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INTRODUCTION

1 Introduction

1.1 Background

The use of local anaesthetics (LAs) was first described by Carl Koller and Sigmund
Freud in 1884, who noticed a numbing effect of cocaine applied locally to the eye
(Koller 1884). However, the initial popularity of cocaine was soon to be dampened by
the high number of toxicity related complications and its highly addictive properties
(Ruetsch et al. 2001). All the LAs subsequently discovered are significantly less toxic
than cocaine, nevertheless central nervous - and cardio - toxicity are still described
varying in severity depending on the LA. Mepivacaine (figure 1) was introduced in
1957 as a structural variant of lidocaine. At the same time bupivacaine (figure 1) was
discovered yet its introduction to the market was not until 1965 (Ruetsch et al. 2001)
and was shadowed by reports about potentially fatal cardiotoxic and central nervous
side effects (Albright 1979). Nonetheless it gained popularity due to its long duration
of action. Later the understanding of the relationship between variant enantiomeres
and different degrees of toxicity let to the development of entirely optically active
isomers, such as levobupivacaine (S(-)-bupivacaine) and ropivacaine (S(-)-

ropivacaine) (figure 1) (Graf et al. 1997).
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Figure 1: Bupivacaine, ropivacaine and mepivacaine, in decreasing order of

lipophilicity.

Since their discovery, LAs have become widely used. As their name implies LAs can
be applied locally to produce a local nerve block, primarily inhibiting small-diameter
nerve fibres (Rang et al. 2003). They are also frequently employed as topical
anaesthesia. However as their topical penetration of the intact skin is variable and
usually slow, high doses of local anaesthetic are needed to achieve adequate pain

control (Calvey and Williams 2003). Yet, even with topical application some cases
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have been reported of systemic side effects (Mofenson et al. 1983). Other common
usage is in combination with conduction anaesthesia or as infiltration anaesthesia
and central nerve blocks, i.e. extradural - or spinal anaesthesia As the inter spinal
space is relatively avascular the risk of systemic side effects is considerably lower
with the latter than with epidural anaesthesia (Aitkenhead et al. 2007; Coventry
2007). However systemic side effects can potentially occur as the LA gets absorbed
into the vascular compartment. Additionally LAs can be used for intravenous regional
anaesthesia, for example the so-called Bier’s block. As all the reported deaths due to
intravenous regional anaesthesia have been associated with the use of bupivacaine,

this drug is no longer recommended in this setting (Heath 1982).

1.2 Chemical structure and function of local anaesthetics

Structurally all local anaesthetics have certain chemical features in common. They
consist of an aromatic group, which determines the lipophilicity of the drug and which
closely correlates with the LAs different anaesthetic potency and their specific rate of
cardiac toxicity (Casati and Putzu 2005). This aromatic group is linked by an
intermediate ester (-COO-) or amino (-NHC-) bond to a basic side chain (figure 2).
Due to the fact the ester LAs are more likely to trigger an allergic reaction, most
clinically used local anaesthetics are tertiary amine compounds, however some a

have secondary amino group (Daublander 2004).
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Figure 2: common chemical structures of local anaesthetics
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Regarding their action amide LAs can be classified into three groups; i.e. local
anaesthetics with low potency and short duration (procaine, 2-chloroprocaine),
agents with moderate potency and duration (e.g. lidocaine, mepivacaine), and finally
those of high potency and long duration (e.g. bupivacaine, ropivacaine) (Graf 2001).
In general, their lipophilicity determines their anaesthetic potency as the myelin sheet
is high in fat content, while protein binding correlates with the duration of anaesthesia
and the onset of action is dependant on the pKa (Torrens and Castellano 2006). It
has been demonstrated that the increasing lipophilicity of local anaesthetics
correlates with the depression of mitochondrial adenosine triphosphate - synthesis in
fast metabolizing cells. This in turn has been suggested to be related to the
contractility and resuscitation of cardiomyocytes (Graf 2001). Overall this translates
to the higher the lipophilicity of the LA, the higher the potency and the greater is the
risk of toxicity. Bupivacaine, in comparison to other LAs, is very lipophilic, resulting in
its rapid onset of action and a long lasting anaesthesia. However these properties

also go in hand with increased levels of toxicity described with bupivacaine.

The main mechanism of action of local anaesthetics is by binding to the fast voltage
gated sodium channels in the cell membrane. The resulting reduction of sodium
influx into the cell hinders the action potential from occurring (Strichartz, G. R. 1981).
Some effect on potassium and calcium channels have also been shown (Olschewski
et al. 1998).

1.3 Side effects of local anaesthetics

All local anaesthetics can potentially cause local - as well as systemic side effects.
Local side effects usually develop shortly after application. Local side effects
primarily result in reversible skeletal myocyte (Zink et al. 2007) or local neuron
damage (Selander 1993) with the extend of the damage depending on the amount of

the administered dose.
The systemic symptoms of the nervous system are characterised by biphasic

sequence. Initial excitatory signs range from tingling and paraesthesia; pre-

convulsive signs e.g. visual disturbance, tremors and reduced consciousness to the

10
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convulsive phase with tonic - clonic seizures, apnoea, coma and circulatory failure
(Mulroy 2002).

Systemic side effects are a much greater concern as these are potentially
dangerous. Most frequently these side effects are predominantly due to accidental
intravascular administration of LAs leading to electrically active tissues, such as
cardiac muscle and central nervous system, receiving considerable concentrations
(Smith, T 2007). Clinically, symptoms affecting central nervous system tend to
manifest themselves earlier than the cardiovascular side effects, however, the
cardiovascular ones are generally more worrisome. Once cardiovascular side effects
occur, they are generally major, notoriously difficult to treat and hence often result in
the death of the patient (Covino 1988; Zink, W. and Graf 2003).

Local anaesthetic induced systemic toxicity is a rare, yet well described complication
of their use, with potentially fatal consequences. Every year about 1-12 per 100 000
incidences occur as a complication of epidural anaesthesia, and even 150 - 200
cases per 100 000 are reported after a peripheral nerve blockage (Mather et al.
2005). Overall, mortality has been described to be approximately 0.023 cases per
100 000 patients (Irita et al. 2005). As a general rule, the relative toxic potential of a
local anaesthetic parallels the agents' anaesthetic potency, which in turn is
dependant on its lipophilicity (Strichartz, G R and Covino 1982). Hence the higher the
lipophilicity of a LA, the greater the potency and consequently the more increased

the toxic potential.

The cardiotoxicity has been attributed to the blockage of the sodium channels in
nerve membranes. This in turn leads to a decrease in cardiac contractility and the
maximum speed of depolarization of the action potential. This predisposes the heart
to re-entrant pathways, commonly resulting in ventricular arrhythmias (Long et al.
1989). Cardiovascular side effects can be divided into indirect cerebrally mediated
and direct myocardial. The direct cardiac effects are mainly caused by a “fast in -
slow out” mechanism of sodium - channel blockage, so-called due to the high
lipophilicity of bupivacaine that leads to its rapid onset off action and its long lasting
anaesthesia. Initially cerebrally mediated actions are stimulating in kind, thus

resulting in tachycardias, whilst the direct actions on the myocardium are

11
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characterised by negative chronotropic, inotropic and dromotropic effects. These
result in hypotension and a variety of conduction defects. The latter extend from
brady - arrhythmias to tachycardias, often AV blocks can be noted with a broadened
QRS complex. Ventricular tachycardias as well as ventricular fibrillation have been
observed, eventually leading to asystole (Kasten 1986). It has been well described
that due to the high affinity to fast sodium channels local anaesthetic and in particular
bupivacaine induced asystole tend to be very refractory to treatment (Greensmith
and Murray 2006; Naguib et al. 1998).

