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Crosstalk between brain, lung and heart in critical care 

 

 

 

 

Abstract  

 Extracerebral complications, especially pulmonary and cardiovascular, are frequent in 

brain-injured patients and are major determinants of the outcome. Two major pathways 

have been described: brain-lung and brain-heart interactions. Lung injuries after acute brain 

damages include ventilator-associated pneumonia (VAP), acute respiratory distress 

syndrome (ARDS) and neurogenic pulmonary œdema (NPE), whereas heart injuries can 

range from cardiac enzymes release, ECG abnormalities to left ventricle dysfunction or 

cardiogenic shock. The pathophysiologies of these brain-lung and brain-heart crosstalk are 

complex and sometimes interconnected. This review aims to describe the epidemiology and 

pathophysiology of lung and heart injuries in brain-injured patients with the different 

pathways implicated and the clinical implications for critical care physicians. 
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Introduction 

 Extracerebral complications, especially pulmonary and cardiovascular, are frequent in 

brain-injured patients and are major determinants of the outcome [1,2]. Two major 

pathways have been described: brain-lung and brain-heart interactions. The lung appears to 

be more “vulnerable” to aggression in case of brain injury. Lung injuries after acute brain 

damages include ventilator-associated pneumonia (VAP), acute respiratory distress 

syndrome (ARDS) and neurogenic pulmonary œdema (NPE), whereas heart injuries can 

range from cardiac enzymes release, ECG abnormalities to left ventricle dysfunction or 

cardiogenic shock. These extracerebral complications can occur after traumatic brain injuries 

(TBI), subarachnoid haemorrhage (SAH), acute ischemic stroke (AIS), intracerebral 

haemorrhage (ICH), epileptic seizures or central nervous system infections. The 

pathophysiologies of these brain-lung and brain-heart crosstalk are complex and sometimes 

interconnected. This review aims to describe the epidemiology and pathophysiology of lung 

and heart injuries in brain-injured patients with the different pathways implicated and the 

clinical implications for critical care physicians.  

 

 

1. Lung and heart injuries after acute brain damages 

1.1 Lung injuries 

The main pulmonary complications in brain-injured patients are ventilator-associated 

pneumonia (VAP), acute respiratory distress syndrome (ARDS) and neurogenic pulmonary 

œdema (NPO). Two observational studies conducted in patients with severe TBI described 

the incidence of various extra-cerebral damages [1,2]. Eighty-one percent of patients 

developed respiratory dysfunction (PaO2/FiO2 = 226-300), with a PaO2/FiO2 ratio ≤150 in 

23% of patients in 209 patients with severe TBI [1]. Another study on 154 severe TBI 

reported respiratory complications as the most common with 61% of patients[2]. These non-

neurological organ failures, in particular in intensive care unit (ICU), seem to be more 

common in brain-injured patients, even if they are younger, with less comorbidities 

highlighting specific pathophysiology.  
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Ventilator-associated pneumonia (VAP) 

Pneumonia and VAP are commonly found in brain-injured patients due to the 

alteration of the level of consciousness and inhalations or even micro-inhalations. Risk 

factors for VAP in brain-injured patients have been identified such as the use of barbiturates, 

nasal carriage of staphylococcus aureus, gastric aspiration before intubation, therapeutic 

hypothermia and severe thoracic lesions [3,4]. In addition, the use of mechanical ventilation, 

sedation and curare, a previous administration of antibiotics and the lack of head-up 

position during mechanical ventilation increase the risk of VAP [5]. Brain injury-induced 

immunosuppression contributes to the development of infectious diseases [6]. 

The incidence of VAP in patients with severe TBI varies between 21 and 60% [2,4,7]. 

Methicillin-sensitive staphylococcus aureus (MSSA) is the bacterial pathogen the most 

commonly found in VAP in patients with TBI. Early enteral nutrition and oral care would 

reduce the incidence of VAP in neurological ICU [7,8]. Pelosi et al. have reported higher rates 

of VAP in patients with TBI compared to patients with AIS or SAH and to patients without 

neurological involvement [9]. Cinotti et al. have described an incidence of VAP of 49% in a 

retrospective analysis of 193 patients with SAH who were mechanically ventilated and MSSA 

was the most common pathogen [10]. Kasuya et al. have reported an incidence of VAP of 

28% in 111 mechanically ventilated patients with stroke. The presence of a chronic 

pulmonary disease, high severity score at admission, and the presence of haemorrhagic 

transformation were independent risk factors for the occurrence of VAP. The most 

commonly identified pathogens were MSSA and methicillin-resistant Staphylococcus aureus 

(MRSA) in this cohort [11]. 

 

Acute respiratory distress syndrome (ARDS)  

The incidence of ARDS is high in brain-injured patients. The criteria used to define 

ARDS in most studies are those of the European-American Consensus Conference. A 

prospective study conducted in 192 patients with neurological involvement (SAH, subdural 

haematoma (SDH), TBI and AIS) has reported a 35% incidence of ARDS [12]. Other studies 

have found an incidence ranging between 19 and 35% in patients with a Glasgow score < 9 

[12–14].  About 20-25% of patients with isolated TBI [15,16] and 20-38% of patients with 

SAH [17–19] will develop ARDS. A recent retrospective US study conducted over the 1994-

2008 period has reported an incidence of ARDS of 4% in patients with AIS [20].  
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Risk factors for the development of ARDS have been clearly identified in these brain-

injured patients: First, the severity of the initial brain damage represented by a low Glasgow 

score and severe initial lesions on Computed Tomography (CT) scans. Second, the presence 

of induced hypertension, vasoactive drug administration and a history of drug abuse have 

been identified as independent risk factors for ARDS in patients with TBI [21]. Lastly, more 

general risk factors have been reported such as young age, male gender, some ethnicities, a 

history of chronic hypertension, diabetes, chronic obstructive pulmonary disease (COPD), 

the occurrence of sepsis, the presence of cardiovascular, kidney and haematological 

dysfunction [16,20]. Mascia et al. have studied the ventilatory management of 82 patients 

with TBI in a multicentric, prospective, observational study. Twenty-two percent of patients 

developed ARDS and their initial tidal volume (Vt) was greater than that of patients who did 

not develop ARDS. The proportion of ARDS increased in a dose-dependent manner with Vt 

adjustment. Seventy-two percent of patients who developed ARDS had within the previous 

days a Vt ≥ 10 mL/kg of ideal predictive bodyweight (IPB) [14]. The ventilatory management 

of brain-injured patients seems to be a key point in the development of ARDS and is part of 

the "double hit" concept where the lung, weakened by an inflammatory environment, is 

vulnerable to any other aggression such as a too high Vt. Indeed, clinicians are often 

tempted to set high Vt to achieve the objectives of PaCO2, major determinant of secondary 

brain injuries. The objectives of PaCO2 should not be reached by an increase in Vt but rather 

by an increase of respiratory rate (RR). 

The temporal distribution of the occurrence of ARDS is bimodal with an early peak on 

day 2-3 after the implementation of mechanical ventilation and a second later peak on day 

7-8 [22], often associated with the occurrence of pneumonia [4]. 

 

Neurogenic pulmonary œdema (NPE) 

NPE was described more than a century ago and is defined as a clinical entity 

associating an acute onset of protein-rich pulmonary œdema after significant central 

nervous system damage such as TBI, SAH, AIS, spinal cord injury, status epilepticus, 

meningitis or SDH in the absence of other possible causes [23].  

In a review of the literature reporting NPE cases from 1990 to 2003, the most 

common associated neurological involvement was SAH (42.9%) with symptom onset less 

than 4 hours after brain injury in 71% of patients. The mortality of NPE patients was high 
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(about 10%) but in patients who survived, symptoms improved rapidly (in less than 72 hours 

for 52.4% of patients) [24]. Rogers et al. have published a large series of autopsies of brain-

injured patients who died immediately or within 96 hours after brain injury. The diagnosis of 

NPE was based on the presence of pulmonary œdema, congestions and haemorrhages 

associated with an increase in lung weight. In patients with isolated TBI who died 

immediately, the incidence of NPE was 32%. It reached 50% in patients who died within 96 

hours. An inverse correlation between the cerebral perfusion pressure (CPP) and the 

PaO2/FiO2 ratio was observed even when the chest X-ray was considered normal [25]. In 

patients with SAH due to ruptured aneurysm, the incidence of NPE varies between 2 and 

25% according to studies [18,26–28]. It seems to be higher in fatal SAH [29]. For patients 

with AIS, a retrospective analysis of 210 patients with AIS or transient ischemic attack 

reported around 18% of pulmonary œdema independently of cardiac abnormalities [30]. The 

true incidence of NPE is difficult to evaluate, as definition criteria are variable according to 

study, and cardiac implication has to be remote that is not easy in retrospective study. Risk 

factors such as older age, time to surgery, vertebral artery surgery and initial clinical and 

radiological score (Hunt-Hess and Fisher score) severity have been identified [27,31].  

The distinction between NPE and ARDS is sometimes difficult. Based on the 

consensus definition of ARDS, NPE may be considered as a form of ARDS. Thus, some 

authors have proposed to use the following diagnostic criteria for NPE: 1. Radiological 

bilateral infiltrates; 2. PaO2/FiO2 ratio < 200; 3. Absence of evidence of left heart failure; 4. 

Presence of severe central nervous system involvement leading to increased intracranial 

pressure (ICP); 5. Absence of other causes of ARDS (such as inhalation, massive blood 

transfusion or sepsis) [32]. 

 

  Prognosis and lung impairment 

 Pulmonary involvement is therefore common and may lead to significant 

consequences in these brain-injured patients by directly affecting their prognosis. 

Respiratory failure and mechanical ventilation are indeed independent risk factors for 

increased mortality, worsening of neurological outcome in brain-injured patients [19,33,34] 

and are associated with an increased length of stay in ICU and in hospital [20,35]. In a 

multicentric, prospective, observational study, Pelosi et al. have assessed the prognosis of 

intubated and mechanically ventilated patients with various cerebral damages (362 patients 
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with AIS or ICH and 190 patients with TBI) by comparing them to neurologically unaffected 

patients [9]. Respiratory involvement was the most common non-neurological organ 

dysfunction. In addition, brain-injured patients requiring mechanical ventilation showed a 

longer length of stay in ICU and increased mechanical ventilation duration with a more 

common use of tracheostomy, a higher incidence of VAP and a higher mortality than "non-

neurological” patients. In patients with severe AIS, a 3-fold increase in mortality rate is 

reported when VAP occurs [36]. In all cases, the occurrence of ARDS increased morbidity and 

mortality in brain-injured patients [14,15,18–22,27,33,37]. Occurrence of ARDS after TBI 

leads to a 3-fold increase in hospital mortality [16]. The occurrence of NPE after SAH is 

associated with increased cardiac Troponin I (cTrI) plasma levels [38] and mortality [27,28]. 

However, multivariate analyses evoke that NPE may not be an independent factor of worse 

clinical outcome [18,26]. 

 

1.2 Cardiac injuries 

 Cardiac impairments represent common extracerebral complications in brain-injured 

patients and range from simple electrocardiographic (ECG) modifications to left ventricular 

wall motion abnormalities with cardiogenic shock [39]. A particular entity, after acute brain 

injuries, defined with transient left ventricular dysfunction, ECG changes and elevation in 

cardiac enzymes is commonly referred in literature such as “neurogenic stunned 

myocardium” or “neurogenic stress cardiomyopathy (NSC)” [40]. However, tremendous 

heterogeneity of criteria definition exists [40]. NSC has presentation similarities with stress 

cardiomyopathy (SCM) occurring in a stressful event. Whether SCM and NSC are different 

presentations of a common pathophysiologic pathway or represent two different clinical 

entities remains unclear, and some authors consider them as one single entity [41], but 

others highlight significant differences [42]. 

