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Abstract
Background: Patients with traumatic brain injuries and raised intracranial pressure (ICP) display
biphasic response with faster gastric emptying during the early stage followed by a prolonged
gastric transit time later. While duodenal contractile activity plays a pivotal role in transpyloric
transit we investigated the effects of raised intracranial pressure on duodenal motility during the
early phase. In order to exclude significant deterioration of mucosal blood supply which might also
influence duodenal motility, luminal microdialysis was used in conjunction.

Methods: During general anaesthesia, 11 pigs (32–37 kg, German Landrace) were instrumented
with both a luminal catheter for impedancometry and a luminal catheter for microdialysis into the
proximal duodenum. Additionally, a catheter was inserted into the left ventricle to increase the
intracranial pressure from baseline up to 50 mmHg in steps of 10 mmHg each hour by injection of
artificial cerebrospinal fluid. At the same time, duodenal motility was recorded continuously.
Duodenal luminal lactate, pyruvate, and glucose concentrations were measured during
physiological state and during elevated intracranial pressure of 10, 20, 30, 40, and 50 mmHg in six
pigs. Five pigs served as controls.

Results: Although there was a trend towards shortened migrating motor cycle (MMC) length in
pigs with raised ICP, the interdigestive phase I–III and the MMC cycle length were comparable in
the groups. Spontaneous MMC cycles were not disrupted during intracranial hypertension. The
mean concentration of lactate and glucose was comparable in the groups, while the concentration
of pyruvate was partially higher in the study group than in the controls (p < 0.05). This was
associated with a decrease in lactate to pyruvate ratio (p < 0.05).

Conclusion: The present study suggests that a stepwise and hourly increase of the intracranial
pressure of up to 50 mmHg, does not influence duodenal motility activity in a significant manner.
A considerable deterioration of the duodenal mucosal blood flow was excluded by determining the
lactate to pyruvate ratio.
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Background
Raised intracranial pressure (ICP) is described of being
associated with a delay in gastric emptying, which may
affect toleration of enteral feeding [1,2]. In rats, increased
ICP reduced gastric emptying, which seemed to be medi-
ated by the vagus nerve [3]. In patients with a significant
brain trauma associated with a decrease of Glasgow Coma
Scale level, gastric dysrhythmia was found [4]. Trauma
victims with raised ICP also displayed abnormal biphasic
response demonstrating a faster gastric emptying during
the early stage, while the gastric transit time was pro-
longed later [2]. Gastric transit time seems to be domi-
nated by pressure pump mechanics resulting from cavity
pressure differences between the distal antrum and the
proximal duodenum [5]. Thus, duodenal contractile
activity might play an essential role in transpyloric trans-
port. While most studies focused on traumatic brain
injured subjects in the later phase, there is still a lack of
data concerning the initial phase of elevated ICP and its
influence on duodenal motility.

The interdigestive motility is normally characterised by
periodic occurrence of the migrating motor complex
(MMC). The MMC is conventionally divided into three
phases: a period of quiescence (phase I) is followed by an
irregular contractile activity (phase II), which is replaced
by a shorter period of regular contractions termed phase
III or the "activity front" of the MMC [6]. To investigate
the time period of the interdigestive phases I–III the
impedancometry is described as being a reliable tool
[7,8], which may provide a more detailed view into the
complexity of intestinal functions.

Microdialysis offers opportunities for measuring meta-
bolic changes in the extracellular fluid, which was used as
an early indicator of local metabolic deterioration during
ischemia [9-12]. Intestinal motor activity can affect
mucosal blood flow through passive changes in the vessel
caliber due to changes in the vascular transmural pressure
[13,14]. In addition, mucosal blood flow has been shown
to be reduced during intracranial hypertension [15].
Accordingly, when mucosal ischemia could be excluded
as a potential factor of an inhibited intestinal motility,
microdialysis could be used to monitor the metabolic
changes in the extracellular fluid.

The purpose of our study was to investigate the effects of
rising levels of ICP on both the duodenal motility and its
microcirculation. Therefore, we applied stepwise and
hourly elevated levels of intracranial pressure from its
physiological level up to 50 mmHg.

