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The neurocardiac axis in traumatic
brain injury - an endless pathophysiological hot spot
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Abstract

Traumatic brain injury (TBI) continues to be one of the leading causes of morbidity and mortality worldwide.
Depending on the type of traumatic mechanical forces that act on the skull, primary polymorphic injuries may
occur due to the direct impact. Secondary injuries are usually rapidly induced in the acute phase after the initial
hit and are represented by neuroinflammation, cerebral edema, or ischemia. As in every acute stress condition,
sympathetic activation is the primary and central pathophysiological alteration after TBI, being responsible for
the more significant part of the systemic organ damage, systemic inflammation, and finally for the poor outcome.
Massive catecholamine release translates into massive peripheral vasoconstriction and raised systemic vascular
resistance, an entity frequently recognized as “neurogenic hypertension”. Catecholamine cardiotoxicity may in-
duce stress cardiomyopathy, characterized by myocytolysis or contraction band necrosis, induced by accelerated
myocardial necrosis in a hypercontracted state. If stress cardiomyopathy was reported to occur simultaneously
with a stressful event, like TBI, another similar entity named neurogenic stunned myocardium was described to
arise secondary to the primary neurologic pathology. A reversible microcirculatory dysfunction has also been
identified. Considering the rationale of beta-blocker use in patients with concomitant TBI and stress cardiomy-
opathy, further homogenous trials are needed to establish benefits and safety.
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Introduction

Traumatic brain injury (TBI) continues to be one
of the leading causes of mortality and disability in
young adults [1-3]. Through high healthcare costs,
this so-called “silent epidemic” represents a burden
for every national healthcare system worldwide [1, 2].
The principal causes of TBI are represented by falls,
road injuries, and sports accidents [2, 4]. The inci-
dence of this pathological entity is age-related and
has three peaks: first during early childhood, second
in early adulthood and the last after the age of 75.
Thus, adequate management for these patients is
the aim of many different medical specialties [4].

TBI has been classified as primary and second-
ary injuries for more than 20 years, although this
depiction has proved to be rather synthetic as both
processes are intimately tied [5]. Primary injury
caused by initial mechanical forces (acceleration
and deceleration, penetrating or blast trauma) may
cause focal contusions, hemorrhages, or diffuse ax-
onal injuries, often not easily identified during ini-
tial investigations [6]. Secondary injuries supervene
the initial lesions and are usually related to ischemic
origins, such as hypo-/hypertension, hypo-/hyper-
thermia, acidosis, hypo-/hyperglycaemia, or anemia
[7]. Considering that primary injuries are associated
with irreversible changes, secondary injuries are the
main therapeutic goals for TBI patients [7].

As in every acute stress condition, sympathetic
activation is the primary and central pathophysio-
logical alteration after TBI, being responsible for
the larger part of the systemic organ damage, sys-
temic inflammation, and finally for the poor out-
come [8]. The current article review describes the
brain-heart interaction and its implication on the
cardiovascular system in patients with TBIL.

Heart-brain axis - physiological aspects

The link between the heart and the brain has already
been described several decades ago, along with the
Cushing reflex (bradycardia and hypertension) [9].
Since then, an extensive brain-heart network, called
the central autonomic network (CAN), was de-
scribed [10]. CAN links cortices structures, like the
medial prefrontal cortex, the insula cortex, subcorti-
cal structures - amygdala, hypothalamus, and brain
stem areas like the periaqueductal grey matter and
the pons parabrachial Kolliker-Fuse region [9, 10].
Experimental studies have revealed that the
insular cortex has a central role in modulating the
neuro-cardiac axis through viscerosensory and vis-
ceromotor functions [10]. According to “the lateral-
ity hypothesis”, the right insula is associated with
sympathetic regulation of the cardiovascular activity,
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and lesions on the left insula are implicated in par-
asympathetic modulation, converting to a predom-
inance of cardiac sympathetic tone [9, 11]. Clinical
data revealed that patients with an ischemic stroke
affecting the left insular cortex encounter sympa-
thetic overstimulation while ischemic stroke on the
right insular cortex may cause neurogenic stand my-
ocardium [12]. However, data based on humans and
neuroimaging studies have not confirmed the exact
location of cardiac motor regions, and the laterali-
zation theory remains questionable [13]. Chouchou
et al. demonstrated that sympathetic and parasympa-
thetic systems are equally represented in both right
and left insular regions, with a slight asymmetry be-
tween their subregions [13]. After leaving the central
nervous system, sympathetic efferent fibers synapse
in the stellate ganglia, and postganglionic fibers dis-
tribute predominantly around the sinus node and
coronary sinus. Preganglionic parasympathetic fib-
ers synapse within the intrinsic cardiac ganglia and
spread afterward to the atria and ventriculi, includ-
ing the sinus and atrioventricular node [14]. The
sympathetic effects are mediated through beta-1,
and postganglionic parasympathetic stimulate M2
muscarinic receptors [9].

