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Abstract
AIM: To compare the acute changes in circumferential 
and longitudinal strain after exposing a coronary artery 
to various interventions in swine.

METHODS: Percutaneous balloon angioplasty catheter 
was guided to location aid device (LAD) under X-ray flu-
oroscopy to create different patterns of ischemic insults. 
Pigs (n  = 32) were equally divided into 4 groups: con-
trols, 90 min LAD occlusion/reperfusion, LAD microem-
bolization, and combined LAD occlusion/microemboliza-
tion/reperfusion. Three days after interventions, cine, 
tagged and viability magnetic resonance imaging (MRI) 
were acquired to measure and compare left and right 
circumferential strain, longitudinal strain and myocardial 
viability, respectively. Measurements were obtained us-
ing HARP and semi-automated threshold method and 

statistically analyzed using unpaired t -test. Myocardial 
and vascular damage was characterized microscopically.

RESULTS: Coronary microemboli caused greater im-
pairment in l left ventricular (LV) circumferential strain 
and dyssynchrony than LAD occlusion/reperfusion 
despite the significant difference in the extent of myo-
cardial damage. Microemboli also caused significant 
decrease in peak systolic strain rate of remote myo-
cardium and LV dyssynchrony. Cine MRI demonstrated 
the interaction between LV and right ventricular (RV) 
at 3 d after interventions. Compensatory increase in RV 
free wall longitudinal strain was seen in response to all 
interventions. Viability MRI, histochemical staining and 
microscopy revealed different patterns of myocardial 
damage and microvascular obstruction.

CONCLUSION: Cine MRI revealed subtle changes in 
LV strain caused by various ischemic insults. It also 
demonstrated the interaction between the right and left 
ventricles after coronary interventions. Coronary mi-
croemboli with and without acute myocardial infarction 
(AMI) cause complex myocardial injury and ventricular 
dysfunction that is not replicated in solely AMI.

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: Cine and tagging magnetic resonance imaging 
showed that segments in pre-existing acute myocardial 
superimposed with microemboli have the most severe 
impairment in both longitudinal and circumferential 
strain, while segments subjected to solely microembo-
lization or location aid device (LAD) occlusion/reper-
fusion showed only circumferential impairment. The 
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interaction between right and left ventricles after LAD 
interventions is clearly demonstrated by the increase in 
right ventricular (RV) free wall strain, suggesting that 
both left ventricular and RV need assessment in isch-
emic heart disease.

Suhail MSA, Wilson MW, Hetts SW, Saeed M. Magnetic reso-
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nal strain under various coronary interventions in swine. World 
J Radiol 2013; 5(12): 472-483  Available from: URL: http://www.
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INTRODUCTION
Acute myocardial infarction (AMI) remains a leading 
cause of  morbidity and mortality worldwide. It has been 
classified into subtypes based on clinical scenario; namely 
ischemia from a primary coronary event (e.g., plaque 
rupture, thrombotic occlusion), ischemia from a supply-
and-demand mismatch, and percutaneous/surgical coro-
nary interventions[1]. Different procedures have been 
introduced to reperfused blocked major coronary artery. 
However, the effects of  persistent microvascular block-
age by dislodged microemboli are still a clinical problem, 
which has been acknowledged by multiple cardiac and 
interventional societies[2].

Echocardiography is the most commonly used clini-
cal method for quantification of  global and regional left 
ventricular (LV) function, where LV ejection fraction and 
wall motion score are measured[3]. Others used 2D speck-
le-tracking images for measuring regional strain and strain 
rate[4]. This method enables quantification of  myocardial 
deformation[5], but associated with limitations, such as 
the inability of  peak velocity to differentiate dyskinetic 
from hypokinetic myocardium[6]. Unlike other modalities, 
magnetic resonance imaging (MRI) provides quantita-
tive prognostic functional and structural information[7,8]. 
Clinical MRI studies demonstrated the impairment in 
radial, circumferential and longitudinal strain in ischemic 
myocardium[9-11]. Investigators found that these MRI indi-
ces have higher sensitivity and specificity than 2D strain 
echocardiography in patients with AMI[12] and scar[13]. 
Furthermore, contrast enhanced MRI has the capability 
to delineate patchy myocardial infarct in patients[14] and 
animals[15-17]. However, the magnitude and mechanical 
effects of  microemboli in pre-existing reperfused AMI 
on circumferential and longitudinal strain have not been 
characterized or compared to solely reperfused AMI us-
ing MRI. We hypothesized that coronary microemboli in 
pre-existing AMI cause complex ventricular dysfunction 
that is not replicated in solely AMI. Thus, this experi-
mental investigation aimed at simulating 3 interventional 
clinical scenarios, namely location aid device (LAD) oc-
clusion/reperfusion, LAD microembolization, and com-
bined LAD occlusion/microembolization/reperfusion.

