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SYSTEM AND METHOD OF DETECTING
INTER-VASCULAR OCCLUSION

BACKGROUND OF THE INVENTION

[0001] Stroke is the fourth leading cause of death in the
United States. Furthermore, stroke is the leading cause of
serious long-term adult disability in the United States with
approximately one third of patients are left dependent on
others. Ischemic stroke that accounts for approximately 87%
of all strokes is a result of a thrombotic or embolic occlusion
of a cerebral artery. Ischemic strokes caused by proximal
large vessel occlusions (LVO) such as proximal Middle
Cerebral Artery (MCA) occlusion, are known to have high
probability for causing severe disability.

[0002] Theknown and proven interventions treatments for
acute ischemic stroke include: intravenous tissue plasmino-
gen activator (IV tPA) recanalization therapy for eligible
patients within 3 to 4.5 hours of onset, intra-arterial
mechanical thrombectomy (MT) for patients within 6 hours
of onset, aspirin to deter clot propagation for the remainder,
and supportive care in a Stroke Unit/Stroke Center for all.
Accordingly, the time from the actual onset to full diagnosis
of the occlusion is very crucial. For a patient to enjoy the
maximum benefits of IV tPA, the IV tPA must be given in the
60- to 90-minute window from the onset. A delay of more
than 90-minute and the benefit is halved. Yet, typically
patients are treated with tPA in actual practice more than
2.25 hours after onset, when the benefit is quite modest.
[0003] Time is a critical factor to achieve successful
clinical outcomes for MT. It was found that early arrival to
emergency department was associate with better collaterals,
smaller established infarcts, and better clinical outcome after
revascularization. Currently, diagnosis of strokes caused by
LVO is done by a professional preforming clinical diagnoses
in order to define a suspected LVO. The clinical diagnoses
should be followed by a Computed Tomography Angiogra-
phy (CTA). Such a full diagnosis requires evacuation of the
patient to a hospital or a stroke center that has both trained
professionals and an available CTA. Evacuation of a patient
with suspected LVO to a hospital that does have CTA and/or
MT unit may increase the chances of the patient to improve
clinical outcome following stroke.

[0004] Accordingly, there is a need for a device and a
method that may allow medics, paramedics and even the
patients themselves to detect inter-vascular occlusion as
soon as possible and as close as possible to the actual onset.

SUMMARY OF THE INVENTION

[0005] Some aspects of the invention may be directed to a
method of determining an occurrence of inter-vascular
occlusion. The method may include: receiving, from a first
sensor, a first indication, related to blood flow in a first artery
supplying blood to a first hemisphere of a subject’s brain;
receiving from one of: the first sensor and a second sensor,
a second indication related to the blood flow in a second
artery supplying blood to a second hemisphere of the
subject’s brain; comparing the first and second indications;
and determining an occurrence of an inter-vascular occlu-
sion based on the comparison.

[0006] In some embodiments, the first and second indica-
tions may include a first pressure waveform and a second
pressure waveform. In some embodiments, the first and
second indications may include a first reflected blood pres-

Mar. 19, 2020

sure wave and a second reflected blood pressure wave. In
some embodiments, the first and second indications may
include a first blood flow rate and a second blood flow rate.
In some embodiments, the first and second indications may
include a first blood flow velocity and a second blood flow
velocity.

[0007] In some embodiments, determining the occurrence
of the inter-vascular occlusion may include detecting a
pressure hammer waves in one of the first artery and the
second artery. In some embodiments, the first and second
indication may include: a first amplitudes of a systolic blood
pressure in the first artery and a second amplitudes of the
systolic blood pressure in the second artery, and determining
the occurrence of the inter-vascular occlusion may include
detecting an increase in the amplitudes of the systolic blood
pressure at one artery following the occurrence of the
inter-vascular occlusion in comparison to the other.

[0008] In some embodiments, the first and second indica-
tion may include a first time duration for the diastolic peak
in the first artery and a second time duration for the diastolic
peak in the second artery, and determining the occurrence of
the inter-vascular occlusion may include detecting a
decrease in the time duration following the inter-vascular
occlusion in one artery in comparison to the other. In some
embodiments, the first and second indication may include a
pulse wave velocity of the first artery and a pulse wave
velocity of the second artery, and determining the occur-
rence of the inter-vascular occlusion comprises detecting an
increase in the pulse wave velocity following the inter-
vascular occlusion in one artery in comparison to the other.
[0009] In some embodiments, the first and second indica-
tions are the first ratio between the amplitudes of the forward
and reflected first pressure waveform and the second ratio
between the amplitudes of the forward and reflected second
pressure waveform, and determining the occurrence of the
inter-vascular occlusion may include detecting a raise in the
ratio of one pressure waveform in comparison to the other.
In some embodiments, the first and second indications are
measurements of a first vascular impedance of the first artery
and a second vascular impedance of the second artery, and
determining the occurrence of the inter-vascular occlusion
may include detecting an increase in the vascular impedance
in the first arteries in comparison to the second arteries.
[0010] In some embodiments, the first indication and
second indication are measurements of time delay between
a forward blood pressure wave and a reflected blood pres-
sure wave, and determining the occurrence of the inter-
vascular occlusion may include detecting a decrease in the
time difference between the forward and the reflected blood
pressure waves at the first artery in comparison to the second
artery. In some embodiments, the first indication and the
second indication are calculations of mean reflection coef-
ficient moduli of the first artery and the second artery, and
determining the occurrence of the inter-vascular occlusion
may include detecting an increase in the mean reflection
coeflicient modulus of the first artery in comparison to the
second artery.

[0011] In some embodiments, the first indication and
second indication may include the frequencies content of the
first pressure waveforms and the frequencies content of the
second pressure waveforms, and determining the occurrence
of the inter-vascular occlusion comprises detecting an
increase in at least some of frequencies of one waveform
with respect to the other. In some embodiments, the first
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indication and second indication may include second order
time derivatives of the first pressure waveform and the
second pressure waveform, the second order time deriva-
tives are for identifying a timing of a inflection point at each
pressure waveform, and determining the occurrence of the
inter-vascular occlusion may include detecting a reduction
in the timing of the inflection point.