From TBI to neurogenic hypertension

Depending on the type of traumatic mechanical
forces that act on the skull, primary polymorphic
injuries may occur due to the direct impact [6]. The
primary insult causes a coup characterized by necrot-
ic neurons and glial cells and shearing of the axons
and vessels, precipitating intracerebral, epidural,
and subdural hemorrhages [15, 16]. Supplementary
lesions are described in the opposite areas or sur-
rounding the primary injury due to the rebound of
the brain tissue (contrecoup) [15, 17].

Secondary injuries are usually rapidly induced in
the acute phase after the initial hit [17]. Increased
levels of glutamate and aspartate may cause hyper-
activation of N-methyl-D-aspartate (NMDA) and
alfa-amino-3-hydroxy-5-methyl-4-isoxazole ~ propion-
ate (AMPA) receptors leading to neurons depolar-
ization - an excitotoxicity effect [15]. Exacerbated
Ca? ions release, induced by glutamate, produces
mitochondrial dysfunction, increases oxidative stress
and finally promotes neuronal cells death [16, 18].
Furthermore, high levels of glutamate favors “hyper-
glycolysis”, defined by rapid glucose depletion and
lactate accumulation due to mitochondrial dysfunc-
tion [6, 18, 19]. All these cellular alterations associat-
ed with electrolyte imbalance and osmotic gradients’
variations ultimately lead to cytotoxic edema [4, 6,
20]. Although these cellular changes are referred
to as cytotoxic edema, studies revealed that there is
only an intracellular fluid accumulation caused by
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oncotic cell swelling [21]. The second type of edema
described after TBI - vasogenic edema - is caused by
endothelial cell sheet disruption through which elec-
trolytes, proteins, and water shift from the intravas-
cular space and accumulate extracellularly (6, 16, 20].
This type of edema associated with blood-brain-barri-
er (BBB) breakdown proved to be more detrimental,
causing extracellular edema and brain swelling [21].

According to the KellieMonroe doctrine, an
increase in brain parenchyma imposes the decrease
of all the remaining components (cerebrospinal flu-
id and cerebral blood flow reduction) [21-23]. Al-
though the initial intracranial volume increase may
be compensated, these mechanisms are rapidly ex-
hausted, and intracranial pressure develops [22, 23].
Increased intracranial pressure (ICP) above the level
of mean arterial pressure (MAP) will affect cerebral
perfusion pressure (CPP), resulting in autoregula-
tion mechanism failure with a rightward shift of the
regulation curve [4, 8, 16, 22]. After compromising
the mechanism of preserving a continuous cerebral
blood flow, an alternation of hypoperfusion and hy-
peremia may occur (“luxury perfusion”) [8, 24, 25].
Nevertheless, increased ICP was already recognized
as the main contributor to the exacerbated sympa-
thetic outflow in patients with TBI [6, 26].

Both primary and secondary injuries are asso-
ciated with damage-associated molecular patterns
(DAMPS) production, which in turn activate a lo-
cal immune response, including increased cytokine
release (tumornecrosis-factoralfa - (TNF-alfa),
interleukin-6 (IL-6), interleukin 1-beta (IL-1 beta)
[15, 20]. This early cytokine release is associated
with further BBB injury, maintaining a continuous
vicious cycle [15]. Increased IL-1 beta contributes to
early sympathetic nervous system (SNS) activation
and, in return, increased levels of catecholamines
impact cytokine release from leukocytes through
adrenergic receptors’ modulation [27].

