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Abstract

Trauma remains one of the leading causes of mortality worldwide, particular-
ly among the young population. A significant number of people die within the first 48
hours due to acute cardiovascular pathology. Cardiac injury is a significant predictor
of adverse outcomes following multiple trauma, associated with poor prognosis and
prolonged hospitalization. Systemic elevation of cardiac troponin levels is linked to sur-
vival, the severity of trauma, and catecholamine consumption in patients after multiple
trauma. Clinical signs of the so-called "commotio cordis” include arrhythmias, such as
ventricular fibrillation and sudden cardiac arrest, as well as wall motion abnormalities.
In trauma patients with inadequate hypotension and a lack of adequate response to
fluid therapy, the possibility of cardiac injury should be considered. Therefore, a com-
bination of electrocardiography, echocardiography, and the systemic determination of
cardiomyocyte injury markers, such as troponin, appears to be an appropriate diagnos-
tic method for identifying cardiac dysfunction after trauma. However, the mechanisms
of post-traumatic cardiac dysfunction continue to be actively studied. The aim of this
review is to discuss cardiac injury following trauma, focusing on the mechanisms of
post-traumatic cardiac dysfunction related to inflammation and complement activation.
The review illustrates the causal relationship between cardiac dysfunction and blunt
chest trauma, multiple trauma, and hemorrhagic shock.

Introduction
Polytrauma, a condition in which a
patient sustains multiple injuries af-

massive bleeding experience organ dys-
function, including cardiac dysfunction.
Even in the absence of direct cardiac

fecting several organs or systems, is a
leading cause of mortality among young
people.! According to the World Health
Organization (WHO) as of December 13,
2023, road traffic accidents are the pri-
mary cause of polytrauma, resulting in
approximately 1.19 million deaths annu-
ally and causing disability in 20 to 50 mil-
lion people.? In the early period follow-
ing combined tissue damage and shock,
hemostasis is disrupted, leading to the
development of traumatic coagulopathy
and massive bleeding. Many survivors of
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injury in polytrauma, recent studies in-
dicate the development of asymptomat-
ic myocardial dysfunction within specific
time frames—1 to 3 days, 1 to 6 months
after the injury—often associated with
the development of systemic inflamma-
tion or the so-called “double hit” theory.?
The “double hit” theory considers ear-
ly and late complications of polytrauma
through the lens of primary soft tissue
and organ damage; secondarily, it consid-
ers the Systemic Inflammatory Response
Syndrome (SIRS), respiratory distress,
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coagulopathy, acidosis, ischemia/reper-
fusion syndrome, and hemodynamic in-
stability.>* The severity of post-traumat-
ic cardiac dysfunction is determined not
only by the degree of mechanical myocar-
dial contusion but also by damage caused
by the release of damage-associated
molecular patterns (DAMPs), cytokines,
complementopathy, and the activation
of the acquired immune response.’ This
reaction begins within 30 minutes after
severe trauma and represents an inflam-
matory response to blood loss and tissue
damage. SIRS arises due to the release
of endogenous factors known as DAMPs
(“alarmins”)  following tissue injury.
These molecules are released from acti-
vated immune cells or necrotic cells and
trigger a potent inflammatory response.
DAMPs activate immune cells and com-
plement, leading to the rapid production
of inflammatory mediators such as inter-
leukins, resulting in a systemic inflam-
matory response.’

This issue remains unresolved, and
patients after polytrauma are often not
monitored on an outpatient basis by spe-
cialists, nor do they receive preventive
treatment, leading to late presentation
with cardiovascular pathology (CVD),
which can result in the development of
heart failure (HF). Therefore, the aim of

Google Scholar {(n=2700)
Medline Pubmed (n=2451)

Elibrary (n=149)

Title and Abstract Screening
for Inclusion-Exclusion
(n=665)

this literature review is to study myocar-
dial dysfunctions in polytrauma, associ-
ated with both direct cardiac injury and
secondary injury due to systemic inflam-
mation. Specifically, this review focuses
on the study of all DAMPs associated
with the development of heart failure.

