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METHOD AND SYSTEM FOR
NON-INVASIVELY MONITORING
BIOLOGICAL OR BIOCHEMICAL

PARAMETERS OF INDIVIDUAL

RELATED APPLICATIONS

[0001] This is a Continuation-in-Part of Application No.
PCT/IL2012/050029 filed Jan. 29, 2012, which claims the
benefit of U.S. Provisional Applications No. 61/457,202 filed
Jan. 28, 2011 and 61/457,718 filed May 18, 2011. The dis-
closure of the prior applications is hereby incorporated by
reference herein in its entirety.

FIELD OF THE INVENTION

[0002] This invention relates to a method and system for
non-invasively monitoring biological or biochemical param-
eters and conditions of an individual. The present invention is
particularly useful for monitoring biological fluids such as
blood.

BACKGROUND

[0003] The human body contains many fluids having vital
functions within the body. For example, blood flowing in the
circulatory system delivers necessary substances such as
nutrients and oxygen to cells, and transports metabolic waste
products away from those cells. Another fluid is the aqueous
humor in the eyes. The aqueous humor maintains the
intraocular pressure and inflates the globe ofthe eye, provides
nutrition (e.g. amino acids and glucose) for the avascular
ocular tissues, posterior cornea, trabecular meshwork, lens,
and anterior vitreous.

[0004] Some properties of these bodily fluids are known to
be indicative of a condition of the person’s body, and deter-
mination of such properties may be used in order to monitor
a person’s health. For example, the blood glucose level (also
referred to as blood glucose concentration) being too high or
too low can be indicative of a malfunction of the digestive
system, such as diabetes mellitus. Blood oxygen level is typi-
cally monitored to identify oxygen saturation condition that
enables identification of hypoxemia as well allows estimation
of hemoglobin in blood. Blood alcohol level (also referred to
as blood alcohol concentration) is indicative of alcohol con-
sumption and may be used to determine detrimental effects of
alcohol on the gastrointestinal, cardiovascular and central
nervous systems. Blood alcohol level is also indicative of
impairment in a person’s judgment and his ability to perform
certain actions, such as driving a vehicle. In the eye, an
important property of the aqueous humor is its pressure. This
property is commonly called “intraocular pressure”. A high
intraocular pressure may be indicative of disorders in the eye,
such as glaucoma, iritis, and retinal detachment.

[0005] In the field of measuring blood-related parameters,
such as glucose level and oxygen saturation, many non-inva-
sive techniques have been devised, including impedance-
based techniques and optical. For example, in glucose meters
based on near infrared spectroscopy, a tissue is illuminated
with light in the infrared spectrum, and the light reflected by
the tissue and/or the light transmitted through the tissue is
measured. The portion of light that is reflected and/or trans-
mitted is indicative of the blood glucose level. Such glucose
meters are used for tissue investigation in different depths
varying from 1 to 100 millimeters or 10 to 50 micrometers.
Some glucose meters use Raman spectroscopy to measure
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scattered light that has been influenced by the oscillation and
rotation caused by glucose. Glucose meters based on photo-
acoustic spectroscopy measure parameters of an acoustic
pressure wave created by rapid heating of the sampled area.
Other glucose meters measure changes in the scattering and
the polarization parameters of light caused by glucose. Fem-
tosecond pulse interferometry can be used to determine glu-
cose concentration, by measuring the group refraction index
of'a glucose solution using a time delay of femtosecond order
in a time-of-flight method. Optical coherence tomography
can be used to measure and analyze the interference pattern
between the coherently backscattered light from specific lay-
ers of tissues and a reference beam.

[0006] With regard to blood alcohol level, alcohol level is
usually examined by determining blood alcohol concentra-
tion (BAC) in breath and blood of the affected person. The
principle of BAC measurement is based on the fact that alco-
hol, taken orally, goes into the body system. Equilibrium
distribution of alcohol into the different parts of the body
mainly liver, kidney, brain, and lungs is attained very rapidly.
The ratio of alcohol in the blood to alcohol in alveolar air is
approximately 2,100:1 at34° C., the temperature at which the
breath leaves the mouth. Thus, the extent of alcohol intoxi-
cation or alcohol consumption is monitored by examining
BAC in breath and blood of the affected person, but the
obvious choice is blood, an absolute level can be obtained
only by drawing a sample of blood. There are several methods
for the estimation of BACs using iodometric titrations, breath
analyzer, and biosensors.

[0007] With regard to intraocular pressure, the most com-
monly used ophthalmic device for measuring IOP, and cur-
rent gold standard, is called applanation tonometer known as
Goldmann tonometer. It is based on the assumption that the
eye is a perfect sphere. Thus, the force required to achieve a
fixed degree of applanation (3.06 mm in diameter) when the
tonometer head directly applanates the cornea is converted
into millimetres of mercury (mmHg) providing the IOP
resisting this deformation. Despite of its accuracy and preci-
sion, Goldmann tonometry mainly suffers from inter-indi-
vidual variations due to difference in corneal thickness and
rigidity while being an invasive (contact) technique with limi-
tations for monitoring the IOP over time. Note also that this
standard method, which involves touching the cornea, also
consequently necessitates the use of anesthetic eye drops. As
alternative, one can measure the area of applanation when a
given constant force is applied to the eye. This can be accom-
plished, for instance, by blowing from a given distance with a
standard blast of air into the eye and measuring the applana-
tion area of the cornea. Using this procedure, the contact in
the measurement is avoided but the technique still remains
unpractical for monitoring IOP at large periods of time, that
is, it fails when identifying peaks and IOP variations.

[0008] This single measurement working principle of clas-
sical tonometers has encouraged researchers to develop new
ways of continuous IOP monitoring. Some examples are the
use of sensing contact lenses, some sort of implants with
telemetric pressure transducers and devices based on optical
principles. The latter is described for example in the follow-
ing publications: Asejczyk-Widlicka, M., Pierscionek, B. K.,
Fluctuations in intraocular pressurve and the potential effect
on aberrations of the eye, Br. J. Ophthalmol. 91, 1054-1058,
2007; De la Torre-Ibarra, M. H., Ruiz, P. D., Huntley, J. M.,
Double-shot depth-resolved displacement field measurement
using phase-contrast spectral optical coherence tomography,
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Opt. Express 14, 9643-9656, 2006; Matsumoto, T., Nagata,
R., Saishin, M., Matsuda, T., Nakao, S., Measurement by
holographic interferometry of the deformation of the eye
accompanying changes in intraocular pressure, Appl. Opt.
17,3538-3539, 1978.

GENERAL DESCRIPTION

[0009] The present invention aims at providing a novel
technique for non-invasively and contactless monitoring one
or more conditions of a subject by analyzing image data
corresponding to defocused images of secondary speckle pat-
tern responses of the subject varying over time in response to
coherent illumination. More specifically, the invention is used
for monitoring/measuring parameters/properties of bodily
fluids, such as blood, aqueous humor, cerebrospinal fluid in
the cranium, and is therefore described below with respect to
this specific medical application.

[0010] The present invention makes use of the imaging
technique disclosed in PCT Patent Publication WO2009/
013738 developed by co-inventors of the present application
and assigned to the assignee of the present application. This
technique is aimed at determining a motion of an object.
According to this technique, a coherent speckle pattern
propagating from an object is imaged, using an imaging sys-
tem focused on a plane displaced from the object.

[0011] The inventors have now identified that various bio-
logical or biochemical conditions of a subject’s body affect a
motion of the respective body portion. For example, the glu-
cose level and alcohol level in blood affect, inter alia, the
viscosity of blood. A change in the blood’s viscosity affects
the friction between the blood fluid and the vessel walls, and
therefore produces a unique vibration profile in the blood
vessel and on the skin proximal to the blood vessel. In addi-
tion, some of the above mentioned chemicals, such as alco-
hol, affect the rate and shape of the heart pulsation which can
be extracted using the proposed optical technique. The
present invention is thus based on the understanding that there
is a defined relation between a motion of the body portion
(resulting from a motion of a bodily fluid in said portion) and
one or more properties of the fluid. The inventors have there-
fore developed a novel technique that utilizes relations
between various parameters, characterizing a change in
detected speckle pattern from the body over time, and the
body conditions.

[0012] According to the invention, speckle pattern is
detected over time with a certain sampling rate, and a spatial
correlation function between successively sampled frames
(images) is determined. The correlation function typically has
a Gaussian-like spatial profile and can therefore be described
by a “correlation peak” whose temporal variations corre-
spond to a change in the speckle pattern over time. This may
be a change in a position (shift) of the speckle pattern in the
detector plane causing the change in the spatial position of the
correlation peak (the shift of the speckle pattern in time shifts
also the obtained spatial correlation peak), and/or a change in
the shape or distribution of the speckle pattern causing the
change in the correlation peak value. Then, the change in
location and/or value of the peak of the spatial correlation
function over time (corresponding to the change in the
speckle pattern as a result of motion of the corresponding
body portion being imaged) is analyzed in accordance with
the condition/property to be determined. To this end, the
invention utilizes predetermined models, each model present-
ing a relation between one or more parameters of the time
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varying spatial correlation function (e.g. the time varying
position of the spatial correlation peak or the time varying
value of this peak) and a biological or biochemical property/
condition of the body. Thus, appropriate one or more param-
eters of the temporal change in some features of the spatial
correlation function (as the temporal change in the position of
the peak of the spatial correlation function or in its value) are
determined and then the selected model is applied to deter-
mine biological or biochemical property/condition.

[0013] With reference to blood, the inventors have found
that human blood vessels vibrate due to variable (from sys-
tolic to diastolic) blood pressure. The human wrist may be one
possible spot for blood vessels observation and vibration
analysis, especially for heart beat monitoring. As the motion
of the blood vessels is a function of blood pressure change,
appropriate detection of the blood vessels’ movement pro-
vides for determining various properties/conditions of the
blood, such as those related to blood pressure, namely blood
pulse pressure (the difference between the systolic and dias-
tolic pressures), as well as blood flow volume (relative), pulse
wave velocity, substance concentration in blood, etc.

[0014] A vibration profile of a blood vessel is a unique one.
It is characterized by many individual properties, such as
vessel elasticity, human fat layer, blood viscosity etc. There-
fore any change of one of these properties can distort this
profile. For example, the glucose level and alcohol level in
blood affect, inter alia, the viscosity of blood. A change in the
blood’s viscosity affects the friction between the blood fluid
and the vessel walls, and therefore produces a unique vibra-
tion profile in the blood vessel and on the skin proximal to the
blood vessel. In addition, some of the above mentioned
chemicals, such as alcohol, affect the rate and shape of the
heart pulsation, which can extracted using the proposed opti-
cal technique.

[0015] Therefore, according to some embodiments of the
present invention, there is provided an optical techmque to
monitor substance concentration/level in blood based on
determining and analyzing a change in the speckle pattern
over time caused by skin vibrations due to blood flux pulsa-
tion. The secondary speckle pattern’s spatial correlation func-
tion is indicative of the motion of a region of human skin (e.g.
skin on the wrist) illuminated by a spot of laser beam, and can
be therefore used to determine the substance concentration/
level in blood. One or more properties of the blood can be
extracted by determining parameters in the time varying char-
acteristics of features in the spatial correlation function of the
speckle pattern (features as the position of the correlation
peak or its value) generated in response to coherent illumina-
tion of the skin portion. For example, the inventors have
shown that at least one parameter of the temporal change in
the spatial correlation function is in good agreement with the
blood glucose level estimated by a conventional measure-
ment technique. Also, the inventors have shown that param-
eter(s) of the temporal change in the spatial correlation func-
tion is in good agreement with blood alcohol level measured
by a conventional techmque.

