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Background: In patients with acute anterior myocardial infarction (MI), sometimes an “apical ballooning” con-
tractile dysfunction pattern that exceeds factual myocardial injury is identified in the ventriculography and bed-
side echocardiography. The hemodynamic consequences/sequela of this “Tako-tsobu effect” has not been well
delineated. Of note, this anatomic imaging finding often misleads frontline physicians who assume reciprocal
causation of persistent cardiac pump failure and ventricular pressure overload.
Methods and results: Using real-time myocardial perfusion contrast echocardiography (MCE), we investigated
myocardial (microvascular) perfusion in 60 patients after acute MI and coronary revascularization. Twenty-
eight percent of the studied patients showed significantly mismatched myocardial perfusion and contractile de-
fects. In these patients, an integrated imaging assessment with coronary angiography/ventriculography, defor-
mation echocardiography, and MCE proved that the myocardial mechanic abnormalities significantly exceeded
the defected perfusion areas. Compared with 72% of the patients without perfusion-contractility mismatch, ap-
parently worse systolic functions (left ventricular ejection, wall motion score, and systolic longitudinal strain)
in these patients did not change diastolic ventricular filling pressures (E/E’ and E/A) or hemodynamic conse-
quences/adverse events. Both systolic and diastolic functions in patients with perfusion-contractility mismatch
appeared to be comparable with those in patients with Tako-tsubo syndrome.
Conclusions: Real-time MCE identifies discrepant myocardial microvascular perfusion and mechanics in patients
with acute ML The “Tako-tsubo effect” in patients with perfusion-contractility mismatch does not cause diastolic
filling pressure change or worse hemodynamic consequence/cardiac event.

© 2018 Published by Elsevier B.V.

1. Introduction

would help preload titration and avoid adverse hemodynamic conse-
quences during post-MI management.

Although prompt coronary revascularization has reduced myocar-
dial infarction (MI)-associated mechanical complications [1,2], acute
MI-induced ventricular dilation sometimes continues, resulting in an
assumption of reciprocal causation of persistent pump failure and ven-
tricular pressure overload [3-6]. A real-time imaging approach to in-
stantaneously evaluate factual myocardial injury and to discover
discordant ventricular contractile function and filling pressure [4,7-9]
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Myocardial perfusion contrast echocardiography (MCE) has as-
sumed an increasingly greater role in assessing myocardial microvascu-
lar pathology and subclinical ischemia [10-12]. Assessment of the
gradual refill of microbubbles into coronary microcirculation allows de-
tection of inconsistent myocardial blood circulation from conductive to
microvascular vessels [13]. Integrated with simultaneous functional/
Doppler assessments [7], MCE often leads to a better understanding of
the real-time changes of myocardial perfusion, ventricular function,
and hemodynamics.

We investigated microvascular myocardial perfusion with MCE in
60 patients within 48 h after acute MI and percutaneous coronary
intervention (PCI). An essential portion of these patients showed dis-
crepant microvascular myocardial perfusion and ventricular contractile
defect. An integrated imaging approach with coronary angiography/
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ventriculography, deformation echocardiography, and MCE further
demonstrated that the myocardial mechanic abnormalities significantly
exceeded the defected perfusion area. Paradoxically, compared with the
patients without perfusion-contractility mismatch, apparently worse
ventricular systolic function in these patients did not significantly
worsen diastolic function (filling pressure) or hemodynamics. Their sys-
tolic and diastolic functions were comparable to those in patients with
Tako-tsubo syndrome (TTS).

2. Methods

Informed consent was obtained from each patient. The study protocol conformed to
the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval
by the institutional research board of the Human Subjects Committee of the State Univer-
sity of New York (SUNY) Upstate Medical University.

