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Abstract Hemodynamic monitoring is widely used in

critical care; however, the impact of such intervention in

patients with acute brain injury (ABI) remains unclear.

Using PubMed, a systematic review was performed (1966–

August 2013), and 118 studies were included. Data were

extracted using the PICO approach. The evidence was

classified, and recommendations were developed according

to the GRADE system. Electrocardiography and invasive

monitoring of arterial blood pressure should be the minimal

hemodynamic monitoring required in unstable or at-risk

patients in the intensive care unit. Advanced hemodynamic

monitoring (i.e., assessment of preload, afterload, cardiac

output, and global systemic perfusion) could help establish

goals that take into account cerebral blood flow and oxy-

genation, which vary depending on diagnosis and disease

stage. Choice of techniques for assessing preload, after-

load, cardiac output, and global systemic perfusion should

be guided by specific evidence and local expertise.

Hemodynamic monitoring is important and has specific

indications among ABI patients. Further data are necessary

to understand its potential for therapeutic interventions and

prognostication.
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Abbreviations

ABI Acute brain injury

CA Cardiac arrest

CBF Cerebral blood flow

CO Cardiac output

CPP Cerebral perfusion pressure

CVP Central venous pressure

DCI Delayed cerebral ischemia

DCO2 Venous-arterial difference in carbon dioxide

dICV Inferior vena cava distensibility

dP/dt Rate of rise of left ventricular pressure

Ea Arterial elastance

EGHO Early goal-directed hemodynamic optimization

EVLW Extravascular lung water

FR Fluid responsiveness

FTC Flow time corrected

GEF Global ejection fraction

GEDVI Global end-diastolic volume index

ICH Intracranial hemorrhage

ICU Intensive care unit

LVEF Left ventricular ejection fraction

MAP Mean arterial pressure

NPE Neurogenic pulmonary edema

OHCA Out-of-hospital cardiac arrest

PAC Pulmonary artery catheter

PAOP Pulmonary artery occlusion pressure

PE Pulmonary edema

PLR Passive leg raising

PWCA Pulse contour wave analysis

RCT Randomized clinical trial
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RWMA Regional wall motion abnormalities

SAH Subarachnoid hemorrhage

SPV Systolic pressure variation

SVR Systemic vascular resistances

SVV Stroke volume variation

TBI Traumatic brain injury

TCD Transcranial Doppler

TH Therapeutic hypothermia

TT Trans-pulmonary thermodilution

Introduction

The management of patients with acute brain injury (ABI)

includes the diagnosis and management of several medical

disorders and complications [1]. Cardiovascular impair-

ment is frequent, e.g., after subarachnoid hemorrhage

(SAH), and is associated with increased morbidity and

mortality [2, 3]. The complex pathophysiology of these

cardiovascular alterations has been directly linked to the

neurological injury, with data suggesting involvement of

hypothalamic stimulation and/or failure of the autonomic

system [4–6]. Different therapeutic interventions to

improve cerebral perfusion pressure (CPP), such as

hypervolemia or induced hypertension, also can result in

cardiac arrhythmias, pulmonary edema, or left ventricular

dysfunction [7, 8], which may exacerbate brain injury. In

this setting, monitoring systemic hemodynamics can play

an important role in avoiding such complications and

optimizing cerebral blood flow (CBF) and oxygen delivery

[9, 10].

Methods

This systematic review was performed according to the

Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) statement [11].

Search Criteria

Studies were considered eligible based on the PICO

approach, which includes (a) Patient population, i.e., crit-

ically ill patients with at least one of the following ABI:

traumatic brain injury (TBI), SAH, intracranial hemorrhage

(ICH), ischemic stroke, coma after cardiac arrest (CA),

central nervous system infection, encephalitis, seizures;

neurosurgery; (b) Intervention provided, i.e., monitoring of

systemic hemodynamics; (c) Controls, i.e., patients with

ABI without hemodynamic monitoring or patients without

ABI but undergoing hemodynamic monitoring or patients

with ABI monitored with two different devices;

