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APPARATUS AND METHOD FOR OPTICAL
MEASUREMENT OF CARDIOVASCULAR
RECOVERY AND/OR REPIRATION RATE

BACKGROUND

[0001] Incardiovascular physiology, stroke volume (SV) is
the volume of blood pumped from one ventricle of the heart
with each beat. SV is calculated using measurements of ven-
tricle volumes from an echocardiogram and subtracting the
volume of the blood in the ventricle at the end of a beat (called
end-systolic volume) from the volume of blood just prior to
the beat (called end-diastolic volume). The term stroke vol-
ume can apply to each of the two ventricles of the heart,
although it usually refers to the left ventricle. Stroke volume
is an important determinant of cardiac output, which is the
product of stroke volume and heart rate, and is also used to
calculate ejection fraction, which is stroke volume divided by
end-diastolic volume. Because stroke volume decreases in
certain conditions and disease states, stroke volume itself
correlates with cardiac function.

[0002] Ischemic heart disease (IHD) is a major health prob-
lem today. Patients are often not fully evaluated for cardiac
function, and diastolic dysfunction of heart, which is often an
earlier manifestation than systolic dysfunction, goes undetec-
ted. In heart failure commonly both systolic and diastolic
dysfunction are seen. Systolic failure manifestations result
from an inadequate cardiac output. Diastolic dysfunction
manifestations relate to elevation of filling pressure. Early
diagnosis and treatment is important in preventing irrevers-
ible structural alterations

[0003] Currently in the hospital a number of methodologies
are used for the diagnostic of IHD. Among them tilt table
tests, echocardiogram, electrophysiology tests, cardiac cath-
eterization, X-Ray chest, heart MRI, CT and more.

[0004] a) The currently used home tests

Cardiovascular fitness represents the efficiency of the heart,
lungs and vascular system in delivering oxygen to the work-
ing muscles so that prolonged physical work can be main-
tained. Many fitness and wellness programs aim to improve
the cardiovascular strength and endurance. In order to mea-
sure cardiovascular strength of a subject the different stress
tests are used. For example, the Bruce Protocol Treadmill test
is used for evaluating cardiac fitness. The Bruce Protocol
Treadmill Test is performed on a treadmill. As the Bruce
Protocol Treadmill test is a maximal fitness test, one has to
run continuously until get tired. The main disadvantage of
these test is, that it requires using a treadmill 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 physi-
ological parameters are not measured directly.

Another practical way to measure 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 recovery, though a readily obtainable
parameter and a powerful and independent predictor of car-
diovascular and all-cause mortality in healthy adults and in
those with cardiovascular diseases, is often overlooked as an
indicator of cardiovascular fitness. Heart rate recovery (HRR)
is thought to be major characteristics of parasympathetic
reactivation but not providing comprehensive information
regarding the endurance improvement. So the heart rate
behavior only can’t provide comprehensive information
about the cardiovascular ability to supply the blood but rather
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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 endurance athletes.

All tasks related to the heart rate are not addressing the heart
pump systolic and diastolic performance during the cycle of
heart beat. Together with the 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 volume 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.

[0005] b) Parameters of cardiac functioning

Training results in an increase in stroke volume (SV) in maxi-
mal cardiac and output (CO) which is defined as the product
of SV and heart beats per minute.

C) Respiration Rate (RR).

[0006] One of the major factors which might influence left
ventricular stroke volume in normal subjects during the res-
piratory cycle is the variation in filling time of the ventricle.
Stroke volume variation is a naturally occurring phenomenon
in which the arterial pulse pressure falls during inspiration
and rises during expiration due to changes in intra-thoracic
pressure secondary to negative pressure ventilation (sponta-
neously breathing). Therefore an information about the stroke
volume can be used to extract the respiration rate.

[0007] Currently there is no practical home based method
to estimate changes in CO and related parameters during the
cardiac cycles The current invention proposes a new method-
ology for non-invasive measurement of the hemorheological
parameters at peripheral locations on the body and are related
to CO. The non-invasive assessment of these parameters can
be used for fitness, wellness and medical applications

SUMMARY

[0008] 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.

[0009] Someembodiments relateto a cardiovascular recov-
ery metric. When a subject exercise or subjects his’her car-
diovascular 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 oxy-
genate 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. overweight, unac-
customed to exercise, etc).
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[0010] Knowledge of the cardiovascular recovery time may
be useful in diagnosing or prognosticating heart disease, and
there is a need to encourage people to measure this physi-
ological 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 com-
ply—instead, this parameter may just go unmeasured.