Methods
The investigation was approved by the local Institutional
Animal Ethics Committee. In order to avoid gender bias

on intestinal motility we studied eleven male castrated
pigs (German Landrace) with a body weight (BW) ranging
between 32–40 kg. All animals were obtained from the
same breeder. The pigs had free access to water and were
fed twice daily with a standard diet (Muskator®, Muskator-
Werk, Germany).

Each pig was fasted overnight but still had free access to
water. After a premedication with 10 mg·kg-1 ketamine
i.m. (Ketamin®, Cefa Sanre Animale, Germany), general
anaesthesia was subsequently induced intravenously with
2–4 mg·kg-1 propofol (Propofol®, Parke-Davis, Germany)
and further maintained with a continuous infusion of 25
mg·kg-1·h-1 propofol and 1–3 µg·kg-1·h-1 fentanyl (Fen-
tanyl-Janssen®, Janssen-Cilag, Germany). The dosages of
propofol and fentanyl were guided by clinical signs to
ensure appropriate depth of anaesthesia. The pigs under-
went orotracheal intubation and were mechanically venti-
lated. Oxygen saturation (SaO2) of between 94–99%, and
expiratory carbon dioxide partial pressures (pETCO2) of
between 35–38 mmHg were maintained. Fluid was
replaced during surgery with a crystalloid solution at a rate
of 2 ml·kg-1·h. The blood pressure was measured
through invasive (A. femoralis using Leader Cath®, Vygon,
France) and non-invasive methods on the hind limb
(Riva-Rocci; AS/3 Compact®, Datex-Engstrom, Finnland
and Dura Cuff™, Infant Cuff, Criticon, USA). Mean arterial
blood pressures (MAP), heart rate (HR), SaO2, and
pETCO2 were assessed at 15 minute intervals during the
surgical procedure. The body temperature (Temp) was
measured twice a day as well as the white blood cell count
(WBC).

The animals were instrumented with a central venous
catheter (CVC) inserted into the left jugular vein via a
venous cut down. Pigs underwent laparotomy and both
an impedance catheter (2 mm diameter, 100 cm length,
flexible, 14 electrodes distributed over the distal 28 cm,
Femu-Research Institute, Germany) and a catheter for
microdialysis (CMA/20®, membrane length 10 mm, cut-
off 20000 Dalton, CMA/Microdialysis, Sweden) were
manually introduced into the duodenum before the duo-
denum and the abdominal wall were sutured.

All animals were instrumented with a ventricular catheter
which was inserted into the left frontal horn, at a depth of
20–35 mm from the cortical surface. The catheter was
connected with a pressure transducer (Pressure Set, Smith
Medical Deutschland GmbH, Germany). The same canal
was used to apply raising levels of ICP by a bolus and sub-
sequently continuous infusion of an artificial cerebrospi-
nal fluid (Ringer Solution + 100 mmol/l glucose) into the
ventricular system via a three-way-tap. In addition to the
physiological state, the ICP was adjusted to 10, 20, 30, 40,
and 50 mmHg in pigs in the verum group. Every level of
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the ICP was retained for one hour and was controlled
intermittently via pressure transducer (AS/3 Compact®,
Datex-Engstrom, Finnland). In contrast, pigs during phys-
iological state without any ICP adjustments served as the
control group.

Duodenal motility was assessed by impedancometry (Fig-
ure 1). Locally developed software (Femu-Research Insti-
tute, Germany) was used for the data acquisition and
analysis. According to established manometric criteria the
MMC was defined as the time interval between two suc-
cessive phase III patterns. Each interdigestive phase I–III
was analysed according to the criteria described by
Malagelada et al. [6]. The following parameters were
investigated: Duration of duodenal interdigestive phases
I–III and MMC cycle length, and the quantity of duodenal
bolus transport events (BTE). Duodenal motor patterns
and BTE were defined as described by Nguyen et al. [7]
(Figure 2). The BTE was defined as particular impedance
tracing which is associated with a passage of a bolus
detected over three and more measuring channels (Figure
2).