 

 ECG abnormalities 

 A wide variety of ECG abnormalities is reported such as Q–T interval prolongation, long 

Q-T syndrome, U-wave, S-T segment depression, T-wave inversion or ischemic-like ECG 

changes. Moreover, ventricular and supraventricular (atrial fibrillation, atrial flutter) 

arrhythmias, sinus bradycardia, sinus tachycardia and torsade de pointes are frequently 

described in acute brain injuries. ECG abnormalities are most often seen in the anterolateral 
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and inferolateral leads. So confusion with subendocardial infarction or anterolateral 

ischemia is frequent [43]. However, risk factors are common for artery coronary disease and 

ischemic stroke and coexistence of these two pathologies are not excluded. These 

abnormalities are more frequent in SAH and ICH [43,44] and 40% to 85% of these patients 

have at least one ECG abnormalities [45–47]. Sinus bradycardia and tachycardia are the most 

frequent arrhythmias in SAH; atrial fibrillation, atrial flutter and supraventricular tachycardia 

are others described arrhythmias. When cTnI is increased in patient with SAH, ventricular 

arrhythmias are more frequent and is associated with increased mortality [48]. For AIS, 

incidence of ECG abnormalities is around 15% to 65% [42]. For TBI, only few studies reported 

ECG abnormalities with an incidence from 60% to 100% [49,50].   

 

 Cardiac Biomarkers  

  Cardiac involvement after acute brain injuries can be expressed by myocardial necrosis 

enzyme (cardiac troponin: cTn) release and increased B-type natriuretic peptide (BNP). For 

SAH, the incidence of cardiac biomarkers release varies from 10 to 70% with a mean 

frequency at 35% according to different studies and meta-analysis [48,51]. cTn is the most 

sensitive and specific biomarker of myocardial injuries among others biomarkers for SAH. 

The troponins I and T (protein subunits, cTnI and cTnT) are specific cardiac isoforms and so 

are widely used for identification of cardiac damages after SAH [52]. BNP biomarker is a 

vasoactive hormone with natriuretic, diuretic and vasodilator activity. It reflects left cardiac 

dysfunction, wall stress or hypertrophy. It is mainly expressed in the ventricles in response to 

cardiac overload and results from myocyte stretch [51]. However, BNP is not heart specific 

and can be produced in brain tissue especially in the hypothalamus [53]. High sensitive 

troponin and N-terminal BNP (Nt-proBNP) are currently used with high specificity for 

myocardial injuries in patients with SAH [51]. Increase in these biomarkers is correlated with 

clinical and radiologic severity of SAH, regional wall motion abnormalities (RWMAs) and 

arrhythmias incidence. Plasma cTnT levels reach their peak rapidly on admission whereas 

NT-proBNP levels peak at day 2-day 4 [54].  

 For AIS, levels of troponin and cTnT are increased in 5 to 34% of patients and are 

especially correlated with stroke severity on admission and insular cortex injuries [55,56]. 

The release can be due to concomitant coronary and heart diseases, neutrally mediated 

myocytic damages or non-cardiac comorbidities [57,58]. BNP and Nt-proBNP levels are 
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frequently increased in patients with AIS and higher in patients with cardioembolic stroke. 

Their levels are correlated with severity of AIS (clinical severity score, as the National 

Institute for Health Severity Score (NIHSS), and volume infarct size) at admission [59]. 

 For ICH, few studies have been reported about cardiac biomarkers. Troponin levels are 

increased in 27 to 41% of patients with ICH in a recent studies [60,61]. Their levels are 

correlated with clinical severity on admission [61]. NT-proBNP levels are correlated with 

haematoma size and amount of intraventricular blood [62]. 

 For TBI, several studies have reported elevated levels of troponin with an incidence 

around 30% [63]. Higher values are correlated with lower Glasgow coma scale (GCS) and 

higher injury severity score (ISS) and head Abbreviated Injury Scale (AIS) values [49]. NT-

proBNP levels peak on the third day and are correlated with severity of TBI. Levels are higher 

in patients with intracranial pressure (ICP) > 15 mmHg and with large intra-axial lesions. 

Levels of NT-proBNP can increase when haemorrhage and œdema increase [64]. 

  

 Regional wall motion abnormalities (RWMA) and echocardiographic changes 

 Cardiac impairment after acute brain injuries can result in left ventricular regional wall 

motion abnormalities (RWMA), global hypokinesia, diastolic dysfunction or NSC, including 

Takotsubo cardiomyopathy, a particular form of myocardial dysfunction. The early systolic 

dysfunction in this context is most often reversible with a recovery rate from 66% to 100% 

within 1 or 2 weeks after acute brain injuries [42,65].  

 Incidence of these cardiac impairments is variable according to severity of SAH. For 

RWMA, incidence varies from 2% to 28% [42,48] and for diastolic dysfunction from 70% to 

85%, but few studies have reported this last dysfunction [42]. A recent meta-analysis 

reported RWMA in 9 to 71% of patients with a mean at 22% (17 studies) [51]. Global 

hypokinesia, defined as left ventricular ejection fraction (LVEF) < 50%, occurred in 10% to 

15% [48,66,67] in patients with SAH. Incidence increases when LVEF cut-off increases with 

20% when LVEF < 55% [68] and 63% when LVEF < 60% [69]. Takotsubo cardiomyopathy has 

been reported after acute brain injuries and is a particular form of myocardial dysfunction 

with RWMA. The typical form is an apical ballooning syndrome with acute transient apical 

and circumferential mid-ventricular hypokinesia and basal hypercontractility associated with 

electrical changes and minimal myocardial enzymatic release [70,71]. This typical form has 

been frequently reported in non-neurogenic Takotsubo cardiomyopathy. Conversely, 



 9 

particularly in patients with NSC or pheochromocytoma, inverted Takotsubo or basal variant 

has been reported with circumferential basal hypokinesia and apical hypercontractility [71].  

Cardiogenic shock might be present in patients with NSC as a result of severe left ventricular 

dysfunction but can be aggravated by concomitant mitral regurgitation due to acute 

papillary muscle dysfunction or by systolic anterior motion and left ventricular outflow tract 

obstruction promoted by hyperdynamic myocardial function [72]. For AIS, systolic 

dysfunction and RWMA have been reported on echography with an incidence from 10 to 

30% [42,73]. Patients with higher NIHSS have lower LVEF and more mitral regurgitation 

compared to those with lower NIHSS [74]. Porto et al. reported systematic review of 

transient regional left ventricular dysfunction triggered by neurological disorders. Among 

124 patients reported in 81 selected papers, 42% presented SAH and 19% presented 

AIS/transient ischemic attack so AIS was the second most frequently brain injury leading to 

transient left ventricular dysfunction [75]. For ICH, few data have been reported about left 

ventricular dysfunction or RWMA. Putaala et al. noted among 948 patients with ICH, 3,8% of 

acute heart failure [76]. For TBI, several cases report (around 20) have described Takotsubo 

cardiomyopathy [42]. Two prospective studies in severe TBI reported neither RWMA nor 

global hypokinesia at admission [77,78]. However, Prathep et al. showed in retrospective 

study of 139 patients with TBI 12% of patients with reduced LVEF and 17% with RWMA 

(majority of TTE was performed between D1 and D3) [79]. Two other recent prospective 

studies about moderate-to severe TBI found an incidence of 13% (LVEF < 55% or RWMA) 

[80] and 22% (fractional shortening < 25%) [65] of cardiac dysfunction. In the last study, all 

patients recovered their cardiac function within a week after TBI. Hasanin et al. reported 

28% of abnormal echocardiography in 50 patients with severe TBI (prospective study) [81]. 

 Recently, two-dimensional speckle tracking images or 2D strain with echocardiography, 

usually used for patients with chronic cardiac impairment, has been develop and used even 

in intensive care unit. Some authors reported evaluation of systolic function with global 

longitudinal strain (GLS) in patients with acute brain injuries. Cinotti et al. found up to 37% of 

severe SAH with severe GLS impairment (GLS > -16%) that improves promptly within a week 

whereas only 10% had altered LVEF (< 50%) [82]. However, Dalla et al. compared different 

parameters to evaluate cardiac dysfunction in patients with SAH. In patients with myocardial 

injury defined with an increase of troponin levels, 13% had altered LVEF (< 50%) and 17% 

had altered GLS (> -15%). Authors concluded that diagnostic performance of GLS by strain 
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imaging is not superior to standard echocardiography for the detection of myocardial injury 

in SAH [66]. In patients with TBI, few studies reported contradictory results. Cuisinier et al. 

found no altered GLS in 20 patients with severe TBI [78], whereas Krishnamoorthy et al. 

reported 38% of systolic dysfunction using LVEF (< 50%) and 38% using GLS (> -16) in 15 

patients with moderate-severe TBI. Regional myocardial impairment was primarily in the 

basal and mid-ventricular segments [83].  

 

 Prognosis and cardiac impairment 

 Cardiac abnormalities are heterogeneous (ECG, cardiac biomarkers, RWMA or altered 

LVEF) and the impact on prognosis mainly depends on neurologic injuries: SAH, TBI, ICH or 

AIS. Cardiac abnormalities are associated with death and poor outcomes [42,48,49]. For 

patients with SAH, ventricular arrhythmias and increased of cTnI are associated with 

increased mortality [48]. ECG changes and biomarkers of myocardial impairment (cTn, BNP) 

are independently associated with poor neurologic outcome [48,84]. However, no 

correlation has been reported between QTc prolongation and ST-T changes and increased 

intracranial pressure, delayed cerebral ischemia (DCI) or mortality [85]. A recent meta-

analysis concluded to an increased risk of DCI, poor outcome and death after SAH in case of 

RWMA, increase in cTn, BNP and NT-pro-BNP [51]. For patients with TBI, a high cTnI level is 

associated with higher mortality and higher multiple organ dysfunction syndrome [81]. An 

abnormal echocardiographic finding (reduced LVEF or RWMA) is an independent predictor of 

in-hospital mortality [79,81]. For patients with AIS, high cTnT level is associated with poor 

clinical outcome and higher mortality but the role of concomitant heart disease is still 

unclear for elevated troponin level [42,55,86]. For patients with ICH, cardiac complications 

are related with early mortality and poor outcome [87]. Thus, biomarker interpretation in 

patients with brain injuries must be done with caution because cardiac biomarkers are 

correlated to the severity of brain lesion and with outcomes but are not reliable surrogate 

markers of clinical cardiac dysfunction. 

   

 

 Table 1 summarises incidences of main pulmonary and cardiac complications according 

to the different acute brain injuries. 
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2. Pathophysiology of brain-lung and brain-heart interactions 

 

2.1 From the brain to the lung and the heart 

 

The pathophysiology of pulmonary and heart injuries after acute brain injury is still 

debated and several theories have been proposed, including the recent "double hit” model 

[88]. The response of the sympathetic system to increased ICP plays an important role in 

lung and cardiac impairment. Some authors explain part of NPE genesis by neuro-cardiac 

and neuro-haemodynamic paradigms [32]. It has been clearly demonstrated that direct 

myocardial lesions within the context of NSC could be involved in NPE and will be described 

later. The neuro-haemodynamic theory is defined by indirect ventricular compliance 

disorders due to a rapid increase in systemic and pulmonary pressures. Indeed, the rapid 

and massive blood flow transfer from the systemic circulation with high resistance to the 

pulmonary circulation with low resistance could lead to a hydrostatic form of pulmonary 

œdema. Animal models have shown increased pulmonary, systemic and left atrial pressures 

at the onset of NPE [89]. Although changes in hydrostatic pressure and impaired cardiac 

function probably play a role in the genesis of NPE, these theories do not explain the 

presence of red blood cells and proteins in the bronchoalveolar lavage fluid. 

 

From the brain to the lung 

From the blast theory to pulmonary venule adrenergic hypersensitivity  

 

Theodore and Robin have defined for the first time the blast theory in the context of 

NPE as an impaired vascular permeability [90]. The transient increase in intravascular 

pressure, resulting from the sudden increase in ICP, would damage the alveolar-capillary 

membrane. Thus, a damaged pulmonary endothelium would result in protein-rich plasma 

leakage. This theory includes the coexistence of a high hydrostatic pressure and a damaged 

pulmonary endothelium. Some degree of capillary hypertension seems necessary for the 

occurrence of this pulmonary œdema, and a pressure-dependent increase in permeability 

could be the common feature of NPE [91]. After this initial hemodynamic instability and 

massive sympathetic response, the systemic and pulmonary pressures would return to 

normal while the damage to the alveolar-capillary membrane would persist [90]. Some 
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authors have not observed any change in systemic blood pressure when NPE occurred with 

underlying direct pulmonary endothelial damage in brain-injured patients [92]. This concept 

has led to the pulmonary venule adrenergic hypersensitivity theory. Some case reports, in 

which patients received a continuous haemodynamic monitoring, have allowed reporting 

the occurrence of NPE in the absence of haemodynamic instability [92]. Thus, NPE could 

partly result from selective pulmonary venoconstriction after massive sympathetic discharge 

during acute brain injury. Indeed, the pulmonary vessels express α and β-adrenergic 

receptors (β-ARs) which, when activated, can lead to changes in endothelial integrity [93]. 

