Cerebral air embolism and brain metabolism:
effects of ventilation and hyperbaric oxygen in healthy and

brain-traumatised animals

RA van Hulst



Cover design: Sylvia Hagedoorn, Audiovisuele Dienst Koninklijke Marine

Photo “Bubbles™: Maurice de Zwart

R.A. van Hulst

Cerebral air embolism and brain metabolism: effects of ventilation and hyperbaric oxygen in
healthy and brain-traumatised animals

Thesis Erasmus MC Faculty, Rotterdam, The Netherlands — With ref. — With summary in Dutch.
1SBN 90-9016999-7

Printing: Drukkerij De Bink bv

© 2003 Robert A. van Hulst. No part of this thesis may be produced, stored in a retrieval system, or transmitted in any
form or by any means, elecironic, mechanical, photocopying, recording or otherwise, without the prior permission of

the author or where appropriate, of the publishers of the publications.



Cerebral air embolism and brain metabolism:

effects of ventilation and hyperbaric oxygen in healthy and brain-

traumatised animals

Cerebrale luchtembolieén en brein metabolisme: effecten van beademing en

hyperbare zuurstof in gezonde en cerebraal beschadigde dieren

Proefschrift

ter verkrijging van de graad van doctor
aan de Erasmus Universiteit Rotterdam
op gezag van de Rector Magnificus
Prof.dr.ir. J.H. van Bemmel

en volgens besluit van het College voor Promoties

De openbare verdediging zal plaatsvinden op
woensdag 3 september 2003 om 13.45 uvur

door

Robert André van Hulst
geboren te Culemborg



Promotiecommissie

Promotor: Prof.dr. B. Lachmann

Overige leden:  Profldr. J. Klein
Prof.dr. P.D. Verdouw
Prof.dr. H.J. Bonjer

The studies presented in this thesis were conducted at the department of Anesthesiology, Erasmus-
MC Faculty, Rotterdam and at the Diving Technical Centre, Royal Netherlands Navy, Den Helder.
The studies presented in this thesis were financially supported by the Royal Netherlands Navy,
Minisiry of Defense.

Additional financial support was received from; National Diving Center (NDC), Hytech and

Aurora-Borealis.



Aan: Foekje en Arnoud

Het leven is

dat war geheurt

eily we met andere dingen
bezig zifn

(John Lennon}



Contents

Chapter 1
Gas embolism; pathophysiology and treatment
In: Clinical Physiology and Functional Imaging (in press)

Chapter 2

Intracranial pressure, brain PCQs, PO; and pH during hypo- and hyperventilation
at constant mean airway pressure in pigs

In: Intensive Care Medicine 2002, 28: 68-73

Chapter 3
Brain glucose and lactate levels during ventilator-induced hypo- and hypercapnia
Submitted

Chapter 4

Oxygen tension under hyperbaric conditions in healthy pig brain
In: Clinical Physiology & Functional Imaging 2003; 23: 143-148

Chapter 5
Effects of cerebral air embolism on brain metabolism in pigs
In: Acta Newr Scand 2003 107 (in press)

Chapter 6
Hypervenlilation impairs brain function in acute cerebral air embolism in pigs
Submitted

Chapter 7

Effects of hyperbaric treatment in cerebral air embolism on intracranial pressure,
brain oxygenation and brain glucose metabolism in the pig

Submitted

Chapter 8

Quantitative EEG monitoring during cerebral air embolism and hyperbaric oxygen
treatment in a pig model

Submitied

Summary and conclusions

Samenvatting en conclusies

31

45

59

71

87

101

119

135

141



Dankwoord
List of publications
Curriculum vitae

List of abbreviations

146

150

151

152
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Chapter 1

Gas embolism; pathophysiology and treatment
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Chapter 1

Abstract

Based on a literature scarch, an overview is presented of the pathophysiology of venous and arterial
gas embolism in the experimental and clinical environment, as well as the relevance and aims of
diagnostics and treatment of gas embolism.

The review starts with a few historical observations and then addresses venous air embolism by
discussing pulmonary vascular filtration, entrapiment, and the clinical occurrence of venous air
emboli. The section on arterial gas embolism deals with the main mechanisms involved, coronary
and cerebral air embolism, and the effects of bubbles on the blood-brain barrier. The diagnosis of
cerebral air embolism uses various lechniques including ultrasound, perioperative monitoring,
computed tomography, brain magnetic resonance imaging and other modalities. The section on
therapy starts by addressing the primary treatment goals and the roles of adequate oxygenation and
ventilation. Then the rationale for hyperbaric oxygen as a therapy for cercbral air embolism based
on its physiological mode of action is discussed, as well as some aspects of adjuvant drug therapy.
A few animal studies are presented which emphasize the importance of the timing of therapy, and
the outcome of patients with air embolism, {including clinical patients, divers and submariners) is

described.
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Introduction

Air embolism, the entry of gas into the vascular structures, is a mainly iatrogenic problem that can
result in serious morbidity and even death.'” The first known account of arterial embolism was by
Morgagni, whose personal observations and postmortem findings were recorded in his treatise
published in 1769, which was cited in the 1950s by Fries and colleagues.*' The first clinical report
dates back to 1821 when Magendie described a case of venous air embolism resulting in death.*®
Diving

Air embolism due to pulmonary barotrauma is an ongoing cause of concern in all types of diving
operations.™ In diving, pulmonary conditions associated with bronchial obstruction are hazardous,
particularly during ascent, even when all usual precautions are taken.® Air embolism is the clinical
manifestation of Boyle’s law as it affects the lung and is the result of overdistention and rupture of
the alveoli by expanding gases during ascent. Normally, intrapulmonary and environmental
pressures are equalized by exhalation during ascent. A change in pressure of approximately 70 mm

#2123 thus a ful] inspiration with compressed air at

Hg is sufficient to cause pulmoenary barotrauma,
| meter under water could, theoretically, lead to pulmonary baroirauma.

Threat to organs

In most cases “pas” embolism is in fact air embolism, although the medical use of other gases such
as carbon dioxide, nitrous oxide, nitrogen and helium can also result in embokism.”™""1¥ 1n an
experimental setting, the effects of air emboli differ greatly depending on whether they are venous
or arterial and on the organ(s) where the emboli finally lodge.*® Although air bubbles can reach any
organ, occlusion of the cerebral and cardiac circulation is particularly deleterious because these
systems are highly vulnerable for hypoxia. Cerebral arterial air embolism is a severe complication
which is known to occur during neurosurgical and cardiothoracic surgery as well as during many
other diagnostic and therapeutic procedures.'®

This article presents an overview of venous and arterial gas embolism in the experimental and

clinical environment and also discusses the relevance of diagnostics and therapy.

Venous gas embolism

Filtration

Venous air embolism occurs when gas enters the systemic venous system and is transported 1o the
lungs via the pulmonary arteries. Studies on venous air embolism have shown that filtering by the
pulmonary vessels protects the systemic and coronary circulation from air emboli orginating in the

venous circulation.”® Animals studies have shown that when the lung filter is overloaded, the gas
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bubbles will break through the filter: air doses ranging from 0.05 to 0.40 ml/kg/min were infused in
dogs during ultrasonic Doppler monitoring of the arterial vessels. The pulmonary vascular filtration
of venous air infusion was complete for air doses up to 0.30 ml/kg. When the air dose was
increased to 0.35 ml/kg/min the filtration threshold was exceeded leading to arterial spillover of
bubbles in 50% of the animals and increasing to 71% of the animals for an air dose of 0.40
ml/kg/min.gl'22 A similar study in pigs resulted in a 130% increase of pulmonary arlerial pressure to
40 mmHg: the breakdown incidence of bubbles was 67% with an air flow of 0.10 ml/kg/min."*
Comparison of these data suggest that the threshold value for the breakthrough of air bubbles in
pigs is less than in dogs. This difference was explained hemodynamically, whereby the rise in
pulmonary pressure accompanied by a dramatic drop on the arterial side of the circulation may
improve shunting via arteriovenous anastomosis.""

Entrapment

Venous air embolism may lead to trapping of air bubbles in the pulmonary capillary bed, which
can lead to decreased gas exchange,'® cardiac arrhythmia, '*** pulmonary hypertension, * right

HAZ3 cardiac failure ** and arterial gas embolism due to shunting to the left

veniricular strain,
systemic vascular system.”

Entrapment of venous bubbles in the pulmonary microcirculation may also lead to cellular injury
and lung edema resulting from the release of vasoactive mediators following pulmonary vascular
obstruction. 71214 This type of lung injury is thought to be mediated by activated neutrophils
sequestered in the pulmonary capillary bed during air embolism. The activated neutrophils release
thromboxane and leukotrienes that increase alveolo-capillary permeability resulting in edema. The
capillary leakage will result in a dose-dependent inactivation of endogenous surfactant > leading to
alveolar collapse, formation of atelectasis, impaired gas exchange and, thus, the need for
mechanical ventilation.

Clinical occurrence

Venous air embol most often occur in patients during the insertion, maintenance or removal of a

central venous catheter.”*'"?

In a review of the literature, Heckmann and colleagues discussed 26
cases in which most venous air emboli occurred during a subclavian or jugular vein catheterization
procedure.™ Embolism can also occur as a result of lung trauma induced by mechanical
ventilation."** Bricker and colleagues used transesophageal echocardiography in patients who
required mechanical ventilation with positive end-expiratory pressure (PEEP) and found continuous
venous air embolism in 5 of the 8 lung trauma patients;'® they concluded that there is a relatively

high occurrence of venous air embolism in patients with pulmonary barotrauma associated with

increased ventilatory pressures, and that venous emboli may contribute to cardiovascular instability
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and may exacerbate lung injury in critically ill patients. In gynecologic surgical and diagnostic

. . . - - 5
procedures, venous air embolism is a rare and unexpected complication.'%*'

Laparoscopy using
carbon dioxide can also lead to a venous CO, embolism.”” Finally, during neurosurgery air may
enter the veins, especially when patients are in the sitting position,' "’

Paradoxical emboli

In principle, every venous gas embolism has the potential to develop into an arterial gas embolism;
when this happens it is called a paradoxical embolism.” A paradoxical embolism occurs when the
filter capacity for air bubbles of the pulmonary capiilary bed is exceeded and gas bubbles shunt
from the venous side to the arterial side of the circulation. Transcardiac passage of venous gas
bubbles can also occur in the presence of any right to left shunt, including a patent foramen ovale. ™

The application of PEEP during mechanical ventilation,”' Valsalva maneuvers ** and coughing *’

can increase the interatrial movement of bubbles in patients with atrial shunts.

Arterial gas embolism

Mechanisms

Arterial gas embolism causes ischemia in the organ in which the air bubbles are trapped. Van Allen
and colleagues (1929) investigated arterial gas embolism of the pulmonary vein as a complication
of lung surgery.” They recognised two mechanisms for arterial gas embolism: direct infusion into
the pulmonary vein, and arterialisation of venous bubbles via a patent foramen ovale. The authors
cited two classic key references: Bichat (1808) caused a pulmonary venous air embolism by
blowing air into the lungs of a living animal at a sustained pressure greater than maximal
respiratory effort; Ewald and Kobert (1883) claimed that such an embolism arose through
distended normal stoma and not through ruptured alveolar septa. ™

Coronary air embolism

A key article on coronary air embolism was published in 1949 by Durant and colleagues who noted
the main symptoms: temporary ischemia of the myo-cardium, short periods (< 5 min) of
hypertensive crisis and ventricular fibrillation.” Coronary air embolism has been studied by
intracoronary injection of a bolus of air which led to a serious depression of heart function.'' Ina
study on dogs a 28% mortality rate was reported for an air dose of (.02 mi/kg, whereas surviving
animals showed recovery of heart function within 15 minutes. Other studies on coronary air
embolism showed that depression of regional myocardial function could pass unnoticed on the

basis of hemodynamic measurements. Air bubbles with a volume of 2 pl/kg injected in the

13
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coronary artery did not change systemic hemodynamics, whereas significant changes were found in
systolic segment shortening, suggesting depressed myocardial function with silent ischemia. '
For the clinician, pathognomic signs were described, including detection of air in the retinal
vessels by ophthalmoscopic examination and the occurrence of sharply-defined areas of pallor on
the tongue. Marbling of the skin may also occur, presumably due to embolism of the skin vessels

and especially noted in superiorty located parts of the body because the distribution of air within

the circulation is determined by the principle of air bouyancy.™

* Surface activity at blood-gas interface
Obstruction

« coagulation activation - .
+ hypoxia/ischemia

+ complement activation viotoxic ed
. + cytotoxic edema

. g?rcrquem -
ombocytes

+ cell death

Surface activity at endothelimn interface

* leucocyte activation_._) « inflammation

* vasogenic edema = Increase in intracranial (
+ decrease cerebral blood pressure
flow « increase in blood
V1SCOSIty

Figure 1. Bubble obstruction in a cerebral vessel.
Three levels of interaction are present. First, the bubble interacts with the blood, second, there is a reaction with the
endothelium and third, the abstruction leads to distal hypoxia and ischemia finally resufting in neuronal cetl death,

Cerebral air embolism

Cerebral air embolism (CAE) is a serious hazard: when bubbles occlude the brain vasculature
Figure 1), intracranial pressure (ICP) increases 7 and an extremely inhomogenous distribution of
blood flow in the brain causes hyperemia and ischemia.**#*¢*'37 The pathophysiology of CAE
mainly depends on the air bubble size. Microbubbles *irritate’ the vascular wall leading to an
instantaneous breakdown of the blood-brain barrier; ” on the other hand, these tiny bubbles are

rapidly absorbed and may only briefly interrupt cerebral arteriolar flow.*” A good correlation has
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been found between cerebral blood flow and brain function after gas embolism by small bubbles at

#3582 The passage of an air bubble will obstruct local blood flow, but

a maximum size of 250 pm.
flow will normalise after disappearance of the bubbles. However, normalisation is often only
temporary and blood flow may subsequently decrease to levels below those required to maintain
neuronal function and survival >**>%

An explanation for this mechanism was suggested by Dexier and colleagues who calculated that
the absorption of large air emboli may take several hours, which is long enough to cause primary
ischemic injury with diffuse brain edema leading to raised ICP.*® This latter finding was recently
confirmed by our group in an experimental study showing that after a large air embolism 1CP
increased from 12 to 52 mm Hg within 2 hours after embolization with severe detrimental effects
on brain oxygenation and glucose metabolism.®

Effects on blood-brain barrier

The presence of bubbles and their contact with endothelium of the blood-brain barrier leads to
activation and adhesion of polymorphonuclear leukocytes in the damaged area of the brain.'™
Brain swelling and inflammation may therefore play a stronger role in the occurence of infarction
by air emboli than they do in other forms of cerebral ischemia.™ Leukocytes have been implicated
in the progressive fall in cercbral blood flow and decreased cerebral function in animal models of
gas embolism.”* Various plasma proteins including the coagulation system, complement and

LIS S2 143,144

kinins are also activated by bubbles and coagulopathies are common in animal models

of air embolism but are extremely rare in humans.*

Diagnosis of cerebral air embolism

The greatest risks for a cerebral arterial gas embolism are cardiac surgery with cardiopulmonary

5,132 33110 K19

bypass, hip replacements, craniotomy performed with the patient in sitting position,
and cesarean section.'™ All these procedures have an incised vascular bed and a hydrostatic
gradient favoring the intravascular entry of gas.'”’ In most of these patients the diagnosis of CAE is
made during recovery from anesthesia when neurological symptoms become manifest. Air
embolism can manifest in many ways depending on the patient’s position, the volume and type of
gas, the size of the bubbles and the rapidity of gas entry into the arteries. Neurological symptoms
and signs include: dizziness, chest pain, paresthesias, convulsions, paralysis, nausea, visual
disturbances and headache. Sporadic or continued seizure activity may also occur. About 50% of
the patient’s will have some history of unconsciousness at some time. '™***® Anesthesia and/or

analgesics alter the symptomatology and may complicate evaluation of the patients clinical status.
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In addition to neurological signs there may be circulatory collapse, evidence of lung rupture and a
variety of pain syndromes.' '

The diagnosis of cerebral air embolism should be made when there are central neurological
changes and the circumstances were such that a gas embolism could have occurred. However,
because a definite confirmation of the diagnosis is not always easy, anesthetists and surgeons
should be aware of the risk of an embolic event during medical procedures. Ulirasound techniques
such as transthoracic and transesophageal echocardiography during surgery can visualize
intravenous or intracardiac bubbles.”™* Direct perioperative monitoring of cardiorespiratory
parameters by the anesthetist may also detect emboli; e.g. a sudden decrease in end tidal CO2 by
capnography or a sudden increase in pulmonary artery pressure may be a sign of air embolism
during surgery.’

Radiographic techniques

Animal studies ** and several clinical case reports have used computed tomography (CT) to

52,59,68.9

demonstrate the presence of CAE. 91241235 On the other hand, Hodgson and colleagues

studied 47 divers with neurologic/pulmonary symptoms by CT scanning and were unable to show
any evidence of CAE in any of the divers.®!

Brain magnetic resonance imaging (MRI) in CAE may show local edema, but in two such cases
even the MRI was normal *® A review of the studies using CT, MRI and single-photon emission
computer tomography (SPECT) allows to conclude that, al present, no imaging technique alone has
sufficient accuracy to warrant its use for diagnostic purposes; therefore, clinical evaluation is still
preferred for the assessment of cerebral air embolism.™ Although radiographic investigations may

support or confirm the diagnosis of CAE, they can not be used to definitively rule it out.

Therapy

Immediate ireatment aims to mterrupt the intervention that caused the embolic event. If indicated,
in a comatose patient cardiopulmonary resuscitation and endotracheal intubation should also be
performed as quickly as possible to maintain adequate oxygenation and ventilation.'?
Administration of oxygen is important, not only to treat hypoxia and hypoxemia, but also to
decrease air bubble size by establishing a diffusion gradient that favors the elimination of gas from
the bubbles.””'"" Although hyperventilation is recommended, "% our group recently demonstrated
in pigs that hypocapnia and hyperoxygenation do not improve cerebral functional parameters as
characterised by, for example, ICP and brain lactate.*® Systemic hypertension for a short period

following bubble entrapment in the cerebral circulation is usual. ™ A short period of hypertension

is therapeutic because it facilitates bubble redistribution through the artesfoles to the capillaries and

16
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into the veins. Although supranormal blood pressure has been promoted, '*® in some animal models
prolonged hypertension leading to increased ICP may compromise the neurological outcome as
characterised by EEG and other neurophysiological parameters.zq Far worse 1s progressive
hypotension: a fall in blood pressure results in both increased bubble entrapment and (given that
the autoregulation is lost) ™ causes cerebral blood flow to fall to levels below that required for normal
neuronal function; therefore, the primary treatment goal is to maintain normal blood pressure. '

See Figure 2 for an overview.

Symptoms

Cardiac/puimonary

- chest pain, coughing
- shortness of breath

- cessation of breathing

Treatment

- ventilatory support
- achieve normocapnia

Neurological Fi .
irst aid : .
- dizziness, vertigo, - - achl_ev_e normotension
nausea - administer i.v. lidocaine

- administer
» - consult
- weakness + 100% oxygen e

hyperbaric/diving

- paresth§51as N - pulse oximetry ypert
- paralysis of extremities - Intravenous access physician ]
- convulsions . - transport to hyperbaric
- cardiac / chamb
- collapse, hemaodynamic Camber
UNCONSCiousness Oyl - if necessary: transport
monttoring flying not above 1000 ft

Figure 2. Diagram showing the main symptoms, first aid and treatment of gas embolism

Hyperbaric oxygen therapy

Hyperbaric oxygen {(HBO) has been advocated as a therapy for cerebral air embolism.”"*'"'*¢ HBO
diminishes the volume of intravascular bubbles by enhancing the ambient pressure, the increase in
the partial pressure of oxygen favors denitrogenation of the cerebral tissue and diminishes the
cerebral edema, and HBO increases the partial pressure of dissofved oxygen in the blood allowing
better oxygzenation of ischemic tissue. *” These physiological modes of action seem entirely
sufficient to warrant the application of HBO in CAE, despite the lack of prospective studies in
humans confirming its efficacy; ** this also implies that in a clinical study on CAE, the inclusion of
an untreated patient control group would be unethical.”® On the other hand, the main criticism
about the use of HBO, is that no prospective randomized trials have been conducted to prove its
utility 43581

However, our group recently showed in a pig model of CAE that HBO treatment after 3 minutes

and only a few animal studies have shown the benefits of HBO therapy in CAE. 36133
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and after 60 minutes improved brain parameters, characterized by ICP, brain oxygenation and brain
lactate, compared with the natural progression of severe CAE.”

Clinical reports

Table 1 presents an overview of studies which have described reports of patients with air
embolism; these studies included divers, submariners and clinical patients. Although a wide variety
of iatrogenic types of gas embolism have been treated by HBO, the numbers of patients are still
small. A general conclusion is that the results are better when the time to treatment was as short as

possible, although some patients were treated after a delay of as long as 48 hours.%*>"6

Murphy
and colleagues reported that after HBO therapy in 16 patients, 8 had complete relief of CAE
symptoms, 5 patients had partial relief and 3 had no benefit.'™ In a study of 34 patients by
Takahashi et al.,62% had a good recovery. '** Recently, Blanc et al. reported a significantly better
outcome in patients with venous air embolism with a delay in treatment of fess than & hours (84%)
versus more than 6 hours (53%); in contrast, with arierial air embolism there were no differences

144

between groups with less or more than 6 hours delay.'® Ziser and colleagues " studying 17
patients with CAE due to extracorporeal circulation, reported a total recovery in 47% compared
with 58% in the study by Blanc et al,; 0 however, the time elapsed before HBO treatment was 9.6
hours compared with 3.5 hours in the study by Blanc et al.’?

Although the recovery rates in these very heterogenous groups of patients vary widely, it seems
that early application of HBO therapy plays an important role in the management and treatment of

iatrogenic cerebral air embolism.

Adjuvant drug therapy

Bove stated in the 1980s that the use of drugs in the treatment of cercbral air embolism is often
empirical, controversial and varies between different centers and countries; 720 years later, this
statement is still valid.'™

. . R 17.12§
Intravenous fluids: Hemoconcentration has been reported in CAE 19.127.128

and post-treatment
residual symptoms have been correlated with the degree of hemoconcentration; ' therefore, fluid
administration is advantageous in patients with CAE in order to achieve normovolemia. For
hemodilution, colloid solutions are preferred because crystalloids may promote cerebral edema. In
animals, even a moderate hemodilution to a hemaltocrit of 30% has been shown to reduce
neurological damage.'”

79.120

Glucose: Neurological traumas can be worsened by hyperglycemia, probably due to an

increased production of lactate leading to intraceltular acidosis. Because a small amount of glucose
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{e.g. 5% dextrose solution) even in the absence of significant hyperglycemia, may worsen the
neurological outcome,™ it is advised to avoid use of glucose-containing solutions in the acute
phase of CAE. '® Electrolyte solutions containing lactate are not recommended because they may
contribute to acidosis in the presence of significant tissue hypoxia and when lactate is being
produced internally.

Dextran: Dextran solutions were used carlier ® and although they may offer some advantages (e.g.
improvement of the microcirculation, anti-sludging) *°, these advantages are small compared with
the potential risks of creating an acute volume overload, lung congestion and anaphylaxis,!’%*
Therefore dextran solutions are no longer routinely used.

Barbiturates: Cerebral air embolism often causes generalized seizures which may not respond to
benzodiazepines; 38 in this case it is recommended fo use barbiturates. Barbiturates have the
advantage of reducing cerebral oxygen consumption and lowering ICP as well as inhibiting the
release of endogenous catecholamines resulting in cerebral protection after ischemia. %21
Phenytoin (intravenously) is also recommended because it protects against further convulsions
during hyperbaric treatment. '

Aminophyiline is, theoretically, a useful drug for pulmonary symptoms such as chest pain,
tachypnea and dyspnea in venous air embolism, but is contraindicated because it leads to dilatation
of the pulmonary vasculature, resuiting in an increased release of trapped bubbles into the systemic
circulation. *'

Heparin is advocated because of its protective effect against platelet clumping but reports on its use
are not consistent. For example, a single case report of heparin given to a patient with neurological
symptoms indicated neither adverse nor beneficial effects. ™ In animal studies, administration of
heparin alone showed no benefit in CAE '* whereas a combined therapy of indomethacin, PGI2
and heparin resulted in a better neurophysiological outcome in rabbits.”® However, it has been
demonstrated that, given prophylactically, heparin decreases neurological impairment in an animal
model of severe CAE, '*

Stervids: CAE initially induces increased transudation of fluid across a damaged blood-brain
barrier (*vasogenic edema’) and later swelling of cells that no longer have sufficient energy to
maintain osmolic integrity (‘cytotoxic edema’).”®""" Earlier, cerebral edema in CAE was treated
with corticosteroids ™''* but because later studies showed that corticosteroids increase ischemic

3% {heir use is no longer reccommended.

injury
Lidocaine: McDermott and colleagues °® demonstrated in cats that [idocaine may depress the rise of
blood pressure and ICP and may improve recovery of the somatosensory evoked potential

following CAE. Other animal studies reported that lidocaine reduces infarct size, '** preserves
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33108121

cerebral blood flow, reduces cerebral edema '™ and preserves neuro-electrical function.