Neuroendocrine pathways activation during
TBI has already been proven to be in a tight bidirec-
tional relationship with the increased neuroinflam-
matory response, released cytokines, like TNF-alfa
or IL-6 being potent activators of the hypothalam-
ic-pituitary-adrenal axis [28]. The initial phase after
trauma is characterized by the increased sympa-
thoadrenal response, secondary to hypothalamic
activation, increased catecholamines, corticotropin,
cortisol, thyroid hormones, and growth hormone
release [29, 30]. Catecholamine exacerbated re-
lease secondary to hypothalamic stimulation was
also demonstrated through experimental studies
[31]. Although this initial phase may be typical for
every stressful situation, cortisol effects in patients
with TBI are altered and are influenced by various
factors like the affected brain region, damaged cell
types, or exogenous glucocorticoid administration
[28]. However, Kusmenkov et al. demonstrated that
cortisol levels decreased rapidly, and after the first
24 hours, patients with TBI may experience a lower

126

total and free cortisol concentration, exposed to in-
adequate stress response [32].

Most of the pathophysiological alterations asso-
ciated with TBI have a merged effect resulting in a
complex cascade of catecholamine release [27]. As in
any “fight or flight” reaction, SNS replies through
massive adrenaline and noradrenaline release
into the periphery in order to restore homeostasis
(27, 33]. Although sympathetic nervous system acti-
vation and increased catecholamine release are to be
expected as an essential survival response, excessive
and prolonged hyperadrenergic response proved to
be associated with a worse outcome, characterized by
severe brain injuries, multisystemic dysfunction, and
increased mortality [34-36]. In a prospective, obser-
vational study, Rizoli et al. reported that the exten-
sive catecholamine release is an independent prog-
nostic factor and that the catecholamine peak levels
are proportional with the brain injury severity [34].

Clinically, massive catecholamine release trans-
lates into massive peripheral vasoconstriction and
raised systemic vascular resistance, an entity fre-
quently named “neurogenic hypertension” [8].

From TBI to cardiac
dysfunction - common pathophysiology
for many different entities

Association between brain injuries and myocardial
dysfunction has already been signaled from the late
’60s [37]. Since then, various brain injury-related
cardiac pathologies have been described, includ-
ing Takotsubo cardiomyopathy, transient systolic
dysfunction, neurogenic stunned myocardium, or
reverse acute heart failure [38]. Regardless of the
clinical pattern, in most of the cases, catechola-
mine-induced pathological features were highlight-
ed [39]. Interestingly, experimental studies revealed
that the increased levels of catecholamines from the
myocardial interstitium are not necessarily correlat-
ed with increased catecholamine plasma levels [40].
Histopathological changes typically caused by cat-
echolamine cardiotoxicity are represented by myocy-
tolysis or contraction band necrosis induced by accel-
erated myocardial necrosis in a hypercontracted state
(41, 42]. These specific myocardial transformations
are explained through extensive Ca?* ions influx sec-
ondary to beta-1 receptor overstimulation, induced by
catecholamines in the context of lower oxygen levels,
usually illustrated on the electrocardiogram through
peaked T waves [39, 40, 43]. Nevertheless, another
particular histopathological feature is represented by
a rich interstitial mononuclear infiltrate [42].
Considering the distribution of beta-adreno-
receptors and sympathetic innervation in the left
apical ventricle (higher receptor density and lower
sympathetic nerve density), an apical-basal gradient
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was depicted [39, 42]. This gradient is thought to
be responsible for the apical left ventricle kinetic
anomalies (reversible akinesia or hypokinesia of
the apex), usually described in Takotsubo syndrome
or stress cardiomyopathy [38, 42]. In other words,
it was reported that the cardiac apex might have a
higher sensibility to increased levels of catechola-
mines, which may cause a reduced coronary blood
flow as well as a negative inotropic effect in this area
[44]. Negative inotropic effects are considered to be
induced by a “molecular switch” of the beta-2 adr-
energic receptors through uncoupling from the Gs
protein pathway and coupling to Gi protein [44].
Heubach et al. revealed that only adrenaline and not
noradrenaline are able to couple beta-2 adrenergic
receptors, which may be a protective mechanism
against Gs protein overstimulation in the presence
of high levels of noradrenaline [45].

