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IMPLANTABLE DEVICE FOR DETECTING
LIGHT CORRELATING TO VESSEL

BACKGROUND

[0001] Vascular occlusion can reduce blood vessel pat-
ency and blood flow in a living body. Vascular occlusion can
result from, among other causes, atherosclerosis, thrombo-
genesis, and embolisms. Complications arising from vascu-
lar occlusions can include ischemia, embolism, and death.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] Various examples will be described below with
reference to the following figures. Different ones of the
figures may have at least some reference numerals that are
the same in order to identify similar, though perhaps not
identical, components. For the sake of brevity, a detailed
description of each such component having a previously
described function may not be provided below with respect
to other figures in which they appear.

[0003] FIG. 1 is a schematic diagram of an implantable
device according to an example implementation.

[0004] FIG. 2A is a schematic diagram of the example
implantable device of F1G. 1 accommodating an unoccluded
vessel.

[0005] FIG. 2B is a schematic diagram of the example
implantable device of FIG. 1 accommodating a partially
occluded vessel.

[0006] FIG. 2C is a schematic diagram of the example
implantable device of FIG. 1 accommodating a vessel that is
more occluded than the vessel illustrated in FIG. 2B.
[0007] FIG. 3 is a schematic diagram of an implantable
device according to another example implementation.
[0008] FIG. 4 is an illustration of an example implantable
device implanted on a transplanted heart.

[0009] FIG. 5 is a block diagram of a computer that
includes a machine-readable storage medium encoded with
instructions for generating an alert according to an example
implementation.

[0010] FIG. 6 is a block diagram of a computer that
includes a machine-readable storage medium encoded with
instructions for generating an alert according to another
example implementation.

[0011] FIG. 7 is a flow diagram of a method for transmit-
ting a signal corresponding to the intensity of light detected
by a sensor according to an example implementation.
[0012] FIG. 8 is a flow diagram of a method for transmit-
ting a signal corresponding to the intensity of light detected
by a sensor according to another example implementation.
[0013] FIG.9is a flow diagram of a method for generating
an alert according to an example implementation.

[0014] FIG. 10 is an example illustration of the method of
FIG. 9.

DETAILED DESCRIPTION
[0015] “Vessel patency,” as referred to herein, should be

understood to refer to the degree of openness of a vessel in
a living body. Vessel patency can be reduced in a living body
by many causes, including the build-up of atherosclerotic
plaque in a vessel or the formation of a thrombus (also
known as a blood clot) in a vessel. Reduced blood flow
accompanying a reduction in vessel patency can lead to
ischemia. Furthermore, a thrombus can dislodge from a
vessel wall and cause a blockage elsewhere in the circula-
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tory system, thus causing further complications, such as
pulmonary embolism, cerebral stroke, myocardial infarc-
tion, and the like. For example, a heart transplant procedure
includes one or more anastomoses of the left atrium, right
atrium, superior vena cava, inferior vena cava, pulmonary
artery, and aorta, in order to connect a donor heart to a
recipient circulatory system. Such anastomoses may be sites
for thrombus formation. Post-operative monitoring includes
periodic catheter-based imaging and/or laboratory blood
tests, which may not be performed frequently enough to
detect post-operative thrombogenesis. Accordingly, an
implantable device for monitoring vessel patency may be
useful for reducing post-operative complications.

[0016] Referring now to the figures, FIG. 1 is a schematic
diagram of an implantable device 100 according to an
example implementation that can include a housing 102, a
light source 104, a sensor 106, and a wireless transmitter
module 108. A module, as referred to herein, can include a
set of instructions encoded on a machine-readable storage
medium and executable by a processor. Additionally or
alternatively, a module may include a hardware device
comprising electronic circuitry for implementing function-
ality described herein.

[0017] The housing 102 can include an opening 110 for
accommodating a vessel 114 of a living body. In some
example implementations, the housing 102 can be con-
structed of a biocompatible material, such as, for example,
titanium, ceramic, silicone, and/or other polymers. In some
example implementations, the opening 110 can have a size
substantially similar to the vessel 114, such that the vessel
114 fills all or substantially all of the opening 110. It should
be understood that the vessel 114 is illustrated in the figures
as being smaller than the opening 110 for the purposes of
legibility.

[0018] The light source 104 can be embedded into the
housing 102, and can emit light. In some example imple-
mentations, the light source 104 can be a light emitting diode
(LED). In some example implementations, the light source
104 can emit light having a wavelength in a range from
approximately 400 nm to approximately 700 nm (also
known as the visible spectrum). In other example imple-
mentations, the light source 104 can emit light having a
wavelength in a range from approximately 700 nm to
approximately 1400 nm (also known as near infrared light),
and more particularly, around 900 nm (e.g. 900 nm =100
nm). As referred to herein, the term “embedded” should be
understood to include implementations where the embedded
component is encapsulated, as well as implementations
where the embedded component is not encapsulated (e.g,,
the component can be exposed or can protrude).

[0019] The sensor 106 can be embedded into the housing
102 and can detect light 112 transmitted from the light
source 104 across the opening 110. For example, when the
vessel 114 is accommodated in the opening 110, the sensor
106 can detect light 112 from the light source 104 transmit-
ted across (or in other words, passing through) the vessel 114
accommodated in the opening 110.

[0020] In some example implementations, the sensor 106
can be a photodetector (e.g., a photodiode) that converts
light 112 arriving at the sensor 106 into a sensor signal, such
as an electric current, having a value that is proportional
(e.g., by linear proportionality, logarithmic proportionality,
or the like) to the intensity of the light 112 arriving at the
sensor 106. For example, a higher intensity of light 112 can
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be converted to a greater electric current, and a lower
intensity of light 112 can be converted to a lower electric
current. In some example implementations, the sensor 106
can be a silicon photodiode that is sensitive to light in the
wavelength range from approximately 400 nm to 1100 nm,
with a peak sensitivity around 900 nm.

