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Aims The relationship between coronary artery atherosclerosis and microvascular resistance remains unclear. This study aims to
clarify the relationship between total atherosclerotic and vessel-specific atherosclerotic burden and microvascular resistance
reserve (MRR).

Methods In this post hoc analysis of the PACIFIC 1 trial, symptomatic patients without prior coronary artery disease (CAD) under-

and results went [*O]H,O positron emission tomography, coronary computed tomography angiography (CCTA), and invasive frac-
tional flow reserve (FFR). MRR was assessed across all three coronary branches, utilizing PET-derived coronary flow reserve
and invasive FFR measurements. CCTA was used to assess patient and vessel-specific plaque volumes. Percentage atheroma
volume (PAV) was defined as total plaque volume divided by vessel volume. The study included 142 patients (55% male,
57.5 + 8.6 years) with 426 vessels with a mean MRR of 3.77 & 1.64. While a significantly higher PAV was observed in the
left anterior descending artery territory, MRR was similar across the three coronary branches. Generalized estimating equa-
tions without correction for cardiovascular risk factors identified that patient-specific PAV tertiles but not vessel-specific
PAV tertiles were related to vessel-specific MRR. After correction for cardiovascular risk factors, compared with the first
tertile of patient-specific PAV, the second tertile showed a vessel-specific MRR decrease of f=—0.362, P=0.018, and the
third tertile showed a decrease of f=—-0.347, P=0.024.

Conclusion In patients without prior CAD, patient-specific plaque burden was negatively associated to vessel-specific MRR; however,
vessel-specific plaque burden was not related to vessel-specific MRR. Our findings suggest that the relation between ath-
erosclerotic burden and an impaired microcirculatory function is of systemic origin.
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Introduction

In recent years, there has been a significant focus on the relationship
between coronary microcirculatory health and its clinical implications,
particularly regarding symptoms and prognosis.? The worsening of
the microcirculatory system, influenced by risk factors associated
with atherosclerosis, suggests a potential link with coronary athero-
sclerosis, yet this relationship remains a topic of debate.

The microcirculation system has an adaptive potential to maintain blood
flow, even if epicardial artery stenoses are present.’™ Additionally, the
myocardium’s adaptive mechanisms, encompassing both local and systemic
responses, underline the importance of how the epicardial and microcircu-
latory system relate.® This highlights the necessity for a comprehensive ap-
proach in studying the relationship between microcirculation and coronary
plaque, which takes into account not just individual vessels but the entire
coronary system.

Furthermore, previous studies have primarily utilized coronary
flow reserve (CFR) and the index of microcirculatory resistance
(IMR) to explore the interaction between coronary plaque and micro-
circulation.””” However, these methodologies come with limitations.
CFR is partially influenced by epicardial vessels, and IMR is subject to
challenges such as myocardial mass'® and collateral circulation, as well
inter-operator variability. To overcome these limitations, this study
adopts the microvascular resistance reserve (MRR), a novel marker
proposed by De Bruyne et al.? for evaluating pure microvascular
circulation without the need to account for myocardial mass or

microvascular resistance * coronary atherosclerosis ® [1SO]HQO PET e fractional flow reserve

collateral circulation. By integrating invasive fractional flow reserve
(FFR) and positron emission tomography (PET)-derived CFR mea-
surements, our analysis aims to reveal the relationship between epi-
cardial coronary atherosclerosis—marked by vessel-specific and
patient-specific total coronary plaque burden—and MRR across the
entire coronary system.

Methods

Patient selection

The study is a post hoc analysis of the Comparison of Coronary CT
Angiography, SPECT, PET, and Hybrid Imaging for Diagnosis of Ischemic
Heart Disease Determined by FFR (PACIFIC 1)."" The PACIFIC 1 trial
was a prospective, single-centre, head-to-head comparative study from
2012 to 2017 at Amsterdam University Medical Center, location VU
Medical Center in Amsterdam, the Netherlands (NCT01521468). All par-
ticipants, with suspected obstructive coronary artery disease (CAD), com-
pleted a 2-week protocol including ['*O]H,O PET and coronary computed
tomography angiography (CCTA) prior to invasive coronary angiography
(ICA) coupled with routine three-vessel invasive FFR examination. We fo-
cused on patients in whom MRR could be computed in all three coronary
branches and in whom quantitative coronary plaque assessment on CCTA
was available. The VUmc Medical Ethics Review Committee approved the
study protocols and complied with the Declaration of Helsinki, with written
informed consent obtained from all participants.
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PET procedure

