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Background: Cardioembolic stroke is a major source of mortality and disability worldwide. The authors hypothe-
sized that quantitative characterization of intracardiac blood stasis may be useful to determine cardioembolic risk
in order to personalize anticoagulation therapy. The aim of this study was to assess the relationship between
image-based metrics of blood stasis in the left ventricle and brain microembolism, a surrogate marker of cardiac
embolism, in a controlled animal experimental model of acute myocardial infarction (AMI).
Methods: Intraventricular blood stasis maps were derived from conventional color Doppler echocardiography
in 10 pigs during anterior AMI induced by sequential ligation of the mid and proximal left anterior descending
coronary artery (AMI-1 and AMI-2 phases). From these maps, indices of global and local blood stasis were
calculated, such as the average residence time and the size and ratio of contact with the endocardium of blood
regions with long residence times. The incidence of brain microemboli (high-intensity transient signals [HITS])
was monitored using carotid Doppler ultrasound.
Results: HITS were detected in 0%, 50%, and 90% of the animals at baseline and during AMI-1 and AMI-2
phases, respectively. The average residence time of blood in the left ventricle increased in parallel. The resi-
dence time performed well to predict microemboli (C-index = 0.89, 95% CI, 0.75–1.00) and closely correlated
with the number of HITS (R = 0.87, P < .001). Multivariate and mediation analyses demonstrated that the num-
ber of HITS during AMI phases was best explained by stasis. Among conventional echocardiographic vari-
ables, only apical wall motion score weakly correlated with the number of HITS (R = 0.3, P = .04). Mural
thrombosis in the left ventricle was ruled out in all animals.
Conclusions: The degree of stasis of blood in the left ventricle caused by AMI is closely related to the incidence
of brain microembolism. Therefore, stasis imaging is a promising tool for a patient-specific assessment of
cardioembolic risk. (J Am Soc Echocardiogr 2020;33:389-98.)
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Abbreviations

2D = Two-dimensional

AMI = Acute myocardial

infarction

CDV = Color Doppler
velocimetry

HITS = High-intensity
transient signals

LAD = Left anterior
descending coronary artery

LV = Left ventricular

RT = Residence time
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Ischemic stroke is a devastating
complication of acute myocar-
dial infarction (AMI). Despite
thewidespread use of revascular-
ization and antithrombotic thera-
pies, the incidence of ischemic
stroke is still approximately 1%
during the in-hospital stay of an
AMI episode.1 During the 2
following years, incidence in-
creases to 3% to 5%.2 Although
clinical risk factors for ischemic
stroke after AMI have been well
identified (age, diabetes mellitus,
and renal insufficiency, among
others), the predictive value of
clinically based scores for guiding
individual therapy is still limited.2

In the absence of atrial fibrillation, most AMI-related ischemic
strokes are believed to result from left ventricular (LV) thrombosis.3

In fact, mural LV thrombi are identified in 15% to 25% of anterior
AMIs, the AMI location most prone to ischemic stroke.4-6 However,
the chance for anticipating stroke by detecting mural thrombosis is
low given the limited sensitivity of imaging techniques6 and the limited
chance of the patient being scanned after mural thrombosis develops
but before thrombotic material is embolized.4 Both systemic and local
factors favor thrombosis in AMI. A global inflammatory state7 induces
a systemic procoagulation condition, whereas the disrupted endocar-
dial layer favors platelet activation.

The third factor predisposing to intraventricular thrombosis is
blood stasis. Global and regional LV chamber abnormalities disturb
physiologic blood transit, impairing intraventricular blood washout
and triggering the coagulation cascade. This is believed to be the
most relevant mechanism responsible for ischemic strokes in the
chronic phase after the AMI episode. However, conventional
methods for addressing blood washout are subjective and thus have
limited clinical value.8 In recent years, imaging-based methods have
been developed to characterize blood transport9 and even obtain
patient-specific maps of intraventricular blood stasis.10,11 We hypoth-
esized that stasis mapping may be useful to quantify the risk for cardi-
oembolic stroke after AMI, eventually providing physicians with
patient-specific metrics of cardioembolic risk.

