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(57) Abréegée/Abstract:
Systems and apparatus are included that are configured to determine the effectiveness of apparatus and methods used to
diagnose and unblock microvascular obstruction (MVO). An Iinfusion system blocks antegrade flow for a short time and measures
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(57) Abrege(suite)/Abstract(continued):
vascular pressure response as an infusate Is infused In stepwise fashion at increasingly higher flowrates. During the antegrade flow

occlusion, calculations of the real-time vascular resistance can be obtained using the formula R(t)= P(t)/Q___ (t) where: Q___ (1) Is
the flow mean values generated by the Infusion system; P(t) is the distal pressure response In the vessel generated from the flow

Infusion; and R(t) is the calculated vascular resistance using the two other known parameters.
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INTRACORONARY CHARACTERIZATION OF MICROVASCULAR
OBSTRUCTION (MVO) AND MYOCARDIAL INFARCTION

CLAIM OF PRIORITY AND RELATED APPLICATIONS
[0001] This application claims the benefit of and priority to U.S.
Provisional Patent Application Ser. No. 62/560,545 filed on September 19, 2017,
entitled INTRACORONARY VASCULAR RESISTANCE AND OTHER
PARAMETERS TO CHARACTERIZE MICROVASCULAR OBSTRUCTION
(MVO) AND MYOCARDIAL INFARCTION DURING CORONARY
REPERFUSION, which 1s hereby incorporated by reference 1n 1ts entirety. This
application also incorporates by reference the entirety of the subject matter
disclosed in U.S. Patent Application 15/398,470, filed January 4, 2017, and
published as U.S. Patent Application Pub. No. 2017/0189654 A1 published on
July 6, 2017.

TECHNICAL FIELD
[0002] Methods and devices for the diagnosis and treatment of
microvascular obstruction (MVO) and other dysfunctional diseases of the

microvasculature of many organs including the heart.

BACKGROUND
[0003] Heart attack or STEMI (‘STEMI’ defined as acute ECG ST
segment myocardial infarction) 1s caused by sudden occlusion of an epicardial
coronary artery, typically by fibrin and platelet rich clot, with associated and
embolic plaque and debris. Electrocardiographic signs of acute transmural
myocardial infarction (heart attack) are ECG tracings with ST segment elevation
(STEMI). ST segment elevation 1s a hallmark of severe coronary artery
narrowing, often with occlusion causing ongoing ischemic myocardial injury
with cell death. Large vessel occlusion 1s often associated with small vessel or
stenosis occlusion (termed microvascular occlusion or MVO) by clot and
embolic debris 1s also a serious problem since the heart muscle 1s deprived of

blood, oxygen, and critical nutrients necessary to sustain cell life.
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[0004] Interventional cardiology 1s very proficient at opening severely
narrowed or occluded epicardial coronary arteries in the cardiac catheterization
laboratory using catheters, guide wires, balloons, and stents. However,
microvascular obstruction cannot be diagnosed 1n the catheter lab, and more
importantly MVO cannot be treated even 1f/when 1t could be accurately
diagnosed.

[0005] Heart muscle salvage (saving muscle from death due to lack of
blood and oxygen) 1s a critical concern to ensure good long-term outcomes 1n
patients suffering STEMI. A key component of good long-term outcome
involves minimizing the time between coronary artery occlusion (at home or
outside the hospital) and opening the occluded artery in the catheter lab.
Interventional cardiologists can reduce artery occlusion time by implementing
streamlined and efficient emergency medical systems whose goal 1s to have
STEMI patients arrive in catheterization laboratory as soon as possible, 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 impose severe limitations on quality
of life.

[0006] Modern interventional therapy for acute myocardial infarction has
matured over time with impressive clinical results. Heart attack/STEMI death
rates at 30 days have dropped from more than 30% to less than 5%, achieved by
reperfusing the heart with blood as soon as possible during coronary arterial
occlusion. This goal 1s accomplished by streamlining clinical care systems to
open coronary arteries 1n the catheterization lab as rapidly as possible after heart
attack onset. Emergency procedures including stenting and balloon angioplasty
are undisputed as necessary for improving 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 1schemic chest pain/angina, left ventricular aneurysm and clot,

and malignant arrhythmias.
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[0008] Late Heart failure complicates 25-50% of acute STEMI, caused
by poor left ventricular function and damaged myocardium. Heart failure 1s
worsened as the heart remodels 1n shape and size, and loses function. Nearly half
of all new heart failure in patients under 75 years 1s linked to STEMI.

[0009] Many years investigating STEMI therapy show that opening the
epicardial/large coronary artery 1s insufficient to salvage heart muscle and
optimize long term patient outcome. The most common reason for poor late
results after heart attack 1s microvascular obstruction (MVO). MVO 1s occlusion
or severe flow limitation 1n the internal cardiac microvessels, typically by clot.
These microvessels are impervious to stenting and conventional thrombolytic
therapy. Thus, despite a widely patent epicardial coronary artery, resitdual MVO
obstructs blood flow into the heart causing cell 1schemia death from severe heart
muscle damage.

