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APPARATUS FOR NONINVASIVE MEASUREMENT OF A HEART
PERFORMANCE METRIC

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Application No. 62/723,242,
filed on August 27, 2018, the contents of which are incorporated herein by reference. This
application is also related to U.S. non-provisional Application No. 16/551,362, filed
August 26, 2019.

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. The ability to perform filling
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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] FIG. 1A illustrates a heart performance measurement system, in
accordance with an embodiment of the disclosure.

[0007] FIG. 1B illustrates a hand grasping a base unit of the heart performance
measurement system, in accordance with an embodiment of the disclosure.

[0008] FIG. 2A is a functional block diagram illustrating various functional
components of the heart performance measurement system, in accordance with an
embodiment of the disclosure.

[0009] FIG. 2B is a functional block diagram illustrating various functional
components of a finger clamp subsystem, in accordance with an embodiment of the
disclosure.

[0010] FIG. 2C illustrates a tactile sensor array for measuring blood pressure
pulsatility, in accordance with an embodiment of the disclosure.

[0011] FIG. 2D is a functional block diagram illustrating various functional
components of an expiratory subsystem, in accordance with an embodiment of the
disclosure.

[0012] FIG. 3A is a perspective view illustration of the base unit including an
alignment shim, in accordance with an embodiment of the disclosure.

[0013] FIG. 3B is a side view illustration of a portion of the base unit illustrating
how the alignment shim adjusts palm position, in accordance with an embodiment of the
disclosure.

[0014] FIG. 3C is a perspective view illustration of the base unit including

another alignment shim, in accordance with an embodiment of the disclosure.
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[0015] FIG. 3D is a perspective view illustration of the base unit including a
finger holster for locating and securing a portion of the finger that extends past the finger
clamp, in accordance with an embodiment of the disclosure.

[0016] FIG. 3E is a perspective view illustration of the base unit including a
finger web stop and a fingertip stop to aid finger alignment and positioning in the finger
clamp, in accordance with an embodiment of the disclosure.

[0017] FIGs. 4A and 4B are a flow chart illustrating operation of the heart
performance measurement system, in accordance with an embodiment of the disclosure.

[0018] FIG. 5A illustrates an example graphical user interface for orchestrating
operation of the heart performance measurement system, in accordance with an
embodiment of the disclosure.

[0019] FIG. 5B illustrates another example graphical user interface for
orchestrating operation of the heart performance measurement system, in accordance with

an embodiment of the disclosure.

DETAILED DESCRIPTION

[0020] Embodiments of a system, apparatus, 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 system capable of non-invasively

measuring a performance metric of the heart, such as left ventricular filling pressure (e.g.,
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left ventricular end diastolic pressure (LVEDP)), is described. These non-invasive
measurements can be performed in an outpatient clinical setting or even at home. The
described system provides a less invasive and less expensive alternative to conventional
devices, which means it can be 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 system is capable of monitoring
filling pressure 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 system 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 system 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 system uses applanation 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 system
measures filling pressure based on arterial blood pressure responses to increased
intrathoracic pressure using a forced expiratory effort maneuver (e.g., Valsalva maneuver).
The Valsalva 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.
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[0024] FIG. 1A illustrates a heart performance measurement system 100, in
accordance with an embodiment of the disclosure. The illustrated embodiment of system
100 includes a base unit 101 and a software platform, which optionally may be executed in
part on a mobile device 102 and/or on base unit 101. As illustrated in FIG. 1B, base unit
101 includes a housing 105 having a shape and a size that is conducive for grasping by a
hand 110 during operation. The illustrated embodiment of base unit 101 includes a finger
clamp 115 extending from housing 105 for applying a clamping force to finger 120. Finger
clamp 115 applies the clamping force along a linear path to press a digital artery in finger
120 into a tactile sensor 125. The clamping force flattens the digital artery against tactile
sensor 125, which measures blood pressure pulsatility in the digital artery via applanation
tonometry. Base unit 101 further includes an expiratory subsystem (mouthpiece 130, air
tube 135, and internal pressure sensor) into which the user blows (expires) during a heart
performance test.