[0016] With reference to aqueous humor, the inventors
have found that intraocular pressure affects the vibration of
the eye (e.g. sclera, iris, eye lid), and that a relation exists
between intraocular pressure and some parameters of the
temporal change in the spatial correlation function of a sec-
ondary speckle pattern generated in response to coherent
illumination of the eye (the temporal change in the spatial
correlation function being indicative of the eye’s vibration



US 2013/0144137 Al

over time). Therefore, according to some embodiments of the
present invention, there is provided a technique for measuring
intraocular pressure based on detection and analysis of the
temporal change in the spatial correlation function.

[0017] According to some further embodiments of the
present invention, beams of several wavelengths (generally, at
least two wavelengths) may be used to (simultaneously or
successively) illuminate the region of interest, and the sec-
ondary speckle pattern (and the corresponding time varying
spatial correlation function) is determined for each wave-
length separately. The time varying spatial correlation func-
tion is determined for each wavelength, and a relation
between these two or more functions is determined, or a
relation (e.g. ratio) between selected parameters of the differ-
ent time varying spatial correlation functions is determined,
as the case may be. More specifically, the time varying spatial
correlation function for each wavelength is used (e.g. the
change in the position of the spatial correlation peak with
time), and the two functions, corresponding to the two differ-
ent wavelengths are divided one by the other; then the so-
obtained time varying ratio is utilized to define the parameter
of interest (e.g. the width of peaks, the standard deviation of
background noise, etc.), for determination of the blood
parameter using one or more appropriate models. This can be
useful, for example, in the estimation of blood oxygen level
which today is done by pulse oxymetry based on determina-
tion of the ratio of transmission of the blood in two predefined
wavelengths.

[0018] Therefore, according to an aspect of some embodi-
ments of the present invention, there is provided a system for
use in monitoring one or more conditions of a subject’s body.
The system includes a control unit, which includes an input
port, a memory utility, and a processor utility. The input port
is configured for receiving image data measured by a pixel
detector array and being in the form of a sequence of speckle
patterns generated by a portion of the subject’s body in
response to illumination thereof by coherent light according
to a certain sampling time pattern. The memory utility is
configured for storing one or more predetermined models, the
model comprising data indicative of a relation between one or
more measurable parameters and one or more conditions of
the subject’s body. The processor utility configured and oper-
able for carrying out the following: processing the image data
and determining a spatial correlation function between suc-
cessive speckle patterns in the sequence, and determining a
time varying spatial correlation function in the form of a
time-varying function of at least one feature of the correlation
function, the time-varying spatial correlation function being
indicative of a change of the speckle pattern over time; select-
ing at least one parameter of the time-varying spatial corre-
lation function, and applying to said at least one parameter
one or more of the models to determine one or more corre-
sponding body conditions; and generating output data indica-
tive of said one or more corresponding body conditions.
[0019] Optionally, the at least one feature of the correlation
function comprises at least one of the following: a position of
a peak of the correlation unit, and a value of a peak of the
correlation function.

[0020] In a variant, said one or more body conditions to be
monitored comprises blood glucose concentration.

[0021] The at least one parameter of the time varying func-
tion may comprise at least one of the following: positive pulse
amplitude, and ratio between positive and negative peak
amplitudes.
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[0022] Inanother variant, said one or more body conditions
to be monitored comprises blood alcohol concentration.
[0023] The at least one parameter of the time varying func-
tion may comprise at least one of the following: pulse size,
positive pulse size, distance between peak polarities, ratio
between main and secondary peak positions, ratio between
main and secondary peak amplitudes, and standard deviation
of' background noise.

[0024] In yet another variant, said one or more body con-
ditions to be monitored comprise intra optical pressure (IOP).
[0025] The at least one parameter of the time varying func-
tion comprises an amplitude of oscillation.

[0026] Inyeta further variant, the body condition is blood
pulse pressure.

[0027] The at least one parameter of the time varying spa-
tial correlation function comprises the amplitude of the main
peak (pulse amplitude).

[0028] According to a second aspect of some of the
embodiments of the present invention, there is provided a
system for use in monitoring one or more conditions of a
subject’s body. The system includes an imaging device and a
control unit. The imaging device is configured for imaging a
predetermined portion of the subject’s body, the imaging
device comprising a coherent light source for illuminating
said portion of the subject’s body with a predetermined num-
ber of wavelengths according to a certain sampling time pat-
tern, and a pixel detector array configured and operable for
detecting secondary speckle pattern generated by the illumi-
nated portion of the body and generating measured image
data indicative of the detected secondary speckle pattern. The
control unit is configured and operable for receiving and
analyzing said measured image data, the control unit com-
prising: a memory utility for storing one or more predeter-
mined models, the model comprising data indicative of a
relation between one or more measurable parameter and one
or more conditions of the subject’s body; and a processor
utility configured and operable for: processing the image data
and determining a spatial correlation function between suc-
cessive speckle patterns in the sequence, and determining a
time varying spatial correlation function in the form of a
time-varying function of at least one feature of the correlation
function, the time-varying spatial correlation function being
indicative of a change of the speckle pattern over time; select-
ing at least one parameter of the time-varying spatial corre-
lation function, and applying to said at least one parameter
one or more of the models to determine one or more corre-
sponding body conditions; and generating output data indica-
tive of said one or more corresponding body conditions.
[0029] According to a further aspect of some embodiments
ofthe present invention, there is provided a method for use in
monitoring one or more conditions of a subject’s body, the
method comprising: providing image data measured by a
pixel detector array and being in the form of a sequence of
speckle patterns generated by a portion of the subject’s body
in response to illumination thereof by coherent light accord-
ing to a certain sampling time pattern; providing one or more
predetermined models, the model comprising data indicative
of arelation between one or more measurable parameters and
one or more conditions of the subject’s body; processing the
image data and determining a spatial correlation function
between successive speckle patterns in the sequence, and
determining a time-varying spatial correlation function in the
form of a time-varying function of at least one feature of the
correlation function, the time-varying spatial correlation
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function being indicative of a change of the speckle pattern
over time; analyzing the time-varying spatial correlation
function and selecting at least one parameter of the time-
varying function in accordance with one or more body con-
ditions to be determined; and analyzing said at least one
selected parameter using one or more of the models to deter-
mine one or more corresponding body conditions, and gen-
erating output data indicative thereof.

[0030] Insomeembodiments of the present invention, said
one or more conditions of a subject’s body are associated with
one or more properties of at least one bodily fluid.

[0031] Optionally, said at least bodily fluid comprises at
least one of blood and aqueous humor.

[0032] The at least one feature of the correlation function
may comprise at least one of the following: a position of a
peak of the correlation unit, and a value of a peak of the
correlation function.

[0033] In a variant, said one or more body conditions to be
monitored comprises blood glucose concentration.

[0034] The at least one parameter of the time varying func-
tion may comprise at least one of the following: positive pulse
amplitude, and ratio between positive and negative peak
amplitudes.

[0035] Inanother variant, said one or more body conditions
to be monitored comprises blood alcohol concentration.
[0036] The at least one parameter of the time varying func-
tion may comprise at least one of the following: pulse ampli-
tude, positive pulse size, distance between peak polarities,
ratio between main and secondary peak positions, ratio
between main and secondary peak amplitudes, and standard
deviation of background noise.

[0037] In a further variant, said one or more body condi-
tions to be monitored comprise intra optical pressure (IOP).
[0038] The at least one parameter of the time varying func-
tion may comprise an amplitude of oscillation.

[0039] Inyeta further variant, the body condition is blood
pulse pressure.

[0040] The at least one parameter of the time varying spa-
tial correlation function comprises the amplitude of the main
peak (pulse amplitude).

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawings will be provided
by the Office upon request and payment of the necessary fee.
[0042] In order to understand the invention and to see how
it may be carried out in practice, embodiments will now be
described, by way of non-limiting example only, with refer-
ence to the accompanying drawings, in which:

[0043] FIGS. 1a-15 are schematic drawings illustrating a
general art system for measuring motion of an object;
[0044] FIGS. 2a-2b are schematic drawings illustrating a
system of the present invention for monitoring a subject’s
condition by measuring one or more biological or biochemi-
cal properties of the subject;

[0045] FIGS. 2¢-2e exemplify the processing of measured
data by the control unit of the system of FIG. 2a;

[0046] FIG. 3 is a flowchart exemplifying a method of the
present invention for monitoring a subject’s condition by
measuring one or more biological or biochemical properties
of the subject;

[0047] FIG. 4 is a graph exemplifying a function indicative
of a time variation of the speckle pattern, as generated by the
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system of the present invention, and illustrating a plurality of
parameters of the function in the time domain that can be used
for determining the body conditions;

[0048] FIG.5isagraph which illustrates a test on a subject,
in which a substantially constant level of blood glucose con-
centration was shown to correspond to a substantially con-
stant negative pulse width (parameter 6 of FIG. 4);

[0049] FIGS. 6a-6d are graphs illustrating the change in a
test subject’s blood glucose level and the corresponding
change in the amplitude of positive peak (parameter 1 of FIG.
4);

[0050] FIGS. 7a-7d are graphs illustrating the change in a
test subject’s blood glucose level and the corresponding
change in the ratio between positive and negative peak (pa-
rameter 9 of FIG. 4);

[0051] FIGS. 8a-8d are graphs illustrating the change in a
second test subject’s blood glucose level and the correspond-
ing change in the amplitude of positive peak (parameter 1 of
FIG. 4),

[0052] FIGS. 9a-9d are graphs illustrating the change in a
third test subject’s blood glucose level and the corresponding
change in the amplitude of positive peak (parameter 1 of FIG.
4);

[0053] FIGS. 10a-10d are graphs illustrating the change in
a fourth test subject’s blood glucose level and the correspond-
ing change in the amplitude of positive peak (parameter 1 of
FIG. 4);

[0054] FIGS. 11a-116 are graphs illustrating different
functions indicative of a change in the speckle pattern over
time generated by the system of the present invention, based
on measurements before and after alcohol consumption;
[0055] FIG. 12 is a graph illustrating the pulse size (width)
of the function indicative of skin vibration;

[0056] FIGS. 134a-135 are graphs illustrating the change of
test subjects’ pulse sizes over time, as a consequence of
alcohol consumption;

[0057] FIG. 14 is a graph illustrating the positive pulse size
of'the function indicative of skin vibration profile in the time
domain;

[0058] FIGS. 15a-156 are graphs illustrating the change of
test subjects’ positive pulse sizes over time, as a consequence
of alcohol consumption;

[0059] FIG. 16 is a graph illustrating the distance between
peak polarities of the function indicative of skin vibration
profile in the time domain;

[0060] FIGS.17a-17b are graphs illustrating the change of
test subjects’ distances between peak polarities over time, as
a consequence of alcohol consumption;

[0061] FIG. 18 is a graph illustrating the main and second-
ary peak positions in the function indicative of skin vibration
profile in the time domain;

[0062] FIGS.19a-195 are graphs illustrating the change of
test subjects’ ratios between main and secondary peak posi-
tions, as a consequence of alcohol consumption;

[0063] FIG. 20 is a graph illustrating the main negative
peak amplitude to the secondary positive peak amplitude in
the function indicative of skin vibration profile in the time
domain;

[0064] FIGS.21a-215b are graphs illustrating the change of
test subjects’ ratios between main and secondary peak posi-
tions, as a consequence of alcohol consumption;

[0065] FIG. 22 is a graph illustrating the background noise
in the function indicative of skin vibration profile in the time
domain;



US 2013/0144137 Al

[0066] FIG. 23 is a graph illustrating the change of test
subjects’ standard deviation in background noise, as a conse-
quence of alcohol consumption;

[0067] FIG. 24 is a graph illustrating the oscillation ampli-
tude of a function indicative of the eye’s vibration as a func-
tion of intra-ocular pressure (IOP), where the function was
generated via the system of FIG. 2 using a 10 mW laser;

[0068] FIG. 25 is a graph illustrating a function indicative
of the eye’s vibration when IOP is changed in a rabbit’s eye;

[0069] FIG. 26 is a graph illustrating amplitude of a func-
tion indicative of the eye’s vibration as a function of intra-
ocular pressure (IOP), where the function was generated via
the system of FIG. 2 using a 2 mW laser;

[0070] FIG. 27 is a graph illustrating the oscillation ampli-
tude a function indicative of the eye’s vibration as a function
of intra-ocular pressure (IOP), where the IOP was measured
via a Goldmann tonometer; and

[0071] FIG. 28 is a graph illustrating the change of a test
subject’s pulse amplitude over time, as compared to the test
subject’s pulse blood pressure.

