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Background

Results

Keywords

Microvascular dysfunction in the setting of ST-elevated myocardial infarction (STEMI) plays an important role in
long-term poor clinical outcome. Coronary flow reserve (CFR) is a well-established physiological parameter to in-
terrogate the coronary microcirculation. Together with hyperaemic average peak flow velocity, CFR constitutes
the coronary flow capacity (CFC), a validated risk stratification tool in ischaemic heart disease with significant prog-
nostic value. This mechanistic study aims to elucidate the time course of the microcirculation as reflected by altera-
tions in microcirculatory physiological parameters in the acute phase and during follow-up in STEMI patients.

We assessed CFR and CFC in the culprit and non-culprit vessel in consecutive STEMI patients at baseline (n=98)
and after one-week (n=64) and six-month follow-up (n = 65).

A significant trend for culprit CFC in infarct size as determined by peak troponin T (p =0.004), time to reperfusion
(p=0.038), the incidence of final Thrombolysis In Myocardial Infarction 3 flow (p=0.019) and systolic retrograde
flow (p=0.043) was observed. Non-culprit CFC linear contrast analysis revealed a significant trend in C-reactive
protein (p=0.027), peak troponin T (b <0.001) and heart rate (p =0.049). CFC improved both in the culprit and
the non-culprit vessel at one-week (both p <0.001) and six-month follow-up (p=0.0013 and p <0.001) compared
with baseline.

This study demonstrates the importance of microcirculatory disturbances in the setting of STEMI, which is relevant
for the interpretation of intracoronary diagnostic techniques which are influenced by both culprit and non-culprit
vascular territories. Assessment of non-culprit vessel CFC in the setting of STEMI might improve risk stratification
of these patients following coronary reperfusion of the culprit vessel.
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Introduction

Primary percutaneous coronary intervention (PCl) is considered the
cornerstone for treating ST-segment elevation myocardial infarction
(STEMI), and the implementation of dedicated revascularization net-
works has resulted in a remarkable decline in cardiac morbidity and
mortality." Despite these advancements, a significant proportion of
patients have a poor outcome, which is attributed to changes in the
microvascular function and integrity due to the ischaemic event? It is
increasingly recognized that the impact of the acute ischaemic event
on the functional and structural integrity of the microcirculation may
yield opportunities to further enhance clinical outcomes in STEMI
patients.3

Coronary flow reserve (CFR) is a well-validated index that
assesses the contribution of obstructive, diffuse and microcircu-
latory involvement to coronary flow impairment in ischaemic
heart disease.”® In the past decades it has been extensively used
to elucidate the role of microvascular dysfunction for the prog-
nosis of myocardial infarction. However, assessing the coronary
microcirculation solely by means of CFR is inherently cumber-
some in STEMI patients, since residual effects of the ischaemic
events and changes in (regional) cardiac workload may influence
resting or hyperaemic flow and thereby obscure microvascular
function assessment by CFR values.”

Recently the coronary flow capacity (CFC) concept has been vali-
dated as a cross modality platform for the diagnosis, prognosis and
risk-stratification in ischaemic heart disease.”? It integrates both the
coronary vasodilatory reserve as well as maximal achievable flow,
thereby providing comprehensive insight into coronary haemo-
dynamics.” Accordingly, CFC was documented to be less prone to
alterations in systemic haemodynamics.'® In the present study we
aimed to document the impact of STEMI on CFC in 1) the ischaemic
region of the myocardium and 2) in myocardial territories remote
from the infarction at baseline, one-week and six-month follow-up.

Methods

Between April 1997 and August 2000, 98 consecutive patients with a first
anterior wall STEMI treated by primary PCl were enrolled in the study,
for whom the initial results have been reported previously.'" All patients
were treated in the Amsterdam University Medical Centres — location
AMC, a large tertiary referral centre in Amsterdam, The Netherlands.

Anterior STEMI was defined as chest pain lasting >30 min in the pres-
ence of persistent ST-segment elevation in >2 precordial leads. Primary
PCl was performed within 6 h after the onset of symptoms according to
standard clinical practice, with provisional bare metal stent implantation.
Major exclusion criteria comprised prior anterior wall myocardial infarc-
tion, acute left-side heart failure (Killip class >II), prior coronary artery by-
pass grafting, known left ventricular ejection fraction of <40%, left
ventricular hypertrophy, absence of thoracic windows for echocardiog-
raphy, three-vessel coronary artery disease, Thrombolysis In Myocardial
Infarction (TIMI) grade 2 or 3 flow at initial angiography before PCI, or un-
successful PCl defined as TIMI grade 0 or 1 flow or >50% residual stenosis
in the infarct-related artery after PCl. The study protocol was approved
by the local ethics committee and all patients gave informed consent.

