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A B S T R A C T

Background: Recent studies have shown that during cardiopulmonary resuscitation (CPR) head-up position
(HUP) as compared to standard supine position (SUP) decreases intracranial pressure (ICP) and increases cer-
ebral perfusion pressure (CPP). The impact of this manoeuvre on brain oxygenation and metabolism is not clear.
We therefore investigated HUP as compared to SUP during basic life support (BLS) CPR for their effect on brain
oxygenation and metabolism.
Methods: Twenty pigs were anaesthetized and instrumented. After 8 min of cardiac arrest (CA) pigs were ran-
domized to either HUP or SUP and resuscitated mechanically for 20min. Mean arterial pressure (MAP), ICP,
CPP, cerebral regional oxygen saturation (rSO2) and brain tissue oxygen tension (PbtO2) were measured at
baseline, after CA and every 5min during CPR. Cerebral venous oxygen saturation (ScvO2) was measured at
baseline, after CA and after 20min of CPR. Cerebral microdialysis parameters, e.g. lactate/pyruvate ratio (L/P
ratio) were taken at baseline and the end of the experiment.
Results: ICP was significantly lower in HUP compared to SUP animals after 5 min (18.0 ± 4.5 vs.
24.1 ± 5.2mmHg; p=0.033) and 20min (12.0 ± 3.4 vs. 17.8 ± 4.3mmHg; p= 0.023) of CPR. Accordingly,
CPP was significantly higher in the HUP group after 5min (11.2 ± 9.5 vs. 1.0 ± 9.2mmHg; p= 0.045) and
20min (3.4 ± 6.4 vs.−3.8 ± 2.8mmHg; p=0.023) of CPR. However, no difference was found in rSO2, PbtO2,
ScvO2 and L/P ratio between groups after 20min of CPR.
Conclusion: In this animal model of BLS CPR, HUP as compared to SUP did not improve cerebral oxygenation or
metabolism.

Introduction

Inadequate brain perfusion during resuscitation is a major reason
for the poor neurological outcome of cardiac arrest patients. Even
though many patients suffering an out-of-hospital cardiac arrest can be
successfully resuscitated, less than 10% of these patients are discharged
from the hospital and even fewer survive with favourable neurological
outcome [1]. Hypoxic brain injury after cardiac arrest results from a
sequence of adverse events such as cerebral hypoperfusion and
ischemia, increased intracranial pressure, metabolic derangements and
ischemia/reperfusion injury that eventually cause neuronal death with

catastrophic patient consequences [2]. In view of the fact that “brain
resuscitation” seems to be the key issue during cardiopulmonary re-
suscitation (CPR) several recent studies have focused on alternative
body positions during CPR in order to optimise cerebral blood flow and
haemodynamics. Debaty et al. demonstrated that a reverse-Trendelen-
burg position (30° feet down and head up) as compared to a standard
supine position lowers intracranial pressure (ICP), improves cerebral
perfusion pressure (CPP) and increases cerebral blood flow measured
with microspheres [3]. Improved cerebral venous drainage and thus
reduced resistance to forward cerebral blood flow were suggested as the
underlying cause for the higher CPP in animals tilted upwards [3–5].
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Further studies showed that elevating only the head and the shoulders
was equally sufficient to improve CPP as compared to the supine po-
sition. It was proposed that a 30° head-up tilt may be the best body
position during CPR to maximize both coronary and cerebral perfusion
pressure [4,5]. However, the direct effects of this increase in CPP on
brain oxygenation and metabolism have not been studied so far.

We therefore investigated the effects of a head-up (HUP) as com-
pared to a supine position (SUP) on brain oxygenation and metabolism
parameters during CPR using a multimodal neuromonitoring pig model
that was previously published by our group [6]. Based on published
data [3–5,7], we hypothesised that HUP CPR may improve cerebral
oxygen delivery and thus cerebral metabolism. In contrast to previous
HUP CPR studies, we waived the use of an impedance threshold device
(ITD) because we aimed to study the true effect of head elevation
during basic life support (BLS) CPR on cerebral oxygenation and me-
tabolism. Head elevation is easy to perform, would require only
minimal training and could therefore easily be implemented in standard
BLS algorithms. This is an important aspect as optimised BLS inter-
ventions were shown to improve the rate of survival [8,9] and this
simple but promising manoeuvre could further improve patient out-
come after cardiac arrest.

