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Background: Cardiac rupture (CR) and left ventricular thrombus (LVT) remain important
complications of acute myocardial infarction (MI), and they are currently regarded as
independent events. We explored the pathogenetic link between CR and LVT by
investigating a murine model of MI with a high frequency of CR and in patients with
acute MI.

Methods: MI was induced in mice, the onset of CR was monitored, and the hearts of
mice with or without fatal CR were histologically examined. Between 2015 and 2022,
from patients admitted due to acute MI, the data of patients with CR or LVT were
retrospectively collected and compared to uncomplicated patients (control).

Results: A total of 75% of mice (n = 65) with MI developed CR 2–4 days after MI.
A histological examination of CR hearts revealed the existence of platelet-rich intramural
thrombi in the rupture tunnel, which was connected at the endocardial site to platelet-
fibrin thrombi within an LVT. In CR or non-CR mouse hearts, LV blood clots often
contained a portion of platelet-fibrin thrombi that adhered to the infarct wall. In non-
CR hearts, sites of incomplete CR or erosion of the infarct wall were typically coated
with platelet thrombi and dense inflammatory cells. Of 8,936 patients with acute MI,
CR and LVT occurred in 102 (1.14%) and 130 (1.45%) patients, respectively, with three
cases having both complications. CR accounted for 32.8% of in-hospital deaths. The
majority of CR (95%) or LVT (63%, early LVT) occurred within 7 days. In comparison to
the control or LVT-late groups, patients with CR or early LVT reported increased levels
of cellular and biochemical markers for inflammation or cardiac injury.

Conclusion: CR and LVT after MI are potentially linked in their pathogenesis. LVT
occurring early after MI may be triggered by a thrombo-inflammatory response following
wall rupture or endocardial erosion.
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HIGHLIGHTS

- We provided histopathological evidence for the co-existence of
an intramural thrombus and LVT at the site of a wall rupture
in all mice with fatal or non-fatal CR.

- We observed a similarity between patients with CR and early
LVT in higher circulating levels of cellular and biochemical
markers for inflammation and cardiac injury.

- Our findings suggest that the pathogenesis of the early onset
of LVT is triggered, at least in part, by CR or wall erosion,
which results in a thrombo-inflammatory response and the
formation of LVT.

INTRODUCTION

Over the last decades, there has been a significant decline in
the mortality of patients with acute myocardial infarction (MI),
which is attributable to the progress in therapies, including the
routine use of percutaneous coronary intervention (PCI) and
effective medications. Earlier studies showed that PCI therapy
reduced the incidence of CR (1). Before 2,000, in-hospital and
30-day mortality rates were approximately 10–20% and 25–35%,
(2–4) respectively, due to acute pump failure, fatal arrhythmias,
or cardiac rupture (CR). Currently, these figures range between 3
and 8% (5–7).

Cardiac rupture and left ventricular (LV) thrombus (LVT) are
two important complications of acute MI. CR may occur as early
as day 1 to a few weeks after MI and is associated with a very
high mortality rate (up to 70%) (4, 8–10). Subtypes of CR are
classified according to the location of the rupture, which may
involve the free wall (FWR), the ventricular septum (VSR), or the
papillary muscles (PMR) (4). Early FWR (within 48 h) usually
exhibits as a narrow slit or a regional erosion of the infarct wall,
whereas subacute rupture (up to 2 weeks) is characterized by
regional thinning and bulging of the infarct wall (8, 11, 12). While
its incidence has reduced to 1–2% from the previous 5–10%,
(8, 13, 14). CR continues to be one of the major causes of in-
hospital mortality for patients with acute MI (14, 15). Between
1980 and 1990, LVT was detected in approximately 20–30% of
patients with anterior/apical-localized MI (10, 16). Early studies
indicated that several factors were associated with a high risk
of LVT, including larger enzymatic infarct size, clinical evidence
of pump failure, severe apical asynergy, increased LV volumes,
and a lower ejection fraction, (10, 16) as well as a higher risk
of embolic events, including acute ischemic stroke (17–20) and
higher mortality rates (16, 21). The current literature indicates
LVT incidence of 3–5% in patients with acute MI (22–24). The
commonly accepted view on the mechanism of post-MI LVT is
regional stasis of blood as a consequence of loss of a wall motion
(10, 16). Intriguingly, there is a considerable overlay in the time
window for CR and LVT after MI, mostly within the first week (4,
22) and even as early as 24 h, (21) and both complications share
similar risk factors such as large infarct size.

The mouse with MI has been shown to be the only animal
model with a frequent onset of CR (25). Numerous mouse
studies, including ours, have shown that CR occurs within

2–6 days after MI and that factors such as a large infarct size and
a severe inflammatory response after MI promote the onset of
CR (25–27). In the mouse model, occlusion of the left coronary
artery induces MI that involves the anterior-lateral-apical free
wall, while the ventricular septum and papillary muscles are
spared; thus, this model only simulates free-wall CR in human
patients (25, 26). The presence of LVT has also been noticed in
the murine MI model (28, 29). However, despite the fact that
antiplatelet interventions effectively reduced the incidence of CR,
the potential link between CR and LVT has not been explored
previously (30).

In the current study, we tested the hypothesis that both CR
and LVT are mechanistically related. Specifically, CR constitutes
the histopathological basis for the formation of LVT, which is
particularly true for the early-onset LVT in human patients.
Considering the urgent nature of patients with CR and the
limitations of generating pathological data collection from
patients with CR or LVT, we conducted a joint preclinical and
clinical study examining the histopathology of CR and LVT in
the mouse MI model and retrospectively analyzing the clinical
characteristics of patients with CR or LVT.

MATERIALS AND METHODS

Preclinical Study: Animals, Surgery,
Monitoring, and Autopsy
All experimental procedures were approved by the Xian Jiaotong
University School of Medicine Research Ethics Committee and
were in accordance with the United States NIH Guide for the
Care and Use of Laboratory Animals. We used 3–4 month-old
male 129sv mice, which, as we previously showed, exhibited
a higher incidence of CR after MI than other strains (26,
28). Animals were kept in standard housing conditions with
four animals per cage at 21◦C in a facility with a 12/12 h
light/dark cycle and were provided free access to water and
standard chow. As we described previously, (26) open-chest
surgery was performed to induce MI or sham surgery under
isoflurane-inhalation anesthesia. The total loss of animals, due
to surgical accidents (within 24 h) or failure in occluding major
coronary arteries, was less than 10%. Operated animals were
closely monitored for 7 days to observe the incidence of CR.
As we described previously, (26) rupture death was ascertained
by autopsy findings of hemopericardium and a large quantity of
blood clot in the chest. Heart failure death was determined by
the presence of pulmonary congestion (i.e., an increase in wet
lung weight) and a large quantity of chest fluid. Infarct size was
estimated in all animals by the LV surface method, as previously
described (26).

Preparation of Histological Heart Images
and Histological Examination
Hearts were harvested from mice that had died of CR or
had been freshly culled, washed in cold saline, fixed (4%
buffered formaldehyde for 24 h), and paraffin-embedded. The
heart was transversely cut, and sections (5 µm) were collected
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every 100–200 µm (depending on the regions of interest), and
an average of 40 sections were harvested per heart. As we
previously described, (28, 30) tissue sections were stained by the
hematoxylin and eosin (H&E) method or by Carstair’s method
using the commercial kit (GENMED, Shanghai, China) to
identify platelets (purple/light color). The accuracy of identifying
platelet thrombi by Carstair’s stain has been documented
previously (28, 31). Images were acquired using Olympus
Image Pro Plus6 (Media Cybergenetics). Histological images
were independently read by two investigators (SM and X-JD),
who later agreed on the final histological diagnosis for
each heart examined.