[0011] Embodiments of the invention relate to an apparatus
and method for accurately, quickly, optically and non-inva-
sively measuring the cardiovascular recovery time.

[0012] In particular, 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 com-
puted therefrom. This topic will be further discussed below
with reference to FIG. SA.

[0013] Some embodiments relate to respiration rate. In par-
ticular, 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 analy-
sis—e.g. by computing a dominant frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1A is an illustration of a DLS measurement
based system
[0015] FIG. 1B is an illustration of a DLS measurement

based system for measuring one or more blood parameters.
[0016] FIG. 2-3 are flow charts of a technique for comput-
ing a cardiac-cycle specific stroke volume parameter of a
subject.

[0017] FIG. 4 illustrates signal form characteristics.
[0018] FIGS. 5A-5B relate to correlating between the per-
cycle stroke volume parameter and the per-cardiac-cycle
pulse rate.

[0019] FIGS. 6A-6B relate to a second application of the
technique for deriving the per-cycle stroke volume parameter.
[0020] FIG. 6C s a flow chart of amethod for generating an
alert signal according to detection of classifier events.
[0021] FIG. 7 is an illustration of a DLS measurement
based system for measuring one or more blood parameters.
[0022] FIG.8is anillustration ofa system for generating an
analog electrical signal.

[0023] FIG. 9 is a circuit diagram of an exemplary analog
electronic assembly.

[0024] FIGS. 10-11 illustrate the detector-generated elec-
trical signal or ‘analog substraction-derivatives’ thereof.
[0025] FIGS. 12A-12B illustrate identifying signal form
parameters of a cardiac cycle.

[0026] FIG. 13A-13B illustrate computing a corretlation
between the multi-cycle stroke volume parameter data set and
cycle-specific heart rate/pulse data set.

[0027] FIG. 14 graphs a correlation between respiration
rate parameters.
[0028] FIG. 15 is a block diagram of a system including a

source of light, a photodetector assembly, electronic circuitry
and a data-presentation device.

[0029] FIGS. 16-18 and 19A-19B are flow charts of tech-
niques for measuring physiological or blood parameter(s).
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DESCRIPTION OF EMBODIMENTS

[0030] Some embodiments of the present invention relate
to methods and apparatus that were disclosed in U.S. 61/884,
202 and U.S. 61/884,975 which were both filed on Sep. 30,
2013 and which are both incorporated herein by reference in
its entirety. In some embodiments, any feature or combination
of features described in the present document may be com-
bined with any feature of combination of features described in
applications U.S. 61/884,202 and/or U.S. 61/884,975.
[0031] Theclaimsbelow will be better understood by refer-
ring to the present detailed description of example embodi-
ments with reference to the figures. The description, embodi-
ments 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 and apparatuses for handling
error correction is necessary 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 appli-
cation, the word “may” is used in a permissive sense (i.c.,
meaning “having the potential to”), rather than the mandatory
sense (i.e. meaning “must”).

[0032] WO 2008/053474, incorporated herein by reference
in its entirety, discloses a system and method for in vivo
measurement of biological parameters.

[0033] 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, suchas 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.

[0034] 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 fluctuations
are due to the fact that the particles are undergoing Brownian
or regular flow motion and so the distance between the par-
ticles is constantly changing with time. This scattered light
then undergoes either constructive or destructive interference
by the surrounding particles and within this intensity fluctua-
tion information is contained about the time scale of move-
ment 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 illumi-
nated 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-vary-
ing 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 homodyne DLS setup.

[0035] The kinetics of optical manifestations of two kinds
of physiological signals is measured in vivo: the pulsatile
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signal associated with heart beats and the post-occlusion opti-
cal signal which is induced by an artificially generated blood
flow cessation. The light transmission and/or reflection sig-
nals are used as a control of the physiological response. This
kind of control measurement can be carried out simulta-
neously with the DLS reflection measurement. The mutual
correspondence between DLS and standard optical signals is
subject to a comparison analysis.

[0036] FIG. 1A is taken from WO 2008/053474, incorpo-
rated by reference in its entirety.