MATERIALS AND METHODS
Coronary intervention
This study was performed in accordance with the Guide 
for the Care and Use of  Laboratory Animals and ap-
proval from IACUC. Farm pigs (30-32 kg) were sedated 
and anesthetized using isoflurane/oxygen 2%-5%/2-3 L/
min. Small volume and size of  microemboli (32 mm3 vol-
ume, average diameter 80 μm) were tested in the current 
study because previous autopsy study in humans showed 
that the sizes of  these microemboli were less than 120 
μm and most of  microemboli (89%) were located in the 
LAD territory[18]. Accordingly, a 3F balloon catheter was 
advanced under X-ray fluoroscopy to the LAD coronary 
artery in swine model. The balloon catheter was used to 
(1) occlude (90 min) LAD coronary artery (n = 8), (2) 
delivery of  microemboli (32 mm3 volume, about 120 
microemboli with an average diameter of  80 μm (Embo-
sphere®, Biosphere Med, Rockland, MA (n = 8), and (3) 
combine 90 min LAD occlusion and delivery of  micro-
emboli (32 mm3 volume, n = 8) followed by reperfusion. 
The occlusion or microemboli delivery was in the LAD 
at the middle of  LV and the second diagonal branch was 
used as a land mark. Intravenous heparin and lidocaine 
were administered prior to coronary catheterization. 
ECG, heart rate, blood pressure, O2-sat, PCO2 and body 
temperature was monitored during the interventions. All 
animals were imaged 3 d after the interventions. Another 
8 animals with matching body weight (30-32 kg) served 
as controls (no intervention).

Cardiac MRI
MRI was performed using 1.5-T scanner (GE Medical 
Systems, Milwaukee, WI, United States). For circumfer-
ential strain of  the LV, a tagged turbo-field echo-planar 
sequence was used. The tagging technique used comple-
mentary spatial modulation of  magnetization for hori-
zontal and vertical tag orientation images obtained in one 
breath-hold. Imaging parameters were: TR/TE = 35/6.1 
ms, flip = 25°, NEX = 1, section thickness = 8 mm, 
FOV = 24 cm × 24 cm, matrix = 128 × 45, pixel size = 
1.875 × 5.333 mm2, temporal resolution = 35 ms, EPI 
factor = 11, bandwidth = 185 Hz, echo length = 1, tag 
spacing = 5 mm, temporal resolution = 35 ms and car-
diac phases = 16. Images were acquired in the short axis 
plane of  the entire LV[19]. For quantitative analysis, two 
apical slices within the area of  infarction (2.4 and 3.2 cm 
from the apex of  the heart) were used. The tagging tech-
nique used complementary spatial modulation of  magne-
tization for horizontal and vertical tag orientation images 
obtained in breath-hold and for longitudinal strain, mul-
tiple cine MR images in the long-axis view were acquired 
using a steady-state free precession sequence. Imaging pa-
rameters were: TR/TE/flip angle = 3.5 ms/1.75 ms/70°, 
slice thickness = 8 mm, no slice gap, FOV = 25 cm × 25 
cm, matrix size = 160 × 152 and cardiac phases = 16.

