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Respiratory Insufficiency in Combat Casualties:

II. Pulmonary Edema Following Head Injury

Annals of Surgery
July 1969

Edema
Alveolar
Number of No Pathol- Hemorrhage Pleural Ef- Hyaline
Survival Time Patients ogy Noted Congestion fusion Atelectasis Pneumonia Membrane
0 20 3 17 0 1 0 0
<24 hours 14 0 11 4 2 3 0
1-7 days 15 0 15 3 3 3 1
> 7 days 7 0 S 2 1 2 0




SEEESNNENES The Development of Acute Lung Injury Is Associated with
Worse Neurologic Outcome in Patients with Severe
Traumatic Brain Injury

E : d - | : Martin C. Holland, MD, Robert C. Mackersie, MD, Diane Morabito, RN, MPH, Andre R. Campbell, MD,
p I e I I I I O O g I e Valerie A. Kivett, BS, Rajiv Patel, BS, Vanessa R. Erickson, BS, and Jean-Francois Pittet, MD

Outcome Odds ratio (OR) 95% CI P-value

Mortality .13 1.01 1.26 0.029

Incidence and Outcomes of Acute Respiratory
Journal of censive Care Megicne L2 15tF€SS Syndrome in Brain-Injured Patients

- Receiving Invasive Ventilation: A Secondary
Analysis of the ENIO Study

P S 2= Hospital LOS (days) 6.97 538 856 <000l
;o froetion Ventilator Days 4.85 386 5.83 <0.00l

Epidemiology and Outcomes of Acute
P Respiratory Distress Syndrome Followin;
in Isolated Severe Traumatic Brain Injury

Yoo 2z
Journal of Intensive Care Medicine
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an overall reduction of in-hospital mortality, ARDS/ALI carries a higher risk of in-hospital

CONCLUSION: Our analysis demonstrates that ARDS/ALI is common after TBI. Despite 202-2 S
death after TBI.

Neurosurgery 71:795-803, 2012




Weaning Outcomes in Patients with Brain
Injury

Neurocrit Care (2022) 37:649-659
https://doi.org/10.1007/512028-022-01584-2

Conclusions
According to pooled data from our cohort, patients with
acute brain injury, compared with patients without brain
injury, present alﬁ,igher odds of unplanned extubation|after
weaning was started, ajlower odds of extubation |after the
first attempt, and ahigher risk of reintubation.| The gradual
reduction of PS was the main method of weaning in patients
with acute brain injury and patients without brain injury.




Ventilator-associated pneumonia
in neurocritically ill patients: insights

from the ENIO international prospective
observational study

1004

% VAP incidence

Battaglini et al. Respiratory Research (2023) 24:146
https://doi.org/10.1186/512931-023-02456-9

Conclusions
VAP is common in neurocritically ill patients but highly
variable across countries and type of brain injury. Male
gender, intracranial probe, EVD, tracheobronchitis,
and therapeutic hypothermia impact on VAP. VAP not
clearly influence mortality but ICU-LOS and duration
of mechanical ventilation. Further studies accounting for
antibiotic use and isolated pathogens in large cohorts of
neurocritically ill patients should be guaranteed.

Strata No VAP =+ VA

Survival probability



Normal (0%) ----

Cerebral blood flow (% change ? )

Pressure (mmHg) 60 mmHg (MAP): the mean arterial pressure

o below which cerebral autoregulation mechanisms
d cannot maintain stable blood flow

40 mmHg (PaCO,): the normal value for PaCO,

50 mmHg (Pa0,): the threshold where hypoxia

begins to influence cerebral blood flow
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BBB disruption Cytokines enter systemic
circulation

SABI

Cytokine release,
microglial activation

ARDS

Adrenal T susceptibility to
Insufficiency inflammation

Endothelial lung injury

Autonomic T PVR, capillary HTN
Dysfunction T Surfactant inactivation
T Pulmonary edema

Damage to
HPA axis T Sympathetic Capillary-alveolar Neurogenic
T ICP Activation membrane damage  pulmonary edema

