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DEVICE AND METHOD FOR ANALYZING
REPERFUSION INJURY

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit, under 35 U.S.C.
§119(e), of U.S. provisional patent application No. 62/042,
035 filed Aug. 26, 2014 entitled “Novel Reperfusion Injury
Sensor” which is hereby incorporated by reference in its
entirety.

BACKGROUND OF THE INVENTION

[0002] Proper restoration of blood flow during or following
acute local (e.g. myocardial infarction or heart attack) or
global (e.g. cardiac arrest) or chronic ischemia (e.g. myocar-
dial stunning or heart failure), hereafter referred to as cardiac
distress events, is essential to ensure survival of the subject
experiencing the event. Restoration of blood flow can, how-
ever, induce reperfusion injury in the subject, such as through
the release of inflammatory molecules and deterioration of
the endothelium (thelayer of cells lining an interior surface of
a blood vessel). Notably, subjects that die from cardiac dis-
tress events typically have higher concentrations of inflam-
matory molecules like plasma interleukin 6 (IL-6) and tumor
necrosis factors (TNF) relative to subjects that survive. The
introduction of these higher concentrations contribute to
changes ofthe coagulation of the blood through blood vessels
and poor capillary function, tissue ischemia, organ dysfunc-
tion and can lead to death. Prompt treatment of reperfusion
injury improves survival rates and neurological outcomes of
subjects suffering cardiac distress events. Prompt detection of
reperfusion injury is therefore needed.

SUMMARY OF THE INVENTION

[0003] A medical device for detecting reperfusion injury
and methods for analyzing reperfusion injury in a subject
following restoration of blood flow related to cardiac distress
events are described. Embodiments of the present invention
relate to technologies for determining the incidence and
severity of reperfusion injury through the use of non-invasive
sensors coupled to a device applying transient occlusion to a
blood vessel of a subject that has experienced, or is experi-
encing, a cardiac distress event such as ischemia or cardiac
arrest.

[0004] Detection of reperfusion injury is most commonly
correlated by analysis of flow mediated dilation (FMD) in a
blood vessel, by which a transient occlusion is applied to a
blood vessel and a diameter of the blood vessel is compared to
pre-occluded and occluded states. Reliability of FMD data or
other proxy hemodynamic property is inconsistent, however,
due to user variability in location of the transient occlusion,
location of the measurement of FMD or other proxy hemo-
dynamic property, and duration of the transient occlusion.
Ultrasonic transducers can improve FMD analysis, but for
ambulatory subjects there has yet to be a portable and non-
invasive means for reducing the variability in FMD or other
proxy hemodynamic property data. Indeed, the current state
of the art for such analysis is stereotactic (minimally invasive)
devices such as Unex Co.’s UNEXEF18G, which is not only
not non-invasive but not mobile or portable. Other non-inva-
sive ways to detect reperfusion injury include measuring end
tidal carbon dioxide, tissue acidosis, or lactate levels of a
subject’s blood, but these are limited to bedside analyses
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settings. Still other currently available non-invasive reperfu-
sion detection means can be provided at the ambulatory or
initial points of care (such as arterial tonometry to measure
reactive hyperemia (the increase in blood flow after
ischemia)) but these do not detect the magnitude of reperfu-
sion injury, only the presence, and therefore limit the scope of
appropriate early treatment.

[0005] Devices that can be rapidly applied to a subject, and
quickly and reliably communicate the presence and degree of
reperfusion injury with consistent reliability can greatly
improve post-cardiac distress survival rates and neurological
outcomes by prompting early treatment appropriate for, and
responsive to, the subject’s condition.

[0006] One embodiment of the invention is an array of
non-invasive ultrasonic transducers placed over an artery and
coupled to a pneumatic cuff. The transducers can collect a
hemodynamic property, such as blood flow velocity or blood
vessel diameter. The pneumatic cuff can apply transient
occlusion to the blood vessel, such that the transducers collect
the hemodynamic property before, during, and after the
occlusion. A reperfusion injury analysis device can calculate
a metric of the hemodynamic property such as blood vessel
dilation changes (FMD) or changes in blood flow velocity or
the time required for the post-occluded hemodynamic prop-
erty to return to the pre-occluded hemodynamic property, and
communicate the metric as a proxy for the presence and
degree of reperfusion injury. Such communication enables
prognosis, assessment and treatment of reperfusion injury at
the initial or ambulatory point of care rather than requiring a
hospital or other bedside medical care setting.

[0007] Embodiments ofthe invention improve reliability of
analyzing FMD or suitable hemodynamic property by
imparting consistent placement of sensors over blood vessels
of a subject through the use of reference indicia on the sen-
sors, such as ultrasonic transducers, and reference indicia on
the pneumatic cuff applying transient pressure as well. The
sensors and the cuff are operably coupled and controlled by a
reperfusion injury analysis device that dictates the amount
and duration of pressure applied, and coordinates the timing
of the measurement relative to the occlusion. In certain
embodiments, an adhesive gel between the sensors and the
subject both improves transmission of signals between the
sensors and blood vessel of a subject, as well as fixes the
sensor to the subject throughout measurement. These
embodiments not only reduce the variability currently in the
art of analyses of FMD or other hemodynamic property, but
provide a noninvasive and portable means of doing so.

