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Introduction

The presence of pulmonary dysfunction in severe brain
injury is a well known phenomenon. Development of
acute lung injury/acute respiratory distress syndrome
(ALI/ARDS) occurs in 20–25% of patients with isolated
brain injury, both subarachnoid hemorrhage and trauma,
and is associated with a threefold increased risk of dying
and increased ICU length of stay [1, 2, 3]. Intensive Care
Medicine now present an elegant physiological study
carried out by Koutsoukou and coworkers [4] to assess
respiratory mechanics in the early phase after severe
brain injury. The authors conclude that on the first day
of mechanical ventilation patients with brain damage
exhibit abnormal respiratory mechanics. Static elastance
and minimal resistance further increased after 5 days in
patients ventilated on zero end-expiratory pressure (ZEEP)

while it remained stable in patients ventilated with a mod-
erate level of positive end expiratory pressure (PEEP). In
the present editorial we discuss: (a) the mechanisms of
pulmonary dysfunction, (b) its clinical relevance, and (c)
the potential “conflict of interest” between the protective
ventilation strategy for ALI/ARDS and the ventilatory
settings proposed for brain injured patients.

Mechanisms of pulmonary dysfunction

The risk of developing ALI/ARDS after severe brain in-
jury was identified by poorer global initial computed to-
mography findings [1] and lower Glasgow Coma Scale [5,
6] (intracranial factors) together with the administration of
vasoactive drugs and history of drug abuse (extracranial
factors) [2]. Several mechanisms have been postulated as
causes of pulmonary dysfunction, including aspiration, in-
fection, and neurogenic pulmonary edema. In the past the
occurrence of neurogenic pulmonary edema has been at-
tributed to a hydrostatic phenomenon induced by a mas-
sive increase in sympathetic activity [7, 8, 9]; active pul-
monary venocostriction together with an altered capillary
permeability may contribute to an increase in extravascular
lung water. Rogers and coworkers [8] confirmed in a large
autopsy database a significant increase in the weight of the
lungs but not of other organs in patients dying immediately
or within 96 h from isolated brain injury. Recently it has
been suggested that after acute brain injury there is both an
increased intracranial production of proinflammatory cy-
tokines resulting in a secondary injury to the brain [10] and
the release of proinflammatory mediators into the systemic
circulation [11]. Yildirim and coworkers [12] reported that
ultrastructural damage occurred in type II pneumocyte in
a model of traumatic brain injury, suggesting that an acute
systemic inflammatory response plays an integral role in
the development of such injury by initiating infiltration of
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activated neutrophils into the lung [13]. In addition, in an
experimental model it has been demonstrated that massive
brain injury decreases the pulmonary tolerance of subse-
quent mechanical stress due to mechanical ventilation [14].

Clinical relevance of pulmonary dysfunction
Koutsoukou and coworkers [4] report that patients with
brain damage exhibit abnormal respiratory mechanics even
at admission. Interestingly, the authors found that although
only one patient met the criteria for ALI in the “ZEEP
group,” in some patients the PaO2/FIO2 ratio was below
the normal limit even on the 1st day and further deteri-
orated during the 5 days of observation. These data con-
firm that a severe deterioration in PaO2/FIO2 after admis-
sion in patients with isolated brain injury may be present
even in the absence of an abnormal chest radiographic find-
ings [8]. Previous studies have reported varying values of
static elastance in patients with severe brain injury, rang-
ing from 13 to 27 cmH2O/l [15, 16, 17]. In patients with
ALI/ARDS we have found a mean value of elastance equal
to 24 cmH2O/l with a mean PaO2/FIO2 of 186 [15]. All
these data suggest that the main feature of ALI/ARDS in
brain-injured patients is the presence of a poor oxygena-
tion accompanied by a moderate increase in the elastance
of the respiratory system.