Subclinical microemboli, detected by transcranial Doppler as high-
intensity transient signals (HITS), are related to a number of cardiac
procedures12 and conditions.13 In the setting of AMI, microemboli
have been identified in 17% of patients.14 Because microemboli
correlate with risk for ischemic stroke, silent brain infarct, and neuro-
psychologic deficits,15 the number of HITS is a well-validated surro-
gate outcome in clinical16 and preclinical trials.17 On this basis, the
present study was designed to assess the value of
echocardiography-derived metrics of intraventricular blood stasis to
predict the risk for cardioembolism, quantified by the incidence of ce-
rebral microembolisms taking place during an anterior AMI.
METHODS

Experimental Preparation and Protocol

We designed an open-chest repeated-measurements experiment of
two sequential anterior AMIs of different sizes to maximize the
statistical power while minimizing the number of required animals.
We studied 10 adult minipigs (366 3 kg, seven male). Anesthetic in-
duction was made with intravenous propofol (1.5 mg/kg body
weight) and fentanyl (5 mg/kg). Animals were endotracheally intu-
bated and ventilated mechanically without end-expiratory positive
pressure. We maintained complete anesthesia and relaxation by pro-
pofol infusion (0.2 mg/kg/min), atracurium (0.3 mg/kg/h), and repet-
itive intravenous boluses of fentanyl (0.05 mg). We provided
cardiorespiratory support throughout the total duration of the pro-
cedure, including inotropic support and defibrillation as needed. We
continuously monitored the abolition of eye reflexes, blood pressure,
and heart rate to guarantee deep anesthesia. We ensured optimal
oxygenation and ventilation by repeated arterial blood gas analyses.
To prevent confusion, we avoided using any antithrombotic therapies
(heparin, antiplatelet of fibrinolytic agents), and we did not perform
any left-heart or arterial catheterization procedures.
After median sternotomy, we surgically exposed the left common

carotid artery to fit the transcranial Doppler probe directly on its
adventitia. Then, after opening the pericardium, we ligated the left
anterior descending coronary artery (LAD) in the middle (mid
LAD) and proximal (proximal LAD) segments sequentially to induce
two AMI sizes in each animal. We performed a sequential echocardi-
ography and vascular (continuous carotid examination for 30 min)
Doppler data acquisition protocol at baseline and during two phases
of experimental anterior AMI in each animal (see below and
Figure 1). The AMI phases were separated by 90 min for hemody-
namic stabilization. At the end of the experiment, animals were eutha-
nized using intravenous sodium pentobarbital (100 mg/kg). The local
institutional animal care committee approved the experimental pro-
tocol. All animal procedures were in accordance with guidelines
from European Union Directive 2010/63/EU.
Carotid Doppler: HITS Measurement and Analysis

Weused carotid Doppler ultrasound tomeasure HITS by placing an
8-MHz transducer (MultiDop T, DWL, QL software version 2.1;
Compumedics, Dresden, Germany) covered with ultrasound gel on
the exposed left carotid artery. We secured the probe to the animal’s
neck in a fixed position with an insonation angle of 20� and scanned
continuously during 30 min in each phase. We analyzed HITS using
the proprietary software of the Doppler system. We set the two inso-
nation depths of the bigate probe at 4 to 6 mm and 8 to 10 mm, the
sample volume to 3 to 4 mm3, the velocity scale to 100 cm/sec, po-
wer to 60 6 10 mW/cm2, and the high-pass filter to 120 Hz.18 HITS
were automatically identified and differentiated from artifacts, and
their time of occurrence and signal intensity (in decibels) were regis-
tered (Figure 1). Detection of cerebral HITSwas based on recommen-
ded criteria and refined using a detection threshold of 15 dB above
the background level to avoid false positives at baseline.18
Image Acquisition and Analysis

