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Currently Enrolling!

Phase 3 program of the oral factor eleven A inhibitor asundexian as novel antithrombotic
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AF is a growing problem 
with greater morbidity and mortality

FXa Inhibitor Use is Rapidly Growing!

1. 1Benjamin EJ. et al, Heart Disease and Stroke Statistics—2018 Update: A Report 
From the American Heart Association. Circulation. 2018; 137: e67-e492.
2. Holmes DR, Seminars in Neurology 2010;30:528–536.

1. January CT, et al. J am Coll Cardiol. 2019;74(1):104-132. 2 Lip GYH, et al. Chest. 2018; 154(5): 1121-1201. 3. Steffel J, et 
al. Europace. 2021;23(10):1612-1676. 4. Data on File, REF-140412. AstraZeneca Pharmaceuticals LP.

Current Therapies
• Current Antithrombotic Options

• Aspirin
• Meta-analysis (8 trials, 4876 participants),

reduced stroke by 22% (6-35%)

• Major bleeding risk 0.23%/year

• Warfarin
• Meta-analysis (6 trials, 2900 participants),

reduced stroke by 64% (95% Cl, 49-74%)

• Major bleeding risk ~6%

• Aspirin and Plavix
• Pooled analysis (5 studies involving

24,084 participants) reduced stroke vs.
aspirin alone (p<0.05)

• Increased risk of major bleeding (p<0.05)

• Direct Oral Anticoagulants
• Compared to warfarin

• Dabigatran – lower ischemic stroke

• Apixaban/edoxaban – lower hemorrhagic stroke
and major bleeding

• All DOACs – lower ICH

Skeik N. Vasc Med. 2014 May 30;19(3):205-214Ann Intern Med. 2007 Jun 19;146(12):857-67  Zheng SL JAMA. Published online January 22 2019
J Manag Care Spec Pharm. 2017 Sep;23(9):968-978 Ruff CT, et al. Lancet 2013

Bleeding complications!
Antidote cost!

3

4

2 of 53



MHIF Cardiovascular Grand Rounds | 
May 22, 2023

Annual Hospitalizations for 
Major Bleeds1

117,000

Annual Deaths Related to 
Major Bleeds2

20,000

1. Truven Health Analytics, 12 months ending December 31, 2016 for Commercial , Medicare and Medicaid pts.
2. Skaistis J, et al. Plos One. 2015;10(9);e0137444.

Rocket AF and Aristotle Trials

Patel MR et al. N Engl J Med.2011;365(10):883-991.
Granger CB et al. N Engl J Med. 2011;365(11):981-992.
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FXIa Inhibitor History
• Preclinical

• FXI-deficient mice studies benefit in reduced thrombus formation with no increase in bleeding time
(even when given with dual antiplatelet agents), as seen in DOAC models1

• Inherited FXI deficiency lower clinical aPTT and categorized as mild bleeding phenotype with no
direct association between activity levels and bleeding risk2.

• A lower stroke risk was particularly evident in patients with AF4

• Phase 1 studies
• no relevant bleeding events were reported, shown to be safe and well tolerated3

• Phase 2 studies
• Less bleeding compared to apixaban in AF patients, with some also receiving antiplatelet therapy
• PACIFIC studies n=4164, support for Asundexian 50mg dose selection, lower incidence of

bleeding than apixaban, and potential benefit in prevention of ischemic strokes and TIAs

1. Wang X et al. Effects of factor IX or factor XI deficiency on ferric chloride-induced carotid artery occlusion in mice. J Thromb Haemost. 2005 Apr;3(4):695-702 2.Visser M et al. Role of Factor
Xia and Plasma Kallikrein in Arterial and Venous Thrombosis. Thromb Haemost. 2020 Jun;120(6):883-993. 3. Kubitza D. et al. Safety, pharmacodynamics, and pharmacokinetics of single 
doses of BAY 59-7939,  an oral, direct factor Xa inhibitor. Clin Pharmacol Ther. 2005 Oct;78(4)412-21 4. Georgi B. et al. Leveraging Human Genetics to Estimate Clnical Risk Reductions 
Achievable by Inhibiting Factor XI. Stroke. 2019 Nov;50(11):3004-12.

