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ABSTRACT

Aims It is unclear whether microvascular dysfunction following ST-elevation myocar-
dial infarction (STEMI) is prognostic for long-term left ventricular function (LVF).  and 
whether recovery of the microvasculature status  is associated with LVF improvement. 
Methods and results In 62 patients, Coronary Flow Reserve (CFR) and Hyperemic Mi-
crovascular Resistance Index (HMRI) in the infarct related artery (IRA) was assessed by 
intracoronary Doppler flow measurements within 1 week and at 4 months. CMR was 
performed at the same time points and at 2 years. CFR at baseline is associated with 
left ventricular ejection fraction at both 4 months (β = 4.66, SE= 2.10; P = 0.03) and 
2 year follow-up (β = 5.84, SE= 2.45; P = 0.02). HMRI was not associated with LVF. In 
large infarcts, absolute improvement of CFR in the first 4 months is associated with LVEF 
improvement (β= 5.09, SE 1.86, P =0.01).  
Conclusions Microvascular dysfunction, assessed by CFR, in the subacute phase of 
STEMI is prognostic for LVEF at 4 months and 2 years. This underlines the pivotal role of 
microvascular dysfunction following STEMI.
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INTRODUCTION 

In 30 to 40% of ST-elevation myocardial infarct (STEMI) patients, myocardial tissue  
perfusion remains compromised despite restoration of  epicardial patency after pri-
mary percutaneous coronary intervention (PPCI).1 Microvascular dysfunction, due to  
reperfusion injury, endothelial dysfunction, neurohumoral activation or intramyocardial 
haemorrhage, has been described as a possible cause for this phenomenon.2-4 This is in 
turn proposed as the pathophysiological mechanism in the development of adverse LV 
remodeling and overt heart failure.1,5,6

Microvascular function can invasively be measured with coronary flow reserve (CFR) 
and hyperemic microvascular resistance  index (HMRI). CFR estimates the vasodilatory 
capacity  of the coronary microvascular bed.7 Insights in the temporal evolution of mi-
crovascular  dysfunction and its implications on long term left ventricular function (LVF) 
are currently lacking. The primary objective is to assess whether microvascular dysfunc-
tion in the infarct related artery (IRA) assessed by CFR within one week after PPCI is 
associated with LVF at 2 year assessed by Cardiac Magnetic Resonance (CMR). This was 
compared to the prognostic value of HMRI. Secondary objectives were to assess whether 
an improvement in microvascular function is associated with LVF improvement. 

METHODS

Study population and procedures

For the current study we included a subpopulation of the HEBE trial, designed to as-
sess the effect of  bone marrow mononuclear cells therapy on cardiac improvement in  
STEMI Patients.8-10 This substudy included patients that underwent paired intracoronary 
flow measurements in the Academic Medical Center and VU University Medical Center 
(n=64).  Patients that experienced a re-infarction during follow-up (n=2) were excluded. 
The study was conducted in accordance with the Declaration of Helsinki and the study 
protocol was approved by institutional review boards. 

Intracoronary Doppler flow measurements and data analysis

A bolus of 0.1-mg nitroglycerin was administered intracoronary prior to Doppler flow 
measurements. Intracoronary flow was measured with a 0.014-inch Doppler-tipped 
guidewire (Flowire, Volcano Corporation, Rancho Cordova, California) that was posi-
tioned distal to the previously implanted stent in the infarct related artery (IRA). Fol-
lowing optimization of the Doppler signal, the average peak flow velocity recordings 
were obtained before and after induction of hyperemia by an intracoronary bolus ad-
ministration of 20 to 40 μg adenosine. Also, intracoronary flow was assessed in the non 
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IRA, reference artery, if there was < 30% stenosis. The position of the Doppler-tipped 
guidewire in both arteries were documented on angiography during baseline in order 
to obtain a similar guidewire position at 4 months.   

Doppler flow velocity was recorded continuously and analyzed offline by an inde-
pendent investigator.10 The following parameters were assessed: systolic and diastolic 
mean aortic pressure and average peak flow velocity during baseline and hyperemia. 
CFR was determined as the ratio of hyperemic to baseline average peak flow velocity. An 
impaired CFR was defined at the cut-off value CFR < 2.0, according to the mean of the 
current study population. The relative CFR was calculated as the absolute CFR in the IRA 
divided by the absolute CFR in the reference vessel. HMRI was calculated by dividing the 
mean aortic pressure by the average peak flow velocity during maximum hyperemia. 
Improvement of microvascular function could be assessed by calculating the difference 
(∆) between CFR and HMRI at 4 months and baseline. Both the absolute (∆) and relative 
(%) difference of both indices was assessed.