[0012] In some embodiments, the first indication and
second indication may include augmentation indexes calcu-
lated from the first waveforms and the second pressure
waveform, and determining the occurrence of the inter-
vascular occlusion may include detecting a rise in the
augmentation index of one pressure wave form in compari-
son to the other.

[0013] In some embodiments, the first sensor and the
second sensor may include piezoelectric devices. In some
embodiments, the first sensor and second sensor are pressure
sensors. In some embodiments, the first sensor comprises an
ultrasound transducer. In some embodiments, the first and
second sensors may include sensors that measure a volume
or diameter of the arteries.

[0014] Some aspects of the invention may be related to a
system for determining an occurrence of an inter-vascular
occlusion. The system may include one or more sensors
configured to be located in proximity to a first artery that
supplies blood to the first hemisphere of a subject’s brain
and to a second artery that supplies blood to the second
hemisphere of the subject’s brain; and a communication unit
configured to send to a processor: a first indication, related
to blood flow in a first artery supplying blood to a first
hemisphere of a subject’s brain; and a second indication,
related to blood flow in a second artery supplying blood to
a first hemisphere of a subject’s brain.

[0015] In some embodiments, the system may include a
wearable element for attaching the one or more sensors to a
tissue in proximity to the first and second arteries. In some
embodiments, the wearable element may include at least one
of: stickers to attached a first and a second sensors to a skin
of a user, one or more elastic strips to attached the first and
second sensors to a skin of a user, a hat-like element, a
necklace, a choker, a bandage, a scarf and a collar-like
element.

[0016] In some embodiments, the system may include a
controller configured to: receive, from a first sensor from the
one or more sensors, the first indication; receive from one of:
the first sensor and a second sensor from the one or more
sensors, the second indication; compare the first and second
indications; and determine the occurrence of the inter-
vascular occlusion based on the comparison.

[0017] In some embodiments, the one or more sensors
may include piezoelectric devices. In some embodiments,
the one or more sensors are pressure sensors. In some
embodiments, the one or more sensors may include an
ultrasound transducer. In some embodiments, the one or
more sensors comprise sensors that measure a volume of the
arteries.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The subject matter regarded as the invention is
particularly pointed out and distinctly claimed in the con-
cluding portion of the specification. The invention, however,
both as to organization and method of operation, together
with objects, features, and advantages thereof, may best be
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understood by reference to the following detailed descrip-
tion when read with the accompanying drawings in which:
[0019] FIG. 1isahigh-level block diagram of a system for
detecting an inter-vascular occlusion according to some
embodiments of the invention;

[0020] FIG. 2 is a schematic illustration of a device for
detecting an inter-vascular occlusion non invasively accord-
ing to some embodiments of the invention;

[0021] FIGS. 3A, 3B and 3C are illustrations of optional
placement of the device for detecting inter-vascular occlu-
sion according to some embodiments of the invention on a
subject’s head or neck;

[0022] FIGS. 4A, 4B and 4C are illustration of the system
for detecting an inter-vascular occlusion invasively accord-
ing to some embodiments of the invention;

[0023] FIG. 5 is a flowchart of a method of detecting an
inter-vascular occlusion according to some embodiments of
the invention;

[0024] FIGS. 6A-6F are schematic illustrations of pressure
waves in the anterior extracranial and intracranial vessels as
aresult of sudden middle cerebral artery occlusion and water
hammer phenomenon;

[0025] FIGS. 7A and 7B are schematic illustrations show-
ing the effect of pipe junction on pressure wave; and
[0026] FIG. 8 include a table that describes the magni-
tudes of the pressure hammer waves at different arteries of
the cerebral intracranial and extracranial vascular system
following sudden occlusion of the MCA.

[0027] Tt will be appreciated that for simplicity and clarity
of illustration, elements shown in the figures have not
necessarily been drawn to scale. For example, the dimen-
sions of some of the elements may be exaggerated relative
to other elements for clarity. Further, where considered
appropriate, reference numerals may be repeated among the
figures to indicate corresponding or analogous elements.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

[0028] In the following detailed description, numerous
specific details are set forth in order to provide a thorough
understanding of the invention. However, it will be under-
stood by those skilled in the art that the present invention
may be practiced without these specific details. In other
instances, well-known methods, procedures, and compo-
nents, modules, units and/or circuits have not been described
in detail so as not to obscure the invention. Some features or
elements described with respect to one embodiment may be
combined with features or elements described with respect
to other embodiments. For the sake of clarity, discussion of
same or similar features or elements may not be repeated.
[0029] Although embodiments of the invention are not
limited in this regard, discussions utilizing terms such as, for
example, “processing,” “computing,” “calculating,” “deter-
mining,” “establishing”, “analyzing”, “checking”, or the
like, may refer to operation(s) and/or process(es) of a
computer, a computing platform, a computing system, or
other electronic computing device, that manipulates and/or
transforms data represented as physical (e.g., electronic)
quantities within the computer’s registers and/or memories
into other data similarly represented as physical quantities
within the computer’s registers and/or memories or other
information non-transitory storage medium that may store
instructions to perform operations and/or processes.
Although embodiments of the invention are not limited in
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this regard, the terms “plurality” and “a plurality” as used
herein may include, for example, “multiple” or “two or
more”. The terms “plurality” or “a plurality” may be used
throughout the specification to describe two or more com-
ponents, devices, elements, units, parameters, or the like.
The term set when used herein may include one or more
items. Unless explicitly stated, the method embodiments
described herein are not constrained to a particular order or
sequence. Additionally, some of the described method
embodiments or elements thereof can occur or be performed
simultaneously, at the same point in time, or concurrently.