PET scans were performed on a hybrid PET/CT equipment (Philips Gemini TF
64, Philips Healthcare, Best, the Netherlands). The scan procedure involved a
dynamic 6 min scanning protocol that initiated simultaneously with an injection
of 370 MBq ['*OJH,0 during resting and adenosine-induced hyperaemic con-
ditions (140 pg/kg/min). Low-dose CT scans allowed for attenuation correc-
tion. Parametric images of quantitative hyperaemic MBF were created for
each of the 17 segments of the left ventricle as per the American Heart
Association model with standardized allocation of segments to the three vas-
cular territories.'? Images were analysed using Carimas software (Turku PET
Centre, University of Turku and Turku University Hospital, Turku, Finland).
The participants were asked to abstain from caffeine or xanthine intake 24 h
prior to the PET scan. Parametric MBF images were analysed. Regional hyper-
aemic myocardial blood flow (hMBF) was defined as mean hMBF of the entire
vascular territory in the absence of a perfusion defect or as the mean hMBF of
the perfusion defect (>2 adjacent segments with a hMBF < 2.3 mL/min/g)
when present."® CFR was defined as the ratio of hMBF to resting MBF (rMBF).

ICA and physiological assessments

ICA was performed according to standard clinical protocols."” Patients
were instructed to refrain from the intake of xanthine or caffeine 24 h prior
to the coronary angiography. All major coronary arteries (>2 mm) were
routinely interrogated by FFR, irrespective of stenosis severity and imaging
results. To induce maximal coronary hyperaemia, adenosine was adminis-
tered intracoronary as a 150 ug bolus or intravenously (140 ug/kg/min).
FFR was calculated as the ratio of mean distal intracoronary to aortic guiding
pressure during hyperaemia. MRR was derived based on the framework by
De Bruyne et al.® by combining invasive FFR measurements and non-
invasive PET flow measurements. The formula used in the current analysis
is a quotient of CFR and FFR with the correction for the impact of haemo-
dynamics, as follows:

MRR = (CFR/FFR) X (P4 rest /Pahyper)

CFR indicates PET-derived CFR, FFR indicates pressure-wire derived FFR,
and P, rest and P, pyper indicate mean aortic pressure during non-hyperaemic
and maximal hyperaemic PET, respectively.

CCTA

CT scans were performed using a 256-slice CT scanner (Philips Brilliance
iCT, Philips Healthcare, Best, the Netherlands) with a tube current between
200 and 360 mAs at 120 kV. Respective CT parameters for the 256-slice en-
tailed a section collimation of 128 x 0.625 mm and a gantry rotation time of
270 ms. Each patient received 800 mcg of sublingual nitroglycerine immedi-
ately prior to CCTA. If necessary, metoprolol was given prior to CCTA
by oral or intravenous administration. For visualization of the coronary ar-
tery lumen, a bolus of iobitridol (Xenetix 350) was injected intravenously
followed immediately by a saline chaser. Prospective electrocardiogram gat-
ing between 72 and 78% of the R-R interval was performed to reduce radi-
ation dose.

Al-QCT

A US Food and Drug Administration—approved artificial intelligence
(Aly-based software approach (Cleerly Inc.) was used to analyse the
CCTA.™ The AI-QCT software uses validated convolutional neural net-
works for image quality assessment, coronary segmentation, vessel contour
determination, lumen wall evaluation, and plaque characterization and quan-
tification. First, the algorithm produces a centreline, lumen, and outer vessel
wall contours for every phase available. Subsequently, the algorithm selects
the two optimal series for analysis for each coronary artery. Following auto-
mated segmentation and labelling of all coronary arteries, plaques are charac-
terized and quantified based on Hounsfield unit attenuation. Finally, the
Al analysis was supervised by a radiologic technologist for quality assurance