DETAILED DESCRIPTION OF EMBODIMENTS

[0072] Referring now to the drawings, FIGS. 1a-1b are
schematic drawings illustrating an imaging system for mea-
suring motion of an object, generally similar to that of the
above-indicated PCT Patent Publication WO02009/013738.

[0073] The system 100 includes an imaging unit, which
includes pixel detector array (PDA) 110, and an imaging
optics (one or more lenses) 112. The imaging unit is config-
ured for focusing on a plane 108 which is displaced from a
plane of an object 102 to be monitored. In other words, the
back focal plane of the lens 112 is displaced from the object
plane thus producing a defocused image of the object. A
coherent light beam 104 (e.g., a laser beam) illuminates an
object 102, and a secondary speckle pattern is formed as the
reflection/scattering of the coherent light beam 104 from the
object 102. The secondary speckle pattern is generated
because of the diffusive surface of the object 102. The speckle
pattern propagates toward the in-focus plane 108, where it
takes a form 106. The speckle pattern propagates in a direc-
tion along the optical axis of the system, is collected by the
imaging lens 112 and is collected by the PDA 110.

[0074] If the object 102 moves in the transverse direction
(i.e. into and out of the page, or up and down), the detected
speckle pattern changes phase. If the object 102 moves in the
axial direction (toward and away from imaging lens 112), the
detected speckle pattern changes scale. If the object 102 tilts
(as shown in FIG. 14), then the speckle pattern in the PDA
plane shifts position. The scale and shape change as well as
the position shift of the speckle pattern are detectable by the
PDA, thereby allowing detection of the object’s motion along
the axial direction and tilting.

[0075] With reference to tilting, in FIG. 1a the speckle
pattern is detected in the region A of the PDA 110, while in
FIG. 15 following the tilt on the object’s surface by an angle
a, the speckle pattern illuminates and is detected by a region
B of the PDA 110. The relative shift of speckle pattern due to
the displacement of the object’s surface (the object 102) can
be estimated as
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where [} is proportional to the relative shift o of the speckle
pattern (i.e. the distance between points A and B), a is the
tilting angle of object’s surface, and A is the optical wave-
length. Assuming that the change in the angle is small enough,
a linear proportion is obtained between the relative shift and
the angle of tilting.

[0076] Inlight of the above, it can be seen that the object’s
movement causes changes in properties/profile (phase, mag-
nification, position) of the speckle pattern detected by the
PDA 110. Therefore, monitoring a change in the speckle
pattern over time is associated with the movement of the
object 102 and thus enables detection and characterization of
the movement of the object 102.

[0077] Referring now to FIGS. 2a-2b, schematic drawings
illustrate a system 200 of the present invention for monitoring
the subject’s body condition(s), e.g. measuring at least one
property of a bodily fluid. The system 200 includes a source
of coherent light 202, an imaging unit having a PDA 110 and
an imaging optics (e.g. single lens) 112 as described above,
and a control unit 204. The control unit is connectable via
wires or wireless signal transmission (e.g. RF, IR, acoustic) to
the output of the PDA 110, and in some applications the same
or additional control unit may be associated with the light
source for selecting appropriate wavelength(s) for illumina-
tion.

[0078] The source of coherent light 202 emits a light beam
104 to illuminate the object 102 during a certain time period
(continuously or by multiple timely separated sessions). The
object constitutes a body region of a subject (e.g. individual)
whose movement is affected by a change in the body condi-
tion, typically a flow of a fluid of interest (i.e. a fluid having a
property that is to be measured). The object’s diffusive sur-
face responds to coherent illumination by a speckle pattern
which propagates toward the imaging optics 112 and is cap-
tured by the PDA 110 during said certain time period, to
generate output measured data.

[0079] According to the present invention, the control unit
204 receives the measured data (or data indicative thereof and
appropriately formatted) from the pixel(s) of the PDA illumi-
nated by the speckle pattern, and processes this measured data
to form a spatial correlation function by determining corre-
lation between successive images of the speckle pattern. As
exemplified in FIGS. 2¢-2e, measured data is in the form of a
sequence of speckle patterns generated by the object in
response to coherent illumination according to a certain sam-
pling time pattern—two such successively received speckle
patterns being shown in FIGS. 2¢ and 2d. The control unit
processes these speckle patterns and determines a correlation
function between them, as exemplified in FIG. 2e being in the
form of a correlation peak. The black area in FIG. 2e repre-
sents the peak of the correlation function between the speckle
patterns in FIGS. 2¢ and 2d.

[0080] The control unit 204 is configured for extracting one
or more features of the spatial correlation function (e.g. the
shift in the correlation peak and/or the change of its value) and
monitoring temporal changes of such extracted features, in
order to construct data indicative of time variation in the
correlation function. The time variation in the correlation
function is in turn indicative of variation of the speckle pat-
tern, and therefore of motion in the illuminated body part,
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which causes such variation in the speckle pattern. Then,
from the data indicative of the time variation of the spatial
correlation function, one or more parameters are extracted
and used for determining one or more conditions of the body.

[0081] The optics 112 is slightly defocused with respect to
the object’s plane. This feature is important in order to convert
the tilting movement of the object’s surface into transversal
movement of the speckles. This provides that the only varying
property of the detected speckle pattern, returned from object
that undergoes a tilting movement, is its position in the coor-
dinate system of the PDA (i.e. pixel matrix) while other
properties (phase and magnification) practically do not
change during the tilting of the illuminated object. A time
function of the shift of such speckle pattern is tracked by the
control unit which operates to apply a certain algorithni to the
measured data for correlating the amplitude of the object’s
motion to the shift in the speckle pattern. In this connection,
it should be understood that the speckle pattern shift along the
PDA pixel matrix is indicative of the tilting movement of the
object with respect to the optical axis, while a change in the
scaling (magnification) of the speckle pattern is indicative of
the object’s motion along the optical axis, and a change in
phase of the speckle pattern is indicative of the object’s
motion substantially perpendicular to the optical axis. The
amount of applied defocusing determines the amount of
change in each one of the above mentioned properties.

[0082] As explained above, the inventors have found that in
bodies of humans and animals, one or more properties of a
bodily fluid affect the motion of nearby body regions. For
example, properties of flowing blood affect the motion of skin
on a person’s wrist. The pressure of the aqueous humor (i.e.
the IOP) affects involuntary vibrations in the eye. The intra
cranial pressure affects the motion of the surface of the ear-
drum. Therefore, the temporal change in the correlation func-
tion (as indicated, for example by temporal change of the
position and/or value of the obtained correlation function’s
peak) is indicative of properties (conditions) of the fluid of
interest. Therefore, the control unit 204 is configured to per-
form an analysis of the temporal variations of one or more
features of the correlation function (such as the position and/
or the value of the correlation peak), caused by time changes
of the speckle pattern detected from the object during mea-
surements. From the temporal change in the correlation func-
tion analysis, one or more parameters are extracted, these
parameters being related to one or more properties of the
fluid. The parameters are thus used to determine one or more
properties of the fluid.

[0083] The control unit 204 includes an input port 206
connected to the PDA 110 and configured for receiving mea-
sured data indicative of the detected speckle pattern from the
PDA’s illuminated pixel(s), a processing utility 208 (soft-
ware/hardware utility), a memory utility 210, and an output
port 212 associated with a data presentation utility or an
external storage device, as the case may be. The control unit’s
processing utility 208 is configured to construct the speckle
pattern’s spatial correlation function according to the data
received from the PDA; the spatial correlation function data
may be stored in the memory utility. The processing utility
208 includes appropriate functional modules for determining
a spatial correlation function, analyzing the spatial correla-
tion function and extracting one or more features thereof and
tracking their variation over time, and constructing data
related to the temporal change in the spatial correlation func-
tion. Subsequently, the processing utility 208 utilizes a pre-

Jun. 6, 2013

determined model (stored in the memory utility) selected for
one or more body conditions to be monitored, and analyzes
the temporal changes in the object’s spatial correlation func-
tion according to the selected model. Generally, the model
defines one or more sets of parameters (variables) of the
temporal changes in the spatial correlation function, the
parameters being associated with properties of a certain
bodily fluid (e.g., via algorithm or look-up table). Thus, the
processor utility 208 analyzes the spatial correlation function
and identifies therein the values of one or more of the param-
eters. Once the parameters are extracted from temporal varia-
tions in the spatial correlation function, the processing utility
208 operates for calculating one or more properties of the
fluid, according to the selected model.

[0084] As will be described more specifically further
below, the second set parameters relating to the temporal
change in the spatial correlation function may include an
average amplitude of a sinusoidal vibration of the temporal
change in the correlation function, and/or parameters describ-
ing peaks in the temporal change in the correlation function,
e.g. the width of the first positive peak.

[0085] The output port 212 is configured for transmitting
output data from the control unit to one or more output
devices (e.g. display, printer, speaker), or to the monitor of the
control unit, in order to present data to a user. The output data
may include a graph of the temporal changes in the spatial
correlation function and/or values of one or more of the
extracted parameters, and/or values of one or more properties
of the fluid.

[0086] As will be explained below, the system 200 may be
configured, inter alia, to determine blood-related parameters,
such as concentration of substance in blood (e.g. glucose
concentration, blood alcohol concentration) and/or oxygen
saturation, and/or blood flow volume (relative), blood pulse
wave velocity, as well other bodily fluid related parameters
such as intra-ocular pressure and/or intra-cranial pressure.
[0087] Reference is now made to FIG. 3, in which a flow-
chart 300 exemplifies a method of the present invention for
measuring a property of a fluid.

[0088] At 302, a function indicative of the speckle pattern
profile over time is provided and analyzed, in order to extract
one or more parameters relating to the temporal shape of the
spatial correlation function (as described, for example, by the
temporal change in the position of spatial correlation func-
tion’s peak or the temporal change in the value of this peak),
in accordance to the body condition(s) to be monitored. At
304, the extracted parameter(s) is (are) used to determine one
or more properties of the bodily fluid according to a prede-
termined model, and to generate output data indicative of the
property of the bodily fluid.