(d) Outcome endpoints, i.e., mortality, survival with intact

neurological function, complications (cardiac, pulmonary,

infection), or modification in therapy (including intensity

or drug choice). For this review, arterial and central venous

lines were considered the minimal monitoring needed in

patients with ABI, and mean arterial pressure (MAP) and

central venous pressure (CVP) monitoring were used as the

‘‘control’’ group when compared to more advanced moni-

toring. ‘‘Systemic hemodynamic’’ parameters were divided

into the following categories: (a) assessment of systolic and

diastolic function [left ventricular ejection fraction

(LVEF); rate of rise of left ventricular pressure (dP/dt);

continuous ejection fraction; global ejection fraction on

trans-pulmonary thermodilution (GEF); esophageal Dopp-

ler]; (b) measurement of cardiac output (CO) [i.e., PAC;

trans-pulmonary thermodilution (TT); pulse wave contour

analysis (PWCA); echocardiography, bioimpedence, etc.];

(c) assessment of preload (pulmonary artery occlusion

pressure (PAOP); extravascular lung water (EVLW); glo-

bal end-diastolic volume (GEV); esophageal flow time

corrected (FTC-Doppler)]; (d) assessment of afterload

[(systemic vascular resistances (SVR); arterial elastance

(Ea)]; (e) assessment of fluid responsiveness [systolic

pressure variation (SPV); pulse pressure variation (DPP);

stroke volume variation (SVV); passive leg raising (PLR);

pleth variability index)]; (f) adequacy of global perfusion

[lactate levels; mixed or central venous saturation; venous-

arterial difference in carbon dioxide (DCO2)]. Evaluation

of heart-rate variability or other parameters of autonomic

function, and studies using echocardiography to diagnose

the etiology of ischemic stroke if no specific hemodynamic

parameters were reported were not included in this review.

Information Sources and Search Strategy

Using PubMed, a systematic review of English articles was

performed from 1966 through August 15, 2013. The search

strategy included the terms ‘‘brain injury,’’ ‘‘traumatic

brain injury,’’ ‘‘subarachnoid hemorrhage,’’ ‘‘stroke,’’

‘‘intracranial hemorrhage,’’ ‘‘cardiac arrest,’’ ‘‘seizures,’’

‘‘epilepsy,’’ ‘‘neurosurgery,’’ ‘‘encephalitis,’’ ‘‘meningi-

tis’’—used with one of the following: ‘‘hemodynamics,’’

‘‘hemodynamic monitoring,’’ ‘‘cardiac output,’’ ‘‘ventricu-

lar function,’’ ‘‘ejection fraction,’’ ‘‘preload,’’

‘‘extravascular lung water,’’ ‘‘end-diastolic volume,’’

‘‘filling pressure,’’ ‘‘venous saturation,’’ ‘‘mixed venous

saturation,’’ ‘‘central venous saturation,’’ ‘‘venous-arterial

carbon dioxide,’’ ‘‘arterio-venous carbon dioxide differ-

ence,’’ ‘‘delta CO2,’’ ‘‘CO2 gap,’’ ‘‘venous CO2,’’ ‘‘lactate,’’

‘‘fluid responsiveness,’’ ‘‘stroke volume variation,’’ ‘‘sys-

tolic pressure variation,’’ ‘‘pulse pressure variation,’’

‘‘passive leg raising,’’ ‘‘pleth variability index,’’ ‘‘after-

load,’’ ‘‘vascular resistances,’’ and ‘‘elastance.’’ Additional
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references for relevant studies were also searched from

review articles (i.e., defined as ‘‘other sources’’).

Study Selection and Data Collection

One author independently reviewed all citations, abstracts,

and full-text articles to select eligible studies. Excluded

were (a) review articles; (b) case reports or case-series with

B5 patients; (c) experimental studies; (d) studies on pedi-

atric ICU populations (<18 years); (e) studies that were

not conducted on ICU patients; (f) studies dealing with

brain dead patients. Data were abstracted using a prede-

fined abstraction spreadsheet, according to the PICO

system. No attempt was made to re-analyze the data and no

meta-analysis was performed since there are insufficient

randomized (RCT) or case–control studies.

Review End-Points

The end-points of this review (in patients with ABI) were

to answer the following questions:

1. What is the proportion of patients who have altered

systemic hemodynamics and how many will develop

circulatory failure, inadequate perfusion or organ

dysfunction?

2. Can monitoring of systemic hemodynamics help

understand the mechanisms of circulatory failure,

inadequate perfusion, or organ dysfunction?

3. Does hemodynamic monitoring have a specific role in

optimizing brain perfusion and oxygenation or brain-

specific therapy?

4. What is the impact of systemic hemodynamic moni-

toring and related therapies on morbidity, mortality,

and neurological outcome?

5. How can fluid responsiveness be assessed in ABI

patients?