[0025] FIG. 2A is a functional block diagram illustrating functional components
200 of system 100, in accordance with an embodiment of the disclosure. The illustrated
embodiment of components 200 includes a controller 205, memory 210, a finger clamp
subsystem 215, an expiratory subsystem 220, a tactile sensor 225, power electronics 230,
a communication interface 235, a user interface 240, and auxiliary sensors 245. System
100 illustrated in FIGs. 1A and 1B represents one possible physical implementation of
components 200.

[0026] Controller 205 is a functional element that choreographs and controls the
operation of the other functional elements. In one embodiment, controller 205 is
implemented with hardware logic (e.g., application specific integrated circuit, field
programmable gate array, etc.). In yet another embodiment, controller 205 may be
implemented as a general purpose microcontroller that executes software or firmware
instructions stored in memory 210 (e.g., non-volatile memory, etc.). Yet alternatively,
controller 205 may be implemented in a combination of hardware and software and further
may be centralized or distributed across multiple components.

[0027] Finger clamp subsystem 215 includes finger clamp 115, which in turn
includes an adjustable jaw 117 and a fixed jaw 119 disposed opposite the adjustable jaw
117. Fixed jaw 119 protrudes from housing 105 and, in the illustrated embodiment, has a
flat surface along which tactile sensor 125 is disposed. Tactile sensor 125 is disposed along

the flat surface which rises from housing 105 at an oblique angle from the outer surface of
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housing 105 to accurately flatten the portion of finger 120 where the digital artery resides.
In one embodiment, the angle of the flat surface is 50 degrees from horizontal. In other
embodiments, the flat surface along which tactile sensor 125 is disposed may not be flat,
but rather include curvature. In the illustrated embodiment, finger clamp 115 is oriented
on housing 105 to measure blood pressure pulsatility from the ulnar side digital artery of
an index finger 120. However, it should be appreciated that finger clamp 115 may be
repositioned and reoriented on housing 105 to measure blood pressure pulsatility in the
radial side digital artery of index finger 120, or to measure blood pressure pulsatility from
other fingers or the thumb of hand 110. It should be appreciated that base unit 101 and
specifically finger clamp 115 illustrated in FIGs. 1A and 1B represent merely one possible
implementation of the functional components 200. Rather, base unit 101, and specifically
finger clamp 115, may assume a variety of other shapes and configurations.

[0028] During operation, finger clamp 115 generates a clamping force directed
along a linear path. Referring to FIG. 1A, adjustable jaw 117 fits into a track opening in
housing 105 to permit adjustable jaw 117 to move in and out to apply the appropriate
clamping force on finger 120 that flattens the digital artery for applanation tonometry. In
one embodiment, the clamping force applied to finger 120 is sufficient to flatten the digital
artery but does not fully occlude the digital artery (e.g., ulnar side digital artery) or the
opposing digital artery (e.g., radial side digital artery). Rather, the linear actuation of finger
clamp 115 is controlled to achieve static applanation (flattening), but not full occlusion or
sweeping full occlusion to partial occlusion as is the case with traditional blood pressure
meters with bladders or cuffs. In the illustrated embodiment, adjustable jaw 117 has a
curved shape along its inside surface opposite tactile sensor 125 that cradles the side of
finger 120 opposite tactile sensor 125. The curvature of adjustable jaw 117 serves to diffuse
the clamping force over a broader surface area of finger 120 so as to reduce the likelihood
of occlusion of the opposite side digital artery, or even the veins in finger 120, when finger
120 is clamped to flatten the near side digital artery (e.g., ulnar side digital artery in FIG.
1B). Not occluding the veins within finger 120 ensures there is a return path in finger 120
to maintain blood flow during the testing. Embodiments of finger clamp subsystem 215
and tactile sensor 225 are not limited to applanation tonometry. Other implementations of
finger clamp subsystem 215 and/or tactile sensor 225 may use other techniques for sensing

