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Abstract Objective: To evaluate in
healthy, non-brain-traumatized ani-
mals the effects of hypo- and hyper-
ventilation on intracranial pressure
(ICP) and brain carbon dioxide, oxy-
gen, and pH during the use of a ven-
tilatory mode at constant mean 
airway pressure (MAwP). Design
and setting: Prospective animal
study in a university laboratory. 
Subjects: Eight crossbred Landrace/
Yorkshire pigs. Interventions: The
animals were ventilated in a pres-
sure-controlled mode according to
the open lung concept with an in-
spired oxygen fraction of 1.0. Start-
ing at normoventilation, a stepwise
hypo- and hyperventilation was 
performed to PaCO2 values of
90.4±10.4 and 26.9±4.1 mmHg, re-
spectively. The ICP and brain paren-
chyma values [carbon dioxide
(PbrCO2), oxygen (PbrO2), and pH
(brpH)] measured by multiparameter
sensors were recorded continuously
during these maneuvres. Results:
During hypoventilation there was a
significant increase in PbrCO2 ten-

sion, PbrO2 tension, and ICP. During
hyperventilation there was a signifi-
cant decrease in PbrCO2 tension and
ICP while the change in PbrO2 was
not significant. MAwP was kept sta-
ble during the stepwise hypo- and
hyperventilation, and this resulted in
a constant mean arterial pressure.
Conclusions: Controlled hypo- and
hyperventilation at constant MAwP in
non-brain-traumatized pigs appears to
induce changes in ICP and cerebral
perfusion pressure which, however,
do not necessarily lead to cerebral
ischemia. To achieve adequate cere-
bral perfusion at an increased ICP
level due to hypoventilation one must
maintain sufficient arterial blood
pressure. Hypercapnia resulted in a
significant increase in brain oxygen-
ation; however, this does not neces-
sarily mean that permissive hypercap-
nia is neuroprotective.
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Introduction

Patients with acute lung injury are currently often treated
with ventilatory modes that limit minute ventilation by
the use of low tidal volumes. The rationale behind this
mode of mechanical ventilation is that limitation of the
tidal volumes reduces ventilatory-induced lung injury.
This in turn leads to a reduction in shear forces during in-
spiration/expiration thus preventing further structural

damage to the alveolar walls and pulmonary surfactant
system, which would otherwise aggravate the already det-
rimental pulmonary condition of the patient [1]. One of
the main side effects of this mode of ventilation is an in-
crease in arterial carbon dioxide partial pressure (PaCO2);
therefore this mode is called “permissive hypercapnia”
but is well accepted in intensive care [2, 3]. However,
there is no consensus on the rate of increase and the up-
per limit of arterial carbon dioxide tension [4, 5].
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Hypercapnia has various interrelated effects on the
brain which are not all beneficial. First, hypercapnia aug-
ments cerebral blood flow. Due to the increase in blood
volume in the brain secondary to vasodilation intracranial
pressure (ICP) rises [6]. Subsequently, cerebral perfusion
pressure (CPP) may decrease, as this is defined as the
blood pressure gradient across the brain and represents
the difference between mean arterial pressure (MAP) and
ICP. Second, there are changes in acid base status. Ani-
mal studies have shown that a fivefold increase in hydro-
gen ion concentration in plasma results in a twofold in-
crease in brain tissue and a corresponding decrease in
brain pH [7]. These effects may aggravate the brain me-
tabolism in patients in whom modes of artificial ventila-
tion are applied which result in high PaCO2 levels.

No data are available about the effects on PaCO2 and
ICP during use of ventilation modes at constant mean
airway pressure (MAwP). The latter is important because
induction of hypoventilation and hyperventilation can
change MAwP, with consequent changes in pulmonary
and systemic circulation. This study investigated these
effects in healthy non-brain-traumatized pigs during ven-
tilation at constant MAwP by measuring brain carbon di-
oxide (PbrCO2), brain oxygen (PbrO2), brain pH (brpH)
and ICP at different PaCO2 levels.

