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Abstract The perioperative use of neuromuscular block-

ing agents has revolutionized medicine, and has allowed

numerous and significant advances in the surgical manage-

ment of patients. However, surgical advancement has not

been devoid of attendant complications such as intraopera-

tive patient recall, residual neuromuscular weakness, pul-

monary aspiration of gastric contents, and need for tracheal

reintubation. This chapter briefly reviews the various ways

in which clinicians can optimize the timing and dosing of

muscle relaxants, improve perioperative monitoring of

muscle relaxation, and enhance the pharmacologic reversal

of neuromuscular block. These strategies are intended to

reduce the incidence of postoperative neuromuscular

weakness and improve the safety of patients undergoing

surgery and general anesthesia.
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Introduction

Neuromuscular blocking drugs are used primarily to

facilitate tracheal intubation, decrease the potential for

injury to vocal cords from laryngoscopy, and improve

surgical conditions. However, neuromuscular blockers are

not the sole determinant in achieving acceptable intubat-

ing conditions or preventing intraoperative movement of

anesthetized patients. Guidelines are also needed regarding

appropriate administration of anesthetic induction agents

and titration of these agents intraoperatively to ensure an

optimal plane of general anesthesia.

One of the integral aspects of anesthetic practice is

achieving a smooth laryngoscopy and tracheal intubation

without coughing, bucking, or any complications in an

anesthetized patient. Intubating conditions depend on sev-

eral factors, including the depth of anesthesia, the interval

between drug administration and laryngoscopy, the dose of

the hypnotic and neuromuscular blocking agents (NMBAs)

administered, the anatomy of the airway, and the experience

of the laryngoscopist. It cannot be overemphasized that

maintenance of unconsciousness, analgesia and hemody-

namic stability during induction of general anesthesia is a

prerequisite for a safe tracheal intubation in the anesthetized

patient. The following discussion is limited to routine (and

not rapid sequence or difficult) intubating scenarios.

Determinants of Tracheal Intubating Conditions

The potency (in terms of the mg/kg dose necessary to

achieve a certain end-point) of nondepolarizing NMBAs is

vastly variable. For this reason, equivalent doses of different

drugs are expressed in terms of the dose required to achieve

95 % of the intended effect — in this case, depression of the
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evoked neuromuscular response by 95 %. The dose required

to achieve 95 % neuromuscular block is ED95, and anes-

thesiologists have come to refer to a dose of 29ED95 as the

‘‘intubating dose.’’ At this dose, adequate conditions for

intubation will be achieved approximately 90–180 s after

drug administration. This dose, it must be stressed, has never

been accepted to be adequate for situations requiring a rapid

sequence induction and intubation (RSII). Tracheal intu-

bating conditions for non-emergent surgical anesthesia are

related more closely to the degree of neuromuscular block of

the laryngeal adductor muscles than to the degree of

blockade typically monitored at the adductor pollicis mus-

cle. In fact, onset of neuromuscular block is much more

rapid in the muscles that are relevant to obtaining optimal

intubating conditions (such as laryngeal adductors, dia-

phragm, and masseter muscles) than in the muscle typically

monitored (adductor pollicis) [1, 2]. These observations may

seem contradictory because there is also convincing evi-

dence that the effective plasma concentration of the drug

necessary to achieve 50 % of the intended effect (EC50) for

almost all drugs studied is between 50 and 100 % higher at

the diaphragm or larynx than it is at the adductor pollicis

(i.e., the diaphragm and the larynx are more resistant to the

effects of drugs than the muscles of the hand). Fisher et al.

[3] explain this apparent contradiction by postulating more

rapid equilibration (shorter mean equilibration half-life,

t�ke0) between plasma and the effect compartment at these

central muscles. This accelerated rate of equilibration

probably represents little more than differences in regional

blood flow. Therefore, muscle blood flow, rather than the

drug’s intrinsic potency, may be more important in deter-

mining the onset and depth of nondepolarizing neuromus-

cular block [4, 5]. More luxuriant blood flow (greater total

blood flow per gram of muscle) at the diaphragm or larynx

results in the central muscles receiving a higher peak plasma

concentration of drug in the brief period before rapid

redistribution is well under way.