Retrospective Clinical Study: Patient
Cohort
Patients who were admitted to the First Affiliated Hospital of
Xi’an Jiaotong University from January 2015 to December 2020
with a confirmed diagnosis of acute MI were registered. The
Ethical approval was obtained from the Ethics Committee of
The First Affiliated Hospital of Xian Jiaotong University for the
collection and use of clinical data in this study. According to
ACC/AHA guidelines, (32) a diagnosis of acute MI was based
on the elevation of cardiac enzyme biomarkers (CK-MB or

troponin-T) along with at least one of the following criteria: (1)
symptoms consistent with cardiac ischemia, (2) development of
pathologic Q waves on electrocardiography, or (3) ST-segment
elevation or depression on electrocardiography. Patients who met
the diagnostic criteria for CR and LVT were included in a case
group. Control patients were randomly selected from acute MI
cases without CR or LVT. The average group size was determined
to be approximately four times that of the CR and LVT groups.
The exclusion criteria were patients with (1) CR or LVT who did
not first visit our hospital after the onset of their current MI, (2)
history of abnormal renal function (eGFR < 90 ml/min/1.73 m2)
or chronic renal failure, (3) malignant tumor diseases, (4) serious
infectious diseases, and (5) autoimmune diseases.

Clinical Diagnosis of Cardiac Rupture
and Left Ventricular Thrombus
The diagnosis of CR was based on clinical manifestations
with confirmation by echocardiography using a Phillips iE33
ultrasound system (S5–1 probe) present in our ICU. Patients with
CR experienced dyspnea, murmurs in the precordial area, and a
drop in blood pressure. Ultrasound showed an interruption of the
continuity of the interventricular septum, the papillary muscle,
or the free wall. Hydropericardium was featured as a hypoechoic

FIGURE 1 | Gross cardiac histopathology of mice with acute or chronic MI and the post-acute MI survival curve. Images were stained by Carstair’s method in panels
(A–D) and by H&E in F, showing hearts from a sham-operated mouse (A) or from a mouse with acute MI and developed CR (B) with a transmural rupture tunnel
(indicated by arrows) containing platelet thrombi (*). (C) The heart of a mouse and died of acute heart failure after MI. Note that in the LV chamber, a large blood clot
containing a mosaic of platelet-rich white thrombi, the structure suggesting that platelet thrombi were formed prior to death rather than developing postmortem.
(D) Heart from a mouse killed on day 3 after MI with severe erosion of the infarct wall (indicated by broken lined square and arrows). The site of erosion was partially
filled with platelet-rich thrombi (*) that was coated with dense immune cells. (E) Survival curves of mice with the sham operation (n = 15) or with acute MI (n = 65).
Almost all fatalities within the first 2–4 days after MI were due to rupture. (F) The hearts of mice culled in week 4 after MI showed the presence of chronic left
ventricular thrombus (LVT).
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FIGURE 2 | Histopathology of the hearts of mice with acute MI and developed fatal ventricular free-wall rupture. The images presented were from six hearts stained
using the Carstair’s method (A–D) or H.E. method (E,F). Transmural rupture with rupture tunnels containing intramural an (IMT), as well as intra-myocardial
hemorrhage, indicated as “h,” was observed in all hearts. Furthermore, IMT was in close contact with LVT (LVT, all panels). Panels (D–F) show LVT embedded with
platelet-rich thrombi adjacent to the infarct wall (*). Panels (E,F) show dense inflammatory cells at the interface of white thrombi of IMT and LVT.

dark area surrounding the myocardium, and hemorrhagic
effusion was confirmed by echo-guided pericardiocentesis. The
diagnosis of LVT was based on at least two echocardiographic
views, showing a delineated echo-dense mass adjacent to, but
distinct from, the endocardium in a segment of the wall
exhibiting abnormal motion. An aneurysm was considered when
the following echocardiographic criteria were met: protuberance
of the involved segment, well-defined demarcation of the infarct
lesion, absence of trabeculation in the involved segment, and
akinetic or dyskinetic motion.

Collection of Clinical Data
Patient data were collected from the electronic patient record
system of the First Affiliated Hospital of Xi’an Jiaotong
University. Smoking cigarettes within 1 month of admission
was defined as smoking. Alcohol consumption was defined
as drinking ethanol > 15 mL ethanol per day in women
and > 30 mL in men. Diagnosis of hypertension was defined
as blood pressure ≥ 140/90 mmHg and/or the current use of
antihypertensive medications. Diabetes was defined as plasma
fasting; glucose was ≥ 7.0 mmol/L (or the 2 h postprandial
glucose > 11.1 mmol/L) and/or the current use of antidiabetic
medication. Regarding the current onset of MI, information
included symptom-to-admission interval, symptom-to-CR or
LVT interval, blood pressure, and heart rate at the time of
admission, MI type by ECG, PCI treatment, infarct localization,
and Killip classification assigned for the presence and severity of
heart failure according to AHA/ACCA (32) and ESC guidelines

(33). The presence of a ventricular aneurysm or pericardial
effusion was determined by echocardiography conducted during
the in-hospitalization period.

Venous blood was collected at admission into anticoagulant
tubes to measure markers for inflammation or myocardial
injury. The counts of white blood cells (WBC), neutrophils,
lymphocytes, and monocytes were obtained using an automated
cell counter (HST201, Sysmex, Japan). Cardiac injury markers
were determined at the Clinical Biochemical Laboratories of
the First Teaching Hospital using an AU640 Clinical Chemistry
analyzer (Olympus Diagnostica, Hamburg, Germany), including
aspartate transaminase (AST), lactate dehydrogenase (LDH),
α-hydroxybutyrate dehydrogenase (HBDH), creatine kinase
(CK, CK-MB), and high-sensitivity troponin T (hs-TnT). The
high-sensitive C-reactive protein (hsCRP) was determined
by a high-sensitivity particle-enhanced immunoturbidimetric
method using BN II (Siemens, Germany) with a detection upper
limit of 9.5 mg/L, and it is presented as a categorical variable.
The measurements of fibrinogen, fibrinogen degradation
products (FDP), and D-dimer were determined using the latex
agglutination test (Sysmex CA-7000, Sysmex, Japan).

Statistics
Statistical analyses were performed using SPSS version 25.0. The
results are presented as frequency (%) for categorical variables,
with differences between groups compared using the 2 × C
Chi-square test. Normally distributed continuous variables were
presented as mean ± SD, and ANOVA was used to analyze
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TABLE 1 | Summary of the histopathological findings of infarct hearts of mice that
either died of the spontaneous onset of cardiac rupture (CR) or were freshly
culled 3–5 after MI.

Histological findings CR
(n = 10)

Freshly culled
(n = 14)

Severe inflammatory
infiltration of the infarct wall

10 8 (57.1%)

Intramural hemorrhage and
hematoma

10 9 (64.3%)

Disruption of necrotic
cardiomyocytes

10 9 (64.3%)

Wall rupture (transmural or
non-transmural)

10 (transmural) 6 (42.9%)
(4 transmural, 2 wall erosion)

Intramural thrombus (IMT) 9 6 (42.9%)

IMT linked to LVT at the
endocardial site of the
rupture tunnel

10 3 (21.4%)

LV chamber blood clots
containing
platelet-fibrin-rich thrombi
and inflammatory cells

7 6 (42.9%)

IMT, intramural thrombus.

the differences between groups. For parameters that were not
evenly distributed, results are presented as median [interquartile
range (Q25, Q75)] and tested using the Kruskal–Wallis one-
way ANOVA test for differences between groups. In our patient
cohort, because the ratio of missing values was 1.8–9.1%, patients
with missing data were ignored, and the univariate analysis was
performed. P < 0.05 was defined as statistically significant.

RESULTS

Time-Course of Survival and Incidence
of Cardiac Rupture in Mice
In the first batch of 65 mice with MI, animals were monitored
for up to 7 days, and the cause of death was determined by
autopsy. The infarct size, estimated from the surface of the LV,
was 30–60%. The control group consisted of eight mice who
received a sham operation and an additional five mice who had
an infarct size of < 10%, which was defined as a failure to occlude
a main coronary artery. Figures 1A–D shows a normal heart and
common morphological findings of hearts from mice that died
within the 7 days, including chamber dilatation and thinning of
the infarct wall. Figure 1B shows the heart of a mouse that died
of CR with the rupture site at the border zone and the transmural
rupture tunnel blocked by platelet thrombi. In a mouse that died
of heart failure, we observed the presence of a large and fresh LVT
that contained mosaic structures of platelet thrombi (Figure 1C):
such a morphological feature is consistent with the Lines of Zaha
and rules out the possibility of the postmortem formation of a
blood clot. Significant erosion of the infarct wall was observed in
a mouse heart (Figure 1D). Figure 1E shows the Kaplan–Meier
survival curve of the operated mice over the 7-day period. A total
of 52 mice died (80%, 52/65). Of them, three died of heart failure
(one on day one and two on day four), and the rest (n = 49)

died of CR within 2–4 days after MI (75%, 49/65). The remaining
13 mice were followed for up to 28 days and then culled at
the end. Of them, two mice had a large LVT upon autopsy and
histology (Figure 1F).

