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Introduction and thesis outline

EVOLUTION OF NEUROMUSCULAR BLOCKADE IN ANAESTHESIA: FROM
CURARE TO SUGAMMADEX

General anaesthesia is a pharmacologically induced state of the body that is charac-
terized by unconsciousness (hypnosis), pain relief (analgesia) and muscle relaxation
(paralysis). It allows patients to endure invasive surgical procedures without cognition
and pain perception. Every pharmacologic component of anaesthesia is essential for
success. Hypnosis and analgesia are induced by agents that depress the central nervous
system at various levels. They prevent somatic and cognitive arousal and suppress the
sympathetic response to painful (surgical) stimuli. The combination of both agents is
sufficient to induce and maintain general anaesthesia; however they do not fully de-
press all motor reflexes in every circumstance.”? For example, even during adequate
general anaesthesia, high intensity (surgical) stimuli can trigger reflexes that result in
sudden movement of a patient. The addition of muscle relaxants to general anaesthesia
prevents these sudden movements and ensures an immobile patient throughout a
procedure.

The use of muscle relaxation as a routine part of general anaesthesia has historically
not been an easy matter of course. The first muscle relaxing agents were direct deriva-
tives of an agent called curare. Curare is naturally present in the jungle plants of the
Chondodendron and Strychnos genus. Curare’s deadly characteristics were long known
by jungle tribes, who used it as a poison on their hunting arrows. Curare induces a
flaccid paralysis of all skeletal muscles by blocking the signal transmission from the
nerve-end to the muscle at the neuromuscular junction. This eventually causes death
by respiratory arrest. Curare only exerts its muscle relaxing properties when it directly
enters the bloodstream and is harmless when it is ingested by mouth. Hunted animals
were therefore safe for consumption. Colonial expansion eventually brought curare to
the attention of western scientists.’ Experiments with curare began in the mid-1800 and
were led by important discoveries on neuromuscular transmission by Claude Bernard
and others.” Interestingly, these experiments took place at the same time ether and
nitrous oxide inhalation anaesthesia became known.>® However, in contrast to the rapid
adoption of these hypnotic agents, it would take nearly a 100 years longer for muscle
relaxants to become a part of anaesthesia.

In 1942, Harold Griffith and Enid Johnson were the first to use a muscle relaxant (In-
tocostrin) during general anaesthesia.” They sought a way to provide optimal surgical
working conditions during abdominal surgery by ensuring an immobile patient. At that
time, the only way to ensure an immobile patient during surgery was to use high doses
of anaesthetic agents to maintain a deep level of general anaesthesia. Deep anaesthesia,
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although applicable, comes with a variety of disadvantages, most notably prolonged
recovery times and hemodynamic collapse. Muscle relaxation allowed for a reduction in
the depth of general anaesthesia, whilst maintaining an immobile patient and ensuring
good surgical working conditions. Four main purposes for the use of muscle relaxants
during general anaesthesia were recognized by that time®:

To provide muscular relaxation required for abdominal surgery

To facilitate respiratory control during thoracic procedures

To ensure freedom of laryngospasm

To reduce the amount of anaesthetic agents in whilst achieving the previous

The pioneering work of dr. T.C. Gray and others further shaped the technique of “light
anaesthesia” with muscle relaxation and the control of respiration. This laid the basis
of the well-known Liverpool anaesthetic technique.” '° However, the increasing use
of muscle relaxants soon unfolded major concerns. In 1954, Beecher and co-workers
reported a six fold increase in anaesthesia related mortality in cases were muscle relax-
ants were used.'' This association was noted in the period after anaesthesia and surgery
had ended (i.e. the postoperative period). Incomplete recovery of neuromuscular block
(NMB) after anaesthesia has ended (known as postoperative residual curarization) causes
persistent general muscle weakness in the early postoperative period. This condition
interferes with normal breathing and is strongly associated with adverse respiratory
events in the recovery ward."” Postoperative residual curarization remains a common
problem, even in the present day. Despite the availability of neuromuscular monitoring
devices and reversal agents, incidences of 40-60% have been reported consistently in
the literature over the last decades."

From a pharmacological view, the potential for postoperative residual curarization to
occur is evident. The paralyzing effect of muscle relaxants last much longer than the
effects of the hypnotic agents. For instance, an induction dose of rocuronium, a com-
monly used muscle relaxant with an intermediate duration, has an average recovery
time of 50-60 minutes.' In contrast, the time for a patient to awake after termination of
a propofol and remifentanil infusion (a commonly used hypnotic and analgesic agent
respectively) is less than 10 minutes." In addition, the recovery time of muscle relaxants
is unpredictable and displays a large variation between patients.'® The use of muscle
relaxants always bears a risk of incomplete recovery and the only way to fully preclude
residual curarization is objective measurement of the level of neuromuscular block at
the end of anaesthesia.