Peterson et al. have administered α-adrenergic blockers to anesthetised sheep in which the 

ICP was progressively increased. They have reported the prevention of pulmonary œdema 

formation with minor effects on systemic blood pressure reinforcing the concept of a direct 

adrenergic action on the pulmonary vascular bed [94].  

 

Double hit model 

The inflammatory systemic response involved in the occurrence of acute brain injury 

seems to play a major role in the development of lung injuries [88]. In brain-injured patients, 

a cerebral inflammatory response is rapidly implemented with local production of 

proinflammatory cytokines (interleukin 1 (IL-1), interleukin 6 (IL-6), tumour necrosis factor 

(TNF), interleukin 8 (IL-8)) by the injured brain tissue [95]. The microglia and astrocytes are 

the main sources of inflammatory mediators. The alteration of the blood-brain barrier (BBB) 

then allows their passage into the systemic circulation through a transcranial gradient. In 

addition, numerous studies have shown the role of hepatic chemokines in inducing and 

amplifying the acute systemic response after brain injury [96]. The activation of sympathetic 

nerve endings after brain injury could be partly the cause of inflammation in extracerebral 

organs. These different phenomena could therefore lead to their dysfunctions [97]. Thus, 

this systemic invasion by inflammatory mediators forms an inflammatory environment or 

"the first hit" for the other organs. They become more susceptible to a subsequent event or 

"the second hit" such as mechanical ventilation, surgery, or sepsis [88] without major 

consequences under normal conditions. Lopez-Aguilar et al. have randomised rabbits into a 

control group or a brain-injured group, ventilated for 120 min with the same respirator 

settings followed by more aggressive mechanical ventilation. The lungs were more 

significantly impaired in terms of ultrafiltration coefficient, weight increase and alveolar 
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haemorrhage in the group of brain-injured rabbits while they were subjected to the same 

respiratory mechanical constraints [98]. In an experimental model of intracerebral 

haemorrhage, the brain and lungs have been shown to express increased levels of 

intracellular adhesion molecule-1 (ICAM-1) and tissue factor. The progressive recruitment of 

neutrophils and morphological pulmonary lesions such as altered bronchoalveolar structures 

were then highlighted [99]. Kalsotra et al. have also reported a significant migration of 

macrophages and neutrophils in the airways and alveolar spaces after brain injury in rats 

with increased lung production of leukotriene B4 [100]. In addition, organ donor patients in 

a state of brain death show a higher IL-8 concentration in the bronchoalveolar lavage fluid 

than healthy subjects or mechanically ventilated patients who are not in a state of brain 

death. The lung infiltration by neutrophils was correlated with IL-8 concentrations [101]. 

Recently, Heuer et al. have studied pigs with intracranial hypertension (ICHT). They have 

reported higher scores of inflammation, œdema and necrosis in the lungs and other organs 

compared to control pigs without ICHT and in the absence of hypoperfusion or hypoxemia 

[102]. The same team had previously compared four groups of pigs: control, with ICHT, with 

ARDS and with ICHT+ARDS. They had analysed the lung CT-scans of each group. The 

presence of ICHT alone led to an increase in lung density and exacerbated it in the ARDS 

group. In addition, the pulmonary gas-to-tissue ratio was decreased by ICHT in healthy and 

injured lungs with an increase in poorly ventilated and atelectatic areas. This pulmonary 

damage was exacerbated by the presence of ICHT [103].  

Thus, the catecholaminergic release, along with the cerebral and systemic 

inflammatory reaction (first hit), creates an inflammatory environment leading to an 

increase in lung susceptibility to any other harmful event (second hit). This pathway is 

probably the bed of pulmonary damage after acute brain injury. 

 

Hypothalamic-pituitary-adrenal (HPA) axis 

For many years, the hypothalamic-pituitary-adrenal (HPA) axis has been explored in 

acute brain injuries in experimental and clinical studies. The HPA axis could be involved in 

pulmonary dysfunction due to its major effects on stress and the systemic inflammatory 

response after trauma [104]. During the initial phase of trauma, inflammatory mediators 

such as IL-6 strongly activate the HPA axis, which induces hypercorticism, the main effector 

of the compensatory anti-inflammatory response syndrome (CARS) [105]. Hypercorticism 
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alleviates the deleterious effects of the inflammatory response by spreading throughout the 

body and protecting the other organs [104]. In addition, endogenous glucocorticoids 

stimulate the anti-infectious immunity, and the HPA axis plays a key role in the 

haemodynamic response and in maintaining blood pressure [106].  

After TBI, 25-50% of patients experience acute secondary adrenal insufficiency [107]. 

In addition, trauma-induced adrenal insufficiency is correlated with inflammatory systemic 

response syndrome [108]. Patients have higher and sustained plasma concentrations of IL-6 

compared to patients with normal adrenergic stress response [109]. A persistent systemic 

inflammatory response also appears to be predictive of the occurrence of nosocomial 

infection in trauma patients [110]. In patients with acute secondary adrenal insufficiency, 

the main assumption is a greater exposure to the deleterious effects of uncontrolled 

systemic inflammation with immunosuppression and the occurrence of nosocomial 

infections, in particular VAP [109,110]. Thus, the dysfunction of the HPA axis could 

participate in the weakening of the lungs after TBI. 

A multicentric randomised study conducted in 150 patients intubated after multiple 

trauma and with adrenal insufficiency has reported a reduced risk of developing VAP with 

hydrocortisone administration, especially in the subgroup of patients with cranial trauma 

[111]. However, these results have not been confirmed in a recent study of patients with TBI 

[112]. Immunosuppression has also been reported after AIS with alteration of the HPA axis 

[113]. It is likely involved in the high incidence of pneumonia [114]. 

 

From the brain to the heart  

 Brain-heart interaction has been reported for decades with the Cushing reflex. The 

cerebral and cardiovascular systems are highly connected and the brain-heart network has 

been studied. However, pathophysiology of NSC is not completely understood. Different 

axes implicated in this complex brain-heart crosstalk will be described. Cardiac abnormalities 

are often more present in patients with cardiovascular comorbidities, especially for patients 

with AIS for which risk factors are the same. This is why prospective cohorts that include 

patients with cardiovascular comorbidities have often confounding factors in terms of 

cardiac dysfunction [57].  
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 Catecholamine hypothesis 

 The term of NSC implies the pathophysiology of myocardial dysfunction due to the 

stress of catecholamine excess, triggered by an acute neurological injury. Several theories 

have been advanced: transient multiple coronary arteries spasm; microvascular dysfunction; 

aborted myocardial infarction with spontaneous coronary thrombolysis [115] and the 

catecholamine hypothesis [40]. However, only the catecholamine hypothesis, reflecting 

catecholamine-mediated direct myocardial injury is widely accepted [116]. Indeed, the 

increase sympathetic activity could explain several mechanisms, probably intricate such as 

diffuse coronary microvascular dysfunction, multiple epicardial arteries spasm, the transient 

dynamic LV outflow tract obstruction and, maybe, the presence of coronary clots with 

spontaneous lysis [117]. Acute brain injuries and sudden increase of intracranial pressure 

lead to a sympathetic storm with increase in cardiac tissue and plasma catecholamine levels 

[118]. Experimental studies reported immediate major local release of norepinephrine from 

myocardial sympathetic nerve endings [119] and hypersensitivity to norepinephrine infusion 

[120]. In baboon models of brain death, cardiac abnormalities were blocked by cardiac 

sympathectomy or denervation but not after bilateral adrenalectomy. Thus, cardiac injuries 

after acute brain damages result from massive endogenous release of catecholamines from 

myocardial sympathetic nerve terminals rather than plasmatic catecholamines [121]. These 

high levels of catecholamine lead to myocyte calcium overload, free radical production and 

adenosine triphosphate depletion resulting in ECG changes, myocardial contractility 

dysfunction and cell death [116]. In case of massive sympathetic release, a specific lesion, 

“myocardial contraction band necrosis”, has been described with hypercontraction of 

sarcomeric myofibrils, eosinophilic transvers band and interstitial mononuclear infiltration 

[122]. In NSC, cell death results in hypercontraction with appearance of contraction bands, 

early onset of calcification and myofibrillar injuries near cardiac innervation, whereas cell 

death with ischemia results in cell relaxation, necrosis and polymorphonuclear response in 

the compromised vascular territory [123].  

 There is a natural apical-basal gradient in left ventricle of β-adrenoreceptors (β-AR) 

and sympathetic innervation. The apex presents highest β-AR and lower sympathetic nerve 

density. Moreover, the apex is structurally more vulnerable to catecholamines than the 

basal regions because of larger proportion of β2- than β1-ARs and greater β2-ARs-induced 

sensitivity than in basal myocytes [124]. This apical-basal gradient of β-ARs could explain left 
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ventricle kinetic abnormalities involving apical region as in Takotsubo syndrome. Conversely, 

some authors reported more frequent “inverted Takotsubo” or “basal variant” or “apex 

sparing” in patients with neurologic disorders explaining by paucity of sympathetic nerve 

terminals in the apex [71]. Evaluation of in-vivo myocardial sympathetic innervation with 

scintigraphy, left ventricle systolic function and myocardial perfusion was performed in 

patients with SAH. Twenty-nine percent of the patients presented sympathetic functional 

denervation whereas none had perfusion decrease. Moreover, authors reported a 

correlation between RWMA and decrease of myocardial sympathetic innervation [125].  

 β-ARs morphologies can play a role in cardiac abnormalities in brain-injured patients. 

In physiologic levels of epinephrine, β2-ARs stimulus leads to positive inotropic response by 

activation of the Gs stimulating protein adenyl cyclase/Protein Kinase A pathway. However, 

at supraphysiologic levels of catecholamine, a negative inotropic effect has also been 

reported [126]. This different effect is due to a shift in β2-ARs coupling (“stimulus 

trafficking”) with G stimulating protein signalling switch to G inhibiting protein signalling 

[126]. Considering apical-basal sympathetic nerve endings gradient, a differential contractile 

response is noted between the basal and the apical regions exposed to high catecholamines 

levels. And to finish, genetic polymorphism of the β2-ARs can affect cardiac responsiveness 

to catecholamines. Zaroff et al. reported correlation between specific α- and β-ARs 

polymorphisms and increased sensitivity to catecholamines in patients with SAH. Single 

adrenoreceptor polymorphisms were associated with 3- to 5-fold increase in cardiac 

abnormalities whereas combinations of two of these polymorphisms had 10- to 15-fold 

increased risk [127]. A correlation has been described with a polymorphism of G protein-

coupled receptor kinase 5, involved in post-receptor signal transduction and left ventricle 

apical ballooning syndrome [128]. But these correlations were not reported in other studies 

[129].  

This question about inotropic support in case of NSC and circulatory failure or 

cardiogenic shock remains unsolved [71]. Indeed, activation of catecholamine receptors or 

their downstream pathways might worsen myocardial stunning, haemodynamic status and 

the prognosis [124]. The expert consensus therefore states that “the use of inotropes should 

be generally regarded as contraindicated in Takotsubo syndrome…” with evidence for a 

paradoxical negative effect of sympathomimetic drug in these patients which appears to be 

dose-dependent [70]. Some authors recommend favouring inotropic agents without 
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catecholamine toxicity such as milrinone, an inhibitor of type III phosphodiesterase that 

prevents the degradation of cyclic adenosine monophosphate (cAMP) within the cell, leading 

to increased intracellular calcium and thereby myocardial contractility independently of β-

receptor stimulation [130]. However, even if milrinone acts independently of adrenergic 

receptors, it leads to modulation of calcium flux, as adrenergic pathway. Levosimendan, a 

calcium sensitizer that improves interaction between actin and myosin filaments, might thus 

be preferred, as its action is independent of calcium flux. Low-dose infusion of levosimendan 

may also be used rather than other inotropes [70,131]. It was successfully used in patients 

with TBI and cardiac dysfunction [132].  