630121126 These results in brain-injured animals showed that lidocaine improves cerebral function.
This was later confirmed in the clinical situation by Mitchell and colleagues, who reported
significantly less postoperative cognitive deficits in valve replacement patients receiving lidocaine
for 48 hours from the beginning of surgery.m0

Fliorocarbons are carbon-fluorine compounds characterized by a high gas dissolving capacity (Oa,
CO:s, inert gases), low viscosity and chemical and biological inertness.** Thus, intravenous
administration of these agents in doses sufficient to increase the transport of these gases should on
the one hand increase tissue oxygen delivery and on the other hand the shrinking of gas bubbles due
to higher diffusion gradient. Animal studies demonstrated a reduction in mortality in gas embolism,
091131 4 reduction in brain infarct size, ** an improvement in cardiovascular function after air
embolisation * and less vascular damage in the retina.’” More studies on perfluorocarbons are

needed to prove their efficacy and safety in humans, particularly with regard to oxygen toxicity,'®

Conclusions

Air embolism, the entry of gas into the vascular structures, is a mainly iatrogenic clinical problem
that can result in serious morbidity and even death. In most cases, ‘gas’embolism is air embolism,
although the medical use of other gases such as carbon dioxide, nitrous oxide, nitrogen and helium
can also result in embolism, There is a significant amount of in vivo data to demonstrate that
cerebral damage is caused by even small volumes of arterial gas. However, the exact relevance of
these data for the clinical situation has not yet been fully elucidated. Although data on the
morbidity and mortality of air embelism in humans are scarce, many case reports and retrospective
studies on small numbers of patients suffering from cerebral air embolism have shown that HBO is
the treatment of choice for this complication.

In any case, all practical steps should be taken to minimize venous and arterial bubbles and also to
develop techniques to better detect air emboli in the arterial circulation, Clinicians must be aware
that air embolism can occur during surgical procedures and should know how to quickly treat this
problem. HBO therapy is indicated in the presence of neurological deficits. The physiological mode

of action of hyperbaric oxygen seems to support hyperbaric therapy for cerebral air embolism.
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Abstract

Objective: To evaluate in healthy non brain traumatised animals the effects of hypo- and
hyperventilation on intracranial pressure (ICP) and brain carbon dioxide, oxygen and pH during the
use of a ventilatory mode at constant mean airway pressure (MAwP).

Design: Prospective animal study.

Setting: University laboratory

Subjects: Eight crossbred Landrace/Yorkshire pigs.

Interventions: The animals were ventilated in a pressure-controlled mode according to the “Open
Lung Concept” with an inspired oxygen fraction (FiO.) of 1.0. Started at normoventilation, a
stepwise hypo- and hyperventilation was performed to PaCQ; values of 90.4 + 10.4 and 26,9 + 4.1
nun Hg, respectively. The ICP and brain parenchyma values (PbrCOa, PbrO,, brpH) measured by
multiparameter sensors were recorded continuously during these manocuvres.

Resulfts: During hypoventilation, there was a significant increase in PbrCO, tension (p<0.05), a
significant increase in PbrOs tension (p<0.05) and a significant increase in ICP (p<0.05). During
hyperventilation, there was a significant decrease in PbrCO; tension {p<0.05) and a significant
decrease in ICP (p<0.05) whereas the change in PbrO» was not significant. The values of MAwP
were kept stable 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 traumatised
pigs, appears to induce changes in 1CP and cerebral perfusion pressure which, however, do not
necessarily lead to cerebral ischemia. To achieve adequate cerebral perfusion at an increased ICP
fevel due to hypoventilation, one has to maintain sufficient arterial blood pressure. Hypercapnia
resulted in a significant increase of brain oxygenation; however, this does not allow to conclude

that permissive hypercapnia 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 {o a reduction in shear forces during inspiration/expiration thus preventing further
structural damage to the alveolar walls and pulmonary surfactant system, which would otherwise
aggravate the already detrimental pulmonary condition of the patient.' One of the main side-effects
of this mode of ventilation is an increase in arterial carbon dioxide partial pressure (PaCOs ),
therefore this mode is called *permissive hypercapnia’ but is well accepted in intensive care.?
However, there is no consensus on the rate of increase and the upper limit of arterial carbon
dioxide tension."’

Hypercapnia has different interrelated effects on the brain which are not all beneficial. First,
hypercapnia augments cerebral blood flow: due to the increase of blood volume in the brain
secondary to vasodilation, intracranial pressure (ICP) will rise.® 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 [CP.

Second, there are changes in acid base status. Animal studies have shown that a five-fold increase
in hydrogen ion concentration in plasma results in a two-fold increase in brain tissue and a
corresponding decrease in brain pH.” These effects may aggravate the brain metabolism in patients
in whom modes of artificial ventilation are applied which result in high PaCO» levels.

There are no data available about the effects on PaCQs and ICP during use of ventilation modes at
constant mean airway pressure (MAwP). The latter is important because induction of
hypoventilation and hyperventilation could change MAwP with consequent changes of the
pulmonary and systemic circulation.

Therefore, the aim of this study was to investigate these effects in healthy non brain traumatized
pigs during ventilation at constant MAWP by measuring brain carbon dioxide (PbrCQa), brain
oxygen {PbrOs), brain pH (brpH) and ICP at different PaCO- levels.

Methods

Animal care

The study protocol was approved by the University’s animal committee and the care and handling
of the animals were in accordance with the European Community guidelines (86/609/EC). Subjects

were eight crossbred Landrace/Yorkshire pigs of either sex (21-25 kg).
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Surgical and analytical precedures

Anesthesia was induced with 0.1 ml/kg i.m. ketamine (Ketalin 100 mg/ml, Apharmo, Arnhem, the
Wetherlands) and i.m. midazolam 0.1 mg/kg (Dormicum 5.0 mg/ml, Roche Ned., Mijdrecht, the
Netherlands). Muscle relaxation was induced by 0.2 mg/kg i.v. pancuronium bromide (Pavulon,
Organon Teknika, Boxtel, the Netherlands). Following intubation, animals were connected to a
ventilator (Servo Ventilator 300, Siemens-Elema, Sweden). To ensure a maximum PaQO», the
animals were ventilated in a pressure-controtled (PC) mode according to the ‘Open Lung Concept’®
with a PEEP level of 6 cm H.O, peak pressure of 15/16 + 2/3 em H.Q, an I/E ratio of 1:2 and an
inspired oxygen concentration (FiO;) of [.0. The driving pressure of 10 emH,0 resulted in a tidal
volume of approximately 10 ml/kg; frequency was set to maintain normocapnia (PaCO,:35-40
mm Hg).

Anesthesia was maintained with i.v. ketamine 10 mg/kg/h and midazolam 1 mg/kg/h, and muscle
relaxation with L.v. pancuronium bromide 0.2 mg/kg/h.

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, B6blingen, Germany) was inserted for
continuous measurcments of Pa0s, PaCO-, pH and blood temperature and calibrated with
conventional blood gas analyses (ABL 503, Radiometer, Copenhagen, Denmark). The mean
systemic arterial blood pressure was measured in the right femoral artery using a transducer
(Statham P23XL, Spectramed, Oxnard, CA, USA) and recorded (Siemens Sirecust 404-1, Danvers,
MA, 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 calibrated
intracranial pressure sensor (Codman Neuromonitor, Johnson & Johnson, Berkshire, UK) was
inserted to a depth of 20 mm into the brain parenchyma and a multiparameter sensor
(Paratrend/Trendcare, Agilent, Béblingen, Germany) was inserted to a depth of 25 mm. This latier
device comprises of two optical fibres for measurements of PbrCQOs: and brpH, a miniaturised
Clark electrode for PbrQ. measurements and a thermocouple for the determination of temperature;
the sensor has been validated both in vitro and in vivo.”'

After completion of the surgical procedures, a 60-minute stabilisation 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 (PbrCO», PbrO,, brpH).

The pigs were initially ventilated to maintain an end-tidal PaCO; of 35 to 40 mm Hg based on the

values of the arterial transducer. After a stable period of at least 10 minutes (change in PaC0O, <2
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mm Hg) small stepwise changes of the ventilatory frequency were applied, using the online blood
gas monitoring, to increase the PaCO» during hypercapnia by about 10 mm Hg at each step, or to
decrease the PaCO, during hypocapnia by about 5 mmHg at each step; each PaCQ» level lasted for
about 15 minutes. If end expiratory flow was not zero, intrinsic PEEP was measured by pressing
the end expiratory hold knob at the ventilator and compensated by a reduction in static PEEP to
keep MAWP constant.

For each animal, from normocapnia there were 3 steps to hyperventilation and 5 steps to
hypoventilation; at each step we measured PaCO, values and the corresponding values of

PbrCQ;, PbrQ,, 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 kiiled by an i.v. overdose
of pentobarbital (Euthesate 200 mg/ml, Apharmo, Arnhem, the Netherlands).

Statistical analysis

The statistical analysis of data was performed using the Instat 2.0 biostatistics package (GraphPad
Software, San Diego, USA). Data during normoventilation, hypoventilation and hyperventilation
are presented as mean + standard deviation (SD). Comparison was performed between
normoventilation values and maximum achieved hypoventilation/hyperventilation values by means
of a paired t-test. Statistical significance was accepted at a p-value < 0.03. The relationship

between PaCQOs, PbrCO; and ICP is given in a linear regression with the correlation coefficient.

Results

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

statistically significant.
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Table 1

Data on blocd and brain parameters in normoventilatio, hypoventilation and hyperventilation.
Values are mean + SD. N = 8§ animals.

Normoventilation Hypoventilation Hyperventilation
Blood gases
Pa0O, 568+ 15 487 £27.6 % 608+ 351
PaCO- 428+ 4.6 904104 * 269+41%
pH 7.39 £ 0.08 7.13£0.10* 7.55+£0.05*
Brain
PbrCOs 68.9+11.4 116.1 £21.3 * 457+ 11.8
BrpH 7.04+0.13 6.81 =0.18 * 7.11£0.12
ICP 2214 30.3+£50%* 6x24%
CPP 73.8+14.7 655174 76.3 £ 16.6
Brain temp 37804 38.1+£06 38104
Rectal temp 376+ 0.6 37.8+£0.2 379+ 0.7
MAP 95+ 13 94+ 16 94+9
MAwP 924 1.8 B9+19 92+2

Pa0,, PaCQ;, PbrC(Os (mm Hg)
ICP Intracranial pressure (mm Hg}

CPP Cerebral perfusion pressure {(mm Hg)
MAP Mean arterial pressure (mm Hg)
MAwP Mean airway pressure {cm H.0)

Brain and rectal temperature (°C)
* p <0.05 : vs normoventilation
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Figure 1.

Effect of PaCO; on the PbrCO, during hypo- and hyperventilaiion in non brain traumatized pigs during ventilation at
constanl mean airway pressure. A linear rclationship was observed between PaCO, and PbrCGs.

Figure 1 shows the PbrCO- values plotted in relation to the PaCO, values. The line of regression
fits the equation: Y = 0.97X + 28.2 with a correlation coefficient of 0.81.

Figure 2 shows the relation between ICP and PaCO,. The equation of the regression line is: Y =
0.17X + 14.5 with a correlation coefficient of 0.58. Table 2 gives the Pbr(; values in relation to
the arterial blood gas values in different phases of hypoventilation and hyperventilation.

Two animals had PbrO; values of zero (one animal due to hemorrhage/edema and the other due to
technical failure) whereas PbrCOsand brpH were appropriate for the conditions; for analysis,
therefore, PbrO; values from only 6 of the 8 animals were used. During hypoventilation there was a
significant 84% increase in PbrQ», whereas during hyperventilation there was a nonsignificant 8%

decrease in PbrQ,.
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Table 2

Data on bloed and brain oxygenation during nermoventilation, hypoventilation and hyperventilation,
Values are mean + SD. N=6 animals

PaCOz PaOz 8P302 PbrOg 5Pbl’03
Normoventilation 393+14 537+28.6 0 78 £403 0
Hypoventilation 94.1+8.2 460 £ 38.5% -14=x8 144 £ 48.1* 84445
Hyperventilation 239+34  554+£574 3+10 72+41.1 8+£5

& values: are percentual differences from normoventilation (%)
PaCQ,, Pa(, , Pbr(Q, (mm Hg)
* p < 0L05: vs normoventilation
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Figure 2.

Effect of PaCO, on the ICP during hypo- and hyperventilation in non brain traumatised pigs during ventilation at
constant mean airway pressure, A linear relationship was observed between PaCQO, and ICP.
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Discussion

The technique used in the present study to measure brain tissue values with the multiparameter
sensor has already been extensively described in different studics.'”"? The baseline intracerebral
data for brain parenchyma of PbrCO», brpH and ICP in normoventilated pigs in our study were
comparable with data from other studies in cats, dogs and piglets which measured PbrCO» and
brain pH, using the same multiparameter sensor.'""?

It is known that an increase in MAwP results in overdistention of alveoli, compressing the
pulmonary capillary bed resulting in an impairment of the pulmonary circulation.™" 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 decrease in ventilatory frequency with stable MAwP to obtain a
gradual increase in PaCOs values. In hyperventilation, the ventilator frequency was adjusted with
small steps to prevent changes in MAwP; the rationale for this is that if one either increases the I/E
ratio at constant frequency or increases ihe frequency at constant I/E ratio to establish an expiratory
time, which will be too short to empty the lung to ambient pressure, an intrinsic PEEP will be
created.” In this study, if end expiratory flow was not zero, intrinsic PEEP was measured by
pressing the expiratory hold knob at the ventilator and compensated by a reduction in static PEEP
to keep MAWP constant.

Increased PaCQ» produces a rightward shifl of the oxygen dissociation curve and this led to a
decreased affinity of hemoglobin for oxygen which may compromise oxygen loading in alveolar
capillaries. In the presence of hypoxia, severe hypercapnia may produce a dramatic decline in
arterial oxygen saturation. Therefore, permissive hypercapnia requires the use of hyperoxic-inspired
gas where inspired oxygen should be provided to maintain arterial saturation no lower than 85-
90%.” In our study we chose an FiQ, of 1.0 to prevent brain hypoxemia in the severe hypercapnic
situation with accompanying metabolic changes; for that reason higher baseline values for PbrO;
were recorded in our animals (78 = 40,3 mm Hg). I two earlier studies in dogs, use of an FiO, of
0.25 and 0.21, resulted in PbrO, values of 28 + 8 mm Hg and 27 + 7 mm Hg, respectively.'"'* Data
from experiments in pigs ventilated with 40% oxygen resulted in PbrO; values of 29.4+ 13.3 mm
Hg."? Assuming that an increase of 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 comparable with previous studies. Recently,
Menzel et al. reported PbrO- values in humans of 82.7 = 44.1 mm Hg at 100% FiO»,'® which
confirm our experimental data. Although the global cerebral oxygen consumption is a stable value

under constant metabolic conditions, it is well known that oxygen is heterogeneously distributed to
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the brain.'? Experimental physiological studies exploring brain oxygen distribution suggested that
there are different oxygen pressure “layers” in the brain and even rhythmical variations in time.'™'®
In our experiments, the heterogeneity of the brain tissue oxygen values in normoventilation is
reflected in a SD of 40.3 mm Hg for PbrO,; therefore, we present these data both as absolute values
and the percentual difference. In our study hypercapnia results in a significant increase in PbrOa
despite that PaO2 decreases significantly. This could result from a combination of shifting the
oxygen dissociation curve plus increasing flow to the brain due to hypercapnic cerebrovascular
dilatation. Although it is not clear whether oxygen consumption was decreased '* or oxygen
delivery increased to the hypercapnic brain, Laffey et al. even consider that hypercapnic acidosis
may exert brain protection.™ Acute hypercapnia, at least to a PaCOs leve] of 80-100 mm Hg
appears to have no harmful effects provided that oxygenation is preserved.*?!

It is known that hypercapnia increases ICP. The main mechanism whereby hypercapnia influences
ICP is the increase of cerebral blood volume secondary to diminished vascular tone during
maintained or raised vascular pressure.®*' In the absence of pre-existing intracranial abnormalities,
however, diffuse intracranial hypertension is relatively well tolerated due to intact compensatory
mechanisms. The mechanism of autoregulation enables brain perfusion to remain stable when
blood pressure or ICP changes, and is controlled mainly through myogenic control of arteriolar
resistance.”™™ In our study, the stepwise induced hypercapnia resulted in a significant increase in
ICP; however, the maximum achieved value of 30.3 £ 5.9 mm Hg does not necessarily lead to
cerebral ischemia. The small decrease of CPP (65.5 £ 17.4 mm Hg) suggests that the cerebral
circulation is still adequate under these conditions. In normal humans the CPP ranges from 70
to100 mm Hg. Clinical experience has demonstrated the safety of CPP in the range 50 to 60 mm
Hg undergoing induced hypotension under general anesthesia; in faboratory conditions, ischemia is
not seen until CPP falls below 40 mm Hg.5 2123

The cellular compartments of the brain are well buffered and have a buffer capacity almost similar
to that of blood.”™" In the normoxic hypercapnic situation in the brain, the PaCO, primarily
determines the cellular and extracellular pH in the absence of non physiological levels of lactate. In
our study, during hypoventilation PaCQ, increased 111%, the arterial pH decreased from 7.39 to
7.13 whereas PbrCO; increased 68% and the brain pH decreased from 7.04 to 6.81.

In the present study, during hyperventilation PbrCO» and ICP values significantly decreased,
whereas brain pH and CPP increased only slightly. It is known that hypocapnia can lead to
vasoconstriction thus reducing cerebral blood flow. In addition to reduced cerebral blood flow,
marked alkalosis shifts the oxyhemoglobin dissociation curve to the left, further limiting oxygen

delivery to the brain. The values of the PbrQO; and CPP during hypocapnia up to a PaCQ, of 26.9 +
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4 mm Hg in our study, suggest that there was still adequate oxygen delivery and perfusion of the
brain.

We found a correlation between PaCO-, PbrCO; and TCP which is applicable in the acute situation
of hypercapnia in healthy brain. During prolonged hypercapnia with continued elevated PaCO»
levels, however, the cerebral circulation adapts with a correction of brain extracellular pH,
returning towards normal blood flow with restoration of a normal ICP within less than 24 hours.%®
In conclusion, controlled hypoventilation with constant MAwP, as used in healthy non brain
traumatized pigs, severely affects the brain CO2 and {CP. 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 significant increase of brain oxygenation; however, this does
not allow to conclude that permissive hypercapnia is neuroprotective. In addition, hypocapnia
appeared to cause changes within the normal clinical ranges for ICP and CPP.

Future studies should investigate the interrelations between continuously monitored brain

parameters, ventilator settings and other information such as blood lactate levels or brain tissue

microdialysis.

41




Chaprer 2

References

1. Houmes RIM, Bos JAH, Lachmann B. Effcct of different ventilator settings on lung mechanism: with special

reference to the surfzctant system. Appl Cardiopulm Pathophysiol 1994; 5: 63-72.

o]

. Dries D, Permissive hypercapnia, clinical management update. ] Trauma 1995; 39: 984-989.

3. Hickling KG, Joyce C. Permissive hypercapnia in ARDS and its cffect on tissue oxygenation, Acta Anaesthesiol
Scand 1993; 3%: suppl.107: 201-208.

4. Feihl F, Perret C. Permissive hypcrcapnia, how permissive should we be? Am J Respir Crit Care Med 1994;
150:1722-1737.

5. Ohmura A, Sha M, Katagiri J. How far can we go with permissive hypercapnia? A case presentation and some
biased comments with emphasis on mainiaining normal haecmoglobin level. Acta Anaesthesiol Scand 1995;
39:suppk 107:209-213.

6. Ropper Ald, Rockoff MA. Physiclogy and clinical aspects of raised intracranial pressure. In: Ropper AH (cd)
Neurelogical and Neurosurgical Intensive Care, 3rd edition. Raven Press Ltd. New York, 1993; pp 11-27.

7. Siesjo BK, Folbergrova 1, MacMillan V. The effect of hypercapnia upon intraceliular pH in the brain, evaluated by
the bicarbonate-carbonic acid method and from the creatine phosphokinase equilibriurs. J Neurcchem 1992,
9:2483-2495,

8. Lachmann B. Open up the lung and keep the lung open. Intensive Care Med 1992; 18:319-321.

9. Ventakatesh B, Clutton Brock TH, Hendry SP. A multiparameter sensor for continuous intra arterial blood gas
monitoring: A prospective evaluation. Crit Care Med 1994; 22; 588-594,

10. Zauner A, Doppenberg E, Soukup I, Menzel M, Young HF, Bullock R. Extended neuromonitering: New
therapeutic opportunitics. Neurcl Res 1998; 20 (Suppl 1): 883-390.

11. McKinley BA, Morris WP, Parmiey L, Butler BD. Brain parenchyma PQ,, PCO», and pH during and after hypoxic,
ischemic brain insult in dogs. Crit Care Med 1996; 24:1858-1868.

12, Menzel M, Rieger A, Roth S, Soukep J, Furka ], Miko I, Molnar P, Peuse C, Hennig C, Radke J. Comparison
between continuous brain tissue PO3, PCO,, pH and temperature and simuitaneous cerebrovenous measurement
using a mullisensor probe in a porcine intracranial pressure model. J Neurotrauma 1998; 15: 265+ 276.

13. Zauner A, Bullock R, Di X, Young HF. Brain oxygen, CO,, pH and icmperature monitoring: evaluation in the
feline brain. Neurosurgery 1995; 37:1168-1177.

14, Lachmann B, Danzmann E, Haendly B, Jonson B. Ventilator settings and gas exchange in respiratory distress
syndrome. [n: Prakash O (ed): Applicd Physiology in Clinical Respiratory Care. NijhotY, The Hague, 1982; pp
141-176.

15. Maas AIR, Fleckenstein W, de Jong DA, Monitoring cerebral oxygenation: Experimental studies and preliminary
clinical results of continugus monitoring of cerebrospinal [luid and brain tissue oxygen tension. Acta Neurochir
1993; 59(Suppl): 50-57.

16. Menzel M, Doppenberg EMR, Zauner A, Soukop 1, Reinert MM, Bullock R. Increased inspired oxygen
concentration as a factor in improved brain tissuc oxygenation and tissue lactate levels after severe human head
injury. f Neurosurg 1999; 91:1-10.

17. Lenninger-Follert E, Lubbers DW, Wrabetz W, Regulation of local tissue PO, of brain cortex at differential arterial

O, pressures. Pfliigers Arch 1975; 359, 81-95.

42



Cerebral air embolism

18. Lubbers D'W, Baumgartl H, Zimelka W. Heterogeneity and stability of local PO, distribution within the brain
tissue. Adv Exp Med Biol 1994; 345: 567-574.

19. Siesjo BK. Cerebral metabolic rate in hypercarbia - a controversy. Anesthesiology 1980; 52: 461-465.

20, Laifey JG, Kavanagh BP. Carbon dioxide and the critically ill - too little of a good thing? Lancet 1999; 354: 1283
1286.

21. Brian JE. Carbon dioxide and the cerebral circulation. Anesthesiology 1998; 88:1365-1386.

22, Lanier WL, Weglinski MR. Intracranial pressure. In: Cucchiara RF, Michenfelder 1D {eds): Clinical
Neurcanesthesia. New York, Churchill Livingstone 1991; pp 77-110.

23. Raichle ME, Stone HL, Cerebral blood flow autoregulation and graded hypercapnia. Eur Neurol 1972, 6:1-5.

24. Nunn JF. Carbon dioxide. In: Nunn JF {ed) Applied Respiratory Physiology. Butterworth, London, 1993; pp 219-
228,

25. Hoffmann W, Charbel F, Edelmann G. Brain tissue PO,, PCO; and pH during increases in blood O, and CO,.
Anaesthesiology 1995; 83, A521,

43




Chapter 2

44



Cerebral air embolism

Chapter 3

Brain glucose and lactate levels during ventilator-induced hypo- and

hypercapnia

R.A.van Hulst "%, T.W Lameris 2, J.J. Haitsma ', J. Klein !, B. Lachmann '

Departments of ' Anesthesiology and * Internal Medicine, Erasmus Medical Centre Rotterdam,

* Diving Medical Centre, Royal Netherlands Navy, the Netherlands

Submitted

45




Chapter 3

Abstract

Objective: Levels of glucose and lactate were measured in the brain by means of microdialysis in
order to evaluate the effects of ventilator-induced hypocapnia and hypercapnia on brain
metabolism in healthy non-brain-traumatized animals.

Design and setiing: Prospective animal study in a university laboratory.

Subjects: Eight adult Landrace/Y orkshire pigs.

Interventions: The microdialysis probe was inserted in the brain along with a multiparameter
sensor and intracranial pressure (ICP) probe. The animals were ventilated in a pressure-controlled
mode according to the open lung concept with an inspired oxygen fraction of 0.4/1.0. Starting at
normoventilation (PaCOz+ 40 mm Hg) two steps of both hypercapnia (PaCO, + 70 and 100 mm
Hg) and hypocapnia (PaCQO2+ 20 and 30 mm Hg) were performed. Under these conditions, brain
glucose and lactate [evels as well as brain oxygen (PbrQ»), brain carbon dioxide (PbrCO-), brain
pH (brpH), brain temperature and ICP were measured.

Results: At hypercapnia (PaCO, = 102.7 mm Hg) there were no significant changes in brain
glucose and lactate but there was a significant increase in PbrCQ», PbrQ; and ICP. In contrast, at
hypocapnia (PCO; = 19.8 mm Hg) there was a significant increase in brain lactate and a significant
decrease in both brain glucose and PbrCO»,

Conclusions: Hypocapnia decreases brain glucose and increases brain lactate concentration,
indicating anaerobic metabolism, whereas hypercapnia has no influence on levels of brain glucose

and brain lactate.
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Introduction

In intensive care medicine both hypoventilation and hyperventilation are accepted as ventilatory
modes for treatment of different categories of patients but it still debated whether hyperventilation
should be used to treat patients with brain injury and increased incranial pressure (ICP).' The
rationzle behind hyperventilation-induced hypocapnia is to decrease 1CP by reducing cerebral
blood flow (CBF) through cerebral vasoconstriction.” However, the problem with hypocapnia is
that CBF may be reduced to such an extent that hypoxia may oceur.”