[0089] The temporal change in the correlation function
may be provided off-line from another processor or storage
device, or as exemplified in the figure, may be provided in an
on-line mode by processing and analyzing measured data
(speckle patterns) from an optical measurement device at
306, 308 and 310. At 306, the region of interest is illuminated
by coherent light over a certain time period. At 308, a speckle
pattern response to the coherent light is detected, and images
of the speckle pattern are recorded over time. Consequently,
at 310, the images of the speckle pattern are analyzed to
determine one or more characteristics (e.g., position and/or
shape) of the speckle pattern. Change in the one or more
speckle pattern characteristics is determined between subse-
quent images, to construct a spatial correlation function ofthe
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speckle pattern over the measurement time. One or more
features of the spatial correlation function (e.g. a position of
the correlation function’s peak and/or a value of the correla-
tion function’s peak) are extracted and monitored over time,
in order to construct data indicative of the temporal change of
the spatial correlation function. The so-estimated temporal
change in the correlation function can then be analyzed in step
302.

[0090] The following are some specific non-limiting
examples of the technique of the invention for determining
various subject’s parameters/conditions.

[0091] Blood Glucose Concentration

[0092] The following section, describing FIGS. 4-10d,
refers to test conducted by the inventors on human subjects, in
order to determine a relationship between blood glucose con-
centration and parameters of the time varying function indica-
tive of the time changes of the speckle pattern caused by
vibration of skin on the subjects’ wrists (i.e. the temporal
change in the spatial correlation function).

[0093] The connection between different blood parameters
and blood glucose level is explained by:

(1=2)-go-h®) @

G = 7

where C (1) is the venous glucose concentration at time t, F is
the blood flow (represents the amount of blood, usually in
litters per minute), q, corresponds to a glucose pulse and
represents the amount of glucose (in mg) in the blood (in Kg)
per heart beat, € is the fraction of the glucose pulse that is
extracted from the blood system and is metabolized (there-
fore it will never be recovered at the outlet of the vein), h(t) is
the reversible fates of glucose in the organ that causes a delay
and a distortion in the appearance of glucose pulse in the vein.
[0094] A vibration profile of a blood vessel is a unique one.
It is characterized by many individual parameters, such as
vessel elasticity, human fat layer, blood viscosity etc. There-
fore any change of one of these parameters affects a change of
this vibration profile. Changes in glucose level in blood affect
the viscosity of blood, while a change in viscosity of blood
affects the friction between the blood and the vessel walls,
while a change in the friction in turn affects the motion
profile. Thus, a change of friction due to a change in glucose
concentration in the arteries and veins causes a change of the
vibration profile of the vessel. In order to determine glucose
concentration from the analysis of the vibration profile of skin
on a human wrist, the inventors have analyzed the temporal
changes in a spatial correlation function corresponding to the
time variations of the speckle pattern in the successive
images, by observing quantitative parameters of the temporal
changes in a spatial correlation function before and after
glucose intake. To be more specific, the temporal changes in
the spatial correlation function were in the form of the tem-
poral variations of the spatial correlation function’s peak
and/or in the temporal variations of the value of the peak of
the spatial correlation function. Such parameters were com-
pared to the actual glucose level in the blood that is obtained
via a reference measurement with conventional techniques.

[0095] An experimental system was constructed similar to
the system 200 of FIG. 24, and used to illuminate a wrist of a
subject being fixed by gypsum to allow more accurate mea-
surement. In the experimental system, the source of coherent
light was a green laser (having wavelength of 532 nm). The
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laser output power was about 10 mW. An imaging optics of
the camera was slightly defocused. The focal length of the
optics that was used in the experiments was 50 mm and the
distance from the laser to the subject’s hand was about 50 cm.
The camera captured images of the secondary speckle pattern
from the wrist of the subject at rate of 350 frames per second
ips).
%0%9)6] After extracting the speckle pattern in each frame, a
spatial correlation between successive frames was performed
as described in the above-indicated WO 2009/013738, which
is incorporated herein by reference with respect to this spe-
cific functional step, to obtain a temporal change of the cor-
relation function indicative of the change in the 2-D position
of the speckle pattern’s peak versus time.
[0097] InFIG. 4, a detected system output with high signal
to noise ratio illustrates temporal change in the spatial corre-
lation function indicative of the vibration profile of skin in a
human wrist obtained in this experiment. The graph of FIG. 4
includes only several pulses, while in the experiment six
pulses were taken into consideration and averaged. It can be
seen that every pulse is shaped similarly to electrocardiogram
(ECG) PQRST-type pulse. It contains a P pulse, QRS com-
plex, and a T pulse. However, this is a function indicative a
mechanical vibration profile, rather than an electrical signal
(as ECG), and therefore it corresponds to temporal informa-
tion about vibration of blood vessels (proximal to the illumi-
nated skin) due to blood flux pulsation.
[0098] In the experiment, the following parameters of the
temporal change in the position of the peak of the spatial
correlation function have been monitored: the main temporal
peak amplitude (positive and negative), temporal pulse width
(positive and negative), temporal pulse profile energy (posi-
tive and negative separately), mean temporal distance
between temporal peaks (gap or pulse rate), positive to nega-
tive temporal pulse peak ratio, temporal distance from posi-
tive to negative temporal peak, secondary temporal peak
amplitude and main to secondary temporal peak amplitude
ratio. These parameters are listed in Table 1 below, and the
reference numerals in Table 1 refer to the numerals present in
FIG. 4.

TABLE 1

Parameters of the temporal change in the location of the peak of the spatial
correlation function

N Parameter Units Comments

1 Positive pulse amplitude Pixels Refers to highest amplitude
during one heart beat
Estimated between

2 zero-crossing points
Integral of the enclosed
area in the positive pulse
profile

Number of frames between
2 peaks (pulse rate)

Refers to lowest negative
amplitude during one

heart beat

Estimated between

2 zero-crossing points
Integral of the enclosed
area in the negative pulse
profile

Number of frames between
2 negative peaks

Absolute value of the ratio
between the positive and
the negative peaks

2 Positive pulse width Seconds

3 Positive pulse energy (Pixels)?

4 Gap Seconds

5 Negative pulse amplitude Pixels

6 Negative pulse width Seconds

7 Negative pulse energy (Pixels)?

8 Negative gap Seconds

9 Amplitude ratio —
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TABLE 1-continued

Parameters of the temporal change in the location of the peak of the spatial
correlation function

N Parameter Units Comments

10 Peaks distance Number of frames between
the positive and the
negative peaks.

Refers to S point of
QRS-complex

12 Main to secondary peak — Absolute ratio between the

ratio main and the secondary
peaks amplitude.

Seconds

11 Secondary peak amplitude  Pixels

[0099] Inthis experiment, several data sets, each indicative
of temporal change of the spatial correlation function during
a certain sampling period, were obtained by carrying out
multiple timely separated sessions, each lasting over a certain
time interval including a desired number of detectable pulses,
justin order to use average values for the above parameters for
each measurement session. The measurement sessions (co-
herent illumination and speckle pattern detection by pixel
matrix) were applied to the same spot on the wrist. Before
starting actual measurements, an individual hand template
was constructed using gypsum, while a hole was drilled for
each one of different subjects to allow the illumination of the
subject’s wrist. The diameter of the hole was slightly larger
than the laser beam’s diameter (approximately 1 cm). The test
subjects of the experiment were four healthy subjects
between the ages of 22 and 35 with different gender and
weight. The summary of the subjects’ personal information is
listed in Table 2. All measurements were repeated several
times to assure repeatability and correctness.

TABLE 2
# Gender Age Weight
1 Female 22 55
2 Male 22 62
3 Female 24 44
4 Male 35 90

[0100] In order to authenticate the required accuracy of
10-15% variation (as per standard glucometer) in the experi-
ment results, the same spot on the wrist was illuminated over
time, e.g. by multiple timely separated sessions. To ensure
that this requirement was fulfilled, individual fixation devices
were built for each subject’s hand using gypsum, and several
check tests were executed. In the check tests, the arm of each
subject was inserted into the fixation device, the spot at which
the skin pulsed because of the blood flow was marked, and a
hole was drilled through each gypsum in the position of the
chosen pulsating spot. Each subject then pulled his/her hand
out of the gypsum and re-inserted it. Upon reinsertion, the
marked spot was again aligned with the hole.

[0101] A second check test was aimed to check the stability
of the gypsum fixation over time. Each subject inserted his/
her hand into the fixation device and stayed fixed for approxi-
mately 30 minutes, while he/she was monitored by the sys-
tem. The result of the second test is illustrated in FIG. 5,
where the stability of the system can be clearly seen, since the
measured values’ results do not vary more than 15%. Sub-
stantially constant glucose concentration corresponded to
substantially constant negative pulse width (parameter 6 of
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FIG. 4) of the time variations in the position of the spatial
correlation’s function peak. Glucose concentration is shown
by line 400 in units of [ml/dl] divided by 10 (representing a
constant level of 100 [ml/dl]), while the parameter 6 is shown
by line 402. The units of parameter 6 are counted in time
samples (each sample is 1/rate in time units).

[0102] After the preliminary check tests, the actual mea-
surement was performed to relate parameters of the temporal
changes in the position of the peak of the spatial correlation
function to be indicative of the wrist’s temporal pulse profile
to glucose concentration in blood. To ensure that the glucose
blood level would rise only as consequence of drinking of a
sweetened beverage during the experiment, each examined
subject preserved a fast for about 12 hours before the mea-
surement took place. The expected values of blood glucose
level for non-diabetic person after fasting falls to values range
between 90 to 110 [mg/dl]. At the beginning of every experi-
ment it was checked that the subject’s blood glucose level was
at this range, while later the subject received a sweetened
drink and the level was changed.

[0103] The rate at which the concentration of glucose
increases is different for each individual and depends on
many personal parameters, such as body weight, metabolic
rate, level of insulin in blood etc. The blood glucose level
reached by the test subjects after drinking of about 400 ml of
sweetened beverage (40K Cal) was in the range between 150
and 190 [mg/dL]. Each experiment lasted for 50-80 minutes,
during it the measurements were carried out repeatedly every
5 minutes. Each 5 minutes sampling included capturing six
subsequent video files of the illuminated spot and taking an
accurate blood sample with a glucometer (“Accu-check™) and
manual blood pressure measurement using standard sphyg-
momanometer. All experiments showed that blood pressure
did not change over the time of the experiment. It was impor-
tant to check that blood pressure remained unchanged, in
order to ensure that the expected change in the temporal pulse
profile of the position of the speckle pattern’s spatial corre-
lation function’s peak was indeed caused by glucose intake,
rather than by blood pressure change.

[0104] A MATLAB program analyzed the videos and
extracted the observed parameters from the files. Each file
contained about 5 seconds of video samples at rate of 350 fps
(frames per second), enabling the construction of data indica-
tive of the temporal variation in position of the speckle pat-
tern’s spatial correlation function’s peak, usually containing
6 temporal pulse peaks. Each peak was processed separately
and the chosen parameters were extracted and averaged,
therefore representing the average of approximately 30 peaks
of pulse profile per each 5 minutes. For each parameter, the
final graph of the estimated glucose level was produced. Joint
graphs of the estimated and the reference glucose level for
each one of the parameters and for each one of the subjects
were created.