[0008] Other embodiments of the present invention are
methods for detecting the degree of reperfusion injury present
in a subject that has experienced, or is experiencing, a cardiac
distress event. In these embodiments, a hemodynamic prop-
erty of a blood vessel is measured. A transient occlusion is
then applied and the post-occluded hemodynamic property is
measured. Metrics of the pre-occluded and post-occluded
hemodynamic property are calculated and compared, or the
time required to return the post-occluded property to the
pre-occluded property is calculated. The calculated metric, in
certain embodiments, is communicated at the point of care to
prompt immediate prognosis and treatment as appropriate.

[0009] These and other embodiments of the invention along
with many of its advantages and features are described in
more detail in conjunction with the text below and attached
figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The foregoing aspects and many of the attendant
advantages of this invention and its embodiments will
become more readily apparent when the accompanying
detailed description is taken in conjunction with the following
figures, which are illustrative only and not drawn to scale.
[0011] FIG. 1 illustrates a reperfusion device with a mea-
suring probe applied to a brachial artery, and a pneumatic cuff
applied to the humerus region of a subject, both coupled to a
reperfusion injury analysis device according to a particular
embodiment;

[0012] FIGS. 2A-2C illustrate a measuring probe with an
application face housing a plurality of sensors, a measuring
probe with an application face comprising an offset apparatus
housing a plurality of sensors, and a measuring probe with
reference indicia to align the measuring probe with an ana-
tomical or external reference to place the measuring probe
over a target blood vessel of a subject according to particular
embodiments;

[0013] FIG.3illustrates a pneumatic cuff for applying tran-
sient occlusion with reference indicia to align the cuff with an
anatomical reference or target occlusion point of a subject
according to a particular embodiment;

[0014] FIG. 4 illustrates a system diagram of a reperfusion
injury analysis device comprising a data module for measur-
ing a hemodynamic property collected by a measuring probe
and calculating a metric for the hemodynamic property, an
output module for communicating the calculated metric of
the hemodynamic property, and a controller for coordinating
the instigation and duration of transient occlusion relative to
measuring a hemodynamic property according to a particular
embodiment;

[0015] FIG. 5 illustrates an exemplary method of measur-
ing a hemodynamic property related to a blood vessel of a
subject before applying transient occlusion, applying tran-
sient occlusion to the blood vessel being measured, measur-
ing a hemodynamic property of a blood vessel of a subject
after applying the transient occlusion, and calculating a met-
ric relative to the pre-occluded and post-occluded hemody-
namic property according to a particular embodiment;

[0016] FIG. 6 illustrates an exemplary method of commu-
nicating a metric of a pre-occluded and post-occluded hemo-
dynamic property of a blood vessel of a subject according to
a particular embodiment.

DETAILED DESCRIPTION OF THE INVENTION

[0017] Embodiments of the present invention relate to tech-
nologies to quickly and reliably communicate the presence
and severity of reperfusion injury in a subject that has expe-
rienced, or is experiencing, a cardiac distress event which
include but are not limited to acute local (e.g. myocardial
infarction or heart attack) or global (e.g. cardiac arrest) or
chronic ischemia (e.g. myocardial stunning or heart failure).
Embodiments of the invention enable prognosis, assessment,
and treatment of reperfusion injury at theambulatory or initial
point of care.

[0018] In one embodiment, a measuring probe is applied
proximate to a blood vessel of a subject. In one embodiment,
the blood vessel is the brachial artery of the subject. Brachial
artery properties are highly correlated with coronary propet-
ties. In another embodiment, the blood vessel is the radial
artery of the subject. One of skill in the art can envision other
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appropriate blood vessels for applying a measuring probe to
determine hemodynamic properties indicative of reperfusion
injury.

[0019] In one embodiment, the measuring probe has an
application face comprising a plurality of sensors for collect-
ing a hemodynamic property of the blood vessel of the sub-
ject. In one embodiment, the application face is the side of the
measuring probe contacting the subject. In one embodiment,
the hemodynamic property collected by the measuring probe
1s the diameter of the blood vessel. In another embodiment,
the hemodynamic property is blood flow velocity through the
blood vessel being measured. In another embodiment, the
hemodynamic property is flow mediated dilation (FMD), that
is the change in blood vessel diameter incident to hyperemia
such as by applying transient occlusion to the blood vessel. In
another embodiment, the hemodynamic property is tissue
pulsation around a blood vessel being measured.

[0020] In one embodiment, the plurality of sensors of the
measuring probe are ultrasonic transducers. Depending on
the embodiment, the ultrasonic transducers are imaging or
non-imaging. In one embodiment, the ultrasonic transducers
emit signals at frequencies between 5 to 10 megahertz. The
higher frequency ranges of the ultrasonic transducers result in
smaller wavelengths of the emitted signals. Embodiments
placing the measuring probe proximate to the brachial artery
are well suited for such frequency ranges, as the depth of the
brachial artery and nature of the soft tissue surrounding the
brachial artery permit the high frequency, low wavelength
signals to still penetrate to the depth of the brachial artery
without interference from surrounding tissue. Embodiments
operating near 10 megahertz, or embodiments operating even
higher, and the resulting smaller wavelengths permit more
directional transmissions from the ultrasonic transducer and
improve collection of the hemodynamic property as there is
less noise to filter from other tissue interacting with the ultra-
sonic transducer signals.

