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CHAPTER 1

General introduction and outline of the thesis

Invasive coronary angiography has been uniformly accepted as the
gold standard for assessing the presence of coronary artery disease (CAD)
by defining its extension and guiding revascularization . However
considering the severity of stenosis reported as percentage of minimal
lumen diameter, an intrinsic limitation based on the nature of 2-
dimensional images affect the estimation of them. Because of this, correct
visual evaluation is often not standardized and influenced by inter and intra
operator variability, especially for intermediate stenosis (30-80%) or in
challenging anatomies (tortuosity, diffuse CAD, branch overlap or
eccentric/calcified lesion). Nowadays, in the “precision medicine” era,
clinical decision making based only on a visual estimation affected by not
negligible share of variability is inconceivable, even more in uncertain
clinical scenario with asymptomatic patients or in absence of non-invasive
ischemia test. However, the introduction of fractional flow reserve (FFR) has
overcome the previous limitations by making the assessment reproducible
and standardized, adding variables such as stenotic segment dependent
myocardial mass and microvascular function that angiography alone cannot
account for. The ability of FFR in ischemia detection were proved with
randomized trial that shown the clear prognostic benefit in terms of death
and MACCE of an FFR-guided PCl compared with the angiography-guided
approach (FAME Il, DEFER).

The rising of interest around coronary physiology beyond epicardial

evaluation, starts from procedural and clinical observation. Failure of

5



coronary flow reserve (CFR) increase after PCl together with clinical
scenario of angina or ischemia in patients with normal coronary artery,
helps the researcher to clarify that our ability investigation involved only
the 50% of the coronary circulation, the epicardial vessels. The
microvascular compartment represented the missing part of the equation
able to explain both phenomena and the study of which, expands the
indications of coronary physiology assessment. However, by definition, CFR
express the flow status in both epicardial and micro circulation and
theoretically it might be influenced from the resting hemodynamics
condition. The new index called IMR (index microcirculatory resistance)
developed form Fearon WF et colleagues, is specific for the
microvasculature and is independent from the hemodynamic variability,
providing information about the vascular resistance without requiring
additional equipment due to the possibility of a simultaneous measurement
using the same pressure wire for FFR evaluation. However, during IMR
assessment an intrinsic variability of resting mean transit time (Tmnest) of 7-
10%, and Tmny, of 4-8% have been reported. Bearing this in mind, an
operators independent microcirculation assessment was achieved with the
discovery of the continuous thermodilution method through a dedicated
monorail catheter (Rayflow™, Hexacath, Paris, France), able to measure
absolute coronary flow (Q) and microvascular resistance (R) in the cathlab.
This technology based on saline hyperemia mechanism is completely

operator independent and demonstrated higher reproducibility.

In this thesis we report the comparison of the two different thermodilution-
based method (bolus vs thermodilution) in the context of angina with non-
obstructive coronary disease (ANOCA) and the application of this

technology in different clinical settings. The aim of the following study is to
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describe how in less than 5 minutes with a single catheter using saline
infusion, is possible to investigate the entire coronary circulation and collect

fundamental information with clinical and prognostic impact.

Outline of the thesis

The thesis is divided in three parts:

Part I. Evolution of FFR from the “oldest” adenosine to the new saline

continuous thermodilution: physiological mechanism and long-term
prognostic impact. The first part of the thesis is dedicated to our research

projects published, confirming the long-term prognostic impact of the
deferral revascularization in patients with low ejection fraction.
Furthermore, we investigate the physiological explanation behind the
hyperemia induced by intracoronary saline administration and the following
application in continuous thermodilution assessment. The main thread of
this paragraph wants to underline how starting from the FFR, the coronary
physiology gain relevance in the last years, developing new technology
capable to explore the coronary circulation in both epicardial and

microvascular beds with relevant clinical and prognostic impact.

Part Il. New perspective in thermodilution-based Coronary Physiology:
evaluation of different technique. In the second part of the thesis, we
focused our research on the application of the last technology available in
the field of coronary physiology assessment in ANOCA/INOCA patients. In
particular we compared two different methods (Bolus vs Absolute flow),
analyzing pros and cons of each assessment and underlining the impact of

measurement’s variability in the diagnosis of CMD.



Part lll. Pattern characterization and prognostic values of a comprehensive
coronary circulation assessment: when and how. In the third part of the
thesis, we report the cluster of research projects that focuses on the
application of the full physiology coronary assessment in different clinical
settings providing the adding value of FFR, coronary flow reserve and
microvascular resistance in terms of clinical pattern. In details we describe
the pattern of microvascular disfunction in patients with HFrEF vs HEpEF
and also in patients with diabetes, assessing the principals epicardial and
microvascular indices. Furthermore, we evaluate coronary flow and
microvascular resistance in patients with aortic stenosis before and after
TAVI describing their variability and providing the physiological mechanism
behind it. As part of the management of CAD, we also published an updated
proposal algorithm to stratify the risk of coronary disease in order to guide
the clinical decision-making process across the countless invasive and non-
invasive method for CAD assessment. Lastly, we investigate the application
of coronary flow evaluation in a case of “Slow Flow phenomena”
discovering that this “angiographic definition” doesn’t match with the

effective CFR who is unexpecting normal/high.

Part IV. Other Lines of Research. We report in these sections other lines of
research concerning aortic stenosis, myocardial biopsies and
pharmacological treatment of diabetes with SGLT2i focusing on the
prognostic impact of they after ACS. These projects, outside of the main
subject of this thesis, deserve the same importance of the previous one
because led with the same dedication and equal efforts of all the people

involved.
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CHAPTER 2

Deferral of Coronary Revascularization in Patients with Reduced
Ejection Fraction Based on Physiological Assessment:
Impact on Long-Term Survival

The present study sought to establish the long term prognostic
value of FFR-guiding versus angiography-guided PCl stratified by left
ventricular function in intermediate coronary stenosis using a propensity

score matching analysis.

Background: Deferring revascularization in patients with nonsignificant
stenoses based on fractional flow reserve (FFR) is associated with favorable
clinical outcomes up to 15 years. Whether this holds true in patients with
reduced left ventricular ejection fraction is unclear. We aimed to investigate
whether FFR provides adjunctive clinical benefit compared with coronary
angiography in deferring revascularization of patients with intermediate

coronary stenoses and reduced left ventricular ejection fraction.

