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HAND-HELD APPARATUS FOR NONINVASIVE MEASUREMENT OF A
HEART PERFORMANCE METRIC

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Application
No. 63/160148, filed March 12, 2021, which is hereby incorporated by reference in

its entirety.

TECHNICAL FIELD
[0002] This disclosure relates generally to devices for measuring the
performance of the heart, and in particular but not exclusively, relates to devices for

measuring blood pressure, such as left ventricular filling pressure.

BACKGROUND INFORMATION

[0003] Heart failure (HF) is commonly defined as the inability of the heart to
maintain an adequate circulation of blood, or the ability only to do so at the expense
of increased filling pressures. HF is a grouping of clinical findings, rather than a
specific diagnosis or a single disease, and can be considered a symptom of
impairment of the pumping action and/or filling of the heart that is caused by an
underlying disease. The circulation of blood is quantified by cardiac output, which is
dependent on heart rate, contractility, preload, and afterload. Increased preload,
driven by increased filling pressure, is one physiological response to increase cardiac
output to meet the body’s requirements. However, the elevated pressure leads to
pulmonary congestion. Additional congestion occurs as fluid “backs up” in the
venous system. As the congestion worsens, the resulting symptoms (dyspnea,
orthopnea) become debilitating for the patient.

[0004] One conventional HF measurement device has been developed for the
chronic monitoring of filling pressures, specifically the pulmonary arterial diastolic
pressure as an estimate of the left-sided filling pressure. This device has
demonstrated that filling pressures typically increase well before other heart failure
symptoms become apparent, and studies have demonstrated that filling pressures can
be used to effectively guide intervention and optimize therapy to improve outcomes.
Unfortunately, this conventional HF measurement device is an invasive, implantable

hemodynamic monitor that is restricted for use with only a subset of HF patients.
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The ability to perform filling pressure measurements non-invasively would broaden
the selection criteria to potentially include the chronic monitoring and management

of stable individuals with HF.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Non-limiting and non-exhaustive embodiments of the invention are
described with reference to the following figures, wherein like reference numerals
refer to like parts throughout the various views unless otherwise specified. Not all
instances of an element are necessarily labeled so as not to clutter the drawings
where appropriate. The drawings are not necessarily to scale, emphasis instead being
placed upon illustrating the principles being described.

[0006] FIGURE 1A is a perspective view of an apparatus, in accordance with
an embodiment of the present disclosure, shown being held by a hand.

[0007] FIGURE 1B is another perspective view of the apparatus of
FIGURE 1A, in accordance with an embodiment of the present disclosure.

[0008] FIGURE 1C is a plan view of the apparatus of FIGURE 1A, in
accordance with an embodiment of the present disclosure.

[0009] FIGURE 1D is a perspective view of the apparatus of FIGURE 1A
including a docking station, in accordance with an embodiment of the present
disclosure.

[0010] FIGURE 1E is a front view of the apparatus of FIGURE 1A shown
held by a hand, in accordance with an embodiment of the present disclosure.

[0011] FIGURE 2 is a perspective view of an apparatus, in accordance with
an embodiment of the present disclosure, showing a partial cutaway.

[0012] FIGURE 3 is a perspective view of an apparatus showing
interchangeable towers, in accordance with an embodiment of the present disclosure.

[0013] FIGURE 4A is a perspective view of an apparatus, accordance with an
embodiment of the present disclosure.

[0014] FIGURE 4B is another perspective view of the apparatus of
FIGURE 4A, in accordance with an embodiment of the present disclosure.

[0015] FIGURE 4C is another perspective view of the apparatus of
FIGURE 4A, in accordance with an embodiment of the present disclosure.

[0016] FIGURE 5A is a perspective view of an apparatus, accordance with an

embodiment of the present disclosure.
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[0017] FIGURE 5B is another perspective view of the apparatus of
FIGURE 5A, in accordance with an embodiment of the present disclosure.

[0018] FIGURES 6A-6H illustrate images displayed by a graphical user
interface of an apparatus, in accordance with an embodiment of the present
disclosure.

[0019] FIGURE 7 is a flow chart illustrating operation of a heart performance

measurement apparatus, in accordance with an embodiment of the disclosure.

DETAILED DESCRIPTION

[0020] Embodiments of an apparatus, machine-readable storage medium, and
method for noninvasively measuring a heart performance metric, such as left
ventricular filling pressure, are described herein. In the following description
numerous specific details are set forth to provide a thorough understanding of the
embodiments. One skilled in the relevant art will recognize, however, that the
techniques described herein can be practiced without one or more of the specific
details, or with other methods, components, materials, etc. In other instances, well-
known structures, materials, or operations are not shown or described in detail to
avoid obscuring certain aspects.

[0021] Reference throughout this specification to “one embodiment™ or “an
embodiment” means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment of the present
invention. Thus, the appearances of the phrases “in one embodiment™ or “in an
embodiment” in various places throughout this specification are not necessarily all
referring to the same embodiment. Furthermore, the particular features, structures, or
characteristics may be combined in any suitable manner in one or more embodiments.

[0022] A heart performance measurement apparatus capable of non-invasively
measuring a performance metric of the heart, such as left ventricular filling pressure
(e.g., left ventricular end diastolic pressure (LVEDP)), is described. While LVEDP
will be discussed further herein with respect to certain embodiments of the present
disclosure, it will be understood that other measurements, such as pulmonary capillary
wedge pressure (PCWP) measurements, are possible and within the scope of the
present disclosure. These non-invasive measurements can be performed in an
outpatient clinical setting or even at home. The described apparatus provides a less

invasive and less expensive alternative to conventional devices, which means it can be
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deployed more widely and make a significant impact in reducing both the financial
cost and quality of life burden of heart failure (HF) in the general public. The heart
performance measurement apparatus is capable of monitoring filling pressure, such as
through measuring LVEDP and/or PCWP, over time, which can be used to guide
patient intervention and improve outcomes (e.g., defined as decreased rate of re-
hospitalizations and improved quality of life metrics). The heart performance
measurement apparatus may be used for HF screening and diagnosis using filling
pressure levels, pre-discharge therapeutic optimization of filling pressure levels, and
chronic long-term monitoring at home. The heart performance measurement
apparatus provides a reproducible and predictable measurement of the arterial
response to allow estimates of the absolute baseline filling pressure value as well as
trending changes in the filling pressure over time. In various embodiments, the heart
performance measurement apparatus uses tonometry of a digital artery to monitor the
pulsatility of the arterial response. Due to the ease of use, high-compliance daily at
home use is believed to be achievable.