review. Coronary segments with a diameter > 1.5 mm were included
for analysis. AI-QCT analyses were performed on a per segment basis using
the modified 18-segment Society of Cardiovascular Computed Tomography
model.”® Segments were evaluated for the presence of coronary atheroscler-
osis, defined as any tissue structure > 1 mm? within the coronary artery wall
that was differentiated from the surrounding epicardial tissue, epicardial fat,
or the vessel lumen itself. Plaque volumes (mm?®) were calculated for each
coronary lesion and then summated to compute the total plaque volume
for the entire segment. Vessel-specific plaque volumes were normalized to
the vessel volume to account for variation in coronary artery volume, calcu-
lated as vessel-specific plaque volume/vessel-specific volume X 100%. These
normalized volumes were reported as percentage atheroma volume
(PAV). Calcified plaque volume (CPV)/vessel-specific volume and non-CPV
(NCPV)/vessel-specific volume were also reported as PCPV (percentage
CPV) and PNCPV (percentage NCPV). To match plaque findings with inva-
sive FFR measurements, plaque and vessel volumes were summoned from
the position of the aortic pressure sensor until the distal pressure sensor.
If image quality was insufficient or artefacts hindered analysis, only the slices
with insufficient quality were excluded from the analysis. The AI-QCT
algorithm has been validated against expert CT readers, quantitative
coronary angiography, and intravascular ultrasound."*'*”"® Furthermore,
Al-QCT-derived plaque staging showed important prognostic value in add-
ition to clinical risk factors, coronary calcium score, diameter stenosis, and
CAD-RADS." The radiologic technologists who performed quality assur-
ance review were blinded to the results of the invasive coronary pressure
measurements.

Statistical analysis

Continuous variables were presented as mean =+ standard deviation or me-
dian with interquartile range, based on their distribution. Categorical vari-
ables were expressed as frequencies and percentages. The Kruskal-Wallis
test was used to compare FFR, PAV, PCPV, and PNCPV among the three
coronary branches, whereas the analysis of variance was used to compare
vessel-specific MRR and CFR. Given that plaque volumes were non-
normally distributed, Spearman’s correlation was used to assess the corre-
lations between vessel-specific MRR and PAV, PCPV, and PNCPV for each
of the three coronary branches. The correlation between mean MRR
across the three coronary branches and total plaque volume was also
analysed using Spearman’s correlation coefficient. To correct for cardiovas-
cular risk factors and for multiple vessels within a patient, generalized esti-
mating equations (GEEs) were used to assess the relation between plaque
volumes and vessel-specific MRR. Plaque burdens were introduced to the
GEE using tertiles. Including plaque burden as a continuous variable in the
GEE models was unsuitable because the relationship between plaque bur-
den and MRR is non-linear. Logarithmic transformation was also unsuitable
because multiple vessels had plaque burden values of zero. Therefore, the
GEE models were constructed based on the tertiles of PAV, PCPV, and
PNCPV. Significant predictors of vessel-specific MRR in the univariable ana-
lysis (P < 0.05) were included into the multivariable model.

A two-sided P < 0.05 was considered statistically significant. Statistical ana-
lyses were performed using R version 4.3.1 (R Foundation for Statistical
Computing, Vienna, Austria).

Results

Among the 208 patients enrolled in the PACIFIC 1 study, 179 (86%)
had three-vessel FFR, and 164 (79%) had three-vessel CFR available.
As such, 144 patients had three-vessel MRR, representing 69% of the
total cohort. Another two patients were excluded due to uninterpret-
able CCTA. The final analysis included 142 patients (see Supplementary
data online, Figure S7).

The patients’ mean age was 57.5 + 8.6 years, and 78 (54.9%) were
male. Further patient characteristics are described in Table 1.
Vessel-specific characteristics are displayed in Table 2. Overall, FFR and
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CFR were significantly lower in left anterior descending artery (LAD) re-
gion compared with the other areas. However, MRR was similar among
the three coronary branches (Figure 1).

In patients with single-vessel obstructive CAD, obstructive CAD
(FFR <0.80) was most frequently observed in the LAD (27 patients,
19.0%), followed by right coronary artery (RCA) (2 patients, 1.4%)
and right circumflex artery (RCX) (3 patients, 2.1%). In cases of two-
vessel disease, the LAD/RCA combination was found in five patients
(3.5%), LAD/RCX in five patients (3.5%), and RCA/RCX in one patient
(0.7%). Three-vessel disease was observed in two patients (1.4%). PAV
and PCPV were particularly higher in the LAD territory in comparison
with other target vessel areas. On the other hand, PAV, PCPV, and
PNCPV values were similar between RCA and RCX (Figure 2).