We performed epicardial echocardiographic examinations using a
Vivid 7 scanner and phased-array 2- to 4-MHz transducers (GE
Healthcare, Little Chalfont, United Kingdom). We obtained two-
dimensional (2D) sequences from epicardial apical views to ensure
complete apical visualization using a gel pad when necessary, avoiding
foreshortening. Also, we obtained high-quality epicardial B-mode four-,
two-, and three-chamber sequences with a near-field focus, optimized
for comprehensive visualization of the LV apex. LV volumes and ejec-
tion fraction were calculated from these views using the modified
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biplane Simpson’s rule in EchoPAC version 110.1.2 (GE Healthcare).
We used pulsed-wave Doppler spectrograms of LV transmitral and
ejection flow to characterize filling waves and to determine the timing
of the cardiac events and used these data for stasismapping calculations
(see below). Two level III experts in cardiac ultrasound used a 16-
segment model to calculate the wall motion score, using a scale of 1
(normokinesis) to 4 (dyskinesis).19 Apical wall motion score was calcu-
lated by averaging the four apical segments (septal, inferior, lateral, and
anterior). These experts also carefully scrutinized images for the exis-
tence of apical mural thrombosis. We measured longitudinal myocar-
dial strain from apical long-axis sequences using a six-segment model
(EchoPAC) and obtained apical peak strain by averaging the instanta-
neous peak values from the mid anteroseptal, apical-septal, and
apical-inferior segments. We measured the E-wave propagation index
as the ratio between the E-wave velocity-time integral and LV length.20

Other conventional echocardiographic data were obtained and
measured following standardized recommendations.19
Stasis Mapping

We obtained the unsteady 2D blood flow field in the left ventricle us-
ing colorDoppler velocimetry (CDV),21 sometimes referred toas vector
flowmapping.22 Briefly,we acquired colorDoppler sequences (eight to
14 beats) from the three-chamber view followed by B-mode sequences
(four to six beats) at a high frame rate without tilting or displacing the
probe. Under a planar flow assumption, CDV provides the crossbeam
velocity component by integrating the continuity equation, using the
tracked myocardial wall to set nonpenetration boundary conditions.
We assessed intraventricular blood stasis by generating spatiotem-

poral maps of the residence time (RT) of blood inside the left ventricle
(Figure 1). The RT is a physical magnitude that accounts for the time
that a volume of blood spends inside the chamber.11 As previously
shown, blood RT maps can be efficiently obtained in the left ventricle
from unsteady 2DCDV data using an advection equation of a passive
scalar with unit forcing.5,11,23 We integrated this equation over eight
consecutive cardiac cycles to ensure temporal convergence. From
the RTmaps, we calculated the average RTof the entire blood volume
inside the left ventricle at the time of mitral valve opening of the last
beat. This is a representative metric of global stasis that accounts for
the full blood pool in the ventricle. However, local stasis metrics
may be also meaningful for thrombosis. Therefore, we defined stag-
nant regions as those with RT$ 2 cardiac cycles and severely stagnant
regions as those with RT$ 6 cardiac cycles (Figure 1).23 Blood regions
with RT > 2 cycles are equivalent to the residual volume previously
described in the literature9 and have been recently linked to increased
risk for LV mural thrombosis after AMI.5 We measured the following
features of stagnant and severely stagnant regions: (1) size relative to
total LV size (area in two dimensions, as a percentage) and (2) its con-
tact length with the endocardium (expressed a percentage of total
endocardial length). The contact perimeter of stagnant regions ac-
counts for flow-endocardium interactions that most intensively acti-
vate the coagulation cascade.24 These features of stagnant regions
were automatically measured at the instant of filling onset, and re-
gions not spanning a full cardiac cycle or <2% of LV area were
dismissed. Whenever more than one stagnant region was identified,
only the one closest to the apex was analyzed. The reproducibility
of these stasis metrics has been reported elsewhere.23 We analyzed
all echocardiographic and carotid Doppler data blinded to the other
technique. An example of the CDV, RT maps, and ongoing HITS is
shown in Figure 2.
Statistical Analysis