[0023] In various embodiments, the heart performance measurement apparatus
measures filling pressure based on arterial blood pressure responses to increased
intrathoracic pressure using a forced expiratory effort maneuver (e.g., Valsalva-like
maneuver). The Valsalva-like maneuver raises intrathoracic pressure, diminishes
venous return to the heart and stroke volume, and increases venous pressure. Arterial-
pressure tracings (blood pressure pulsatility) generally show four distinct phases in
response to the Valsalva maneuver performed by healthy individuals. In phase 1, the
arterial pressure rises as a direct result of the transmission to the periphery of the
increased intrathoracic pressure; in phase 2, reductions in systolic, diastolic, and pulse
pressures occur as a result of reduced venous return with continuing strain; phase 3
begins with the release of the strain (e.g., cessation of expiratory effort), which results
in a sudden drop in arterial pressure; and in phase 4 the arterial pressure overshoots to
levels above control, with a widened pulse pressure. Additionally, at expiratory
pressures > 20 mmHg, the heart rate generally (but not always) increases during phase
2 and then decreases in phase 4. This expected pattern can be measured and analyzed
in the user's blood pressure pulsatility signals acquired before, during, and after a
forced expiratory effort maneuver.

[0024] FIGURES 1A-1E illustrate an apparatus 100, in accordance with an

embodiment of the disclosure. FIGURE 1A is a perspective view of the apparatus
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100, in accordance with an embodiment of the present disclosure. FIGURE 1B is
another perspective view of the apparatus 100. FIGURE 1C is a plan view of the
apparatus 100. FIGURE 1D is a perspective view of the apparatus 100 including a
docking station. FIGURE 1E is a front view of the apparatus 100 shown held by a
hand 104.

[0025] As shown, the apparatus 100 includes a housing 102 shaped to be
grasped by a hand 104; a tower 106 protruding from a surface 108 of the housing 102;
a tactile sensor 112 disposed on a curved surface 114 of the tower 106; a graphical
user interface 118 for orchestrating a test of the performance metric of the heart and
displaying results of the test; a controller 120 operatively coupled to the tactile sensor
112 and the graphical user interface 118.

[0026] As above, the housing 102 is shaped to be grasped by a hand 104. In
an embodiment, the apparatus 100 including the housing 102 is sized and shaped to be
held by the hand 104. In an embodiment, the size and general curvature of the
housing 102 and weight of the apparatus 100 is suitable to be easily grasped by a hand
104. In this regard, the apparatus 100 including the sensor can be held by a hand 104.
In the illustrated embodiment, the housing 102 defines a smooth curved outer surface
108, such as without sharp angles or points.

[0027] Movement of the hand 104 and, in particular, a portion of the index
finger 110 that contacts the tactile sensor 112 can generate motion-based artefacts in
signals generated by the tactile sensor 112. Such motion-based artefacts can make
interpreting pulsatility signals more difficult and even impossible to interpret. By
shaping the apparatus 100, in general, and the housing 102, which carries the tactile
sensor 112, in particular, such that it is suitable to be grasped and held by a hand 104,
motion-based artefacts are reduced or eliminated. In this regard, as a hand 104
holding the apparatus 100 moves, an amount that an index finger 110 temporarily
presses upon the tactile sensor 112, which generates a corresponding motion-based
artefact, is reduced. Accordingly, the apparatus 100 according to the present
disclosure is suitable to generate more accurate pulsatility signals than, for example, a
device shaped and sized to remain on a desk or tabletop or otherwise configured such
that it does not move with a hand 104 contacting the device.

[0028] As above, the apparatus 100 includes a tower 106 protruding from a
surface 108 of the housing 102. In the illustrated embodiment, the tower 106 is

positioned on a portion of the housing 102 such that the tower 106 is configured to
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conform to an index finger 110 of the hand 104 when grasping the housing 102. As
also shown, the tactile sensor 112 is disposed on a curved surface 114 of the tower
106. In this regard, the curved surface 114 of the tower 106 is suitable to conform to
a side, such as an ulnar side, of an index finger 110 of a hand 104 grasping the
housing 102. In an embodiment, the curved surface 114 is shaped to conform to the
size and shape of the side of the index finger 110 such that it makes even contact with
and distributes pressure to a portion of the entire side of the index finger 110. Such
even contact avoids applying pressure to limited portions of the index finger 110,
which could, for example, occlude an ulnar side digital artery 116a and cause
discomfort for a user. Not occluding the veins within the index finger 110 ensures
there is a return path in the index finger 110 to maintain blood flow during the testing.

[0029] In an embodiment, the curved surface 114 is a rigid, solid curved
surface 114. In another embodiment, the curved surface 114 comprises a material or
structure suitable to conform to a finger in contact with the curved surface 114. In an
embodiment, the conformable material or structure includes a fluid bladder housing a
gas or incompressible liquid that conforms to fingers of different sizes to apply
uniform pressure thereto.