Methods: Consecutive patients with reduced left ventricular ejection
fraction (<50%) undergoing coronary angiography between 2002 and 2010
were screened. We included patients with at least 1 intermediate coronary
stenosis (diameter stenosis 240%) in whom revascularization was deferred
based either on angiography plus FFR (FFR guided) or angiography alone
(angiography guided). The primary end point was the cumulative incidence
of all-cause death at 10 years. The secondary end point (incidence of major
adverse cardiovascular and cerebrovascular events) was a composite of all-

cause death, myocardial infarction, any revascularization, and stroke.
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Results: A total of 840 patients were included (206 in the FFR-guided group
and 634 in the angiography-guided group). Median follow-up was 7 years
(interquartile range, 3.22-11.08 vyears). After 1:1 propensity-score
matching, baseline characteristics between the 2 groups were similar. All-
cause death was significantly lower in the FFR-guided group compared with
the angiography-guided group (94 [45.6%] versus 119 [57.8%)]; hazard ratio
[HR], 0.65 [95% Cl, 0.49-0.85]; P<0.01). The rate of major adverse
cardiovascular and cerebrovascular events was lower in the FFR-guided
group (123 [59.7%] versus 139 [67.5%]; HR, 0.75 [95% CI, 0.59-
0.95];P=0.02) (Figure 2 and 3).

Event Hazard Ratio (95%CI) p Value
Death

matched —— 0.65 (0.49-0.85) 0.002

unmatched = 0.55 (0.44-0.69) 0.03
MACCE

matched —— 0.75 (0.58-0.95) 0.02

unmatched —- 0.64 (0.52-0.68) 0.04
Mi

matched e 0.85 (0.34-2.16) 0.74

unmatched —— 0.52 (0.28-1.18) 0.13
Revascularization

matched N B 1.19 (0.75-1.95) 0.46

unmatched —r— 1.09 (0.75-1.59) 0.65
Stroke

matched —— 0.34 (0.11-1.08) 0.07

unmatched ——— 0.31(0.11-0.87) 0.03

0 05 1 15 2
FFR better Angio better

Figure 1: Clinical end points after deferring revascularization in the matched and unmatched
populations. Angio indicates angiography; FFR, fractional flow reserve; MACCE, major adverse
cardiovascular and cerebrovascular event; and MI, myocardial infarction.
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Figure 4: Kaplan-Meier event curves for clinical outcomes in the matched cohort. All-cause death
(A); major adverse cardiovascular and cerebrovascular events (MACCEs) (B); stroke (C); and any
revascularization (D). Angio indicates angiography; and FFR, fractional flow reserve.

The impact of deferring revascularization based on FFR was assessed as
continuum of LVEF. Interestingly, when an FFR-guided strategy was
compared with an angiography-guided strategy by using LVEF as continuous
variable, the FFR-guided group showed lower probability of death,
especially for LVEF higher (Figure 4), whereas for lower values, the impact
of an FFR-based strategy seemed to be neglectable. This was supported by
the regression analysis performed in the LVEF subgroups (245%, 35%—45%,
and <35%). An FFR-based strategy of deferral revascularization was shown

to be a predictor of lower probability.
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Figure 4: Predicted probability of death per group in the
matched cohort, according to the left ventricular ejection
fraction (LVEF), presented as a continuous variable. Angio
indicates angiography; and FFR, fractional flow reserve.

Conclusions: In patients with reduced left ventricular ejection fraction,

deferring revascularization of intermediate coronary stenoses based on FFR

is associated with a lower incidence of death and major adverse

cardiovascular and cerebrovascular events at 10 years.
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CHAPTER 3

Saline-induced coronary hyperemia with continuous intracoronary
thermodilution is mediated by intravascular hemolysis

Background and Aims: Absolute coronary flow can be measured by
intracoronary continuous thermodilution of saline through a dedicated
infusion catheter (RayFlow®). A saline infusion rate at 15-20 mL/min
induces an immediate, steady-state, maximal microvascular vasodilation.
The mechanism of this hyperemic response remains unclear. We aimed to
test whether local hemolysis is a potential mechanism of saline-induced

coronary hyperemia.

Methods: Absolute coronary flow can be measured by intracoronary
continuous thermodilution of saline through a dedicated infusion catheter
(RayFlow®). A saline infusion rate at 15-20 mL/min induces an immediate,
steady-state, maximal microvascular vasodilation. The mechanism of this
hyperemic response remains unclear. We aimed to test whether local
hemolysis is a potential mechanism of saline-induced coronary hyperemia

(Figure 5).
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Figure 5: Sequence of pressure and temperature measurements in the study. Simultaneous
recording of Pd, Pa and temperature in the coronary artery. During each step of the study, blood
samples were recorded as shown by the temporary interruption of the Pa signal (*). At baseline,
the temperature recorded is 0 °C; then, saline is infused through the RayFlow catheter at 10
ml/min for resting flow assessment, and the temperature recorded by the wire located in the
distal part of the coronary artery starts decreasing (Mix temp). Thereafter, the infusion rate is
increased via the pump to 20 mL/min, thus inducing hyperemia and a further decrease in the
distal coronary temperature. Then the wire is pulled back, and the pressure/temperature sensor is
placed at the tip of the Rayflow catheter in order to measure the temperature of the saline
infused at 20 mL/min (Ti). Next, the infusion rate is lowered again via the pump to 10 mL/min, to
record the infusion temperature of the saline at 10 mL/min (Ti10). Finally, saline infusion is
stopped, and the temperature returns to 0 °C (post-hyperemia phase).

Results: Hemolysis was visually detected only in the centrifugated venous
blood samples collected during the Hyperemia phase. As compared to Rest,
during Hyperemia both LDH (131.50 + 21.89 U/dL [Rest] and 258.33 = 57.40
U/dL [Hyperemia], p < 0.001) and plasma free hemoglobin (PFHb, 4.92 *
3.82 mg/dL [Rest] and 108.42 + 46.58 mg/dL [Hyperemia], p < 0.001)
significantly increased in the coronary sinus. The percentage of hemolysis
was significantly higher during the Hyperemia phase (0.04 £ 0.02% [Rest] vs
0.89 + 0.34% [Hyperemia], p < 0.001) (Figure 6).
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Figure 6: Distribution of the analyte values across different phases of the study. Line plot with
error bars showing the values of the main analytes measured during each phase of the protocol.
Red lines represent the arterial samples, blue lines the venous samples. A) LDH, B) PFHb, C) % of
Hemolysis, D) Hb. LDH, lactate dehydrogenase; PFHb, plasma free hemoglobin; Hb, hemoglobin.

