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Abstract
Background Coronary microvascular resistance is increased
after primary percutaneous coronary intervention (PCI)
for ST-elevation myocardial infarction (STEMI), which
may be related in part to changed left ventricular (LV)
dynamics. Therefore we studied the coronary microcir-
culation in relation to systolic and diastolic LV function
after STEMI.
Methods The study cohort consisted of 12 consecutive
patients, all treated with primary PCI for a first anterior wall
STEMI. At 4 months, we assessed pressure-volume loops.
Subsequently, we measured intracoronary pressure and flow
velocity and calculated coronary microvascular resistance.
Infarct size and LV mass were assessed using magnetic
resonance imaging.
Results Patients with an impaired systolic LV function due
to a larger myocardial infarction showed a higher baseline
average peak flow velocity (APV) than the other patients
(26±7 versus 17±5 cm/s, p=0.003, respectively), and
showed an impaired variable microvascular resistance index
(2.1±1.0 versus 4.1±1.3 mmHgcm−1 s−1, p=0.003, respec-
tively). Impaired diastolic relaxation time was inversely
correlated with hyperaemic APV (r=−0.56, p=0.003) and
positively correlated with hyperaemic microvascular resis-
tance (r=0.48, p=0.01). LV dilatation was associated with a
reduced variable microvascular resistance index (r=0.78,
p=0.006).

Conclusion A larger anterior myocardial infarction results
in impaired LV performance associated with reduced coro-
nary microvascular resistance variability, in particular due to
higher coronary blood flow at baseline in these compro-
mised left ventricles.

Keywords Acute myocardial infarction . Intracoronary
hemodynamics . Percutaneous coronary intervention .

Pressure-volume relations

Introduction

Bax et al. showed that coronary flow velocity reserve
(CFVR) and variable microvascular resistance are decreased
during the acute phase of ST-elevation myocardial infarction
(STEMI), probably due to microembolisation and/or dis-
turbed microvascular autoregulatory function [1, 2]. CFVR
has been demonstrated to predict recovery of systolic left
ventricular (LV) function after STEMI [1, 3, 4].

CFVR reflects microvascular integrity and may also be
influenced by LV dynamics [5]. Clinical reports on this
subject are scarce. Recent reports suggest that an increased
end-diastolic pressure contributes to coronary microvascular
dysfunction in STEMI patients [2, 6]. CFVR has also shown
to be decreased in patients with increased LV pressures in
dilated ischaemic [7] and non-ischaemic cardiomyopathy
[8]. However, the influence of LV dynamics on the
coronary microcirculation has not been studied in STEMI
patients. We hypothesised that patients with compro-
mised left ventricular dynamics have a disturbed micro-
vascular function.

Therefore, we studied intracoronary haemodynamics in
relation to systolic and diastolic LV function as assessed by
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pressure-conductance catheter [9], in patients at 4 months
after their first STEMI.

Methods

Patients

The study population consisted of 12 consecutive patients
(10 males, age 57±7 years) who, 4 months previously, had
been successfully treated in the proximal left anterior
descending coronary artery (LAD) by primary PCI for their
first acute anterior STEMI within 6 h after onset of symp-
toms. Included were patients with an angiographically nor-
mal circumflex coronary artery (LCx) to enable comparison
of intracoronary measurements in both the infarct-related
artery (IRA) and a reference non-IRA. Exclusion criteria
were congestive heart failure, previous myocardial infarc-
tion, significant valvular disease, and left ventricular
thrombus. The study complied with the Declaration of
Helsinki and was approved by the institutional research
and ethics committee. All patients gave written informed
consent.

Study protocol

Patients underwent cardiac catheterisation. Heart rate and
12-lead surface ECGs were monitored and aortic pressure
was measured via the guiding catheter. After coronary an-
giography, the 7F pigtail-equipped combined pressure-
conductance catheter (CD Leycom, Zoetermeer, the
Netherlands) was placed in the left ventricle through the
contralateral femoral artery to assess LV pressure-volume
loops, as previously described [9]. A 5 mL blood sample
was used to measure blood resistivity rho, and a Swan-
Ganz catheter was placed in the pulmonary artery via
the femoral vein. Cardiac output was determined by
thermodilution and parallel conductance by hypertonic
saline injections in order to calibrate the volume signals
of the conductance catheter.