Materials and methods

This experimental animal study was approved by the Institutional
Animal Care and Use Committee of the University of Innsbruck and the
Austrian Ministry of Science, Research and Economy (Protocol number:
BMWFW-66.011/0045-WF/V/3b/2016). The study was conducted at
the experimental research unit of the Department of Anaesthesiology
and Intensive Care Medicine of the Medical University of Innsbruck
between November 2016 and April 2017. Experiments were done in
compliance with EU regulations for animal experimentation (Directive
2010/63/EU of the European Parliament and the European Council)
and reporting is in accordance with current ARRIVE guidelines.

Animal preparation

This study was performed in 20 healthy, 12- to 16-week-old do-
mestic pigs, weighing 31–45 kg each. Animals were fasted overnight,
but had free access to water. The pigs were premedicated with aza-
perone (4mg/kg IM; Jansen, Vienna, Austria) and atropine (0.01 mg/
kg IM) one hour before transport to the study site. Anaesthesia was
induced with a single bolus dose of ketamine (30mg/kg IM) and pro-
pofol (1 mg/kg IV) given via an ear vein. The animals were placed in
supine position, and their trachea was intubated with a 7.0 mm internal
diameter tracheal tube (Rüsch, Kernen, Germany) during spontaneous
ventilation. After intubation, pigs were ventilated volume-controlled
(Julian, Draeger, Lübeck, Germany) with 21% inspiratory oxygen and a
tidal volume of 10ml/kg body weight. Ventilations were adjusted to
maintain normocapnia (35–45mmHg). Anaesthesia was maintained
with propofol (6–8mg/kg/h IV) and remifentanil (0.2–0.3 μg/kg/min
IV). This anaesthetic regimen has been proven to guarantee an appro-
priate depth of anaesthesia without causing hemodynamic perturba-
tions that may influence experimental outcomes [6]. Normovolaemia
was maintained by administering Elo-Mel isoton (10ml/kg/h IV; Fre-
senius Kabi Austria, Graz, Austria). A standard lead II electro-
cardiogram (ECG) was used to monitor cardiac rhythm and a pulsoxi-
meter was placed on the tail. A 7.0 Fr saline-filled pulmonary artery
catheter (Edwards Lifesciences, Irvine, CA, USA) was placed in the
pulmonary artery via an 8.5 Fr internal jugular vein catheter (Arrow,
Reading, US-PA). A 6.0 Fr saline-filled arterial catheter (Arrow,
Reading, PA, USA) was placed in the right femoral artery and advanced
into the lower abdominal aorta. An angiographic catheter (MP A2,
Cordis Cooperation, Miami Lakes, FL, USA) was advanced into the
transverse sinus via the left femoral vein under radiological guidance to
collect cerebral venous blood samples. A NIRS optode (INVOSTM

System, Somanetics Inc., Troy, MI, USA) was fixed on the right fore-
head. In the corresponding region of the left hemisphere an intracranial
pressure probe (Neurovent-P, Raumedic AG, Helmbrechts, Germany), a
brain tissue oxygen catheter (LICOX, Sanova Pharma GmbH, Vienna,
Austria) and a cerebral microdialysis catheter (CMA-71, M Dialysis,
Stockholm, Sweden) were inserted into the white matter through a burr
hole by a neurosurgeon. Isotonic perfusion fluid (Perfusion Fluid CNS,
M Dialysis, Stockholm, Sweden) was pumped through the microdialysis
system at a flow rate of 2.0 μl/min and samples were analysed with
Iscusflex device (M Dialysis, Stockholm, Sweden) for cerebral lactate,
cerebral pyruvate, cerebral glucose, and cerebral glutamate con-
centrations. Intravascular catheters were attached to pressure trans-
ducers (Xtrans, Codan, Forstinning, Germany) and calibrated at the
level of the right atrium. Haemodynamic and respiratory variables were
measured and analyzed using an AS/3 Monitor (Datex-Ohmeda AS/3,
GE Healthcare, Buckinghamshire, Great Britain). Blood gases were
analyzed with a blood gas analyzer (RAPIDPoint500, Siemens, Er-
langen, Germany).

Study protocol

After a period of stabilisation following instrumentation baseline
values for haemodynamic, cerebral oxygenation and cerebral metabo-
lism parameters were obtained and blood samples taken. Thereafter,
ventricular fibrillation (VF) was induced by applying a 50-Hz, 60 V
alternating current via two subcutaneous needle electrodes. Ventilation
and intravenous anaesthesia were discontinued at this point. After
8min of untreated CA external mechanical chest compression
(LUCAS2TM, Physio Control, Redmond, WA, USA) with a compression
depth of 52mm, a compression rate of 102min−1 and a duty cycle of
50% was started. Asynchronized mechanical ventilation was resumed
with 100% inspiratory oxygen at 10 ventilations min−1 and a tidal
volume of 10ml/kg body weight. With start of CPR pigs were rando-
mized to the HUP (elevating the head and the shoulders by 30°; the
head was elevated approximately 15 cm and the shoulders 5 cm) or the
SUP position. CPR was continued for 20min without administering any
medication. After completion of the experiment protocol, the animals
were euthanized.