For viability imaging, inversion-recovery gradient-
echo DE-MRI images were acquired in the short and 
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long axis views of  the heart. The imaging parameters 
were: TR/TE/flip angle = 5/2 ms/15°, interval = 2RR-
intervals, slice thickness = 8 mm, no slice gap, FOV = 26 
cm × 26 cm, matrix size = 256 × 162. Viability images 
were acquired 10-15 min after intravenous administra-
tion of  0.15 mmol/kg Gd-DTPA using inversion time of  
220-230 ms to null remote myocardium. For quantitative 
measurement of  large and patchy infarct a semi-automat-
ic threshold method (3SD) was used. At the conclusion 
of  the imaging sessions, the animals were sacrificed by 
intravenous injection of  saturated KCl (1 mL/kg). The 
hearts were excised, sliced and incubated in 2% triphen-
yltetrazolium chloride (TTC) at 37 ℃. Digital images of  
TTC-stained slices were acquired, converted to black and 
white images using Adobe Photoshop CS2. The same 
semi-automatic method (3SD) used above was used to 
measure infarct size on TTC.

Image and statistical analysis
Phasic and peak longitudinal strain and circumferential 
strain were analyzed from complex raw data circumfer-
ential strain was obtained by manual outline of  the en-
docardium and epicardium of  the LV in multiple tagged 
images, which was automatically propagated by HARP 
tagged CMRI analysis software. The segmentation on 
HARP we done as follow: First, in a given timeframe, 2D 
HARP images were unwrapped in each slice[19]. Displace-
ment measurements from the phase-unwrapped images 
were then used to compute a 3D displacement field from 
which strain was computed. This procedure was repeated 
for each imaged timeframe[20]. In each animal, two defined 
apical slices (2.4 and 3.2 cm from the apex of  the heart) 
with infarct were analyzed. HARP software automatically 
provided strain at each point in the cardiac cycle, peak 
strain, time to peak strain (TTPS), and provided strain 
rate by obtaining a strain curve and differentiating the 
curve with respect to time[21]. Peak systolic and diastolic 
strain rate and TTP systolic and diastolic strain rates were 
obtained from these curves.

Peak systolic longitudinal strain was obtained from a 
4 chamber view of  cine MR images after delineating en-
docardial length of  LV and right ventricular (RV) during 
systole and diastole using an echocardiographic meth-
od[22,23]. Figure 1 shows the semi-automated traced myo-
cardium throughout the cardiac cycle. Longitudinal strain 
was determined in LV free wall (LVFW), RV free wall 
(RVFW), and interventricular septum (IVS). This method 
has been recently validated against spatial modulation of  
magnetization tissue tagging method[24]. Semi-automatic 
threshold method (+3SD), ImageJ was also used to mea-
sure large infarct and patchy microinfarct on contrast en-
hanced MRI and histochemical TTC staining. Paired and 
unpaired nonparametric Student t-tests and nonparamet-
ric ANOVA with Dunn’s multiple comparison tests were 
used. A P < 0.05 was considered significant.

Postmortem staining
At the conclusion of  the imaging protocol, the hearts 
were excised, sliced and incubated in 2% TTC at 37 ℃ 

for 30 min. Digital images of  TTC stained short-axis 
slices were acquired and converted to black-and-white 
images. For confirmation of  structural changes caused by 
coronary interventions, 3 LV rings from each animal were 
fixed in 10% buffered formalin, processed, sectioned 
and stained with hematoxylin/eosin. Microscopically, the 
stained sections were magnified (× 40 to × 100), photo-
graphed under light microscopy using NIS Elements-F 
(Nikon, Melville, NY, United States) and studied.

RESULTS
Myocardial viability
Control animals revealed no evidence of  infarction on 
DE-MRI and TTC staining or differential strain between 
LAD territory and remote myocardium (Figure 2A, P = 
0.72). The different interventions produced continuous, 
patchy or combined pattern of  enhancement of  myo-
cardial damage on DE-MRI. Furthermore, myocardial 
damage was significantly smaller (8.8% ± 0.5% LV mass) 
in solely microembolized animals compared with animals 
subjected to occlusion/reperfusion (12.4% ± 1.2%, P 
< 0.01) or the combination of  the two insults (15.7% ± 
1.1%, P < 0.05).

Circumferential strain
All animals subjected to coronary interventions demon-
strated decline in peak circumferential strain compared 
with remote myocardium (Figure 2A, all P < 0.001) or 
LAD territory of  control animals (Figure 2B). However, 
peak circumferential strain showed no difference between 
interventions, suggesting disproportion between myo-
cardial damage and regional strain. At 3 d, remote myo-
cardium of  animals subjected to interventions showed 
decreased TTPS without increase in circumferential strain 
compared with controls (Figure 2B). In contrast, the 
LAD territory demonstrated increased TTPS (Figure 2C), 
suggesting LV dyssynchrony.