! Airway protection 1 Risk of aspiration PNA | Gas exchange
Depressed LOC | Respiratory drive 1 Atelectasis Sepsis

\ Collateral ICU Complications

< Hypotension
Sedation
Polypharmacy
Delirium
Fever
Cognitive deficits
Mood disorders Hypoxic .
, - w  Cerebral y
Hippocampal injury 0, Delivery
Tight junction
down-regulation T Sympathetic
. Activation
. . Beta-amyloid
Pathogenesis of Injury deposition BBB Cytokine release into

Molecular = disruption systemic circulation

Cllnlcal Curr Treat Options Neurol (2022) 24:383-408
DOI 10.1007/s11940-022-00726-3




Deficient airway protection
Abnormal respiratory drive
Neuro-immune dysregulation

A\ 4

AN

Effect of hypoxia on neurologic outcome
VAP-associated systemic inflammation
ViLI-associated systemic inflammation

Effect of intrathoracic pressures on ICP and CPP
PaCO:z-mediated effects on CBF and CBV

Effect of hyperoxia on neurologic outcome
Induction of dyssynchrony

Requirement for sedation

Risk of delirium

Risk of VAP
Risk of VILI
Ventilator induced diaphragmatic dysfunction

Mechanical
Ventilation

Neurocrit Care (2023) 38:178-191
https://doi.org/10.1007/512028-022-01593-1
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Ventilator-associated Brain Injury
A New Priority for Research in Mechanical Ventilation

@ Thiago Bassi'**, Shaurya Taran'?, Timothy D. Girard®, Chiara Robba®’, and Ewan C. Goligher'#3*°
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Disability Impaired
Coma quality of life
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American Journal of Respiratory and Critical Care Medicine Volume 209 Number 10 | May 15 2024 Deliium «— CIMCAl . hongterm cognitive

Neuroinflammation | Blood brain barrier
VABI and apoptosis disruption

Primary brain injury in patients
without established brain injury
Hypothesis:

Afferent neural signalling
(phrenic, vagus and olfactory bulb)

Y Secondary brain injury in patients
W with established brain injury

7)Y Reduced brain venous return

Reduced cardiac output

Reduced cerebral pressure

Inflammatory circulating perfusion

pulmonary cytokines
Tissue hypoxia and ischemia

07 1) '~‘ ”
Therapeutic Targets h‘gr( """’:J
Olfactory bulb stimulation 5 3 ¢ °
. . : Cerebral Electroencephalogram
Phrenic nerve stimulation oxygenation \_ /'Transcranlal
Vagus nerve modulation Neuromonitoring doppler
Immunomodulation / l T e
Intracranial Magnetic brain injury
pressure resonance

monitoring imaging




Use of Hyperventilation in Patients with Severe Head Injury

J. D. Ward, H. F. Young, J. P. Muizelaar, and S. Choi
Richmond, Virginia
paCO2

Neurosurgery, Vol. 24, No. 6 June 1989

In summary, prophylactic hyperventilation in patients with scvere

Hypokapnie opugténa head injury is not recommended.

Hyperkapnie nebezpecna

Effects of PaCO, derangements on clinical outcomes after cerebral
injury: A systematic review”™

Brian W. Roberts®*, Paul Karagiannis®, Michael Coletta?, ]. Hope Kilgannon?,

Michael E. Chansky*?, Stephen Trzeciak®"

Conclusion: The majority of studies in this report found exposure to hypocapnia and hypercapnia after

cerebral injury to be associated with poor clinical outcome. However, the optimal PaCO; range associated
Resuscitation 91 (2015) 32-41 with good clinical outcome remains unclear.




PaCO, > 35 and to 45 mmHg; mildhhypocapnia as 32-35 mmHg; severe hypocapnia as 26-31 mmHg, forced hypocap-
nia as < 26 mmHg, and hypercapnia as > 45 mmHag.