Neuromuscular monitoring is one of the corner stones to prevent residual curarization.
Currently, multiple commercially available neuromuscular monitoring devices are avail-
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able. In this thesis, acceleromyography of the adductor pollicis muscle (device: TOF watch
SX, Organon, the Netherlands) or compressomyography of the biceps muscle (device:
TOF cuff, RGB medical devices, Spain) were used. All these devices work by the same
principle: a peripheral nerve is stimulated by a low voltage current, which evokes a con-
traction in a nearby muscle (see fig. 1 for schematic setup of the TOF watch). The mag-
nitude of the evoked muscle contraction reflects the level of neuromuscular blockade.
Several distinct stimulation modes exist, of which train-of-four and post-tetanic-count
are the most common."""® Train-of-four (TOF) stimulation is used to assess shallow and
moderate levels of neuromuscular bock. A train-of-four consists of four short electrical
stimuli which evoke four short muscle contractions (twitches). With increasing level of
neuromuscular block, the twitches will first reduce in strength and will eventually disap-
pear.”® In addition, the ratio of the fourth twitch relative to the first twitch (TOF ratio)
has to be recovered to at least 0.9 or 90% before the end of anaesthesia, to ensure that

muscle strength is adequate. . Any TOF ratio below 0.9 is called residual curarization by
19-21

definition and poses patients at risk for postoperative respiratory complications.

Figure 1: Schematic setup of the TOF watch at the adductor pollicis muscle. Two electrodes are placed
adjacent to the ulnar nerve. A current of 30-60 mA administered at the ulnar nerve will evoke a muscle
contraction of the adductor pollicis muscle at the base of the thumb. A piezoelectric sensor placed at the
distal end of the thumb records the acceleration of the thumb that is caused by the muscle contraction.The
magnitude of the acceleration is a reflection of the level of neuromuscular block.

During a deep neuromuscular block, the train-of-four will not yield any muscle re-
sponses (i.e. TOF = 0 twitches). In this instance, the post-tetanic-count (PTC) method can
be used to determine the exact depth of neuromuscular block. The post-tetanic-count
method differs from the train-of-four method in that this stimulation mode begins with
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a prolonged current on the nerve (tetanic stimulus, 50Hz for 5 seconds). This results
in a massive pre-synaptic release of acetylcholine in the neuromuscular junction. Ace-
tylcholine is the neurotransmitter that is primarily responsible for signal transmission
between a nerve end and a muscle fiber. The acetylcholine excess will exist for a short
period of time, before it is broken down by the enzyme acetylcholinesterase. During
this period, neuromuscular signal transmission is temporarily enhanced, so that 10 to
20 short stimuli following the tetanic stimulus may evoke muscle responses during a
deep neuromuscular block. The number of detectable twitches add up to form the post-
tetanic-count." In this thesis, a deep neuromuscular block is defined as a post-tetanic-
count of 1 to 2 twitches; a moderate neuromuscular block is defined as a train-of-four
count of 1 to 3 twitches (see fig. 2). Further reading about depth of neuromuscular block
can be found in chapter 7.

].l.u_uu.u.J_L_I.LLJ‘JJ

Neuromuscular Intense Deep Moderate Onset
blockade blockade blockade blockade recovery
Start PTC=0 PTC=1 TOF=1

Figure 2: Schematic illustration of depths of neuromuscular block. The vertical bars represent the twitches
of the thumb evoked by either TOF or PTC stimulation. The figure shows, from left to right, the typical
course neuromuscular block (NMB) after a single administration of muscle relaxant. In the first orange
square, the twitches of the train-of-four disappear after the administration of a muscle relaxant. As the
NMB deepens in the first minutes after administration, all twitches of the TOF and PTC disappear (second
square), leading to an intense NMB. When the muscle relaxant starts to wear off, the twitches return, first
in the PTC (third square) and later on in the TOF (fourth and fifth square). Eventually, as the NMB has com-
pletely recovered, the twitches in the train-of-four will again have equal strength. TOF= train-of-four; PTC
= post-tetanic-count.