2.1. Patients

From 01/01/2012 to 02/28/2016, we completed MCE in 60 patients admitted to the
coronary care unit (CCU) of SUNY Upstate Medical University Hospital, following acute
MI and percutaneous coronary intervention (PCI). PCI was performed according to the up-
dated European Society of Cardiology/American College of Cardiology guidelines [14].
Transthoracic echocardiography (TTE) with MCE was performed within 48 h after PCI/
CCU admission. Patients were excluded if they had primary valvular disorders, significant
pulmonary arterial hypertension, or motion of ventricular segments associated with
infarct-related artery that could not be accurately determined in either left ventriculogra-
phy (LVG) or TTE.

Based on the results from coronary angiograms (CAG), LVG, two-dimensional (2D)
and speckle tracking echocardiograms, we defined “perfusion-contractility mismatch” as
the following: 1) mismatched LVG and CAG: ventricular dilation involved the myocardial
regions not supplied by culprit coronary arteries; 2) mismatched echocardiogram and
CAG: ventricular wall motion abnormalities involved the myocardial regions not supplied
by culprit coronary arteries; 3) ventricular wall motion abnormalities beyond the culprit
coronary artery territories (Fig. 1 A) normalized within 3 months after PCI. The studied pa-
tients who met all of the above criteria were assigned to the “mismatched MI (mis-MI)”
group. All of the others were assigned to the “matched MI (mat-MI)” group. We compared
clinical presentations, coronary artery anatomies, systolic and diastolic ventricular func-
tions, inpatient hemodynamic consequences, and short-term (30 days) cardiovascular
outcomes.

Meanwhile, we completed a systematic search of the computerized database Epic
Electronic Medical Record at SUNY Upstate University Hospital and identified 67 consecu-
tive TTS patients from 01/01/2012 through 02/28/2016. The diagnostic criteria for TTS
followed the updated diagnostic guideline [15,16]: (1) Characteristic left ventricular
(LV) segment wall motion abnormalities, including apical ballooning and mid-
ventricular akinesis/dyskinesis on the initial LVG or TTE; (2) ST segment or T-wave abnor-
malities on electrocardiogram (ECG) and increases in blood concentrations of cardiac tro-
ponin T/creatine kinase MB; (3) No significant culprit coronary artery stenosis revealed;
(4) If there were contraindications for an immediate cardiac catheterization, the diagnosis
would be valid based on follow-up TTE documenting complete normalization of cardiac
systolic function/segmental wall motion without cardiovascular revascularization, and
CAG, stress echocardiography or cardiovascular single-photon emission-computed to-
mography to rule out the existence of culprit coronary artery stenosis.

2.2. 2D Doppler echocardiography

TTE was performed with standard techniques using GE Vivid E9 machine (GE
Healthcare, Vingmed Ultrasound A/S, Norway). A 3.5-MHz phased-array transducer was
used for standard comprehensive 2D Doppler echocardiography. LV ejection fraction
(LVEF) was calculated by biplane Simpson's method from apical 4- and 2-chamber
views. Blood flow velocities across the mitral valve (E and A velocities) and mitral annulus
(myocardial) velocity (e’) were measured during early diastole. Right ventricular
ejection fraction (RVEF) was calculated by the single-plane Simpson's method from the
apical 4-chamber view. Tei-index, right ventricular (RV) fractional area change (FAC),
and tricuspid annular plane systolic excursion (TAPSE) were performed following the up-
dated guidelines of the Society of Echocardiography [17]. A standard 17-segment ventric-
ular model [17] was used for segmental wall motion analysis. Regional wall motion was
semi-quantitatively evaluated using wall motion score (WMS) and defined as 4 grades
(1 = normal, 2 = hypokinetic, 3 = akinetic, 4 = dyskinetic/aneurismal). The segments
were further grouped as basal (6 segments), middle (6 segments), and apical (5 segments),
and WMS of each group was calculated by averaging the WMS of these segments [17]. The
WMS index (WMSI) was calculated by the sum of all segments score and divided by the
total number of segments.