Asundexian: Mechanism of Action

Through selective inhibition of the intrinsic pathway, 
asundexian may prevent pathological clot formation 
(thrombosis) without hindering hemostasis 
(physiologic response to injury)
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OCEANIC-AF

OCEANIC-AF Endpoints
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OCEANIC-AF Risks

Study drug will be discontinued if:

• ALT/AST > 8 x ULN
• ALT/AST > 5 ULN for 2+ weeks
• ALT/AST > 3 ULN and (total

bilirubin >2 x ULN or INR 1.5)
• ALT/AST > 3 ULN with

appearance of fatigue, nausea,
vomiting, RUQ
pain/tenderness, fever, rash,
and/ or eosinophilia (>5%)

OCEANIC-AF Screening and Enrollment

• Screening from EP clinic
• Estimated to look at ~75 patient charts per week
• Coordinator will send staff message if you have a patient that looks eligible for

screening

• Accepting referrals
• Send staff message, including patient chart, to MCHH EP OCEANIC-AF pool
• Coordinator will complete pre-screen and get back to you prior to patient visit, if

scheduled

• Able to meet at Centennial Lakes (pending) and ANW clinic for initial discussion, but
screening/randomization will need to be at ANW

• Current goal is to enroll 2-3 patients per week.

• Already enrolled first patient!
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Questions???

Thank you!

OCEANIC-AF Team 

João L. Cavalcante MD, FACC, FASE, FSCCT, FSCMR

Section Head, Cardiac Imaging

Director, Cardiac MRI and Structural CT Labs

Director, Cardiovascular Imaging Research Center and Core Lab

Minneapolis Heart Institute

Joao.Cavalcante@allina.com /       @JoaoLCavalcante

Non-invasive approach to coronary 
microvascular disease diagnosis 

May 22nd 2023
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Personal Disclosures: 
- Consultant (4C Medical, Abbott Structural, Anteris, AriaCV, Boston Scientific, Edwards Lifesciences,

JenaValve, Medtronic, VDyne, WL Gore, Xylocor)

- Research Collaborations (Siemens Healthineers, Dr. Peter Kellman, NIH/NHLBI)

- Research Grant: Abbott Structural, Boston Scientific, Edwards Lifesciences, Abbott Northwestern
Hospital Foundation 

- Co-Investigator for SUMMIT Trial, Triluminate (sponsor: Abbott)

Imaging Core Lab:
- Institutional Contracts: Abbott, Boston Scientific, Edwards Lifesciences, Medtronic

- Research Support: Circle CV Imaging, Medis, 3Mensio

- Research Grants: Siemens Healthineers, Ziosoft

“All that wheezes is not asthma...”
“All that causes angina/ischemic chest pain is not epicardial CAD…

15
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Why is this important!? 
2/3 of women who present with symptoms of chest pain and 

ischemia (angina), have no evidence of obstructive disease
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• Impaired vasodilation (vasomotor
abnormality) is important determinant  ROS
+ oxidative stress

• Structural alterations  reduction in flow due
to the “environment”  compression of the
microvasculature (myocardial fibrosis, edema,
h t h tiff )
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Kelshiker et al. Eur Heart J 2022 Apr 19;43(16):1582-1593

Association of CFR with 
MACE in several subgroups:
- Acute Coronary Syndromes
- Chronic Coronary Syndromes
- Heart Failure
- Heart Transplant
- Diabetes Mellitus
- Aortic Stenosis
- Systemic Sclerosis
- Sepsis

Kelshiker et al. Eur Heart J 2022 Apr 19;43(16):1582-1593
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Taqueti V et al. EHJ 202

25

26

13 of 53



MHIF Cardiovascular Grand Rounds | 
May 22, 2023

27

28

14 of 53



MHIF Cardiovascular Grand Rounds | 
May 22, 2023

74yo female (BMI=24) with h/o COPD, HTN, prior COVID, 
mild coronary calcification with exertional dyspnea
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Check Myocardial Blood Flow Quantification – Always Available!