Cardiac magnetic resonance and data analysis

CMR was performed on a clinical MRI-scanner at 4±2 days following PPCI (baseline) and 
at 4 and 24 months as previously described.8  

In short, both cine and delayed contrast-enhanced CMR was performed to measure 
LVF, infarct size, transmurality and presence of microvascular obstruction . The change 
(∆) in left ventricular ejection fraction (LVEF), left ventricular end-diastolic volume 
(LVEDV) and left ventricular end-systolic volume (LVESV) index were evaluated  as the 
absolute and  percentage increase or decrease from baseline to 4 months and baseline 
to 2 years. Total infarct size was determined as previously described using a pre-defined 
and standardized definition of hyperenhancement, expressed as a percentage of LV 
mass.8 Transmurality was determined by dividing the hyperenhanced area by the total 
area of the pre-defined segment. MVO was defined as any region of hypoenhancement 
within the hyperenhanced infarcted area.8 

CMR data was analyzed  in a core lab using a dedicated software package (Mass 2008 
beta, Medis, Leiden, the Netherlands) and blinded to the intracoronary Doppler flow 
measurements. 

Statistical analysis

Normally distributed data are expressed as mean ± SD and for non-normal distributed 
data the median value (25th to 75th percentile) is provided. Categorical variables are pre-
sented as number (%) and compared by the chi-square test. A Student t test or a 1-way 
analysis of variance was used to compare data with a normal distribution of continuous 
variables and a Kruskal-Wallis test for non-normal distributed continuous variables. 
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An univariate linear regression model was used to assess whether CFR and HMRI 
measured in the subacute phase were associated with global left ventricular volumes 
and function at baseline, 4 months and 2 years. 

In a subsequent multivariate linear regression model the prognostic value of CFR in 
the subacute phase was assessed with other known patient and angiographic charac-
teristics associated with LVEF (%) at 2 years.11-12 Based on the cut-off value of CFR <2, 
patients were classified into those with an impaired (CFR < 2) and preserved microvas-
cular function (CFR ≥ 2) at baseline. LVEF, LVEDV and LVESV index measured at baseline, 
4 months and at 2 years were compared in both groups. The temporal change in LVEF, 
LVEDV and LVESV index was also compared between the groups. 

Table 1. Study population 

Characteristic
Baseline intracoronary Doppler
flow measurements (n=62)

Age (years) 55.2 ± 9.2

Male, n (%) 49 (79)

BMI 26.2 ± 3.4

Risk factors for coronary artery disease 

   Diabetes mellitus 3 (5)

   Hypertension 19 (31) 

   Family history of coronary heart disease 29 (47)

   Hypercholesterolemia 10 (16)

   Current smoking 33 (53)

Symptom onset to PCI (h) 3.3 (2.4-4.4)

Infarct-related artery

    Left anterior descending artery 45 (73)

    Left circumflex artery 3 (5)

    Right coronary artery 14 (23)

Reference artery

    Left anterior descending artery 14 (21.5)

    Left circumflex artery 48 (73.8)

    Right coronary artery 3 (4.6)

CMR infarct variables

  IS (% LV) 22.8 ± 9.8

  Extent transmurality (% segments > 75% infarcted) 21.18 ± 14.0

  Presence of MVO 41 (66)

* BMI, Body Mass Index; PCI, percutaneous coronary intervention; TIMI, thrombolysis in Myocardial Infarc-
tion score; CFR, coronary flow reserve; CMR, cardiac magnetic resonance; LV, left ventricle; MVO, microvas-
cular obstruction; IS, infarct size.
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Whether improvement in CFR and HMRI within the initial 4 months was concurrently 
associated with improvement in LVEF was investigated for two different infarct size 
groups stratified according to the median infarct size. 

A P value <0.05 was considered statistically significant. All statistical analysis was 
performed using SPSS software (version 20.0; SPSS Inc., Chicago, Illinois). 