[0021] To ensure a more directional signal transmission
reaches a targeted blood vessel of a subject, embodiments of
the invention serially align the ultrasonic transducers such
that when applied to a subject, the serially aligned ultrasonic
transducers are perpendicular to the target blood vessel. In
other embodiments, the serially aligned ultrasonic transduc-
ers are staggered or placed in a circular array. The plurality of
sensors ensure at least one sensor transmitting a directional
signal reaches a target blood vessel.

[0022] In other embodiments, the plurality of sensors are
pressure sensors. In one embodiment, the pressure sensors are
constructed from polyvinylidene flouride. In other embodi-
ments, the pressure sensors are polyvinylidene diflouride.
Polyvinylidene flouride or polyvinylidene diflouride detect
pulsation of the artery at the skin surface of the subject.
Additionally, polyvinylidene flouride or polyvinylidene dif-
louride canlisten to the flow of blood to determine blood flow
velocity through the blood vessel being measured.

[0023] Inanother embodiment, the plurality of sensors use
near infrared spectroscopy to determine the absorption by the
blood vessel of near infrared light transmitted from the plu-
rality of sensors. A calculation of the absorption and reflec-
tion of near infrared light uses the Doppler effect to determine
the hemodynamic property of the underlying blood vessel. In
another embodiment, the plurality of sensors are pulse oxime-
ters transmitting light into the subject and measuring reflected
light to determine distension of blood vessels as blood flows
through the vessel.
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[0024] Inoneembodiment, the measuring probe is coupled
to a device for applying pressure to the blood vessel being
measured. In one embodiment, the pressure applied occludes
the flow of blood through the blood vessel. In one embodi-
ment, the occlusion is transient. In one embodiment, the
device applying pressure is a pneumatic cuff

[0025] Inoneembodiment, the measuring probe comprises
reference indicia. The reference indicia in one embodiment is
a visual cue for placing the measuring probe proximate to a
blood vessel of a subject. In one embodiment, the visual cue
is arrows or other symbols pointing to anatomical references
such that when the anatomical reference (as an example of
one embodiment aligning the measuring probe with a bra-
chial artery, an anatomical reference is the armpit) aligns with
the visual cue, the measuring probe is placed over a target
blood vessel to be measured. In other embodiments, further
reference indicia orient the measuring probe such that the
alignment of the plurality of sensors are perpendicular to the
orientation of the blood vessel. In other embodiments, the
reference indicia is text explaining where to place the mea-
suring probe or where to align the measuring probe’s visual
cues or markers otherwise on the measuring probe with ana-
tomical or other external references.

[0026] In one embodiment, the device for applying pres-
sure to the blood vessel being measured, such as a pneumatic
cuff, comprises reference indicia. The reference indicia in one
embodiment is a visual cue for placing the device for applying
pressure proximate to a blood vessel that will be measured for
a hemodynamic property. In one embodiment, the visual cue
is arrows or other symbols pointing to anatomical references
such that when the anatomical reference (for example, the
crook of an elbow) aligns with the visual cue the device for
applying pressure is placed at a consistent location indepen-
dent of the particular subject applied to, or a particular user
applying the device for applying pressure. In other embodi-
ments, the reference indicia is text explaining where to place
the device for applying pressure or where to align the visual
cues or markers otherwise.

[0027] In one embodiment, the device for applying pres-
sure has a mounting structure for receiving and housing a
measuring probe. In such an embodiment, the measuring
probe is placed into the mount, and has visual cues on the
measuring probe aligning placement in the mount to orient
the plurality of sensors perpendicular to a target blood vessel.
In these embodiments, the mount is an “external reference”
that the measuring probe aligns with. In one embodiment, the
mount is internal to the edges of the device for applying
pressure such that the measuring probe, when in the mount, is
embedded within the device for applying pressure. In other
embodiments, the mount is external to the edges of the device
for applying pressure such that the measuring probe is distal
to the device for applying pressure when coupled to the
mount.

[0028] In another embodiment, the measuring probe is
physically connected to a device for applying pressure, such
as a pneumatic cuff, such as by the mount discussed previ-
ously, and in another embodiment is electronically coupled to
the device for applying pressure. In one embodiment, the
electronic coupling is through a reperfusion injury analysis
device. In one embodiment, the reperfusion injury analysis
device comprises a controller. In one embodiment, the con-
troller regulates the amount and duration of pressure deliv-
ered to the blood vessel by the device for applying pressure. In
one embodiment, the controller dictates the application of
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pressure relative to measuring a hemodynamic property of a
blood vessel by the measuring probe. In one embodiment, the
controller dictates application and release of pressure to pro-
duce transient occlusion to the blood vessel.

