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Coronary Microvascular Dysfunction and Vasomotor Diseases
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Microvasculature Plays a Key Role

Microvascular Dysfunction
Heart Failure with Preserved EF
STEMI/NSTEMI

Post-PCIl angina

Post-CTO angina

Refractory angina
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Background

* No treatment yet shown to ovenignOResly (g
reduce morbidity and mortality st =len” Q)
in HFpEF?! | i.'.'.'.".’.’.'?.E‘.':’.'_'F_'E.'i_.‘:?_’__________5 Ay |
* Coronary microvascular bl L , it}*‘“’“‘
dysfunction (CMD) proposed as ORI Sepaiai
a novel mechanism in HFpEF?~> H\’-mﬁﬁ;ﬂm
* Clinical evidence of CMD in
HFpEF limited to selected Cardiomyocytes

referral samples®1°

1Eur Heart ) 2016;37:212%, 2] Am Coll Cardiol 2013;62:263, 2IACC Heart Fail 2016;4:312, *Heart 2016;102:257, 7Eur Heart } 2018 doi: 10.1083/eurheartj/ehy301,
ESC cnnq eSS sMicrocirculation 2015;22:528, "Eur Heart ] 2018;35:840, %Am | Physiol Heart Circ Physiol 2018;314:H1033, fIAHA 2016;5.pii: e002548, ¥*Circ HF 2016;5_pii: EDU%EE

Munich 2018



PROMIS-HFpEF: Conclusions

* Largest prospective multicenter study of CMD in HFpEF

* High (75%) prevalence of CMD in HFpEF in the absence
of unrevascularized macrovascular CAD

» CMD is associated with HF severity (T"NT-proBNP),
systemic endothelial dysfunction (J, EndoPAT RHI,
MUACR), and cardiac dysfunction (I LV, LA, RV strain)

* Microvascular dysfunction may be a promising
composite risk marker and therapeutic target in HFpEF

ESC Congress
Munich 2018 °



Refractory Angina

Increasing number of patients as CAD mortality decreases and
population ages
10-12 million patients in the US with chronic angina

10-15% of patients undergoing coronary angiography have myocardial
Ischemia with anatomy not ideal for CABG/PCI

Chronic total occlusion, degenerated SVG, diffuse disease, poor distal
targets, comorbidities and angina

Angina in the COURAGE trial at 1 year: 42% for medical treatment vs.
34% for PCI (p<0.001)



Refractory Angina Classification Scheme

Phenotype A. Suspected Cardiac Syndrome X Phenotype C. Diffuse Thread-Like Coronary Atherosclerosis

Henry and Jolicoeur, Nature Reviews Cardiology 2014;11:78



INOCA: insights from the ISCHEMIA Trial

8,518 ISCHEMIA Enrolled Participants 13% INOCA INOCA associated with:
= : » Female sex

* Younger age
* Relatively less severe ischemia

Moderate or

severe ischemia
>

Core lab-verified

Exclusion of
prior PCI, CABG,
uninterpretable
CCTA or no CCTA

SN

Women >4-fold odds of INOCA
vs men on multivariate analysis

Ischemia severity not
associated with extent of
nonobstructive CAD on CCTA

Reynolds HR et al. JACC Cardiovascular Imaging. 2023;16(1):63-74




STEMI/NSTEMI

A Identification of high risk patients
A Selection for novel early treatments ?
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IMR correlates to presence of MVC

MVO absent MVO present
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Wall Motion Score

Peak CK (ng/ml)

at 3 Months
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INOCA/MINOCA

» Variable combination
of functional and
structural mechanisms

TAKOTSUBO
SYNDROME

» Microvascular spasm
ey
Pre-existing CMD
ACS

= Embolization

« Ischemia-reperfusion
Injury

* Myocardial edema with
microvascular
compression

* Pre-existing CMD

CARDIO-
MYOPATHIES
« Capillary rarefaction
 Extrinsic compression

» Abnormal vascular
remodelling

« Interstitial fibrosis

IATROGENIC

« Embolization

» Increased sympathetic

tone

Coronary Microvascular Dysfunction Across C

DelBuong M.G et al. J Am Cdllardiol 2021;78(13):1352371



INOCA(ISCHEMIA& NOI\I-OBSTRUCTI\(EQRONAR%KRTERY)ISEAS)E
& CORONARWIICROVASCULAR SFUNCTIONCMD)