blood pressure pulsatility (e.g., PPG sensor, oscillometry, auscultation, etc.).
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[0029] FIG. 2B illustrates further details of finger clamp subsystem 215, in
accordance with an embodiment of the disclosure. In the illustrated embodiment, finger
clamp subsystem 215 includes a linear actuator 216, finger clamp 115, a rotary encoder
217, and a manual release 218. The illustrated embodiment of linear actuator 216 includes
a motor controller 219, a motor 221, and a leadscrew 222. Linear actuator 216 is operated
under the influence of controller 205 to apply the clamping force directed along a linear
path. The rotary motion of motor 221 is translated into a linear motion via leadscrew 222.
Referring to FIG. 1A, leadscrew 222 may mate with a mirror image worm gear 121 formed
into adjustable jaw 115. Rotary encoder 217 is coupled to motor 221 to encode the absolute
rotational position of motor 221 and leadscrew 220 and provide feedback control to
controller 205 and/or motor controller 219. In other embodiments, an encoder-less design
may be implemented that omits rotary encoder 217. For example, rotary encoder 217 may
be omitted in favor of using a stepper motor or having motor controller 219 monitor the
current draw of motor 221 to estimate motor velocity. The illustrated embodiment of finger
clamp subsystem 215 further includes a manual release 218 that engages leadscrew 222
and provides a user with a manual release option. Referring to FIG. 1A, manual release
218 may be implemented as a manual release knob 122 that can be turned, pressed, or
pulled to manually release adjustable jaw 117. In the illustrated embodiment, manual
release knob 122 provides a manual gear drive for tuming the leadscrew. Although the
illustrated embodiments of finger clamp subsystem 215 are implemented with a linear
actuator that applies a clamping force along a linear path, other types of actuators including
non-linear actuators that apply a clamping force along linear or non-linear paths may also
be implemented.

[0030] As mentioned above, tactile sensor 225 (or 125) is disposed along the flat
surface of fixed jaw 119 to measure blood pressure pulsatility signals from a digital artery.
FIG. 2C illustrates a tactile sensor array 250 for measuring blood pressure pulsatility in
digital artery 251, in accordance with an embodiment of the disclosure. Tactile sensor
array 250 is one possible implementation of tactile sensor 225 (or 125). Tactile sensor
array 250 includes a plurality of individual sensor elements 252 organized into a two-
dimensional (2D) array having more rows than columns, where the rows align substantially
parallel to a longitudinal (axial) axis 253 of finger 120. The increased number of rows
facilitates easier alignment across different users having fingers 120 of different sizes. In

the illustrated embodiment, tactile sensor array 250 includes ten rows and two columns of
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sensor elements 252, though other numbers of rows and columns may be implemented.
The individual sensor elements 252 may be implemented with various types of pressure
sensors. In one embodiment, sensor elements 252 are capacitive sensor elements and tactile
sensor array 250 is a capacitive sensor array. Itis noteworthy that FIG. 2C is not drawn to
scale. In some embodiments, the sensor pitch between rows of sensor elements 252 may
be selected so that multiple rows of sensor elements 252 overlap digital artery 251 at a
given time and digital artery 251 cannot be lost between adjacent rows of sensor elements
252.

[0031] Heart performance measurement system 100 is capable of non-invasively
measuring a performance metric of the heart, such as ventricular filling pressure, with a
specific example being LVEDP. Returning to FIG. 2A, to measure filling pressure
increased intrathoracic pressure using a forced expiratory effort maneuver (e.g., Valsalva
maneuver) is used. Expiratory subsystem 220 facilitates the forced expiratory effort
maneuver. FIG. 2D illustrates further details of expiratory subsystem 220, in accordance
with an embodiment of the disclosure. In the illustrated embodiment, expiratory subsystem
220 includes a mouthpiece 260, a mouthpiece filter 265, an air tube 270, and a pressure
sensor 275. Mouthpiece 260 may be shaped to permit a user to place their lips around and
blow against resistance (e.g., see mouthpiece 130 in FIG. 1A). Mouthpiece filter 265 may
be disposed at the base of mouthpiece 260 and acts as a spit filter to impede the migration
of saliva into air tube 270 and housing 105. In a clinical setting, mouthpiece 260 and
mouthpiece filter 265 may be disposable with mouthpiece filter 265 acting as a bacterial
and viral filter. Air tube 270 couples the expiratory pressure to pressure sensor 275, which
is disposed within housing 105. Pressure sensor 275 measures the expiratory effort in the
form of air pressure and outputs pressure readings to controller 205. Mouthpiece 130 and
air tube 135 illustrated in FIG. 1A represent one possible implementation of mouthpiece
260 and air tube 270, respectively. In another embodiment, pressure sensor 275 may be
disposed within mouthpiece 260 and air tube 270 replaced with an electrical wire
connection to base unit 101. In yet another embodiment, pressure sensor 275 may be
integrated into mouthpiece 260 and a wireless connection to base unit 101 provided via
communication interface 235. In the illustrated embodiment, pressure sensor 275 is
integrated into base unit 101 and separate from mouthpiece 260.