[0029] In one embodiment, the transient occlusion is sub-
sequent to an initial measurement of the hemodynamic prop-
erty. In another embodiment, the transient occlusion is prior
to a measurement of the hemodynamic property. In still
another embodiment, the measuring probe begins collecting
hemodynamic properties of the blood vessel, the controller
applies transient occlusion to the blood vessel through the
device for applying pressure, and after occlusion the measur-
ing probe continues to measure the hemodynamic property.
[0030] In another embodiment, the application face of the
measuring probe includes an offset apparatus. In one embodi-
ment, the offset apparatus is an angled wedge on the applica-
tion face with an embedded plurality of sensors. In embodi-
ments with an offset apparatus, the plurality of sensors, such
as ultrasonic transducers, deliver signals into the subject such
that the signals are not delivered perpendicular to a flow of
blood in the blood vessel but instead orient against a linear
flow of blood in the blood vessel. In these embodiments,
Doppler effect principles are enhanced for measuring hemo-
dynamic properties. In one embodiment, the offset apparatus
is a reference indicia itself, such that when the application
face of the measuring probe is applied to a subject, the plu-
rality of sensors transmit signals against the flow of blood. For
exemplary purposes only, for an embodiment measuring flow
of blood in a brachial artery, the offset apparatus angles the
application face towards the armpit, and can include a visual
cue like an arrow pointing towards the armpit of the subject,
such that signals emitted from the plurality of sensors trans-
mit towards the heart while the flow of blood is away from the
heart. Such embodiments help discern flow of blood through
an artery from the flow of blood through a vein.

[0031] In another embodiment, the reperfusion injury
analysis device further comprises a data module. The data
module, in one embodiment, receives a collected hemody-
namic property from the measuring probe and performs mea-
surements. In one embodiment, the measurement is a vessel
diameter determined by the Doppler effect as signals from the
measuring probe are transmitted into and reflected by the
blood vessel of the subject. In another embodiment, the mea-
surement is a flow of blood in the blood vessel. In still another
embodiment, the measurement is a visual depiction of the
blood vessel or the blood flow velocity. The different mea-
surements enabled by the various embodiments are a function
of the different frequencies received by the plurality of sen-
sors that indicate different matter interacting with the signals
transmitted by the measuring probe.

[0032] In another embodiment, the data module calculates
a metric of the hemodynamic property. In one embodiment,
the calculated metric is a difference of the hemodynamic
property before transient occlusion is applied and the hemo-
dynamic property after transient occlusion is applied; in
another embodiment the calculated metric is the amount of
time the post-occluded hemodynamic property takes to return
to the pre-occluded hemodynamic property levels. In one
embodiment, the calculated metric is FMD as determined by
comparative calculation of the changes in diameter of the
blood vessel being measured before, during, or after transient
occlusion. In still other embodiments, the calculated metric is
FMD as a function of time in the presence of transient occlu-
sion.
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[0033] In another embodiment, the reperfusion injury
analysis device comprises an output module. In embodiments
with imaging ultrasonic transducers, the output device is a
graphic user interface displaying a simulated view of blood
vessel and/or the hemodynamic property over time. In
another embodiment, the output module displays a textual
representation of a calculated metric as calculated by the data
module of the reperfusion injury analysis device. Such cal-
culated metrics include, in one embodiment, numerical
ranges of the hemodynamic property of the blood vessel in
pre- and post-occluded states.

[0034] In one embodiment, a hydrogel adhesive facilitates
application of the measuring probe to the subject and fixes the
measuring probe in place during its collection of a hemody-
namic property. Embodiments with adhesives preclude a
user, such a caregiver, from continuously holding the mea-
suring probe in place while the hemodynamic property is
collected by the measuring probe. In another embodiment,
the hydrogel adhesive enhances transmission of signals from,
and reflection of signals to, the measuring probe by providing
a contact interface with the subject that has improved signal
impedance properties relative to air for transmitting signals
through the multiple mediums between the measuring probe
and the blood vessel being measured. The hydrogel adhesive
further provides a constant surface on the subject by reducing
air pockets or uneven surfaces on the subject such as through
dry skin, thereby reducing static.

[0035] In one embodiment, the hydrogel adhesive com-
prises medical grade hydrogel. In one embodiment, the
hydrogel is arranged on the interface element in variable
layers and orientations to angle signals to or from the mea-
suring probe in parallel, or near parallel, with a blood vessel
of a subject.

[0036] Another embodiment of the invention is a method
for analyzing reperfusion injury in a subject. In one embodi-
ment, the method begins by applying a measuring probe to a
blood vessel, such as a major artery like a brachial artery, of a
subject that has experienced, or is experiencing, a cardiac
distress event. In one embodiment, the measuring probe is
affixed to the upper arm of the subject to measure a hemody-
namic property of a brachial artery.

[0037] Inoneembodiment, a hemodynamic property of the
blood vessel 1s measured. In one embodiment, measurement
is by ultrasonic transducers. Other embodiments may mea-
sure the hemodynamic property by other means, suchas those
described elsewhere in this disclosure, and one having skill in
the art will envision further hemodynamic property measure-
ment means. In another embodiment, a device for applying
pressure to a blood vessel being measured is applied to the
subject. In one embodiment, the device for applying pressure
in a pneumatic cuff. In one embodiment, the pressure applied
to the blood vessel being measured is temporary and produces
transient occlusion. In some embodiments, the measurement
of the hemodynamic property of the blood vessel before the
transient occlusion is applied (a pre-occluded hemodynamic
property) is stored in a data module of a reperfusion injury
analysis device coupled to the measuring probe. In another
embodiment, after a pneumatic cuff releases transient occlu-
sion to the blood vessel, a post-occluded hemodynamic prop-
erty of the blood vessel is measured.