Impaired Increased
Microvessel Epicardial Coronary
Dilation Constriction
* INOCA is increasingly recognized
1 l * Estimated prevalence of 3to 4
: - million
Reduced Coronary Flow Reserve Impaired Epicardial
Reduced Coronary Blood Flow Endothelium-dependent * Women make up about 70% of
Coronary Reactivi p '
2 INOCA population in the US
.y * CMD is present in ~“50% INOCA

SCAI

Society for Cardiovascular
Angiography & Interventions




Longterm Outcomes in INOCA

Non-endothelial Dependent CMD predicts MACE
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Murthy VL, et al. Circulation. 2014 Jun 17;129(24):2B1.¢
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CFR Predicts MACE and Mortality

Normal coronary flow reserve (CFR) is strongly associated with a
reduced risk of death and major cardiovascular events (MACE)

Mortality (16 studies, HR 3.78
8446 subjects) t L
MACE (60 studies, HR 3.45
35498 subjects) ——
1 0 1 2 3 4 5 6
Hazard ratio
< >
Favours abnormal Favours normal CFR
CFR

A systematic review and meta-analysis of 79 studies and 59740 individuals
across multiple modalities of CFR measurement.

A 1 in 4 patients with abnormal CFR
will die in 3 years

A CFR was predictive not only in
patient with acute and chronic
coronary syndromes but in diseases
like HF, AS, systemic sclerosis

A CFR was predictive of outcomes
across all modalities (invasive, PET,
TTE)

A IMR was prognostic only in
transplant patients

A CFR as a tool to risk stratify patients

Kelshiker MA, et aEurHeart J. 2022 Apr 19;43(16):158393



Coronary Vasomotor Disorders International Stu

(COVADISNOCA Endotypes

A Microvascular Angina (MVA):

N weonscuar A NOMendothelial dependent CMD
on-Cardiac @ &OC Angina o N A e ~
E@][h\ 4@ AQ =+ a2NBf Il EI Az

A Endothelial Dependent Dysfunction
Ay £ 4202y aidNKO(
A Microvascular spasm
A Vasospastic angina (VSA)
AVascular smooth muscle hyperactiv

Mixed
Microvascular
& Vasospastic

Angina

Vasospastic
Angina

Ford TJ, et al. Circ Cardiovagerv. 2019 Dec;12(12):e00812¢



ACC/AHA Chest Pain GuideHi®CA

Stable Chest Pain
Suspected INOCA

Noninvasive testing more prevalent
Invasive assessment more comprehensive

Invasive coronary function testing*
(requires nonobstructive CAD FFR 20.8)

(2a)

Y

IMR 225
Epicardial artery OR Y
CFR22.0 spasm (>90%) CFR<2.0 : .
IMR.,. e with ACh OR No ischemia
: + angina with nor:nal
. reproduction of ST depression
negative chest pain during ACh bolus MBFR
P"ZVOCatA‘éeh + or infusion, and
study to ischemic ECG || epicardial artery
changes constriction
]  / Y Y
Noncardiac Vasospasm! CMD Low risk for CV events

Factors that Increase
Likelihood of CMD:

« Diabetes,
Hypertension

« Left Ventricular
Hypertrophy

= Small Coronary Vessel
Size or Lumen Volume

« Infiltrative Heart

Disease
Stress PET or stress CMR -
must be with MBFR
(2a)
Stress echocardiography with CFVR
(2b)
Y \J Y
Normal Reduced Reduced
MBFR with M?_FR M?_FR
ischemia . . . .
ischemia no ischemia
o Efor mg;tfna Diagnostic criteria Diagnostic criteria
for CMD + ischemia for CMD
no CMD
Elevated risk for MACE

Gulati M., et al. Circulation. 2021 Nov 30;144(22).e8884.