[0030] In the illustrated embodiment, such as particularly illustrated in
FIGURE 1E, the tower 106 defines a second curved surface 126 opposite the curved
surface 114. The second curved surface 126 is shaped and positioned to conform to a
side of a middle finger 128 of the user, such as when a user grasps or holds the
housing 102 with a hand 104. As shown, the second curved surface 126 is shaped and
positioned to comfortably align the hand 104 over the housing 102 such that the index
finger 110 is correspondingly aligned with the tactile sensor 112 when the hand 104 is
grasping or holding the housing 102. Such comfortable alignment of the index finger
110 is suitable to improve a user experience and generate accurate pulsatility signals
from the tactile sensor 112.

[0031] In the illustrated embodiment, the apparatus 100 is shown to include a
strap 136 coupleable to the tower 106. As shown, the strap 136 is coupled to the
housing 102 and the tower 106 and is shaped to wrap around the index finger 110. In
an embodiment, the strap 136 is positioned and oriented to apply pressure, such as
with a clamping force, to the index finger 110 while the housing 102 is grasped by the
hand 104. In this regard, the strap 136 is suitable to maintain pressure and/or contact

between the index finger 110 and the tactile sensor 112, such as when pulsatility data
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is being generated. In an embodiment, the strap 136 is releasably coupleable to the
tower 106, such that a user can uncouple the strap 136 from the tower 106 to release
the index finger 110 more easily.

[0032] In one embodiment, a force applied by the strap 136 to index finger
110 is sufficient to reduce transmembrane wall pressure of the digital artery 116a but
does not fully occlude the digital artery 116a (e.g., ulnar side digital artery 116a) or
the opposing digital artery 116b (e.g., radial side digital artery 116b). Rather, the
actuation of strap 136 is controlled to achieve a reduction of transmembrane wall
pressure, but not full occlusion or sweeping full occlusion to partial occlusion as is the
case with traditional blood pressure meters with bladders or cuffs.

[0033] As above, the apparatus 100 includes a tactile sensor 112 disposed in
or on a curved surface 114 of the tower 106. In the illustrated embodiment, the tactile
sensor 112 conforms to a curvature of the curved surface 114 of the tower 106. The
sensor is configured to generate one or more signals for measuring a performance
metric of the heart. In an embodiment, the tactile sensor 112 is adapted to measure
blood pressure pulsatility in a digital artery 116a of the index finger 110. In a further
embodiment, the sensor is adapted to measure blood pressure pulsatility by tonometry
and output pulsatility signals indicative of the blood pressure pulsatility.

[0034] While a tactile sensor 112 disposed on a curved surface 114 is
described as shaped and configured to contact an index finger 110 when the housing
102 is grasped by a hand 104, it will be understood that the tower 106 can be placed
on different portions of the housing 102 such that the tactile sensor 112 is positioned
to contact another finger, such as a middle finger, ring finger, thumb, etc. when the
housing 102 is grasped by the hand 104.

[0035] Embodiments of the tactile sensor 112 are not limited to tonometry.
Other implementations of the tactile sensor 112 may use other techniques for sensing
blood pressure pulsatility (e.g., PPG photoplethysmography (PPG) sensor,
oscillometry, auscultation, photoacoustic ultrasound, etc.).

[0036] The housing 102 may include other auxiliary sensors. For example,
such auxiliary sensors may include an accelerometer disposed in the housing 102 to
adjust test readings when the housing 102 is being moved. Auxiliary sensors may
also include a temperature sensor disposed on the housing 102 to measure the user's
palm or finger temperature and store this data with the blood pressure pulsatility

readings. In one embodiment, housing 102 includes a finger or palm heater to warm
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the hand 104 and/or index finger 110 to a desired temperature. Auxiliary sensors may
also include a PPG sensor or a microphone disposed adjacent to the strap 136. The
PPG and microphone may be supplemental sources for measuring pulsatility in the
index finger 110 or for measuring downstream effects of the applied clamp pressure
(such as occlusion or venous blockage resulting in a finger edema and discoloration
(turning purple)). Other sensor types (e.g., optical sensors, ballistocardiography
sensors, photoacoustic ultrasound, etc.) may also be incorporated.

[0037] The apparatus 100 of the present disclosure is suitable to perform
noninvasive measurement of a heart performance metric. In an embodiment, the
apparatus 100 is adapted to measure a LVEDP. In an embodiment, to measure filling
pressure increased intrathoracic pressure using a forced expiratory effort maneuver
(e.g., Valsalva-like maneuver) is used. In this regard, in an embodiment, the
apparatus 100 includes an expiratory subsystem 146 configured to receive an
expiration of a user. In the illustrated embodiment of FIGURE 1C, the expiratory
subsystem 146 is shown to include a mouthpiece 148 shaped to receive an expiration
of a user. In an embodiment, the mouthpiece 148 is shaped to permit a user to place
their lips around and blow against resistance. In a clinical setting, mouthpiece 148
may be disposable.

[0038] As shown, the expiratory subsystem 146 further includes a pressure
sensor 150 coupled to the mouthpiece 148 to measure an air pressure of the
expiration. Pressure sensor 150 measures the expiratory effort in the form of air
pressure and outputs pressure readings to controller 120. Such a pressure sensor 150
is suitable to monitor the air pressure while generating pulsatility data, such as with
the tactile sensor 112. As described further herein, the combination of pulsatility data
and air pressure from an expiration of a user is suitable to measure LVEDP.