2.3. Myocardial deformation/systolic longitudinal strain assessment

2D grayscale images were acquired in the standard apical views. Only images with
frame rates >40 frames/s were selected for reliable analysis. All images were stored digi-
tally for subsequent offline analysis. Speckle tracking analysis automatically tracked

myocardial motion throughout the cardiac cycle and allowed a rapid generation of re-
gional myocardial strain curves. We traced the endocardial border at the end of ventricular
systole and adjusted the width of the ventricular walls to include the entire myocardium.
Built-in software automatically accepted segments with good tracking quality and
rejected segments with poor tracking quality. Finally, an automated function imaging
based on speckle tracking analysis integrated the quantitative data of ventricular peak sys-
tolic longitudinal strain into a standard 17-segment model with a “bull's-eye” figure, help-
ing detect both regional and global ventricular dysfunction. The 17 LV segments were
grouped as basal (6), middle (6), and apical (5) segments for statistical analysis, and the
strain value of each group was calculated by averaging the peak systolic longitudinal strain
[18,19]. Strain analyses were performed by 2 cardiologists (QQ and KL) independently
who were blinded to the patients' clinical and biochemical data.

2.4. Myocardial contrast echocardiography

After activating contrast preset, the focus was adjusted on the mitral valve. The me-
chanical index was turned to <0.2 with minimum gain to reduce tissue background. The
contrast (Optison, GE Healthcare) was injected with 0.3 mL intravenously, followed by
3-5 mL of 0.9% normal saline. After LV opacification, depletion-replenishment technique
was performed: “flash” impulse (mechanical index = 1.3) to clear the contrast in the myo-
cardium with visible destruction, then apical 4-, 3-, and 2-chamber views were recorded
respectively under lower mechanical index (<0.2) for 10 cardiac cycles. Myocardial
opacification was visually assessed by semi-quantitative score based on the change and
peak of myocardial signal intensity as follows: 1 = absent (no opacification throughout re-
plenishment), 2 = reduced (partial or reduced opacification at peak or reduced replenish
rate), 3 = normal (homogeneous opacification and normal replenish rate). Reduced re-
plenish rate was defined as myocardial opacification occurred after 3 heartbeats since
flashing. Meanwhile, basal, middle, and apical perfusion scores were calculated separately.
The perfusion score index was used to quantify whole ventricular perfusion and was cal-
culated by the sums of all perfusion scores divided by the total number of segments. For
quantitative analysis, the sample volume was placed and modified on each segment.
The time-intensity curve was generated automatically. After fitting to a monoexponential
function [Y = A (1 — e )], plateau signal intensity (A) was calculated to measure myo-
cardial blood volume [20]. If it did not fit the formula, the segment was rejected for the
next analysis. MCE analyses were performed by 2 cardiologists (QQ and KL) independently
who were blinded to the patients’ clinical and biochemical data.

2.5. Cardiac catheterization with CAG and LVG

Cardiac catheterizations with selective coronary angiography were performed with
standard techniques [14]. LVG was performed with a pigtail catheter. Results were re-
corded in both standard reports and digital imaging. LV pressures and aortic systolic and
diastolic pressure were recorded. Angiographic LV volumes were computed with standard
methods. Based on the coronary artery anatomies, all of the ventricular segments were di-
vided into culprit and non-culprit artery territories [21]. Two interventional cardiologists
who were unaware of the clinical and coronary angiography findings evaluated images in-
dependently. Both the anatomic features and Gensini score were recorded. According to
culprit artery location and dominant and major side-branches circulations, the segments
were divided into culprit/non-culprit artery-supplied areas based on the 17-segment
model [21].

2.6. Follow-up data

Follow up data were obtained through reviewing electronic records, including coro-
nary artery disease (CAD) risk factors, clinical presentations, blood pressure, cardiac en-
zymes, and medical therapy. Follow-up was completed within 30 days after MI by using
mailed questionnaires, telephone interviews, a review of medical records, and the Social
Security Agency Death Index. The major adverse cardiac events (MACE) were recorded, in-
cluding cardiac death, M, stroke, heart failure (HF) requiring admission, symptomatic ar-
rhythmia requiring admission, or pacemaker implantation.