 

 The insula cortex and cardiovascular system 

 The cardiovascular system is regulated via several cardio-regulatory sympathetic 

pathways, which are implicated in pathophysiology of the brain-heart crosstalk and so 

cardiac abnormalities in brain-injured patients. The insula cortex, the anterior cingulate 

gyrus and the amygdala are a corner stone of the brain-heart axis [133]. Cardiovascular 

functions are lateralised with sympathetic tone predominantly regulated in the right insular 

region, whereas parasympathetic effects are situated in the left insular region. In 

experimental and clinical studies, cardiovascular changes depended on the side of cortex 

stimulation: bradycardia or decrease of diastolic arterial pressure was more frequent with 

left insular stimulation, whereas tachycardia or increase of arterial pressure was more 

frequent with right insula stimulation [133]. However, recent study in 47 epileptic patients 

reported spatial distribution of insular stimulation with tachycardia responses predominated 

in the posterior insula, whereas bradycardia sites were more anterior in the median part of 

the insula. These findings seemed to indicate a posterior predominance of sympathetic 

control in the insula, whichever the side; whereas the parasympathetic control seemed 

more anterior [134]. 

In clinical practice, insular cortex injuries are associated with ECG changes, 

arrhythmias, cardiac dysfunction and poor outcomes [133,135]. Patients with AIS with 

ischemia of the right insular cortex had higher arterial pressure and norepinephrine levels 

[136], whereas left insular cortex injury was associated with cardiac dysfunction and RWMA 

[137]. The NSC may result from disinhibiting of the right insular cortex with increasing of 

sympathetic tone [138]. The autonomic balance can shift to sympathetic predominance and 
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thus lead to decrease of cardiac contractility in patients with left insular AIS [133,137]. 

Mazzeo et al. reported the main centres involved in the neural regulation of the 

cardiovascular system, which could be implicated in cardiac abnormalities in brain-injured 

patients such as hypothalamus, locus coeruleus, nucleus tractus solitarii, rostral ventral 

lateral medulla, caudal ventrolateral medulla, and periaqueductal gray [116]. 

The autonomic nervous system (ANS) plays therefore a major role in cardiac 

abnormalities after acute brain injuries. The balance of the ANS can be appreciated by heart-

rate variability (HRV), low frequency (LF), high frequency (HF) and baroreflex sensitivity. 

These parameters have been reported in patients with SAH, AIS (involving right insula) and 

TBI with impairment of ANS balance [139–141].  

 

 Place of inflammation  

 Inflammation could participate to pathophysiology of myocardial injury in NSC. Indeed, 

acetylcholine inhibits the release of pro-inflammatory cytokines and so parasympathetic 

dysfunction may facilitate unchecked inflammation leading to myocardial damages and cell 

death [142]. Patients with SAH have increase of platelet activating factor, inflammatory 

cytokines and coagulation factors in CSF and serum that may contributing to myocyte 

damages [143]. In a recent study in 32 moderate-severe TBI, early systemic inflammatory 

response syndrome (SIRS) was frequent and the presence of SIRS criteria was associated 

with systolic cardiac dysfunction [144].  

 

2.2 From the lung and the heart to the brain 

 

An extremely complex pathway involving the autonomic, neuroinflammatory, 

neuroendocrine and immunological systems has been described. This pathway is involved in 

a normal physiological state in the maintenance of homeostasis but it could contribute to 

the occurrence of adverse effects [145]. Two elements involved in this pathway from the 

lung to the brain must be distinguished: pulmonary lesions themselves such as ARDS, and 

mechanical ventilation. 

Pulmonary lesions resulting from inadequate respirator adjustment would lead to an 

inflammatory response initially localised to the lung parenchyma, but may extend into the 

systemic circulation and other organs, including the brain. A true multi-organ failure may 
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then occur, resulting from these pulmonary injuries. In patients with ARDS, the leading cause 

of mortality is organ failure and not hypoxemia or lung failure [146]. It has clearly been 

shown that ARDS survivors experience cognitive deterioration including memory, language 

and cognitive impairments [147], and that patients with long-term mechanical ventilation 

experience neurological impairment with memory and cognitive impairment [148]. 

However, ARDS may lead to lesions in the hippocampus with memory impairment, 

regardless of the degree of hypoxia [149]. ARDS, like septic shock, induces neuronal damage 

[150]. In an animal model of ARDS (washing model), the plasma concentration of protein S-

100β was significantly higher in pigs with washing-induced hypoxemia (ARDS) than in 

hypoxemia induced by decreased oxygen-inspired fraction [151]. In addition, 

histopathological changes were only observed in the hippocampus of pigs with hypoxemia in 

ARDS. The authors have concluded that cerebral lesions could only be observed in ARDS 

regardless of hypoxemia. Increased protein S-100β and NSE levels could reflect cerebral 

lesions and impaired BBB in patients with ARDS [150]. BBB and pulmonary barrier 

permeability may be impaired by these pathophysiological situations and thus allow a 

communication between the brain and the lung [152].  

It should be noted that the presence of pulmonary injuries may worsen brain 

sensitivity to any new aggression. Indeed, in their previous study, Heuer et al. have reported 

brain damages in pigs with ARDS alone, but also a reciprocal synergistic effect between the 

lung and the brain with worsening of brain lesions in the ARDS+ICHT group [103]. Brain 

oxygen pressure (PtiO2) and brain tissue density (reflecting cerebral œdema) were 

decreased in all animals (ICHT, ARDS, and ARDS+ICHT) compared to control animals. The 

plasma concentrations of protein S-100β and NSE were also increased in all animals 

compared to the control group but more significantly in the ARDS group, as well as IL-1β and 

IL-6 concentrations. Thus, ARDS may exacerbate brain lesions in ICHT. Lung inflammation 

may thus reach the nervous system via humoral, cellular and neuronal pathways [152]. 

In addition to these pulmonary lesions, the mechanical ventilation strategy, applied 

daily in ICU, could alter regional cerebral blood flow and cerebral oxygenation. Bickenbach et 

al. have assessed PtiO2 and brain metabolism in a porcine model of ARDS for 8h. Pigs were 

randomised into 2 groups: low Vt (6 mL/kg) and high Vt (12 mL/kg) [153]. There was no 

difference between both groups in terms of PaO2, PaCO2 and pH. The development of ARDS 

led to a significant decrease in PtiO2 in both groups but it increased significantly at 4h and 
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8h in the low Vt group compared to the high Vt group. Brain lactate levels were higher in the 

high Vt group at 2, 4 and 8 hours. After 2 hours, the plasma concentrations of proteins S-

100β decreased in the low Vt group, while the plasma concentrations of IL-6 increased in the 

high Vt group. Ventilation with low Vt therefore improves brain tissue oxygenation 

compared to high Vt application in ARDS. The respirator settings may directly affect the 

brain, mainly through inflammatory mediators. These data stress the importance of the 

ventilatory management, especially in brain-injured patients. 

 

 The axis from the heart to the brain seems to be less specific in brain-injured patients in 

contrast of the brain-lung axis. Indeed, as we reported in previous section, cardiac 

abnormalities are related to death and poor outcomes with higher mortality and mortality 

[42,48,49] in brain-injured patients, but the causal relationship between cardiac impairment 

and outcomes is not understood. We can only note that cardiac impairment with 

bradycardia, arrhythmia, RWMA or LV hypokinesia can lead to systemic haemodynamic 

dysfunction or even cardiogenic shock and so worsening cerebral perfusion pressure (CPP) 

[154]. In the same way, sympathetic hyperactivation or autonomic nervous system balance 

impairment can result in arterial hypertension, tachycardia and sometimes high CPP in 

patient with alteration of autoregulation [154]. This high CPP leads to high cerebral blood 

flow and capillary hydrostatic pressure, causing cerebral œdema and intracranial 

hypertension. 

 

 The figure 1 represents involvement of pulmonary and cardiac complications in 

secondary brain damages. 

 

3. In clinical practice 

 We can propose a care bundle in clinical practice to prevent severe respiratory and 

cardiac dysfunction.  

First, the use of low tidal volume decreases systemic and pulmonary inflammatory 

responses in patients with ARDS [155], but also in patients with inflammatory processes such 

as aspiration, sepsis, pneumonia or trauma. This is why Vt should be considered at admission 

of brain-injured patients to prevent pulmonary injuries. PEEP is necessary to prevent 

collapse and/or recruit collapsed alveoli and thereby reduce atelectasis, especially when low 
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Vt is used. Its application is also a key point of protective ventilation. PEEP could be safety 

used and must probably be used in brain-injured patients if the optimal PEEP is searched and 

adapted individually, as for patients with ARDS and a healthy brain. The use of PEEP appears 

to be safe, if arterial blood pressure is maintained. Euvolaemia is probably a condition that 

can minimise the effect of PEEP on arterial blood pressure [156]. Moreover, some authors 

recommend to optimise elevation of the head to enhance cerebro-venous drainage through 

the vertebral venous system, not subjected to intrathoracic pressure and to maintain PEEP 

lower than ICP to limit interference with venous outflow [156]. In parallel, recommendations 

about healthcare associated pneumonias in intensive care unit have to be applied to 

decrease incidence of pneumonia [157]. A multicentric randomised study is in progress 

about interest of antibioprophylaxis for brain-injured patients during 12h after intubation to 

prevent pneumonia [158].  

 The association between poor outcome, higher mortality and cardiac impairment does 

not imply a causal relationship. Two main questions remain unresolved: 1/Is it relevant to 

detect and monitor cardiac impairment? 2/Is there a specific treatment for cardiac 

dysfunction in patients with acute brain injuries? Few studies have compared outcomes with 

cardiac function monitoring or not. Mutoh et al. reported decrease in transcranial Doppler 

vasospasm, DCI and cardio-pulmonary complications when cardiac output was monitored 

using transpulmonary thermodilution and goal-directed haemodynamic management 

compared with standard therapy in patients with SAH [159]. However, functional outcomes 

at 3 months were similar between groups. The Neurocritical Care Society (NCS) Consensus 

Conference on the SAH advises to evaluate cardiac function with serial enzymes, ECG and 

echocardiography mostly for poor grade SAH. Yoneda et al. reported in 138 patients with 

poor grade SAH higher extravascular lung water index, pulmonary vascular permeability 

index and systemic vascular resistance index with lower cardiac index compared to good-

grade SAH. Lower global end-diastolic volume index was present in patients who developed 

DCI [160]. For patients with AIS, impaired left ventricular systolic function or diastolic 

functions are identified as a strong predictor for poor neurologic outcomes or increased 

future vascular events [161]. Non-cerebrovascular complications are the main contributors 

to long-term morbidity and mortality in patients with AIS. Moreover, lower LVEF is a useful 

parameter for predictive of poor prognosis outcome in setting of AIS [74]. The question of 

early evaluation and maintain of LVEF in patients with AIS thus emerges progressively [74]. 
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Effective prevention and treatment of cardiac injuries have to be shown in brain-injured 

patients. For TBI, beta-adrenergic blocker seems to have a protective role in this setting [49]. 

Indeed, several large observational studies have reported significantly improved survival 

after TBI for patients treated with beta-blockers compared to those who were not [162,163], 

especially in patients with an elevated TnI [164]. The benefit of beta-blockers was also 

observed when beta-blockers were introduced after TBI [165]. Significant decrease of the 

incidence of supraventricular tachycardia and ECG ST-T wave changes and significantly 

reduced catecholamine-induced stress necrosis at necropsy in 114 patients with TBI was 

reported in a randomised, double-blind study with administration of atenolol [166]. El-

Menyar et al. proposed therapeutic strategy using beta-blockers therapy for the 

management of patients with moderate-to-severe TBI according to troponin level and 

echocardiography findings [49]. However, clinical randomised controlled studies are needed 

to confirm this benefit.  

 

 

 

Conclusion 

 Brain, heart and lungs interact in a very complex manner. In ICU, severe brain injury can 

induce severe heart and lung dysfunction. In brain-injured patients, the lungs are particularly 

vulnerable to aggression like mechanical ventilation or infection. Heart and lung dysfunction 

can affect brain physiology inducing genuine secondary insults to the brain. These strong 

interactions should be taken into consideration in ICU for brain-injured patients, by applying 

strategies to protect the lungs, the heart and the brain.  
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Ventilator-

associated 

pneumonia 

Acute 

Respiratory 

Distress 

Syndrome 

Neurogenic 

Pulmonary 

Œdema 

ECG 

abnormalities 

Cardiac 

biomarkers 

(cTn, BNP) 

RWMA and 

echocardiographic 

changes 

TBI 21-60% 20-25% 
32 to 50% of 

fatal TBI 
60-100% Aprox 30% 0-28% 

SAH 49% 20-38% 2-25% 40-85% 
35% 

(10-70%) 

22% 

(9-71%) 

AIS 28% 4% 18% 15-65% 
5-34%  

(for cTn) 
10-30% 

ICH * * * 40-85% 27-41% 

3.8% 

(acute heart 

failure) 

 

Table 1: Incidences of main pulmonary and cardiac complications according to acute brain 

injuries: Traumatic Brain Injury (TBI), Subarachnoid Haemorrhage (SAH), Acute Ischemic 

stroke (AIS) and Intracerebral Haemorrhage (ICH).  
Abbreviations: RWMA: Regional Wall Motion Abnormalities, ECG: Electrocardiogram, cTn: Cardiac Troponin, 

BNP: Brain Natriuretic Peptid 

*: too few data. 