[0039] In the illustrated embodiment of FIGURE 1C, the expiratory
subsystem 146 is shown physically coupled to the housing 102 by a cable. In another
embodiment, the expiratory subsystem 146 is wirelessly coupled to the housing 102,
such as through wireless coupling via the controller 120. In an embodiment, the
expiratory subsystem 146 and the housing 102 are shaped to removeably couple with
a charging dock 152 adapted to provide electrical power to power systems of each of
the housing 102 and the expiratory subsystem 146 when coupled to the charging dock
152, as shown in FIGURE 1D.
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[0040] In the illustrated embodiment, the apparatus 100 is shown to include a
pinhole leak 170 configured to allow a portion of a user’s expiration to pass
therethrough. In an embodiment, the pinhole leak 170 is suitable to prevent the user
from using their cheek muscles with a closed glottis to generate the expiratory
pressure. An uncontrolled Valsalva maneuver (such as including excessive pressure
above our 25 to 35 mmHg target) is undesirable due to safety concerns. As also
shown, the apparatus 100 also includes a second pressure sensor 168 positioned
downstream of the pinhole leak 170 and upstream of a second pinhole leak 172. This
allows the apparatus 100 to have single fault detection of failures in either the primary
sensor 150, secondary sensor 168, or a blockage of the pinhole leak path by
monitoring the pressure ratios between the two sensors 150 and 172. This additional
fault protection makes the apparatus 100 more robust and safer to use.

[0041] The controller 120 is a functional element that choreographs and
controls the operation of the other functional elements. In one embodiment, controller
120 is implemented with hardware logic (e.g., application specific integrated circuit,
field programmable gate array, etc.). In yet another embodiment, controller 120 may
be implemented as a general-purpose microcontroller 120 that executes software or
firmware instructions stored in memory (e.g., non-volatile memory, etc.). Yet
alternatively, controller 120 may be implemented in a combination of hardware and
software and further may be centralized or distributed across multiple components.

[0042] As above, the apparatus 100 includes a graphical user interface 118
operatively coupled to the controller 120 for orchestrating a test of the performance
metric of the heart and displaying results of the test. An operator of apparatus 100
interacts with the apparatus 100 via the graphical user interface 118. The graphical
user interface 118 may include a variety of hardware and software interfaces,
including a screen. In the illustrated embodiment, the graphical user interface 118 is
disposed on a portion of the surface 108 of the housing 102 opposite the tower 106.
In this regard, as illustrated in FIGURE 1B, the graphical user interface 118 is
positioned to be easily viewed by a user when holding the housing 102. In particular,
as shown, a user can hold the housing 102, thereby placing an index finger 110 in
contact with the tactile sensor 112, and simultaneously view the graphical user
interface 118 by positioning a palm of their hand 104 upwards toward their face.

[0043] In the illustrated embodiment, the graphical user interface 118 includes

a screen configured to illustrate or otherwise visually indicate the performance metric
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of the heart and displaying results of the test. In an embodiment, the graphical user
interface 118 includes an expiratory effort meter 122 for displaying when a user is
exerting appropriate expiratory effort; and a pulsatility meter 124 for displaying when
the blood pressure pulsatility is being sensed by the tactile sensor 112. As discussed
further herein, such meters are suitable for conducting tests of the heart metric, such
as a cardiac filling pressure, which can include a LVEDP and/or PCWP.

[0044] In an embodiment, the apparatuses of the present disclosure include a
motor configured to adjust a clamping force of a strap coupleable to the tower. In this
regard, attention is directed to FIGURE 2 in which an apparatus 200 according to an
embodiment of the present disclosure is illustrated. In an embodiment, the
apparatus 200 is an example of the apparatus 100 discussed further herein with
respect to FIGURES 1A-1E.

[0045] As shown, the apparatus 200 includes a housing 202 shaped to be
grasped by a hand; a tower 206 protruding from a surface 208 of the housing 202
positioned to conform to an index finger of the hand when grasping the housing 202;
a tactile sensor 212 disposed on a curved surface 214 of the tower 206 and adapted to
measure blood pressure pulsatility in a digital artery of the index finger and output
pulsatility signals indicative of the blood pressure pulsatility; and a controller 220
operatively coupled to the tactile sensor 212 and adapted to generate pulsatility data,
based upon the pulsatility signals, from which the performance metric of the heart
may be determined

[0046] . In an embodiment, the apparatus 200 further includes a graphical
user interface 218 (see for example FIGURE 1B) operatively coupled to the
controller 220 for orchestrating a test of the performance metric of the heart and
displaying results of the test. As discussed further herein, the graphical user interface
218 may be disposed on the surface 208 of the housing 202 opposite the tower 206.

[0047] As shown, the apparatus 200 includes a strap 236 coupleable to the
tower 206. In the illustrated embodiment, the strap 236 is positioned and oriented to
apply pressure to the index finger while the housing 202 is grasped by the hand. As
also shown, in partial cutaway, the apparatus 200 further includes a motor 238
operatively coupled to the controller 220 and disposed within the housing 202. As
above, the strap 236 is coupleable to the tower 206 and, in this regard, is configured to
tighten the strap 236, such as through operation of the motor 238. Such operation of
the motor 238 can include rotation of the shaft 260 about which a portion of the strap

10
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236 1s wrapped to tighten or loosen the clamping force of the strap 236 on the index
finger.

[0048] While a motor 238 coupled to a strap 236 is illustrated, it will be
understood that other structures and mechanisms for applying pressure to a finger,
such as a linear clamp or an air bladder, are possible and within the scope of the
present disclosure.

[0049] In an embodiment, the controller 220 includes logic that, when
executed by the controller 220, causes the apparatus 200 to perform operations
including clamping the index finger with the strap 236 to a sufficient pressure to
measure the blood pressure pulsatility in the digital artery while not fully occluding
the digital artery or an opposing digital artery of the finger. As discussed further
herein, in an embodiment, the controller 220 includes logic suitable to optimize or
adjust a strap 236 tightness or clamping force to improve pulsatility data.

[0050] In an embodiment, the apparatuses of the present disclosure include
two or more towers coupleable to the housing, such as two or more towers having
different heights or sizes suitable for use with fingers of different sizes. In this regard,
attention is directed to FIGURE 3, where an apparatus 300 according to an
embodiment of the present disclosure is illustrated. FIGURE 3 is a perspective view
of the apparatus 300 showing interchangeable towers 306 and 330, in accordance with
an embodiment of the present disclosure.