=V

20 30 40 50 60
PaCO,, mmHg

ORIGINAL

Clinical practice and effect of carbon dioxide o
on outcomes in mechanically ventilated acute
brain-injured patients: a secondary analysis

of the ENIO study

Intensive Care Med (2024) 50:234-246
https://doi.org/10.1007/s00134-023-07305-3




Individualized Thresholds of Hypoxemia and Hyperoxemia and their Effect on
Outcome in Acute Brain Injured Patients: A Secondary Analysis of the ENIO Study

60.0 - Omnibus p-value = 0.0055
AUC = 0.8099

30.0 -

Neurocrit Care (2024) 40:515-528
https://doi.org/10.1007/512028-023-01761-x




Effects of PEEP on the Intracranial System of Patients With
Head Injury and Subarachnoid Hemorrhage: The Role of
Respiratory System Compliance

Anselmo Caricato, MD, Giorgio Conti, MD, Francesco Della Corte, MD, Aldo Mancino, MD,
Federico Santilli, MD, Claudio Sandroni, MD, Rodolfo Proietti, MD, and Massimo Antonelli, MD

J Trauma. 2005:58:571-576
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Intensive Care Med (2006) 32:1475-1484
DOI 10.1007/s00134-006-0294-3

The “Lund Concept” for the treatment of
severe head trauma - physiological principles
and clinical application




Effects of positive end-expiratory pressure on intracranial pressure,
cerebral perfusion pressure, and brain oxygenation in acute brain injury:
Friend or foe? A scoping review

Journal of Intensive Medicine 4 (2024) 247-260

Cerebral ':'“‘J ICP, CBV f
oxygenation - CPP, CBF, Compliancel
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("/,.. ,\\\) Venous return
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Conclusion:{ PEEP can be safely used in patients with ABI|to improve gas exchange|keeping in mind its potentially
harmful effects, which can be predicted with adequate monitoring supported by bedside non-invasive neuromon-

itoring tools.




Euvolemia
MAP >80 mmHg
CO >3.5 L/min

Systemic

Hemodynamics PEEP Titration

Urinary output
>30 mL/h

Respiratory

Goals

Abdominal

IAP <20 mm Hg

PaO, >60 mmHg

Sa0, >92%

PaCO, 35-45 mmHg

Driving pressure <13 cmH,0
Mechanical power <17 J/min
Transpulmonary pressure <20 cmH,0
Crs >30 mL/cm H,0

ICP <22 mmHg
CPP >55 mmHg
PtiO, >20 mmHg
SvjO, >50%




Does Prone Positioning Increase Intracranial Pressure? A
Retrospective Analysis of Patients with Acute Brain Injury and
Acute Respiratory Failure

P ro n a é n II p O I O h a Christian Roth - Andreas Ferbert - Wolfgang Deinsberger -

Jens Kleffmann + Stefanie Kistner - Jana Godau - Neurocrit Care (201 4)21:186-191
Marc Schiiler + Michael Tryba + Markus Gehling

Conclusions The analyzed data allow a more precise
understanding of changes in ICP and oxygenation during

prone positioning in patients with acute brain injury and
almost normal baseline ICP. Our study shows a moderate,
yet significant elevation of ICP during prone positioning.
However, the achieved increase of oxygenation by far
exceeded the changes in ICP. It 1s evident that continuous

monitoring of cerebral pressure 1s required in this patient SP.CPP PP-CPP
Mean (SD)

CPP mmHg
2

(%]
o

group.



Prone Position Ventilation in Neurologically Ill Patients: A Systematic Review
and Proposed Protocol

Although elevations in intracranial pressure and reductions in cerebral
perfusion pressure do occur during proning, they may not occur to a
degree that would warrant exclusion of prone ventilation as a
treatment modality for patients with acute respiratory distress
syndrome and concomitant neurologic diagnoses. In cases where
intracranial pressure, cerebral perfusion pressure, and brain tissue
oxygenation can be monitored, prone position ventilation should be

Critical Care Medicine
March 2021, Volume 49 ( 3 ), p €269 —
e278



Feasibility of Prone Positioning for Brain-injured Patients with Severe Acute
Respiratory Distress Syndrome: A Systematic Review and Pilot Study (ProBrain)

Brain-injured patients are largely excluded from studies evaluating
prone position in acute respiratory distress syndrome. However,
cerebral considering increasing of
mean arterial pressure during the session. Systematic exclusion of
brain-injured patients appears to be unfounded, and prone position,
while at risk in brain-injured patients, should be evaluated on these
patients to review recommendations, considering close monitoring of
neurologic and hemodynamic parameters.