Figure 1 illustrates that a less than complete block of

short duration will result at the larynx or diaphragm when

doses \2.09ED95 are administered; furthermore, there is

ample clinical evidence to show that rocuronium at doses

of 1.59ED95 can reliably produce excellent conditions for

intubation. Thus complete block at the larynx and/or dia-

phragm is not a necessary prerequisite for satisfactory

tracheal intubation conditions. Kopman et al. [6] noted that

0.5 mg/kg rocuronium (1.59ED95 dose) provided very

satisfactory conditions for intubation (out of a total of 30

intubations, 25 were rated as excellent and 5 were rated as

good) in patients anesthetized with 12.5 lg/kg alfentanil

and 2.0 mg/kg propofol when laryngoscopy was delayed

for 75 s following drug administration. The authors esti-

mated that 1.59ED95 dose of rocuronium will produce a

95 % block or greater in 98 % of the population [6].

Tracheal intubation can also be achieved without the use of

NMBAs. In 1992, Scheller et al. [7] demonstrated that an

anesthetic induction consisting of at least 30 mcg/kg alfen-

tanil and 2 mg/kg of propofol resulted in intubating conditions

that were not different from those achieved with 4 mg/kg

thiamylal and 1 mg/kg succinylcholine. Other investigators

reported similar results using 4 mcg/kg remifentanil

co-administered with either 2 mg/kg propofol in adults [8] or

3.5 mg/kg propofol in children [9]. However, the use of high

doses of opioids is invariably associated with significant

reductions in arterial blood pressure and heart rate [7–10].

When doses of 12.5 lg/kg alfentanil and 2 mg/kg propofol

were administered, the frequency of excellent intubating

conditions was 10 %; however, this increased to 83 % with

the addition of 29ED95 doses of neuromuscular blockers [6].

Fig. 1 A computer simulation based on Sheiner’s model [24] and

data reported by Wierda et al. [25]. The ED95 of rocuronium at the

adductor pollicis muscle from this model is 0.33 mg/kg. Rocuronium

0.45 mg/kg is given as a bolus at time zero. Muscle X represents a

muscle (such as the diaphragm or the laryngeal adductors), which is

less sensitive to the effects of nondepolarizing relaxants than the

adductor pollicis muscle, but has greater blood flow. In this example

the plasma concentration of rocuronium producing 50 % block (EC50)

of muscle X is 2.5 times that of the adductor pollicis, but the half-life

of equilibration between the plasma and effect compartment (t�ke0) of

muscle X is only half as long. The rapid equilibration between plasma

concentrations of rocuronium and muscle X results in the more rapid

onset blockade of muscle X than of the adductor pollicis. The greater

EC50 at the X muscle explains the faster recovery of this muscle from

neuromuscular block than the adductor pollicis. Lower blood

concentrations of rocuronium must be achieved at the adductor

pollicis, compared with muscle X, before recovery begins. From

Naguib M, Kopman AF, ‘‘Low dose rocuronium for tracheal

intubation,’’ Middle East J Anesthesiol 2003;17:193–204, [26]

with permission from Middle East Journal of Anesthesiology and

American University of Beirut Medical Center
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In addition, in a closed claims analysis, airway injuries were

ranked the fourth most common anesthetic complication [11].

Of the 266 closed claims related to airway injury, 87 involved

the larynx, and 80 % of laryngeal injuries were associated

with routine (non-difficult) laryngoscopies and tracheal intu-

bations; only 17 of these cases were associated with difficult

intubations [11]. Furthermore, with inadequate neuromuscu-

lar relaxation, motor reactions during tracheal intubation are

more likely to result in laryngeal injury (e.g., arytenoid sub-

luxation) [12]. Avoidance of neuromuscular blockers may

also increase the risk of difficult tracheal intubation [13].

Therefore, it may be prudent and even desirable to administer

at least a small dose of neuromuscular blockers to facilitate

tracheal intubation [14, 15]. Good to excellent conditions for

intubation will be present 75–90 s after administration of

rocuronium 0.45 mg/kg following induction of general

anesthesia with alfentanil 15 lg/kg and propofol 2.0 mg/kg.