Measurement parameters

Mean arterial pressure (MAP), ICP, rSO2 and PbtO2 were recorded at
baseline, after 8min of CA and after 5, 10, 15 and 20min of CPR. CPP
was calculated as the difference between MAP and ICP. Arterial and
cerebral venous blood gases were obtained at baseline, 8 min after
cardiac arrest (CA) and after 20min of CPR. Cerebral microdialysis
samples were taken at baseline and at the end of the protocol.

Statistical analysis

Based on a previous study [4], we expected a difference of 11mmHg
in mean CPP between HUP and SUP after 22min of BLS CPR. Assuming
an alpha level of 0.05 and a power of 95%, we calculated a sample size
of seven per group. To account for possible dropouts ten animals per
group were included. All statistical analyses were preformed using SPSS
Version 24 (IBM Corp. Released 2016. IBM SPSS Statistics for Windows,
Version 24.0. Armonk, NY: IBM Corp.). All parameters are presented as
mean ± standard deviation (SD) or standard error of the mean (SEM),
respectively. Intragroup differences were assessed using Wilcoxon tests,
while intergroup comparisons were performed using Mann Whitney U
tests. p-values< 0.05 were considered statistically significant.

Results

The protocol was completed in 19 animals (HUP n=10; SUP
n=9). One pig had to be excluded from the analysis due to protocol
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violation.
At baseline there were no differences in blood gases, haemody-

namic-, cerebral oxygenation- or cerebral microdialysis parameters
between the two groups (Fig.1 and 2; Tables 1 and 2). After 8min of
untreated cardiac arrest MAP decreased to < 20% of baseline, ICP
significantly increased and CPP significantly dropped and reached ne-
gative values as compared to baseline. rSO2, PbtO2 and ScvO2 sig-
nificantly decreased in both groups as compared to baseline (Figs.1 and
2).

Haemodynamics and cerebral oxygenation during CPR

MAP significantly increased after 5min of CPR in both groups and
decreased steadily thereafter during the remaining 15min of CPR
(Fig.1). ICP significantly increased after 5min of CPR only in the SUP
group and remained unchanged in the HUP group. During the sub-
sequent 15min of CPR ICP decreased continuously in both groups,
being significantly higher in the SUP group at each time point com-
pared to the HUP group (Fig.1). Accordingly, calculated CPP was

Fig. 1. MAP denotes mean arterial pressure; ICP intracranial pressure; CPP
cerebral perfusion pressure; CA cardiac arrest; CPR cardiopulmonary re-
suscitation; Values are depicted as mean ± SD. * denotes a significant change
in the respective parameter as compared to its preceding value, # represents a
significant difference in the respective parameter between groups.

Fig. 2. rSO2 denotes cerebral regional oxygen saturation; PbtO2 brain tissue
partial oxygen pressure; ScvO2 cerebral venous oxygen saturation; CA cardiac
arrest; CPR cardiopulmonary resuscitation; Values are depicted as mean ± SD.
* denotes a significant change in the respective parameter as compared to its
preceding value, # represents a significant difference in the respective para-
meter between groups.
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significantly higher in the HUP group throughout the 20min of CPR
(Fig.1).

rSO2 increased in both groups after 5min of CPR and remained
unchanged during the rest of the experiment (Fig.2). PbtO2 slightly in-
creased in both groups after 5min of CPR. This increase reached sta-
tistical significance only in the SUP group (p= 0.046) (Fig.2). ScvO2

showed a trend to decrease during CPR in both groups, but this decrease
was not statistically significant (Fig.2). There was no significant dif-
ference in rSO2, PbtO2 or ScvO2 between the HUP and the SUP group at
any measurement time point during CPR (Fig.2).

Cerebral microdialysis after 20 min of CPR

After 20min of CPR the lactate-pyruvate ratio (L/P ratio) sig-
nificantly increased in both groups. Glucose significantly decreased in
the HUP, but not in the SUP group. Glutamate increased in all animals.
There were no statistical differences in any cerebral microdialysis
parameter between groups after 20min of CPR. Cerebral microdialysis
parameter values are displayed in Table 1.