On the other hand, patients with acute lung injury are often ventilated with a low tidal volume in
order to reduce or to avoid ventilatory-induced lung injury. This ventilation mode always results in
increased arterial carbon dioxide partial pressure {PaCO»); this increase in PaCOs is cailed
‘permissive hypercapnia’.* Although this technique is commonly used, there is no consensus on the
upper limit of PaC0,.>

in a pig model, our group recently demonstrated that brain oxygen tension (PbrO-) significantly
increases during hypoventilation and decreases during hyperventilation.®

Aerobic metabolism is the major energy source to normal brain; however, during hypoxia and
ischemia, lactate accumulation may occur, indicating anaerobic glycolysis. Previous studies on
PbrOs have mostly involved human subjects or animals with brain injury.” " Because brain trauma,
hemorrhage or global cerebral ischemia can themselves impair cerebral circulation and
oxygenation, these studies have limited value when determining the levels of brain oxygenation
and metabolism during different ventilatory modes. Therefore, monitoring of brain glucose/lactate
in a non-brain-traumatized animal model is an important requirement in order to elucidate the
pathophysiological mechanisms of hypo- and hypercapnia. Advances in brain monitoring
technology currently enable simultaneous measurement of brain glucose/lactate metabolism by
means of microdialysis ' as well as PbrQ,, brain carbon dioxide (PbrCOa), brain pH (brpH) and
brain temperature by means of a multiparameter sensor.'** The rationale to combine these two
methods was to acquire data on the above-mentioned parameters in case of ventilation-induced

hypocapnia and hypercapunia.

Methods

Animal Care
This study was approved by the Animal Committee of the Erasmus Medical Centre Roiterdam.

Care and handling were in accordance with the European Community guidelines.
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Surgical and analytical procedures

In eight adult crossbred Landrace/Yorkshire pigs of either sex {30-35 kg) anesthesia was induced
with 0.1 ml/kg ketamine i.m.(Ketalin 100 mg/ml, Apharmo, Arnhem, the Netherlands) and
midazolam 0.1 mg/kg i.m. (Dormicum, Roche Ned., Mijdrecht, the Netherlands). Muscle
relaxation was induced by 0.2 mg/kg pancuronium bromide (Pavulon, Organon Teknika, Boxtel,
the Netherlands).

After intubation, animals were connected to a ventilator (Servo Ventilator 300, Siemens-Elema,
Solna, Sweden) and ventilated in a pressure-controlled mode according to the ‘Open Lung
Concept’."”” After the initial recruitment maneuver with a pressure of 40 cm H,O, animals were
ventilated with a positive end-expiratory pressure (PEEP) of 6 cm H,Q, peak pressure of 15+ 3 cm
H-0, an inspiratory/expiratory (I/E) ratio of [:2 and an inspired oxygen fraction (FiO2} of 0.4,
Tidal volume was 8-10 ml/kg bodyweight and frequency was set to maintain normocapnia (PaCO»
35-40 mm Hg). Arterial blood gases were measured using conventional methods (ABL 505,
Radiometer, Copenhagen, Denmark).

Anesthesia was maintained with i.v. ketamine (10 mg/kg/h) and midazolam (I mg/kg/h) and
muscle relaxation with i.v. pancuronium bromide (starting with 0.2 mg/kg/h and adapted as
required) while body temperature (measured rectally) was kept within normal range (37.5-38.5 °C)
by means of a heating mattress.

Two arterial catheters were then inserted in both femoral arteries. A multiparameter sensor
(Paratrend/Trendcare, Philips Medical, Béblingen, Germany) was inserted for continuous
measurement of PaQO,, PaCO,, pH and brain temperature, and calibrated with conventional blood
gas analyses (ABL 505, Radiometer, Copenhagen, Denmark). The systemic arterial blood pressure
and heart rate were measured with a transducer (Statham P23XL, Spectramed, Oxnard, CA, USA)
cornected to the other femoral artery catheter and recorded (Hewlett Packard, Merli 688, Philips,
Bablingen, Germany).

After surgical exposure of the skull, two 6-mm burr holes were made; one was 4 ¢m to the left and
the other 4 cm to the right of the sagittal suture, both 4 cm caudal of the upper margin of the orbita.
Through a cut in the dura mater a calibrated intracranial pressure probe (Codman Neuromonitor,
Johnson & Johnson, Berkshire, UK) was inserted in the left burr hole to a depth of 20 mm and a
multiparameter sensor catheter in the right burr hole to a depth of 25 mm. Into the same right burr
hole a microdialysis probe (CMA/20, Camegie Medicine AB, Solna, Sweden) was inserted by
means of a steel guiding needle. The membrane of the microdialysis probe has a cut-off value of 20

kDa.
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In order to control the metabolic stability of the animals during anesthesia, a second probe was
placed in the muscle of the thigh of the lower limb as a control for glucose and lactate values.'®
Probes were perfused with an artificial cerebrospinal fluid (manufacturer’s guide; Carnegie
Medicine AB, Solna, Sweden) at a rate of 2 pl/min with a micro-injection pump (CMA100,
Carnegie Medicine AB, Solna, Sweden). Dialysate volumes of 20 nl (sampling time 10 min} were
collected in microvials and stored at —80 °C until analysis. Analysis of the microdialysis samples
for glucose and lactate levels was performed with an analyser (CMA 600, Camegie Medicine AB,
Solna, Sweden).

Experimental protocol

Afier completion of all surgical procedures, there was a 1-hour stabilization period at an FiQ, of
0.4 before baseline measurements were made. Subsequently, an “oxygen test” was conducted to
ensure correct placement of the multiparameter sensor in the brain tissue.” In short, FiO, was
increased from 0.4 to 1.0 for 15 min and the PhrO, had to increase sharply; if the PbrO; did not
increase by at least 15 mm Hg, the sensor was advanced a further 3-5 mm into the brain. FiO, was
left at 1.0 for the remainder of the experiment.

Initially, the pigs were normoventilated to maintain an end tidal PaCQs of 35-40 mm Hg based on
the vatues from the arterial sensor. After a stable period of at least 30 min, hypoventilation was
started to obtain a PaCO» of 70 mm Hg. Hypoventilation was achieved by stepwise decrease in the
ventilatory frequency, which was controlled by the online blood gas sensor. After a stable period of
30 min {change in PaCO; <2 mm Hg/10 min), arterial blood gas values and data on all parameters
were recorded. The ventilatory frequency was then further decreased to obtain a PaCO; of
approximately 100 mm Hg, whereas mean airway pressure (MAwP) remained unchanged. After 30
min arterial blood gas values and all brain parameters were measured again. After hypoventilation
the ventilator was reset to normoventilation and blood gas values and brain parameters were again
measured.

Subsequently, hyperventilation was started to obtain two PaCO; levels: 30 mm Hg and 20 mm He.
Between each step there was a stable period of 30 min followed by measurement of blood gas
values and brain parameters. Finally, animals were again normoventilated, followed by a final
measurement of arterial blood gas values and brain parameters. The entire protocol lasted
approximately four hours. At the end of the experiment, the sensors were calibrated to assess any
drift in the measured parameters. The animals were killed by an i.v. overdose of pentobarbital

{Euthesate 200 mg/ml, Apharmo, Amhem, the Netherlands).
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Statistical analysis

Analysis of data was performed using the Instat 2.0 Biostatistics Package (GraphPad Software 93-
08, San Diego, CA, USA). One-way analysis of variance for repeated measures with Dunnet’s
multiple comparisen test as post-hoc test were used. Statistical significance was accepted at a p-
value < 0.05. Results are expressed as mean = SD. The relationship between PaCQ,, PbrCO.,

PbrO: and brain lactate is presented in a linear regression with the correlation coefficient.

Results

All animals were maintained under stable circulatory conditions and all survived the 4-h study
period. Table 1 gives data on heart rate, mean arterial pressure (MAP), rectal temperature, ICP,
cerebral perfusion pressure (CPP) and brain temperature, measured at baseline, at hypoventilation
and hyperventilation, and at the end of the experiment (normoventilation).

During the entire protocol the levels of muscle glucose/lactate remained stable (data not shown).
The correlations between PaCQ,, PbrCO,, PbrO; and brain lactate are shown in Figures 1 to 3; we
found linear relationships with correlation coefficients of 0.80, 0.80 and 0.62, respectively.

Brain glucose/lactate

Table 2 gives data on brain glucose and lactate in relation to PaCO; at different stages of hypo- and
hypercapnia. At moderate hypercapnia (PaCQO, = 71.4 mm Hg), there was a nonsignificant increase
in brain glucaose and a decrease in lactate. At extreme hypercapnia (PaCO» = 102.7 mm Hg) there
was a non-significant decrease in both brain glucose and lactate.

At moderate and at maximum hypocapnia (PaCQ, = 28.9 and 19.8 mim Hg), there was a significant
decrease in brain glucose and a significant increase in lactate,

Brain exygen (PbrO;) brain carbon dioxide (PbrCO,) and brain pH (brpH)

Data on arterial blood gases and brain parameters at different stages of hypo- and hyperventilation
compared with baseline are presented in Table 3. At moderate hypercapnia {PaC0O2 =71 .4 mm Hg)
there was a significant increase in PbrCO». At extreme hypercapnia (PaCO, = 102.7 mm Hg)
although there was a significant decrease in PaO,, there was a significant increase in PbrO;, There
was also a significant increase in both PbrCO; and ICP (Table 1),

At moderate hypocapnia (PaC0-2 = 28.9 mm Hg) there was a significant decrease in PbrCO; and a
significant increase in brpH. At maximum hypocapnia (PaCO: = 19.8 mm Hg) there was a

significant decrease in PbrCO; and a significant increase in brpH.
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Figure 1. Effect of PbrCO; and brain lactate during ventilator-induced hypo- and hypercapnia,
A linear relationship was observed between PbrCO; and brain lactate.
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Figure 2. Effect of PaCO, and brain lactate during ventitator—induced hypo- and hypercapnia.
A linear relationship was observed between PaCQO, and brain iactate.
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Table 1

Data on heart rate, mean arterial pressure, rectal temperature, intrancranial pressure, cerebral perfusion pressure and
brain temperature at baseline and at maximum hypoventilation, hyperventilalion and at normoventilation {n=8 pigs)

Baseline Hypoventilation Hyperventilation Normoventilation

Heart rate 125+ 26 130 + 14 120 + 28 108+ 26
Mean arterial pressure 105+9 101 +9 08 £ 16 100+ 15
Rectal temperature 383+04 38.4+0.5 385£04 386+0.3
Brain

Intracranial pressure 11+£4 204 5% 13+£5 14+3
Cerebral perfusion pressure 93412 8312 85+ 21 8519
Brain temperature 38705 38.6+04 388+05 38.7+£006

Values are mean & SD

MAP, ICP and CPP (mm Hg)
Rectal and brain temp CC)

* p < 0.05, vs bascline

Table 2

Data on PaCQ;, brain glucose and brain lactate in different stages of hypo-, normo- and hyperventilation (n = 8 pigs)

PaCO» Glucose Lactate
Normoventilation (baseline) 408+ 2.6 325+1.05 0.95 £ 0,51
Hypoventilation 7i4+63 3.14 £ 091 0.64+0.18
Hypoventilation 1027176 3.14+0.77 0.62+0.18
Normoventilation 41.0 £ 3.6 2.45+0.91 1.08 = 0.49
Hyperventilation 289+3.0 2,18+ 0.91* 1.77 £ 0.69%
Hyperventilation 19.8+3.0 1910091 * 2.38 + 0.87*
Normoventilation 41.6+£3.5 2.15+0.95 1.26 £ 0.49

Values are mean + SD
PaCOy (mm Hg)

Glucose, Lactate (mmol/)
* p < 0.05 versus baseline
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Figure 3. Effect of Pbr(, and brain laciate during ventilator-induced hypo- and hypercapnia.
A linear relationship was observed between PbrO; and brain lactate.

Discussion

The present study investigated brain metabolism in healthy non-brain-trammatized pigs during
hypo- and hyperventilation with an FiO, of [.0 by measuring brain glucose and lactate, as well as
PhrQ», PbrCQ-, brpH and ICP. The main findings are that, during hypercapnia, brain glucose and
lactate were unchanged and PbrQ; even increased. In contrast, during hypocapnia there was a
significant decrease in both PbrO, and in brain glucose, and a significant increase in brain lactate.
The fact that even at quite high PbrO» we have a close correlation with the brain lactate is difficult
to explain but may be due to our experimental conditions using 100% oxygen (see Figure 3).

1t is well known that cerebral oxygenation is a crucial factor to maintain the normal physiology of
brain metabolic function.'® The development of microsensor and microdialysis technology allows
to measure PbrO, together with PbrCQO; and bipH, thus enabling estimation of acidosis, and glucose
and lactate levels in the brain. However, one has 1o be a aware that a limitation of this technology is
that values derived from the sensor/probe represent data from a very local area only and do not
represent the entire brain. In addition, for the microdialysis, one has to consider that the total
recovered amount of glucose and lactate depends on the membrane length and the flow rate used.

Applying our experimental set-up, we could recover in vitro 22% and 39%, respectively, from
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known concentrations of glucose and lactate. These in vitro percentages were then used to correct
the values of glucose and lactate measured in the brain, as recommended by Hillered ct al."!

Our findings of decreased glucose and increased lactate during hypocapnia would indicate a poor
outcome for our animals if one compares our experimental results with data from neuro-surgical
patients with poor outcome in which the brain lactate concentration was only + 1.6 mmol/L®
However, if one compares our results with other data from healthy awake humans in which the
lactate concentrations were higher (2-4 mmol/l)'” this would mean that our increased lactate
concentrations during hypocapnia have no deleterious effect. In the light of these contradictory
results one can conclude that it is more important to have one’s own references values rather than
only discussing the harmfulness of increased/decreased brain glucose/lactate levels. For example,
when applying the results of these two human studies to our animals, according to one study * our
animals should have died whereas according to the other ' our animals would not suffer any
deleterious effects.

Studies on the effect of hypercapnia on cerebral metabolism in animal models have also produced
conflicting results. For example, some groups show no changes " another shows a decrease *' and
another even demonstrated an increase * in the oxygen consumption of the brain. In an editorial,
Siesjo concluded that it may be difficult to interpret contradictory results between studies due to
differences in the experimental animals, techniques used to measure > or calculate cerebral
metabolic rate, and the use of anesthetics.” The influence of anesthetic agents on CBF was studied
by Yang and colleagues who found that anesthetic agents may impair the cerebral vasodilatory
response to COx and that under anesthesia higher PaCQ, levels are required to elicit the same level
of vasodilatation compared with awake subjects.

26,27

Studies in humans *** and animals ***’ have shown that hypocapnia resulting from
hyperventilation has adverse effects on brain metabolism, which is confirmed by our results.
Hypocapnia may lead to an ischemic cerebral hypoxia, which could explain the increase in lactate
and the decrease in glucose found in the present study. There is also evidence that hypocapnia may
even worsen hypoxic—ischemic brain injury in animals ** and may be the cause of the development
of cerebral lesions in preterm human neonates.”™

In a review, Dexter describes the effect of PaCO; on head injured-patients: hypocapnic patients had
no better neurological outcome than normocapnic patients.™ In the guidelines for the management
of severe head injury, it is stated that prolonged hypocapnia should be avoided in the absence of
increased ICP." Although hypocapnia may be beneficial in reducing ICP in case of increased ICP,

there is a risk that hypocapnia may stil induce ischemic damage.
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In the present study, the baseline values for PbrCO; and brpH were comparable to those obtained in

70304 .
1> However, compared with our

other animal studies using the same multiparameter sensor.
previous study,® baseline values for ICP and PbrQ; were slightly lower in the present study. These
differences may be due to differences in the experimental conditions and in the body weight of the
animals used.

Two other studies used non-brain-injured pigs; in a hemorrhagic shock model, Manley et al,
showed that increased PaCQ, resulted in increased PbrO» and that decreased PaC(, resulted

in decreased PbrO, *! Similarly, Hemphill et al. reported an increase in PbrOs in hypercapnia and a
decrease in hypocapnia.*® These two studies and the present one underline the need to use a non-
injured-brain model in order to deseribe brain metabolism during hypo- and hypercapnia.

The results of our study confirm results of the above two studies, but we were the first to measure
brain oxygenation and brain glucose/lactate showing that hypocapnia leads to a significant decrease
in glucose and increase in lactate, suggesting anaerobic metabolism.

From these results in healthy non-brain-traumatized pigs one may speculate that hypercapnia may
be less harmful for the brain than hypocapnia breathing 100% oxygen. However, further studies are

needed o elucidate the exact mechanisms involved and the therapeutic consequences for the brain-

injured model in both normoxic and hyperoxic conditions,
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Abstract

Objective: To investigate the effect of hyperbaric conditions on brain oxygenation,
intracranial pressure and brain glucose/lactate levels in healthy non-brain-traumatized
animals.

Design and seiting: Prospective animal study in a hyperbaric chamber,

Subjects; Twelve adult Landrace/Y orkshire pigs.

Interventions: The animals were normoventilated in a pressure-controlled mode according to
the open lung concept first at normobaric pressures (FiO2 0 0.4 and 1.0) and subsequently in
the hyperbaric chamber at 1.9 bar and 2.8 bar (both at an FiO; of 1.0). Under these conditions
brain oxygen tension and intracranial pressure were recorded and brain glucose/lactate levels
were measured by microdialysis.

Results: At normobaric conditions, increasing the FiQ; from 0.4 (baseline) to 1.0 resulted in a
significant increase in brain oxygen tension from 33 4 14 to 63 + 28 mm Hg (p< 0.05).
Compared with baseline, both hyperbaric conditions (at an FiO; of 1.0) led to a significant
increase in brain oxygen tension to 151 = 65 mm Hg (p<0.001) at 1.9 bar and to 294 + 134
mm Hg (p<0.001) at 2.8 bar.

Conclusions: If there is a need for increased oxygenation in the brain, one way to achieve this
is to apply hyperbaric conditions at 100% oxygen. Compared with an atmospheric pressure
with an FiQ, of 0.4, a 9-fold increase (900%) in PbrQ, values can be reached by increasing
the FiO2 to 1.0 and the pressure to 2.8 bar. In this study hyperbaric oxygen pressure in the

brain did not lead to changes in intracranial pressure or in brain glucose/lactate levels.
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Introduction

One hundred percent oxygen at three times the atmospheric pressure at sea level can result in
arterial oxygen tensions in excess of 1500 mm Hg and oxygen tension in tissue of almost 500
mm Hg."* Such high oxygen tensions have a number of both beneficial and deleterious
effects on different tissues. Especially in neurology there is a growing interest in hyperbaric
oxygen (HBO) therapy.> In the brain, hyperbaric oxygen acts directly on the autoregulated
small blood vessels resulting in vasoconstriction leading to a decrease in cerebral blood flow

6% and consequently to a reduction in intracranial volume which, in turn, results in a reduction

%11 Cerebral vasoconstrictive effects of HBO have

of increased intracranial pressure (ICP).
been demonstrated in both clinical and experimental studies. HBO was shown fo induce a
reduction of cerebral blood flow followed by a decrease in the elevated ICP which is
beneficial under pathological conditions in the presence of ischemia and brain edema e.g. in
stroke or brain trauma.'*'* Moreover, in an important group of patients (e.g. head injured)
oxygenation of the brain is essential.">'®

However, the extent to which one may be able to increase brain oxygen tension (PbrQO-) under
HBO is unknown. Therefore, we investigated PbrQOs in healthy non-brain-traumatized pigs
during two clinically used hyperbaric oxygen pressures. On the other hand, HBO can also
have acute toxic effects on the brain.'™'® Thus, the beneficial effects of HBO therapy must be

balanced against negative effects and toxicity. Therefore, under the same conditions we also

studied whether HBO has any deleterious effects on ICP or on brain metabolism.

Methods

Animal Care

All experiments were performed in accordance with the Guiding Principies for Research
Involving Animals and Human Beings as approved by the Council of the American
Physiological Society and with the regulations of the Animal Care Committee of the Erasmus
University Rotterdam and European Community guidelines (86/609/EC).

All experiments were performed in the hyperbaric chamber (Haux, Karlsbad-Ittersbach,
Germany) of the Diving Technical Center of the Royal Netherlands Navy, Den Helder.
Surgical and analytical procedures

In 12 crossbred Landrace/Y orkshire pigs of either sex (30-35 kg) anesthesia was induced with
0.1 ml/kg i.m. ketamine (Ketalin 100 mg/ml, Apharmo, Amhem, the Netherlands) and 0.1
mg/kg i.m. midazolam (Dormicum, Roche Ned., Mijdrecht, the Netherlands). Muscle
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relaxation was induced by 0.2 mg/kg i.v pancuronium bromide (Pavulon, Organon Teknika,
Boxtel, the Netherlands).

After intubation, animals were connected to a ventilator (Servo Ventilator 300, Siemens-
Elema, Solna, Sweden) and ventilated in a pressure controlled mode according to the ‘Open
Lung Concept™.'” After the initial recruitment maneuver, animals were ventilated with a PEEP
of 8 cm H.0, peak pressure of 18 = 3 cm H>O, an I/E ratio 1:2 and an inspired oxygen
fraction (Fi0o) of 0.4. Tidal volume was 6-8 ml/kg bodyweight and frequency was set to
mainiain normecapnia (PaCO: of 35 - 45 mm Hg). Arterial blood gases (Pa0,, PaCQ», pH)
and blood glucose/lactate levels were measured using conventional methods (GEM Premier
3000, Instrumentation Laboratory Company, Lexington, Mass., USA).

Under hyperbaric conditions we could not measure PaO» because these values were then
beyond the measuring range of the blood gas recording device. Anesthesia was maintained
with i.v. ketamine (10 mg/kg/h) and midazotam {1 mg/kg/h) and muscle relaxation with i.v.
pancuronium bromide (starting with 0.2 mg/kg/h and adapated as required) while body
temperature (measured rectally) was kept within normal range (37-38 °C) by means of a
heating Jamp. The systemic arterial blood pressure and heart rate were measured using a
transducer (Statham P23XL, Spectramed, Oxnard, CA, USA) and continuously recorded on a
Siemens monitor (9000 8, Siemens Elema, Solna, Sweden).

After surgical exposure of the skull, three 6-mm burr holes were made: two at 1.5 cm left and
right of the sagittal suture, 4 cm caudal of the upper margin of the orbita, and the third burr
hole | cm frontal of the coronalis suture left of the sagittal suture. Through a cut in the dura
mater a calibrated intracranial pressure sensor (Codman Neuromonitor, Johnson & Johnson,
Berkshire, UK) was inserted in the frontal left burr hole to a depth of 20 mm into the brain
parenchyma, and two brain oxygen sensors (Licox, Revoxode CC1.SB, GMS mbH, Kiel-
Mielkendorf, Germany) were inserted in both caudal burr holes to a depth of 15 mm; these
latter sensors were placed at this depth to target temporal white matter. Brain temperature was
measured concurrently using a Licox temperature probe, PbrO- was then corrected for
temperature using the Licox computer (Licox, GMS mbH, Kiel-Mielkendorf, Germany). The
mean values of PbrO, from both hemispheres were used for the statistical analysis (24
measurements grouped into 12) at each FiOa and at each pressure condition.

Into the same caudal burr holes two microdialysis probes (CMA/20, Carnegic Medicine AB,
Solna, Sweden) were inserted by means of a steel guiding needle. The membrane of the
microdialysis probe has a cut-off value of 20 kDa. Probes were perfused with an artificial

cerebrospinal fluid at a rate of 2 pl/min using a microinjection pump (CMA100, Camegic
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Medicine AB, Solna, Sweden), Dialysate volumes of 20 pl (sampling time 10 min) were
collected in microvials and stored at —80 °C until analysis. Analysis of the microdialysis
samples for glucose and lactate levels was performed with an analyser (CMA 600, Carnegie
Medicine AB, Solna, Sweden).

Licox measurements

The two brain oxygen sensors used were flexible polarographic Clark-type probes (identical
to those used in clinical neurosurgery) with a polyethylene surface.

For hyperbaric measurements the oxygen sensor cable (a coax cable approx. 1.5 m long) was
cut and connected with cable sockets and connectors to the hyperbaric chamber wall. Inside
the chamber a coax cable {approx. 1.5 m long) was connected from the chamber wall to the
oxygen sensors. The temperature cable (a regular cable) was connected in the same way with
sockets and connectors. Before the experiment, we calibrated the oxygen probe in air in the
hyperbaric chamber at 1.0, 1.9 and 2.8 bar and found a highly significant correlation between
PO and barometric pressure of y = 98.1 x + 26 (r”= 99.4); there were no abnormal values
nor any damage to the sensor. The calibration procedure for zero drift (zero display error) and
at room air level was performed according to the manufacturer’s guide and repeated for cach
hyperbaric session.

Experimental protocol

After instrumentation of the animals there was a 1-h stabilization period at FiQ, of 0.4

(baseline measurement) before conducting an “oxygen test”

which was performed to ensure
correct placement of the oxygen sensors in the brain tissue: FiO, was increased from 0.4 to
1.0 and remained at 1.0 for the remainder of the experiment. PbrQ; had to increase sharply: if
the PbrO» did not increase by at least 15 mm Hg, the sensor was advanced a further 3-5 mm

into the brain, Thirty minutes after PbrQ» had stabilized, all parameters were recorded.
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Cerebral air embolism

Our preliminary experiments in the hyperbaric chamber have shown that PbrO, stabilizes
within 7-10 min after changing the pressure (data not shown). The pressure level of 2.8 bar
was reached within 2 min, was maintained for 10 min, was reduced again within | min to 1.9
bar which was again maintained for 10 min, and was then returned to normobaric pressure
within 1 min: this schedule and all time points of measurements of the parameters are shown

in Figure 1. The measurements were taken [0 min after each change in FiO+/pressure.

370
3
!
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| Time (min)
Cxygen test 1

Figure 1. Overview of the experimental protocol showing the five measurement times (arrows). For details of
the oxygen test see the text (Experimental protocol); the oxygen test entailed a change in FiO from 0.4 to 1.0
and all subseguent measurements were made with an FiO; of 1.0. Each measurement was taken 10 min afier
each change in Fi0, /pressure.