Cardiac catheterization and periprocedural

measurements

Five to 10 minutes after successful reperfusion, intracoronary blood flow
velocity was measured in the infarct related artery using a 0.014-inch sen-
sor equipped guide wire (Philips/Volcano, Rancho Cordova, California,
USA). Additionally, measurements were performed in an angiographic
normal non-culprit coronary artery, defined as a coronary artery with
<30% diameter stenosis on visual estimation. Non-culprit vessel meas-
urements were performed in the left circumflex coronary artery, unless a
stenosis of >30% was present, in which case the right coronary artery
was used. At one-week and six-month follow-up, 64 and 65 respectively
patients underwent repeat angiography with assessment of intracoronary
Doppler flow velocity, of which the initial results have been reported pre-
viously.>"" The flow diagram in Figure 1 shows the number of patients
included in the analysis at each time frame. Hyperaemia was induced by
an intracoronary bolus of adenosine (40 pig). Before and after PCI, coron-
ary angiography suitable for quantitative coronary angiographic analysis
was performed for offline analysis of TIMI flow and myocardial blush
grade. Left ventricular function was evaluated by means of echocardio-
graphic 16-segment wall motion score index performed immediately be-
fore primary PCI.

CFC

From the recorded data, CFR was calculated as the ratio of hyperaemic
average peak flow velocity (hAPV) to baseline average peak flow velocity
(bAPV). The CFC concept was applied according to that recently derived
for invasive coronary flow measurements. Normal CFC was defined as a
CFR >2.8, with its corresponding hAPV > 49.0cm/s.'? Mildly reduced
CFC was defined as a CFR<28 but >2.1, and corresponding
hAPV <49.0 and >33.0 cm/s, respectively. Moderately reduced CFC was
defined as CFR <2.1 and >1.7, and the corresponding hAPV <33.0 and
>26.0 cm/s, respectively." Finally, severely reduced CFC was defined as a
CFR < 1.7, and the corresponding hAPY <26.0 cm/s.”

Baseline, n=98

Exclusion based on:
Withdrawal of
informed consent
{(n=10)

Death (n=1)
CABG (n=1)
Repeat PCI (n=8)
Other (n=14)

T=1 week, n=64

Exclusion based on:
Withdrawal of
informed consent
(n=10)

Death (n=5)
CABG (n=1)
Repeat PCI (n=8)
Other (n=9)

T=6 months, n=65

Figure | Flow diagram. CABG: coronary artery bypass graft; PCl:
percutaneous coronary intervention
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Haemodynamic data analysis

Microvascular resistance was calculated at baseline and during hyper-
aemia, respectively the ratio between mean aortic pressure and mean dis-
tal flow velocity at baseline (BMR), and during hyperaemia (HMR), in the
culprit and in the absence of significant epicardial disease in the non-cul-
prit vessel. The delta microvascular resistance from resting to hyperaemic
conditions (dMR) was determined by calculating the absolute difference
between BMR and HMR.

Statistical analysis

Normality of the data was tested using the Shapiro—Wilk test, and homo-
geneity of variance was tested with Levene’s test. All continuous variables
are presented as mean * standard deviation or median (25th to 75th per-
centile) according to their normal or non-normal distribution.
Categorical variables are presented as counts and percentages. Analyses
of linear trends across CFC categories were performed with polynomial
contrasts.

Improvement of CFC in the culprit and non-culprit vessel between
baseline, one week and six months was assessed by a Kruskal-Wallis test
with pairwise post hoc correction for multiple comparisons. A p-value
< 0.05 was considered statistically significant.

The STATA version 13.1 (StataCorp, College Station, Texas, USA)
software package was used to perform statistical analyses.

Results

In total, 98 patients were included in the study at baseline, for which
the baseline characteristics are listed in Table 1. The mean age of this
cohort was 56 + 12 years, and 81% were male. Repeat coronary angi-
ography and intracoronary measurements at one-week and six-
month follow-up have been performed in a total of 64 and 65
patients respectively.

Table I Baseline characteristics.

Demographics

n 98
Age, years 56£12
Male 80 (81)

Risk factors
Smoking 52 (53)
Hypertension 24 (24)
Family history 40 (40)
Hyperlipidaemia 26 (26)
Diabetes mellitus 6 (6)

Prior medication use
B-blocker 13 (13)
Calcium antagonist 8 (8)
Angiotensin-converting enzyme inhibitors 5()
Nitrates 44
Lipid-lowering drugs 8 (8)
Aspirin 11(11)

Data are presented as mean + SD or frequency (%).