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

[0011] MVO 1s very common in STEMI patients, even though stenting
and balloon angioplasty are successful at opening epicardial coronary arteries.
MVO occurs 1n more than half of all STEMI patients, even with good blood
flow through open epicardial arteries and newly placed stents.

[0012] MVO extent 1s key to the severity of myocardial damage and
patient outcome. MVO 1s best imaged via cardiac MRI which measures MVO
location, extent and severity. MRI, however, cannot be performed emergently or
during a cardiac catheterization procedure since 1t requires patients to be 1n a
separate imaging area and within a separate scanner.

[0013] Important features of MVO may be summarized by the following:
[0014] 1. MVO and microvascular dysfunction in STEMI 1s the principal
cause of major complications early and late after heart attack.

[0015] 2. Angiographic “no-retflow” or “low-reflow” 1s caused by MVO

and 1s due to obstructed microvessels within the heart. MV O 1s fluoroscopically
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characterized by very slow X-ray contrast filling the epicardial coronary arteries
as visualized during coronary treatment in the catheterization laboratory.

[0016] 3. MVO causes myocardial cell injury and death from prolonged
1schemia/lack of oxygen, blood, and key metabolic nutrients such as glucose.
MVO microscopic analysis shows microvessels filled with platelet and fibrin
clot, dead myocardial cells, inflammatory cells, myocyte cell death, and
endothelial cell death along the obstructed intramyocardial capillaries.

[0017] 4. MVO studied acutely shows cardiac arterioles and capillaries
completely occluded by platelet and fibrin-rich thrombus, platelet-neutrophil
aggregates, dying blood cells and embolic debris.

[0018] 5. When MVO complicates acute STEMI/myocardial infarction,
far greater heart/myocardial damage occurs, and poor ventricular function occurs
early.

[0019] 6. MVO 1s very common. It occurs 1n:

[0020] a. 53% of all STEMI and NSTEMI regardless of epicardial flow,
[0021] b. 90% of Large Transmural STEMI,

[0022] c. 40% of MI with TIMI III (normal) X-ray visualized flow, and
[0023] d. MVO 1s the single most potent prognostic marker of events

after controlling for infarct size.

[0024] 7. Patients with microvascular obstruction have more late major
adverse cardiovascular events (MACE) than those without MVO (45% versus
9%).

[0025] 8. MVO 1s the best predictor of acute and chronic cardiovascular
adverse outcomes.

[0026] 9. MVO acutely becomes late fibrous scar and causes poor
cardiac function.

[0027] MVO cannot be diagnosed 1n a conventional catheterization
laboratory. Moreover, no effective conventional therapies were available. Many
possible prior therapies all proved essentially ineffective, and 1n some cases,
dangerous.

[0028] Problems encountered with prior MV O therapy include rapid
fluid bolus 1njection with drugs. This failure 1s best understood as fluids follow

paths of least resistance. MVO-obstructed vessels have very slow tflow, with
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very high hydraulic resistance. Direct drug bolus 1nto coronary arteries has little
effect against MVO because the injected agent enters only open and
unobstructed microchannels, with little or none entering obstructed microvessels
in STEMI. Studies suggest that only 1/1000 of a locally injected drug enters
obstructed microvessels, most drug entering the open and unobstructed
microvessels. Delivering high drug doses to occluded microchannels 1n this
adverse ratio yields unacceptably high toxic systemic drug level because all
1injected drug eventually enters the systemic circulation. High systemic drug
levels place patients at risk of dangerous systemic bleeding and other systemic
complications including vessel dissection due to high flow infusion rates.

[0029] Solving MVO 1s a critical need for cardiologists. Technology and
methods to successfully and efficiently deliver therapeutic agents to MVO-
obstructed microvessels of multiple organs (Heart, brain, bowel, extremities,
liver, and kidneys for example) are not available. Such therapy must be simple,
efficient, safe, and easy to use 1n the catheterization lab. Such methods must
deliver high dose therapeutic agents into occluded channels without causing
toxic systemic concentrations, and to be available to treat microvessels after flow
restoration will permit a further goal of preventing or limiting reperfusion 1njury.
[0030] There 1s a need 1n the art for apparatus and methods that can
measure real-time intracoronary vascular resistance (RTIVR) and compliance to
diagnose and treat microvascular obstruction (MVO) and tissue

necrosis/infarction.

