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Abstract:

Methods and systems are provided for diagnosis and/or treatment of microvascular dysfunction, such
as microvascular obstruction (MVO), in which the effects of collateral flow around a treatment site
are addressed by injecting volumetric flows into a vessel using an infusion system to prevent or
render negligible the collateral flow. Arterial pressures and fluidic flow rates sufficient to negate the
collateral flow may be used to indicate the presence and/or severity of MV O for diagnostic and/or
therapeutic purposes.
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CONTROLLED FLOW INFUSION MICROVASCULAR DYSFUNCTION
DIAGNOSTIC AND THERAPY

CLAIM OF PRIORITY AND RELATED APPLICATIONS

[0001] This application claims the benefit of and priority to U.S. Provisional Patent
Application Serial No. 63/029,152, filed on May 22, 2020, titled Controlled Flow Infusion
Microvascular Dysfunction Diagnostic and Therapy, which is hereby incorporated by reference
in its entirety. This application also incorporates by reference the entirety of the following: U.S.
Patent No. 10,315,016 to Schwartz et al., issued June 11, 2019, and titled System and methods
for treating MVO; U.S. Patent No. 10,952,883 to Hoem et al., issued March 23, 2021, and titled
Combined stent reperfusion system; U.S. Patent Application Pub. No. 2019/0082976 to Hoem et
al., filed March 21, 2019, and titled Intracoronary Characterization of Microvascular Obstruction
(MVO) and Myocardial Infarction; U.S. Patent Application Pub. No. 2019/0275248 to Schwartz
et al., filed September 12, 2019, and titled System for Diagnosing and Treating Microvascular
Obstructions; International Patent Application No. PCT/US2019/035020 to Bernard et al.,
published on December 5, 2019 as International Publication No. WO 2019/232,452, and titled
Microfluidic Coronary Circulatory Model; and U.S. Patent Pub. No. 2020/0093991 to Schwartz
et al., filed March 26, 2020, and tiled Method and Apparatus for Diagnosis and Treatment of
Microvascular Dysfunction; U.S. Provisional Patent Application Serial No. 63/136,174, filed on
January 11,2021, and titled Apparatus and Method for Determining and/or Treating

Microvascular Obstruction.

TECHNICAL FIELD

[0002] Methods and devices are provided for the diagnosis and/or treatment of microvascular
function and dysfunction (MVD), including microvascular obstructions (MVQ), and other

diseases of the microvasculature of organs, including the heart.

BACKGROUND

[0003] Heart attack or acute ECG ST segment elevation myocardial infarction (“STEMT) is
caused by sudden occlusion of an epicardial coronary artery, typically by a fibrin and platelet

rich clot, with associated embolic plaque and debris. Electrocardiographic signs of acute
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transmural myocardial infarction (heart attack) are ST segment elevation manifesting across
multiple anatomic ECG leads. ST segment elevation is a hallmark of severe coronary artery
occlusion or narrowing, which causes ischemic myocardial injury and cell death. Large vessel
occlusion often is associated with small vessel severe stenosis or occlusion (referred to as
microvascular occlusion or MVO0), hemodynamic collapse, clot with embolic debris, and other
effects that reduce blood supply. MVO is an independent predictor of late adverse events,

including death and heart failure, with no successful MV O therapy identified to date.

[0004] Interventional Cardiology is proficient at opening severely narrowed or occluded
epicardial coronary arteries using catheters, guide wires, balloons, and stents in a cardiac
catheterization laboratory. However, microvascular obstruction cannot be diagnosed nor treated
in the catheter laboratory. Moreover, effective treatment options for MV O typically are

extremely limited even when it is accurately diagnosed.

[0005] Heart muscle salvage (i.e., saving muscle from necrosis caused by ischemia) is of
critical concern to ensure good long-term outcomes in patients suffering STEMI. A key
component of achieving positive long-term outcome requires minimizing the interval between
onset of coronary artery occlusion (at home or outside the hospital) and re-opening the occluded
artery in a catheter laboratory. Interventional Cardiologists can reduce the duration of artery
occlusion time by implementing streamlined and efficient emergency medical systems. The goal
of such procedures is to bring STEMI patients to the catheterization laboratory as soon as
possible, thereby avoiding long-term STEMI complications. Complications resulting from
STEMI and MVO include systolic and diastolic heart failure, arrhythmias, aneurysms,
ventricular rupture and multiple other serious complications. These complications can markedly

shorten life and/or impose severe limitations on quality of life.

[0006] Modern interventional therapy for acute myocardial infarction has matured over time
with impressive clinical results. In recent years, heart attack/STEMI death rates at 30 days post
event have dropped from more than 30% to less than 5%. This improvement has been achieved
by reperfusing the heart with blood as soon as possible after coronary arterial occlusion, which in
turn has resulted by streamlining clinical care systems to open coronary arteries in the

catheterization lab as rapidly as possible after heart attack onset. Emergency procedures,
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including stenting and balloon angioplasty, indisputably have improved early and late clinical

results of acute heart attack therapy.

[0007] However, substantial challenges remain for treating STEMI patients and reducing
long-term complications. These problems include heart failure (poor cardiac function and cardiac
enlargement), cardiac/ventricular rupture, persistent ischemic chest pain/angina, left ventricular

aneurysm and clot, and malignant arrhythmias.

[0008] Late heart failure complicates 25-50% of STEMI cases, and consists of poor left
ventricular function and damaged myocardium. Heart failure typically worsens as the heart
remodels in shape and size, with associated functional loss. Nearly half of all new heart failure in

patients under 75 years is linked to STEMI.

[0009] Many years investigating STEMI therapy show that opening the epicardial/large
coronary artery is insufficient to salvage heart muscle and improve long-term patient outcomes.
A very common reason for poor late results after heart attack is microvascular obstruction
(MVO). MVO is occlusion or severe flow limitation in the small, internal cardiac microvessels.
These microvessels are too small and unreachable to stent or be treated with conventional
drug/thrombolytic therapy due to microvessels’ size and number. Thus, despite widely patent
epicardial coronary arteries, residual MV O obstructs blood flow to the myocardium, resulting in

ischemia and tissue necrosis and severe long-term heart muscle damage.

[0010] MVO thus remains a critical frontier in cardiology. Cardiac microvessels comprise
small arteries, arterioles, capillaries and venules that are frequently collapsed and filled with
cells, clot and debris (platelets, fibrin, and embolic plaque material) during STEMI. Too often,
obstructed microvessels (MVO) do not resolve even after stent placement and present serious

long-term negative prognostic implications.

[0011] MVO is very common in STEMI patients, even though stenting and balloon
angioplasty are successful at opening epicardial coronary arteries. MVO occurs in more than half
of all STEMI patients, even with good blood flow through open the epicardial arteries and newly

placed stents.
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[0012] MVO extent is key to the severity of myocardial damage and patient outcome. MVO
may be accurately detected and measured only via cardiac MRI imaging, which identifies MVO
location, extent and severity. MRI, however, cannot be performed emergently or during cardiac
catheterization procedures, as it requires patients to be located in a separate imaging area, may

require up to 1 hour to complete, and is a separate, expensive procedure.
[0013] Important features of MVO may be summarized by the following:

[0014] 1. MVO and microvascular dysfunction in STEMI are principal causes of early and

late major complications after heart attack.

[0015] 2. Angiographic “no-reflow” or “low-reflow” is caused by MVO, i.e., obstructed
microvessels within the heart muscle. MVO in severe cases is characterized fluoroscopically by
very slow radiographic contrast filling and flow in the epicardial coronary arteries, as visualized
during coronary treatment in the catheterization laboratory. Radiographic contrast filling,
however, is only able to diagnose severe no-reflow cases and thus is not able to detect MVO in

the majority of the patients.