[0030] Some aspects of the present invention may be
related to a device, a system and a method for determining
an occurrence of an inter-vascular occlusion. A device and
system according to embodiments of the invention may
allow an early detection of large vessel occlusions (LVO)
even at the patient’s house or in the ambulance during a
medical evacuation. Such a system and a device may allow
dramatic time reduction from the occlusion onset to the
provision of the required medical treatment. A patient being
in a risk group for a stroke may wear the device according
to some embodiments of the invention, for example, during
sleeping hours or when he/she are left alone, and the device
may alert (e.g., the patient, a family member, a caregiver and
the like) when/if an inter-vascular occlusion has occurred. In
such case the patient may be rushed to a hospital and may
start to be provided to with a medical treatment, such as, IV
tPA recanalization therapy for eligible patients within 3 to
4.5 hours of onset or intra-arterial MT for patients within 6
hours of onset.

[0031] Additionally or alternatively, a system and a device
according to some embodiments of the invention may be
included in an ambulance or in other Emergency Medical
Services (EMS) and may be used by medics or paramedics
to detect a potential LVO, thus may allow the medics or
paramedics to rush the patient to a hospital or a Stroke center
equipped with the required medical equipment, for example,
intra-arterial mechanical thrombectomy unit and a CT.

[0032] Some embodiments of the invention may include
comparing two signals measured near two different arteries
supplying blood to the brain, one at each side of the head or
neck, and determining based on the comparison the occur-
rence of the inter-vascular occlusion. Since the two com-
pared signals are received from the same subject at substan-
tially the same time (or with seconds from one another) the
comparison is based on information related to the specific
subject at a specific condition. According to some embodi-
ments, there may be no need to compare the signals to any
related data that was gathered from other subjects, as done
in prior art methods. In some embodiments, a first sensor
(e.g., a first piezo electric device) may be placed in prox-
imity to, (e.g., on the skin proximal to an artery) a first artery
supplying blood to a first hemisphere of the brain and a
second sensor (e.g., a second piezo electric device) may be
placed in proximity to (e.g., on the skin proximal to) a
second artery supplying blood to a second hemisphere of the
brain. In some embodiments, a first indication, related to
blood flow in the first artery and a second indication, related
to blood flow in the second artery may be received from the
first and second sensors respectively. In some embodiments,
the first and second sensors may include two ultrasound
(US) transducers placed in proximity to the first and second
arteries such the first and second indications may include
first and second US signals acquired simultaneously. In
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some embodiments, the first and second indications may be
received from a single sensor (e.g., an ultrasound (US)
transducer). The single sensor may first be placed in prox-
imity to the first artery for taking the first indication (e.g., a
first US scan) and then be moved to be in proximity to the
second artery for taking the second indication (e.g., a second
US scan).

[0033] Reference is now made to FIG. 1 which is a
high-level block diagram of a system 10 for determining an
occurrence of inter-vascular occlusion according to some
embodiments of the invention. System 10 may include a
device 50 for determining an occurrence of inter-vascular
occlusion and a controller 130. In some embodiments,
controller 130 may be included in device 50 and/or may be
a processing unit of a user device 20. User device 20 may be
a desktop computer, a laptop commuter, a tablet, a smart-
phone, a smartwatch and the like. User device 20 may
communicate with controller 130 using any know method
for wired and/or wireless communication.

[0034] Device 50 may include one or more sensors 100
and a communication unit 112. One or more sensors 100
may include a strain gauge, a pressure sensor (e.g., the
piezoelectric device illustrated and discussed with respect to
FIG. 2), a velocity sensor, an US transducer, a Laser
Doppler, a photoplethysmogram (PPG), a radar, an optical
sensor, and the like. In some embodiments, one or more
sensors 100 may include any sensor that is based on piezore-
sistivity or capacitance principles. In some embodiments,
one or more sensors 100 may include any sensor capable of
measuring the Palpable Carotid Pulse Pressure.

[0035] In some embodiments, device 50 may further
include a wearable element 115 for attaching one or more
sensors 50 to a tissue in proximity to the first and second
arteries. In some embodiments, wearable element 115 may
include at least one of: medical adhesive patch to attach the
first and second sensor to a skin of a subject (as illustrated
in FIGS. 3A-3C), one or more elastic strips to attach the first
and second sensor to a skin of a subject, a hat-like element,
acollar-like element, a necklace, a choker, a bandage, a scarf
and the like.

[0036] One or more sensors 100 may be configured to
detect an indication, related to blood flow in an artery
supplying blood to a hemisphere of a subject’s brain. One or
more sensors 100 may be configured to measure the pressure
waveform (e.g., the cutaneous pressure wave form) of blood
flow in the artery, the forward pressure waveform and/or the
reflected pressure waveform, time delay between a forward
blood pressure wave and a reflected blood pressure wave,
the frequencies content of the pressure waveform (e.g., the
frequencies of various harmonies forming the waveform),
inflection point, a time of the diastolic peak, augmentation
index, pulse wave velocity, ratio of the amplitudes of the
backward (Pb) and forward (Pf) pressure components, any
mathematical manipulation conducted on the measured
pressure waveform, a velocity of the blood flowing in the
artery, a vascular impedance of the artery, a diameter of the
artery and the like.

[0037] Controller 130 may include a processor 138 that
may be, for example, a chip or any suitable computing or
computational device, a memory 136, any number of input/
output units 132 and a power source 134. Processor 136 may
include an operating system that may be or may include any
code segment designed and/or configured to perform tasks
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involving coordination, scheduling, arbitration, supervising,
controlling or otherwise managing operation of controller
130.

[0038] Memory 136 may be or may include, for example,
a Flash memory, a volatile memory, a non-volatile memory,
a cache memory, a buffer, a short-term memory unit, a long
term memory unit, or other suitable memory units or storage
units. Memory 136 may store any executable code, e.g., an
application, a program, a process, task or script. The execut-
able code may include instructions for determining an
occurrence of inter-vascular occlusion or any other codes or
instruction for executing methods according to embodi-
ments of the present invention.

[0039] Input/output units 132 may include any applicable
input/output (1/0) devices. For example, a screen, a touch-
screen, a keyboard, a speaker, one or more buttons, a wired
or wireless network interface card (NIC), a modem, printer
or facsimile machine, a universal serial bus (USB) device or
external hard drive may be included in input/output unit 132.