Discussion

The present study demonstrates that as compared to SUP during
basic life support (BLS) CPR HUP significantly decreases ICP and,
therefore, increases CPP. This is in accordance with the findings made
by Kim et al., who investigated the effects of HUP CPR on cerebral and
systemic haemodynamics [5]. Ryu et al. also reported significantly
lower ICP values after 22min of BLS CPR in HUP as compared to SUP
animals causing a significant increase in CPP [4]. Both studies con-
cluded that by generating higher CPP values HUP CPR may improve
cerebral oxygenation and thus neurological outcome following cardiac
arrest. Unfortunately, our study results do not support this hypothesis.
Despite a significant increase in CPP, HUP CPR did not improve any
parameter of cerebral oxygenation or cerebral metabolism. In fact,
rSO2, PbtO2 and ScvO2 were equal in all study animals at every mea-
surement time point, irrespective of their body position. Absolute va-
lues for these parameters are comparable to values reported in previous

experimental CPR studies. For example, a recent animal study found
similar rSO2 values after 6min of BLS CPR [10], and another animal
study reported a PbtO2 of 3.0 mmHg after 5min of BLS CPR [11], which
most closely corresponds to our findings.

From a metabolic point of view, all study animals showed a severe
ischemic derangement after 20min of CPR resulting from a persistent
decrease in MAP and thus CPP. This was reflected by a tenfold increase
in L/P ratio and a threefold decrease in cerebral glucose as compared to
baseline. Cerebral microdialysis has been extensively investigated in
patients with traumatic brain injury and subarachnoid haemorrhage
[12,13], but there are only a few reports on patients during or after
cardiac arrest. Recently a clinical study in comatose patients after out-
of-hospital cardiac arrest found an association between an increasing L/
P ratio and high cerebral glucose levels with a neurologically un-
favourable outcome [14]. Only one experimental study in pigs eval-
uated microdialysis-derived cerebral metabolic parameters during CPR
[15]. Bahlmann et al. investigated the effect of a standard vs. an ex-
perimental CPR approach (active-compression-decompression CPR in
combination with an inspiratory threshold valve) and found a similar
increase in the L/P ratio after 18min of CPR [15]. Interestingly, the
experimental CPR pigs showed lower cerebral glucose levels despite
having significantly higher MAP values. The authors suggested that the
higher MAP values better maintained cerebral homeostasis in experi-
mental CPR pigs, thus allowing glucose metabolisation. However, in
our study cerebral microdialysate concentrations for lactate, pyruvate
and glucose were equal in both study groups.

A possible explanation why HUP CPR did not yield positive effects
on cerebral oxygenation or cerebral metabolism may be the overall low
CPP values measured in this BLS CPR setting. Although being very si-
milar to CPP values observed in previous studies of BLS CPR [4,6], they
were markedly below the suggested CPP threshold of at least 25mmHg
needed to produce sufficient cerebral forward blood flow and thus
oxygen and glucose delivery [16,17]. It might be speculated that CPP
would reach the critical threshold of 25mmHg if an advanced life
support (ALS) CPR protocol were used in this study.

Furthermore, from a mechanistic point of view, during HUP CPR
blood has to be pumped upwards on a 30° gradient. This may reduce
cerebral arterial driving force to such an extent that the net effect in
actual CPP increase during basic life support may be neglected.
However, according to recent experiment data HUP CPR with an im-
pedance threshold device (ITD) maintained CPP above 25mmHg and
cerebral blood flow at 50% of baseline [7]. It can be assumed that this
new approach may also improve parameters of cerebral oxygenation
and cerebral metabolism; however this needs to be further investigated.

An alternative reason why HUP CPR did not improve cerebral
oxygen delivery or cerebral metabolism may be the anatomical re-
ference point used for calibration of the arterial blood pressure trans-
ducer device. MAP and thus resulting CPP calculations differ sig-
nificantly when placing the MAP transducer at the level of the right
atrium or at the foramen of Monro [18]. Interestingly, there is still
significant variation in both research and clinical practice regarding
MAP transducer placement in patients with head elevation [19–21]. In
accordance with previously published HUP CPR studies, we used mean

Table 1
Cerebral microdialysis parameters at baseline and after 20min of CPR (End).
Values are given as mean ± SEM. HUP denotes head-up position; SUP supine
position; CPR cardiopulmonary resuscitation; CMD cerebral microdialysis; L/P
ratio lactate/pyruvate ratio. * denotes a significant change (p < 0.05) in the
respective parameter as compared to its baseline value within the same study
group.