Histopathological Features in the Hearts
of Mice That Died of Cardiac Rupture
Figure 2 displays histological features of the infarcted wall of
the LV from mice that died of CR after MI. All mice had MI at
the anterior-lateral-apical wall. Significant destruction of the LV
wall, intra-myocardial hemorrhage, and dense inflammatory cell
infiltration was evident in all hearts (Table 1). Also, identified in
all hearts was a rupture tunnel, which was packed with platelet-
rich intramural thrombi (IMT) (Table 1 and Figures 2A–F).
Another common finding is the presence of thrombi in the LV
chamber in close contact with IMT at the endocardial site of CR
(Figure 2). Blood clots within the LV chamber usually contained
a portion of platelet-fibrin thrombi adjacent to the infarct wall
(Figures 2D–F).

Histopathological Features of Infarct
Hearts of the Mice That Had Been
Freshly Culled
To exclude the potential effect on histopathology from
postmortem changes, 14 mice with MI (estimated infarct
size 39–55%) were culled 3–5 days after MI, and their hearts
were harvested for histological analyses (Figure 3). Four mice
died suddenly owing to stress associated with the anesthesia
induction, and CR was confirmed by immediate autopsy. Similar
to these hearts from mice that died of CR, all hearts from culled
mice had significant infarct wall thinning and chamber dilatation.
Intramural hemorrhage, disruption of necrotic myocardial fibers,
and intense inflammation of the infarct wall were observed in
8–9 out of 14 hearts examined (Table 1). Transmural or nearly
transmural CR was found in four hearts and an intramural
thrombus in six hearts (Figure 3A). Importantly, six hearts
(42.9%) displayed LV blood clots that contained a portion of
platelet-fibrin-rich thrombi adjacent to the wall (Figure 3B).
In two hearts, wall erosion was evident, with platelet thrombi
covering a portion of the erosion (Figure 3C). Another two
hearts had round-shaped platelet thrombi within the LV cavity
that tightly adhered to the infarct wall and embedded dense
inflammatory cells at its boundaries (Figure 3C).

Histological Changes Leading to the
Onset of Left Ventricular Thrombus
As illustrated in Figure 4A, LVT after MI has generally been
regarded as a consequence of regional stasis due to poor
wall movement, which facilitates the formation of blood clots.
To better understand the pathogenesis of LVT after MI, we
examined the hearts of infarct mice for histopathological signs
of established or an early phase of the formation of LVT. We
observed multiple histological modes related to LVT formation,
including CR-associated IMT growing toward the LV chamber
(Figure 4B) or growing platelet thrombi at the site of the
erosional infarct wall coated with dense inflammatory cells
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FIGURE 3 | Histopathological findings of hearts from mice that had been freshly culled after MI. The images presented were from nine hearts of mice culled on days
3–5 after MI, and the sections were stained using either the Carstair’s method or the H&E method. Open arrows point in the direction of the LV chamber. (A) The
presence of transmural or non-transmural rupture and intramural thrombi (arrowheads) that are closely linked with LVT (*). (B) The presence of a ventricular thrombus
that contained platelet-fibrin portion (*) adjacent to the infarct wall. (C) Platelet-rich thrombi (arrowheads) either rooted in the erosive wall or stemmed from the infarct
wall. Note the dense inflammatory cells surrounding the thrombus.

(Figure 4C). It was common to observe the formation of
platelet thrombi adjacent to the infarct wall (Figures 4D,E),
and dense inflammatory cells at the interface of the thrombus
(Figures 4D,F) were common. There was evidence for the rapid
formation, in the LV chamber, of a large blood clot embedded
with platelet thrombi within the clot (Figure 4G). These findings
imply that, in hearts with acute MI, the formation of LVT could
be due to diverse pathologies that are related to CR, wall erosion,
or regional thrombo-inflammatory activation (Figure 4H).

Incidence and Time-Course of Cardiac
Rupture and Left Ventricular Thrombus
in the Patient Cohort
From January 2015 to December 2020, a total of 8,963 patients
with acute MI were consecutively admitted to the Department
of Cardiovascular Medicine of the First Affiliated Hospital, Xi’an
Jiaotong University. CR was diagnosed in 102 patients (1.14%),

including a free wall rupture (FWR) in 62 cases, a ventricular
septum rupture (VSR) in 33 cases, and a papillary muscles
rupture (PMR) in four cases. A combination of FWR and VSR
was found in three cases. In terms of the time interval between
MI and CR, 59 cases (57.8%) occurred within 48 h (26 cases with
CR occurred prior to admission) and 38 cases (37.2%) within 3–
7 days (Figure 5A). Nine patients (8.82%) with non-ST-elevation
MI (NSTEMI) developed CR. CR occurred in 27 patients who
received PCI therapy (primary PCI in 12 cases).

Of the cohort, 130 patients were diagnosed with LVT,
representing an incidence of 1.45%. The infarct location of LVT
cases was most commonly at the anterior wall (95.4%, 124/130).
The time interval between MI and LVT detection ranged from
24 h to over 2 weeks (Figure 5A), with LVT occurring within
7 days in 82 cases (63.1%).

There were 180 in-hospital deaths (2.01%, 180/8,963). The
in-hospital mortality for patients with CR was 57.8% (59/102),
accounting for 32.8% (59/180) of total in-hospital mortality,
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FIGURE 4 | Histological images of infarct mouse hearts represent different pathological modes that ultimately result in LVT. All mouse hearts were collected 3–5 days
after MI. In panels B-G, open arrows indicate the direction of the LV chamber. (A) Akinesis of the infarct segment with regional stasis (blue dashed arrow-circle line)
that promotes the formation of LVT. The black arrows indicate the blood current in the LV chamber. (B) Extension of intramural thrombi (IMT) at the site of an
endocardial tear to form LVT; (C) Infarct wall erosion with the formation of platelet thrombi (*) at the interface between infarct tissues and ventricular blood. The
continuous enlargement of the thrombus would form LVT. (D) The early phase of LVT (arrowheads) stemmed from the infarct wall and was tightly adhered to a blood
clot that contains a portion of platelet-fibrin thrombi (*) adjacent to the infarct wall. (E) Blood clots within the ventricular chamber containing platelet-fibrin thrombi (*)
adjacent to the infarct wall. (F) Inflammatory infiltration at the surface of blood clots adjacent to the infarct wall. (G) Large ventricular thrombus embedded in a mosaic
of platelet-rich thrombi (*). (H) The summary of histological modes that would lead to the formation of LVT after MI.

only next to acute pump failure (a combination of cardiogenic
shock and heart failure, 61.1%, 110/180) but higher than that of
malignant arrhythmias (9.4%, 17/180). In-hospital deaths for the
four sub-groups are presented in Table 2.

Clinical Characteristics of Patients With
Cardiac Rupture and Early or Late Left
Ventricular Thrombus
As 95% of CR occurred within the first 7 days, patients
with LVT were then divided into LVT-early (≤ 7 days) and
LVT-late (> 7 days) subgroups based on the consideration
that the link with CR would be more evident in LVT-
early cases. The baseline characteristics of all four groups of
patients are given in Table 2. Compared with the control
group, CR patients were older, had a higher female gender
ratio, and had lower smoking or alcohol consumption rate.

The majority of CR patients were not treated with PCI
(62.7%), had a higher Killip class, and had lower blood
pressure at admission.