ESC GUIDELINES
@ E SC European Heart Jourmal (2019) 00, 1—71 ) .eSC G-D(o

European Society doi:10.1093/eurheartj/ehz425
of Cardiology

"I ll“‘

2019 ESC Guidelines for the diagnosis and
management of chronic coronary syndromes

Investigations in patients with suspected coronary micro-
vascular angina

Recommendations Class® Level®

Guidewire-based CFR and/or microcirculatory
resistance measurements should be consid-

ered in patients with persistent symptoms, but a

coronary arteries that are either angiographi-

cally normal or have moderate stenoses with
R 412413

preserved iwFR/FF

Intracoronary acetylcholine with ECG moni-
toring may be considered during angiography,
if coronary arteries are either angiographically
normal or have moderate stenoses with pre-
served iwFR/FFR, to assess microvascular

vasospasm.41 2,438—440

2019




@ E SC European Heart Jourmal (2019) 00, 1—71

European Society doi:10.1093/eurheartj/ehz425
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2019 ESC Guidelines for the diagnosis and
management of chronic coronary syndromes

Recommendations for investigations in patients with

suspected vasospastic angina

Recommendations

An ECG is recommended during angina if
possible.

Invasive angiography or coronary CTA is rec-
ommended in patients with characteristic epi-
sodic resting angina and ST-segment changes,
which resolve with nitrates and/or calcium
antagonists, to determine the extent of under-
lying coronary disease.

Ambulatory ST-segment monitoring should be
considered to identify ST-segment deviation in
the absence of increased heart rate.

An intracoronary provocation test should be

considered to identify coronary spasm in

patients with normal findings or non-obstruc-

tive lesions on coronary arteriography and a

clinical picture of coronary spasm, to diagnose
412,414,438 440

the site and mode of spasm.

Class® Level®

- c

iIa C

©OESC2019




Stress Tests Predict Obstructive CAD NOT INC

Predicting NorEndothelium Dependent CMD

% Sensitivity, % Specificity, % NPV, % PPV, % (95%
Test n | (+ (95% CI) (95% Cl) (95% ClI) Cl)
Exercise 101406 | 42(25to61) 60 (48 to 72) 70 (57 to 81) | 32 (18 to 48)
echocardiogram
Dobutamine 21 | 33.3 33 (410 78) 67 (38 to 88) 71(42t092) | 29 (4to 71)
echocardiogram
Exercise SPECT 134 (38.8| 51 (341to68) 66 (56 to 75) 78 (68 to 86) | 37 (24 to 51)
Predicting Obstructive CAD Vasodilator SPECT 66 |485| 41(181t067) 49 (34 to 64) 71 (5310 85) | 22 (9 to 40)
— —_ Vasodilator PET 33 [36.4| 50(23t077) 74 (49 to 91) 67 (43 to 85) | 58 (28 to 85)
Test Sensitivity, % Specificity, % | Al imaging 372 |41.4| 46 (37 to 56) 61 (5410 67) | 73 (67 to 79) | 32 (25 to 40)
Exercise echocardiogram 88 72 Exercise ECG 237 | 15.2 16 (8 to 27) 75(68t081) | 71(64t077) | 31 (16 to 48)
Dobutamine echocardiogram 97 65 All imaging+ECG 372 | 6.2 6 (310 13) 89 (85 to 93) 71 (66 to 76) | 30 (13 to 53)
Exercise/Vasodilator SPECT 98* 13t " .
. Predicting EndotheliunrDependent CMD
Vasodilator PET 96% 34§ R R R R R E—————————————————————————————
. % Sensitivity, % Specificity, % NPV, % PPV, % (95%
Exercise ECG 53 t0 69 691to 74 Test n (+ (95% Cl) (95% Cl) (95% ClI) cl)
After correction for referral bias: *67%, 175%, £82%, §73%. Exercise 100|400 42 (28 to 57) 62 (47 to 75) 52 (3810 65) | 53 (36 to 68)
echocardiogram
Dobutamine 21 |38.1 18 (2 to 52) 40 (12 to 74) 31(9to61) | 25 (3to65)
echocardiogram
Exercise SPECT 131 (38.2 37 (26 to 50) 61 (48 to 73) 48 (37 to 80) | 50 (36 to 64)
Vasodilator SPECT 63 | 50.8 61 (42 to 78) 59 (41 to 76) 61 (4210 78) | 59 (41 to 76)
Vasodilator PET 33 | 36.4 20 (4 to 48) 50 (26 to 74) 43 (2210 66) | 25 (5 to 57)
All imaging 365 | 41.6 41 (34 to 49) 58 (50 to 65) 49 (42 to 56) | 50 (42 to 58)
Exercise ECG 233 |15.5 18 (12 to 27) 78 (69 to 85) 51 (4310 59) | 61 (43 to 77)
All imaging+ECG 365 | 6.3 8 (4 to 12) 90 (85 to 94) 50 (45 to 56) | 61 (39 to 80)