[0037] PCT/US2010/056282, incorporated by reference in
its entirety, discloses a specific system whereby first and
second photodetectors respectively generate first and second
analog signals, from which a digital analog signal may be
computed. FIG. 1B is reproduced from PCT/US2010/
056282.

[0038] Embodiments of the present invention relate to the
use of systems disclosed in WO 2008/053474 and PCT/
US2010/056282 to optically and non-invasively detect two
types of physiological parameters that, in the prior art, could
not be detected optically and non-invasively.

Definitions

[0039] 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 else-
where in this application, such definitions are understood 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.

[0040] 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 electrical
signal derived from a light field detected by a photodetector
that (i.e. where scattered light that is scattered from particles
within a fluid contributed to the light field) may be the sum of:
(1) a first component (i.e. analog electrical sub-signal) attrib-
utable to ambient light (e.g. sunlight); (ii) a second compo-
nent attributable to skin light-modulating effects; (iii) a third
component attributable to regular fluctuations in light inten-
sity due to the presence of a fluorescent bulb and (iv) a fourth
component attributable to scattered light that is scattered
from particles within a fluid contributed to the light field.
Each component or sub-signal of the analog electrical signal
is associated with a different respective amount of power.
[0041] Insome examples, for an analog signal generated by
a photodetector, the relative power contribution to overall
analog signal power attributable to ambient light is relatively
high (i.e. the first component), while the relative power con-
tribution to overall analog signal power attributable to scat-
tered light that is scattered from particles within a fluid is
relatively low (i.e. second component).

[0042] Ingeneral, 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 atleast 0.1 oratleast 0.3 or
at least 0.5) while the power fraction of the overall analog
electrical signal due to the ‘light scattering’ component (i.e.
fourth component) may be relatively low—for example, at
most 0.1 or at most 0.05 or at most 0.01).
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[0043] Embodiments of the present invention relate to gen-
erating 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.

[0044] Embodiments of the present invention relate to pho-
todetectors (any technology may be used including those
listed herein or any other technology). In some embodiments,
each photodetector is not infinitesimally small but rather has
a size. The ‘distance’ between photodetectors relates to a
centroid-centroid distance.

[0045] 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.
[0046] Embodiments of the present invention relate to opti-
cally 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).

[0047] Whenever a power level of a second signal is ‘sig-
nificantly 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.

[0048] 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 teach-
ing 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.

[0049] A Discussion of FIG. 1B

[0050] FIG. 1B, reproduced from PCT/US2010/056282, is
an illustration of a DLS measurement based system for mea-
suring one or more blood parameters. System 100 includes a
light source unit 250 (e.g. laser) for generating at least par-
tially coherent light; optical arrangement (not shown) includ-
ing focusing optics and possibly also collecting 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 alaser diode (650 nm,
5mW) 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 opti-
cally 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)) appro-
priately positioned in the reflection-mode measurement set-

up.
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[0051] Thephotodetector 260 is positioned in space at loca-
tion (x0,y0,z0) and is configured to detect a light field LF(x,,
Vo, Zo)—i.€. the light field that exists/prevails at point (X, y,
z,). 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, itis possible
to write:

LF(xo, Yo ZoV7LF vefiocied®0, Yoo ZOLE appiond X0
YVo,Zg)+other term(s)

(FQ. 1)

Throughout the present disclosure, LF denotes a light field.

[0052] 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 sig-
nal is referred t0 as LF o i srownian Kor Yoo Zo)s (i) @
second portion of the incident light is reflected from station-
ary 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
stochastic in time—this second light response signal is
referred 10 a5 LF,. et on_smromonR0 Yo o

Thus, it is possible to write:

LF, reﬁeczed(xo- Yo Zo)=LF, reflected_non_brovmian (o Yo

zo)+LF, (X0, Vo Zo)+other term(s)

(FQ. 2)

[0053] In some embOdimentsa LFreﬂzctedibrownian(X05 Yoo
7,) 1s indicative of a dynamic light scattering parameter.
Unfortunately, in many clinical situations

reflected__brownian

LF,ofiected_brownian'X0> Yos 20)

and/or
LF(x9, Yo, Z0)

LF,epioctea_srownian(X05 Yo, Z0)

LF iftected_non_brovwnian(Xo0s Yo» Z0)

LF voftected_brownian(¥0s Y0s Z0)

LF, oftected_ambientX0> Y0 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, boosting the relative
contribution of an analog electrical signal indicative of LF, -

