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Abstract Objective: In patients with
severe brain injury and acute lung
injury the use of positive end-expi-
ratory pressure (PEEP) is limited by
conflicting results on its effect on
intracranial pressure. We hypothe-
sised that the occurrence of alveolar
hyperinflation during the application
of PEEP would lead to an increase in
PaCO2 responsible for a rise in in-
tracranial pressure. Design: Prospec-
tive interventional study. Setting: In-
tensive Care Unit of University Hos-
pitals. Patients and participants:
Twelve severely brain-injured pa-
tients with acute lung injury and in-
tracranial pressure higher than ap-
plied PEEP. Interventions: 5 and
10 cmH2O of PEEP was randomly
applied. Measurements and results:
In all patients intracranial pressure,
flow velocity by transcranial Doppler
of middle cerebral artery, and jugular
oxygen saturation were recorded.
Static volume-pressure curves of the
respiratory system were obtained,
recruited volume and elastance cal-
culated to classify patients as re-
cruiters and non-recruiters. In re-
cruiters (= 6 patients), elastance de-
creased (P<0.01) and PaO2 increased
(P<0.005), while in non-recruiters
(= 6 patients) elastance and PaCO2
significantly increased (P<0.001).

Intracranial pressure, Doppler flow
velocity, and jugular saturation re-
mained constant in recruiters but
significantly increased (P<0.0001) in
non-recruiters. A significant correla-
tion was found between changes in
intracranial pressure and elastance
(r2 = 0.8 P<0.0001) and between
changes in PaCO2 and intracranial
pressure (P<0.001, r2 = 0.4) and
elastance (P<0.001, r2 = 0.4), re-
spectively. Conclusions: When PEEP
induced alveolar hyperinflation lead-
ing to a significant increase in
PaCO2, intracranial pressure signifi-
cantly increased, whereas when
PEEP caused alveolar recruitment
intracranial pressure did not change.

Keywords Brain injury · Acute lung
injury · Positive end-expiratory
pressure · Intracranial pressure
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Introduction

Development of acute lung injury (ALI) occurs in 20–
25% of patients with isolated severe brain injury and is
associated with a threefold increased risk of dying or
remaining in a vegetative state [1, 2, 3, 4]. Ventilatory
support for acute lung injury involves the application of
positive end-expiratory pressure (PEEP) to recruit col-
lapsed alveoli, improve arterial oxygenation and reduce
elastance of the respiratory system [5]. Although im-
provement in oxygenation is a key factor for optimizing
O2 delivery to the brain [6], clinical studies provide
contradictory information on the use of PEEP in patients
with acute lung injury complicating severe brain injury [7,
8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18].

Application of PEEP may affect cerebral circulation by
hemodynamic mechanisms mainly reducing cerebral ve-
nous drainage. Indeed, effects of PEEP on intracranial
pressure (ICP) have been best explained by the Starling
resistor model [14, 15, 19]. Recently, McGuire et al. [18]
confirmed in patients that PEEP increased ICP when the
baseline ICP value was lower than PEEP, but had less
effect on cerebral perfusion when ICP was above the
highest applied PEEP. Besides this, application of PEEP
may affect cerebral circulation by CO2-mediated mecha-
nisms depending on recruitment/hyperinflation of alveo-
lar units: if alveolar hyperinflation is the predominant
event with PEEP, an increase in pulmonary elastance and
dead space leading to a rise in arterial PCO2 and ICP
should occur [20]. If alveolar recruitment is the para-
mount effect of PEEP, one would expect lung elastance to
decrease and arterial PO2 to substantially increase due to
the reopening of previously collapsed and perfused re-
gions [20]. Consequently, even if hemodynamic trans-
mission is minimized because ICP values are higher than
applied PEEP, ICP may still be affected by changes in
PaCO2.

The current study tested the hypothesis that the oc-
currence of alveolar hyperinflation during the application
of PEEP will lead to an increase in PaCO2 responsible for
an increase in ICP. To test this hypothesis, only patients
with baseline ICP values higher than applied PEEP were
included. Some of the results of this study have been
previously reported in the form of an abstract [21].