Subsequently, the ComboWire®XT (Volcano Corporation,
Rancho Cordova, CA), a 0.014-in. dual-sensor (pressure and
Doppler velocity)-equipped guidewire, was used to assess
intracoronary pressure and flow velocity signals in the
LAD (infarct-related artery) and LCx (nonstenotic and
non infarct-related artery) after intracoronary administration
of nitroglycerin (0.1 mg), as previously described [10].
The measurements were performed at baseline and during
maximal hyperaemia, induced by an intracoronary bolus of
adenosine (30–40 μg).

Cardiac magnetic resonance imaging was used to assess
LV mass, infarct size (% of LV mass), and the LV remodel-
ling index (LVRi) as calculated by LV mass/EDV [11].

Analysis of LV dynamics

The combined pressure-conductance catheter provides the
opportunity to assess continuous information on systolic and
diastolic LV function from pressure-volume loops in the
catheterisation laboratory. Continuous data from this single
catheter enable accurate assessment of the timing and mag-
nitude of therapeutic percutaneous interventions, such as
percutaneous coronary intervention or percutaneous aortic
valve implantation. Continuously recorded pressure and
volume data during a cardiac cycle are displayed as a
pressure-volume loop, which represents a working diagram
of the left ventricle (Fig. 1), describing LV function during
all four phases of the cardiac cycle (i.e. isovolumetric con-
traction, ejection phase, isovolumetric relaxation, and filling
phase). The pressure-volume loop is an extrapolation of the
force-length relationships of the cardiac muscle, which are
referred to as the Frank Starling law of the heart, and are
based on the ventricular function curves of Sarnoff [12] and
the force-velocity relations described by Sonnenblick [13].
According to Suga and coworkers, the time-varying ela-
stance model was considered optimal to characterise LV
performance [14].

In our study, LV dynamics were analysed off-line from
the recordings of the pressure-conductance catheter. Per-
beat averages of the recorded variables were calculated as
the mean of all beats during a steady state of at least 12 s and
covering two respiratory cycles. Several indices for overall
cardiac performance were obtained as previously described
[15, 16], i.e. the ventricular-arterial coupling ratio (EES/EA),
which describes the interaction between systolic LV per-
formance and the systemic arterial system [17], as well as
specific systolic and diastolic indices, i.e. end-systolic
volume and elastance (ESV, EES), ejection fraction (EF),
and the relaxation time constant Tau, peak negative deriv-
ative of LV pressure (dP/dtmin), peak filling rate (PFR),
end-diastolic volume, pressure and elastance (EDV, EDP,
EED), respectively.

Analysis of intracoronary haemodynamics

Physiological assessment of intracoronary haemodynamics
has become increasingly important for diagnosis and
treatment [18] and research applications. After achieve-
ment of maximal blood flow in response to hyperaemic
stimulation, the fractional flow reserve and/or CFVR
may be calculated, respectively. CFVR is a combined
measure of the capacity of the major resistance compo-
nents (the epicardial coronary artery and microvascular
bed) to achieve maximal blood flow in response to
hyperaemic stimulation. A normal CFVR implies that
both the epicardial and minimally achievable microvas-
cular resistances are low and normal. By combining
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pressure and flow velocity measurements, the status of
coronary microvascular function can be determined by
calculation of the coronary microvascular resistance in-
dex. The advanced single-wire technique allows easier
and more accurate (i.e. it measures at exactly the same
location) assessment of coronary microvascular function,
and its response to treatment [10].

In our study, the digital recordings of aortic pressure,
intracoronary pressure and flow velocity were analysed
off-line, as previously described [19]. Per-beat averages of

the recorded variables were calculated as the mean of 8 beats
during baseline, and the mean of at least 3 beats during
maximal hyperaemia. The following indices were calculated:
mean aortic pressure (Pa), mean distal coronary pressure (Pd),
average peak flow velocity (APV), and coronary flow velocity
reserve (hyperaemic APV/baseline APV). The coronary
microvascular resistance index was calculated by Pd/APV.
The variable arteriolar resistance index, which represents
autoregulatory function, was expressed as baseline microvas-
cular resistance minus hyperaemic microvascular resistance
[2, 20].