Materials and Methods

Literature Search. To prepare this re-
view article, literature search on the top-
ic of myocardial dysfunction in polytrau-
ma was conducted. The search included
publications from PubMed and Google
Scholar, Elibrary databases. The search
was carried out using combinations of
keywords such as “myocardial dysfunc-
tion”, “heart dysfunction”, “polytrauma”,
“immunology”.

Inclusion criteria: articles published
from 2014 to 2024, defined as original
research articles, review articles, me-
ta-analyses, clinical guidelines recom-
mendations written in English language.

Exclusion criteria: non-original arti-
cles; case reports; articles without ac-
cess to full texts; and duplicate articles.

As a result of the search, full text of
80 publications was reviewed. Selection
of articles was made according to the
inclusion and exclusion criteria. 17 arti-
cles which have met all the criteria were
analyzed.

Duplicate Articles
— (n=30)

Unrelated Articles

— Excluded Based on

Full-Text Articles Obtained for
Comprehensive Qualitative
Review (n=80)
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Title and Abstract
(n=585)

Figure 1.
Article selection algorithm
for review.
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Table 1.
Characteristics of studies
included in meta-analysis.

Table 2.
Total troponin and hazard
ratio results

Data Collection and Analysis. All se-
lected articles were analyzed and infor-
mation about mechanisms of myocardial
dysfunction, mechanism of the immune
response, clinicalconsequences of myo-
cardial dysfunction in polytrauma were
added to the results and discussion part.

In addition, meta-analysis was con-
ducted following PRISMA guidelines to
evaluate the association between ele-
vated Troponin 1 levels and myocardial
dysfunction. Literature search was per-
formed using PubMed, covering publica-
tions from 2019 to 2023. Included stud-
ies were prospective and retrospective
cohort, community-based cohort and
reduced trail designs involving patients
aged 18 and older, with sufficient data to

calculate effect sizes. Studies that were
case reports, reviews, non-human, or
lacked necessary data were excluded.
Two independent reviewers extracted
data on study characteristics, population
details, and Troponin 1 measurements.
Statistical analyses involved calculating
pooled effect sizes using a random-ef-
fects model, assessing heterogeneity
with the |2 statistic and performed by
using R-studio software. The search in
Pubmed returned 713 results, from which
144 full-text articles were screened cov-
ering the last 5 years. After applying the
inclusion and exclusion criteria, seven
studies describing the effect of Troponin
1 on heart failure were included in this
meta-analysis.

Author Publica- | Sample | Gender Study design Event
tion year size (M)
Yanetal ¢ 2020 48.455 | 23.321 | Prospective  popu- | Heart failure
lation-based cohort
study
Berge etal. 7 | 2021 314 163 Prospective cohort Heart failure
Zhang etal. ¢ | 2022 6487 4361 Retrospective cohort | Coronary ste-
nosis
Firth et al.’ 2019 561 332 Prospective Cardiovascu-
lar events
Innocenti et 2021 325 N/A Prospective Mortality
al.”
Packeretal | 2021 3636 2767 EMPEROR-Reduced | Heart failure
trial
Suthahar et 2020 22.756 |12.087 |community-based | Heart failure
al.”? cohorts
Heart failure
Troponin Hazard 95% CI 95% CI p-value
mean ratio low high
(ng/l)
Yan et al.,’2020 2.3 1.42 1.31 1.53 <0.001
Bergeet al.,’2021 13 1.30 1.07 1.58 <0.009
Zhang et al.,® 2022 9 1.14 1.11 1.17 <0.05
Firth et al.,’2019 0.068 2.15 1.29 3.58 <0.003
Innocenti et al.,™® NA 3.24 1.72 6.11 <0.001
2021
Packer et al.,’" 2021 14 1.71 1.22 2.41 <0.001
Suthahar et al.,”? NA 1.30 1.22 1.43 <0.05
2020
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Hazard Ratio