The inserted microdialysis catheter was connected with
low-volume FEP-tubing (1.2 µl/10 cm) to a precision
infusion pump (CMA 102, CMA Microdialysis, Sweden)
in order to maintain a constant dialysate flow. The probe
was continuously perfused at a flow rate of 2 µl/min with
a solution containing 147 mmol/l sodium, 156 mmol/l
chloride, 4 mmol/l potassium, 2.3 mmol/l calcium, (Per-

fusion fluid T1, CMA Microdialysis, Sweden). After an
equilibration time of 60 minutes, dialysate samples were
continuously collected in 20 min intervals and were
immediately frozen at -20°C until analysed. The day after
the experiment, defrozen and centrifuged dialysate sam-
ples were analysed enzymatically with a CMA 600 Micro-
dialysis Analyser (CMA/Microdialysis, Sweden) for
lactate, pyruvate, and glucose. The exchange of substances
across the microdialysis membrane is limited by the total
area of the membrane, the perfusion flow rate, the charac-
teristics of the diffusing substance and the diffusion con-
stant in the tissue surrounding the probe [12,16]. The
recovery rate expresses the relation between the concen-
tration of the substance in the microdialysis probe efflu-
ent and the concentration of the medium [17]. At the end
of the experiment, the microdialysis probes were removed
from the duodenum and the recovery rates for each probe
were determined by proceeding with the perfusion and
the same settings in a calibrated solution. Concentrations
of the calibrated solutions were compared with the con-
centrations of the in vitro microdialysis samples to deter-
mine the relative recovery for each substance. Measured
experimental values were weighted with the relative recov-
ery to estimate the in vivo extracellular concentration of
the components in the immediate vicinity of the probes.
In vitro recovery rates were 42% ± 6 for lactate, 44% ± 9
for pyruvate, and 28% ± 6 for glucose.

In order to ensure standard experimental conditions the
following parameters were monitored: Heart rate, mean
arterial blood pressure, body temperature, white blood
cell count, arterial blood gas analysis. At the end of the
measurements, the animals were euthanised with an over-
dose of barbiturate.

Statistical analysis
Microdialysate data of each group was analysed using the
Kruskal-Wallis Test. Where differences occurred, data of
the individual time points were compared by using the
Bonferroni corrected Wilcoxon Rank-Sum Test. Differ-
ences of the length of motility phases between the groups
were analysed using the Mann-Whitney U test. Statistical
analysis was performed using statistical software (NCSS®,
NCSS Statistical Software, USA). Data are expressed as
median and range or mean and standard error of the
mean (SEM) when necessary. P-values less than 0.05 were
considered significant.

Results
All motility phases showed a comparable length between
the groups. Accordingly, the MMC cycle length did not
differ between the pigs with increased ICP's and the con-
trol. Spontaneous MMC cycle did not seem to be dis-
rupted during the elevation of the ICP. The median
duration of the interdigestive phases I–III is demonstrated

Cylinder shaped metallic electrodes (Electrode) are mounted on a thin plastic catheter, which was intraluminal introduced (Wall)Figure 1
Cylinder shaped metallic electrodes (Electrode) are mounted 
on a thin plastic catheter, which was intraluminal introduced 
(Wall). Each neighboring electrode pair is connected to an 
impedance voltage transducer outside the body (Zn = meas-
ured impedance of an electric field between two electrodes 
at the moment, which is the ratio between the applied volt-
age (U) and the resulting current (I). The instantaneous out-
put voltage of each transducer represents the average 
electrical impedance of the volume conductor around the 
catheter.
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in Figure 3. All BTE's analysed have been characterised as
long distance and propulsive BTE. The median quantity of
BTE during each phase is shown in Table 1, which demon-
strates a comparable BTE count between the groups.