There was no significant difference between the LVT-
early and LVT-late groups in any of these parameters. The
majority of clinical variables were comparable among LVT
subgroups and control groups, except that patients with LVT
had higher percentages of anterior localization of MI, a
ventricular aneurysm, or hydropericardium (Table 2). Some
differences were noticeable between LVT subgroups and CR
groups (Table 2). The proportion of anterior MI or PCI
therapy rate was lower in CR than in the LVT-late and LVT-
early groups. The chance of coexistence with a ventricular
aneurysm or pericardial effusion was higher in the LVT
subgroups than in the CR group. The percentage of patients
with a symptom-to-admission interval > 12 h was higher
in the CR vs. LVT-late group. Also, patients with CR were
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FIGURE 5 | Timing of the onset of CR or echocardiography-based diagnosis of LVT in patients with acute MI (A) and counts of peripheral blood inflammatory cells in
patients with acute MI without or with LVT or CR (B). The control group consisted of 436 cases with MI without CR or LVT. Patients with LVT were divided into
LVT-early (≤ 7 days after MI, n = 82) or LVT-late (after day 7 after MI, n = 48). The results are medians [interquartile range (Q25, Q75)]. *P < 0.05, **P < 0.01
compared to the control group.

more likely to undergo cardiac surgery, mechanical circulatory
assistance, or both.

Laboratory-Derived Parameters on
Inflammation and Cardiac Injury in
Patients With Left Ventricular Thrombus
or Cardiac Rupture
Blood cell counts were determined at admission and compared
among the four groups (Figure 5B). Compared with the control
or LVT-late group, patients with CR showed significantly higher
WBC, monocytes, and neutrophils but a decreased lymphocyte
count. There was no statistical difference between LVT-early
and CR with regard to the counts of WBC, lymphocytes, and
monocytes, except for a higher neutrophil count in the CR
group. The LVT-early group showed significantly higher WBC
and neutrophil counts than the LVT-late group. Patients with
hsCRP levels greater than the detection limit (9.5 mg/L) were

29% in the control group but 65% and 67% in the CR and LVT-
early groups, respectively (both P < 0.01, Table 2). The levels
of fibrinogen, FDP, and D-dimer were significantly higher in the
three event groups than in the control group, but there was no
significant difference across the three groups (Table 2). These
results imply that both the CR and LVT-early groups exhibited
more severe inflammation after MI relative to the control and
LVT-late groups.

Figure 6 shows biochemical markers of cardiac injury among
the four groups. Except for LDH, the CR group had significantly
higher levels of all markers compared to the control and LVT-
late groups. Similarly, the LVT-early group had higher levels of
four markers than the control group, while all six markers were
higher in the LVT-early group when compared with the LVT-late
group. Comparison of these markers among groups revealed an
order of CR ≥ LVT-early > LVT-late = Control group. Of platelet
parameters, patients with CR had significantly lower platelet
counts than the other three groups, together with a higher mean
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TABLE 2 | Baseline clinical characteristics at admission in patients with acute MI and without (control) or complicated with cardiac rupture (CR) or left
ventricular thrombus (LVT).

Variable Control LVT-late LVT-early CR P-value

N = 436 48 82 102

Sex (female, %) 79 (18.1) 7 (14.6) 13 (15.9) 33 (32.4)a 0.006

Age (year) 60.1 ± 11.6 59.8 ± 13.7 59.8 ± 13.0 69.7 ± 9.0a,b,c <0.001

Smoking (n, %) 260 (59.6) 33 (68.8) 50 (61.0) 32 (31.4)a,b,c <0.001

Alcohol consumption (n, %) 70 (16.1) 14 (29.2) 25 (30.5)a 9 (8.8) b,c <0.001

Hypertension (n, %) 181 (41.5) 21 (43.8) 38 (46.3) 52 (51.0) 0.351

Diabetes (n, %) 98 (22.5) 8 (16.7) 21 (25.6) 19 (18.6) 0.541

Previous MI (n, %) 31 (7.1) 3 (6.3) 5 (6.1) 3 (2.9) 0.498

Anterior MI (n, %) 201 (46.1) 44 (91.7)a 80 (97.6)a 56 (54.9)b,c <0.001

Killip Class III-IV (n, %) 24 (5.5) 8 (16.7)a 11 (13.4) 32 (31.4)a,c <0.001

In-hospital death (n, %) 4 (0.9) 2 (4.2)a 1 (1.2) 59 (57.2)a,b,c < 0.001

Cardiac surgery and/or MCS (n, %) 0 (0) 2 (4.2) 0 (0) 21 (20.6)a,c < 0.001

Pericardiocentesis (n, %) 0 (0) 0 (0) 1 (1.2) 16 (15.7)a,b,c < 0.001

Catecholamine use (n, %) 4 (0.9) 2 (4.2) 1 (1.2) 62 (60.8)a,b,c < 0.001

Symptom-to-admission interval >12 h (n, %) 202 (46.3) 14 (29.2) 39 (47.6) 59 (57.8)b 0.012

SBP (mmHg) 127 ± 24 121 ± 19 126 ± 21 108 ± 31 a,b,c <0.001

DBP (mmHg) 79 ± 16 78 ± 16 82 ± 13 73 ± 20 a,c 0.002

Heart rate (beats/min) 78 ± 16 88 ± 19a 88 ± 16a 85 ± 25a <0.001

PCI (n, %) 393 (90.1) 34 (70.8)a 73 (89.0) 38 (37.3) a,b,c <0.001

LV aneurysm (n, %) 23 (5.5) 26 (54.2)a 40 (48.8)a 21 (20.8) a,b,c <0.001

Hydropericardium (n, %) 375 (9.6) 16 (33.3)a 30 (36.6)a 17 (16.8)c <0.001

Platelet count (109/L) 203 [166,241] 243 [198,277]a 203 [168,246]b 176 [146,214]a,b,c <0.001

Mean platelet volume (fl) 11.2 [10.4,12.1] 10.9 [9.9,11.7] 11.0 10.0,12.0] 11.5 [10.7,12.6]b 0.028

hsCRP ≥ 9.5 mg/L (%) 29.2 54.3a 64.6a 66.7a <0.001

Fibrinogen (mg/L) 3.12 [2.53,4.06] 4.01 [2.93,5.35]a 4.20 [3.11,5.47]a 3.68 [2.86,4.91]a <0.001

Fibrinogen degradation products (mg/L) 1.51 [1.09,2.42] 3.90 [2.50,6.92]a 2.42 [1.57,5.60]a 3.11 [1.97,6.77]a <0.001

D dimer (mg/L) 0.60 [0.38,1.00] 1.65 [0.90,3.20]a 1.00 [0.68,2.05]a 1.30 [0.74,2.60]a <0.001

Data are mean (SD), n (%), or median (interquartile range, IQR).
LVT-late, symptom-to-LVT interval > 1 week; LVT-early, symptom-to-LVT interval ≤ 1 week; SBP and DBP, systolic or diastolic blood pressure; MCS, mechanical circulatory
support; hsCRP, high-sensitive C-reactive protein; P-values were derived from among-group comparison by the Chi-square test or the Kruskal–Wallis one-way ANOVA.
Statistical significance between two groups is indicated as follows: a, vs. control; b, vs. LVT-late; c, vs. LVT- early.

platelet volume (MPV, Table 2). In combination, platelet counts
were negatively correlated with MPV (r = −0.48, P < 0.0001).

Patients With Dual Complications of
Cardiac Rupture and Left Ventricular
Thrombus
Three patients in our cohort had both CR and LVT. Their
clinical conditions and details of the onset of CR and LVT are
presented in Table 3. All three cases experienced MI involving
the anterior wall and the presence of a ventricular aneurysm
by echocardiography. Pericardial effusion was detected in two
cases by echocardiography. Two cases received PCI treatment.
VSR was found in two patients on day 1 and day 5 after MI,
respectively, and LVT was then detected at the next earliest
echocardiographic test (day 14 or day 26, respectively, Figure 7).
The remaining case was initially diagnosed with LVT on day 3
and later developed FWR on day 5. Table 3 shows the laboratory
parameters of the three cases. Among them, case 2 exhibited
very high levels of nearly all cellular and biochemical markers for
inflammation or cardiac injury.