[0016] 3. MVO causes myocardial cell injury and death from prolonged ischemia, which
deprives the tissue of oxygen, blood flow, and replenishment of key metabolic nutrients, such as
glucose. MVO microscopic analysis shows collapsed microvessels with red cells, platelet and
fibrin clot, dead myocardial cells, inflammatory cells, myocyte cell death, and endothelial cell

death along the obstructed intramyocardial capillaries.

[0017] 4. Acute MVO manifests as cardiac arterioles and capillaries completely occluded by
platelet and fibrin-rich thrombus, platelet-neutrophil aggregates, dying blood cells and embolic

debris, and small vessel collapse due to very low intraluminal pressure caused by the occlusion.

[0018] 5. When MVO complicates acute STEMI/myocardial infarction, far greater

hearl/myocardial damage occurs, and poor ventricular function occurs early.

[0019] 6. MVO is very common. It occurs in (a.) roughly 53% of all STEMI and non-ST
segment elevation myocardial infarction (NSTEMI) regardless of epicardial flow, (b.) 90% of
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Large Transmural STEMI, (c.) 40% of M1 with TIMI III (normal) X-ray visualized flow, and (d.)

MVO is the single most potent prognostic marker of events after controlling for infarct size.

[0020] 7. Patients with microvascular obstruction have more late major adverse

cardiovascular events (MACE) than those without MVO (45% versus 9%).

[0021] 8. MVO is the best predictor of acute and chronic cardiovascular adverse outcomes.
[0022] 9. MVO acutely becomes late fibrous scar and causes poor cardiac function.
[0023] MVO cannot be effectively diagnosed and measured in a conventional catheterization

laboratory. Moreover, no effective conventional therapies currently are commercially available.

Previously proposed therapies have proved essentially ineffective, and in some cases, dangerous.

[0024] A major complication from myocardial infarction is cell death or ischemia.
Myocardial infarction may cause short, but profound ischemia, which is reversible (“stunning”),
chronic ischemia that occurs when myocardial cells are alive but without sufficient oxygen or
nutrients to contract normally (“hibernation’); or necrosis and infarction via prolonged ischemia.
Infarction typically spreads as a wave, beginning in the endocardium and spreading across the
myocardial wall. Each of these events can be characterized by noninvasive imaging and testing,
such as nuclear, echo, and PET methods. An exceptionally good test is provided by cardiac

MRY], in which gadolinium contrast may be used to visualize the microvascular obstruction.

[0025] Myocardial infarction (M) resulting in microvascular obstruction has profound
clinical impact. While epicardial coronary arterial occlusion is well known, it has been
hypothesized that microscopic/microvascular plugging by thrombus-platelets and fibrin of the
microvasculature also occurs. Histopathologic studies show endothelial cell edema, with fibrin
and platelet aggregation in both human cases and in animal models. Microvascular plugging also
occurs due to red blood cells, white cells and fibrin-platelet aggregates, not visible to light
microscopy, may oceur, but can be seen via immunostains and EM/SEM/TEM. To dale,

heterotopic platelet aggregation is possible but unproven.

[0026] MVO is only one disorder of several disorders under a larger classification of

microvascular dysfunction. Microvascular dysfunction also occurs in patients without epicardial
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artery occlusion, and encompasses a much larger patient population than the acute coronary
occlusion (STEMI) patient group. The effects of occlusion of vessels less than 200 microns in
diameter in patients without epicardial artery (vessels larger than 2 mm) occlusion are poorly

understood despite years of study and many failed therapeutic strategies.

[0027] There is therefore a need in the art for apparatus and methods that can more
accurately assess microvascular function and dysfunction in the larger MV D patient population.
Such apparatus and methods may benefit patients by providing a more accurate diagnosis and
treatment. There is also a need in the art for apparatus and methods that can more accurately
diagnose, quantify, and treat microvascular dysfunction, including microvascular obstruction.
Still further, there is a need for apparatus and methods to diagnose and, if necessary, treat MVO

that may be present in the microvasculature downstream of where a stent has been deployed.
SUMMARY

[0028] Methods and apparatus are provided for more accurate assessment, diagnosis and/or
treatment of microvascular dysfunction. In various embodiments, the microvascular dysfunction
may include clinical syndromes such as STEMI/NSTEMI, microvascular obstruction, no-reflow,
cardiogenic shock, and other dysfunctional diseases of the microvasculature. The principles of
the present invention are applicable to diagnosis and/or treatment of many organs, including the
heart. More particularly, non-limiting embodiments include devices and methods to successfully
diagnose, restore patency, re-open and preserve flow, and/or limit reperfusion injury in vessels
and organs with microvascular dysfunction. Applications include, but are not limited to, therapy
for organ systems including the heart (acute myocardial infarction--primary percutaneous
coronary intervention (PPCI)), brain (stroke (CV A)), bowel ischemia/infarction, pulmonary
emboli/infarction, critical limb ischemia/infarction, kidney/renal ischemia/infarction, liver,

peripheral vascular, neurovascular and others.

[0029] In accordance with one aspect of the present invention, a system is provided that
includes a specialized infusion and sensing catheter for delivering diagnostic and/or therapeutic
agents, and a control console. The control console is programmed with specialized algorithms
that can be used to diagnose and/or treat microvascular dysfunction by determining parameters

that may be used to indicate physiologic events, such as microvascular obstruction, myocardial
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infarction, and myocardial ischemia. Methods of operating the inventive system to diagnose

and/or treat microvascular dysfunction, such as MVO, also are provided.

[0030] Systems and apparatus are included that are configured to perform microvascular
function assessment. The inventive systems and apparatus also may be used to diagnose and treat
microvascular dysfunction, such as microvascular obstruction (MVQO). In accordance with one
aspect of the invention, the system and apparatus are configured to diagnose and, if necessary,
treat MV O that may be present in the microvasculature downstream of where a stent has been

deployed.

[0031] Methods for determining the presence of a microvascular dysfunction, such as MVO,
of a patient also are provided. These methods include delivering a fluid into a vessel of the
patient at known flow delivery rates, measuring the resulting pressures associated with the
known delivery rates, and determining a relationship between the flow delivery rates and
corresponding arterial pressures, such as a linear relationship. The methods also include
measuring the patient’s aortic pressure and compensating for a collateral flow rate. The methods
also include using a pressure and flow rate sufficient to negate a collateral flow rate as a
resistance parameter that may be used for diagnostic purposes, such as to determine the existence
and/or extent of an MVO, as well as for therapeutic purposes to determine a treatment. In some
methods, the treatment includes the delivery of a therapeutic agent into the vessel at a plurality of

delivery flow rates determined by the resistance parameter.

[0032] The inventive system includes systems or apparatus for assessing microvascular
dysfunction of a patient and, optionally, providing treatment of the MVD. Some systems or
apparatus include a catheter having an occlusion system, pressure sensor located distal and,
optionally, proximal to the occlusion system, and a lumen to deliver fluid and, optionally, a
therapeutic agent. The systems and apparatus further include a computerized infusion system
that is configured to communicate with the sensors and use the sensor readings along with
known fluid delivery rates corresponding to the sensor readings to determine a resistance
parameter, such as may be used to indicate the presence of an MVO. Systems and apparatus

may further deliver one or more therapeutic agents at a delivery rate or rates determined by the
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resistance parameter. In accordance with one aspect of the invention, the resistance parameter

may be used with MRI results to predict MVO.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The forcgoing and othcer objccts, fecaturcs, and advantages of the present disclosurc sct
forth herein will be apparent from the following description of particular embodiments of those
inventive concepts, as illustrated in the accompanying drawings. It should be noted that the
drawings are not necessarily to scale; emphasis instead is placed on illustrating the principles of
the inventive concepts. Also, in the drawings, like reference characters may refer to the same
parts or similar parts throughout the different views. It is intended that the embodiments and

figures disclosed herein are to be considered illustrative rather than limiting.