ﬂededfbrownian(xoa Yos ZO)'

[0054] It is noted that, typically, LF . ;... X0, Yo, Zo) (s€2
Eqn‘ 1) and LFreﬂectedinonibrownian(XO5 Yoo ZO) (See Eqn‘ 2)
have an intensity that is either: (i) “slowly” fluctuating (for
example, substantially constant or fluctuating at a rate less
than S0HZ); and/or (ii) “regularly behaved” and non-stochas-
tic. One example of a “rapidly” fluctuating light signal that is
regularly behaved and non-stochastic is light from a fluores-
cent light bulb operating at 50 HZ or 60 HZ. In contrast, the
intensity of “speckles pattern light signal” LF, ¢ ...s srownian
(Xo» Yo» Zo) varies stochastically and rapidly—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.
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[0055] Thus, it is possible to write:

LF(x9, ¥0, 20) = LFsiowty_fluciuating (X0, Yo: Z0) + Q. 3)

[LF reguiar(X0. Yo, 20) + LF ochasiic (X0, Yo, Z0)] + other terms
rapidly—fluctuating

where () LF .0 cmuaring o Yos Zo) 18 due to ambient light
LF ,piendX0s Yo» Zo) and/or light reflected from biological
tissue other than Brownian particles LF, 4. .. von srownian
G Voo Zo); (i) rapidly-fluctuating (i.e. at a rate of greater than
50 HZ and/ot 100 HZ and/or 200 HZ) LF, . .,.,.(X , Yo, Zo) 18
due to ambient tht LFambient(XOB Yos ZO); and LFstochasﬁc(XOS
y07 ZO):LFVeﬂectzd—Wbrownian(X07 yO’ ZO)/

[0056] 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).

[0057] Itis noted that: (1) LF,, 1.sic(X0s Yos Zo) 18 the por-
tion of LF(X,. ¥4, 7,) that may be subjected to DLS analysis to
vyield one or more blood-related parameters; and (ii) in most
clinical situations,

LFgochastic (X0, Y0 20)
LF(xo, ¥o, %)

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

[0058] A Discussion of FIG. 2

[0059] FIG. 2isa flow chart of a technique for computing a
cardiac-cycle specific stroke volume parameter of a subject.
[0060] An illuminationsignal (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 biological
tissue. This light reponse signal is detected by photodectors
(e.g. first and second photodetectors) to generate 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.

[0061] The analog signal, difference signal or a deritative
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 rheo-
logical 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.

[0062] As illustrated in FIG. 2, 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 (i.e. see FIGS. 12A-
12B) 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.
61/884,202 and/or U.S. 61/884,975.

[0063] Collectively, these stroke volume parameters per
volume comprise a data set, labeled as 980 of FIG. 2.

[0064] This data set may be analyzed to either (i) compute
the cardiovascular recovery parameter (FIG. 5A) or (ii) com-
pute the respiratory rate.

[0065] FIG. 4 illustrate ssignal form characteristics—i.e.
each cardiac cycle has it’s own signal form characteristic—
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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.

[0066] FIGS.5A-5B relate to correlating between the per-
cycle stroke volume parameter and the per-cardiac-cycle
pulse rate. As shown in FIG. 5B, the pulse rate is not constant
but may fluctuate in time—for each cardiac cycle, it is pos-
sible to compute a representative pulse rate.

[0067] FIGS. 6A-6B 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 analyz-
ing 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 parameter is rela-
tively high, this indicates a relatively high respiratory rate. If
the dominant frequency of this per-cycle-stroke-volume
parameter is relatively low, this indicates a relatively low
respiratory rate

[0068] In FIG. 6C, this may be employed, for example to
detect apnea or lying or any other event associated with res-
piratory 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.

[0069] FIG. 7 is identical to FIG. 1B.

[0070] FIG.8is anillustration ofa system for generating an
analog electrical signal A(t) that includes a relatively “large”
component (for example, at least 0.01 or at least 0.1 or at least
0.2 orleast 0.3 or at least 0.5 or least 0.8) that is indicative of
atime-varying “speckles pattern light signal” received by one
or more photo-detectors. This analog signal may be con-
verted, using A to D converter or digitizer 204, into a digital
signal D(t). The digital signal may be subjected to any analy-
sis described in WO 2008/053474 by digital circuitry 280 to
determine one or more blood parameters—for example, tem-
poral autocorrelation or power spectrum techniques.