DISCUSSION

Summary of Major Findings
Our joint animal and clinical study was designed to test the
potential link between CR and early LVT. We have made a
few major discoveries. Experimentally, the presence of IMT and
LVT at the site of CR was obtained in all animals with fatal
or non-fatal CR using the mouse model of MI with frequent
onsets of CR. Histopathological findings strongly support the
presence of an inflammo-thrombotic process at the site of CR-
LVT. Clinically, while the in-hospital incidence of CR was
low, CR contributed to a third of total in-hospital deaths.
A majority of patients with CR or LVT experienced it within
the first 7 days after MI. In the LVT-early group, the levels
of inflammatory cells and biomarkers, as surrogates of cardiac
injury, were generally higher than those of the control and LVT-
late groups but similar to those of the CR group. Collectively,
these findings support our hypothesis that CR and early LVT
are mechanistically linked, with CR forming the pathological
basis for the development of LVT via regional inflammo-
thrombotic response.
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FIGURE 6 | Comparison of serum levels of biomarkers for cardiac injury in patients with acute MI without (control) or with left ventricular thrombus (LVT) or cardiac
rupture (CR). Four hundred thirty-six cases were identified in the control groups and 102 cases in the CR group. Patients with LVT were divided into two subgroups
of LVT-early (n = 82) or LVT-late (n = 48). Biomarkers were determined at admission. AST, aspartate transaminase; LDH, lactate dehydrogenase; HBDH, α-
hydroxybutyrate dehydrogenase; CK, creatine kinase; CK-MB, creatine kinase-myocardial band; hs-TnT, highly sensitive-troponin-T. *P < 0.05, **P < 0.01
compared to the control group.

Effects of Cardiac Rupture and Left
Ventricular Thrombus in a Mouse
Myocardial Infarction Model
The mouse is the only laboratory species that, like human
patients, develops CR after MI (25, 26). To compensate for
the lack of clinical pathology data, the 129sv mouse strain was
used. We observed a high incidence of CR in mice that occurs
within 2–4 days after MI. A histological examination of mouse
hearts with CR identified the presence of severe inflammatory
infiltration, intramural hemorrhage, and IMT, which revealed
significant findings that are consistent with our previous studies
(26, 28). Numerous studies on mice with MI have reported the
extent of the inflammation and infarct size as pivotal factors in
the pathogenesis of CR (25–27, 34–36). Indeed, interventions
that suppress regional inflammation, including the use of anti-
platelet therapies, or reperfusion with reduced infarct size are
effective in limiting the risk of CR (28, 30, 37). Few studies have
examined the pathogenesis of LVT using the murine MI model
(28, 29). We also found the presence of acute or chronic LVT in
this model. Through a histological examination of CR or non-CR
mouse hearts, we revealed for the first time several pathological
modes that would be expected to lead to LVT. Among them,
rupture or erosion of the infarct wall with regional formation
of platelet thrombi is commonly observed. Our histological
findings also imply the migration of inflammatory cells from
the infarct wall to LVT adjacent to the infarct wall, which
would trigger the formation of platelet thrombi. Frantz et al.
reported that, in mice with MI, the early onset of LVT (24 h
after MI) and interventions that sustained regional inflammation
but impaired fibrotic healing increased the incidence of LVT

(29). Other studies have shown that interventions that enhance
inflammatory monocytes/macrophages together with delayed
healing exacerbate ventricular remodeling and the incidence of
CR (34, 35, 38).

The Thrombo-Inflammatory Mechanism
in the Formation of Cardiac Rupture and
Left Ventricular Thrombus After
Myocardial Infarction
We observed in patients with CR complications a reduction
in platelet counts and increased MPV, indicating a higher
“thrombus burden” and platelet activity (39). In addition to
their role in hemostasis and thrombosis, platelets are increasingly
recognized as major inflammation-mediating cells in settings
of innate or adaptive immunity. Platelets and immune cells
interact at the site of disease, thereby contributing to thrombo-
inflammatory processes (40). Indeed, our previous studies in
mice with acute MI demonstrated platelet-leukocyte interactions
that exacerbate inflammatory responses and the onset of CR (25,
28, 30). In the current study, histopathological findings suggest
that, following acute MI, thrombo-inflammatory processes,
evoked by wall rupture, erosion, or intense inflammatory
infiltration, promote both IMT within the infarct myocardium
and the formation of LVT. Considering the hemostatic role of
IMT that might retard complete and fatal rupture, antiplatelet
therapies would be expected to increase the risk of CR. However,
we previously observed the opposite, i.e., the use of antiplatelet
drugs or platelet depletion in mice almost abolished CR and
related IMT, owing to the inhibiting pro-inflammatory action of
platelets (28, 30). Clinical studies also indicated a lack of evidence
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TABLE 3 | Clinical features of 3 patients with acute MI and developed both cardiac rupture (CR) and left ventricular thrombus (LVT).

Variable Case 1 Case 2 Case 3

Sex Male Female Male

Age (year) 67 78 70

Diagnosis method Echocardiography Echocardiography Echocardiography + Pericardiocentesis

Revascularization PCI CAG PCI

Type of MI STEMI STEMI STEMI

Location of MI anterior anterior + inferior anterior

Rupture type ventricular septum ventricular septum Free wall

LVT localization Apex anterior/septum apex

MI-to-CR interval (day) 1 5 5

MI-to-LVT interval (day) 14 26 3

Ventricular aneurysm (VA) Yes Yes Yes

Timing of VA and LVT LVT prior to VA simultaneously simultaneously

Pericardial effusion Yes Yes No

Killip class IV III I

Percutaneous closure No Yes No

Surgical repair No No No

Days of hospitalization 6 37 5

Outcome Survived Deceased deceased

WBC count (109/L) 7.07 14.73 7.15

Lymphocyte count (109/L) 1.6 1.94 1.41

Monocyte count (109/L) 0.54 0.85 0.59

Neutrophil count (109/L) 4.77 11.9 4.94

Platelet count (109/L) 265 227 178

Mean platelet volume (fl) 9.3 11.7 11.1

Fibrinogen (mg/L) 2.93 5.35 4.71

FDP (mg/L) 5.7 16.85 2.48

D dimer (mg/L) 2.6 5.61 1.53

hsCRP (mg/L) >9.5 >9.5 n.d.

AST (U/L) 24 282 38

LDH (U/L) 305 1039 413

HBDH (U/L) 290 396 398

Creatine kinase (U/L) 137 135 193

CK-MB (U/L) 11 17 17

hs-TnT (U/L) 0.46 3.7 2.97

PCI, percutaneous coronary intervention; CAG, coronary artery angiogram only; STEMI, ST-elevation myocardial infarction; hsCRP, highly sensitive C-reactive protein;
FDP, fibrinogen degradation products; AST, aspartate transaminase; LDH, lactate dehydrogenase; HBDH, α- hydroxybutyrate dehydrogenase; CK-MB, creatine kinase-
myocardial band; hs-TnT, highly sensitive-troponin-T; n.d., not done.

for increment in the risk of CR with the use of anti-platelet
drugs (41).

Clinical Characteristics of Cardiac
Rupture and Left Ventricular Thrombus
in Patients Post-myocardial Infarction
A previous study showed that approximately 50% of CR cases
occurred within 48 h after MI, with 30–40% CR occurring within
24 h (14, 37). We showed a similar time course of CR events, with
25.5% of patients having CR prior to hospitalization. This implies
that a fraction of patients with MI with an early onset of CR
might have died in the form of sudden death before reaching the
hospital. Thus, the true incidence of CR after MI would be higher
than the data from hospitalized patients. Such a high proportion
of the early onset of CR highlights that CR remains a major

challenge to modern cardiology. As reported in the literature, CR
is the consequence of infarct expansion, leading to a tear at the
weakest location (30, 37). CR is only seen in mice with permanent
coronary occlusion, and our previous studies have shown that
reperfusion, including delayed reperfusion, abolished the onset
of CR (25, 37). Indeed, our patients in the CR group were less
likely to receive PCI relative to controls.

