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APPARATUS AND METHOD FOR OPTICAL
MEASUREMENT OF CARDIOVASCULAR
FITNESS, STRESS AND PHYSIOLOGICAL

PARAMETERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of PCT/
1B2015/001157 filed on May 21, 2015 which is incorporated
by reference in its entirety. The present application is also a
continuation-in-part of U.S. patent application Ser. No.
14/503,395 filed Sep. 30, 2014, which is incorporated by
reference in its entirety. U.S. patent application Ser. No.
14/503,395 claims priority to U.S. 61/884,975 patent appli-
cation number filed Sep. 30, 2013 and to U.S. 61/884,202
filed Sep. 30, 2013, both of which are incorporated by
reference in their entirety.

BACKGROUND

Cardiovascular Fitness Parameters

[0002] Fitness and stress management are important com-
ponents for a healthy lifestyle. Periodic and frequent mea-
surements of fitness and stress level are recommended to be
applied as an effective way to recognize early signs of risk
and for preventing many chronic diseases and condition.
Recently a large percentage of population started to uses
smartphones and wearable devices. The very existence of
this new platform enables to introduce new sensor solutions,
where the processing capabilities of these devices can be
used for new applications. Currently some of smartphones
and wearable watches include the PPG sensors capable of
measuring the pulse rate and R wave-to-R wave (R-R)
intervals from the finger or wrist.

[0003] Cardiovascular fitness represents the efficiency of
the heart, lungs and vascular system in delivering oxygen to
the working muscles so that prolonged physical work can be
maintained. Many fitness and wellness programs aim to
improve the cardiovascular strength and endurance. In order
to measure cardiovascular strength of a subject the different
stress tests are used. For example, the Bruce Protocol
Treadmill test is used for evaluating cardiac fitness. As the
Bruce Protocol Treadmill test is a maximal fitness test, one
has to run continuously until get tired. The goal is to increase
workload incrementally to induce ischemia or until a pre-
determined workload is reached. The main disadvantage of
these test is, that it requires using a treadmill and ECG
equipment. The test is time and energy consuming and not
very suitable for home for performing at daily basis. In
addition, this test is based on subjective feeling of triteness
and the related physiological parameters are not measured
directly. Nowadays, this type of test can be performed and
analyzed under professional supervision, during the exercise
tolerance stress testing

[0004] Obviously, such a test cannot be used as a substi-
tute for daily management of fitness or stress level of
subjects.

[0005] Thanks to Photoplethysmography (PPG) sensors,
with assistance of the smartphones and wearable devices the
pulse rate measurement can be performed simlessly at home.
The improvement of the endurance or to make kind of a
pre-diagnostic assessment is to measure the heart rate (HR)
post stress recovery pattern. Post-exercise heart rate recov-

Jun. 7,2018

ery, though a readily obtainable parameter and a powerful
and independent predictor of cardiovascular and all-cause
mortality in healthy adults and in those with cardiovascular
diseases, is often overlooked as an indicator of cardiovas-
cular fitness. Heart rate recovery (HRR) is thought to be
major characteristics of parasympathetic reactivation but not
providing comprehensive information regarding the endur-
ance improvement

[0006] Unfortunately, the HR and HRR pattern by them-
selves do not provide comprehensive information about the
cardiovascular ability to supply the blood but rather indirect
indications via the regulatory mechanics. Maximal heart rate
is not an appropriate indicator of the amount of blood being
pumped around the body, especially not for trained endur-
ance athletes.

[0007] All tasks related to the heart rate are not addressing
the heart pump systolic and diastolic performance during the
cycle of heart beat. The heart cycle starts from the systolic
cession. Systole refers to the contraction of the left ventricle,
which drives blood into the aorta. Diastole covers a period
when the left and right ventricles are relaxed. Systolic and
diastolic dysfunction can cause congestive heart failure
(CHF). Stroke volume is defined as the volume of blood
pumped by the heart with each beat. Unlike heart rate, SV
provides a direct indication of the heart performance. If SV
increases with endurance training, it means that more blood
is pumped around the body with every heart bit beat.
Therefore, a reduction in maximal heart rate does not result
in the body receiving less blood. In fact, the opposite is true,
as the reduced heart rate is more than compensated for by
higher stroke volume. The reason for increased stroke vol-
ume is an increase in the end diastolic volume), the volume
of blood in the left ventricle just before contraction. The
major difference in the endurance-trained heart is a bigger
stroke volume. The trained heart gets bigger and pumps
more blood each.

Blood Pressure Wave-Forms

[0008] Invasive blood pressure (IBP) is a method of
measuring blood pressure internally by using a sensitive IV
catheter inserted into an artery. This provides a more accu-
rate reading of the patent’s current blood pressure.

[0009] The blood-pressure-waveform generated by IBP is
the ‘gold standard” of blood pressure waveforms. As shown
in FIG. 1A, this waveform includes various features includ-
ing the ‘peak,’ the reflected-wave marker (i.e. indicated by
an inflection point and/or a protrusion), the dicrotic notch
and the vascular resistance wave marker (i.e. indicated by an
inflection point and/or protrusion).

[0010] The IBP waveform is considered the ‘gold stan-
dard” blood pressure waveform. Although the waveform
from non-invasive techniques such as PPG resemble the IBP
waveform in general terms, comparing of FIG. 1B to FIG.
1A illustrates that a great deal of information is lost.

Dynamic Light Scattering (DLS) for Non-Invasive
In-Vivo Measurement of Biological Parameters

[0011] WO 2008/053474 and W(2012064326, each of
which are incorporated herein by reference in its entirety,
each disclose a system and method for in vivo measurement
of biological parameters by dynamic light scattering tech-
niques.
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[0012] In particular, WO 2008/053474 discloses a novel
optical technique suitable for the in vivo measurement in a
subject utilizing dynamic light scattering (DLS) approach.
The effect of DLS are utilized for the measurement of
variety of blood related parameters, such as viscosity of the
blood and blood plasma, blood flow, arterial blood pressure
and other blood chemistry and rheology related parameters
such as concentration of analyte (e.g. glucose, hemoglobin,
etc.), oxygen saturation etc.

[0013] DLS is a well-established technique to provide data
on the size and shape of particles from temporal speckle
analysis. When a coherent light beam (laser beam, for
example) is incident on a scattering (rough) surface, a
time-dependent fluctuation in the scattering property of the
surface and thus in the scattering intensity (transmission
and/or reflection) from the surface is observed. These fluc-
tuations are due to the fact that the particles are undergoing
Brownian or regular flow motion and so the distance
between the particles is constantly changing with time. This
scattered light then undergoes either constructive or destruc-
tive interference by the surrounding particles and within this
intensity fluctuation information is contained about the time
scale of movement of the particles. The scattered light is in
the form of speckles pattern, being detected in the far
diffraction zone. The laser speckle is an interference pattern
produced by the light reflected or scattered from different
parts of an illuminated surface. When an area is illuminated
by laser light and is imaged onto a camera, a granular or
speckle pattern is produced. If the scattered particles are
moving, a time-varying speckle pattern is generated at each
pixel in the image. The intensity variations of this pattern
contain information about the scattered particles. The
detected signal is amplified and digitized for further analysis
by using the autocorrelation function (ACF) technique. The
technique is applicable either by heterodyne or by a homo-
dyne DLS setup.

[0014] The kinetics of optical manifestations of two kinds
of physiological signals is measured in vivo: the pulsatile
signal associated with heart beats and the post-occlusion
optical signal which is induced by an artificially generated
blood flow cessation. The light transmission and/or reflec-
tion signals are used as a control of the physiological
response. This kind of control measurement can be carried
out simultaneously with the DLS reflection measurement.
The mutual correspondence between DLS and standard
optical signals is subject to a comparison analysis.

[0015] Reference is now made to FIGS. 2A-2B. FIG. 2A,
taken from WO 2008/053474 (and slightly modified) illus-
trates an apparatus for performing a DLS measurement. A
coherent light source (e.g. a vertical-cavity surface-emitting
laser (VCSEL)) emits coherent light to illuminate the skin
(step S201)—this coherent light scatters off of red blood
cells (RBCs) within blood vessels of the skin (or beneath the
skin) to induce a scattered-light optical response The optical
response is detected (step S205) by photodetectors to gen-
erate an electrical signal descriptive of the scattered-light
optical response. This electrical signal is processed (e.g.
using autocorrelation or power spectrum analysis) (step
S213) to produce a time-dependent blood-shear-rate descrip-
tive signal. One or physiological parameters (e.g. pulse rate
or blood pressure) are computed from the blood-shear-rate-
descriptive signal.

[0016] Red blood cells (RBSs) suspended within blood
plasma do not travel at the same velocity—the blood-shear-
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rate-descriptive signal describes differences in velocities of
red-blood-cells suspended in the blood plasma. In certain
frequency domains, blood-shear is primarily due to pulse.
By illuminating skin, collecting scattered light and subject-
ing the scattered light to speckle analysis (e.g. to analyze
temporal fluctuations of speckle patterns), it is possible to
derive a signal descriptive of a blood-shear over a cross
section of blood vessel(s) and/or over a ensemble of blood
vessels.

[0017] FIG. 2C, taken from WO 2008/053474, illustrates
one example of a scattered-light time-dependent optical
response signal. FIG. 2D illustrates one example of a
time-dependent blood-shear-rate descriptive signal.

[0018] Although the signal is adequate for detecting vari-
ous physiological parameters disclosed in WO 2008/
053474, the signal of FIG. 2D also surfers from a ‘loss of
information (i.e. similar to the PPG signal of FIG. 1B) about
the blood pressure waveform relative to the IBP signal of
FIG. 1A.