[0021] An intensity of light 112 detected by the sensor 106
can correlate to (in other words, correspond to, vary with, or
be a function of) patency of the vessel 114 accommodated in
the opening 110. An example of the sensitivity of light 112
to vessel patency will now be illustrated with reference to
FIGS. 2A-2C. FIG. 2A illustrates a vessel 200 that is not
occluded and has high patency, FIG. 2B illustrates a vessel
202 that is partially occluded by occlusive material 204, and
FIG. 2C illustrates a vessel 206 that is partially occluded by
occlusive material 208. The vessel 206 of FIG. 2C is more
occluded than (has lower patency than) the vessel 202 of
FIG. 2B, and the vessel 202 of FIG. 2B is more occluded
than (has lower patency than) the vessel 200 of FIG. 2A.
Occluding material that reduces blood flow through the
vessel (e.g., a thrombus, an atherosclerotic plaque, an onset
of blood coagulation, and the like) can have a greater light
attenuation coeflicient than blood. Accordingly, decreasing
vessel patency due to increasing amounts of occluding
material in the vessel can correlate with a decreasing inten-
sity of light 112 transmitted across the vessel and detected by
the sensor 106. Accordingly, the sensor 106 may detect a
lower intensity of light 112 transmitted across the vessel 202
of FIG. 2B having occlusive material 204 in comparison to
the intensity of light 112 transmitted across the vessel 200 of
FIG. 2A, and the sensor 106 may detect an even lower
intensity of light 112 transmitted across the vessel 206 of
FIG. 2C having occlusive material 208 in comparison to the
intensity of light 112 transmitted across the vessel 202 of
FIG. 2B. Thus, in comparison with high vessel patency, low
vessel patency can correlate with low intensity of light 112
detected by the sensor 106, and the sensor 106 in turn can
convert the lower intensity light 112 into a lower sensor
signal.

[0022] Referring again to FIG. 1, the wireless transmitter
module 108 can be embedded into the housing 102 and can
transmit a wireless transmitter signal 116 that can corre-
spond to the intensity of the light 112 detected by the sensor
106. The wireless transmitter signal 116 can be any wireless
signal, such as, for example, a radiofrequency (RF) signal,
an acoustic signal, or an infrared signal, although such
examples are not limiting. In some example implementa-
tions, the RF signal can use one or more mobile telecom-
munication bands, such as 806 to 960 MHz, 1710 to 2025
MHz, 2110 to 2200 MHz, or 2500 to 2690 MHz.

[0023] In some example implementations, the wireless
transmitter module can transmit a wireless transmitter signal
116 that includes a data representation of the intensity of the
light 112 detected by the sensor 106. In other example
implementations, the wireless transmitter module 108 can
transmit an RF signal having a frequency that corresponds to
the intensity of the light 112 detected by the sensor 106. For
example, the wireless transmitter module 108 can receive a
sensor signal from the sensor 106 (e.g., an electric current
from the sensor 106) that is proportional to the intensity of
the light 112 detected by the sensor 106. In turn, the wireless
transmitter module 108 can transmit, as the wireless trans-
mitter signal 116, an RF signal having a frequency that
corresponds to the sensor signal by a predetermined rela-
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tionship, such as a linear proportionality, a logarithmic
proportionality, or the like. More particularly, in some
example implementations, the wireless transmitter module
108 can transmit a higher frequency RF signal in response
to the sensor signal being high and can transmit a lower
frequency RF signal in response to the sensor signal being
low. Accordingly, a higher frequency RF wireless transmit-
ter signal can correspond to a higher intensity of light 112
and higher vessel patency (i.e., less vessel occlusion), and a
lower frequency RF wireless transmitter signal can corre-
spond to a lower intensity light 112 and lower vessel patency
(i.e., greater vessel occlusion). In some example implemen-
tations, the RF wireless transmitter signal 116 can be of a
range of frequencies that corresponds to a range of vessel
patency, such as 0% to 100% patency.

[0024] FIG. 3 is a schematic diagram of an implantable
device 300 according to another example implementation.
As with the implantable device 100 of FIG. 1, the implant-
able device 300 can include a housing 102, a light source
104, a sensor 106, and a wireless transmitter module 108.
The implantable device 300 can also include optically
transparent portions of the housing 102 surrounding each of
the light source 104 and the sensor 106, an alert module 306,
and a wireless power module 308, as will be described
further herein below. In some example implementations, the
implantable device 300 can also include a processor 312 and
a machine-readable storage medium 314.

[0025] As described above with reference to FIG. 1, the
housing 102 of the implantable device 300 can include an
opening 110 for accommodating a vessel 114 of a living
body, the light source 104 can be embedded into the housing
102 and can emit light 112, the sensor 106 can be embedded
into the housing 102 and can detect light 112 from the light
source 104 transmitted across the opening 110 (and thus
across a vessel 114 accommodated in the opening 110), and
the wireless transmitter module 108 can transmit a wireless
transmitter signal 116 that corresponds to an intensity of the
light 112 detected by the sensor 106.

[0026] Insome example implementations, the light source
104 can include electronic circuitry (e.g., a discrete circuit,
an integrated circuit, a processor, and the like) and can be
controlled by the electronic circuitry to emit light at a pulse
frequency of less than or equal to a heart rate associated with
the living body (e.g., approximately 60 beats per minute).
The pulse frequency of the light can be less than or equal to
the heart rate, because the formation of a vessel occlusion
typically can occur over a plurality of heart beats. In some
example implementations, the light can have a pulse width
in the range from one millisecond to five hundred millisec-
onds.

[0027] The processor 312 can include a central processing
unit, a multiple processing unit, a microprocessor, an appli-
cation-specific integrated circuit, a field programmable gate
array, and/or other hardware device suitable for retrieval
and/or execution of instructions stored in the machine-
readable storage medium 314. Additionally or alternatively,
the processor 312 can include electronic circuitry for per-
forming the functionality of the implantable device 300 as
described herein.

[0028] The machine-readable storage medium 314 can be
any medium suitable for storing executable instructions,
such as a random access memory (RAM), an electrically
erasable programmable read-only memory (EEPROM),
flash memory devices, and/or other types of volatile
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memory, non-volatile memory, and storage. In some
example implementations, the machine-readable storage
medium 314 can be a non-transitory storage medium, where
the term “non-transitory” does not encompass transitory
propagating signals.