1.4 Treatment of cardiotoxicity

Systemic toxicity should be treated following the advanced life support (ALS)
guidelines (Nolan et al. 2005). The management consists of immediate
discontinuation of the LA and resuscitation following the current ALS protocol.
Seizures can be controlled with the help of drugs increasing seizure threshold, e.g.
thiopental, benzodiazepines or propofol, whilst cardiac arrhythmias are treated with
appropriate anti — arrhythmics and arrest has to be managed with cardiopulmonary

resuscitation.

1.4.1 Specific therapy
To date no specific evidence based therapy to treat LA induced cardiotoxicity has
been described in detail or indeed been clinically proven. However several

experimental unspecific approaches have been proposed and investigated.

1.4.2 Other therapeutic approaches
Unspecific approaches have been described by (Freedman et al. 1982), who
demonstrated in a dog model that extracorporal cardiopulmonary bypass had two
effects: it sustains a constant blood pressure, whilst additionally restoring hepatic
blood flow. Moreover by re-establishing regular cardiac output it normalises drug
distribution and thereby facilitates drug clearance. By increasing tissue perfusion
cardiopulmonary bypass additionally minimizes the metabolic acidosis, and thus

decreases binding to the myocardial sodium channels by the LA (Long et al. 1989).

12
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Alternatively insulin — glucose — potassium infusion has been employed as a potential
treatment for bupivacaine induced cardiotoxicity. In two in-vivo dog studies Cho et al.
(2000) and Kim et al. (2004) demonstrated a positive reversal of toxicity with insulin —
glucose - potassium infusion. This benefit was attributed to the stimulating effect of
insulin on sodium channel inhibition, transient outward potassium current or calcium-
dependent adenosine triphosphate. In 2007 Stehr et al. (Stehr et al. 2007 b)
investigated the use of insulin — glucose — potassium infusion in the isolated heart
model and demonstrated a direct positive inotropic effect of insulin in bupivacaine

induced cardiac depression.

1.4.3 The lipid theory
In 1998 Weinberg et al. suggested a new treatment for LA induced toxicity by means
of intravenous lipid infusion. In a rat model they demonstrated that the dose response
to bupivacaine is significantly shifted by either the pre-treatment or the resuscitation
with lipid infusion. The proposed hypothesis is that the lipid infusion creates fat
droplets, which would form a lipid compartment within the blood separate from
plasma into which lipophilic substances, such as local anaesthetics, would dissolve,

thus making the local anaesthetic unavailable for interaction on their target site.

Later Weinberg et al. (2003) demonstrated similar effects in an in-vivo dog model,
indicating that bupivacaine induced cardiotoxicity was reversible by infusion of
Intralipid. The authors concluded that bupivacaine was drawn into a “lipid sink”
created by the lipid infusion, thus lowering its concentration in plasma. A further study
(Weinberg et al. 2006) demonstrated that lipid treatment accelerates the recovery
after bupivacaine induced asystole in the isolated rat heart by producing both positive
inotropic as well as chronotropic effects. Hence Weinberg also put forward the idea
of additional metabolic effects of the lipid infusion. Furthermore they demonstrated
that lipid emulsion increased bupivacaine wash-out from the cardiac tissue. Recently
Weinberg et al. (2008) published a further study comparing resuscitation of
bupivacaine induced cardiotoxicity with lipid infusion or adrenaline (epinephrine) in an
in-vivo rat model. The authors concluded that lipid infusion was significantly superior

to adrenaline, resulting in better recovery and fewer side effects.
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In case of LA induced toxicity Weinberg et al. suggest to administer 20% Intralipid 1.5
mL/kg as an initial bolus, followed by 0.25 mL/kg/min for 30-60 minutes. The bolus
could be repeated 1-2 times for persistent asystole, and the infusion rate could be
increased if the BP declines (Weinberg 2004). The lipid theory has been proposed as
a specific therapy for systemic cardiotoxic side effects secondary to LA use.
Nonetheless this approach is still in an experimental stage, not only due to the
obvious difficulty in undertaking clinical studies. In the UK the latest guidelines
released by the Association of Anaesthetists in 2007 suggest to consider the use of
intralipid if prolonged resuscitation is needed (The Association of Anaesthetist of
Great Britain and Ireland 2007).

1.4.4 Case reports
Two cases of successful resuscitation of LA overdose with cardiopulmonary bypass
exist in the literature (Long et al. 1989; Noble et al. 1984). Nevertheless, its use will
be limited due to its practicability and unavailability in most settings (Noble et al.
1984). More recently, first case studies using lipid infusions in patients after
accidental local anaesthetic overdose have been described (Foxall et al. 2007; Litz et
al. 2006; Rosenblatt et al. 2006; Salomaki et al. 2005; Zimmer et al. 2007).

14
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1.5 Aims and objectives

After accidental intravascular admission local anaesthetics lead to potentially
devastating side effects, resulting in systemic intoxication. They primarily affect the
central nervous and above all the cardio-vascular system, inducing arrhythmias and
negative chronotropy and inotropy and potentially resulting in cardiovascular asystole

with current treatment options being unspecific and ineffective.

During the last years the lipid theory suggested by Weinberg et al. (Weinberg et al.
1998) has gained vast interest and attention. As the proposed mechanism of a lipid
sink is suggested to depend on the lipid solubility of the LA, it can be concluded that
the extent to which lipid infusion would result in recovery from cardiotoxicity varies
depending on the physico-chemical properties of the applied LA and should be less
pronounced or indeed absent in less lipophilic substances. However to date no study
has actually investigated the use of other, in particular less lipophilic local

anaesthetics than bupivacaine in this setting.

Consequently this study investigated the effects of lipid infusion on recovery from
asystole after intoxication with highly lipophilic bupivacaine and the less lipophilic
agents ropivacaine and mepivacaine at equipotent doses, respectively. These LAs
were chosen as they are part of the same group, namely pipecoloxylidides LAs. As
for that reason their chemical structure is essentially the same, apart from the
different alkylic side chains, these LAs are ideal for studying the effect of lipid
infusion. In order to solely investigate the cardio vascular system without systemic or
central nervous systemic side effects, the Langendorff isolated heart model was
chosen for this study allowing the focus purely on direct cardiotoxic effects of the

investigated LAs.

Therefore this study aims to evaluate the impact of lipid infusion on cardiac recovery
in bupivacaine - , ropivacaine - and mepivacaine - induced cardiac arrest in a
Langendorff isolated rat heart model. It further investigates the potential metabolic

effects of lipid infusion independent of local anaesthetics.
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2 Material and Method

2.1 Laboratory animals

With approval of the Institutional Animal Care Committee of the University of
Goettingen, Germany, isolated rat hearts were transferred to a non-recirculating
Langendorff apparatus (Hugo Sachs Elektronik, March-Hugstetten, Germany) (figure
3), and retrograde perfused with a modified Krebs - Henseleit - Buffer (KHB).
Altogether 15 male Wistar rats, purchased from Charles River (Sulzfeld, Germany)
were used in this study. The average weight of the animals was 234 + 7g. The

preparation was undertaken as described in chapter 2.4

2.2 The Langendorff apparatus of the isolated heart

In this setting a modified isolated heart apparatus size three (Hugo Sachs Elektronik-
Harvard Apparatus GmbH; March-Hugstetten, Germany) as first described by Oscar
Langendorff in 1895 (Langendorff 1895; Skrzypiec-Spring et al. 2007) was used for

measurements (figure3).