[0038] In one embodiment, the pre-occluded and post-oc-
cluded hemodynamic property ofthe blood vessel is analyzed
by a reperfusion injury analysis device and a metric is calcu-
lated. In one embodiment, the calculated metric is a differ-
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ence of the hemodynamic property from the post-occluded
state to the pre-occluded state. For example, in one embodi-
ment, the metric is FMD (again, the change in diameter of the
blood vessel in an occluded or post-occluded state relative to
a pre-occluded state). In another example, the metric is the
percent change in blood flow velocity of blood through the
blood vessel in a post-occluded state relative to a pre-oc-
cluded state. In still another embodiment, the calculated met-
ric is the time required for the post-occluded hemodynamic
property to return to a pre-occluded status.

[0039] In another embodiment, the calculated metric is
communicated to an external source. In one embodiment, the
external source is an output module of a reperfusion injury
analysis device. In one embodiment, the output module is a
graphic user interface displaying images ofthe hemodynamic
property such as an image of the blood vessel. In one embodi-
ment, the graphic user interface displays the hemodynamic
property as a function of time. For example, in one embodi-
ment the diameter of the blood vessel is displayed, as calcu-
lated by the reperfusion injury analysis device, from a pre-
occluded state through to a post-occluded state. In another
embodiment, the calculated metric is displayed as a textual
representation of the hemodynamic property measured, and
in another embodiment includes a numerical difference
between the pre-and post-occluded states.

[0040] Turning now to the figures, FIG. 1 illustrates an
embodiment of reperfusion device 100. Reperfusion device
100 includes measuring probe 105, and as depicted measur-
ing probe 105 is place over brachial artery 120, though one of
skill in the art will envision other blood vessels to apply
measuring probe 105 to. Reperfusion device 100 further
includes pneumatic cuff 110 in the depicted embodiment,
though other devices for applying pressure may be suitable.
Pneumatic cuff 110 further includes, in one embodiment,
mount 125. Mount 125 is configured to house measuring
probe 105 distal to pneumatic cuff 110 according to one
embodiment.

[0041] Reperfusion device 100 furtherincludes reperfusion
injury analysis device 115. Measuring probe 105 is coupled,
in one embodiment, to reperfusion injury analysis device 115
electronically either by wired connection or by wireless con-
nection such as near field communication or network connec-
tion. Pneumatic cuff 110 is coupled, in one embodiment, to
reperfusion injury analysis device 115 electronically either
by wired connection or by wireless connection such as near
field communication or network connection. In one embodi-
ment, measuring probe 105 is operably coupled to pneumatic
cuff 110 by direct wired connection or by wireless connection
such as near field communication or network connection.

[0042] FIG. 2A illustrates one embodiment of application
face 201 of measuring probe 105. In one embodiment, appli-
cation face 201 is embedded with a plurality of sensors 205.
In one embodiment, plurality of sensors 205 are ultrasonic
transducers. As depicted, in one embodiment, plurality of
sensors 205 are linearly aligned; in another embodiment,
plurality of sensors 205 is aligned in a staggered linear array
or arranged in a circular array. One of skill in the art can
envision alternative layouts of plurality of sensors 205.

[0043] FIG. 2B illustrates another embodiment of applica-
tion face 201 of measuring probe 105, with offset apparatus
210 housing plurality of sensors 205. In one embodiment, as
shown in FIG. 2B, offset apparatus 210 is a wedge shape to
angle, when applied, application face 201 relative to the sur-
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face of a subject, thereby directing the transmission of signals
from plurality of sensors 205 against a flow of blood in a
blood vessel of a subject.

[0044] Inoneembodiment, offset apparatus 210 is a wedge
with a lower end 212 and a higher end 214. In one embodi-
ment, lower end 212 is placed further away from the heart of
asubject relative to higher end 214; in such embodiments this
placement directs the transmission of signals from plurality
of sensors 205 more towards the heart ofa subject and against
the flow of arterial blood away from the heart. In one embodi-
ment, lower end 212 and higher end 214 are reference indicia
to measuring probe 105 by guiding orientation of applying
measuring probe 105 to a subject.

[0045] FIG. 2C illustrates an embodiment of measuring
probe 105 with reference indicia. In one embodiment, refer-
ence indicia are visual cues 215 to align with or point to
anatomical or external references. In one embodiment, visual
cues 215 point to an anatomical reference such as an armpit of
a subject for embodiments that place measuring probe 105
over a brachial artery 120 (not shown, but depicted in FIG. 1
as brachial artery 120). Visual cues 215 in another embodi-
ment are arrows pointing to the bicep muscle and/or the
triceps muscles to guide application of measuring probe 105.
In another embodiment, visual cues 215 guide measuring
probe to a mount (not shown, but depicted in FIG. 1 as mount
125). In still other embodiments, reference indicia are text
220 explaining where to place measuring probe 105.