Table 1 Baseline characteristics
All patients
n=142
Characteristics
Male 78 (54.9%)
Age, years 575+86
BMI, kg/m? 267 +3.7
Cardiovascular risk factors
Diabetes mellitus 20 (14.1%)
Hypertension 67 (47.2%)
Hypercholesterolaemia 51 (35.9%)
History of smoking 27 (19.0%)
Family history of CAD 77 (54.2%)

Medication

Antiplatelet therapy 123 (86.6%)

B-Blocker 9 (62.7%)
Calcium channel blocker 9 (27.5%)
ACE-inhibitor 28 (19.7%)
ARB 5(17.6%)
Statin 107 (75.4%)

Long-acting nitrate 16 (11.3%)

BMI, body mass index; CAD, coronary artery disease; ACE, angiotensin-converting
enzyme; ARB, angiotensin Il receptor blockers.

Table 2 Vessel characteristics

Correlation analysis: FFR, MRR, and

coronary plaque volumes

FFR and MRR were not correlated in a vessel-specific analysis (see
Supplementary data online, Figure S2). PAV, PCPV, and PNCPV were
not correlated to vessel-specific MRR for the LAD and RCA territories;
however, a weak correlation between vessel-specific MRR and PNCPV
was observed in the RCX (Figure 3). On a per-patient basis using mean
MRR of the three coronary territories, a negative correlation was ob-
served with PAV (r= —0.24) and PNCPV (r = —0.28), whereas the cor-
relation with PCPV (r = —0.15) was not statistically significant (Figure 4).

Impact of coronary plaque volume on MRR
Linear regression analysis using GEE indicated that in a univariable ana-
lysis, sex, smoking status, and the patient-specific total plaque (PAV,
PCPV, and PNCPV) were associated with vessel-specific MRR.

In contrast, vessel-specific plaque volumes were not significantly re-
lated with vessel-specific MRR (Table 3). In the multivariable analysis,
male sex (f#=-0.379, P=0.004), smoking (f=-0.529, P <0.001),
and patient-specific PAV tertiles independently predicted vessel-specific
MRR (Table 3). Compared with the first tertile of patient-specific PAV,
the second tertile showed a vessel-specific MRR decrease (f = —0.362,
P=0.018), and the third tertile showed a decrease (f=-0.347,
P=0.024).

Relationship between risk factor

management and MRR

Even when LDL cholesterol was well controlled (<70 mg/dL) or BMI
was <30 kg/m?, there was no significant difference in mean MRR values
(LDL: P=0.547; BMI: P =0.451). MRR was reduced in current smokers,
with mean MRR values of 3.29 + 1.00 for current smokers, 3.94 + 1.12
for former smokers, and 3.88 + 1.11 for non-smokers (P = 0.040) (see
Supplementary data online, Figure S3).

Discussion

Our study provides a unique analysis of the complex interaction between
coronary artery atherosclerosis and the myocardial microcirculation in
patients without prior myocardial infarction by examining the relation-
ship between coronary plaque burden and MRR. This study found that
vessel-specific plaque burden was not related to MRR, whereas patient-
specific PAV was negatively correlated to MRR. Moreover, although
there is no direct correlation between the microcirculation function

Overall LAD
FFR 0.94 (0.88-0.98) 0.88 (0.78-0.93)
CFR 320+154 297 +£1.58
MRR 377 £1.64 3.85+1.50
PAV (%) 8.0 (2.3-15.5) 11.5 (2.6-24.9)
PCPV (%) 2.3 (0.1-6.3) 2.9 (0-9.5)
PNCPV (%) 4.3 (1.7-9.3) 6.2 (1.9-12.9)

All vessels

n =142 (426 vessels)

RCA RCX P value

0.96 (0.92-0.99) 0.97 (0.93-1.00) <0.001
336+175 326+1.36 0.017
379+188 3.67 141 0.500
2.8 (0.9-12.3) 4.6 (1.6-13.6) <0.001
0.1 (0-4.0) 0.6 (0-4.8) <0.001
2.1 (0.9-7.2) 3.6 (1.4-9.0) <0.001