[0034] FIG. 1 is a perspective view of an exemplary modular system for assessment of MVD

in accordance with principles of the present invention;

[0035] FIGS. 2A-2C are perspective views of distal ends of alternative embodiments of

infusion catheters constructed in accordance with the present invention;

[0036] FIG. 3 A is perspective view of a central portion of an infusion catheter suitable for

use with the distal ends depicted in FIGS. 2A-2D;

[0037] FIGS. 3B and 3C are, respectively, a side sectional view and perspective view of an

alternative embodiment of a distal portion of an infusion catheter having a pressure chamber;

[0038] FIG. 4 is a side view of a distal end of a preferred embodiment of a catheter having

one or more pressure sensors/ transducers;

[0039] FIG. 5 is a schematic view of a system constructed in accordance with the principles

of the present invention;

[0040] FIG. 6 is a schematic view of a system constructed in accordance with the principles

of the present invention;
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[0041] FIGS. 7A and 7B are flow charts for performing a diagnosis in accordance with the

principles of the present invention;

[0042] FIG. 8 is a flow chart for providing therapeutic treatment in accordance with the

principles of the present invention;

[0043] FIG. 9 is a flow chart for providing a plurality of diagnostic analyses and therapeutic

treatment in accordance with the principles of the present invention;

[0044] FIG. 10 is a plot of distal pressure, pump flow, and resistance in an example of a

portion of a diagnostic sequence in accordance with the principles of the present invention;

[0045] FIGS. 11A and 11B are a graph of pump flow, pressure, and their linear relationship,

as well as the corresponding data in accordance with the principles of the present invention;

[0046] FIG. 12 is a representation the distal end of a catheter in a vessel subject to collateral

flow in accordance with the principles of the present invention;

[0047] FIG. 13 is a graph of pump flow, pressure, and their linear relationships in accordance

with the principles of the present invention;

[0048] FIG. 14 is a plot of distal pressure, mean pressure, and flow rates in accordance with

the principles of the present invention; and

[0049] FIG. 15 is a graph of resistance parameters and myocardium at risk values for patients
that may be used for diagnostic and/or therapeutic purposes in accordance with the principles of

the present invention.

DETAILED DESCRIPTION

[0050] The present invention is directed to devices, systems and methods for implementing
techniques to determine parameters for predicting physiologic events, and is applicable to

diagnosis and/or treatment of many organs, including the heart. More particularly, the inventive
systems and methods enable successful prediction of physiologic events, such as microvascular

obstruction, myocardial infarction, and myocardial ischemia. Applications of the inventive
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system and methods include diagnosis and treatment of the heart (acute myocardial infarction--
primary percutaneous coronary intervention (PPCI)), brain (stroke (CVA)), bowel
ischemia/infarction, pulmonary emboli/infarction, critical limb ischemia/infarction, renal
ischemia/infarction, liver, peripheral vascular, neurovascular and others obstruction (MVO) and

tissue necrosis/finfarction.

[0051] Referring to FIG. 1, exemplary modular computerized diagnostic and infusion system
100 for coronary and other human/animal vasculature and organs is described. Infusion system
100 illustratively is packaged as a mobile console and is programmed to enable prediction of
physiologic events, including real-time or near real time measurement of coronary artery
pressure and flow; pressure/flow time parameters; coronary physiology measures such as
microvascular resistance determinations. Infusion system 100 includes controller 101, display
102, infusion pump 103, and pressure measurement system 104, all mounted on mobile platform

105.

10052] Referring now to FIG. 2A, a distal end of exemplary infusion catheter 200 is
described. Infusion catheter 200 includes infusion port 202 in fluid communication with infusion
lumen 212 that extends from a proximal portion of the catheter and couples to infusion pump
103. Guidewire lumen 204 extends through catheter 200 to permit the infusion catheter to be
advanced along a guidewire to a desired position within a patient’s vasculature. Catheter 200
may have an enlarged diameter section 206, which serves to increase hydrodynamic resistance
for diagnostic purposes. When exposed to fluid flow, section 206 creates a hydrostatic pressure
gradient within a bodily lumen. Pressure sensor 208, located in the body of catheter 200, may be
coupled to pressure measurement system 104 to determine the pressure of a fluid flow within a
patient’s vasculature. Pressure sensor 207 and pressure sensor 209, also located in the body of
catheter 200, may be coupled to pressure measurement system 104 to determine the pressure of a

fluid flow. In this embodiment, pressure sensor 207 is located distal to pressure sensor 209.

[0053] With respect to FIG. 2B, a distal end of an alternative embodiment of an infusion
catheter, catheter 210 is described. Guidewire 201, which may be a 0.014”" pressure measuring
guidewire, may be inserted through catheter 210 in a rapid-exchange (RX) manner so that a

distal end of guidewire 201 extends from guidewire lumen exit 204. Infusion port 202 is located

10
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on the distal end of catheter 201 adjacent guidewire lumen exit 204 deliver fluids via infusion

lumen 212, shown in dotted line.

[0054] In FIG. 2C, a distal end of another alternative embodiment is described, in which
infusion catheter 230 has occlusion balloon 236, radio-opaque markers 238 and 240. Infusion
outlet port 232 is disposed in fluid communication with infusion lumen 242, shown in dotted
line. Guidewire lumen 234 also is provided and may be arranged for either over-the-wire or
rapid exchange use. Pressure sensor 244 and pressure sensor 246, located in the body of catheter
230, may be coupled to pressure measurement system 104 to determine the pressure of a fluid
flow. In this embodiment, pressure sensor 244 is located distal to occlusion balloon 236,
whereas pressure sensor 246 is located proximal to occlusion balloon 236. Additional
embodiments of infusion catheters may be used herein, such as those described in U.S. Patent
No. 10,315,016 to Schwartz or U.S. Patent Application Publication No. 2018/0280172 to Hoem,

the entire contents of each of which are incorporated herein by reference.

10055] Referring now to FIG. 3A, a central portion of an infusion catheter constructed in
accordance with principles of the present invention is described. The central portion of catheter
310 includes infusion lumen 312 that encircles guidewire lumen 311, illustratively co-axially. In
alternative embodiments, infusion lumen 312 may be arranged side-by-side, or otherwise, with
respect to guidewire lumen 311. In preferred embodiments, the diameter of catheter 310 is
small, thereby allowing the catheter to be introduced into smaller vessels for diagnosis and
therapy. Guidewire lumen 311 preferably has a diameter sufficient to accept a guide wire that

provides pressure sensing.

[0056] In FIGS. 3B and 3C, a distal portion of an exemplary infusion catheter having
pressure chamber 306 disposed on guidewire 301 is described. Pressure chamber 306 is designed
to provide a region of stable pressure measurement in a distal arterial segment, and permits
pressure measurement at locations different than near or distal to the catheter tip. In some
preferred embodiments, multiple pressure chambers may be provided, including a first pressure
chamber distal of the occlusion device and a second pressure chamber proximal to the occlusion
device. As shown in FIG. 3C, the exterior surface of the catheter may include pores, slits or slots

323 to provide better dispersion of infusate at the distal end of the catheter and also more precise

11
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pressure measurement. Pores, slits, or slots 323 also may be arranged to direct infusate flow
pattern, as may be desired for a particular type of diagnosis or therapy. Additional catheter
configurations for infusing fluid into a vessel, including mechanisms for centering a distal end of
the catheter within a vessel to evenly distribute flow, and to direct infused flow preferentially in
antegrade and/or retrograde directions within the vessel, are described with respect to FIGS. 5A-
7E of co-pending, commeonly assigned U.S. patent application Serial No. 16/577,962, filed
September 20, 2019, and published as U.S. Patent Application Publication No. US2020/0093991

A1, which is incorporated herein by reference.