  



 24

 

 
 

Figure 1: Involvement of pulmonary and cardiac complications after acute brain injuries in 

secondary brain damages. ANS: autonomic nervous system. CPP: cerebral perfusion pressure. ARDS: acute 

respiratory distress syndrome, RWMA: Regional Wall Motion Abnormalities, PEEP: Positive End Expiratory 

Pressure. 
  

• Contusions 
• Diffuse axonal injuries 

• Cerebral ischemia 

• Neuro-inflammation 

First hit 

Second hit 

Cerebral inflammatory environment 

Inadequate PEEP 

High tidal volume 

Surgical procedures 

Secondary brain 

damages 

Infections 

ARDS 

Systemic inflammatory environment 

Sympathetic hypertonus 
ANS balance impairment  

Neurogenic stress 
cardiomyopathy 

Bradycardia 

Arrhythmias 

RWMA  

Cardiogenic shock 

Decreased CPP 

release of catecholamines 
from myocardial 

sympathetic nerves  

Hypertension 

Tachycardia 

Increased CPP 



 25

REFERENCES: 
 

[1] Zygun DA, Kortbeek JB, Fick GH, Laupland KB, Doig CJ. Non-neurologic organ dysfunction in severe 

traumatic brain injury. Crit Care Med 2005;33:654–60. 

[2] Goyal K, Hazarika A, Khandelwal A, Sokhal N, Bindra A, Kumar N, et al. Non- Neurological 

Complications after Traumatic Brain Injury: A Prospective Observational Study. Indian J Crit Care Med Peer-Rev 

Off Publ Indian Soc Crit Care Med 2018;22:632–8. doi:10.4103/ijccm.IJCCM_156_18. 

[3] Esnault P, Nguyen C, Bordes J, D’Aranda E, Montcriol A, Contargyris C, et al. Early-Onset Ventilator-

Associated Pneumonia in Patients with Severe Traumatic Brain Injury: Incidence, Risk Factors, and 

Consequences in Cerebral Oxygenation and Outcome. Neurocrit Care 2017;27:187–98. doi:10.1007/s12028-

017-0397-4. 

[4] Bronchard R, Albaladejo P, Brezac G, Geffroy A, Seince P-F, Morris W, et al. Early onset pneumonia: 

risk factors and consequences in head trauma patients. Anesthesiology 2004;100:234–9. 

[5] American Thoracic Society, Infectious Diseases Society of America. Guidelines for the management of 

adults with hospital-acquired, ventilator-associated, and healthcare-associated pneumonia. Am J Respir Crit 

Care Med 2005;171:388–416. doi:10.1164/rccm.200405-644ST. 

[6] Dziedzic T, Slowik A, Szczudlik A. Nosocomial infections and immunity: lesson from brain-injured 

patients. Crit Care Lond Engl 2004;8:266–70. doi:10.1186/cc2828. 

[7] Lepelletier D, Roquilly A, Demeure dit latte D, Mahe PJ, Loutrel O, Champin P, et al. Retrospective 

analysis of the risk factors and pathogens associated with early-onset ventilator-associated pneumonia in 

surgical-ICU head-trauma patients. J Neurosurg Anesthesiol 2010;22:32–7. 

doi:10.1097/ANA.0b013e3181bdf52f. 

[8] Fields LB. Oral care intervention to reduce incidence of ventilator-associated pneumonia in the 

neurologic intensive care unit. J Neurosci Nurs J Am Assoc Neurosci Nurses 2008;40:291–8. 

[9] Pelosi P, Ferguson ND, Frutos-Vivar F, Anzueto A, Putensen C, Raymondos K, et al. Management and 

outcome of mechanically ventilated neurologic patients. Crit Care Med 2011;39:1482–92. 

doi:10.1097/CCM.0b013e31821209a8. 

[10] Cinotti R, Dordonnat-Moynard A, Feuillet F, Roquilly A, Rondeau N, Lepelletier D, et al. Risk factors and 

pathogens involved in early ventilator-acquired pneumonia in patients with severe subarachnoid hemorrhage. 

Eur J Clin Microbiol Infect Dis Off Publ Eur Soc Clin Microbiol 2014;33:823–30. doi:10.1007/s10096-013-2020-8. 

[11] Kasuya Y, Hargett JL, Lenhardt R, Heine MF, Doufas AG, Remmel KS, et al. Ventilator-associated 

pneumonia in critically ill stroke patients: frequency, risk factors, and outcomes. J Crit Care 2011;26:273–9. 

doi:10.1016/j.jcrc.2010.09.006. 

[12] Hoesch RE, Lin E, Young M, Gottesman RF, Altaweel L, Nyquist PA, et al. Acute lung injury in critical 

neurological illness. Crit Care Med 2012;40:587–93. doi:10.1097/CCM.0b013e3182329617. 

[13] Mascia L, Sakr Y, Pasero D, Payen D, Reinhart K, Vincent J-L, et al. Extracranial complications in patients 

with acute brain injury: a post-hoc analysis of the SOAP study. Intensive Care Med 2008;34:720–7. 

doi:10.1007/s00134-007-0974-7. 

[14] Mascia L, Zavala E, Bosma K, Pasero D, Decaroli D, Andrews P, et al. High tidal volume is associated 

with the development of acute lung injury after severe brain injury: an international observational study. Crit 

Care Med 2007;35:1815–20. doi:10.1097/01.CCM.0000275269.77467.DF. 

[15] Holland MC, Mackersie RC, Morabito D, Campbell AR, Kivett VA, Patel R, et al. The development of 

acute lung injury is associated with worse neurologic outcome in patients with severe traumatic brain injury. J 

Trauma 2003;55:106–11. doi:10.1097/01.TA.0000071620.27375.BE. 

[16] Rincon F, Ghosh S, Dey S, Maltenfort M, Vibbert M, Urtecho J, et al. Impact of acute lung injury and 

acute respiratory distress syndrome after traumatic brain injury in the United States. Neurosurgery 

2012;71:795–803. doi:10.1227/NEU.0b013e3182672ae5. 

[17] Veeravagu A, Chen Y-R, Ludwig C, Rincon F, Maltenfort M, Jallo J, et al. Acute lung injury in patients 

with subarachnoid hemorrhage: a nationwide inpatient sample study. World Neurosurg 2014;82:e235-241. 

doi:10.1016/j.wneu.2014.02.030. 

[18] Wartenberg KE, Schmidt JM, Claassen J, Temes RE, Frontera JA, Ostapkovich N, et al. Impact of medical 

complications on outcome after subarachnoid hemorrhage. Crit Care Med 2006;34:617–23; quiz 624. 

[19] Kahn JM, Caldwell EC, Deem S, Newell DW, Heckbert SR, Rubenfeld GD. Acute lung injury in patients 

with subarachnoid hemorrhage: incidence, risk factors, and outcome. Crit Care Med 2006;34:196–202. 

[20] Rincon F, Maltenfort M, Dey S, Ghosh S, Vibbert M, Urtecho J, et al. The prevalence and impact of 

mortality of the acute respiratory distress syndrome on admissions of patients with ischemic stroke in the 

United States. J Intensive Care Med 2014;29:357–64. doi:10.1177/0885066613491919. 



 26

[21] Contant CF, Valadka AB, Gopinath SP, Hannay HJ, Robertson CS. Adult respiratory distress syndrome: a 

complication of induced hypertension after severe head injury. J Neurosurg 2001;95:560–8. 

doi:10.3171/jns.2001.95.4.0560. 

[22] Piek J, Chesnut RM, Marshall LF, van Berkum-Clark M, Klauber MR, Blunt BA, et al. Extracranial 

complications of severe head injury. J Neurosurg 1992;77:901–7. doi:10.3171/jns.1992.77.6.0901. 

[23] Finsterer J. Neurological Perspectives of Neurogenic Pulmonary Edema. Eur Neurol 2019;81:94–101. 

doi:10.1159/000500139. 

[24] Fontes RBV, Aguiar PH, Zanetti MV, Andrade F, Mandel M, Teixeira MJ. Acute neurogenic pulmonary 

edema: case reports and literature review. J Neurosurg Anesthesiol 2003;15:144–50. 

[25] Rogers FB, Shackford SR, Trevisani GT, Davis JW, Mackersie RC, Hoyt DB. Neurogenic pulmonary 

edema in fatal and nonfatal head injuries. J Trauma 1995;39:860–6; discussion 866-868. 

[26] Friedman JA, Pichelmann MA, Piepgras DG, McIver JI, Toussaint LG, McClelland RL, et al. Pulmonary 

complications of aneurysmal subarachnoid hemorrhage. Neurosurgery 2003;52:1025–31; discussion 1031-

1032. 

[27] Solenski NJ, Haley EC, Kassell NF, Kongable G, Germanson T, Truskowski L, et al. Medical complications 

of aneurysmal subarachnoid hemorrhage: a report of the multicenter, cooperative aneurysm study. 

Participants of the Multicenter Cooperative Aneurysm Study. Crit Care Med 1995;23:1007–17. 

[28] Muroi C, Keller M, Pangalu A, Fortunati M, Yonekawa Y, Keller E. Neurogenic pulmonary edema in 

patients with subarachnoid hemorrhage. J Neurosurg Anesthesiol 2008;20:188–92. 

doi:10.1097/ANA.0b013e3181778156. 

[29] Weir BK. Pulmonary edema following fatal aneurysm rupture. J Neurosurg 1978;49:502–7. 

doi:10.3171/jns.1978.49.4.0502. 

[30] Probasco JC, Chang T, Victor D, Nyquist P. Isolated Pulmonary Edema without Myocardial Stunning in 

Brainstem Strokes. J Neurol Transl Neurosci 2014;2:1040. 

[31] Ochiai H, Yamakawa Y, Kubota E. Deformation of the ventrolateral medulla oblongata by subarachnoid 

hemorrhage from ruptured vertebral artery aneurysms causes neurogenic pulmonary edema. Neurol Med Chir 

(Tokyo) 2001;41:529–34; discussion 534-535. 

[32] Davison DL, Terek M, Chawla LS. Neurogenic pulmonary edema. Crit Care Lond Engl 2012;16:212. 

doi:10.1186/cc11226. 

[33] Zygun DA, Kortbeek JB, Fick GH, Laupland KB, Doig CJ. Non-neurologic organ dysfunction in severe 

traumatic brain injury. Crit Care Med 2005;33:654–60. 

[34] Roch A, Michelet P, Jullien AC, Thirion X, Bregeon F, Papazian L, et al. Long-term outcome in intensive 

care unit survivors after mechanical ventilation for intracerebral hemorrhage. Crit Care Med 2003;31:2651–6. 

doi:10.1097/01.CCM.0000094222.57803.B4. 

[35] Otite FO, Khandelwal P, Malik AM, Chaturvedi S, Sacco RL, Romano JG. Ten-Year Temporal Trends in 

Medical Complications After Acute Intracerebral Hemorrhage in the United States. Stroke 2017;48:596–603. 

doi:10.1161/STROKEAHA.116.015746. 

[36] Hilker R, Poetter C, Findeisen N, Sobesky J, Jacobs A, Neveling M, et al. Nosocomial pneumonia after 

acute stroke: implications for neurological intensive care medicine. Stroke 2003;34:975–81. 

doi:10.1161/01.STR.0000063373.70993.CD. 

[37] Bratton SL, Davis RL. Acute lung injury in isolated traumatic brain injury. Neurosurgery 1997;40:707–

12; discussion 712. doi:10.1097/00006123-199704000-00009. 

[38] Naidech AM, Bassin SL, Garg RK, Ault ML, Bendok BR, Batjer HH, et al. Cardiac troponin I and acute 

lung injury after subarachnoid hemorrhage. Neurocrit Care 2009;11:177–82. doi:10.1007/s12028-009-9223-y. 