The mean concentrations of lactate and glucose were com-
parable in the groups. During baseline the mean concen-
tration of pyruvate was higher in the group with elevated
ICP than in the controls (p < 0.05), hence this was associ-

ated with a decrease in the lactate to pyruvate ratio (p <
0.05). The mean concentrations of lactate, pyruvate, glu-
cose, and the lactate to pyruvate ratio are presented in Fig-
ures 4, 5, 6, 7. During the elevation of the ICP, there was
a trend towards increased levels of lactate and glucose,
without showing any statistical significance. Pyruvate con-
centrations were increased during a raise in the ICP from
10–20 mmHg (p < 0.05), which decreased again during
further elevations of the ICP of up to 50 mmHg. This ini-
tial increase in pyruvate was associated with a decreased
lactate to pyruvate ratio (p < 0.05). During further eleva-
tion of the ICP from 20–50 mmHg, the lactate to pyruvate
ratio was similar in the groups. Simultaneously, an
increase in the lactate to pyruvate ratio (p < 0.05) was
measured, when compared to the controls.

All animals were included into the study. Different levels
of ICP were continuously adjusted without any influence
on haemodynamics. Values of mean arterial blood pres-

Table 1: Number of bolus transport events (BTE) during the 
interdigestive phases I–III expressed as median and range.

Control ICP p

phase I 2.5 (0–15) 3 (0–43) 0.3
phase II 2 (0–30) 3.5 (0–28) 0.3
phase III 0 (0–18) 0 (0–15) 0.1

Impedance tracings of a pig during an elevated ICP periodFigure 2
Impedance tracings of a pig during an elevated ICP period. 
Tracings demonstrate 14 pairs of electrodes (Ch 1 = proxi-
mal channel 1; Ch 14 = distal channel). Top: time period of 4 
hours demonstrating interdigestive phases. Middle: complete 
MMC cycle distracted, p1 = phase I, p2 = phase II, p3 = phase 
III. Bottom: phase II further expanded demonstrating a bolus 
transport event (BTE).

Duration of interdigestive phases I–III and MMC cycle length of verum and controlsFigure 3
Duration of interdigestive phases I–III and MMC cycle length 
of verum and controls. Data are shown as box blots indicat-
ing median, 25% and 75% quartiles, and range.
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sures and heart rates did not differ between the groups
(Table 2). There were no differences in median blood glu-
cose level (5.3 mmol/L (range: 4.2–7.4 mmol/L)) or
median blood lactate level (0.9 mmol/L (range: 0.59–
1.87 mmol/L)) detectable between the groups. The pH

was comparable in the groups with a median of 7.52
(range: 7.42–7.6), as were the pO2 (median: 161.5
mmHg [range: 75.3–178.8 mmHg]) and the pCO2
(median: 32.7 mmHg [range: 25.1–41.3]).

Discussion
The present study suggests that an acute and hourly
increase of the intracranial pressure up to 50 mmHg did
neither influence the spontaneous duodenal MMC cycle
length nor the sequence or time periods of the interdiges-
tive phase I–III of the proximal duodenum. A considera-
ble deterioration of the mucosal blood flow can be
excluded by the lactate to pyruvate ratio.

The spontaneous MMC cycle length has been demon-
strated to last 75–80 minutes, characterised by myoelec-
trography in the fasted pig [18]. In the present study, the
median MMC cycle lengths in the controls and verum
were 87 and 73 minutes, respectively, demonstrating a
trend towards a slightly shortened MMC cycle length in
pigs with raised ICP. This seems to be due to a slightly and
non-significant shortened phase I, so called the phase of
quiescence. Usually, phase I activity demonstrates mini-
mal aboral propulsion of luminal contents and occupies
40% to 60% of the overall MMC cycle time [19]. A trend
towards a shortened phase I leading to a shortened MMC
cycle length could suggest a faster intestinal transit time
which could help to explain the increase in gastric empty-
ing during the first days after the head trauma described
by Ott et al. [2]. Aboral food migration seems to depend

Lactate to pyruvate ratio during baseline (BL) and increasing levels of intracranial pressures (ICP10 = ICP of 10 mmHg)Figure 6
Lactate to pyruvate ratio during baseline (BL) and increasing 
levels of intracranial pressures (ICP10 = ICP of 10 mmHg). 
Data are expressed as mean ± SEM. Significance between 
verum and controls is defined as (*) when p < 0.05.