Hazard Ratio

Study logHR SE Weight IV, Random, 95% CI IV, Random, 95% CI

Yan et al 2020 0.3476 0.0396 21.5% 1.42[1.31;1.53] =

Berge et al 2021 0.2625 0.0994 15.6% 1.30[1.07; 1.58] —-

Zhangetal 2022  0.1307 0.0134 22.9% 1.14[1.11;1.17]

Firth et al 2019 0.7650 0.2604 54% 2.15[1.29; 3.58] -——
Innoccenti et al 2021 1.1761 0.3234 3.8% 3.24[1.72;6.11] P
Packer etal 2021  0.5392 0.1737 9.4% 1.71[1.22; 2.41] ———

Suthahar et al 2020 0.2783 0.0405 21.4% 1.32[1.22; 1.43]

Total (95% CI) 100.0% 1.41[1.23;1.61] -

Prediction interval [0.93; 2.12] -—[ |

Heterogeneity: Tau® = 0.0208; Chi® = 56.12, df = 6 (P < 0.01); I = 89% I ‘

Test for overall effect: Z = 4.94 (P < 0.01)

Results

All hazard ratios calculated in stud-
ies were found to be greater than 1.0,
which reflect the significance of the
correlation. According to Figure 2 this
meta-analysis suggests that elevated
Troponin 1 increases the risk of heart
failure by 41% on average (HR = 1.41),
with a high degree of variability (hetero-
geneity] among the study results. The
overall effect is statistically significant.

In this meta-analysis, the correlation
between the increased level of troponin
and the risk of heart failure highlights
the potential of Troponin 1 as a biomark-
er for early detection and risk stratifi-
cation in patients. The statistical signif-
icance of the overall effect, despite the
heterogeneity among studies, suggests
a robust association across diverse pop-
ulations and study designs.

Discussion

Traumatic cardiac injury can present
with a wide range of clinical manifesta-
tions, from asymptomatic conditions to
near-fatal states. Studies of traumatic
cardiac injury in pigs have shown revers-
ible reductions in ejection fraction and
fractional shortening.” In addition to
these changes in systolic function, trau-
ma may also affect diastolic function. To
assess both systolic and diastolic func-
tions after trauma, further research us-
ing echocardiographic measurements is
required.

In addition to impairments in systolic
and diastolic function, arrhythmias have
been documented following trauma.
Analysis of data from all trauma patients
at a Level | trauma center accredited by
the American College of Surgeons re-
vealed that, over a period of two years,
258 patients were diagnosed with new-
ly onset atrial fibrillation (AF) following
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0.2 0.5 1 2 5
trauma.™ Literature on commotio cordis
cites numerous cases of sudden cardiac
death caused by a ball striking the chest.
Blunt chest trauma can lead to ventric-
ular fibrillation, which in turn can cause
sudden cardiac death.” Besides direct
impact on the heart, there are reports of
arrhythmias developing in patients fol-
lowing trauma not associated with chest
impact. For example, one case involved
a child who experienced QTc interval
prolongation after a mild concussion.'
In addition to systolic and diastolic dys-
function and arrhythmias, valve insuf-
ficiency has also been noted following
trauma. For instance, chordae tendineae
rupture caused by trauma led to acute
and severe mitral regurgitation, as de-
scribed in cases following motor vehicle
accidents.” Several published reports
on traumatic valve injury have demon-
strated a wide range of symptoms: some
patients could remain asymptomatic for
many years, while others became hemo-
dynamically unstable immediately after
the injury.”®"” Valve injuries occurred
as a result of direct high-energy chest
trauma, such as motor vehicle accidents
and falls from heights. The most likely
mechanism is a sudden deceleration or
compression of the blood column in the
heart during a vulnerable phase of valve
operation.” In conclusion, it should be
noted that the topic of traumatic valve
injuries may be underappreciated in
contemporary studies of cardiac contu-
sions due to the wide range of symptoms
and the complexity of diagnosing them.
Biochemical Markers of Cardiac Injury.
During tissue damage, various molecules
are released into circulation that can in-
dicate damage to that specific tissue,
serving as markers. In myocardial injury,
various proteins and DNA molecules are

N23 2024

Figure 2.