Statistical Analysis
For statistical analysis Kruskal-Wallis non-parametric ANOVA test with Dunnet’s multiple

comparison test as posi-hoc test and Student’s ¢ test were used as appropriate. Statistical
significance was accepted at a p-value < 0.05. Results are expressed as mean = SD,

The relationship between FiO./pressure and PbrO- is presented in a linear regression.
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Results

All animals survived the study period in a stable cardiocirculatory condition.

At an FiO; of 0.4 the value for PbrO, was 33 + 14 mm Hg. Increasing the FiO, to 1.0 resulted
in a significant increase in PbrO» to 63 = 28 mm Hg (p<0.05). Under hyperbaric conditions,
2.8 bar at an Fi(J; of 1.0 led to a further significant increase in PbrQs to 294 = 134 mm Hg
(p<0.001) compared to baseline, and 1.9 bar at the same FiQ; resulted in PbrQ, of 151 £ 63
mm Hg (p<0.001} which was still significantly increased compared to baseline. Finally, at
normobaric pressure with an FiO; of 1.0, PbrO; returned to 70 = 27 mm Hg (p<0.01). Under
hyperbaric conditions there was no significant change in any of the other measured parameters
(Table 1). Figure 2 shows PbrO, in relation to FiO»/pressure, The regression line fits the

equation y = 111.5 x — 34.4 with a correlation coefficient of 0.98,

Brain oxygen tension (PbrQO2)

g+

y=111.54 x - 34.4
R2 = 0.9645

=
o
i
o]

FiO2/bar

Figure 2. Effect of FiOy/pressure on the PbrO, A lnear relationship was observed between FiQ./pressure and
Pb!‘OQ.

Discussion

The results of this study show that under hyperbaric conditions it is possible to increase
oxygen tension within minutes in brain tissue of non-brain-traumatized pigs. Compared with
an atmospheric pressure with an FiO, of 0.4, a 9-fold increase (900%) in PbrO; values can be
reached by increasing the FiO: to 1.0 and the pressure to 2.8 bar. Moreover, when HBO is

applied according to our time schedule this does not lead to any deleterious effect on brain
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metabolism as measured by the techniques used in this study. In theory, increased hyperbaric
pressure itself could also lead to an opposition of anesthesia and activate NMDA (N-methyl-
D-aspartate) receptors with a negative effect on the brain. A

In these experiments, we chose to investigate conditions at 1.9 and 2.8 bar because these are
standard clinically applied pressures to treat neurological symptoms of decompression iliness
in e.g. divers, pilots and caisson workers.” In these patient groups, the symptoms are
clinically treated by applying periods of 100% oxygen at 2.8 bar or lower. However, during
this therapy (maximum 20 min at 2.8 bar and 20-60 min at 1.9 bar) short periods of “air
breaks’ (5 min and 15 min, respectively) are applied to minimize cerebral oxygen toxicity.?
In the present study at both 2.8 bar and 1.9 bar the pressure was maintained for only 10 min to
avoid the effects of any oxygen toxicity; therefore, in these experiments there was no need to
apply ‘air breaks’.

Although global cerebral oxygen consumption is stable under constant metabolic conditions,
oxygen distribution in the brain is heterogenous.™*' The diffusion distance in the brain is
approx. 50-150 pm.* Studies on brain oxygen distribution have also indicated different
“layers” of oxygen pressure in the brain.””® Similarly, in the present study the heterogeneity
of brain oxygenation is reflected in large standard deviations in our PbrO» measurements.
The data from the present study are of clinical relevance. For example, brain injured patients
could have an inhomogenous cerebral blood flow (CBF) and increased ICP both of which
lead to a sitvation of local hypoxia. Recent studies in rats with normobaric hyperoxia showed
that infarct lesions significantly reduced in size and neurological outcome improved in
comparison with normoxia at normobaric pressure.””** Under hyperbaric conditions, on the
one hand one is able to increase the arterial oxygen tension to almost 1500 mm Hg ' and on
the other hand to increase the brain tissue oxygen tension to 300 mm Hg (authors unpublished
data); this means that independent of the perfusion and/or hemoglobin (Hb) content of the
blood, oxygenalion of the brain can almost be guaranteed. In others words, even in the
absence of Hb the physically dissolved amount of oxygen in blood will be high enough to
supply sufficient oxygen to tissue.? On the other hand, if perfusion is disturbed, sufficient
oxygen can be supplied to the cells by diffusion from the surrounding tissue.™

When considering clinical application of hyperbaric oxygen therapy, the potential benefit
must be balanced against its potential toxicity. In neurology, potential benefits of HBO in the
treatment of brain injury have been reported. For example, HBO increases the amount of
oxygen dissolved in the plasma depending on the absolute pressure used. The dissolved

oxygen can reach the hypoperfused brain areas due to the greater pressure gradient and HBO
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can also increase the deformability of the red bleod cells both of which improve oxygenation
in hypoxic brain areas.’® Moreover HBO, has been shown to improve glucose metabolism in
the injured brain, suggesting a better recovery of tissue which can persist for at least 24 h after
the HBO session.”'

A negative aspect of HBO is that it may cause a reduction in CBF by constriction of cerebral

o . 3233
vessels due to hyperoxia in humans and animals.

This is supported by a recent study in an
animal model which showed that HBO interferes with the autoregulation of brain perfusion:
the decrease of CBF is associated with a decrease in nitric oxide (NO) and the inactivation of
NO antagonized the relaxation of cercbral vessels during HBO.* However, with a prolonged
hyperbaric exposure, the regional vasoconstrictive controf decreases, resulting in an increase
of CBF.* Cerebral autoregulation is maintained by mean arterial pressures in the range of
50-160 mm Hg.* When cerebral autoregulation is disturbed due to hypotension or severe
acidosis in local ischemic brain tissue, CBF no longer decreases with the administration of
0xygen.36 In surrounding areas where the autoregulation still exists, vasoconstriction due to
hyperbaric oxygen reduces flow in the collateral circulation to the ischemic penumbra and
opposes the goal of improving flow in the ischemic region; however, this could also shunt
blood into the infarct, which is non responsive to stimuli for dilatation and constriction.
Again, the beneficial effects of reducing the elevated ICP must be balanced against
diminishing blood flow in compromised brain tissue.

Animal studies have shown positive results after global brain ischemia, with increased
survival rates in the HBO-treated group.™’ Sixty minutes after global brain ischemia HBO
was effective in reducing ICP, whereas there was no significant change in CBF. Thus, the
decrease in ICP might be caused by attenuation of cerebral cytotoxic edema, rather than by
reduction of CBF.™

Whereas in a first clinical trial HBO therapy improved the outcome of stroke patients * a later
clinical study * could not confirm these beneficial effects or the positive results reported in
most experimental studies. Therefore, more investigations are needed to elucidate the
complex mechanisms involved in the application of hyperbaric oxygen therapy in stroke,

brain-injured and other patient groups.
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Chapter 3

Abstract

Objectives: Cerebral air embolism was induced in pigs and changes in intracranial pressure (ICP),
brain oxygen (Pbr0»), brain carbon dioxide (PbrCO»), brain pH (brpH) and glucose, lactate and
pyruvate levels were used to characterize this model.

Methods: In 7 anesthetized pigs, ICP, PbrO,, PbrC0O4 and brpH were measured continuously with
multiparameter sensors and brain glucose metabolism by microdialysis. After injection of air into
the internal carotid artery, these parameters were recorded for 2 h. Resulis: ICP increased (433%)
to 52 = 8 mm Hg (p < 0.05). PbrO; decreased to 11.9 + 5.2 mm Hg. PbrCO; increased by 109% to
120.4 + 21.5 mm Hg (p<0.05). Brain glucose decreased (38%) to 2.32 + 0.91 mmol, while brain
lactate increased (364%) to 5.22 £ 0.53 mmol/l (p<0.05).

Conclusions: Cerebral air embolism has a deleterious effect on ICP and brain metabolism,

Therefore, this model may be suitable for testing therapeutic regimens in cerebral air embolism.
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Introduction

The weil-known syndrome of air embolism results when air enters the vasculature and can lead to
serious morbidity and even death.’ Air bubbles may reach any organ and result in local hypoxemia;
however, occlusion of the cerebral circulation is particularly deleterious because this organ is
highly vulnerable for hypoxia.” Cerebral air embolism (CAE) is a serious hazard during various
clinical interventions and in diving medicine.”® When bubbles occlude the brain vasculature,
intracranial pressure (ICP) increases and an extremely inhomogenous distribution of bleod flow in
the brain causes hyperemia and ischemia.*”

Monitoring of brain metabolic function under this conditions would be an important requirement
for a better understanding of the pathophysiology of CAE. New advances in microsensor
technology enable simultaneous measuremement of brain oxygen (PbrO»), brain carbon dioxide
(PbrCO5) and brain pH (brpH) *™* as well as brain metabolism (glucose, lactate and pyruvate) by
means of microdialysis.*' The rationale to combine these two latter techniques was to establish the
physiological relationship between the data obtained from both techniques in case of cerebral air
embolism.

To create cerebral air embolism we injected air into the internal carotid artery and measured ICP,
PbrOy, PbrCO; and brpH using microsensor technology, and brain metabolism by microdialysis to
characterize the effects of air embolism on the brain. To our knowledge, no previous data have

been derived using these two combined technigues in a model of CAE.

Methods

Animal Care

All experimenis were performed in accordance with the Guiding Principles for Research Tnvolving
Animals and Human Beings as approved by the Council of the American Physiological Society and
with the regulations of the Animal Care Committee of the Erasmus University Rotterdam and
European Community guidelines (86/609/EC).

Surgical and analytical procedures

In seven crossbred Landrace/Yorkshire pigs of either sex (30-35 kg) anesthesia was induced with
0.1 m{/kg i.m. ketamine (Ketalin 100 mg/ml, Apharmo, Arnhem, the Netherlands) and 0.1 mg/kg
i.m. midazolam (Dormicum, Roche Ned., Mijdrecht, the Netherlands). Muscle relaxation was
induced by 0.2 mg/kg i.v pancuronium bromide {(Pavulon, Organon Teknika, Boxtel, the
Netherlands).
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After intubation, animals were connected to a ventilator (Servo Ventilator 300, Siemens-Elema,
Sweden) and ventilated in a pressure controlled mode according to the ‘Open Lung Concept®.''
After the initial recruitment maneuver, animals were ventilated with a PEEP of 6 em H,0, peak
pressure of 15 + 3 em HyQ, an I/E ratio 1:2 and an inspired oxygen fraction (FiO,) of 0.4. Tidal
volume was 10-12 ml/kg and frequency was set to maintain normocapnia (PaCQ» of 35 - 40 mm
Hg). Arterial blood gases were measured using conventional methods (ABL 505, Radiometer,
Copenhagen, Denmark).

Anesthesia was maintained with i.v. ketamine (10 mg/kg/h) and midazolam {1 mg/kg/h) and
muscle relaxation with i.v. pancuronium bromide (starting with 0.2 mg/kg/h and adapated as
required) while body temperature was kept within the normal range (37-38 °C) by means of a
heating mattress.

Subsequently, arterial catheters were inserted in both femoral vessels. A multiparameter sensor
(Paratrend/Trendcare, Philips, Béblingen, Germany) was inserted for continuous measurements of
arterial PaQ,, PaCQs, pH and body temperature and calibrated with conventional blood gas
analyses (ABL 5035). The systemic arterial blood pressure was measured using a transducer
(Statham P23XL, Spectramed, Oxnard, CA, USA) and continuously recorded on a Hewlett Packard
monitor (Merli 688, Philips, Béblingen, Germany).

Through a 5 F sheath in the femoral artery, the angiocatheter (Biocompatibles Lid., Farnham,
Surrey, UK) was introduced by means of a guidewire into the internal carofid artery. After
introduction, the position of the catheter was controlled by arteriography; the diameter of the
catheter was small enough to allow blood flow in the internal carotid artery.

After surgical exposure of the skull, four 6-mm bore holes were made, two at 1.5 cm left and right
of the sagittal suture, 4 cm caudal of the upper margin of the orbita, the other two bore holes 1 em
frontal of the coronalis suture both also [eft and right of the sagittal suture. Through a cut in the
dura mater a calibrated intracranial pressure sensor {Codman Neurcomonitor, Johnson & Johnson,
Berkshire, UK) was inserted in the frontal left bore hole to a depth of 20 mm into the brain, and
two multiparameter sensors (Paratrend/Trendcare, Philips, Béblingen, Germany) were inserted in
both caudal bore holes to a depth of 25 mm into the white brain tissue.

Into the same caudal bore holes two microdialysis probes (CMA/20, Carnegic Medicine AB, Solna,
Sweden) were inserted by means of a steel guiding needle. The membrane of the microdialysis
probe has a cut-off value of 20 kDa, a length of 10 mm and a diameter of 0.5 mm. Probes were
perfused with an artificial cerebral spinal fluid at a rate of 2 pl/min with a microinjection pump
(CMA100, Camnegie Medicine AB, Solna, Sweden). Dialysate volumes of 20 pl {sampling time [0

min) were collected in microvials and stored at —80 °C until analysis. Analysis of the microdialysis
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samples for glucose, lactate and pyruvate levels was performed with an analyser {CMA 600,
Carnegie Medicine AB, Solna, Sweden). Dialysate concentrations for glucose, lactate and pyruvate
were corrected for probe recovery.

Experimental protocol

After completion of all surgical procedures, a 1-h stabilization period was allowed. Subsequently,

» 7 was performed to ensure that placement of the multiparameter sensors in the

an “oxygen test
brain parenchyma was correct: FiQ, was increased to 1.0 for 15 min and then returned to 0.4,
PbrO; had to increase sharply and then return 1o baseline after the FiO» was returned to 0.4. If the
Phr(}; did not increase by at least 15 mmHg, the sensor was advanced 3-5 mm inio the brain.
Thirty minutes after PbrO; had returned to baseline, all values were then recorded for brain
parenchyma and microdialysis parameters at 10-min intervals, for a 30-min period. Then, 0.5 ml/kg
of air was injected through the catheter in the internal carotid arlery at 1 mi air/sec, followed by 3
ml saline at 1 ml/sec. After embolization, for the subsequent 2 h, 20 ul dialysate was collected at
[0-min intervals. Similarly, at the same time intervals, multiparameter sensor data and ICP data
were recorded. At 2-h min after embolization, measurements were stopped and the sensors were
calibrated again to assess any drift in the measured values. The animals were killed by an overdose
of pentobarbital {Euthesate 200 mg/ml, Apharmo, Arnhem, the Netherlands).

Statistical Analysis

For statistical analysis two-way analysis of variance, one-way analysis of variance for repeated
measures with Dunnet’s multiple comparison test as post-hoc test and Student’s / test were used as

appropriate. Statistical significance was accepted at a p-value < 0.05. Results are expressed as mean

+ SEM.

Table 1

Data on hearl rate, mean arterial pressure and body temperature at baseline and at 60 and 120 min after cmbolization (n
= 7 pigs).

Bascline 60 min 120 min
Heart rate 126+ 6 134+ 10 130+4
Mean arterial pressure 107+£6 114£5 108+ 6
Body temperature 374£03 37.5+£03 37.6+£0.2
Values are mean + SEM MAP (mm Hg)
Heart rate (bpm) Body temp.(°C)

75




Chapter 5

Results

All animals survived the 2-h study peried in a stable cardiocirculatory condition,

Data on heart rate, mean arterial pressure and rectal temperature at baseline and at 60 and 120 min
after embolization are given in Table 1.

After embolization, there was an immediate hypertensive period with tachycardia, both of which
stabilized to baseline values within 10 min; there was a significant increase in mean arterial
pressure from 107 = 6 mm Hg to 160 + 6 mm Hg and a significant increase in the heart rate from
126+ 6 to 172+ 8 min™' (Figure 1).

At baseline the ICP was 12 £ 1 mm Hg before the injection of air. After embolization the ICP
increased continuously, was significantly increased at 70 min and continue to increase to 52 + 8
mm Hg (433%) at the end of the 2-h study period. The cerebral perfusion pressure (CPP) decreased
significantly from 100 + 4 to 53 £ 7 mm Hg during the 2-h study period (Figure 2).

Data on PbrO; and PbrCO» every 10 min for 2 h are given in Figure 3. There was a non-significant
decrease (54%) in PbrO; from 25.7 £ 6.2 to 11.9 £ 5.2 mm Hg at the affected side whereas at the
contralateral side there was a 31% decrease from 19.3 £ 4.7 to 13.3 £ 4.9 mm Hg. There was a
significant increase (109%) in PbrCO; from 57.7 + 2.7 to 120.4 + 21.5 mm Hg within 10 min after
embolization at the affected side which almost returned to baseline values within 50 min; the
contralateral side increased significantly (45%) from 56.4 £ 2.5 to 81.8 + 10.5 mm Hg. Brain pH at
the affected side showed a significant decrease within 20 min from 7.20 £ 0.02 to 6.83 £ 0.12;
there was a slow improvement thereafier but brpH did not return to baseline values within the 2-h
post-embolization period (Figure 4).

Brain glucose metabolism

Table 2 gives data on brain glucose, pyruvate and lactate/pyruvate {(L/P) ratio during the 2-h study
period. After embolization, within 10 min there was a 38% decrease in brain glucose, while at the
contralateral side there was a 36% decrease in glucose; both sides returned to baseline values
within 30 min.

Lactate reached a maximum level at 20 min, with a significant increase {364%) at the affected

side Thereafter, there was a slow decrease in lactate until the end of the study period; however, in
spite of this decrease, at 2 h the values were still three times those at baseline (Figure 4). The

contralateral side had a significant increase {310%) in lactate.
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Pyruvate concentration increased by 79% and 58% at the affected and contralateral side,
respectively, reaching a maximum 50 min after embolization and remaining at that level for
the remainder of the 2-h study period. The L/P ratio at the affected side increased from 12.1 to

32.3 within 10 min after embolization followed by a slow decrease to 20 after 50 min.

Discussion

The results of this study show that cerebral air embolism (CAE) is associated with a
significant increase in ICP, a significant increase in brain lactate and PbrCO; as well as a
significant decrease in brpH.

To develop an animal model of CAE, it is not precisely known how much air is needed in the
cerebral circulation to induce maximal but not fatal brain damage. Clearly one would strive
for the most severe situation, but it is unknown what volume of air might be optimal. Our
preliminary experiments with 10 pigs (unpublished data) have shown that 1-1.5 ml’kg
bodyweight of air given as a bolus into the internal carotid artery was lethal; these data are in
agreement with Fries et al. who showed in dogs that 1-1.25 ml/kg of air resulted in a
mortality of 50% and 0.5 ml/kg air was sufficient to cause permanent brain damage.’* In
contrast, Gomes et al." reported lethal volumes of at least 2 ml/kg of air in dogs; in the latter
study, however, because air was introduced into the common carotid artery shunting of air
into extracerebral vessels via the external carotid artery is the likely explanation for these
differences.” These data formed the rationale for our choice of 0.5 ml/kg in the present study.
The pathophysiology of CAE is largely dependent on the size of the air bubbles.” Micro
bubbles “irritate™ the vascular wall leading to an instantaneous breakdown of the blood-brain
barrier; on the other hand, these bubbles are rapidly absorbed and therefore only briefly
interrupt cerebral arteriolar flow."” In contrast, Dexter et al.'® calculated that the absorption of
large air emboli might take more than several hours, which is long enough to cause primary
ischemic injury with diffuse brain edema resulting in an increase in ICP.

It has also been shown that multifocal reactive hyperemia develops in the vicinity of occluded
vessels which leads to local swelling of the brain regions and results in an extremely
inhomogenous perfusion.*”

Some limitations of the microdialysis technique used in our study must be acknowledged.
First, microdialysis is a local measurement of extracellular concentrations of glucose, lactate
and pyruvate. The experimental event described in the present study is a global insult that

should have affected all regions of the brain, including the areas monitored by the
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microdialysis probe. Second, the microdialysis values of extracellular substrates are
qualitative and must be related to the absolute concentrations by the “in vitro” recovery rates.
The recovery rates varied depending on membrane length and flow rate of the microdialysis
probe and different percentages have been reported in various studies.'”™' In our study, based
on the probes and flow used,'®' the in vitro recovery for glucose, lactate and pyruvate are
22%, 39% and 45%, respectively. Third, because there are no data on the use of microdialysis
in CAE, comparison between our findings and those of experimental studies on brain
ischemia and clinical studies with neurosurgical patients needs some caution.

In the present study the baseline values for ICP were comparable with data from other animal
studies.®™ After embolization of our animals, ICP rose progressively (more than fourfold)
over the 2-h study period. This rise in ICP after cerebral air embolism tends to confirm
clinical observations where the patient’s condition deteriorates within 1-2 h after suffering the
embolic hit.*** Similarly, Fries et al.'* reported that both the volume of injected air and the
rise in ICP were correlated with morbidity and mortality and, moreover, that this relationship
was dose-dependent.

Generally, when the ICP increases, the cerebral perfusion pressure (CPP) decreases, because
the relationship is defined as the blood pressure gradient across the brain and represents the
difference between the MAP and ICP.* In our experiments, a temporary hypertensive
response occurred within 2 min of embolization of the cerebral circulation. The peak response
of both heart rate and blood pressure occurred 4-5 min after beginning air infusion and
stabilized to baseline values within 10 min, which confirm data from earlier studies. ™
Subsequently, in our animals the progressive increase in ICP with a stable MAP results ina
decrease of CPP during the study period. At the end of the 2-h measurement period, the CPP
reaches values suggesting ischemia which is supported by data (acquired by different
techniques) from other animal studies on CAE. >

In animal studies, Maas and colteagues * found a close correlation between the decrease in
CPP (induced by the increase in ICP) and PO, measurements in brain tissue. In a feline
model, Zauner et al. found that a CPP less than 50 mm Hg is correlated with a significant
decrease in brain tissue oxygen.® In our study, after embolization, there was a decrease in
Pbr(, for 20 min, which almost recovered to baseline values after 50 min and was followed
by a slow decrease again during the remainder of the 2-h study period; after 2 h CPP was 53 +
7 mm Hg and the average PbrO; had reached the ischemic level of 10-15 mm Hg,

Although our baseline values for both PbrCO; and brpH agree with those obtained with the

67.8

same multiparameter sensor in other animal studies, the PbrO, values were comparable
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with some 7 but about 10 mm Hg lower than others.® This difference may be explained by
differences in experimental conditions and the species investigated. Moreover, brain tissue
oximetry by multiparameter sensors is a local measurement e.g. PbrO» measures pO; in a
small area of the brain.®

In the present study the changes in brain oxygen parameters occurred immediately after
embolization, but the response of each parameter differed over time. The maximum value for
PbrCO: in our study (120.4 = 21.5 mm Hg) is higher than in a study on brain insult for 45
min in dogs using ligatures of both carotid arteries (PbrCO»: 105 =44 mm Hg).” Studies on
focal ischemia in cats resulted in a maximum PbrCO; value of 71 + 23 mm Hg,® whereas a
clinical a studic on arterial occlusion during ancurysm surgery reported a maximum PbrCO,
value of 67 =26 mim Hg.‘m We believe that the increase in PbrCQ- in our study reflects local
compromised cerebral perfusion due to bubbles i the brain vascular bed, which reduced the
“wash out”, in contrast with arterial occlusion in which metabolic substrates as oxygen and
glucose are diminished.

The brain pH level was lowest 20 min afler embolization and did not recover during the 2-h
study period. To investigate whether this slow recovery of brpH may be an indicator of
metabolic anaerchic metabolism, we also monitored brain concentrations of glucose, lactate
and pyruvate using the microdialysis technique. Under normal circumstances, brain lactate
output is low in the presence of sufficient oxygen. Lactate accumulation occurs when
oxidative energy metabolism is rendered inoperative, either through substrate (O,)
unavailabitity (ischemia), or damage to mitochendria.'” 1f oxygen is lacking or the transport
mechanisms or the mitochondria are damaged, pyruvate undergoes anaerobic conversion to
lactate by the enzyme lactate dehydrogenase. In the present study, glucose decreased (38%)
within £0 min after embolization but returned to baseline values within 30 min; there was a
fourfold increase in lactate to 5.22 mmol/] at the affected side followed by a slow decrease,
which (at the end of the study) was still three times that of baseline value. The recovery of
the brain glucose values suggest that in the area where the probes are placed, the brain
bloodflow is locally restored by the clearance of bubbles in the obstructed vessels. The
temporary inereasc of the PbrO- supports this mechanism. At the embolized side the pyruvate
concentration increased by 79% to a maximum after 50 min and remained at that level until
the end of the 2-h study period. A high level of lactate in the brain has been shown to be a
prognostic factor after head injury.”' Microdialysis data from 20 patients with severe head
injury, demonstrated that a lactate level > 1.0 mmol/l was generally observed in patients with

a poor prognosis after such injury.” Valadka et al.* reported on six patients suffering from
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incurable ICP elevation after severe head injury; the patient’s clinical deterioration was
accompanied by a significant increase in brain tissue lactate level.

The lactate/pyruvate (L/P) ratio is 2 well-known marker of cell ischemia.* During ischemia
there is an increased production of lactate whereas pyruvate decreases, i.e. the L/P ratio
increases. An increase of lactate alone is not a good marker of ischemia, because an increase
may be due to hypoxiz or ischemia as well as hypermetabolism. Tn our study, a baseline L/P
ratio of 12.1 (normal range is 10-18), confirmed a normal and stable condition; after
embolizalion the L/P ratio increased to 32.3, indicating ischemia. There is no recovery to
normal values for either lactate or pyruvate, suggesting diminishing clearance by decreasing
blood flow or brain cell damage due to ischemia. Although we were not able to demonstrate
this, the increase of TCP and decrease of CPP suggest an alteration of blood flow.

The present data show that the rise of ICP in CAE is not related to an clevated leve] of
PbrCO;. High interstitial levels of lactate and an increased L/P ratio in the brain due to
hypoxic/ischemic conditions and a decreasing CPP may be an indicator of serious celjular
metabolism derangement and edema of the brain.

