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oronary microvascular dysfunction (CMD) results
‘ from architectural abnormalities or the inability of

the coronary microvasculature to vasodilate, both
leading to angina, dyspnoea or reduced exercise capacity’.
Understanding CMD mechanisms is crucial for developing
targeted therapies and improving prognosis. Two CMD
endotypes, “structural” and “functional”, were recently
identified through the combined assessment of coronary flow
reserve (CFR) and minimal microvascular resistance using
bolus thermodilution with adenosine-induced hyperaemiaZ.
This study aims to characterise different CMD phenotypes
by assessing adaptation to incremental cycling exercise in the
cath lab among participants with suspected angina with non-
obstructive coronary artery disease (ANOCA).

Absolute microvascular resistance (Rp), absolute coronary
blood flow (Q), microvascular resistance reserve (MRR) and
CFR were measured in the left anterior descending artery
(LAD) using continuous thermodilution. Saline was infused
at 10 mL/min (rest) and at 20 mL/min (hyperaemia) to assess
MRR_, . The presence of CMD was defined as an MRR
<2.3%. Hyperaemic Rp was classified as normal (<500 Wood
units [WU]) or elevated (2500 WU) based on saline-induced
hyperaemia*. In addition, patients performed the cycling
exercise using a supine cycling ergometer (ERG 911 BP/X-RAY
[SCHILLER]) with an increasing workload of 30 watts every
two minutes. During exercise, measurements were performed
with a saline infusion rate of 10 mL/min to assess the peak
exercise MRR . (Central illustration). The maximal theoretical
exercise capacity was calculated for each patient using the
formulas metabolic equivalents of task (METs)=18—(0.15*age)
for males and 14.7—(0.13*age) for females. Haemodynamic
data were analysed offline using CoroFlow (Coroventis).
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This study was approved by the local ethics committee (CER-
PINOCA) of Sorbonne University. It was supported and driven
by the ACTION Study Group. All individuals provided oral
and written informed consent before enrolment.

We included 30 consecutive outpatients suspected of
having ANOCA between May 2022 and June 2023. Among
them, 11 participants had MRR_ -defined CMD. These
participants were predominantly female (81.8%) with a mean
age of 62.4 years old and a high prevalence of arterial
hypertension (81.8%), dyslipidaemia (72.7%), and chronic
inflammatory diseases (36.4%) (Supplementary Table 1).
When using physiological exercise combined with continuous
thermodilution, we identified four distinct phenotypes (Central
illustration, Supplementary Figure 1). 1) Participants with both
normal MRR_ . and MRR__ . (n=13) displayed a normal
reference resting vascular tone and microvascular adaptation
to saline- and exercise-induced hyperaemia. 2) Participants
with normal MRR_. but impaired MRR <2.3 (n=6)
exhibited an impaired vasodilatory response to exercise
despite a normal response to saline-induced hyperaemia. 3)
Participants with MRR . <2.3 and hyperaemic Rp 2500 WU
(n=7) displayed an impaired vasodilatory response to both
saline- and exercise-induced hyperaemia. 4) Participants with
MRR_ <2.3 and hyperaemic Rp <500 WU (n=4) exhibited
a low resting microvascular tone but an adapted vasodilatory
response to both saline- and exercise-induced hyperaemia.

Physiological  exercise ~combined with continuous
thermodilution provided a refined analysis of CMD
mechanisms. A key finding is that some patients cannot
fully dilate their microvasculature during exercise despite
having a normal response to saline-induced hyperaemia.
These patients exhibited impaired microvascular vasodilation
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CMD endotypes using invasive exercise testing