RESULTS

The study population is described in table 1. Mean age was 55±9 years and left anterior 
descending artery (73%) was most frequently the IRA. Baseline characteristics between 
patients that underwent baseline intracoronary measurements did not differ of those 
that underwent paired measurements. 

Table 2. Intracoronary Doppler flow and CMR measurements 

      Baseline Follow-up Change p-value
Doppler flow measurements

Heart rate (beats/min) 73 ± 11 64 ± 12 -8.9 ± 10.2 <0.001

Systolic BP (mmHg) 112 ± 22 122 ± 21 9.8 ± 19.2 <0.001

Diastolic BP (mmHg) 68 ± 9 71 ± 10 2.3 ± 11.5 0.12

Infarct related artery

Baseline APV (cm/s) 23 ± 10 17 ± 9 -6.1 ± 7.9 <0.001

Hyperemic APV (cm/s) 45 ± 15 52 ± 20 7 ± 18.6 0.005

CFR 2.0 ± 0.5 3.2 ± 0.8 1.2 ± 0.8 <0.001

BMRI (mm Hg s/cm) 4.1 ± 1.5 6.0 ± 2.3 2.0 ± 2.0 <0.001

HMRI (mm Hg s/cm) 1.9 ± 0.6 1.8 ± 0.6 -0.2 ± 0.7 0.08

Reference vessel

Baseline APV (cm/s) 19 ± 7 17 ± 6 -2.2 ± 7.2 <0.001

Hyperemic APV (cm/s) 50 ± 15 55 ± 18 4.7 ± 20.7 0.08

CFR 2.7 ± 0.6 3.3 ± 0.7 0.6 ± 0.6 <0.001

BMRI (mm Hg s/cm) 4.8 ± 1.6 5.6 ± 1.9 0.9 ± 2.1 0.002

HMRI (mm Hg s/cm) 1.7 ± 0.5 1.6 ± 0.5 -0.1 ± 0.5 0.10

Relative CFR 0.8 ± 0.2 1.0 ± 0.2 0.2 ± 0.3 <0.001

CMR measurements
LVEF (%) 42.9 ± 8.7 46.2 ± 8.7 3.3 ± 6.2 <0.001

LVEDV index (ml/m2) 96.2 ± 14.4 102.3 ± 20.7 6.2 ± 12.3 <0.001

LVESV index (ml/m2) 55.4 ± 13.5 56.0 ± 18.1 0.6 ± 10.9 0.68

  IS (% LV) 22.3 ± 9.8 14.1 ± 6.7 -5.0 ± 3.7 <0.001

For the current analysis, all patient that had intracoronary flow measurements at both baseline and follow-
up were included (N=61)
* see previous table. BP, blood pressure; APV, average peak velocity; BMRI, baseline microvascular resistance 
index; HMRI, hyperemic microvascular resistance index; LVEDV,  LV end- diastolic volume; LVESV, lLV end-
systolic volume 
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Relation between coronary microvascular function and left ventricular function

During initial coronary flow measurements, CFR in the IRA was significantly lower com-
pared to the reference vessel (2.03 ±0.53  vs. 2.7 ± 0.5; P<0.001). The observed decreased 
CFR in the IRA was the result of an increased baseline and decreased hyperemic average 
peak velocity (Table 2). 

CFR in the subacute phase is associated with LVEF at both 4 months (β = 4.66, SE= 
2.10; P = 0.03) and  2 year follow-up (β = 5.84, SE= 2.45; P = 0.02) and inversely associated 
with LVEDV and LVESV index at 4 months and 2 years (Table 3).  Additionally, CFR in the 
subacute phase was associated with the changes in LVEDV.  HMRI in the subacute phase 
was not associated with LVF. In a multivariate regression model, CFR was not associated 
with LVEF at 2 years (Table 4). 

Table 3. Coronary Flow Reserve and Hyperemic Resistance Index and its association with left ventricular 
function

CFR baseline HMRI baseline 

Outcome β SE P-value β SE P-value

Global LVF            

 LVEF (%)

Baseline 6.55 2.01 0.002 -2.12 1.81 0.25

4 months  4.66 2.10 0.03 -2.57 1.8 0.16

2 years 5.84 2.45 0.02 -4.05 2.16 0.07

∆ baseline – 4 months -1.89 1.53 0.22 -1.48 1.20 0.22

∆ baseline – 2 years -1.44 2.19  0.51 -0.36 1.66 0.83

 End Diastolic Volume index (ml/m2)