[0032] The operator of system 100 interacts with the device via user interface

240. User interface 240 may include a variety of hardware and software interfaces. For
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example, user interface 240 may include one or more hardware buttons (e.g., button 140 in
FIG. 1A) to enable the user to start or stop heart performance tests. Button 140 is positioned
to align with the user's thumb when the index finger 120 is clamped in finger clamp 115.
Alternatively (or additionally), button 140 may be integrated into mouthpiece 130 to be
triggered by the other hand. Additionally, user interface 240 may include a graphical user
interface (GUI) displayed on a screen. In FIG. 1A, the GUI is displayed on mobile device
102, which communicates with base unit 101 via a wireless or wired connection. In other
embodiments (not illustrated), base unit 101 may include a display screen disposed on
housing 105 along with associated hardware or software buttons to facility user
interactions.

[0033] Base unit 101 may further include power electronics 230 to power the
other electronic components. Power electronics 230 may include batteries and/or a power
regulator for wired power. Communication interface 235 is provided within base unit 101
to provide external connectivity to mobile device 102 and/or cloud services.
Communication interfaced 235 may include one or more of a Bluetooth adapter, a WiFi
adapter, a USB adapter (illustrated in FIG. 1A), or otherwise.

[0034] Finally, base unit 101 may include other auxiliary sensors 245. For
example, auxiliary sensors 245 may include an accelerometer disposed in base unit 101 to
reject test readings when base unit 101 is being moved. Auxiliary sensors 245 may also
include a temperature sensor disposed on housing 105 to measure the user's palm or finger
temperature and store this data with the blood pressure pulsatility readings. In one
embodiment, housing 105 may include a finger or palm heater to warm hand 110 and/or
finger 120 to a desired temperature. Auxiliary sensors 245 may also include a
photoplethysmography (PPG) sensor or a microphone disposed adjacent to finger clamp
115. The PPG and microphone may be supplemental sources for measuring pulsatility in
finger 120. Other sensor types (e.g., optical sensors, ballistocardiography sensors, etc.)
may also be incorporated.

[0035] FIGs. 3A-E illustrates various alignment features that may be integrated
onto housing 105 to facility precise positioning of finger 120 within finger clamp 115. FIG.
3A illustrates an alignment shim 305 extending from housing 105, in accordance with an
embodiment of the disclosure. Alignment shim 305 may be replaceable or adjustable to
provide variable lift to fingers 310 and 315 (see FIG. 3B), which in turn adjusts a rotational
position of the palm relative to finger clamp 115 while hand 110 is grasping housing 105.

9.
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Rotating the palm in turn rotates index finger 120 about longitudinal axis 253 to fine tune
alignment to tactile sensor 125.

[0036] FIG. 3C illustrates another alignment shim 320 extending from housing
105, in accordance with an embodiment of the disclosure. Alignment shim 320 may be
replaceable or adjustable to provide variable lift directly to the palm, which in turn adjusts
a rotational position of finger 120 in finger clamp 115 while hand 110 is grasping housing
105. The rotational adjustment provided by alignment shim 320 may be substantially
orthogonal to the rotational adjustment provided by alignment shim 305. These
adjustments may help tailor the exterior contour shape of housing 105 to different hand
sizes and shapes to achieve improved alignment of the digital artery with tactile sensor 125.

[0037] FIG. 3D illustrates a finger holster 330 for locating and securing a portion
of finger 120 that extends past finger clamp 115, in accordance with an embodiment of the
disclosure. In one embodiment, finger holster 330 is formed of an elastic material and sized
to provide a snug fit to finger 120. In one embodiment, a PPG sensor may be integrated
into or under finger holster 330.