Eurolntervention Central lllustration

Assessment of coronary microvascular dysfunction endotypes using intracoronary continuous thermodilution
coupled with exercise stress testing.
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A) Absolute microvascular resistance (Ru) and coronary blood flow (Q) were measured in the LAD using continuous
thermodilution. Saline was infused at 10 mL/min (rest) and 20 mL/min (hyperaemia) to assess MRR . . In addition, patients
performed the cycling exercise using a supine cycling ergometer with an increasing workload of 30 watts every 2 minutes. During
exercise, measurements were performed with a saline infusion rate of 10mL/min to assess peak exercise MRR . . B) A
standardised approach combining hyperaemic Ry with MRR differentiated four distinct phenotypes. C) Ru and Q are represented
according to the percentage of the theoretical workload achieved by participants. The white areas denote physical exercise, and
the blue areas denote saline-induced hyperaemia. Participants with impaired MRR_, ~and elevated byperaemic Ry 2500 WU
(red, n=7) bad similar resting Ry (1,286=410 WU vs 1,247+228 WU) and Q (84+25 mL/min vs 81+24 mL/min) compared to the
normal MRR group but exhibited a smaller Ru decrease (median 139 [interquartile range 64; 288] WU/30 watts vs 194 [95; 446]
WU/30 watts) and Q increase (20 [10; 38] mL/min/30 watts vs 77 [51; 108] mL/min/30 watts) during exercise, suggesting normal
resting tone but impaired hyperaemic vasodilatory capacity. Participants with impaired MRR . and normal hyperaemic Ry
<500 WU (green, n=4) had lower resting Ry (671219 WU vs 1,247+228 WU) and higher resting Q (15239 mL/min vs 81+24
mL/min) compared to the normal MRR group but showed similar Ry decrease (183 [96; 253] WU/30 watts vs 194 [95; 446]
WU/30 watts) and Q increase (55 [21; 151] mL/min/30 watts vs 77 [51; 108] mL/min/30 watts) during exercise, suggesting a low
resting tone but normal hyperaemic vasodilatory response. CER: coronary flow reserve; FFR: fractional flow reserve; LAD: left
anterior descending artery; MRR: microvascular resistance reserve; MRR : MRR during exercise; MRR

exercise’

resistance reserve with saline infusion; P : aortic pressure; P ; distal coronary pressure; WU: Wood units

: microvascular
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leading to a delayed and insufficient Q increase during
exercise. Unlike pharmacological hyperaemia,
involves a dynamic and integrated regulation of Q through
neurohormonal, endothelial, and metabolic mechanisms,
which may vary at an individual level. This impaired
“natural” vasodilatory capacity, potentially masked when
directly inducing instantaneous maximal artificial hyperaemia,
may be a promising target for future translational research to
better understand the in vivo mechanisms of CMD.

CMD has been previously dichotomised into “structural”
and “functional” endotypes®’. Exercise-based assessment
offers a valuable perspective in distinguishing the mechanisms
underlying low MRR. When hyperaemic Rp is abnormally
high, impaired MRR results from impaired microvascular
vasodilatation. This so-called “structural” endotype can be
related to anatomical structural microvascular rarefaction or
reduced arteriolar lumen size but could also reflect inadequate
functional vasodilation due to endothelial, autonomic, or
humoral dysfunction!, making the “structural” terminology
potentially misleading. Conversely, when hyperaemic Rp
remains normally low, impaired MRR is not due to impaired
vasodilation but to a low resting microvascular tone with
increased resting Q. Whether this so-called “functional”
endotype constitutes a pathological state of the coronary
microvasculature warrants further exploration. It remains
unclear whether this resting state is related to an exaggerated
adrenergic drive, impaired autoregulation, uncoupling of Q
from cardiac work, or a high resting myocardial oxygen
demand with a reduced myocardial efficiency®.

These findings should be interpreted as hypothesis-generating.
While several MRR threshold values have been proposed in
previous studies, a 2.3 threshold was chosen to enhance the
specificity of our phenotypic CMD description®.” Using this
cutoff, all MRR_, -defined CMD participants had a CFR
<2.5. The reproducibility of exercise-derived data requires
further investigation. However, measurements during exercise
were performed with a stable distal blood temperature signal.
To minimise variability in Rp measurements, all assessments
were conducted in the LAD, the most representative of the
whole myocardial mass. FFR values were measured with the
microcatheter positioned in the coronary artery, which may
have caused a slight decrease in the hyperaemic distal coronary
pressure/aortic pressure. However, this has a limited impact
on the results’ interpretation, especially considering the non-
obstructive nature of the studied vessels.

A standardised approach combining hyperaemic Rp
with MRR differentiates a low resting vascular tone from
impaired vasodilation during exercise. The identification of an
exercise-related CMD phenotype, characterised by impaired
vasodilatory capacity during exercise despite a normal response
to instantaneous artificial maximal hyperaemia, could offer
a more granular assessment of microvascular function and may
be a promising target for future research in ANOCA.
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Supplementary data

Supplementary Table 1. Clinical and haemodynamic profile of the study population.