[0040] Power source 134, may be any battery or may
include a socket for connecting to an electricity grid.

[0041] Reference is now made to FIG. 2 which is a
schematic illustration of a device for detecting inter-vascular
occlusion according to some embodiments of the invention.
Device 50 may include one or more pressure sensors 100,
controller 130, communication unit (e.g., antenna) 132 and
power source (e.g., battery) 134. In some embodiments, all
the elements of device 50 may be attached to a medical
adhesive patch (e.g., a sticker) 115 or to any other element
as disclosed above.

[0042] Reference is now made to FIGS. 3A, 3B and 3C
which are illustrations of optional placements for one or
more devices for detecting inter-vascular occlusion accord-
ing to some embodiments of the invention on a subject’s
head and neck. In some embodiments, device 50 may
include one or more sensors 100 that may be configured to
monitor blood pressure changes in near-surface arteries. In
some embodiments, two sensors 100 or two devices 50 may
each be placed at corresponding locations on the skin from
both sides of a subject’s head or neck. FIGS. 3A-3C show
only one half of the subject head and neck however sub-
stantially identical sensors 100 or devices 50 may be placed
at corresponding locations on both sides of the subject’s
head or neck.

[0043] As illustrated in FIGS. 3A, 3B and 3C devices 50
may be attached using medical adhesive patch to a first side
and a second side of the subjects head or neck in proximity
to near-surface arteries. FIG. 3A is an illustration of device
50 attached to the neck on the skin proximal to the locations
of the carotid arteries, FIG. 3B is an illustration of device 50
attached to a forehead of a subject on the skin proximal to
the locations of the supraorbital arteries and FIG. 3C is an
illustration of device 50 attached to the forehead on the skin
proximal to the locations of the superficial temporal arteries.

[0044] Reference is now made to FIGS. 4A, 4B and 4C
which are illustrations of a system for in-vivo detecting
inter-vascular occlusion according to some embodiments of
the invention during an in-vivo procedure. System 10 may
include a strain sensor 100 and a controller 130. In some
embodiments, system 100 may include or may be in com-
munication with user device 20. System 10 may further
include surgical sutures 116 that may pass through special
rings 114 for holding controller 130 to the sternocleidomas-
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toid muscle. In some embodiments, system 10 may include
electrical wires 106 for connecting sensor 100 to controller
130.

[0045] Strain sensor 100 (e.g., a strain gauge) may be
configured to measure a change in a diameter of an artery
and/or the pressure thereof. Sensor 100 may be placed in
close proximity (touching or surrounding) to the carotid
arteries and the sternocleidomastoid muscle, according to
some embodiments of the invention, as illustrated in FIG.
4A. Such sensor can be wrapped around a common carotid
artery (CCA) and/or an internal carotid artery (ICA). Under
normal physiological conditions, illustrated in FIG. 4B, the
sensor may measure normal pressure amplitudes in the
CCA, as illustrated on the screen of user device 20. In case
of artery occlusion (for example embolic occlusion in the
MCA illustrated in FIG. 4C) or/and occlusion in extracranial
arteries such as ICA, pressure amplitudes in the ICA and
CCA may increase significantly, as illustrated on the screen
of user device 20. In such cases an alert may be sent from
the controller 130 to user device 20 or to a user interface
included in /O unit 132.

[0046] Reference is now made to FIG. § which is a
flowchart of a method of determining an occurrence of
inter-vascular occlusion according to some embodiments of
the invention. The method of FIG. 5 may be performed by
a processor such as processor 138 of controller 130, the
processor of user device 20 or using any other suitable
processor. In step 510, a first indication, related to blood
flow in a first artery supplying blood to a first hemisphere of
a subject’s brain may be received from a first sensor. In step
520, a second indication, related to blood flow in a second
artery supplying blood to a first hemisphere of a subject’s
brain may be received from a second sensor. In some
embodiments, two devices such as devices 50 illustrated in
FIG. 2 may each be placed at two sides of the subject’s head
or neck as illustrated in FIGS. 3A-3C. In some embodi-
ments, two sensors being in communication with a single
controller 130 may be placed at two different sides of the
subject’s head or neck in proximity (e.g., on the skin) to two
corresponding arteries supplying blood to the brain. In some
embodiments, sensor 100 of device 50 may detect the
pressure waveform (e.g., the cutaneous pressure wave form)
or blood flow waveform in the artery.

[0047] In some embodiments, an ultrasound transducer
may first be placed in the first side of the subject’s head or
neck in proximity to the first artery supplying blood to the
brain and a first ultrasound scan may be taken detecting one
or more blood flow parameter (e.g. peak velocity, end-
diastolic flow velocity and the like) in the first artery. The
ultrasound transducer may be then relocated to the second
side of the subject’s head or neck in proximity to the second
artery supplying blood to the brain and a second ultrasound
scan may be taken from the second artery detecting one or
more blood flow parameters in the second artery.

[0048] In some embodiments, the two signals may be the
only data required for the determining of the occurrence of
the inter-vascular occlusion. Therefore, no additional data,
for example, stored in a database that was gathered from
other subjects may be required. The comparison and deter-
mination may be conducted based on data related to a
specific subject at a specific condition. The two compared
signals may be received from the same subject at substan-
tially the same time (or with seconds from one another) the
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comparison may be based on information related to the
specific subject at the specific condition.

[0049] In some embodiments, information from previous
measurements made to the same subject may be recorded
and stored (e.g., may be determined as the baseline) to
further be used for determining a threshold value for the
comparison between the first and second indications. In
some embodiments, information received from other sub-
jects may also be used in order to determine the occurrence
of an infer-vascular occlusion.

