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Abstract

Background Changes in the perihemorrhagic zone (PHZ)
of intracerebral hemorrhage (ICH) are variable. Different
mechanisms contribute to secondary neuronal injury after
ICH. This multimodal monitoring study investigated early
changes in the PHZ of ICH.

Methods Twenty-four swine were anesthetized, ventilated,
and underwent monitoring of vital parameters. Next to an
intracranial pressure-probe (ICP), microdialysis (MD),
thermodiffusion cerebral blood flow (td-CBF), and oxygen
probes (P, O,) were placed into the gray white matter
junction for 12 h of monitoring. ICH was induced using the
autologous blood injection model. Pre-defined volumes were
0 ml (sham), 1.5 ml ipsilateral (1.5 ml), 3.0 ml ipsilateral
(3.0 ml), and 3.0 ml contralateral (3.0 ml contra).

Results ICP equally increased in all groups after ICH. In
the 3.0 ml group tissue oxygenation decreased to ischemic
values of 9 £ 7 mmHg early after 6 h of monitoring. This
decrease was associated with a significant perfusion
reduction from 36 £+ 8 ml/100 g/min to 20 %+ 10 ml/
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100 g/min. MD correlated with a threefold lactate/pyruvate
ratio increase. Measurements in all other groups were
unchanged.

Conclusion Multimodal monitoring demonstrates vol-
ume-dependent changes of tissue oxygenation, blood flow,
and ischemic MD markers in the PHZ independent of
increased ICP suggesting early moderate ischemia. No
evidence was found for the existence of a perihemorrhagic
ischemia in the small hematoma groups.

Keywords Experimental ICH - Ischemia -
Multimodal neuromonitoring

Introduction

Intracerebral hemorrhage (ICH) accounts for 6.5 to 19.6 %
of stroke cases with mortality rates in the first week and
first year after onset ranging from 31 to 34 % and 53 to
59 % [1]. In theory large hematoma volumes cause an
increase of ICP and consecutive decrease of CBF and
Py,.O, leading to local or global ischemia. Whether cyto-
toxic or vasogenic edema plays a key role in
perihemorrhagic pathophysiology remains a question of
debate [2]. These secondary brain tissue changes could be
the most remarkable factors that have an impact on out-
come parameters. Although there are many advances in
multimodal monitoring, the role of these initial patho-
physiological factors during the first hours after the initial
event, is not well understood [3].

We have previously established a porcine ICH model
using multimodal monitoring (MMM) [4]. A volume-con-
trolled ICH animal model with gyrencephalic brain could
help to clarify the initial changes using MMM including
ICP, CPP, CBF, P,0,, temperature and microdialysis
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(MD) and determine the natural history of the perihemat-
omal changes.

In this study, we investigated the hypothesis whether a
nonICP-related volume-dependent damage occurs after
induction of a right frontal subcortical ICH as measured by
ICP, CBF, PO, and MD.

Materials and Methods
Animal Preparation

Twenty-seven male pigs weighing 24 to 32 kg were used. All
animal experiments were approved by the local University of
Heidelberg and governmental (Regierungsprasidium Kar-
Isruhe) committees for animal care and use (Protocol No.:
35-9185.81/G-60/06) and conducted in accordance with the
guidelines set by §8 Abs. 1 Tierschutzgesetz (TierSchG)
2006.

Animals were sedated with ketamine hydrochloride
(10 mg/kg i.m.), azaperon (3 mg/kg i.m.), and midazolam
(1 mg/kg im.). A peripheral intravenous catheter was
inserted into the ear for administration of drugs and to
maintain fluid balance with Ringer’s solution. Anesthesia
was induced with an intravenous bolus injection of midaz-
olam (1 mg/kg) and ketamine hydrochloride (10 mg/kg).
After endotracheal intubation, the animals were maintained
on controlled positive-pressure ventilation with 35 % oxy-
gen. Anesthesia was maintained by inhaled isoflurane
(1.2-1.5 %). Tidal volume and ventilatory frequency were
adjusted to maintain PaCO, between 32 and 35 torr.

Electrocardiographic (ECG) and pulse rate monitoring
were started and continued throughout the whole experi-
ment. Rectal and brain temperature (T,, Ty) were
continuously monitored. Rectal temperature was maintained
between 35.5 and 37 °C. After surgical exposure of the right
femoral artery a 4-Fr catheter was inserted for permanent
monitoring of mean arterial blood pressure (MAP). Periph-
eral oxygen saturation (SaO,) was monitored from the left
ear. During experiments, hemodynamic parameters (pulse
rate, systemic arterial blood pressure), and rectal tempera-
ture were monitored continuously with a Datex® AS/3
anesthesia monitor (Datex Inc.; Espoo, Finland). The intra-
cerebral temperature was monitored with a Neurovent®-TO
catheter (Raumedic, Helmbrechts, Germany).