[39] Mazzeo AT, Micalizzi A, Mascia L, Scicolone A, Siracusano L. Brain-heart crosstalk: the many faces of 

stress-related cardiomyopathy syndromes in anaesthesia and intensive care. Br J Anaesth 2014;112:803–15. 

doi:10.1093/bja/aeu046. 

[40] Kerro A, Woods T, Chang JJ. Neurogenic stunned myocardium in subarachnoid hemorrhage. J Crit Care 

2017;38:27–34. doi:10.1016/j.jcrc.2016.10.010. 

[41] Guglin M, Novotorova I. Neurogenic stunned myocardium and takotsubo cardiomyopathy are the 

same syndrome: a pooled analysis. Congest Heart Fail Greenwich Conn 2011;17:127–32. doi:10.1111/j.1751-

7133.2011.00210.x. 

[42] Ripoll JG, Blackshear JL, Díaz-Gómez JL. Acute Cardiac Complications in Critical Brain Disease. 

Neurosurg Clin N Am 2018;29:281–97. doi:10.1016/j.nec.2017.11.007. 

[43] Samuels MA. The brain-heart connection. Circulation 2007;116:77–84. 

doi:10.1161/CIRCULATIONAHA.106.678995. 

[44] Bobinger T, Kallmünzer B, Kopp M, Kurka N, Arnold M, Hilz M-J, et al. Prevalence and impact on 



 27

outcome of electrocardiographic early repolarization patterns among stroke patients: a prospective 

observational study. Clin Res Cardiol Off J Ger Card Soc 2015;104:666–71. doi:10.1007/s00392-015-0831-6. 

[45] Khechinashvili G, Asplund K. Electrocardiographic changes in patients with acute stroke: a systematic 

review. Cerebrovasc Dis Basel Switz 2002;14:67–76. 

[46] Junttila E, Vaara M, Koskenkari J, Ohtonen P, Karttunen A, Raatikainen P, et al. Repolarization 

abnormalities in patients with subarachnoid and intracerebral hemorrhage: predisposing factors and 

association with outcome. Anesth Analg 2013;116:190–7. doi:10.1213/ANE.0b013e318270034a. 

[47] van Bree MDR, Roos YBWEM, van der Bilt IAC, Wilde AAM, Sprengers MES, de Gans K, et al. Prevalence 

and characterization of ECG abnormalities after intracerebral hemorrhage. Neurocrit Care 2010;12:50–5. 

doi:10.1007/s12028-009-9283-z. 

[48] Bruder N, Rabinstein A, The Participants in the International Multi-disciplinary Consensus Conference 

on the Critical Care Management of Subarachnoid Hemorrhage. Cardiovascular and Pulmonary Complications 

of Aneurysmal Subarachnoid Hemorrhage. Neurocrit Care 2011;15:257. doi:10.1007/s12028-011-9598-4. 

[49] El-Menyar A, Goyal A, Latifi R, Al-Thani H, Frishman W. Brain-Heart Interactions in Traumatic Brain 

Injury. Cardiol Rev 2017;25:279–88. doi:10.1097/CRD.0000000000000167. 

[50] Dabrowski W, Schlegel TT, Wosko J, Rola R, Rzecki Z, Malbrain MLNG, et al. Changes in spatial QRS-T 

angle and QTc interval in patients with traumatic brain injury with or without intra-abdominal hypertension. J 

Electrocardiol 2018;51:499–507. doi:10.1016/j.jelectrocard.2017.12.038. 

[51] Zhang L, Zhang B, Qi S. Impact of echocardiographic wall motion abnormality and cardiac biomarker 

elevation on outcome after subarachnoid hemorrhage: a meta-analysis. Neurosurg Rev 2018. 

doi:10.1007/s10143-018-0985-6. 

[52] Schuiling WJ, Dennesen PJW, Tans JTJ, Kingma LM, Algra A, Rinkel GJE. Troponin I in predicting cardiac 

or pulmonary complications and outcome in subarachnoid haemorrhage. J Neurol Neurosurg Psychiatry 

2005;76:1565–9. doi:10.1136/jnnp.2004.060913. 

[53] Naval N, Stevens R, Mirski M, Bhardwaj A. Controversies in the management of aneurysmal 

subarachnoid hemorrhage*. Crit Care Med 2006;34:511–24. doi:10.1097/01.CCM.0000198331.45998.85. 

[54] Oras J, Grivans C, Dalla K, Omerovic E, Rydenhag B, Ricksten S-E, et al. High-Sensitive Troponin T and N-

Terminal Pro B-Type Natriuretic Peptide for Early Detection of Stress-Induced Cardiomyopathy in Patients with 

Subarachnoid Hemorrhage. Neurocrit Care 2015;23:233–42. doi:10.1007/s12028-015-0108-y. 

[55] Kerr G, Ray G, Wu O, Stott DJ, Langhorne P. Elevated Troponin after Stroke: A Systematic Review. 

Cerebrovasc Dis 2009;28:220–6. doi:10.1159/000226773. 

[56] Ahn Sung-Ho, Kim Young-Hak, Shin Chol-Ho, Lee Ji-Sung, Kim Bum-Joon, Kim Yeon-Jung, et al. Cardiac 

Vulnerability to Cerebrogenic Stress as a Possible Cause of Troponin Elevation in Stroke. J Am Heart Assoc 

n.d.;5:e004135. doi:10.1161/JAHA.116.004135. 

[57] Jensen JK, Kristensen SR, Bak S, Atar D, Høilund-Carlsen PF, Mickley H. Frequency and Significance of 

Troponin T Elevation in Acute Ischemic Stroke. Am J Cardiol 2007;99:108–12. 

doi:10.1016/j.amjcard.2006.07.071. 

[58] Sander D, Winbeck K, Klingelhöfer J, Etgen T, Conrad B. Prognostic relevance of pathological 

sympathetic activation after acute thromboembolic stroke. Neurology 2001;57:833–8. 

doi:10.1212/WNL.57.5.833. 

[59] García-Berrocoso T, Giralt D, Bustamante A, Etgen T, Jensen JK, Sharma JC, et al. B-type natriuretic 

peptides and mortality after stroke: a systematic review and meta-analysis. Neurology 2013;81:1976–85. 

doi:10.1212/01.wnl.0000436937.32410.32. 

[60] Alkhachroum AM, Miller B, Chami T, Tatsuoka C, Sila C. A troponin study on patients with ischemic 

stroke, intracerebral hemorrhage and subarachnoid hemorrhage: Type II myocardial infarction is significantly 

associated with stroke severity, discharge disposition and mortality. J Clin Neurosci Off J Neurosurg Soc 

Australas 2019. doi:10.1016/j.jocn.2019.04.005. 

[61] Gerner ST, Auerbeck K, Sprügel MI, Sembill JA, Madžar D, Gölitz P, et al. Peak Troponin I Levels Are 

Associated with Functional Outcome in Intracerebral Hemorrhage. Cerebrovasc Dis Basel Switz 2018;46:72–81. 

doi:10.1159/000492395. 

[62] Gregorio T, Albuquerque I, Neves V, Reinas R, Pipa S, Azevedo L, et al. NT-pro-BNP correlates with 

disease severity and predicts outcome in cerebral haemorrhage patients: Cohort study. J Neurol Sci 

2019;399:51–6. doi:10.1016/j.jns.2019.02.014. 

[63] Cai SS, Bonds BW, Hu PF, Stein DM. The role of cardiac troponin I in prognostication of patients with 

isolated severe traumatic brain injury. J Trauma Acute Care Surg 2016;80:477–83. 

doi:10.1097/TA.0000000000000916. 

[64] Akgun B, Erol FS, Yildirim H, Ilhan N, Kaplan M. The correlation of serum NT-proBNP levels of 



 28

hemorrhagic and ischemic lesions detected with diffusion MRI in head traumas. Turk Neurosurg 2013;23:336–

43. doi:10.5137/1019-5149.JTN.6982-12.1. 

[65] Krishnamoorthy V, Rowhani-Rahbar A, Gibbons EF, Rivara FP, Temkin NR, Pontius C, et al. Early Systolic 

Dysfunction Following Traumatic Brain Injury: A Cohort Study. Crit Care Med 2017;45:1028–36. 

doi:10.1097/CCM.0000000000002404. 

[66] Dalla K, Bech-Hanssen O, Oras J, Naredi S, Ricksten S-E. Speckle tracking-vs conventional 

echocardiography for the detection of myocardial injury-A study on patients with subarachnoid haemorrhage. 

Acta Anaesthesiol Scand 2019;63:365–72. doi:10.1111/aas.13272. 

[67] Cinotti R, Delater A, Fortuit C, Roquilly A, Mahé P-J, Demeure-Dit-Latte D, et al. Speckle-Tracking 

analysis of left ventricular systolic function in the intensive care unit. Anaesthesiol Intensive Ther 2015;47:482–

6. doi:10.5603/AIT.a2015.0078. 

[68] Kilbourn KJ, Ching G, Silverman DI, McCullough L, Brown RJ. Clinical outcomes after neurogenic stress 

induced cardiomyopathy in aneurysmal sub-arachnoid hemorrhage: a prospective cohort study. Clin Neurol 

Neurosurg 2015;128:4–9. doi:10.1016/j.clineuro.2014.10.017. 

[69] Ahmadian A, Mizzi A, Banasiak M, Downes K, Camporesi EM, Thompson Sullebarger J, et al. Cardiac 

manifestations of subarachnoid hemorrhage. Heart Lung Vessels 2013;5:168–78. 

[70] Lyon AR, Bossone E, Schneider B, Sechtem U, Citro R, Underwood SR, et al. Current state of knowledge 

on Takotsubo syndrome: a Position Statement from the Taskforce on Takotsubo Syndrome of the Heart Failure 

Association of the European Society of Cardiology. Eur J Heart Fail 2016;18:8–27. doi:10.1002/ejhf.424. 

[71] Mrozek S, Srairi M, Marhar F, Delmas C, Gaussiat F, Abaziou T, et al. Successful treatment of inverted 

Takotsubo cardiomyopathy after severe traumatic brain injury with milrinone after dobutamine failure. Heart 

Lung J Crit Care 2016;45:406–8. doi:10.1016/j.hrtlng.2016.06.007. 

[72] Madias JE. Left ventricular outflow tract obstruction and Takotsubo syndrome: A heretofore unsettled 

pathophysiologic association. Int J Cardiol 2015;188:58–9. doi:10.1016/j.ijcard.2015.04.042. 

[73] Wira CR, Rivers E, Martinez-Capolino C, Silver B, Iyer G, Sherwin R, et al. Cardiac Complications in 

Acute Ischemic Stroke. West J Emerg Med Integrating Emerg Care Popul Health 2011;12. 

doi:10.5811/westjem.2011.2.1765. 

[74] Sung P-H, Chen K-H, Lin H-S, Chu C-H, Chiang JY, Yip H-K. The Correlation between Severity of 

Neurological Impairment and Left Ventricular Function in Patients after Acute Ischemic Stroke. J Clin Med 

2019;8. doi:10.3390/jcm8020190. 

[75] Porto I, Della Bona R, Leo A, Proietti R, Pieroni M, Caltagirone C, et al. Stress cardiomyopathy (tako-

tsubo) triggered by nervous system diseases: A systematic review of the reported cases. Int J Cardiol 

2013;167:2441–8. doi:10.1016/j.ijcard.2013.01.031. 

[76] Putaala J, Lehto M, Meretoja A, Silvennoinen K, Curtze S, Kääriäinen J, et al. In-hospital cardiac 

complications after intracerebral hemorrhage. Int J Stroke Off J Int Stroke Soc 2014;9:741–6. 

doi:10.1111/ijs.12180. 

[77] Serri K, El Rayes M, Giraldeau G, Williamson D, Bernard F. Traumatic brain injury is not associated with 

significant myocardial dysfunction: an observational pilot study. Scand J Trauma Resusc Emerg Med 

2016;24:31. doi:10.1186/s13049-016-0217-4. 

[78] Cuisinier A, Maufrais C, Payen J-F, Nottin S, Walther G, Bouzat P. Myocardial function at the early 

phase of traumatic brain injury: a prospective controlled study. Scand J Trauma Resusc Emerg Med 

2016;24:129. doi:10.1186/s13049-016-0323-3. 