It should be noted that monitoring the adductor pollicis

muscle (thumb adduction) during onset of block is not a very

useful indicator of the readiness for tracheal intubation,

because paralysis of the adductor pollicis muscle lags behind

onset of neuromuscular block at the laryngeal adductors,

diaphragm, and masseter muscles [2, 16]. In such instances,

some consider it appropriate to gauge the readiness for tra-

cheal intubation based on the time elapsed since NMBA

administration, rather than be guided by objective moni-

toring of the adductor pollicis muscle response. As already

mentioned above, the technique of administering a low-dose

of NMBA is, of course, not suitable for the clinical setting of

rapid sequence induction and intubation.

Depth of Neuromuscular Block Required for Different

Surgical Procedures

After tracheal intubation, the extent (or ‘‘depth’’) of neuro-

muscular block should be determined by the surgical

requirements. For instance, deep neuromuscular blockade

with no response to train-of-four (TOF) stimulation may be

necessary throughout ophthalmic, neurosurgical, thoracic,

cardiac, and microsurgical procedures. A decrease in the

tone of abdominal muscles during laparoscopic or robotic

surgery also helps limit the increase in insufflation pressure

of carbon dioxide (CO2) during pneumoperitoneum, thereby

decreasing intraabdominal pressure while providing optimal

surgical conditions. In lower abdominal surgery, deep neu-

romuscular blockade is usually not needed to facilitate sur-

gical exposure. In these situations, maintaining 1–2 twitches

of TOF stimulation (a TOF count of 1–2) would be sufficient.

Residual neuromuscular weakness is common in the

postanesthesia care unit secondary to nondepolarizing

relaxants administered intraoperatively [17, 18•], and is a

potentially serious patient safety issue [19, 20, 21•]. The use

of a quantitative neuromuscular monitor (which measures

and displays the TOF ratio in real time) is preferable to the

use of a conventional nerve stimulator, because the clinician

can make sure that the patient has recovered to a TOF ratio of

[0.9. However, if a conventional nerve stimulator is used

(without objective TOF monitoring), a reversal agent (i.e.,

anticholinesterases) should be administered at the end of

surgery when four twitches are felt at the adductor pollicis

muscle [22, 23••]. Even in the absence of subjective fade, a

reduced dose of neostigmine (0.025 mg/kg) should be

administered in the absence of objective monitoring.

Does Intra-Operative Neuromuscular Monitoring

Reduce the Incidence of Post-Operative Residual

Neuromuscular Block?

Although d-tubocurarine was introduced into clinical

practice in 1942 [27], it was not until 1965 when editorial

opinion suggested that intra-operative monitoring of neu-

romuscular function using a peripheral nerve stimulator

should be standard practice [28]. That year, Churchill-

Davidson argued that, ‘‘the only satisfactory method of

determining the degree of neuromuscular block is to

stimulate a motor nerve with an electric current and

observe the contraction of the muscles innervated by that

nerve’’ [28]. This statement implied that bedside clinical

tests of neuromuscular recovery such as the 5-s head lift or

adequacy of tidal volume were unreliable. This latter view

has been rigorously substantiated [29, 30•]. A limitation of

bedside tests is that they require an awake and cooperative

patient. What the clinician requires, however, is a method

of determining the extent of neuromuscular recovery prior

to allowing the patient to emerge from anesthesia and prior

to tracheal extubation. More recent editorial sentiment has

gone much further: Eriksson suggested, ‘‘… it is time to

introduce objective neuromuscular monitoring [a device

that can display the train-of-four ratio in real time] in all

operating rooms. … objective neuromuscular monitoring

should be used whenever a nondepolarizing neuromuscular

blocking agent is administered. Such monitoring is non-

invasive, has little risk, and there are strong reasons to

believe that its use can improve patient outcome’’ [31].

This editorial triggered a flurry of letters all asking the

same question: ‘‘Where is the evidence?’’ [32–34].

