes typically equipped with frequency
selective filters and amplifying means, which are not spe-
cifically shown. It should be noted that the measurement
location ML may, for example, be accommodated so as to
coincide with the location of applying the secondary pres-
sure or slightly differ from it, depending on the kind of
measured medium and/or design of the measurement probe.

[0071] The optical measurements are carried out to detect
the light response of the medium (light transmitted through
the medium or the light reflected therefrom, as the case may
be). and to generate data representative thereof (constituting
measured data). In the present example of FIG. 7, the light
transmitted through the medium is detected.

[0072] FIG. 8 illustrates the implementation of a probe,
denoted 161, according to another embodiment of the inven-
tion, wherein the locations L, L, and measurement location
ML substantially coincide. According to this embodiment,
the probe 161 has two portions 81 and 82 each of a
substantially U-shaped cross-section arranged with respect
to each other for enclosing and holding therebetween a
portion of the patient’s finger (not shown in FIG. 8). The
U-shape parts 81 and 82 are made of a rigid or semi-rigid
material, such as metal or plastic. In the cross-section, the
U-shape parts 81 and 82 can, for example, be of semi-circle
or semi-oval forms. The parts 81 and 82 can partially overlap
over a predetermined distance. The probe 161 comprises a
pressurizing assembly 801 that includes an air cushion 83
associated with a drive mechanism (not shown) and operable
to apply pressure to the finger portion enclosed between the
parts 81 and 82. By moving the upper and lower parts 81 and
82 of the probe towards each other, a position of a finger
therebetween is fixed. Then, a locking device 86 further fixes
the parts 81 and 82 to thereby apply a certain preliminary
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pressure to start the measurement procedure. The locking
device may be implemented by any suitable known means
(e.g., including a teeth arrangement and a spring assembly)
and is aimed at preventing the opening of the ring-like
probe. Then, a cushion 83, which in the present example is
associated with the lower semi-ring 81, is operated to press
the finger to the upper semi-ring 82 to thereby apply an
over-systolic pressure (e.g., 220-250 mm Hg) to thereby
create a blood flow cessation in the finger and enable
measurements. Then, a higher secondary pressure is sup-
plied through the cushion 83. Thus, according to this
embodiment of the invention, the primary over-systolic
pressure as well as the secondary pressure is applied to the
same location on the finger via the same pressurizing
assembly (cushion 83). Therefore, the location of the main
occlusion providing the over-systolic pressure coincides
with the location at which the artificial blood kinetics is
altered.

[0073] The probe 161 further comprises a measuring unit
802 configured for illuminating a measurement location on
the portion of the finger with incident light beams, detecting
light responses of the medium (at different wavelengths of
incident light), and generating measured data indicative of
time evolutions of the light responses of the blood. As
described above, incident light beams being of at least two
different wavelengths in a range where the scattering prop-
erties of blood are sensitive to the light radiation. The
measuring unit 802 includes an illumination assembly 84
mounted on a holding frame 84 and a light collection/
detection assembly 85. Similar to the previously described
example, the illumination assembly 84 can include a plu-
rality of light sources (e.g., LEDs) associated with a suitable
drive mechanism (not shown) operated by the control unit
(62 in FIG. 6), or a single broad band illuminator. The light
sources radiate the measurement location of the finger
through an aperture (not seen in FIG. 8) arranged in the part
82 1o provide unobstructed optical transmission to the sur-
face of the finger.

[0074] The light collection/detection assembly 85 includes
a detector, which is not specifically shown, that can receive
the light radiation transmitted through the finger via an
aperture 87. In the example of FIG. 8, the measuring unit
802 operates in the transmission mode. Thus, the light
collection/detection assembly 85 is mounted opposite to the
illumination assembly 84. Although in the examples of
FIGS. 7 and 8 the transmission mode of measurements is
illustrated, it should be understood that the reflection mode
of measurements can be used as well, for the purpose of
which the light collection/detection assembly would be
accommodated adjacent to the illuminator. Still alterna-
tively, the detector unit may include an array of light
detectors (generally, at least two such detectors) arranged in
a spaced-apart relationship along the circumference of the
finger.