6. What hemodynamic monitoring is indicated in ABI

patients, in particular to diagnose and support the

management of unstable or at-risk patients?

Grading of Evidence

The quality of evidence was judged based on the Grades of

Recommendation, Assessment, Development, and Evalu-

ation (GRADE) system approach [12].

Literature Summary

The search retrieved a total of 25,801 citations (Fig. 1),

and 118 article met inclusion criteria. The numbers of

articles for each disease were 68 for SAH, 12 for TBI, 8

for stroke or ICH, 23 for CA, and 7 for neurosurgery. The

search found 4 randomized clinical trials (RCTs), 5 case-

controlled studies (all ‘‘before-after’’ studies), 81 pro-

spective/observational studies, and 28 retrospective

studies.

Forty-six studies (n = 5,022) included data on cardiac

function. Most (38/46) were prospective and focused on

SAH; all except three used echocardiography (Table 1).

Forty-two studies (n = 4,224) reported data on CO. Most

(28/42) were prospective and 27/42 focused on SAH; 3

studies were RCTs (Table 2). Twelve studies (n = 969)

reported data on preload assessment. Most were performed

in SAH patients (11/12; Tables 3, 4). Five studies

(n = 198) reported data on afterload. All evaluated SVR

and were mostly performed in SAH patients (4/5). No

study evaluated arterial elastance (Table 5). Six studies

(n = 250) reported data on fluid responsiveness (Table 6).

Twenty studies (n = 3,870) reported data on the adequacy

of global perfusion; 3 used ScvO2, 16 measured lactate

levels, and only 1 focused on DCO2. Most of studies were

retrospective (11/20) and evaluated patients after CA (12/

20) (Table 6).

Fig. 1 Flow-chart of the research process according to the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) statement
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What is the Proportion of Patients Who Have Altered

Systemic Hemodynamics and How Many Will Develop

Circulatory Failure, Inadequate Perfusion or Organ

Dysfunction?

Several studies reported altered LVEF after SAH in

2–15 % of patients. [13–15] Similarly, regional wall

motion abnormalities (RWMA) were described in 5–45 %

of patients [16–19], although RWMA may be present

together with normal LVEF [20]. Diastolic dysfunction

occurred in 46–89 % patients after SAH [21–23]. Few

studies evaluated the incidence of altered CO in patients

with ABI. In SAH patients, high CI values were present on

admission and progressively diminished on day 5 (from

5.3 ± 0.4 to 3.5 ± 0.2 L/min/m2); higher CI and EVLWI

were found in those patients admitted with a poor neuro-

logical status (WFNS 4-5) [24]. After ischemic stroke,

similar CI values were reported when compared to mat-

ched-control subjects; however, patients admitted with

poor neurological status had higher CI than others [25].

Finally, low CI was common in the early phase after CA

and progressively normalized over time, except in those

patients who eventually died in cardiogenic shock [26].

Hypovolemia, suggested by low GEDVI on admission, is

frequent after SAH, especially in those patients admitted

with a poor neurological status [24].

Can Monitoring of Systemic Hemodynamics Help

Understand the Mechanisms of Circulatory Failure,

Inadequate Perfusion, or Organ Dysfunction?

Cardiac Function

Among several hypotheses, the main mechanism of cardiac

injury following SAH is thought to be associated with

sympathetic stimulation and catecholamine release. In one

study in 48 SAH patients [27], those with RWMA had

significantly higher plasma norepinephrine levels than did

those with normal echocardiography (2,098 ± 1,773 vs.

963 ± 839 pg/mL, p = 0.02). Plasma norepinephrine lev-

els also were inversely correlated with LVEF. Multivariate

logistic regression analysis revealed that increased plasma

norepinephrine levels were predictive of RWMA. Simi-

larly, Sugimoto et al. [28] showed those patients with

RWMA on admission had decreased estradiol and elevated

norepinephrine levels, and the combination of both sig-

nificantly increased the risk for RWMA development.

Another important issue was the concomitant presence

of altered cardiac function and altered ECG or increased

markers of heart injury. SAH patients with cTnI C0.3 ng/

mL had significantly lower LVEF (52 vs. 63 %,

p < 0.001) than others [29]. In addition, 44 % of them hadT
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]

4
9

P
S

A
H

T
T

T
o

as
se

ss
v

ar
ia

b
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P
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p
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p
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h
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R
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at
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LVEF <50 vs. 5 % in others (p < 0.001). A higher

incidence of RWMA among patients with cTnI C0.3 ng/

mL was found in both early and late phases after SAH [30,

31]. Patients with high cTnI levels also had a higher inci-

dence of diastolic dysfunction [22]. These alterations were

associated with normal myocardial perfusion but altered

sympathetic innervation [6, 32].