Baseline End

HUP SUP HUP SUP

CMD lactate (mM) 1.1 ± 0.4 1.4 ± 0.4 1.8 ± 0.8 2.7 ± 0.9
CMD pyruvate (μM) 58 ± 10 72 ± 16 22 ± 7 * 19 ± 9 *
L/P ratio 25 ± 12 18 ± 3 167 ± 82 * 210 ± 93 *
CMD glucose (mM) 0.9 ± 0.2 1.0 ± 0.4 0.4 ± 0.1 * 0.4 ± 0.3 *
CMD glutamate (μM) 18 ± 5 11 ± 5 98 ± 19 * 111 ± 28 *

Table 2
Blood gases at baseline (BL), after 8min of cardiac arrest (CA) and after 20min of CPR (End). Values are given as mean ± SD. paCO2 denotes partial pressure of
carbon dioxide in arterial blood; SaO2 arterial oxygen saturation; Laca lactate in arterial blood; Hba haemoglobin in arterial blood.

HUP SUP

BL CA End BL CA End

pH 7.51 ± 0.03 7.44 ± 0.11 7.17 ± 0.3 7.52 ± 0.04 7.48 ± 0.11 7.24 ± 0.3
paCO2 (mmHg) 39 ± 2 47 ± 13 56 ± 48 37 ± 4 44 ± 16 47 ± 38
SaO2 (%) 95.9 ± 1.1 76.6 ± 14.7 75.1 ± 35.1 96.3 ± 1.3 74.3 ± 24.1 66.6 ± 37.1
Laca (mmol/l) 1.6 ± 0.5 2.4 ± 1.2 37.8 ± 40.9 1.6 ± 0.5 2.5 ± 0.6 24.6 ± 46.4
Hba (g/dl) 8.5 ± 0.9 8.4 ± 0.6 10.8 ± 1.1 8.8 ± 0.8 8.8 ± 0.6 10.6 ± 1.2
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aortic pressure to determine CPP and found significantly higher CPP
values during HUP as compared to SUP CPR. However, when correcting
for the hydrostatic pressure gradient due to the 15 cm of head elevation
in HUP animals and taking into account that 1 cm of water column
corresponds to 0.7mmHg, CPP during HUP CPR would be 10mmHg
lower, which would result in comparable CPP values in both study
groups. This fact could explain why no measured parameters of cerebral
oxygenation or cerebral metabolism differed between HUP and SUP
CPR.

Findings from this study underline the importance of a multimodal
neuromonitoring approach when investigating effects of specific CPR
interventions on cerebral oxygenation and cerebral metabolism.
Reporting only CPP values alone does not permit any conclusion to be
drawn about cerebral oxygenation during CPR. Furthermore, it would
seem to be essential to know the zero level of the arterial pressure
transducer to correctly calculate and interpret CPP in patients with
head elevation as different reference points may profoundly affect CPP
calculations.

This study has several limitations. First, this is an experimental CPR
model and thus the results may not be uncritically transferrable to
humans. Second, this protocol was performed only during BLS CPR.
Even though the model is not a “true” BLS model due to the use of
continuous mechanical compressions with interposed asynchronized
mechanical ventilation, it can be assumed that when using an ALS CPR
protocol, higher MAP and CPP values would be achieved, which could
lead to differences in cerebral oxygenation and metabolism between the
two study groups. However, we decided not to administer adrenaline
during this protocol, as it has been shown to impair cerebral micro-
circulatory blood flow and oxygen metabolism and could therefore
have masked a possible beneficial effect of the HUP CPR [6,22,23]. For
the same reason, we did not use an ITD as most previous HUP CPR
studies did [3–5]. It is possible that HUP CPR in conjunction with va-
sopressor therapy or an ITD may yield positive effects on cerebral
oxygenation and cerebral metabolism.

Another study limitation is that brain metabolic data revealed a
large interindividual variability. Although cardiac arrest should relate
to global cerebral metabolic changes, the focal collection of brain ex-
tracellular fluids may still underlie certain variability especially under
extreme pathophysiological conditions as in our experiment. In addi-
tion, absolute values largely depend on the flow rate of the perfusion
fluid which is only standardized in humans (0,3 μl/min) [12,24]. In
animal studies the commonly used flow rate ranges between 1 and 2 μl/
min to enable measurements after relatively short collection times
[15,25]. A higher flow rate may dilute measured concentration of
cerebral extracellular molecules.

Conclusion

In this experimental animal model of BLS CPR, the head-up as
compared to the standard supine position, despite increasing CPP, did
not improve parameters of cerebral oxygenation or cerebral metabo-
lism, as measured by multimodal neuromonitoring techniques.
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