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Abstract

Objectives. Coronary microvascular resistance (MR) is increased after primary 
percutaneous coronary intervention (PCI) for acute ST-elevation myocardial infarction 
(STEMI), which may be related in part to changed left ventricular (LV) dynamics. 
Therefore, we studied the coronary microcirculation in relation to systolic and diastolic 
LV function after STEMI. 

Methods. The study cohort consisted of 12 consecutive patients (10 males, age 57±7 
years), all treated with primary PCI for a first anterior wall STEMI. During catheterization 
at 4 months after the initial event, we measured intracoronary pressure and flow velocity 
by a dual-sensor-equipped guidewire and calculated MR. Additionally, we assessed LV 
dynamics with pressure-volume loops obtained from a pressure-conductance catheter 
to determine systolic and diastolic LV function. Infarct size and LV mass were assessed 
using magnetic resonance imaging. 

Results. Patients with an impaired systolic LV function (an EES/EA ratio <1.15) due to a 
larger myocardial infarction showed a higher baseline average peak flow velocity (APV) 
than patients with an EES/EA ratio >1.15 (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 
mm Hg∙cm-1∙s-1, p=0.003, respectively). Impaired diastolic relaxation time (Tau) was 
inversely correlated with hyperemic APV (r=-0.56, p=0.003) and positively correlated 
with hyperemic MR (r=0.48, p=0.01). Furthermore, LV dilatation was associated with a 
reduced variable microvascular resistance index (r=0.78, p=0.006).

Conclusions. A larger anterior myocardial infarction results in an impaired LV 
performance and is associated with reduced coronary microvascular resistance variability, 
in particular due to a higher coronary blood flow at baseline in these compromised left 
ventricles. 
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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 microembolization and/ or disturbed microvascular 
autoregulatory function.1, 2 CFVR has been demonstrated to predict recovery of systolic 
LV function after STEMI.1, 3, 4

CFVR reflects microvascular integrity  and may also be influenced by left ventricular 
(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 ischemic7 and non-ischemic cardiomyopathy.8 However, the 
influence of LV dynamics on the coronary microcirculation has not been studied in 
STEMI patients. 
Therefore, we studied intracoronary hemodynamics in relation to systolic and diastolic 
LV function as assessed by 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 were successfully treated 4 months before in the proximal left anterior descending 
coronary artery (LAD) by primary PCI for their first acute anterior ST-segment elevation 
myocardial infarction within 6 hours after onset of symptoms. Included were patients 
with an angiographic normal 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 infarction, 
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 catheterization. Heart rate and 12-lead surface ECGs were 
monitored and aortic pressure was measured via the guiding catheter. After coronary 
angiography, the 7F pigtail equipped combined pressure-conductance catheter (CD 
Leycom, Zoetermeer, The Netherlands) was placed in the LV 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 
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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-inch 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 hyperemia, induced by an intracoronary bolus of adenosine 
(30-40 µg). 
Cardiac MRI, performed within a few days of the catheterization, was used to assess LV 
mass, infarct size (% of LV mass), and the LV remodeling index (LVRi) as calculated by 
LV mass/EDV.11

LV dynamic analysis
LV dynamics were analyzed 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,12, 13 i.e. 
the ventricular-arterial coupling ratio (EES/EA), which describes the interaction between 
systolic LV performance and the systemic arterial system,14 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 derivative of LV pressure (dP/
dtmin), peak filling rate (PFR), end-diastolic volume, pressure and elastance (EDV, EDP, 
EED), respectively.

Intracoronary hemodynamic analysis
The digital recordings of aortic pressure, intracoronary pressure and flow velocity were 
analyzed off-line, as previously described.15 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 hyperemia. The following indices were calculated: mean aortic pressure 
(Pa), mean distal coronary pressure (Pd), average peak flow velocity (APV), and coronary 
flow velocity reserve (hyperemic APV/baseline APV). The coronary microvascular 
resistance index (MR) was calculated by Pd/APV. The variable arteriolar resistance 
index, which represents autoregulatory function, was expressed as baseline MR minus 
hyperemic MR.2, 16

Statistical analysis
Data are expressed as mean ± SD or n (%).The two-tailed paired and unpaired t-test 
was used where appropriate. The one-tailed bivariate Pearson’s correlation was used to 
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determine correlations between intracoronary and LV function 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 
clopidogrel. There were no significant differences in the coronary hemodynamics 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 

Table 1. Patient characteristics at 4 months after primary angioplasty (n = 12)
Age, y 57 ± 7
Male 10 (83)
Body mass index 27 ± 4
Coronary risk factors

Diabetes 3 (25)
Hypertension 4 (33)
Hypercholesterolemia 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 STEMI 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; STEMI, acute ST-elevation myocardial infarction; Duke’s jeopardy 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.
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performance have an EES/EA of 1.62, and patients with an impaired LV performance an 
EES/EA ≤1.0.17 Our patients were divided into 2 groups: 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 both groups, as shown in Table 3. Patients 
with normal systolic LV function showed smaller infarct size and larger LV mass. There 