Four groups were defined (sham, 1.5, 3.0 ml and 3.0
contra). In the sham group (n = 5), animals underwent
MMM without ICH-injection to determine the physiolog-
ical values in this ICH-porcine model.

In the 1.5 ml (n = 7) and 3.0 ml groups (n = 7) animals
received an ICH of 1.5 ml and 3.0 ml, respectively, with
MMM on the ipsilateral side. In 3.0 ml contra (n = 5) the
MMM was carried out in the right hemisphere while the
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hematoma (3 ml) was injected into in the left hemisphere.
Parts of this data of the sham group and 1.5 ml group have
already been published [4]. Three animals did not enter
data analysis as ICH could not be confirmed due to sub-
arachnoid or ventricular extension.

Experimental ICH

We used the autologous whole blood injection model descri-
bed elsewhere [5]. Arterial non-heparinised autologous blood
drawn from the femoral artery was loaded in calibrated
polyvinyl chloride tubing to produce an ICH. After fixation of
the animal’s head with a tape, a midline scalp incision was
performed to expose the calvarium. The head was fixed in a
stereotactic frame. Five burr holes (2 mm in diameter) were
drilled on the right side of the cranium. One burr hole was
placed parietally through which the ICP probe (Neurovent-P®,
Raumedic AG, Helmbrechts, Germany) was inserted. Next
to the coronal suture, three burr holes were placed 0.8, 1.2,
and 1.6 next to the midline, respectively. Through these burr
holes, the monitoring probes were inserted next to each other.
Medially, the td-CBF-probe (Hemedex td-rCBF, Codrnan®,
USA) followed by the Py O,-probe (Neurovent®-TO,
Raumedic AG, Helmbrechts, Germany) and MD probe
(CMA 70, Solna, Sweden) most laterally (Fig. 1) were
inserted. All intraparenchymal devices were introduced and
secured transcutaneously prior to insertion into the brain.
Further frontally, we used a 90° vertical and 20° lateral bent
steel 20G cannula for induction of the ICH via the fifth burr
hole which was located 1.5 cm in front of the coronal suture
and 0.8 cm lateral to the sagittal suture. An autologous
arterial hematoma was induced following the description of
Quereshi et al. [5]. Polyvinyl chloride tubing was attached to
a stopcock at the distal end of the spinal needle and to the
femoral artery (Fig. 1). To initiate ICH formation, autolo-
gous blood was introduced into the brain under arterial
pressure via this tubing. We aimed to target the cortico-
subcortical area in order to avoid deep ICH location. Neither
the catheters nor the syringes were flushed with heparin.
After catheter placements and ICH-injection, the burr holes
were sealed with bone wax and monitoring was conducted
for an overall monitoring period of 12 h. Post-mortem brains
were removed and intraparenchymal catheter locations and
ICH size and position were visualized [4].

Monitoring

All relevant physiological parameters such as mean arterial
pressure (MAP), intracranial pressure (ICP), cerebral per-
fusion pressure (CPP), brain and rectal temperature (Tb,
TR), heart rate (HR), oxygen saturation (Sa0O,), Py O,,
rCBF were continuously recorded. Microdialysates were
perfused with a rate of 0.3 pl/min and samples were taken



Neurocrit Care (2015) 22:133-139

135

Coronal suture

______ Nasofrontal suture

O ICH-Injection
@ CBF-Probe
~- MD-Probe

A P, 0,-Probe
® [CP-Probe

Fig. 1 Schematic drawing of catheter positioning in relation to the
injection site of the hematoma. The ICP probe is introduced
parietally. Anteriorly three monitoring probes are placed in the
following order from medial to lateral: td-CBF, PO, and microdi-
alysis. Further frontally the burr hole site for the hematoma is marked
with a 90° bent steel cannula which is used for hematoma injection

every 30 min. The MD vials were collected, refrigerated,
and analyzed after the experiment was completed. Blood
gas analyses were carried out every 2 h. Animals were kept
cardiopulmonary stable and observed further on. Following
an equilibration phase of 2 h after catheter placement, a
baseline measurement was undertaken in the sham group
and 30 min before ICH in 1.5, 3.0, and 3.0 ml contra
groups (baseline). Further pre-defined measurements were
repeated at 3, 6, and 9 h after ICH (3, 6, 9 h).