[0105] In the experiment, only the first samples of the esti-
mated values were taken into account. These samples corre-
sponded to the time period in which the glucose level was
rising. These samples were more reliable due to two main
reasons. First, glucose metabolism causes changes in bio-
chemical levels of insulinotropic second messengers, includ-
ing cyclic nucleotides, inositol phosphates, diacylglycerol
and Ca**. These changes can also affect blood viscosity. The
change in blood fluid viscosity due to biochemistry metabo-
lism is not linear. Second, the test subjects could suffer from
“exhaustion”. More specifically, although the gypsum was
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reliable fixation, it was not attached “strongly” enough to the
hand, and after approximately half an hour of testing, the
subjects could produce spontaneous movement. Such spon-
taneous movement could have caused a change in the vibra-
tion profile not related to the actual glucose change.

[0106] The calculation include estimation of a correlation
coefficient C,, (which is also called the value of the correla-
tion peak) between optically extracted parameter of the and
true glucose concentration obtained via the reference mea-
surement. It is important to mention that this correlation
coefficient is not related to correlation function between
speckle patterns. Rather, this correlation coefficient is an
estimate of the level of correlation between the optically
extracted parameter (i.e. the parameter of the temporal
change of the spatial correlation function) and the glucose
concentration obtained via the reference measurement. A cor-
relation coefficient approaching 1 or -1 is indicative of good
correlation between the optically extracted parameter and the
glucose concentration. If the correlation coefficient near O,
little or no correlation exists between the optically extracted
parameter and the glucose concentration.

[0107] For two spatial functions g(x) and f(x) the correla-
tion is defined as:

Cr®)=x)g* (xx)dx’ 3

[0108] And for discrete functions:

Cr(mdx) = Z f(néx)g™ (ndx — mdéx) “

[0109] where dx is the spatial sampling interval and m is an
integer number. The correlation coefficient or the value of the
correlation peak equals to:

Cl0) = ), f(nox)g" (n6x) ®

[0110] Note that the spatial coordinate is time varying and
thus what one actually has is:

Crlatk(0)={Ax")g* (" ~x-k(1)dx’ 6

where k(t) is a time varying function. For discrete fun (6)

Crrlmdx+ k(D)= Y f(nox)g" (ndx = mox - k(1) Q)

The correlation coefficient or the value of the correlation peak
equals to:

Cark() = Y, f(nsx)g" (ndx - k(1)) ®

[0111] Furthermore, an estimation of root mean square
error (RMSE) was performed to quantify the relation between
the reference measurement with conventional glucometer and
the measured data obtained by the optical measurements of
the invention, where:
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N ©)
E (5 —r)?
RMSE = .
N
=

where X, is an i-th sample of the parameter values, r; is an i-th
sample of the reference glucose measurements and N is the
number of samples. The calculated samples were normalized
to have energy of 1, before applying the RMSE estimator in
order to obtain the common estimation scale for all param-
eters.

[0112] Dozens of experiments were executed with four test
subjects in order to present a proof of principle validation.
Initial results show a good correspondence of the estimated
parameters with the positive slope of glucose level change in
blood. Some of the obtained results are presented in the
following figures.

[0113] In FIGS. 6a-6d, 7a-7d, 8a-84, 9a-9d, 10a-10d the
temporal evolution of the chosen parameters versus the ref-
erence measurement of glucose level taken by glucometer are
shown. Glucose concentration in blood is denoted by the lines
with triangles and the optically measured parameters from the
pulse profile are denoted by the lines with squares. The graph
of the reference (glucose level) was obtained by using a
conventional glucose meter device (“Acuu-check™). Error
bars refer to standard deviation of positive and negative devia-
tions separately, calculated over each 30 peak samples (per
each point on the graph). Four different graphs on each figure
refer to four different experiments taken with relevant subject
on different days, during the morning hours while each sub-
ject preserved a fast of 12 hours. Values of the extracted
parameters were linearly transformed to glucose level units
according to the calibration done per each subject at the first
measurement (time 0). Correlation and RMSE coefficients
are shown below each graph.

[0114] FIGS. 6a-6d are graphs illustrating the change in a
test subject’s blood glucose level and the corresponding
change in the amplitude of positive peak (parameter 1 of FIG.
4). FIGS. 7a-7d are graphs illustrating the change in a test
subject’s blood glucose level and the corresponding change in
the ratio between positive and negative peak amplitudes (pa-
rameter 9 of FIG. 4). FIGS. 8a-8d are graphs illustrating the
change in a second test subject’s blood glucose level and the
corresponding change in the amplitude of positive peak (pa-
rameter 1 of FIG. 4). FIGS. 9a-9d are graphs illustrating the
change in a third test subject’s blood glucose level and the
corresponding change in the amplitude of positive peak (pa-
rameter 1 of FIG. 4). FIGS. 10a-10d are graphs illustrating
the change in a fourth test subject’s blood glucose level and
the corresponding change in the amplitude of positive peak
(parameter 1 of FIG. 4).

[0115] FIGS. 6a-6d refer to subject 1. The best correlative
parameter for this subject was parameter 1. FIGS. 7a-7d show
an exact inverse ratio between the reference glucose level and
the value of parameter 9. Note that parameter 9 is actually a
ratio between parameters 1 and 5. Some of the results showed
very high correlation with the reference measurement for the
full cycle of glucose changes in blood. In FIG. 75 it can be see
that parameter 9 tracks the reference glucose level (in oppo-
site direction). The time profile of parameter 9 includes areas
in which the slope is positive and areas in which the slope is
negative, thereby presenting a full cycle of increase and
decrease of glucose level in the blood. A correlation coeffi-
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cient of -0.916 was obtained between the two curves. RMSE
estimator for this parameter was calculated between the
inverse function of the normalized estimated parameter (one
minus the normalized values) and the reference. RMSE esti-
mator is equal to 0.17 in this case.

[0116] FIGS. 8a-84 refer to subject 2. The best correlative
parameter for this subject was found to be positive pulse
amplitude (parameter 1). FIGS. 9a-9d refer to subject 3. The
best correlative parameter for this subject was found to be
parameter 1 as well. FIGS. 10a-10d refer to subject 4, with the
best correlative parameter 1.

[0117] Table 3 summarizes all correlation coefficients,
while Table 4 summarizes all RMSE estimator coefficients
from the graphs presented in FIGS. 6a-6d, 7a-7d, 8a-8d,
9a-9d, 104a-10d.

TABLE 3

Parameter Test1  Test2 Test3  Test4 Average

Subject #1 Param.#1  0.862  0.945 091 0964 092
Param.#9 -0.9 -0.916 -0.88 -0.94 -0.909
Subject #2 Parma.#1 0984  0.896  0.966 0.99 0.959
Subject #3 Param.#1  0.99 0.93 0.85 0.943 0.928
Subject #4 Param.#1  0.99 0.88 0.98 0.967  0.954

TABLE 4

Parameter  Test 1 Test 2 Test3  Test4 Average

Subject #1  Param.#1  0.205 0.17 019 012 0171
Param.#9  0.236 0.17 0202 0.6  0.192
Subject #2 Param.#1  0.083 0.21 018 008  0.38
Subject #3 ~Param.#1  0.058 0.18 028 0158  0.169
Subject #4 Param.#1  0.02 0.21 008  0.108  0.105
[0118] Thus, the technique of the present invention has

been shown to provide an optical remote configuration for the
estimation of glucose concentration in blood. The system of
the present invention was tested with clinical trial group and
the estimated results show a high correlation and low error
comparing to reference measurement obtained by conven-
tional invasive means.

[0119] With the technique of the present invention, it was
demonstrated that at least one parameter extracted from data
indicative of the temporal change of the spatial correlation
function between speckle patterns obtained via measure-
ments of speckle patterns generated from the wrist is propor-
tional to the change of glucose concentration in blood. The
technique of the present invention provides a non-invasive
manner of remote measurement of glucose concentration in
blood, while it uses only a low power emitting laser and a
camera.

[0120] Blood Alcohol Concentration

[0121] The following section, describing FIGS. 11a-23,
refers to tests conducted by the inventors on human subjects,
in order to determine a relationship between blood alcohol
concentration and one or more parameters of the temporal
changes in a feature (e.g. the correlation peak and/or its value)
ofthe speckle pattern’s spatial correlation function in the time
domain.

[0122] The tests were conducted with an experimental sys-
tem shown in FIG. 2a. The experimental system included
only a green laser to illuminate the inspected object (to gen-
erate the secondary reflected speckle) and a defocused cam-
era connected to a computer (control unit) that observes the
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secondary speckle pattern reflected from the wrist of the
subject. The distance from the laser to the subject’s wrist was
about 10 cm. In all of the experiments, the sampling rate of the
camera was 405 FPS (frame per second). The coherent light
emitter was a green CW (continuous wave) laser at a wave-
length of 532 nm at an approximate power of 100 mW. The
laser beam incidence angle was chosen to be 75 degrees
relative to the subject’s wrist.

[0123] During the measurements, each test subject was
tested simultaneously by the experimental system and by a
conventional alcohol breathing measurement device to get a
reliable reference. A BAC calculator was also used to get a
secondary reference.

[0124] The samples taken during the tests were in the form
of an AVI file (video file) that shows the speckles pattern
through time. By using ‘MATLAB’ program with an image
processing techniques, the inventors located the position of
the 2-D speckles pattern at each frame. The Matlab program
first removed background static noise by comparing the adja-
cent frames, then analyzed the shift in the speckles between
adjacent frames to create data indicative of the skin (and
therefore vascular) movement.

[0125] More specifically, a spatial correlation function
between speckle patterns in adjacent frames was determined.
Then, the X and Y coordinates of the position of the spatial
correlation function’s peak were plotted for each frame, and
the shift of such peak between adjacent frames was deter-
mined, to create a time-varying function indicative of the
temporal change of the spatial correlation function, and of the
skin (and therefore vascular) movement. The plots were ana-
lyzed and several parameters were extracted from the time-
varying function. The parameters of the time-varying func-
tion included the main peak amplitude, distance between two
nearby peaks, ratio between main and secondary peaks ampli-
tude, etc. A total of 19 different parameters were extracted.
Every AV1file provided six different temporal pulses and also
the average values of the parameters of the six pulses. All this
data was plotted as an excel output data table. Each time, five
samples of each test were taken and averaged.

[0126] This procedure was repeated approximately each
5-7 minutes throughout a period of 35 minutes. Five different
experiments were conducted on five subjects. All of the sub-
jects were healthy, average drinkers with average body
weight (four males and one female). The first measurement
was at time zero, before starting drinking alcohol. Thereafter,
the subjects drank known amounts of highly alcoholic bever-
age and the subjects’ vascular behavior was examined. Every
measurement by the experimental setup was followed by a
breath test, to be used as a reference.

[0127] Inasecond battery of tests, five subjects were tested
for a long duration (75 min when taking samples every 15
minutes).

[0128] Throughout the duration of the each experiment,
each of the subjects was seated in front of the experimental
system, while his wrist was illuminated by the laser beam.
The arm of each test subject was tied and fixed to the system,
in order to ensure that the subject’s pulse would not be
affected by any other external variables (such as involuntary
movement) and thereby to increase of the accuracy of the
measurements.