Intraluminal lactate concentration (mmol/L) during baseline (BL) and increasing levels of intracranial pressures (ICP10 = ICP of 10 mmHg)Figure 4
Intraluminal lactate concentration (mmol/L) during baseline 
(BL) and increasing levels of intracranial pressures (ICP10 = 
ICP of 10 mmHg). Data are expressed as mean ± SEM.

Intraluminal pyruvate concentration (µmol/L) during baseline (BL) and increasing levels of intracranial pressures (ICP10 = ICP of 10 mmHg)Figure 5
Intraluminal pyruvate concentration (µmol/L) during baseline 
(BL) and increasing levels of intracranial pressures (ICP10 = 
ICP of 10 mmHg). Data are expressed as mean ± SEM. Signif-
icance between verum and controls is defined as (*) when p 
< 0.05.
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on duodenal propulsive motility activity, which is nor-
mally of antral origin and propels food aboral through the
small intestine [20]. It is suggested that transpyloric flow
is determined through active and co-ordinated processes
involving not only antral contraction but also duodenal
motility and pyloric function. In pigs, gastric emptying
has been shown to predominantly occur during the non-
lumen-occlusive stage of the propagated gastric contrac-
tions with emptying rates being directly related to the rate
of antropyloric pressure waves and being inversely related
to the rate of isolated pyloric pressure waves [21,22]. In
humans, transpyloric flow has been shown to be
increased during the usually occurring cavity pressure dif-
ference between the distal antrum and the proximal duo-
denum at periods that demonstrate quiescence in gastric
contractions [5]. Therefore, a shortened phase I might also
help to explain a prolonged transpyloric transit time prob-
ably caused by an abbreviated phase of quiescence, this
being associated with a reduction in the antroduodenal
pressure difference.

Phase II demonstrates increasing contractile activity
which has been characterised by being mainly involved in
peristaltic mechanisms responsible for the transpyloric
gastroduodenal flow [23]. A bolus transport event (BTE)
is described as a particular impedance tracing related to a
bolus passage [7]. This aspect can be confirmed by our
findings of concomitant BTE's during phase II. In contrast,
BTE's which were found during phase I are much more
difficult to explain, because phase I has been defined as a
phase of quiescence and this normally does not demon-
strate any significant coordinated food migration [8]. In
order to further elucidate the function of these BTE's
occurring during phase I as well as the length of time of
phase I and its role in transpyloric transport, the imped-
ance technique should therefore be used in conjunction
with real-time ultrasound and manometry.

In total, the present non-traumatic porcine model using a
short-term and stepwise increase of the ICP did neither
disturb spontaneous MMC cycles nor affect the quantity
of BTE. This might be due to the investigated duration of
raised ICP (20–50 mmHg) over 4 hours that might be too
short to initiate a fastened gastrointestinal transit
described during the early phase of intracranial hyperten-
sion. This aspect might be supported by the findings of
Ott and co-workers [2] who found that significant
changes in gastric emptying happened 1 to 2 weeks after
the injury. On the other hand, the fastened gastric empty-
ing after head trauma could be an isolated gastric phe-
nomenon that can not be detected by duodenal
impedancometry. Garrick et al. [24] found that gastric and
duodenal contractile forces were reduced reversibly by
short term elevated intracranial pressure of up to 13 cm
H2O in the conscious rabbit. The lack of significant effects
during raised ICP in the present study might be, at least
partially, explained by the fact that vagal tone in anaesthe-
tised animals is considerably lower than in the unanaes-
thetised subjects. In order to accurately define duration of
the interdigestive phase I–III during a more extended
phase of elevated ICP further studies are necessary.