68yo female (BMI=36) with h/o dyslipidemia, HTN, type 2 DM, 
CACS=1111 AU with exertional dyspnea. 50 lbs weight loss with 

Ozempic.
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Stress MBF=1.7 ml/min/g
MPR=2.1

Taylor C et al. JCCT 2017 Nov;11(6):429-436.
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Kellman P et al, JCMR 2017; 19:43

Quantitative Perfusion Improves Identification of 3V CAD
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Perfusion Maps improve interpretation accuracy

6 slice coverage is now feasible without compromise of 
the quantification/temporal or spatial resolution

Increases coverage with dedicated 2-chamber
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MBF 4.0ml/g/min

MBF 1.3ml/g/min

Aim
To assess the performance of CMR 
perfusion mapping for the diagnosis of 
MVD in patients with NOCAD

Validation against coronary physiology

Kotecha T …. Fontana M et al, JACC Imaging 2019

CMR Quantitative Perfusion 
Correlates well with Cardiac PET

Engblom et al. J Cardiovasc Magn Reson
2017;19(1):78. 

doi: 10.1186/s12968-017-0388-9.

N=21 patients
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CMR Quantitative Perfusion Correlates well with Cardiac PET

3 Vessel CAD unmasked by quantitative perfusion by 
both CMR and PET

Engblom et al. J 
Cardiovasc Magn

Reson
2017;19(1):78. 

doi: 
10.1186/s12968-

017-0388-9.

• Automatically AI-derived MBF and MPR have prognostic
relevance beyond the detection of regional ischemia.

• Opportunity for quantitative perfusion analysis to be applied
in the routine clinical setting to potentially risk stratify
beyond the detection of regional ischemia alone.
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- MACE was defined as myocardial infarction, stroke,
heart failure admission, revascularization, or
death.

- Revascularization events <90 days after CMR were
excluded to prevent the inclusion of events
occurring as a result of the perfusion CMR.

Our Cardiac MRI labs 
(ANW/United) can 
now detect this 

problem, with no 
additional radiation!
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Clinical Case
• 75yo female with HTN, dyslipidemia, obesity (BMI=37), prior gastric bypass,

CACS=187 AU, presenting with exertional dyspnea and vague retrosternal CP

SPECT IMPRESSION: 
1. There is a small area of mild ischemia in the mid and apical anterior septum.
2. Normal left ventricular ejection fraction of 65 percent.
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Stress Rest

Adenosine 170 
mcg Stress

25 y.o. female with a history of HTN, DM2 (not on 
medication), PCOS admitted on 10/2020 with CHF.
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Future Directions

72yo female s/p OHTx in 2016 with 20% mid LAD non-obstructive 
stenosis thought to be cardiac allograft vasculopathy
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Patients were classified into
2 groups according to the total MBFR: >2.0 and ≥ 
2.0. An MBFR value of 2.0 was chosen as the 
cutoff based on the definition of microvascular 
dysfunction, prognostic value for stress PET and 
ROC (1.96). 
Then classified into 3 CAV groups: 
Epicardial CAV  + ischemia (SDS ≥ 2 or 
ISHLT CAV ≥1, MBFR >2.0; Microvascular 
CAV: MBFR ≤ 2.0 and no ischemia or epicardial 
CAV; and Mixed CAV

55
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Retu Saxena1,2, João L. Cavalcante1,2, Dawn R. Witt2, Stephanie Zinken
Ebnet2, Gretchen Benson2, Ross Garberich2, Opema Lohese2, Derek 
Vang2, Peter Kellman3, Hue Xui3, Scott Sharkey2

(1) Minneapolis Heart Institute at Abbott Northwestern Hospital, Minneapolis, MN
(2) Minneapolis Heart Institute Foundation, Minneapolis, MN
(3) NIH/NHLBI, Bethesda, MD

BACKGROUND

RESULTS

• Between March and September 2021, patients who met the criteria for acute
TS with mid-apical regional wall motion abnormalities (WMA) and no
significant coronary artery obstruction were approached to participate. 