Baseline -4.86 3.53 0.17 -0.64 3.01 0.83

4 months -11.00 4.88 0.03 4.06 4.23 0.34

2 years -16.66 5.63 0.005 2.80 5.26 0.60

∆ baseline – 4 months -6.14 2.90 0.04 -3.05 2.37 0.20

∆ baseline – 2 years -12.18 3.86  0.003 -2.39 3.17 0.45

 End Systolic Volume index (ml/m2)

Baseline -8.88 3.16 0.007 1.74 2.81 0.54

4 months -11.03 4.21 0.01 5.15 3.67 0.17

2 years -14.16 4.78 0.005 6.39 4.40 0.15

∆ baseline – 4 months -2.14 2.68 0.43 -0.20 2.13 0.93

  ∆ baseline – 2 years -4.96 3.33  0.14 4.25 2.88 0.15
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Table 4. Multivariate model for the prediction of left ventricular ejection fraction at 2 years

Univariable analysis Multivariabele analysis

Variable Coefficient SE P value Coefficient SE P value

Age ≥ 65 yrs 4.50 3.58 0.22

Male gender -1.40 3.21 0.67

Max CKMB/ULN -0.14 0.04 <0.001 -0.10 0.05 0.04

Number of Q waves -1.45 0.79 0.07 -0.58 0.80 0.47

Persistent ST-elevation -3.28 1.50 0.03 -1.37 1.62 0.40

Myocardial blush grade -0.19 1.15 0.87

TIMI post PPCI 2.45 4.44 0.58

CFR baseline IRA 5.84 2.45 0.02   2.05 3.04 0.50

*see previous tables. CKMB, creatine kinase-myocardial band; ULN, upper limit of normal; SE, standard er-
ror;  

Impaired microvascular function and left ventricular function

An impaired coronary microvascular function (CFR < 2) in the subacute phase was ob-
served in 36 patients (58%) with a mean CFR of 1.67 ± 0.19. These patients had a larger 
infarct size than patients with a CFR > 2 (25.3 ± 7.7 % LV vs. 19.5± 11.3% LV ; P = 0.04 ). 

As shown in Figure 1, patients with a CFR < 2 had a lower LVEF at baseline (41.0 ± 8.2% 
vs. 45.6 ± 8.8%, P= 0.04) and at 2 years (46.1 ± 8.8% vs. 54.3 ± 8.1%, P < 0.001). Patients 
with a CFR < 2 experienced a larger increase in LVEDV and LVESV between baseline and 
2 years in comparison to patients with a CFR ≥ 2, respectively 8.5 ± 15.1 ml/m2 vs. -1.5 
±13.9 ml/m2 (P = 0.02) and 0.71± 12.5 ml/m2 vs. -6.7 ±11.0 ml/m2 (P = 0.03). 

Figure 1. Left ventricular function in patients with initially impaired and normal Coronary Flow Reserve 
* CFR, coronary flow reserve; LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic 
volume; LVESV, left ventricular end-systolic volume
Bar graph on the left ventricular function parameters in patients with impaired and normal coronary flow 
reserve at baseline, defined according to the cut-off value CFR < 2. The evolution of the left ventricular func-
tion parameters over baseline, 4 month and 2 years are visualized in both groups. The * indicate a P < 0.05 
and the number indicates the two matching groups corresponding to the P value. 
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Change in coronary microvascular function and left ventricular function 

Change in CFR and HMRI was investigated in two groups, stratified to median infarct 
size (24.2% LV ) at baseline. Patient with large infarct sizes ( > median infarct size), had a 
lower CFR at baseline. But these patients had more improvement in CFR within the initial 
4 months compared to patients with smaller infarct sizes (Table 5). In these patients, 
absolute CFR improvement was concordantly associated with LVEF improvement within 
4 months (β= 5.09, SE 1.86, P =0.01, see figure 1) 

Table 5. Intracoronary flow parameters in two stratified infarct size groups 

Small IS             
(N=27)

Large IS
(N=28)

P-value

Infarct size (% LV) 14.9 ± 6.2 30.4 ± 5.7 < 0.001

CFR IRA

Baseline 2.3 ± 0.57 1.8 ± 0.3 < 0.001

∆ CFR absolute: baseline - 4 month 1.0 ± 0.97 1.3 ± 0.6 0.26

∆ CFR (%): baseline - 4 month 51.1 ± 50.5 76.9 ± 40.6 0.049

HMRI IRA 

Baseline 1.9 ± 0.5 2.1 ± 0.7 0.24

∆ HMRI absolute: baseline - 4 month -0.04 ± 0.6 -0.3 ± 0.7 0.21

∆ HMRI (%): baseline - 4 month 2.6 ± 43.1 -5.7 ± 38.8 0.47

* see previous tables. 
*∆CFR and ∆HMRI in infarct related artery was missing in 3 patients in the large infarct size group. 
Small and large infarct size groups were stratified according to median infarct size at baseline.