SUMMARY

[0019] A method for optically measuring a cardiovascular
fitness and/or stress and/or physiological parameter specific
to a mammalian subject, the method comprising: a. illumi-
nating a portion of the subject’s skin to scatter partially or
entirely coherent light off of moving red blood cells (RBCs)
of the subject to induce a scattered-light time-dependent
optical response; b. receiving the scattered light by a pho-
todetector(s) to generate an electrical signal descriptive of
the induced scattered-light time-dependent optical response;
c. processing the scattered-light-optical-response-descrip-
tive electrical signal or a product thereof to generate there-
from a time-dependent blood-shear-rate-descriptive signal
wherein the processing is performed according to a function-
transformation-algorithm that is dynamically adjusted over
time in response to (1) a measured or predicted similarity
between the time-dependent blood-shear-rate-descriptive
signal and a blood-pressure-waveform; (ii) a measured or
predicted presence or strength of blood-pressure-waveform-
feature(s) within the time-dependent blood-shear-rate-de-
scriptive signal; and d. computing the cardiovascular fitness
and/or stress and/or physiological parameter from the time-
dependent blood-shear-rate-descriptive signal.

A method for optically measuring a cardiovascular fitness
and/or stress and/or physiological parameter of a subject, the
method comprising: a. illuminating a portion of the subject’s
skin to scatter partially or entirely coherent light off of
moving red blood cells (RBCs) of the subject to induce a
scattered-light time-dependent optical response; b. receiving
the scattered light by a photodetector(s) to generate an
electrical signal descriptive of the induced scattered-light
time-dependent optical response; ¢. for each transformation-
function-algorithm of a plurality of transformation-function-
algorithms, respectively processing the scattered-light-opti-
cal-response-descriptive electrical signal or a product
thereof to generate therefrom a respective time-dependent
blood-shear-rate-descriptive signal; d. analyzing each time-
dependent blood-shear-rate-descriptive signal to determine a
presence or strength of pulsatile-waveform-feature(s) within
the time-dependent blood-shear-rate-descriptive signal; e.
comparing the results of the analysis of each time-dependent
blood-shear-rate-descriptive signal; and f. computing, in
accordance with the results of the comparing and from one
or more of the time-dependent blood-shear-rate-descriptive
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signal or a mathematical function thereof, the cardiovascular
fitness and/or stress and/or physiological parameter of the
subject.

[0020] Insome embodiments, the pulsatile-waveform-fea-
ture(s) any of the following parameters, or a relation ther-
ebetween: (i) a presence, temporal-location, shape or ampli-
tude of a reflected-wave protrusion; (ii) a presence,
temporal-location, shape or amplitude of a dicrotic notch;
(ii1) a presence, temporal-location, shape or amplitude of a
vascular resistance wave protrusion; (iv) a systolic down-
slope; (v) a diastolic down-slope; (v) a systolic upstroke
slope; (vi) relative heights or time-delays between of any of
an overall peak, reflected-wave marker, a dicrotic notch, and
vascular resistance wave marker.

[0021] In some embodiments, the subject-specific param-
eter is selected from the group consisting of (i) a pulse; (ii)
a heart-rate variability; (iii) a blood pressure; (iv) a stroke-
volume; (iv) respiration rate; (iv) an apnea event; (v) a
measure of the aortic valve functionality; (vi) the sympa-
thetic system activity, systolic blood pressure, and vascular
aging; (vii) a measure of the myocardium’s ability to expel
blood to the body height of the Dicrotic notch relative to the
systolic peak, and (viii) the time delay between them; a
measure of arterial stiffness and ability to resist blood flow;
(ix) a measure of how fast myocardium relaxes at the end of
systolic cycle; (x) a measure of how fast the myocardium
relaxes at the end of diastole; (xi) a measure of stroke
volume.

[0022] In some embodiments, i. the scattered light is
received by first and second photodetectors respectively
situated at first and second locations to respectively generate
first and second scattered-light-optical-response-descriptive
electrical signals; and ii. the time-dependent blood-shear-
rate-descriptive signal is derived from a difference between
the first and second scattered-light-optical-response-descrip-
tive electrical signals.

[0023] In some embodiments, the processing comprises
subjecting the scattered-light-optical-response-descriptive
electrical signal or a product thereof to at least one of an
autocorrelation analysis and a power spectrum analysis.

[0024] A method for optically measuring a cardiovascular
fitness and/or stress and/or physiological parameter of a
subject, the method comprising: a. illuminating a portion of
the subject’s skin to scatter partially or entirely coherent
light off of moving red blood cells (RBCs) of the subject to
induce a scattered-light time-dependent optical response; b.
receiving the scattered light by a photodetector(s) to gener-
ate an electrical signal descriptive of the induced scattered-
light time-dependent optical response; ¢. processing the
scattered-light-optical-response-descriptive electrical signal
or a product thereof to generate therefrom a time-dependent
blood-shear-rate-descriptive signal; and d. post-processing
the time-dependent blood-shear-rate-descriptive signal by
computing therefrom at least one or more of: (i) a systolic
upstroke slope; (i) a systolic downstroke slope; (iil) a
diastolic downstroke slope; (iv) a stroke-volume; (v) a
time-interval between a pulse-peak and a peak of the
reflected wave; (vi) a time-interval between a pulse-peak
and a time of the dicrotic notch; (v) a time-interval between
a pulse-peak and a time of the vascular-resistance wave; (v)
a time-interval between a peak of the reflected wave and a
time of the dicrotic notch; (vi) a time-interval between a
marker of the reflected wave and a time of the vascular-
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resistance wave; and (vii) a time-interval between a time of
the dicrotic notch and a time of the vascular-resistance wave.

[0025] A method for optically measuring a fitness and/or
stress and/or physiological parameter of a subject, the
method comprising: a. illuminating a portion of the subject’s
skin to scatter partially or entirely coherent light off of
moving red blood cells (RBCs) of the subject to induce a
scattered-light time-dependent optical response; b. receiving
the scattered light by a photodetector(s) to generate an
electrical signal descriptive of the induced scattered-light
time-dependent optical response; ¢. processing the scattered-
light-optical-response-descriptive electrical signal or a prod-
uct thereof to generate therefrom a time-dependent blood-
shear-rate-descriptive signal; d. for each given cardiac cycle
of a plurality of cardiac cycles, obtaining or computing
respective cardiac-cycle signal-form characteristics of the
patient; e. generating a multi-cycle blood-shear-rate-signal-
derived cardiac-parameter stroke volume data set by com-
puting, for each given cardiac cycle of the plurality of
cardiac cycles, a respective cardiac-cycle-specific stroke-
volume parameter by subjecting the time-dependent blood-
shear-rate-descriptive signal to a temporal analysis in accor-
dance with the respective cardiac-cycle signal-form
characteristics specific for the given cardiac cycle; f. gen-
erating a multi-cycle pulse-rate data set by measuring, for
each given cardiac cycle of the plurality of cardiac cycles, a
respective pulse-rate specific for the given cardiac cycle; and
g. quantifying a correlation between the multi-cycle stroke-
volume parameter data set and the multi-cycle pulse rate
data set; and h. computing the cardiovascular recovery
metric of the subject from the quantified magnitude.

[0026] A method for optically measuring a fitness and/or
stress and/or physiological parameter of a subject, the
method comprising: a. illuminating a portion of the subject’s
skin to scatter partially or entirely coherent light off of
moving red blood cells (RBCs) of the subject to induce a
scattered-light time-dependent optical response; b. receiving
the scattered light by a photodetector(s) to generate an
electrical signal descriptive of the induced scattered-light
time-dependent optical response; ¢. processing the scattered-
light-optical-response-descriptive electrical signal or a prod-
uct thereof to generate therefrom a time-dependent blood-
shear-rate-descriptive signal; d. for each given cardiac cycle
of a plurality of cardiac cycles, obtaining or computing
respective cardiac-cycle signal-form characteristics of the
patient; e. generating a multi-cycle blood-shear-rate-signal-
derived cardiac-parameter stroke volume data set by com-
puting, for each given cardiac cycle of the plurality of
cardiac cycles, a respective cardiac-cycle-specific stroke-
volume parameter by subjecting the time-dependent blood-
shear-rate-descriptive signal to a temporal analysis in accor-
dance with the respective cardiac-cycle signal-form
characteristics specific for the given cardiac cycle; f. tem-
porally analyzing the stroke-volume-parameter signal to
characterize temporal fluctuations thereof; and g. computing
the respiratory rate from the characterized temporal fluctua-
tions.

[0027] Embodiments of the invention relate to methods
and apparatus of optically and non-invasively (i) measuring
a cardiovascular recovery metric or a respiration rate and (i1)
detecting certain events related to respiration rate or a
change therein. In particular, it is possible to measure a
blood-shear parameter and to derive the cardiovascular
recovery metric or reparation rate therefrom.
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[0028] Some embodiments relate to a cardiovascular
recovery metric. When a subject exercise or subjects his/her
cardiovascular system to an elevated load, his/her pulse rate
increases and his’her stroke volume parameter increases.
After the exercise ceases, or decreases in intensity, his/her
cardiovascular system no longer has the same need to
oxygenate the body as was previously required during more
intense activity. As a result, the cardiovascular system
returns to a lower rate of activity. However, the amount of
time required for this to occur differs between subjects.
More fit subjects tend to have a significantly lower recovery
time than those subjects who are not in shape (e.g. over-
weight, unaccustomed to exercise, etc).

[0029] Knowledge of the cardiovascular recovery time
may be useful in diagnosing or prognosticating heart dis-
ease, and there is a need to encourage people to measure this
physiological parameter. Unfortunately, it may require a
certain amount of time to accurately measure this ‘recovery
time’ (for example, minutes) and many subjects are unlikely
to comply—instead, this parameter may just go unmeasured.
[0030] Embodiments of the invention relate to an appara-
tus and method for accurately, quickly, optically and non-
invasively measuring the cardiovascular recovery time.
[0031] Inparticular, it is now disclosed that the correlation
between a per-cycle stroke-volume and the per-cycle pulse
rate may be measured (e.g. using any apparatus disclosed
herein), and the cardiovascular recovery metric may be
computed therefrom. This topic will be further discussed
below.