[0029] In some example implementations, portions of the
housing 102 surrounding each of the light source 104 and the
sensor 106 can be optically transparent. For example, the
housing 102 can include an optically transparent window
302 adjacent to the light source 104, such that light emitted
by the light source 104 passes through the window 302 and
then across the opening 110 and the vessel 114 accommo-
dated in the opening 110. Additionally or alternatively, the
housing 102 can include an optically transparent window
304 adjacent to the sensor 106, such that light passes from
the opening 110 and the vessel 114 accommodated in the
opening 110, through the window 304, and to the sensor 106.
The optically transparent windows 302 and 304 can be any
transparent and biocompatible material, such as glass, sap-
phire, silicone, poly(methyl methacrylate), other polymers,
and the like, although such examples are not limiting.
[0030] In some example implementations, the window
302 can serve as an aperture of the light source 104, and,
additionally or alternatively, the window 304 can serve as an
aperture of the sensor 106. By virtue of the window 302
and/or the window 304 serving as apertures, light can be
efficiently directed from the light source 104, across the
opening 110 and the vessel 114, and to the sensor 106.
Additionally, the amount of other light detected by the
sensor 106 that is not from light source 104 (e.g., ambient
light, multiply-scattered light, and light from other sources)
can be reduced by virtue of the window 302 and/or the
window 304 serving as apertures.

[0031] The alert module 306 can generate an alert when
the intensity of the light 112 detected by the sensor 106
satisfies a predetermined alert criterion associated with
reduced patency (i.e., increased occlusion) of the vessel 114
accommodated in the opening 110. The alert module 306 can
include, in some example implementations, an audio
speaker, a vibrating element, and/or other suitable compo-
nent(s) that can generate an alert perceivable by the living
body.

[0032] In some example implementations, the predeter-
mined alert criterion can include the intensity of the light 112
detected by the sensor 106 deviating from a baseline by
more than a safety margin. For example, the alert module
306 can receive a sensor signal from the sensor 106 (e.g., an
electric current output) that corresponds to the intensity of
the light 112 detected by the sensor 106, and the alert module
306 can monitor the sensor signal to detect when the sensor
signal, as a proxy for the intensity of light 112, deviates from
a baseline sensor signal by more than a safety margin. The
baseline sensor signal can be, for example, a sensor signal
when the sensor 106 detects light 112 transmitted across a
vessel that has high patency, such as the vessel 200 of FIG.
2A described above. In some example implementations, the
baseline sensor signal can be a moving average or other like
historical measures of the sensor signal. In some example
implementations, the safety margin can be a relative differ-
ence (e.g., a 10% decrease from the baseline sensor signal)
and/or an absolute difference from the baseline sensor
signal, and alternatively or additionally, the safety margin
can be based on physician expertise and/or medically rel-
evant characteristics of the vessel or of the living body. In
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some example implementations, the baseline sensor signal
and/or the safety margin can be stored in and retrieved from
the machine-readable storage medium 314.

[0033] When the alert module 306 detects that the sensor
signal satisfies the predetermined alert criterion (e.g., the
sensor signal calls below the baseline sensor signal by more
than 10%), the alert module 306 can generate an audible
alert, a vibratory alert, and/or other alert that can be per-
ceived by the living body. In some example implementa-
tions, the alert module 306 can generate an alert data signal
that can be transmitted by the wireless transmitter module
108 to an electronic device outside of the living body, such
as a laptop computer, a desktop computer, a workstation, a
tablet computing device, a mobile phone, a server, or the
like.

[0034] The wireless power module 308 can provide power
to at least one component of the implantable device 300,
such as the light source 104, the sensor 106, the wireless
transmitter module 108, the alert module 306, the processor
312, and/or the machine-readable storage medium 314. The
wireless power module 308 can provide power to the at least
one component by first receiving power wirelessly from an
external power source located outside of the living body
(e.g., by electromagnetic induction, electromagnetic radia-
tion, magnetodynamic coupling, and the like), and then
supplying the received power to the at least one component
by way of electrical connections.

[0035] As described above with reference to FIG. 1, the
wireless transmitter module 108 can transmit a wireless
transmitter signal 116 that can correspond to the intensity of
the light 112 detected by the sensor 106. In some example
implementations, the wireless transmitter signal 116 can be
received by a computer 310, as illustrated in FIG. 3. In some
example implementations, the computer 310 can be a laptop
computer, a desktop computer, a workstation, a tablet com-
puting device, a mobile phone, a server, or the like. Example
implementations of the computer 310 will be described
further below with reference to FIGS. 5 and 6.

[0036] FIG. 4 illustrates an implantable device 400, which
can be the implantable device 100 of FIG. 1 or the implant-
able device 300 of FIG. 3. Accordingly, implantable device
400 can include a housing 102 with an opening that accom-
modates a vessel of a living body, a light source 104 to emit
light, a sensor 106 to detect light from the light source 104
transmitted across the vessel, and a wireless transmitter
module 108 that transmits a wireless transmitter signal 116
that corresponds to the intensity of the light detected by the
sensor 106. The implantable device 400 is depicted as being
implanted around an aortic anastomosis 402 of a trans-
planted heart 404 (that is, the aortic anastomosis 402 is
accommodated in an opening of the housing 102 of the
implantable device 400). In some example implementations,
the implantable device 400 can be useful for detecting
formation of a thrombus at the aortic anastomosis 402. The
implantable device 400 can also accommodate other vessels
or other anastomoses sites of the transplanted heart 404,
such as, but not limited to, a superior vena cava anastomosis
406, an inferior vena cava anastomosis 408, and a pulmo-
nary artery anastomosis 410.

[0037] Although the implantable device 100 of FIG. 1, the
implantable device 300 of FIG. 3, and the implantable
device 400 of FIG. 4 are depicted as having an annular
shape, it should be understood that other shapes may be
utilized. Moreover, although the light source 104 and the
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sensor 106 are depicted in FIGS. 1, 2A-2C, 3, and 4 to be
substantially diametrically opposed, such depiction should
be understood to be non-limiting and other configurations
can be used to emit light across the opening 110 and the
vessel 114 accommodated in the opening 110.