Methods

The study protocol was approved by the University’s animal com-
mittee, and the care and handling of the animals were in accor-
dance with the European Community guidelines (86/609/EC).
Subjects were eight crossbred Landrace/Yorkshire pigs of either
sex (21–25 kg). Anesthesia was induced by 0.1 ml/kg ketamine in-
tramuscularly (Ketalin 100 mg/ml, Apharmo, Arnhem, The Neth-
erlands) and 0.1 mg/kg midazolam intramuscularly (Dormicum
5.0 mg/ml, Roche Ned., Mijdrecht, The Netherlands). Muscle re-
laxation was induced by 0.2 mg/kg pancuronium bromide intrave-
nously (Pavulon, Organon Teknika, Boxtel, The Netherlands). Fol-
lowing intubation the animals were connected to a ventilator (Ser-
vo Ventilator 300, Siemens-Elema, Sweden). To ensure maximum
PaO2 the animals were ventilated in a pressure-controlled (PC)
mode according to the open lung concept [8] with a positive end-
expiratory pressure (PEEP) level of 6 cmH2O, peak pressure of
15/16±2/3 cmH2O, an I/E ratio of 1:2 and an inspired oxygen con-
centration (FIO2) of 1.0. The driving pressure of 10 cmH2O result-
ed in a tidal volume of approximately 10 ml/kg; frequency was set
to maintain normocapnia (PaCO2: 35–40 mmHg).

Anesthesia was maintained with 10 mg/kg ketamine intrave-
nously and 1 mg/kg midazolam per hour, and muscle relaxation
with pancuronium bromide 0.2 mg/kg intravenously per hour.
Body temperature was kept within the normal range (37–38°C) by
means of a heating mattress. Subsequently two arterial catheters
were inserted in both femoral vessels. In the left femoral artery a
multiparameter sensor (Paratrend/Trendcare, Agilent, Böblingen,
Germany) was inserted for continuous measurements of PaO2,
PaCO2, pH, and blood temperature and calibrated with conven-
tional blood gas analyses (ABL 505, Radiometer, Copenhagen,
Denmark). The mean systemic arterial blood pressure was mea-
sured in the right femoral artery using a transducer (Statham
P23XL, Spectramed, Oxnard, Calif., USA) and recorded (Siemens
Sirecust 404-1, Danvers, Mass., USA).

After surgical exposure of the skull a 6-mm burr hole was
made 1.5 cm to the left of the sagittal suture, 4 cm caudal of the
upper margin of the orbita. Through a cut in the dura mater a cali-
brated intracranial pressure sensor (Codman Neuromonitor, John-
son & Johnson, Berkshire, UK) was inserted to a depth of 20 mm
into the brain parenchyma, and a multiparameter sensor (Para-
trend/Trendcare, Agilent, Böblingen, Germany) was inserted to a
depth of 25 mm. This latter device comprises two optical fibers
for measurements of PbrCO2 and brpH, a miniaturized Clark elec-
trode for PbrO2 measurements, and a thermocouple for the deter-
mination of temperature; the sensor has been validated both in vit-
ro and in vivo [9, 10].

After completion of the surgical procedures, a 60-min stabili-
zation period was allowed before starting baseline recording of all
measured parameters in blood and brain. i.e., MAP, blood gases,
ICP, and brain parenchyma values (PbrCO2, PbrO2, brpH). The
pigs were initially ventilated to maintain an end-tidal PaCO2 of
35–40 mmHg based on the values of the arterial transducer. After
a stable period of at least 10 min (change in PaCO2≤2 mmHg)
small stepwise changes in the ventilatory frequency were made us-
ing the online blood gas monitoring to increase PaCO2 during hy-
percapnia by about 10 mmHg at each step, or to decrease the
PaCO2 during hypocapnia by about 5 mmHg at each step. Each
PaCO2 level lasted for about 15 min. If end expiratory flow was
not zero, intrinsic PEEP was measured by pressing the end expira-
tory hold knob at the ventilator and compensated by a reduction in
static PEEP to keep MAwP constant. From normocapnia there
were three steps to hyperventilation and five steps to hypoventila-
tion in each animal; at each step we measured PaCO2 values and
the corresponding values of PbrCO2, PbrO2, brpH, ICP, and CPP.
At the end of the experiments the sensors were calibrated again to
assess any drift in the measured values. The animals were then
killed by an overdose of intravenous pentobarbital (Euthesate
200 mg/ml, Apharmo).