[0046] FIG. 3 illustrates an embodiment of a device for
applying transient occlusion to a blood vessel of a subject. In
one embodiment, the device for applying transient occlusion
to a blood vessel is pneumatic cuff 110 as similarly depicted
in FIG. 1. In one embodiment, pneumatic cuff 110 has refer-
ence indicia to guide placement of pneumatic cuff 110 on a
subject. In one embodiment, reference indicia is visual cue
310 aligning a point on pneumatic cuff 110 to an anatomical
reference, such as the crook of an elbow. In another embodi-
ment, reference indicia is text 305 explaining where to place
pneumatic cuff 110. In one embodiment, pneumatic cuff 110
includes mount 125 for coupling with a measuring probe and
serving as an external reference for guiding placement of
measuring probe 105. In one embodiment, mount 125 is distal
to the interior of pneumatic cuff 110, but in other embodi-
ments mount 125 is located within the edges of pneumatic
cuff 110 at internal mount point 320. Internal mount point 320
may be a sleeve to slide measuring probe 105 into, ora cutout
of the material of pneumatic cuff 110 to place measuring
probe 105 into.

[0047] FIG. 4. illustrates a system diagram of an embodi-
ment of a reperfusion injury analysis device 115. In one
embodiment, reperfusion injury analysis device 115 com-
prises data module 410. In one embodiment, reperfusion
injury analysis device 115 is operably coupled to measuring
probe 105 (not shown) and receives hemodynamic properties
collected by measuring probe 105. Coupling to measuring
probe 105 in one embodiment is through wired connection, in
alternative embodiments is through wireless connection such
as network connection or near field communication. Data
module 410 receives the hemodynamic properties in a collec-
tion module 422. The collection module 422 in one embodi-
ment categorizes the collected property relative to transient
occlusion ofthe blood vessel being measured; in one embodi-
ment, collected hemodynamic properties before transient
occlusion are stored in a pre-occluded database 423 whereas
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in alternative embodiments, a post-occluded database 425
stores hemodynamic properties collected after transient
occlusion.

[0048] In one embodiment, a calculation module 424 ana-
lyzes the pre-occluded and post-occluded hemodynamic
properties. In one embodiment, calculation module 424 cal-
culates a metric between the pre-occluded and post-occluded
hemodynamic properties. In one embodiment, the calculated
metric determined by calculation module 424 is a percentage
change in diameter of the blood vessel being measured. In
another embodiment, the calculated metric determined by
calculation module 424 is a percentage change in blood flow
velocity through the blood vessel being measured. In still
other embodiments, the calculated metric determined by cal-
culation module 424 is the time for a post-occluded hemody-
namic property to retfurn to the measured pre-occluded state.
[0049] For example purposes only of the interaction
between collection module 422 and calculation module 424,
in one embodiment signals received by a transducer transmit-
ting to a brachial artery are collected from measuring probe
105 and received by data module 410 in collection module
422. Transient occlusion is applied to the brachial artery and
after the occlusion is released, measuring probe 105 transmits
and collects the post-occluded signals of the brachial artery.
Data module 422 receives the post-occluded signals in col-
lection module 422, and then delivers both the pre-occluded
and post-occluded signals to calculation module 424. Calcu-
lation module 424 analyzes the data, and in one embodiment
interprets the signals to determine diameter of the brachial
artery in pre- and post-occluded states. Calculation module
424 then determines a percentage change between the pre-
and post-occluded states and calculates a metric of FMD. In
other embodiments, instead of calculating a diameter from
the received signals, calculation module 424 determines a
blood flow velocity from the signals received in collection
module 422 at the various times relative to occlusion, or a
percentage change in the blood flow velocity, or the time for
a post-occluded hemodynamic property to return to a pre-
occluded state.

[0050] In one embodiment, reperfusion injury analysis
device 115 comprises an output module 412. Output module
412 is configured to communicate the calculated metric as
determined by calculation module 424. In one embodiment,
output module 412 includes a graphic user interface 426. In
one embodiment, output module 412 displays the calculated
metric of calculation module 424 on graphic user interface
426 as a real time image of the blood vessel being measured.
In one embodiment, output module 412 displays the calcu-
lated metric of calculation module 424 on graphic user intet-
face 426 as a numerical representation of the calculated met-
ric, such as the percentage change of blood vessel diameter or
percentage change of blood flow velocity relative to pre- and
post-occluded collections by measuring probe 105.

[0051] Inanother embodiment, reperfusion injury analysis
device 115 comprises a controller 414 to provide consistent
pressure and duration of transient occlusion applied from a
device to apply pressure (not shown), such as pneumatic cuff
110 as depicted in FIG. 1. Controller 414 dictates when pneu-
matic cuff 110 inflates to apply transient occlusion and how
long the occlusion lasts to reduce user variability in determin-
ing a proxy metric of reperfusion injury. In one embodiment,
the timing of inflation and duration is dictated by timer 428. In
one embodiment, timer 428 is programmed such that when
the reperfusion injury analysis device 115 is activated by a
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user at I/O module 416, the timer provides a pre-occlusion
measurement period to collect the hemodynamic property of
a blood vessel, then initiates an occlusion start time to con-
troller 414 to apply pressure to the blood vessel through a
pneumatic cuff 110, then initiates a post-occlusion time to
remove pressure from pneumatic cuff 110 and begin a post-
occlusion measurement period to collect the hemodynamic
property of the blood vessel in a post-occluded state.