[0129] Referring to FIGS. 11a-115, there are shown differ-
ent time-varying functions indicative of time changes in the
position of the speckle pattern (due to a motion of skin on a
human wrist) as generated by the system of the present inven-



US 2013/0144137 Al

tion, based on measurements before alcohol consumption
(FIG. 11a) and after alcohol consumption (FIG. 115).
[0130] After collecting and analyzing all the results, five
parameters which were the most relevant to the experiment
were selected. According to scientific studies, alcohol takes
time to be absorbed (unlike other materials, like glucose, for
example). It was therefore decided that a suitable manner to
examine the result is by two time settings: before the alcohol
consumption and after half an hour. This is because, accord-
ing to scientific studies, the maximum alcohol level is reached
between half an hour to hour following the ingestion of alco-
hol. Thereafter, the alcohol level decreases. The selected
parameters were: Pulse size, Negative pulse size, peak dis-
tance (Peakdis), ratio between main and secondary peak posi-
tions (Ratio wid), and ratio between main and secondary peak
amplitudes (Main sec peak ratio). These parameters will be
illustrated in the figures below. Another test was used as a
reference, to measure the parameters of subjects that did not
consume alcohol at all. Table 5 shows the relevant details
about the test subjects.

TABLE 5

Alcohol consumption in

Age Gender Weight the experiment [ml] BAC
subject 1 28 Male 75 80 0.0524
subject 2 28 Male 61 80 0.0644
subject 3 21 Male 82 160 0.0958
subject 4 21 Male 78 160 0.1008
subject 5 25 Male 70 160 0.1123

[0131] Referring to FIG. 12, the pulse size in a function
describing temporal changes in the position of the peak of the
spatial correlation function (is the function being indicative of
the skin vibration profile in the time domain) is illustrated.
FIGS. 13a-135 are graphs illustrating the change of test sub-
jects’ pulse sizes over time, as a consequence of alcohol
consumption.

[0132] The pulse size is the width of the main pulse at the
level at which the shift’s amplitude is zero. The units of this
parameter are milliseconds. The pulse size is the amount of
time that the outer layers of the blood vessels are subjected to
the largest shift.

[0133] Table 6 summarizes values the of pulse size before
drinking alcohol and after significant time (25 min & 35 min).
Table 7 summarizes the values of the pulse size in the long
duration test, where measurements were taken before drink-
ing alcohol and every 15 min thereafter (for 75 min).

TABLE 6
Before After 25 min After 35 min
subject 1 121.481 108.477 107.737
subject 2 102.551 100.049 95.185
subject 3 116.049 112.428 109.053
subject 4 135.852 128.642 118.025
subject 5 109.037 98.663 —
reference 111.501 111.111
TABLE 7
0 30 min 45 min 60 min 75 min
subject 1 112.4848  94.66667 103.4921 95.7193 88.5614
subject 2 115.0222  104.7111  105.6667 106.2667 105.2222
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TABLE 7-continued
0 30 min 45 min 60 min 75 min
subject 3 112 104475 103.6875 104.4231 102.2
subject 4 1154211 103.0909  90.63158 91.58824 98.5
subject 5 113.4868 103.6364 103.125 101.25 96.90789
[0134] The data of tables 6 and 7 is shown graphically in

FIGS. 13a and 135, respectively.

[0135] It can be seen see that there is constant and promi-
nently visible decrease in the pulse duration, that shows
“sharper” (shorter) movement of the pulse. This decrease in
the pulse duration can be indicative of a high blood alcohol
concentration.

[0136] Referring to FIG. 14, the positive pulse size in a
function describing the temporal variations in the position of
the spatial correlation function’s peak is illustrated. FIGS.
15a-15b are graphs illustrating the change of test subjects’
positive pulse sizes over time, as a consequence of alcohol
consumption.

[0137] The positive pulse size is the width of the positive
pulse (relative to the main peak) at the level at which the
shift’s amplitude is zero. The units of this parameter are
milliseconds.

[0138] Table 8 summarizes values the of positive pulse size
before drinking alcohol and after significant time (25 min &
35 min). Table 9 summarizes the values ofthe pulse size in the
long duration test, where measurements were taken before
drinking alcohol and every 15 min thereafter (for 75 min).

TABLE 8
Before After 25 min After 35 min
subject 1 167.737 176.675 192.428
subject 2 148.189 192.741 179.704
subject 3 134.140 181.152 172.016
subject 4 84.864 99.827 99.580
subject 5 104.938 118.765 115.136
reference 158.951 152.910
TABLE 9
0 30 min 45 min 60 min 75 min
subject 1 52.13333  58.66667 87.53846 104.9333 105.7143
subject 2 59.07692 63.54545 6540741 70.18182 67.90476
subject 3 51.42857 52.92308 65.14286 68.34783 75.46667
subject 4 50.36364 74.66667 75.17647  75.47368 84.5
subject 5 44.2 50 59.15789 68.76923 85.89474
[0139] The data of tables 8 and 9 is shown graphically in

FIGS. 15a and 155, respectively.

[0140] Itcan be seen that there is constant and prominently
visible increase in the pulse duration. This shows “dull”
movement of the positive pulse, a behavior opposite to that of
the main pulse.

[0141] Referring to FIG. 16, the distance between peak
polarities in a function describing the temporal variations of
the position of the spatial correlation function’s peak is illus-
trated. FIGS. 17a-17b are graphs illustrating the change of
test subjects’ distances between peak polarities over time, as
a consequence of alcohol consumption.

[0142] The distance between peak polarities (also referred
to as “peakdis”) is the time in which the blood vessels moves
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from the maximum peak to the minimum peak or vice versa.
This parameter is measured in milliseconds.

[0143] Table 10 summarizes values of the distance between
peak polarities before drinking alcohol and after significant
time (25 min & 35 min). Table 11 summarizes the values of
the distance between peak polarities in the long duration test,
where measurements were taken before drinking alcohol and
every 15 min thereafter (for 75 min).

TABLE 10
Before After 25 min After 35 min
subject 1 829.037 93.844 205.794
subject 2 343.160 282.272 200.296
subject 3 479.490 368.971 —
subject 4 677.152 555.473 —
subject 5 701.563 519.901 567.901
reference 643.062 644.170
TABLE 11
0 30 min 45 min 60 min 75 min
subject 1 493.375 292.2 246.7273  277.7143 263.5714
subject 2 548.7273  279.5833 258.8 256.6 2714118
subject 3 517.5333 429.1583 341.3083  298.4333 253.4583
subject 4 448.2917 390.0658 390.0658 334.0167 332.0882
subject 5 454.1429  383.625 390 378.5556 355.2174
[0144] The data of tables 10 and 11 is shown graphically in

FIGS. 17a and 175, respectively.

[0145] It can be seen that there is a prominent decrease in
the time in which the blood vessel jumps from max peak to the
minimum peak.

[0146] Referring to FIG. 18, the main and secondary peak
positions in a function describing the temporal variations of
the position of the peak of the spatial correlation function are
shown. FIGS. 194-195 are graphs illustrating the change of
test subjects’ ratios between main and secondary peak posi-
tions, as a consequence of alcohol consumption. The ratio
between the main and the secondary peak position is without
units.

[0147] Table 12 summarizes values of ratios between main
and secondary peak positions before drinking alcohol and
after significant time (25 min & 35 min). Table 13 summa-
rizes the values of ratios between main and secondary peak
positions in the long duration test, where measurements were
taken before drinking alcohol and every 15 min thereafter (for
75 min). The data of tables 12 and 13 is shown graphically in
FIGS. 19a and 195, respectively.

TABLE 12
Before After 25 min After 35 min

subject 1 0.93 0.88 0.83
subject 2 0.93 0.86 0.86
subject 3 0.94 0.88 0.71
subject 4 0.94 0.90 0.87
subject 5 0.92 0.87 —
Reference 0.90 0.91
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TABLE 13

0 30 min 45 min 60 min 75 min
subject 1 1.065769 0.916087 0.879866 0.89725  0.894333
subject2  0.940361 0.899331 0.899965 0.882474  0.762678
subject3 091134 0950579 0.911402 0.818973  0.81925
subject4  0.932998 0.852055 0.860919 0.855898  0.84999
subject 5 0.914711 0906142 0.82784  0.844785  0.843547
[0148] Referring to FIG. 20, the main negative peak ampli-

tude and the secondary positive peak amplitude in a function
describing the temporal variations of the position of the spa-
tial correlation function’s peak are shown. FIGS. 21a-215 are
graphs illustrating the change of test subjects’ ratios between
main and secondary peak amplitudes, as a consequence of
alcohol consumption.

[0149] Table 14 summarizes values of ratios between main
and secondary peak amplitudes before drinking alcohol and
after significant time (25 min & 35 min). Table 15 summa-
rizes the values of ratios between main and secondary peak
amplitudes in the long duration test, where measurements
were taken before drinking alcohol and every 15 min there-
after (for 75 min). The data of tables 14 and 15 is shown
graphically in FIGS. 21a and 215, respectively.

TABLE 14
Before After 25 min After 35 min
subject 1 3.38 4.30 4.74
subject 2 2.60 2.81 3.02
subject 3 1.90 3.87 2.70
subject 4 1.73 1.93 2.19
subject 5 2.26 2.60 —
reference 2.34 2.34
TABLE 15
0 30 min 45 min 60 min 75 min
subject 1 2997614 4422284 3.86795 4.291934 3.837522
subject 2 2736866 4.403912 3.397398 3.323514 3.503098
subject 3 2.834672 3.482034 5.07221 4.743223 4.78544
subject 4 2.623532  2.858851 3.100125 3.539668 3.700689
subject 5 2.611516  2.673833  3.034982 3.354123 3.633107
[0150] It can be seen that when there is an alcohol in the

blood vessel, the secondary peak becomes smaller relative to
the main pulse. This also demonstrates the importance of the
behavior of the secondary pulse as an indicator of presence of
alcohol in the blood vessels.

[0151] Referring to FIG. 22, the background noise in a
function describing the temporal variations of the spatial
position of the correlation function’s peak indicative of skin
vibration profile in the time domain is shown. FIG. 23 is a
graph illustrating the change of test subjects’ standard devia-
tion of background noise, as a consequence of alcohol con-
sumption.

[0152] The standard deviation of background noise, was
checked only in the long duration tests.

[0153] Table 16 summarizes the values standard deviations
of’background noise in the long duration test, where measure-
ments were taken before drinking alcohol and every 15 min
thereafter (for 75 min). The data oftable 16 is shown graphi-
cally in FIG. 23.
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TABLE 16

0 30 min 45 min 60 min 75 min
subject 1 0.3164 0.096496 0.137565 0.207878 0.095239
subject 2 0.357475 0.12388 0.248033  0.19633 0.15489
subject 3 0.378046  0.248033  0.228488 0.264168 0.175701
subject 4 0.467773  0.140524 0.131381 0.140187 0.216425
subject 5 0.392776 0.071516 0.132013 0.091129 0.109303
[0154] From table 16 and FIG. 23, it can be seen that when

alcohol is present in the blood vessel, the background noise
decreases.
[0155] Thus, it has been shown that the present invention
can be also used for measuring alcohol level in the blood. The
advantage provided by the technique of the present invention
lies in the fact that the present technique enables real-time and
non invasive estimation of alcohol in the bloodstream. This is
in contrast with the known breath analysis technique, which is
less reliable since it measures low concentrations of alcohol
in breath.
[0156] Intra-Ocular Pressure
[0157] The following section, describing FIGS. 24-27,
refers to tests conducted by the inventors on rabbits, in order
to determine a relationship between intra-ocular pressure
(IOP) and parameters of the vibration profile of the subjects’
eye in the time domain.
[0158] The tests compared IOP of a rabbit’s eye with the
average amplitude of oscillations of a time-varying function
describing the time varying position of the peak of the spatial
correlation function (the time-varying function being indica-
tive of vibrations of the rabbit’s eye). The tests showed that
the temporal change of the IOP is proportional to the temporal
change of 3(t) (which is proportional to the relative shift of the
speckle pattern):

Prop()3B(2) (10)
[0159] Therefore, 3(t) can be used to estimate IOP.
[0160] The aim of the test was to show that the blood
pressure in the blood vessels in the retina affects the move-
ment of the sclera/iris in a way that is correlated to the IOP, i.e.
the sclera/iris slightly pulsates due to the blood supply to the
eye. This movement, although being very small, can be
detected by the speckle-based measurement of the present
invention, since the movement precision that our technique
can allow is in the nanometric scale. It is important to empha-
size that the measured movement is solely the pulse of the
iris/sclera, and not the movements of the iris or the eye. The
movements of the iris or the eye are undesirable, and can be
we aim to filtered out by performing measurement over suf-
ficiently short time scale.
[0161] In the experimental setup, rabbits had an infusion
connected to their eye in order to control their IOP. The
experimental system was set up as the system 200 of FIG. 2a,
where and the optically based monitoring system was posi-
tioned at range of about 50 cm from the rabbit. The system
included a fast camera and a laser. The readout of the camera
was analyzed with Matlab software by a computer (control
unit). The experimental system monitored the secondary
speckle patterns generated due to reflection from the rabbit’s
sclera, and tracked the trajectory of the movement of the
speckle patterns. During the experiments the rabbits were
anesthetized. The source of coherent light was a harmonic of
CW Nd:YAG laser which produced a beam having wave-
length of 532 nm to illuminate the sclera of the rabbit. The
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reflections were analyzed using fast digital camera from “Pix-
eLink”. The obtained results were analyzed with Matlab soft-
ware.