[0071] Inanon-limiting example, the data is collected at 22
KHz sampling rate and 16-bit resolution, and then analyzed
by digital circuitry 280.

[0072] In the system of FIG. 8, light is received and
detected by a plurality of photodetectors including: (i) pho-
todetector 260A for detecting the light field LF(x,, y,, z,) at
location (X, v,,7,); (i) photodetector 260B for detecting the
light field LF(x,, y,, z,) at location (x5, ¥», Z,). Photodetector
260A generates a first analog electrical signal A (t) from
LF(x,,y,,7,). Photodetector 260B generates a second analog
electrical signal A,(t) from LF(x,, v, Z,). Analog electronics
assembly 270 receives the first A, (t) and second A,(t) analog
electrical signals, and generates a “difference” between these
two signals A; -A,(t) to produce analog electrical signal A(t)
which is digitized. Photodetectors 260B and 260B are posi-
tioned so that: (i) they are close enough together so that

LFambient(XD YD Zl)zLFambient(XD YZf ZZ)’

LFreﬂectedinonibrownian(xl> yl: Zl)zLFreﬂectedinonibrowman(xz>
Yas Z2)s

LFsZowaJuctuaﬁng(Xli Yis Zl)zLFsZowlyJuctuaﬁng(X25 Yas Z2)
and

LFreguZar(XU Y, Zl)zLFreguZar(xZJ Yz, ZZ); and (H) they are far
enough from each other such that the rapidly fluctuating
LFstochasn'c[xl’ Yis Zl) and LFsloc}zastic(X25 Y2, ZZ) are not cor-
related with each other.
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[0073] There is no limitation on any separation distance
between (x,,y,,7,) and (X, ¥, Z,). In some embodiments, in
Order fOr LFstochasﬁc (x1s Yis Zl) and LFstochast'[c (x2s Yo, Z2) o be
uncorrelated, (X, y,, ;) and (X,, ¥,, Z,) should be separated
by atleast 0.01 mm or at least 0.05 mmor atleast 0.1 or at least
0.2 mm or at least 0.3 mm or atleast 0.5 mm or at least 1 mm.
Thus, in some embodiment, the offset distance Off of FIGS.
2 and 10 should be at least 0.01 mm or at least 0.05 mm or at
least 0.1 or at least 0.2 mm or at least 0.3 mm or at least 0.5
mm or at least 1 mm

[0074] In some embodiments, in order for LF

brownian(xlt Y Zl)zLFreﬂectedinonfbrowman(xZ’ Y2 ZZ)'

reflected _non__

LFsZowlyjuctuaﬁng(Xl5 Yis Zl)zLFsZowaJuctuaﬁng(XZS Yas ZZ)S
and LFreguZar(Xls Yis Zl)zLFregular(Xb Yo ZZ)! then (Xls Yis Zl)
and (X,, V,, Z,) should be separated by at most 10 cm or at
most S cm orat most 3 cm or at most 2 cm or at most 1 ¢cm or
atmost 0.5 mm or at most 0.25 or at most 1 mm. Thus, in some
embodiments, the offset distance Off of FIG. 8 should be at
most 10 cm or at most 5 cm or at most 3 cm or at most 2 cm
or at most 1 cm or at most 0.5 mm or at most 0.25 or at most
1 mm

[0075] In this case, if A(t)=A,(t)-A,(t) represents LF(x,
vy, Z)-LE(X,, ¥,, Z,), then it is possible to write, using
equation (3), that A(t) represents

LLFstomty_jtuctuating ¥1> ¥1> 20) = LFsiomiy_fuctuating (X2 Y2, 2)] + Fq(4)

{{ LFregular(xla Vi, 21) - } [LFS,OChmgic(xl, Y1, 2= }}
+ .