In conclusion, this study has shown that CAE has a severe effect on the ICP, glucose and
oxygen delivery and metabolism as measured with multiparameter sensors and microdialysis
techniques. Our model of cerebral air embolism appears therefore to be suitable for the testing

of therapeutic regimens.
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Abstract

QObjective: To evaluate in a model of cerebral air embolism (CAE) the effects of ventilation-
induced hypocapnia and hyperoxemia on intracranial pressure (ICP), cerebral perfusion
pressure (CPP), brain oxygen (PbrOz), brain carbon dioxide (PbrCOs), brain pH (brpH) and
brain glucose and lactate.

Design and setting: Prospective animal study in a university medical center.

Subjects: Fifteen Landrace/Y orkshire pigs.

Interventions: 1n 15 anesthetized pigs ICP, PbrQ,, PbrCQ; and brpH were measured with
multiparameter sensors, and brain glucose and lactate by microdialysis. Alf these parameters
were recorded for 2 h after injection of air into the internal carotid artery. Nine animals were
hyperventilated (PaCO,=+25 mm Hg) and hyperoxygenated (Fi0 1.0) and six animals were
normoventilated (PaCOz + 40 mm Hg with an Fi0» 0.4) and served as controls.

Resufts: In the hypocapnic group the ICP raised from 8 £ | to 52 £ 6 mm Hg, which was
similar to that in the control group (12 £ | to 57 £ 8§ mm Hg). At the end of the 2-h study
period, there were no significant differences in Pbr(s, PbrCO» and brpH between the two
groups. The decreased brain glucose and increased brain lactate reached severe pathological
values by the end of the 2-h study period.

Conclusions: Hypocapnia and hyperoxemia in acute CAE can not improve pathological
functional brain parameters compared with normoventilated controls. Similarly, the
pathological changes in brain glucose/lactate could also not be improved by hypocapnia and
hyperoxemia. These results in animals indicate that this combined therapeutic approach may

not be suitable for humans.
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Introduction

Cerebral air embolism (CAE) is a potential life-threatening result of many medical and
surgical procedures.’ It may also occur as a result of various diagnostic and surgical
proceduses when air is accidently infused into the systemic circulation.” Air bubbles which
occlude the brain vasculature may cause acute neurological events such as coma,
desorientation, focal sensory deficits or motor deficits.! Another problem faced by clinicians
is CAE occuring in divers due to rapid ascent.’ In addition, arterial air embolism can fead to
various cardiovascular symptoms, regardless of the underlying cause.'®

The acute therapy for CAE consists of administration of 100% oxygen in combination with
hyperventilation.”® The rationale for this combined intervention is twofold: first, the increase
in FiOs will improve the ‘off-gassing’ of the bubbles and also improve oxygenation in
occluded brain tissue by diffusion, and second, the hyperventilation-induced hypocapnia
should induce a reduction in ICP to keep the cerebral perfusion pressure {CPP) at the required
level.® However, there is no proof as to whether this treatment does lead to functional
improvement of brain parameters. Therefore, in the current study we wanted to investigate
whether it would be rational to use hyperventilation in combination with hyperoxemia to
improve the functional state of the brain after air embolization.

For this purpose, intracranial pressure (1CP), CPP, brain oxygen (PbrO»), brain carbon
dioxide (PbrCO») and brain pH (brpH) were measured using the microsensor technology, *'¢
and brain metabolism of glucose and lactate by microdialysis.'"'* We hypothesized that after
air embolization, hypocapnia combined with hyperoxemia will improve the functional state of

the brain.

Methods

Animal Care

This study was approved by the Animal Committee of the Erasmus Medical Centre
Rotterdam. Care and handling were in accordance with the European Community guidelines.
Instrumentation and microdialysis analyses

In 15 crossbred Landrace/Y orkshire pigs (30-35 kg) of either sex anesthesia was induced with
10 mg/kg i.m. ketamine (Ketalin 100 mg/ml, Apharmo, Arnhem, the Netherlands) and 0.1
mg/kg i.m. midazolam (Dormicum, Roche Ned., Mijdrecht, the Netherlands). Muscle
relaxation was induced by 0.2 mg/kg i.v pancuronium bromide (Pavulon, Organon Teknika,

Boxtel, the Netherlands).
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After intubation, animals were connected to a ventilator (Serve Ventilator 300, Siemens-
Elema, Sweden) and ventilated in a pressure controlled mode according to the *Open Lung
Concept’."* After the initial recruitment maneuver (2-3 breaths up to a pressure of 40 cm
H-0) all the animals were ventilated with a PEEP of 6 cm H2O, peak pressure of 15+ 3 cm
H-0, an I/E ratio 1:2 and an inspired oxygen fraction (Fi0,) of 0.4. The applied pressure
differences resulted in tidal volumes of 10-12 ml/kg and the frequency was set to maintain
normocapnia (PaCQO» of 35 - 40 mm Hg). Arterial blood gases were measured by the ABL
505 (Radiometer, Copenhagen, Denmark).

Anesthesia was maintained with i.v ketamine (10 mg/kg/h) and midazolam {1 mg/kg/h) and
muscle relaxation with i.v pancuronium bromide (starting with 0.2 mg/kg/h and adapted as
required) while body temperature (measured rectally) was kept within the normal range (37-
38 "C) by means of a healing mattress.

Subsequently, arterial catheters were inserted in both femorai arteries. A multiparameter
sensor (Paratrend/Trendcare, Philips Medical, Bblingen, Germany) was inserted through one
of the catheters for continuous measurements of PaQa, PaCQ,, pH and temperature and
calibrated with conventional blood gas analyses (ABL 505). The arterial blood pressure and
heart rate were measured using a transducer {Statham P23XL, Spectramed, Oxnard, CA,
USA) and continuously recorded on a Hewlett Packard monitor (Merli 688, Agilent,
Boblingen, Germany). The CPP is calculated as the difference between the mean arterial
pressure (MAP) and ICP.

Through the other catheter, a 5 F sheath was inserted in the femoral artery and the
angiocatheter (Biocompatibles Ltd, Farnham, Surrey, UK) was introduced by means of a
guidewire into the intemal carotid artery (left or right side}. After introduction, the position of
the catheter was controlled by arteriography; the diameter of the catheter was small enough to
allow blood flow through the internal carotid artery.

After surgical exposure of the skull, four 6 mm burr holes were made: two at 1.5 ¢ left and
right of the sagittal suture, 4 cm caudal of the upper margin of the orbita, the other two burr
holes 1 cm frontal of the coronalis suture both also left and right of the sagittal suture.
Through a cut in the dura mater a calibrated ICP sensor (Codman, Neuro monitor, Johnson &
Johnson, Berkshire, UK) was inserted in the frontal left burr hole to a depth of 20 mm into the
brain parenchyma, and two multiparameter sensors (Paratrend/ Trendcare, Agilent, Béblingen,
Germany) were inserted in both caudal burr holes to a depth of 25 mm into the white brain
tissue. Into the same caudal burr holes two microdialysis probes (CMA/20, Carnegie

Medicine AB, Solna, Sweden) were inserted by means of a steel guiding needle. The
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membrane of the microdialysis probe has a cut-off value of 20 kDa. Probes were perfused
with an artificial cerebrospinal fluid (manufacturers guide; Carnegie Medicine AB, Solna,
Sweden) at a rate of 2 pl/min with a microinjection pump (CMA100, Carnegie Medicine AB,
Solna, Sweden). Dialysate volumes of 20 pl (sampling time 10 min) were collected in
microvials and stored at —80 °C until analysis. Analysis of the microdialysis samples for
glucose and lactate levels was performed with a CMAG00 analyser (CMA, Carnegie Medicine
AB, Solna, Sweden).

Experimental protocol

After completion of all surgical procedures, there was a 1-hour stabilization period at an FiQ,
of 0.4 before baseline measurements were made. Subsequently, an “oxygen test” '* was
conducted to ensure correct placement of the multiparameter sensor in the brain tissue. In
short, Fi0O; was increased from 0.4 to 1.0 for 15 min and the PbrQO; had to increase sharply; if
the PbrOs did not increase by at least 15 mm Hg, the sensor was advanced a further 3-5 mm
into the brain. PbrO- had to return to baseline values after the FiO, was returned to 0.4.

Thirty minutes after PbrO- had returned to bascline, the baseline values were recorded for all
brain parameters and microdialysis parameters. Then, 0.5 ml/kg of air was injected through
the catheter in the internal carotid artery at about 1 ml air/sec, followed by 3 ml saline at
about 1 ml/sec. After embolization, for the subsequent 2 h, 20 pl dialysates was collected at
10-min intervals. Similarly, at the same time intervals, multiparameter sensor data of the brain
and ICP were recorded. Data on heart rate, MAP, rectal/brain temperature, and blood gases
were recorded continuously and are presented at baseline and at 60 min and 120 min after
embolization for both groups of animals.

Hypocapnic group: In 9 animals, 3 min after embolization, hyperventilation was started by
increasing the frequency and increasing the FiO; from 0.4 to 1.0. The frequency was set to
maintain hypocapnia (PaCOs# 25 mm Hg ). This ventilator setting and the FiQ- level of 1.0
were maintained for the 2-h measuring period.

Control group: Tn 6 animals, 3 min after embolization, normoventilation (PaCO»>= 40 mm Hg
with FiQ2 0.4) was applied; these animals served as control group.

At 2-h after embolization, measurements were stopped and the sensors were again calibrated
to assess any drift in the measured values. All animals were killed by an overdose of

pentobarbital (Euthesate 200 mg/ml, Apharmo, Amhem, the Netherlands).
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Statistical analysis

Data were analyzed using the Instat 2.0 Biostatistics Package (GraphPad Software 93-98, San
Diego, USA). Inter- and intra-group comparisons were analyzed with repeated measures
ANOVA with Dunnet’s multiple comparison test as post-hoc test. Statistical significance was
accepted at a p-value < 0.05. Results are expressed as mean + SD.

Table 1
Data on heart rate, mean arterial pressure, temperalure and blood gascs at bascline, and at 60 and 120 min afier
air embolization for the hypocapnic (n=9) and control group {n=6)

Baseline 60 min 120 min
Heart rate
Hypocapnic 102 +£3 100+ 4 IRREEE
Control 98+ 8 96 + 8 102+6
Mean arterial pressure
Hypocapnic 106+ 2 97 +2 9346
Control 1i+4 118+ § 108+ 8
Rectal temperature
Hypocapnic 37.5+0.1 37.4%0.1 37302
Control 373402 374+02 37401
Brain temperature
Hypocapnic 374402 372402 36.84£03
Control 37402 373+ 0.2 37202
Blood Gases
PaO:
Hypocapnic 199+ 4 S154 13% 521 & 14%4
Control 189+ 35 192+5 191 £4
PaCO;
Hypocapnic 39+1 24 & 1*# 23 £ 134
Control 40£2 43 +2 42 4+ 1
pH
Hypocapnic 7.47 £ 0.01 7.60+ 0.01%# 7.60 £ 0.01%#
Control 7.42 +£0.02 7.39 £+ 0.02 7.43 +0.01
Values are mean + $D MAT, PaOs, PaCO, (mm Hg)
* p < 0.05 intragroup versus bascline Rectal and brain temperature in °C
#p < 0.05 intergroup Heart rate (bpm)
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Results

All animals were in stable cardiocirculatory conditions at baseline and survived the 2-h study
period. Table 1 gives data on heart rate, MAP, rectal/brain temperature, and blood gases at
baseline and at 60 min and 120 min after air embolization for both groups of animals.
Compared to baseline, the ICP increased significantly over time in both groups during the 2-h
study period (Figure 1a) but there were no significant differences between the two groups. In
the hypocapnic group the 1CP increased significantly over time from 8 = 1 {at baseline) to 52
4 6 mm Hg; in the control group ICP increased significantly over time from 12 £ 1 (at
baseline) to 57 = 8 mm Hg. There was a significant difference in CPP between the two groups
at 20 to 70 min after embolization (Figure 1b).

Compared with baseline, after air embolization in both groups there was an immediate and
significant increase in PbrCO», which after 40 min decreased to almost baseline values and
remained stable for the rest of the study (Figure 2). In the hypocapnic group PbrO» rose
immediately when switching FiOs from 0.4 to 1.0, then decreased again and finally reached
the same levels as the normocapnic group veniilated with an FiOs of 0.4 (Figure 2). In both
groups, brpH decreased immediately after air embolization, then slowly improved, but did not
return to baseline values during the 2-h study period (Figure 3).

Figure 4 presents data on brain glucose and lactate during the 2-h study period. Ten minutes
after air embolization, in the hypocapnic group there was a decrease in brain glucose which
continued fo decrease untii the end of the study period. In the control group, after an initial
decrease there was a slight increase during the subsequent 60 min followed by another slight
decrease at the end of the study. After embolization, lactate sharply increased in both groups
and remained high in the hypocapnic group and slightly decreased in the normoventilated

group (Figure 4).

Discussion

The hypothesis of this study was that hypocapnia combined with hyperoxemia would improve
the functional state of the brain in CAE. However, the results clearly show that there was no
improvement in measured brain parameters and, therefore, the hypothesis can not be
supporied.

It is well known that cerebral oxygenation is a crucial factor to maintain the normal
physiology of brain metabolic function. The development of microsensor and microdialysis
technology permits measuring of PbrO; together with PbrCO; and brpH thus enabling

estimation
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Figure 2. Data on brain oxygen (PbrO;) and brain carbon dioxide (PbrCO,) in cerebral air embolism over 2
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of acidosis, and glucose/lactate levels in the brain. However, one has to be aware that a
limitation of this technology is that values derived from the sensor/probe represent data from
a very local area only and do not represent the entire brain. The experimental event described
in the present study is more or less a global insult that should have affected almost all regions
of the brain (even the contralateral side by shunting}, but predominantly the areas monitored
by the sensors/probes. In addition, for the microdialysis, one has to consider that the total
recovered amount of glucose/lactate depends on the membrane length of the probe and the
flow rate used. Applying our experimental set-up, we could recover in vitro 22% and 39%,
respectively, from known concentrations of glucose and lactate. These in vitro percentages
were then used to correct the values of glucose and lactate measured in the brain, as
recommended by Hillered et al.'?

CAE is an iatrogenic complication of numerous invasive medical procedures in anesthesia
and intensive care.”” Intensive care physicians are often confronted with this severe
complication during high-risk interventions, e.g. in cardiovascular surgery using
extracorporeal circulation, in neurosurgery, and in routine procedures involving placement of
central venous catheters.* Air bubbles in the cerebral arteries cause an abrupt occlusion of
blood flow in the areas supplied by these vessels, leading to ischemic damage if arterial

' In fact, bubbles have a natural tendency to dissolve 7 and several

obstruction continues.
interventions can be uscd to accelerate this process.” Otherwise they can remain in the
intravascular space for more than 24 h '® ; for bubbles with a diameter of 4 mm it can take up
to 560 min before they disappear.’® Moreover, the pathophysiology of CAE is complex and
involves more than vessel occlusion alone; CAE can damage cerebral endothelium, initiating
a complex inflammatory response that causes secondary injury and cerebral edema resulting
in an increase in ICP.'%%

A high FiO; increases oxygen content in the blood and leads to blood denitrogenation; this
increases the pressure gradient of nitrogen between the air bubbles and blood, and thus
improves the diffusion of nitrogen from the bubble into blood leading to disappearance of the
bubble.”" Rat studies have shown that, with increasing oxygen concentration, bubbles resolve
more rapidly than with normal air breathing.”>** In a mathematical model it was calculated
that the time needed for a bubble to disappear is 12 h with at an FiQz0f 1.0 and up to 40 h
with an FiQ, of 0.4.>*** When comparing these theoretical data with in vivo data (using
computer tomography to measure the bubble clearance) the absorption time was also 3 times

faster when switching FiQ, from 0.4 to 1 0%
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In the present study, the baseline values for ICP were comparable with data from other animal
studies.'™ ™ After air embolization in our animals, ICP rose progressively over the study
period to very high pathological values independent of hypocapnia and hyperoxemia.

In the current study, all the detrimental changes in all the other measured parameters can be
explained by the following two mechanisms. On the one hand by occlusion (leading to
hypoxia) and, on the other hand, by the increase in ICP. There was a significant decrease in
MAP in the hyperventilated group resulting in a significant decrease in CPP in the
hypocapnic group (at 20-70 min) which probably caused the deterioration of the PbrQ, after
the initial increase. In both groups, end values of brain glucose and lactate were at levels of
compromised brain tissue in severe head injuries.”” **

In our study, compared with the normoventilated group, hyperventilation resulted in a smaller
increase in PbrCO; within 10 min after air embolization; surprisingly after 30 min PbrCO-
values in the hypocapnic were almost the same as controls, despite continuous hyper-
ventilation. 1t has been discussed whether or not hyperventilation has a detrimental effect on
the brain **"; reducing the PaCOa to 25 mm Hg decreases the global cerebral blood flow by
30-40% which is a level associated with mild cerebral ischemia * and in some pathological
conditions hypcrventilation can even be detrimental e.g. in stroke, ** permanent focal cerebral
ischemia " during neonatal extracorporcal-membrane oxygenation *' and in infants with
perinatal anoxia.™ Similarty, a study in humans reported that slowing down of the EEG
induced by hyperventilation could be reversed by hyperbaric oxygen, which indicates that
hyperventilation reduces oxygen delivery and limits cerebral metabolism.** Finally, brain
lactate concentrations increase during severe hypocapnia and are inversely proportional to
PaCO-, which suggests insufficient oxygen to maintain oxidative metabolism, 2

In conclusion, in the present study hypocapnia combined with hyperoxemia (FiO2of 1.0) in
CAE does not improve the functional state of the brain as compared with normocapnia (FiO,
of 0.4). These results in animals indicate that this combined therapeutic approach may not be
suitable for humans with CAE. Further studies should investigate whether even hypercapnia

may have beneficial effects on the functional state of the brain.
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Abstract

Objective: 'To evaluate the effects of hyperbaric oxygen (HBO) treatment after cerebral air
embolism {CAE) on intracranial pressure (ICP), brain oxygenation (PbrQO-), brain
glucose/lactate metabolism and EEG.

Design and seftting: Prospective animal study in a hyperbaric chamber.

Subjects: Eleven Landrace/Yorkshire pigs.

Interventions: In 11 anesthetized pigs, ICP and PbrO; were measured with microsensor
technology, brain glucose/lactate by microdialysis, and EEG by conventional methods. After
injection of air into the internal carotid artery, animals were treated immediately (at 3 min;
t=3) or at 60 min (t=60) with standard HBO therapy for 5 h.

Results: At the end of HBO treatment, ICP in the =60 group (39 = 8 mm Hg) was
significantly higher than in the =3 group (27 £ 6 mm Hg), PbrO; vatues for group t=3 and
=060 were 66 14 and 52 +15 mmHg, respectively (no significant difference from baseline),
and there were no pathological scores in the visually assessed EEG. However, there was a
significant decrease in brain glucose and a significant increase in brain lactate in both groups
at the end of the 5-h study period.

Conclusions: 1In this study, hyperbaric oxygen treatment initiated at both 3 and 60 min after
embolization decreased the deleterious effects of CAE on ICP and brain metabolism.
Therefore, this model appears suitable to test the application of HBO treatment with a delay

longer than 60 min after embolization, as is often the case in the clinical situation.
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Introduction

Arterial air embolism is a serious hazard because air bubbles may reach any organ and result
in local hypoxemia. However, cerebral air embolism (CAE) is particularly dangerous because
the brain is highly vulnerable for hypoxia. CAE is thus a severe and potentially life-
threatening complication that is known to occur during neurosurgery/cardiothoracic surgery
and during various diagnostic and therapeutic procedures and in diving medicine.'?
Hyperbaric oxygen (HBO) therapy has been advocated as a therapy for CAE, whereby the
patient breathes 100% oxygen at a pressure above that of the atmosphere at sea level.* The
inercased ambient pressure {(decreases the size of the gas bubbles) and the resulting systemic
hyperoxia improves oxygenation of hypoxic tissue.

Questions have been raised about the effect of HBO therapy in relation to timing of treatment.
Most investigators agree, however, that carly, rather than late, treatment is most appropriate
for an air embolism.™® Unfortunately, data supporting this statement are more anecdotal than
scientific.™®

We have developed a pig model for CAE measuring iniracranial pressure (ICF) and brain
oxygenation (PbrQ,) with microsensor technology, and brain glucose/lactate metabolism by
microdialysis, to characterize the effects of air embolism on the brain. The results of that
study showed that CAE has a deleterious effect on both ICP and brain metabolism.’
Therefore, in the present study, HBO treatment was applied to treat CAE at two different time
periods after embolization. We added electroencephalograph (EEG) monitoring in this study
to further characterize the model, sinee the EEG can detect cerebral ischemia almost
immediately '’ and because it is a non-invasive technique and easy to apply in a clinical
situation (in contrast with the other measured parameters using sensors in the brain tissue,
which are more suitable in an experimental setting).

We hypothesized that immediate HBO treatment of CAE will result in less brain impairment
(as characterized by the measured parameters) than delayed treatment. Therefore, in this
study, HBO treaiment was started immediately at 3 min (ideaily, when the hyperbaric
chamber is on location e.g. during diving) or after a delay of 60 min {more realisticin a

clinical situation) after inducing a cerebral air embolism.
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Methods

Animal Care

This study was approved by the Animal Committee of the Erasmus Medical Center
Rotterdam. Care and handling were in accordance with the European Community guidelines.
All experiments were performed in the hyperbaric chamber (Haux, Karlsbad-Ittersbach,
Germany) of the Diving Technical Center of the Royal Netherlands Navy in Den Helder.
Surgical and anesthetic procedures

In 11 crossbred Landrace/Y orkshire pigs of either sex (30-35 kg) anesthesia was induced with
0.1 mlkg i.m. ketamine (Ketalin 100 mg/ml, Apharmo, Arnhem, the Netherlands) and 0.1
mg/kg i.m. midazolam (Dormicum, Roche Ned., Mijdrecht, the Netherlands). Muscle
relaxation was induced by 0.2 mg/kg i.v pancuronium bromide (Pavulon, Organon Teknika,
Boxtel, the Netherlands).

After intubation, animals were connecied io a ventilator (Servo Ventilator 900C, Siemens-
Elema, Sweden) and ventilated in a pressure controlled mode according to the ‘Open Lung
Concept’.'" After the initial recruitment maneuver, animals were ventilated with a positive
end-expiratory pressure (PEEP) of 6 cm H>QO, peak pressure of 15+ 3 ¢m H,O, an
inspiratory/expiratory {(I/E) ratio 1:2 and an inspired oxygen fraction (FiO,) of 0.4. Tidal
volume was 10-12 ml/kg and frequency was set to maintain normocapnia (PaCQ: of 35 - 40
mm Hg). Anesthesia was maintained with i.v. ketamine (10 mg/kg/h) and midazolam (1
mg/kg/h} and muscle relaxation with i.v. pancuronium bromide (starting with 0.2 mg/kg/h and
adapted as required), while body temperature (measured rectally) was kept within the normal
range (37-38 °C) by means of a heating lamp.

Subsequently, arterial catheters were inserted in both femoral vessels. In the right femoral
artery, the mean arterial blood pressure and heart rate was measured using a transducer
(Statham P23XL, Spectramed, Oxnard, CA, USA) and continuously recorded on a Siemens
9000C Monitor {Siemens, Voorburg, the Netherlands). Arterial blood gases, blood glucose/
lactate and hematocrit levels were measured using conventional methods {GEM, Premier
3000, Instrumentation Laboratory, Breda, the Netherlands). The cerebral perfusion pressure
(CPP) was calculated as the difference between mean arterial pressure (MAP) and ICP.
Through a 5 F sheath in the left femoral artery, the angiocatheter {Biocompatibles Lid.,
Farnham, Surrey, UK) was introduced by means of a guidewire into the internal carotid artery

(left or right). After introduction, the position of the catheter was controlled by arteriography;
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the diameter of the catheter was small enough to allow blood flow in the internal carotid
artery.

After surgical exposure of the skull, three 6-mm burr holes were made: two at 1.5 cm left and
right of the sagittal suture and 4 cm caudal of the upper margin of the orbita, the other burr
hole | cm frontal of the coronalis suture also right of the sagittal suture. Through a cut in the
dura mater a calibrated intracranial pressure sensor (Codman Neuromoniter, Johnson &
Johnson, Berkshire, UK} was inserted in the frontal right burr hole to a depth of 20 mm into
the brain parenchyma, and two oxygen sensors (Licox, GMS mbH, Kiel-Mielkendorf,
Germany) were inserted in both caudal burr holes to a depth of 5 mm. Probes were placed at

a tip depth to target iemporal white matter. Brain temperature was measured concurrently

using a companion Licox temperature probe. Pbr(C» was then corrected for brain temperature
using the Licox computer. Into the same caudal burr holes two microdialysis probes

(CMA/20, Carnegie Medicine AB, Solna, Sweden) were inserted by means of a steel guiding

needle. The membrane of the microdialysis probe has a cut-off value of 20 kDa, a length of
10 mm and a diameter of 0.5 mm, Probes were perfused with an artificial cerebrospinal fluid
at a rate of 2 pl/min with a microinjection pump {CMA100, Carnegie Medicine AB, Solna,
Sweden). Dialysate volumes of 20 ul (sampling time 10 min) were collected in microvials and
stored at —80 "C until analysis. Analysis of the microdialysis samples for glucose, lactate,
pyruvate and glycerol was performed with an analyser (CMA 600, Carmegie Medicine AB,
Solna, Sweden).