Data were analyzed statistically using the Instat 2.0 biostatis-
tics package (GraphPad Software, San Diego, Calif., USA). Data
during normoventilation, hypoventilation, and hyperventilation are
presented as mean ±standard deviation. Differences in normoven-
tilation values and maximum achieved hypoventilation/hyperven-
tilation values were compared by means of a paired t test. Statisti-
cal significance was accepted at a p value less than 0.05. The rela-
tionship between PaCO2, PbrCO2, and ICP is presented in a linear
regression with the correlation coefficient.

Results

All animals survived the study period. MAwP values
were kept stable during the ventilatory maneuvers, and
this (together with the anesthesia procedures) resulted in
stable cardiocirculatory conditions. The results of blood
gas analyses with corresponding values of brain parame-
ters measured during normoventilation, hypoventilation,
and hyperventilation are presented in Table 1. During
hypoventilation there were significant changes in
PbrCO2, brpH, and ICP. PbrCO2 increased by 69% and
ICP increased by 38%; there was a nonsignificant 11%
decrease in CPP. During hyperventilation there was a
significant decrease in PbrCO2 and ICP. PbrCO2 de-
creased by 34% and ICP decreased by 27%. There was a
slight 3.4% increase in CPP, which was not statistically
significant.

Figure 1 shows PbrCO2 plotted in relation to PaCO2.
The regression line fits the equation y=0.97x+28.2, with
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Table 1 Data on blood and brain parameters in normoventilation, hypoventilation and hyperventilation (n=8)

Normoventilation Hypoventilation Hyperventilation

Blood gases
PaO2 (mmHg) 568±15 487±27.6* 608±51
PaCO2 (mmHg) 42.8±4.6 90.4±10.4* 26.9±4.1*
pH 7.39±0.08 7.13±0.10* 7.55±0.05*

Brain
PbrCO2 (mmHg) 68.9±11.4 116.1±21.3* 45.7±11.8*
brpH 7.04±0.13 6.81±0.18* 7.11±0.12
Intracranial pressure (mmHg) 22±4 30.3±5.9* 16±2.4*
Cerebral perfusion pressure (mmHg) 73.8±14.7 65.5±17.4 76.3±16.6
Brain temperature (°C) 37.8±0.4 38.1±0.6 38.1±0.4
Rectal temperature (°C) 37.6±0.6 37.8±0.2 37.9±0.7
Mean arterial pressure (mmHg) 95±13 94±16 94 ± 9
Mean airway pressure (cmH2O) 9.2 ±1.8 8.9±1.9 9.2±2

*p<0.05: vs. normoventilation

Fig. 1 Effect of PaCO2 on the
PbrCO2 during hypo- and hy-
perventilation in non-brain-
traumatized pigs during venti-
lation at constant mean airway
pressure. A linear relationship
was observed between PaCO2
and PbrCO2

Fig. 2 Effect of PaCO2 on the
ICP during hypo- and hyper-
ventilation in non-brain-trau-
matized pigs during ventilation
at constant mean airway pres-
sure. A linear relationship was
observed between PaCO2 and
ICP



71

a correlation coefficient of 0.81. Figure 2 shows the rela-
tionship between ICP and PaCO2. The regression equa-
tion is y=0.17x+14.5, with a correlation coefficient of
0.58. Table 2 presents the PbrO2 values in relation to ar-
terial blood gas values in different phases of hypoventi-
lation and hyperventilation. Two animals had PbrO2 val-
ues of zero (one animal due to hemorrhage/edema and
the other to technical failure) while PbrCO2 and brpH
were appropriate for the conditions. For analysis there-
fore PbrO2 values from only six of the eight animals
were used. During hypoventilation there was a signifi-
cant 84% increase in PbrO2, while during hyperventila-
tion there was a nonsignificant 8% decrease in PbrO2. 