Relationship of CFC with
procedural characteristics

Across CFC groups determined in the culprit vessel directly after pri-
mary PCI, linear contrast analysis revealed a significant trend in infarct
size as determined by peak troponin T (p =0.004), time to reperfu-
sion (p=0.038), the incidence of respectively final TIMI 3 flow
(p=0.019) and systolic retrograde flow (p=0.043) (Supplemental
file 1 online). For CFC determined for the non-culprit vessel linear
contrast analysis revealed a significant trend in C-reactive protein
(p=0.027), peak troponin T (p <0.001) and heart rate (p =0.049)
across the different groups of CFC (Supplementary file 2).

Time course of culprit vessel CFC

Figure 2(a) to (c) shows the scatterplots of the time course of CFC in
the culprit vessel. At this stage of the procedure, 10% of the patients
showed a normal CFC, 29% a mildly reduced CFC, 19% a moderately
reduced CFC and 42% a severely reduced CFC (Supplementary file
3). A significant linear trend across CFC groups was observed for
CFR, bAPV, hAPV, BMR, HMR and dMR (p <0.001 for all measure-
ments except for dMR, p = 0.002).

At one-week follow-up, measurements in the culprit artery were
obtained in 64 patients. In 28% of patients a normal CFC was found,
in 44% a mildly reduced CFC, in 19% a moderately reduced and in
9% a severely reduced CFC. A significant linear trend across CFC
groups was observed for CFR, bAPV and hAPV (p =0.004, p <0.001
and p<0.001, respectively), but not for BMR (p=0.183), HMR
(p=0.163) and dMR (p=0.279). At six-month follow-up measure-
ments in the culprit artery were obtained in 65 patients. In 69% of
patients a normal CFC was found, in 20% a mildly reduced CFC, in
6% a moderately reduced and in 5% a severely reduced CFC
(Supplementary file 3). A significant linear trend across CFC groups
was observed for CFR, bAPV (p <0.001), hAPV (p <0.001), HMR
(p<0.001) and dMR (p =0.02), but not for BMR (p = 0.142).

Time course of non-culprit vessel
CFC

Figure 2(d) to (f) shows the scatterplots of the time course of CFC in
the non-culprit vessel. At the index procedure, CFC was also deter-
mined post PCl in a non-culprit vessel derived from measurements
obtained in 97 patients with angiographically normal coronary
arteries (< 30% diameter stenosis): the left circumflex coronary ar-
tery was assessed in 87 patients (90%) and the right coronary artery
in 10 patients (10%) (Supplementary file 4). CFC in the non-culprit
vessel was normal in 27%, mildly reduced in 45%, moderately
reduced in 25% and severely reduced in 3% of patients. A significant
linear trend was observed for CFR and hAPV (p<0.001 and
p <0.001), but not for bAPV (p =0.160). In addition, linear trend ana-
lysis of microvascular resistance parameters revealed a significant
trend in HMR as well as in dMR (p <0.001 and p <0.001), but not in
BMR (p=0.428).

At one-week follow-up, CFC was derived from measurements
obtained in 64 patients: the left circumflex coronary artery was
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(a) Culprit vessel after PPCI (b)

Culprit vessel at 1 week (c)

Culprit vessel at 6 months

HAPV (cmis)

(d)  Reference vessel after PPCI (e)

HAPV (cmis)

Reference vessel at 1 week )]

HAPV (cmvs)

HAPV (cmis)

Reference vessel at 6 months

HAPV (cmis)

Figure 2 Scatterplot of the time course of coronary flow capacity (CFC) in the culprit vessel ((a), (b) and (c)) and non-culprit vessel ((d), (e) and
(f)) after primary percutaneous coronary intervention, at one-week follow-up and six-month follow-up. The rectangles represent CFC categories;
blue: normal CFC; green: mildly reduced CFC; orange: moderately reduced CFC; red: severely reduced CFC. CFVR: coronary flow velocity reserve;
hAPV: hyperaemic average peak flow velocity; PPCI: primary percutaneous coronary intervention.

assessed in 60 patients (94%), and the right coronary artery in four
patients (6%). One week after acute myocardial infarction (AMI),
CFC in the non-culprit vessel was normal in 45%, mildly reduced in
52%, and moderately reduced in 3% of patients. A statistically signifi-
cant difference between normal and mildly reduced CFC was
observed for CFR (p<0.001) and hAPV (p<0.001), but not for
bAPV (p=0.077). At six-month follow-up, non-culprit vessel meas-
urements were obtained in the same non-culprit vessel as during
one-week follow-up: in 65 patients. Six months after AMI, CFC in the
non-culprit vessel was normal in 92% and mildly reduced in 8% of
patients. A statistically significant difference between normal and
mildly reduced CFC was observed for CFR (p=0.003), hAPV
(p=0.003) and HMR (p <0.001).