Statistical Analysis

Statistical analysis was performed using SigmaPlot (ver-
sion 11.0.0.77, Systat Software, San Jose, California,
USA). Differences between baseline measurement and
final measurements at 9 h were determined by the Stu-
dent’s t test for each parameter (ICP, P,,O,, CBF, and MD)
if the data were normally distributed or by the Mann-
Whitney rank sum test if the normality assumption failed.
Significance levels are reported for comparisons with the
two-tailed test (P < 0.05).

Results
Intracranial Pressure (ICP)

There were no significant changes in the sham group. In all
ICH-groups there was a significant immediate rise in ICP

associated with the induction of blood and this increase
persisted for the duration of the whole experiment
(Table 1). However, ICP never exceeded 15 mmHg with
maximum mean ICP values of 13 mmHg in the 3.0 ml ICH
volume group.

Cerebral Perfusion (CBF)

In the 3.0 ml group CBF values started at 36 mL/100 g/min
and subsequently dropped to subcritical values of
20 ml/100 g/min at 9 h. This result was statistically sig-
nificant with a P value < 0.05. However, CBF in all other
groups did not change significantly compared with the
baseline value (Table 1).

Brain Tissue Oxygen Partial Pressure (Py,,0,)

In the 3.0 ml group there was a progressive significant
decrease of PO, after ICH induction from 41 +
11 mmHg at baseline (Oh) to 10 £ 5 mmHg at 9h
(P < 0.001). In all other groups we could not show any
significant changes at any time point after ICH as com-
pared to baseline (Table 1).

Cerebral Metabolism

Microdialysis was utilized in all groups, and the brain
concentrations of glucose, lactate, pyruvate, and glutamate
were analyzed. Lactate/pyruvate ratio (L/P ratio) did not
increase in sham, 1.5 and 3.0 ml contra groups over time,
whereas a significant 1.6-fold increase was observed in
3.0 ml group (Table 1, P < 0.05). Likewise, lactate
increased significantly from 1.6 & 0.8 to 4.5 £ 1.8 mmol/l
(P < 0.01). Glucose utilizations changed only in 3.0 ml
contra group. After induction of the contralateral hema-
toma, extracellular glucose concentrations increased
threefold from 1.1 £ 0.7 to 3.5 & 3.3 mmol/l. Concordant
to this a 1.4-fold decrease in L/P ratio was observed over
time. Glutamate concentrations did not change significantly
in all groups.

Discussion

It is well-recognized that ICH volume may represent a
major predictor of edema formation and eventually out-
come [2]. A volume-dependent impairment of intact
perihematomal physiology has been recently demonstrated
in a CT-perfusion study. The authors conclude from their
findings that the PHZ correlates to hematoma volume as
measured by the 360° cortical banding CT-perfusion
method [6]. Furthermore, clinically available monitoring
tools such as multimodality probes have not been used to
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Table 1 Neuromonitoring data of all groups at four pre-defined timepoints

Outcome Group Baseline Time post-ICH P value
3h 6h 9h

ICP (mmHg) Sham 2+1 241 241 2+1 0.49
1.5 ml 2+4 7+4 9+5 8+4 0.02*
3.0 ml 4+4 115 13+3 13+4 0.001*
3.0 ml contra 1+2 5+2 10+2 11+3 0.001*

CBF (ml/100 mg/min) Sham 37 £ 8 41 £ 10 367 44+ 8 0.20
1.5 ml 29 £ 8 33+ 10 30+ 12 29 £ 12 0.89
3.0 ml 36 £ 8 25+ 10 29 £ 21 20 £ 10 0.03*
3.0 ml contra 33+ 10 43+ 4 37+7 36 £ 10 0.42

Py,:O, (mmHg) Sham 16 £9 22 £ 11 21 £ 11 34 £ 28 0.19
1.5 ml 28 +£ 23 20 £ 16 20 £ 13 29 £ 16 0.50
3.0 ml 41 £ 11 20 £ 11 9+7 10+5 0.001*
3.0 ml contra 18 £ 16 20 £ 16 24 £ 20 22+ 17 0.72

L/P ratio Sham 29 £22 28 £ 15 24+ 11 34 +£27 0.40
1.5 ml 48 £+ 27 59 + 48 51 £ 40 45 £ 25 0.89
3.0 ml 28 £ 11 39+ 17 46 £ 17 45 £ 15 0.04*
3.0 ml contra 98 £+ 23 119 £+ 100 58 + 37 69 + 47 0.38

Data are mean =+ standard deviation if not otherwise stated. Statistical significance (P < 0.05) of the difference between baseline and 9 h is
indicated by an asterisk (*).Please note that values in 3.0 ml contra groups at baseline and 3 h are relatively high due to measurement outliers

address this question. It has been discussed that cerebral
ischemia contributes to secondary neuronal damage after
ICH, but the results of different experimental and clinical
trials are inconclusive and the existence of a “perihemor-
rhagic penumbra” is still an area of debate [7-10]. Our
monitoring data suggest that perihemorrhagic ischemia
may occur depending on ICH volume.