2.7. Statistics

Normal distributed quantitative data were expressed as mean value + standard devi-
ation (SD) and compared using Student's t-test or one-way analysis of variance (ANOVA).
Otherwise, median (25th-75th) was used and compared with the Mann-Whitney U test
or Kruskal-Wallis test. Categorical data were presented as absolute values and percent-
ages, and compared using y? or Fisher's exact test. Correlations were calculated using
the Spearman correlation coefficient test. SPSS software package for Windows 21 (IBM
Corporation, New York, USA) was used for all statistical analysis. The significance was
established at 2-tailed P < 0.05.

3. Results

3.1. Demographic/clinical characteristics

Among 60 patients who underwent MCE, 17 had mis-MI and 43 had
mat-MI. The demographic/clinical data were summarized in Table 1.
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Fig. 1. A: The “apical ballooning” ventricular contractile pattern in a patient with an acute myocardial infarction (MI) caused by left anterior descending artery stenosis: The myocardial
mechanic abnormalities are beyond the territory of the culprit coronary artery. B: More myocardial mechanic abnormalities in the middle and apical left ventricle (LV) in mis-MI
patients from wall motion score (left) and myocardial deformation (right, peak systolic longitudinal strain). C: The systolic contractile dysfunction correlated well with the
microvascular perfusion defect in a mat-MI patient (left), but not in a mis-MI patient (right); D: There are no difference in microvascular myocardial perfusion between mis-MI and

mat-MI patients (left, myocardial perfusion score index; right, myocardial blood volume).

Mean age of mis-MI patients was 58.5 years old and 41.2% of them were
female. Ninety-four percent of mis-MI patients had angina, and 70.6%
did not have prior MI. Between mis-MI and mat-MI patients, there
were no significant differences in CAD risk factors, including hyperten-
sion, diabetes mellitus, hyperlipidemia, smoking history, and psychiat-
ric disorders. There were no significant differences in previous
medication of angiotensin-converting enzyme inhibitor/angiotensin

receptor blocker and beta-blockers. The time intervals from the onset
of angina to PCI were not significantly different between mis-MI and
mat-MI patients. For coronary artery anatomy (Table 1), more mis-MI
patients had left anterior descending artery (LAD) as the culprit vessel.
Wrapped LAD and pre-existing collateral circulations were similar in
mis-MI and mat-MI patients. Fewer mis-MI patients had multi-vessel
diseases. Gensini scores were similar between the 2 groups.
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Table 1

Demographic and clinical characteristics in mis-MI and mat-MI patients.
Variable mis-MI mat-MI P-value

(n=17) (n=43)

Demographic data
Age (years) 585+ 129 58.1 +13.5 0.197
Female, n (%) 7 (41.2) 9(20.9) 0.110
Primary AMI, n (%) 12 (70.6) 30 (69.8) 0.950
Chest pain n (%) 16 (94.1) 38 (88.4) 0.504
Risk factors and medication history
Hypertension, n (%) 11 (64.7) 32 (744) 0.452
Diabetes, n (%) 5(294) 14 (32.6) 0.813
Hyperlipidemia, n (%) 10 (58.8) 27 (62.8) 0.776
Smoking, n (%) 9 (52.9) 18 (41.9) 0.437
Psychiatric disorder® 2(11.8) 7 (16.3) 0.501
ACEI/ARB, n (%) 4(23.5) 21 (48.8) 0.073
{3-Blocker 3(17.6) 12 (27.9) 0.317