[0162] Inorderto varythe IOP oftherabbit’s eye during the
experiment, the elevation of the infusion bag was changed. It
is known that pressure difference is proportional to elevation
difference and can be estimated as:

AP=pgAh (11

where p is the density of the infusion liquid, g the gravity
acceleration and Ah the elevation difference. The translation
between the pressure value obtained in Eq. 6 into mmHg units
can be calculated using the following translation:

1 Pa=1 N/m?=9.8692x1076 atm=7.5006x10~3 torr=7.
5x10’3mmHg (12)

[0163] Referringto FIG. 24, there is depicted a graph illus-
trating the oscillation amplitude of a time-varying function
describing the time varying position for the spatial correlation
function’s peak being indicative of the eye’s vibration as a
function of intra-ocular pressure (IOP), where the time vary-
ing-function was generated via the system of FIG. 2 using a 2
mW laser.

[0164] One may see the relation between the oscillation
amplitude of the time varying position of the spatial correla-
tion function’s peak obtained by using the above mentioned
experimental system and the IOP in mmHg units computed
according to Eq. 6 and 7 (based on the height difference
between the infusion bag and the eye of the rabbit).

[0165] The graph illustrates three different sets of measure-
ments, each set being performed according to a different
technique. The uppermost curve 600 was obtained by sam-
pling at rate of 100 frames/sec, while each measurement was
taken separately and not in a continuous manner along the
time axis. The middle curve 602 corresponds to a measure-
ment taken at sampling rate of 133 frames/sec in a continuous
measuring manner. The lowermost curve 604 was obtained
using a continuous measuring but at sampling rate of 100
frames/sec. The bars around each measurement designate the
standard deviation that we had after averaging more than 20
measurements. The current to the laser was 0.2 A which
means illumination power of about 2 mW.

[0166] From the obtained results one may see that the
decrease in the optically determined oscillation amplitude of
the time varying positions of the peak of the spatial correla-
tion function is obtained for pressure above ~40 mmHg. This
is since this was approximately the inherent IOP of the rab-
bit’s eye; when pressure was induced above this IOP value,
the decrease was measured since the infusion bag overcame
the inherent pressure in the eye of the rabbit. One may also see
that in the experiment, the error in measurement is about 15%.
But it is important to note that the accuracy of conventional
measurement devices is also about 10%-15% while the cur-
rent technique is a remote non harmful measuring device.
[0167] In order to understand how the values of the ampli-
tude were extracted, reference is made to FIG. 25, which
illustrates an example of the obtained readout in one of the
performed experiments. In FIG. 25 one may see that a time-
varying function describing the time varying position of the
peak of the spatial correlation function being indicative of the
eye’s pulsating motion was generated. Every 500 samples,
the elevation of the infusion bag was changed. During these
changes, high amplitude artifacts appear due to the change in
the elevation of the infusion bag. The oscillation amplitude of
the time-varying function was measured and averaged for



US 2013/0144137 Al

each set of 500 samples, in order to obtain an average ampli-
tude corresponding to each elevation of the infusion bag (i.e.
corresponding to a different IOP).

[0168] The same experiment was repeated using a 10 mW
laser. The results of this experiment are shown in FIG. 26. One
may see that in this case the standard deviation error is much
lower and can be estimated to be about 5%. The reason for the
improved performance is related to the optical power of the
illuminating laser. When the supply current was only 0.2 A
the laser was at the threshold of its lasing and thus it was not
stable enough. Its instability caused some of the standard
deviations fluctuations. When the supply current was 0.25 A
the laser was more stable and the results were much more
repeatable. Note that the difference between the various
curves in each one of the figures of FIGS. 24 and 26 is related
to measurements performed at different positions along the
sclera or measurements performed for, different eyes. The
standard variation for each one of the curves in FIGS. 24 and
26 is obtained for measurement performed in the same loca-
tion for the same rabbit over the duration of the same experi-
ment.

[0169] Note that the same measurement can be performed
with eye-safe laser at wavelength of 1550 nm.

[0170] Referring to FIG. 27, there is depicted a graph illus-
trating the oscillation amplitude of time-varying function
describing a time varying position of the peak of the spatial
correlation function (the time-varying function being indica-
tive of the eye’s vibration) as a function of intra-ocular pres-
sure (IOP), where the IOP was measured via a Goldmann
tonometer.

[0171] Another important measurement was performed on
a new rabbit following the same measurement procedure as
for the experiment of FIG. 26, but this time the extracted
results were compared with absolute reference measurement
coming from a conventional Goldmann tonometer. The mea-
surement was done as before by illuminating the rabbit’s iris.
[0172] It must be noted that the measurement at 10 mm/Hg
in FIG. 27 was performed before inserting the infusion bag.
The measurement presented in FIGS. 24 and 26 were per-
formed on rabbits after tens of attempts of inserting the infu-
sion into their eye. Those attempts deformed the rabbit’s eye
and changed their inherent IOP. In the measurement of FIG.
27 anew rabbit was used and indeed its IOP was lower. In fact,
it was verified, using the reference Goldmann tonometer, that
the average IOP of the rabbits used in the experiments of
FIGS. 24 and 26, that after finishing the experiment the rab-
bits’ IOP indeed changed from 10 mmHg (before experi-
ment) to around 35 mmHg (right after the experiment).
[0173] In FIG. 27, the extracted results show good mono-
tonic relation between the optically measured amplitude and
the reference IOP measurement. The amplitude values are
smaller than those of FIGS. 24 and 26 since a lens with
different focal length was used in the optical device (55 mm in
FIG. 27 instead of a lens with focal length of 50 mm used to
obtain the results of FIGS. 24 and 26).

[0174] From the obtained results included in FIG. 24, it can
be seen that that the induced variations in the IOP causes a
variation of the reflected speckle patterns at the iris of the
rabbit’s eye. In two of the experiments (uppermost curve 600
and lowermost curve 604), the monitoring of that variation
was performed continuously, while in the third experiment
(middle curve 602), the measurements were obtained inde-
pendently one from each other. In all the three cases, the
curve’s tendency is the same and it validates the correlation
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existing between the IOP and the processing applied over the
speckle patterns reflected from the iris.

[0175] When comparing the continuous monitoring experi-
ments, both curves 600 and 604 have the same aspect but are
scaled with respect to the global amplitude value. This is due
to the fact that the lower the sampling rate, the lower is the
amplitude of the speckle patterns.

[0176] In all the cases presented in FIG. 24, the measure-
ment error has standard deviation of about 15%. The results
depicted in FIG. 26 show a reduction of the standard deviation
error until approximately 5%. The reason for that improved
performance is related to the timing of the measurement. In
fact, the results of FIG. 26 were obtained in the beginning
stage of our experiment, while the results of FIG. 24 were
obtained after large number of tests, which affected the struc-
ture and therefore also the IOP of the rabbit’s eye. Note that
the difference between the various curves of FIG. 24 and
those of FIG. 26 arises either because the measurements were
performed at different positions along the iris or because the
measurements were performed on different eyes. The stan-
dard deviation for each one of the curves in FIGS. 24 and 26
is obtained for measurements performed in the same location
for the same rabbit over the duration of the same experiment.
This fact suggests that the standard deviation error may be
independent of the measurement point.

[0177] The results presented in FIG. 27 show a monotonic
and a distinct relation between the absolute reference mea-
surement of the IOP performed by Goldmann tonometer and
the amplitude readout produced by the constructed optical
device.

[0178] The Goldmann tonometer has a measurement error
of about 1 mmHg. In contrast, the error of the present tech-
nique, is about 0.775 mmHg—considering standard devia-
tion error of 5% and a typical IOP values in humans of 15.5
mmHg in average. Therefore, the technique of the present
invention provided both a lower measurement error (i.e.
higher accuracy), as well as the advantage of remote and
continuous monitoring capability.

[0179] Furthermore, increase in IOP is the major risk factor
for glaucoma, while decrease in IOP indicates fluid leakage
and deflation of the eyeball (an undesirable condition in its
own right). The results of FIG. 24 show that the technique of
the present invention is sensible to both increase and decrease
of IOP.

[0180]

[0181] As mentioned above, the technique of the present
invention can be used to determine blood pulse pressure. To
do this, a system similar to that of FIG. 2a can be used to
illuminate a region of a patient’s skin adjacent to blood vessel
(s) (e.g. the wrist). Variations in the speckle pattern are
detected and processed as described above to determine a
correlation function and a time variation of a feature (e.g.,
peak position and/or peak size) of the correlation function.
The time variation of the spatial correlation function has a
profile similar to that shown as shown in FIG. 4, and the
amplitude of the peaks is indicative of the blood flow in the
measurement (illuminated) location. The inventors have
found that the amplitude of the main peak (parameter 1 of
FIG. 4) of the time varying spatial correlation function is in
good correlation with the patient’s blood pulse pressure,
owing to the fact the time variation of the measured data
(speckle pattern) corresponds to the blood flow (motion)
within the measurement location.

Blood Pulse Pressure
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[0182] FIG. 28 is a graph illustrating the change of a test
subject’s pulse amplitude over time, as compared to the test
subject’s pulse blood pressure. The reference pulse pressure
is shown by the curve denoted as curve A, and was obtained by
subtracting diastolic pressure (curve 702) from systolic pres-
sure (curve 700), both of which were measured using a
manual sleeve-based reference measurement device. The
curve (denoted as M) illustrates the value of the pulse ampli-
tude obtained using the proposed optical technique at same
time as the above-mentioned reference measurements. The
time duration of the experiment was 350 sec. The sampling of
the camera (PDA) was performed at 300 Hz. It can be seen
that a strong correlation exists between the reference curve A
and the curve M obtained by the technique of the present
invention.