FFR, fractional flow reserve; CFR, coronary flow reserve; MRR, microvascular resistance reserve; PAV, percentage atheroma volume; PCPV, percentage calcified plaque volume; PNCPV,

percentage non-calcified plaque volume.
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Figure 1 Comparative analysis of FFR, CFR, and MRR across coronary branches. The comparison of FFR, CFR, and MRR across LAD, RCA, and RCX
arteries. CFR, coronary flow reserve; FFR, fractional flow reserve; MRR, microvascular resistance reserve; LAD, left anterior descending artery; RCA,
right coronary artery; RCX, right circumflex artery.
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Figure 2 Comparative analysis of vessel-specific plaque volumes/vessel volumes across coronary branches. The comparison of vessel-specific PAV,
PCPV, and PNCPV across LAD, RCA, and RCX arteries. PAV, percentage atheroma volume; PCPV, percentage calcified plaque volume; PNCPV, per-
centage non-calcified plaque volume. Other abbreviations are in Figure 1.

and coronary plaque in individual coronary arteries, an increase in cumu- The formation of coronary plaque is a lipid-driven inflammatory dis-
lative plaque burden, particularly non-calcified plaque burden, across all ease within the arterial wall. Moreover, the accumulation of coronary
three coronary arteries was significantly associated with an impaired plaque might also have focal aspects, potentially because of focal factors

microcirculatory function. like endothelial shear stress.”°?" These aspects opened the debate
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vessel-specific MRR. Each subplot represents a different plaque type, with scatter plots illustrating the relationship between plaque volume and MRR
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Figure 4 Correlation between mean MRR and patient-specific plaque volumes. The correlations between patient-specific PAV, PCPV, and PNCPV
to mean MRR. Each subplot represents a different plaque type, with scatter plots illustrating the relationship between summed plaque volume and mean
MRR within three coronary arteries. Abbreviations are in Figures 1 and 2.

whether the microcirculatory function predominantly is a vessel-
specific feature or a patient-specific feature and how these aspects of
epicardial atherosclerosis relate to the microcirculatory function. On
the other hand, coronary risk factors such as age, hypertension, dia-
betes, and smoking impact both microvascular dysfunction and the for-
mation and progression of coronary plaques, suggesting a potential
correlation between worsening coronary plaques and the progression
of microcirculatory dysfunction.® In this study, current smokers

exhibited a lower MRR compared with former smokers and non-
smokers, suggesting that smoking contributes to microvascular dys-
function independently of the influence of coronary plaque burden.
Our findings imply that smoking cessation may improve microvascular
function. These findings highlight the importance of addressing smoking,
a modifiable risk factor, in the management of patients with CAD.

If a coronary stenosis leads to a decrease in FFR, microcirculation
undergoes compensatory dilation to supplement the reduced blood
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Table 3 GEEs for vessel-specific MRR

Univariable Multivariable
analysis analysis
B p p P
value value
Age —0.009 0.250
Male —0.498 <0.001 -0.379 0.004
BMI —-0.002 0.910
Diabetes mellitus -0.231 0.200
Hypertension -0.236 0.063
Current smoker —0.585 <0.001 —-0.529 <0.001
Vessel-specific plaque
volume/vessel volume
PAV
Quartile 1 Reference
Quartile 2 vs. 1 -0.078 0.621
Quartile 3 vs. 1 -0.249 0.093
PCPV
Quartile 1 Reference
Quartile 2 vs. 1 —0.308 0.052
Quartile 3 vs. 1 -0.263 0.080
PNCPV
Quartile 1 Reference
Quartile 2 vs. 1 0.092 0.544
Quartile 3 vs. 1 -0.278 0.076
Patient-specific plaque
volume/vessel volume
PAV
Quartile 1 Reference Reference
Quartile 2 vs. 1 —0.486 0.001 —0.362 0.018
Quartile 3 vs. 1 —0.465 0.002  -0.347 0.024
PCPV
Quartile 1 Reference
Quartile 2 vs. 1 -0.632  <0.001
Quartile 3 vs. 1 —-0.240 0.120
PNCPV
Quartile 1 Reference
Quartile 2 vs. 1 —0.240 0.122
Quartile 3 vs. 1 —0.560 <0.001