We analyzed differences among phases using linear mixed-effects
models accounting for repeated measures. Least square means and
their 95% CIs are reported for these models. We used Tukey’s con-
trasts for comparison among phases. We assessed the association be-
tween the number of HITS and stasis indices using bivariate plots
followed by linear or exponential regression analyses pooling AMI
phase data. The 95% prediction intervals were calculated for these
models. To assess the three-way interactions among AMI phase, stasis
metrics, and the number of HITS, we used bivariate regression and
mediation analyses.25We used logistic regression followed by receiver
operating characteristic curve analysis to assess the capacity of RT to
predict the incidence (one or more) of HITS. We selected the cutoff
criterion on the basis of Youden’s J statistic. Goodness-of-fit metrics
of regression, mediation, and receiver operating characteristic analyses
were corrected for overfitting using a bootstrap of 1,000 replicates.
Statistical analysis was performed using R version 3.3.1 (R Foundation
for Statistical Computing, Vienna, Austria). P values < .05 were
considered to indicate statistical significance.
RESULTS

Sequential AMIs induced progressive LV chamber dilatation and a
decrease in LV ejection fraction (Table 1) from 61% (56%–66%) at
baseline to 53% (48%–58%) and 47% (42%–52%) during AMI-1
and AMI-2 phases, respectively. Global and apical wall motion scores
as well as apical peak longitudinal strain significantly worsened during
AMI phases. Mural thrombosis was not detected in any animal. No
HITS were detected at baseline. Instead, HITS were detected in five
animals (50%) during AMI-1 phase and in nine animals (90%) during
AMI-2 phase. The number of HITS detected during the 30 min of
AMI-1 phase was 4 (0–9), subsequently increasing to 12 (7–18) dur-
ing the 30 min of AMI-2 phase (Figure 3).

Concomitant with the number of HITS (Figures 2 and 3), global
stasis increased with sequential AMIs; averaged RTwas >30% higher
during AMI-1 than at baseline (3.3 [2.9–3.7] cycles vs 2.4 [2.0–2.8]
cycles, P < .001), increasing even further during AMI-2 phase to 4.0
(3.6–4.4) cycles (P < .001 vs baseline and AMI-1 phase). Small stag-
nant (RT > 2 cycles) and severely stagnant (RT > 6 cycles) regions
were identified at baseline in 10 (100%) and four (40%) animals,
respectively. Size and endocardial contact of these regions increased
significantly during AMI. Of note, severely stagnant regions were
more than twice as large by AMI-2 phase than at baseline, and their
contact perimeter was on average 49% (41%–58%) of the total LV
endocardial length (Table 1).

Apical wall motion score was the only conventional echocardio-
graphic variable correlating with the number of HITS, but the corre-
lation was weak (pooled AMI-1 and AMI-2 data; Table 2). On the



Figure 1 Experimental procedure and methodology.
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contrary, most stasis metrics predicted the number of HITS during
AMI (Table 2, Figure 4). The average RT was closely related to the
number of HITS following an exponential fitting (bootstrap-adjusted
R = 0.87, adjusted R2 = 0.77, y = �3.44 + 0.22 � ex, P < .001;
Figure 4). The bootstrap-adjusted area under the receiver operating
characteristic curve of the average RT to identify microemboli (one
or more HITS) was 0.89 (95% CI, 0.75–1.00). The cutoff of
RT = 3.3 cycles showed 83% sensitivity (95% CI, 50%–100%) and
85% specificity (95% CI, 64%–100%) for predicting the appearance
of HITS (Figure 5). By bivariate regression, the average RT (P < .01)
and not the AMI phase category (P = .60) was significantly related
to the number of HITS. Mediation analysis showed that the average
RT accounted for 74% (95% CI, 33%–170%) of the effect of the
AMI phase on the number of HITS (P < .001).



Figure 2 Representative intracardiac flow and stasis mapping example. Intraventricular time-dependent 2D flow (2D+t, first column)
and blood RTmaps in the left ventricle (second column) of a representative example, pig 4, during baseline (first row), AMI-1 (first AMI
sequence, second row), and AMI-2 (second AMI sequence, third row) phases. For 2D+t flow mapping, the distributions of the flow
velocity and instantaneous streamlines are overlaid on the total magnitude of flow velocity, from 0 m/sec (black) to 0.5 m/sec (white)
and the rawB-mode tissue images. For the blood RTmapping images, the color scale represents the number of beats that each blood
volume element remains inside the left ventricle, from zero cardiac cycles (dark blue) to six cardiac cycles (dark red). In both repre-
sentations, a cyan line depicts the LV endocardium. Insets in RT maps: emboli detection (in decibels) during the 30-min acquisition.
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DISCUSSION