Neuromuscular monitoring has proven to be essential in reducing the incidence of post-
operative residual curarization,”?* but other strategies exist. One of these strategies is
to reverse any residual neuromuscular block before the end of anaesthesia. Neuromus-
cular reversal may be of equal importance as neuromuscular monitoring and in practice
these strategies go hand in hand. Reversal techniques are aimed to significantly speed
up the recovery of neuromuscular block. Traditionally, this is achieved with the use of an
acetylcholinesterase inhibitor (e.g. neostigmine). These agents reduce the breakdown of
acetylcholine in the neuromuscular junction, resulting in enhanced neuromuscular sig-
nal transmission and competitive antagonism with the neuromuscular blocking agent.”®
However, acetylcholinesterase inhibitors have important intrinsic limitations. Reversal
with these agents is often lengthy or incomplete and they cannot be used for reversal
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of deep neuromuscular block.”® Consequently, acetylcholinesterase inhibitors should be
dosed well in anticipation of surgery-end and exclusively for reversal of shallow levels of
neuromuscular block.”” Inappropriate use of acetylcholinesterase inhibitors still yields a
high incidence of residual curarization and the associated respiratory complications.”

To reduce the risk for residual curarization, the depth of the neuromuscular block dur-
ing anaesthesia is often maintained at a shallow or moderate level to ensure prompt
spontaneous recovery or easy reversal with an acetylcholinesterase inhibitor. In addition,
a moderate depth of neuromuscular block is generally considered to be sufficient for
abdominal muscle relaxation, ensuring good operating conditions (i.e. a “surgical block”).
However, due to the evolution of surgical procedures from open to minimal invasive
(laparoscopic) approaches, a moderate NMB may not be sufficient to maintain good
surgical working conditions. To understand this, two things are important to realize. First,
in laparoscopic surgery, space is often limited and muscle contractions can severely ham-
per the surgeon. Second, these muscle contractions can happen during a moderate NMB
because the abdominal muscles and diaphragm are more resistant to muscle relaxants
than other muscles in the body and require a larger dose to become fully paralyzed.?®*' In
practice, this means that a deep NMB must be applied to fully relax all these muscles."**
Until recently, the application of a deep NMB was very unpractical for routine use. As
a deep NMB cannot be reversed with acetylcholinesterase inhibitors, it came with very
long recovery times and a high risk of postoperative residual curarization. The introduc-
tion of sugammadex, a novel, selective reversal agent, took away these disadvantages.

Sugammadex reversal is based on a new reversal principle, which substantially differs
to the reversal principle of acetylcholinesterase inhibitors. Sugammadex is a modi-
fied, cyclic sugar molecule (y-cyclodextrin), which is able to encapsulate molecules of
neuromuscular blocking agents with a steroidal structure (rocuronium, vecuronium and
pancuronium).** Encapsulation renders the muscle relaxant molecules unable to exert
their effect and quickly terminates the muscle relaxing effect. The encapsulation process
takes place in the plasma, happensona 1 to 1 basis (i.e. 1 molecule sugammadex encap-
sulates T molecule rocuronium) and is irreversible (see fig. 3). Unlike acetylcholinesterase
inhibitors, sugammadex is able to completely reverse a deep neuromuscular block in a

very short period of time *?*

Sugammadex has opened the door for clinical application of deep neuromuscular block
during general anaesthesia. The use of deep neuromuscular blockade may improve
surgical working conditions over a standard (moderate) neuromuscular block during
laparoscopic procedures. Especially in laparoscopic retroperitoneal prostatic and renal
surgery, where space is very limited, surgical working conditions may largely depend
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Figure 3. Schematic illustration of neuromuscular transmission at the neuromuscular junction and the
encapsulation of rocuronium by sugammadex in the blood plasma. Courtesy of MSD, not authorized for
reproduction.

on a deep neuromuscular block. In addition, the intensity of sugammadex reversal
compared to neostigmine reversal may reduce the occurrence of postoperative residual
curarization. In this thesis, these two hypotheses were tested. Additionally, the effect of
deep neuromuscular block and reversal of neuromuscular block with sugammadex on
postoperative outcomes was assessed.

THESIS OUTLINE

This thesis is divided in four subsections.
Section 1 presents two prospective studies about the effect of deep neuromuscular block
on surgical conditions during laparoscopic retroperitoneal surgery (chapters 2 and 3).

The effect of deep neuromuscular block and of sugammadex reversal on postoperative
outcome is presented in section 2 (chapters 4 and 5).

The methods and use of surgical rating scales in laparoscopic surgery are discussed in
section 3 (chapter 6).

Section 4 presents an overview of recent literature and places the results of this thesis
in perspective (chapter 7). Finally, conclusions and applications and implications of the
results of this thesis are presented in chapter 8.
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