[0051] In an embodiment, the apparatus 300 is an example of the apparatus
100 discussed further herein with respect to FIGURES 1A-1E and/or apparatus 200
discussed further herein with respect to FIGURE 2.

[0052] As shown, the apparatus 300 includes a housing 302 shaped to be
grasped by a hand; a tower 306 protruding from a surface 308 of the housing 302
positioned to conform to an index finger of the hand when grasping the housing 302;
a tactile sensor 312 disposed on a curved surface 314 of the tower 306 and adapted to
measure blood pressure pulsatility in a digital artery of the index finger and output
pulsatility signals indicative of the blood pressure pulsatility; and a controller 320
operatively coupled to the tactile sensor 312 and adapted to generate pulsatility data,
based upon the pulsatility signals, from which the performance metric of the heart
may be determined.

[0053] . In an embodiment, the apparatus 300 further includes a graphical
user interface (see for example FIGURE 1B) operatively coupled to the controller 320

11
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for orchestrating a test of the performance metric of the heart and displaying results of
the test. As discussed further herein, the graphical user interface may be disposed on
the surface 308 of the housing 302 opposite the tower 306.

[0054] As shown, the apparatus 300 includes two towers 306 and 330
coupleable to the housing 302. In this regard, the tower 306 is a first tower 306
selectively coupleable to the housing 302, wherein the apparatus 300 further
comprises a second tower 330 selectively coupleable to the housing 302 having a
height 334 different from a height 332 of the first tower 306. In this regard, the
second tower 330 is shaped to conform to a second index finger of a second hand
when grasping the housing 302, the second tower 330 having a different size than the
index finger. Coupling of the first tower 306 and the second tower 330 to the housing
302 can occur through any cooperative coupling structures or mechanisms. In an
embodiment, such coupling structures include one or more magnets disposed within
the first tower 306 and second tower 330 configured to cooperatively couple to
corresponding magnet(s) disposed in or on the housing 302.

[0055] In embodiment, the first tower 306 and second tower 330 are
configured to receive electrical power from the housing 302 when coupled thereto. In
an embodiment, the housing 302 includes one or more conductive elements, such as
one or more pogo pins, for transferring electrical power from the housing 302 to the
first tower 306 and/or the second tower 330 when coupled to the housing 302 to
provide power to, for example, the tactile sensor 312. Alternatively, a signal
generated by the tactile sensor 312 can be transferred through an optical or magnetic
connection between the tactile sensor and the controller 320 disposed within the
housing 302.

[0056] In the illustrated embodiment, the strap 336 is shown to include a
buckle 340 configured to couple to a corresponding structure in a top of the first
tower 306 and the second tower 330. As also shown, the first tower 306 and the
second tower 330 include a release button 342 configured to release the strap 336
from the first tower 306 or second tower 330 when depressed or otherwise actuated.

[0057] In an embodiment, the expiratory subsystems of the apparatuses
described herein are removably coupleable to the housings of the apparatuses. In this
regard, attention is directed to FIGURES 4A-4C in which an apparatus 400, according
to an embodiment of the present disclosure, is illustrated. FIGURE 4A is a
perspective view of the apparatus 400. FIGURE 4B is another perspective view of
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the apparatus 400. FIGURE 4C is another perspective view of the apparatus 400. In
an embodiment, the apparatus 400 is an example of the apparatuses 100, 200, and/or
300 discussed further herein with respect to FIGURES 1A-1E, 2, and 3, respectively.

[0058] As shown, the apparatus 400 includes a housing 402 shaped to be
grasped by a hand; a tower 406 protruding from a surface 408 of the housing 402
positioned to conform to an index finger of the hand when grasping the housing 402;
a tactile sensor 412 disposed on a curved surface 414 of the tower 406 and adapted to
measure blood pressure pulsatility in a digital artery of the index finger and output
pulsatility signals indicative of the blood pressure pulsatility; a graphical user
interface 418 for orchestrating a test of the performance metric of the heart and
displaying results of the test, wherein the graphical user interface 418 is disposed on
the surface 408 of the housing 402 opposite the tower 406; and a controller 420
operatively coupled to the tactile sensor 412 and the graphical user interface 418 and
adapted to generate pulsatility data, based upon the pulsatility signals, from which the
performance metric of the heart may be determined.

[0059] In the illustrated embodiment, the apparatus 400 further includes an
expiratory subsystem 446 operatively coupled to the controller 420, the expiratory
subsystem 446 comprising a mouthpiece 448 shaped to receive an expiration of a
user; and a pressure sensor 450 coupled to the mouthpiece 448 to measure an air
pressure of the expiration, wherein the controller 420 is coupled to the pressure sensor
450 and adapted to monitor the air pressure while generating the pulsatility data. As
discussed further herein, in this regard, the apparatus 400 is adapted to measure a
LVEDP. In the illustrated embodiment, the expiratory subsystem 446 is removably
coupleable to the housing 402.

[0060] As shown, the expiratory subsystem 446 can be coupled and uncoupled
from the housing 402, such as through coupling of the tab 456 of the housing 402 into
the slot 458 of the expiratory subsystem 446. In an embodiment, the tab 456 and slot
458 are configured to exchange signals between the expiratory subsystem 446, such
as generated with the pressure sensor 450, and the controller 420. While a tab 456
and slot 458 are shown it will be understood that other cooperative coupling structures
are possible and within the scope of the present disclosure. It will be further
understood that signals can be exchanged between the expiratory subsystem 446 and

the controller 420 in a wireless, as well as a wired, configuration.
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[0061] In an embodiment, the apparatuses of the present disclosure include an
expiratory subsystem disposed within and/or integrated with a housing of the
apparatuses. In this regard, attention is directed to FIGURES 5A and 5B in which an
apparatus 500, according to an embodiment of the present disclosure, is illustrated.
FIGURE 5A is a perspective view of the apparatus 500. FIGURE 5B is another
perspective view of the apparatus 500. In an embodiment, the apparatus 500 is an
example of the apparatuses 100, 200, and/or 300 discussed further herein with respect
to FIGURES 1A-1E, 2, and 3.