Licox measurements

The two brain oxygen sensors used were flexible polarographic Clark-type probes (identical
to those used in clinical neurosurgery) with a polyethylene surface. For hyperbaric
measurements the oxygen sensor cable (a coax cable approx. 1.5 m long) was cut and
connected with cable sockets and connectors to the hyperbaric chamber wall. Inside the
chamber a coax cable (approx. 1.5 m long} was connected from the chamber wall to the
oxygen sensors. The temperature cable (a regular cable} was connected in the same way with
sockets and connectors. The calibration procedure for hyperbaric conditions has been
published earlier by our group. > :
EEG recording :
The EEG was recorded on a PC system with Schwarzer Handy Brain |1 (OSG, Rumst, |
Belgium), sample frequency 250 Hz and bandpass 0.13-70 Hz (-3 dB) and an average

reference. Stainless steel needle electrodes were inserted in the skin and were positioned with

reference to a line connecting both medial eye borders. The most frontal pair of electrodes
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were inserted 1 cm behind the reference line and 3 cm lateral left and right of the midline, a
second and third pair 4 cm leit and right of the midline and 2.5 cm and 4 em behind the
reference line respectively. Two more electrodes were positioned 2 ¢cm in front of the
reference line and 1 cm left (M 1) and right (M2) of the midline to enable montage with a
common midline reference.

Experimental protocol

After instrumentation of the animals there was a 1-h stabilization period at an FiO, of 0.4
{baseline measurement) before conducting an “oxygen test” "3 which was performed to ensure
gorrect placement of the oxygen sensors in the brain tissue: briefly, FiO, was increased from
0.4 10 1.0 and remained at 1.0 during the remainder of the experiment. PbrO; had to increase
by at least 15 mmHg, if not, the sensor was advanced a further 3-5 mm into the brain. Then,
in each animal a hyperbaric exposure was performed for 10 min at 2 8 bar and for 10 min at
1.9 bar at an FiO- of 1.0 to record baseline data for PbrO; at these two pressures, After the
pressure had returned to values recorded in the oxygen test, values for brain tissue and
microdialysis parameters were recorded. Then, 0.5 ml/kg of air was injected through the
catheter in the internal carotid artery at | mi air/s and (to allow for catheter dead space}
immediately followed by 3 ml saline at 1 ml/s. One group of animals (group A, 6 animals)
was treated with HBO starting within 3 min after embolization. The second group (group B, 5
animals) was treated with HBO 60 min afier embolization. In the time between embolization
and treatment, this latter group of animals was hyperventilated to get a PaCO» £+ 30 mm Hg at
an FiO: of 1.0.

Hyperbaric treatment was initiated in accordance with the US Navy Treatment Table 6 (4.48
h} (Figure 1, see also Discussion) for arterial gas embolism, *'*

Treatment was done in a hyperbaric chamber in which a technician or nurse set the ventilator,
took blood gases and microdialysis sampling. During the study period, from each animal 20
ul microdialysate was collected at 10-min intervals. At the same time intervals, all other data
were recorded. Ten minutes after HBO treatment ended, measurements were stopped and the
sensors were calibrated again to assess any drift in the measured values. The animals were
killed by an overdose of pentobarbital (Euthesate 200 mg/ml, Apharmo, Arnhem, the
Netherlands).
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Hyperbaric tfreatment table USN 6

400

340

280

220

160

1.00

0 2 22 27 47 82 72 77 107 122 182 197 257 262 202 302

Figure 1. Hyperbaric Oxygen Treatment table Table 6.United States Navy.

According to this protacol, one starts initial compression 1o 2.8 bar (18 m cquivalent depth) breathing 100%
oxygen for 20 min and continues [or two periods of 20 min oxygen breathing with 5 min air breathing, than over
a 30-min period , there is a decrcasc pressure from 2.8 bar to 1.9 bar breathing 100% oxygen. At 1.9 bar, there
are two periods of 60 min oxygen breathing with 15 min air breathing, followed by a decrease te 1.0 bar on
100% oxygea during a 30 min period.

EEG analysis

EEG was recorded at the same time as the other variables. EEG recordings were visually
assessed and scored as follows: 1 = no cerebral activity; 2 = burst suppression; 3 to 6 =
predominantly delta, theta, alpha or beta activity. In addition, after embolization, the time to
the first changes in EEG were recorded, as well as the time to complete disappearance of EEG
activity, and the total time of iso-electric EEG. Quantitative analysis of the changes in EEG
will be published elsewhere.

Statistical analysis

Two-way and one-way analysis of variance for repeated measures with Dunnet’s muitiple
comparison test as post-hoc test and the Student’s /- test were used as appropriate. Statistical

significance was accepted at a p-value < 0.05. Results are expressed as mean + SD.
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Results

Table 1 presents data on all measured parameters before embolization (baseline) and after
HBO treatment. There were no significant differences between the two groups at baseline.

All animals survived the study period in group A, in group B one pig died during HBO
treatment due to increased ICP and herniation (Table 3, animal 5). This latter animal had a
baseline ICP of 17 mm Hg which, after embolization, increased to 39 mm Hg after 60 min
and continued to increase to 70 mm Hg {with a CPP of 35 mm Hg) in spite of HBO treatment.
After 3 h, there was an iso-electric EEG and after waiting for 15 min we decided to stop HBO
treatment in this pig. Subsequently, severe pathological values were found in this animal:
brain lactate values of 4.13 umol/l and brain glucose 0.87 pmol/l.

In both groups of animals 1CP increased continuously during the study period. However, the
increase in ICP was greater in the group treated after 60 min. Intergroup differences in ICP

were significant at 5 h only (Figure 2).
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Figure 2. Intracranial pressure (1CP} for group A (1 =3} and group B (1= 60).
Values are mean £ SD. Open cireles 1 = 3 min, closed circles t = 60 min.
¥ p < 0.05 intragroup versus baseline ** p < 0.05 intergroup
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Table 1

Data on measured parameters in the two study groups.

Baseline End

Group A Group B Group A Group B

t=3 min t =60 min t=3 min t= 60 min
Heart rate 98 + 14 94 %6 20=*6 938
MAP 12+11 120+ 6 111 +£6 114+ 10
Body temperature 373£05 37.1 =08 37.7+£ 08 37.8+0.7
Blood
PaCs 540+43 528435 532 £33 515£33
PaCO; 425 413 4246 37+£2
pH 744005 748+0.03 746+ 0.05 7.49:+0.04
Glucose 59406 5509 50+£05 48+09
Lactate 1.1+£0.7 0.7+ 02 0.6x0.2 0.8+0.1
Hematocrit 026 +0.02 027+0.03 025+0.02 026002
Brain
Intracranial pressure 14+7 15+5 27 + 6+ 39 + 8+
Brain temperature 377107 37.6+08 38.4+0.8 38.1£06
Brain glucose 3231064 3.73+0.68 225+098*% 1.41x0.82*
Brain lactate 077+0.18 0.85+£0.26 231 +£1.46% 3.00+1.33*
Brain pyruvate 109.5+£98.6 108393 311462  134+493
Brain glycerol 94.6=59.9 1335777 640542 1019724

Values are mean + SD

* p < (.05 versus baseline

# p < 0.05 intergroup differences

Body and brain temperature {°C})

Hearl rate (bpm)

MAP, PaQ,, PaCQs, ICP (mm Hg) :
Blood and brain glucose and lactate {mmol/l} z
Brain pyruvate and glycerol {umol/l} :
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Brain oxygenation

Figure 3 shows data on PbrO, during the first 10 min after embolization. In group A, PbrO-
decreased within 3 min after embolization and then increased within 7 min after starting HBO
treatment af 2.8 bar. Thereafler, PbrO» decreased at 1.9 bar and then remained stable for the

rest of the experiment.

Brain oxygen
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Figure 3. Data on brain oxygenation {PbrO,) during the first 1¢ min after air embolization for group A (1=
min) and group B {t = 60 min). Values are mean + SD. Open circles t = 3 min, closed circles 1 = 60 min, closed
triangles first 10 min after starting HBO treament (60 min after embolization).
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Figure 4. Data on brain oxygenation {Pbr0-) hourly for group A (t=3 min) and group B (1= 60 min} during
hyperbaric oxygen treatment. Values are mean £ SD. Open circles t= 3 min, closed circles 1 = 60 min.
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In group B, PbrQ: stayed relatively fow during the first hour after embolization and then also
increased during the first 10 min of the HBO treatment (Figure 2),

Table 2 presents data on brain oxygen during each change in FiO» or pressure during HBO
treatment according Table 6 USN.

Figure 4 shows data on PbrO; for both groups for each hour up to the end of the hyperbaric
treatment (5 h). At the end of treatment, PbrO, values for group A and B were 66 + 14 and 52
+ 15 mm Hg, respectively.

Microdialysis

Table 2 gives data on brain glucose and brain lactate during the study period. Atthe end of
the experiment, both groups had a significant decrease in glucose compared with intragroup
baseline values. Whereas at | bar, lactate showed a trend in both groups to increase over time,
the early treatment group had a Jower lactate level over time than the later treatment group
(Table 2). After treatment there was a significant increase in lactate versus baseline for both
groups. There were small, non-significant and non-consistent changes in brain pyruvate and
glycerol.

EEG resuits

EEG values are given in Tables 3 and 4. Table 3 gives data for each animal at different time
points. Table 4 shows that there was no correlation between the length of the iso-electric
period and the final EEG scores. In both groups there was no difference in recovery time and

normalisation of the EEG after embolization.

Discussion

The results of this study demonstrate that HBO therapy within 3 min of CAE leads to a
greater reduction in ICP than treatment after 60 min. Moreover, compared with untreated
animals in our previous study using the same CAE model,” both the 3 and 60 min groups had
a lower ICP throughout the study period. In the current study there were no differences in
PbrO, either before embolism or after 5 h of HBO treatment. The PbrO; values at the end of
the experiments (not different from baseline values before embolisation) suggest that HBO
was able to prevent very damaging effects due to CAE, at least in this study. The
effectiveness of HBO therapy is also confinmed by the EEG results in this study. However,
there was a continuous increase in brain lactate ievels and lower brain glucose levels over the

study period.
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Table 3
Data on EEG scores

Scores: 1 Iso-electric
2 Burst suppression
3 Predominantly delta
4 Predominantly theta
5 Predominantly alpha
6 Predominantly beta {(normal)

Time period Animal (and group t=3 or t = 60}

Animal 1 2 3 4 5 6 7 8 9 10 11
Delay J 3 3 60 60 6t 3 3 600 60 3
Baseline 6 6 6 5 5 4] 5 6 5 6 6
[0 min 5 6 5 2 4 4 5 4 5 6 4
60 min 6 6 6 4 4 6 6 5 5 6 6
70 min 5 6 6 4 4 6 5 5 5 6 6
2h 6 5 6 5 4 6 6 5 6 6 6
3h 4 6 5 5 4 5 5 5 5 6 6
4h 6 5 6 5 b 6 5 4 5 6 6
5h 5 & 6 4 6

6h

End" 6 & 6 5 | 6 4 4 5 6 6
Time(s) to first EEG changes 10 4 21 2 7 12 13 12 12 16 18
Time(s) to iso-clectric EEG 15 15 30 28 20 34 19 23 ¢ 24 29
Duration(s) of iso-glectric EEG 65 45 90 102 70 54 62 280 ¢ 24 135

? End is last recording afier surfacing

® Missing values due to earlier ending of experiment {animal 5 developed a persisting iso-glectric EEG for at

least 15 minutes
¢ No development of iso-electric EEG

Table 4

Data on EEG: Time to first EEG changes afler embolization, time to iso-eiectric EEG and duration of iso-

electric EEG in both groups.

Group A (t=3, 6 animals ) Group B (=60, 5 animals}

Time to first EEG changes (s) 13.0+6.0
Time to iso-electric EEG (s) 21.8+6.6
Duration of iso-electric EEG (s) 112.8+62.5

13.8+5.6
26.5+6.0
87.7+£325

Values are mean = SD
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It is well established that cerebral oxygenation is crucial for the maintenance of normal brain
metabolic function. Advancements in microsensor and microdialysis technology allow to
measure PbrO» together with brain glucose/lactate, thus enabling estimation of acidosis and
glucose/lactate levels in the brain. However, one limitation of this technology is that values
derived from the sensor/probe represent data from a very local area only and do not represent
the entire brain. The experimental event described in the present study is more or [ess a global
insult that should have affected almost all regions of the brain (even the contralateral side by
shunting), but predominantly the areas monitored by the sensors/probes. In addition, for the
microdialysis, one has to consider that the total recovered amount of glucose/lactate depends
on the membrane length of the probe and the flow rate used. Applying our experimental set-
up, we could recover in vitro 22% and 39%, respectively, from known concentrations of
ghicose and lactate. These in vitro percentages were then used to correct the values of glucose
and lactate measured in the brain, as recommended by Hillered et al."”

At the end of the study period there were no significant changes in PbrO» ; however, the
lactate valucs increased over time suggesting anaerobic metabolism. Whether these data can
be attributed to the temporary low PbrCa during air breathing during HBO treatment, or due to
the occlusion of brain vessels by air embolism, is difficult to determine. The significantly
lower glucose levels in both groups at the end of the study suggest decreased perfusion. On
the other hand, the PbrO:and EEG data indicate that brain metabolism was within “normal”
range throughout the study period. Hosmann and colleagues, who combined EEG, cerebral
blood flow and cerebral metabolism in a CAE model, found that, with a depressed EEG (in
contrast to our results) there was a pronounced reactive hyperemia and concluded that there
was a transient uncoupling of blood flow, electrophysiological function and metabolism.'®
Cerebral air embolism is known to lead to a progressive increase in ICP.'™® In the present
study, after embolization HBO treatment was able to prevent a further increase in ICP.
Furthermore, CPP values of 84 and 75 mm Hg for group A and B, respectively, at the end of
the treatment does not indicate general brain ischemia, which is also supported by the visually
assessed normal EEG scores.

One study has shown that intracarotid injection of air caused reversible suppression of the
EEG which can be divided into immediate effects (generalized, transient and ischemic), and
secondary effects beginning 1-12 h after the embolism which arve of a focal irritative nature
and may lead to status epilepticus.'® Meldrum et al. reported that, after embolization, the EEG
has an isoelectric period after 15-30 s which lasts 84-100 s. Our results were similar: time to

the iso-electric EEG period was + 22-27 s which lasted for 88-113 s.'” In the present study,
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one of our 11 animals failed to show any EEG changes immediately after CAE compared

with 2 of 21 animals in the study by Meldrum et al.'

HBO treatment is the primary therapy for CAE. However, one of the main criticisms about

the application of HBO therapy is that no prospective randomised trials have been performed

to prove its benefit.*® Furthermore, only a few animal studies have demonstrated the benefits
of HBO therapy in CAE.*'*? On the other hand, a review of patients treated with HBO clearly
indicates improved outcome (as charaterized e.g. by neurological examination, neuro-
physiological techniques such as EEG, somato-sensory evoked potentials and neuro-
psychometric tests) compared to non-recompression treatment.” Our HBO treatment was
based on the US Navy (USN) protocol (designated as Table 6 USN, Figure 1), used for
treatment of patients suffering from CAE."

The rationale for HBO treatment is;

1. compression to 2.8 bar reduces the diameter of the air bubbles. Using a dog model, Leitch
et al. evaluated the efficacy of HBO treatment of arterial gas embolism at pressures
ranging from 2.8 bar to 10.0 bar breathing air and at 2.8 bar oxygen: there were no
significant differences in the recovery rates of the neurophysiological parameters (e.g
somatosensory evoked potentials) and none of the treatments was more effective than
oxygen administration at 2.8 bar (i.e. Table 6 USN).*!

2. ahigh FiO, increases oxygen pressure in the blood which improves the diffusion of
nitrogen from the bubble into blood, enhancing the disappearance of the bubble. In a
mathematical model it was calculated that the time needed for bubbles to disappear is 15 h
with an FiOzof 1.0 and up to 40 h with an FiQ, of 0.4.*

3. the high arterial oxygen pressure provides an increased oxygen diffusion gradient which
improves oxygenation of hypoxic tissue.”

4. hyperbaric oxygen may help to prevent cerebral edema by vascconstriction and
diminishes the adherence of leukocytes to “bubble-damaged” endothelium, %

There is no consensus about how long the delay may be between embolization and HBO

treatment.™ However, most investigators agree that earlier, rather than later, treatment is

most appropriate for an air embolus,™ Davis and colleagues noted that the best results of
treatment for CAE is therapy within minutes after the event.” This apparently comes from
cases in a military or commercial diving environment, where the diagnosis was quickly made
and treatment facilities were available. Although prompt HBO intervention is likely to lead to
betier neurological recovery, successful treatment has been reported in patients even aftera

delay of 6-24 h.*?!
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In a clinical situation of CAE, a delay of one hour or longer is more realistic. Two
retrospective studies on iatrogenic CAE had a mean delay of 8 and 17 h, respectively, before
initiation of hyperbaric treatment. > In both studies, 50% of the patients recovered from all
neurological symptoms, but in the group with a 17 h delay in treatment 35% had severe
neurological sequelae or deaths compared with 18% in the group treated with an 8 h delay.
In addition, it was recently demonstrated that patients treated with HBO within 6 h had a
better outcome (68% complete recovery of all neurological deficits by neurological
examination) than those treated later (40% recovery).®

In conclusion, our study shows that oxygen breathing increases PbrO- which can be further
increased by HBO therapy which reduces the risk of severe brain hypoxia. Future studies
should investigate the progress of the measured parameters in the individual animals after the
end of the 5-h study period (for, say, 5-12 h); this is particularly interesting because some of
our values were within “normal” range (PbrQ,, EEG) or were abberant (ICP, brain
glucose/lactate). The results also suggest that this CAE model is suitable to elucidate the
consequences of different delay periods between the onset of hyperbaric oxygen treatment

after embolization.
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Abstract

The purpose of this study was to evaluate the contribution of quantitative EEG (qEEG) to an
animal model of cerebral air embolism (CAE). In twelve anesthetized pigs, air was injected
into the internal carotid artery, and HBO treatment was started after either 3 min or 60 min
(US Navy treatment table 6). Off-line spectral analysis was used to determine the frequency
content of the EEG signal and factor analysis was performed to determine the frequency
ranges that optimally showed the changes in the power spectrum.

Factor analysis revealed two factors that represented different and independent spectral
changes during embolization, 0.5-7.3 Hz (band 1} and 26.4-30.3 Hz (band 2). Shortly after
embolization, the power in both bands decreased to an minimum, representing an isoelectric
EEG in 11 out of the 12 animals. EEG differences between animals were considerabie,
despite standardized doses of injected air, and qEEG can objectively assess and quantify these
differences in immediate impact of air embolism on brain function. Also, gEEG enabled
monitoring of the recovery from the initial embolic event and the response on treatment. The
initial recovery was much more protracted in band 2 than in band 1, but even after completing
HBO treatment, gEEG values did not return to baseline values in all animals. In addition, two
animals did not survive until the end of the HBO treatment and qEEG proved to be superior to
the other measured hemodynamic variables to detect and assure a deterioration of brain
function.

In conclusion, this study showed that gEEG monitoring has significant additional value to

monitoring hyperbaric oxygen treatment.
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Introduction

Various medical situations can introduce air in the arterial blood vessels, leading to air
cmbolism.! Air embolism is especially dangerous when it affects the cercbral circulation,
because the brain is highly vulnerable to hypoxia. In the clinical setting, cerebral air
embolism (CAE) can occur, for example, as a complication of cardio-aortic surgery or carotid
endarterectomy, which often leads to permanent residual neurological deficits.

In diving, CAE is a feared complication of pulmonary barotrauma and is the major cause of
lethal diving accidents.” In diving medicine, hyperbaric oxygen (HBO) treatment is a well-
established therapy for CAE. Largely based on clinical experience, its beneficial effect can
be impressive and may lead to complete recovery from severe neurological deficits in divers.
Although HBO treatment is also regarded as the therapy of choice in iatrogenic CAE, its use
remains controversial.*

Recently, Van Hulst et al.” developed an animal model of severe CAE to study its
pathophysiological impact on brain hemodynamics and metabolism, as well as the effects of
normobaric and hyperbaric oxygen. To provide a direct measure of brain function, visually
assessed EEG was added.

The present study extends the model with quantitative EEG (qEEG) which allows a more
objective and quantitative evaluation of changes in brain function. Moreover, trend lines can

%% The contribution of

be calculated to detect changes over time during on-line monitoring.
qEEG monitoring to the previously described animal model of CAE during HBO therapy was

evaluated.

Methods

Animal Care

This study was approved by the Animal Committee of the Erasmus Medical Center
Rotterdam. Care and handling were in accordance with the latest European Community
guidelines.

Surgical and analytical procedures

A detailed description of the surgical and analytical procedures of the used pig model have
recently been published by Van Hulst et al.”

1n brief: in twelve cross-bred Landrace/Yorkshire pigs of either sex (32-36 kg), anesthesia
was induced with ketamine and intramuscular midazolam, and maintained with ketamine (10

mg/kg/h) and midazolam (1 mg/ke/h). Pancuronium was used for neuromuscular relaxation.
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Body temperature was kept within the normal range (37-38 °C) by means of a heating
mattress.

The animals were ventilated in a pressure-controlled mode according to the ‘Open Lung
Concept’ with a positive end-expiratory pressure of 6 cm H20.° Ventilation frequency was set
to maintain normocapnia (PaCOs 35-40 mm Hg). An angiocatheter was positioned into the
internal carotid artery to enable air injection. Intra-arterial blood pressure was continuously
monitored and arterial blood gases were measured using conventional methods.

Three bore holes in the skull were made and a calibrated intracranial pressure sensor
{Codman Neuromonitor, Johnson & Johnson, Berkshire, UK), two oxygen sensors {Licox,
GMS mbH, Kiel-Mielkendorf, Germany) and two microdialysis probes (CMA/20, Carnegie
Medicine AB, Solna, Sweden) were inserted and positioned.

EEG recording method

The EEG was recorded on a PC system with a Schwarzer HandyBrain 11 (OSG, Runst,
Belgium), with a sample frequency of 250 Hz and a bandpass filter of 0.13-70 Hz (-3 dB).
The EEG device was positioned within the hyperbaric chamber (see below). Stainless steel
needle electrodes were inserted in the skin and positioned with reference to a line connecting
both medial eye borders: the most frontal pair of electrodes was inserted 1 em behind this
reference line and 3 cm left and right of the midline, a second and third pair 4 cm lefl and
right of the midline and 2.5 cm and 4 cm behind the reference line, respectively. Two more
electrodes were positioned 2 cm in front of the reference line and | cm left (M1) and right
(M2) of the midline. A common midline reference montage was used with a connection of
M1 and M2 as reference. The EEG was recorded continuously during the 6-h experiment. For
analysis, smalier EEG periods were sclected (see Figure 1).

Experimental protocol

The experiments were performed in a multiplace hyperbaric unit (Haux Medusa, Karlsbad-
Ittersbach, Germany). A hyperbaric technician/nurse performed the bloodgas and
microdialysis sampling and controlled the ventilation settings.

After completion of all surgical procedures, EEG recording was started and a 1-h stabilization
period was allowed. Then, a normobaric 100% oxygen test was performed and, subsequently,
a compression test was performed for 10 min at 18 meters of seawater (msw; 2.8 bar) and 10
min at 9 msw (1.9 bar) on 100% oxygen, to provide adequate baseline measurements at these
freatment depths.

Next, 0.5 ml/kg of air was injected through the catheter into the internal carotid artery at | m!l

air/s, followed by 3 ml of saline at 1 ml/s. This procedure, accounted for catheter dead space.
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The animals were randomly assigned to two groups. In group A (n=7), the HBO treatment
was started 3 min after embolization and in group B (n=5) after 60 min. Meanwhile, group B
animals were hyperventilated (PaCQ» = 30 mm Hg) on 100% oxygen. HBO treatment was
initiated in accordance with the US Navy Treatment Table 6 for arterial gas embolism, '
Although all variables were recorded continuously, for EEG analyses attention was focused
on selected measurement segments (see Figure 1).

At the end of the experiment, the animals were killed by an overdose of pentobarbital.

B0 - B3 MOV N31-NB4™ HB1 - HB16 END
-« Ll L >4
18 msw
D Pericds of 100% oxygen El Periads of air
9 msw
| I LI | ] | 1 1 0 msw
t = 3 or 68 min 20 5 20 520 5 30 15 60 15 60 5 30

Hyperbaric Oxygen Treatment (US Navy table 6}, duration of periods in minutes
Startalrinjection

| Selecled EEG periods (100 8)
Il Setected EEG period for maving average (10 min)
Figure 1
Experimental protocol of the hyperbaric oxygen freatment. The delay before treatment was 3 minutes for group
A and 60 minutes for group B (* = additionally selecled segments for group B, during the 60 minutes before

HBO treatment; for group A, the MOV period extends into the hyperbaric period). B=Baseline, MOV=Moving
Average, NB=Normobaric, HB=Hyperbaric, END=end of experiment.

qEEG analysis

During the experiments, the animals were monitored by visual EEG assessment. The
development and persistence for 15 min or more of an isoelectric EEG in combination with
markedly increased ICP values {(>50 mm Hg) during the HBO treatment was considered an
end-point. After the experiments, off-line quantitative EEG analysis was performed. For this
purpose, EEG segments were selected, starting from the measurement periods indicated in
Figure 1. This resulted in 22 segments for group A and 26 segments for group B. All
segments had a duration of 100 sec except for the segment immediately following air
injection, which lasted 10 min.