LFregular(XZa y2,22) LF siochastic(X25 Y2, 22)
rapidly— fluctuating

[0076]
vails—i.e. LF o, puenamg®1: Y1 207U sion, pructuaring
(X2, Y2 Zo),

LE K15 V1o Z)7LE, 05, Yo, 2,) and where (if) rap-
ldly ﬂuctuating LFstochasn'c(Xls Y ZZ) and LFstochasn'c(X25 Yas
Z,) are not correlated with each other, then A(t) is a com-
pletely stochastic signal (i.e. indicative of a time-varying
speckles pattern or DLS measurement produced by scattering
from the Brownian particles), in contrast to A (t) and A, (1)
where the stochastic components of the signal may only be
some fraction less than %%, for example, less than 0.1 or less
than 0.01. Practically, A(t) may also include some non-sto-
chastic component. Nevertheless, in typical cases, the relative
contribution of the non-stochastic component(s) (i.e., not due
to scattering light on Brownian particles to generate a speck-
les pattern having a rapidly-varying intensity) to analog elec-
tric signal A(t) is less than the contribution of respective
non-stochastic components to A (t) or A,(1).

[0077] FIG. 9is a circuit diagram of an exemplary analog
electronic assembly 270 in accordance with some embodi-
ments. Photocurrent Photocurrent, (t)—generated by the first
photodetector 260A is converted by a “first cascade” opera-
tional amplifier U1 from a “current analog signal” Photocur-
rent,(t) to a “voltage analog signal” voltage, (t)—Photocur-
rent, (t) and voltage, (t) are non-limiting examples of “first
analog signals” A (t.

[0078] Photocurrent Photocurrent,(t)}—generated by the
second photodetector 260B is converted by a “first cascade”
operational amplifier U2 from a “current analog signal” Pho-
tocurrent,(t) to a “voltage analog signal” voltage,(t)—Pho-
tocurrent,(t) and voltage,(t) are non-limiting examples of
“second analog signals” A,(t).

In the special case where (i) exact equality pre-



US 2015/0141766 Al

[0079] “Second cascade” operational amplified U3 (i)
receives as an input voltage, (t) and voltage,(t), and outputs a
signal that is MULT[voltage,(t)=voltage,(t)], which is the
difference between voltage, (t) and voltage,(t) multiplied by a
constant whose value is MULT. It is noted that MULT[volt-
age, (t)-voltage,(1)] is one example of A(t.

[0080] The assembly of FIG. 9 is one example of a device
that can generate a difference analog signal and/or a ‘hybrid’
analog signal.

[0081] FIGS. 10-11 illustrate the detector-generated elec-
trical signal 930 or ‘analog substraction-derivatives’ thereof.
[0082] FIGS. 12A-12B illustrate identifying signal form
parameters of a cardiac cycle. This may be performed in any
manner—optically or otherwise, using DLS signals or any
other signals—e.g. an additional detector may be employed,
or the same detector may be ‘re-used.’

[0083] FIG. 13A-13B illustrate computing a corretlation
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 corre-
lating 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.
[0084] FIG. 14 relates to the technique of FIG. 6A.

[0085] FIGS.15-19 are taken from U.S. 61/884,202 and/or
U.S. 61/884,975. The skilled artisan is directed to the text of
these applications for an explanation.

[0086] Having thus described the foregoing exemplary
embodiments it will be apparent to those skilled in the art that
various equivalents, alterations, modifications, and improve-
ments 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.

1. Apparatus for optically and non-invasively measuring a
cardiovascular recovery metric of a subject, the apparatus
comprising:

a. one ormore sources of partially or entirely coherent light
configured to illuminate a portion of the subject’s skin to
scatter partially or entirely coherent light off of moving
red blood cells (RBCs) within the subject’s blood to
induce a location-dependent light field;

b. a plurality of photodetectors including first and second
photodetectors respectively configured to detect light of
the location-dependent light field at first and second
locations to respectively generate first and second ana-
log electrical signals that respectively describe the light
field at the first and second locations;

¢. analog circuitry configured to generate a difference ana-
log electrical signal that describes a difference between
the first and second analog signals; and

d. analysis electronic circuitry configured to compute the
cardiovascular recovery metric from the difference ana-
log electrical signal or a derivative thereof by:

1. deriving from the difference analog electrical signal or
from the derivative thereof a blood-shear-parameter
signal describing a blood-shear-parameter of the sub-
ject over a period of time;

ii. for each given cardiac cycle of a plurality of cardiac
cycles, obtaining or computing respective cardiac-
cycle signal-form characteristics thereof;
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ili. generating a multi-cycle stroke-volume-parameter
data set by respectively computing, for each given
cardiac cycle of the plurality of cardiac cycles, a
respective  cardiac-cycle-specific  stroke-volume
parameter by subjecting the blood-shear-parameter
signal to a temporal analysis in accordance with the
respective cardiac-cycle signal-form characteristics
specific for the given cardiac cycle;

iv. generating a multi-cycle pulse-rate data set by mea-
suring, for each given cardiac cycle of the plurality of
cardiac cycles, a respective pulse-rate specific for the
given cardiac cycle;

v. quantifying a correlation between the multi-cycle
stroke-volume parameter data set and the multi-cycle
pulse rate data set; and

vi. computing the cardiovascular recovery metric of the
subject from the quantified magnitude.