[0057] Referring now to FIGS. 4 and 5, an exemplary embodiment of infusion system
constructed in accordance with the present invention, which preferably includes a plurality of
pressure sensors. FIG. 4 depicts distal end 400 of a preferred embodiment of catheter that
includes distal pressure sensors/transducers 402 and 404. Pressure sensors/transducers 402 and
404 are preferably mounted apart a distance greater than 1 cm longitudinally, and more
preferably are spaced apart a distance to permit one sensors to be located on either side of a
typical stenosis. Guidewire 406 is disposed in guidewire lumen 408. Distal end 410 of catheter
body 412 includes cap 414 containing a plurality of holes 416, in communication with the
infusion lumen, through which infusate may be controllably released. Pressure sensor 418 is
located proximal to the occlusion system (not shown) of catheter 400. Pressure sensor 418 may
be used to obtain pressure measurements upstream of the occlusion device, as discussed in

greater detail below.

[0058] The pressure sensor configuration shown in FIG. 4 permits measurement of axial
intravascular (longitudinal) pressure gradients using pressure sensors/transducers 402 and 404.
Longitudinally measured pressure gradients may be used to understand the relationship between
vascular/arterial intake size and flow, and thus permit assessment of large vessel resistance in
which the catheter lies. For example, fractional flow reserve (FFR) is a parameter that enables
assessment of the hemodynamic significance of a coronary artery stenosis, and is typically
determined at maximum vasodilation. The two pressure sensor/transducer configuration of FIG.
4 facilitates this measurement without the need for maximum vasodilation. Coronary flow
infusion using an infusion pump and pressure measurement allows simple and direct absolute

stenosis and hemodynamic quantitation. Other important physiologic parameters similarly may

12
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be measured, including coronary flow reserve (CFR), and microvascular resistance as described
within herein below. Fluid infusions without oxygen content such an electrolyte solution avoid
the need to pharmacologically induce maximum vasodilation using an intravenous or arterial
vasodilation agent such as adenosine. This is due to an induced oxygen-poor state with
subsequent physiologic vasodilation. In addition, this sensor configuration shown in FIG. 4
allows absolute hydrodynamic resistance to be quantified, which in turn permits fractional flow

reserve calculation using mathematical transformation methods.

[0059] With respect to FIG. 5, system 500 constructed in accordance with principles of the
present invention, as may be embodied in the modular mobile system depicted in FIG. 1 is
described. System 500 includes catheter 502 having a focal or general diameter increase,
forming a bump 504 and distal end 506. Catheter 502 may be placed advanced into a desired
location in a patient’s vascular over pressure-sensing guidewire 508. Catheter 502 may be
constructed with an internal lumen to accept guidewire 508 in an over-the-wire or rapid
exchange modality. Pressure sensor 510 and infusion holes 512 are disposed near distal end 506.
Infusate located in reservoir 514 is selectively pumped through catheter 502 via infusate lumen
and exits through infusion holes 512 by pump 516. Controller 518, which may include a
processor and programmed algorithms, is in communication with pressure sensor 510 and

pressure guidewire 508 and is configured to receive pressure readings from those devices.

[0060] Controller 518 also is in communication with pump 516 and is configured to control
the flow rate of infusate injected via pump 516. Feedback from calculations of resistance
parameters, as described below, may be used to adjust the pump, balloon pressure (if present), or
operation of other system components to make desired changes in system function and improve
diagnostic or therapeutic system function. Controller further includes storage medium 520,
which may include RAM, ROM], disk drive, or other known storage media. In some
embodiments, storage medium 520 may store algorithms and mathematical calculations
disclosed in this application. In some embodiments, storage medium 520 1s used to store data
that is received from pressure sensor 510 and pressure guide wire 508, as well as to store the
resistance parameters, arterial pressures, flow rates, and other values. In some embodiments,
storage medium 520 may include a machine-learning algorithm that controls flow rates, performs

measurements, and calculates results. In some embodiments, controller 518 may communicate

13
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with external wide area networks, such as Internet 522 and/or computing device 524 to
communicate data that may be used to refine algorithms in storage medium 520. Controller 518
also may be programmed to access a database of MRI images and parameters derived from those
images (such as myocardium at risk data) used to assess microvascular obstruction dysfunction
that can bhe correlated to MVO values computed using the systems and methods of the present

invention.

[0061] With respect to FIG. 6, system 600 constructed in accordance with principles of the
present invention, as may be embodied in the modular mobile system depicted in FIG. 1 is
described. System 600 includes catheter 602 having an occlusion device 604, which may include
a balloon near distal end 606. Catheter 602 may be advanced into a desired location in a
patient’s vascular over pressure-sensing guidewire 608. Catheter 602 may be constructed with
an internal lumen to accept guidewire 608 in an over-the-wire or rapid exchange modality.
Pressure sensor 610 and distal end 612 of infusion lumen are disposed near distal end 606.
Optional pressure sensor 611 may be located proximal to occlusion device 604. Infusate located
in reservoir 614 is selectively pumped through catheter 602 via infusate lumen and exits through
distal end 612 of infusion lumen by pump 616. Controller 618, which may include a processor
and programmed algorithms, is in communication with pressure sensor 610, pressure sensor 611,

and pressure guidewire 608 and is configured to receive pressure readings from those devices.

[0062] Controller 618 also is in communication with pump 616 and is configured to control
the flow rate of infusate injected via pump 616. Feedback from calculations of resistance
parameters, as described below, may be used to adjust pump 616, occlusion device 604, or
operation of other system components to make desired changes in system function and improve
diagnostic or therapeutic system function. Controller further includes storage medium 620,
which may include RAM, ROM], disk drive, or other known storage media. In some
embodiments, storage medium 620 may store algorithms and mathematical calculations
disclosed in this application. In some embodiments, storage medium 620 1s used to store data
that is received from pressure sensor 610, pressure sensor 611, and pressure guide wire 608, as
well as to store the resistance parameters, mean arterial pressures, collateral flow rates, and other
calculated values. In some embodiments, storage medium 620 may include a machine-learning

algorithm that controls flow rates, performs measurements, and calculates results. In some
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embodiments, controller 618 may communicate with external wide area networks, such as
Internet 622 and/or computing device 624 to communicate data that may be used to refine
algorithms in storage medium 620. Controller 618 also may be programmed to access a database
of MRI images and parameters derived from those images used to assess microvascular
ohstruction dysfunction that can he correlated to MVO values computed using the flow analyses

methods of the present invention.

[0063] In preferred embodiments, the infusion catheters as shown in FIGS. 2-6 may be in
communication with a controller that is configured to control a pump, such that the pump
provides the infusate via an infusate lumen at a known flow rate or flow rates. Controller is also
in communication with pressure sensors, which may be located on a guidewire or elsewhere on
the catheter. Controller may also be in communication with other sensors located separate from
the catheter, such as known sensors that may be used to measure a patient’s systolic and diastolic
aortic pressure. As discussed in greater detail below, controller is configured to determine a
resistance parameter indicative of a microvascular obstruction. One of skill in the art will
appreciate that the disclosed invention will provide apparatus and methods for diagnosing and
treating MVO, including treatment by a controlled release of a therapeutic agent at one or more

rates determined by the resistance parameter.

[0064] In one preferred embodiment, systems 500 or 600 employ an infusion catheter as
described with respect to FIG. 4, while in other embodiments the infusion catheters depicted in
FIGS. 2 or 3, or as described in the above-incorporated U.S. Patent Application Publication No.
US2020/0093991 Al may be employed. Preferably, an infusion catheter suitable for use with the
systems 500 or 600 is compatible with a 6F guide sheath, includes a guidewire that accepts a
0.014"" pressure guidewire, and is capable of infusing volumetric flow rates in a range of 5 to 50

ml/min. Optionally, the infusion catheter may include a compliant occlusion balloon.