[0038] FIG. 3E illustrates a finger web stop 340 and a fingertip stop 345 to aid
finger alignment and positioning in finger clamp 115, in accordance with an embodiment
of the disclosure. Finger web stop 340 extends from housing 105 and is positioned to be
cradled by a finger web while finger 120 is positioned in finger clamp 115. In theillustrated
embodiment, the finger web is the web between the thumb and index finger; however,
finger web stop 340 may also be positioned to align with other finger webs. Fingertip stop
345 also extends from housing 105 and is positioned to abut against a tip of finger 120
when finger 120 is positioned in finger clamp 115. Finger web stop 340 and/or fingertip
stop 345 serve to locate the axial position of finger 120 within finger clamp 115 and may
be used together or individually in isolation. In various embodiments, both finger web stop
340 and fingertip stop 345 may be mounted on sliders that include detents for selectable
adjustment. Other adjustability mechanisms may be implemented.

[0039] All or some of the alignment features illustrated in FIGs. 4A-E may be
incorporated in various combinations within a single implementation of system 100. These
alignment features may be user adjustable at home or calibrated in a practitioner's office as
part of a one-time user fitting.

[0040] Housing 105 of base unit 101 has an overall size and shape that is

conducive to grasping by hand 110. In the illustrated embodiment, housing 105 has a
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computer mouse-like shape that can be rested on a tabletop while being grasped by hand
110 with an arm also resting on the tabletop during measurements. This configuration
serves to encourage the user to relax and not move their hand during testing. In other
embodiments, housing 105 may be shaped for being grasped and held adjacent to the user's
chest. Other form factors may also be implemented.

[0041] FIGs. 4A and 4B are a flow chart 400 illustrating operation of heart
performance measurement system 100, in accordance with an embodiment of the
disclosure. The order in which some or all of the process blocks appear in process 400
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.

[0042] In a process block 405, system 100 is enabled. Enabling system 100 may
be achieved with an initial press of thumb button 140, or by pressing a software button on
the GUI interface displayed on mobile device 102. Enabling system 100 causes system
100 to execute a self-test or startup sequence that auto-zeros various sensors including
sensor elements 252 in tactile sensor array 250, linear actuator 216, pressure sensor 275,
etc. (process block 410). The self-test is performed before the user places finger 120 into
finger clamp 115.

[0043] In a process block 415, the user is prompted by user interface 240 to insert
their finger into finger clamp 115. The prompt may be a message displayed on mobile
device 102, a message displayed on a screen integrated into housing 105, an audible
prompt, or otherwise. Once the user has inserted their finger into finger clamp 115 and
grasped housing 105, a measurement may be user initiated (decision block 420) via another
press of thumb button 140 or a soft button displayed on mobile device 102. 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 105.

[0044] Upon initiation of a heart performance test, controller 205 directs linear
actuator 216 to rapidly close finger clamp 115 until light skin contact between finger 120
and tactile sensor 125 is registered (process block 425). Once light skin contact is
registered, controller 205 reduces the adjustment speed of linear actuator 216 to a slower
speed setting (process block 430) during which the appropriate clamping force is
determined for applanation tonometery. The appropriate clamping force is the force that

flattens the digital artery proximal to tactile sensor 125. This appropriate or optimal
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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 maxim, then begin to decrease. Once the amplitude begins to decrease, controller 205
determines that maximum pulsatility has been detected (decision block 435) and backs off
linear actuator 216 to the position associated with the detected maximum pulsatility. Once
linear actuator 216 has been positioned for maximum pulsatility, it maintains a constant
clamping force during the filling pressure testing. Rotary encoder 217 may be used during
the pressure sweep to register the position associated with maximum pulsatility. 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 438).

[0045] With the finger clamp 115 adjusted to the set point associated with the
determined maximum pulsatility and pulsatility stability/quality determined, controller 205
commences recording blood pressure pulsatility data (process block 440) from tactile
sensor 125 into memory 210. In other embodiments, the pulsatility data 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 445). Expiratory effort includes
the user puffing or blowing into mouthpiece 130, 260. The user's expiratory effort is
monitored and recorded by controller 205 using pressure sensor 275 (process block 450).
The effort level, rise time, duration, and stability may all be monitored/recorded. In a
process block 455, 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 is displayed to the user via user interface 240. The user interface
240 may be displayed on mobile device 102 via wireless communication to base unit 101
or output on a display panel integrated into housing 105.