Since pulmonary complications are frequent after ABI,

the role of altered cardiac function was evaluated in several

studies. Patients who developed pulmonary edema (PE)

after SAH had lower global ejection fraction (GEF) than did

others [33]. Also, a higher incidence of systolic and dia-

stolic dysfunction was found in patients with PE compared

to others after SAH [22, 23]. Naidech et al. [34] reported no

association between LV dysfunction and the occurrence of

PE, while Junttila et al. [35] showed that the proportion of

patients with LVEF <50 % was similar in patients devel-

oping neurogenic pulmonary edema (NPE) and those who

did not (26 vs. 18 %, p = 0.6). Although patients with NPE

often had more a restrictive profile on echography when

compared to others (21 vs. 5 %, p = 0.03), filling pressures

were similar between groups. Moreover, echocardiographic

abnormalities could not predict development of NPE.

Cardiac Output

In patients with SAH, lower CI was reported in patients

developing PE compared to others; [36] however, variable

hemodynamics, including even high CI after SAH, were

found in patients with PE in other studies [37–39].Three

studies evaluated changes in CI during the use of thera-

peutic hypothermia (TH). Cooling resulted in lower heart

rate, filling pressure, and CI without deleterious effects on

global perfusion in OHCA [40]. TH improved systemic

hemodynamics in CA survivors suffering from cardiogenic

shock [41]. The use of hypothermia in patients with SAH

decreased CI and increased artero-venous jugular differ-

ence in oxygen, suggesting a potential role for brain

hypoperfusion in this setting [42].

Preload

In three studies, patients with PE or poor oxygenation had a

higher ELWI than others [33, 36, 43]. Moreover, PE was

associated with higher GEDVI after SAH in another study

[33]. However, two other studies reported a poor predictive

value of PAOP for PE development [37, 44].

Adequacy of Global Perfusion

Admission lactate levels were significantly higher in

patients with shock after CA than the others and were an

independent predictor of ICU mortality [45].

Does Hemodynamic Monitoring Have a Specific Role

in Optimizing Brain Perfusion and Oxygenation

or Brain-Specific Therapy?

Cardiac Output and Preload

Several studies have shown a relationship between the

development of DCI and low CI in SAH patients [33, 44, 46],

and different therapeutic interventions have been performed

using systemic hemodynamic monitoring in these patients to

optimize brain perfusion. Since CBF values are associated

with CI [47], the use of a ‘‘hyperdynamic’’ approach (i.e.,

increase CI optimizing preload and inotropes to increase CBF,

Fig. 2) has been observed to be associated with neurological

improvement [48–52]. Alternatively, the more traditional

‘‘hypertensive’’ approach (i.e., increase MAP to increase

CBF) is used to increase CPP in symptomatic vasospasm after

SAH and can improve CBF and brain oxygenation in this

setting [53]. Importantly, a ‘‘hyperdynamic’’ approach may

still improve neurological status when patients with vaso-

spasm fail to respond to norepinephrine [54].

Afterload

Hadeishi et al. [48] reported that in 8 SAH patients, in whom a

PAC was used to optimize therapy for cerebral vasospasm,

fluids, and inotropic agents induced an increase of CI (from 3.4

to 4.9 L/min m2) with stable PAOP, while SVR decreased.

Patients who develop DCI or symptomatic vasospasm have

higher SVRI than others [33, 44]. Finally, the prophylactic use

of IABP after SAH was associated with higher SVR than

patients treated with a conventional approach but did not affect

neurological outcome in this setting [55].

What is the Impact of Systemic Hemodynamic

Monitoring and Related Therapies on Morbidity,

Mortality, and Neurological Outcome?

Cardiac Function

Several studies have evaluated the impact of hemodynamic

alterations on the morbidity and mortality after ABI.

Patients with reduced LVEF are more likely to develop

ventricular arrhythmias than others (29 vs. 13 %,

p = 0.12) [56]. However, there is conflicting data exist on

the association between LV dysfunction and survival or

neurological outcome after SAH or CA [3, 14, 57–62].