[0062] As shown, the apparatus 500 includes a housing 502 shaped to be
grasped by a hand; a tower 506 protruding from a surface 508 of the housing 502
positioned to conform to an index finger of the hand when grasping the housing 502;
a tactile sensor 512 disposed on a curved surface 514 of the tower 506 and adapted to
measure blood pressure pulsatility in a digital artery of the index finger and output
pulsatility signals indicative of the blood pressure pulsatility; a graphical user
interface 518 for orchestrating a test of the performance metric of the heart and
displaying results of the test, wherein the graphical user interface 518 is disposed on
the surface 508 of the housing 502 opposite the tower 506; and a controller 520
operatively coupled to the tactile sensor 512 and the graphical user interface 518 and
adapted to generate pulsatility data, based upon the pulsatility signals, from which the
performance metric of the heart may be determined.

[0063] In the illustrated embodiment, the apparatus 500 further includes an
expiratory subsystem 546. As shown, the expiratory subsystem 546 includes a
mouthpiece 548 shaped to receive an expiration of a user; and a pressure sensor 550
coupled to the mouthpiece 548 to measure an air pressure of the expiration, wherein
the controller 520 is coupled to the pressure sensor 550 and adapted to monitor the air
pressure while generating the pulsatility data. As also shown, the expiratory
subsystem 546 including the pressure sensor 550 is integrated within the housing 502.
The mouthpiece 548 is shown extending from a portion of the housing 502 shaped to
receive the user's expiration.

[0064] In an embodiment, the expiratory subsystem 546 is removably
coupleable to the housing 502 such that a user can remove the expiratory subsystem
546 from the housing 502, such as during performance of a test of a heart
performance metric. In this regard, the user can grasp the housing 502 with a first

hand such as to view a graphical user interface and place a finger in contact with the
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tactile sensor 512 and breathe into the expiratory subsystem 546 held in a second
hand. In an embodiment, the housing 502 defines a stylus-like storage pocket, such as
configured to hold the expiratory subsystem 546 within the housing 502 by friction.
Such a stylus-like storage pocket can be suitable to reduce the likelihood of
misplacing the expiratory subsystem 546. In an embodiment the housing 502 is
configured to supply electrical power to the expiratory subsystem 546 when docked
within the housing 502. In an embodiment, the housing 502 is configured to perform
wireless pairing with the expiratory subsystem 546 when docked within the housing
502.

[0065] FIGURE 7 is a flow chart 700 illustrating operation of heart
performance measurement apparatus, such as apparatuses 100, 200, 300, 400, and
500, in accordance with an embodiment of the disclosure. The order in which some
or all of the process blocks appear in process 700 should not be deemed limiting.
Rather, one of ordinary skill in the art having the benefit of the present disclosure will
understand that some of the process blocks may be executed in a variety of orders not
illustrated, or even in parallel.

[0066] Flow chart 700 will be discussed further herein with respect to
apparatus 100 of FIGURES 1A-1E, but is also applicable to apparatuses 200, 300,
400, and 500, discussed elsewhere herein.

[0067] In a process block 705, apparatus 100 is enabled. Enabling apparatus
100 may be achieved by pressing a software button on the graphical user interface
118. Enabling apparatus 100 causes apparatus 100 to execute a self-test or startup
sequence that auto-zeros various sensors including sensor elements in the tactile
sensor 112, motor, pressure sensor 150, etc. (process block 710). The self-test is
performed before the user places the index finger on the tactile sensor 112 and into
the strap 136.

[0068] In a process block 715, the user is prompted by the graphical user
interface 118 to insert their finger onto the tactile sensor 112 and into the strap 136.
FIGURES 6A-6H illustrate images displayed by the interface 118, in accordance with
an embodiment of the present disclosure, such as described further herein with respect
to FIGURE 7. The prompt may be a message displayed on a screen integrated into
the housing 102, an audible prompt, or otherwise. Once the user has inserted their
finger into the strap 136 and grasped housing 102, a measurement may be user

initiated (decision block 720) via a soft button displayed on the graphical user
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interface 118. The user's grips need not be firm, but rather in some embodiments,
may be a light grip sufficient for the hand to generally conform to the shape of
housing 102.

[0069] Upon initiation of a heart performance test, controller 120 directs
motor, such as motor 238 of FIGURE 2, to rapidly close the strap 136 until light skin
contact between index finger and the tactile sensor 112 is registered (process block
725). Once light skin contact is registered, the controller 120 reduces the adjustment
speed of the motor to a slower speed setting (process block 730) during which the
appropriate clamping force is determined for tonometery. In an embodiment, the
appropriate clamping force is a force that unloads the arterial walls of a digital artery.
By applying a clamping pressure that generates an external pressure around the artery
that roughly matches the internal pressure, the pressure across the arterial wall is
reduced to near zero. This greatly reduces the non-linear behavior of the arterial wall,
which is very similar to applanation tonometry, but without, for example, flattening
the artery by compressing it against a rigid back surface.

[0070] This appropriate or optimal clamping force is determined by slowly
increasing the clamping force while monitoring the amplitude of the blood pressure
pulsatility signals sensed from the digital artery. As the clamping force is increased,
the blood pressure pulsatility signals should increase up to a maximum, then begin to
decrease. Once the amplitude begins to decrease, the controller 120 determines that
maximum pulsatility has been detected (decision block 735) and backs off the motor
to the position associated with the detected maximum pulsatility. Once the strap 136
has been positioned for maximum pulsatility, the strap 136 maintains a constant
clamping force during the filling pressure testing. The ramping range may be
optimized or refined on a per user basis to reduce measurement time. Additionally, a
stability check and/or pulsatility quality check may be performed at the determined set
point for maximum pulsatility by observing pulses for a finite period of time, such as
2-10 seconds (process block 738). In an embodiment, monitoring strap 136 pressure
and pulsatility measurements can include monitoring the pulse amplitude and the
waveform shape to inform the clamping pressure.