Methods

The institutional ethical committee approved the research
protocol and informed consent was obtained. Twelve
patients admitted to the Intensive Care Unit of the Poli-
clinico, Di Venere (University of Bari) and S. Giovanni
Battista (University of Turin) were recruited according to
the following inclusion criteria: 1) diagnosis of severe
brain injury defined as a Glasgow Coma Score <9 on
admission after resuscitation [22]; 2) diagnosis of ALI

made according to the American-European Consensus
Conference criteria: acute onset, arterial O2 partial pres-
sure/inspired O2 fraction (PaO2/FiO2 mmHg) <300 for
acute lung injury (<200 for acute respiratory distress
syndrome) regardless of PEEP level, bilateral and diffuse
opacities on frontal chest X-ray film, absence of left
ventricular failure or history of lung disease [23]; 3) pa-
tients with ICP values >10 mmHg and <15 mmHg were
included. An ICP level >10 mmHg (equal to 13.6 cmH2O)
was chosen to prevent the application of 10 cmH2O of
PEEP being transmitted through the cerebral veins ac-
cording to the Starling resistor model; ICP values
>15 mmHg were excluded to avoid any potential rise in
PaCO2 from increasing ICP over the threshold for active
treatment [24] (i.e., 20 mmHg). Exclusion criteria were:
1) hemodynamic instability; and 2) absence of temporal
acoustic window for TCD examination. According to the
protocol, the study was to be discontinued and PEEP re-
turned to initial values if a sustained (>30 s) increase in
ICP (>20 mmHg) occurred. This, however, was not the
case in any patient during the study.

Clinical management

All patients were intubated, mechanically ventilated
(900C; Siemens-Elema, Berlin, Germany) by volume
control modality and nursed in supine position with an
approximately 30� head tilt. At the time of the study,
patients were sedated (0.05–0.15 mg·kg·h midazolam and
0.5 mg·kg·h fentanyl) and paralyzed (atracurium 0.5 mg/
kg). A physician not involved in the study was always
present to provide for patient care.

Tidal volume was targeted to maintain a PaCO2 equal
to 30–35 mmHg according to the guidelines for brain
injury management [24]. Before study entry, tidal vol-
ume, respiratory rate, and PEEP were 647€197 ml, 14€3
breaths per min, and 2€2 cmH2O, respectively.

Study protocol

Cerebral and systemic hemodynamics

Arterial and right atrial pressures were measured using
standard pressure transducers, intracranial pressure was
monitored continuously using an intraparenchimal probe
with a tip transducer (Camino Laboratories, San Diego,
Calif., USA); cerebral perfusion pressure was calculated
as the difference between mean arterial pressure and
mean ICP with the zero reference to the external auditory
meatus [25]. Cerebral venous hemoglobin oxygen satu-
ration (SjO2) was monitored on the dominant side of ce-
rebral venous drainage by standard central venous cath-
eter with the tip catheter positioned in the jugular bulb,
above the lower border of cervical vertebra C1 [25] as
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confirmed by X-ray study; intermittent samples were
obtained for blood gas analysis. The dominant side was
determined by ICP response to neck compression [25].
Transcranial Doppler (TCD) insonation of the middle
cerebral artery was performed with a 2 MHz range-gated
pulsed Doppler ultrasound (EME TC2-64 B Uberlingen,
Germany) on the same side of ICP monitoring; mean
middle cerebral artery flow velocity was calculated as
previously described [25]. The depth of insonation giving
the highest mean flow velocity was chosen for recording;
TCD measurements were averaged over at least 15 car-
diac cycles during periods of hemodynamic stability.