[0050] During inter-vascular occlusion at least one artery
may be at least partially blocked by the occlusion. When an
artery (e.g., large artery, such as, the ICA trunk, ICA
trifurcation, MCA or small artery, such as, MCA branch) in
the brain (or extracranial arteries like for example the CCA
or ICA) is suddenly blocked (for example by an embolus
that arises from elsewhere and suddenly blocks artery or by
thrombotic occlusion), the local pressure in the ICA and
CCA trunks rise due to both water-hammer phenomenon and
increase in the brain vascular impedance. Water hammer
phenomenon occurs when flow of fluid in a pipe is forced to
stop by sudden closure at the end of the pipe. The kinetic
energy of the fluid at the closure point is reduced to zero very
rapidly, creating a high pressure at the closure point and
causing a pressure wave to move upstream from it. The
primary waves are followed by secondary (“bouncing™)
ones, until the fluid comes to rest. The brief upstream rise of
pressure (Ap) at rapid closure of a valve may be calculated
from equation 1:

AP=VpC )

[0051] Where AP is the brief upstream rise of pressure, V
is the blood flow velocity, p is the blood’s density and C the
pulse wave velocity. C may be calculated using equation 2.

1 2)

[0052] Where K is the blood’s compressibility, d is the
internal diameter of the artery, § is the artery’s wall thickness
and E is the elastic modulus of the artery.

[0053] In some embodiments, pressure rise following the
water hammer effect may be calculated using equations (1)
and (2). Assuming, for example, that blood flow velocity at
the MCA is 0.39 m/s, the density of the blood is 1050 kg/m”,
the compressibility of blood may be close to that of water,
481012 1/Pa, internal diameter of the MCA is 2.86 mm
and its wall thickness is 0.36 mm and elasticity modulus of
the MCA is 1.6x10° Pa the pressure increase AP during
embolic occlusion may be calculated to be 43 mmHg A
schematic illustration of the water hammer effect is given in
FIGS. 6A and 6B.

[0054] In some embodiments, the time of closure may not
exceed twice the length of the upstream pipe divided by the
velocity of sound in the blood in the artery, which can be
calculated from the given data. If the MCA and carotid
artery (e.g., 20 and 80 mm long respectively) are held as the
upstream pipe, 8 millisecond (ms) may be sufficient for
forming a water hammer effect. The pressure wave that may
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be generated near the occlusion may travel in the artery
toward the MCA-ACA junction at sonic speed (as illustrated
in FIG. 6C).

[0055] In some embodiments, when the pressure wave that
was generated near the occlusion point arrived to the MCA-
ACA junction it may be transmitted to the ACA and to the
ICA siphon while part of it is reflected back, as illustrated in
FIG. 6D. The effects of pipe junctions (as in arteries) on the
pressure waves may be analyzed by employing a continuity
of flow and continuity of pressure at the junctions.

[0056] Referring now to FIGS. 7A and 7B which are
schematic illustrations showing the effect of pipe junction on
pressure waves. In some embodiments, a pressure wave of
magnitude AP impinging in one of the junctions’ legs, may
be transmitted to each of the adjoining legs equally. The
magnitude of the transmitted waves may be T, AP where the
transmission coefficient, T,, may be expressed using equa-
tion 3.

2
7

T =

[0057] Where F is calculated for each Ti using equation 4.
oL @

gA
[0058] Where A is the pipe cross section, g=9.8 m/sec” and

C is the pulse wave velocity. In some embodiments, the
summation j refers to all legs (pipes) connecting at a junction
i. Accordingly, for the three pipe junctions illustrated in
FIGS. 7A and 7B the transition factor may be calculated
using equation 5.

2 G
F

1 1 1

_—t — + —

F R F

T, =

[0059] Using equation 5 and the data given in the table of
FIG. 8 the transmission factor (Ti) for the MCA-ACA-
siphon junction may be 0.55, therefore and the transmitted
pressure wave to the siphon may be ~24 mmHg. The table
in FIG. 8 describes the magnitudes of the pressure hammer
waves at different arteries of the cerebral intracranial and
extracranial vascular system following sudden occlusion of
the MCA. MCA-middle cerebral artery, ACA-anterior cere-
bral artery, PCom-Posterior communicating, OPhA-Oph-
thalmic artery, ICA-internal carotid artery, ECA-external
carotid artery, CCA-common carotid artery. The calculations
are based on blood density=1050 [kg/m’], compressibility of
blood=4.8x10" [1/Pascal], g=9.8 [m/s?].

[0060] In the same manner, the magnitude of the trans-
mitted pressure wave in the ICA trunk following the Pos-
terior communicating artery (PComA) and ophthalmic
artery (OPhA) junctions is ~17 mmHg (illustrated in FIG.
6F) and ~5 mmHg in the CCA (illustrated in FIG. 6F). In
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cases of total ICA occlusion or embolic occlusion in the ICA
trifurcation the pressure’s increase in the CCA and ICA
trunks may be much higher.

In addition to water hammer effect, following artery occlu-
sion (either in the brain or/and in the extracranial arteries, for
example sudden occlusion of either the MCA, the ICA trunk
or ICA trifurcation or smaller artery like MCA branch) the
local blood pressure in the CCA and ICA rise as a result of
an increase in the brain vascular impedance. The CCA
supplies cerebral blood flow through the ICA and this
vascular system normally has a low resistance vascular bed.
Decrease in the CCA flow velocity has been reported in
carotid occlusion, proximal MCA occlusion or severe steno-
sis by duplex ultrasonography.

[0061] In some embodiments, based on fluid dynamic it
may be assumed that the decrease in the blood flow velocity
in the CCA or ICA may be followed by an increase in the
local blood pressure at the same locations. As known in the
art, blood pressure wave is composed of a forward wave and
a reflected wave. The forward wave is caused by blood flow
coming from the constriction of the heart. The reflected
wave is generated by the reflection of the forward wave at
the peripheral arteries and it depends strongly on the vis-
coelastic properties of the vessel wall. The relationship
between the spectrum components of the total P, forward P,
and reflected P, blood pressure waves for the successive
harmonics n of the heartbeat frequency in frequency domain
can be expressed using equation 6.

P,=Py+P, =P, (14T ) (6)
where

P,=IP,le®.P, =P, &% P, =P, [, ="

and where 6 and y are phase lag.