To our knowledge, this is the first study demonstrating that cerebral
microembolism due to cardiac disease can be predicted by an
image-based assessment of intracardiac stasis. On the basis of the
well-known relationship between stasis and the risk for intraventric-
ular thrombosis, we exploited a bedside echocardiography-based
technique to assess the risk for cardiac embolism. A good correlation
was observed between the degree of blood stasis in the ventricle and
the incidence of cerebral microembolisms, although intraventricular
thrombus was not detectable using high-resolution epicardial ultra-
sound. These findings suggest a good potential of stasis imaging for
predicting the risk for cardioembolic stroke in the absence of atrial
fibrillation.

Intraventricular Stasis as a Source of Cardioembolism

Until recently, characterizing intracardiac stasis has been based almost
exclusively on the visual interpretation of spontaneous contrast using
B-mode ultrasound.26 Unfortunately, this qualitative approach is high-
ly subjective and equipment dependent. The development of flow-
imaging modalities based on cardiac ultrasound, phase-contrast mag-
netic resonance, or computational fluid dynamics27 allows deriving
quantitative personalized metrics of global and regional intraventric-
ular stasis.



Table 1 Conventional and stasis data derived from echocardiography

Variable Baseline AMI-1 AMI-2 ANOVA P

Heart rate, beats/min 64 (58 to 69) 59 (50 to 61) 53 (48 to 58)* .01

Echocardiographic indices

LV end-systolic volume, mL 17 (13 to 20) 24 (21 to 27)* 29 (25 to 32)* <.001

LV end-diastolic volume, mL 42 (38 to 48) 51 (46 to 56) 55 (50 to 60)* .005

LV ejection fraction, % 61 (56 to 66) 53 (48 to 58)* 47 (42 to 52)* <.001

Stroke volume, mL 26 (22 to 30) 27 (23 to 30) 26 (22 to 30) .80

E-wave velocity, m/sec 0.73 (0.63 to 0.83) 0.72 (0.61 to 0.82) 0.57 (0.46 to 0.68) .04

A-wave velocity, m/sec 0.68 (0.58 to 0.79) 0.62 (0.52 to 0.72) 0.55 (0.43 to 0.66) .10

E-wave propagation index 2.0 (1.7 to 2.2) 2.0 (1.8 to 2.3) 1.8 (1.6 to 2.1) .60

Wall motion score

Global wall motion score 17.0 (15.7 to 18.3) 27.3 (26.0 to 28.6)* 34.4 (33.1 to 35.7)*,† <.001

Apical wall motion score 5.0 (4.3 to 5.7) 14.4 (13.6 to 15.2)* 17.2 (16.4 to 17.9)*,† <.001

Strain

Global peak longitudinal strain, % �16.6 (�18.5 to �14.8) �14.7 (�16.4 to �12.9) �13.5 (�15.3 to �11.8)* .01

Apical peak longitudinal strain, % �16.7 (�21.1 to �12.3) �11.8 (�15.7 to �7.9) �8.2 (�12.4 to �4.1)* .02

Stasis

Average RT, cycles 2.4 (2.0 to 2.8) 3.3 (2.9 to 3.7)* 4.0 (3.6 to 4.4)*,† <.001

Size of stagnant regions, % 46 (40 to 53) 54 (47 to 60)* 62 (55 to 68)*,† <.001

Endocardial contact of stagnant regions, % 56 (47 to 66) 64 (54 to 74) 69 (59 to 78) .10

Size of severely stagnant regions, % 12 (5 to 20) 24 (16 to 31)* 34 (27 to 41)*,† <.001

Endocardial contact of severely stagnant regions, % 20 (11 to 29) 33 (24 to 41) 49 (41 to 58)*,† <.001

Data are expressed as least square mean estimate (95% CI).
*P < .05 vs baseline.
†P < .05 between AMI-1 and AMI-2.