Respiratory mechanics

Respiratory flow was measured with a heated pneumo-
tacograph (Fleish No. 2; Fleish, Lausanne, Switzerland)
connected to a differential pressure transducer (Special
Instruments, Diff-Cap €1 cmH2O; Nordlingen, Germany);
volume was determined by electronic integration of the
flow signal. Airway pressure was measured proximal to
the endotracheal tube with a pressure transducer (Special
Instruments Digima-Clic €100 cmH2O). Equipment dead
space (not including the endotracheal tube) was 70 ml.
The increase in functional residual capacity with PEEP
(DFRC) was measured as the difference between end-
expiratory lung volume on PEEP and on zero end-expi-
ratory pressure (ZEEP) [5]. The static inspiratory volume-
pressure curves of the respiratory system on ZEEP and
PEEP were obtained by performing single end-inspiratory
occlusions at different inflating volumes, achieved by
randomly changing the respiratory frequency of the ven-
tilator [5]. Each occlusion was maintained until the air-
way pressure signal reached a plateau that corresponds to
the static alveolar pressure [5]. The volume-pressure
curves were hence constructed by plotting the different
inflation volumes against the corresponding values of
alveolar pressure. The volume of collapsed alveoli re-
cruited with PEEP (recruited volume) was calculated
from the volume-pressure curves on ZEEP and PEEP as
the difference in lung volume between PEEP and ZEEP
for the same degree of static alveolar pressure
(20 cmH2O) [5]. According to previous studies [5], pa-
tients were defined a priori as recruiters if recruited vol-
ume with PEEP was � 110 ml; otherwise they were
considered non-recruiters. Stiffness of the respiratory
system was evaluated by measuring the static elastance of
the respiratory system (reciprocal of compliance) as: end-
inspiratory occlusion airway pressure minus end-expira-
tory occlusion airway pressure divided by baseline in-
flation volume [5]. Ventilator settings were kept constant
during the study period. PEEP at 0 cmH2O, 5 cmH2O, and
10 cmH2O was randomly applied and maintained for 30–
35 min; respiratory mechanics and hemodynamics mea-

surements were obtained during the last 5–10 min of each
level of PEEP.

All physiological signals were collected on a personal
computer through a 12-bit resolution analog-to-digital
converter board (National Instrument DAQCard 700;
Austin, Tex.,, USA) at a sample rate of 150 Hz (ICU Lab,
KleisTEK Engineering; Bari, Italy).

Statistical analysis

Data are presented as mean€standard deviation (SD).
Differences between experimental conditions were eval-
uated using a two-way analysis of variance for repeated
measurements (ANOVA); if significant (P<0.05), values
obtained at different levels of PEEP were compared with
the ZEEP condition using the paired t-test with Bonfer-
roni/Dunn correction. Differences between the two groups
for each experimental condition were evaluated using the
unpaired t-test. Regression analysis was performed with
the least-square method (StatView, Abacus).

Results

Clinical data on study entry are shown in Table 1. All
patients had severe acute lung and brain injury. The ap-
plication of 5 cmH2O and 10 cmH2O of PEEP caused an
upward volume displacement along the volume-pressure
curve obtained during ZEEP in six patients indicating
recruitment of previously collapsed alveoli (recruiters),
while in the remaining six patients there was no recruit-
ment because with PEEP the experimental points moved
along the volume-pressure curve on ZEEP (non-re-
cruiters). In recruiters, application of 5 cmH2O and

Table 1 Clinical data of patients studied (TBI traumatic brain in-
jury, IS ischemic stroke, SAH subarachnoid hemorrhage, GCS
Glasgow Coma Score, PaO2 arterial O2 partial pressure, FiO2 in-
spired O2 fraction).

Patient Gender Age Neuro-
logical
diagnosis

GCS
admission

Pa02/Fi02

No. Year
1 F 60 TBI 6 121
2 M 41 TBI 8 127
3 M 50 TBI 7 152
4 M 65 IS 6 214
5 F 71 IS 6 234
6 M 45 TBI 4 212
7 M 52 SAH 5 208
8 M 47 TBI 7 180
9 M 81 SAH 6 250

10 M 65 SAH 4 240
11 M 36 TBI 7 185
12 M 70 TBI 6 116
Mean 57 6 186
SD 14 1 48
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10 cmH2O of PEEP recruited 220€94 ml and 318€39 ml,
decreased elastance of 10€4% and 20€15% (P<0.01), and
increased PaO2 of 28€10% and 47€20% (P<0.005), re-
spectively (Table 2). In non-recruiters, application of
5 cmH2O and 10 cmH2O of PEEP recruited 34€9 ml and
46€20 ml, increased elastance of 16€12% and 28€4%
(P<0.0001), and PaCO2 of 9€6% and 16€6% (P<0.0001),
respectively (Table 2).