All interventions caused significant decrease in peak 
strain rate of  LAD territory compared with remote myo-
cardium and controls (Figure 3A and B, all P < 0.001). 
Microembolized and combined intervention animals had 
significantly decreased systolic strain rate compared to 
LAD occluded/reperfused animals. In remote myocar-
dium, peak systolic strain rate was significantly decreased 
in microembolized and combined insult animals, but 
not in occluded/reperfused animals, compared with 
controls. Additionally, all interventions caused decreased 
peak diastolic strain rate in the LAD territory compared 
with controls (Figure 3C). Similar to peak systolic strain 
rate, peak diastolic strain rate in remote myocardium was 
significantly decreased in animals subjected to microem-
bolization or combined interventions, but not in LAD 
occluded/reperfused animals, compared with controls. 
Remote myocardium also showed significantly decreased 
TTP systolic and diastolic circumferential strain rates in 
animals subjected to microembolization or combined 
intervention (Figure 4), but not in LAD occluded/reper-
fused animals.
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sion/reperfusion compared with controls (Figure 5). In 
contrast, animals subjected LAD occlusion/microembo-
lization/reperfusion showed significant compensatory 
increased peak longitudinal strain in the RVFW. Unlike 
other groups, animals subjected to LAD occlusion/mi-

Longitudinal strain
Figure 5 demonstrates strain curves during the cardiac 
cycle for each cohort. No significant change in longi-
tudinal strain was observed in both LVFW and IVS of  
animals subjected microembolization or LAD occlu-
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Figure 1  Representative tagged and cine magnetic resonance images with tracing method. Top row demonstrates short-axis and long-axis magnetic resonance 
images (MRI) images, while bottom row demonstrates images after tracing of the myocardium using HARP. Left three columns are cine tagged MRI and right three 
columns are cine MRI. IVC: Isovolumetric contraction; ESys: End systole; EDia: End diastole; LV: Left ventricle; RV: Right ventricle; CW: Chest wall; RA: Right atrium; 
LA: Left atrium; AAo: Ascending aorta.

Suhail MSA et al . Coronary interventions and myocardial stain



476 December 28, 2013|Volume 5|Issue 12|WJR|www.wjgnet.com

A

LAD occlusion

LAD territory

Remote

LAD territory

Remote

LAD occlusion + microemboli

Ci
rc

um
fe

re
nt

ia
l s

tr
ai

n 
(%

)

1    2    3    4    5    6    7    8    9   10  11  12  13   14  15  16

   5

   0

  -5

-10

-15

-20

Cardiac cycle

LAD territory

Remote

Ci
rc

um
fe

re
nt

ia
l s

tr
ai

n 
(%

)

1    2    3    4    5    6    7    8    9   10  11  12  13   14  15  16

   5

   0

  -5

-10

-15

-20

Cardiac cycle

Control

Cardiac cycle

Ci
rc

um
fe

re
nt

ia
l s

tr
ai

n 
(%

)

1    2    3    4    5    6    7    8    9   10  11  12  13   14  15  16

   5

   0

  -5

-10

-15

-20

LAD territory

Remote

Microemboli

Ci
rc

um
fe

re
nt

ia
l s

tr
ai

n 
(%

)

1    2    3    4    5    6    7    8    9   10  11  12  13   14  15  16

   5

   0

  -5

-10

-15

-20

Cardiac cycle

Peak circumferential strainB

Ci
rc

um
fe

re
nt

ia
l s

tr
ai

n 
(%

)

d d

b

ANOVA: ns

LAD territory                                                       Remote myocardium