Cardiac Output and Preload

Using a hemodynamic-guided therapy in out-of-hospital

cardiac arrest (OHCA), Tagami et al. showed a significant
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increase of favorable neurological outcome from 0.5 to

3.0 % when compared to an historical cohort, even after

adjustment for confounders [63]. The use of such inter-

vention to improve patients’ management was an

independent predictor of good outcome. In the sub-group

of patients with witnessed ventricular fibrillation, the pro-

portion of patients with good neurological outcome also

significantly improved from 7.9 to 26.2 %. In SAH

patients, ‘‘hyperdynamic’’ therapy does not always reduce

the incidence of TCD-vasospasm or DCI, when compared

to norepinephrine [64]. However, the duration of

mechanical ventilation (median 8 vs. 19 days, p = 0.01)

and ICU stay (11 vs. 21 days, p = 0.01) was less when

using dobutamine than norepinephrine. ICU mortality was

18 % for dobutamine and 6 % for norepinephrine

(p = 0.33). Kim et al. [65] showed that the occurrence of

vasospasm, myocardial infarction, ARDS, and renal failure

was similar when using invasive hemodynamic monitoring

with PAC in SAH patients compared to non-monitored

patients. However, the use of PAC was associated with a

reduced incidence of pulmonary edema (6 vs. 14 %,

p = 0.003) and sepsis (3 vs. 11 %, p < 0.001). Reduced

6-month mortality was observed using PAC (34 vs. 29 %

p = 0.04). Others have observed that the use of TT was

associated with significantly less TCD-vasospasm (50 vs.

66 %, p = 0.03), delayed neurological deficit (32 vs. 48 %,

p = 0.03), and vasospasm-related infarctions (6 vs. 14 %,

p = 0.049) than conventional therapy after SAH [66]. The

use of TT also was associated with a reduced number of

cardiopulmonary complications (from 12 to 2 %,

p = 0.01) and reduced maximal daily fluid intake. Others

have observed that the prophylactic use of hypertensive

therapy does not reduce the incidence of delayed neuro-

logical deficit; instead it increases the occurrence of PE

[67].

Adequacy of Global Perfusion

In TBI patients, ScvO2 values are lower in non-survivors

(n = 22; 67 ± 12 %) than in survivors (n = 99;

70 ± 9 %, p = 0.04). ScvO2 B65 % had a relative risk for

increased mortality of 2.3 (95 % CI 1.1–4.8); however,

ScvO2 was not an independent predictor of mortality [68].

Gaieski et al. [69] showed that early goal-directed hemo-

dynamic optimization (EGHO) of patients after CA using a

target ScvO2 of C65 % (Fig. 3) was associated with

reduced mortality when compared with historical controls

(10/20, 50 % vs.14/18, 78 %; p = 0.15). Similarly, Walt-

ers et al. [70] showed better neurological outcome in

patients treated with EGHO and TH when compared to

historical controls (31 vs. 12 %, p = 0.08).

Several studies have described lactate levels in CA

patients with varied results. Starodub et al. [71] observed

that initial serum lactate (divided in three groups;

<5 mmol/L; 5–10 mmol/L; >10 mmol/L) was not asso-

ciated with mortality. An association with serial lactate

levels or lactate clearance and outcome is observed. For

example, Kliegel et al. observed that lactate levels were

Fig. 2 Optimization of

systemic hemodynamics in

high-risk patients after

subarachnoid hemorrhage

(SAH). Adapted from [34, 35]
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significantly higher in non-survivors than survivors on

admission, at 24 and 48 h in patients surviving OHCA [72].

However, lactate levels returned within normal ranges

within 24 h in most of patients. A higher proportion of non-

survivors had hyperlactatemia (defined as lactate

>2 mmol/L) at 48 h than survivors (31 vs. 14 %,

p < 0.001), and lactate levels at 48 h were independently

associated with mortality. In the same study, similar results

were reported when patients were categorized as good

(n = 161) or poor (n = 233) neurological outcome. Some

studies have shown that, rather than measuring admission

lactate levels, the rate of decline in lactate concentration,

the so-called ‘‘lactate clearance’’ reflects the improvement

of global perfusion during therapy. A higher lactate

clearance is independently associated with good outcome

in this setting [73].

How Can Fluid Responsiveness be Assessed in ABI

Patients?