SUMMARY
[0031] Methods and devices for the diagnosis and treatment of
microvascular obstruction (MVO) and other dysfunctional diseases of the
microvasculature of many organs including the heart. More particularly, non-
limiting embodiments include novel devices and methods to successtully
diagnose, restore patency, open and preserve flow, and limit reperfusion injury
1n organs and cases with microvascular obstruction. No known prior art methods
are available to detect and measure or treat MV O 1n real time during scenarios
such as invasive angiographic/therapeutic procedures. Such procedures include

therapy for organ systems including the heart (acute myocardial infarction -
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primary percutaneous coronary intervention (PPCI)), brain (stroke (CVA), bowel
1schemia/infarction, pulmonary emboli/infarction, critical limb
1schemia/infarction, renal 1schemia/infarction, and others. Using methods of the
invention, a system comprising specialized infusion and sensing catheter,
diagnostic agents, therapeutic agents, and control console with specialized
algorithms can both diagnose and treat MVO by eliminating the microvascular
clot and debris causing the obstruction. The techniques involve a combination of
novel devices, methods, and software to simultaneously diagnose and treat
MYVO. This permits operation in real-time with real-time operator feedback for
diagnostic and therapeutic decision making, and so create a system feasible for

interventional procedures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] The present disclosure 1s 1llustrated by way of example and not
limitation 1n the figures of the accompanying drawings, 1n which like references
indicate similar elements and 1n which:

[0033] FIG. 1 illustrates an example of a modular computerized
diagnostic and infusion system for coronary and other human/animal
vasculature; 1n accordance with some embodiments of the present subject matter:;
[0034] FIG. 2 1llustrates an example of an infusion catheter having an
occlusion balloon, 1n accordance with some embodiments of the present subject
matter;

[0035] FIG. 3 illustrates an example of an infusion catheter having an
occlusion balloon, 1n accordance with some embodiments of the present subject
matter;

[0036] FIG. 4 1llustrates a graph of an occlusion and infusion algorithm,
1n accordance with some embodiments of the present subject matter;

[0037] FIG. 5 illustrates a graph calculating real-time intracoronary
vascular resistance, 1n accordance with some embodiments of the present subject
matter;

[0038] FIG. 6 illustrates a photographic slide of porcine non-clinical

trials showing angiographic no-reflow after a 90 minute left anterior descending
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artery (LAD) occlusion distal to the second diagonal, 1n accordance with some
embodiments of the present subject matter;

[0039] FIG. 7 illustrates a photographic slide of porcine non-clinical
trials showing a two chamber hi-resolution gadolinium enhanced magnetic
resonance imaging (MRI) scan with microvascular obstruction (MVO), 1n
accordance with some embodiments of the present subject matter;

[0040] FIG. 8 illustrates a photographic slide of porcine non-clinical
trials showing platelet rich MVO 1n a 200 micrometer vessel, in accordance with
some embodiments of the present subject matter;

[0041] FIG. 9A 1llustrates a photographic slide of porcine non-clinical
trials showing a four chamber magnetic resonance imaging (MRI) scan with
microvascular obstruction (MVO), 1n accordance with some embodiments of the
present subject matter:;

[0042] FIG. 9B illustrates a photographic slide of porcine non-clinical
trials showing a two chamber magnetic resonance imaging (MRI) scan with
microvascular obstruction (MVO), 1n accordance with some embodiments of the
present subject matter;

[0043] FIG. 10 1llustrates a graphical representation of the MVOs
location shown 1n FIGS. 9A-B, 1n accordance with some embodiments of the
present subject matter;

[0044] FIG. 11 1illustrates a graph of porcine non-clinical trials showing a
percentage of MVO and a percentage of infarct size of the total left ventricle, 1n
accordance with some embodiments of the present subject matter;

[0045] FIG. 12 illustrates a table comparing results of a porcine non-
clinical trial to human data, 1n accordance with some embodiments of the present
subject matter:;

[0046] FIG. 13 1llustrates a table showing results of consecutive animals
1n a porcine non-clinical trial to create human like MVO, 1n accordance with
some embodiments of the present subject matter;

[0047] FIG. 14 illustrates an angiogram of a porcine non-clinical trial
showing results of test subject number fourteen, 1n accordance with some

embodiments of the present subject matter;
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[0048] FIG. 15 illustrates an angiogram of a porcine non-clinical trial
showing results of test subject number fourteen, in accordance with some
embodiments of the present subject matter;

[0049] FIG. 16 illustrates data from MRI hi-resolution scans of a porcine
non-clinical trial, 1n accordance with some embodiments of the present subject
matter;

[0050] FIG. 17 1llustrates position of histology sectioning blocks from
the endocardial to epicardial border from section 1 of test subject 12 as shown 1n
photographic slides in FIGS. 18-20 of a porcine non-clinical trial, in accordance
with some embodiments of the present subject matter;

[0051] FIG. 18 1llustrates a photographic slide of histology section 1,
block 1 of a porcine non-clinical trial, in accordance with some embodiments of
the present subject matter;