[0065] In accordance with the principles of the present invention, the infusion catheter is
inserted into an epicardial vessel that supplies blood to a patient’s myocardium to assess whether
the myocardial vessels distal to or nearby vessels manifest microvascular dysfunction, such as
MVO and/or may include dysfunctional vessels responsible for myocardial infarction or

ischemia. In a diagnostic mode, the system occludes the blood flow through the vessel and then
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infuses a fluid into the patient’s vessel at a plurality of known flow rates and obtains
corresponding pressure measurements distal of the occlusion system. The system also obtains
aortic blood pressure measurements, which in some embodiments are obtained with the catheter
distal or proximal to the occlusion system. Using the aortic pressure measurements, arterial
pressure measurements, and flow rates corresponding to the arterial pressure measurements, a
determination of a resistance parameter may be made. Based on the resistance parameter, a
diagnosis may be made and a treatment regime may be initiated wherein the flow rates(s) of the

therapeutic agent are determined based on the resistance parameter.

[0066] Referring now to FIGS. 7A and 7B, method 700 is described for determining a
resistance parameter in accordance with aspects of the present invention utilizing a system such
as described in reference to FIGS. 1-6. Beginning with FIG. 7A, at step 710, the distal end of a
catheter device is advanced in a patient’s arterial vessel to a desired location. The desired
location may be selected based on the location of a suspected vascular obstruction, based on a
desired location for the placement of a stent, or based on other criteria that will be understood by

those of skill in the art.

[0067] At step 712, the blood flow in the arterial vessel is occluded by an occluder of the
catheter system, which may be achieved, in some embodiments, through the expansion of an
occlusion balloon. In other embodiments, the occlusion may be achieved by disrupting the blood
flow with a flow of infusate at a sufficient flow rate. Following step 712, method 700 continues

as shown in FIG. 7A and FIG. 7B.

[0068] Continuing with FIG. 7A, at step 714, fluid is delivered to the arterial vessel at a
known flow rate. The fluid is preferably a Newtonian fluid having a substantially linear
relationship between pressure and flow rates in some ranges, such as Ringer’s lactate, or may be
other crystalloid solutions containing beneficial concentrations of sodium, chloride, potassium,
glucose, lactate and the like, and may in addition be a drug containing solution. The pressure
downstream of the occlusion site is determined at step 716. It will be understood that the
pressure measurement is preferably obtained as the fluid is delivered at a known flow rate. In
preferred embodiments, the known flow rate and corresponding pressure measurement are stored

in a computerized memory, which may be RAM, ROM, flash memory, or other known storage

16

CA 03179588 2022-11-21



WO 2021/234670 PCT/IB2021/054453

component. Preferably, the known flow rate and pressure measurement are identified as

corresponding to one another when stored, such as by a time stamp or other indicia.

[0069] At step 718, a decision is made as to whether it is desirable to obtain additional data.
In preferred embodiments, a plurality of flow rate and pressure measurement pairs are obtained
in order to provide a more accurate analysis. In the event more data is desired, the method
proceeds along path 720 to step 722. At step 722, the fluid flow properties are modified, which
preferably comprises a different fluid flow rate. The method then returns to step 714, where the
fluid is delivered at the modified fluid flow rate. The method continues as before until it reaches
step 718. It will be understood that path 720 and ensuing steps may be followed until sufficient

pairs of flow rates and corresponding pressure measurements are obtained.

[0070] Once sufficient data is obtained, the system proceeds along path 724 to step 726,
where a relationship may be determined between the flow rates and corresponding pressures. In
preferred embodiments, a linear relationship is determined or assumed based on the data points.
Such methods include those described in U.S. Patent Application Pub. No. 2020/0093991, which

is incorporated herein by reference.

[0071] Notably, following the occlusion of the arterial vessel at step 712, method 700 not
only proceeds to step 714, as discussed above, but also proceeds to the steps shown in FIG. 7B.
At step 730, an aortic pressure is obtained. In preferred embodiments, the location of the sensor
used to obtain the aortic pressure measurements is selected such that a difference between the
aortic pressure and the pressure at the downstream pressure sensor is indicative of collateral flow

around the occluded vessel.

[0072] Following the measurement of aortic pressure, the method proceeds to step 732. If
more data is desired, the method proceeds along path 734 back to step 730. In preferred
embodiments, the method follows path 734 repeatedly from step 732 until sufficient data points
are obtained to calculate a mean value for the aortic pressure. In preferred embodiments, the
pressure measurement data is stored and may be time stamped for comparison and possible
correlation to the arterial data. Once no further data is desired, the method proceeds from step
732 along path 736 to step 738, where an aortic pressure value is determined. While it is

possible that the aortic pressure value may be determined using a single upstream pressure
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measurement, preferred embodiments of the invention utilize multiple data points and may be
used to calculate a mean pressure during a systolic period, a mean pressure during a diastolic
period, and/or a mean pressure over the entire heartbeat interval, for example. Method 700
proceeds from step 738 in FIG. 7B to step 728 in FIG. 7A, where the aortic pressure determined
at step 738 is used with the flow-pressure relationship determined at step 726 to determine a

resistance parameter.

[0073] In preferred embodiments, resistance parameter(s) may represent the existence and/or
degree of microvascular occlusion in the arterial vessel. A clinician may use the resistance
parameter to diagnose the patent by determining the likely presence of an MV O and may

determine a course of therapy based on the resistance parameter.

[0074] The computerized system may be programmed to indicate a representation of the
resistance parameter. In some embodiments, the system may provide this indication as a visual
representation on display 102, which may be shown as an image, alphanumeric text, graphs,
charts, colored indicators, or the like. Visual indicia may alternatively or in addition comprise
lights, such as a warning light. Other outputs that may indicate a representation of the resistance
parameter include audio outputs, such as a tone or an alarm if the resistance parameter meets (or
does not meet) predetermined criteria, including for example exceeding a predetermined

threshold that is selected to correspond to the likely presence of an MV O.

[0075] In some embodiments, the representation of the resistance parameter may be
compared to other patient data, such as myocardium at risk data obtained via MRI, in order to

assist in providing a diagnosis or therapy.

[0076] In addition, the computerized system may output the representation of the resistance
parameter as computer-readable output, such as, for example, digital data. In preferred
embodiments, such digital data may be used by the system to determine a therapeutic treatment.
Some embodiments of the invention may provide one or more proposed therapeutic treatment to
the clinician for approval, whereas other embodiments may be programmed to automatically

proceed to a treatment regime determined based on the resistance parameter.
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[0077] Notably, in preferred embodiments, the system will disengage the occlusion system
during or after the diagnostic phase to allow reperfusion of the blood before reengaging the

occlusion system and conducting steps in the therapeutic treatment phase.

[0078] Referring now to FIG. 8, method 800 of therapeutic treatment is shown. At step 8§10,
one or more therapeutic flow rates of the therapeutic agent are determined using or based on the
resistance parameter. For example, if the resistance parameter is indicative of a minimal MVO,
system 100 may determine that therapeutic treatment flow rate of up to 10 ml/min of therapeutic
agent is appropriate. As another example, if the resistance parameter indicates a more significant
MVO, system 100 may determine that a therapeutic treatment flow rate beginning at 5 ml/min

and progressing up to 40 ml/min is appropriate.