The question, ‘‘can residual block have adverse clinical

consequences?’’ is answered affirmatively in a separate

review in the current issue of this journal [35]. The related

concern, ‘‘does neuromuscular monitoring reduce the inci-

dence of post-operative residual neuromuscular block

(PORB),’’ is perhaps less easily answered. Common sense

and expert opinion suggest that this should be so.
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Knowledge of the depth of neuromuscular block should

allow the clinician to titrate NMBA administration more

rationally and determine the need for antagonism more

promptly and precisely. Nevertheless, a recent meta-analy-

sis ‘‘could not demonstrate that the use of an intraoperative

neuromuscular function monitor decreased the incidence of

PORB’’ [17]. However, as the authors of manuscript noted,

‘‘… evidence based reviews are limited by the quality of the

individual trials analyzed and reviewed. Nuances in protocol

and apparently ‘minor’ variations in methodology may

markedly affect outcome.’’ Thus, ‘‘widely cited studies

are often poorly designed to detect any advantages

conferred by monitoring that might exist.’’ Two such

examples follow.

Pedersen et al. [36] conducted a randomized trial of 80

patients. In half, the degree of intraoperative blockade was

assessed subjectively (by tactile evaluation) of the TOF

response at the thumb. Clinicians were instructed to

maintain the TOF count at one or two detectable responses,

and antagonism of neuromuscular block with neostigmine

was initiated at this depth of block. In the other half of the

patients, the degree of block was evaluated solely by

clinical criteria. In this group, reversal of residual paralysis

was not attempted until spontaneous respiration or other

indication of muscle activity was observed. The authors

found that the use of a peripheral nerve stimulator (PNS)

had no effect on the dose of relaxant given during anes-

thesia, or on the incidence of postoperative residual neu-

romuscular blockade. However, the authors’ protocol

almost guaranteed that results in the monitored group

would be less than optimal. There is ample evidence that

prompt and satisfactory anticholinesterase-induced antag-

onism at this level of block (TOF count of 1–2) is simply

not a realistic goal [37, 38]. Intraoperative neuromuscular

monitoring should be used to help the clinician titrate doses

of relaxant such that reversal with anticholinesterases can

proceed more effectively–for instance, when the TOF

count is 4. In other words, if reversal is attempted at a

relatively deep degree of block (as indicated by a TOF

count of 1–2), the occurrence of residual weakness must be

attributed to neostigmine’s lack of effectiveness, not to the

ineffectiveness of neuromuscular monitoring.

A non-randomized study by Fawcett et al. [39] empha-

sizes this point. A total of 150 patients were given atrac-

urium or vecuronium intravenously either by intermittent

bolus or continuous infusion. No attempt was made to

influence the conduct of anesthesia, the choice of NMBAs,

or whether to monitor the neuromuscular function.

Peripheral nerve stimulators were used intraoperatively in

sixty percent of the cases. The incidence of PORB (a TOF

ratio \0.70) on arrival in the recovery room, as measured

by EMG, was not decreased in patients in whom a PNS

device was used. The study unfortunately gives the reader

no insight into how clinical decisions were made. If

monitored patients were routinely kept at a deep level of

neuromuscular block (e.g., at a TOF count of two or fewer

detectable responses), then one may argue that a PNS

might be counterproductive in some circumstances.

Relaxants might have been administered by clinicians in

response to a perceived need to attain a specific depth of

block (TOF count \ 2) at the thumb, rather than on the

basis of the clinical requirements of the moment.