We found that the incidence of both CR and LVT after MI was
1.14% or 1.45%, respectively. The figure was markedly lower in
earlier clinical reports of 3–10% for CR (8, 15) and 25–40% for
LVT (10, 16, 22) but comparable to recent literature (8, 42, 43).
We speculate that, under the current management of acute MI,
clinical manifestations of CR might have changed in a proportion
of patients to the early formation of LVT. In this scenario, the
presence of LVT would indicate regional activation of platelet
thrombi at the site of non-fatal rupture, hence representing
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FIGURE 7 | Echocardiographic images from patients complicated with both cardiac rupture (CR) and a left ventricular thrombi (LVT) after acute MI. (A) 2-D image
(case 1) showing the presence of LVT (green arrow) and defect of the ventricular septum (VSR, white arrow) at echocardiographic examination (on day 14). (B) Color
Doppler image (case 2) obtained on day 5 after MI revealing the trans-septum blood shunt indicating ventricular septum rupture (VSR, red arrow). (C,D) 2-D image
(case 3 obtained on 5 days) revealed the presence of LVT [green arrow, (C)] and the defect of the apical wall [FWR, white arrow, (D)].

protective hemostasis. Indeed, in the majority of cases, CR and
LVT occurred within the first week after MI. It is worth noting
that echocardiography would be infrequent in patients without
evident indications of LVT, thus delaying LVT detection in our
study. Furthermore, despite the fact that the LVT-early and LVT-
late groups had comparable clinical characteristics, patients with
CR and LVT-early had greater circulating levels of inflammatory
cells and cardiac biomarkers. These results indicate that both
the CR and LVT-early groups of patients had more severe
inflammation and larger infarct size. Our findings are in line with
clinical and pre-clinical studies showing that CKMB, hsCRP, and
WBC counts are risk factors for CR development (27, 37, 44–46).
Recent clinical studies have shown that the neutrophil platelet-
lymphocyte ratio was associated with an increased risk of LVT
formation (47, 48).

Our finding of the dual presence of LVT and CR in three
cases further supports our view of a pathogenetic link between
both complications. A similar observation has also been made
in previous clinical studies. Domenicucci et al. observed that,
among 21 patients with MI and confirmed LVT diagnosis,
eight patients (38%) developed CR (16). Compensating for the
absence of clinicopathological information, our preclinical study
revealed pathological features in the heart of a mouse strain
that exhibit a very high risk of developing CR. Interestingly,
the presence of LVT or early pathological changes of LVT is
observed in the hearts of mice that either died of CR or without
a spontaneous CR.

Potential Implications in the
Pathogenesis of Left Ventricular
Thrombus
The Triad of Virchow is usually applied in thrombogenesis.
Regarding LVT formation following MI, emphasis has been

placed on the regional stasis of intra-ventricular blood current
as a key factor (49). A few clinical findings in the present study
indirectly support our hypothesis of a pathogenetic link between
LVT and CR. First, the onset timing of the majority of CR and
LVT events was within the first 7 days. Second, both the CR and
LVT-early groups had relatively higher levels of inflammatory
cell and cardiac biomarkers than in the control and LVT-late
groups. Third, a few patients had both LVT and CR. Admittedly,
these clinical observations were circumstantial, and the lack of
opportunity to study human hearts from deceased patients is a
major limitation. To make up for this limitation, we conducted
a careful histopathological examination on the hearts of mice
without or with a spontaneous CR, and the presence of both
CR and LVT in mouse hearts indicates the suitability of this
model in addressing our hypothesis. Histopathological findings
from the murine model indicate that, for LVT that occurs during
the acute phase of MI, one key mechanism is the onset of
partial or transmural CR, which results in the formation of
IMT. Direct exposure of damaged myocardium to blood in the
ventricular chamber could trigger platelet activation, resulting
in the formation of IMT and ultimately LVT. Morphological
features of IMT strongly indicate a hemostatic action of platelets
by blocking the rupture tunnel, albeit this would trigger the
formation of LVT following thrombotic growth toward the
ventricular chamber, while it was tightly adhered to IMT within
the infarct wall. Similarly, we also provided histological evidence
for inflammatory cells infiltrating from the infarct wall to the
adjacent region of LVT. Takada et al. conducted a pathological
study on human hearts from patients with post-acute MI who
died suddenly and observed that 44% of 50 cases had an
endocardial tear or transmural rupture tracts in the infarct wall,
as well as the presence of a mature fresh thrombus at the site of
endocardial tears and/or in rupture tracts in the majority of cases,
(50) which is equivalent to IMT in the mouse heart with CR.
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We observed, in infarcted mouse hearts, several histological
modes that could ultimately lead to LVT. Among them,
thrombo-inflammation appears to play a key role. A ruptured
wall with exposure of necrotic tissues to blood is potent in
triggering thrombus formation. An increasing number of studies,
including ours, have documented the pro-inflammatory property
of platelets in the setting of acute MI (28, 30, 40). Indeed,
a blood clot within the LV chamber often contains thrombi-
fibrin-rich portion or dense inflammatory cells at the interface
with the inflammatory infarct wall, indicating active thrombo-
inflammatory processes.

Study Limitations
Although the mouse MI model is the only one that exhibits
CR, there are significant differences relative to the clinical
features of CR. This model only simulates FWR owing to
infarct localization at the free wall of LV due to the occlusion
of the left coronary artery. Furthermore, supra-acute CR (e.g.,
within 24 h) was seen in 44% of CR cases, while mice with
MI developed CR from 48 h to day 5 after MI. The reason
for the latter remains to be investigated. Our clinical study
was retrospective and observational. An ultrasound system in
the vicinity of the cardiology ICU has contributed significantly
to this study for the diagnosis of CR (with pericardiocentesis
in some cases) and LVT. However, a limitation was the lack
of pre-scheduled serial echocardiographic tests, delaying LVT
detection by echocardiography. In addition, ultrasound contrast
was not used, resulting in some small LVT being overlooked.
High-resolution clinical imaging, including the use of contrast
in echocardiography and cardiac magnetic resonance (CMR)
imaging, would be desirable for a detailed cardiac examination.
Considering the difficulty of conducting pathologic (autopsy)
verification, CMR imaging, as the current golden standard for
LVT confirmation, would compensate for, in large part, such a
limitation. Another limitation was the relatively small group size
of patients with CR or LVT, which was largely owing to this
being a single center-based study. Further research necessitates
the establishment of a multi-center and well-planned registry.

Conclusion and Implications
We have provided preclinical and clinical data that support
our hypothesis of an intrinsic link between CR and LVT as
significant complications after MI. The coexistence of CR and
LVT was evident in mice with acute MI, and similarities in the
scale of inflammation and cardiac biomarkers were demonstrated

between patients with CR and LVT-early compared to other
groups. These findings suggest that the pathogenesis of the early
onset of LVT is, at least in part, initiated by endocardial rupture or
erosion, which triggers thrombo-inflammatory processes leading
to LVT. Future clinical studies involving serial cardiac imaging
of patients with MI, would be helpful in validating the potential
pathogenetic link between CR and LVT.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Ethics Committee of The First Affiliated
Hospital of Xi’an Jiaotong University. The written consent
form from patients was not obtained owing to the nature
of the retrospective study. The animal study was reviewed
and approved by Xian Jiaotong University School of Medicine
Research Ethics Committee.

AUTHOR CONTRIBUTIONS

SM, A-QS, X-LD, X-JD, and QL: experimental design and critical
revision of the manuscript. SM, GS, LB, PL, X-JD, and QL:
experiments and clinical data collection. SM and X-JD: data
analysis. SM, X-JD, and QL: manuscript draft. X-LD, QL, and
X-JD: project supervision. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was funded by grants from the Nature Science Fund
of China (Nos. 81870300 to X-JD; 82070393 and 82170298 to
X-LD), the Science and Technology Foundation of Shannxi
Province (to QL, 2016HM-04 and S2017-ZDYF-ZDCXL-SF-
0054), and the Clinical Research Award of The First Affiliated
Hospital of Xi’an Jiaotong University (XJTU1AF2021CRF-
016 to QL).