[0079] At step 820, the therapeutic agent is delivered at a therapeutic flow rate to the
patient’s arterial vessel via a lumen in the catheter. In preferred embodiments, the therapeutic
agent is delivered for a predetermined amount of time, such as a 30-second interval. For
example, for a therapeutic cycle of one minute, the therapeutic agent may be delivered for 30
seconds, followed by a 30 second period of dwell time in which no (or minimal) therapeutic

agent is delivered.

[0080] Step 830 determines whether additional therapy is desired, such as additional
therapeutic cycles. If so, path 832 is followed to step 840 where the blood flow may optionally
be restored. In preferred embodiments, blood perfusion is temporarily restored following the
introduction of a therapeutic agent. For example, for a therapeutic cycle of one minute in which
the therapeutic agent is delivered for 30 seconds followed by a 30 second dwell period, the
occlusion system may be temporarily disengaged to allow blood perfusion to occur during the

dwell time.

[0081] At step 850, the therapeutic flow properties optionally may be modified. In preferred
embodiments, this modification comprises increasing a flow rate for the therapeutic agent.
Proceeding to step 820, the therapeutic agent is delivered at a therapeutic flow rate that may
include any modifications indicated by step 850. Method 800 proceeds to step 830 where path
832 may be taken again. One of skill in the art will recognize that as a result, the patient may

receive a plurality of infusions of therapeutic agent at different flow rates. In preferred
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embodiments, the infusion rates are selected such that each infusion rate is equal to or greater

than the preceding flow rate.

[0082] At step 830, once the desired therapy is delivered, the method proceeds along path
834 to step 860, where the blood perfusion is restored by deflating the occlusion balloon or
otherwise discontinuing the occlusion of the blood flow to restore perfusion before reaching end

step 870.

[0083] Referring now to FIG. 9, method 900 for assessing and treating a patient is shown.
At step 910, a diagnosis is performed as presently disclosed, such as in FIGS. 7A and 7B and the
associated portions of the specification. As a result of this diagnosis sequence, a resistance
parameter is determined. Following the diagnosis step, method 900 advanced to step 920 in
which the decision is made whether therapy is desired. For example, the resistance parameter
may indicate that little to no MVQO is likely present and no therapy is desired. In that scenario,
path 922 may be selected which ends the method at step 970.

[0084] If, on the other hand, it is decided at step 922 that therapy is desired, the method
proceeds along path 924 to step 930, where the therapeutic treatment is conducted. In preferred
embodiments, the treatment is conducted as described in regard to FIG. 8. In embodiments in
which therapeutic treatment is administered, an interval of blood reperfusion between the

diagnostic stage and the therapeutic stage is preferred.

[0085] Following the therapeutic treatment stage, the method proceeds to step 940 at which a
decision is made whether to perform additional treatment. If so, the method proceeds along path
942 to step 950 in which the therapeutic agent may be modified. For example, a first therapeutic
agent may be discontinued and replaced with a different second therapeutic agent. The method
them returns to step 930 and treatment is resumed. Once the process returns to step 940, it may
continue to cycle through any other desired modifications of the therapeutic agent until the no
more treatment is desired at step 940. The process then follows path 944 to step 960 to
determine whether further diagnosis is desired. If so, the method returns to step 910 and resumes
as discussed above. And if not, the method ends at step 970. In some preferred embodiments, it
is desirable to conduct a final diagnostic analysis following the final treatment step to assess the

patient’s condition at the conclusion of therapy. In such embodiments, the method may proceed
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from step 940 to step 960, then along path 962 to step 910, then step 920 and then along path 922
to step 970.

[0086] Systems and methods of the present invention may be further explained using the

following examples.

[0087] Referring now to FIG. 10, an example of a portion of a diagnostic sequence is described.
A balloon catheter of system 100 in accordance with the present invention is placed within a
patient’s arterial vessel. A pressure sensor distal to the occlusion device is used to obtain
pressure measurements within the vessel, and pressure measurements obtained by pressure
measurement system 104 may be processed by controller 101 for viewing in, for example, a
graphical format on display 102. A representation of the pressure measurements in this example
is shown as line 1010 in FIG. 10. It will be recognized that the distal pressure increases and
decreases in rapid succession, which corresponds to the systolic and diastolic pressures. At the
beginning of the sequence described in FIG. 10, the systolic pressure measurements are nearly 60
mmHg, whereas the diastolic pressure measurements are slightly more than 30 mmHg, as shown
on line 1010. After the occlusion balloon is used to obstruct antegrade artery flow, the blood
pressure drops and a “waterfall pressure” (aka Coronary Artery Wedge Pressure) is measured.
The coronary wedge pressure, denoted Pewp, may be calculated as the mean pressure at an
interval after the occlusion device obstructs the vessel and prior to the infusion of a fluid, e.g., as
Qpump = O ml/min. In FIG. 10, element 1020 denotes the interval and distal pressure

measurements considered for the determination of an exemplar coronary wedge pressure.

[0088] Infusion pump 103 begins to infuse a fluid, such as Ringer’s lactate, at a rate of 5
ml/minute, as depicted by line 1030. As the fluid is infused, it will be observed that pressure
measurements 1010 increase. A relationship between the distal pressure, Pd and the infusate
flow rate may be determined using the equation: resistance = (distal pressure)/(infusate flow
rate), where in the present example distal pressure is measured in mmHg, infusate flow rate is
measured in ml/min, and resistance is measured in mmHg/(ml/min). A representation of the

resistance is disclosed by line 1040 in FIG. 10.

[0089] It is observed that as the infusate flow is increased in a relatively stepwise fashion,

shown in line 1030, the distal pressure increases, shown in line 1010, whereas the resistance
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decreases, shown in line 1040. Once the infusion is discontinued, which occurs after the 30
ml/min infusion rate, the distal pressure measurements again decrease to a coronary wedge

pressure until the occlusion balloon is deflated allowing blood perfusion to resume.

[0090] The data collected by pressure measurement system 104 may be processed by
controller 101 to determine one or more mean distal pressure (Pa) values. In some preferred
embodiments, as described in reference to FIG. 10, a mean distal pressure is determined over a
plurality of time periods. Here, the infusate delivery included several intervals in which the
infusion rate was constant, and the mean distal pressure was determined as the average pressure
over each of those intervals. These mean distal pressure determinations may then be divided by
the corresponding infusate flow rate to yield mean dynamic Microvascular Resistance (A{MVR)

values, wherein mean dMVR = (Pa)/(Qpump) at each flow rate.

[0091] For example, element 1050 represents a mean dMVR over an interval when Qpump
was 5 ml/min, element 1060 represents a mean dM VR over an interval when Qpump was 10
ml/min, element 1070 represents a mean dMVR over an interval when Qpump was 20 ml/min, and

element 1080 represents a mean dM VR over an interval when Qpump was 30 ml/min.

[0092] Additionally, a mean coronary microvascular resistance for each of the intervals may

then be calculated as: mean coronary microvascular resistance = (Pa- Pewp)/Qpump-

[0093] Data acquired during a diagnostic sequence is used to determine a relationship between
the infusion rates (Qpump) and the distal pressures. An example of such a relationship is
described in relation to FIGS. 11A and 11B, which includes data obtained from a representative
human STEMI patient. For example, for each of several infusate flow rates of O ml/min, 5
ml/min, 10 ml/min, 20 ml/min, and 30 ml/min, a corresponding mean distal pressure was
determined, which are shown in FIG. 11B. The corresponding pressure and flow rate pairs are
plotted in FIG. 11 A with points denoted as CoFI data (Qpuump, Pa). Linear regression techniques
were utilized to determine a linear relationship between the data points. It will be appreciated
that not all the points need be used. In this example the data points corresponding to 10 ml/min,
20 ml/min, and 30 ml/min were used, as it has been determined that P4 at Qpump = 5 ml/min may
be omitted, because such low flow rates likely alter the distal microvascular resistance due to low

intravascular pressures associated with these low flow rates.
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[0094] In addition, and consistent with previous observations the inventors have made, the Qpump
and Py coordinate pairs in the example if FIGS. 11A and 11B exhibit a linear dependence at flow
rates above 5 ml/min. This characteristic dependence of pressure and flow suggests a steep
decrease of mean microvascular resistance for increasing infusion rates and subsequent
convergence to a constant resistance value given hy the slope of the regression line (asymptotic
coronary microvascular resistance). This behavior is also illustrated in FIG. 10, where the
dynamic Microvascular Resistance (dAMVR) indicated by line 1040 decreases notably during the
first infusion steps and approaches a constant mean value for further increases in pump infusion

rate.