Forest plot showing association
between Troponin 1 and heart
failure.
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released, which were previously markers
for other acute conditions, such as myo-
cardial infarction. For example, troponins
(T, C, 1) are small proteins that play a key
role in calcium-regulated cardiac mus-
cle contraction. In critically ill patients,
elevated levels of cardiac troponin T are
associated with increased in-hospital
mortality; however, there is no correla-
tion with long-term survival differences.?
Additionally, in ICU patients following
multiple trauma, elevated troponin T lev-
els correlated with ISS and AIS scores, as
well as with survival and catecholamine
needs.”™ After trauma, systemic elevation
of troponin was associated with myocar-
dial contusion in 15-45% of cases. Sys-
temic elevation of troponin in trauma pa-
tients has been described as a sensitive
biomarker for detecting cardiac compli-
cations, especially when combined with
electrocardiogram.? Recently published
reports have documented elevated tropo-
nin levels in various experimental trauma
models and species, including mice fol-
lowing multiple trauma,?' asphyxia and
hemorrhage in newborn piglets,?? and
multiple trauma with hemorrhagic shock
in pigs.?

Before it was established that dam-
aged cardiomyocyte membranes con-
tribute to the release of troponin, cell
necrosis was considered the only mech-
anism for its release.?® Besides necrosis
and apoptosis, there is growing evidence
of various possible mechanisms for re-
versible systemic elevation of troponin.?
This reversible cardiomyocyte (CM)
damage has been associated with the
release of microparticles, membrane
vesicles, and increased cell membrane
permeability.?#® Fragmented cardiac
troponin is expected to result from irre-
versible cardiomyocyte damage, while
systemic elevation of undamaged tro-
ponin is associated with reversible dam-
age.? Structurally bound troponin un-
dergoes degradation by calpains, which
are activated by increased intracellular
calcium or changes in pH levels.? Vari-
ous damage-associated molecular pat-
terns (DAMPs), such as extracellular
histones, are known to induce increased
intracellular calcium in cardiomyocytes,
occurring due to increased membrane
permeability or the formation of reac-
tive oxygen species (ROS)." Additionally,

there is evidence that troponin | direct-
ly affects the heart; it has been shown
to cause inflammatory heart disease in
mice.?’

Another myocardial damage bio-
marker is HFABP, which is detected in
the bloodstream earlier after myocardial
infarction compared to troponin.? Sys-
temic elevation of HFABP was recently
observed at early stages following exper-
imental multiple trauma in pigs.™ Clini-
cal studies among polytrauma patients
revealed increased levels of HFABP, as
well as other proteins such as growth/
differentiation factor 15 (GDF-15) and the
surface receptor of the urokinase-type
plasminogen activator (uPAR]. Specifi-
cally, the concentrations of all three pro-
teins in plasma were significantly higher
in the subgroup of polytrauma patients
with high troponin levels compared to
healthy individuals. However, while the
expression of HFABP decreased over
time, the expression of uPAR and GDF-
15 was higher at 24 hours compared to
the time of admission.?