Cassaet al. Circ Cardiovaseterv2009 Jun;2(3):2344




Diagnostic Techniques for Evaluation of CMD

Accuracy Reesparosd i bl ty Diagnostic Threshold Prognostic Validation Avallability Cost
Moninvasive*
PET 4+ +4++ CFR <2 s - 555
CMR - -—- MPRI <2 ++ - 55
Doppler echocardiography ++ _— CFVR <2 4 4+ %
I s e
CFR 4+ ++++ =23 +H+ 4+ 5555
IMR A s =251 ++ —+ LA

*Endothelial Dependent CMD and Coronary Vasospasm can only be tested with invasive coronary
functional angiography

Taqueti VR, et al. J Am Qodrdiol 2018 Nov 27;72(21):262%41.



Role Of PET and CCTA In

CMD Evaluation & Risk Stratification

PET| 4
; P . A PET and CCTA have complementary
g s H . .
3 : «' roles for anatomical and functional
3 g : ' Imaging
S 3 ST : E A Most patients undergoing
£z 5 = e evaluation for CMD have some
3 ; | degree of atherosclerosis
,_U i A Atherosclerotic burden and CMD
S E are independent prognostic markers
No Nonobstructive Obstructive - Of Cl|n|Ca| rISk
Atherosclerosis CAD CAD
Severity of Atherosclerosis
CCTA

Taqueti VR, et al. J Am Goérdiol 2018 Nov 27;72(21):2625%41.



Stress Cardiac MRI

A Myocardial perfusion Reserve Inde

A MPRI = (RU at stress) / (RU at rest)

A Relative upslope (RU) = (Maximum
upslope of the myocardial signal intensity
curve)/ (maximum upslope of the LV
cavity curve)

A MPRI < 1.84 predictsl abnormal
pathway on CFA
A Sensitivity 73%
A Specificity 74%

- po
L. -
o

SO e e rrty ot 1 et s tuteter |
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Thomson et al. Circ CV imaging 20



Invasive Coronary Functional Angiography (CF

Microcirculation

ACoronary microvasculature is N %
indirectly tested via measurement of |\ \——— ———"

coronary flow and resistance down

epicardial arteries

//

injection of saline PressureWnre
Alnvasive, guidewirdased |
measurement of coronary flow l i "
reserve and resistance via Doppler GFR
flow (Volcano) & Thermodilution O FFR -P,/P, at maximal hyperemia
mEthOd (CorOﬂOV\) O CFR i?/yhpyegzgir;iiojfonalry1f}<r)(\afvst;gri_sting coronary flow
AIC Adenosine is used to reach “resiing Tyo/nyperemic Ty
hyperemic state = R B g il kil o

(Tmn: @ninverse correlate to absolute coronary flow)



Invasive Assessment: Coronary Functional Angiog

CFR<12 (<2.5) l l Coroniry Diameter
IMR>25 Change
Endothelial Dose Spasm Dose nb ¢ D X H
Non-endothelial 54 mcg IC 108 mcg IC
dependent I
CMD