Studies that support the use of PNS units [40–45, 46••],

however, can be equally unconvincing. They all show a

reduced incidence of PORB when PNS units are employed,

but the dose of NMBA administered is usually the same in

both monitored and non-monitored patient groups. Why,

then, is there a lower incidence of PORB in the monitored

patients? Despite considerable speculation, a truly persua-

sive explanation for these observations is, we think, still

lacking. Perhaps not unexpectedly, the most convincing

evidence comes from studies that have investigated the

effectiveness of objective monitoring techniques on out-

come—not merely subjective assessment. Proof that the

use of objective neuromuscular monitors can decrease the

incidence of PORB comes from two studies by Baillard

et al. [47, 48]. The first, conducted in 1995, was a pro-

spective study of the incidence of PORB following vecu-

ronium administration in 568 consecutive patients over a

3-month period. No anticholinesterase antagonists were

used in this series of patients, as was customary in the

authors’ department, and PNS devices were rarely used

intra-operatively. Upon patient arrival in the PACU, post-

operative residual block was found in 42 % of patients (as

defined by an acceleromyographic TOF ratio of \ 0.70). In

response to these disturbing statistics, Baillard’s depart-

ment equipped all of their operating rooms with acceler-

omyographic (objective) monitors for intraoperative use. In

addition, the results of their findings regarding the inci-

dence of PORB were distributed to their staff, and they

instituted an education program that recommended accel-

eromyographic monitoring of neuromuscular function and

stressed the indications for neostigmine reversal of residual

block. These efforts were repeated at three-month intervals.

In the decade between these studies, the use of intraoper-

ative monitoring of neuromuscular function rose from 2 to

60 %, and reversal of neuromuscular block increased from

6 to 42 % of cases. As a result of these changes in clinical

practice, the incidence of PORB (acceleromyographic TOF

ratio of \ 0.90) in Baillard’s department decreased from

62 to \4 %! The authors’ conclude that their study ‘‘con-

firms the positive impact of neuromuscular monitoring and

reversal of neuromuscular block in routine anaesthetic

practice’’ [48].
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The Efficacy and Limitations of Neostigmine

as a Reversal Agent: Implications for the Timing

of Drug Administration and Tracheal Extubation

At the time this chapter was written (the fall of 2012) the

anticholinesterases edrophonium, pyridostigmine and neo-

stigmine were the only drugs available in North America

for the antagonism of nondepolarizing agent-induced neu-

romuscular block, with neostigmine being by far the most

commonly administered agent. Even in Asia and Europe,

where sugammadex is available, economic considerations

limit its use. Thus neostigmine, at least for the moment,

remains the primary antagonist of nondepolarizing block in

the anesthesiologist’s armamentarium. It is therefore

important to understand the drug’s efficacy and limitations

in this role.

Nondepolarizing neuromuscular block is competitive in

nature. Molecules of acetylcholine (ACh) and neuromus-

cular blocking drugs (each of which having a receptor

occupancy time measured in msec) are competing for access

to nicotinic receptors at the myoneural junction. If the

concentration of NMBA is sufficiently high, it ‘‘wins’’ this

competition, binds to the nicotinic receptor, and renders it

inactive, resulting in muscle paralysis. If the enzymatic

destruction of ACh is slowed by the administration of an

acetylcholinesterase, the concentration of ACh at the neu-

romuscular junction increases, shifting the concentration

balance in favor of the neurotransmitter (i.e., ACh), and

recovery phase commences. However, once acetylcholin-

esterase is maximally inhibited, additional doses of neo-

stigmine will have no further effect. In fact, additional

neostigmine at this time could produce an opposite effect,

resulting in muscle weakness. Thus, there is a ceiling to the

concentration of ACh that can be reached at the neuromus-

cular junction. However, there is no limit to the concentra-

tion of nondepolarizing agent that can be achieved at the

neuromuscular junction if the clinician administers very

large doses in an attempt to reach a deep level of block or

speed up the onset of block. To quote Beemer, ‘‘anticho-

linesterases have a ‘ceiling’ to the extent of the block which

can be completely antagonized. When reversal of NM block

greater than this ceiling (T1 \ 30 %) is attempted, the peak

effect of the antagonist is followed by a slow plateau phase

which represents the balance between diminishing anti-

cholinesterase activity and spontaneous recovery of neuro-

muscular block’’ [49]. ‘‘In practical terms, the maximum

depth of block that can be antagonized approximately cor-

responds to the reappearance of the fourth response to TOF

stimulation’’ [50]. It should be noted, however, that these

comments were made in an era when a TOF ratio of 0.70 at

the adductor pollicis muscle was considered to represent

satisfactory clinical recovery. More recent evidence agrees

that, ‘‘To achieve rapid (within 10 min) reversal to a TOF

ratio of 0.70 in more than 87 % of patients, three or four

tactile responses should be present at the time of neostig-

mine administration.’’ However, ‘‘It was not possible within

30 min to achieve a TOF ratio of 0.9 in all patients,

regardless of the number of tactile responses present at

neostigmine administration’’ [38].