Baseline ICP values were 12€2 mmHg and
13€2 mmHg (corresponding to 16.3€2.7 cmH2O and
17.7€2.7 cmH2O, Table 3) in the two groups, respectively,
being higher than 10 cmH2O (i.e the highest level of ap-
plied PEEP). The effects of PEEP on hemodynamics in
recruiters and non-recruiters are shown in Table 3. In both
groups mean arterial pressure and cerebral perfusion
pressure remained constant while right atrial pressure
(RAP) significantly increased with PEEP from 4.7€
1.7 mmHg to 7.3€1.9 mmHg in recruiters and from 4€
1.6 mmHg to 6.8€1.6 mmHg in non-recruiters (P<0.0001).
In non-recruiters ICP, mean Doppler flow velocity and
SjO2 significantly (P<0.001) increased while remained
stable in recruiters after application of PEEP (Table 3).

A significant correlation was found between changes
in ICP and changes in elastance (r2 = 0.8 P <0.0001;
Fig. 1) following the application of PEEP. Besides, sig-
nificant correlations were found between changes in
PaCO2 and ICP (r2 = 0.4 P <0.001) and static elastance of

Table 2 Respiratory mechanics and gas exchange in the two groups of patients studied (ZEEP zero end-expiratory pressure, PEEP
positive end-expiratory pressare, Est,rs static elastance of the respiratory system).

Patient Recruited volume (ml) Est,rs (cmH2O/l) PaO2 (mmHg) PaCO2 (mmHg)

Recruiters

PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10
Mean 220 318 28 25* 22** 110 141* 162** 32.5 32 31.5
SD 94 39 7 5 4 16 33 22 4 2.6 2.3

Non-recruiters

PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10
Mean 34*** 46*** 21.1 24* 28.2** 98 95 93 30 32.8* 34.6**

SD 9 20 4.1 3.5 4.2 7 12 10 1.8 2.3 2.6

ANOVA for repeated measurements:
*P<0.01
**P<0.01 relative to ZEEP (paired t-test)
***P<0.05 (unpaired t-test)

Table 3 Cerebral and systemic hemodynamics in the two groups of
patients studied (MAP mean arterial pressure, ICP intracranial
pressure, TCD transcranial Doppler mean flow velocit� of middle

cerebral artery, SjO2 jugular saturation of oxygen, ZEEP zero end-
expiratory pressure, PEEP positive end expiratory pressure).

Patient MAP (mmHg) ICP (mmHg) TCD (cm/s) SjO2 (%)

Recruiters

ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10
Mean 89 84 87 13 11 11 49 50 49 67 64 63
SD 10 10 7 2 2 2 10 9 11 4 4 6

Non-recruiters

ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10 ZEEP PEEP 5 PEEP 10
Mean 87 89 89 12 14* 17** 53 59* 64** 63 67* 72**

SD 13 13 16 2 2 3 4 4 5 7 8 8

ANOVA for repeated measurements:
*P<0.0001
**P<0.01 relative to ZEEP (paired t-test)

Fig. 1 Relationship between percentage changes in intracranial
pressure and in static elastance of the respiratory system following
the application of 5 cmH2O and 10 cmH2O of positive end-expi-
ratory pressure. (Closed circles recruiters, open circles non-re-
cruiters: P< 0.0001, r2 = 0.8.)
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the respiratory system respectively (r2 = 0.4 P <0.001;
Fig. 2).

Discussion

The main finding of the present study was that, in brain-
injured patients with “relatively normal” ICP applying
low levels of PEEP, different cerebral hemodynamic
consequences occurred according to the effects of PEEP
on respiratory mechanics and gas exchange. When the
application of PEEP induced alveolar hyperinflation and
rise in PaCO2, ICP, Doppler flow velocity, and SjO2

significantly increased, whereas when PEEP caused al-
veolar recruitment there were no effects on ICP and ce-
rebral perfusion.