Statistical analysis

Data are expressed as mean±SD or n (%). The two-tailed
paired and unpaired t-tests were used where appropriate.
The one-tailed bivariate Pearson’s correlation was used to
determine correlations between intracoronary and LV func-
tion parameters. SPSS release 15.0.1 statistical software
package for windows (SPSS Inc. 2006, Chicago, Illinois)
was used for analyses. A p-value of less than 0.05 was
considered statistically significant.

Results

Patient characteristics

The patient characteristics of the 12 patients are shown in
Table 1. All patients were treated with similar medication,
i.e. statins, ACE inhibitors, β-blockers, aspirin and clopi-
dogrel. There were no significant differences in the coronary
haemodynamics of the LAD (i.e. IRA) and the LCx (i.e.
non-IRA), as shown in Table 2.

Systolic LV function and the coronary microcirculation

Patients were divided on the basis of their systolic LV
performance in relation to the systemic arterial system.
It was previously shown that patients with normal LV
performance have a mean EES/EA of 1.62, and patients
with a severely impaired LV performance an EES/EA ≤1.0
[21]. Our patients were divided into two equal groups of 6
patients: group 1, patients with impaired systolic LV
function with an EES/EA <1.15 (0.90±0.25), and group
2, patients with normal systolic LV function with an
EES/EA >1.15 (1.88±0.66). We compared LV dynamics
and coronary microcirculatory function between the two
groups, as shown in Table 3. Patients with normal systolic
LV function showed smaller infarct size and larger LV
mass. There was an increased baseline APV of 26±7 cm/s
(normal reference value is 18 cm/s) [20] in the impaired
LV function group, and therefore a lower CFVR of 2.0±0.3

Fig. 1 Panel a, illustration of a left ventricular pressure-volume loop
of a cardiac cycle. A, isovolumetric contraction; B, ejection phase; C,
isovolumetric relaxation; D, filling phase; EDV, end-diastolic volume;
EDP, end-diastolic pressure; ESV, end-systolic volume; ESP, end-sys-
tolic pressure. Panel b, illustration of a pressure-volume loop of a
dilated and failing left ventricle. ESPVR, end-systolic pressure-volume
relation; EDPVR, end-diastolic pressure-volume relation, EA, effective
arterial elastance. Note the decreased contractility indicated by the
decreased slope (EES) and the rightward shift of the ESPVR. The
end-diastolic stiffness has increased indicated by the slope of the
EDPVR. The left ventricular distensibility has decreased indicated by
the upward shift of the EDPVR. Furthermore, left ventricular perfor-
mance has decreased indicated by decrease in the ventricular-arterial
coupling ratio (EES/EA)
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(normal reference value >2). Furthermore, group 1 showed a
reduced variable resistance index. Figure 2, panel a, shows the
positive correlation of EES/EA with the variable resistance
index.

Diastolic LV function and the coronary microcirculation

Among the 12 patients, there were 3 patients with diastolic
LV dysfunction indicated by an EDP >16 mmHg, according
to the definitions described by the Heart Failure and

Table 2 Comparison of the coronary microcirculation between the infarct-related artery and non-infarct related artery at 4 months after AMI

IRA (LAD) non-IRA (LCx) P-value

Heart rate, beats/min 67±12 70±15 0.4

Baseline Pd, mm Hg (normal 87, range 67–128)a 98±14 102±14 0.3

Hyperemic Pd, mm Hg (normal84, range 65–113)a 87±14 92±16 0.1

Coronary flow velocity reserve 2.3±0.4 2.3±0.4 0.8

Baseline APV, cm/s (normal 18, range 5.6–26)a 23±8 20±6 0.2

Hyperaemic APV, cm/s (normal 49, range 25–84)a 50±16 43±13 0.3

Variable MR, CRU 3.2±1.4 3.8±1.7 0.4

Baseline MR, CRU (normal 6.5 range: 3.3–13.2)a 5.2±1.9 6.2±2.7 0.3

Hyperaemic MR, CRU (normal 1.69 range: 0.9–3.2)a 2.0±0.8 2.3±1.2 0.2

Values are mean±SD

IRA infarct-related artery, LAD left anterior descending coronary artery, LCx circumflex coronary artery, Pd distal coronary pressure, APV average
peak flow velocity, MR coronary microvascular resistance index, CRU coronary resistance unit (mmHg cm−1 s−1 )
a Normal reference values from Chamuleau et al. Am J Physiol Heart Circ Physiol 2003;285:H2194-H2200