Laboratory measures

Peak CK-MB (IU/L)" 1542 (37.0-467.1) 64,5 (24.9-2389) 0.181

Peak ¢TnT (ng/mL)® 4.7 (1.7-15.0) 2.5 (0.7-5.0) 0.110
Coronary angiography

Angina to PCI time (hour)® 3.3 (2.3-11.1) 3.3 (2.2-14.5) 0914
LAD as culprit artery, n (%) 14 (824) 24 (55.8) 0.049
Proximal LAD occlusion, n (%) 8(47.1) 16 (37.2) 0.339
LAD wrap around, n (%) 8(47.1) 16 (37.2) 0339
Collateral arteries, n (%) 4(23.5) 7(16.3) 0.513
Multivessel disease, n (%)° 5(294) 25 (58.1) 0.045

Gensini score® 55.0 (20.0-80.0) 400 (31.0-80.0)  0.780

Systolic and diastolic function in echocardiography

LVEF (%) 44.0 4+ 12.0 53.7 £ 15.0 0.020
E/A? 1.0 (0.7-1.6) 1.1 (0.9-1.5) 0.339
E/e 9.1 (7.8-11.8) 8.3(7.1-124) 0.487
Tei-index 0.62 £+ 0.22 042 + 0.22 0.007
FAC (%) 42,7 £12.7 47.5 £ 10.7 0.185
TAPSE (cm/s) 225+ 4.1 225+39 0.979
Hemodynamic consequences

Pulmonary edema, n (%) 2(11.8) 9(20.9) 0.336
Hypotension, n (%)¢ 6 (35.5) 10 (23.3) 0352
End-organ hypoperfusion, n (%)¢ 4 (23.5) 12 (27.9) 0.501
Killip grade >1 n (%) 9 (52.9) 24 (55.8) 0.840
Adverse cardiac events

30-day hospital readmission, n (%) 2 (11.8) 4(9.3) 0.551
MACE (30 days), n (%) 3(17.6) 8(18.6) 0.191

a, psychiatric disorders include affective disorder, anxiety disorder, reaction to severe
stress or adjustment disorder; b, with stenosis >50%; c, expressed as median (25th-
75th); d, systolic blood pressure <90 mm Hg; e: end-organ hypoperfusion was defined
as altered mental status, cold and clammy skin, oliguria (urine output <0.5 mL/kg/h for
2 consecutive hours, or a serum creatinine rise >80 mol/L within 24 h), increased serum
lactate (>2 mmol/L). ACEl, angiotensin-converting enzyme inhibitor; ARB, angiotensin-re-
ceptor blocker; CK-MB, creatine kinase-muscle/brain; cTnT, cardiac troponin T; E/A, ratio
of early (E) to late (A) diastolic mitral valve velocity; E/e’, mitral valve E velocity divided by
mitral annular e’ velocity; FAC, fractional area change; LAD, left anterior descending coro-
nary artery; LVEF, left ventricular ejection fraction; MACEs, major adverse cardiac events,
including cardiac death, recurrent myocardial infarction, stroke, heart failure requiring ad-
mission, malignant arrhythmia; MI, myocardial infarction; mat-MI, MI patients with
matched perfusion-contractility; mis-MI, MI patients with mismatched perfusion contrac-
tility; PCI, percutaneous coronary intervention; TAPSE, tricuspid annular plane systolic
excursion.

3.2. Ventricular wall motion and myocardial deformation abnormality

Compared with mat-MI patients, mis-MI patients had more LV
segments with contractile dysfunction (62.3% vs. 35.3%, P < 0.001).
Their WMSI scores were significantly higher (1.9 + 0.3 vs. 1.5 +
0.5, P < 0.001), mainly due to worse contractile dysfunction in the
middle and apical LV segments (Fig. 1B). Global systolic longitudinal
strain (—8.6 4+ 4.2% vs. -13.6 4+ 4.9%, P = 0.07) were significantly
impaired in mis-MI patients.