Most of the experimental ICH projects have used rodent
models. In theory, a porcine ICH model has the advantage
of the large brain volume (about 40 times larger than the
rat’s brain) which enables bedside-to-bench translation of
multimodal neuromonitoring and surgical procedures used
in clinical settings. However, simulating human ICH in an
animal model is complex. One frequent question in
experimental project design is whether the results can be
applied to human pathologies [11]. In the blood induction
animal model there is no hematoma enlargement, but
timing and location of hemorrhage are more controlled
[11]. This model allows investigating the toxic effect of
blood products, edema formation, and it allows for volume-
controlled studies.

There is limited evidence for invasive MMM in ICH
patients and therefore, there are no specific guidelines
about the usage of monitoring in ICH population [12]. The
present study used a MMM approach measuring parame-
ters with the clinically available techniques ICP, td-CBF,
PbrOZ’ and MD.

ICP and CPP are determinants of outcome in neuro-
surgical/neurological patients [13]. Secondary ischemic
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injuries due to compression of local arterioles, venous
congestion, perifocal edema, and also due to toxic meta-
bolic effects of the blood products and their impact on
vasoconstriction cannot be monitored by ICP/CPP moni-
toring alone especially if ICP levels are normal [14, 15].

In control animals ICP was constant during the entire
experiment. After ICH induction there was a significant
increase in ICP at all timepoints in comparison to the
baseline in all groups (Table 1). ICP increased to its’
maximum and plateaued at this level 6 h after ICH
induction in all groups. We, therefore, suspect that ICP is
mainly influenced by the initial bleeding event but much
less affected by processes of the perihemorrhagic zone in
the acute phase after ICH. ICP never reached critical levels
(>15 mmHg). Therefore, ICP did not indicate disease
severity in our study.

According to a study by Kauffmann et al. [16] the
penumbra was defined by a CBF of 8§-20 ml/100 g/min in
the perihemorrhagic zone. In many animal experiments on
ICH a decrease of CBF was demonstrated globally and/or
in the PHZ [17-20]. The exact cause for this hypoperfusion
is unclear; it may be due to a perihemorrhagic-induced
mechanical pressure, the release of vasoactive substances
like adrenaline, a no-reflow phenomenon during the
reperfusion phase, and the successive global increase of the
ICP.

There were no significant CBF-changes during the
experiment in sham, 1.5 and 3.0 ml contra groups. In the
3.0 ml group CBF decreased during the first 3 h after ICH
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Fig. 2 Mean monitoring values
illustrated for sham (dashed
line) and 3.0 ml (straight line)
groups at all pre-defined
timepoints. Despite ICP
stability, CBF, Py,,O,, and L/P
ratio demonstrate an ischemic
pattern. This effect occurred
with increasing ICH volume
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induction. For the last 3 h of the experiment the CBF
stayed at the penumbra threshold of 20 £ 10 ml/100 g/min.
All experiments were continued for 9 h after ICH induc-
tion. It could be argued, that CBF might have continued to
decrease in the PHZ successively. On the other hand, it has
been suggested that after 12-24 h of ictus the reperfusion
phase begins [14]. The reperfusion phase is a result of the
revocation of perihemorrhagic-induced pressure, the auto-
regulation effect and the initiation of the collateral
circulation. More studies with longer monitoring and
observation would be necessary to prove or disprove this
concept.

Similar to our data it was demonstrated in a clinical
study that hypoperfusion in the PHZ did not lead to
ischemia and it was argued whether these changes might
indicate diaschisis [21]. Our study demonstrates early
hypoperfusion in the PHZ which is pronounced with
increasing ICH volume (Fig. 2). This might be either a
consequence of reduced focal blood supply (preischemia)
or a result of decreased metabolic requirement of injured
brain tissue, too [21]. The constant volume increase in the
white matter of the PHZ, resulting from perihemorrhagic
edema, accompanied by a lower metabolic rate could also
account for this. Hypoperfusion in the 3.0 ml group most
likely occurred due to the direct mechanical effect of the
larger lesion. Increase of ICH volume may have triggered

development of ischemia in our study, but toxic effects of
blood components like thrombin, iron, and matrix
metalloproteinase could also contribute to the change in
CBF [22, 23]. In an earlier study, we reported that there is
no relevant ischemic tissue in the PHZ [8]. However, we
did not correlate MR-findings to different ICH volumes in
that previous study.