, Volume 140, Number 3, 12 February 2024,
DD. 495-512(18)
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Lung recruitment maneuver in patients
with cerebral injury: effects on intracranial
pressure and cerebral metabolism

Before At the end of 10 min after 30 min after
VRM VRM VRM VRM
Mean arterial pressure (mmHg) 86+9 75x10%** 84+10 83+7
Intracranial pressure (mmHg) 13+5 16+5* 13+4 13+4
Cerebral perfusion pressure (mmHg) 7248 60£10%* 70+11 70+8
Jugular bulb oxygen saturation (%) 69+6 59+7* 67+6 67+6
Arterial minus jugular venous lactate 0.06+0,07 0.07+0,07 0.09+0,07 0.06+0,05
content difference (mmol/l)
50 \'
Before At the end of 10 min after 30 min after
VRM VRM VRM VRM | T T
Mean arterial pressure (mmHg) 86+9 T5£10%* 84+10 83+7 .
Intracranial pressure (mmHg) 13+£5 16£5%* 13+4 13:1:4—‘ before end of VRM
| Cerebral perfusion pressure (mmHg) 72+8 60£10%* 70+11 70+8
Jugular bulb oxygen saturation (%) 69+6 S9£7* 6746 67+6

Arterial minus jugular venous lactate 0.06+0,07 0.07+0,07

content difference (mmol/l)

0.09+0,07

0.06=0,05

Intensive Care Med (2002) 28:554-558
DOI 10.1007/s00134-002-1273-y
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& 60 . [ 11l 6116 g = . e s YY)
50 =__J 70 T
TO h T1 TO _ T
(n=32) (n=32) n=32 (n=32)
Parameter TO T1 p value A change
ICP (mm Hg) 124 (6.7-15.8) 8 (13.9t0 22.1) <0.001 0.70 48 (25108.2)
CPP (mm Hg) 69.6 (61.3-85.0) 61.2 (52.7 to 68.5) <0.001 0.73 —128(—180to—3.7)
MAP (mm Hg) 84.5 (75.7-90.2) 78.5 (75.0t0 85.5) <0.001 0.60 —52(=991020)
PRx (a.u.) 0.23 (0.02-0.34) 043 (0.24t0 0.51) <0.001 0.61 0.31 (0.1 to 0.40)



Extracorporeal membrane oxygenation use

in patients with traumatic brain injury Perfusion
2015, Vol. 30(5) 407409
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Munoz-Bendix et al. Critical Care (2015) 19:381
DOI 10.1186/513054-015-1088-1

C, CRITICAL CARE

RESEARCH Open Access

CrossMark

Extracorporeal decarboxylation in patients with ®
severe traumatic brain injury and ARDS enables
effective control of intracranial pressure

Christopher Munoz-Bendix', Kerim Beseoglu' and Rainer Kram?**
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A low VT/low PEEP | low VT/high PEEP

Begqiri et al. Critical Care (2023) 27:115 .
https://doi.org/10.1186/s13054-023-04383-z P .
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Neurologic Treatments Pulmonary Treatments

—— TPEEP
— Low volume vent
— Proning
Sedation
— Paralysis
Inhaled vasodilators

CHEST 2022; 161(1):140-151

Transient Carbon

hyperventilation Dioxide

Sedation —

Paralysis — :
Intracranial

Hyperosmolar Pressure —— Proning
EVD —

Craniectomy ——




Lung Protective Ventilation (LPV) Prone Positioning (PP)
/0 Permissive hypercapnia can N CBF, \/' Avoid hypercapnia, \ (' JHOB, T abdominal pressure, and sl,cerebraI\/- If concern for T ICP: place ICP/Pbt02 \
N CBV and cause ICP target P,CO, 35-45mmHg venous outflow = TICP monitor; pre-treat ICP prior to position
* Standard ARDS P,0, goal (55-80mmHg) * If T'P,CO, and concern for 1" ICP: * Neuro exam limited changes
likely too low for SABI invasive ICP/PbtO, monitor to * ICP monitor displacement T MAP to CPP 60-70 mmHg
« “sedation to tolerate LPV individualize P,CO, target; treat 1* ICP; inadequate CSF drainage during PP reverse Trendelenburg
I MAP to CPP 60-70 mmHg offload abdominal pressure