Berkenstadt et al. [20] studied stroke volume variation in 15

patients undergoing elective neurosurgery; 140 fluid load-

ings were performed. Half of them were associated with fluid

responsiveness (FR). Li et al. [74] examined FR in 48

patients undergoing brain surgery, and SVV was the best

predictor of FR (defined as an increase of stroke volume

>10 %), while other common hemodynamic variables,

including MAP, CVP, and CO, did not discriminate between

fluid responders and non-responders. Moretti et al. [75]

showed that the inferior vena cava distensibility (dIVC)

assessed on echocardiography was a strong predictor of FR

in patients with SAH, with an AUC of 0.902 (95 % CI

0.73–0.98). A dIVC >16 % yielded a sensitivity of 71 %

and a specificity of 100 % to predict FR. After SAH, changes

in GEDVI after fluid loading are associated with changes in

SV, while changes in PAOP and CVP were not [66]. The

GEDVI had an AUC of 0.73 to predict FR (defined as an

increase of stroke volume >10 %) in this setting.

What Hemodynamic Monitoring is Indicated in ABI

Patients, in Particular to Diagnose and Support

the Management of Unstable or At-Risk Patients?

Eight studies (n = 458) reported data on a specific tech-

nique/device to monitor CO and 3 (n = 71) to monitor FR

in ABI patients. No study compared different parameters of

preload, afterload, or global perfusion in patients with ABI.

The main advantages and disadvantages of different mon-

itoring devices are listed in Table 7.

In SAH patients receiving hyperdynamic therapy, the

PCWA technique has good accuracy to measure CI when

TT was used as reference; [76] the coefficient of agreement

was 0.77, and the bias was 0.33 L/min m2 with a per-

centage of error of 15 %. The incidence of side effects,

cerebral infarction, maximal dobutamine doses, and neu-

rological outcome was similar when patients were

Fig. 3 Optimization of

systemic hemodynamics in

comatose patients after cardiac

arrest. Adapted from [81]
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managed with one of the two techniques. In patients with

SAH treated with a hyperdynamic approach, CI measured

by TT showed a good correlation (r2 = 0.78) [66] with the

PAC measurements, with a bias 0.05 L/min m2, a precision

of 0.11 L/min m2 and a percentage of error of 14 %. In

SAH patients undergoing brain surgery, PCWA-measured

CI showed a good correlation with TT (r = 0.82); The

percentage of error was higher when measurements were

collected during mechanical ventilation than on spontane-

ous breathing [77]. In patients undergoing brain surgery, an

important bias on CO measurement was reported (1.7 L/

min), with limits of agreement of -2.4 to 5.4 L/min when

a PCWA was compared to TT [78]. The percentage of error

was 45 %. The bias was larger in those patients receiving

norepinephrine and nimodipine, but not in those receiving

dobutamine (Table 8). There was a significant negative

correlation between SVR and bias. Others have observed a

poor agreement between echocardiography, and PAC was

reported to measure CO in SAH patients receiving

aggressive fluid therapy [79]. After CA, TT, and not

PCWA devices, appears to be a reliable technique to assess

CO during TH [80, 81]. Finally other studies show that

DPP or SVV was equivalent to assess FR in ABI patients

[75, 82].
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120. Müllner M, Sterz F, Domanovits H, Behringer W, Binder M,

Laggner AN. The association between blood lactate concentra-

tion on admission, duration of cardiac arrest, and functional

neurological recovery in patients resuscitated from ventricular

fibrillation. Intensive Care Med. 1997;23(11):1138–43.

121. Adrie C, Cariou A, Mourvillier B, Laurent I, Dabbane H,

Hantala F, Rhaoui A, Thuong M, Monchi M. Predicting survival

with good neurological recovery at hospital admission after

successful resuscitation of out-of-hospital cardiac arrest: the

OHCA score. Eur Heart J. 2006;27(23):2840–5.

122. Zhao QJ, Zhang XG, Wang LX. Mild hypothermia therapy

reduces blood glucose and lactate and improves neurologic

outcomes in patients with severe traumatic brain injury. J Crit

Care. 2011;26(3):311–5.

123. Yatsushige H, Takasato Y, Masaoka H, Hayakawa T, Otani N,

Yoshino Y, Sumiyoshi K, Sugawara T, Miyawaki H, Aoyagi C,

Takeuchi S, Suzuki G. Prognosis for severe traumatic brain

injury patients treated with bilateral decompressive craniectomy.

Acta Neurochir Suppl. 2010;106:265–70.

124. Meierhans R, Brandi G, Fasshauer M, Sommerfeld J, Schüpbach
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