Inflammation-Linked Heart Damage
Indicators. In response to early systemic
inflammatory reactions, accompanied by
the release of damage-associated mo-
lecular patterns ([DAMPs] into the blood-
stream,®® the release of high mobility
group box 1 (HMGB-1) protein has been
observed in humans within 30 minutes
of injury,® and it has been associated
with injury severity, complement system
activation, and mortality.®’ Additionally,
in experimental models of multiple trau-
ma, including chest trauma with hemor-
rhagic shock in pigs, elevated levels of
HMGB-1 have been documented.*? It is
known that HMGB-1 can induce cardio-
myocyte dysfunction, including cases of
cardiac hypertrophy and heart failure,®
as well as ischemia and myocardial
reperfusion injury.** HMGB-1 also func-
tions as a secondary DAMP molecule,
interacting with extracellular histones
through toll-like receptors (TLRs), par-
ticularly TLR-2, TLR-4, and TLR-9. Ex-
tracellular histones have been linked to
traumatic lung injury and acute respira-
tory distress syndrome in humans,*3¢ as
well as septic cardiomyopathy in mice.™
DAMPs can contribute to increased in-
tracellular calcium concentrations in
cavernosal malformations, which are
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associated with bradycardia and bigemi-
ny.” Systemic release of circulating his-
tones has been observed in rats with ex-
perimental blunt chest trauma, as well
as in pigs and mice with multiple trau-
ma."237 Following systemic adminis-
tration of extracellular histones in mice,
there was an increase in inflammatory
cytokines such as TNF, IL-1B, IL-6, and
IL-10.%® Additionally, HMGB-1 has been
linked to the production of inflamma-
tory cytokines,® including TNF, IL-18B,
and IL-6.40 Circulating histones accu-
mulate in the heart and are associated
with cardiomyocyte dysfunction, as well
as dose-dependent production of reac-
tive oxygen species (ROS) and increased
intracellular calcium.”™ Histones also
decrease mitochondrial membrane po-
tential and ATP production in a dose-de-
pendent manner, leading to reduced
cardiomyocyte contractility due to ener-
gy deficiency.”®#" TLR-4 has been found
to play a key role in the development of
cardiac dysfunction after trauma; its ab-
sence contributed to improved cardiac
function in mice with traumatic hemor-
rhagic shock.*

Another molecule released by the
heart in response to tissue damage is
midkine. Midkine is an inflammatory
cytokine and a heparin-binding growth
and differentiation factor.”® Systemic el-
evation of midkine levels has been ob-
served following bone fractures, burns,
and traumatic spinal cord injury.®4 Af-
ter release following a fracture, midkine
remains elevated in patients for up to
42 days.** Another mechanism through
which midkine exerts damaging effects
on human cardiomyocytes has been de-
scribed. In this context, midkine caused
significant changes in calcium handling
by cells, manifested as increased ampli-
tude of calcium delta peaks, reduced fre-
quency of calcium peaks, and enhanced
mRNA production of calcium-handling
proteins such as sarcoplasmic/en-
doplasmic reticulum calcium ATPase
(SERCA] and Na+/Ca2+ exchanger.*®. Be-
sides its effect on contractility through
intracellular calcium changes, midkine
also impaired mitochondrial function in
cardiomyocytes and induced apoptosis.®

Changes in Complement System Acti-
vation. During experimental sepsis and
following burn trauma, it has been found
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that the complement activation product,
complement factor (C5a), causes signif-
icant dysfunction in cavernous malfor-
mations both in vitro and in vivo by in-
teracting with Cba receptors.*' Another
study of spinal cord injury due to con-
tusion in the mouse model, C5a caused
most damage in the acute phase, while
it had some protective utility later with
contribution to hypertrophy and glial
scar formation.*®

In trauma patients, complement
system activation has been noted with
increased levels of ComC.* ComC acti-
vation leads to activation of other com-
plement elements, which also is asso-
ciated with the development of acute
respiratory distress syndrome and
multiple organ failure.* In contrast to
the threefold increase in Cba receptor
(C5aR) expression in the myocardium
after ischemia observed in experimen-
tal blunt chest trauma in mice, experi-
mental asphyxia and hemorrhage in pig-
lets,?2 and experimental multiple trauma
in pigs, C5a receptor factor (C5aR1)
expression in the left ventricle was re-
duced.”™ This decrease in C5aR1 levels
may be due to receptor internalization
following binding with C5a, which signifi-
cantly increases after trauma in animal
models.*’