Before discussing our results, a few methodological
issues will be addressed. In the present study patients with
spontaneous and traumatic severe brain injury were in-
cluded because in 20–25% of both these populations acute
lung injury occurs and is associated with high mortality
and morbidity [1, 2, 3, 4]. Indeed, PaO2/FiO2 <300 rep-
resents a potential secondary insult that should be care-
fully avoided to optimize intensive care management of
severe brain injury [6]. A narrow range of ICP values was
chosen for both methodological and ethical reasons: pa-
tients with baseline ICP values higher than applied PEEP
(equal to 10 cmH2O) were included to avoid the possi-
bility that changes in ICP could be related to the hemo-
dynamic transmission through cerebral veins according to
the Starling resistor model [14, 15, 19]. ICP values higher
than 15 mmHg were excluded to avoid that any potential
rise in PaCO2 could increase ICP over the threshold for
active treatment (i.e., 20 mmHg) [24].

Physiological consequences of the application of PEEP
depend on its effects on pulmonary elastance, systemic
hemodynamics, and gas exchange. These effects are
strongly conditioned by whether or not PEEP recruits
previously collapsed alveoli. If hyperinflation of normal

alveoli with PEEP is the predominant effect, increase in
pulmonary elastance will result in a rise in PaCO2 due to
the increase in dead space [20, 26], while PaO2 will
slightly change according to the variations in cardiac
output [27]. If PEEP induces alveolar recruitment, the
reduction in pulmonary elastance will lead to reduction in
shunt with improvement in oxygenation [21] and reduc-
tion in dead space [20].

Cerebral circulation of patients with acute brain and
lung injury is influenced by these complex cardiopul-
monary interactions. The application of PEEP may indeed
affect cerebral circulation by hemodynamic and CO2-
mediated mechanisms. The hemodynamic mechanism
may alter cerebral circulation both on the arterial side,
reducing arterial pressure and on the venous side, reduc-
ing cerebral venous drainage. The gas exchange mecha-
nism may alter cerebral circulation through a CO2-in-
duced vasodilation responsible for an increase in cerebral
blood volume.

Gas exchange mechanism

The increase in PaCO2 directly causes vasodilation of
cerebral arteries increasing cerebral blood volume; this
may cause a rise in ICP, if intracranial compliance is
reduced [27]. Most of the previous studies in brain-injured
patients did not report the effects of PEEP on gas ex-
change [7, 8, 10, 14, 15, 17, 18, 29]. In our study, in non-
recruiters, overdistension of alveolar areas contributed to
the increase in dead space and then in PaCO2 causing
cerebral vasodilation (increase in ICP, Doppler flow ve-
locity, and SjO2). In recruiters, reduction in shunt with
improvement in oxygenation was the predominant effect,
while decrease in PaCO2 due to reduction in dead space
was less pronounced; consequently ICP and cerebral
perfusion did not change significantly. When elastance,
ICP, and PaCO2 were treated as continuous variables, a
significant relationship was found.

Fig. 2 Relationship between percentage changes in PaCO2 and
static elastance of the respiratory system (P <0.001, r2 = 0.4, left
part) and between percentage changes in PaCO2 and intracranial

pressure (P <0.001, R2 = 0.4, right part) following the application
of 5 cmH2O and 10 cmH2O of positive end-expiratory pressure.
(closed circles recruiters, open circles non-recruiters.)
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Hemodynamic mechanism

According to the concept of the vasodilatory cascade, the
decrease in arterial pressure caused by PEEP may di-
minish cerebral blood flow in patients whose cerebral
autoregulation is impaired, while may cause a compen-
satory vasodilation if autoregulation is preserved [30]. In
the latter case, vasodilation will lead to an increase in
cerebral blood volume and ICP, given a reduced intra-
cranial compliance [30]. However, most of the studies,
including the present one, showed that the application of
PEEP did not induce a significant reduction in arterial and
cerebral perfusion pressure, probably because euvolemia
was guaranteed [8]. Doppler flow velocity of the middle
cerebral artery and SjO2 were monitored as independent
measures of perfusion and its adequacy for metabolic
requirements [25, 31]. In non-recruiters the significant
increase in Doppler flow velocity and SjO2 paralleled the
increase in ICP, confirming the CO2-mediated cerebral
vasodilation [28, 32]. Application of PEEP may also af-
fect cerebral circulation through an impairment in local
venous return and an increase in RAP due to the passive
trasmission of pleural pressure to right atrium [14, 15, 18,
19]. In our study, the application of PEEP significantly
increased RAP in both groups, although RAP values were
always well below ICP values. Thus, the increase in ICP
seen only in the non-recruiters should not be due to a
selective transmission of pleural pressure to cerebral veins
but only to the increase in PaCO2.