CFC improved significantly both in the culprit and the non-culprit
vessel, when compared at baseline post PCl with one-week follow-
up (p=0.036 and p<0.001), and one-week follow-up compared
with six-month follow-up (p=0.0013 and p<0.001) (Figure 3;
Supplementary file 5).

Discussion

The present study is one of the first to document the impact of
STEMI on myocardial perfusion using the validated CFC framework
to comprehensively assess the consequences of focal obstructive, dif-
fuse and microcirculatory causes of myocardial blood flow impair-
ment. We have previously reported that microvascular function

assessed by Doppler flow velocity is altered in the setting of STEMI,
even in non-ischaemic regions at distance from the infarcted myocar-
dial tissue and the independent association with long-term fatal car-
diac events.

We observed a trend in infarct size for both the culprit vessel post
PCl as well as the non-culprit vessel across CFC groups. In addition,
an increase in time to reperfusion was associated with worsening of
CFC determined after primary PCl in the both the culprit and the
non-culprit vessel. CFC at the different time points resulted from an
alternating contribution of the individual components that determine
CFC group allocation; CFR, hAPV and bAPV. Of note, bAPV showed
a significant trend across culprit vessel CFC groups after primary PCI
and at one-week and six-month follow-up, but did not differ between
groups in the non-culprit vessel.

CFC in the acute setting

First derived from positron emission tomography, the CFC concept
integrates CFR with maximal hyperaemic flow velocity.7'9'14 It there-
by captures all components of coronary flow physiology and provides
a comprehensive tool to depict myocardial blood flow impairment
due to a combination of obstructive, diffuse and microcirculatory in-
volvement of the coronary vasculature. Hence, in the absence of epi-
cardial disease the CFC concept provides insights into the
microvascular function. In addition, it has been shown to provide an
improvement in risk discrimination for adverse clinical outcomes
compared with CFR alone.’
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(a) Time course of culprit CFC post PCl, t=1 week and t=6 months
50
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W Normal CFC  m Mildly reduced CFC ® Moderately reduced CFC ~ m Severely reduced CFC

(b)

Time course of non-culprit CFC post PCl, t=1 week and t=6 months
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Figure 3 Time course of coronary flow capacity (CFC) in the culprit (a) and the non-culprit vessel (b) post primary percutaneous coronary inter-
vention (PCI), at one-week and at six-month follow-up. In the culprit vessel, CFC improved significantly post PCl compared with one-week and six-
month follow-up (p <0.001) and one-week compared with six-month follow-up (p =0.0013). In the non-culprit vessel, CFC improved post PCl com-
pared with one-week and six-month follow-up, and one-week compared with six-month follow-up (all p <0.001).
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This concept is of particular interest when assessing microvascular
function in the acute setting of STEMI, where mechanical and neuro-
humoral factors can have an effect on both resting and hyperaemic
coronary flow,"! resulting in prolonged activation of the sympathetic

nervous sys'cem,”‘16

subsequently inducing a vasoconstrictive re-
sponse of the coronary resistance vessels by upregulated catechol-
amines.® The current study utilized the CFC concept to document
the time course of microvascular function in the setting of STEMI in
both the culprit and the non-culprit arteries.

It also revealed that despite restored epicardial patency of the cul-
prit, a substantial number of patients remained having a severely
reduced CFC, which improved over time. As previously documented
for CFR, we also observed an impaired CFC in the non-culprit artery
remote from the ischaemic region. However, compared with the cul-
prit vessel, CFC in the non-culprit vessel was less impaired in the
acute setting and improved more rapidly over time.

Previous studies on microvascular
function in STEMI

Myocardial tissue perfusion remains compromised in 30-40% of
STEMI patients despite rapid and successful mechanical revasculariza-
tion."'® Whereas culprit vessel flow abnormalities have been
ascribed to numerous pathophysiological mechanisms, including
reperfusion injury, distal embolization of plaque and thrombus mater-
ial, endothelial dysfunction, leucocyte plugging and external compres-
sion of the microvasculature, the pan-myocardial nature of
microvascular dysfunction is less well-understood, but has partly
been ascribed to metabolic consequences of STEMI3'
Microvascular dysfunction in the infarct related artery as well as re-
mote regions from the infarct related myocardium observed after
primary PCl are associated with a significantly increased long-term
clinical outcome and mor‘tality.”'zo_23 In addition, CFR obtained dir-
ectly after primary PCl is an independent predictor of long term glo-
bal as well as regional recovery of left ventricular function.***®
However, microvascular dysfunction in the setting of STEMI is often
disclosed as a decrease in hyperaemic flow and increase in resting
flow. The ratio of these, that is, the coronary flow reserve, does not
provide insights into the relative contribution of both components.