In patients with a smaller infarct size, absolute CFR improvement was not associated 
with LVEF improvement between baseline and 4 months (β= -0.30, SE 1.24, P =0.81, see 
figure 2). When considering HMRI, a trend was observed between the absolute decrease 
in HMRI within the initial 4 months and LVEF improvement ( β= -3.38, SE 1.67, P =0.054). 
Similarly, patients with a greater decrease in microvascular resistance (< ∆ median HMRI) 
had a significant improvement of LVEF at 4 months compared to baseline (42.7 ± 6.9% vs. 
37.5 ± 7.9% , P = 0.005). In the smaller infarct size group the effects were not observed. 
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Figure 2 Patients with a large baseline infarct size (mean IS 33.1 ± 5.5% LV) were subdivided based on 
the mean CFR and HMRI improvement between baseline and 4 months. LVEF (%) between baseline and 4 

months was compared. 
* CFR, coronary flow reserve; HMRI, hyperemic microvascular resistance index.

DISCUSSION

In  our study we find supporting evidence on the importance of the microvasculature 
status following STEMI. Microvascular dysfunction in the subacute phase, as measured 
with CFR, contrary to HMRI,  is associated with LVEF at both 4 months and 2 years as-
sessed with CMR. Second, an impaired CFR in the subacute phase  is associated with 
alterations in diastolic volume. Finally, improvement in CFR is concurrently associated 
with improvement in LVEF between baseline and 4 months in patients with a large 
infarct size. 

The added value of the current study compared to previous studies is the systemati-
cally obtained intracoronary Doppler flow measurements and CMR imaging at similar 
time points and at 2 years. This  provides insights on the recovery of microvascular 
dysfunction and whether this is associated with LVF recovery. Results of previous studies 



169

Microvascular dysfunction following STEMI

support the prognostic importance of microvascular function following STEMI. These 
studies used different diagnostic modalities for assessment of microvascular function, 
including myocardial contrast or transthoracic Doppler echocardiography.5,13-15

Bax et al reported that CFR measured directly after PPCI in anterior STEMI was the only 
predictor of LV improvement at 6 months assessed by echocardiography. However the 
mean peak CK-MB was not included in the multivariate model since the aim of the study 
was to assess early determinants (at the time of reperfusion) of LVF recovery. In the cur-
rent study however, CFR in the subacute phase was not independently associated with 
LVEF at 2 years but peak CK-MB. This observation could be the result of several factors. 
First, the small number of patients limit the ability to perform an reliable multivariate re-
gression model. Second, CFR measured in the subacute phase is associated with infarct 
size, as measured by maximum CK-MB.16 From a pathophysiological perspective, the 
ability of the coronary microvasculature to vasodilate is related to the severity of initial 
myocardial injury. In our study we also observed that patients with large infarct sizes 
had a significantly lower CFR. Consequently, it is difficult to determine whether CFR is a 
marker of larger infarcts or whether impaired microvascular function has a primary role 
in adverse LV remodeling. Nonetheless CFR in the subacute phase of STEMI is associated 
with LVF at both 4 months and 2 years. In order to understand these findings and impli-
cations, it is important to understand the differences between both indices. As shown 
in Table 2, baseline APV is likely increased due to compensatory vasodilatation and the 
hyperemic APV decreased probably secondary to micro-embolization. Since myocardial 
infarction effects both the baseline and hyperemic coronary flow, both these effects are 
taken into account by the CFR. Whereas, the HMRI does not consider a baseline coronary 
flow. This observation is in accordance with previous studies The increase in baseline 
peak flow velocity has been described as a result of coronary autoregulation.17,18 This 
is of importance as it facilitates the compensatory vasodilatation of the coronary re-
sistance vessels in order to  maintain stable resting coronary blood flow in the distal 
myocardium.19