[0095] Characteristics of the line in FIG. 11 A found by linear regression analysis are
presented in FIG. 11B, including the slope, Y-axis intercept, and R? values. It will be
appreciated that other (e.g. non-linear) relationships between the fluid flow rates and the
corresponding distal pressures may be found and that those relationships may include different

characteristics.

[0096] As described in regard to FIGS. 12 and 13, in accordance with the present invention,
the presence of collateral flow may be recognized and accounted for. FIG. 12 depicts distal
portion of catheter systern 1210 of infusion system 100, including occlusion balloon 1220, and
distal end of infusate lumen 1230. Fluid, therapeutic agent, or other infusate may be delivered to
vessel 1240 by pump 103 via distal end of infusate lumen 1230 at a flow rate denoted as Qpump.
Pressure sensing guidewire 1270 is configured to obtain pressure measurements by point 1260,
distal to balloon 1220. Optionally, device may include proximal pressure sensor 1280, which is
configured to obtain pressure measurements proximal of balloon 1220. Tt will be understood that
in some embodiments, distal portion of catheter system 1210 may include a stent (not shown)

that may be deployed via inflation of occlusion balloon 1220 or other balloon (not shown).

[0097] As described in FIG. 12, collateral path 1250 exists that is in fluid communication
with vessel 1240 distal and proximal of the occlusion device, balloon 1220. It will be
appreciated that some amount of blood flow may occur through collateral path at a flow rate that

may be represented as Qcollateral.  Accordingly, the flow rate by point 1260 distal to collateral path
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1250 may be found as the combination of the flow rates through the infusion lumen and the

collateral path, which can be expressed as (Qpump + Qcoltuterat)-

[0098] It will be appreciated by one of skill in the art that collateral flow is driven by a
pressure differential. When the pressure at the distal end of a collateral pathway is equal to the
pressure at the proximal end of the collateral pathway, the impetus for fluid flow is absent
(driving pressure gradient is zero) and collateral flow ceases. In considering the collateral flow,
it is useful to consider the mean aortic pressure (Pao), which may remain essentially unchanged
over an interval during a diagnostic sequence. As one of skill in the art will recognize, there are
a variety of methods to determine mean aortic pressure. For example, the mean aortic pressure
may be determined as an average of systolic pressures and diastolic pressures, or as a weighted
comparison of systolic pressures and diastolic pressures (such as by considering two-thirds of the
diastolic pressure and one-third of the systolic pressure), or as determined by other known

methods.

[0099Y] When collateral flow is present, the asymptotic coronary microvascular resistance
previously determined by the relationship between Qpump and Py may be further refined to
account for Qconaerai. By way of example, FIG. 13 depicts a graph in which a number of infusion
flow rates and corresponding distal pressure data point pairs have been graphed for flow rates of
5, 10, 20 and 30 ml/min, identified as (Qpump, Pa). Similar to FIGS. 11, linear regression was
used to determine a linear relationship between the infusion flows and the distal pressure, shown
by line 1310. Line 1310 may be extended to point 1330, corresponds to the data point (Qpao,
P.o), at which the collateral flow rate longer contributes to the overall flow rate. To account for
the collateral flow, however, the relationship between (Qpump + Qcoliaterat) and Pq is considered,
which is depicted as line 1320. It will be appreciated that the effects of the collateral flow rate
on the overall flow rate decreases as the infusion flow rate increases to a rate at which Pqequals
Pao, as indicated by line 1340 and line 1350. At point 1330, it may be assumed that Qpao is
Qpump- Line 1320 may be extended to point 1330, (Qpao, Pao), at which the collateral flow rate

may be assumed to no longer contribute to the overall flow rate.

[00100] Collateral flow is driven by the low pressure distal to balloon 1220 while balloon
1220 is occluding vessel 1240. As demonstrated in FIG. 12, collateral flow (Qcoltaterar)

24

CA 03179588 2022-11-21



WO 2021/234670 PCT/IB2021/054453

corresponds to the difference between mean aortic pressure (Pao) and the distal pressure (Pqg)
during the diagnostic sequence. As Py varies during the diagnostic sequence and P, remains
constant, collateral flow is relatively large at low Qpump values and decreases for increasing Qpump
flow rates (and increasing distal pressure Pq measures). In reference to FIGS. 12 and 13, a more
clinically significant relationship may be found hetween P4 and the total flow (Qpump + Qcoltaterar)
at point 1260 than exists between Paand Qpump at point 1260. It is therefore desirable to benefit
from the relationship indicated by line 1320 in FI1G. 13. One of skill in the art will recognize
that, in comparison to line 1320, line 1310 overestimates the pressure response, particularly in
relation to low Qpump infusion rates. Thus, asymptotic coronary resistance found using the slope
of line 1310 is underestimated as compared to that of line 1320. To correct for this effect, line
1310 is extrapolated to a theoretical point of collateral flow suppression, where the pressure
gradient across balloon 1220 is negligible or nonexistent (that is, Pqis the same, or nearly the
same, as Pao, which occurs at point 1330). A resistance parameter of asymptotic coronary
microvascular resistance may then be computed as Pao/Qpao. The resistance parameter of
asymptotic coronary microvascular resistance assumes that the resistance is converged at point
1330 and that the effect of ignoring the zero-flow pressure is small, because Pao is significantly

greater than Pewp.

[00101] There are various methods to determine Pa,. In accordance with some aspects of the
invention, Pa, may be determined as the average pressure proximal to the occlusion device over a
time frame at the beginning of the diagnostic sequence, when balloon 1220 is deflated. In the
example of FIG. 12, such measurements of the aortic pressure may be obtained with pressure
sensor 1280. Qpao may then be computed using the equation Qpao = (Pao-b)/m, where m is the
slope and b is the Y-axis intercept of the line found by linear regression through the Qpump and Pq
data point pairs when determining the relationship between those data point pairs. For FIG. 13, a
linear relationship was found for Qpump = 10, 20, 30 ml/min, respectively. One of skill in the art
will understand that once a linear relationship is found, the slope and Y-axis intercept of the line

may be readily determined, such as indicated in FIGS. 11 A and [ 1B.

[00102] In other embodiments, P, may be determined using sensors that are in

communication with system 100, but are not located on the catheter body.
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[00103] It will be appreciated that preferred embodiments of the present invention rely on
empirical solutions to determine Qp.o. For example, P., may be determined by one of the
embodiments described herein or as known to those of skill in the art. Then, during a diagnostic
sequence, Qpump May be increased until the measured value of Pqis at or near the determined
value of Pa.. Once that pressure is reached, collateral flow may he assumed to be negligible or
non-existent and Qpac may be assumed to be Qpump, which may be readily obtained using pump

103.