Clinical implication

Risk stratification in the setting of AMI has long remained to be eluci-
dated, and recent findings of large clinical trials have led to a revived
interest in the approach to STEMI patients with multivessel disease.
Revascularization of multivessel disease in STEMI patients roughly has
three different approaches: angiography, optical coherence tomog-
raphy (OCT) and invasive coronary physiology assessment. The
COMPLETE (Complete vs Culprit-only Revascularization to Treat
Multi-vessel Disease After Early PCl for STEMI) trial suggests com-
plete revascularization in STEMI patients with multivessel disease
based on angiography, independent of infarct size.2® A sub study of
the COMPLETE trial and several other studies suggest OCT assess-
ment of obstructive non-culprit lesions containing complex vulner-
able plaque morphology and subsequent treatment of these
lesions.””*> Coronary physiology assessment by using Fractional
Flow Reserve (FFR) in STEMI patients with multivessel disease has

been evaluated in several trials, and showed a decrease in major ad-
verse cardiac events for FFR-guided PCl of the non-culprit; however,
this effect is mainly driven by the complete revascularization at base-
line and subsequent prevention of inevitable revascularization at a
later stadium.***" Additionally, non-culprit instantaneous wave-free
ratio (iFR) has been assessed in the iSTEMI trial, during the acute is-
chaemic event and >16 days post-STEML. iFR was significantly lower
during the acute ischaemic event compared with follow-up, potential-
ly due to a higher baseline flow in the setting of STEMI, resulting in a
potential overtreatment of these lesions compared with FFR3? The
ongoing trials iModern (iFR Guided Multi-vessel Revascularization
During Percutaneous Coronary Intervention for Acute Myocardial
Infarction, NCTO03298659) and FRAME-AMI (FFR Versus
Angiography-Guided Strategy for Management of AMI With
Multivessel Disease, NCT02715518) both evaluate non-culprit
lesions with iFR and/or FFR in the setting of AMI. However, certainly
FFR, and potentially to a lesser extent iFR, are affected by the coron-
ary microcirculation and microvascular resistance in particular, so
these indices have to be interpreted cautiously if these are assessed
in the setting of STEMI.**3** On the contrary, non-culprit vessel CFR
has important prognostic value as reflected by a 4.09-fold increase in
long-term cardiac mortality if non-culprit vessel CFR <2.0 in STEMI
patients with multivessel disease."’ Non-culprit vessel CFC assess-
ment post primary PCl of the culprit has a significant benefit to deter-
mine long term prognosis and clinical outcome. Hence, patients with
lower CFC in the non-culprit vessel after primary PCl of the culprit in
the setting of STEMI require more intensive treatment and
monitoring.

Limitations

There has been an extensive debate on the amount of adenosine
needed to achieve a maximally vasodilated state. More recently, the
dose—response relationship of intracoronary hyperaemia has been
investigated, and no significant differences in FFR-values between low
and high dose intracoronary adenosine were documented.*® In this
study we used an intracoronary bolus of 40 ug adenosine, which
induced a sufficient state of hyperaemie to allow accurate assessment
of coronary flow characteristics.

The acquisition of coronary flow velocity was performed by a sen-
sor-equipped guidewire that assessed only coronary flow. We
assessed only non-culprit vessel haemodynamics in coronary arteries
without significant epicardial narrowing and assumed distal pressure
to equal aortic pressure. Therefore, a potential role of subclinical ath-
erosclerosis of the conduit artery in the absence of focal narrowing in
the impairment of non-culprit vessel flow and pressure cannot be
excluded. However, resting coronary flow is unlikely to be disturbed
by coronary stenoses up to 85% of the vessel diameter, without
interference of compensatory vasodilation of the distal vascular
bed.*®

Conclusion

These observations underline the impact of the coronary microcircu-
lation both in the culprit and non-culprit vessel in the setting of
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STEMI on intracoronary diagnostic techniques. The coronary micro-
circulation recovers over time at six-month follow-up, as shown by
an improvement in CFC. Both culprit and non-culprit vessel CFC as-
sessment in the setting of STEMI might provide valuable insight into
the recovery of the coronary circulation, emphasizing the importance
of intracoronary physiology assessment following primary PCl in
AMI.

Supplemental material

Supplementary material is available at European Heart Journal: Acute
Cardiovascular Care online.
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