394 Delgado-Montero et al Journal of the American Society of Echocardiography
March 2020
Avoidance of blood retention is believed to be one of the teleo-
logical advantages of the complex flow patterns observed in the hu-
man heart.28 The vortex ring that develops during diastole has a
prominent role in transporting blood and is a major contributor to
filling.29 However, in the setting of an AMI, impaired wall motion
and/or LV remodeling may disturb the physiologic flow trajectories
that facilitate blood washout.9,10 If the ventricle dilates, although the
vortex grows, its propagation along the long axis of the left ventricle
becomes impaired. The net effect is that the fresh blood carried by
the vortex reduces its interaction with apical blood.30 Remarkably,
the risk for mural thrombosis after AMI has been associated with
the degree of apical propagation of the passive filling column,20

as well as the location and pulsatility of the diastolic vortex.31

However, additional factors beyond wall motion6 and early apical
flow propagation20 have been reported to influence blood
washout.23

Importantly, stagnant regions may activate the coagulation
cascade without macroscopic wall thrombosis ever being detected,
either because a small mural thrombus is missed or because the
thrombotic material embolizes before the patient is scanned. In
fact, a large proportion of ischemic strokes after AMI take place after
the patient is discharged,2 and protocols of serial imaging to rule out
mural thrombosis are difficult to implement. Furthermore, contrast-
enhanced magnetic resonance identifies LV mural thrombosis in
fewer than one third of patients with histories of AMI who experi-
ence ischemic strokes of undetermined source.32 These observa-
tions call for improvement in a personalized assessment of
cardioembolic stroke in the absence of atrial fibrillation.
Interestingly, stasis metrics such as those presented here could be
combined with local and systemic variables of coagulation activa-
tion to obtain integrated, patient-specific biomechanical markers
of overall thrombotic risk.24,31
Cerebral Microembolism during AMI

An abnormal incidence of HITS has been reported in the setting of
stroke, valvular and coronary heart diseases, atrial fibrillation, and
mechanical valves.13,33 One of the few works studying microembo-
lism during AMI reported an incidence of HITS in as many as 17% of
patients, finding an association of these results with reduced ejection
fraction and wall motion alterations. However, remarkably, 80% of
patients had cerebral microemboli without evidence of mural
thrombosis.14 Unfortunately, data unequivocally relating all cases
of cardioembolic stroke to mural thrombosis are lacking. Evidence
from the field of paroxysmal atrial fibrillation further calls for exam-
ining the classical paradigm that cardioembolic stroke results from
the dislodgement of a mural thrombus induced by abnormal wall
motion.34

The clinical significance of HITS is still a matter of debate,
although there is strong evidence relating cerebral microemboli to



Figure 3 HITS and average RT in the left ventricle during the experimental phases for each animal. The number of HITS is plotted in
filled symbols and solid lines against the left vertical axes, whereas the RT is plotted in open symbols and dashed lines against the right
vertical axes.
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Table 2 Univariate linear regression analyses between the
number of HITS and the conventional echocardiographic and
stasis indices

Variable R P

Conventional indices

Heart rate 0 .80

LV end-systolic volume 0 .20

LV end-diastolic volume 0 .10

LV ejection fraction 0.22 .80

Wall motion score

Global wall motion score 0.20 .05

Apical wall motion score 0.30 .04

Strain

Global peak longitudinal

strain

0 .70

Apical peak longitudinal
strain

0 .20

Stasis

Average RT in the left

ventricle, linear

0.67 <.001

Average RT in the left

ventricle, exponential

0.87 <.001

Size of the stagnant

regions

0.30 .04

Endocardial contact of

stagnant regions

0.29 .05

Size of the severely
stagnant regions

0.73 <.001

Endocardial contact of

severely stagnant
regions

0.33 .02

Data are shown for pooled AMI-1 and AMI-2 phases.
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silent brain infarcts,35 and the latter is a well-established predictor of
ischemic stroke, dementia, and cognitive dysfunction.15 Moreover,
HITS have been associated with the decline of neurologic function
after coronary artery bypass surgery as well as with early recurrence
of stroke.36 On this basis, HITS are frequently used as surrogate end
points for early clinical trials aimed to reduce cardioembolic
stroke.16 In animal experimental studies, such as ours, detection of
HITS has been useful to demonstrate the role of mechanical pros-
thetic valve orientation.13 We believe this previous evidence justifies
choosing HITS as a surrogate marker of embolism.
Clinical Implications