[0046] FIG. 5A illustrates an example user interface 500 displayed on a mobile
device 501. As illustrated, user interface 500 includes an expiratory effort meter 505
including a threshold effort range 510. The user's expiratory effort is measured based upon

air pressure. User interface 500 also includes a puffing timer 515 that counts down while
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the user's expiratory effort remains in threshold effort range 510. A soft start/stop button
520 is also provided to commence or terminate a heart performance test. User interface
500 also includes a pulsatility meter 525 that displays a real-time indication of the quality
of the blood pulsatility signals received from tactile sensor 125, and in the illustrated
embodiment also displays heart rate. Pulsatility meter 525 provides the user with a visual
confirmation that their finger 120 is correctly positioned in finger clamp 115. FIG. 5B
illustrates an example user interface 550 displayed on a mobile device 502, which may be
considered a diagnostic display option. User interface 550 includes an expiratory effort
meter 555 and pulsatility meter 560 both displayed as real-time active charts.

[0047] Returning to process 400 illustrated in FIG. 4B, once the requisite amount
of data has been captured with the user's expiratory effort residing in the threshold effort
range 510 (decision block 460), the user is prompted to cease expiratory effort (process
block 465). Controller 205 continues to record the blood pressure pulsatility data even
after the user ceases expiratory effort (process block 470). For example, controller 205
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, finger 120 is released (process block 475) and the
expiratory and pulsatility data analyzed by controller 205 (process block 480). The data
may be analyzed for 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 245 may also be analyzed to supplement, augment, replace, or validate the
pulsatility data. Finally, in a process block 485, 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 400 illustrates a technique for measuring a filling
pressure such as LVEDP, other heart performance metrics may also be

measured/monitored with system 100. Such metrics may include REM sleep activity,
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systolic and diastolic blood pressure, overnight respiratory activity, variations in cardiac
output with respiratory cycles, etc.

[0048] 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.

[0049] 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., acomputer, 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.).

[0050] 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 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.

[0051] 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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CLAIMS

What is claimed is:

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

a housing;

a tactile sensor adapted to measure blood pressure pulsatility in a digital artery of
a finger via applanation tonometry and output pulsatility signals indicative of the blood
pressure pulsatility;

a finger clamp extending from the housing to clamp the finger against the tactile
sensor with the digital artery aligned over the tactile sensor;

a linear actuator to drive the finger clamp with a clamping force directed along a
linear path; and

a controller coupled to the tactile sensor and the linear actuator and adapted to
control the clamping force and to generate pulsatility data, based upon the pulsatility

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

2. The apparatus of claim 1, wherein the housing has a size and a shape that is

conducive to being grasped by a hand.

3. The apparatus of claim 2, wherein the finger clamp is positioned and oriented
on the housing to clamp an index finger while the housing is grasped by the hand and the
tactile sensor is positioned and oriented to measure the blood pressure pulsatility from an

ulnar side digital artery of the index finger.

4. The apparatus of claim 3, further comprising;

a user interface disposed on a side of the housing and positioned to be reachable
by a thumb of the hand while the index finger is clamped in the finger clamp, the user
interface coupled to the controller to enable a user to start or stop a measurement of the

performance metric of the heart.

5. The apparatus of claim 2, further comprising one or more of:
one or more alignment shims extending from the housing to adjust a rotational

position of a palm of the hand relative to the finger clamp while grasping the housing;
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a finger web stop extending from the housing and positioned to be cradled by a
finger web of the finger is positioned in the finger clamp, wherein the finger web stop is
adjustable to alter an axial position of the finger relative to the finger clamp;

a fingertip stop extending from the housing and positioned to abut against a tip of
the finger when the finger is positioned in the finger clamp, wherein the fingertip stop is
adjustable to alter the axial position of the finger relative to the finger clamp; or

a finger holster extending from the housing and positioned on the housing to

locate and secure a portion of the finger that extends past the finger clamp.

6. The apparatus of claim 2, wherein the housing has a computer mouse-like
shape that is conducive to resting on a tabletop while being grasped by the hand with an

arm also resting on the tabletop during measurement of the performance metric of the heart.