[00104] Turning now to FIG. 14, yet another example of the determination of P,, is described.
FIG. 14 describes distal pressure measurements (Pg), line 1410, such as may be obtained by
pressure sensing guidewire 1270 at point 1260 in FIG. 12. It will be appreciated that when Qpump
is zero and prior to the occlusion of vessel 1240, there should be negligible difference between
P4 and Pa,. Accordingly, a clinician may obtain pressure measurements distal to the occlusion
device prior to the occlusion of the vessel to obtain a mean pressure that can represent the mean
aortic pressure, Pao. In reference to FIG. 14, a mean pressure 1420 may be determined distal to
the occlusion device, such as by pressure sensing guidewire 1270 at point 1260 in FIG. 12. The
mean pressure taken during the first 10 seconds as represented on the x-axis of FIG. 14 may
represent Pyo, indicated as dotted line 1430 in FIG. 14. Then, the fluid may be delivered using
system 100 as described above until the measured value of Py reaches the previously-determined
value of Pao. At that point, Qpao may be assumed to equal the rate at which system is delivering

the fluid, Qpump-

[00105] In the examples described with respect to FIGS. 12, 13, and 14, it is shown that a
relationship may be found between a plurality of flow rates provided by infusion pump 103 of
system 100 on one hand, and arterial pressures corresponding to the plurality of flow rates on the
other hand. An example of this relationship is demonstrated by line 1310, determined by linear
regression of the data point pairs. It is also shown that an aortic pressure may be found, such as a
mean aortic pressure considered over an interval during a diagnostic sequence. The aortic
pressure may be used to determine an infusion rate at which Qpump is assumed to be Qpao. The
values of Qpas and Pao may be used to be determine a resistance parameter found by the

relationship Pao/Qpao-
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[00106] In some embodiments of the invention, system 100 need not determine a relationship
between Qpump and Py during the diagnostic sequence. Rather, P,, may be obtained, as described
herein, and then Qpump may by increased in a series of increments, such as in a stepwise fashion,
until the measured value of Py approximates P.,. At that point, Qpao 18 assumed to be the Qpump

corresponding to Pa.

[00107] A resistance parameter may be found using the values of Pao and Qpao obtained during
a diagnostic sequence, wherein the resistance parameter is found by dividing Pao by Qpas. The
inventors have discovered that such a resistance parameter is useful in predicting the presence of

MVO.

[00108] Referring to FIG. 15, a chart depicting a collection of resistance parameters (found by
dividing Pao by Qpao) is compared to the patient’s corresponding myocardium at risk (MaR) as a
percentage of the left ventricle mass. It is shown through regression analysis that a correlation
exists between the resistance parameters and the MaR that may be used to indicate the presence
or absence of MVO. For example, data points 1510, 1520, and 1530 were associated with
patients having no MV O, whereas data points 1540, 1550, 1560, 1570,a nd 1580 were associated
with patients having MVO. One of skill in the art will understand that resistance parameters
found in the diagnostic sequence of the present invention may be utilized with MaR data
(obtained via MRI) to predict the presence of MV O and to determine whether therapeutic

treatment is suggested.

[00109] It is to be understood that the implementations described herein are illustrative and
that the scope of the present invention is not limited to those specific embodiments; many
variations, modifications, additions, and improvements are possible. For example, functionality
may be separated or combined in blocks differently in various embodiments of the disclosure or
described with different terminology. These and other variations, modifications, additions, and

improvements may fall within the scope of the disclosure as defined in the claims that follow.

27

CA 03179588 2022-11-21



WO 2021/234670 PCT/IB2021/054453

What is claimed is:

L. A method of determining a vascular physiological parameter for a patient, the
method comprising:

advancing a catheter having a lumen and a distal end into an arterial vessel of the patient,
the arterial vessel having blood flow;

delivering fluid at a plurality of flow rates through the lumen into the arterial vessel;

measuring a plurality of arterial pressures in the arterial vessel, the plurality of pressures
corresponding to the plurality of flow rates;

determining a relationship between the plurality of flow rates and the plurality of arterial
pressures;

determining a measure of aortic pressure of the patient;

determining a resistance parameter using the measure of the aortic pressure and the
relationship; and

generating a representation of the resistance parameter.

2. The method of claim 1, wherein the step of generating a representation of the

resistance parameter comprises displaying a visual indicator.

3. The method of claim 1, further comprising:
delivering a therapeutic agent at a plurality of therapeutic flow rates via the catheter into

the arterial vessel.

4. The method of claim 3, wherein the step of generating a representation of the

resistance parameter comprises generating an electronic output.

5. The method of claim 4, wherein the plurality of therapeutic flow rates are

determined using the electronic output.

6. The method of claim 5, further comprising:
initiating a first occlusion of the blood flow prior to the step of delivering fluid at a

plurality of flow rates.
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7. The method of claim 6, further comprising:
discontinuing the first occlusion of the blood flow subsequent to the step of delivering

fluid at a plurality of flow rates.

8. The method of claim 7, further comprising:
initiating a second occlusion of the blood flow, wherein the step of initiating a second
occlusion of the blood flow occurs subsequent to the step of discontinuing the first occlusion of

the blood flow and prior to the step of delivering a therapeutic agent.

9. A system for diagnosing or treating a patient having an arterial vessel, the system
comprising:

a catheter system having an occlusion device, a first pressure sensor located distal to the
occlusion device, a second pressure sensor located proximal to the occlusion device, and a lumen
sized to deliver fluid therethrough to the arterial vessel distal of the occlusion device; and

a computerized infusion system configured to be coupled to the catheter system and to:

cause the fluid to be infused at a plurality of flow rates;

communicate with the first sensor to receive a plurality of pressure measurements,
the plurality of pressure measurements corresponding to the plurality of flow rates;

communicate with the second sensor to receive aortic pressure measurements;

calculate a resistance parameter using the aortic pressure measurements, the
plurality of pressure measurements, and the plurality of flow rates; and

generate a representation of the resistance parameter.

10. The system of claim 9, wherein the computerized infusion system is further

configured to cause a therapeutic agent to be infused at a plurality of therapeutic infusion rates.

11. The system of claim 10, wherein the representation of the resistance parameter

comprises an electronic output.
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12. The system of claim 11, wherein the plurality of therapeutic infusion rates are

determined based on the electronic output.

13. The system of claim 9, wherein the occlusion device may be activated to occlude
the arterial vessel and
wherein the computerized infusion system is further configured to selectively activate the

occlusion device.

14. The system of claim 10, wherein the representation of the resistance parameter

comprises a visual image.

5. The system of claim 14, wherein the computerized infusion system is coupled to a

display device, the display device configured to display the visual image.

16. A system for diagnosing or treating a patient having an arterial vessel, the system
comprising:
a catheter system having an occluder, a first pressure sensor located distal to the occluder,
a second pressure sensor located proximal to the occluder, and a lumen sized to deliver fluid to
the arterial vessel distal of the occluder; and
a computerized infusion system configured to be coupled to the catheter system and to:
cause the fluid to be infused at a plurality of flow rates;
communicate with the first sensor to receive a plurality of downstream pressure
measurements, the plurality of downstream pressure measurements corresponding to the
plurality of flow rates;
communicate with the second sensor to receive aortic pressure measurements;
calculate a resistance parameter using the aortic pressure measurements, the
plurality of downstream pressure measurements, and the plurality of flow rates; and
infuse a therapeutic agent at a first infusion rate determined by the resistance

parameter.
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17. The system of claim 16, wherein the computerized infusion system is further
configured to infuse the therapeutic agent at a second infusion rate determined by the resistance

parameter.

18. The system of claim 17, wherein the computerized infusion system is further
configured to cause the fluid to be infused for a predetermined diagnostic interval, to infuse the
therapeutic agent at the first infusion rate for a first predetermined treatment interval, and to
infuse the therapeutic agent at the second infusion rate for a second predetermined treatment

interval.

19. The system of claim 16, wherein the computerized infusion system is further

configured to operate the occluder.

20. The system of claim 16, wherein the computerized infusion system is coupled to a

display device, the display device configured to display an indication of the resistance parameter.
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