In mat-MI patients, angiographically projected dysfunctional
myocardial regions correlated well with both echocardiographically

measured dysfunctional ventricular segments (r = 0.353, P = 0.027)
and WMSI (r = 0.389, P = 0.014). In mis-MI patients, these correlations
no longer existed. More than half of the hypokinetic (in both 2D and
strain measurements) LV segments were not supplied by “culprit” cor-
onary arteries.

3.3. Myocardial perfusion

There was no significant difference in myocardial microvascular per-
fusion between mis-MI and mat-MI patients, evaluated with either
semi-quantitative (myocardial perfusion score index: 1.47 + 0.31
vs. 1.54 4 1.47, P> 0.05) or quantitative (myocardial blood volume:
3.44 4 0.62 vs.4.65 + 2.73, P> 0.05) methods. Also, there were no sig-
nificant differences of the regional (basal, middle, or apical) myocardial
perfusion abnormality between these 2 groups (Fig. 1D). In mat-MI pa-
tients, the segmental wall motion abnormalities correlated well with
myocardial microvascular perfusion defects (r = —0.157, P < 0.001).
In contrast, in mis-MI patients, up to 38.0% hypokinetic ventricular seg-
ments had normal myocardial perfusion with no correlation between
the segmental WMS and myocardial microvascular perfusion (Fig. 1C).
Similarly, myocardial deformation abnormalities correlated well
with microvascular perfusion defects in the mat-MI group (r = 0.159,
P < 0.05), but not in the mis-MI group.

3.4. Ventricular systolic/diastolic dysfunction and hemodynamic
consequences

In mis-MI patients, LVEFs were significantly lower (44.0 4+ 12.0%
vs. 53.7 £ 15.0%, P = 0.02), and Tei-index was significantly impaired
(0.62 4+ 0.22vs.0.42 + 0.22, P<0.01). Nonetheless, no significant differ-
ences were found in E/A ratio or E/e’ ratio between these 2 groups. Also,
there were no significant differences in RV functional parameters be-
tween these 2 groups, including FAC and TAPSE (Table 1).

There was no significant difference in the clinical or imaging evi-
dence of decompensated HF between mis-MI and mat-MI patients.
Also, there was no significant difference in symptoms/signs or labora-
tory evidence of the cardiac shock between the 2 groups. Their Killip
classifications and median hospitalization time were similar. The hospi-
tal re-admission rates and MACEs were similar between both groups
within 30 days after discharge (Table 1).

3.5. Comparison of functional/hemodynamic features between patients
with mis-MI and TTS

An “apical ballooning” ventricular contractile pattern occurred in
most of mis-MI patients (Fig. 2). Their abnormal WMS increased from
basal to apical ventricles, and absolute values of myocardial strains
descended from basal to apical ventricles, both of which were compara-
ble to the findings in patients with TTS (Fig. 2). Moreover, there were no
significant differences in LV and RV systolic/diastolic function parame-
ters, including LVEF, Tei-index, E/A, E/e’, global myocardial deformation,
FAC, and TAPSE between mis-MI and TTS patients (Table 2).

4. Discussion

The present study identified discrepant myocardial mechanic dys-
function and microvascular perfusion defect in a substantial portion of
patients with acute MI. Using an integrated imaging approach, we dem-
onstrated that apparently worse ventricular systolic function in these
patients did not result in significant change in diastolic function (filling
pressure) or adverse hemodynamic consequences/events. The patients
with the perfusion-contractility mismatch displayed comparable sys-
tolic and diastolic function features with patients with TTS.