The selected EEG signals were high-pass filtered (4th order Bessel; cut-off frequency 0.5 Hz).
Large-amplitude baseline drifts were removed by subtracting the first-order (straight line)

approximation of the signal over the entire segment. A Hanning window was applied before
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Fast Fourier Transformation of the 100 sec EEG segments and calculation of the spectral
power density. Finally, the spectral changes relative to the baseline spectrum (from segment
B3, see Figure 1) were computed for all constructed channels and per frequency band (see
next paragraph}. For this purpose, the mean spectral power density (MSPD) was calculated
over all frequency resolution points in each band, for the baseline and for each selected
segment separately. For each of the channels, the MSPD changes of segment s relative to
baseline segment B3 and per band & were then expressed as

10*logf MSPD(b,s) / MSPD(5,B3}].
In the 10-min period following air injection, rapid EEG changes could be expected. For that
reason, a method was used to calculate spectral changes in this segment with a high time
resolution. Spectra were first computed for epochs of 2 sec, following the procedure described
above, with each epoch overlapping the preceding one by 50%. Next, moving average specira
were computed by averaging over three successive epochs, resulting in a 3-sec time shift
between spectra and a spectral resolution of approximately 0.5 Hz. Analogous to the
procedure per segment, the log spectral changes relative to the baseline spectrum were
computed for all 3-epoch averages, all frequency bands and all channels. In addition, the
spectral power density changes were determined per frequency resolution point (instead of
averaging over bands) to allow subsequent factor analysis. Moving averages that contained
artefacts were treated as missing values.
Factor analysis
Factor analysis was performed to identify those frequency bands in which spectral changes
were most pronounced. For this purpose, the logarithms of the relative changes in the spectral
points between 0.5 and 30 Hz in the 10 min directly following air injection were used as
variables. Since all animals showed a sequence of clearly ischemia-related EEG changes,
evolving into an isoelectric EEG in 11 out of 12 cases, the results for all animals were pooled
into one data set.
In a preliminary study, factor analysis was applied to data sets in which spectra were
calculated with 0.25 Hz, 0.5 and 1.0 Hz resolution (epoch lengths of 4, 2 and 1 sec,
respectively). Thus, the effects of a higher time resolution (shorter epoch length) could be
weighed against those of a higher signal-to-noise ratio (longer epoch length). To maintain an
adequate ratio between variables and cases, various subsets of spectral points were anatysed
separately. Because this preliminary analysis did not reveal relevant differences in the
resulting factors, in the final factor analysis the log spectral changes at 0.5 Hz resolution were

used.
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A varimax rotation was employed to identify those independent frequency ranges in which
the spectral changes optimally reflected the EEG changes. The factor analysis was performed
for all channels separately. Frequency ranges were considered to represent significant changes
if the rotated factors had factor loadings above 0.71. The mean spectral changes within these
frequency ranges were used to study the time course of spectral EEG changes, as described
previously,

Statistical analysis

The Statistical Package for the Social Sciences was used for data analysis and to create lines
and boxplots of the selected segments. Unless otherwise specified, the non-parametric Mann-
Whitney test was used to analyse group differences and the Wilcoxon rank test was used to
analyse changes in time. Given values represent median value and ranges. A significance

level of at least p<0.05 was used.

Results

All 12 animals were in stable cardiocirculatory conditions at baseline and 10 survived the
study period. Table T gives data on heart rate, MAP, CPP and 1CP at baseline, 10 min after air
injection and at the end of the study period.

The hyperbaric chamber did not affect the quality of the recorded EEG signals, which was
generally good. Compression and decompression had no influence on this quality. The EEG
of the pigs at the start of each experiment (before the compression test) showed no significant
differences compared to the signal during and after the compression test prior to air injection.
In one animal, external sources caused artefacts during a period of approximately 25 min after

air injection, and this period had to be excluded from the analysis.

Table 1. Changes in hemodynamic variables at baseline, 10 mia afier air injection and at the end of the study
period.

Baseline 10 min after air injection Final measurement

median range median range median range

HR 96 86-143 95 89-178 26 78-140
MAP 126 92-144 114 * 70-132 112 % 76-137
CPP 108 80-121 04 * 43-116 84 * 10-162
1CP 14.0 8-24 [5.5 ** 9-30 27.5 ** 14-66

*+% = gigmificantly different from baseline with * p<0.05 or ¥* p<0.0035
HR = Heart Rate (/min); MATP = Mean Arterial Pressure (mmHg); CPP = Cerebral Perfusion Pressure (mmHg); ICP =
Intracranial Pressure (mmlig).
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Factor analysis

Factor analysis of the moving average changes during the first 10 min after air injection
revealed two different factors, one in the low frequency range, 0.5-7.3 Hz (band 1), and one in
the higher beta frequency range, 26.4-30.3 Hz (band 2). For each animal, no relevant
topographical differences were apparent in the shape and magnitude of the spectral changes
between the six EEG channels. Therefore, one channel was selected (the right middle
electrode vs. the common reference) for further analysis. The two factors derived from factor
analysis were used to study the time course of spectral EEG changes in this selected channel.
gEEG during the initial 10 min after air injection

The visually assessed baseline EEG of all animals showed activity at all frequencies, with
dominance in the alpha and beta frequency ranges. Figure 2 shows the time course of the
changes in the mean spectral power density in the two frequency bands for the two groups.
The differences between the two independent factors representing the EEG changes can be
clearly recognized. The power in band | shows a faster recovery after the initial changes due
to embolization than the power in band 2.

In all animals, the first changes after air injection consisted of a slight increase in power in
both frequency bands during a few seconds. Next, the power in the two bands decreased
simultaneously to 2 minimum. The median decrease was 19 dB (range 12-22) in band 1 and &
dB (range 3.5-12) in band 2. The pigs in group A showed a significantly (p<0.03) larger
power deciease in both bands than the pigs in group B. For band 1, the decrease in groups A
and B was 20 dB (range 17.5-22) and 16 dB (range 12-19), respectively, For band 2, this was
9 dB (range 7.5-12) and 6 dB (range 3.5-9). The maximal power decrease represented an
isoelectric EEG in 11 of the 12 animals. In one animal, however, the maximum decrease in
bath bands (12 and 3.5 dB) occurred without the development of an isoelectric EEG.

Two different patterns of recovery could be recognized bascd on changes in band 1. A group
of 7 animals (3 in group A, 4 in group B) showed an evident return of the power in this band
within 1.5 min after air injection. In a second group of more slowly recovering animals, this
increase in power started after 3 min or more. Within 6.5 minutes, all animals showed a
certain degree of recovery in band 1. Compared to band 1, the power in band 2 showed a
much more protracted recovery in all animals. In fact, in two animals (1 in group A, 1 in
group B), there were no signs of recovery at all for the first 10 min. At the end of the 10-min
period after air injection, the power in band 1 had returned to baseline values in 6 animals (3
in group A, 3 in group B). By contrast, the power in band 2 had recovered completely in only

two animals (1 in group A and 1 in group B).
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Figure 2

Time course of changes in the mean spectral power density of the EEG during the first 10 minutes after air
injection [or groups A and B, relative to baseline (B3, see Figure 1), Results are shown for frequency bands 1
(0.5-7.3 Hz) and 2 (26.4-30.3 Hz).
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During the initial 10 min, in most animals the ICP increased gradually, and the CPP and MAP
decreased. The values of these variables afler 10 min differed significantly from the baseline
values (Table 1). However, there was no significant inter-group difference. This was
somewhat surprising, since (a) there was a significant difference between the two groups in
the maximal power decrease in both bands, and (b) group A animals started with HBO
treatment after 3 min.

qgEEG menitoring during HBO treatment

To study the time course of spectral changes during the entire experiment, the selected EEG
segments of 100 s (see Figure 1) were used. Again, no relevant differences in spectral changes
were found between the EEG channels. For each of the animals, the development and time
course of the changes in the two frequency bands were analysed visually. As mentioned
above, the return to baseline power values did not occur in all animals in the first [0 min after
embolization, Figure 3 shows a continuing restoration toward baseline during the remainder
of the experiment, as occurred in most animals. However, even at the end of the experiment
this recovery was not always complete. Two animals developed an isoelectric EEG during the
course of the HBO treatment and died before the end of the experiment (1 in group A and 1 in
group B). These two registrations will be discussed separately.

Of the remaining 10 animals, & (4 in group A, 4 in group B) showed complete recovery of
power in band 1 at the end of the experiment, two (both in group A) did not. Over the first
few segments, band 2 showed a sharp increase in power, but after about [5 min the recovery
raie decreased in both groups (see Figure 3). Band 2 recovered completely in 7 animals (4 in
group A and 3 in group B).

At the end of the experiment, there was a significant decrease of CPP and MAP and increase
of ICP, No inter-group differences were found (see Table 1).

qEEG changes in the two animals that died during the HBO treatment

Two animals did not survive until the end of the HBO treatment. In the first animal (number 4
in Figure 4; group A), although the power in band [ showed an initial increase a few minutes
after air injection, there was no complete recovery to baseline values at any time. In band 2,
only a slight initial increase in power occurred. For about the first 1.5 h after embolization,
corresponding to the period of treatment at |8 msw, there was a steady-state situation. During
the subsequent gradual decompression to 9 meters, the EEG suddenly deteriorated and
developed into an i1soelectric EEG, from which the pig did not recover. In this animal, the ICP
increased steadily from 15.7 mm Hg at air injection to 82 mmHg. Heart rate and blood

pressure were stable during the entire experiment; consequently, the CPP decreased gradually.
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Time course of EEG changes and changes in [CP and CPP in a represeniative animal,

For the second animal (number 5 in Figure 4; group B) no EEG data are available for the first
25 min after embolization due to severe artefacts caused by an external source. However, at
25 min after air injection, the power in band 1 corresponded to the baseline level (because of
the artefacts, for this animal, segment B0 was used as baseline recording). The power in band
2 never returned to the baseline value and remained at a constant, low level during the entire
experiment, Again, a steady-state situation occurred during the compression phase at 18 msw.
Subsequently, during decompression to 9 msw, the power in band 1 gradually decreased.
After about 75 min at 9 msw, the rate of power decline suddenly increased and power
decreased to a value corresponding to an isoelectric EEG, from which the animal did not
recover. In this animal, the ICP increased steadily after air injection, reaching a maximum

value of 73 mm Hg. Simultaneously with the onset of EEG deterioration, the MAP and CPP

began to drop. The Jowest level of the CPP reached was 10 mm Hg, T
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Discussion

Twelve pigs that underwent HBO treatment according to the US Navy Treatment Table 6
after injection of intracarotid air were maonitored with EEG. Factor analysis of the spectral
power density of this EEG revealed two factors that showed marked spectral changes, one in
the slow frequency range (0.5-7.3 Hz) and the other in the fast beta frequency range (26.4-
30.3 Hz).

No relevant topographical differences were found either in these factors or in the time course
of the EEG changes in the two frequency bands. This was not an unexpected finding. Since
pigs have a very exlensive collateral cerebral blood vessel system, the injected volume of 10-
15 ml of air is likely to obstruct cerebral blood flow for a short period of time in both
hemispheres equally. Although future registrations could, therefore, be [imited to one
electrode position, we recommend using more electrodes for practical reasons. Wound fluids
and leaking blood can cause hard-to-control artefacts in signals from electrodes in the surgical
wound area. If those artefacts cannot be corrected for, monitoring can easily be continued
using one of the other attached electrodes.

The two factors representing ischemic changes as found in the present study are somewhat
different from those found in a previous study during global * or focal cerebral ischemia.'’ In
their study of spectral EEG changes during short periods of circulatory arrest in humans under
anesthesia, four factors were found: two in the defta frequency range, one in the alpha and one
in the beta range.” In the other study by Visser et al.'", factor analysis of ischemic spectral
EEG changes caused by carotid clamping during carotid endarterectomy revealed two factors,
one in the delta range and one in the alpha/beta frequency range. Despite differences in
frequency band position and width, the findings of the present study essentially confirm their
concept of two major components that describe ischemic EEG changes.’' In this concept, the
higher frequency bands (alpha and beta range) are particularly sensitive to the initial changes
in the EEG, and power changes in this band can be used to determine whether complete
recovery is reached The low frequency bands (delta range) appear to be more important in
assessing the extent of ischemic damage (o the brain. First, an increase in slow frequencies
can be found, but a subsequent disappearance occurs when progressing to an isoelectric curve.
Also in the present study, power in the beta frequency range (band 2) was the last to reach
baseline levels (see Figures 2 and 3). However, in the two animals that died during the HBO

treatment, ischemic brain dysfunction was mainly detected by the decline of power in
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frequency band 1, as was illustrated in Figure 4. This might be due to the fast development of
severe ischemic changes.

The different behavior of the slow and fast EEG activity has also been described in other
animal models for cerebral ischemia.'? This converging evidence implies that cerebral
function monitoring (CFM), an EEG derivate, is inadequate as a monitoring tool. CFM, which
is sometimes used as an alternative for visual assessment in animal models for cerebral
hypoxia”, is an amplitude-integrated trend registration of the EEG signal in one broad
frequency band of 2-15 Hz. The use of a single band implies that CFM misses the
independent changes in the low and higher frequencies. In addition, because of the width of
the band, the sensitivity to detect minor ischemic changes will be lower than with the narrow
bands based on factor analysis.

Our results show that gEEG monitoring is useful both during periods of fast EEG changes
resulting from air embolism, as discussed above, and as a follow-up tool during subsequent
HBO treatment. During HBO treatment, the restoration to baseline power levels can be
monitored. In addition, the gEEG proved to be sensitive to detect the secondary development
of brain dysfunction during the HBO treatment, most clearly demonstrated in the two animals
that did not survive until the end of the treatment. To this end, gEEG monitoring appeared 1o
be superior to detect and assure a deterioration of brain function, compared to CPP and ICP
(see Fig. 4). However, these variables are of course complementary. The ICP/CPP monitoring
provides information about the cause of a disturbed brain function, while the EEG measures
the actual effect brain function itself.

An interesting finding was that in both animals that died the EEG started to deteriorate during
decompression from 18 to 9 msw. This suggests that decompression is a critical phase in the
treatment schedule. Also during HBO treatment of patients with CAE, clinical deterioration
during decompression is a well known problem. Our findings illustrate that gEEG is an
appropriate method to detect whether such a deterioration occurs.

Somewhat surprisingly, after the HBO treatment no intergroup differences were found in the
measured hemodynamic variables. Furthermore, there were no relevant differences in EEG
outcome between the two groups. If anything, there was a slight trend to a better EEG of the
group B animals, thus not confirming our expectations of a better result in group A where
HBO treatment was started with a very short latency of 3 min after air embolism. This
discrepency may be explained by coincidental differences in group composition with respect
to the initial impact of the air embolism. The drop of power in both frequency bands directly

following air injection was significantly larger for group A. This difference might be caused
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by the one animal in group B that did not develop an isoelectric EEG. In addition, there was a
trend to a longer duration of the isoelectric period in the group A animals,

More generally, EEG differences between animals were considerable. The longest isoelectric
period observed was almost 5 min, while in one animal the EEG did not develop into an
isoelectric curve. This considerable variability in EEG changes, despite standardized doses of
injected air, was also described by Meldrum et al.'* This implies that to enable reliable
comparison of studied groups, it is essential to quantify the effect of the given embolic
stimulus in a particular animal. In our opinion, qEEG analysis will cutperform visually
analysed EEG in this respect, because of its quantitative nature.

Although not the topic of this study, an interesting finding is that during HBO treatment the
brain glucose concentration steadily declines and the brain lactate level increases, despite the
fact that the cerebral circulation is restored and a high dose of oxygen is delivered. This
suggests that the neuronal metabolism continues to be (partly) anaerobic, which is likely to
affect normal neuronal funetion. This phenomenon has been described before. It is thought to
be the result of a disturbed mitochondrial membrane function, which hinders oxygen uptake
and utilisation.'* '* This conception of an ongoing deterioration in brain function may find
additional support in our observation that the EEG often did not completely return to baseline.
In conclusion, we believe to have shown that qEEG monitoring is of significant additional
value to the air embolism pig model. First, using qEEG, the immediate impact of the air
embolism on brain function can be objectively assessed and quantified. Second, the time
course of the recovery from this initial event can be reliably followed. Third, secondary
deterioration of brain function after initial recovery can be promptly detected. Finally, brain
funclion, as represented by the EEG, can be objectively assessed after completing HBO
treatment as end-point, and the effect of different treatment schedules can be compared. Since
EEG actually measures brain function, it can be regarded as an oulcomnie measure superior to
hemodynamic variables. This is especially relevant when clinical evaluation is obscured, as in
anesthetized animals. Moreover, qEEG monitoring can also be used for monitoring patients

with CAE during HBO treatment.
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Summary and conclusions

Chapter 1. Gas embolism: pathophysiology and treatment

This chapter presents a review on gas embolism. Gas embolism, defined as the entry of gas
into vascular structures, can occur in many clinical environments as an iatrogenic
complication. In most cases gas embolism is in fact an air embolism, although the medical use
of other gases (such as carbon dioxide) can also result in this condition. Air bubbles may
reach any organ, but their effect on the cerebral and cardiac circulation is particularly
deleterious because these organs are highly vulnerable for hypoxia.

Animal studies investigating venous air embolism have shown that the lung capillary bed
filters the bubbles to some extent, thereby protecting the systemic circulation from gas
emboli. In a clinical situation most venous gas emboli occur in patients in whom a central
venous catheter has been placed. The greatest risks for arterial gas embolism occur with
cardiac surgery with cardiopulmonary bypass, craniotomy performed with the patients in the
sitting position, and hip replacement procedures.

We briefly describc the neurological symptoms and signs of air embolism and the therapy
available in the acute situation. Also emphasized is the importance of clinicians recognizing
this complication and the related need to develop better techniques to detect air emboli in the
circulation. In addition, the use of adjuvant drug therapy is discussed, including the use of
fluoracarbons. Although prospective randomized trials on the use of hyperbaric oxygen
therapy in humans are lacking, numerous case reports and a few retrospective patient studies,
allow to conclude that hyperbaric oxygen therapy is indicated in patients with neurological

deficits due to cerebral air embolism.

Chapter 2. Intracranial pressure, brain PCO3, PO; and pH during hiypo- and
Iryperventilation at constant mean airway pressure in pigs

Patients with acute lung injury are often treated with a ventilation strategy that aims to lmit
or reduce ventilation-induced lung injury by the use of low tidal volumes. However, the main
side effect of this mode of (hypo)ventilation is an increase in arterial carbon dioxide partial
pressure. Although this mode (also called “permissive hypercapnia™) is well accepted in

intensive care, there is no consensus on the acceptable upper limit of arterial carbon dioxide.
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Hypercapnia also augments cerebral blood flow which can cause intracranial pressure to rise
and, subsequently, cerebral perfusion pressure to decrease. On the other hand,
hyperventilation results in hypocapnia which, in turn, can lead to vasoconstriction and thus
reduce cerebral blood flow. In addition, the respiratory alkalosis shifls the exyhemoglobin
dissociation curve to the left, further limiting oxygen delivery to the brain.

Therefore, this study investigated the effects of hypoventilation and hyperventilation on brain
parameters — characterized by measurement of infracranial pressure, brain carbon dioxide,
brain oxygen and brain pH in healthy non-brain-traumatized pigs during ventilation at
constant mean airway pressure. It was important to maintain constant mean airway pressure
because induction of both hypoventilation and hyperventilation may require changes in mean
airway pressure with subsequent changes in the pulmonary and systemic circulation.

Our main findings were that hypoventilation (hypercapnia) leads to a significant increase in
intracranial pressure, brain carbon dioxide and brain oxygenation, and to a decrease in
cerebral perfusion pressure. In contrast, during hyperventilation there was a significant
decrease in intracranial pressure and brain carbon dioxide, and a slight increase in brain
oxygenation and in cerebral perfusion pressure.

The next step was to investigate the interrclations between continuously monitored brain
parameters (i.c. brain oxygen, brain carbon dioxide, brain pH and intracranial pressure),
ventilator settings, and brain metabolism as characterized by glucose and lactate

concentrations with the same experimental conditions as described above.

Chapter 3. Brain glucose and lactate levels during ventilator-induced hypo- and
fypercapnia

We extended the study described in Chapter 2 by introducing the specialized microdialysis
technique to provide the most direct assessment possible of the effects of hypocapnia and
hypercapnia on brain glucose and lactate levels and, again, on brain oxygen, brain carbon
dioxide, brain pH and intracranial pressure. Most studies on brain oxygenation and
microdialysis have involved human subjects or animals with brain injury. Because brain
injury itself can impair cerebral circulation and oxygenation, these siudies have limited value
when investigating the effects of different ventilation modes on functional brain parameters.
Thus the monitoring of brain glucose and brain lactate levels in a non-brain-traumatized
animal model is an important prerequisite in order to elucidate the pathophysiological

mechanisms of hypocapnia and hypercapnia.
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Therefore, in this study - starting at normoventilation - two steps of hypoventilation and
hyperventilation were performed and under these conditions the above-mentioned brain
parameters were measured. At hypercapnia, there were no significant changes in brain
glucose and lactate levels, and the changes in brain oxygen, carbon dioxide and pH were
similar to those observed in the study in Chapter 2. In contrast, at hypocapnia there was a
significant increase in brain lactate and a decrease in brain glucose, indicating anaerobic
metabolism.

This results of this study show that hypocapnia decreases brain glucose and increases brain
lactate concentrations whereas hypercapnia has no influence on levels of brain glucose and no
significant effect on brain lactate. Subsequently, in the same non-brain-traumatized animal
model, we investigate the effects of two clinically used hyperbaric oxygen pressures on brain

oxXygen tension,

Chapter 4. Oxygen tension under hyperbaric conditions in healthy pig brain

There is a growing interest in hyperbaric oxygen therapy in neurology, because an increase in
brain oxygen tension may have beneficial effects in ischemic brain injuries. Because it is
unknown to what extent it is advisable to increase brain oxygen tension under hyperbaric
conditions, we investigated brain oxygen tension in non-brain-traumatized animals at two
clinically used hyperbaric oxygen pressures (1.9 and 2.8 bar, both at an Fi0O: of 1.0). The
results show that, compared with baseline, both hyperbaric conditions led to a significant
increase in brain oxygen tension. At a pressure of 2.8 bar there was a nine-fold increase in
brain oxygenation compared with normobaric pressure at an FiO; of 0.4,

On the other hand, increased brain oxygen tension can also lead to acute foxic reactions such
as convulsions and an increase in oxygen radicals. Thus the beneficial effects of hyperbaric
oxygen therapy must be balanced against negative effects and toxicity. Therefore, under the
same conditions, we also studied whether hyperbaric oxygen therapy has any deleterious
effects. It was shown that hyperbaric oxygen pressure in the brain did not lead to changes in
intracranial pressure or in brain glucose/lactate levels.

After having elucidated the effects of commonly apphed ventilatory modes and hyperbaric
oxygen treatment on brain functional parameters and brain metabolism in healthy pig brain,
we wanted to extend the studies by exploring some pathological conditions. Therefore, we first
developed and validated a model of acute cerebral air embolism in pigs in order to investigate
the effects of this acute trauma on functional brain parameters and brain metabolism. Then,

using the same model, we looked at the effects of normobaric and hyperbaric oxygen on the
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same brain parameters and also explored the additional value of quantitative EEG monitoring

under these conditions.

Chapter 5, Effects of air embolism on brain metabolism in pigs

Alr embolism results when air enters the vasculature and this can lead to serious morbidity or
death. This hazard can occur during various clinical interventions as well as in diving
medicine. Monitoring of brain metabolic function under these conditions would enable a
better understanding of the pathophysiology of cerebral air embolism.

Therefore, this study describes the validation and technical aspects of an animal model of
cerebral air embolism. We used microsensor technology to measure brain oxygenation, brain
carbon dioxide, brain pH and intracranial pressure combined with a microdialysis technique
to measure brain glucose and lactate levels. Both techniques are well established in
neurosurgery but have not yet been applied in a model of cerebral air embolism. After
injection of air into the internal carotid artery changes in brain metabolism were measured for
two hours.

The data show an initial decrease in brain oxygenation and in glucose levels followed by a
partial recovery of these values, suggesting a partial clearance of the bubbles in the brain.
During the two-hour study period there was a fourfold increase in intracranial pressure and, as
a consequence, a decrease in cerebral perfusion pressure at a level indicating brain ischemia.
High interstitial levels of lactate and the increased lactate/pyruvate ratio in the brain also
indicate brain ischemia.

These data show that cerebral air embolism has a severe deleterious effect on intracranial
pressure and brain metabolism. Therefore, this model may be suitable to test therapeutic
regimens with the aim to develop an appropriate therapy for cerebral air embolism for use in

the clinical setting.

Chapter 6. Hyperventilation impairs brain function in acute cerebral air embeolism in pigs
The acute therapy for cerebral air embolism consists of administration of 100% oxygen in
combination with hyperventilation. The rationale for this is twofold: first, to promote the “off-
gassing” of bubbles and to improve oxygenation in occluded brain tissue and, secondly, to
induce a reduction in intracranial pressure and maintain cerebral perfusion pressure at the
required level. However, it is unclear whether this treatment leads to functional improvement
of brain parameters. Therefore, this study investigated the effect of ventilation-induced

hyperventitation with 100% oxygen in the model of cerebral air embolism described in
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Chapter 5. This therapy is commonly applied in the clinical environment when an arterial
embolism occurs,

The data show that hyperventilation does not improve cerebral function in air embolized

animals compared with the controf animals that were normoventilated with 40% oxygen.
These results in animals indicate that there is no rationale to treat patients suffering from

cerebral air embolism with this combined therapy of hyperventilation and hyperoxygenation,

Chapter 7. Effects of hyperbaric treatinent in cerebral air embolism on intracranial
pressure, brain oxygenation and glucose metabolism in the pig

In this study we applied hyperbaric oxygen treatment in our model of cerebral air embeolism
(described in Chapter 5) in order to evaluate the effects on brain functional parameters
characterised by intracranial pressure, brain oxygenation, and brain glucose/lactate
metabolism. Two groups of animals were treated with hyperbaric oxygen therapy, either 3
minutes after embolization (immediate treatment group) or 60 minutes after embolization,
The rationale for the 60-minute delay before initiating hyperbaric treatment was based on the
fact that in the clinical situation a delay of one hour — or often even fonger - is the more
realistic scenario.

In this study we added conventional EEG monitoring to further characterize the model. The
reasen for this is that EEG monitoring is a non-invasive technique that is easy to apply in a
clinical situation. This is in contrast to the other brain functional parameters that were
measured by placing sensors in brain lissue, which is a method more suited to the
experimental setting.