Intracerebral monitoring of Py, O, reflects the efficiency
of CBF and local tissue oxygenation and is increasingly used
on neuro-ICUs [24]. P,,O, threshold of ischemic hypoxia
was defined as below 10 mmHg [25]. It has been consis-
tently shown that low P, 0, (<15 mm Hg) is a strong
predictor of poor outcome in aneurysmal SAH and TBI and
might decrease despite normal ICP and CPP [10, 26, 27].
The Py, O, technique in ICH was first described by Hemphill
et al. They used similar monitoring methods in patients and
animal models to understand ICH pathophysiology and the
correlation with ICP [10]. In accordance with our CBF
findings, no significant difference was observed for Py, O,
under control conditions. Following ipsilateral ICH (1.5 and
3.0 ml), P,,,O, was affected by acute hematoma formation,
declining in parallel with acute increase in ICP. Interest-
ingly, in the 1.5 ml group P,,O, never reached pathological
values leveling below 20 mmHg (Table 1), despite a mod-
erately increased ICP. We suggest that this observation is
due to compensatory effects induced by autoregulation
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which seems to be intact at this small volume ICH. In
contrast, P, O, decreased significantly after hematoma
induction in the 3.0 m ICH group below the critical
threshold of 10 mm Hg after 6 h and did not recover until
the end of the experiments. Microdialysis allows nearly real-
time measurement of the cerebral extracellular concentra-
tions of markers of energy metabolism like glucose,
pyruvate and lactate, and of neuronal injury (glycerol and
glutamate) [28-31].

Experimental studies support the hypothesis that there is
an increased accumulation of glutamate, which is an indi-
cator of pending ischemia in the early stage after ICH
formation [32]. Here, glutamate did not change consis-
tently over the observation time in all groups (data not
shown).

Increased glycolysis and anaerobic metabolism in neu-
rons and glia may trigger increased lactate concentrations
under ischemic conditions. Hereby, lactate is also trans-
ferred to neurons as energy substrate alternative to glucose.

In the 1.5 ml group did not show any significant changes
in lactate concentrations. In the 3.0 ml group lactate
increased in a volume-dependent manner significantly from
1.6 + 0.8 to 4.5 &+ 1.8 mmol/l (P < 0.002). Furthermore,
in our setting lactate concentrations correlated with CBF
and P,,O, values in this group.

The lactate/pyruvate ratio (L/P ratio) has been estab-
lished as a more specific indicator of ischemia than lactate
alone [33]. Our study showed no significant changes in the
L/P ratio in sham, 1.5, and 3.0 ml groups. The L/P ratio
increased significantly in 3.0 ml group after ICH-injection
over a time period of 9 h. In this group the L/P ratio cor-
related well with CBF and Py,,O,. Taken together these
findings may reflect mild cerebral hypoxia with local
ischemia due to changes in cerebral circulation after
moderate volume ICH induction.

There are limitations to our study. The MD sample quality
might be affected after implantation of the catheter by
environmental factors such as edema and mechanical insta-
bility in the experimental setup. This might be reflected in
relatively high standard deviations. Furthermore, td-CBF
recordings are prone to temperature changes and mechanical
instability as well. As the probes were not implanted using
cranial bolts minimal movements due to breathing or shiv-
ering of the animals may have disturbed recordings. In fact,
recalibration procedures were initiated frequently during the
experiments leading to partially non continuous CBF
recordings. Post-ICH observation time was limited to 9 h.
Further experiments with larger ICH volumes and longer
observation times may add more information about the
above mentioned mechanisms and possible recovery mech-
anisms. The injection method chosen for these experiments
do not allow to study spontaneous ICH progression and may
show higher inflammatory responses in longer observations
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periods. Furthermore, as autologous ICH creation does not
emulate small vessel rupture, microvascular breakdown
effects are difficult to assess. Intraoperative confirmation of
monitoring probe positions in relation to the hemorrhage site
could not be performed due to the risk of probe dislocation
during animal transfer to the imaging unit, therefore, we
confirmed hematoma size and probe position post-mortem.

Conclusion

In this porcine model of ICH, we demonstrated that
increasing hematoma volume is associated with ischemia
like oxygenation and metabolism in the perihemorrhagic
zone as demonstrated by multimodal neuromonitoring
techniques. This was observed independent of ICP. This
experimental setup is suitable for future studies with
extended observation times, histological analyses, and
therapeutic interventions.
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