Conclusions: Saline-induced hyperemia through a dedicated intracoronary
infusion catheter is associated with hemolysis. Vasodilatory compounds
released locally, like ATP, are likely ultimately responsible for localized

microvascular vasodilatation.
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Part Il

New perspective in thermodilution-based coronary
physiology: evaluation of different technique.
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CHAPTER 4

Reproducibility of bolus versus continuous thermodilution for
assessment of coronary microvascular function
in patients with ANOCA

Background: A bolus thermodilution-derived index of microcirculatory
resistance (IMR) has emerged as the standard for assessing coronary
microvascular dysfunction (CMD). Continuous thermodilution has recently
been introduced as a tool to quantify absolute coronary flow and
microvascular resistance directly. Microvascular resistance reserve (MRR)
derived from continuous thermodilution has been proposed as a novel
metric of microvascular function, which is independent of epicardial
stenoses and myocardial mass.

Aims: This study was designed to assess the reproducibility of bolus and

continuous thermodilution in assessing coronary microvascular function.

Methods: Patients with angina and non-obstructive coronary artery disease
(ANOCA) at angiography were prospectively enrolled. Bolus and continuous
intracoronary thermodilution measurements were obtained in duplicate in
the left anterior descending artery (LAD). Patients were randomly assigned
in a 1:1 ratio to undergo either bolus thermodilution first or continuous

thermodilution first.
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Figure 7. Study Design and principals’ results of the bolus vs continuous thermodilution. CFR:
coronary flow reserve; FFR: fractional flow reserve; IMR: index of microvascular resistance; MRR:
microvascular resistance reserve; ANOCA: angina and non-obstructive coronary artery; Pa: aortic
pressure; Pd: distal coronary pressure; Q: absolute coronary blood flow; RRR: resistance reserve
ratio; Ry: absolute microvascular resistance; Tmn: mean transit time

Results: A total of 102 patients were enrolled. The mean fractional flow
reserve (FFR) was 0.86+0.06. Coronary flow reserve (CFR) calculated with
continuous thermodilution (CFReont) was significantly lower than bolus
thermodilution-derived CFR (CFRyois; 2.63£0.65 vs 3.29+1.17; p<0.001).
CFRcont showed a higher reproducibility than CFRpolys (variability: 12.7+10.4%
continuous vs 31.26+24.85% bolus; p<0.001). MRR showed a higher
reproducibility than IMR (variability 12.4+10.1% continuous vs 24.2+19.3%
bolus; p<0.001) (Figure 7-8). No correlation was found between MRR and
IMR (r=0.1, 95% confidence interval: —0.09 to 0.29; p=0.305) (Figure 7).
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Bolus thermodilution Continuous thermodilution

arlabi lity (%)

Figure 8. Variability of bolus thermodilution- and continuous thermodilution-derived
measurements. Barplots with the variability (expressed as %) of the main indices derived by bolus
and continuous thermodilution. CFR: coronary flow reserve; FFR: fractional flow reserve; IMR:
index of microvascular resistance; MRR: microvascular resistance reserve; Qhyp: absolute
hyperemic coronary flow; Qrest: absolute coronary flow at rest; RRR: resistance reserve ratio;
Ru,hyp: absolute resistance during hyperaemia; Ry,rest: absolute resistance at rest; Tmn,hyp:
mean transit time during hyperaemia; Tmn,rest: mean transit time at rest.

Conclusions: In the assessment of coronary microvascular function,
continuous thermodilution demonstrated significantly less variability on

repeated measurements than bolus thermodilution.
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CHAPTER 5

Continuous vs Bolus Thermodilution to Assess Microvascular
Resistance Reserve

Background: Coronary flow reserve (CFR) and microvascular resistance
reserve (MRR) can, in principle, be derived by any method assessing

coronary flow.

Aims: The aim of this study was to compare CFR and MRR as derived by
continuous (CFRcont and MRReont) and bolus thermodilution (CFRpows and

MRRbqus)-

Methods: A total of 175 patients with chest pain and nonobstructive
coronary artery disease were studied. Bolus and continuous thermodilution
measurements were performed in the left anterior descending coronary
artery. MRR was calculated as the ratio of CFR to fractional flow reserve and
corrected for changes in systemic pressure. In 102 patients, bolus and
continuous thermodilution measurements were performed in duplicate to

assess test-retest reliability.

Results: Mean CFRyos Was higher than CFReont (3.47 + 1.42 and 2.67 £ 0.81
[P < 0.001], mean difference 0.80, upper limit of agreement 3.92, lower
limit of agreement -2.32)(Figure 9). Mean MRRyows Was also higher than
MRRcont (4.40 + 1.99 and 3.22 + 1.02 [P < 0.001], mean difference 1.2, upper
limit of agreement 5.08, lower limit of agreement -2.71) (Figure 10). The
correlation between CFR and MRR values obtained using both methods was

significant but weak (CFR, r = 0.28 [95% Cl: 0.14-0.41]; MRR, r = 0.26 [95%
21



Cl: 0.16-0.39]; P < 0.001 for both). The precision of both CFR and MRR was
higher when assessed using continuous thermodilution compared with
bolus thermodilution (repeatability coefficients of 0.89 and 2.79 for CFRcont

and CFRpos, respectively, and 1.01 and 3.05 for MRRcont and MRRyolus,

respectively)