• After informed consent, patients underwent comprehensive Adenosine
stress CMR study with cine imaging, T2-mapping, quantitative perfusion 
with automated in-line quantification of global and regional MBF, in
addition to late gadolinium enhancement (LGE) imaging. Same protocol was 
repeated at 6-months from initial CMR exam to assess for interval changes.

• A total of 4 patients were so far recruited. All women, age range 49-77 years, with clear 
emotional trigger and mild troponin elevation (Table 1).

• CMR was performed within 3±SD (or median, IQR) days from presentation. Left 
ventricular ejection fraction was 30-45% with regional myocardial edema (Figure 1) and
hypokinesis or akinesis in the mid-apical segments (Figure 2). LGE was absent in all
patients.

• In the acute TS setting, although global rest (>1.0 ml/min/g) and global stress MBF (> 
2.0 ml/min/g) were normal, apical stress MBF was abnormal with a base/apex ratio >
1.5 (normal=1.0) (Table 1) (Figure 3)

• Repeat CMR at 6 months from acute presentation in 3/4 patients, has so far 
demonstrated resolution of myocardial edema, normalization of LV contractility and of 
stress MBF (Figures 1, 2, 3).

METHODS

STRESS MYOCARDIAL BLOOD 
FLOW IS ABNORMAL DURING 

ACUTE TAKOTSUBO SYNDROME
• Coronary microvascular dysfunction (CMD) is a proposed

mechanism for takotsubo syndrome (TS). 
• To date, it is unknown whether changes in stress myocardial blood 

flow (MBF) exist during acute TS presentation, their associated
mechanisms and the natural course of such abnormalities.

• In a proof-of-concept mechanistic study, cardiac magnetic 
resonance imaging (CMR) with T2 mapping and quantitative stress 
perfusion were used to comprehensively evaluate during the acute 
TS presentation and at 6-months later.

Table 1

ACUTE END-systole
END-diastolic volume 87 ml
SV 107 ml    EF 55% 

ACUTE END_DIASTOLE
END-diastolic volume 194 ml
ECV   29% 

RECOVERY END-systole
END-diastolic volume 74 ml
SV 106 ml    EF 59% 

RECOVERY END-diastole
END-diastolic volume 180 ml
ECV  26%

Patient 4 Patient 3 Patient 2 Patient 1 
FemaleFemaleFemaleFemaleSex

67774968Age
0.2284.25711.0971.998Peak troponin (ng/dL)
ApicalApicalApicalApicalBallooning Type

30344544Left Ventricular EF %
EmotionalEmotional EmotionalEmotionalType of TS stressor

2.32.22.52.3Stress MBF (ml/min/g),
2.83.43.33.0Basal segments
1.71.41.51.8Apical segments
1.62.42.21.7Base to Apex Ratio

Figure 1 – Systolic T2 Mapping at acute TS presentation and at 6-months Recovery

CONCLUSIONS

Figure 2

Table  1 – Baseline Clinical and Imaging Characteristics

1. During acute TS, rest MBF is normal in all segments despite 
abnormal mid-apical contraction

2. During acute TS, regional MBF response to adenosine stress is
decreased in abnormally contracting LV segments.

3. This abnormal response may reflect intrinsic CMD or the 
consequence of regional myocardial edema. 

4. At 6 months after acute event; wall motion, myocardial 
edema, and myocardial blood flow completely normalize

5. Stress CMR may offer insights into the mechanism for TS

6 months post recovery  MBF at stress

Normal Stress MBF > 2.0 ml/min/g

Acute TTS MBF at Rest =1.3 ml/min/g

Normal Rest MBF 0.8-1.0

Acute TTS MBF at Stress: Base 
3.03,  Apex 2.1, Ratio 1.5

Normal Stress MBF > 2.0 ml/min/g

6 months post recovery  MBF at rest = 
1.0 ml/min/g

Normal Rest MBF 0.8-1.0

Acute

Recovery 

Figure 3 

Normal myocardial T2 mapping < 55 msec
CJL1
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EuroPCR.com

• Microvascular resistance reserve (MRR) (De 
Bruyne, Pijls et al. 2021) is the ratio of true resting
microvascular resistance to hyperemic
microvascular resistance:

What did we study?