[0032] Some embodiments relate to respiration rate. In
particular, it is now disclosed an apparatus and method
which (i) monitor cardiac-cycle specific stroke volume
parameters to compute a stroke volume parameter signal;
and (ii) subject this stroke volume parameter signal to a
temporal analysis. The respiration rate may be derived from
the temporal analysis—e.g. by computing a dominant fre-
quency.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIGS. 1A-1B respectively illustrate prior art
examples of IBP and PPH signals.

[0034] FIGS. 2A-2B respectively illustrate an apparatus
and a method for performing a DLS measurement.

[0035] FIG. 2C illustrates one example of a scattered-light
time-dependent optical response signal.

[0036] FIG. 2D illustrates one example of a time-depen-
dent blood-shear-rate descriptive signal.

[0037] FIG. 3A schematically illustrates a time-dependent
blood-shear-rate descriptive DLS signal.

[0038] FIG. 3B illustrates actual signals that were com-
puted according to presently-disclosed techniques.

[0039] FIGS. 4A-4D illustrate examples of transforming a
scattered-light time-dependent optical response signal into a
time-dependent blood-shear-rate descriptive signal.

[0040] FIG. 51is a flow-chart of a technique for computing
a time-dependent blood-shear-rate descriptive signal and/or
a physiological parameter derived therefrom.

[0041] FIG. 6 illustrates another variation of blood-pres-
sure-waveform feature(s) for scoring time-dependent blood-
shear-rate descriptive signal.

[0042] FIG. 7A illustrates overlapping time-windows.
[0043] FIG. 7B illustrates non-overlapping time-windows.
[0044] FIG. 8 s a flow chart illustrating a method accord-

ing to some embodiments of the invention.
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[0045] FIG. 9 is an illustration of a DLS measurement
based system for measuring one or more blood parameters.
[0046] FIG. 10 is a flow chart of a technique for comput-
ing a cardiac-cycle specific stroke volume parameter of a
subject.

[0047] FIG. 11 illustrates signal form characteristics.
[0048] FIGS. 12A-12B relate to correlating between the
per-cycle stroke volume parameter and the per-cardiac-cycle
pulse rate.

[0049] FIGS. 13A-13B illustrate the quantifying a corre-
lation between cycle-specific heart rate (y axis) and cycle-
specific stroke volume parameter.

[0050] FIGS. 14A-14B relate to a second application of
the technique for deriving the per-cycle stroke volume
parameter.

[0051] FIG. 14C is a flow chart illustrating a method
according to some embodiments of the invention.

[0052] FIG. 15 relates to the technique of FIG. 14A.
[0053] FIG. 16 illustrates a velocity profile of flowing
blood in small vessels.

[0054] FIG. 17 demonstrates how the ACF looks like for
the pulsatile signal measured by using mDLS.

[0055] FIG. 18 demonstrates the typical change of auto-
correlation function (ACF) of the DLS signal being mea-
sured from the finger tip.

[0056] FIG. 19 illustrates low frequency fluctuations asso-
ciated with a blood pressure modulations which are associ-
ated with the sympathetic nervous system activity.

[0057] FIG. 20 is an example of identification of onset,
peak and dischrotic notch of the pulse-wave.

DESCRIPTION OF EMBODIMENTS

[0058] The claims below will be better understood by
referring to the present detailed description of example
embodiments with reference to the figures. The description,
embodiments and figures are not to be taken as limiting the
scope of the claims. It should be understood that not every
feature of the presently disclosed methods, apparatuses, and
computer readable media having stored thereon computer
code for logical protocol command disambiguation is nec-
essary in every implementation. It should also be understood
that throughout this disclosure, where a process or method
is shown or described, the steps of the method may be
performed in any order or simultaneously, unless it is clear
from the context that one step depends on another being
performed first. As used throughout this application, the
word “may” is used in a permissive sense (i.e., meaning
“having the potential to’), rather than the mandatory sense
(i.e. meaning “must”).

[0059] Embodiments of the present invention relate to
improved techniques for processing the scattered-light time-
dependent optical response signal to yield a time-dependent
blood-shear-rate descriptive signal that more closely
resembles the ‘gold-standard’ invasive blood pressure wave-
form of FIG. 1A, and does not suffer from the ‘loss of
information’ evident upon inspection of FIG. 1B and FIG.
2D.

[0060] FIG. 3A schematically illustrates a time-dependent
blood-shear-rate descriptive DLS signal—FIG. 3B illus-
trates actual signals that were computed according to pres-
ently-disclosed techniques.

[0061] Surprisingly, by judiciously processing the scat-
tered-light time-dependent optical response signal using
improved DLS signal-analysis techniques, it is indeed pos-
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sible, using non-invasive optical techniques that probe
peripheral blood vessels, to achieve a signal the result FIGS.
3A-3B which preserve various features of the blood pressure
waveform not persevered by convention DLS techniques.
[0062] As noted above, there is no single and unique
transformation function which transforms the scattered-light
time-dependent optical response signal into a time-depen-
dent blood-shear-rate descriptive signal.

[0063] FIGS. 4A-4B illustrate a first example of trans-
forming a scattered-light time-dependent optical response
signal into a time-dependent blood-shear-rate descriptive
signal. In both cases, when the scattered-light time-depen-
dent optical response signal is processed time-dependent
blood-shear-rate descriptive signal, the transformation func-
tion (e.g. according to autocorrelation or power-spectrum
technique) explicitly or implicitly performs some sort of
frequency-selection.

[0064] FIGS. 4A-4B relate to the same ‘input’ scattered-
light time-dependent optical response signal that is trans-
formed—however, in the example of FIG. 4A, primarily
frequencies in the range of 5,000-10,000 KHz were selected/
preserved from the scattered-light time-dependent optical
response signal, while in the example of FIG. 4B primarily
frequencies in the range of 10,000-22,000 KHz were
selected/preserved from the scattered-light time-dependent
optical response signal.

[0065] Inspection of FIGS. 4A-4B and comparison ther-
ebetween indicates that the primarily frequencies in the
range of 5,000-10,000 KHz were selected/preserved from
the scattered-light time-dependent optical response signal
more closely resembles the IBP waveform, It is possible to
‘score’ the time-dependent blood-shear-rate descriptive sig-
nals of FIG. 4A-4B. In this case, the signal of FIG. 4B has
the ‘higher score since it better preserves the waveform
features characteristic of the IBP.

[0066] FIGS. 4C-4D relate to the same ‘input’ scattered-
light time-dependent optical response signal that is trans-
formed—however, the input scattered-light time-dependent
optical response signal of FIGS. 4C-4D is different from the
input scattered-light time-dependent optical response signal
of FIGS. 4A-4B. In the example of FIGS. 4C-4D, the
transformation function which primarily selects frequencies
of the 5,000-10,000 KHz range (FIG. 4C) generates a
time-dependent blood-shear-rate descriptive signal that bet-
ter preserves waveform features characteristic of the 1BP
than the transformation function which primarily selects
frequencies of the 10,000-22,000 KHz range (FIG. 4D).
Thus, FIG. 4C is associated with a ‘higher score’ than FIG.
4D.

[0067] Unfortunately, studies performed by the present
inventors indicate that it is often unknown a-priori which
transformation function (i.e. for processing the scattered-
light time-dependent optical response signal into the time-
dependent blood-shear-rate descriptive signal) will achieve
the time-dependent blood-shear-rate descriptive signal best-
preserving the features of the IBP waveform.

[0068] FIG.5is a flow-chart of a technique for computing
a time-dependent blood-shear-rate descriptive signal and/or
a physiological parameter derived therefrom. Steps S201-
S205 are as described in FIG. 2B. However, in the method
of FIG. 5, there are more than one transformation-functions
for processing a scattered-light time-dependent optical
response signal into a time-dependent blood-shear-rate
descriptive signal—for example, one transformation func-
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tion primarily selects frequencies in one frequency range
(e.g. like in FIGS. 4A and 4C) and another transformation
function primarily selects frequencies in another range (e.g.
like in FIGS. 4B and 4D),

[0069] In step S309 one of the transformation functions is
selected—e.g. it is possible to maintain a ‘library’ of trans-
formation functions, and one is selected in step S309. In step
S313, the selected transformation function is employed so as
to processing the scattered-light time-dependent optical
response signal into a respective time-dependent blood-
shear-rate descriptive signal, The results are scored in step
S317 according to presence of strength of blood-pressure-
waveform feature(s)—a list of useful features is set-forth
below. Steps S309-S317 are repeated for multiple different
transformation-functions until the loop is finished (step
S319). The best-scoring transformation function (i.e.
selected in step S323 according to the scores) is employed
in step S327 to compute the fitness and/or stress and/or
physiological parameter.

[0070] FIG. 6, including steps S201, S205, S341, S345,
S349 and S353 illustrates another variations.

[0071] Examples of blood-pressure-waveform feature(s)
for scoring time-dependent blood-shear-rate descriptive sig-
nal include:

[0072] (i) a presence, temporal-location, shape or
amplitude of a reflected-wave marker (e.g. protrusion)
(note that the reflected wave is completely absent from
FIG. 1B);

[0073] (i) a presence, temporal-location, shape or
amplitude of a vascular resistance wave marker (e.g.
protrusion) (note that the vascular resistance wave
marker is completely absent from FIG. 1B);

[0074] (iii) a presence, temporal-location, shape or
amplitude of dicrotic notch;

[0075] (iv) a width of the main peak (e.g. illustrated by
‘B’ in FIG. 3B), or of the reflected-wave protrusion/
marker, or of the dicrotic notch or of the vascular
resistance wave protrusion/marker—or relative mea-
sure (e.g. ratio between) any of the aforementioned
widths.