A : B 125
'
i p<0.001
i bolus 10.04 *:
continuous e
044 .
7.54 5
2
G x o
o o
3 5.04 A
02
254
0.04 0.0
Bolus Continuous
Thermodilution Thermodilution
C D
R =0.28 (0.14-0.41), p<0.001 Pre 1CC=0.19 (0.04-0.33), p=0.007
Slope = 0.46 (0.34 to 0.59) R SD=1.37 et
Intercept = 1.08 (0.72 to 1.43) S
9 . ULA =3.92
""""" 'D"(;'@"""""""
_______ Biag =080,
LLA=-2.32
0.0 25 5.0 75 10.0
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Figure 9: (A) Data distribution of coronary flow reserve (CFR) values derived using bolus (CFRyous)
and continuous thermodilution (CFRnt). (B) Box plot with comparison between CFRbolus and
CFRcont. Horizontal lines within the box represent the median values, and top and bottom edges of
the boxes represent the 25% of values above and below the median value. (C, D) Correlation and
Bland-Altman plot between CFRyous and CFRent. The straight line in (C) represents the correlation
line, and the shadow represents the 95% CI. ICC = intraclass correlation coefficient; LLA = lower
limit of agreement; ULA = upper limit of agreement.
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Figure 10: (A) Data distribution of MRR values derived using bolus and continuous thermodilution.
(B) Box plot with comparison between MRRyous and MRReont. Horizontal lines within the box
represent the median values, and top and bottom edges of the boxes represent the 25% of values
above and below the median value. (C, D) Correlation and Bland-Altman plot between MRRpous
and MRRgnt. The straight line in (C) represents the correlation line, and the shadow represents the
95% Cl.

Conclusions: Compared with bolus thermodilution, continuous
thermodilution yields lower values of CFR and MRR accompanied by an

almost 3-fold reduction of the variability in the measured results.
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Part Il

Pattern characterization and prognostic values
of a comprehensive coronary circulation assessment:
when and how.
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CHAPTER 6

FOCUS ON DIABETES

Microvascular Dysfunction in Patients with Type Il Diabetes Mellitus:
Invasive Assessment of Absolute Coronary Blood Flow
and Microvascular Resistance Reserve.

Background: Coronary microvascular dysfunction (CMD) is an early feature
of diabetic cardiomyopathy, which usually precedes the onset of diastolic
and systolic dysfunction. Continuous intracoronary thermodilution allows
an accurate and reproducible assessment of absolute coronary blood flow
and microvascular resistance thus allowing the evaluation of coronary flow
reserve (CFR) and Microvascular Resistance Reserve (MRR), a novel index
specific for microvascular function, which is independent from the
myocardial mass. In the present study we compared absolute coronary flow
and resistance, CFR and MRR assessed by continuous intracoronary
thermodilution in diabetic vs. non-diabetic patients. Left atrial reservoir
strain (LASr), an early marker of diastolic dysfunction was compared

between the two groups.
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Methods: In this observational retrospective study, 108 patients with
suspected angina and non-obstructive coronary artery disease (NOCAD)
consecutively undergoing elective coronary angiography (CAG) from
September 2018 to June 2021 were enrolled. The invasive functional
assessment of microvascular function was performed in the left anterior
descending artery (LAD) with intracoronary continuous thermodilution.
Patients were classified according to the presence of DM. Absolute resting
and hyperemic coronary blood flow (in mL/min) and resistance (in WU)
were compared between the two cohorts. FFR was measured to assess
coronary epicardial lesions, while CFR and MRR were calculated to assess
microvascular function. LAS, assessed by speckle tracking echocardiography,
was used to detect early myocardial structural changes potentially

associated with microvascular dysfunction.

Results: The median FFR value was 0.83 [0.79—-0.87] without any significant
difference between the two groups. Absolute resting and hyperemic flow in
the left anterior descending coronary were similar between diabetic and
non-diabetic patients. Similarly, resting and hyperemic resistances did not

change significantly between the two groups (Figure 11).
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Figure 11. Histograms and median values (dotted line) of the hemodynamic parameters [(A)
Pd/Pa, (B) fractional flow reserve — FFR, (C) resting flow, (D) hyperemic flow, (E) resting resistance,
(F) hyperemic resistance, (G) coronary flow reserve — CFR, (H) microvascular resistance reserve —
MRR] in both diabetic and non-diabetic patients.

In the DM cohort the CFR and MRR were significantly lower compared to
the control group (CFR =2.38 + 0.61 and 2.88 + 0.82; MRR = 2.79 + 0.87 and
3.48 + 1.02 for diabetic and non-diabetic patients respectively, [p<0.05 for
both]) (Figure 12). Likewise, diabetic patients had a significantly lower

reservoir, contractile and conductive LAS (all p < 0.05).
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Conclusions: Compared with non-diabetic patients, CFR and MRR were
lower in patients with DM and non-obstructive epicardial coronary arteries,
while both resting and hyperemic coronary flow and resistance were
similar. LASr was lower in diabetic patients, confirming the presence of a
subclinical diastolic dysfunction associated to the microcirculatory
impairment. Continuous intracoronary thermodilution-derived indexes
provide a reliable and operator-independent assessment of coronary
macro- and microvasculature and might potentially facilitate widespread
clinical adoption of invasive physiologic assessment of suspected

microvascular disease.
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CHAPTER 7

FOCUS ON AORTIC STENOSIS

Absolute coronary flow and microvascular resistance reserve
in patients with severe aortic stenosis

Background: Development of left ventricle (LV) hypertrophy in aortic
stenosis (AS) is accompanied by adaptive coronary flow regulation. We
aimed to assess absolute coronary flow, microvascular resistance, coronary
flow reverse (CFR) and microvascular resistance reserve (MRR) in patients

with and without AS.

Methods: Absolute coronary flow and microvascular resistance were
measured by continuous thermodilution in 29 patients with AS and 29
controls, without AS, matched for age, gender, diabetes, and functional
severity of epicardial coronary lesions. Myocardial work, total myocardial
mass and left anterior descending artery (LAD)-specific mass were

guantified by echocardiography and cardiac-CT.

Results: Patients with AS presented a significantly positive LV remodeling
with lower global longitudinal strain and global work efficacy compared
with controls. Total LV myocardial mass and LAD-specific myocardial mass
was significantly higher in patients with AS (p=0.001). Compared with
matched controls, absolute resting flow in the LAD was significantly higher
in the AS cohort (p=0.009), resulting into lower CFR and MRR in the AS
cohort compared with controls (p<0.005 for both). No differences were

found in hyperemic flow and resting and hyperemic resistances (Figure 13).
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Figure 13. Panels A and B: comparison of the resting (rest Q) and hyperaemic flow (hyp Q) in
patients with and without aortic stenosis; in the AS cohort, absolute resting flow was significantly
higher (p=0.009) as compared with controls, while absolute hyperaemic flow was similar between
the two study cohorts. Panel C and D: comparison of CFR and MRR in patients with and without
aortic stenosis; both CFR and MRR were significantly lower in the AS cohort compared with
controls (p=0.005 and p=0.001, respectively). CFR, coronary flow reserve; Hyp Q, hyperaemic flow;
MRR, microvascular resistance reserve; Rest Q, resting flow.