Role of mechanical ventilation
Guidelines for traumatic brain injury recommend: (a)
ventilating patients using high tidal volumes to maintain
PaCO2 at or above 35 mmHg, (b) treating intracranial
hypertension with brief periods of hyperventilation,
and (c) optimizing oxygenation applying low levels of
PEEP while preserving cerebral venous drainage [18].
The use of high tidal volume and low levels of PEEP
may further exacerbate the pulmonary and systemic
inflammatory response in patients with ALI/ARDS [19,
20]. In the presence of an established inflammatory
process represented by the primary cerebral injury [10],
an injurious ventilator strategy may present a further
relevant inflammatory stimulus. Moreover it has been
shown that the use of high tidal volumes for the first 48 h
after ICU admission is associated with the development
of ventilator-induced lung injury in patients without
ALI/ARDS [21, 22]. The NIH protective strategy is the
gold standard ventilatory treatment for patients with
ALI/ARDS and recommends ventilating patients with low
tidal volumes (6 ml/kg predicted body weight) that lead to

plateau pressure lower than 30 cmH2O [19]. Patients with
acute brain injury differ from other patient populations be-
cause mild hypocapnia is a key factor of the clinical man-
agement. Consequently, all clinical trials testing protective
ventilation strategies for ALI/ARDS exclude brain-injured
patients because of the tight CO2 control required [19, 20].
Until further studies are carried out, brain-injured patients
developing ALI/ARDS should be ventilated using a ven-
tilatory settings that lead to plateau pressure lower than
30 cmH2O. An attractive alternative in the early phase after
brain injury to guarantee tight CO2 control may be the use
of different ventilator strategies based on lower tidal vol-
umes and higher respiratory rate to obtain similar minute
ventilation. More sophisticated techniques such as tracheal
gas insufflation [23] and extracorporal CO2 removal [24]
may be considered in the most severe cases of ARDS com-
plicating brain injury.

Application of PEEP increases intracranial pressure
(ICP) when the baseline ICP value is lower than PEEP
but has less effect on cerebral perfusion when ICP is
above the highest applied PEEP (Starling resistor model).
In addition, the application of PEEP may affect cerebral
circulation by a CO2-mediated mechanism depending on
recruitment/hyperinflation of alveolar units: if alveolar
hyperinflation is the predominant event with PEEP, there is
an increase in pulmonary elastance and dead space leading
to a rise in arterial PCO2 and ICP [15]. Consequently,
even if hemodynamic transmission is minimized because
ICP values are higher than applied PEEP, ICP may still
be affected by changes in PaCO2. Moreover Caricato and
coworkers [17] have reported that the effect of PEEP on
cerebral circulation depends from the baseline value of
the compliance of the respiratory system. In their present
contribution Koutsoukou and coworkers [4] demonstrate
that applying moderate levels of PEEP in brain-injured
patients without ALI/ARDS prevents the peripheral
airway closure and atelectasis without impairing cerebral
perfusion. Integration of the various mechanisms proposed
in the literature may help intensivists to titrate the optimal
level of PEEP to protect the lung without damaging the
brain.

Although some controversy persists, it seems that
the presence of a neurocritical care team has a favor-
able effect on clinical outcome of patients and resource
utilization [25]. The aim of clinical management in
severely brain-injured patients is to improve neurological
outcome, but the impact of the brain-oriented therapies
on nonneurological systems should be always evaluated:
a multiorgan clinical approach instead of a single organ
approach probably represents the optimal way to reach
this goal.



1927

References

1. Holland MC, Mackersie RC, Mora-
bito D, Campbell AR, Kivett VA,
Patel R, Erickson VR, Pittet JF (2002)
The development of acute lung injury is
associated with worse neurologic out-
come in patients with severe traumatic
brain injury. J Trauma 55:106–111

2. Contant CF, Valadka AB, Gopinath SP,
Hannay HJ, Robertson CS (2001)
Adult respiratory distress syndrome:
a complication of induced hypertension
after severe head injury. J Neurosurg
95:560–568

3. Kahn JM, Caldwell EC, Deem S,
Newell D, Heckbert S, Rubelfeld G
(2006) Acute lung injury in patients
with subarachnoid hemorrhage: in-
cidence, risk factors, and outcome.
Crit Care Med 34:196–202

4. Koutsoukou A, Perraki H,
Raftopoulou A, Koulouris N,
Sotiropoulou C, Kotanidou A,
Orfanos S, Roussos C (2006)
Respiratory mechanics in brain
damaged patients. Intensive Care Med
(DOI 10.1007/s00134-006-0406-0)

5. Teasdale G, Jennett B (1974) As-
sessment of coma and impaired
consciousness. A practical scale.
Lancet II:81–84

6. Bratton SL, Davis RL (1997) Acute
lung injury in isolated traumatic brain
injury. Neurosurgery 40:707–712

7. Touho H, Karasawa J, Shishido H,
Yamada K, Yamazaki Y (1989) Neu-
rogenic pulmonary edema in the acute
stage of hemorrhagic cerebrovascular
disease. Neurosurgery 25:762–768