[0052] FIG. § illustrates an exemplary embodiment of a
method 500 for analyzing reperfusion injury in a subject that
has experienced, or is experiencing, a cardiac distress event.
In one embodiment, method 500 begins by measuring a
hemodynamic property of a blood vessel of a subject at 501.
The hemodynamic property may be blood vessel diameter, or
blood flow velocity, or tissue pulsation according to various
embodiments. One of skill in the art will envision alternative
hemodynamic properties suitable for measurement in context
of this disclosure. In one embodiment, transient occlusion is
applied to the blood vessel at 502. After transient occlusion is
applied, the hemodynamic property is measured again at 503.
At 504, a metric from the pre- and post-occluded hemody-
namic propetrties is calculated. In one embodiment, the cal-
culated metric is FMD; in another embodiment the calculated
metric is the percentage change in blood flow velocity. In still
other embodiments, calculating the metric is determining the
amount of time required to return the post-occluded hemo-
dynamic property to the pre-occluded hemodynamic property
state. The particular calculated metric varies across embodi-
ment as the measured hemodynamic property varies with
embodiment.

[0053] Itshould be appreciated that the specific steps illus-
trated in F1G. 5 provide a particular sequence of calculating a
metric of reperfusion injury. Other sequences of steps may
also be performed according to alternative embodiments. For
example, alternative embodiments of the present invention
may perform the steps outlined above in a different order.
Moreover, the individual steps illustrated in FIG. 5 may
include multiple sub-steps as appropriate to the individual
step. For example, in one embodiment measuring the hemo-
dynamic property may also occur during application of tran-
sient occlusion at step 502, such that measurement of the
blood vessel’s hemodynamic property is continuous through-
out method 500. Furthermore, additional steps may be added,
or certain steps may be removed, depending on the particular
embodiments. One of skill in the art would recognize many
variations, modifications, and alternatives.

[0054] FIG. 6illustrates an exemplary process of a method
600. Method 600 is a continuation of method 500, beginning
at 504 by calculating a proxy metric of reperfusion injury as
determined from pre-occluded and post-occluded states of a
hemodynamic property in a subject. In method 600, step 504
is followed by step 610 in which the calculated metric is
communicated on an output module. According to embodi-
ment, communicating the metric may be as a real time image
of the hemodynamic property on a graphic user interface,
such as an image of the blood vessel being measured or a
graph of the hemodynamic property over time; in other
embodiments the communication is by numerical display of
the calculated metric.

[0055] While the invention has been described in terms of
particular embodiments and illustrative figures, those of ordi-
nary skill in the art will recognize that the invention is not
limited to the embodiments or figures described. For
example, in various embodiments described above, a repet-
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fusion injury analysis device receives collected hemody-
namic propetties in blood vessels and calculates metrics rela-
tive to transient occlusion of those blood vessels to
communicate the calculated metric on an output module of
the reperfusion injury analysis device. However, in other
embodiments, the reperfusion injury analysis device commu-
nicates the calculated metric to a third party, such as a medical
facility or primary care giver to provide follow on care infor-
mation regarding the status and extent of reperfusion injury in
the subject. In still other embodiments, the calculated metric
is stored on a third party system and subsequent collection of
calculated metrics across a plurality of subjects is associated
with survival rates of those subjects’ experiences with cardiac
distress events such that the data module can access the third
party system to determine whether the calculated metric on an
instant subject places the subject in a particular risk category.
[0056] Reference throughout this document to “one
embodiment,” “certain embodiments,” “an embodiment,” or
similar term means that a particular feature, structure, or
characteristic described in connection with the embodiment
is included in atleast one embodiment. Thus, the appearances
of such phrases in various places throughout this specification
are not necessarily all referring to the same embodiment.
Furthermore, the particular features, structures, or character-
istics may be combined in any suitable manner on one or more
embodiments without limitation.

[0057] The particulars shown herein are by way of example
and for purposes of illustrative discussion of the preferred
embodiments of the present invention only and are presented
in the cause of providing what is believed to be the most
useful and readily understood description of the principles
and conceptual aspects of various embodiments of the inven-
tion. In this regard, no attempt is made to show structural
details of the invention in more detail than is necessary for the
fundamental understanding of the invention, the description
taken with the drawings and/or examples making apparent to
those skilled in the art how the several forms of the invention
may be embodied in practice.

[0058] As used herein and unless otherwise indicated, the
terms “a” and “an” are taken to mean “one,” “at least one” or
“one or more.” Unless otherwise required by context, singular
terms used herein shall include pluralities and plural terms
shall include the singular.

[0059] Unless the context clearly requires otherwise,
throughout the description and the claims, the words “com-
prise,” “comprising,” and the like are to be construed in an
inclusive sense as opposed to an exclusive or exhaustive
sense; that is to say, in the sense of “including, but not limited
to.” The term “or” as used herein is to be interpreted as
inclusive or meaning any one or any combination. Therefore,
“A, B or C” means any of the following: A; B; C; A and B; A
and C; B and C; A, B and C. An exception to this definition
will occur only when a combination of elements, functions,
steps or acts are in some way inherently mutually exclusive.
[0060] Words using the singular or plural number also
include the plural and singular number, respectively. Addi-
tionally, the words “herein,” “above,” and “below” and words
of similar import, when used in this disclosure, shall refer to
this disclosure as a whole and not to any particular portions of
the disclosure.