Moreover, in our study, we found that the resting absolute flow—but not
the hyperemic—is significantly increased in patients with AS, explaining the
significant reduction of both CFR and MRR in this population. The rising in
intraventricular pressures induced by the AS leads to LV hypertrophy to
lower wall stress with the disadvantage to further increase myocardial
oxygen demand. To balance these hemodynamic changes, coronary flow
autoregulation induces vasodilation and minimize coronary microvascular
resistance to maintain a constant resting perfusion. Since the hyperemic
flow cannot further increase, the progressive reduction in CFR appears to
be related to a proportional increase in resting coronary flow (Figure 14).
Myocardial perfusion (assessed as blood flow per g of tissue subtended to

the LAD - QN expressed in ml/min/g) during hyperemia was significantly
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lower in patients with AS. Thus, with the progression of myocardial
hypertrophy, the compensatory mechanism of increased resting flow
maintains an adequate perfusion at rest, but not during hyperemia (Figure

14).
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Figure 14. Panel A: Absolute flow variation in function of CFR in patients with AS. The hyperemic
flow, represented by the red line, remains relatively constant despite the reduction in CFR
whereas the resting flow (blue line) tends to increase as the CFR tends to lower values. Therefore,
in patients with AS, the reduction in CFR is mainly the consequence of an increased resting flow.
Panel B: Myocardial resting (blue line) and hyperemic (redline) perfusion expressed in flow per
gram of tissue in the LAD. With the progression of LVH, the compensatory mechanism of
increased resting flow maintains an adequate perfusion at rest, but not during hyperemia. CFR,
coronary flow reserve; LAD, left anterior descending artery; LVH, left ventricle hypertrophy.

Conclusions: In patients with severe AS and non-obstructive coronary artery
disease, with the progression of LV hypertrophy, the compensatory
mechanism of increased resting flow maintains adequate perfusion at rest,
but not during hyperemia. As a consequence, both CFR and MRR are

significantly impaired.
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Absolute coronary flow and microvascular resistance before and after
transcatheter aortic valve implantation:

The Absolute-TAVR Study

Background: Severe aortic stenosis (AS) is associated with left ventricular
(LV) remodeling which is likely to lead to changes in coronary blood flow

and microvascular resistance.

Aims: To evaluate changes in absolute coronary flow and microvascular
resistance, in patients with AS undergoing transcatheter aortic valve

replacement (TAVR).

Methods: Consecutive patients with AS undergoing TAVR were included if
they had no obstructive coronary disease (DS>50%) in the left anterior
descending artery (LAD). Absolute coronary flow and microvascular
resistance were measured in the LAD by continuous intracoronary
thermodilution at rest (Qrest and Ry, rest) and during hyperaemia (Qnyp and Ry,
nyper) before and after TAVR, and at 6-month follow-up. Total myocardial
mass and LAD-specific mass were quantified by echocardiography and
cardiac-CT. Regional myocardial perfusion (Qn) was calculated by dividing

absolute flow for the subtended myocardial mass.

Results: In 51 patients absolute flow and microvascular resistance were
measured at rest and during hyperemia before and after TAVR; in 20 (39%)
patients, measurements were also obtained 6 months after TAVR. In the
overall population, there were no changes in resting and hyperemic flow
and resistance before and after TAVR. Similarly, there was no change in flow
and resistance after 6 months (Figure 15). In patients with significant LV
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reverse remodeling at follow-up led to an increase in hyperemic perfusion
(Qw, hyp: 0.86 [0.69-1.06] vs 1.20 [0.99-1.32] mL/min/g, p=0.008; pre-TAVR
and follow-up respectively) but not in resting perfusion (Qu, rest: 0.34 [0.30-

0.48] vs 0.47 [0.36-0.67] mL/min/g, p=0.06).
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Figure 15: Boxplot with stripchart showing differences between absolute flow and myocardial
perfusion at rest (Qest and Qn.rest) and during hyperaemia (Qnyp, Quhyp) at baseline (pre-TAVR) and
at follow-up.
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In patients with significant LV reverse remodeling at follow-up led to an
increase in hyperemic perfusion (Qu, nyp: 0.86 [0.69-1.06] vs 1.20 [0.99-1.32]
mL/min/g, p=0.008; pre-TAVR and follow-up respectively) but not in resting
perfusion (Qu, rest: 0.34 [0.30-0.48] vs 0.47 [0.36-0.67] mL/min/g, p=0.06)

(Figure 16).
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Figure 16: Scatter plot with correlation and regression equation between relative changes in
perfusion and mass before TAVR and at follow up. AQy represent the relative change expressed as
percentage between myocardial perfusion before and after TAVR (both at rest (AQu.rest)and during
hyperaemia (AQ.nyp)). Amass represent the relative changes in the subtended mass before TAVR
and at follow-up expressed as percentage.

Conclusions: Immediately after TAVR no changes occurred in absolute
coronary flow and coronary flow reserve. Over time, the remodeling of the

left ventricle is associated with increased hyperemic perfusion.
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CHAPTER 8

FOCUS ON HEART FAILURE

Coronary Microvascular Dysfunction in Patients With Heart Failure:
Characterization of Patterns in HFrEF Versus HFpEF

Background: Coronary microvascular dysfunction (CMD) is involved in heart
failure (HF) onset and/or progression, independently of HF phenotype and
obstructive coronary artery disease (CAD). Invasive assessment of CMD

might provide insights into phenotyping and prognosis of patients with HF.

Objectives. To assess absolute coronary flow (Q), microvascular resistance
(R), perfusion (Qn), coronary flow reverse (CFR) and microvascular
resistance reserve (MRR) in HF patients with preserved (HFpEF) and with

reduced (HFrEF) left ventricular ejection fraction.