Control

LAD occlusion

Microemboli

LAD occlusion + microemboli

   0

  -5

-10

-15

-20

ANOVA: d

Figure 2  Circumferential strain analysis: phasic, peak, and territory time to peak strain. A: Phasic circumferential strain peak and rate during one R-R interval in 
LAD territory and remote myocardium of the 4 groups. Data are presented as means ± SEM. A significantly decreased peak circumferential strain was observed in the 
LAD territory compared with remote myocardium in all coronary interventions (P < 0.001); B: Bars show average peak circumferential strain. ANOVA showed signifi-
cant decrease in strain of the LAD territory 3 d after interventions compared with controls. Remote myocardium showed no significant difference between interventions 
and control; C: shows significant variation in time to peak circumferential strain between remote and the LAD territory time to peak strain (TTPS). Remote myocardium 
showed decreased TTPS for all interventions, while the LAD territory demonstrated increased TTPS.  Control vs LAD, aP < 0.05; Control vs Microemboli, bP < 0.01; 
Control vs ANOVA dP < 0.001. LAD: Location aid device.
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Figure 3  Circumferential strain rate analysis: phasic, peak, and territory time to peak systolic and diastolic strain rate. A: Circumferential strain rate curves. 
Data are presented as means ± SEM. In control animals, remote myocardium and location aid device (LAD) territory have identical curves, while remote vs LAD 
territory in all interventions were significantly different (P < 0.001); B: The LAD territory showed significantly decreased systolic strain rate in LAD territory for all 
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again showed only significant decrease in microembolized and combined groups. Control vs LAD, aP < 0.05; Control vs Microemboli, bP < 0.01; Control vs ANOVA 
dP < 0.001.
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croembolization/reperfusion showed severe reduction in 
IVS longitudinal strain compared with controls (Figure 5).

Microscopic examination
Microscopic examinations revealed both patchy and ho-
mogeneous myocardial damage (depending on the type 
of  the insult), microvascular damage and obstruction in 
all animals subjected to coronary interventions, but not 
controls. The microemboli were settled either individually 
or in clusters in the intravascular compartment (Figure 
6). LAD occlusion/reperfusion animals showed contigu-
ous myocardial damage associated with severe interstitial 
edema, intramyocardial hemorrhage and inflammation, 
while animals subjected to LAD occlusion/microemboli-
zation/reperfusion showed contiguous infarct containing 
severe intramyocardial hemorrhage, edema, deposited 
calcium in the core and patchy microinfarct at the border 
zone.

DISCUSSION
The major findings of  this study are that (1) there was 
disproportion between the decline in circumferential 
strain, dyssynchrony and myocardial damage of  animals 
subjected to microembolization and LAD occlusion/re-
perfusion; (2) microemboli caused unique effect on re-
mote myocardial strain rates not seen in LAD occlusion/
reperfusion group; (3) unlike LAD occlusion/reperfusion 
group, microemboli produced persistent microvascular 
obstruction, which may explain the difference in strain 
and dyssynchrony between the groups; and (4) MRI 
demonstrated the interaction between LV and RV, where 
compensatory longitudinal strain increase in the RVFW 
was evident in all coronary interventions.

Microvascular obstruction 
Clinical studies have demonstrated that patients with 
CMR-defined microvascular obstruction have signifi-
cantly increase cardiovascular events in follow up[25]. 
Galiuto[26] has recently classified microvascular damage to 
structural (irreversible) or functional (reversible), where 

the structural damage is related damage of  microvascu-
lar walls; conversely, the functional damage is related to 
edema and cellular plugging. This MR study focused on 
the effects of  persistent MVO caused by LAD microem-
bolization, with and without pre-existing AMI and com-
pared it with reperfused infarct (reperfusion injury). Our 
histologic examination revealed that the microvascular 
are patent, but modeled, in LAD occlusion/reperfusion 
group, but persistently obstructed in microembolized 
groups. Funaro et al[27] indicated that coronary micro-
vascular obstruction is the strongest predictor of  post-
ischemic myocardial dysfunction and strongly associated 
with increased morbidity and mortality.

Circumferential strain
The contraction pattern is an important measure of  LV 
function and independent of  EF, wall motion abnormali-
ties or MVO2

[19]. Early methods for measuring LV strain 
had limitations in resolution and subjectivity[28]. Echo-
cardiography showed that visual tracking is insufficient 
to assess strain[29] and peak velocity cannot differentiate 
dyskinetic from hypokinetic myocardium[6]. Other used 
Doppler-based imaging or speckle tracking.for strain and 
dyssynchrony measurement, but this approach has other 
limitation, such as 2D, intersegmental tethering, cardiac 
motion, dependence of  measurements upon the angle 
and low image quality[6,29,30].