[0061] Thedescription ofembodiments of the disclosure is
not intended to be exhaustive or to limit the disclosure to the
precise form disclosed. While specific embodiments and
examples for the disclosure are described herein for illustra-
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tive purposes, various equivalent modifications are possible
within the scope of the disclosure, as those skilled in the
relevant art will recognize. Such modifications may include,
but are not limited to, changes in the dimensions and/or the
materials shown in the disclosed embodiments.

[0062] All of the references cited herein are incorporated
by reference. Aspects of the disclosure can be modified, if
necessary, to employ the systems, functions, and concepts of
the above references to provide yet further embodiments of
the disclosure. These and other changes can be made to the
disclosure in light of the detailed description.

[0063] Specific elements of any foregoing embodiments
can be combined or substituted for elements in other embodi-
ments. Furthermore, while advantages associated with cer-
tainembodiments of the disclosure have been described in the
context of these embodiments, other embodiments may also
exhibit such advantages, and not all embodiments need nec-
essarily exhibit such advantages to fall within the scope of the
disclosure.

[0064] Therefore, it should be understood that the invention
can be practiced with modification and alteration within the
spirit and scope of the appended claims. The description isnot
intended to be exhaustive or to limit the invention to the
precise form disclosed. It should be understood that the inven-
tion can be practiced with modification and alteration and that
the invention belimited only by the claims and the equivalents
thereof

What is claimed is:

1. A reperfusion device comprising:

ameasuring probe having an application face and compris-
ing a plurality of sensors configured to collect a hemo-
dynamic property of a blood vessel of a subject contact-
ing the measuring probe;

a pneumatic cuff coupled to the measuring probe config-
ured to apply transient occlusion to the blood vessel
being measuring;

a reperfusion injury analysis device operably coupled to
the measuring probe and pneumatic cuff, the reperfusion
injury analysis device comprising:

a data module configured to measure the collected
hemodynamic property in the blood vessel being
measured and calculate a proxy metric of reperfusion
injury; and

an output module configured to communicate the calcu-
lated metric.

2. The reperfusion device of claim 1, wherein the plurality
of sensors comprise a plurality of ultrasonic transducers.

3. The reperfusion device of claim 2, wherein the plurality
of ultrasonic transducers emit a frequency between about five
and about ten megahertz.

4. The reperfusion device of claim 1, further comprising a
controller coupled to the pneumatic cuff, the controller pro-
grammed to apply transient occlusion to the blood vessel
being measured.

5. The reperfusion device of claim 3, wherein the applica-
tion face of the measuring probe further comprises an offset
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apparatus to position the application face at an angle relative
to a surface on the subject contacting the measuring probe.

6. The reperfusion detection device of claim 5, wherein the
offset apparatus positions the application face towards a
direction opposite the direction of a flow of blood in the blood
vessel of the subject being measured.

7. The reperfusion detection device of claim 6, further
comprising a first reference indicia coupled to the measuring
probe.

8. The reperfusion device of claim 7, wherein the first
reference indicia is a visual cue which when aligned with an
external reference positions the measuring probe to measure
the flow of blood in the blood vessel being measured.

9. The reperfusion device of claim 6, further comprising a
second reference indicia coupled to the pneumatic cuff.

10. The reperfusion detection device of claim 9, wherein
the second reference indicia is a visual cue which when
aligned with an external reference positions the pneumatic
cuff to an occlusion position relative to the measuring probe.

11. The reperfusion device of claim 1, further comprising
an adhesive hydrogel for fixing the measuring probe to the
subject and propagating signals from the measuring probe to
the blood vessel of the subject.

12. The reperfusion device of claim 1, wherein the hemo-
dynamic property measured by the plurality sensors is flow
mediated dilation as a function of time.

13. The reperfusion device of claim 1, wherein the blood
vessel in a subject is a brachial artery.

14. The reperfusion device of claim 1, wherein the output
module is a graphic user interface configured to display the
measured hemodynamic property.

15. A method of analyzing reperfusion injury, the method
comprising:

measuring a pre-occluded hemodynamic property of a

blood vessel of a subject;

applying transient occlusion to the blood vessel being mea-

sured;

measuring a post-occluded hemodynamic property of the

blood vessel being measured; and

calculating a metric from the pre-occluded hemodynamic

property and the post-occluded hemodynamic property.

16. The method of claim 15, further comprising commu-
nicating the calculated metric on an output module.

17. The method of claim 16, wherein the output module is
a graphic user interface.

18. The method of claim 17, wherein the calculated metric
displayed is flow mediated dilation as a function of time.

19. The method of claim 15, wherein measuring the hemo-
dynamic property is by ultrasonic transducers.

20. The method of claim 15, wherein calculating the metric
is determining the time for the post-occluded hemodynamic
property measurement to return to the pre-occluded hemody-
namic property measurement status.
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