Methods: Single-center, prospective study of 56 consecutive patients with
de novo HF without obstructive CAD, divided into HFpEF (n=21) and HFrEF
(N=35) groups. CMD was invasively assessed by intracoronary continuous
thermodilution and defined as CFR<2.5. Left ventricular (LV) and left
anterior descending artery (LAD)-related myocardial mass were quantified

by echocardiography and coronary CT angiography.
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Results: 51.8% of the study population had CMD, with a similar prevalence
between the 2 groups. In HFrEF, CMD was characterized by lower R and
higher Q at rest (“functional CMD”). In patients with HFpEF, CMD was

mainly due to higher R and lower Q during hyperemia (“structural CMD”)
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Figure 17: Comparison of flow and resistance in patients with both heart failure (HF) phenotypes,
stratified according to the presence of coronary microvascular dysfunction (CMD).

The relationship between CFR and R were showed in Figure 18 in which

HFrEF cohort is characterized of lower R,.rest and Ry-hyper COMparing with the
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HFpEF (p<0.001 for both). Furthermore, HFrEF patients showed a significant
LV remodeling with higher total LV and LAD-related myocardial mass, lower
global longitudinal strain and global work efficacy compared to HFpEF
(p<0.010 for all). CMD was an independent predictor of a lower rate of LV

reverse remodeling at follow-up (Figure 18).
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Figure 18: Proportion of patients with and without coronary microvascular dysfunction (CMD)
among patients with heart failure with reduced ejection fraction, stratified by the presence of left
ventricular (LV) reverse remodeling at follow-up (left panel). Correlation between coronary flow
reserve (CFR; x-axis) and resting and hyperemic resistance (y-axis) in both heart failure (HF)
phenotypes (right panel).

Conclusion: Continuous intracoronary thermodilution allows the definition
and characterization of distinct CMD patterns in patients with HF and could
identify HFrEF patients with a higher rate of LV reverse remodeling at

follow-up.
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CHAPTER 9

FOCUS ON SLOW FLOW

When “Slow Flow” Is Not “Low Flow”

Classically a delayed progression of contrast across a non-stenotic epicardial
vessel during a coronary angiogram, is often defined to as “low” or “slow”
flow phenomena—both terms being considered interchangeable—and is
often ascribed to microvascular dysfunction. However, for a given value of
absolute flow, flow velocity depends on the cross-sectional area of the
vessel. Because of this, and based on the angiogram, we expect to find low
CFR and higher IMR values using a bolus-based measurements with an
agreement with the continuous thermodilution Q and R. When a 75 years
old man was referred to our catheterization lab for control coronary
angiogram 6 month after a primary PCl on the LCx, we found a TIMI frame

count of 57 in the LAD with surprisingly physiology results (Figure 14).
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Figure 14: Complete physiological assessment of a patients with slow flow phenomena. A) Bolus
thermodilution assessment. (B) Continuous thermodilution assessment.

Invasive assessment were performed, revealing normal coronary flow (CFR,
Q rest and Q hyper) with both technique in contrast with the angiographic
findings. Moreover, a mismatch between resistance were found, with
higher IMR (bolus thermodilution) and normal values of Rrest and Rnyper
(continuous thermodilution)?. This case example illustrates how “slow flow”
does not necessarily correspond to “low flow” and high microvascular
resistance. In such cases (ie, ectasic vessels) when IMR could be not reliable,

absolute flow and resistance assessment may overcome this limitation.
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CHAPTER 10

FOCUS ON STABLE CAD

Contemporary Management of Stable Coronary
Artery Disease

Coronary artery disease (CAD) continues to be the leading cause of
mortality and morbidity in developed countries. In this review we propose
an updated diagnostic and therapeutic approach for the management of
patients with CAD based on the latest invasive and non-invasive
technologies available nowadays (Figure 15). Assessment of pre-test
probability (PTP) based on patient’s characteristics, gender and symptoms,
help to identify more accurate patient's clinical likelihood of coronary artery
disease. Consequently, non-invasive imaging tests are performed more
appropriately to rule in or rule out CAD rather than invasive coronary
angiography (ICA). Coronary computed tomography angiography (CCTA) is
the first-line non-invasive imaging technique in patients with suspected CAD
and could be used to plan and guide coronary intervention. Invasive
coronary angiography remains the gold-standard method for the

identification and characterization of coronary artery stenosis
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Figure 15. Diagnostic flowchart for non-invasive and invasive assessment. CCTA coronary computed
tomography angiography, FFR fractional flow reserve, OMT optimal medical therapy, PPG pullback pressure
gradient, OCT optical coherence tomography, IVUS intravascular ultrasound.

However, it is recommended in patients where the imaging tests are non-
conclusive, and the clinical likelihood is very high, remembering that in
clinical practice, approximately 30 to 70% ofpatient s with symptoms and/or
signs of ischemia, referred to coronary angiography, have non obstructive
coronary artery disease (INOCA) . In this contest, physiology and imaging-
guided revascularization represent the cornerstone of contemporary
management of chronic coronary syndromes (CCS) patients allowing us to
focus specifically on ischemia-inducing stenoses?. Finally, we also discuss
contemporary medical therapeutic approach for secondary prevention. The
aim of this review is to provide an updated diagnostic and therapeutic
approach for the management of patients with stable coronary artery

disease.
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Part VII

Discussion and Conclusions
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Discussion

Part I. Evolution of FFR from the “oldest” adenosine to the new saline
continuous thermodilution: physiologycal mechanism and long-term

prognostic impact.