[0076] Temporal location—this relates to location within
the blood-pressure wave-—e.g. determined by any one of
(with reference to FIG. 3A)—any t~t, (where 1, j, k, 1 are
positive integers between 1 and 4, j and i are not equal to
each other) or any ratio (,~t,)/(t,t;) for any set of 1, j, k and
L

[0077] Other example of blood-pressure-waveform fea-
ture(s) for scoring time-dependent blood-shear-rate descrip-
tive signal include any of'the “slopes’ (a systolic down-slope,
adiastolic down-slope, a systolic upstroke slope)—i.e. abso-
lute values or relative values (e.g. ratios between any two of
these 3 slopes).

[0078] As noted above, it is not often clear a priori which
transformation function yields the same results. Further-
more, even for the same subject, the best-scoring transfor-
mation function may fluctuate in time—i.e. for an earlier
time-period a first transformation function yields the ‘high-
est score’ while for a later time-period a second transfor-
mation function yields the ‘highest score.”

[0079] Time periods may be defined according to time
windows—see FIG. 7A which illustrates overlapping time-
windows and FIG. 7B which illustrates non-overlapping
time-windows.
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[0080] FIG. 8 is an example of a method for processing a
scattered-light time-dependent optical response signal into a
time-dependent blood-shear-rate descriptive signal accord-
ing to a dynamic and responsive technique which periodi-
cally updates the transformation function (i.e. selected from
a ‘family” of functions) in order to optimize a ‘score’ of the
time-dependent blood-shear-rate descriptive signal where
the ‘score’ describes resemblance between a time-dependent
blood-shear-rate descriptive signal and a blood-pressure
waveform.

[0081] Thus, in step S361 after a time window is selected,
instead of applying only a single transformation function for
processing (i.e. for the particular time window) the scat-
tered-light time-dependent optical response signal into a
time-dependent blood-shear-rate descriptive signal, it is pos-
sible to perform the transformation a number of times—each
time, the transformation is performed using a different
transformation function. The results are scored in step S369
(e.g. the ‘best-scoring’ time-dependent blood-shear-rate
descriptive signal is employed when computing therefrom
the cardiovascular fitness and/or stress and/or physiological
parameter).

[0082] The time window is updated in step S373. For each
time window, the ‘best’ transformation function may be
different—therefore, the transformation between scattered-
light time-dependent optical response signal into a time-
dependent blood-shear-rate descriptive signal is said to be
performed dynamically in response to scoring for presence
and/or strength of features of the blood-pressure waveform.

Definitions

[0083] For convenience, in the context of the description
herein, various terms are presented here. To the extent that
definitions are provided, explicitly or implicitly, here or
elsewhere in this application, such definitions are under-
stood to be consistent with the usage of the defined terms by
those of skill in the pertinent art(s). Furthermore, such
definitions are to be construed in the broadest possible sense
consistent with such usage.

[0084] Electronic circuitry may include may include any
executable code module (i.e. stored on a computer-readable
medium) and/or firmware and/or hardware element(s)
including but not limited to field programmable logic array
(FPLA) element(s), hard-wired logic element(s), field pro-
grammable gate array (FPGA) element(s), and application-
specific integrated circuit (ASIC) element(s). Any instruc-
tion set architecture may be used including but not limited
to reduced instruction set computer (RISC) architecture
and/or complex instruction set computer (CISC) architec-
ture. Electronic circuitry may be located in a single location
or distributed among a plurality of locations where various
circuitry elements may be in wired or wireless electronic
communication with each other.

[0085] Analog electrical signals or light fields may com-
prises more than one sub-signal added together in a single
electrical (or optical) signal. For example, an analog elec-
trical signal derived from a light field detected by a photo-
detector that (i.e. where scattered light that is scattered from
particles within a fluid contributed to the light field) may be
the sum of: (i) a first component (i.e. analog electrical
sub-signal) attributable to ambient light (e.g. sunlight); (ii) a
second component attributable to skin light-modulating
effects; (iii) a third component attributable to regular fluc-
tuations in light intensity due to the presence of a fluorescent

Jun. 7,2018

bulb and (iv) a fourth component attributable to scattered
light that is scattered from particles within a fluid contrib-
uted to the light field. Each component or sub-signal of the
analog electrical signal is associated with a different respec-
tive amount of power.

[0086] In some examples, for an analog signal generated
by a photodetector, the relative power contribution to overall
analog signal power attributable to ambient light 1s relatively
high (i.e. the first component), while the relative power
contribution to overall analog signal power attributable to
scattered light that is scattered from particles within a fluid
is relatively low (i.e. second component).

[0087] In general, both a signal and a sub-signal have
power levels—the fraction of the power level of the overall
signal attributable to a particular portion of the signal or
sub-signal is the ‘power fraction’ of the sub-signal or signal
component. In the example of the previous paragraph, the
power fraction of the overall analog electrical signal due to
the ambient light component may be significant (e.g at least
0.1 or at least 0.3 or at least 0.5) while the power fraction of
the overall analog electrical signal due to the ‘light scatter-
ing’ component (i.e. fourth component) may be relatively
low—for example, at most 0.1 or at most 0.05 or at most
0.0D).

[0088] Embodiments of the present invention relate to
generating a ‘hybrid’ signal. A ‘hybrid signal’ derived from
a plurality of input analog signals is any non-zero or
non-trivial mathematical combination of the input analog
signals—i.e. including multiplication, addition, subtraction,
etc. The term ‘hybrid’ refers to the fact that the output (or
hybrid) signal relates to more than one input signal, and is
not restricted to a single input.

[0089] Embodiments of the present invention relate to
photodetectors (any technology may be used including those
listed herein or any other technology). In some embodi-
ments, each photodetector is not infinitesimally small but
rather has a size. The ‘distance’ between photodetectors
relates to a centroid-centroid distance.

[0090] In some embodiments, a light field is comprised of
more than on component. Whenever light is generated and
reflected or scattered (or modulated in any other manner) to
introduce photons into (or to pass through) a certain location
(and/or to illuminate the location), this light ‘contributes to’
or ‘influences’ the local light field at that certain location.
[0091] Embodiments of the present invention relate to
optically measuring a paremter relating to a subject. In
different embodiments, this subject is human, or a mammal
other than human, or to a warm-blooded animal other than
mammals (e.g. birds).

[0092] Whenever a power level of a second signal is
‘significantly less’ than a power level of a first signal, a ratio
between a power level of the second signal and a power level
of the first signal is at most 0.5 or at most 0.3 or at most 0.2
or at most 0.1 or at most 0.05 or at most 0.01.

[0093] Some embodiments of the present invention are
described for the specific case of only two photodetectors
and/or measuring a light field in two locations. The skilled
artisan will appreciate that this is not a limitation, any
teaching disclosed herein may relate to the case of more than
two photodetectors or detecting light fields in more than two
locations. Thus, two photodetectors refers to ‘at least two,’
two locations’ refers to at least two, and so on.

[0094] A stoke-volume may refer to any one of: (i) full-
cycle stroke-volume; (ii) partial-cycle stroke volume; (iii) a
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function describing relative magnitudes (e.g. a ‘radio)
between first and second partial-cycle stroke volumes cot-
responding to first and second portions of the pulse-cycle.
[0095] A product of a “first signal’ is a second signal that
is derived from the first signal—this does not require ‘mul-
tiplication.”

[0096] A “derivative’ of a ‘signal’ is a signal that is derived
therefrom—this does not require computing a ‘mathematical
derivative’ as is known in calculus.

[0097] “Quantifying a correlation’ between two functions
or data-sets refers to computing a slope between the data sets
of some of the parameter of curvefitting (linear or non-
linear) or a goodness of a fit.

[0098] A Discussion of FIG. 9

[0099] FIG. 9, reproduced from PCT/US2010/056282, is
an illustration of a DLS measurement based system for
measuring one or more blood parameters. System 100
includes a light source unit 250 (e.g. laser) for generating at
least partially coherent light; optical arrangement (not
shown) including focusing optics and possibly also collect-
ing optics; and a detection unit including a photodetector
260. A focused beam of light 300 produced by laser 250
(e.g., a semiconductor laser) is used as a localized light
source. In a non-limiting example, a light source unit 250
may be a laser diode (650 nm, 5 mW) or VCSEL (vertical
cavity surface emitting laser). The light response i.e. the
reflected and/or transmitted light returned from the localized
region of the subject’s surface 14 (subject’s finger in the
present example) illuminated with the localized light source
250, can be collected in a determined distance L (in a
non-limiting example, L=100 mm) either directly by a
detector or via multimode fiber optics. In a non-limiting
example, the multimode fiber optics may be a bi-furcated
randomized optical fiber where one optical entrance is
connected to the detector and another one is optically
coupled with the laser diode. In particular, as shown in FIG.
1, system 100 includes at least one laser diode and at least
one photodetector (for example, photodiode(s)) appropri-
ately positioned in the reflection-mode measurement set-up.
[0100] The photodetector 260 is positioned in space at
location (x0,y0,20) and is configured to detect a light field
LF(x,, Yo, Z,)—i.¢. the light field that exists/prevails at point
(Xos Vo Zo)- Typically, the light detected by photodetector
260 comes from a number of sources including but not
limited to (A) reflected light 310 which is reflected from
and/or scattered by the biological tissue; and (ii) ambient
light. Thus, it is possible to write:

LF(X0.020)=LF, cpecied oV o 2ot LE apiend¥o Yo 20 )+
other term(s)

(EQ. 1)