[0071] With the strap 136 adjusted to the set point associated with the
determined maximum pulsatility and pulsatility stability/quality determined,
controller 120 commences recording blood pressure pulsatility data (process block

740) from tactile sensor 112 into memory. In other embodiments, the pulsatility data
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is also recorded during the stability check to obtain a baseline reference of the blood
pressure pulsatility prior to commencing the expiratory maneuver. After recording
has commenced, the user is prompted to commence expiratory effort (process block
745). Expiratory effort includes the user puffing or blowing into the mouthpiece 148.
The user's expiratory effort is monitored and recorded by controller 120 using
pressure sensor 150 (process block 750). The effort level, rise time, duration, and
stability may all be monitored/recorded. In a process block 755, the user is provided
with real-time feedback for guiding their expiratory effort into a threshold effort range
and holding it there for a threshold period of time (e.g., 10 seconds) needed for the
heart performance test (e.g., LVEDP test). In one embodiment, an expiratory effort
meter 122 is displayed to the user via graphical user interface 118. The graphical user
interface 118 output on a display panel integrated into housing 102.

[0072] As above, FIGURE 1B shows apparatus 100 to include a graphical
user interface 118 displaying an expiratory effort meter 122 and a pulsatility meter
124. As illustrated, graphical user interface 118 includes an expiratory effort meter
122 including a threshold effort range 162. The user's expiratory effort is measured
based upon air pressure. Graphical user interface 118 also includes a puffing timer
164 that counts down while the user's expiratory effort remains in threshold effort
range 162. A soft start/stop button 166 is also provided to commence or terminate a
heart performance test. User interface also includes a pulsatility meter 124 that
displays a real-time indication of the quality of the blood pulsatility signals received
from tactile sensor 112, and in the illustrated embodiment also displays heart rate.
Pulsatility meter 124 provides the user with a visual confirmation that their index
finger is correctly positioned in the strap 136 and on the tactile sensor 112.

[0073] Returning to process 700 illustrated in FIGURE 7, once the requisite
amount of data has been captured with the user's expiratory effort residing in a
threshold effort range 162 (decision block 760), the user is prompted to cease
expiratory effort (process block 765). The controller 120 continues to record the
blood pressure pulsatility data even after the user ceases expiratory effort (process
block 770). For example, the controller 120 may continue to record data for 20
seconds post puffing as the transient pulsatility data is a relevant data for determining
the filling pressure. Once the post puffing transient pulsatility data has been recorded,
the index finger is released (process block 775) and the expiratory and pulsatility data
analyzed by controller 120 (process block 780). The data may be analyzed for
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deviations from expected signal waveforms for a healthy heart, similarities to
characteristic traits, changes or deviations over time from a baseline measurement or
pattern, etc. Particular shape characteristics may further be analyzed (e.g., dichrotic
notch, frequency content, etc.). In one embodiment, machine learning (ML) may be
applied to analyze the waveforms and estimate the filling pressure or other cardiac
features. Furthermore, when analyzing the pulsatility data, data recorded from
auxiliary sensors may also be analyzed to supplement, augment, replace, or validate
the pulsatility data.

[0074] Finally, in a process block 785, the pulsatility data, expiratory data,
and/or analysis results may be displayed to the user, saved locally for future reference,
or uploaded to a cloud-based service. In one embodiment where the user is a patient
under the supervision of a doctor or practitioner, the results may be automatically
reported to the doctor/practitioner. Although process 700 illustrates a technique for
measuring a filling pressure such as LVEDP, other heart performance metrics may
also be measured/monitored with apparatus 100. Such metrics may include vascular
volume status, heart rate, arrhythmia, systolic and diastolic blood pressure, overnight
respiratory activity, variations in cardiac output with respiratory cycles, etc.

[0075] The processes explained above are described in terms of computer
software and hardware. The techniques described may constitute machine-executable
instructions embodied within a tangible or non-transitory machine (e.g., computer)
readable storage medium, that when executed by a machine will cause the machine to
perform the operations described. Additionally, the processes may be embodied
within hardware, such as an application specific integrated circuit (“ASIC”) or
otherwise.

[0076] A tangible machine-readable storage medium includes any mechanism
that provides (i.e., stores) information in a non-transitory form accessible by a
machine (e.g., a computer, network device, personal digital assistant, manufacturing
tool, any device with a set of one or more processors, etc.). For example, a machine-
readable storage medium includes recordable/non-recordable media (e.g., read only
memory (ROM), random access memory (RAM), magnetic disk storage media,
optical storage media, flash memory devices, etc.).

[0077] The above description of illustrated embodiments of the invention,
including what is described in the Abstract, is not intended to be exhaustive or to limit

the invention to the precise forms disclosed. While specific embodiments of, and
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examples for, the invention are described herein for illustrative purposes, various
modifications are possible within the scope of the invention, as those skilled in the
relevant art will recognize.

[0078] These modifications can be made to the invention in light of the above
detailed description. The terms used in the following claims should not be construed
to limit the invention to the specific embodiments disclosed in the specification.
Rather, the scope of the invention is to be determined entirely by the following
claims, which are to be construed in accordance with established doctrines of claim

interpretation.
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5 CLAIMS

What 1s claimed is:

1. An apparatus for measuring a performance metric of a heart,
comprising:

a housing shaped to be grasped by a hand;

10 a tower protruding from a surface of the housing positioned to conform to a
finger of the hand when grasping the housing;

a tactile sensor disposed on a curved surface of the tower and adapted to
measure blood pressure pulsatility in a digital artery of the finger and output pulsatility
signals indicative of the blood pressure pulsatility;

15 a graphical user interface for orchestrating a test of the performance metric of
the heart and displaying results of the test; and

a controller operatively coupled to the tactile sensor and the graphical user
interface and adapted to generate pulsatility data, based upon the pulsatility signals,

from which the performance metric of the heart may be determined.