BMI, body mass index; MRR, microvascular resistance reserve; PAV, percentage
atheroma volume; PCPV, percentage calcified plaque volume; PNCPV, percentage
non-calcified plaque volume.

flow.*?? Therefore, the relationship between the deterioration of
microcirculation and coronary plaque is not necessarily directly corre-
lated. Moreover, the compensatory mechanisms of the microcircula-
tion and collateral pathways between coronary branches further
complicate this relationship.>2* The absence of a direct relationship be-
tween vessel-specific plaque burden and MRR in its corresponding ter-
ritory may be influenced by compensatory blood flow processes from
the other coronary arteries. Indeed, the cumulative impact of summed
coronary plaque from the three coronary arteries was significantly

associated to a decreased microcirculatory function. This underscores
the complexity of the assessment of the relationship between coronary
plague and microcirculatory function using a single coronary artery
branch, highlighting the need for a more comprehensive approach
that considers the interplay between all branches in understanding
the effects of atherosclerosis on microcirculation. The interplay be-
tween total epicardial plaque burden and MRR is independent of car-
diovascular risk factors and is essential for understanding the
pathophysiology of ischaemic heart disease and development of treat-
ment strategies.

A number of studies suggested a relation between microvascular
dysfunction and vessel-specific coronary plaque formation using CFR
and IMR.”8* Compared with those studies, the population in this study
with a history of no heart disease indicates a relatively low level of ath-
erosclerosis. Depending on the degree of atherosclerosis, it is possible
to experience effective compensatory coronary blood flow through
microcirculatory adaption. In chronic ischaemic conditions, the initial
compensatory response of the microcirculation undergoes functional
and structural changes over time. These physiological changes further
complicate the comprehensive analysis of the microcirculatory function
and include altered myogenic responses, microvascular vasoconstric-
tion, and a potential reduction in vasodilatory capacity.> Such altera-
tions can ultimately promote a decrease in myocardial perfusion and
the loss of myocytes, suggesting that chronic atherosclerosis is a signifi-
cant factor in causing microcirculatory dysfunction.‘r"25 The microcircu-
lation may be affected differently by the stage of atherosclerosis in
relation to coronary plaque involvement. During the early stages of ath-
erosclerosis, we found that the overall atherosclerotic burden negative-
ly impacted MRR independent of traditional risk factors, suggesting a
systemic rather than localized effect on microcirculatory function.

Limitation

Some limitations should be acknowledged. Firstly, this was a cross-
sectional study with a limited sample size making it difficult to establish
causality. Secondly, while prior studies suggested that FFR and MRR
might be independent of vessel-specific atherosclerotic burden,®> MRR
might not be entirely independent of the status of epicardial disease.
Thirdly, this study did not entail endothelial function tests for assessing
arteriolar dysregulation in the coronary microcirculation. Fourth, seg-
ments evaluated by PET for CFR and by invasive wire for FFR may
not perfectly align, in contrast to coronary flow assessment using a
wire. Fifthly, while we did not obtain invasive flow and resistance values
typically acquired through invasive measurements alone, the combin-
ation of FFR and PET allowed for a precise evaluation of microvascular
function. This approach yields valuable insights into the pathophysio-
logical mechanisms of ischaemic heart disease, but it may not be feasible
for widespread clinical use. Lastly, although we attempted to examine
the relationship between MRR and clinical outcomes, only four patients
(3%) experienced major adverse events such as death (n=1) or myo-
cardial infarction (n = 3) during long-term follow-up (1680 + 331 days),
which was insufficient for prognostic analysis. Further studies are
needed to investigate how MRR and coronary plaque burden relate
to long-term prognosis.

Conclusion

Our study demonstrated an independent relation between total ath-
erosclerotic plaque volume and an impaired microcirculatory function.
The relation between atherosclerotic burden and impaired microcircu-
latory function appeared stronger on a per-patient level than for vessel-
specific parameters. Our findings indicate that the relation between
atherosclerotic burden and an impaired microcirculatory function
might be of systemic origin.
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Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
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