Throughout the present disclosure, LF denotes a light field.
[0101] When light from light source 250 is incident upon
biological tissue, (i) a first portion of the incident light is
reflected from or scattered from “Brownian particles” (i.e.
particles undergoing Brownian motion within a liquid—for
example, red blood cells or thromobcytes) to generate a first
light response signal whose magnitude/intensity varies sto-
chastically and rapidly in time—this first light response
signal is referred t0 as LF, g et prownianos Yo» Zo); (i1) @
second portion of the incident light is reflected from sta-
tionary biological matter other than Brownian particles—for
example, from skin cells, etc—this second portion of the
incident light generates a second light response signal whose
magnitude/intensity varies at most “slowly” and/or is not

Jun. 7,2018

stochastic in time—this second light response signal is
referred to as LFreﬂectedJ’lonfbrownian(XO: YOB ZO);

Thus, it is possible to write:

LF,-eﬂeczed(xoy)’o,Zo):LFreﬁeczed,non,bmwnian GoYozo)t+

LF (¥o.¥o zo)+other term(s) (EQ. 2)

[0102] In some embOdinlentss LFreﬂectedfbrownian(X05 Yo»
7,,) is indicative of a dynamic light scattering parameter.
Unfortunately, in many clinical situations

reflected_brownian

LF, reflected_browrian (X0, Yo, 20)
LF(x0, Yo, 20)

and/or

LF efiected_brownion'X0> Y05 Z0)

LF veftected_non_brownian%0, Yo, %)

and/or

LF yopiecied_brownian (X0, Yo» Z0)

LF ofected ambient (X0, Yo, 20)

is “small” (for example, less than 0.1 or less than 0.01 or
even smaller).

Embodiments of the present invention relate to apparatus
and methods for “boosting” the relative contribution to an
analog electrical signal of a component indicative of a
dynamic light scattering measurement—for example, boost-
ing the relative contribution of an analog electrical signal
indlicative of LF, et groemon (Ror Yo 70)

[0103] It is noted that, typically, LF_ ,.... o Yo, Zo) (5€€
Eqn' 1) and LFreﬂectedfnonfbrownian(xo7 Yo ZO) (See Eqn 2)
have an intensity that is either: (i) “slowly” fluctuating (for
example, substantially constant or fluctuating at a rate less
than 50 HZ); and/or (ii) “regularly behaved” and non-
stochastic. One example of a “rapidly” fluctuating light
signal that is regularly behaved and non-stochastic is light
from a fluorescent light bulb operating at 50 HZ or 60 HZ.
In contrast, the intensity of “speckles pattern light signal”
LE, tected srownian (Ro» Yor Zo) varies stochastically and rap-
idly—i.e. at a rate that is at least 50 HZ or at least 100 HZ
or at least 200 HZ, depending on diffusion coefficient of the
Brownian particle.

[0104] Thus, it is possible to write:
LF(x0, Y0, 20) = LF siowty_ftuctuating (X0> ¥0» Z0) + EQ. 3

[LF oquiar(X0s Y05 20) + LFgochasiic (%0s Yo, Zo)] + other terms
rapidly- fluctuating

where (1) LF .5, tuctuasing %os Yo Zo) 18 due to ambient light
LF piene Zo» Yo» Zo) and/or light reflected from biological
tissue other than Brownian particles LF, o ..i von srownian
(Xos Yo» Zo); (i1) rapidly-fluctuating (i.e. at a rate of greater
than 50 HZ and/or 100 HZ and/or 200 HZ) LF, 1. (0. Yo
7,) is due to ambient light LF , 1ice (Xo» Voo Zo); and

- '
LFstocha:ﬁc(X05 YOs ZO)iLFVeeﬂectedfbrownian (X05 YOB ZO)/
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[0105] For the present disclosure, “slowly fluctuating”
refers to fluctuations at a rate of less than 50 HZ, while
“rapidly fluctuating” refers to regular or stochastic fluctua-
tions at a rate that exceeds 50 HZ (for example, at least 100
HZ or at least 200 HZ).

[0106] It is noted that: (i) LF,,, j.cne (Xo» Yos %) 1s the
portion of LF (X,, y,, Z,) that may be subjected to DLS
analysis to yield one or more blood-related parameters; and
(ii) in most clinical situations,

LF stochasiic(%0> Y0, %0)
LF(xo, Yo, %)

is relatively “small” (for example, less than 0.1 or less than
0.01 or even smaller).

[0107] A Discussion of FIG. 10

[0108] FIG. 10 is a flow chart of a technique for comput-
ing a cardiac-cycle specific stroke volume parameter of a
subject.

[0109] An illumination signal (e.g. from element 10 of
FIG. 1A) induces a light response signal 920 (or light field)
by reflection and/or transmission and/or deflection by bio-
logical tissue. This light response signal is detected by
photodectors (e.g. first and second photodetectors) to gen-
erate an electrical signal 930 descriptive of light scattering
(see FIGS. 10-11). Optionally but preferably, an analog
difference signal (e.g. PCT/US2010/056282) is computed.
[0110] The analog signal, difference signal or a product
thereof (e.g. digitized) is temporally analyzed to compute a
blood-shear-parameter signal 940. The time scale of blood-
shear-parameter signal 940 (i.e. related to shear—e.g. a
rheological parameter which varies in time) is typically
much large than the time scale of electrical signal generated
by the photodetector which fluctuates very rapidly in time.
[0111] As illustrated in FIG. 10, even though this blood-
shear-parameter signal fluctuates in time at a much slower
rate, its value does, in fact, vary in time, and temporal
patterns of this signal may be analyzed. For example, for a
plurality of cardiac cycles, signal form parameters may be
determined in any manner. According to the signal form
parameters, it is possible to compute a stroke volume
parameter per cycle—e.g. as disclosed in U.S. patent appli-
cation 61/884,202 and/or U.S. application 61/884,975 and/
or as disclosed in Appendix A).

[0112] Collectively, these stroke volume parameters per
volume comprise a data set, labeled as 980 of FIG. 10.
[0113] This data set may be analyzed to either (i) compute
the cardiovascular recovery parameter or (i) compute the
respiratory rate.

[0114] FIG. 11 illustrate signal form characteristics—i.e.
each cardiac cycle has it’s own signal form characteristic—
e.g. time of beginning of the cycle, time of end of the cycle,
diochroic notch-related times, etc—the skilled artisan is
referred to U.S. 61/884,202 and/or U.S. 61/884,975. It is
possible to integrate the blood-shear-parameter over time
intervals bounded by times of the signal form of the cardiac
cycle.

[0115] FIGS. 12A-12B relate to correlating between the
per-cycle stroke volume parameter and the per-cardiac-cycle
pulse rate. As shown in FIG. 12B, the pulse rate is not
constant but may fluctuate in time—for each cardiac cycle,
it is possible to compute a representative pulse rate.
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[0116] FIGS. 14A-14B relate to a second application of
the technique for deriving the per-cycle stroke volume
parameter. A respiratory rate may be computed, for example,
by analyzing temporal patterns of the signal associated with
the per-cycle stroke volume parameter. For example, if the
dominant frequency of this per-cycle-stroke-volume param-
eter is relatively high, this indicates a relatively high respi-
ratory rate. If the dominant frequency of this per-cycle-
stroke-volume parameter is relatively low, this indicates a
relatively low respiratory rate

[0117] InFIG. 14C, this may be employed, for example to
detect apnea or lying or any other event associated with
respiratory rate. For example, if the subject’s pulse drops
below a certain threshold (i.e. apnea event) (e.g. for a certain
period of time), an alarm signal is generated.

[0118] FIGS. 12A-12B and 15 present results when pro-
cessing actual DLS signals.

[0119] FIG. 12A-12B illustrate computing a correlation
between the multi-cycle stroke volume parameter data set
980 (i.e. logs of these values are on the x-axis of FIG. 13A)
and cycle-specific heart rate/pulse data set 990 (see the
y-axis of FIG. 13A). Preferably this correlation is performed
by correlating not the ‘raw value’ of the stroke volume
parameter but a logarithm function thereof—this allows one
to obtain a linear correlation by using, for example, a linear
regression.

[0120] FIG. 15 relates to the technique of FIG. 14A.
[0121] A method of optically measuring an indication of
cardiovascular fitness of a subject comprising:

[0122] a. illuminating a target region of the subject by
partially or entirely coherent light so as to cause a light
response signal from the illuminated region;

[0123] b. analyzing quasi-stochastic components and/or
component(s) of the light response signal descriptive of
distances between scatterers (e.g. blood cells sus-
pended in blood plasma which are scatterers) and/or a
component descriptive of Brownian motion in the
blood plasma and/or high-frequency components of the
light response signal and/or components of the light
response signal descriptive of a dynamic light scatter-
ing measurement or a photon correlation spectroscopy
measurement or quasi-elastic light scattering measure-
ment to compute a blood-rheology and/or blood-shear-
related parameter(s) and/or hemodynamic parameter
(s)

[0124] c. for each cardiac cycle of a plurality of cardiac
cycles, subjecting the blood-rheology and/or blood-
shear-related parameter(s) and/or hemodynamic
parameter to a temporal analysis (e.g. in accordance
with the cardiac cycle—e.g. beginning and end-time
thereof, commencement of systolic portion thereof,
comments of diasolic portion thereof, time of dichrotic
notch) within each cardiac cycle to compute therefrom
a respective cycle-specific stroke volume parameter;

[0125] d. quantifying a correlation (e.g. least squares,
goodness-of-fit, slope of the best line), for the multi-
cycle set of cardiac cycles defined by the plurality of
cardiac cycles, between (i) the cardiac-cycle-specific
stroke volume parameter and (ii) the cardiac-cycle-
specific pulse rate, (e.g. to derive a heart recovery
metric—e.g. recovery from exercise)

[0126] In some embodiments, the stroke volume param-
eter is a parameter of an entire-cycle parameter for entire
cardiac cycles.
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[0127] In some embodiments, the stroke volume param-
eter is a partial cycle parameter, or a intra-cycle ratio
between multiple partial cycle parameters (e.g. between
systolic stroke volume and diastolic stroke volume), or an
intra-cycle ratio between a partial-cycle parameter and an
entire-cycle parameter.