[0075] Ttshould be noted that the pneumatic mechanism of
a pressurizing assembly may be replaced by any other
suitable means. For example, a pressurizing assembly can
include a squeezing cuff associated with a pressure drive
(e.g., a wind-up spring) operable to move either one of the
U-shape parts 81 and 82 towards one another, and thereby
apply continuously variable pressure to the finger portion
enclosed between the parts 81 and 82. The pressure applied
to the finger should be sufficient to cause total cessation of
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the blood flow in the finger. Preferably, the curvature of the
inner walls of the parts 81 and 82 is correlated to the average
curvature of the finger such that to provide a uniform
pressure on the finger along its circumference.

[0076] Those skilled in the art to which the present inven-
tion pertains, can appreciate that while the present invention
has been described in terms of preferred embodiments, the
concept upon which this disclosure is based may readily be
utilized as a basis for the designing of other structures,
systems and processes for carrying out the several purposes
of the present invention.

[0077] Also, it is to be understood that the phraseology
and terminology employed herein are for the purpose of
description and should not be regarded as limiting.

[0078] In the method claims that follow, alphabetic char-
acters numerals used to designate claim steps are provided
for convenience only and do not imply any particular order
of performing the steps.

[0079] Finally, it should be noted that the word “compris-
ing” as used throughout the appended claims is to be
interpreted to mean “including but not limited to”.

[0080] Tt is important, therefore, that the scope of the
invention is not construed as being limited by the illustrative
embodiments set forth herein. Other variations are possible
within the scope of the present invention as defined in the
appended claims and their equivalents.

What is claimed is:
1. A method for use in non-invasive optical measurements
in a patient’s body, the method comprising:

(a) creating a condition of artificial blood kinetics at a
measurement location in a patient’s blood perfused
fleshy medium and maintaining this condition for a
certain time period, the creation of the artificial blood
kinetics comprising applying primary over-systolic
pressure to achieve a state of temporary blood flow
cessation in the medium at the measurement location,
the primary over-systolic pressure being applied to
either a certain location upstream of the measurement
location with respect to a normal blood flow direction
in the medium or to the vicinity of the measurement
location;

(b) altering said condition of artificial blood kinetics at the
measurement location over a predetermined time inter-
val within said certain time period so as to modulate
optical response by changing scattering properties of
blood, said altering of the condition of artificial blood
kinetics including applying a perturbation to the
medium by at least one secondary pressure pulse of a
predetermined value over said predetermined time
interval; and

(c) applying optical measurements to the measurement
location by illuminating it with incident light beams of
at least two different wavelengths in a range where the
light radiation is sensitive to scattering properties of
blood, detecting light responses of the medium, and
generating measured data indicative of time evolutions
of the light responses of the medium for said at least
two different wavelengths, respectively, over at least a
part of said predetermined time interval.
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2. The method of claim 1, comprising:

analyzing the measured data for determined a parameter
derived from scattering spectral features of the medium
as a relation between the different time evolutions of
the light responses of the medium; and

utilizing the calculated parameter and predetermined ref-
erence data, created during a calibration procedure and
being indicative of the desired blood characteristic as a
function of the parameter derived from scattering spec-
tral features of the medium, thereby enabling determin-
ing a value of the desired blood characteristic.

3. The method of claim 2 wherein said reference data is
a calibration curve defining a dependence of the parameter
on the desired blood characteristic.

4. The method of claim 2 wherein said parameter is a
parametric slope defined as a ratio between a first function
depending on a light response of the medium corresponding
to one wavelength and a second function depending on the
light response of the medium corresponding to another
wavelength, said one wavelength and another wavelength
being selected from said at least two different wavelengths.

5. The method of claim 4 wherein said first and second
functions are logarithmic functions of the light response
corresponding to said at least two different wavelengths,
respectively.

6. The method of claim 4 wherein said first and second
functions are a time rate of the changes of light response
signal.

9. The method of claim 1, wherein said certain time period
is insufficient for irreversible changes in the fleshy medium.