We also assessed the temporal evolution of microvascular dysfunction, as measured 
by the delta CFR and HMRI between baseline and 4 months. In the large infarct size 
group, this observed improvement of CFVR and decrease in HMRI are both associated 
with recovery of LVEF. In the smaller infarct size group this association was not observed. 
Our findings are concordant to the study by Suryapranata15 and Sezer et al20, and ex-
tends on their findings. In the first study an increase in flow reserve documented before 
hospital discharge was associated with a significant improvement in global and regional 
left ventricular function.15  In former study,  improvement in CFR in the total population 
was associated with a decreased infarct size on single-photon emission computerized 
tomography and improved LVEF on echocardiography. 
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Dysfunction of the coronary microvasculature has also been associated with the oc-
currence of clinical endpoints, including heart failure and cardiac mortality.21-23 Furber 
at al, assessed whether an impaired microvascular perfusion in the IRA as measured 
by a short diastolic deceleration time, is predictive of cardiac events within 4 years.21 
Additionally to age and time to PPCI ≥ 6 hours, impaired microvascular perfusion was 
found to be an independent predictor, particularly on the occurrence of heart failure. 
Also, an impaired CFR in the reference vessel in STEMI patients has been independently 
associated with an increased cardiac mortality at 10 years.23 These clinical implications 
of microvascular dysfunction following STEMI have fueled studies on therapeutic strate-
gies aimed at protecting the microvasculature.24 

Limitations

Several limitations should be mentioned. First intracoronary measurements were 
performed within one week following STEMI and the CFR may have partly recovered. 
Subsequently the association between CFR in the subacute phase and LVF may be un-
derestimated.  Second, a CFR value of 2.0 was arbitrarily chosen because of the median 
values of CFR in the present study. 

CONCLUSION

Microvascular dysfunction in the subacute phase, as measured by CFR,  is associated 
with LVF at 2 years in STEMI. Improvement of CFR and a decrease in HMRI within the 
initial months following STEMI is associated with early LVEF improvement in patients 
with a large infarct size, underlining the functional significance of microvasculature after 
STEMI.  

IMPACT ON DAILy PRACTICE 

The results of the current study support the growing evidence on the role of the micro-
vasculature status following STEMI and its effect on LVF. We demonstrated that micro-
vascular dysfunction as measured by CFR is associated with  LV improvement during the 
long term. This underlines the importance of possible therapeutic strategies aimed at 
restoring or protecting the microvasculature following STEMI. 



171

Microvascular dysfunction following STEMI

REFERENCES

 1. Porter, T.R., et al., The clinical implications of no reflow demonstrated with intravenous perfluoro-
carbon containing microbubbles following restoration of Thrombolysis In Myocardial Infarction 
(TIMI) 3 flow in patients with acute myocardial infarction. Am J Cardiol, 1998. 82(10): p. 1173-77.

 2. Reffelmann, T., Kloner, R.A, The “no-reflow” phenomenon: basic science and clinical correlates. 
Heart, 2002. 87(2): p.162-8.

 3. Eeckhout, E. and Kern, M.J. The coronary no-reflow phenomenon: a review of mechanisms and 
therapies. Eur Heart J, 2001. 22(9): p. 729-39.

 4. Robbers, L.F., et al., Magnetic resonance imaging-defined areas of microvascular obstruction after 
acute myocardial infarction represent microvascular destruction and haemorrhage. Eur Heart J, 
2013. 34(30): p. 2346-53.

 5. Galiuto, L., et al., Reversible microvascular dysfunction coupled with persistent myocardial dys-
function: implications for post-infarct left ventricular remodelling. Heart, 2007. 93(5): p. 565-71.

 6. Galiuto, L., et al., Temporal evolution and functional outcome of no reflow: sustained and spon-
taneously reversible patterns following successful coronary recanalisation. Heart, 2003. 89(7): p. 
731-37.

 7. Bax, M., et al., Short- and long-term recovery of left ventricular function predicted at the time of 
primary percutaneous coronary intervention in anterior myocardial infarction. J Am Coll Cardiol, 
2004. 43(4): p. 534-41.

 8. Hirsch, A., et al., Intracoronary infusion of autologous mononuclear bone marrow cells or periph-
eral mononuclear blood cells after primary percutaneous coronary intervention: rationale and 
design of the HEBE trial--a prospective, multicenter, randomized trial. Am Heart J 2006. 152(3): p. 
434-41.