[0128] A method of optically measuring an indication of
cardiovascular fitness of a subject comprising:

[0129] a. illuminating a target region of the subject by
partially or entirely coherent light so as to cause a light
response signal from the illuminated region;

[0130] b. analyzing quasi-stochastic components and/or
component(s) of the light response signal descriptive of
distances between scatterers (e.g. blood cells sus-
pended in blood plasma which are scatterers) and/or a
component descriptive of Brownian motion in the
blood plasma and/or high-frequency components of the
light response signal and/or components of the light
response signal descriptive of a dynamic light scatter-
ing measurement or a photon correlation spectroscopy
measurement or quasi-elastic light scattering measure-
ment to compute a blood-rheology and/or blood-sheat-
related parameter(s) and/or hemodynamic parameter
(8)

[0131] c. for each cardiac cycle of a plurality of cardiac
cycles, subjecting the blood-rheology and/or blood-
shear-related parameter(s) and/or hemodynamic
parameter to a temporal analysis (e.g. in accordance
with the cardiac cycle—e.g. beginning and end-time
thereof, commencement of systolic portion thereof,
comments of diasolic portion thereof, time of dichrotic
notch) within each cardiac cycle to compute therefrom
a respective first and second cycle-specific stroke vol-
ume parameters for each of the cycles

[0132] d. quantifying a correlation (e.g. least squares,
goodness-of-fit, slope of the best line) the multi-cycle
set of cardiac cycles defined by the plurality of cardiac
cycles, between (i) the cardiac-cycle-specific stroke
volume parameter and (ii) the cardiac-cycle-specific
pulse rate, to derive a heart recovery metric.

[0133] d. quantifying a correlation, for the multi-cycle
set of cardiac cycles defined by the plurality of cardiac
cycles, between the first and second cycle parameters
are a function of cardiac cycle (e.g. to derive a heart
recovery metric—e.g. recovery from exercise)

[0134] A method of optically measuring an indication of
cardiovascular fitness of a subject comprising;

[0135] a. illuminating a target region of the subject by
partially or entirely coherent light so as to cause a light
response signal from the illuminated region;

[0136] b. analyzing quasi-stochastic components and/or
component(s) of the light response signal descriptive of
distances between scatterers (e.g. blood cells sus-
pended in blood plasma which are scatterers) and/or a
component descriptive of Brownian motion in the
blood plasma and/or high-frequency components of the
light response signal and/or components of the light
response signal descriptive of a dynamic light scatter-
ing measurement or a photon correlation spectroscopy
measurement or quasi-elastic light scattering measure-
ment to compute a blood-rheology and/or blood-shear-
related parameter(s) and/or hemodynamic parameter

(s);
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[0137] c. for each cardiac cycle of a plurality of cardiac
cycles, respectively analyzing the blood-rheology and/
or blood-shear-related parameter(s) over time within
each cardiac cycle to compute therefrom a respective
first and second cycle-specific stroke volume param-
eters for each of the cycles;

[0138] d. quantifying a correlation, for the multi-cycle
set of cardiac cycles defined by the plurality of cardiac
cycles, between the first and second cycle parameters
are a function of cardiac cycle (e.g. to derive a heart
recovery metric—e.g. recovery from exercise)

[0139] A method of monitoring heart-health of a subject,
said system comprising;

[0140] a. illuminating a target region of the subject by
partially or entirely coherent light so as to cause a light
response signal from the illuminated region;

[0141] b. analyzing quasi-stochastic components and/or
component(s) of the light response signal descriptive of
distances between scatterers (e.g. blood cells sus-
pended in blood plasma which are scatterers) and/or a
component descriptive of Brownian motion in the
blood plasma and/or high-frequency components of the
light response signal and/or components of the light
response signal descriptive of a dynamic light scatter-
ing measurement or a photon correlation spectroscopy
measurement or quasi-elastic light scattering measure-
ment to compute a blood-rheology and/or blood-shear-
related parameter(s) and/or hemodynamic parameter
(s);

[0142] c. monitoring a blood-shear-related and/or rhe-
ology-related parameter PARAM(BLOOD) over time
by measuring the blood-shear-related and/or rheology-
related parameters for a plurality of times {t1, 12, . . .
(N} to compute respective values {PARAM(BLOOD)
41> PARAM(BLOOD),,, . . . PARAM(BLOOD),,} of
the blood parameter of each of the plurality of time {t1,
t2, . . . N} (e.g each data point of FIG. 6A), each
respective parameter-computing of PARAM(BLOOD)
. comprising respectively analyzing respective tempo-
ral parraerns of a quasi-stochastic component of a light
signal response signal responsive to the illumination of
the target region, the light response signal being
descriptive of speckle patterns over a respective time
period historical to historical to the time ti, of the
blood-shear-related and/or rheology-related parameter
PARAM(BLOOD) to march forward in time;

[0143] c. deriving a heart stroke-volume and/or heart-
recovery parameter from the blood-shear-related and/or
rheology-related parameters (e.g. minimum time inter-
val) by computing respective time-integration-func-
tions INT zzzs7 and INT ¢z ronp thereof over first and
second time-integration intervals [T, . . . T;] and [T,

. Tp] and by computing the heart stroke-volume
and/or heart-recovery parameter from a ratio between
the time-integration-functions INT 5o and INT oz
OND.

[0144] A device for optically measuring one or more blood
parameters of an adult human user:

[0145] a. a device housing having a rigid inner arm-
facing surface facing towards the user’s arm when
worn and an outer display surface facing away from the
user’s arm when worn, the arm-facing surface closely
matching a skin surface over the user’s radius to
substantially cover, within a tolerance of at most 1 mm,
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a continuous skin surface portion having an axial length
of 1 em and subtending an angle of at least 30 degrees;

[0146] b. one or more light sources mounted to the
device housing configured. when worn, to illuminate
the covered skin surface and/or tissues (i.e. locations of
the radius) below the covered skin surface;

[0147] c. one or more light detectors configured to
detected reflected light; and

[0148] electronic circuitry.

[0149] A method of optically measuring a cardiovascular
parameter of a subject, the method comprising:

[0150] a. optically measuring at least blood-velocity-
spatial-variation parameter selected from the group
consisting of:

[0151] 1. a representative (e.g. an average or a waited
average) blood shear rate within the illuminated region
or within a portion thereof;

[0152] 1ii. a representative (e.g. an average or a waited
average) blood velocity spatial derivative (or variation
of blood velocity) within the illuminated region or
within a portion thereof;,

[0153] b. in accordance with the optically measured
blood-velocity-spatial-variation parameter, computing
at least one of:

[0154] 1. a heart stroke volume parameter (e.g. a heart
stroke volume or a cardiac output, or an ejection
fraction);

[0155] 1ii. an extent of a dependence of the heart stroke
volume parameter upon heart rate; and/or

[0156] 1iii. an extent of a dependence of a first one of the
heart stroke volume parameters upon a second one of
the heart stroke parameters.

[0157] A method of optically measuring a cardiovascular
parameter of a subject, the method comprising:

[0158] a. illuminating a portion of the subject’s skin by
partially or entirely-coherent to generate a coherent
light-interference pattern by scattering the partially or
entirey-coherent light off of moving red blood cells
(RBCs) within or beneath the subject’s skin;

[0159] b. analyzing the coherent-light interference pat-
tern (e.g. time fluctuations in the pattern) derived from
the light scattering off’ of the RBCs to compute a
time-fluctuating blood-velocity-spatial-variation
parameter;

[0160] c. in accordance with the results of the analysis
of the coherent-light interference pattern, computing at
least one of:

[0161] 1i. a heart stroke volume parameter (e.g. a heart
stroke volume or a cardiac output, or an ejection
fraction);

[0162] 1ii. an extent of a dependence of the heart stroke
volume parameter upon heart rate; and/or

[0163] iii. an extent of a dependence of a first one of the
heart stroke volume parameters upon a second one of
the heart stroke parameters.

[0164] A method of optically measuring a cardiovascular
parameter of a subject, the method comprising:

[0165] a. illuminating a portion of the subject’s skin by
partially or entirely-coherent to generate a coherent
light-interference pattern by scattering the partially or
entirey-coherent light off of moving red blood cells
(RBCs) within or beneath the subject’s skin;

[0166] b. analyzing the coherent-light interference pat-
tern (e.g. time fluctuations in the pattern) derived from
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the light scattering off of the RBCs to compute at least
blood-velocity-spatial-variation parameter selected
from the group consisting of:

[0167] 1. a representative (e.g. an average or a waited
average) blood shear rate within the illuminated region
or within a portion thereof;

[0168] ii. a representative (e.g. an average or a waited
average) blood velocity spatial derivative (or variation
of blood velocity) within the illuminated region or
within a portion thereof;

[0169] c. time-integrating the blood-velocity variation
parameter over a time interval whose temporal bound-
aries are selected according to a cardiac-cycle of the
subject.

[0170] In some embodiments, one or both of the temporal
boundaries are either: (i) an initiation of a systole phase; (ii)
an initiation of a diastole phase.

[0171] In some embodiments, the temporal boundaries
correspond to a single cardiac cylcle.

[0172] In some embodiments, the temporal boundaries
correspond to a portion of a cardiac cycle (e.g. systolic or
diastolic).

[0173] In some embodiments, the time-integrating is per-
formed first and second times for respective sets of temporal
boundaries, and a ratio between the results of the first and
second time-integrating is computed.