MRR =  
Rµ,rest
Rµ,hyper Pd,hyper

Qmax

Hyperemia Rµ,hyper ൌ
P𝑑, ℎ𝑦𝑝𝑒𝑟
Q𝑚𝑎𝑥

QrestPa,rest

Rest Rµ,rest ൌ
P𝑎, 𝑟𝑒𝑠𝑡
Qrest

=   
Qmax
Qrest

. 
Pa,rest
Pd,hyper

• MRR is a reflection of disease only in the microcirculation, 
even in the presence of epicardial disease

de Vos A, et al. Microvascular Resistance Reserve to Assess Microvascular 
Dysfunction in ANOCA Patients. J Am Coll Cardiol Intv. 2023

• MRR in the "normal" group was 3.4 compared with a mean MRR of 
1.9 in the "abnormal" group.

• MRR >2.7 ruled out coronary microvascular dysfunction (CMD) with a 
certainty of 96%, whereas MRR <2.1 indicated the presence of CMD 
with a similar high certainty of 96%.

01234

EuroPCR.com

What did we study?

• The CCTA+FFRCT pathway enables non‐invasive evaluation of epicardial disease

Microvascular 
function

Epicardial 
function

Anatomy

Invasive

Non‐invasive

FFR ൌ Pd/Pa
At hyperemia

MRR ൌ
𝑅𝑢, 𝑟𝑒𝑠𝑡
𝑅𝑢, ℎ𝑦𝑝𝑒𝑟

• We propose a non‐invasively computed MRR (MRRCT) using a model built from CCTA
imaging, and using total LV flow at rest and stress from [15O]H2O‐PET MPI

• As a proof‐of‐principle, we evaluated MRRCT and FFRCT in different patient groups
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0 Add animations 
, 2023-04-04T20:58:34.106

1 Explain the importance of MRR, and why evaluating microvascular 
resistance is important
, 2023-04-04T21:05:42.753

2 Replace text with illustrations ideally, and explain clinical relevance
, 2023-04-04T21:06:25.947

3 Explain how MRR-CT and FFR-CT allows us to evaluate epicardial 
and microvascular disease non-invasively
, 2023-04-04T21:14:58.734

4 Add table showing how certain metrics would typically require 
invasive measurements (FFR for epicardial, MRR for microvascular 
evaluation), with a new row showing how we can do this 
non-invasively
, 2023-04-04T21:17:53.582

31 of 53



MHIF Cardiovascular Grand Rounds | 
May 22, 2023

EuroPCR.com

What are the essential results?

• By tuning only total LV flow in our model, territory‐level flow correlates strongly with [15O]H2O‐PET

PET MBF

Si
m
u
la
te
d
 M

B
F

LAD

R
e
st

LCx RCA

R=0.97 R=0.95R=0.96

H
yp
er
e
m
ia

R=0.96 R=0.96 R=0.96

Hyper. MBF 
(ml/min/g)

Rest MBF
(ml/min/g)

PET Simulation

𝑄𝐿𝑉
ℎ𝑦𝑝𝑒𝑟

𝑄𝐿𝑉
𝑟𝑒𝑠𝑡

EuroPCR.com

What are the essential results?

• MRRCT was significantly different between disease 
categories, with the lowest values found in CMD 
patients, and highest values in Normal patients

MRRCTFFRFFRCT

4.081.00.91RCA

4.000.430.47LAD

4.180.910.90OM

FFRCT58 y.o. Male with atypical angina, 
CAD and normal MRRCT

MRRCTFFRFFRCT

N/ACTOCTORCA

2.220.720.68LAD

2.150.730.72LCX

55 y.o. Female with atypical angina, 
CAD, CTO and low MRRCT

FFRCT

MRRCTFFRFFRCT

2.1910.95RCA

2.210.940.90LAD

2.1910.98LCX

70 y.o. Female with typical angina, 
CMD, No CAD, and low MRRCT

FFRCT

• MRRCT displays a range of values for CAD patients, 
which could stratify patients for treatment

MRRCT computed for different Disease Categories, N=92

M
R
R
C
T

Disease Category

Hyperemic MBF 

Hyperemic MBF 

Hyperemic MBF 

Normal 
(FFR>0.8,
hMBF≥2.3,
CFR≥2.5)