 9. Hirsch, A., et al., Intracoronary infusion of mononuclear cells from bone marrow or peripheral 
blood compared with standard therapy in patients after acute myocardial infarction treated by 
primary percutaneous coronary intervention: results of the randomized controlled HEBE trial. Eur 
Heart J, 2011. 32(14): p. 1736-47.

 10. van der Laan, A.M., et al., Recovery of microcirculation after intracoronary infusion of bone mar-
row mononuclear cells or peripheral blood mononuclear cells in patients treated by primary 
percutaneous coronary intervention the Doppler substudy of the Hebe trial. JACC Cardiovasc 
Interv, 2011. 4(8): p. 913-20.

 11. Chia, S., et al., Utility of cardiac biomarkers in predicting infarct size, left ventricular function, 
and clinical outcome after primary percutaneous coronary intervention for ST-segment elevation 
myocardial infarction. JACC Cardiovasc Interv, 2008. 1(4): p. 415-23.

 12. van ‘t Hof, A.W., et al., Angiographic assessment of myocardial reperfusion in patients treated with 
primary angioplasty for acute myocardial infarction: myocardial blush grade. Zwolle Myocardial 
Infarction Study Group. Circulation, 1998. 97(23): p. 2302-6.

 13. Sadauskiene, E., et al., Non-invasive evaluation of myocardial reperfusion by transthoracic Dop-
pler echocardiography and single-photon emission computed tomography in patients with 
anterior acute myocardial infarction. Cardiovascular ultrasound, 2011. 9:16.

 14. Rigo, F., et al., Early assessment of coronary flow reserve by transthoracic Doppler echocardiogra-
phy predicts late remodeling in reperfused anterior myocardial infarction. J Am Soc Echocardiogr: 
official publication of the American Society of Echocardiography, 2004. 17(7): p. 750-55.



Chapter 8

172

 15. Suryapranata, H., et al., Predictive value of reactive hyperemic response on reperfusion on recov-
ery of regional myocardial function after coronary angioplasty in acute myocardial infarction. 
Circulation, 1994. 89(3): p. 1109-17.

 16. Van Herck, P.L., et al., Impaired coronary flow reserve after a recent myocardial infarction: cor-
relation with infarct size and extent of microvascular obstruction. Int J Cardiol, 2013. 167(2): p. 
351-56.

 17. van Liebergen, R.A., et al., Immediate and long-term effect of balloon angioplasty or stent implan-
tation on the absolute and relative coronary blood flow velocity reserve. Circulation, 1998. 98(20): 
p. 2133-40.

 18. Nanto, S., et al., Temporal increase in resting coronary blood flow causes an impairment of coro-
nary flow reserve after coronary angioplasty. Am Heart J, 1992. 123(1): p. 28-36.

 19. van de Hoef, T.P., et al., Coronary pressure-flow relations as basis for the understanding of coro-
nary physiology. J Mol Cell Cardiol, 2012. 52(4): p. 786-93.

 20. Sezer, M., et al., Concurrent microvascular and infarct remodeling after successful reperfusion of 
ST-elevation acute myocardial infarction. Circ Cardiovasc Interv, 2010. 3(3): p. 208-15.

 21. Furber, A.P., et al., Coronary blood flow assessment after successful angioplasty for acute myocar-
dial infarction predicts the risk of long-term cardiac events. Circulation, 2004. 110(23): p. 3527-33.

 22. Takahashi, T., et al., Usefulness of coronary flow reserve immediately after primary coronary 
angioplasty for acute myocardial infarction in predicting long-term adverse cardiac events. Am J 
Cardiol, 2007. 100(5): p. 806-11.

 23. van de Hoef, T.P., et al., Impact of coronary microvascular function on long-term cardiac mortality 
in patients with acute ST-segment-elevation myocardial infarction. Circ Cardiovasc Interv, 2013. 
6(3): p. 207-15.

 24. Sorrentino, S.A., et al., Nebivolol exerts beneficial effects on endothelial function, early endothe-
lial progenitor cells, myocardial neovascularization, and left ventricular dysfunction early after 
myocardial infarction beyond conventional beta1-blockade. J Am Coll Cardiol, 2011. 57(5): p. 
601-11.