\ /\' P,O, target: 80-120mmHg ) k j\- Modify prone angle for neuro exam /

Positive End Expiratory Pressure (PEEP) Conservative Fluid Strategy

«  PEEP causes 1ITP/RAP and * Position to Njugular venous * Hypotension, hypovolemia can * Serial volume assessments
Jjugular venous outflow, thus outflow J cerebral perfusion = * Coupled.neuro-hemodynamlc
may TICP *  Avoid lung hyperinflation brair, ischemia i mor?:jtc':nng .
* PEEP can L MAP and cause |, CPP * Keep MAP > 65 mmHg " risk in vasospasm, Avoi .ypotensmn _
* Utilize non-invasive ICP monitoring, cerebral/cervical vascular SRR T T
\_ autoregulation studies / \_ stenosis or occlusion )
- Steroids
Inhaled Pulmonary Vasodilators
e ~N . . . 3 3 ~
* Theoretical | platelet function can * If concern for bleeding, Unc|e?r sl LT S
- ; . benefit or be harmed case-by-case
cause ICH expansion monitor clinically and g e . . .
radiographically * M mortality in TBI * Limit use in patients with TBI
\. J *  “risk of critical illness
neuropathy/myopathy
Sedation and Neuromuscular Blockade (NMB) /
(- May limit neuro exam « Prefer short acting sedatives \ Venovenous Extracorporeal Membrane Oxygenation (VV-ECMO)
* Sedation pauses can TICP * Assess need for ICP control with ( \f \
(when concern for cerebral edema) sedation/NMB *  PICH risk: therapeutic anticoagulation, circuit- * Weigh risks and benefits, projected neuro outcome
+ Monitor P,CO, when initiating NMB induced coagulopathy, platelet dysfunction case-hy-case
* Multimodal monitoring to assess for * Jugular cannula can J jugular venous outflow * Consider Femoral-Femoral configuration to avoid
\_ neuro worsening j and TICP jugular cannula
* Rapid PaCO2 fluctuations can affect cerebral * Consider AC-free ECMO if concern for ICH,
perfusion, cause ICH, 1 ICP hemorrhagic conversion
\ j\' Consider pECLA for P,CO, management /

Curr Treat Options Neurol (2022) 24:383-408



VT PEEP RM Prone Position ECMO
T ' 4 &
Ventilatory p ,‘”‘ == - / i P | 3 Ventilatory
strategies = l. AN s P~ - 5 - gl | Targets
U == 4557 ~—- Ld
- —— / -~ VA P ;
LA — ﬁ
10 Q O — Q(c, )
ABI * Low evidence * Low evidence * No evidence * No evidence * No evidence * Pa0,>75 mmHg
« VT 6-9 mi/kg PBW * Could impair venous * Might increase ICP « Might increase ICP » Normocapnia
return
* Pplat<30 cmH,0 p : * PaC0O,<30 mmHg not
¢ * Hyperinflation can recommended
= cause hypercapnia
ARDS
» Strong reccomendation | « FIO2/PEEP table » Conditional  Strong * Might be used as * Pa0,55-80 mmHg
ARDS network recommendation recommendation rescue therapy
*VT 6-ml/kg PBW if severe * Any PaCOz if pH>7.25
* Pplat<30 cmH,0
Final * Protective VT * Individualize PEEP * Only on a case-by- * Could be considered * Only in specific cases |+ Pa0,>75 mmHg
Recommendation based on cerebral case basis and guided as rescue therapy
ABI+ARDS * Individualize VT and lung compliance by neuromonitoring * Use neuromonitoring when conventional « Protective ventilation

according to PL and DP

* Increase RR
to prevent hypercapnia

* Avoid hyperinflation

Intensive Care Med (2019) 45:683-686
https://doi.org/10.1007/s00134-019-05556-7

treatment fails

* Consider heparin
dose

* Normocapnia or based
on neuromonitoring
and pH
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Mechanical ventilation in patients with acute ==

brain injury: recommendations of the European
Society of Intensive Care Medicine consensus
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Poor Evidence

We are unable to provide any recommendations

We suggest




1. What are the indications for endotracheal intubation

in patients with ABI?