CBF <50%
No change vessel

No or <90% spasm
+Angina

diameter/constriction +ECG changes

EndothelialDependent

CMD

EpicardialSpasm

Adapted Ford TJ, et dleart2018;104:284¢292.
Kissel et al. Consensus document (COVADIS)




Invasive Testing: Doppler vs TD

CFR overestimated by bolus TD: different normal

Doppler: Classically in the Proximal LAD with IC adenosine
Bolus TD: Typically in the mid-distal LAD with |V adenosine
Very poor correlation between IMR (TD) and HMR (doppler)
Testing pre or post IC NTG??

Continuous TD and other novel techniques on the way, Doppler will be
back within the year

Pts donot fit 1 n neat | i1ittle boxes
Complex pts requiring thoughtful study
An inaccurate dx may be worse than NO diagnosis!!




Treatment Approach Based on Abnormal CMD Pat

Microvascular Angina

Non-endothelial Dependent Dysfunction

Endothelial Dependent Dysfunction

Vasospastic Angina

Coronary Vasospasm

@ +xFa2NBfFEFGA2Y m =+ a202yaid NA|OWasclzt smooth muscle hyperactivit
| RSY2aAySY @ / Cw 9 AGhMdsaepndtriation, impaired Ach: vasoconstriction
vasodilation
A ACEI/ARB A ACEI/ARB A CCB
Am /CwE @ ¢2NJt 2 RA IploYeleMNBtH@IEI vasomotor AalLiRyidl yS2dza |
microvasculature remodeling dysfunction coronary vasospasm via vascu

A Statins
A
A BB
A Y&20l NRALI f
A Ranolazine
A Improve MPRI in MVA

/| Cw

2 E

Avoid Nitrates

A Statins
A Improve endothelial function;
pleotrophiceffects (reduced

& 3 S yWwasQuiayirdlamhaton) 2 Y

A CCB
A Vascular smooth muscle
NBfIEFGAZ2YT @
consumption

aY220K YdzOf S
oxygen demand
A Nitrates
AalLRyidlyS2dza |
coronary vasospasm via

SLIAOI NRAIFf @I &

Y & 2 OoxpgBnideénfand2z E& 3 Sy

Avoid BB

Exercise trainingCardiac Rehabilitation



Invasive Coronary Function Testing AndhoaNIICA

1-Year RCT Outcomes

Rardormbed Intervention Linked Diagnosis:
£ lnvasive Coronarv Microvascular angina
151 Paﬂe“ts Function-Guided | Vasospastic angina
/ Care (p\-75) Non-cardiac
|o o] ‘&_.
| f\ 5 *
Control ‘ Therapy:
An ina & No |
Obstfmwe CAD Anslographvfgulded Stratify Antianginals
Care (n=76) | Non-pharmacologic

‘- Main Results: I

|

Improved 122% 127%
W“" MBI N
»] P<O0Ot PO

”

—
< Control
Baseline © Moath 12 Month

Sustained Benefits:
Improved Angina and
Quallty of Life

Linked diagnosis Therapy per CorMicA:

Guideline-directed
therapy for CMD
—e.g., beta-blocker
and lifestyle?

Microvascular
angina (CMD)

S

“ Guideline-directed
= ’\‘_/ . therapy for VSA

V-N —e.g., calcium-channel

blocker and lifestyle

Vasopastic
angina (VSA)

Cease antianginal
Non-cardiac — therapy for non-cardiac
chest pain +/- non-cardiac
investigation'’

Ford TJ, et al. JACC Cardiovatsrv. 2020 Jan 13;13(1):3%.



Prevalence of CMD among patients with non
obstructive CAD

14 Non-invasive 23 Invasive
100
- Non-invasive diagnostic methods Invasive diagnostic methods
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CMD pooled prevalence 41% Study and Year of Publication

Mileva N, et al. J Am Heart Assoc. 2022 Apr 5;11(7):e023207.