[79] Prathep S, Sharma D, Hallman M, Joffe A, Krishnamoorthy V, Mackensen GB, et al. Preliminary report 

on cardiac dysfunction after isolated traumatic brain injury. Crit Care Med 2014;42:142–7. 

doi:10.1097/CCM.0b013e318298a890. 

[80] Venkata C, Kasal J. Cardiac Dysfunction in Adult Patients with Traumatic Brain Injury: A Prospective 

Cohort Study. Clin Med Res 2018;16:57–65. doi:10.3121/cmr.2018.1437. 

[81] Hasanin A, Kamal A, Amin S, Zakaria D, El Sayed R, Mahmoud K, et al. Incidence and outcome of 

cardiac injury in patients with severe head trauma. Scand J Trauma Resusc Emerg Med 2016;24:58. 

doi:10.1186/s13049-016-0246-z. 

[82] Cinotti R, Piriou N, Launey Y, Le Tourneau T, Lamer M, Delater A, et al. Speckle tracking analysis allows 

sensitive detection of stress cardiomyopathy in severe aneurysmal subarachnoid hemorrhage patients. 

Intensive Care Med 2015. doi:10.1007/s00134-015-4106-5. 

[83] Krishnamoorthy V, Chaikittisilpa N, Lee J, Mackensen GB, Gibbons EF, Laskowitz D, et al. Speckle 

Tracking Analysis of Left Ventricular Systolic Function Following Traumatic Brain Injury: A Pilot Prospective 

Observational Cohort Study. J Neurosurg Anesthesiol 2019. doi:10.1097/ANA.0000000000000578. 

[84] van der Bilt I a. C, Hasan D, Vandertop WP, Wilde A a. M, Algra A, Visser FC, et al. Impact of cardiac 



 29

complications on outcome after aneurysmal subarachnoid hemorrhage: a meta-analysis. Neurology 

2009;72:635–42. doi:10.1212/01.wnl.0000342471.07290.07. 

[85] Schuiling WJ, Algra A, de Weerd AW, Leemans P, Rinkel GJE. ECG abnormalities in predicting secondary 

cerebral ischemia after subarachnoid haemorrhage. Acta Neurochir (Wien) 2006;148:853–8. 

doi:10.1007/s00701-006-0808-3. 

[86] James P, Ellis CJ, Whitlock RML, McNeil AR, Henley J, Anderson NE. Relation between troponin T 

concentration and mortality in patients presenting with an acute stroke: observational study. BMJ 

2000;320:1502–4. doi:10.1136/bmj.320.7248.1502. 

[87] Balami JS, Buchan AM. Complications of intracerebral haemorrhage. Lancet Neurol 2012;11:101–18. 

doi:10.1016/S1474-4422(11)70264-2. 

[88] Mascia L. Acute lung injury in patients with severe brain injury: a double hit model. Neurocrit Care 

2009;11:417–26. doi:10.1007/s12028-009-9242-8. 

[89] Sarnoff SJ, Sarnoff LC. Neurohemodynamics of pulmonary edema. II. The role of sympathetic pathways 

in the elevation of pulmonary and stemic vascular pressures following the intracisternal injection of fibrin. 

Circulation 1952;6:51–62. 

[90] Theodore J, Robin ED. Speculations on neurogenic pulmonary edema (NPE). Am Rev Respir Dis 

1976;113:405–11. doi:10.1164/arrd.1976.113.4.405. 

[91] Maron MB. Effect of elevated vascular pressure transients on protein permeability in the lung. J Appl 

Physiol Bethesda Md 1985 1989;67:305–10. doi:10.1152/jappl.1989.67.1.305. 

[92] Keegan MT, Lanier WL. Pulmonary edema after resection of a fourth ventricle tumor: possible 

evidence for a medulla-mediated mechanism. Mayo Clin Proc 1999;74:264–8. doi:10.4065/74.3.264. 

[93] Richardson JB. The innervation of the lung. Eur J Respir Dis Suppl 1982;117:13–31. 

[94] Peterson BT, Ross JC, Brigham KL. Effect of naloxone on the pulmonary vascular responses to graded 

levels of intracranial hypertension in anesthetized sheep. Am Rev Respir Dis 1983;128:1024–9. 

doi:10.1164/arrd.1983.128.6.1024. 

[95] Ott L, McClain CJ, Gillespie M, Young B. Cytokines and metabolic dysfunction after severe head injury. J 

Neurotrauma 1994;11:447–72. doi:10.1089/neu.1994.11.447. 

[96] Campbell SJ, Perry VH, Pitossi FJ, Butchart AG, Chertoff M, Waters S, et al. Central nervous system 

injury triggers hepatic CC and CXC chemokine expression that is associated with leukocyte mobilization and 

recruitment to both the central nervous system and the liver. Am J Pathol 2005;166:1487–97. 

doi:10.1016/S0002-9440(10)62365-6. 

[97] Habgood MD, Bye N, Dziegielewska KM, Ek CJ, Lane MA, Potter A, et al. Changes in blood-brain barrier 

permeability to large and small molecules following traumatic brain injury in mice. Eur J Neurosci 2007;25:231–

8. doi:10.1111/j.1460-9568.2006.05275.x. 

[98] López-Aguilar J, Villagrá A, Bernabé F, Murias G, Piacentini E, Real J, et al. Massive brain injury 

enhances lung damage in an isolated lung model of ventilator-induced lung injury. Crit Care Med 

2005;33:1077–83. 

[99] Wu S, Fang CX, Kim J, Ren J. Enhanced pulmonary inflammation following experimental intracerebral 

hemorrhage. Exp Neurol 2006;200:245–9. doi:10.1016/j.expneurol.2006.01.027. 

[100] Kalsotra A, Zhao J, Anakk S, Dash PK, Strobel HW. Brain trauma leads to enhanced lung inflammation 

and injury: evidence for role of P4504Fs in resolution. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow 

Metab 2007;27:963–74. doi:10.1038/sj.jcbfm.9600396. 

[101] Fisher AJ, Donnelly SC, Hirani N, Burdick MD, Strieter RM, Dark JH, et al. Enhanced pulmonary 

inflammation in organ donors following fatal non-traumatic brain injury. Lancet Lond Engl 1999;353:1412–3. 

doi:10.1016/S0140-6736(99)00494-8. 

[102] Heuer JF, Selke M, Crozier TA, Pelosi P, Herrmann P, Perske C, et al. Effects of acute intracranial 

hypertension on extracerebral organs: a randomized experimental study in pigs. J Neurol Surg Part Cent Eur 

Neurosurg 2012;73:289–95. doi:10.1055/s-0032-1304813. 

[103] Heuer JF, Pelosi P, Hermann P, Perske C, Crozier TA, Brück W, et al. Acute effects of intracranial 

hypertension and ARDS on pulmonary and neuronal damage: a randomized experimental study in pigs. 

Intensive Care Med 2011;37:1182–91. doi:10.1007/s00134-011-2232-2. 

[104] Munford RS, Pugin J. Normal responses to injury prevent systemic inflammation and can be 

immunosuppressive. Am J Respir Crit Care Med 2001;163:316–21. doi:10.1164/ajrccm.163.2.2007102. 

[105] Offner PJ, Moore EE, Ciesla D. The adrenal response after severe trauma. Am J Surg 2002;184:649–53; 

discussion 653-654. 

[106] Rhen T, Cidlowski JA. Antiinflammatory action of glucocorticoids--new mechanisms for old drugs. N 

Engl J Med 2005;353:1711–23. doi:10.1056/NEJMra050541. 



 30

[107] Llompart-Pou JA, Raurich JM, Pérez-Bárcena J, Barceló A, Ibáñez J, Ayestarán JI. Acute Hypothalamic-

pituitary-adrenal response in traumatic brain injury with and without extracerebral trauma. Neurocrit Care 

2008;9:230–6. doi:10.1007/s12028-008-9115-6. 

[108] Hoen S, Asehnoune K, Brailly-Tabard S, Mazoit J-X, Benhamou D, Moine P, et al. Cortisol response to 

corticotropin stimulation in trauma patients: influence of hemorrhagic shock. Anesthesiology 2002;97:807–13. 

[109] Dimopoulou I, Tsagarakis S, Theodorakopoulou M, Douka E, Zervou M, Kouyialis AT, et al. Endocrine 

abnormalities in critical care patients with moderate-to-severe head trauma: incidence, pattern and 

predisposing factors. Intensive Care Med 2004;30:1051–7. doi:10.1007/s00134-004-2257-x. 

[110] Hoover L, Bochicchio GV, Napolitano LM, Joshi M, Bochicchio K, Meyer W, et al. Systemic 

inflammatory response syndrome and nosocomial infection in trauma. J Trauma 2006;61:310–6; discussion 

316-317. doi:10.1097/01.ta.0000229052.75460.c2. 

[111] Roquilly A, Mahe PJ, Seguin P, Guitton C, Floch H, Tellier AC, et al. Hydrocortisone therapy for patients 

with multiple trauma: the randomized controlled HYPOLYTE study. JAMA 2011;305:1201–9. 

doi:10.1001/jama.2011.360. 

[112] Asehnoune K, Seguin P, Allary J, Feuillet F, Lasocki S, Cook F, et al. Hydrocortisone and fludrocortisone 

for prevention of hospital-acquired pneumonia in patients with severe traumatic brain injury (Corti-TC): a 

double-blind, multicentre phase 3, randomised placebo-controlled trial. Lancet Respir Med 2014;2:706–16. 

doi:10.1016/S2213-2600(14)70144-4. 

[113] Barugh AJ, Gray P, Shenkin SD, MacLullich AMJ, Mead GE. Cortisol levels and the severity and 

outcomes of acute stroke: a systematic review. J Neurol 2014;261:533–45. doi:10.1007/s00415-013-7231-5. 

[114] Hannawi Y, Hannawi B, Rao CPV, Suarez JI, Bershad EM. Stroke-associated pneumonia: major advances 

and obstacles. Cerebrovasc Dis Basel Switz 2013;35:430–43. doi:10.1159/000350199. 

[115] Ibanez B, Choi BG, Navarro F, Farre J. Tako-tsubo syndrome: a form of spontaneous aborted 

myocardial infarction? Eur Heart J 2006;27:1509–10. doi:10.1093/eurheartj/ehl021. 

[116] Mazzeo AT, Micalizzi A, Mascia L, Scicolone A, Siracusano L. Brain-heart crosstalk: the many faces of 

stress-related cardiomyopathy syndromes in anaesthesia and intensive care. Br J Anaesth 2014;112:803–15. 

doi:10.1093/bja/aeu046. 

[117] Buchholz S, Ward MR, Bhindi R, Nelson GIC, Figtree GA, Grieve SM. Cardiac thrombi in stress (tako-

tsubo) cardiomyopathy: more than an apical issue? Mayo Clin Proc 2010;85:863–4. 

doi:10.4065/mcp.2010.0231. 

[118] Naredi S, Lambert G, Edén E, Zäll S, Runnerstam M, Rydenhag B, et al. Increased sympathetic nervous 

activity in patients with nontraumatic subarachnoid hemorrhage. Stroke 2000;31:901–6. 

[119] Masuda T, Sato K, Yamamoto S, Matsuyama N, Shimohama T, Matsunaga A, et al. Sympathetic 

nervous activity and myocardial damage immediately after subarachnoid hemorrhage in a unique animal 

model. Stroke 2002;33:1671–6. 

[120] Lambert E, Du X-J, Percy E, Lambert G. Cardiac response to norepinephrine and sympathetic nerve 

stimulation following experimental subarachnoid hemorrhage. J Neurol Sci 2002;198:43–50. 

[121] Novitzky D, Wicomb WN, Cooper DK, Rose AG, Reichart B. Prevention of myocardial injury during brain 

death by total cardiac sympathectomy in the Chacma baboon. Ann Thorac Surg 1986;41:520–4. 

[122] Lee VH, Oh JK, Mulvagh SL, Wijdicks EFM. Mechanisms in neurogenic stress cardiomyopathy after 

aneurysmal subarachnoid hemorrhage. Neurocrit Care 2006;5:243–9. doi:10.1385/NCC:5:3:243. 

[123] Gopinath R, Ayya SS. Neurogenic stress cardiomyopathy: What do we need to know. Ann Card Anaesth 

2018;21:228–34. doi:10.4103/aca.ACA_176_17. 

[124] Paur H, Wright PT, Sikkel MB, Tranter MH, Mansfield C, O’Gara P, et al. High levels of circulating 

epinephrine trigger apical cardiodepression in a β2-adrenergic receptor/Gi-dependent manner: a new model of 

Takotsubo cardiomyopathy. Circulation 2012;126:697–706. doi:10.1161/CIRCULATIONAHA.112.111591. 