[0174] An apparatus comprising: a source of partially or
entirely-coherent light;

a photodetector assembly; and electric circuitry, the appa-
ratus configured to perform any method disclosed herein.
[0175] It is further noted that any of the embodiments
described above may further include receiving, sending or
storing instructions and/or data that implement the opera-
tions described above in conjunction with the figures upon
a computer readable medium. Generally speaking, a com-
puter readable medium may include storage media or
memory media such as magnetic or flash or optical media,
e.g. disk or CD-ROM, volatile or non-volatile media such as
RAM, ROM, efc. as well as transmission media or signals
such as electrical, electromagnetic or digital signals con-
veyed via a communication medium such as network and/or
wireless links.

[0176] Having thus described the foregoing exemplary
embodiments it will be apparent to those skilled in the art
that various equivalents, alterations, modifications, and
improvements thereof are possible without departing from
the scope and spirit of the claims as hereafter recited. In
particular, different embodiments may include combinations
of features other than those described herein. Accordingly,
the claims are not limited to the foregoing discussion.

APPENDIX A

[0177] Embodiments of the present invention relate to
techniques for computing (i) heart stroke volume (e.g. per
cycle or for a portion thereof); (ii) heart parameters related
to post-exercise recovery or heart recovery rate (HRR); (ii)
cardiovascular fitness level by computing a time integral of
the blood shear and/or blood-rheology parameter as derived
from DLS measurements over time intervals whose initial
times and ending times correlate to the cardiac cycle—e.g.
as computed by the blood shear and/or blood-rheology
parameter (e.g. see FIG. 6).

[0178] Thus, it is possible to compute a time-integral of
the blood-shear-rate-descriptive signal F(T) [F(T) may be a
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blood-shear-rate parameter or another parameter descriptive
spatial fluctuations of blood velocity (e.g. a spatial deriva-
tive of blood velocity))]

V=1, 2F(t)* 4 %dt (EQ 1

[0179] and to select T1 and/or T2 to correlate with mean-
ingful times of the cardiac cycle—.eg. the beginning of the
systolic portion of the cycle, beginning of the diasystolic
portion of the cycle, the dicrotic notch or any other time of
the cardiac cycle.

[0180] In the time interval [T1,T2] of EQI, T1 and T2 are
¢ temporal boundaries’ oif the time integral.

[0181] The limits of the integral (i.e. or other time-analysis
parameter) of EQ 1 are selected by analyzing the signal F(T)
or any other indication to correlate F(t) with a cardiac cycle
and/or pulse wave form.

[0182] For the present disclosure, a ‘cardiac cycle’ and a
pulse wave (or pulse wave form) are used interchangably—
the time

[0183] The integral of EQ 1 one example of a “cardiac-
cycle-specific stroke volume parameter’—i.e. it describes
heart stroke volume for a specific cardiac cycle or portion
thereof.

[0184] In some embodiments, it is possible to compute a
ratio between such integrals or a ratio between ‘cardiac-
cycle’-specific stroke parameters (e.g. where each parameter
is derived from temporal analysis of the rheological and/or
‘—for example,

V2
f F(t)x Axdt
Y1

V,
fv: Fo)« Axdr

—for example, T1 may be the beginning of the systolic
portion, T2 may be the end of the systolic portion, T3 may
be the beginning of the diastolic portion, T4 may be the end
of the diastolic portion.

[0185] Furthermore, in the event that the time-bounds of
the integral of EQ(1) are within a single cardiac cycle, the
value computed in EQ(1) may vary over cardiac cycles—i.e.
each cardiac cycle may produce a different value.

[0186] It may be possible to correlate a value of V from
EQ(1) with another property of the cardiac cycle to which it
relates. For example, the subject’s pulse may change over
time—e.g. after the subject completes an exercise regime
and begins to rest, his’her pulse may decrease as he/she
recovers. Hach cardiac cycle may be associated with a
different ‘insanities pulse value’.

[0187] As discussed above it is possible to correlate V
from EQ(1) with the instantaneous pulse rate—e.g. the slope
of FIG. 13A-13B may be indicative of the heart recovery
time or the general heart health.

[0188] Thus, in FIG. 13A-13B each datapoint (illustrated
as a star) describes for a specific cardiac cycle (i) the heart
rate on the y-axis (i.e. the heart rate for a specific cardiac
cycle) and (ii) a stroke volume parameter for that cycle as
computed by temporal analysis of the blood rheology and/
blood-rheology and/or blood-shear-related parameter(s)
and/or hemodynamic parameter (i.e. in accordance with
times that correlate with a cardiac cycle).

[0189] The data of FIGS. 13A-13B relates to multiple
cardiac cycles—each data point is from another cardiac
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cycle, and each data point is cycle-specific (i.e. relating to an
entirety of a cardiac cycle or to a portion thereof—e.g.
systolic portion or diastolic portion).

[0190] FIG. 13A-13B illustrates the quantifying a corre-
lation between cycle-specific heart rate (y axis) and cycle-
specific stroke volume parameter. In the case of FIG. 13A-
13B, the quantification of the correlation may be a
description of the ‘goodness of fit” for a least squares routine
or may be a slope of the best line (e.g. or another pre-
determined fiting function).

[0191] In FIG. 13A, there are 12 datapoints, and thus the
the multi-cycle set of cardiac cycles is 12 cardiac cycles.

[0192] Referring to FIG. 13B, the heart of a healthy-
person (i.e. an athlete) of may operate efficiently both at high
rates (i.e. during exercise) and at low rates (i.e. during rest).
In contrast, an the heart of an unhealthy person may operate
much more efficiently at rest than during exercise. In the
example of FIG. 8, we would expect the slope for the healthy
person/athlete to be much more shallow—i.e. the heart
efficiency parameter (i.e. x-axis) is not so dependent upon
the heart rate.

[0193] In the example of FIG. 13, the stroke volume
parameter is the relative stroke volume for only the diastolic
portion of the cardiac cycle.

APPENDIX B

Measurement of Hemodynamic Response by Using Shear
Rate Related Dynamic Light Scattering Sensor.

[0194] The mDLS pulsatile signal is originated from the
relative movement of the scattering particles. In the case of
the blood flow the relative movement is caused by the
velocity profile of the flowing blood in small vessels (see
FIG. 16).

[0195] The proposed mDLS technology takes adventage
of the RBC velocity differences and produces a signals that
resemble other well knows physiological signals such as
PPG, Laser Doppler Velocimetry (LDV), and Invasive
Blood Pressure (IBP). mDLS differs from the LDV in that
LDV measures the local velocity of blood flow, whereas the
mDLS measures the red blood cells (RBC) velocity gradient
which is directly related to the shear rate. According to basic
low of laminar flow the shear rate increases when the
velocity goes up, so the mDLS signal is a function of flow
velocity.

[0196] In case of mDLS the measured signal is formed by
the difference in Doppler shifts of all correlated and uncor-
related particles in the scattering volume. The signal is
derived from the fluctuations of the intensity signal I(t). The
measured parameter is the autocorrelation function of I(t)
which is defined by:

g@={10r16+0) 1)

[0197]
time

This parameter can be expressed in terms of decay

g(t)=exp(—T/ty)=exp(-I'1)

[0198] Example below demonstrated how the ACF looks
like for the pulsatile signal measured by using mDLS (FIG.
17)

[0199] An alternative method to characterize the DLS
signal is to express it in terms of power spectrum.
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[0200] According to the Wiener-Chintschin theorem the
equivalent representation of the autocorrelation function
exp(-I'7) in terms of power spectrum can be given by the
Lorentzian function:

2-T
PO=mra
[0201] One of the essentially required features of our

in-vivo measurement system is the ability to reject strong
motion artifacts, which may come into appearance at very
low frequencies of the spectrum. Moreover, strong fluctua-
tions of the highly energetic low-frequency components can
lead to the saturation of the measured signal and, subse-
quently, reduce the dynamic range of the measurement
system.

[0202] This problem which is essential for in-vivo mea-
surement can be solved by using the analog subtraction
method. Such a filter changes the measured characteristics of
the power spectrum and the explicit response of the filter has
to be taken into consideration. In our system the first-order
analog filter was used.

[0203] If the frequency response of this filter is charac-
terized by

flo) = =
L+ (x-w)f

[0204] Then the highest signal-to-noise ratio is achieved
for the integral value of the entire spectrum:

s= 2L d
()—J(; m'((w)' ,

[0205] By defining &=y T we get
1
2-@-[arct e —n}
ol
P -1
[0206] So for any given y and S the value of I can be

calculated. The major advantage of using such integral
characteristic as S is its superiority over I', in terms of signal
to noise ratio. In case that the sought I is located far from
the cut-off point of the filter, the I" value is slightly affected
by its characteristics (11). Thus, the results of in-vivo
measurement can be expressed either in terms of S or
directly in terms of I'.

[0207] On the figure below example demonstrating the
typical change of autocorrelation function (ACF) of the DLS
signal being measured from the finger tip (FIG. 18)

[0208] The pulsewave is clearly followed by this dimen-
sionless parameter in terms of ACF. It’s value reflects the
changes of the shear rate of the flow.

[0209] While the ACF enables to make an assessment of
the blood velocity which is independent on a number of
scatterers the spectral energy characteristics are dependent
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on both the number of RBC’s and their shear rate and
therefore more related to local blood flow.

[0210] Here is an example of mDLS pulse wave measure-
ments in terms of power spectral characteristics or S. We can
observe low frequency fluctuations associated with a blood
pressure modulations which are associated with the sympa-
thetic nervous system activity (Traube wave) (FIG. 19)

Rheological Considerations:

[0211] When we are talking about ensemble of moving
particles than the measured signal is a weighted sum of all
elements of the ensemble. For the laminar blood flow the
most important contribution to the correlation function mea-
sured by mDLS comes from all moving RBC pairs. These
pairs are formed by the spatially related moving RBC’s,
which are located in close vicinity to each other. The more
distant particles give negligible weight into the g. Therefore,
the mDLS is sensitive to the velocity gradient in laminar or
turbulent flow. The velocity gradient is originated from the
blood pressure gradient.