The KHB was filtered from a reservoir through a 5 pm pore-size filter disk (Sigma-
Aldrich®, Munich, Germany) a heat exchanger. In the heat exchanger the KHB is
dispersed by a motor, thus allowing to adjust temperature through heat pumps (M3
Lauda, Lab Extreme, Inc Kent City, USA) warming the H>O in the outer chamber of
the heat exchanger and control pH by the use of carbogen gas (gas mixture 95% O,
and 5% COy;). The perfusion fluid is supplied to the heart by the means of a roller
pump (T106, Transonic Systems INC, Ithaca, New York, USA), which can be set to
the desired flow. The set up was with a constant flow of 12 ml/min. The resistance to
flow will result in a pressure which is measured by a pressure transducer (Isotec,
Hugo Sachs Elektronik- Harvard Apparatus GmbH; March-Hugstetten, Germany). An
air chamber between the roller pump and the aortic cannula provides pressure
regulation between the continuous flow of the pressure pump and the phasic flow of
the coronary arteries. The lipid emulsion was added by the means of a perfusion
pump (Braun® perfusor compact, Melsungen, Germany) positioned directly above
the heart.

16
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Figure 3: Langendorff apparatus for isolated perfused rodent heart size three
(modified from Operating Instruction for experiments, (Hugo-Sachs-Elektronik-

Harvard-Apparatus-Gmbh nd))
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2.2.1 Krebs Henseleit Buffer (KHB)
The KHB was prepared newly on a daily basis. The KHB was composed of Na* 140
mM; K" 4.5 mM; Mg** 1.2 mM; Ca®* 2.5 mM; CI” 134 mM; HCO5~ 15.5 mM; H,PO,".2
mM; EDTA 0.05 mM; glucose 11.5 mM; pyruvate 2 mM; mannitol 10 mM; and insulin
5 U/L. The accurate composition of the electrolytes was checked through regular
measurements with a blood gas analyzer (Omni 9, Modular systems, AVL, Roche

Diagnostics, Mannheim, Germany).

2.2.2 Measured parameters
All measured parameters were amplified through the Plugsys system (Hugo Sachs
Elektronik- Harvard Apparatus GmbH; March-Hugstetten, Germany) and were
processed with the Isoheart® software version 1.530 (Hugo Sachs Elektronik-

Harvard Apparatus GmbH; March-Hugstetten, Germany)

2.2.2.1 Continuous monitoring and calculations
The following parameters were measured continuously by a computerised
continuous data collection system, (Isoheart® software Version 1.530, Hugo Sachs
Elektronik- Harvard Apparatus GmbH; March-Hugstetten, Germany) and visualised
on the computer screen. The program automatically saved the data in 10 second

intervals throughout the experiment. The following measurements were recorded:

* Atrial and ventricular heart rate (HR; bpm)
» Systolic blood pressure (LVPsys; mmHg)

* Diastolic blood pressure (LVPgis; mmHQ)

* Mean perfusion pressure (PP; mmHg)

* Mean coronary flow (CF; ml/min).

Atrial as well as ventricular continuous signals were measured by two pairs of bipolar
silver electrodes (Teflon-coated silver, diameter 125 ym, Cooner Wire, Chatsworth,
USA) attached to right atrium, the pulmonary conus and both ventricles. The resulting
electrical signals were amplified and processed by the Isoheart® software and
graphically presented on the computer screen. The spontaneous atrial heart rate was

derived from the electrocardiogram (ECG) lead in the right atrium, whilst the

18
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ventricular rate was assessed from the lead in the right ventricle. A systolic blood

pressure was obtained from the latex balloon inserted into the left ventricle.

Measured via a pressure transducer (Isotec®, Hugo Sachs Electronic KG, March-
Hugstetten, Germany) the balloon provided measurement of systolic left ventricular
pressure, which was also translated via the Isoheart® software into a continuous
graph on the computer screen. Prior to each experiment the balloon volume was
adjusted to maintain an initial diastolic left ventricular pressure of 0 mmHg, thus any
increase in diastolic left ventricular pressure reflected an increase in left ventricular
wall stiffness or diastolic contracture. Mean coronary flow was monitored via a
ultrasound guided flow meter (Transonic Systems Inc, Ithaca, New York, USA)

measuring the flow above the inflow into the piston.

Following a 20 minutes steady time interval the remainder of the experiment was
undertaken with the heart flow-controlled by the means of an analogue peristaltic
pump (Reglo, Ismatec Labortechnik Analytik, Zurich, Switzerland) at a constant rate

of 12 ml/min.

For analysis the rate pressure product (RPP= [left ventricular systolic pressure - left

ventricular diastolic pressure] x heart rate) was calculated.

2.2.2.2 Discontinuous monitoring
The pH, pO; pCO,, base excess, bicarbonate, lactate and electrolytes in the
coronary inflow and outflow were obtained using a self-calibrating blood gas analyzer
(AVL OMNI 9®, Roche Diagnostics, Mannheim, Germany) prior to the start of the
experiment, at the end of the steady state, at asystole, at begin of KHB or Lipid and
in five minutes intervals thereafter. Mean aortic inflow pH, CO; tension (pCO3), and

O, tension (pO2) were 7.4 £0.02, 34 £ 1 mmHg, and 602 + 13 mmHg, respectively.
After completion of the experiment the heart was detached from the cannula and
weighed (Ohans®, Analytical Plus, Ohans cooperation, Pine Brook, USA). The weight

was noted in gram.

2.3 Lipid emulsion and drugs
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2.3.1 Lipid emulsion

In this study a standard lipid emulsion was used, namely Lipofundin® MCT 20%
(B.Braun Melsungen AG, Melsungen, Germany), which has been advocated for use
by Weinberg et al. (Weinberg et al. 1998) in the clinical setting. Lipofundin® is a lipid
emulsions containing a 50:50 physical mixture of medium and long chain triglycerides
(MCT/LCT). It is commonly used in parenteral nutrition of critically ill patients, where
it serves as a source of calories and essential polyunsaturated fatty acids (Holcombe
1995). It consists of 50% soybean oil and 50% coconut oil (Adolph 1999). 1000mI
Lipofundin MCT 20% contain Soya oil 100g, medium-chain Triglycerides 100g,
Glycerol 25¢g, Egg Lecitin 12g, a —Tocopherol 170 + 40mg, resulting in megajoules
approximately 7.99 (1908Kcal), milliosmols/I approximately 380 and a pH of 6.5 —
8.5.