Table 1 Patient characteristics at 4 months after primary angioplasty
(n=12)

Age, years 57±7

Male 10(83)

Body mass index 27±4

Coronary risk factors

Diabetes 3(25)

Hypertension 4(33)

Hypercholesterolaemia 4(33)

Family history of CAD 3(25)

Smoking 8(67)

Clinical and angiographic features

New York Heart Association class I-II 12(100)

NT-proBNP, ng/L 272±266

Duke’s jeopardy score (0–12 points) 1.7±2.4

Characteristics of AMI and reperfusion

LAD, proximal culprit lesion 12(100)

TIMI 3 flow after PCI 11(92)

TIMI 2 flow after PCI 1(8)

STR at 60 min after PCI, % 58±25

Peak CKMB, μg/L 164±109

Peak NT-proBNP, ng/L 5423±12732

Values are n (%) or mean±SD

CAD coronary artery disease, NT-proBNP N-terminal part of the pro-B-
type natriuretic peptide, AMI acute myocardial infarction, Duke’s jeop-
ardy score the angiographic extent of coronary artery disease, LAD left
anterior descending coronary artery, TIMI Thrombolysis in Myocardial
Infarction, PCI percutaneous coronary intervention, STR the summed
12-lead ST-segment resolution as determined at 80 ms after the J-point,
CK creatine kinase

Table 3 Comparison of LV dynamics and coronary microcirculation
in patients with and without impaired systolic LV function at 4 months
after STEMI

Impaired
LVF EES/EA

<1.15 (n=6)

Normal
LVF EES/EA

>1.15 (n=6)

P-value

Peak CKMB, μg/L 221±80 107±110 0.07

Infarct size, % of LV mass 19.1±8.1 8.6±8.8 0.06

LV mass, g 100±27 136±15 0.02

Heart rate, beats/min 73±17 57±6 0.05

Systolic LV function

ESV, mL 85±18 66±28 0.2

EES/EA 0.90±0.25 1.88±0.66 0.007

EES, mm Hg/mL 1.34±0.22 3.00±1.58 0.03

EF, % 48±8 61±9 0.03

Coronary haemodynamics

Baseline Pd, mm Hg 85±15 104±14 0.01

Hyperaemic Pd, mm Hg 76±14 95±16 0.01

Coronary flow velocity reserve 2.0±0.3 2.4±0.4 0.04

Baseline APV, cm/s 26±7 17±5 0.003

Hyperaemic APV, cm/s 52±14 42±12 0.07

Variable microvascular
resistance index, CRU

2.1±1.0 4.1±1.3 0.003

Values are mean±SD

LVF left ventricular function, EES/EA ventricular-arterial coupling ratio,
CK creatine kinase, ESVend-systolic volume, EES end-systolic elastance,
EA effective arterial elastance, Pd distal coronary pressure, APV average
peak flow velocity, CRU coronary resistance unit (mmHg cm−1 s−1 )
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Echocardiography Associations of the European Society of
Cardiology [22]. Therefore, most of the individual parame-
ters for diastolic LV function tested for correlation with
coronary haemodynamics fell within the normal range.
The relaxation time constant Tau was inversely correlated
with hyperaemic APV (r=−0.56, p=0.003) and positively
correlated with hyperaemic microvascular resistance (r=0.48,
p=0.01).

The magnetic resonance imaging derived remodelling
parameter LVRi (Fig. 2, panel b) and LV mass correlated
with the variable resistance index, i.e. better autoregulatory

microcirculatory function (r=0.78, p=0.006 and r=0.52,
p=0.01, respectively).