“Myocardial stunning” describes a delayed recovery of myocardial
contractile function after a successful coronary revascularization,
which has been delineated to be limited within the culprit coronary
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Fig. 2. Comparable ventricular functional and mechanic features in mis-MI and Tako-tsubo syndrome (TTS) patients. A: The “apical ballooning” ventricular contractile patterns in both mis-
MI (left) and TTS (right) patients in the 4-chamber view echocardiography; B: Comparable basal to apical myocardial strain gradients in mis-MI (left) and TTS (right) patients in the
speckle tracking echocardiography; C: There are no significant differences in basal, middle, and apical strain measurements (peak systolic longitudinal strain) between mis-MI and TTS

patients.

artery territory [22,23]. The previous imaging studies on “myocardial
stunning”, including integrative approach with cardiac positron
emission tomography and magnetic resonance imaging [24,25], showed
that both edema and suppressed metabolic status coexisted in
the hypokinetic myocardium surrounding the MI [26]. These “peri-
infarct” abnormalities were attributed to the presence of microvas-
cular perfusion pathology, including microvascular obstruction, and
intramyocardial hemorrhage [27,28]. In the present study, we inte-
grated MCE with both invasive and non-invasive imaging technique,
and demonstrated that myocardial mechanic abnormalities during
the acute stage of Ml indeed exceed not only the territories of the
culprit coronary arteries, but also the microvascular perfusion
defects.

While coronary angiography primarily delineates epicardial coro-
nary structure, MCE assesses the “real” blood flow perfusion into

Table 2

Systolic and diastolic function in mis-MI and Tako-tsubo syndrome patients.
Variable mis-MI TTS P-value

(n=17) (n=66)

LVEF (%) 44.0 + 120 4054+ 6.8 0.265
Global longitudinal strain® —8.6 + 1.2% —8.24+43% 0.743
E/AP 1.0 (0.7-1.6) 1.1 (0.7-1.4) 0.838
E/e® 9.1(7.8-11.8) 11.2 (9.2-14.2) 0.055
Tei-index 0.62 £ 0.22 0.73 £ 0.27 0.135
RVEDA (cm?) 139+ 39 16.0 £ 5.4 0.132
RVESA (cm?) 7.7 +39 83 +32 0.541
RVFAC (%) 42.7 £ 127 48.1 493 0.071
TAPSE (cm/s) 225+ 4.1 219 +£ 3.8 0.617

-5

, available in 11 mis-MI and 50 TTC patients; b, expressed as median (25th-75th). E/A,
ratio of early (E) to late (A) diastolic mitral valve velocity; E/e’, mitral valve E velocity di-
vided by mitral annular e’ velocity; RVFAC, right ventricular fractional area change; LVEF,
left ventricular ejection fraction; RVEDA, right ventricular end diastolic area; RVESA, right
ventricular end systolic area; TAPSE, tricuspid annular plane systolic excursion; TTS, Tako-
tsubo syndrome.

coronary microcirculation, which is able to uncover inconsistent myo-
cardial blood circulations from conductive to microvascular vessels
[29]. The microbubbles from MCE remain exclusively inside the intra-
vascular space, and their presence denotes the effective microvascular
perfusion status. The contrast intensity also correlates well with re-
gional capillary blood volume and cellular integrity, and predicts myo-
cardial viability and long-term ventricular remodeling [29-31]. The
safety of echocardiography contrast has been previously investigated
in large multicenter trials [32], including critically ill patients [33,34]
and patients after AMI [35]. No side effects (headache, flushing back
pain, or anaphylaxis reaction) occurred in our studied patients receiving
MCE within 48 h after AMI and revascularization.

In the present study, mis-MI patients exhibited broader and worse
ventricular wall motion abnormalities, which were not limited within
the territories of either culprit coronary arteries or microvascular perfu-
sion defects (Fig. 1C and D). To exclude myocardial tethering and trans-
lational effect, and demarcate the “actual” wall motion impairment [36],
we evaluated myocardial deformation with strain/speckle tracking
echocardiography. In mis-MI patients, the myocardial regions with im-
paired myocardial deformations were still significantly beyond the
myocardium with defected microvascular perfusion. Therefore, in con-
trast to previous findings (24-28), we conclude that microvascular per-
fusion pathology was unlikely the sole mechanism responsible for these
ventricular contractile dysfunctions.