The Starling resistor model describes flow dynamics in
collapsible tubes [33]. In cerebral circulation [19] the
upstream pressure is represented by arterial pressure and
the downstream pressure by ICP which surrounds col-
lapsible cerebral veins. The application of PEEP increases
intrathoracic pressure leading to an increase in RAP, re-
sponsible for a rise in sagittal sinus pressure. The increase
in sagittal sinus pressure decreases cerebral venous out-
flow and increases ICP. Luce et al. demonstrated in an
animal model that consequences of the application of
20 cmH2O of PEEP on ICP were more evident if the
initial ICP was lower than 20 cmH2O, but less when ICP
was higher than applied PEEP [19]. McGuire et al. con-
firmed in patients that application of PEEP up to
15 cmH2O was not transmitted if baseline ICP values
were higher than PEEP (baseline ICP was equal to
18.8 mmHg i.e., 24.5 cmH2O) [18]. In our study we tested
the hypothesis that the increased PaCO2 in non-recruiters
should be responsible for the rise in ICP independently of
small changes in RAP. To test this hypothesis we applied
PEEP up to 10 cmH2O only in patients with ICP values
higher than 10 mmHg (i.e., 13.6 cmH2O). To further
minimize the interference with the venous outflow due to
the increase in RAP, our patients were treated with 30�

head-up tilt [34, 35, 36]. Indeed, during head elevation,
the following protective mechanisms may attenuate
pressure transmission after application of PEEP: col-
lapsible jugular veins, the vertebral venous plexus and
eventually the presence of valves on the jugular veins. If
we assume that during head elevation the entire increase
in RAP consequent to the application of PEEP is trans-
mitted through the jugular venous channel, its collapse at
the thoracic inlet could be the main resistance to pressure
transmission upward. The jugular veins will then act as a
Starling resistor where the upstream pressure is sagittal
sinus pressure and the downstream pressure is represented
by RAP. Toung et al. showed that an increase in RAP
equal to 20 mmHg is required to overcome the collapse in
jugular veins occurring at the thoracic inlet and to induce
an upward pressure transmission [29]. In our study PEEP
induced an average increase in RAP of 3 mmHg re-
maining well below ICP values. therefore we may assume
that the collapsible jugular veins offset the increase in
RAP. However, during head elevation cerebral venous
blood also drains through the vertebral venous system
[37] because this venous drainage channel is not directly
connected to superior vena cava and therefore it is not
subjected to immediate intrathoracic pressure variations
responsible for jugular veins collapse. The presence of
valves on jugular veins at the thoracic inlet protects the
brain from sudden rise in venous pressure, such as during
coughing, but this mechanism should only be momentary
because the outflow from the brain must continue [29].
Therefore it is unlikely that this mechanism can play a
major role in attenuating pressure transmission after ap-
plication of PEEP.

Feldman et al. showed that 10 cmH2O of PEEP re-
duced intracranial compliance but did not increase ICP
[9], whereas no changes in PaCO2 were reported. In our
study in non-recruiters ICP significantly increased, sug-
gesting that the CO2-mediated vasodilation increased
cerebral blood volume and exhausted the intracranial
compensatory reserve.

We have proven that the occurrence of alveolar hy-
perinflation with PEEP leads to an increase in PaCO2
responsible for a rise in ICP in brain-injured patients with
“relatively normal” ICP. This effect could be even more
enhanced in patients with reduced intracranial compliance
while the hemodynamic mechanism altering cerebral
circulation on the venous side is somehow attenuated in
patients with intracranial hypertension.

In conclusion our data show that, in patients with ICP
values higher than applied PEEP, effects of PEEP on
cerebral hemodynamics depend on recruitment/hyperin-
flation of alveolar units and PaCO2 variations may have
major impact on brain perfusion.
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