Total Normal MRRsaline MRRysatine<2.3 MRRsatine<2.3 MRRsatine<2.3
Rp>500WU Rp<S00WU
N =30 N=19* N=11* N=72 N =42
Clinical and biological characteristics
Age, years 56.3 (12.7) 52.8(11.8) 62.4 (12.2) 67.6 (9.2) 53.3 (12.5)
Female 15 (50.0%) 4 (31.6%) 9 (81.8%) 7 (100%) 2 (50%)
Active smoking 5(16.7%) 2 (21.1%) 1(9.1%) 1 (100%) 0 (0%)
Dyslipidemia 21 (70.0%) 13 (68.4%) 8 (72.7%) 6 (85.7%) 2 (50%)
Familial history of CAD 5(16.7%) 4 (21.1%) 1(9.1%) 1 (14.3%) 0 (0%)
Arterial hypertension 19 (63.3%) 10 (52.6%) 9 (81.8%) 5(71.4%) 4 (100%)
Diabetes 8(26.7%) 6 (31.6%) 2 (18.2%) 2 (28.6%) 0 (0%)
Chronic inflammatory disease 10 (33.3%) 6 (31.6%) 4 (36.4%) 4 (57.1%) 0 (0%)
Previous PCI 7(23.3%) 4 (21.1%) 3 (27.3%) 2 (28.6%) 1 (25.0%)
LVEF, % 65.0 (6.75) 56.6 (6.5) 64.0 (7.4) 64 (9.5) 63.5(4.9)
Body mass index, kg/m? 26.4 (4.88) 26.6 (4.8) 26.2 (5.2) 27.3(5.4) 24.2 (4.8)
LDL-c, g/L 0.959 (0.35) 0.93 (0.38) 1.02 (0.29) 1.01 (0.32) 1.02 (0.31)




Total Normal MRRsaline MRRsaline<2.3 MRRsaiine<2.3 MRRsaiine<2.3
Rp>500WU Rp<S00WU
N =30 N=19* N=11* N=72 N=4?
Glomerular filtration rate, mL/min 86.8 (17.6) 89.1 (19.1) 82.7 (14.6) 81.0 (14.2) 85.7 (16.8)
Haemodynamic assessment at rest
Q (mL/min) 93 (35) 84 (24) 109 (45) 84 (25) 152 (39)
Rp (WU) 1169 (364) 1231 (291) 1062 (460) 1286 (410) 671 (219)
Pd (mmHg) 98 (12) 98 (13) 99 (12) 100 (11) 97 (14)
HR (bpm) 73 (12) 72 (13) 75 (12) 74 (13) 77 (12)
SBP (mmHg) 138 (18) 134 (18) 145 (19) 144 (20) 143 (19)
RPP (bpm.mmHg) 10138 (2509) 9740 (2581) 10827 (2213) 11117 (2214) 10844 (2289)
Haemodynamic responses to saline-induced hyperaemia
Q (mL/min) 237 (73) 262 (66) 193 (64) 157 (44) 256 (39)
Rp (WU) 441 (160) 375 (102) 556 (180) 664 (115) 367 (84)
MRRGaline 3.00 (1.07) 3.59(0.92) 1.97 (0.20) 2.00 (0.22) 1.93 (0.20)
CFR 2.70 (0.89) 3.20(0.72) 1.84 (0.30) 1.91 (0.34) 1.72 (0.21)
FFR® 0.89 (0.05) 0.88 (0.05) 0.90 (0.05) 0.91 (0.04) 0.88 (0.08)
Pd (mmHg) 95 (17) 93 (18) 97 (15) 101 (18) 92 (7)
HR (bpm) 69 (12) 68 (14) 70 (11) 67 (9) 77 (13)




Total Normal MRRsaline MRRGsaiine<2.3 MRRsaiine<2.3 MRRsaiine<2.3
Rp>500WU Rp<500WU
N =30? N=19° N=11° N=T7* N=4*
SBP (mmHg) 137 (20) 134 (18) 144 (21) 145 (23) 142 (20)
RPP (bpm.mmHg) 9561 (2584) 9259 (2776) 10084 (2240) 9648 (2266) 10847 (2289)

n (%); Mean (SD)

PFFR values were measured with the Rayflow microcatheter positioned in the coronary artery.

CAD, Coronary Artery Disease ; CMD, Coronary Microvascular Dysfunction defined by MRRiine < 2.3 ; FFR, Fractional Flow Reserve ; HR, Heart
Rate ; LDL, Low Density Lipoprotein ; LVEF, Left Ventricle Ejection Fraction ; MRRaiine, saline derived Microvascular Resistance reserve ; PCI,
Percutaneous Coronary Interventio ; Py, distal coronary pressure; Q, coronary blood flow; RPP, Rate Pressure Product; Ru, Microvascular Resistance,

SBP, Systolic Blood Pressure
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