Recent studies showed that the complex contraction 
pattern of  the heart and alterations to this pattern due 
to various cardiac pathologies could be determined us-
ing tagged cine MRI[9-11]. Therefore, tagged cine MRI has 
been used in patients with corrected Tetralogy of  Fallot 
and near-normal EF. Investigators found decreased cir-
cumferential strain in the basal and apical LV slices and 
dyssynchronous basal rotation[11]. While previous occlu-
sion/reperfusion studies have shown correlation between 
infarct size and measurements of  contraction pattern 
(such as circumferential strain and TTPS)[12,13]. This MR 
study demonstrated that peak strain and TTPS are early 
predictors of  dysfunction. Surprisingly, 4/8 animals at 
3 d with transmural infarcts on contrast enhanced MRI 
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demonstrated circumferential strain, confirming previous 
findings that systolic and diastolic strain of  an infarcted 
segment is complex interaction[31].

Investigators have found that interventricular dys-
synchrony is another measure of  prognosis[32]. Our 
data showed LV dyssynchrony in all interventions, as 
evidenced by increased TTPS in LAD territory and de-
creased TTPS in remote myocardium. It has been shown 
that patients with dyssynchrony are much more likely to 
develop LV remodeling than those without dyssynchrony 
(91% vs 2%)[33], because the pathophysiological remod-
eling process likely begins with a disorganized pattern 
of  contraction[34]. In the current study, all interventions 

caused significant dyssynchrony and underscored the dis-
proportion of  infarct size to functional myocardial dam-
age. We also found unique strain rate changes in remote 
myocardium related to microembolization only. These 
measurements may yield valuable information on the 
pathogenesis of  ischemic cardiomyopathy, which seems to 
have similar remodeling and is still poorly understood[30].

Longitudinal strain
It has been shown that RV has greater longitudinal pump-
ing component than the LV[8]. Our study showed that all 
coronary interventions caused significant increase in peak 
systolic longitudinal strain of  the RVFW. The changes 
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Figure 5  Longitudinal strain analysis: phasic and peak. A: Phasic longitudinal strain rate curves quantitatively show increased strain in right ventricular free wall 
(RVFW) and decreased strain in interventricular septum (IVS); B: Peak longitudinal strain. All interventions showed compensatory increase in peak strain in RVFW, 
while significantly decreased longitudinal peak strain was only seen in the IVS of combined insult animals. Data are presented as means ± SEM. Control vs Microem-
boli, aP < 0.05; Control vs LAD Occlusion, bP < 0.01. LAD: Location aid device; LVFW: Left ventricular free wall.
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in the RVFW function after LV insult clearly indicate 
interventricular interaction and stressing the importance 
of  evaluating both ventricles in cases of  myocardial in-
farction. Previous studies have shown that longitudinal 
strain correlates to infarct size[35], Combined intervention 
impaired longitudinal strain in IVS that is not detectable 
in LAD occlusion/reperfusion group. It should be noted 
that our method for measuring peak systolic longitudinal 
strain is easy and quick enough to be applied in clini-
cal practice. Furthermore, the acquired steady state free 
precession cine MR images can be used without the need 
to perform additional tagging imaging and it has been 
recently validated against spatial modulation of  magne-
tization tissue tagging method[24]. We propose that the 

improvement in strain is an index of  myocardial viability 
and is associated with global LV l improvement and may 
reverse remodeling, which is an important predictor of  a 
favorable long-term outcome[26].

Study limitations
The synthetic microemboli used in this study may exhibit 
no inflammatory reaction, but previous enzymatic assay[36] 
and microscopy[16] demonstrated inflammatory reactions. 
Another limitation is that the longitudinal strain rate was 
not measured manually. A semi-automatic feature-track-
ing software has been recently used for assessing strain 
rate (TomTec Imaging Systems, Munich, Germany)[24].