Vedomi, agitace, reflexy, ICP

GCS< 8
ICP, herniace
Bulbarni

Plicni indikace



2. s it safe and effective to use non-invasive respiratory

support in patients with ABI?

NIV
HFOT



3. Should we use specific mechanical ventilation settings

in patients with ABI?

O ARDS = +ICP
Standard
+ ARDS/ = ICP

lung protective

0 ARDS/+ICP, +ARDS/+ICP,
? Lung protective



4. Should we target specific values of partial pressure
of oxygen (Pa0O,) and partial pressure of carbon dioxide
(PaCO,) in patients with ABI?

Oxygen levels PaCO, and short-term hyperventilation

= |CP/ + ICP =|CP
80 -120 mmHg 35- 45mmHg
Kratkodoba hyperventilace



5. 1s it safe and effective to use rescue interventions

to support severe respiratory failure in patients with ABI?

Alveolar recruitment maneuvers

ARDS+/=ICP ? Promne positioning
ARDS+/+ ICP +

? Recruitment +/= ICP

2 NMRD Neuromuscular blockers

? Extracorporeal life support




6. What are the criteria for ventilator weaning
and extubation in patients with ABI?

1. What are the indications for endotracheal intubation
in patients with ABI?

Védomi, agitace, reflexy, ICP

GCS< 8
ICP, herniace
Bulbarni

Plicni indikace




7. What are the indications for and optimal timing

of tracheostomy in patients with ABI?

Nékolik selhavsich extubaci Indications for tracheostomy

Bezvedomi

Timing of tracheostomy

The panel noted that the decision regarding timing of
tracheostomy varies considerably across countries and

medical institutions and may depend considerabl
bractices and policies. Therefore, the panel

reach a consensus.




VENTILatOry strategies in patients with

severe traumatic brain injury: the VENTILO =

Survey of the European Society of Intensive - | I I I I
Care Medicine (ESICM)

Picetti et al. Critical Care (2020) 24:158

(27)  (26)
(21— (21) — (20) — (20)

W Pa02/Fi02 >300

o Pa02/Fi02 150-300

m Pa02/Fi02 <150

Highest PEEP no-IH Highest PEEP with IH PaCO2 no-IH PaCO2 with IH Pa02 Sp02
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Ventilace

Ovlivhovat hemodynamiku Zajistit
Systémovou Kontrolu CO, a pH
MAP = CO x SVR Oxygenaci

Mozkovou hemodynamiku

CBF

ICP CPP = MAP — ICP



Mechanical ventilation in neurocritical care
setting: A clinical approach

D. Battaglini, D. Siwicka Gieroba, . Brunetti et al. Best Practice & Research Clinical Anaesthesiology 35 (2021) 207—220

* Intubation for GCS <8

- NarMN hasmuvcnm casalle lhmammantiloslione ahaidd ha cncatdeced oA DN walaiban

Conclusions

In summary, ventilatory management, weaning, and tracheostomy for the main subpopulations of
neurocritical care patients igsimilar to the general population,l although specific recommendations and

evidences should be taken into account for each specific subgroup, to minimize the risk of respiratory
complications and cerebral dysfunction.

FINMMAMIWIT IWT IS M WA SE) T VSRt ST W el e WM | MM N STl Jeeeiy

GCS<8, GCS<2 points, optimization of MV and oxygenation, selzures control, airway
protection in absence of reflexes

SAH * Follow the previous suggestions for Vy; PEEP, PaO,
* VISAGE score for tracheostomy

* Intubation for GCS <8

* VT 6-8 mL/kg of PBW

ICH «  PEEP titrated for oxygenation

* TRACH score for tracheostomy
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