Discussion

This study is the first to demonstrate that a larger anterior
myocardial infarction results in impaired LV performance
associated with reduced coronary microvascular resistance
variability, in particular due to a higher coronary blood flow
at baseline in these compromised left ventricles.

Microcirculation and LV dynamics

A previous report by Bax et al. showed the prognostic value
of CFVR on left ventricular function during a 6-month
follow-up period [1]. Recently, Hirsch et al. showed that
flow characteristics (e.g., CFVR and diastolic deceleration
rate) correlated to microvascular obstruction as determined
by magnetic resonance imaging [23]. These reports
suggest that microvascular integrity is related to larger
infarct size and worse outcome because it is known that
infarct size is a critical determinant of LV function,
which in turn is the most important determinant of early
and long-term survival [24].

However, these studies had a different design than ours.
In those patients no LV haemodynamics were assessed, nor
were patients divided on the basis of LV function. In other
previous clinical reports, an association of coronary haemo-
dynamics with LV function was suggested but not (directly)
measured [2, 6, 8, 25, 26].

In our study we combined, for the first time, single-wire
intracoronary pressure and flow velocity measurements with
LV dynamic measurements. Intracoronary haemodynamic
measurements have shown to be a sensitive method for
determining microvascular resistance [10]. The reduced
CFVR and reduced variable microvascular resistance index
is merely due to a higher blood flow velocity at baseline
conditions. Patients with a larger infarct are characterised by
a lower blood pressure and higher heart rate, as signs of a
compromised LV performance. This impaired LV perfor-
mance is also indicated by the significant difference in
end-systolic elastance and ejection fraction, and results in
a reduced microvascular resistance at baseline. This re-
duction in microvascular resistance is more pronounced
at baseline than in hyperaemic conditions, resulting in a
reduced coronary microvascular resistance variability
(Fig. 2, panel a).

In accordance with our observations in systolic LV func-
tion, we also observed an association with LV dilatation.
The LV remodelling index showed a large correlation with
the degree of microcirculatory dysfunction, i.e. the variable
resistance index (Fig. 2, panel b). These findings implicate

Fig. 2 Correlations of left ventricular (LV) function and degree of
remodelling with the variable resistance index as measured in the
infarct-related artery (IRA) and non-IRA. Panel a, shows the positive
correlation of the ventricular-arterial coupling ratio (EES/EA) with the
variable microvascular resistance index (variable MR). Panel b, shows
the positive correlation of the left ventricular remodelling index (LVRi)
with the variable MR. Note that in patients with better performing left
ventricles and in patients with a higher LVRi, indicating a more
favourable amount of LV mass compared with LVend-diastolic volume,
there is a better microvascular autoregulatory function
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that limiting infarct size does not only preserve LV function,
but also coronary microvascular function.

Limitations

Our studied population did not allow a comparison of
patients with diastolic LV dysfunction with normal diastolic
LV function in association with microcirculatory function,
since there were only a few patients with diastolic LV
dysfunction. The combination of invasively measured LV
function and intracoronary haemodynamics was studied in a
small sample size, which was evaluated only at 1 moment in
time, i.e. at 4 months after STEMI.

Clinical implications

In patients with a larger myocardial infarction, the left
ventricle performs inefficiently against the afterload of
the systemic arterial system (reduced ventricular-arterial
coupling ratio). The coronary circulation shows their
compensation mechanism by increasing coronary flow
velocity during baseline conditions (baseline APV),
resulting in a decrease in CFVR and variable microvascular
resistance

Obviously, the most important therapy remains urgent
reperfusion to limit infarct size, in order to preserve LV
function and coronary microvascular integrity. Though
speculative, in patients with a large anterior STEMI, in
addition to pharmacological afterload reduction to reduce
LV workload, adjunctive measures such as mechanical LV
unloading during the acute phase [27] may be useful to
preserve LV performance and increase variability in
coronary microvascular resistance [19].

Conclusions

In STEMI patients who were treated with primary PCI, we
found that a larger anterior myocardial infarction results in
an impaired LV performance associated with reduced coro-
nary microvascular resistance variability, in particular due to
a higher coronary blood flow at baseline in these compro-
mised left ventricles.
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