Since its first description, FFR is considered the standard of reference for
evaluation of the ischemic potential of coronary stenoses and the expected
benefit from revascularization or as opposite to defer revascularization.
Bearing this in mind, FFR-guided revascularization of intermediate lesions in
patients with preserved LVEF is associated with improved clinical outcomes
compared with the angiographic one. However, data on the impact of FFR
in patients with heart failure are still limited despite the evidence of an
effective tool in detecting hemodynamically significant coronary stenosis
even in case of elevated filling pressures as in the moderate/severe LV
ejection fraction. In the present study, we investigate the role of FFR in
deferring revascularization by comparing long-term clinical outcomes in
patients with reduced LVEF based on either angiography or FFR discovering
that angiography plus invasive functional assessment with FFR is associated
with lower rate of death and MACCE at 10 years of follow-up, compared
with angiographic assessment®. Moreover, when the relation between the
predicted probability of events with FFR and left ventricular ejection
fraction were expressed as continuum, the benefit of deferring
revascularization based on FFR is evident when the ejection fraction is >25%
and tends to decrease for values below it. Because FFR CFR and IMR
requiring hyperemia thought different drugs administration (intravenously
or intracoronary), we tested and clarify, the mechanism behind the
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hyperemia induction during intracoronary infusion of saline at room
temperature. In order to prove this, we performed increasing infusion rates
of saline at room temperature at 10 mL/min (resting phase), 20 mL/min
(hyperemic phase) and 2 minutes after the cessation of infusion (post
hyperemic phase) through the RayFlow™ catheter in the LAD and
simultaneously collected venous blood sample from the coronary sinus,
previously incannulated, at each stage. Continuous thermodilution and
subsequent absolute resting and hyperemic flow were measured in the
LAD. During the study we have also observed that the intracoronary saline
infusion does not affect blood pressure, systolic, or diastolic left ventricular
functional and cardiac rhythm, resulting free from side or adverse event.
Significant increased level of LDH and PFHb as well as the percentage of
hemolysis at visual inspection of centrifugated blood sample only in the
hyperemic phase, confirmed erythrocytes’s lysis as the mechanism
responsible of the hyperemia induction. Basically, the hemolysis of the
erythrocytes, resulting from the mechanical action of the saline through the
4 side holes of the catheter in proximal epicardial segments, induces
vasodilation of downstream resistance arteries by ATP and NO release after
hemolysis with the subsequent dilatation due to the interaction with A2
receptor  (endothelium-independent) or directly (endothelium-
dependent)®. These findings have opened a new scenario in terms of
microcirculatory assessment of flow and resistance using the RayFlow™

catheter, avoiding any specific pharmacological hyperemia.
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Part Il. New perspective in thermodilution-based coronary physiology:

evaluation of different technique.

Coronary microvascular disfunction (CMD) is associated with anginal
complaints, reduced quality of life, and a worse prognosis even with
complete epicardial healthy vessels. Due to this, the evaluation of the IMR
and CFR has been established for the diagnosis of INOCA/ANOCA. According
with the common physiologic principes based on thermodilution both the
method bolus and continuous are validated to microvascular assessment.
Comparing with continuous thermodilution, the bolus technique estimates
IMR by combining distal coronary pressure and indirect indices of flow, such
as mean transit time. For its ease of application and its outcome prediction
capacity in the acute coronary syndromes and INOCA/ANOCA settings,
bolus thermodilution assessment is the most widespread in the current
clinical practice, emerging as one of the reference standards to define CMD.
In the last years, continuous thermodilution provides a direct measurement
of flow (Q) and resistance (R) obtaining, as consequence, the microvascular
resistance reserve (MRR) index which has the advantage to be completely
independent from epicardial resistance and thus coronary stenosis. The
studies presented in this paragraph aim to investigating the reproducibility
of the bolus vs continuous thermodilution to assess flow (CFR vs Q) and
resistance (IMR vs MRR) in ANOCA patients. Because of the direct
volumetric measurements of flow and the operator independency, our
results shown the superiority of continuous method in assessing coronary
microcirculation in terms of accuracy and variability>®. Clinical implication

of the discrepancy between the two techniques can affect the diagnosis of
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CMD due to the overestimation of CFR pows and IMR pous, With an
underdiagnosed rates estimates in approximately 30% of the cases. Finally,
also test-retest reliability demonstrate the higher accuracy of the
continuous thermodilution with an agreement >95% between the
measurements. Considering the previous evidences and the advantage of
the saline induced hyperemia instead of pharmacological one (papaverine,
adenosine ecc), continuous thermodilution might be the method of choice
despite the cost and the need of additional material, as pump for controlled

saline infusion and Rayflow catheter.

Part lll. Pattern characterization and prognostic values of a comprehensive
coronary circulation assessment: when and how.

Bolus and continuous thermodilution for coronary circulation assessment,
have many useful features: 1) complete investigation of epicardial and
microcirculation in the same procedure with no more than 10-15 minutes ;
2) the possibility of coronary flow (CFR or Q) and resistance (IMR or R)
measurements with proven prognostic evidence; 3) allow to describe
coronary circulation status in different pattern of disease (aortic stenosis,
diabetic patients, HErEF, HEpEF) understanding the physiologic
abnormalities behind it; 4) extend the diagnostic spectrum to diseases as
CMD (functional or structural), responsible of more than 30% of angina with
normal epicardial vessels. Often, mismatch between symptoms and
absence of coronary vessels disease, lead to multiple coronary
angiographies during the vyears underestimate the value of the
microcirculation investigations. Furthermore, for continuous thermodilution
technique, additional advantages regard 1) low variability due to the

completely intra and inter-operator variability 2) saline induced hyperemia
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without hyperemic agent administration and the side effects correlated; 3)
independence of MRR from epicardial stenosis and myocardial mass; 4)
direct volumetric quantification of coronary flow. Given the opportunity of
complete coronary assessment derived from the technological progress, we
start to investigate and describes the main characteristics across the most
common cardiovascular disease.

Focusing on diabetic patients, we discovered the impairment of CFR and
MRR with a prevalence of subclinical diastolic disfunction (low LASr) in
these population comparing with the non-diabetic. Specifically, in our study
we found a CFR <2.5 in 40% of the population with lower MRR in DM
patients suggesting an impairment of both hyperemic flow (with increased
Rhye) and increased basal flow (with decreased Rrest). Interestingly, in DM
patients, low values of FFR compared with % of diameter stenosis are
probably leading to the diffuseness of epicardial stenosis. However, as
explained previously, adopting MRR, we eliminate the influence of
epicardial disease and myocardial mass’.