2.3.2 Drugs
The drugs listed below were used in the experiments and were acquired from the

following companies:

« Ketanest, Ketamin® Parke-Davis®, GmbH, Berlin,
Germany
« Xylazin hydrochloride, Rompun® Riemser® Arzneimittel AG,

Greifswald, Germany

« Heparin® B.Braun® Melsungen AG, Melsungen,
Germany

« Bupivacaine hydrochloride AstraZeneca®, Sodertalje, Sweden

« Mepivacaine hydrochloride AstraZeneca®, Sodertalje, Sweden

20
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« Ropivacaine hydrochloride AstraZeneca®, Sodertalje, Sweden
« Adenosine Sigma Aldrich® Co, St Louis, MO,
USA

The three different local anaesthetics used in this study, namely bupivacaine,
ropivacaine and mepivacaine are widely used in clinical practise. Chemically they
belong to the group of pipecoloxylidides and are structurally different at their alkylic
side chain on the piperidine ring (butylic (-C4Hg) for bupivacaine, propylic (-CsH7) for
ropivacaine, and methylic (-CHs) for mepivacaine (Dhuner et al. 1956) (Whiteside
and Wildsmith 2001).

Several studies have demonstrated a close relationship between lipid solubility,
analgesic potency, and the specific rate of systemic toxicity (Ohmura et al. 2001;
Strichartz, G. R. et al. 1990; Zink, W. and Graf 2003). The replacement of the butyl
group (-C4 Ho) in bupivacaine by a propyl group strongly reduces the lipophilicity of
ropivacaine (Strichartz, G. R. et al. 1990). Consequently due to its relative lipid
solubility of 1000, compared to 400 and 50 bupivacaine is a lot more potent than
ropivacaine and mepivacaine, respectively (Calvey and Williams 2003). Thus for the
studied LAs the order of potency is: bupivacaine hydrochloride (AstraZeneca®,
Sodertélje, Sweden) > ropivacaine hydrochloride (AstraZeneca®, Sodertalje,
Sweden) > mepivacaine hydrochloride (AstraZeneca®, Sodertalje, Sweden) (Zink,
W. and Graf 2008).

The necessary dose of each LA to reach a consistent asystole was investigated in
base line experiments for this study. The resulting dosages that were employed were
bupivacaine 250umol/l, ropivacaine 500umol/l and mepivacaine 1000 umol/l. In order
to obtain equally potent dosages a base solution was prepared of 1000 of each LA
into 500mI H,O for ropivacaine and bupivacaine and in KHB for mepivacaine. For the

base solution bupivacaine hydrochloride (AstraZeneca®, Soddertdlije, Sweden),
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ropivacaine (AstraZeneca®, Sddertalje, Sweden) and mepivacaine hydrochloride

(AstraZeneca®, Sodertalje, Sweden) were dissolved in KHB, respectively.

2.4 Description of animal preparation and experimental protocol

2.4.1 Protocol for animal preparation
A detailed description for this model and the surgical procedures have been

previously outlined (Zausig et al. 2006).

The rats were anaesthetised with 100 mg/kg of intra-peritoneal Ketamin® (Parke-
Davis, GMBH, Berlin, Germany) and 2.5 — 5 mg/kg Rompun® (Riemser Arzneimittel
AG, Greifswald, Germany) and furthermore anticoagulated with 1000 U of Heparin®
to prevent thrombi formation in the coronary arteries (Braun Melsungen AG,

Melsungen, Germany).

After confirmation of adequate anaesthetisation by noxious stimuli the animal was
weighed (scales: Type 2256, Sartorius Werke Gottingen, Germany). Subsequently
the rat was decapitated with a rodent guillotine (HSE 7575, Hugo Sachs Elektronik,
March - Hugstetten, Germany). The thorax was then opened subcostally and an
incision was made into the diaphragm through which chilled and oxygenated Krebs —
Henseleit — Buffer (KHB) was injected. Consequently the thoracic cavity was fully
opened and pericardium was removed. An incision was then made into the aorta to
allow the insertion of a cannula, which was secured in place with a vicryl suture
(ethicon vicryl suture 3.0, Johnson- Johnson Int., Somerville, USA). Subsequently
retrograde perfusion of the heart was performed with KHB via the pre-filled cannula.
After allowing the drainage of the KHB through an incision into the pulmonary artery
to avoid dilation of the right atrium the lungs were dissected on either side.
Subsequently the inferior and superior vena cava were clamped and cut and the
heart was rapidly excised from the mediastinum and transferred to the Langendorff

apparatus.
The heart was now retrogradly perfused with KHB regulated to 37°C within the gas
chamber at a constant flow of 12ml/min. Throughout the entire experiment KHB and

heart temperatures were maintained at 37.0°C £ 0.2°C. The pH was kept at 7.4 +
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0.02 by the use of carbogen gas (gas mixture 95% O, and 5% CO,). After removing
remaining tissue and fat, an additional incision was made into the left atrium. A thin,
saline-filled latex balloon was subsequently inserted into the left ventricle via the
atrium and attached to a pressure transducer providing measurement of
isovolumetric systolic left ventricular pressure development and the maximal and
minimal rate of force development. Silver electrodes were attached to either atrium
and ventricle to allow measurement of spontaneous atrial and ventricular heart rate

as well as atrio-ventricular conduction time.

2.4.2 Experimental protocol
The spontaneously beating hearts were randomized into three groups: bupivacaine
250umol/l, ropivacaine 500umol/l and mepivacaine 1000umol/l.
In random order all hearts were used twice by one LA, i.e. in both the control as well
as the treatment group. The protocol was alternated in terms of KHB alone or with

lipid to be applied first.

The experimental protocol (figure 4) consisted of a 20 minutes stabilisation phase.
After this, the hearts were randomly allocated to one of the groups. After achieving a
steady state the hearts were perfused with - ‘equipotent’ doses of bupivacaine (250
pmol/l; AstraZeneca®, Sodertalje, Sweden), ropivacaine (500 umol/l; AstraZeneca®,
Sodertalje, Sweden), and mepivacaine (1000 umol/l; AstraZeneca®, Sddertalje,
Sweden), respectively. The in KHB dissolved LA was used until asystole occurred
and for two minutes thereafter. Consequently perfusion was switched to either KHB
alone (control group) or KHB with lipid infusion at a dose of 0.25 mL « kg™ * min”
(Lipofundin® MCT 20%, B.Braun, Melsungen, Germany) (treatment group) for 60
minutes. A perfusion pump (Braun® perfusor compact, Melsungen, Germany)
situated directly above the heart provided the lipid emulsion. If lipid had been used in
this phase a wash-out phase with KHB followed for 20 minutes, prior to starting the
next LA perfusion phase. Otherwise the next drug perfusion stage was commenced
immediately. The second LA application again consisted of perfusion with LA until
asystole plus an additional two minutes. This time, this phase would be pursued by
the previously not used, that is either lipid or KHB, for further 60 minutes. End points
comparable to previous studies (Weinberg et al. 1998) were chosen. These

consisted of the recovery times from cardiac arrest (zero time) to (i) first spontaneous
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heart beat (supraventricular or ventricular), (ii) start of ventricular, supraventricular or

sinus rhythm, and recovery of (iii) heart rate and (iv) rate pressure product to 90% of

baseline values.

Asystole for 2'

Bupivacaine 250 pM, KMB or

Ropivacaine 500 M, or o fine y
Mepivacaine 1000 pi KHB + lipid emutsion

Perfusion for 60’

Steady state after 20’
Preparation

Asystole for 2'

Bupivacaine 250 pM, KHB or

Ropivacaine 500 pM, or o lint ?
Mepivacalne 1000 pM KRG +lipid omuisien

Perfusion for 60’

Steady state after 20’
Study end

Figure 4: study protocol

2.5 Statistical analysis

All data in the text, tables and figures is presented as means + sem. Differences in

means were considered to be statistically significant, when the p — value was < 0.05.