CAD 
(FFR≤0.8)

Funct. CMD 
(FFR>0.8,
hMBF≥2.3,
CFR<2.5)

Struct. CMD 
(FFR>0.8,
hMBF<2.3)

01234
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Slide 62

0 Animate cases to appear 1 at a time
, 2023-04-04T21:00:24.240

1 Point out that predicted MBF distribution of simulated polarmaps 
match well with the PET imaging, where we can see clearly the 
local perfusion deficits
, 2023-04-04T21:01:19.989

2 Patient 1: mention patient conditions, highlighting normal 
epicardial vessels
, 2023-04-04T21:02:09.487

3 Add any additional clinical context for the patient in a pop-up box 
in the purple section at the bottom
, 2023-04-04T21:02:36.312

4 Update MRR -> MRRct in plot (bottom left)
, 2023-05-12T17:17:37.034
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• Why?MRR overcomes issues with CFR and IMR for evaluating CMD, but is invasive

The essentials to remember

CCTA‐derived Microvascular Resistance Reserve (MRRCT) enables non‐invasive 
evaluation of coronary microvascular function

• What?MRRCT is a non‐invasive MRR assessment as derived from CCTA and PET MPI

• How?MRRCT uses geometry from CCTA, total LV rest and stress flow from MPI, and is
computed at measurement sites from the resulting simulated pressure and flow

• Results?MRRCT distinguishes Normal subjects from CMD patients, and stratifies CAD
patients into those with normal vs abnormal microvascular function

• Why is this important? MRRCT is the first non‐invasive and specific approach to CMD

Closing Thoughts
• CMD is common (25-40%) of patients without obstructive CAD and

symptoms. Female:male ratio (3:1). Comorbidities increase the risk.
• Stress Cardiac PET has been validated decades ago and accurate

detection of CMD. Quantification with stress MBF and CFR (MPR) are
reimbursable and available. Importantly, strongly linked with
comorbidities and outcomes.

• Stress Cardiac MRI with now in-line automated quantitative perfusion –
akin to stress PET – is available on both campuses and opens the
possibility to provide objective assessment of CMD.

• Several new developments in imaging will continue to add value to this
complex field and ultimately benefiting patients by providing an answer
and tailored targeted medications.
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Joao.Cavalcante@allina.com /   @JoaoLCavalcante

MHI Structural/
Advanced Imaging Group

- Richard Bae
- Victor Cheng
- Nadira Hamid
- Thomas Knickelbine
- John Lesser
- Michael Miedema
- Marc Newell
- Erik Schelbert
- Jonathan Urbach

Interventional/Structural Team
- Manos Brilakis
- Nicholas Burke
- Mario Gössl
- Michael Mooney
- Yader Sandoval
- Paul Sorajja

Joao.Cavalcante@allina.com
@JoaoLCavalcante 

Joao.Cavalcante@allina.com
@JoaoLCavalcante Thank you!

MHIF Imaging and Valve Research Center

MHIF
- Kris Fortman
- Ross Garberich
- Scott Sharkey
- Lisa Tindell
- Tamara O’Black
- Charles Zaugg

HealthCare Delivery & Innovation
- Steve Bradley
- Craig Strauss CT Surgery 

- Rizwan Attia
- Vinnie Bapat
- Erik Beckmann
- Carly Lodewyks
- Sarah Palmer
- Ben Sun

MHIF Imaging Core Lab
- Kristin Lambrecht
- Teresa Boehm
- Stephanie Schmidt
- Kialtone (Ron) Thao
- Miho Fukui

- Maurice Enriquez-Sarano
- Miho Fukui
- Hideki Koike
- Atsushi Okada
- Cheng Wang
- Asa Phichaphop

Electrophysiology
- Jay Sengupta
- Alan Banks

Diagnostic evaluation of microvascular dysfunction and 
coronary spasm in the cardiac catheterization laboratory

No relevant disclosures.