[0062] The reflection coeflicient I, present in equation 6
can be calculated on the basis of the vascular input imped-
ance 7, and the characteristic impedance 7, measured in a
cross-section of the artery using equation 7.

™)

[0063] The input I'n and characteristic I, impedances as
function of the frequency are defined using equations 8.

Z,= 2 =z jebm, ®
0.

P; .
Zon = . = |Zonlejwn

O

where ¢ and ¢ are phase lag

[0064] where P, P, are spectrum components of the total
and forward blood pressure waves, Q,, Q;, are spectrum
components of the total and forward blood flow rates.
According to equation 7 the spectrum components Py, and
P, of the forward and reflected blood pressure waves are
calculated for the successive harmonics n of the heartbeat
frequency using equations 9.

- Pn
T1+0,

@

Pp = |an|€jgf"a

Ppn = Py = Ppy = Ple
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[0065] Where the components P, and P,,, may be the basis
for determination of the course of the forward and reflected
blood pressure waves in time domain. The characteristic
impedance can be determined using equation 10.

pc elon (10)

— 5
TR (L - DMy,

Zon =

[0066] Where p is the blood density, R is the artery radius,
o is the Poisson constant, M, and g, are values which
are functions of the artery radius, blood viscosity and
harmonics n of the heartbeat frequency, C is the pulse wave
velocity. In prior studies it was shown that compressing the
brachial artery at a distance of 12 cm from the measuring
point, the time delay between the reflected and forward
waves has been reduced from 132 ms to 35 ms and the value
of the mean reflection coefficient modulus has increased
from 0.4398 to 0.7983. The studies further showed, a 60%
reduction in the volumetric blood flow, an increase in the
total pressure amplitude and changes in the shape of the total
pressure waveform following the compression of the bra-
chial artery. Some studies showed that an increase of the
degree of stenosis of the ICA is also accompanied by an
increase in the values of the input impedance, the mean
reflection coeflicient modulus and decrease in the time delay
of the reflected blood pressure wave relative to the forward
blood pressure wave as measured in the CCA. In addition,
higher degree of stenosis caused a decrease in the CCA flow
velocity and increase in the blood pressure that was mea-
sured in the CCA. In the case of critical stenosis, or
occlusion of the ICA, the mean reflection coefficient modu-
lus was greater by about 48% than in the case of the healthy
persons.

[0067] Inyetanother study an occlusion of either the distal
aorta or bilateral occlusion of the femoral arteries doubled
the pressure augmentation that was measured in the ascend-
ing aorta. Accordingly, it is expected that following artery
occlusion, such as, for example, sudden embolic occlusion
of either the ICA trunk, the ICA trifurcation, the MCA or
smaller artery, like MCA branch, the pressure augmentation
of the CCA may be increase and the he cerebral impedance
is also expected to increase. Due to the increase in the
cerebral impedance, the pressure reflection coeflicient may
increase and also the part of the reflected pressure waves. As
a consequence, it is expected that following the artery
occlusion the amplitudes of the pressure waveforms in the
affected ICA and CCA may increase and the shape of the
waveform may change. In addition, due to the increase in the
ICA pressure following artery occlusion (either in the brain
or/and in the extracranial arteries) there may also be a
potential local increase in blood pressure levels in the sub
branches of the ICA (e.g., the supraorbital artery and its
anastomosis the superficial temporal artery).

[0068] As known in the art, changes of the blood pressure
in the arteries, such as, CCA and ICA may be correlated with
variations of their external diameters. Therefore, according
to some embodiments of the invention, it may be possible to
use the pressure-diameter correlation in these vessels as the
basis for a long-term, continuous monitoring of blood pres-
sure. The diameter changes may be measured using a stain
sensor such as sensor 100 that is being bilaterally wrapped
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around either the CCA or ICA (as illustrated in FIGS.
4A-4C) and detects changes in these arteries diameters.

[0069] In some embodiments, the first and second indica-
tions may include: a first blood pressure wave and a second
blood pressure wave, any mathematical manipulation or data
that may be received from analyzing the first blood pressure
wave and a second blood pressure wave or other parameters
such as blood flow rate and blood flow velocities that may
be received from Doppler measurements conduct using, for
example, an ultrasound transducer. In some embodiments,
analyzing the first blood pressure wave and the second blood
pressure wave may include conducting Fourier transform
methods or fast Fourier transform (FFT) on the waveforms,
taking second and forth order time derivatives of the blood
pressure waveforms, analyzing the amplitude, flowrate, har-
monies (frequency range) or any other characteristic of the
blood pressure waves. In some embodiments, the character-
istic of the blood pressure waves may be determined using
any one of equations (1)-(10).

[0070] In some embodiments, the first and second indica-
tions may be taken from the same artery at two different
points in time. In some embodiments, device 50 may be
placed (e.g., attached) in proximity to a single artery and
sensor 100 may send to controller 130 two or more indica-
tions related to the blood flow in the artery (e.g., any one of
the indications disclosed herein) at two or more points in
time. In some embodiments, sensor 100 may continuously
send indications during a period of time.

[0071] In operation 530, the first and second indications
may be compared and an occurrence of an inter-vascular
occlusion may be determined based on the comparison, in
operation 540. Some examples for the use of the method of
FIG. 5 for determining an occurrence of an inter-vascular
occlusion based on several types of indications related to
blood flow in an artery are given herein. The first and second
indications may be indications received from sensor(s)
placed at two sides of the subject’s head or neck, and/or from
the same sensor at two points in time.

[0072] In some embodiments, the first and second indica-
tions may include a first blood flowrate and a second blood
flowrate. In some embodiments, following an inter-vascular
occlusion at the first artery a decrease in the flowrate may be
detected. Accordingly, the comparison between the normal
flowrate in the second artery and the slower flowrate in the
first artery may yield to the determining of optional inter-
vascular occlusion at the first artery.