[0212] In the case of Poiseuille laminar blood flow the
blood moves back and forth with oscillatory frequency o in
response to the oscillatory pressure gradient. The flow
velocity u(r,t) is the function of radial location r in the vessel
and time t. u(rt) is described by:

ka - Jo@),
, [) — -_" 1— L Wt
ur ’ﬂ-n~( S

[0213] Where J, is Bessel function of order zero,

0= p—wa,
u

“a” is the vessel radius and p is density. Additionally,

E(r)=A-r/a, k, is amplitude of pressure gradient, and | is the
coeflicient of viscosity. The signal of mDLS will be deter-
mined by the relative velocity of the paired RBC particles,
or the value of

au(r, 0)
ar

It can be shown that

Bulrn)  kia h(A)

ar A '(M)'em'

[0214] In very simplified case if a vessel of radius R, axis
symmetric velocity profiles v(r,t) can be described in cylin-
drical coordinates by the empirical relationship:

V(Y (1= G/R)%) £12)
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where -1<(r/R)<1, f(t) is a periodic function of heart beat
frequency, which is driven by systolic pressure wave and it
is time phase-shifted with respect to the cardiac cycle, and
£ represents the degree of blunting. For example, in 30
micron arterioles, there is a range of § 2.4-4 at normal flow
rates. If €=2, a parabolic velocity distribution is obtained.
Blunting would occur even in larger arterioles at low flow
rates. The standard deviation d(v) can be calculated by:

” fdv(r)*rz*dr ExR?
tms(dV) = Vinax * £ (1) W_m*vmax*f([)

[0215] It can be shown that rms(dV) is proportional to the
blood flow velocity. In terms of autocorrelation then decay
time of autocorrelation function can be estimated by

1

Ty~ —dV(L)'

Actually, the decay time of the process is very short and it
means that high frequency component of the signal is
closely is associated with the arterial blood flow signal.

[0216] For small arterials (around 20 microns), the fluc-
tuation of velocity from systolic to diastolic phases ranges
from 1.5 mm/s to 2.5 mm/s. This results in a very significant
fluctuation of standard deviation (Rms) during the systolic-
diastolic cycle. Pulsatile signal, therefore, can be used for
calculation of hemorheological parameters. Since the blood
velocity changes follow the blood pressure wave, the mDLS
signal reflects the fluctuation of the blood pressure. The
morphologic characteristics of the pulse-wave allow for the
measurement of blood pressure fluctuation by using the
reflecting wave: Example of identification of onset, peak and
dischrotic notch of the pulse-wave (FIG. 20)

The Morphologic Structure of Measured Pulse Wave:

[0217] Since the mDLS sensor enables to measure those
blood flow characteristics continuously and noninvasively
the wave time behavioral pattern exhibits very prominent
manifestations of hemodynamic changes related to the car-
dio-vascular dynamics. Next figure demonstrates this impor-
tant characteristic of the mDLS based pulse shape. The
figure display typical pulse shapes of three monitoring
methods: invasive blood pressure (IBP), PPG, and mDLS. It
can be clearly seen that the both mDLS and IBP based
signals show all CV characteristics described above while
the PPG based signal is much less sensitive and shows only
two peaks (systolic and Dichotic notch). We utilize those
important pulse features to characterize physiological nor-
mal and abnormal scenarios. There are other types of
Hemodynamic Responses that are measured by using blood
shear rate related speckle response. It includes the very low
frequency components of the signal where the most of the
information related to the RBC-endothelial cells interaction
and middle frequency components related to capillary blood
flow.
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[0218] The physiological response (PR) on stimulus appli-
cation is achieved by defining the following Response
function:

PR=F(OHR({?),HIR(?),0HR (HR(?)))

[0219] This RP can be juxtaposed to big data analysis or
Individual follow-up to provide the Cardiovascular Fitness
and Stress Indexes, ether continuously or by spot measure-
ments. The using of PR function where one of OHR is
measured together with o HR can provides a new indexes
usable for characteristics of Physiological response for fit-
ness and stress application.

1. A method for optically measuring a cardiovascular
fitness and/or stress and/or physiological parameter specific
to a mammalian subject, the method comprising:

a. illuminating a portion of the subject’s skin to scatter
partially or entirely coherent light off of moving red
blood cells (RBCs) of the subject to induce a scattered-
light time-dependent optical response;

b. receiving the scattered light by a photodetector(s) to
generate an electrical signal descriptive of the induced
scattered-light time-dependent optical response;

c. processing the scattered-light-optical-response-descrip-
tive electrical signal or a product thereof to generate
therefrom a time-dependent blood-shear-rate-descrip-
tive signal wherein the processing is performed accord-
ing to a function-transformation-algorithm that is
dynamically adjusted over time in response to (i) a
measured or predicted similarity between the time-
dependent blood-shear-rate-descriptive signal and a
blood-pressure-waveform; (ii) a measured or predicted
presence or strength of blood-pressure-waveform-fea-
ture(s) within the time-dependent blood-shear-rate-de-
scriptive signal; and

d. computing the cardiovascular fitness and/or stress
and/or physiological parameter from the time-depen-
dent blood-shear-rate-descriptive signal.

2. A method for optically measuring a cardiovascular
fitness and/or stress and/or physiological parameter of a
subject, the method comprising:

a. illuminating a portion of the subject’s skin to scatter
partially or entirely coherent light off of moving red
blood cells (RBCs) of the subject to induce a scattered-
light time-dependent optical response;

b. receiving the scattered light by a photodetector(s) to
generate an electrical signal descriptive of the induced
scattered-light time-dependent optical response;

c. for each transformation-function-algorithm of a plural-
ity of transformation-function-algorithms, respectively
processing the scattered-light-optical-response-de-
scriptive electrical signal or a product thereof to gen-
erate therefrom a respective time-dependent blood-
shear-rate-descriptive signal,

d. analyzing each time-dependent blood-shear-rate-de-
scriptive signal to determine a presence or strength of
pulsatile-waveform-feature(s) within the time-depen-
dent blood-shear-rate-descriptive signal;

e. comparing the results of the analysis of each time-
dependent blood-shear-rate-descriptive signal; and

f. computing, in accordance with the results of the com-
paring and from one or more of the time-dependent
blood-shear-rate-descriptive signal or a mathematical
function thereof, the cardiovascular fitness and/or stress
and/or physiological parameter of the subject.
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3. The method of claim 1 wherein the pulsatile-waveform-
feature(s) any of the following parameters, or a relation
therebetween: (i) a presence, temporal-location, shape or
amplitude of a reflected-wave protrusion; (ii) a presence,
temporal-location, shape or amplitude of a dicrotic notch;
(iil) a presence, temporal-location, shape or amplitude of a
vascular resistance wave protrusion; (iv) a systolic down-
slope; (v) a diastolic down-slope; (v) a systolic upstroke
slope; (vi) relative heights or time-delays between of any of
an overall peak, reflected-wave marker, a dicrotic notch, and
vascular resistance wave marker.

4. The method of claim 1 wherein the subject-specific
parameter is selected from the group consisting of (i) a
pulse; (ii) a heart-rate variability; (iii) a blood pressure; (iv)
a stroke-volume; (iv) respiration rate; (iv) an apnea event,
(v) a measure of the aortic valve functionality; (vi) the
sympathetic system activity, systolic blood pressure, and
vascular aging; (vii) a measure of the myocardium’s ability
to expel blood to the body height of the Dicrotic notch
relative to the systolic peak, and (viii) the time delay
between them; a measure of arterial stiffness and ability to
resist blood flow; (ix) a measure of how fast myocardium
relaxes at the end of systolic cycle; (x) a measure of how fast
the myocardium relaxes at the end of diastole; (x1) a measure
of stroke volume.

5. The method of claim 1 wherein:

i. the scattered light is received by first and second
photodetectors respectively situated at first and second
locations to respectively generate first and second scat-
tered-light-optical-response-descriptive electrical sig-
nals; and

ii. the time-dependent blood-shear-rate-descriptive signal
is derived from a difference between the first and
second  scattered-light-optical-response-descriptive
electrical signals.
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6. The method of claim 1 wherein the processing com-
prises subjecting the scattered-light-optical-response-de-
scriptive electrical signal or a product thereof to at least one
of an autocorrelation analysis and a power spectrum analy-
sis.

7. A method for optically measuring a cardiovascular
fitness and/or stress and/or physiological parameter of a
subject, the method comprising:

a. illuminating a portion of the subject’s skin to scatter
partially or entirely coherent light off of moving red
blood cells (RBCs) of the subject to induce a scattered-
light time-dependent optical response;

b. receiving the scattered light by a photodetector(s) to
generate an electrical signal descriptive of the induced
scattered-light time-dependent optical response;

c. processing the scattered-light-optical-response-descrip-
tive electrical signal or a product thereof to generate
therefrom a time-dependent blood-shear-rate-descrip-
tive signal; and

d. post-processing the time-dependent blood-shear-rate-
descriptive signal by computing therefrom at least one
or more of: (i) a systolic upstroke slope; (ii) a systolic
downstroke slope; (iil) a diastolic downstroke slope;
(iv) a stroke-volume;

(v) a time-interval between a pulse-peak and a peak of the
reflected wave; (vi) a time-interval between a pulse-
peak and a time of the dicrotic notch; (v) a time-interval
between a pulse-peak and a time of the vascular-
resistance wave; (v) a time-interval between a peak of
the reflected wave and a time of the dicrotic notch; (vi)
a time-interval between a marker of the reflected wave
and a time of the vascular-resistance wave; and (vii) a
time-interval between a time of the dicrotic notch and
a time of the vascular-resistance wave.

8-15. (canceled)
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