[0038] FIG. 5 is a block diagram of a computer 500 that
includes a machine-readable storage medium encoded with
instructions for generating an alert according to an example
implementation. In some implementations, the computer
500 can serve as or be included in the computer 310 of FIG.
3. In some example implementations, the computer 500 can
be a laptop computer, a desktop computer, a workstation, a
tablet computing device, a mobile phone, a server, an
electronic user device, or the like. The computer system 500
includes a processor 502 coupled to a machine-readable
storage medium 504. In some example implementations, the
computer system 500 also can include a display device 506.
[0039] The processor 502 can include a central processing
unit, a multiple processing unit, a microprocessor, an appli-
cation-specific integrated circuit, a field programmable gate
array, and/or other hardware device suitable for retrieval
and/or execution of instructions 514, 516, and 518 stored in
the machine-readable storage medium 504. Additionally or
alternatively, the processor 502 can include electronic cir-
cuitry for performing the functionality of instructions 514,
516, and/or 518. The machine-readable storage medium 504
can be any medium suitable for storing executable instruc-
tions, such as a random access memory (RAM), an electri-
cally erasable programmable read-only memory (EE-
PROM), a hard drive, an optical disc, flash memory devices,
and the like. In some example implementations, the
machine-readable storage medium 504 can be a non-transi-
tory storage medium, where the term “non-transitory” does
not encompass transitory propagating signals. As described
further herein below, the machine-readable storage medium
504 can be encoded with a set of executable instructions
514, 516, and 518. The display device 506 can include, for
example, a monitor, a screen, a light, a speaker, and/or other
audio and/or visual devices.

[0040] Instructions 514 can receive a wireless transmitter
signal transmitted wirelessly by an implantable device (such
as the implantable device 100 of FIG. 1 or the implantable
device 300 of FIG. 3) implanted around a vessel of a living
body. The wireless transmitter signal can correspond to an
intensity of light detected by the implantable device after the
light has transmitted across the vessel, and the intensity of
light can correlate to patency of the vessel. In some example
implementations, the RF wireless transmitter signal 116
received by computer 500 can be of a range of frequencies
that corresponds to a range of vessel patency, such as 0% to
100% patency. In some example implementations, instruc-
tions 514 can receive the wireless transmitter signal by way
of the communications interface 510.

[0041] In an example implementation, the wireless trans-
mitter signal can be an RF signal having a frequency that
corresponds to the intensity of light detected by the implant-
able device after the light has transmitted across the vessel.
[0042] Instructions 516 can determine whether a wireless
transmitter signal (e.g., the wireless transmitter signal
received by instructions 514) satisfies a predetermined alert
criterion associated with reduced patency of the vessel. A
wireless transmitter signal that satisfies the predetermined
alert criteria can be deemed to indicate reduced vessel
patency. In some example implementations, the predeter-
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mined alert criterion can include the wireless transmitter
signal deviating from the calibration by more than a safety
margin. For example, the calibration can be a moving
average or other like historical measures of the wireless
transmitter signal, and the safety margin can be a percentage
difference from the calibration.

[0043] For example, in the example implementation
described above at instructions 514 where the wireless
transmitter signal is an RF signal having a frequency that
corresponds to the intensity of light detected by the implant-
able device after the light has transmitted across the vessel,
instructions 516 can identify the frequency of the RF wire-
less transmitter signal (e.g., by demodulation) and determine
whether the identified frequency satisfies a predetermined
alert criterion associated with reduced vessel patency, such
as a percentage difference (e.g., 10% decrease) in the
identified frequency from a calibration (e.g., a moving
average or other like historical measures of identified fre-
quencies). (In some example implementations, identifying
the frequency can instead be performed as part of instruc-
tions 514).

[0044] Instructions 518 can generate an alert in response
to the wireless transmitter signal satisfying the predeter-
mined alert critetion. In some example implementations,
instructions 518 can cause the display device 506 to display
a text alert and/or play an audible alert to indicate that a
reduced vessel patency condition has been detected.
[0045] FIG. 6 is a block diagram of a computer 600 that
includes a machine-readable storage medium encoded with
instructions for generating an alert according to an example
implementation. In some implementations, the computer
600 can serve as or be included in the computer 310 of FIG.
3. In some example implementations, the computer 600 can
be a laptop computer, a desktop computer, a workstation, a
tablet computing device, a mobile phone, a server, an
electronic user device, or the like. The computer system 600
can include a processor 602 coupled to a machine-readable
storage medium 604. In some example implementations, the
computer 600 can include one or more of a display device
606, a user interface 608, a communications interface 610,
and a bus 612. The processor 602, the machine-readable
storage medium 604, and the display device 606 can be
analogous (e.g., have functions and/or components similar
to) to the processor 502, the machine-readable storage
medium 504, and the display device 506 of FIG. 5, respec-
tively.

[0046] As with the processor 502 of FIG. 5, the processor
602 can include a central processing unit, a multiple pro-
cessing unit, a microprocessor, an application-specific inte-
grated circuit, a field programmable gate array, and/or other
hardware device suitable for retrieval and/or execution of
instructions stored in the machine-readable storage medium
604. Additionally or alternatively, the processor 602 can
include electronic circuitry for performing the functionality
of instructions 614, 616, 618, 620, and/or 622.

[0047] As with the machine-readable storage medium 504
of F1G. 5, the machine-readable storage medium 604 can be
any medium suitable for storing executable instructions,
such as a random access memory (RAM), an electrically
erasable programmable read-only memory (EEPROM), a
hard drive, an optical disc, flash memory devices, and the
like. In some example implementations, the machine-read-
able storage medium 604 can be a non-transitory storage
medium, where the term “non-transitory” does not encom-
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pass transitory propagating signals. As described further
herein below, the machine-readable storage medium 604 can
be encoded with a set of executable instructions 614, 616,
618, 620, and 622.

[0048] As with the display device 506 of FIG. 5, the
display device 606 can include, for example, a monitor, a
screen, a light, a speaker, and/or other audio and/or visual
devices. The user interface 608 can include, for example, a
keyboard, a mouse, a touch-screen, and/or the like. The
communications interface 610 can include any electronic
communications technology, such as FEthernet, USB,
FireWire, optical fiber, Wi-Fi, Bluetooth, Zigbee, cellular
communications, satellite communications, near-field com-
munication, short or long-range radios, and the like. The bus
612 can be used to couple the processor 602, the machine-
readable storage medium 604, the display device 606, the
user interface 608, and/or the communications interface 610.
[0049] Instructions 614 derives a calibration from wireless
transmitter signals received from an implantable device
(such as the implantable device 100 of FIG. 1 or the
implantable device 300 of FIG. 3) while a vessel around
which the implantable device is implanted has high patency.
In some example implementations, instructions 614 can
receive the wireless transmitter signals by way of the
communications interface 610. The wireless transmitter sig-
nal can correspond to an intensity of light detected by the
implantable device after the light has transmitted across the
vessel, and the intensity of light can correlate to patency of
the vessel. Accordingly, in some example implementations,
instructions 614 can derive the calibration by averaging the
wireless transmitter signals received while the vessel has
high patency. In some example implementations, instruc-
tions 614 can store the calibration in the machine-readable
storage medium 604.