[0052] FIG. 19 illustrates a photographic slide of histology section 1,
block 2 of a porcine non-clinical trial, in accordance with some embodiments of
the present subject matter;

[0053] FIG. 20 illustrates a photographic slide of histology section 1,
block 5 of a porcine non-clinical trial, in accordance with some embodiments of
the present subject matter;

[0054] FIG. 21 1llustrates a photographic slide of a histology section
block 8 from test subject 8 of a porcine non-clinical trial, in accordance with
some embodiments of the present subject matter;

[0055] FIG. 22 1llustrates a photographic slide of a histology section
block 8 from test subject 3 of a porcine non-clinical trial, in accordance with
some embodiments of the present subject matter;

[0056] FIG. 23 A 1llustrates a photographic slide of a histology section
block 8 from test subject 3 of a porcine non-clinical trial, in accordance with
some embodiments of the present subject matter;

[0057] FIG. 23B illustrates an example of the MVO occurrence
1llustrated in FIG. 22 and FIG. 23 A, 1n accordance with some embodiments of
the present subject matter;

[0058] FIG. 24 1llustrates a photographic slide of a human histology

section, 1n accordance with some embodiments of the present subject matter;,
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[0059] FIG. 25 1llustrates a graph showing faster pressure drops in
infarcted myocardium due to loss of capacitance produced with data from a
porcine non-clinical trial, 1n accordance with some embodiments of the present
subject matter:;

[0060] FIGS. 26 A-B 1llustrate charts comparing Tau and Tau40
calculations without heart rate compensation from a porcine non-clinical trial, 1n
accordance with some embodiments of the present subject matter;

[0061] FIGS. 27A-B 1llustrate charts comparing Tau™ and Tau40*
calculations with heart rate compensation from a porcine non-clinical trial, in
accordance with some embodiments of the present subject matter;

[0062] FIG. 28 1llustrates a chart comparing waterfall pressure at T1, T2,
and T3 from a porcine non-clinical trial, in accordance with some embodiments
of the present subject matter;

[0063] FIG. 29 illustrates a chart graphing real time vascular resistance
from a porcine non-clinical trial, in accordance with some embodiments of the
present subject matter:;

[0064] FIG. 30 illustrates a chart graphing mean values of real time
vascular resistance from a porcine non-clinical trial 1n 7 subjects, 1n accordance
with some embodiments of the present subject matter; and

[0065] FIGS. 31A-B 1llustrate a chart graphing statistical significant
difference across 7 subjects of real time vascular resistance from a porcine non-
clinical trial with statistical significant difference for every flow infusion value,

1n accordance with some embodiments of the present subject matter.

SUMMARY

[0066] Systems and apparatus are included that are configured to
determine 1n real time effectiveness of apparatus and methods used to unblock
microvascular obstructions (MVO). Because the results are shown 1n real time,
apparatus and methods can be quickly changed to alter treatment and more
quickly unblock or improve MVO. An infusion system using the occlusion
balloon blocks antegrade flow for a short time and measures vascular pressure
response as an infusate 1s infused 1n stepwise fashion at increasingly higher

flowrates. During antegrade flow occlusion a calculation of the real-time

PCT/US2018/051760
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vascular resistance can be made using the formula R(t) = P(t)/Qmean(t) where:
Qmean(t): 1s the flow mean values generated by the infusion system; P(t): 1s the
distal pressure response 1n the vessel generated from the flow infusion; and R(t):
1s the calculated vascular resistance using the two other known parameters.
Examples of the described invention herein may be used for coronary and other
human vasculature to diagnose and treat microvascular obstruction (MVO) and
tissue necrosis/infarction.

[0067] The following disclosure outlines an approach and non-clinical
data generated from using this approach to measure RTIVR. The data show the
ability of systems/devices/methods described herein to measure RTIVR, Tau and
Waterfall Pressure and that these parameters can detect MVO and tissue
necrosis/infarction.

[0068] This Summary 1s an overview of some of the teachings of the
present application and not intended to be an exclusive or exhaustive treatment
of the present subject matter. Further details about the present subject matter are
found 1n the detailed description and appended claims. The scope of the present

invention 1s defined by the appended claims and their legal equivalents.

DETAILED DESCRIPTION
[0069] The following detailed description of the present subject matter

refers to subject matter in the accompanying drawings which show, by way of
1llustration, specific aspects and embodiments 1n which the present subject
matter may be practiced. These embodiments are described in sufficient detail
to enable those skilled in the art to practice the present subject matter.

22 ¢¢

References to “an”, “one”, or “various” embodiments 1n this disclosure are not
necessarily to the same embodiment, and such references contemplate more than
one embodiment. The following detailed description 1s demonstrative and not to
be taken 1n a limiting sense. The scope of the present subject matter 1s defined
by the appended claims, along with the full scope of legal equivalents to which
such claims are entitled.
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