Concerning the aortic stenosis (AS), our line of research focused on
the compensatory mechanism of coronary circulation driven by the low
cardiac output and LV hypertrophy typical of this disease. Beyond the pure
physiological description, this topic has also high clinical importance in the
reliability of FFR measurements in intermediate coronary stenosis in AS
patients and in predicting LV remodeling after TAVR or AVR. Using
continuous thermodilution, we tried to explain the interplay between
coronary flow and myocardial mass. We found an increased absolute
resting flow (Qrest) but not the hyperemic one (Q 1) leading to a reduction
of both CFR and MRR in this population. According with this findings, also

myocardial perfusion (ml/min/mg) during hyperemia results in lower value
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compared with the no-AS cohort. Since the hyperemic flow cannot further
increase, this evidence suggests a baseline increase of resting flow resulting
in CFR reduction. This “baseline hyperemic status” characterized by
vasodilatation and low microvascular resistance, represents the
compensatory mechanism of the coronary autoregulation to maintain
constant resting perfusion. The increase in LV pressure and LV hypertrophy
had a trade-off in terms of additional oxygen demand, contributing to a
shift in coronary flow from the endocardium to the epicardium, leading to
subendocardial ischemia®. On the clinical side, ischemia-related mismatch,
are responsible of the angina onset reflecting the overcome compensatory
limits of coronary autoregulation and represents a red flag for AS
progression and severity. Knowing the physiological adaption of coronary
circulation in AS patients, is questionable the reliability of resting and
hyperemic index for intermediate coronary stenosis evaluation. The
increase in resting flow may already be associated with some degree of
microvascular dilation, whereas the decrease in hyperemic perfusion in
LVH, may be changed after afterload reduction due to LV reverse
remodeling after TAVR or AVR. Bearing this in mind, we investigated the
variability of epicardial and microvascular index after 6 months of follow
up, discovering no changes in resting/hyperemic flow and coronary flow
reserve in the overall population, while an increase of hyperemic flow was
found in patients with LV reverse remodeling. These findings support the
evidence that the reverse remodeling play an important role in oxygen
demand supply to the myocardium, even more than the acute LV unloading
achieved with the valve replacement. Coronary autoregulation seems to be
preserved before, immediately after and at 6 months follow up, underlining

the complex relations between myocardial mass, coronary flow and
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symptoms onset.

Heart failure (HF) is one of the most common causes of
hospitalization all over the world, nevertheless physiologic evaluation of
coronary circulation has never been fully investigated. According with these
observations, we investigated the impact of CMD across HF patients,
characterizing different pattern (functional vs structural CMD) by using
continuous thermodilution. The identification of different physiological
phenotype might provide further prognosis impact beyond the clinical
classification of HFpEF and HFrEF based on LV function and filling pressure.
Absolute coronary flow, absolute microvascular resistance, coronary flow
reserve and microvascular resistance reserve seem to describe a prevalent
functional CMD in HFrEF (lower Ry, and higher Q rest) whereas a structural
CMD in HFpEF (higher R nyp and lower Q rest). While establishing causality
remain challenging, common pathophysiological factors are recognisable.
Diastolic disfunction and higher filling pressure in HFpEF, might be
responsible of reduced hyperemic perfusion leading to subendocardial
ischemia. In addition, ab extrinsic compression coming from LV
hypertrophy results in abnormal microvascular response with lack of
vasodilatation and increased R hy . Furthermore, fibrosis and systemic
inflammation probably plays a fundamental role in the development of
structural CMD, as suggests from higher level of ST-2 compare with No-
CMD patients or patients with functional CMD in HFrEF. As opposite,
functional CMD underlying distinct pathophysiological mechanism mainly
driven by the neurohormonal systems activation. Increasing in oxygen
myocardial demand caused by the rising in catecholamines level, will
increase the Qrest and reducing Rrest as adaptative mechanism, as well as

the increased activity of nitric oxide synthase to compensate higher
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metabolic request®. The differentiation of CMD patterns among HF
phenotypes is not only nosological, but coronary physiological assessment
helps us to understand the major abnormalities in flow and resistance and
may predict LV remodeling and improvement in clinical symptoms during
follow-up. To date, since we were able to recruit only few patients the
relationship between CMD and lower LV reverse remodeling in HErEF
patients, needs to be further investigated in order to highlight the

prognostic impact of coronary physiology status in HF patients.
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Conclusions

In this research journey we investigated: a) the prognostic role of FFR in
functional evaluation of epicardial stenosis in patients with low ejection
fraction; b) the mechanism behind the saline induced hyperemia; c) the
technical and physiological difference in thermodilution based coronary
physiology evaluation by an head to head comparison between bolus and
continuous method; d) the role of IMR, CFR absolute coronary flow and
microvascular resistances assessment with in different clinical scenario;
Starting from the solid data proving the effectiveness and safety of FFR as
milestone in functional assessment of the ischemic burden related to
coronary stenoses, our results corroborate the born of new era of coronary
physiology assessment. Absolute coronary blood flow (Q) and microvascular
resistance (R) can be safely and reproducibly measured with continuous
thermodilution, opening new opportunities for the study of the coronary
microcirculation. Innovative method as continuous thermodilution might be
help to understand the pathophysiology behind heart disease, giving a big
step forward in the treatment of cardiovascular disorders.

We hope that after reading this thesis many questions arises, because
exactly that has been the aim of my research, which is based on questions
rather than answers. Behind every great discovery, someone asked the right
guestion and, with patience and dedication, was able to find the answer

over time.
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List of abbreviations

CAD: coronary artery disease;

AS: Aortic stenosis;

DM: Diabetes mellitus;

FFR: fractional flow reserve;

PCl: percutaneous coronary intervention;

CFR: coronary flow reserve;

IMR: index of microcirculatory resistance;

Tmn: mean transit time;

MRR: Microvascular resistance reserve

CFR: Coronary flow reserve

Q: Absolute coronary flow;

R: Microvascular resistance;

DS: Diameter stenosis;

ANOCA: Angina and non-obstructive coronary artery disease;
NOCAD: Non-obstructive coronary artery disease;

CMD: Coronary microvascular disease;

HF: heart failure;

HFpEF: Heart failure with preserved ejection fraction
HFrEF: Heart failure with reduced ejection fraction
RCA: right coronary artery;

LAD: left anterior descending artery;

LCx: left circumflex artery;

MACCE: major adverse cardiovascular and cerebrovascular events;
LVEF: Left ventricular ejection fraction;

ATP: Adenosine triphosphate;
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LDH: Lactate dehydrogenase;

PFHb: Plasma free haemoglobin;

LASr: Left atrial reservoir strain;

LAS: Left atrial strain;

PTP: Pre-test probability;

CCTA: Coronary computed tomography angiography;
ICA: Invasive coronary angiography;

CCS: Chronic coronary syndromes;
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