For statistical analysis, the Kolmogorov—Smirnov test was applied in order to confirm

normal distribution for each group. By means of the unpaired Student t-test or by

Wilcoxon — Mann — Whitney - Test, respectively, the raw data from each selected

endpoint was compared.
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3 Results

3.1 Effects of bupivacaine, ropivacaine and mepivacaine on the heart

Initial baseline experiments had demonstrated an equal potency of bupivacaine
250umol/l, ropivacaine 500umol/l and mepivacaine 1000umol/l, in keeping with what
has been described in the literature. At this dose each of these LAs would establish
an invariable asystole. There were no statistically significant differences in the groups
as to when asystole was achieved after perfusion with KHB and bupivacaine,
ropivacaine and mepivacaine. Asystole occurred after 253 + 9 sec, 226 £ 9 sec, 264
+ 11 sec in bupivacaine, ropivacaine and mepivacaine induced cardiotoxicity in
treatment groups, respectively, and after 247 + 9 sec, 224 £ 8 sec, and 262 * 10 sec,

respectively, in control groups.

At the starting point of each experiment control values in the bupivacaine,
ropivacaine, and mepivacaine groups for heart rate (control-group: Bupi: 273 * 6,
Ropi: 277 + 7, and Mepi: 271 £ 10 bpm and treatment-group: Bupi + Lipo: 263 £ 5,
Ropi + Lipo: 274 + 8, and Mepi + Lipo: 273 + 11 bpm, respectively) and rate pressure
product (control-group: Bupi: 27964 £ 1209 mmHg * bpm, Ropi: 28983 + 1010 mmHg
* bpm, and Mepi: 29162 £ 1274 mmHg « bpm and treatment group: Bupi + Lipo:
26483 + 1002 mmHg « bpm, Ropi + Lipo: 28809 £ 1150 mmHg « bpm, and Mepi +
Lipo: 28254 + 1506 mmHg * bpm, respectively) were comparable at baseline after

stabilisation. No significant difference between those groups was evident.

3.2 Recovery of heart rhythm

Figure 5 shows the recovery time in seconds from initial reperfusion with KHB or lipid
until any cardiac action, as well as ventricular, supra - ventricular or sinus rhythm
occurred. In general hearts treated with mepivacaine recovered significantly faster
than those treated with ropivacaine or bupivacaine respectively. The hearts
intoxicated with bupivacaine needed the longest time until a first heart beat, a supra -
ventricular rhythm, a ventricular rhythm or a sinus rhythm could be observed,

regardless of the additional use of lipid infusion.
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Nonetheless in the bupivacaine group a significant difference in favour of the group
that received lipid infusion with regards to a decrease in recovery times to supra -
ventricular and sinus rhythm was demonstrated. Although these effects were clearly
demonstrated for supra - ventricular rhythm and the establishment of a sinus rhythm,
they were not apparent for the first cardiac activity or the beginning of a ventricular
rhythm. In contrast to the bupivacaine group, the lipid infusion failed to demonstrate
any significant effect in either of the mepivacaine and ropivacaine groups with
regards to a first heart beat, ventricular activity, supra — ventricular rhythm or

establishing a sinus rhythm.
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Figure 5: Recovery times until first heart beat, establishment of supra - ventricular -,
ventricular - and sinus rhythm after onset of mepivacaine, ropivacaine, or
bupivacaine induced cardiac arrest.

Mepi (mepivacaine), Ropi (ropivacaine), Bupi (bupivacaine), Lipo (lipid Infusion),

* (statistically significant, < 0.05)

3.3 Recovery of heart rate

Similar to the recovery of the rhythm the recovery of the heart rate took place faster

in the mepivacaine groups than in the ropivacaine and bupivacaine groups
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respectively. With regards to lipid infusion no significant difference in recovery of the
heart in the mepivacaine and ropivacaine groups could be demonstrated. In contrast
to this in the bupivacaine groups lipid treated hearts recovered faster than hearts re-
perfused with KHB alone. This observed effects was not evident at 25%, 50% and
75%, respectively, of recovery and remained statistically insignificant. At 90% of
recovery of the baseline heart rate the difference in recovery in the bupivacaine
groups did become statistically significant (p < 0.05) with the lipid group recovering

almost 500 seconds faster then the control group (figure 6).
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Figure 6: Recovery times of heart rate (in sec) after onset of bupivacaine-,
ropivacaine- or mepivacaine induced cardiac arrest. * (statistically significant < 0.05)
Mepi (mepivacaine), Ropi (ropivacaine), Bupi (bupivacaine), Lipo (lipid Infusion),

* (statistically significant, < 0.05)
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3.4 Recovery of rate pressure product (RPP)

Analysing the rate pressure product hearts with bupivacaine induced asystole
needed the longest time to recover. In this group the lipid arm did significantly better
with regards to full or 90% recovery of the rate pressure product. Lipid infusion failed
to demonstrate any significant effect in the ropivacaine group. The numbers of
recovery were the highest in the mepivacaine control — and mepivacaine lipid group,
where a difference in recovery to 100% could be observed in favour of the lipid
group. This was however not statistically significant. Although the recovery time was
significantly better in the bupivacaine plus lipid group at 90% recovery of the baseline
value, this failed to be of significance at a lower percentage of recovery. For the
mepivacaine and ropivacaine no significant difference in recovery times could be

observed at any stage (figure 7).
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Figure 7: Recovery times (in sec) of rate pressure product rate-pressure-product
(RPP) after onset of bupivacaine-, ropivacaine- or mepivacaine induced cardiac
arrest. Mepi (mepivacaine), Ropi (ropivacaine), Bupi (bupivacaine), Lipo (lipid

Infusion), * (statistically significant, < 0.05)
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4 Discussion and Conclusion

4 1 Discussion of method and results

The aim of the presented study was to evaluate the effect of lipid infusion as the
potential treatment of bupivacaine - , ropivacaine - and mepivacaine - induced

cardiac toxicity in the isolated rat heart.

In all the experiments presented in this study the application of intralipid infusion did
not significantly alter the time of recovery from cardiac arrest induced by either
mepivacaine or ropivacaine with regards to first heart beat or establishment of sinus
rhythm. Furthermore no statistical benefit could be observed in the time taken to first
heart beat in the either bupivacaine groups, however in the bupivacaine group lipid
infusion did improve recovery time to supra-ventricular and sinus rhythm,
respectively. With regards to the RPP a significant difference in RPP recovery to 90%
and recovery of the heart rate for the bupivacaine plus lipid group compared to the
KHB group was demonstrated. Below 90% no significant discrepancy could be noted.
No such positive effects in RRP could be observed in the lipid groups of either

mepivacaine or ropivacaine induced cardiac arrest.

In order to solely investigate the cardiovascular system without confounding factors,
such as systemic or central nervous side effects and peripheral complications due to
circulating neurohormonal reactions, this study was undertaken using the

Langendorff isolated heart model with a constant flow.