Systemic consumption of both clas-
sical and alternative complement sys-
tem factors was demonstrated using
the CH-50 test in pigs 6 hours after
multiple trauma.”® Additionally, neutro-
phils migrate to cardiac tissue following
trauma, as shown in experimental blunt
chest trauma in mice.*” Neutrophil ser-
ine protease cleaves C5aR1, leading to
its reduction after trauma.*’ In case with
C5aR2, its loss mouse model with spinal
cord trauma caused worse outcomes.*
Furthermore, in the inflammatory state
of CLP sepsis, the interaction of C5a with
C5aR1 leads to an excess of cytosolic
ROS and Ca2+i in cardiomyocytes.*"s

A biochemical marker is considered
high-quality if it is detectable at early
stages, measurable in peripheral ma-
terials such as blood or urine, sensi-
tive, correlates with the severity of the
patient’s condition, and is analytically
stable and measurable over time after
the event.52 A common issue with many
markers is sensitivity, as these mole-
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cules can be released by other organs.
For example, lactate dehydrogenase
(LDH) has been described as a promis-
ing indicator for screening chest trauma
in patients with polytrauma. However,
LDH is an enzyme found in many tissues,
including the heart, lungs, liver, kidneys,
skeletal muscles, and blood cells.®
Therefore, elevated LDH levels in poly-
trauma patients require the exclusion of
other sources of this enzyme.

Thus, many markers associated with
cardiac injury need further investigation.
For instance, GDF-15 has proven to be
effective for predicting outcomes in pol-
ytrauma patients. This protein showed
moderate correlation with ICU stay and
hospital stay, and strong correlation
with ventilation time and catecholamine
requirements.? However, GDF-15 is ex-
pressed not only in the heart but also in
various human tissues, including the pla-
centa, kidneys, lungs, pancreas, skeletal
muscles, liver, and brain. In this study,
the authors relied on elevated GDF-15
levels in patients with high troponin lev-
els.? Hence, clinical recommendations
and protocols should consider the condi-
tions under which specific markers were
studied and their levels.

Additionally, the influence of other
factors must be excluded. For instance,
the correlation of complement factors
C3a and Cba with the development of
acute respiratory distress syndrome
and multiple organ failure does not im-
ply that these complications are solely
caused by elevated levels of these fac-
tors. It is a multifactorial phenomenon
influenced by the severity of the condi-
tion, the combination of injuries in poly-
trauma, the patient’s pre-existing health
status, and other factors. Therefore,
when identifying certain molecules as
cardiodepressive, meaning they impair
cardiomyocyte function, it is essential to
exclude the influence of other factors on
cellular status.

Currently, the determination of mo-
lecular patterns associated with cardiac
damage and other markers is not con-
ducted at a clinical level. Existing pro-
tocols rely on troponin levels, ECG, and
echocardiography when necessary, and
incorporating additional markers is a
lengthy process dependent on extensive
research in this area.

Limitations. The limitations of this
article include the use of a mixed meth-
od combining systematic review and me-
ta-analysis. This could potentially cause
the issue in analyzing the findings from
diverse study designs. Additionally, the
meta-analysis was performed only on
the association between Troponin 1 and
heart failure, while other relevant bio-
markers were not analyzed. As a result,
there can be potentially missing import-
ant markers of the condition. The rela-
tively small number of sources included
may also limit the generalizability of our
findings to the broader population. Fur-
ther research is needed to explore heart
failure in more diverse populations and
to examine additional biomarkers.

Conclusion

Studies show that polytrauma sig-
nificantly impacts the development of
myocardial dysfunction, which can arise
both directly from heart damage and
secondarily due to systemic inflamma-
tory response. Various biomarkers, such
as troponins and HFABP, help assess the
extent of cardiac injury but remain insuf-
ficiently studied. Inflammatory process-
es and complement system activation
play a crucial role in the development of
myocardial dysfunction and require fur-
ther investigation to improve the diag-
nosis and treatment of polytrauma pa-
tients. These results highlight the need
for developing preventive and therapeu-
tic measures aimed at minimizing cardi-
ac complications in this patient group.
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