[0050] In some example implementations, instructions
614 can request confirmation by way of the display device
606 and/or the user interface 608 that the vessel has high
patency prior to deriving the calibration. For example, a
physician may confirm via the display device 606 and/or the
user interface 608 that the vessel has high patency after
successful implantation of the implantable device around the
vessel, or after evaluation by imaging of the vessel (e.g., by
angiography, intravenous ultrasound, or the like).

[0051] To illustrate an execution of instructions 614, in
some example embodiments, the wireless transmitter signal
can be an RF signal having a frequency that corresponds to
the intensity of light transmitted across a vessel by an
implantable device. Instructions 614 can request and receive
confirmation by the user interface 606 that the vessel has
high patency. After receiving confirmation that the vessel
has high patency, instructions 614 can receive RF wireless
transmitter signals from the implantable device, can identify
the frequencies of the received RF wireless transmitter
signals (e.g., by demodulation), and can average the iden-
tified frequencies to derive the calibration.

[0052] Instructions 616 can define a predetermined alert
criterion based on the derived calibration (e.g., the calibra-
tion derived by instructions 614). The predetermined alert
criterion can be associated with reduced patency of the
vessel. In some example implementations, instructions 616
can define the predetermined alert criterion by calculating a
safety margin around the derived calibration and defining
the predetermined alert criterion as a wireless transmitter
signal that is outside the safety margin. For example, the
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safety margin can be a relative difference (e.g., a 10%
difference) and/or an absolute difference from the calibra-
tion, and additionally or alternatively, the safety margin can
be based on physician expertise and/or medically relevant
characteristics of the vessel or of the living body. In some
example implementations, instructions 616 can define the
predetermined alert criterion by receiving the safety margin
as an input from user interface 608. In some example
implementations, instructions 616 can store the defined
predetermined alert criterion in the machine-readable stor-
age medium 604.

[0053] An illustration of the execution of instructions 616
will now be described. As described above in the example
illustration of instructions 614, the wireless transmitter
signal can be an RF signal having a frequency that corre-
sponds to the intensity of light detected by the implantable
device after the light has transmitted across the vessel. More
particularly, a higher frequency RF wireless transmitter
signal can correspond to a higher intensity of detected light
and thus to higher vessel patency (i.e. less vessel occlusion).
Similarly, a lower frequency RF wireless transmitter signal
can correspond to a lower intensity of detected light and thus
to lower vessel patency (i.e., more vessel occlusion). In
some example implementations, the RF wireless transmitter
signal received by computer 600 can be of a range of
frequencies that corresponds to a range of vessel patency,
such as 0% to 100% patency. Accordingly, in the foregoing
illustration, instructions 616 can define the predetermined
alert criterion as wireless transmitter signal frequencies
lower than the calibration (e.g., an average of RF wireless
transmitter signal frequencies, as described above with ref-
erence to instructions 614) by more than a safety margin
(e.g., a 10% decrease, although other amounts of relative
difference and/or an absolute difference in frequency can be
implemented).

[0054] Instructions 618, 620, and 622 can be analogous to
instructions 514, 516, and 518, respectively. As with instruc-
tions 514, instructions 618 can receive wireless transmitter
signals transmitted wirelessly by the implantable device that
is implanted around a vessel, which can be the same vessel
described with respect to instructions 614. Instructions 620
can determine whether a wireless transmitter signal (e.g., the
wireless transmitter signal received by instructions 618)
satisfies a predetermined alert criterion associated with
reduced patency of the vessel. In some example implemen-
tations, the predetermined alert criterion can be defined by
instructions 616. Accordingly, in the illustration discussed
above where a lower RF wireless transmitter signal fre-
quency corresponds to a lower intensity of detected light and
thus can correspond to a lower vessel patency, instructions
620 determines whether the frequency of the RF wireless
transmitter signal is below the calibration (e.g., as derived by
instructions 614) by more than a safety margin (e.g., a 10%
decrease). As with instructions 518, instructions 622 can
generate an alert in response to the wireless transmitter
signal satisfying the predetermined alert criterion.

[0055] FIG. 7 is a flow diagram of an example method 700
performed by the device 100 according to an example
implementation. Although execution of the method 700 is
described below with reference to the device 100 of FIG. 1,
it should be understood that execution of some or all of the
method 700 can be performed by other suitable devices,
such as the device 300 of FIG. 3. The method 700 can be
implemented in the form of executable instructions stored on



US 2017/0273561 Al

a machine-readable storage medium and/or in the form of
electronic circuitry. Prior to starting the method 700, the
implantable device 100 can be implanted around the vessel
114 of a living body.

[0056] In block 702, the light source 104 embedded into
the implantable device 100 implanted around the vessel 114
can emit light. For example, the light source 104 can be an
LED that emits light having a wavelength in a range from
approximately 400 nm to approximately 700 nm (the visible
spectrum). In other example implementations, the light
source 104 can emit light having a wavelength in a range
from approximately 700 nm to approximately 1400 nm (near
infrared light), and more particularly, around 900 nm (e.g.
900 nm+100 nm).

[0057] In block 704, the sensor 106 embedded into the
implantable device 100 can detect light 112 transmitted
across the vessel 114. In other words, in block 704, the
sensor 106 can detect light 112 emitted from the light source
104 that has propagated through the vessel 114. For
example, the sensor 106 can be a photodetector (e.g., a
photodiode) that detects light 112 by converting light 112
arriving at the sensor 106 into a sensor signal, such as an
electric current, where the value or amount of the sensor
signal is proportional (e.g., by linear proportionality, loga-
rithmic proportionality, or the like) to the intensity of the
light 112 arriving at the sensor 106.