The advantages as well as the disadvantages of using an isolated organ system
consist of the fact that metabolic, respiratory acidosis as well as hypoxia resulting
from asystole which will reduce the pH in vivo are eliminated (Weinberg et al. 2008).
In vivo, asystole, usually preceded by shock would inevitably result in acidosis. A
decrease in the pH in return will lead to coronary dilatation and a reduction of the
contractile force of the organ (Kohlhardt et al. 1976). It is known that the Pka is
dependant on the pH, hence a shift in pH in the different experiments may influence
local anaesthetic penetration modalities. In this study flow control was chosen to
guarantee equal delivery of the local anaesthetic and lipid infusion, regardless of

cardiac activity. Coronary flow in the Langendorff model has been described to be
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higher than in-vivo, at 8-12 ml/min (Sutherland and Hearse 2000). This is in particular
the case if saline perfusions are employed rather than plasma, as their viscosity is
only about half that of plasma, hence flow will be nearly doubled. We set the constant
flow at 12 ml/min. Whilst the flow regulated perfusion adds an additional steadiness
to the experiment it has the disadvantage that, unlike constant pressure perfusion,

autoregulatory mechanisms are overridden.

Taking into account, that the Langendorff model is an ex-vivo preparation, the quality
of the isolated heart continuously deteriorates. Significant decline has been
described to occur after six to seven hours, as a result of the increasing oedema
(Doring 1990). The oedema is related to the protein free solution leaking from the
vascular bed causing interstitial oedema. In this study the individual experiments
lasted up to three hours, therefore making this unlikely to have any significant effect
on the results. In addition the order of the protocol was alternated, thereby
guaranteeing that equal numbers would receive KHB alone and lipid infusion in the
first instance respectively. To optimize the preservation of the organ the parameters
were maintained as close as possible to normal physiology. In this study KHB at a pH
of 7.4 and a temperature of 37°C was used for perfusion, thus closely imitating the in-
vivo setting. The Langendorff model provides the ideal platform for studying the
isolated effects on the heart and was therefore the deemed the most appropriate
model for this study. The results obtained purely reflect the direct cardiotoxic effects
of LAs, without any confounding factors. Indeed, Langendorff himself suggested the
use of the Langendorff model for the investigation of cardiotoxicity by adding the

medication in question to the perfusion solution (Langendorff 1895).

Weinberg et al. (2006) have used the isolated rat heart to support their previous
studies, demonstrating that lipid infusion improves the outcome after LA induced
cardiotoxicity. They reported after the induction of asystole by the means of 500
pmol/l of bupivacaine, a 30% more rapid return of spontaneous contraction after the
application of 0.3 ml/kg lipid emulsion to the isolated rat heart (p<0.01). These
findings could not be confirmed by Stehr et al. (2007a) who concluded that lipid
infusion did not significantly alter heart rate in the isolated heart pre-treated with

bupivacaine, however they noticed a direct inotropic effect of the lipid.
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The benefit of lipid infusion and the potential of reversing the cardiotoxic effects of
local anaesthetics had previously been described by Weinberg et al. (Weinberg et al.
2008; Weinberg et al. 2003; Weinberg et al. 2006; Weinberg et al. 1998) Following
their in-vivo rat study (Weinberg et al. 1998), which demonstrated that the dose
response to bupivacaine is significantly shifted by either the pre-treatment or the
resuscitation with lipid infusion, they suggested the hypothesis of the “lipid sink”.
Weinberg et al. (1998) proposed that by administering lipid infusion a lipid plasma is
created, which extorts lipid soluble bupivacaine molecules from the aqueous plasma
phase, thus making them unavailable to the tissue. They later confirmed their
findings in an in-vivo dog model as well as in the isolated rat heart model mentioned
above (Weinberg et al. 2003; Weinberg et al. 2006). Both of these studies indicated
that bupivacaine induced cardiotoxicity was reversible by infusion of Intralipid. In their
latest study Weinberg et al. (2008) supported their previous findings in another in-
vivo rat model. This study also observed that lipid infusion is superior to adrenaline in

the treatment of bupivacaine induced cardiotoxicity.

The presented study used a similar set-up to the study by Weinberg et al. (2006).
Conversely the results of this study did not support Weinberg et al. (2006) findings.
Although this study demonstrated a significant difference in RPP recovery to 90% of
the heart rate in the bupivacaine plus lipid group, no such significant effects could be
observed in any of the other measured parameters. Most importantly the actual time
of recovery of the heart rate and return to sinus rhythm was unaffected by lipid

infusion.

The protocol used by Weinberg et al. (2006) consisted of a 30 second perfusion with
500 pmol/l of bupivacaine, prior to starting a 20% lipid infusion at a rate of 3 ml/kg. In
the presented experiments hearts were perfused with local anaesthetic until asystole
occurred plus an additional two minutes, after which the local anaesthetic infusion
was stopped and treatment with lipid or KHB alone was commenced. It was felt that
this reflected clinical practice, which is usually an accidental bolus injection, more
accurately than a continuous LA infusion as described by Stehr et al. (2007 a) or pre-
treatment with lipid infusion as it was employed in the first study published by
Weinberg et al. in 1998. The time taken until asystole in the case of 250 pmol/l of

bupivacaine was on average approximately four minutes. The total perfusion time
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with local anaesthetic was therefore in the region of six minutes prior to starting the

lipid infusion.

Initial experiments with different doses of LA were conducted in order to establish the
required dose, which would achieve a consistent asystole for the three different local
anaesthetics investigated in this study, namely bupivacaine, mepivacaine and
ropivacaine. We consequently used the following doses in our final experiments:
bupivacaine 250 pmol/l, mepivacaine 1000 umol/l and ropivacaine 500 umol/l. With
250 umol/l, the dose of bupivacaine applied in presented study was only half of that
used by Weinberg et al. (2006). In the experiments undertaken by Stehr et al.
(2007a), 5 pg/ml (0,015 umol/l) of bupivacaine did not result in asystole, yet
demonstrated a definite decrease in heart rate. In this study the bupivacaine infusion

was not stopped when the lipid infusion was started.

Some discrepancy exists in the literature concerning the doses of LA leading to
toxicity (Moore et al. 1977) and measured doses in described case reports vary
greatly. It is noteworthy that recommended dosages of LA have mostly been
determined by animal studies and case reports and that although these doses are
safe in their intended use e.g. peripheral nerve blocks, in the case of accidental
intravenous application a significantly lower dose may result in systemic toxicity
(Zink, W 2007). Tucker (1986) distinguished the threshold above which toxic side
effect occur in humans as 5 to 10 pyg'mL™" for mepivacaine and 2 to 4ug-mL™" for
bupivacaine. In the case of ropivacaine the dosage described to produce first
symptoms of toxicity in volunteers ranges between 0.5 to 2 ug-mL™" (Knudsen et al.
1997; Scott et al. 1989). Knudsen et al. (1997) compared tolerated plasma
concentration of bupivacaine and ropivacaine and concluded that the endured dose
of ropivacaine is twice that of bupivacaine, 0.6 ug-mL™" and 0.3 pg-mL™" respectively
(p<0.001). However due to its lesser potency higher doses of ropivacaine will be
needed to achieve the desired level of anaesthesia (Feldman and Covino 1988). The
comparatively higher potency of bupivacaine to ropivacaine and mepivacaine is
attributable to its higher lipophilicity, which is causally linked to its potency and
therefore its toxic potential. Ropivacaine and bupivacaine exhibit similar Pka values,
and similar pharmacological properties in terms of duration of action. However the

replacement of the butyl — group (-C4 Hg) in bupivacaine by a propyl — group (-Cs H7)
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in ropivacaine alters physicochemical properties and above all decreases lipid
solubility, which has been suggested to play an important role in the cardiotoxicity
related to a drug (Graf et al. 2002). It has been shown that highly lipophilic local
anaesthetics, such as bupivacaine impair mitochondrial energy metabolism, thus
interfering with mitochondrial energy transduction. This in turn has also been

implicated to be linked to their increased toxic potential (Sztark et al. 2000).