Although the clinical manifestation of TTS often mimics that of an
acute anterior wall MI, TTS is postulated to have completely different
etiology, pathophysiology, and prognosis [15]. However, an “apical bal-
looning” contractile distribution pattern has frequently been identified
in the patients with acute anterior MI [37]. In our previous investiga-
tions with 2D [38] and strain echocardiography [39], we identified the
similarity in the ventricular morphology, particularly the distribution
patterns of the contractile dysfunction between TTS and certain groups
of MI patients. With invasive and noninvasive techniques, the present
study extends similar finding to diastolic function/hemodynamics.
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TTS is typically precipitated by acute emotional or psychological
stressors, with excessive sympathetic stimulation playing an essential
role in its pathogenesis [15,40]. During acute MI, pain and other
stressors can stimulate central and autonomic nervous systems and in-
crease bioavailability of cortisol and circulating catecholamines [41,42],
which affect the myocardium supported by both culprit and non-culprit
coronary arteries [43,44]. Due to higher density of 3-adrenergic recep-
tors and proportion of 32 receptors linked to Gi than Gs proteins in
the ventricular apex [45,46], wall motion impairment can predomi-
nantly present in the apical and middle segments of the ventricle,
forming a characteristic “apical ballooning” ventricular geometric
change. Just like TTS, this “Tako-tsubo effect” neither indicates factual
cardiac pump failure [47] nor worsens hemodynamics [48,49]. Instead,
it likely represents a universal pathophysiological response in an acutely
injured heart, and shares certain common underlying mechanism with
TTS.

Despite abrupt ventricular morphological changes and apparently
severe ventricular dysfunction, most TTS patients maintain hemody-
namic stability and benign clinical course [15]. Molecular research re-
vealed that TTS was likely mediated by a cardioprotective signal
transduction pathway, which evolved as a self-protective strategy
[46]. Our clinical investigations [38,39,47] also support the self-
protective roles of TTS in maintaining hemodynamics. In the patients
with “Tako-tsubo effect”, in our study, although different imaging pa-
rameters such as LVEF, WMSI and global myocardial strain all indicating
significantly depressed systolic function, their diastolic function and
filling pressures [50] were not significantly affected (Table 1). Conse-
quently, adverse cardiac events or hemodynamic consequences, in-
cluding cardiogenic shocks and decompensated heart failure, did not
increase.

The post-MI ventricular morphological abnormalities may not corre-
late with factual cardiac pump failure. The volume management should
not be based spontaneously on the assumption of reciprocal causation
of pump failure and ventricular pressure overload. In the past, acute
MiI-induced cardiac pump failure was frequently accompanied by se-
vere vasoconstriction. In the recent years, patients with CAD had often
already received outpatient vasodilators, including angiotensin-
converting enzyme inhibitors and (3-blockers, and their vasoconstric-
tion was less severe during acute MI. Low peripheral resistance and
low preload could coexist, resulting in intolerance of vasodilators, circu-
latory aggravation, and even hemodynamic instability [7,51]. With the
guidance of real-time parametric imaging, timely titrating the ventricu-
lar preload helps prevent hemodynamic consequences/events and ful-
fills the goal of personalized medicine in post-MI management.

4.1. Limitations

There are several limitations in the present study. First, MI and TTS
are both highly dynamic and time-variant processes. Their real-time
ventricular contractile functions and filling pressures can vary signifi-
cantly at different time points. The comparison at a single point during
two dyssynchronous temporal courses might not accurately reflect the
changes during patients' entire progressive courses. Secondly, as a
pilot project in patients with acute MI, which required comprehensive
invasive and non-invasive assessments, including MCE, a relative
small number of patients were recruited in our study. This could cause
selection bias and undermine statistical analysis. Finally, current MCE
protocols, particularly the quantification methods, are not standardized
and need validation in future multi-centered prospective trials.
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