Table 2. Comparison of the coronary microcirculation between the infarct related artery and non-
infarct related artery at four months after STEMI

IRA (LAD) non-IRA (LCx) P-value
Heart rate, bpm 67 ±12 70 ±15 0.4

baseline Pd, mm Hg (normal 87, range 67-128)* 98 ±14 102 ±14 0.3
hyperemic Pd, mm Hg (normal84, range 65-113)* 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)* 23 ±8 20 ±6 0.2
hyperemic APV, cm/s (normal 49, range 25-84)* 50 ±16 43 ±13 0.3

Variable resistance index, CRU 3.2 ±1.4 3.8 ±1.7 0.4
baseline MR, CRU (normal 6.5 range: 3.3-13.2)* 5.2 ±1.9 6.2 ±2.7 0.3
hyperemic MR, CRU (normal 1.69 range: 0.9-3.2)* 2.0 ±0.8 2.3 ±1.2 0.2

Values are n (%) or 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 (mm  Hg∙cm-1∙s-1). *, 
normal reference values from Chamuleau et al. Am J Physiol Heart Circ Physiol 2003;285:H2194-H2200. 

Figure 1. Correlations of left ventricular (LV) function and degree of remodeling 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 arteriolar 
resistance index (variable MR). Panel B, shows the positive correlation of the left ventricular remodeling 
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 favorable amount of LV mass compared to LV end-
diastolic volume, there is a better microvascular autoregulatory function. 
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was an increased baseline APV of 26±7 cm/s (normal reference value is 18 cm/s)16 in the 
impaired LV function group, and therefore a lower CFVR of 2.0±0.3 (normal reference 
value >2). Furthermore, group 1 showed a reduced variable resistance index. Figure 1, 
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 mm Hg, according to the definitions described by the Heart Failure and 
Echocardiography Associations of the European Society of Cardiology.18 Therefore, 
most of the individual parameters for diastolic LV function tested for correlation with 
coronary hemodynamics fell within the normal range. The relaxation time constant Tau 

Table 3. Comparison of LV dynamics and coronary microcirculation in patients with and without 
impaired systolic LV function at four 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, bpm 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 hemodynamics
baseline Pd, mm Hg 85 ±15 104 ±14 0.01
hyperemic 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
hyperemic APV, cm/s 52 ±14 42 ±12 0.07
Variable resistance index, mm Hg∙cm-1∙s-1 2.1 ±1.0 4.1 ±1.3 0.003

Values are n (%) or mean ± SD. LVF, left ventricular function; EES/EA, ventricular-arterial coupling 
ratio; CK, Creatine Kinase; ESV, end-systolic volume; EES, end-systolic elastance; EA, effective arterial 
elastance; Pd, distal coronary pressure; APV, average peak flow velocity.

was inversely correlated with hyperemic APV (r=-0.56, p=0.003) and positively correlated 
with hyperemic MR (r=0.48, p=0.01).
The MRI derived remodeling parameter LVRi (Figure 1, 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).
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Discussion

This study is the first to demonstrate that a larger anterior myocardial infarction results 
in an impaired LV performance and is 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.19 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.20

However, these studies had a different design than ours. In those patients were no LV 
hemodynamics were assessed, nor were patients divided on the basis of LV function. 
In other previous clinical reports, an association of coronary hemodynamics with LV 
function was suggested but not (directly) measured.2, 8, 21, 22, 6

In our study we combined for the first time, single wire intracoronary pressure and 
flow velocity measurements with LV dynamic measurements. The intracoronary 
hemodynamic 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 characterized by a lower blood pressure and higher heart 
rate, as signs of a compromised LV performance. This impaired LV performance is also 
indicated by the significant difference in end-systolic elastance and ejection fraction, and 
results in a reduced microvascular resistance at baseline. This reduction in microvascular 
resistance is more pronounced at baseline than at hyperemic conditions, resulting in a 
reduced coronary microvascular resistance variability (Figure 1, panel A).
In accordance with our observations in systolic LV function, we also observed an 
association with LV dilatation. The LV remodeling index showed a large correlation with 
the degree of microcirculatory dysfunction, i.e. the variable resistance index (Figure 1, 
panel B). These findings implicate 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 few patients with diastolic LV dysfunction. The 
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combination of invasively measured LV function and intracoronary hemodynamics 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 LV is inefficiently performing 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 large anterior STEMI, in addition to pharmacological afterload reduction 
to reduce LV workload, adjunctive measures such as mechanical LV unloading during 
the acute phase23 may be useful to preserve LV performance and increase variability in 
coronary microvascular resistance.15 

Conclusions

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