The optimal concentration, dose and mode of application for lipid infusion has not
been explicitly studied before and hence remains subject to discussion. The chosen
dose of lipid infusion in our experiments was 0.25 ml/kg/min as previously
recommended by Weinberg (2004). This dose has also been employed by other
studies on the isolated rat heart (Goor and Goor 2004; Stehr et al. 2007; Weinberg et
al. 2006). Conversely this lipid dose is slightly lower than the dose employed by
Weinberg et al. (2006) although this study was undertaken after having issued the
guidelines for the clinical setting (Weinberg 2004).

Realistically to date a dose - response curve of the lipid effect in local anaesthetic
induced cardiac arrest has never been assessed. In their study Weinberg et al.
(2006) used a higher dose if intralipid. This dose demonstrated an effect, whilst their
recommended dose failed to, as shown in this study (Weinberg et al. 2006) as well
as in the study by Stehr et al. (2007 a). It is uncertain if there is an upper limit for safe
lipid infusion or whether there are adverse effects that may arise. Indeed, there is
some evidence that at least boluses of intralipid can cause pulmonary
vasoconstriction (Picard and Meek 2006). In addition, Weinberg et al. (2008) noted in
their experiments that lipid infusion leads to an increased level in lactate and O,
consumption. Consequently a large variance of lipid infusion dose, concentration and

application can be seen in studies focusing on the lipid effect.

It has been speculated that lipid infusion would increase the intracellular fatty acid
content, providing the depleted energy for the cells and thus partially reversing the
toxicity. Indeed it has been shown that, in the isolated muscle mitochondria of the rat,
lipid infusion does increase mitochondrial respiration (Silveira et al. 2007). This

proposes an additional mechanism of action to the suggested effect of the “lipid sink”

35



DISCUSSION AND CONCLUSION

In this case one can speculate that there should an LA unspecific effect, independent

of the LAs lipophilicity.

To date no studies have investigated the effect of lipid infusion on cardiac arrest
secondary to local anaesthetic toxicity due to any other drug than bupivacaine or L-
bupivacaine. In this study the LAs bupivacaine, ropivacaine and mepivacaine were
chosen for investigation. These LA are ideal for studying lipophilicity dependent
effects, as they all belong to the group of pipecoloxylidides LAs and offer different
lipophilic properties, resulting in dissimilar potency and rate of cardiotoxicity. Yet
structurally they are very similar, only at variance at the alkylic side chain on the
piperidine ring; (butylic (-C4Hy) for bupivacaine, propylic (-CsH7) for ropivacaine, and
methylic (-CHs) for mepivacaine.(Casati and Putzu 2005). Bupivacaine is known to
be most lipid soluble, and hence also has the highest analgesic potency as well as
risk of toxicity, whilst ropivacaine is superior in lipophilicity and potency and therefore
toxicity to mepivacaine (Ohmura et al. 2001; Strichartz, G. R. et al. 1990; Zink, W.
and Graf 2004). As a result this study tested the effects of lipid infusion on recovery
from cardiac arrest after infusion of the highly lipophilic bupivacaine and the less

lipophilic agents ropivacaine and mepivacaine at equipotent doses, respectively.

Consequently these results represent the first study to investigate cardiotoxicity
caused by other local anaesthetics than bupivacaine and the potential treatment with
lipid infusion. In all conducted experiments, the perfusion with bupivacaine (250
pgmol/l), mepivacaine (1000 wpmol/l) or ropivacaine (500 pmol/l) resulted in
uninterrupted cardiac arrest. These observations reflect the well-known effects of
local anaesthetic toxicity, being negative inotropy, chronotropy, dromotropy and
blockage of cardiac ion channels leading to myocardial conduction block (Zink, W
2007). These pro - arrhythmic and negatively inotropic effects are increasingly
noticed the higher the concentration of the drug given. It has been shown, that at the
same dosage the toxicity of bupivacaine is greater than that of ropivacaine and
mepivacaine (Graf 2001; Pitkanen et al. 1992; Sztark et al. 1998).

It important to notice though, that the actual mode of action of the lipid infusion
remains speculation. Weinberg et al. proposed the theory of the “lipid sink”,

suggesting that the lipid infusion creates a lipid plasma phase into which the lipid
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soluble bupivacaine molecules from the aqueous plasma phase dissolve, making
them unavailable to tissue (Weinberg et al. 1998). This is turn would result in a
reduction of free bupivacaine in the plasma and an increase of the diffusion gradient
between “intoxicated” tissue and blood. The theory of a “lipid sink” in itself would
explain why the effect of lipid is not apparent in cardiotoxicity caused by less
lipophilic local anaesthetics; hypothesizing that if the “lipid sink” effect is supposed to
depend on the lipophilicity of the LA, it might be less marked for less lipophilic local
anaesthetics. The findings of this study could hence be explained mainly on the
grounds of the considerably higher lipophilicity of bupivacaine compared to

mepivacaine or ropivacaine.

The limitations as well as the strength of the presented study are the fact that the
Langendorff model eliminates any confounding factors. Thereby it also fails to a
certain extend to mimic the in-vivo pharmacokinetics of local anaesthetic induced
toxicity. After the perfusion with the drug the heart was reverted to perfusion with
KHB with normal electrolytes, pH and adequate oxygenation. It is invariably arguable
that this does not strictly reflect the clinical setting where one would expect some
residual local anaesthetic in the plasma. Furthermore patients would have suffered
from significant tissue hypoxia and acidosis, which would take significant time to
reverse. Altogether these factors would indisputably contribute to the difficulty in

resuscitating these patients (Englesson 1974).

With regards to clinical application, local anaesthetic induced cardiotoxicity has
notoriously been known to be very resistant to treatment (Albright 1979; Chazalon et
al. 2003). As described above the toxicity of LAs is caused by their binding to sodium
channel receptors, thus decreasing cardiac contractility and depolarization. Large
molecules, like those of bupivacaine only dissolve slowly from their binding site on
the cardiac myocyte (fast in — slow out mechanism) (Clarkson and Hondeghem 1985;
Kendig 1985). This process is further enhanced by tachycardia and acidosis, which
are commonly encountered in the cardiac arrest scenario. This has been thought to
account for the prolonged cardiac arrest, refractory to treatment described due to
bupivacaine toxicity (Long et al. 1989). Consequently great care needs to be taken to
prevent toxicity, this is best done by paying careful attention to the dose and route of

administration, using test doses and vasoconstrictors where possible. Adding a
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vasoconstrictor, typically adrenaline, to the LA provides several advantages:
Adrenaline will vasoconstrict the surrounding blood vessels, ensuing in the LA being
more slowly absorbed, thus enhancing its potency and prolonging its duration of
action by localising it in the tissue. Additionally it can be used as an early warning for
intravascular application of the drug as it will provoke a tachycardic response in the
patient (Chen 1998). However it is vital not to utilise LA with adrenaline for infiltration
around end-arteries as the vasoconstriction would result in severe peripheral tissue

ischaemia and consequently necrosis (Tuckley 1994).

Prior to using any LA for a regional block one should have appropriate monitoring
attached to the patient and resuscitation facilities need to be immediately to hand. In
order to prevent accidental intravascular injection it is essential to aspirate prior to

injecting the anaesthetic and administer the drug slowly.