REFERENCES
1. Ikeda N, Yasu T, Kubo N, Hirahara T, Sugawara Y, Kobayashi N, et al. Effect of

reperfusion therapy on cardiac rupture after myocardial infarction in Japanese.
Circ J. (2004) 68:422–6. doi: 10.1253/circj.68.422

2. Schmidt M, Jacobsen JB, Lash TL, Bøtker HE, Sørensen HT. 25 year trends
in first time hospitalisation for acute myocardial infarction, subsequent short
and long term mortality, and the prognostic impact of sex and comorbidity: a
Danish nationwide cohort study. BMJ. (2012) 344:e356. doi: 10.1136/bmj.e356

3. Capewell S, Livingston BM, MacIntyre K, Chalmers JW, Boyd J, Finlayson A,
et al. Trends in case-fatality in 117 718 patients admitted with acute myocardial

infarction in scotland. Eur Heart J. (2000) 21:1833–40. doi: 10.1053/euhj.2000.
2318

4. Becker RC, Gore JM, Lambrew C, Weaver WD, Rubison RM, French WJ, et al.
A composite view of cardiac rupture in the United States national registry of
myocardial infarction. J AmColl Cardiol. (1996) 27:1321–6. doi: 10.1016/0735-
1097(96)00008-3

5. Sulo G, Igland J, Sulo E, Øverland S, Egeland GM, Vollset SE, et al.
Mortality following first-time hospitalization with acute myocardial
infarction in Norway, 2001-2014: time trends, underlying causes and
place of death. Int J Cardiol. (2019) 294:6–12. doi: 10.1016/j.ijcard.2019.
07.084

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 June 2022 | Volume 9 | Article 858720

https://doi.org/10.1253/circj.68.422
https://doi.org/10.1136/bmj.e356
https://doi.org/10.1053/euhj.2000.2318
https://doi.org/10.1053/euhj.2000.2318
https://doi.org/10.1016/0735-1097(96)00008-3
https://doi.org/10.1016/0735-1097(96)00008-3
https://doi.org/10.1016/j.ijcard.2019.07.084
https://doi.org/10.1016/j.ijcard.2019.07.084
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-858720 June 2, 2022 Time: 18:19 # 14

Ma et al. The Pathogenetic Link Between Post-infarct Rupture and Thrombi

6. Gajanana D, Weintraub WS, Kolm P, Rogers T, Iantorno M, Ben-Dor I,
et al. Trends in death rate 2009 to 2018 following percutaneous coronary
intervention stratified by acuteness of presentation. Am J Cardiol. (2019)
124:1349–56. doi: 10.1016/j.amjcard.2019.07.059

7. Sulo E, Vollset SE, Nygård O, Sulo G, Igland J, Egeland GM, et al. Trends
in 28-day and 1-year mortality rates in patients hospitalized for a first acute
myocardial infarction in Norway during 2001-2009: a “cardiovascular disease
in norway” (CVDNOR) project. J InternMed. (2015) 277:353–61. doi: 10.1111/
joim.12266

8. Figueras J, Alcalde O, Barrabés JA, Serra V, Alguersuari J, Cortadellas J, et al.
Changes in hospital mortality rates in 425 patients with acute st-elevation
myocardial infarction and cardiac rupture over a 30-year period. Circulation.
(2008) 118:2783–9. doi: 10.1161/circulationaha.108.776690

9. Porter A, Kandalker H, Iakobishvili Z, Sagie A, Imbar S, Battler A, et al.
Left ventricular mural thrombus after anterior ST-segment-elevation acute
myocardial infarction in the era of aggressive reperfusion therapy–still a
frequent complication. Coron Artery Dis. (2005) 16:275–9. doi: 10.1097/
00019501-200508000-00003

10. van Dantzig JM, Delemarre BJ, Bot H, Visser CA. Left ventricular thrombus
in acute myocardial infarction. Eur Heart J. (1996) 17:1640–5. doi: 10.1093/
oxfordjournals.eurheartj.a014746

11. Reddy SG, Roberts WC. Frequency of rupture of the left ventricular free wall or
ventricular septum among necropsy cases of fatal acute myocardial infarction
since introduction of coronary care units. Am J Cardiol. (1989) 63:906–11.
doi: 10.1016/0002-9149(89)90137-9

12. Honan MB, Harrell FE Jr., Reimer KA, Califf RM, Mark DB, Pryor DB, et al.
Cardiac rupture, mortality and the timing of thrombolytic therapy: a meta-
analysis. J Am Coll Cardiol. (1990) 16:359–67. doi: 10.1016/0735-1097(90)
90586-e

13. Xue X, Kan J, Zhang JJ, Tian N, Ye F, Yang S, et al. Comparison in prevalence,
predictors, and clinical outcome of VSR versus FWR after acute myocardial
infarction: the prospective, multicenter registry moody trial-heart rupture
analysis. Cardiovasc Revasc Med. (2019) 20:1158–64. doi: 10.1016/j.carrev.
2019.01.023

14. Honda S, Asaumi Y, Yamane T, Nagai T, Miyagi T, Noguchi T, et al. Trends in
the clinical and pathological characteristics of cardiac rupture in patients with
acute myocardial infarction over 35 years. J AmHeart Assoc. (2014) 3:e000984.
doi: 10.1161/jaha.114.000984

15. Roberts WC, Burks KH, Ko JM, Filardo G, Guileyardo JM. Commonalities of
cardiac rupture (left ventricular free wall or ventricular septum or papillary
muscle) during acute myocardial infarction secondary to atherosclerotic
coronary artery disease. Am J Cardiol. (2015) 115:125–40. doi: 10.1016/j.
amjcard.2014.10.004

16. Domenicucci S, Chiarella F, Bellotti P, Lupi G, Scarsi G, Vecchio C.
Early appearance of left ventricular thrombi after anterior myocardial
infarction: a marker of higher in-hospital mortality in patients not treated
with antithrombotic drugs. Eur Heart J. (1990) 11:51–8. doi: 10.1093/
oxfordjournals.eurheartj.a059592

17. You J, Wang X, Wu J, Gao L, Wang X, Du P, et al. Predictors and prognosis
of left ventricular thrombus in post-myocardial infarction patients with left
ventricular dysfunction after percutaneous coronary intervention. J Thorac
Dis. (2018) 10:4912–22. doi: 10.21037/jtd.2018.07.69

18. Maniwa N, Fujino M, Nakai M, Nishimura K, Miyamoto Y, Kataoka Y,
et al. Anticoagulation combined with antiplatelet therapy in patients with
left ventricular thrombus after first acute myocardial infarction. Eur Heart J.
(2018) 39:201–8. doi: 10.1093/eurheartj/ehx551

19. Leow AS, Sia CH, Tan BY, Kaur R, Yeo TC, Chan MY, et al. Characterisation of
acute ischemic stroke in patients with left ventricular thrombi after myocardial
infarction. J Thromb Thrombolysis. (2019) 48:158–66. doi: 10.1007/s11239-
019-01829-6

20. Leow AS, Sia CH, Tan BY, Chan MY, Loh JP. Characterisation of patients with
acute myocardial infarction complicated by left ventricular thrombus. Eur J
Intern Med. (2020) 74:110–2. doi: 10.1016/j.ejim.2020.01.003

21. Küpper AJ, Verheugt FW, Peels CH, Galema TW, Roos JP. Left ventricular
thrombus incidence and behavior studied by serial two-dimensional
echocardiography in acute anterior myocardial infarction: left ventricular wall
motion, systemic embolism and oral anticoagulation. J AmColl Cardiol. (1989)
13:1514–20. doi: 10.1016/0735-1097(89)90341-0

22. Osherov AB, Borovik-Raz M, Aronson D, Agmon Y, Kapeliovich M, Kerner
A, et al. Incidence of early left ventricular thrombus after acute anterior wall
myocardial infarction in the primary coronary intervention era. Am Heart J.
(2009) 157:1074–80. doi: 10.1016/j.ahj.2009.03.020

23. Rabbani LE, Waksmonski C, Iqbal SN, Stant J, Sciacca R, Apfelbaum M,
et al. Determinants of left ventricular thrombus formation after primary
percutaneous coronary intervention for anterior wall myocardial infarction.
J Thromb Thrombolysis. (2008) 25:141–5. doi: 10.1007/s11239-007-0064-2

24. Jones DA, Wright P, Alizadeh MA, Fhadil S, Rathod KS. The use of novel
oral anticoagulants compared to vitamin k antagonists (warfarin) in patients
with left ventricular thrombus after acute myocardial infarction. Eur Heart J
Cardiovasc Pharmacother. (2021) 7:398–404. doi: 10.1093/ehjcvp/pvaa096