[0073] In some embodiments, the first and second indica-
tions may include a first blood flow velocity and a second
blood velocity. In some embodiments, following an inter-
vascular occlusion at the first artery a decrease in the blood
flow velocity may be detected. Accordingly, the comparison
between the normal velocity in the second artery and the
lower velocity in the first artery may yield to the determining
of optional inter-vascular occlusion at the first artery.

[0074] In some embodiments, the first and second indica-
tions may include a first reflected blood pressure wave and
a second reflected blood pressure wave. In some embodi-
ments, following an inter-vascular occlusion at the first
artery an increase in the amplitude and/or the velocity of the
reflected wave may be detected. Accordingly, the compari-
son between the two reflected blood pressure waves may
yield to the determining at which side of the brain an artery
may have been blocked, or partially blocked.
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[0075] In some embodiments, when the subject continu-
ously wearing one or more devices 50 (for example during
sleeping hours) a brief upstream rise of pressure (Ap) may be
detected by one of the sensors indicating a water hammer
phenomenon following an inter-vascular occlusion. The
water hammer effect may also be detected by detecting raise
in the impedance Z. Accordingly, an alert may be sent to a
caregiver or a health service provider and the subject may be
given a treatment less than 90 minutes from the onset of the
inter-vascular occlusion.

[0076] Insome embodiments, wherein the first and second
indications may be measurements of a first vascular imped-
ance of the first artery and a second vascular impedance of
the second artery. In some embodiments, determining the
occurrence of the inter-vascular occlusion in the first artery
may include detecting an increase in the vascular impedance
Z in the first arteries in comparison to the second arteries.
[0077] In some embodiments, the first indication and
second indication may be measurements of time delay
between a forward blood pressure wave and a reflected
blood pressure wave. As disclosed above a decrease in the
time delay of the reflected blood pressure wave relative to
the forward blood pressure wave may be detected following
an inter-vascular occlusion. Accordingly, determining the
occurrence of the inter-vascular occlusion at the first artery
may include detecting a decrease in the time difference
between the forward and the reflected blood pressure waves
at the first artery in comparison to the second artery.
[0078] In some embodiments, the first indication and the
second indication may be calculations of mean reflection
coefficient moduli I, (calculated, for example, vsing equa-
tion (7)) of the first artery and the second artery. In some
embodiments, determining the occurrence of the inter-vas-
cular occlusion at the first artery may include detecting an
increase in the mean reflection coefficient modulus of the
first artery in comparison to the second artery.

[0079] In some embodiments, wherein the first indication
and second indication may include the frequencies content
of the first pressure waveform and the frequencies content of
the second pressure waveform. Fach one of the first and
second pressure waveforms may include a superposition of
several harmonies each having a frequency. Accordingly, the
frequencies content in a pressure waveform are the frequen-
cies of the harmonies. The frequencies may be extracted
from the pressure waveforms applying, for example, FFT
methods. In some embodiments, determining the occurrence
of the inter-vascular occlusion may include detecting an
change in at least some of frequencies of one waveform with
respect to the other.

[0080] In some embodiments, the first indication and
second indication may include second order time derivatives
of the first pressure waveform and the second pressure
waveform. The second order time derivatives may identify
the timing to the inflection point at each pressure waveform.
In some embodiments, determining the occurrence of the
inter-vascular occlusion may include detecting a reduction
in the timing to the inflection point of one pressure wave
form in comparison to the other.

[0081] In some embodiments, the first indication and
second indication may include augmentation indexes calcu-
lated from the first pressure waveforms and the second
pressure waveform. The augmentation index is the ratio
between augmentation pressure and the pulse pressure. The
augmentation pressure may be define as the pressure differ-
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ence between the first and the second inflection point in a
waveform. The pulse pressure may be defined as the pres-
sure difference between the systolic blood pressure and the
diastolic blood pressure. The augmentation index is
expected to rise following an inter-vascular occlusion.
Accordingly, determining the occurrence of the inter-vascu-
lar occlusion may include detecting a rise in the augmenta-
tion index of one pressure waveform in comparison to the
other.

[0082] In some embodiments, the first and second indica-
tions may be a first ratio between the amplitudes of the
forward and reflected first pressure waveform (P/P) and a
second ratio between the amplitudes of the forward and
reflected second pressure waveform. In some embodiments,
determining the occurrence of the inter-vascular occlusion
may include detecting a raise in the amplitudes’ ratio of one
pressure waveform in compatison to the other.

[0083] In some embodiments, the first and second indica-
tion may further include: a first amplitude of a systolic blood
pressure in the first artery and a second amplitude of the
systolic blood pressure in the second artery. In some
embodiments, determining the occurrence of the inter-vas-
cular occlusion may include detecting an increase in the
amplitudes of the systolic blood pressure at one artery
following the occurrence of the inter-vascular occlusion in
comparison to the other.

[0084] In some embodiments, the first and second indica-
tion may include a first time interval until the diastolic peak
in the first artery and a second time interval until the
diastolic peak in the second artery. In some embodiments,
determining the occurrence of the inter-vascular occlusion
may include detecting a decrease in the time interval fol-
lowing the inter-vascular occlusion in one artery in com-
parison to the other.

[0085] In some embodiments, the first and second indica-
tion may include a pulse wave velocity (PWV) of the first
artery and a pulse wave velocity of the second artery. PWV
may be measured in various segments of the arterial circu-
lation. When two pressure waves are recorded at two dif-
ferent sites of the vascular tree, it is possible, owing to the
propagation of the waves, to measure the time delay (t) and
the distance (D) between these two waves. PWV may be
defined using equation 11.

PWV=D/t an

[0086] Measurement of time delay may be performed by
determination of a foot-to-foot transit time. The term transit
time, further to its regular meaning, may refer to the time
between the beginning of the deflection corresponding to
systole pressure wave that is measured in one point on the
body and the pressure wave that is measured in second
adjacent point in the same cycle.

[0087] Insome embodiments, determining the occurrence
of the inter-vascular occlusion may include detecting an
increase in the pulse wave velocity following the inter-
vascular occlusion in one artery in comparison to the other.