The need for intense antiplatelet therapy after intracoronary stent-
ing substantively increases hemorrhagic risk if anticoagulation ther-
apy is also required. Consequently, anticoagulation after AMI is
indicated only when atrial fibrillation or LV thrombus is identi-
fied.37 Although not tested in the present study, anticoagulation
therapy reduces the cardioembolic risk, and stasis mapping could
be useful for early stratification of patients. The present study con-
firms preliminary clinical evidence showing that flow imaging is su-
perior to conventional metrics such as ejection fraction and
regional wall motion in predicting intraventricular thrombotic com-
plications during acute anterior AMI.5 In the present study we
focused on echocardiographic assessment of flow alterations in
the left ventricle after AMI. However, stasis mapping can be appli-
cable to other heart chambers and cardiac conditions and can be
achieved by other imaging modalities such as phase-contrast mag-
netic resonance11 and computational fluid dynamics.24 A currently
ongoing prospective clinical trial (ClinicalTrials.gov identifier
NCT02917213) will eventually establish the potential clinical effi-
cacy of these techniques.
Limitations

LV flow is three-dimensional, but in the present study we used a 2D
approach. Although a planar flow simplification may lead to inaccu-
racy, 2D methods have practical advantages. First, computational re-
quirements are markedly reduced when implemented in two
dimensions.11 Second, bedside echocardiography is a much more
accessible in the setting of AMI than phase-contrast magnetic reso-
nance. We have shown that the key spatial features and numeric
values of RT are well represented in the long-axis three-chamber
plane imaged on 2D CDV.11 Thus, we do not believe that the main
conclusions of our study would change qualitatively when using
three-dimensional techniques.

Stasis mapping and its derived metrics are highly dependent on
image quality. Therefore, when using transthoracic echocardiogra-
phy in the setting of AMI, stasis metrics must be interpreted with
caution if optimal apical visualization is unavailable. Nevertheless,
preliminary data from our group suggest that this is not a major lim-
itation in the clinical setting.5 In the present work we used a LAD
ligation AMI model, which may induce different mechanical re-
sponses than the ones found in patients with AMI in clinical practice.
Also, we evaluated stasis mapping and HITS incidence in a porcine
model, and therefore, our results may not be directly transferable to
human patients.

Because several stasis metrics were tested, we cannot exclude a
certain degree of overfitting in our results. The detection of HITS
was performed using a bigate probe at a fixed frequency of
8 MHz, a method that is unable to differentiate between gaseous
and solid embolus. However, our study was designed and conduct-
ed to avoid potential catheterization-related confounders.
Antithrombotic therapy, as routinely used in the clinical setting of
AMI, may eventually lower the incidence of HITS, without affecting
stasis metrics. We intentionally avoided antithrombotic treatment in
our experiments so as not to jeopardize the power of our study.
Consequently, the absolute cutoff values of stasis metrics to
predict HITS may be different in the presence of antithrombotic
treatment.
CONCLUSION

Stasis imaging is a useful technique to detect increased intraventric-
ular blood retention in the heart. During an anterior AMI, severe
blood transport abnormalities and stasis take place inside the left
ventricle. These factors prolong the RTof blood in the left ventricle,
which correlates with the rate of microemboli detected by
transcarotid Doppler. If these findings are confirmed in the clinical
setting and in the presence of antithrombotic treatment, stasis
mapping may become a useful tool to assess the risk for embolism
in the setting of AMI and potentially in other heart disease
conditions.

http://ClinicalTrials.gov


Figure 4 Relationships between HITS and echocardiographic indices. (A) Relationship between HITS and LV ejection fraction. (B)
Relationship between HITS and apical wall-motion score. (C) Relationship between HITS and the average RT. The solid black lines
indicate the fittings, and the shadowed areas indicate their 95% CI for prediction.

Figure 5 Diagnostic performance of stasis indices. Receiver
operating characteristic (ROC) curves for the average RT in
the left ventricle for the diagnosis of HITS. AUC, Area under
the curve.
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