In the present study, pigs with 32 to 40 kg body weights
were investigated because previous experiences allowed us
to use devices comparable to those usually used in
humans [25,8]. In general, the pig is considered to be a
suitable non-primate animal model since it resembles the
human situation with regard to eating behaviors, anat-
omy, and physiology of the gastrointestinal tract [26].
Clinical studies demonstrated that the luminal imped-
ance technique was a reliable tool to investigate motility
activities [20,27]. The impedance technique allows the
gastroduodenal motility patterns to be determined by the
acquisition of electrical impedance in the surrounding
body volume conductor from a number of annular elec-

Table 2: Biometric and plasmatic data of the study group (ICP) and controls presented in median and range. Statistical significance is 
defined when p < 0.05. MAP = mean arterial blood pressure at baseline (MAP-BL) and during intracranial pressure (MAP-ICP) 
between 10–50 mmHg including corresponding MAP of controls (Control); SaO2 = oxygen saturation; WBC = white cell blood count

Control ICP p

Heart rate (/min) 83 (62–110) 83 (62–110) 0.3
MAP-BL (mmHg) 97 (80–102) 87 (65–112) 0.6
MAP-ICP 10 (mmHg) 97 (89–108) 87 (65–112) 0.3
MAP-ICP 20 (mmHg) 92 (67–103) 81 (59–127) 0.7
MAP-ICP 30 (mmHg) 98 (82–106) 84 (59–127) 0.1
MAP-ICP 40 (mmHg) 92 (67–116) 74 (59–116) 0.1
MAP-ICP 50 (mmHg) 93 (84–105) 75(57–121) 0.1
SaO2 (%) 99 (98–100) 98 (96–100) 0.3
WBC (×103/µl) 13.4 (12.3–17.8) 13.6 (10.7–24.2) 0.7
Temperature (°C) 35.8 (32.6–37.8) 35.3 (34.2–38.5) 0.2
Hematocrit (%) 29 (21–33) 29 (26–31) 0.1
Lactate (mmol/l) 0.77 (0.59–1.76) 0.97 (0.66–1.87) 0.2
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trodes [28]. While the passage of air or gas results in a tem-
porary increase in intraluminal impedance, the passage of
hyperconductive fluid is followed by a decrease in imped-
ance. Thus, the impedance technique describes gastrodu-
odenal fluid transport independent of associated luminal
pressure events and, therefore, might be more precise than
manometry. Although, the BTE's have been previously
defined as propulsive activities being associated with the
transport of bowel contents [7], intestinal motility
detected by the single use of the impedance technique can
not be directly linked with luminal pressure activity. This
aspect has to be taken into account when our results are to
be compared with those recorded by using the manome-
try.

Furthermore, the use of luminal microdialysis in monitor-
ing intestinal ischemia has already been reported [10,11].
In the present study there was a trend of slightly decreased
mean arterial blood pressure during elevated ICP without
statistical significance. This was paralleled by a trend of an
initial increase of luminal lactate concentrations when
ICP was elevated from baseline to 10 mmHg, while we
could not find any significant differences when compared
to the controls. Simultaneously, luminal increase of pyru-
vate resulted in a significant decrease of the luminal lac-
tate to pyruvate ratio during the elevated ICP period
indicating a lack in any deterioration of the duodenal
blood supply. Accordingly, glucose concentrations
seemed to be unaffected during the time period of the ele-
vated ICP. This finding led to the assumption that an

acute and short time elevation of ICP did not reduce
mucosal blood flow in any significant manner.

We preferred the luminal approach, because, in contrast
to the intestinal wall, the intraluminal insertion of the
microdialysis catheter seems to be easier to perform espe-
cially when tissue trauma and destruction of the catheter
itself should be avoided. Yet, it remains unclear whether a
more extended duration of raised ICP would have influ-
enced the mucosal blood supply in this study. Data con-
cerning the time period of intracranial hypertension and
its influence on mucosal blood flow are lacking. In the
present study haemodynamics were stable and compara-
ble between the groups. Accordingly, dosages of propofol
and fentanyl that were guided by clinical signs to ensure
appropriate depth of anaesthesia were also comparable,
which is of great importance since both propofol and fen-
tanyl demonstrate a potential inhibitory effect on gas-
trointestinal motility [29,30]. For the future, stable
haemodynamics might be of great importance, since
hypoperfusion of the small intestine might be associated
with impaired gut barrier function, which is thought to
have a high impact on the development of multiple organ
failure [31,32], and the long-term outcome of severely
brain injured patients.

Conclusion
The present study suggests that short-term elevated levels
of intracranial pressures neither show any significant
influence on the duodenal motility activity nor decrease
in duodenal mucosal blood flow.
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