Discussion

The technique used in the present study to measure brain
tissue values with the multiparameter sensor has previ-
ously been described extensively in various studies [10,
11, 12]. The baseline intracerebral data for brain paren-
chyma of PbrCO2, brpH, and ICP in normoventilated
pigs in our study were comparable with data from other
studies in cats, dogs, and piglets which measured
PbrCO2 and brain pH using the same multiparameter
sensor [11, 12, 13].

It is known that an increase in MAwP results in over-
distention of alveoli, compressing the pulmonary capil-
lary bed resulting in an impairment of the pulmonary cir-
culation [8, 14]. In the present study to eliminate these
effects MAwP was kept stable during the whole study
period (Table 1). We used the model of stepwise de-
crease in ventilatory frequency with stable MAwP to ob-
tain a gradual increase in PaCO2 values. In hyperventila-
tion the ventilator frequency was adjusted with small
steps to prevent changes in MAwP. The rationale for this
is that an intrinsic PEEP is created if one either increases
the I/E ratio at constant frequency or increases the fre-
quency at constant I/E ratio to establish expiratory time
which is too short to empty the lung to ambient pressure
[8]. In this study, if end expiratory flow was not zero, in-
trinsic PEEP was measured by pressing the expiratory
hold knob at the ventilator and compensated by a reduc-
tion in static PEEP to keep MAwP constant.

Increased PaCO2 produces a rightward shift of the
oxygen dissociation curve and this led to a decreased af-
finity of hemoglobin for oxygen which may compromise

oxygen loading in alveolar capillaries. In the presence of
hypoxia severe hypercapnia may produce a dramatic de-
cline in arterial oxygen saturation. Therefore permissive
hypercapnia requires the use of hyperoxic-inspired gas
where inspired oxygen should be provided to maintain ar-
terial saturation no lower than 85–90% [2]. In our study
we chose an FIO2 of 1.0 to prevent brain hypoxemia in
the severe hypercapnic situation with accompanying met-
abolic changes. For this reason higher baseline values for
PbrO2 were recorded in our animals (78±40.3 mmHg). In
two earlier studies in dogs the use of FIO2 values of 0.25
and 0.21 resulted in PbrO2 values of 28±8 mmHg and
27±7 mmHg, respectively [11, 15]. Data from experi-
ments in pigs ventilated with 40% oxygen resulted in
PbrO2 values of 29.4±13.3 mmHg [12]. Assuming that an
increase in the inspiratory oxygen fraction in a steady
state under constant metabolic conditions, from 0.4 to 1.0
is by factor 2.5 and that the increase in the brain oxygen
tissue will be the same ratio, our baseline data are compa-
rable with those of previous studies. Recently Menzel et
al. [16] reported PbrO2 values in humans of 82.7±
44.1 mmHg at 100% FIO2, which confirm our experi-
mental data. Although the global cerebral oxygen con-
sumption is a stable value under constant metabolic con-
ditions, it is well known that oxygen is distributed hetero-
geneously to the brain [12]. Experimental physiological
studies exploring brain oxygen distribution suggested that
there are different oxygen pressure “layers” in the brain
and even rhythmical variations in time [17, 18]

In our experiments the heterogeneity of the brain tis-
sue oxygen values in normoventilation is reflected in a
standard deviation of 40.3 mmHg for PbrO2. Therefore
we present these data both as absolute values and the
proportional difference. In our study hypercapnia result-
ed in a significant increase in PbrO2 but significant de-
crease in PaO2. This could result from a combination of
shifting the oxygen dissociation curve plus increasing
flow to the brain due to hypercapnic cerebrovascular di-
latation. Although it is not clear whether oxygen con-
sumption was decreased [19], or oxygen delivery in-
creased to the hypercapnic brain, Laffey et al. [20] have
even suggested that hypercapnic acidosis exerts brain
protection. Acute hypercapnia, at least to a PaCO2 level
of 80–100 mmHg, appears to have no harmful effects
provided that oxygenation is preserved [2, 21].