8. Rogers FB, Shackford SR, Tre-
visani GT, Davis JW, Mackersie RC,
Hoyt DB (1995) Neurogenic pulmonary
edema in fatal and nonfatal head
injuries. J Trauma 39:860–866

9. Smith W, Matthay M (1997) Evidence
for a hydrostatic mechanism in human
neurogenic pulmonary edema. Chest
97:1326–1333

10. Ott L, McClain CJ, Gillespie M,
Young B (1994) Cytokines and
metabolic dysfunction after severe head
injury. J Neurotrauma 11:447–472

11. McKeating EG, Andrews PJ, Sig-
norini DF, Mascia L (1997) Transcranial
cytokine gradients in patients requiring
intensive care after acute brain injury.
Br J Anaesth 78:520–523

12. Yildirim E, Kaptanoglu E, Ozisik K,
Beskonakli E, Okutan O, Sargon MF,
Kilinc K, Sakinci U (2004) Ultra-
structural changes in pneumocyte
type II cells following traumatic brain
injury in rats. Eur J Cardiothorac Surg
25:523–529

13. Strieter RM, Kunkel SL (1994) Acute
lung injury: the role of cytokines in
the elicitation of neutrophils. J Investig
Med 42:640–651

14. Lopez-Aguilar J, Villagra A, Bern-
abe F, Murias G, Piacentini E, Real J,
Fernandez-Segoviano P, Romero PV,
Hotchkiss JR, Blanch L (2005) Massive
brain injury enhances lung damage in
an isolated lung model of ventilator-
induced lung injury. Crit Care Med
33:1077–1083

15. Mascia L, Grasso S, Fiore T, Be-
rardino M, Ducati A (2005) Cerebro-
pulmonary interactions during the
application of low levels of positive end
expiratory pressure. Intensive Care Med
31:373–379

16. Tantucci C, Corbeil C, Chasse M,
Braidy J, Matar N, Milic-Emili J (1993)
Flow resistance in mechanically ven-
tilated patients with severe neurologic
injury. J Crit Care 8:133–139

17. Caricato A, Conti G, Della Corte F,
Mancinio A, Santilli F, Sandroni C,
Proietti R, Antonelli M (2005) Effects
of PEEP on the intracranial system
of patients with head inbjury and
subarachnoid hemorrhage: the role
of respiratory system compliance.
J Trauma 58:571–576

18. Guidelines for the management of
severe head injury (1996) Brain Trauma
Foundation, American Association of
Neurological Surgeons, Joint Section
on Neurotrauma and Critical Care.
J Neurotrauma 13:641–734

19. Acute Respiratory Distress Syndrome
Network (2001) 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
342:1301–1308

20. Ranieri VM, Suter PM, Tortorella C,
De Tullio R, Dayer JM, Brienza A,
Bruno F, Slutsky AS (1999) Effect of
mechanical ventilation on inflammatory
mediators in patients with acute respi-
ratory distress syndrome. A randomised
contolled trial. JAMA 282:54–61

21. Gajic O, Dara SI, Mendez JL, Ade-
sanya AO, Festic E, Caples SM,
Rana R, St Sauver JL, Lymp JF,
Afessa B, Hubmayr RD (2004)
Ventilator-associated lung injury in
patients without acute lung injury at
the onset of mechanical ventilation.
Crit Care Med 32:1817–1824

22. Gajic O, Frutos-Vivar F, Esteban A,
Hubmayr RD, Anzueto A (2005)
Ventilator settings as a risk factor for
acute respiratory distress syndrome
in mechanically ventilated patients.
Intensive Care Med 31:922–926

23. Martinez-Perez M, Bernabe F, Pena R,
Fernandez R, Nahum A, Blanch L
(2004) Effects of expiratory tracheal
gas insufflation in patients with severe
head trauma and acute lung injury.
Intensive Care Med 30:2021–2027

24. Bein T, Scherer MN, Philipp A, We-
ber F, Woertgen C (2005) Pumpless
extracorporeal lung assist (pECLA) in
patients with acute respiratory distress
syndrome and severe brain injury.
J Trauma 58:1294–1297

25. Suarez J (2006) Outcome in neurocrit-
ical care: Advances in monitoring and
treatment and effect of a specialised
neurocritical care team. Crit Care Med
34:S232–S238



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