Thus, it is incorrect to assume that as long as some

evoked response to TOF stimulation is present, acceptable

reversal is promptly achievable. Visual or tactile estimation

of the extent of recovery can be very misleading, since

once the TOF ratio exceeds 0.40, the ability to subjectively

detect the presence of any fade becomes highly unreliable

[51]. The potential discrepancy between an anesthesiolo-

gist’s clinical impression and objective reality was nicely

illustrated in the following study [52]. The authors kept the

TOF count at one (as determined by EMG monitoring)

with an intravenous (iv) infusion of either rocuronium or

cisatracurium (N = 20 patients in each group) for an

average of 2.5 h. At the end of surgery the infusion was

turned off and iv neostigmine 0.05 mg/kg was adminis-

tered. Twenty minutes later, the average TOF ratio was

0.81; however, the standard deviation was 0.12! Five of the

40 patients had TOF ratios \ 0.70 but [0.40. Thus, 13 %

of the authors’ patients had grossly inadequate return of

neuromuscular function 20 min after antagonism, which

would go undetected by the anesthesiologist who uses

subjective assessment! Reversal at a TOF count of 2

(assessed tactilely) results in somewhat better results; the

average TOF ratio 15 min after neostigmine antagonism is

0.83 ± 0.08, but 12 % of subjects still fail to reach a TOF

ratio of 0.90 within 30 min [37].

These observations have practical clinical implications.

First, every effort should be made to assure that the tactile or

visual TOF count at the hand has spontaneously recovered

to a value of 4 (ideally with minimum fade assessed sub-

jectively) prior to neostigmine administration. This level of

recovery is best achieved by titrating incremental doses of

NMBA to meet surgical conditions, not to some arbitrary

TOF count or time interval. The TOF count as determined

by facial nerve stimulation (whether at the orbicularis oculi

or supercilii muscles) consistently overestimates recovery

at the hand muscles, and gives the clinician a false sense of

security; this practice is to be discouraged [53, 54]. In fact,

very recent data documented that qualitative (subjective)

assessment of TOF monitoring performed at the eye mus-

cles resulted in a fivefold increase in the risk of postoper-

ative residual block compared with assessment at the

adductor pollicis muscle [23]. Second, if satisfactory neu-

romuscular recovery (a TOF ratio C 0.90) is to be achieved

at the time of tracheal extubation, neostigmine administra-

tion should precede this maneuver by not less than 10 min,

since the drug’s peak effect may not manifest itself until

approximately this interval has elapsed [55].
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Unfortunately, spontaneous return to a TOF count of four

frequently has not yet taken place as the last surgical stitch is

being placed. How then should a clinician proceed when the

TOF count is only 1, 2 or 3 at the end of surgery? The authors

envision two approaches to such a scenario. If an objective

neuromuscular monitor (EMG, KMG or AMG) is available,

neostigmine can be administered without waiting for further

recovery. This is done with the expectation that it will

probably be at least 20 min (and likely longer) before a TOF

ratio of 0.90 is achieved and tracheal extubation can be

safely accomplished. The advantage of this approach is that

occasionally, more rapid return of neuromuscular function is

observed and anesthesia can be terminated earlier with

confidence that post-operative residual block will not be a

problem. In the absence of quantitative monitoring, the only

safe strategy is to wait until the TOF count has returned to

four detectable responses before attempting reversal with

anticholinesterases. Thus, occasionally it may be necessary

(as inconvenient as it may be) to remind the operating room

staff that the surgery may be over, but the case is not finished

until the patient’s trachea can be extubated safely.

Limitations of Current Pharmacologic Antagonists

and the Promise of Future Agents

In previous sections of this review, reference has been made

to the limited effectiveness of anticholinesterases in

reversing moderate and deep degrees of block (i.e., when the

TOF count is 3 or fewer responses). This ‘‘ceiling’’ effect has

several important clinical implications: first, it is clear that

neostigmine will be ineffective at reversing deep block.