[0088] While certain features of the invention have been
illustrated and described herein, many modifications, sub-
stitutions, changes, and equivalents will now occur to those
of ordinary skill in the art. It is, therefore, to be understood
that the appended claims are intended to cover all such
modifications and changes as fall within the true spirit of the
invention.
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1. A method of determining an occurrence of inter-
vascular occlusion, comprising:

receiving, from a first sensor, a first indication, related to

blood flow in a first artery supplying blood to a first
hemisphere of a subject’s brain;

receiving from one of: the first sensor and a second sensor,

a second indication related to the blood flow in a second
artery supplying blood to a second hemisphere of the
subject’s brain;

comparing the first and second indications; and

determining an occurrence of an inter-vascular occlusion

based on the comparison.

2. The method of claim 1, wherein the first and second
indications comprise a first pressure waveform and a second
pressure waveform.

3. The method of claim 1, wherein the first and second
indications comprise a first reflected blood pressure wave
and a second reflected blood pressure wave.

4. The method of claim 1, wherein the first and second
indications comprise at least one of:

a first blood flow rate and a second blood flow rate; and

a first blood flow velocity and a second blood flow

velocity.

5. The method of claim 1, wherein determining the
occurrence of the inter-vascular occlusion comprises detect-
ing a pressure hammer waves in one of the first artery and
the second artery.

6. The method of claim 1,

wherein the first and second indication include: a first

amplitudes of a systolic blood pressure in the first
artery and a second amplitudes of the systolic blood
pressure in the second artery, and

wherein determining the occurrence of the inter-vascular

occlusion comprises detecting an increase in the ampli-
tudes of the systolic blood pressure at one artery
following the occurrence of the inter-vascular occlu-
sion in comparison to the other.

7. The method of claim 1,

wherein the first and second indication comprises a first

time duration for the diastolic peak in the first artery
and a second time duration for the diastolic peak in the
second artery, and

wherein determining the occurrence of the inter-vascular

occlusion comprises detecting a decrease in the time
duration following the inter-vascular occlusion in one
artery in comparison to the other.

8. The method of claim 1,

wherein the first and second indication comprises a pulse

wave velocity of the first artery and a pulse wave
velocity of the second artery, and

wherein determining the occurrence of the inter-vascular

occlusion comprises detecting an increase in the pulse
wave velocity following the inter-vascular occlusion in
one artery in comparison to the other.

9. The method of claim 1,

wherein the first and second indications are the first ratio

between the amplitudes of the forward and reflected
first pressure waveform and the second ratio between
the amplitudes of the forward and reflected second
pressure waveform, and

wherein determining the occurrence of the inter-vascular

occlusion comprises detecting a raise in the ratio of one
pressure waveform in comparison to the other.
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10. The method of claim 1, wherein the first and second
indications are measurements of a first vascular impedance
of the first artery and a second vascular impedance of the
second artery,

and wherein determining the occurrence of the inter-

vascular occlusion comprises detecting an increase in
the vascular impedance in the first arteries in compari-
son to the second arteries.

11. The method of claim 1, wherein the first indication and
second indication are measurements of time delay between
a forward blood pressure wave and a reflected blood pres-
sure wave,

and wherein determining the occurrence of the inter-

vascular occlusion comprises detecting a decrease in
the time difference between the forward and the
reflected blood pressure waves at the first artery in
comparison to the second artery.

12. The method of claim 1, wherein the first indication
and the second indication are calculations of mean reflection
coeflicient moduli of the first artery and the second artery,

and wherein determining the occurrence of the inter-

vascular occlusion comprises detecting an increase in
the mean reflection coefficient modulus of the first
artery in comparison to the second artery.

13. The method of claim 2, wherein the first indication
and second indication comprise the frequencies content of
the first pressure waveforms and the frequencies content of
the second pressure waveforms,

and wherein determining the occurrence of the inter-

vascular occlusion comprises detecting an increase in at
least some of frequencies of one waveform with respect
to the other.

14. The method of claim 2, wherein the first indication
and second indication comprise second order time deriva-
tives of the first pressure waveform and the second pressure
waveform, the second order time derivatives are for identi-
fying a timing of a inflection point at each pressure wave-
form;

and wherein determining the occurrence of the inter-

vascular occlusion comprises detecting a reduction in
the timing of the inflection point.

15. The method of claim 2, wherein the first indication
and second indication comprise augmentation indexes cal-
culated from the first waveforms and the second pressure
waveform,
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and wherein determining the occurrence of the inter-
vascular occlusion comprises detecting a rise in the
augmentation index of one pressure wave form in
comparison to the other.

16-19. (canceled)

20. A system for determining an occurrence of an inter-
vascular occlusion, comprising:

one or more sensors configured to be located in proximity

to a first artery that supplies blood to the first hemi-
sphere of a subject’s brain and to a second artery that
supplies blood to the second hemisphere of the sub-
ject’s brain; and

a communication unit configured to send to a processor:

a first indication, related to blood flow in a first artery
supplying blood to a first hemisphere of a subject’s
brain; and

a second indication, related to blood flow in a second
artery supplying blood to a first hemisphere of a
subject’s brain.

21. The system of claim 20, further comprising a wearable
element for attaching the one or more sensors to a tissue in
proximity to the first and second arteries.

22. The system of claim 21, wherein the wearable element
comprises at least one of: stickers to attached a first and a
second sensors to a skin of a user, one or more elastic strips
to attached the first and second sensors to a skin of a user,
a hat-like element, a necklace, a choker, a bandage, a scarf
and a collar-like element.

23. The system of claim 20, further comprising a

a controller configured to:

receive, from a first sensor from the one or more sensors,

the first indication;

receive from one of: the first sensor and a second sensor

from the one or more sensors, the second indication;

compare the first and second indications; and

determine the occurrence of the inter-vascular occlusion

based on the comparison.

24. The system of claim 20, wherein the one or more
sensors comprise one or more of: piezoelectric devices,
pressure sensors, ultrasound transducers, sensors that mea-
sure a volume of the arteries.

25-27. (canceled)
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