If toxicity occurs and seizures are imminent, instant ventilation with 100% O is to be
commenced and intubation considered. In case that the heart rate decreases to
below 30 bpm 1:10000 adrenaline in 0.3 — 0.5 ml increments is administered and
cardiac compression are to be started if the heart rate drops further to below 25 bpm.

If the heart rate decreases further the ALS protocol is to be followed (Moore 2007).

In 2006 Corcoran et al. published a survey of current practise for the treatment of LA
induced toxicity in the United States, noting that there is no consensus amongst
practitioners on best treatment. Several potential treatments have been described in
the literature. To date the mainstay of the treatment consists of the immediate
discontinuation of the LA and resuscitation following the ALS protocol. It has been
demonstrated that it is essential to survival to treat seizures aggressively and
adequately support respiration (Feldman et al. 1991) in order to manage the
inevitable hypoxia, hypercapnia and acidosis. Acidosis and tachycardia have been
shown to further enhance the binding of amide local anaesthetics, which are weak
bases, to myocardial sodium channel receptors and resulting in further exacerbation

of the toxicity (Heavner et al. 1992).

Currently adrenaline is recommended as first line treatment for cardiac arrest (Ali and

Zafari 2007). The desired increase in diastolic pressure and hence coronary
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perfusion pressure is due to itsa- and 3 - agonistic action. Additionally it also
disposes of positive chronotropic and inotropic activity. In animal studies it has been
shown to be a successful treatment of LA induced cardiotoxicity (Heavner et al.
1995). Nonetheless several studies also demonstrated that adrenaline can lead to an
exacerbation of ventricular arrhythmias caused by the LA overdose (Bernards et al.
1989; Groban et al. 2001; Heavner et al. 1995; Mallampati et al. 1984). Mostly due to
its adverse effects, i.e. frequent pulmonary oedema and ventricular arrhythmias,
Weinberg et al. (2008) concluded it to be inferior to lipid treatment. In addition the
authors had already previously described that ventricular fibrillation in the setting of

LA induced toxicity can be very refractory to treatment (Weinberg 2002).

Recently several case reports have been published illustrating the use of lipid
infusion in LA induced toxicity caused by variant local anaesthetics (Foxall et al.
2007; Litz et al. 2006; Litz et al. 2008; Ludot et al. 2008; McCutchen and Gerancher
2008; Rosenblatt et al. 2006; Sirianni et al. 2008; Smith, H. M. et al. 2008; Spence
2007; Warren et al. 2008; Zimmer et al. 2007) and even other lipophilic drugs
(Sirianni et al. 2008). All of these case reports describe successful resuscitation after
either near cardiac arrest or cardiac arrest following overdose with LAs or other
lipophilic drugs. The choice of intralipid was explained with the “lipid sink” hypothesis
proposed by Weinberg et al. (2003). Yet, no study had investigated other local

anaesthetics than racemic bupivacaine in this setting (de Jong 2007).
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4.2 Conclusion

The aim of this study was to research the potential reversibility of LA induced
cardiotoxicity with lipid infusion in relation to the lipophilicity of the LA. We evaluated
three different LAs which are commonly used in clinical practice and have different

lipophilic properties: bupivacaine, mepivacaine and ropivacaine.

Overall lipid infusion does not accelerate the return of any heart rhythm in any LA
intoxicated hearts. The “lipid sink” effect, as described by Weinberg et al is partially
evident in the bupivacaine group, however it was not demonstrated at all in either the
mepivacaine or ropivacaine intoxicated hearts. As a result it can be concluded that, if
the theory of the “lipid sink” effect is correct, the lipophilicity of the LA is essential for

the effectiveness of lipid infusion.

The results of this in-vitro study in the isolated rat heart are not fully translatable to in-
vivo studies or patients, however undoubtedly the severity of LA cardiotoxicity make
it difficult to investigate this topic in any other way than animal studies. It has been
shown that cardiotoxicity due to LA responds more readily to resuscitation in animals
than in humans, even when solely treated with adrenaline. This makes it difficult to
recreate the clinical scenario, whereby the patient would normally be resuscitated
according to the ALS protocol, including the administration of other drugs such as

adrenaline.

The difficulty in comparing the data published by Weinberg et al. and Stehr et al. with
the results of the presented study are the different dosages applied and the varying
setup of the experiments. This leaves room for speculation that the different dose of
lipid might have additional benefit in the studies of Weinberg et al.. Yet Stehr et al.

and this study followed the guidelines released by Weinberg.

To conclude, no clear cut answer can be drawn from the data of this study, although
we did not observe any benefit of lipid infusion for treatment of cardiotoxicity in
ropivacaine or mepivacaine, a significant difference could be observed for the
establishment of a sinus rhythm and the recovery to 90% RPP in the bupivacaine

treatment group. However these differences were not evident for any other measured
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parameters, in particular it is noteworthy that lipid infusion did not improve time until
first heart beat. As a final point, research to establish the appropriate dose and mode
of application of the lipid used for the infusion remains a challenge for the future.
Additionally, more research is needed to further investigate the molecular effect of
lipid infusion in LA induced cardiotoxicity and to prove clinical benefit of lipid

application.
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5 Summary

Since their discovery in 1884 local anaesthetics have become widely used in clinical
practice. Nevertheless the publication of increasing number in fatal cases due to their
cardiotoxic side effects (Albright 1979) have led to research into exploring the
mechanism of development of cardiotoxicity and how it can consequently be
prevented or treated. Every year about 1-12 / 100 000 incidences occur as a
complication of epidural anaesthesia, and even 150 - 200 cases per 100 000 are
reported after a peripheral nerve blockage (Mather et al. 2005). Overall, mortality has
been described to be approximately 0.023 cases per 100 000 patients (Irita et al.
2005). In general their lipophilicity determines their anaesthetic potency, while protein
binding correlates with the duration of anaesthesia and the onset of action is
dependant on the pKa (Torrens and Castellano 2006). The main mechanism of
action of local anaesthetics is by binding to the voltage gated sodium channels in the

cell membrane, thus inhibiting the occurrence of action potentials.

In 1998 Weinberg suggested treatment of LA induced systemic toxicity with lipid
infusion and has since demonstrated its effects in bupivacaine induced toxicity in an
in vitro rat and dog model (Weinberg et al. 1998; Weinberg et al. 2003; Weinberg et
al. 2008; Weinberg et al. 2006). Several theories have been suggested regarding the
mechanism of action of this effect and to date it is still uncertain how exactly the lipid
it thought to protect the heart (Stehr et al. 2007).

To date no study has investigated the use of other, in particular less lipophilic local
anaesthetics than bupivacaine in this setting. This study compared three common
local anaesthetics, namely bupivacaine, mepivacaine and ropivacaine and their

toxicity in an in-vitro model.

In this study in none of the investigated LAs did the application of lipid alter the time
until first heart beat significantly. Nonetheless in the hearts receiving bupivacaine and
lipid infusion sinus rhythm established earlier than in the control. The results showed
a significant difference in recovery of the heart rate and RPP recovery to 90% for the

bupivacaine plus lipid group compared to the control group. In contrast to this the
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presented study did not demonstrate any positive effect of the use of lipid in

cardiotoxicity induced by either mepivacaine or ropivacaine.

In summary further research is needed to analyse the effects of lipid infusion in LA

induced cardiac arrest and to clinically prove its benefit.
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