Prevalence of CMD vs. Coronary Epicardial and
Microvascular spasm

CMD pooled prevalence 41%

Pooled Prevalence spasm 49%

Weight Weight H H H

Study N.Pos N.Tot Proportion 95%-Cl (common) (random) Eplcardlal Or MleOV&SCUlar Spasm
Cassar, A., 2009 ** 170 376 e 0.45 [0.40; 0.50] 59%  2.9% Weight Weight
De Vita, A, 2019 * 18 30 ———— 0.60 [0.41;0.77] 0.5% 2.3% Study Positive Total Proportion 95%-Cl (fixed) (random)
Ford, T. J., 2018 * 78 151 —— 0.52 [0.43;0.60) 24%  2.9%
SO 91 148 —— i L T Aziz, A 813 1379 059 [0.56;0.62] 22.3%  4.6%
raf, S.,2006 * 42 58 e 072 [0.59; 0.83] 0.7%  2.5% Ong, P.2* 488 847 0.58 [0.54:0.61) 13.8% 45%
Hasdai, D., 1998 = _, 118 203 - 0.58 [0.51;0.65] 31%  2.9% Seite. A27 283 847 0.33 [0.30:0.37] 12.6% 4.5%
Ishimori, M.L., 2011 8 18 _ 0.44 [0.22; 0.69] 03%  2.0% eitz, A 95, |00, IT] "120% %
Kim, H-j, 2013 & 11 40 —— 0.28 [0.15; 0.44] 05%  24% Ohba, K., 264 370 0.71 [0.66;0.76] 5.1% 4.4%
Kobayashi, Y., 2015 39 157 e 0.25 [0.18; 0.32] 18%  2.8% Oh, J.H.* 156 464 0.34 [0.29;0.38] 6.9% 4.5%
KonstR., 2021 % 38 103 e 0.37 [0.28;0.47) 15%  2.8% Kim, M. N., 128 328 0.39 [0.34;045] 52% 4.4%
Kotecha, T., 2019 16 23 —_— 0.70 [0.47;0.87] 0.3% 21% Suda, A. s« 126 187 0.67 [0.60;0.74] 2.8% 4.3%
Eumag,i.;gfg p 12; :g; == ggg {8388;2% ?% gg:; Montone, R. A} 118 210 0.56 [0.49;0.63] 3.5% 4.4%
ee,B. K, — 3} .20; 0. 7% 8% 28 = o o
Michelsen, M. M., 2018 241 919 026 [0.23:029]  112%  3.0% Sun, H..~ et RIEE [y ety 1'5.,/" MOA’
Murthy, V. L., 2014 “ 641 1218 053 [050;055]  192%  3.0% Hoshino, Il\:l 90 292 0.31 [0.26j 0.36] 4'2f’ 4.4°A:
Mygind, ND, 2016 ** 20 54 ——— 0.37 [0.24;0.51] 08%  26% Mohri, M.}7 | 81 117 0.69 [0.60;0.77] 1.7% 4.1%
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3 studies / 541 patients evaluated for CMD and Spasm
Coexistent CMD and coronary spasm 23%

Female higher risk of CMD vs male (RR, 1.45 [95% CI, 1.11-1.90])
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CFR/IMR patterns and outcomes in
non obstructive CAD

Four CFR/IMR Patterns ——— Clinical Outcomes by CFR/IMR Pattern
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Prognosi s of CMD and Spasm from Women
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Prognosis of CMD measured by low CFR
Normal coronary flow reserve (CFR) is strongly associated with a Isolated CMD overall mortality with low CFR
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Prognosis of CMD vs No CMD based on low CFR

Odds Ratio for Mortalit Odds Ratio for M

Crude mortality in 4661 non- CMD 2.6%(122) vs Crude MACE in 3742 non- CMD 4.5%(167) vs
CMD 9.3% (183) in 1970 patients CMD 16.9 % (245) in 1447 patients

Gdowski MA et al. J Am Heart Assoc. 2020:9:e014954.