Growing reports about “atypical” or “inverted”
Takotsubo (akinesia of the basal left ventricle and hy-
perkinesia of the apex) were identified, emphasizing
that the incidence of this particular cardiomyopathy
is higher than initially thought [42, 46, 47]. Since
available experimental data is still incomplete, the
pathophysiology mechanisms of this inverted Takot-
subo cardiomyopathy are still uncertain [46]. How-
ever, interindividual variability of the distribution
of the adrenergic receptors is highly suspected [47].

If stress cardiomyopathy was reported to coin-
cide with a stressful event like TBI, another simi-
lar entity, named neurogenic stunned myocardium
(NSM), was described to arise secondary to the pri-
mary neurologic pathology [39]. Considering that
both entities have common pathophysiological and
clinical features, it is considered that NSM is only
a different presentation of the same pathology [31,
39, 48]. The main difference between Takotsubo
cardiomyopathy and NSM is represented by the
fact that apical dysmotility is common in Takotsubo
cardiomyopathy while basal akinesia/hypokinesia is
frequent in NSM (31, 39].

It was also reported that a reversible microcir-
culatory dysfunction might also be described in pa-
tients with stress cardiomyopathy [31, 49]. Galiuto
et al. reported that all patients with Takotsubo syn-
drome included in their observational study present-
ed a perfusion defect due to a coronary microvascu-
lar dysfunction, which was transitorily ameliorated
after adenosine administration and completely one
month after the acute injury [49].

TBI-related cardiac
dysfunction — therapeutic aspects

Considering that the main pathophysiological pro-
cess incriminated to be responsible for stress cardi-
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omyopathy is represented by exacerbated catechola-
mine release, the expected therapeutic target may be
a counteraction against sympathetic storm (42, 43].
In this regard, beta-blocker administration seems
to be the treatment with the best potential benefit
(26, 31, 50].

Taking into consideration that besides beta-1
adrenoreceptors overstimulation, a negative ino-
tropic effect mediated by beta-2 adrenoreceptor
may occur, an unselective beta-receptor antagonist
should be considered [50]. The use of beta-blockers
with adequate pharmacokinetics properties proved
to have simultaneously beneficial effects on the my-
ocardium and the brain [50-52]. The experimental
study conducted by Armstead et al., which included
thirty pigs, revealed that propranolol administration
was associated with lower cerebral inflammation
levels but also with the prevention of hypotensive
dilatation impairment [52]. Murry et al. indicated
that early use of propranolol in patients with TBI
was associated with decreased hospital length of
stay without registering an increase in bradycardic
and hypotensive events [51]. However, Akashi et al.
singled out that the use of combined alfa and be-
ta-blocker may be a better choice, considering that
supplementary alfa blocking may prevent platelet
activation and thrombosis induced by adrenaline
through alfa-2 adrenoreceptors [53]. The selection
of combined alfa and beta-blocker was reported to
be rather unsafe, considering the high risk of cer-
ebral blood flow endanger secondary to induced
hypotension [50].

Conclusion

Traumatic brain injury associated with cardiac
dysfunction is a frequent entity that is often mis-
diagnosed. The principal mechanism of cardiac dys-
function is represented by catecholamine overstimu-
lation as a result of pathological changes induced by
TBI. Although a variety of entities were described,
stress cardiomyopathy is characterized by transient
myocardial dyskinesia and is usually associated with
a favorable prognostic. Considering the rationale of
beta-blocker use in patients with concomitant TBI
and stress cardiomyopathy, further homogenous tri-
als are needed in order to establish the benefits and
safety of this treatment.
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