[0058] The intensity of light 112 detected by sensor 106 in
block 704 can correlate to (i.e., be affected by) patency of the
vessel 114. For example, as described above with reference
to FIGS. 2A-2C, light 112 transmitted across an unoccluded
vessel (e.g., the vessel 200 of FIG. 2A) and detected by
sensor 106 in block 704 can have a higher intensity than
light 112 transmitted across a vessel with diminished pat-
ency (e.g., the vessel 202 of FIG. 2B or the vessel 206 of
FIG. 20C).

[0059] In block 706, the wireless transmitter module 108
embedded into the implantable device 100 can transmit a
wireless transmitter signal 116 that corresponds to the inten-
sity of the light 112 detected by the sensor 106 in block 704.

[0060] FIG. 8is a flow diagram of an example method 800
performed by a device 300 according to an example imple-
mentation. Although execution of the method 800 is
described below with reference to the device 300 of FIG. 3,
it should be understood that execution of some or all of the
method 800 can be performed by other suitable devices,
such as the device 100 of FIG. 1. The method 800 can be
implemented in the form of executable instructions stored on
a machine-readable storage medium and/or in the form of
electronic circuitry. As with the method 700 of FIG. 7, the
implantable device 300 can be implanted around the vessel
114 of the living body prior to starting the method 800 of
FIG. 8.

[0061] Blocks 802, 804, and 806 of FIG. 8 can be analo-
gous in many respects to blocks 702, 704, and 706 of FIG.
7, respectively. As with block 702, in block 802, the light
source 104 embedded into the implantable device 300
implanted around the vessel 114 can emit light. In some
example implementations, the light source 104 can emit
light in block 802 at a pulse frequency of less than or equal
to a heart rate associated with the living body (e.g., approxi-
mately 60 beats per minute). The pulse frequency can be less
than or equal to the heart rate because the formation of a
vessel occlusion typically occurs over a plurality of heart
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beats. In some example implementations, the pulse of light
can have a pulse width in the range from one millisecond to
five hundred milliseconds.

[0062] As with block 704, in block 804, the sensor 106
embedded into the implantable device 100 can detect the
light 112 emitted across the vessel 114. For example, the
sensor 106 can convert light 112 into a sensor signal, such
as an electric current.

[0063] As with block 706, in block 806, the wireless
transmitter module 108 embedded into the implantable
device 100 can transmit a wireless transmitter signal 116 that
corresponds to the intensity of the light 112 detected by the
sensor 106 in block 804.

[0064] In some example implementations, the wireless
transmitter signal 116 can be a data representation of the
intensity of the light 112 detected by the sensor 106. In some
example implementations, the wireless transmitter module
108 transmits, as wireless transmitter signal 116, an RF
signal having a frequency that corresponds to the intensity of
the light 112 detected by the sensor 106 in block 804. For
example, the frequency of the transmitted RF signal can be
proportional (e.g., by a predetermined relationship, such as,
linear proportionality, logarithmic proportionality, or the
like) to the sensor signal (e.g., the electric current output of
a photodetector sensor 106); that is, the wireless transmitter
module 108 can transmit a high frequency RF signal in
response to the sensor signal being high and can transmit a
lower frequency RF signal in response to the sensor signal
being low. In some example implementations, the RF wire-
less transmitter signal 116 can be of a range of frequencies
that corresponds to a range of vessel patency, such as 0% to
100% patency.

[0065] In block 808, an alert module 306 determines
whether the intensity of light 112 detected by the sensor 106
in block 804 satisfies a predetermined alert criterion asso-
ciated with reduced patency of the vessel 114.

[0066] In some example implementations, the alert mod-
ule 306 performs block 808 by receiving from the sensor 106
a sensor signal that corresponds to the intensity of the light
112 detected by the sensor 106 in block 804, and monitoring
the sensor signal to detect when the sensor signal satisfies a
predetermined alert criterion. In some example implemen-
tations, the sensor signal satisfies the predetermined alert
criterion when the sensor signal deviates from a baseline
sensor signal by more than a safety margin. The baseline
sensor signal can be, for example, a sensor signal corre-
sponding to the intensity of light 112 passing through the
vessel 114 when the vessel 114 is deemed to have high
patency. In some example implementations, the baseline
sensor signal can be a moving average or other like historical
measures of the sensor signal. In some example implemen-
tations, the safety margin can be a relative difference (e.g.,
a 10% difference) and/or an absolute difference from the
baseline sensor signal, and in some example implementa-
tions, the safety margin can be based on physician expertise
and/or medically relevant characteristics of the vessel or of
the living body. In some example implementations, the
baseline sensor signal and/or the safety margin can be stored
in and retrieved from the machine-readable storage medium
314.

[0067] If block 808 determines that the intensity of light
112 detected by the sensor 106 satisfies the predetermined
alert criterion (“YES” at block 808), the method 800 pro-
ceeds to block 810 and generates an alert. In some example
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implementations, the alert module 306 can generate an
audible alert, a vibratory alert, and/or other alert that can be
perceived by the living body in which the implantable
device 300 is implanted. In other example implementations,
the alert module 306 can generate an alert data signal that
can be transmitted by the wireless transmitter module 108 to
an electronic device outside of the living body, such as a
laptop computer, a desktop computer, a workstation, a tablet
computing device, a mobile phone, a server, or the like.
[0068] The method 800 can proceed back to block 802
after completing block 810. The method 800 can also
proceed back to block 802 after completing block 808 if the
intensity of detected light 112 does not satisfy the predeter-
mined alert criterion (“NO” at block 808). By virtue of
returning to block 802, the method 800 can continuously
monitor the patency of the vessel 114.

[0069] FIG.9is a flow diagram of an example method 900
performed by a computer 600 according to an example
implementation. Although execution of the method 900 is
described below with reference to the computer 600 of FIG.
6, it should be understood that execution of some or all of
the method 900 can be performed by other suitable devices,
such as the computer 500 of FIG. 5. The method 900 can be
implemented in the form of executable instructions stored on
a machine-readable storage medium 604 and/or in the form
of electronic circuitry.

[0070] In block 902, the processor 602 can derive a
calibration from wireless transmitter signals received from
an implantable device (such as the implantable device 100 of
FIG. 1 or the implantable device 300 of FIG. 3) while a
vessel around which the implantable device is implanted has
high patency. In some example implementations, the pro-
cessor 602 can receive the wireless transmitter signals by
way of the communications interface 610. The wireless
transmitter signal can be an RF signal that corresponds to an
intensity of light detected by the implantable device after the
light has transmitted across the vessel (e.g., the wireless
transmitter signal 116 transmitted in block 706 of FIG. 7 or
block 806 of FIG. 8), and the intensity of light can correlate
to patency of the vessel. Accordingly, in some example
implementations, a calibration can be derived by averaging
the wireless transmitter signals received while the vessel has
high patency. In some example implementations, the pro-
cessor 602 can store the calibration in the machine-readable
storage medium 604.