20 2. The apparatus of Claim 1, wherein the graphical user interface is

disposed on the surface of the housing opposite the tower.

3. The apparatus of Claim 1, wherein the housing is sized and shaped to be
held by the hand.
4. The apparatus of Claim 3, wherein the graphical user interface is

25  positioned to be viewed by the user when the apparatus is held by the hand of the user.

5. The apparatus of Claim 1, wherein a second curved surface of the tower
opposite the curved surface is shaped to conform to a side of a second finger of the
hand.

6. The apparatus of Claim 1, wherein the tower is a first tower selectively
30  coupleable to the housing, wherein the apparatus further comprises a second tower
selectively coupleable to the housing having a height different from a height of the first

tower.

20



WO 2022/192068 PCT/US2022/018698

5 7. The apparatus of Claim 6, wherein the second tower is shaped to
conform to a finger of a second hand when grasping the housing, the second tower

having a different size than the finger.

8. The apparatus of Claim 1, further comprising a strap coupleable to the
tower, wherein the strap is positioned and oriented to apply pressure to the finger while

10 the housing is grasped by the hand.

9. The apparatus of Claim 8, further comprising a motor configured to
tighten the strap, wherein the motor is operatively coupled to the controller, and wherein
the controller includes logic that, when executed by the controller, causes the apparatus
to perform operations including:

15 clamping the finger with the strap to a sufficient pressure to measure the blood
pressure pulsatility in the digital artery while not fully occluding the digital artery or an
opposing digital artery of the finger.

10.  The apparatus of Claim 1, wherein the tactile sensor is positioned and
oriented to measure the blood pressure pulsatility from an ulnar side digital artery of

20  the finger.

11.  The apparatus of Claim 1, wherein the tactile sensor is adapted to

measure blood pressure pulsatility by tonometry.

12. The apparatus of Claim 1, wherein the apparatus is adapted to measure
a left ventricular end diastolic pressure (LVEDP) or pulmonary capillary wedge
25  pressure (PCWP), and wherein the apparatus further comprises an expiratory subsystem
operatively coupled to the controller, the expiratory subsystem comprising:
a mouthpiece shaped to receive an expiration of a user; and
a pressure sensor coupled to the mouthpiece to measure an air pressure of the
expiration, wherein the controller is coupled to the pressure sensor and adapted to

30  monitor the air pressure while generating the pulsatility data.

13.  The apparatus of Claim 12, wherein the graphical user interface
includes:
an expiratory effort meter for displaying when a user is exerting appropriate

expiratory effort; and
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a pulsatility meter for displaying when the blood pressure pulsatility is being

sensed by the tactile sensor.

14, The apparatus of Claim 12, wherein the pressure sensor is removably

disposed within the housing and the mouthpiece is directly coupled to the housing.

15. The apparatus of Claim 12, wherein the expiratory subsystem is

removably coupleable to the housing.

16. The apparatus of Claim 12, wherein the expiratory subsystem and the
housing are shaped to removeably couple with a charging dock adapted to provide
electrical power to power systems of each of the housing and the expiratory subsystem

when coupled to the charging dock.

17. At least one machine-accessible storage medium that provides
instructions that, when executed by a heart performance measurement apparatus, will
cause the heart performance measurement apparatus to perform operations comprising:

applying a clamping force to a finger against a curved surface of a tower of the
heart performance measurement apparatus to flatten a digital artery for applanation
tonometry;

monitoring pulsatility signals output from a tactile sensor disposed in or on the
curved surface; and

generating pulsatility data, based upon the pulsatility signals, from which a

performance metric of the heart may be determined.

18. The at least one machine-accessible storage medium of Claim 17,
further providing instructions that, when executed by the heart performance
measurement apparatus, will cause the heart performance measurement apparatus to
perform further operations, comprising:

monitoring an expiratory effort with an expiratory subsystem of the heart
performance measurement apparatus while monitoring the pulsatility signals;

recording the pulsatility data while the expiratory effort is within a threshold
range; and

recording the pulsatility data following cessation of the expiratory effort.
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19. The at least one machine-accessible storage medium of Claim 18,
further providing instructions that, when executed by the heart performance
measurement apparatus, will cause the heart performance measurement apparatus to
perform further operations, comprising:

analyzing the pulsatility data recorded during the expiratory effort and recorded
following the expiratory effort to determine the performance metric, wherein the
performance metric comprises a left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP); and

displaying a result of the analyzing with a graphical user interface of the heart

performance measurement apparatus positioned opposite the tower.

20. The at least one machine-accessible storage medium of Claim 19,
further providing instructions that, when executed by the heart performance
measurement apparatus, will cause the heart performance measurement apparatus to
perform further operations, comprising:

prompting a user to commence an expiration effort after sensing pulsatilty
signals;

displaying, with the graphical user interface, an expiratory effort meter that
provides real-time feedback for guiding the expiratory effort into the threshold effort
range;

prompting the user to cease the expiration effort; and

releasing the clamping force.

21. The at least one machine-accessible storage medium of Claim 19,
further providing instructions that, when executed by the heart performance
measurement apparatus, will cause the heart performance measurement apparatus to
perform further operations, comprising;

displaying, with the graphical user interface, a pulsatility meter in real-time
indicating whether the pulsatility signals from the tactile sensor are registering blood

pressure pulsatility in the digital artery of the finger.

22. The at least one machine-accessible storage medium of Claim 17,
wherein applying the clamping force comprises:
adjusting the clamping force to identify a clamping force setting that provides a

maximal pulsatility amplitude.
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