However, interestingly, neostigmine may also induce neu-

romuscular weakness during near-complete spontaneous

recovery [56]. The mechanism for this muscular weakness

induced by neostigmine is impairment of normal function of

the genioglossus and diaphragm muscles, resulting in a

decrease in the volume of the upper airway [57, 58]. In

contrast, some of newer reversal agents may solve many, if

not all, of the limitations of current anticholinesterases.

Sugammadex, which is not currently available in the

United States, has been used in clinical settings since 2008,

and is now approved in 72 countries world-wide. Application

for review by the US Food and Drug Administration (FDA)

has recently been approved, and a decision regarding approval

for clinical use in the US is expected by mid-summer 2013.

Sugammadex is a modified gamma-cyclodextrin that forms

very tight complexes with aminosteroid NMBAs, particularly

rocuronium and vecuronium. The complexation is nearly

irreversible, and results in a decrease in the plasma levels of

free (unbound) sugammadex molecules, which results in

diffusion of free drug away from the neuromuscular junction.

The inactive sugammadex–rocuronium complex is excreted

almost entirely in the urine. The dosing recommendations are

based on the depth of neuromuscular block it is intended to

antagonize: a 2 mg/kg dose is recommended for reversal of

shallow block (TOF count of 1–2); a dose of 4 mg/kg is rec-

ommended for reversal of deep block (PTC count of 1–2); and

a dose of 16 mg/kg is recommended for rapid reversal of

rocuronium-induced block almost immediately after NMBA

administration. The reversal of neuromuscular block occurs

within 3 min from any depth of block [59, 60]. In fact, the total

time from administration of high-dose (1.2 mg/kg) rocuroni-

um until sugammadex-induced (16 mg/kg) recovery of TOF

ratio to[0.90 was shorter than the spontaneous recovery noted

after 1 mg/kg succinylcholine [61]. Sugammadex is not

metabolized and it is excreted unchanged by the kidneys. It is

inert and does not bind to nicotinic receptors. Common side

effects are similar to placebo, and initial concerns about

hypersensitivity have not been borne out by the experience

with over 3 million administered doses. The effects of sug-

ammadex on coagulation are very small, and dissipate within

an hour. Binding of sugammadex to oral contraceptives has

the equivalent effect of missing one dose.

For more than 50 years, the sole antagonists of nonde-

polarizing neuromuscular agents were anticholinesterases.

The mechanism of action of sugammadex—formation of

stable complexes with steroidal NMBAs—may point the

way to the future development of reversal agents without

the current efficacy limitations and significant side effects

of anticholinesterases [62].

Conclusions

With all the information currently available, some of which

appears to be contradictory, what are clinicians to do in order

to ensure the safety and comfort of their patients? On the one

hand, recent data [63••] continue to document that the use of

intermediate-acting NMBAs increases the incidence of

perioperative pulmonary complications. In fact, the peri-

operative use of NMBAs was associated with a 36 %

increased incidence of significant oxygen desaturation

(SpO2 \ 90 %) following tracheal extubation, and a 40 %

increase in the rates of tracheal reintubation that required

unplanned admission to the intensive care unit. Such studies

suggest that we need better, timelier and more carefully

administered anticholinesterase reversal. On the other hand,

the very administration of neostigmine at the time when the

neuromuscular function is nearly recovered may itself

induce neuromuscular weakness! The apparent conflict can,

in fact, be explained by the fact that at deep block, the

effectiveness of neostigmine reaches a plateau, and residual

block is likely; at the other end of the recovery curve, when

the recovery is almost complete and ACh does not face much
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competition for the postsynaptic receptors from NMBA

molecules, the additional ACh at the junction may itself

induce block. From the foregoing, it appears that the rational

approach would be for the clinician to determine, by

objective monitoring, exactly where along the recovery

curve the patient is at the time of intended reversal. As

described above, this will have important clinical implica-

tions on whether, when, and how much, reversal agent the

patient should receive.
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