The results of this study demonstrate that hyperbaric oxygen therapy within 3 minutes of
embolization leads to a greater reduction in intracranial pressure than treatment after 60
minutes, Moreover, compared with the untreated animals in our previous study using the same
model of cerebral air embolism (Chapter 5), both groups had a significantly lower intracranial
pressure throughout the study period. In the current study there were no differences in brain
oxygenation either before embolization or before hyperbaric treatment. This may explain, in
part, why there were no “pathological scores™ on the EEG at the end of the study. The brain
oxygenation values at the end of the experiments {not different from baseline values before
embolization) suggest that hyperbaric treatment was able to prevent the very damaging effects
associated with cerebral air embolism - at least in the model used in this study. The

effectiveness of hyperbaric oxygen therapy is also confirmed by the EEG results obtained in
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this study. When translated to the clinical setting, this means that hyperbaric oxygen can be

applied to treat cerebral air embolism even after a delay of one hour.

Chapter 8. Quantitative EEG monitoring during cerebral air embolism and hyperbaric
oxygen treatment in a pig model

Having studied the effects of normobaric and hyperbaric oxygen on cerebral air embolism we
then extended the model by investigating the contribution of quantitative EEG (qEEG)
monitoring. The rationale for applying this technique was that qEEG provides a more direct
measure of global changes in brain function.

Using the same model of cerebral air embolism, in this study qEEG monitoring showed the
immediate changes resulting from embolization. Moreover, the response to treatment over
time could be reliably foliowed, qEEG was superior {o the other measured variables in
following the fast deterioration in brain function and, finally, brain function - as represented
by the qEEG - can be objectively assessed after completion of hyperbaric oxygen therapy.
The results of this experiment showed that qEEG monitoring offers significant additional
value in the assessment of the effects of hyperbaric oxygen treatment initiated after 3 minutes

and after 60 minuates in our model of cerebral air embolism in pigs.

In conclusion, the studies described in this thesis contribute to the general knowledge on the
use of hypoventilation and hyperventilation in non-brain-traumatized animals and offer more
insight into the mechanisms involved in and therapy of cerebral air embolism. Both
hypoventilation and hyperventilation are commonly applied ventilatory modes in which the
limits of arierial carbon dioxide are still under discussion. During hypoventilation we found
no deleterious effects on glucose metabolism and an increase in brain oxygen tension,
whereas the application of hyperventilation resulted in anaerobic metabolism, The results also
show that, in our modei of cerebral air embolism, hyperventilation has no additional value as
a trealment modality. Futhermore, hyperbaric treatment resulted in a significant increase in
brain oxygen tension and improved the outcome of functional brain parameters in cerebral air
embolism.

More studies are needed, on the one hand to further elucidate the role of hypoventilation on
brain oxygenation and, on the other, to explore the consequences of longer delays before

hyperbaric treatment is initiated in case of cerebral air embolism.
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In Hoofdstuk 1 wordt een overzicht gegeven over gasembolicén. Gasembolieén worden
gedefiniéerd als het op een onnatuurlijke wijze binnentreden van gas in de bloedbaan en
kunnen tijdens diverse klinische omstandigheden optreden als iatrogene complicatie. In de
meeste gevallen betreft het “lucht”embolicén, echter er kunnen zich situaties voordoen
waarbij andere gassen zoals kooldioxide of helium een rol spelen. Luchtbellen kunnen via de
bloedbaan in allerlei organen terechtkomen, maar met name de hersenen en het hart zijn
lewetsbaar omdat deze organen het meest gevoelig zijn voor hypoxie. Uitgebreide dierstudies
hebben aangeioond dat het longvaatbed een goede filter is voor gasbelletjes die vanuit de
veneuze cirealatie worden aangevoerd en op deze manier voorkomt dat de bellen in de
arteri€le circulatie terechtkomen. In de klinische situatie treden de meeste veneuze luchtbellen
op bij patiénten met een vencuze lijn. De grootste kans op het ontstaan van arteriéle
luchtembolie&n is tijdens operaties zoals open-hart chirurgie en neurochirurgische ingrepen
bij patiénten in een zittende operatie houding. In het artikel worden de cardiale en
neurologische symptomen beschreven die kunnen optreden in de acute klinische situatie. We
benadrukken dat het belangrijk is dat clinici zich bewust moeten zijn van luchtembolieén als
complicatie bij een ingreep en dat moderne technicken als trans-oesofageale en trans-
thoracale echografie gebruikt moeten worden voor de detectie van intravasale bellen, De
medicamenteuze therapie en het gebruik van fluorocarbonen is beschreven. De toepassing van
hyperbare zuursioftherapie wordt tenslotte geadviseerd bij alle patiénten die neurologische
klachten hebben en verdacht worden van een cerebrale luchtembolie. Ofschoon
gerandomiseerde prospectieve studies ontbreken zijn er voldoende case reports en een beperkt
aantal retrospectieve onderzoeken die aantonen dat de mortaliteit en morbiditeit verbeteren bij
patignten die met hyperbare zuurstof behandeld zijn.

Patignten met ARDS worden vaak beademd met een strategie die als doel heeft verdere
fongbeschadiging ten gevolge van beademing te beperken, met als nadeel dat dit kan leiden
tot hypoventilatie. Deze zogenaamde “permissive hypercapnia™ is een geaccepteerde
beademingsstrategie, waarbij echter over de maximale arteriéle kooldioxide-spanning geen

consensus bestaat. Hypercapnie leidt tot vasodilatatie in de hersenen met een toename van de
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intracraniéle druk, wat schadelijk kan zijn voor de patient. Aan de andere kant kan
hyperventilatie leiden tot vasoconstrictie in de hersenen en leiden tot ischemie.

In Hoofdstuk 2 worden de effecten van hyper- en hypoventilatie op de hersenen bestudeerd
door middel van metingen van de intracraniéle druk en electroden die zuurstof, kooldioxide
en pH in de hersenen meten. De beademingsstrategie is het “Open long™ concept met een
constante mean airway pressure (MAwP). Dit laatste is belangrijk omdat verschillen in
MAwP kunnen leiden tot veranderingen in longvaatbed en veneuze return, met consequenties
voor de centraal veneuze en intracraniéle druk. Hypoventilatie resulteerde in een stijging van
de intracraniéle druk en brein zuurstof waarden, terwijl hyperventilatie een daling liet zien
van de breinoxygenatie en cerebrale perfusie druk.

De volgende stap was om te onderzoeken of hyper- en hypoventilatie effect hadden op de
brein stofwisseling van glucose en lactaat. De meeste studies over breinoxygenatie en glucose
stofwisseling zijn uitgevoerd bij hersentrauma’s en hebben slechts beperkte waarde bij het
bestuderen van de effecten van beademing op de hersenen. In Hoofdstuk 3 wordt brein
glucose en lactaat gemeten door middel van microdialyse tijdens verschillende stappen van
hypo- en hyperventilatie met een constante MAWP. In deze studie wordt stapsgewijs
geventileerd vanaf normoventilatie naar twee niveaus van hypoventilatie en twee van
hyperventilatie. Tijdens maximale hypoventilatie werden geen veranderingen gevonden in
brein glucose en lactaat en dezelfde veranderingen als beschreven in Hoofdstuk 2 voor brein
zuurstof, kooldioxide, pH en intracraniéle druk. Daarentegen trad er een significante daling op
van brein glucose en een stijging van het brein lactaat bij maximale hyperventilatie, wijzend
op een anaeroob metabolisme.

Vervolgens hebben we, op basis van dit model, brein zuurstof gemeten onder hyperbare
omstandigheden op dieptes {drukken) die veel worden gebruikt in klinische omstandigheden.
In de neurologic is namelifk een toenemende interesse in de toepassing van hyperbare
zuurstoftherapie bij ischemische aandoeningen. Het gebruik van 100% zuurstof tot drukken
van 3 bar kan leiden tot zuurstofwaarden in het arteriéle bloed en de weefsels die ecn
veelvoud zijn van de waarden die onder normale atmosferische omstandigheden verkregen
worden. In de hersenen geeft hyperbare zuurstof een vasoconstrictie die kan leiden tot een
daling van een verhoogde intracraniéle druk, Anderzijds heeft hyperbare zuurstof ook
toxische cffecten, zoals een toename van zuurstofradicalen en het optreden van convulsies.
Bij de indicatiestelling van hyperbare zuurstof dient daarom cen goede afweging gemaakt te
worden van de potentiéle therapeutische effceten en bijwerkingen. In Hoofstuk 4 meten we

de maximale waarden van zuurstof in de hersenen op twee dieptes (9 mt/1.9 bar en 18 mt/2.8
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bar) die vaak gebruikt worden bij hyperbare zuurstoftherapie. Op een diepte van 18 meter
(druk 2.8 bar) wordt een toename met een factor 9 van de zuurstofspanning in de hersenen
gemeten. De tegelijkertijd gemeten waarden van glucose en lactaat in de hersenen en de
intracraniéle druk blijven constant. We concluderen dat de toepassing van hyperbare
zuurstoftherapie bij ischemische aandoeningen fysiologisch zinvol kan zijn, maar dat de
praktische problemen verdere studies noodzakelijk maken, alvorens een definitief oordeel
gegeven kan worden.

In de voorgaande studies hebben we de effecten onderzocht van beademingsstrategieén en
hyperbare zuurstof op het metabolisme van gezonde hersenen. Aansluitend hebben we een
model van cerebrale luchtembolieén ontwikkeld en gevalideerd, waarna de eerder
onderzochte beademingsstrategieén en hyperbare zuurstof hierop zijn toegepast als therapie.
In Hoefdstuk 5 wordt het diermodel beschreven van een cerebrale arteriéle luchtembolie. Op
een gestandaardiseerde wijze wordt lucht ingespoten in de arteria carotis interna; de
intracraniéle druk, brein zuurstof, kooldioxide, pH en de glucose stofwisseling (door middel
van microdialyse) zijn de parameters die gebruikt worden om het pathofysiologisch
mechanisme te beschrijven tijdens een meetperiode van 2 uur.

Na een initi€le daling van de brein zuurstof en glucose trad een gedeelielijk herstel op
gedurende de meetperiode, wat verklaarbaar is door het deels oplossen en uitwassen van de
bellen in de hersencirculatic. Er trad een viervoudige toenane van de intracraniéle druk op en
cr was een forse daling van de cerebraie perfusic druk tot een waarde, die leidt tot hersen-
ischemie, Hoge lactaat waarden en een stijging van de lactaat/pyruvaat ratio bevestigen de
hypoxische/ischemische condities van het brein in dil model.

Op basis van deze bevindingen concluderen we dat cerebrale luchtembolieén ernstige schade
geven aan de hersenen en dat het model geschikt is voor het testen van medicamenteuze en
therapeutische interventies.

Hoofdstuk 6. De acute therapie voor cercbrale fuchtemboliegn bestaat uit hyperventilatie met
100% zuurstof, zoals wordt gepropageerd in de handboeken voor “intensive care”. Dc ratio is
tweeledig, te weten enerzijds versnelt de oxygenatie het uitwassen van de luchtbellen en
verhoogt het de zuurstofconcentratie in hypoxisch weefsel, anderzijds kan hyperventilatic
een toegenomen intracraniéle druk doen afnemen. Op basis van het model van cerebrale
luchtembolieén zoals is beschreven in Hoofdstuk 3, is hyperventilatie met 100% zuurstof als
gecombineerde therapie bestudeerd tijdens een meetperiode van 2 uur.

De resultaten toonden aan dat er geen verbeteringen waren van de gemeten brein parameters

zoals intracraniéle druk, brein zuurstof en glucose metabolisme. Op basis van deze
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bevindingen concluderen wij dat er geen redenen zijn om deze therapie van hyperventilatie
met 100% zuurstof bij patiénten met een cerebrale luchtembolie toe te passen.

Een andere voor de hand liggende therapie is hyperbare behandeling.

In Hoofdstuk 7 onderzoeken we de effecten van hyperbare zuurstoftherapie op het model,
zoals is beschreven in Hoofstuk 5, toegepast direct (3 minuten) na het toedienen van de
luchtembolie en na een tijdsperiode van 60 minuten. Een direkte behandeling betreft meer de
situatie bij het duiken waar veelal een recompressiekamer aanwezig is op de duiklokatie,
terwijl het in een klinische situatie realistischer is dat een patiént na een cerebrale
luchtembolie met een vertraging van één tot enkele uren pas behandeld kan worden met
hyperbare zuurstoftherapie. In deze studie is EEG toegevoegd om hel model verder te
verfijnen, daar het EEG een directe en snellere detectie geeft van hersenischemie en omdat
het een niet-invasieve meting betreft die ook eenvoudig kan worden toegepast in de klinische
situatie, De resultaten tonen aan dat hyperbare zuurstoftherapie toegepast na drie minuten
leidt tot een significant betere waarde van de intracraniéle druk ten opzichte van de groep die
na 60 minuten wordt behandeld. Echier, beide groepen laten ook zien dat de waarden van de
intracraniéle druk, na 5 uur hyperbare behandeling, significant lager zijn dan het natuurlijk
verloop (stijging van de intracrani€le druk met een factor 4) zoals is beschreven in Hoofdstuk
4. De muurstofwaarden in de hersenen en de EEG’s vertonen normale waarden aan het eind
van de behandeling. De brein glucose en lactaat laten wel afwijkende waarden zien. We
concluderen hieruit dat hyperbare zuurstoftherapie na een cerebrale luchtembolie zinvol is om
de cerebrale schade te beperken, gezien de waarden van de intracraniéle druk, brein zuurstof
en de EEG scores. Het is van belang om bij volgende studies te onderzoeken wat het verloop
is van de gemeten parameters na de hyperbare therapie, gezien enerzijds de goede resultaten
en anderzijds de afwijkende waarden van brein glucose en lactaat. Tenslotte congluderen we
op basis van onze bevindingen, dat het behandelen van pati&nten met een cerebrale
luchtembolie met hyperbare zuurstof, ook met een uitstel van T uur of langer na het incident,
nog zinvol is.

In de studie beschreven in Hoofdstuk 8 worden de EEG’s uit een eerdere studie nader
bekeken. In Hoofstuk 7 werden de EEG’s visueel gescoord terwijl nu een kwantitatieve
analyse (QEEG) wordt uitgevoerd. We tonen aan dat aqEEG in staat is de impact van de
toediening van de lucht te meten en kwantificeren gedurende de eerste 10 minuten na de
toediening van de lucht. Tijdens de hyperbare behandeling waren door middel van qEEG de
ischemische veranderingen snel en on-line te meten en tenslotte kon worden aangetoond dat

de gEEG’s van sommige dieren niet volledig hersteld waren na de hyperbare behandeling. De
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resultaten van deze studie tonen aan dat gEEG analyse een substantiéle bijdrage levert aan de

evaluatie van de hersenschade door een luchtembolie na een hyperbare behandeling.

Samengevat dragen de studies bij aan de kennis over de toepassing van hypo- en hyper-
ventilatie op de hersenen in proefdieren zonder cerebrale beschadiging. Zowel hypo- als
hyperventilatie zijn veel toegepaste applicaties bij verschillende aandoeningen. We tonen aan
dat hypoventilatie geen nadelige effecten heeft op de glucose stofwisseling en leidt tot een
toename van de zuurstof in de hersenen, terwijl hyperventilatie resulteert in een anaeroob
metabolisme in het brein.

De resultaten van de studies geven meer inzicht in de therapie en pathofysiologie bij cerebrale
luchtembolieén, laten zien dat cerebrale luchtembolieén een forse impact hebben op het brein
en dat hyperbare zuurstoftherapie een gunstig effect heeft op de intracraniéle druk en andere
brein parameters. Daarnaast tonen we eveneens aan dat hyperventilatie met een hoge
inspiratoire zuurstofwaarde geen effect heeft op de gemeten parameters.

Tenslotte pleiten we voor meer studies naar het effect van hypoventilatic op de hersenen en
het therapeutisch effect van hyperbare zuurstofbehandelingen op cerebrale luchtemboliegn na

langere tijd.
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Dr. Jack Haitsma. Je bent echt geen spat veranderd na je promotie, hoezo prettig gestoord !?
Bedankt voor je vele adviezen over beademing en de afhandeling van de zaken op de afdeling
die voor mij gedaan moesten worden als ik er zelf niet was. De laatste experimenten in Den
Helder waren perfect, gezellig en cok nog met heel veel goede resultaten, Op het Duikbedrijf
heb je jezelf legendarisch gemaakt met je anatomische lessen over het varken. . .

Dr. Thomas Lameris. Via Djo kwam ik in contact met je en je introduceerde in mijn model de
microdialyse. Dit heeft heel veel aanvullende data opgeleverd. Tijdens je eigen promotie-
onderzoek had je altijd nog gelegenheid om te assisteren bij mijn experimenten waarvoor ik je
zeer erkentelijk ben. We moeten nog steeds een keer samen uitpebreid uit eten !

Laraine, jouw geduld met mijn teksten. Om van mijn Nederengels wetenschappelijk Engels te
maken heeft het nodige papier en roede pennen gekost. Mijn allereerste versie van mijn cerste
verhaal heb ik nog steeds bewaard. Verder bood je de gezelligheid om eens over andere zaken
te praten. Heel veel dank voor alles,

Stefan Krabbendam. Jouw hulp was onontbeerlijk bij al het proefdieronderzoek. Daarnaast
ben je zo goed met preparen dat ik mij regelmatig echt onhandig voelde. Bedankt verder voor
alle hulp bij administratieve zaken op de afdeling en de goede sfeer tijdens de lange
experimenien.

Davey Poelma, hé gezellige vent. Wist je dat jouw schaterlach het Arbo-technisch
noodzakelijk maakt om gehoorbescherming te dragen? Jc was er altijd als het mij niet lukte
om de laptop aan het netwerk te hangen. Heel veel succes met je eigen promotie en als laatste
een vraag: Ken je dat nummer van Bob Marley: “No woman, .._."?

Anton van Kaam. Ik werkte met de grote biggen, jij met de kleine als neonatoloog. Leuk dat
we af en toe nog even over de Marine konden praten, waar jij als KMR-arts zo’n goede tijd

hebt gehad. Veel succes met het afronden van je eigen promotie.
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Enno Collij. Zeker de eerste twee jaar was jij voor mij een uitstekende hulp met preparen en
het geven van anesthesie bij de proefdieren. De duiken in het Oostvoornse Meer en de
Grevelingen waren hartstikke gezellig, helaas veel te weinig gedaan.

Patricia Specht. Volgens mij droom je af en toe nog wel van microsferen. De vele tijd die jij
daar destijds in hebt gestoken, heeft helaas nooit tot een gewenst wetenschappelijk resultaat
geleid. Bedankt toch voor alle hulp en enthousiasme en veel succes in de toekomst.

Dr. Diederik Gommers, dr. Serge Verbrugge, dr. Arthur Hartog. Allemaal voorgangers die op
de afdeling Experimentele Anesthesiologie ook gepromoveerd zijn.Van jullie heb ik
meegekregen dat promoveren een hele lange en vaak eenzame weg is, maar de gezelligheid
en collegialiteit op de afdeling maakten heel veel goed.

Dr. Wimar van de Brink. Zelf was je bezig met de afronding van je eigen proefschrift. Toch
had je als neurochirurg altijd de tijd om mij te leren hoe ik gaten moest boren in schedels van
varkens om er vervolgens nog netjes “probes” in te plaatsen. Bedankt voor je hulp en ik hoop
dat je veel plezier hebt bij het lezen van mijn proefschrift.

Dr. Martje van Vlissingen en dr. Nanneke van de Wal. Jullie steun voor mijn experimenten in
Den Helder waren onontbeerlijk. Heel veel dank hiervoor.

De ‘buren’ van de Cardiologie onder leiding van Prof. Piet Verdouw en dr. Dirk-Jan Dunker.
In goed overleg was het altijd mogelijk om jullie OK faciliteiten te gebruiken. Veel dank ben
ik verder aan Rob van Bremen en dr. David Haitsma verschuldigd voor de hand- en
spandiensten tijdens mijn experimenten.

Dr. Gerhard Visser en Judith Drenthen: de samenwerking was weer een genoegen, EEG’s
lezen blijft echter moeilijk voor een “duikdokter”. En Judith, het begin staat, jij maakt er wat
moois van in de loekomst 7

Tenslotte alle anderen die ik niet wil vergeten: Robert-Jan Houmes, Gilberto Vazquez de
Anda, Freek van lwaarden, Edwin Hendrik, Helwin Simits, Debbie, Gonda, Stefan Majoor,
Robert Lachmann.

Dan mijn werkgever, de Koninklijke Marine: Eigenlijk had ik hiermee moeten beginnen.

1k ben heel veel mensen veel dank verschuldigd; in juni 1998 kreeg ik toestemming van de
Directeur Personcel KM, Schout bij nacht W. Brand om deeltijd dit promotic onderzock te
mogen uitvoeren. Zijn opvolger, Schout bij nacht R.Visser gaf mij een jaar extra omdat het
toch wat langer duurde. 1k hoop dal ik met het voorliggend proefschrift uw vertrouwen en
mijn belofte heb waargemaakt.

De onvoorwaardelijke steun die ik heb altijd gekregen van de verschillende Inspecteurs

Geneeskundige Dienst der Zeemacht: Diederik Romswinckel, Harry Hofkamp en Elmer van
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den Berghaage. Diederik, ik hoop dat je bij mijn promotie kan zijn en dat je niet ergens op de
wereldzeeén aan het zeilen bent. Harry, visionair en degene die het Duikmedisch Centrum een
‘academische verankering’ wilde geven. Bedankt voor het feit dat jij vanaf het begin ook mijn
‘studie- begeleider’ bent geweest. Tenslotte Elmer, jouw interesse in mijn onderzoek en je
enthousiasme voor de resultaten waren voor mij heel plezierig werken.

De Commandant Mijnendienst, Hans Scheerens. Bedankt voor je begrip dat de stafarts niet
altijd aanwezig kon zijn voor noodzakelijk overleg. Daarnaast bedankt voor je interesse in
mijn onderzoek en de steun voor de experimenten in Den Helder.

Hoofd Afdeling Duik en Demonteerzaken, Sjaak van Dijk {(of nu maar even netjes Jacques).
Zonder jouw tomeloze enthousiasme voor de experimenten in Den Helder op het
Duiktechnisch Centrum was het nooit gelukt. Jouw briefing over ‘Pigs in space’ gaf mij
vervolgens alle sieun en inzet van jouw mensen. Overigens zijn we met de dieren echi op
diepte geweest en niet de fucht in !

Personeel Duiktechnische Centrum. Ik weet al een hele tijd dat we haristikke goede en
gemotiveerde mensen hebben op het Duikbedrijf. De externe bezoekers en deelnemers tijdens
de laatste serie experimenten in Den Helder bevestigden dit nogmaals en waren onder de
indruk. Bedankt voor alle steun en inzet.

Et de Vos, Ronald (“Gerrit”) Braaf, Nicoleite Smit en Arjen Tanja. Jullie medisch-technische
expertise en hulp bij de experimenten was voortreffelijk, mijn dank hiervoor.

Personeel Duikmedisch Centrum. Het is mij een voorrecht om al een lange tijd “Hoofd” te
mogen zijn van deze groep mensen die voor de Koninklijke Marine en duikend Nederland
een uniek product levert. Het feit dat ‘de baas’ regelmatig weg was voor zijn promotie
onderzoek is altijd heel professioneel en goed opgepakt. ledereen voor langere of korte tijd
geplaatst op het DMC, de afgelopen 5 jaar, wil ik hiervoor hartelijk bedanken.

Marjo, toch een apart woord van dank aan jou. Als secretaresse HDMC was jij mijn
professionele steun en toeverlaat. Dank je wel en ook met name de laatste maanden bij het
afronden en het maken van de lay-out van mijn procfschrifl.

Tenslotte mijn paranimfen Jack Haitsma en Frank Looyen, bedankt voor jullie enthousiasme
en steun bij de voorbereiding van mijn promotie.

En dan last but not least, lieve Foekje en Arnoud, jullie steun was onontbeerlijk. Tk weet niet

zeker of ik het minder druk zal krijgen, maar mijn humeur zal siraks veel beter worden. XX
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10.

Stellingen behorende bij het proefschrift:
Cerebral air embolism and brain metabolism

R.A. van Hulst, september 2003

. Hyperventilatie met een hoge inspiratoire zuurstof concentratie bij cerebrale

luchtemboliegn heeft geen therapeutische waarde (dit proefschrift)

De praktische nadelen verhinderen de toepassing van hyperbare zuurstof bij ischemische
hersenaandoeningen ondanks de vele theoretische en fysiologische voordelen (dit
proefschrift)

. Hyperbare zuurstof is de enige behandeling die aantoonbaar de door cerebrale

luchtemboliegn veroorzaakte schade beperkt (dit proefschrift)

Intracraniéle druk is een goede maat voor de effectiviteit van de behandeling van cerebrale
luchtemboliegn, met name gedurende hyperbare therapie (dit proefschrift)

. Kwantitatieve EEG analyse (QEEG) dienl te worden toegepast bij elke patiént die verdacht

wordt van cerebrale luchtembolie&n (dit proefschrift)
Duiken kan een beroep, hobby of medisch experiment zijn.
Ock een atheist kan leven als een god in Frankrijk.

In tegenstelling tot wat men vaak denkt is de gemiddelde hartfrequentie bijna 1: op enkele
hartelozen na heeft iedereen EEN hart (H.A.M. Daanen)

Duikgeneeskunde is iets anders dan geneeskunde bij duikers en moet worden uitgeoefend
door specialisten,

De technologische ontwikkelingen in de geneeskunde staan haaks op het expeditionair
karakter van de militaire geneeskunde en komt de operationale inzetbaarheid niet ten
goede.

. Gezien de bereikbaarheid van Den Helder als gevolg van de infrastructuur in Noord-

Holland dient overwogen te worden de Marinehaven te verplaatsen naar Rotterdam.