7. The apparatus of claim 1, wherein the tactile sensor is disposed on a flat surface
that protrudes from the housing at an oblique angle from an outer surface of the housing
and the finger clamp has a curved shape opposite the tactile sensor that cradles a side of the

finger opposite the tactile sensor.

8. The apparatus of claim 7, wherein the controller includes logic that when
executed by the controller causes the apparatus to perform operations including;

clamping the finger to a sufficient enough pressure to measure the blood pressure
pulsatility in the digital artery via applanation tonometry while not fully occluding the
digital artery or an opposing digital artery of the finger.

9. The apparatus of claim 1, wherein the linear actuator comprises:

a motor disposed with the housing to generate a rotational force;

a leadscrew coupled to an output of the motor to translate the rotational force to
the clamping force directed along linear path, wherein the leadscrew extends into and

engages with an adjustable jaw of the finger clamp.

10. The apparatus of claim 9, wherein the finger clamp further comprises:
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a manual release knob extending from the adjustable jaw of the finger clamp,
wherein the manual release knob engages with the leadscrew and provides a manual release

of the clamping force when turned, pressed, or pulled.

11. The apparatus of claim 1, wherein the apparatus is adapted to measure a left
ventricular end diastolic pressure (LVEDP) and wherein the apparatus further comprises:

a mouthpiece shaped to receive an expiration of a user;

an air tube connecting the mouthpiece to the housing; and

a pressure sensor disposed within the housing and coupled to the air tube to
measure an air pressure of the expiration, wherein the controller is coupled to the pressure

sensor and adapted to monitor the air pressure while generating the pulsatility data.

12. The apparatus of claim 1, wherein the tactile sensor comprises a two
dimension capacitive sensor array having more rows than columns, wherein the rows align
substantially parallel to a longitudinal axis of the finger when the finger is clamped in the

finger clamp.

13. The apparatus of claim 1, further comprising:

a wireless communication interface disposed within the housing and coupled to
the controller, wherein the controller is adapted to wirelessly communicate with a remote
device to provide a graphical user interface for orchestrating a test of the performance
metric of the heart and displaying results of the test, wherein the graphical user interface
includes:

an expiratory effort meter for displaying when a user is exerting appropriate
expiratory effort; and

a pulsatility meter for displaying when the blood pressure pulsatility is being

sensed by the tactile sensor.

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

linearly actuating a finger clamp to apply a clamping force along a linear path to

a finger to flatten a digital artery for applanation tonometry;
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monitoring pulsatility signals output from a tactile sensor disposed in or on an
inward facing surface of the finger clamp; and
generating pulsatility data, based upon the pulsatility signals, from which a

performance metric of the heart may be determined.

15. The at least one machine-accessible storage medium of claim 14, further
providing instructions that, when executed by the heart performance measurement system,
will cause the heart performance measurement system to perform further operations,
comprising:

monitoring an expiratory effort 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.

16. The at least one machine-accessible storage medium of claim 15, further
providing instructions that, when executed by the heart performance measurement system,
will cause the heart performance measurement system 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); and

displaying a result of the analyzing.

17. The at least one machine-accessible storage medium of claim 15, further
providing instructions that, when executed by the heart performance measurement system,
will cause the heart performance measurement system to perform further operations,
comprising:

prompting a user to commence expiration effort after sensing pulsatility signals;

displaying 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

linearly actuating the finger clamp to release the clamping force.
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18. The at least one machine-accessible storage medium of claim 15, further
providing instructions that, when executed by the heart performance measurement system,
will cause the heart performance measurement system to perform further operations,
comprising:

displaying 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.

19. The at least one machine-accessible storage medium of claim 14, wherein
linearly actuating the finger clamp to apply the clamping force along the linear path to
flatten the digital artery for applanation tonometry comprises:

closing the finger clamp along the linear path at a first speed until the tactile
sensor registers skin contact; and

adjusting the clamping force applied by the finger clamp along the linear path at

a second speed, slower than the first speed, after the tactile sensor registers the skin contact.

20. The at least one machine-accessible storage medium of claim 19, wherein
adjusting the clamping force at the second speed comprises:
adjusting the clamping force to identify a clamping force setting that provides a

maximal pulsatility amplitude.
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