2. The apparatus of claim 1 configured to the correlation
between the multi-cycle stroke-volume parameter data set
and the multi-cycle pulse rate data set by computing loga-
rithms of the values of the correlation between the multi-cycle
stroke-volume parameter data set and the multi-cycle pulse
rate data set.

3. The apparatus of claim 1 configured to the correlation
between the multi-cycle stroke-volume parameter data set
and the multi-cycle pulse rate data set by computing loga-
rithms of the values of the correlation between the multi-cycle
stroke-volume parameter data set and the multi-cycle pulse
rate data set and then computing a strength of a linear correc-
tion between the values of the logarithms and the values of the
per-cycle pulse values of the multi-cycle pulse rate data set.

4. Apparatus for optically and non-invasively measuring a
respiratory rate of a subject or a function thereof, the appara-
tus comprising:

a. one or more sources of partially or entirely coherent light
configured to illuminate a portion of the subject’s skin to
scatter partially or entirely coherent light off of moving
red blood cells (RBCs) within the subject’s blood to
induce a location-dependent light field;

b. a plurality of photodetectors including first and second
photodetectors respectively configured to detect light of
the location-dependent light field at first and second
locations to respectively generate first and second ana-
log electrical signals that respectively describe the light
field at the first and second locations;

¢. analog circuitry configured to generate a difference ana-
log electrical signal that describes a difference between
the first and second analog signals; and

d. analysis electronic circuitry configured to compute the
cardiovascular recovery metric from the difference ana-
log electrical signal or a derivative thereof by:

1. deriving from the difference analog electrical signal or
from the derivative thereof a blood-shear-parameter
signal describing a blood-shear-parameter of the sub-
ject over a period of time;

1. for each given cardiac cycle of a plurality of cardiac
cycles, obtaining or computing respective cardiac-
cycle signal-form characteristics thereof;

1. generating a multi-cycle stroke-volume-parameter
signal by respectively computing, for each given car-
diac cycle of the plurality of cardiac cycles, a respec-
tive cardiac-cycle-specific stroke-volume parameter
by subjecting the blood-shear-parameter signal to a
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temporal analysis in accordance with the respective
cardiac-cycle signal-form characteristics specific for
the given cardiac cycle;

iv. temporally analyzing the stroke-volume-parameter
signal to characterize temporal fluctuations thereof;
and

v. computing the respiratory rate from the characterized
temporal fluctuations.

5. The apparatus of claim 4 wherein the respiratory rate is
computed by (i) identifying or quantifying a dominant fre-
quency of the per-cycle-stroke-volume signal; and (ii) deriv-
ing the respiratory rate from the dominant frequency.

6. The apparatus of claim 4 configured to the correlation
between the multi-cycle stroke-volume parameter data set
and the multi-cycle pulse rate data set by computing loga-
rithms of the values of the correlation between the multi-cycle
stroke-volume parameter data set and the multi-cycle pulse
rate data set.

7. The apparatus of claim 4 configured to the correlation
between the multi-cycle stroke-volume parameter data set
and the multi-cycle pulse rate data set by computing loga-
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rithms of the values of the correlation between the multi-cycle
stroke-volume parameter data set and the multi-cycle pulse
rate data set and then computing a strength of a linear correc-
tion between the values of the logarithms and the values of the
per-cycle pulse values of the multi-cycle pulse rate data
8. A method of detecting apnea comprising:
a. monitoring a respiratory rate using the apparatus of
claim 4; and
b. if the respiratory rate falls below a threshold, generating
an alert signal.
9. A method of detecting apnea comprising:
a. monitoring a respiratory rate using the apparatus of
claim 4;
b. receiving the data of the monitoring of the respiratory
rate by an apnea-event classifier; and
¢. in accordance with output of the apnea-event classified,
generating an alert signal.
10. The method of claim 8 wherein the alert signal is a
visual alert signal or an audio alert signal.

* ok %k
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