8. The method of claim 1 wherein the predetermined
value of the secondary pressure is in the range from zero to
over-systolic pressure higher than said primary over-systolic
pressure value.

19. The method of claim 1 wherein the predetermined
value of the secondary pressure is in the range starting from
said primary over-systolic pressure value.

10. The method of claim 1 wherein said altering of the
condition of artificial blood kinetics includes applying per-
turbations to the medium by secondary pressure of a pre-
determined cyclic pattern over said predetermined time
interval.

11. A method for use in non-invasive optical measure-
ments of at least one desired characteristic of patient’s
blood, the method comprising:

(a) creating a condition of artificial blood kinetics at a
measurement location in a patient’s blood perfused
fleshy medium and maintaining this condition for a
certain time period, the creation of the artificial blood
kinetics comprising applying primary over-systolic
pressure to achieve a state of temporary blood flow
cessation in the medium at the measurement location,
the primary over-systolic pressure being applied to
either a certain location upstream of the measurement
location with respect to a normal blood flow direction
in the medium or to the vicinity of the measurement
location;

(b) altering said condition of artificial blood kinetics at the
measurement location over a predetermined time inter-
val within said certain time period so as to modulate
scattering properties of blood, said altering of the
condition of artificial blood kinetics including applying
perturbations to the medium by secondary pressure of
a predetermined cyclic pattern over said predetermined
time interval; and

Jun. 15, 2006

(c) applying optical measurements to the measurement
location by illuminating it with incident light beams of
at least two different wavelengths in a range where the
light radiation is sensitive to scattering properties of
blood, detecting light responses of the medium, and
generating measured data indicative of time evolutions
of the light responses of the medium for said at least
two different wavelengths, respectively, over at least a
part of said predetermined time interval.

12. The method of claim 11 wherein said altering of the
condition of artificial blood kinetics includes applying the
perturbation to the medium by at least one secondary
pressure pulse of a predetermined value over said predeter-
mined time interval.

13. The method of claim 11 wherein said predetermined
cyclic pattern is in the form of secondary pressure pulses
having amplitudes in the range from zero to over-systolic
pressure higher than said primary over-systolic pressure.

14. The method of claim 11 wherein said predetermined
cyclic pattern is in the form of secondary pressure pulses
having amplitudes in the range starting from said primary
over-systolic pressure.

15. The method of claim 11, wherein said at least two
different wavelengths are in the red-NIR range.

16. The method according to claim 11, wherein said at
least one desired characteristic of patient’s blood is selected
from the following: concentration of a substance in patient’s
blood, oxygen saturation, Erythrocyte Sedimentation Rate
(ESR) and Erythrocyte Aggregation Rate (EAR).

17. The method according to claim 16 wherein said
substance is selected from glucose and hemoglobin.

18. The method of claim 11, comprising:

analyzing the measured data for determined a parameter
derived from scattering spectral features of the medium
as a relation between the different time evolutions of
the light responses of the medium; and

utilizing the calculated parameter and predetermined ref-
erence data, created during a calibration procedure and
being indicative of the desired blood characteristic as a
function of the parameter derived from scattering spec-
tral features of the medium, thereby enabling determin-
ing a value of the desired blood characteristic

19. The method of claim 18 wherein said reference data
is a calibration curve defining a dependence of the parameter
on the desired blood characteristic.

20. A probe for use in non-invasive optical measurements
in a human body, the probe being configured as a ring
mountable onto a patient’s finger so as to enclose and hold
a portion of a patient’s blood perfused flesh medium
between two semi-ring portions of the ring, at least one of
the semi-ring portions carrying a measuring unit operable
for illuminating a measurement location on the portion of
the medium with incident light beams, detecting light
responses of the medium, and generating measured data
indicative of time evolutions of the light responses, said
semi-ring portions being controllably driven to move one
towards the other to thereby apply over-systolic pressure to
the fleshy medium so as to create a condition of artificial
blood kinetics in the fleshy medium and maintain this
condition for a certain time period.
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