In conclusion, this MRI study suggests that circum-
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Figure 6  Viability contrast enhanced magnetic resonance images postmortem histochemical triphenyltetrazolium chloride stain  and microscopy in 
animals subjected to soley microinfarction (top), soley location aid device occlusion/reperfusion (middle) and combined location aid device occlusion/re-
perfusion and microembolization (bottom). A: MR image and TTC stain show patchy microinfarct in the LAD territory; B: Postmortem histochemical TTC stain; C: 
Shows necrotic small islands (black arrows), interstitial edema (white arrow) and microemboli (black arrowhead); D: MR image shows the large infarct (white arrows) 
with hypoenhanced microvascular obstruction zone (white arrowhead); E: TTC section shows transmural infarct; F: Microinfarct tethering (black arrows) and interstial 
edema (white arrows) at the edge of the infarct; G: MR image shows the large infarct with patchy hyperenhanced microinfarct in the peri-infarct region (white arrows) 
with very large hypoenhanced microvascular obstruction zones (white arrowhead); H: TTC section shows hemorrhagic transmural infarct with patchy microinfarct in 
the peri-infarct region; I: Necrotic small islands (black arrows), interstitial edema (white arrow) and microemboli (black arrowhead). V: Viable myocardium, H: Hemor-
rhage; I: Large infarct. TTC: Triphenyltetrazolium chloride; MRI: Magnetic resonance imaging; LAD: Location aid device.
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ferential and longitudinal strain and strain rate are sensi-
tive and noninvasive indices of  ventricular dysfunction. 
Patchy microinfarction is a complex ischemic injury, 
which features disproportionate functional impairment in 
the LV, including unique and dominant effects on global 
LV function that is not replicated by LAD occlusion/
reperfusion, which represents “classic” acute MI. All 
interventions showed dynamic interaction between left 
and right ventricles. Furthermore, MRI has the poten-
tial to grade the severity of  myocardial injury in various 
ischemic insults and identifies left and right ventricular 
dysfunction associated with myocardial damage.
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Background
The use of percutaneous coronary intervention (PCI) has been a mainstay of 
treatment in acute myocardial infarctions in the past few decades. While these 
interventions are life-saving, they have been recently found to cause their own 
kinds of long term damage to the heart. Breaking of large clots into smaller 
ones causes these smaller microemboli to lodge in small blood vessels and 
damage the heart. Cardiac magnetic resonance imaging (MRI) is being used 
more frequently to study cardiac morphology and function, which was previ-
ously ascertained with less exact and operator-dependent methods, such as 
echocardiography. Cardiac MRI is thus an excellent imaging modality to assess 
damage after PCI.
Research frontiers
Research into the insidious effects of PCI has been improved with the use of 
cardiac MRI. While cardiac MRI has historically been used mostly in the imag-
ing and follow up of congenital heart diseases, it is more frequently being used 
in routine clinical care and in the research settings of cardiac pathology that 
was once difficult to image precisely.
Innovations and breakthroughs
This article suggests that the effects of microemboli from PCI may be causing 
unique damage that has not previously been reported. Certain measurements 
of strain and strain rate, which are available only from cardiac MRI, demonstrat-
ed changes in the group of animals that had microemboli but not in those that 
simply had an occluded coronary without treatment. This suggests that the ef-
fects of PCI need to be more adequately studied. This paper also demonstrated 
and further validated a PCI model in swine.
Applications
This research should be taken into the context of the massive amount of lit-
erature in regards to percutaneous coronary intervention. While PCI may have 
risks, it is often a life-saving procedure and clinical practice should not change 
based on the results of this research. However, more research into the effects 
of PCI, especially the long term effects of microemboli, should be undertaken in 
order to adequately assess PCI risk and help to improve the procedure itself to 
prevent or alleviate these sequelae.
Terminology
Percutaneous coronary intervention: an intervention done by a cardiologist 
during AMIs, or “heart attacks” to relieve a blockage, usually from a clot, in the 
arteries that feed the heart. The most important of these arteries is the Left 
Anterior Descending artery, or location aid device. MRI is a form of imaging that 
utilizes a large magnet and radiofrequency pulses which does not cause any 
harmful radiation.
Peer review
This is a good study of the effects of microembolization from PCI on the cardiac 
function of swine. The results are interesting and suggest that PCI may have 

harmful effects that were not previously known. The long term changes in these 
effects needs to be further researched.
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