[0071] Insome example implementations, as part of block
902, the processor 602 can request confirmation by way of
the display device 606 and/or the user interface 608 that the
vessel has high patency prior to deriving the calibration. For
example, a physician may confirm via the display device 606
and/or the user interface 608 that the vessel has high patency
after successful implantation of the implantable device
around the vessel, or after evaluation by imaging of the
vessel (e.g., by angiography, intravenous ultrasound, or the
like). In other example implementations, the processor 602
can assume that the vessel has high patency for a period of
time following the start of the method 900, which can follow
substantially soon after successful implantation of the
implantable device around the vessel (i.e., while the patient
is under anticoagulation treatment) or after the implantable
device is powered on for the first time.

[0072] In some example implementations, the wireless
transmitter signal can be an RF signal having a frequency
that corresponds to the intensity of light detected by the
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implantable device after the light has transmitted across the
vessel. The processor 602 can request and receive confir-
mation by the user interface 606 that the vessel has high
patency. Then, the processor 602 can receive RF wireless
transmitter signals from an implantable device, can identify
the frequencies of the received RF wireless transmitter
signals (e.g., by demodulation), and can average the iden-
tified frequencies to derive the calibration.

[0073] In block 904, the processor 602 can define a
predetermined alert criterion based on the calibration
derived in block 902. The predetermined alert criterion can
be associated with state of reduced patency of the vessel. In
some example implementations, the processor 602 can
define the predetermined alert criterion by calculating a
safety margin around the derived calibration and defining
the predetermined alert criterion as a wireless transmitter
signal that is outside the safety margin. For example the
safety margin can be a relative difference (e.g., a 10%
difference) and/or an absolute difference from the calibra-
tion, and in some example implementations, the safety
margin can be based on physician expertise and/or medically
relevant characteristics of the vessel or of the living body. In
some example implementations, the processor 602 can
define the predetermined alert criterion by receiving the
safety margin as an input from user interface 608. In some
example implementations, the processor 602 can store the
defined predetermined alert criterion in the machine-read-
able storage medium 604.

[0074] For example, in the example implementations
where the wireless transmitter signal can be an RF signal
having a frequency that corresponds to the intensity of light
detected by the implantable device after the light has trans-
mitted across the vessel, a higher frequency of the RF
wireless transmitter signal can correspond to a higher inten-
sity of detected light and thus to higher vessel patency (i.e.,
less vessel occlusion). Similarly, a lower frequency RF
wireless transmitter signal can correspond to a lower inten-
sity of detected light and thus to lower vessel patency (i.e.,
more vessel occlusion). In some example implementations,
the RF wireless transmitter signal received by computer 600
can be of a range of frequencies that corresponds to a range
of vessel patency, such as 0% to 100% patency. So as to
detect reductions in vessel patency, the predetermined alert
criterion can be defined as RF wireless transmitter signal
frequencies that are lower than the calibration (e.g., an
average of the RF wireless transmitter signal frequencies
received while the vessel has high patency, as described
above with reference to block 902) by more than a safety
margin (e.g., a 10% decrease, although other amounts of
relative difference and/or an absolute difference in frequency
can be implemented).

[0075] In some example implementations, blocks 902 and
904 can be useful for calibrating the computer 600 after the
implantable device has been implanted around the vessel or
at another time when a calibration is deemed necessary (e.g.,
by a physician).

[0076] In block 906, the processor 602 can receive a
wireless transmitter signal transmitted wirelessly by an
implantable device (such as the implantable device 100 of
FIG. 1 or the implantable device 300 of FIG. 3) implanted
around a vessel of a living body, which can be the same
vessel described with respect to block 902. In some example
implementations, the processor 602 can receive the wireless
transmitter signal by way of the communications interface
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610. The wireless transmitter signal can correspond to an
intensity of light detected by the implantable device after the
light has transmitted across the vessel, and the intensity of
light can correlate to patency of the vessel.

[0077] In some example implementations, the wireless
transmitter signal received in block 906 can be an RF signal
having a frequency that corresponds to the intensity of the
light detected by the implantable device after the light has
transmitted across the vessel. For example, the wireless
transmitter signal can be the wireless transmitter signal 116
transmitted in block 706 of FIG. 7 or block 806 of FIG. 8.
[0078] In block 908, the processor 602 can determine
whether the wireless transmitter signal received in block 906
satisfies a predetermined alert criterion associated with
reduced patency of the vessel. In some example implemen-
tations, a wireless transmitter signal that satisfies the prede-
termined alert criterion can be deemed to indicate reduced
vessel patency. In some example implementations, the pre-
determined alert criterion can include the wireless transmit-
ter signal (e.g., the wireless transmitter signal received at
block 906) deviating from the calibration by more than a
safety margin. For example, the calibration can be a moving
average or other like historical measures of the wireless
transmitter signal, and the safety margin can be a percentage
difference from the calibration.

[0079] For example, in the example implementations
where the wireless transmitter signal can be an RF signal
having a frequency that corresponds to the intensity of light
detected by the implantable device after the light has trans-
mitted across the vessel, the processor 602 can perform
block 908 by identifving the frequency of the wireless
transmitter signal received in block 906 (e.g., by demodu-
lation) and determining whether the identified frequency
satisfies the predetermined alert criterion associated with
reduced vessel patency, such as a percentage difference (e.g.,
a 10% decrease) in the identified frequency from a calibra-
tion (e.g., a moving average or other like historical measures
of identified frequencies). (In some example implementa-
tions, the processor 602 can instead identify the frequency as
part of block 906.) If the identified frequency deviates from
the calibration by niore than the safety margin (e.g., more
than a 10% decrease, in some example implementations),
the wireless transmitter signal is deemed (i.e., determined)
to satisfy the predetermined alert criterion associated with
reduced patency of the vessel by processor 602 in block 908.
[0080] Block 910 can be performed if the processor 602
determines, in block 908, that the wireless transmitter signal
received in block 906 satisfies the predetermined alert
criterion (“YES” at block 908). In block 910, the processor
602 can generate an alert in response to the wireless trans-
mitter signal satisfying the predetermined alert criterion. In
some example implementations, the processor 602 can cause
the display device 606 to display a text alert and/or play an
audible alert to indicate that a reduced vessel patency
condition has been detected.