25. Gao XM, White DA, Dart AM, Du XJ. Post-infarct cardiac rupture: recent
insights on pathogenesis and therapeutic interventions. Pharmacol Ther.
(2012) 134:156–79. doi: 10.1016/j.pharmthera.2011.12.010

26. Gao XM, Xu Q, Kiriazis H, Dart AM, Du XJ. Mouse model of post-infarct
ventricular rupture: time course, strain- and gender-dependency, tensile
strength, and histopathology. Cardiovasc Res. (2005) 65:469–77. doi: 10.1016/
j.cardiores.2004.10.014

27. Gao XM, Ming Z, Su Y, Fang L, Kiriazis H, Xu Q, et al. Infarct size and
post-infarct inflammation determine the risk of cardiac rupture in mice. Int
J Cardiol. (2010) 143:20–8. doi: 10.1016/j.ijcard.2009.01.019

28. Du XJ, Shan L, Gao XM, Kiriazis H, Liu Y, Lobo A, et al. Role of intramural
platelet thrombus in the pathogenesis of wall rupture and intra-ventricular
thrombosis following acute myocardial infarction. Thromb Haemost. (2011)
105:356–64. doi: 10.1160/th10-07-0449

29. Frantz S, Hofmann U, Fraccarollo D, Schäfer A, Kranepuhl S, Hagedorn I,
et al. Monocytes/macrophages prevent healing defects and left ventricular
thrombus formation after myocardial infarction. FASEB J. (2013) 27:871–81.
doi: 10.1096/fj.12-214049

30. Liu Y, Gao XM, Fang L, Jennings NL, Su Y, Xu Q, et al. Novel role of
platelets in mediating inflammatory responses and ventricular rupture or
remodeling following myocardial infarction. Arterioscler Thromb Vasc Biol.
(2011) 31:834–41. doi: 10.1161/atvbaha.110.220467

31. Mangin P, Yap CL, Nonne C, Sturgeon SA, Goncalves I, Yuan Y,
et al. Thrombin overcomes the thrombosis defect associated with platelet
gpvi/fcrgamma deficiency. Blood. (2006) 107:4346–53. doi: 10.1182/blood-
2005-10-4244

32. Levine GN, Bates ER, Blankenship JC, Bailey SR, Bittl JA, Cercek B, et al. 2015
acc/aha/scai focused update on primary percutaneous coronary intervention
for patients with st-elevation myocardial infarction: an update of the 2011
ACCF/AHA/SCAI guideline for percutaneous coronary intervention and
the 2013 accf/aha guideline for the management of st-elevation myocardial
infarction. J Am Coll Cardiol. (2016) 67:1235–50. doi: 10.1016/j.jacc.2015.10.
005

33. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H,
et al. 2017 ESC guidelines for the management of acute myocardial infarction
in patients presenting with ST-segment elevation: the task force for the
management of acute myocardial infarction in patients presenting with ST-
segment elevation of the European society of cardiology (ESC). Eur Heart J.
(2018) 39:119–77. doi: 10.1093/eurheartj/ehx393

34. Weirather J, Hofmann UD, Beyersdorf N, Ramos GC, Vogel B, Frey A,
et al. Foxp3+ CD4+ T cells improve healing after myocardial infarction by
modulating monocyte/macrophage differentiation.Circ Res. (2014) 115:55–67.
doi: 10.1161/circresaha.115.303895

35. Ishikawa S, Noma T, Fu HY, Matsuzaki T, Ishizawa M, Ishikawa K, et al.
Apoptosis inhibitor of macrophage depletion decreased M1 macrophage
accumulation and the incidence of cardiac rupture after myocardial infarction
in mice. PLoS One. (2017) 12:e0187894. doi: 10.1371/journal.pone.018
7894

36. Fang L, Gao XM, Samuel CS, Su Y, Lim YL, Dart AM, et al. Higher levels of
collagen and facilitated healing protect against ventricular rupture following
myocardial infarction. Clin Sci. (2008) 115:99–106. doi: 10.1042/cs2007
0365

37. Lu Q, Liu P, Huo JH, Wang YN, Ma AQ, Yuan ZY, et al. Cardiac rupture
complicating acute myocardial infarction: the clinical features from an
observational study and animal experiment. BMC Cardiovasc Disord. (2020)
20:409. doi: 10.1186/s12872-020-01683-y

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 June 2022 | Volume 9 | Article 858720

https://doi.org/10.1016/j.amjcard.2019.07.059
https://doi.org/10.1111/joim.12266
https://doi.org/10.1111/joim.12266
https://doi.org/10.1161/circulationaha.108.776690
https://doi.org/10.1097/00019501-200508000-00003
https://doi.org/10.1097/00019501-200508000-00003
https://doi.org/10.1093/oxfordjournals.eurheartj.a014746
https://doi.org/10.1093/oxfordjournals.eurheartj.a014746
https://doi.org/10.1016/0002-9149(89)90137-9
https://doi.org/10.1016/0735-1097(90)90586-e
https://doi.org/10.1016/0735-1097(90)90586-e
https://doi.org/10.1016/j.carrev.2019.01.023
https://doi.org/10.1016/j.carrev.2019.01.023
https://doi.org/10.1161/jaha.114.000984
https://doi.org/10.1016/j.amjcard.2014.10.004
https://doi.org/10.1016/j.amjcard.2014.10.004
https://doi.org/10.1093/oxfordjournals.eurheartj.a059592
https://doi.org/10.1093/oxfordjournals.eurheartj.a059592
https://doi.org/10.21037/jtd.2018.07.69
https://doi.org/10.1093/eurheartj/ehx551
https://doi.org/10.1007/s11239-019-01829-6
https://doi.org/10.1007/s11239-019-01829-6
https://doi.org/10.1016/j.ejim.2020.01.003
https://doi.org/10.1016/0735-1097(89)90341-0
https://doi.org/10.1016/j.ahj.2009.03.020
https://doi.org/10.1007/s11239-007-0064-2
https://doi.org/10.1093/ehjcvp/pvaa096
https://doi.org/10.1016/j.pharmthera.2011.12.010
https://doi.org/10.1016/j.cardiores.2004.10.014
https://doi.org/10.1016/j.cardiores.2004.10.014
https://doi.org/10.1016/j.ijcard.2009.01.019
https://doi.org/10.1160/th10-07-0449
https://doi.org/10.1096/fj.12-214049
https://doi.org/10.1161/atvbaha.110.220467
https://doi.org/10.1182/blood-2005-10-4244
https://doi.org/10.1182/blood-2005-10-4244
https://doi.org/10.1016/j.jacc.2015.10.005
https://doi.org/10.1016/j.jacc.2015.10.005
https://doi.org/10.1093/eurheartj/ehx393
https://doi.org/10.1161/circresaha.115.303895
https://doi.org/10.1371/journal.pone.0187894
https://doi.org/10.1371/journal.pone.0187894
https://doi.org/10.1042/cs20070365
https://doi.org/10.1042/cs20070365
https://doi.org/10.1186/s12872-020-01683-y
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-858720 June 2, 2022 Time: 18:19 # 15

Ma et al. The Pathogenetic Link Between Post-infarct Rupture and Thrombi

38. Wang Z, Huang S, Sheng Y, Peng X, Liu H, Jin N, et al. Topiramate
modulates post-infarction inflammation primarily by targeting monocytes or
macrophages. Cardiovasc Res. (2017) 113:475–87. doi: 10.1093/cvr/cvx027

39. Wang XY, Yu HY, Zhang YY, Wang YP, Feng XH, Li ZP, et al. Serial
changes of mean platelet volume in relation to Killip Class in patients with
acute myocardial infarction and primary percutaneous coronary intervention.
Thromb Res. (2015) 135:652–8. doi: 10.1016/j.thromres.2015.01.033

40. van der Meijden PEJ, Heemskerk JWM. Platelet biology and functions: new
concepts and clinical perspectives. Nat Rev Cardiol. (2019) 16:166–79. doi:
10.1038/s41569-018-0110-0

41. Chen ZM, Jiang LX, Chen YP, Xie JX, Pan HC, Peto R, et al. Addition of
clopidogrel to aspirin in 45,852 patients with acute myocardial infarction:
randosmised placebo-controlled trial. Lancet. (2005) 366:1607–21. doi: 10.
1016/s0140-6736(05)67660-x
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