[0183]

[0184] The technique of the present invention can also be
used to determine an amount of water in a biological tissue.
To do this, a system similar to that of FIG. 2a can be used to
illuminate the biological tissue (e.g. a portion of skin of a
body). Variations in the speckle pattern are detected and pro-
cessed as described above to determine a correlation function
and a time variation of a feature (e.g., peak position and/or
peak size) of the correlation function. Indeed, the amount of
water in a tissue affects the movement profile of the surface of
the tissue because it affects the flexibility and other mechani-
cal properties of the tissue. Applying the opto-phone technol-
ogy capable of monitoring movements with nanometric accu-
racy thereby allows (after proper calibration) to anticipate
dehydration or even to estimate an amount of water in the
tissue.

[0185]

[0186] The technique of the present invention can also be
used to determine a coagulation condition of blood. To do
this, a system similar to that of FIG. 2a can be used to
illuminate a portion of the skin. Variations in the speckle
pattern are detected and processed as described above to
determine a correlation function and a time variation of a
feature (e.g., peak position and/or peak size) of the correlation
function. Indeed, since a change in coagulation directly
affects the viscosity of the blood, a change in coagulation
strongly affects the mechanical movement of the surface of
the skin that may be for example in proximity to a main blood
artery. Measuring the movement profile with the opto phone
may therefore allow after calibration to extract an INR param-
eter representing a coagulation condition of blood. The pro-
thrombin time (PT) and its derived measures of prothrombin
ratio (PR) and international normalized ratio (INR) are mea-
sures of the extrinsic pathway of coagulation. The result (in
seconds) for a prothrombin time performed on a normal indi-
vidual may vary according to the type of analytical system
employed. This is due to the variations between different
batches of manufacturer’s tissue factor used in the reagent to
perform the test. The INR was devised to standardize the
results. Each manufacturer assigns an ISI value (International
Sensitivity Index) for any tissue factor they manufacture. The
ISI value indicates how a particular batch of tissue factor
compares to an international reference tissue factor. The ISIis
usually between 1.0and 2.0. The INR is the ratio of a patient’s
prothrombin time (PT) to a normal (control) sample, raised to
the power of the ISI value for the analytical system used.

Dehydration:

Coagulation of Blood (INR):
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[0187] Cattle Monitoring:
[0188] The technique of the present invention can also be

used to determine biomedical parameters of a ruminant.
Ruminant biomedical parameters monitoring such as moni-
toring of heart beating, pulse count, blood pulse pressure and
breathing count can be very important in case of cattle as this
information can be used to optimize the milking and the
breeding timing of caws. Advantageously, such monitoring is
performed without contact which is appreciable when dealing
with animals. Applying the opto-phone technology and
observing the surface of the skin of the caw, in positions that
are close to amain blood artery, may allow—after monitoring
of the movement and after proper calibration—to extract the
above mentioned biomedical parameters in real time and in a
continuous manner.

[0189] Temperature Monitoring:

[0190] The technique of the present invention can also be
used to determine the temperature of a biological tissue. To do
this, a system similar to that of FIG. 2a can be used to
illuminate the biological tissue (e.g. a portion of skin of a
body). Variations in the speckle pattern are detected and pro-
cessed as described above to determine a correlation function
and a time variation of a feature (e.g., peak position and/or
peak size) of the correlation function. Indeed, the temperature
of a tissue is related to the temporal movement profile of the
tissue. Therefore, by extracting this profile and after proper
calibration it is possible to estimate the temperature of the
inspected tissue.

[0191] Flow Velocity and Volume Monitoring

[0192] The technique of the present invention can also be
used to monitor the flow velocity and volume. The flow veloc-
ity and volume may be correlated to temporal variations of the
spectral content of the temporal pattern of the correlation
peak extracted from a correlation function between succes-
sive defocused images of a speckle pattern generated at a
surface of an organ in which the flow is monitored. Indeed, by
insetting nanoparticles through the flowing liquid and
inspecting the temporal change in the speckle patterns gen-
erated due to the scattering from those nanoparticles, one may
estimate the velocity and the volume of the flow because e.g.
faster flow may generate faster movement of the speckle
patterns. Thus, the velocity of flow is proportional to the
temporal flickering of the inspected speckle patterns. This
flickering can be computed in real time by correlation based
processing.

[0193] The measurement of the opto phone provides sens-
ing ofthe temporal movement profile of the inspected surface.
It canbe applied in plurality of wavelengths and in plurality of
spatial positions. When plurality of wavelengths is applied,
e.g. two, the measurements can be useful for application as
oxymetry where the difference or the ratio of the temporal
behavior at two wavelengths of absorption is inspected.
[0194] In case of flow velocity the measurement can be
done in one of two possible ways. In a first method, measure-
ment of the temporal profile may be simultaneously per-
formed at two (or more) spatial positions with a known dis-
tance between them. By correlating the temporal sequence of
pulses extracted from the two spatial positions, the temporal
relative shift between the two sets of pulses may be computed.
This temporal shift when dividing by the a priori known
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spatial distance between the two measurement points pro-
vides the flow velocity. In a second method, the measurement
of the flow velocity can be done by doing only one measure-
ment in a single spatial location. In this case the exact tem-
poral profile of the pulsation is measured at high temporal
resolution (with fast detector at sampling rate of e.g. GHz).
Since the flow velocity affects the flow profile along the blood
artery as explained above, the high precision extraction of the
temporal pulsation profile can be related to the flow velocity.
Inall cases of measurement of the flow velocity and oxymetry
etc, it is preferred to perform the measurement near principle
blood artery where the pulsation affects are significantly more
evident.

1. A system for use in monitoring one or more conditions of
a subject’s body, the system comprising a control unit com-
prising:
an input port for receiving image data measured by a pixel
detector array and being in the form of a sequence of
speckle patterns generated by a portion of the subject’s
body in response to illumination thereof by coherent
light according to a certain sampling time pattern;
a memory utility for storing one or more predetermined
models, the model comprising data indicative of a rela-
tion between one or more measurable parameters and
one or more conditions of the subject’s body; and
a processor utility configured and operable for:
processing the image data and determining a spatial
correlation function between successive speckle pat-
terns in the sequence, and determining a time varying
spatial correlation function in the form of a time-
varying function of at least one feature of the corre-
lation function, the time-varying spatial correlation
function being indicative of a change of the speckle
pattern over time;

selecting at least one parameter of the time-varying spa-
tial correlation function, and applying to said at least
one parameter one or more of the models to determine
one or more corresponding body conditions; and

generating output data indicative of said one or more
corresponding body conditions.

2. The system of claim 1, wherein the at least one feature of
the correlation function comprises at least one of the follow-
ing: a position of a peak of the correlation unit, and a value of
a peak of the correlation function.

3. The system of claim 1, wherein said one or more body
conditions to be monitored comprises blood glucose concen-
tration.

4. The system of claim 3, wherein the at least one parameter
of the time varying function comprises at least one of the
following: positive pulse amplitude, and ratio between posi-
tive and negative peak amplitudes.

5. The system of claim 1, wherein said one or more body
conditions to be monitored comprises blood alcohol concen-
tration.

6. The system of claim 5, wherein the at least one parameter
of the time varying function comprises at least one of the
following: pulse size, positive pulse size, distance between
peak polarities, ratio between main and secondary peak posi-
tions, ratio between main and secondary peak amplitudes,
and standard deviation of background noise.

7. The system of claim 1, wherein said one or more body
conditions to be monitored comprise intra optical pressure
(op).
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8. The system of claim 7, wherein the at least one parameter
of'the time varying function comprises an amplitude of oscil-
lation.
9. The system of claim 1, wherein the body condition is
blood pulse pressure.
10. The system of claim 8, wherein the at least one param-
eter of the time varying spatial correlation function comprises
the amplitude of the main peak.
11. The system of claim 1, wherein the body condition is
dehydration.
12. The system of claim 1, wherein the body condition is
coagulation of blood.
13. The system of claim 1, wherein the subject is a rumi-
nant.
14. The system of claim 1, wherein the body condition is
temperature.
15. The system of claim 1, wherein the body condition is
flow velocity and volume.
16. A system for use in monitoring one or more conditions
of a subject’s body, the system comprising:
an imaging device for imaging a predetermined portion of
the subject’s body, the imaging device comprising a
coherent light source for illuminating said portion of the
subject’s body with a predetermined number of wave-
lengths according to a certain sampling time pattern, and
apixel detector array configured and operable for detect-
ing secondary speckle pattern generated by the illumi-
nated portion of the body and generating measured
image data indicative of the detected secondary speckle
pattern;
a control unit configured and operable for receiving and
analyzing said measured image data, the control unit
comprising: a memory utility for storing one or more
predetermined models, the model comprising data
indicative of a relation between one or more measurable
parameter and one or more conditions of the subject’s
body; and a processor utility configured and operable
for:
processing the image data and determining a spatial
correlation function between successive speckle pat-
terns in the sequence, and determining a time varying
spatial correlation function in the form of a time-
varying function of at least one feature of the corre-
lation function, the time-varying spatial correlation
function being indicative of a change of the speckle
pattern over time;

selecting at least one parameter of the time-varying spa-
tial correlation function, and applying to said at least
one parameter one or more of the models to determine
one or more corresponding body conditions; and

generating output data indicative of said one or more
corresponding body conditions.

17. A method for use in monitoring one or more conditions
of a subject’s body, the method comprising:

providing image data measured by a pixel detector array
and being in the form of a sequence of speckle patterns
generated by a portion of the subject’s body in response
to illumination thereof by coherent light according to a
certain sampling time pattern;

providing one or more predetermined models, the model
comprising data indicative of a relation between one or
more measurable parameters and one or more conditions
of the subject’s body;
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processing the image data and determining a spatial corre-
lation function between successive speckle patterns in
the sequence, and determining a time-varying spatial
correlation function in the form of a time-varying func-
tion of at least one feature of the correlation function, the
time-varying spatial correlation function being indica-
tive of a change of the speckle pattern over time;

analyzing the time-varying spatial correlation function and
selecting at least one parameter of the time-varying
function in accordance with one or more body condi-
tions to be determined; and

analyzing said at least one selected parameter using one or

more of the models to determine one or more corre-
sponding body conditions, and generating output data
indicative thereof.

18. The method of claim 17, wherein said one or more
conditions of a subject’s body are associated with one or more
properties of at least one bodily fluid.

19. The method of claim 18, wherein said at least bodily
fluid comprises at least one of blood and aqueous humor.

20. The method of claim 17, wherein the at least one feature
of the correlation function comprises at least one of the fol-
lowing: a position of a peak of the correlation unit, and an
amplitude of a peak of the correlation function.

21. The method of claim 17, wherein said one or more body
conditions to be monitored comprises blood glucose concen-
tration.
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22. The method of claim 21, wherein the at least one
parameter of the time varying function comprises at least one
of'the following: positive pulse amplitude, and ratio between
positive and negative peak amplitudes.

23. The method of claim 17, wherein said one or more body
conditions to be monitored comprises blood alcohol concen-
tration.

24. The method of claim 23, wherein the at least one
parameter of the time varying function comprises at least one
of the following: pulse size, positive pulse size, distance
between peak polarities, ratio between main and secondary
peak positions, ratio between main and secondary peak
amplitudes, and standard deviation of background noise.

25. The method of claim 17, wherein said one or more body
conditions to be monitored comprise intra optical pressure
(Iop).

26. The method of claim 25, wherein the at least one
parameter of the time varying function comprises an ampli-
tude of oscillation.

27. The method of claim 17, wherein the body condition is
blood pulse pressure.

28. The method of claim 27, wherein the at least one
parameter of the time varying spatial correlation function
comprises the amplitude of the main peak.
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