It is known that hypercapnia increases ICP. The
main mechanism by which hypercapnia affects ICP is

Table 2 Data on blood and
brain oxygenation during nor-
moventilation, hypoventilation
and hyperventilation (n=6) (∆
proportional differences from
normoventilation)

Normoventilation Hypoventilation Hyperventilation

PaCO2 (mmHg) 39.3±1.4 94.1±8.2 23.9±3.4
PaO2 (mmHg) 537±28.6 460±38.5* 554±57.4
∆PaO2 (%) 0 –14±8 3±10
PbrO2 (mmHg) 78±40.3 144±48.1* 72±41.1
∆PbrO2 (%) 0 84±45 –8±5

*p<0.05: vs. normoventilation



72

by the increase in cerebral blood volume secondary to
diminished vascular tone during maintained or raised
vascular pressure [6, 21]. In the absence of preexisting
intracranial abnormalities, however, diffuse intracranial
hypertension is relatively well tolerated due to intact
compensatory mechanisms. The mechanism of autoreg-
ulation enables brain perfusion to remain stable when
blood pressure or ICP changes and is controlled mainly
by myogenic control of arteriolar resistance [21, 22]. In
our study the stepwise induced hypercapnia resulted in
a significant increase in ICP. However, the maximum
achieved value of 30.3±5.9 mmHg does not necessarily
lead to cerebral ischemia. The small decrease in CPP
(65.5±17.4 mmHg) suggests that the cerebral circula-
tion is still adequate under these conditions. In normal
humans the CPP ranges from 70 to100 mmHg. Clinical
experience has demonstrated the safety of CPP in the
range 50–60 mmHg undergoing induced hypotension
under general anesthesia; in laboratory conditions isch-
emia is not seen until CPP falls below 40 mmHg [5, 21,
23].

The cellular compartments of the brain are well buf-
fered and have a buffer capacity almost similar to that of
blood [7, 24]. In the normoxic hypercapnic situation in
the brain the PaCO2 primarily determines the cellular
and extracellular pH in the absence of nonphysiological
levels of lactate. In our study PaCO2 increased 111%
during hypoventilation, arterial pH decreased from 7.39
to 7.13, PbrCO2 increased 68%, and brain pH decreased
from 7.04 to 6.81. In the present study PbrCO2 and ICP
values decreased significantly during hyperventilation
while brain pH and CPP increased only slightly. It is
known that hypocapnia can lead to vasoconstriction and

thus reduce cerebral blood flow. In addition to reduced
cerebral blood flow, marked alkalosis shifts the oxyhe-
moglobin dissociation curve to the left, further limiting
oxygen delivery to the brain. The values of the PbrO2
and CPP during hypocapnia up to a PaCO2 of 26.9±
4 mmHg in our study suggest that there was still ade-
quate oxygen delivery and perfusion of the brain. We
found a correlation between PaCO2, PbrCO2, and ICP
which reflects the acute situation of hypercapnia in heal-
thy brain. During prolonged hypercapnia with continued
elevated PaCO2 levels, however, the cerebral circulation
adapts with a correction of brain extracellular pH, return-
ing towards normal blood flow with restoration of a nor-
mal ICP within less than 24 h [6, 25].

In conclusion, controlled hypoventilation with con-
stant MAwP, as used in healthy non-brain-traumatized
pigs, severely affects the brain CO2 and ICP. However,
in our study the ICP and CPP related to the maximum
achieved values indicate that the cerebral circulation is
probably not impaired. Hypercapnia resulted in a sig-
nificant increase in brain oxygenation. However, this
does not permit the conclusion that permissive hyper-
capnia is neuroprotective. In addition, hypocapnia ap-
peared to cause changes within the normal clinical
ranges for ICP and CPP. Future studies should investi-
gate the interrelations between continuously monitored
brain parameters, ventilator settings, and other informa-
tion such as blood lactate levels and brain tissue micro-
dialysis.
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