Yader Sandoval, MD, FACC, FSCAI 
Interventional Section, Minneapolis Heart Institute, Abbott Northwestern Hospital

Center for Coronary Artery Disease, Minneapolis Heart Institute Foundation, Minneapolis, MN.
Adjunct Associate Professor of Medicine, Mayo Clinic College of Medicine and Science

@yadersandoval

MHIF Grand Rounds – Monday May 22st, 2023

65

66

35 of 53



MHIF Cardiovascular Grand Rounds | 
May 22, 2023

• Abbott Diagnostics (advisory board), Roche Diagnostics (advisory board, speaker), Zoll (advisory board), Phillips
(advisory board), Patent #20210401347 (machine learning models for ECG-based troponin level detection)

DISCLOSURES

Nomenclature: INOCA and MINOCA

Ford TJ, Corcoran D, Berry C. Stable coronary syndromes: pathophysiology, diagnostic advances and therapeutic need. Heart. 2018 Feb;104(4):284-292. 

@yadersandoval
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69

CorMicA: Coronary Microvascular Angina RCT

@yadersandoval

Doppler Echocardiography 
(class 2b)

Cardiac PET 

(class 2a)

Cardiac MRI 

(class 2a)

Doppler 

(class 2a)

Thermodilution

(class 2a)

Non-invasive 
assessments of 
coronary/myocardial 
blood flow.

Doppler CFR
HMR
FFR

Thermodilution CFR
IMR
FFR
RFR

Guideline recommended (class 2) approaches for MVD
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Coronary angiography and microvasculature

@yadersandoval

72

Modified clinical classification of CMD

DefinitionCMVD

Primary, i.e. in the absence of structural heart diseaseType 1

In the presence of cardiomyopathies such as LVH, HCM, DCM, amyloidosis.Type 2 

In the presence of obstructive CAD (including ACS)Type 3

After coronary interventionsType 4 

After cardiac transplantationType 5

Modifiers

Acute or chronicDuration

Asymptomatic or symptomaticSymptoms

None, minimal, moderate, or maximal levelTherapy

Herrmann J, Kaski JC, Lerman A. Coronary microvascular dysfunction in the clinical setting: from mystery to reality. Eur Heart J 2012; 33: 2771-2781.

@yadersandoval

71

72

38 of 53



MHIF Cardiovascular Grand Rounds | 
May 22, 2023

73

Invasive evaluation of 
microvascular dysfunction

@yadersandoval

Ischemia and No Obstructive CAD (INOCA)

Noninvasive testing 
more prevalent
Invasive assessment 
more comprehensive

@yadersandoval
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Non-endothelium dependent 
microvascular function

Endothelium dependent vasomotion 
assessment 

Adenosine & coronary flow reserve Acetylcholine for spasm provocation

Invasive evaluation of microvascular function and coronary spasm 

MINOCAINOCA

Testing

Conditions 

@yadersandoval

76

To trigger arteriolar vasodilation

To assess vasomotor function

Ratio of maximal to basal to hyperemic flow velocity

What is coronary flow reserve (CFR)? CFR relates to the ability of the coronary circulation to 
increase blood flow in response to alterations in oxygen demand.

@yadersandoval
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Everaars et al. Doppler flow velocity and thermodilution to assess coronary flow reserve: a head-to-head comparison with [15O]H2O PET. JACC Interv 2018; 11: 2044-2054.

Available methods for invasive microvascular evaluationsAvailable methods for invasive microvascular evaluations

DopplerDoppler ThermodilutionThermodilution

@yadersandoval

78

Doppler Flow Velocity

 Flow velocity is extracted from these data by detecting the instantaneous peak velocity, which represents the maximum 
velocity within the sample volume. 

 The average of instantaneous peak velocity over one or multiple heartbeats is termed average peak velocity (APV).

Escaned & Davies. Physiological assessment of coronary stenoses and the microcirculation. 

@yadersandoval
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Widmer et al. The functional assessment of patients with non-obstructive coronary artery disease: expert review from an international microcirculation working group. EuroIntervention 2019; 14: 1694-1702.