[0081] The method 900 can proceed back to block 906
after completing block 910. The method 900 also can
proceed back to block 906 after completing block 908 if the
wireless transmitter signal received in block 906 does not
satisfy the predetermined alert criterion (“NO” at block
908). By virtue of returning to block 906, the method 900
can continuously monitor the patency of the vessel.

[0082] The method 900, as performed by the computer
600, will now be illustrated with reference to FIG. 10. FIG.

Sep. 28,2017

10 illustrates an example time series of wireless transmitter
signals 1000 received by the processor 602. During a period
of time 1002 when the vessel is deemed to have high
patency, the processor 602 can execute block 902 to derive
a calibration 1004, which can be the average of the frequen-
cies of wireless transmitter signals during the time period
1002. After the calibration 1004 has been derived, the
processor 602 can execute block 904 to define a predeter-
mined alert criterion 1006, such as wireless transmitter
signals lower than the calibration 1004 by more than a safety
margin (e.g., more than 10% below the calibration 1004).
After the predetermined alert criterion 1006 has been
defined, the processor 602 can execute block 906 to receive
wireless transmitter signals, and the processor 602 can
execute block 908 to determine whether the wireless trans-
mitter signals satisfy the predetermined alert criterion 1006.
For example, the processor 602 can determine that the
wireless transmitter signals 1000 received during the time
period 1008 satisfies the predetermined alert criterion 1006
(that is, the wireless transmitter signals fall below the
calibration 1004 by more than the safety margin), and the
processor 602 then generates an alert by executing block
910.

[0083] In view of the foregoing description, it can be
appreciated that the patency of a vessel can be monitored
remotely and conveniently using an implantable device,
without resorting to blood draws or catheter-based imaging.
In particular, by virtue of the implantable device described
herein, physicians may be able to detect and reduce surgical
complications related to vessel occlusion, such as thrombo-
sis at an anastomosis of a heart transplant. Moreover, by
virtue of the use of light to monitor vessel patency, the
implantable device may be safely utilized for chronic, long-
term monitoring of vessel patency.

[0084] In the foregoing description, numerous details are
set forth to provide an understanding of the subject disclosed
herein. However, implementation may be practiced without
some or all of these details. Other implementations may
include modifications and variations from the details dis-
cussed above. It is intended that the following claims cover
such modifications and variations.

We claim:

1. An implantable device for monitoring vessel patency
comprising:

a housing that includes an opening for accommodating a

vessel of a living body;

a light source, embedded into the housing;

a sensor, embedded into the housing, to detect light
transmitted from the light source across the opening,
wherein an intensity of the light detected by the sensor
correlates to patency of the vessel accommodated in the
opening; and

awireless transmitter module, embedded into the housing,
to transmit a wireless transmitter signal corresponding
to the intensity of the light detected by the sensor.

2. The implantable device of claim 1, wherein the wireless
transmitter module transmits, as the wireless transmitter
signal, a radiofrequency signal having a frequency that
corresponds to the intensity of the light detected by the
Sensor.

3. The implantable device of claim 1, wherein

the light is near infrared light, and

portions of the housing surrounding each of the light
source and the sensor are optically transparent.
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4. The implantable device of claim 1, wherein the light
source repeatedly emits light at a pulse frequency of less
than or equal to a heart rate associated with the living body.

5. The implantable device of claim 1, further comprising
a wireless power module that provides power to at least one
of the light source, the sensor, and the wireless transmitter
module.

6. The implantable device of claim 1, further comprising
an alert module to generate an alert when the intensity of the
light detected by the sensor satisfies a predetermined alert
criterion associated with reduced patency of the vessel
accommodated in the opening.

7. A method comprising:

emitting light from a light source embedded into an

implantable device implanted around a vessel of a
living body;

detecting, by a sensor embedded into the implantable

device, light transmitted across the vessel, wherein an
intensity of the detected light correlates to patency of
the vessel;

transmitting, from a wireless transmitter module embed-

ded into the implantable device, a wireless transmitter
signal corresponding to the intensity of the light
detected by the sensor.

8. The method of claim 7, wherein the wireless transmitter
signal comprises a radiofrequency signal having a frequency
that corresponds to the intensity of the light detected by the
sensot.

9. The method of claim 7, wherein

the emitting is performed at a pulse frequency of less than

or equal to a heart rate associated with the living body,
and

the light is near infrared light.

10. The method of claim 7, comprising:

determining whether the intensity of the light detected by

the sensor satisfies a predetermined alert criterion asso-
ciated with reduced patency of the vessel; and
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generating an alert in response to the intensity of the light

satisfying the predetermined alert criterion.

11. The method of claim 10, wherein the predetermined
alert criterion includes the intensity of the light detected by
the sensor deviating from a baseline by more than a safety
margin.

12. A non-transitory machine-readable storage medium
storing instructions that, when executed by a processor,
causes the processor to:

receive a wireless transmitter signal transmitted wire-

lessly by an implantable device implanted around a
vessel of a living body, the wireless transmitter signal
corresponding to an intensity of light detected by the
implantable device after the light has transmitted across
the vessel, the intensity of the detected light correlating
to patency of the vessel;

determine whether the wireless transmitter signal satisfies

a predetermined alert criterion associated with reduced
patency of the vessel; and

generate an alert in response to the wireless transmitter

signal satisfying the predetermined alert criterion.

13. The non-transitory machine-readable storage medium
of claim 12, further comprising instructions to:

derive a calibration from wireless transmitter signals

received while the vessel has high patency; and
define the predetermined alert criterion based on the
derived calibration.

14. The non-transitory machine-readable storage medium
of claim 13, wherein the predetermined alert criterion
includes the wireless transmitter signal deviating from the
calibration by more than a safety margin.

15. The non-transitory machine-readable storage medium
of claim 12, wherein the wireless transmitter signal com-
prises a radiofrequency signal having a frequency that
corresponds to the intensity of the detected light.
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