[125] Banki NM, Kopelnik A, Dae MW, Miss J, Tung P, Lawton MT, et al. Acute neurocardiogenic injury after 

subarachnoid hemorrhage. Circulation 2005;112:3314–9. doi:10.1161/CIRCULATIONAHA.105.558239. 

[126] Heubach JF, Ravens U, Kaumann AJ. Epinephrine Activates Both Gs and Gi Pathways, but 

Norepinephrine Activates Only the Gs Pathway through Human β2-Adrenoceptors Overexpressed in Mouse 

Heart. Mol Pharmacol 2004;65:1313–22. doi:10.1124/mol.65.5.1313. 

[127] Zaroff JG, Pawlikowska L, Miss JC, Yarlagadda S, Ha C, Achrol A, et al. Adrenoceptor polymorphisms 

and the risk of cardiac injury and dysfunction after subarachnoid hemorrhage. Stroke 2006;37:1680–5. 

doi:10.1161/01.STR.0000226461.52423.dd. 

[128] Spinelli L, Trimarco V, Di Marino S, Marino M, Iaccarino G, Trimarco B. L41Q polymorphism of the G 

protein coupled receptor kinase 5 is associated with left ventricular apical ballooning syndrome. Eur J Heart Fail 

2010;12:13–6. doi:10.1093/eurjhf/hfp173. 



 31

[129] Figtree GA, Bagnall RD, Abdulla I, Buchholz S, Galougahi KK, Yan W, et al. No association of G-protein-

coupled receptor kinase 5 or β-adrenergic receptor polymorphisms with Takotsubo cardiomyopathy in a large 

Australian cohort. Eur J Heart Fail 2013;15:730–3. doi:10.1093/eurjhf/hft040. 

[130] Boland TA, Lee VH, Bleck TP. Stress-induced cardiomyopathy. Crit Care Med 2015;43:686–93. 

doi:10.1097/CCM.0000000000000851. 

[131] Padayachee L. Levosimendan: the inotrope of choice in cardiogenic shock secondary to takotsubo 

cardiomyopathy? Heart Lung Circ 2007;16 Suppl 3:S65-70. doi:10.1016/j.hlc.2007.03.018. 

[132] Cheah CF, Kofler M, Schiefecker AJ, Beer R, Klug G, Pfausler B, et al. Takotsubo Cardiomyopathy in 

Traumatic Brain Injury. Neurocrit Care 2017;26:284–91. doi:10.1007/s12028-016-0334-y. 

[133] Nagai M, Hoshide S, Kario K. The insular cortex and cardiovascular system: a new insight into the 

brain-heart axis. J Am Soc Hypertens JASH 2010;4:174–82. doi:10.1016/j.jash.2010.05.001. 

[134] Chouchou F, Mauguière F, Vallayer O, Catenoix H, Isnard J, Montavont A, et al. How the insula speaks 

to the heart: Cardiac responses to insular stimulation in humans. Hum Brain Mapp 2019;40:2611–22. 

doi:10.1002/hbm.24548. 

[135] Christensen H, Boysen G, Christensen AF, Johannesen HH. Insular lesions, ECG abnormalities, and 

outcome in acute stroke. J Neurol Neurosurg Psychiatry 2005;76:269–71. doi:10.1136/jnnp.2004.037531. 

[136] Meyer S, Strittmatter M, Fischer C, Georg T, Schmitz B. Lateralization in autonomic dysfunction in 

ischemic stroke involving the insular cortex. Neuroreport 2004;15:357–61. 

[137] Laowattana S, Zeger SL, Lima J a. C, Goodman SN, Wittstein IS, Oppenheimer SM. Left insular stroke is 

associated with adverse cardiac outcome. Neurology 2006;66:477–83; discussion 463. 

doi:10.1212/01.wnl.0000202684.29640.60. 

[138] Oppenheimer S. The anatomy and physiology of cortical mechanisms of cardiac control. Stroke 

1993;24:I3-5. 

[139] Kawahara E, Ikeda S, Miyahara Y, Kohno S. Role of autonomic nervous dysfunction in electrocardio-

graphic abnormalities and cardiac injury in patients with acute subarachnoid hemorrhage. Circ J Off J Jpn Circ 

Soc 2003;67:753–6. 

[140] Tokgözoglu SL, Batur MK, Topçuoglu MA, Saribas O, Kes S, Oto A. Effects of stroke localization on 

cardiac autonomic balance and sudden death. Stroke 1999;30:1307–11. 

[141] Sykora M, Czosnyka M, Liu X, Donnelly J, Nasr N, Diedler J, et al. Autonomic Impairment in Severe 

Traumatic Brain Injury: A Multimodal Neuromonitoring Study. Crit Care Med 2016;44:1173–81. 

doi:10.1097/CCM.0000000000001624. 

[142] Mashaly HA, Provencio JJ. Inflammation as a link between brain injury and heart damage: the model of 

subarachnoid hemorrhage. Cleve Clin J Med 2008;75 Suppl 2:S26-30. 

[143] Hirashima Y, Nakamura S, Endo S, Kuwayama N, Naruse Y, Takaku A. Elevation of platelet activating 

factor, inflammatory cytokines, and coagulation factors in the internal jugular vein of patients with 

subarachnoid hemorrhage. Neurochem Res 1997;22:1249–55. 

[144] Chaikittisilpa N, Krishnamoorthy V, Lele AV, Qiu Q, Vavilala MS. Characterizing the relationship 

between systemic inflammatory response syndrome and early cardiac dysfunction in traumatic brain injury. J 

Neurosci Res 2018;96:661–70. doi:10.1002/jnr.24100. 

[145] Stevens RD, Puybasset L. The brain-lung-brain axis. Intensive Care Med 2011;37:1054–6. 

doi:10.1007/s00134-011-2233-1. 

[146] Slutsky AS, Tremblay LN. Multiple system organ failure. Is mechanical ventilation a contributing factor? 

Am J Respir Crit Care Med 1998;157:1721–5. doi:10.1164/ajrccm.157.6.9709092. 

[147] Hopkins RO, Jackson JC. Long-term neurocognitive function after critical illness. Chest 2006;130:869–

78. doi:10.1378/chest.130.3.869. 

[148] Turon M, Fernández-Gonzalo S, de Haro C, Magrans R, López-Aguilar J, Blanch L. Mechanisms involved 

in brain dysfunction in mechanically ventilated critically ill patients: implications and therapeutics. Ann Transl 

Med 2018;6:30. doi:10.21037/atm.2017.12.10. 

[149] Janz DR, Abel TW, Jackson JC, Gunther ML, Heckers S, Ely EW. Brain autopsy findings in intensive care 

unit patients previously suffering from delirium: a pilot study. J Crit Care 2010;25:538.e7-12. 

doi:10.1016/j.jcrc.2010.05.004. 

[150] Nguyen DN, Spapen H, Su F, Schiettecatte J, Shi L, Hachimi-Idrissi S, et al. Elevated serum levels of S-

100beta protein and neuron-specific enolase are associated with brain injury in patients with severe sepsis and 

septic shock. Crit Care Med 2006;34:1967–74. doi:10.1097/01.CCM.0000217218.51381.49. 

[151] Fries M, Bickenbach J, Henzler D, Beckers S, Dembinski R, Sellhaus B, et al. S-100 protein and 

neurohistopathologic changes in a porcine model of acute lung injury. Anesthesiology 2005;102:761–7. 

[152] López-Aguilar J, Fernández-Gonzalo MS, Turon M, Quílez ME, Gómez-Simón V, Jódar MM, et al. [Lung-



 32

brain interaction in the mechanically ventilated patient]. Med Intensiva 2013;37:485–92. 

doi:10.1016/j.medin.2012.10.005. 

[153] Bickenbach J, Zoremba N, Fries M, Dembinski R, Doering R, Ogawa E, et al. Low tidal volume 

ventilation in a porcine model of acute lung injury improves cerebral tissue oxygenation. Anesth Analg 

2009;109:847–55. doi:10.1213/ane.0b013e3181ad5769. 

[154] Griesdale DEG, Örtenwall V, Norena M, Wong H, Sekhon MS, Kolmodin L, et al. Adherence to 

guidelines for management of cerebral perfusion pressure and outcome in patients who have severe traumatic 

brain injury. J Crit Care 2015;30:111–5. doi:10.1016/j.jcrc.2014.07.026. 

[155] Acute Respiratory Distress Syndrome Network, Brower RG, Matthay MA, Morris A, Schoenfeld D, 

Thompson BT, et al. Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute 

lung injury and the acute respiratory distress syndrome. N Engl J Med 2000;342:1301–8. 

doi:10.1056/NEJM200005043421801. 

[156] Muench E, Bauhuf C, Roth H, Horn P, Phillips M, Marquetant N, et al. Effects of positive end-expiratory 

pressure on regional cerebral blood flow, intracranial pressure, and brain tissue oxygenation. Crit Care Med 

2005;33:2367–72. doi:10.1097/01.ccm.0000181732.37319.df. 

[157] Leone M, Bouadma L, Bouhemad B, Brissaud O, Dauger S, Gibot S, et al. Hospital-acquired pneumonia 

in ICU. Anaesth Crit Care Pain Med 2018;37:83–98. doi:10.1016/j.accpm.2017.11.006. 

[158] Dahyot-Fizelier C, Frasca D, Lasocki S, Asehnoune K, Balayn D, Guerin A-L, et al. Prevention of early 

ventilation-acquired pneumonia (VAP) in comatose brain-injured patients by a single dose of ceftriaxone: 

PROPHY-VAP study protocol, a multicentre, randomised, double-blind, placebo-controlled trial. BMJ Open 

2018;8:e021488. doi:10.1136/bmjopen-2018-021488. 

[159] Mutoh T, Kazumata K, Ishikawa T, Terasaka S. Performance of bedside transpulmonary thermodilution 

monitoring for goal-directed hemodynamic management after subarachnoid hemorrhage. Stroke 

2009;40:2368–74. doi:10.1161/STROKEAHA.109.547463. 

[160] Yoneda H, Nakamura T, Shirao S, Tanaka N, Ishihara H, Suehiro E, et al. Multicenter prospective cohort 

study on volume management after subarachnoid hemorrhage: hemodynamic changes according to severity of 

subarachnoid hemorrhage and cerebral vasospasm. Stroke 2013;44:2155–61. 

doi:10.1161/STROKEAHA.113.001015. 

[161] Park H-K, Kim BJ, Yoon C-H, Yang MH, Han M-K, Bae H-J. Left Ventricular Diastolic Dysfunction in 

Ischemic Stroke: Functional and Vascular Outcomes. J Stroke 2016;18:195–202. doi:10.5853/jos.2015.01697. 

[162] Alali AS, Mukherjee K, McCredie VA, Golan E, Shah PS, Bardes JM, et al. Beta-blockers and Traumatic 

Brain Injury: A Systematic Review, Meta-analysis, and Eastern Association for the Surgery of Trauma Guideline. 

Ann Surg 2017;266:952–61. doi:10.1097/SLA.0000000000002286. 

[163] Ley EJ, Leonard SD, Barmparas G, Dhillon NK, Inaba K, Salim A, et al. Beta blockers in critically ill 

patients with traumatic brain injury: Results from a multicenter, prospective, observational American 

Association for the Surgery of Trauma study. J Trauma Acute Care Surg 2018;84:234–44. 

doi:10.1097/TA.0000000000001747. 

[164] Salim A, Hadjizacharia P, Brown C, Inaba K, Teixeira PGR, Chan L, et al. Significance of troponin 

elevation after severe traumatic brain injury. J Trauma 2008;64:46–52. doi:10.1097/TA.0b013e31815eb15a. 

[165] Edavettal M, Gross BW, Rittenhouse K, Alzate J, Rogers A, Estrella L, et al. An Analysis of Beta-Blocker 

Administration Pre-and Post-Traumatic Brain Injury with Subanalyses for Head Injury Severity and Myocardial 

Injury. Am Surg 2016;82:1203–8. 

[166] Cruickshank JM, Neil-Dwyer G, Degaute JP, Hayes Y, Kuurne T, Kytta J, et al. Reduction of 

stress/catecholamine-induced cardiac necrosis by beta 1-selective blockade. Lancet Lond Engl 1987;2:585–9. 

 