@yadersandoval

80

Normal diagnostic parameters: Doppler-based approach

Microcirculatory 
endothelial function 
(CFRe)

Epicardial endothelial 
function

Non-endothelium 
dependent function 
(CFRne)

--% Δ in ratio of hyperaemic
to
rest APV (i.e., CFR) >2.5 

Adenosine
(microcirculation)

% Δ in CBF >50%% Δ in coronary artery 
diameter >20%

-Acetylcholine
(epicardial and 
microcirculation)

--% Δ in coronary artery 
diameter QCA >20%

NTG (epicardial)

Coronary blood flow (CBF) = 0.5 x velocity x area
Coronary blood flow (CBF) = 0.5 × APV × (radius2×π)

@yadersandoval
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81

• Resting full-cycle ratio (RFR)
• Fractional flow reserve (FFR)
• Index of microvascular resistance (IMR)
• Coronary flow reserve (CFR) (Thermodilution)

@yadersandoval

@yadersandoval
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Everaars et al. Doppler flow velocity and thermodilution to assess coronary flow reserve: a head-to-head comparison with [15O]H2O PET. JACC Interv 2018; 11: 2044-2054.

@yadersandoval

84
Widmer et al. The functional assessment of patients with non-obstructive coronary artery disease: expert review from an international microcirculation working group. EuroIntervention 2019; 14: 1694-1702.
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Risk of invasive coronary reactivity testing: low risk (1%) of adverse events

293 women, mean 
age 54 years (SD 10)

@yadersandoval

Wei J et al. JACC Cardiovasc Interv 2012; 5: 646-53.

16 studies, 12585 patients
Pooled estimate of incidence of major complications was 
0.5% without any reports of death.

@yadersandoval
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 70 year-old female with a history of hypertension and

dyslipidemia with dyspnea on exertion and chest discomfort.

 Previous CCTA ~3 years ago with no significant obstructive CAD,

CAC 100.

 RHC: RA 11, PA 45/18 (30), PCWP 18, CO 5.8, CI 2.6

 LVEDP 17 mmHg

87

Case presentation

88

Doppler CFR

HMR
Hyperemic 
microvascular 
resistance

Intracoronary adenosine

FFR 
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93

Putting it all together

Symptoms • Reproduction of index symptoms

ECG • Ischemic ECG findings

CFR (Adenosine) • Normal CFR: 2.5 Doppler, 2.0 TD

CBF response (ACH) • Normal % delta CBF>50% (Doppler)

Microvasculature • TD  IMR ; Doppler  HMR

Epicardial coronary vasomotion 
(ACH/ NTG) • Normal >20% diameter (dilation)

@yadersandoval
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@yadersandoval

Ford TJ et al. Stratified medical therapy using invasive coronary function testing in angina: The CorMicA trial. JACC 2018; 72: 2841-2855.

@yadersandoval
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DISCOVER INOCA (NCT05288361): 500 participants over 2-years at 10 US sites 

DISCOVER INOCA: adult patients >18 years of age with 
suspected ischemic heart disease referred to undergo clinically 
indicated invasive coronary angiography, with no obstructive 
CAD (angiographically normal, <50% CAD, or >50 but <70% 
with FFR>0.81 or RFR>0.90

Diagnostic assessment: coronary angiography, acetylcholine 
provocation, coronary physiology, intra-coronary imaging.

Patient reported outcomes: SAQ, EQ-5D-5L, PHQ-8, GAD-7

Study follow-up: 30-days, 6-months, 12-months, annually for 5-
years.

Primary endpoint: major adverse cardiovascular events (MACE) 
defined as a composite of cardiovascular death, myocardial 
infarction, hospitalization for cardiovascular causes, or coronary 
revascularization at a follow-up of 5-years. 

@yadersandoval

Take home 
points

100

Microvascular disease is common and nomenclature is 
evolving with terms such as INOCA and MINOCA used to 
refer to patients with stable and unstable presentations. 

MVD represents a spectrum of those with epicardial 
coronary spasm to those with abnormal microcirculation 
without spasm.

Non-invasive MBF can be assessed using PET or CMRI

The gold-standard comprehensive approach remains 
invasive evaluation, which can be performed using either 
Doppler or Thermodilution with ACH spasm provocation.

Randomized data emerging to support diagnosis and 
tailored therapies.
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