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Abstract: With the growing number of elderly patients undergoing surgical procedures, the use of neuromuscular blocking agents
(NMBASs) in geriatric anesthesia has become increasingly relevant. Aging is associated with physiological and pathological changes
that affect drug pharmacokinetics and pharmacodynamics, including reduced renal and hepatic function, altered body composition, and
decreased plasma protein levels. These changes influence the onset, duration, and recovery from neuromuscular blockade, increasing
the risk of postoperative residual curarization (PORC) and respiratory complications. This narrative review summarizes current
knowledge on the use of depolarizing and non-depolarizing NMBAs in elderly patients, including benzylisoquinolines (atracurium,
cisatracurium, mivacurium) and aminosteroids (rocuronium, vecuronium, pancuronium, pipecuronium). Age-related differences in
drug metabolism, distribution, and elimination are discussed, along with the clinical implications for dosing, recovery, and safety. The
role of reversal agents, including neostigmine and sugammadex, is emphasized, highlighting their efficacy and safety profiles in older
adults. Special attention is given to neuromuscular monitoring, particularly objective quantitative methods as a critical tool to prevent
residual blockade. Individualized management strategies, careful agent selection, and vigilant monitoring are essential to optimize
safety and outcomes in elderly patients. Despite age-related pharmacological changes, appropriate use of short-acting or organ-
independent NMBAs, combined with reversal agents and neuromuscular monitoring, allows for effective and safe anesthesia in the
geriatric population. Future research should focus on large-scale studies to better define age-specific NMBA dosing and monitoring
guidelines.
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Introduction
Background

With the increase in the number of patients aged 65 years and older undergoing surgical procedures, anaesthesiologists
are treating a growing number of elderly patients.' As individuals age, physiological changes occur that contribute to
a gradual decline in the function of all organ systems, typically at a rate of approximately 1% per year after the age of
40.% This decline affects organs responsible for drug absorption, distribution, metabolism, and excretion, leading to
a pharmacokinetic profile that is more susceptible to drug-related adverse effects.> Additionally, organs such as the heart,
kidneys, and liver are at an increased risk of pathological deterioration with age.*® It has been proven that impaired liver
and kidney function affects the action of individual skeletal muscle relaxants. Acid—base imbalances and certain
electrolyte disturbances also influence their effects. This is particularly important because, with age, both liver and
kidney function decline in elderly individuals, and the body’s compensatory capacity is reduced.”® These physiological
and pathological changes in the pharmacokinetics of elderly patients not only limit the use of certain medications but also

necessitate dose adjustments of others.'®!!
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Neuromuscular Blocking Agents

Neuromuscular blocking agents, also known as skeletal muscle relaxants constitute an important group of drugs used
primarily in anesthesia and intensive care. Their main purpose is to temporarily abolish muscle tone, allowing for
tracheal intubation, optimal surgical conditions, or controlled mechanical ventilation. These agents are generally divided
into two main categories: depolarizing and non-depolarizing drugs. The main representative of the depolarizing group is
succinylcholine, which has a rapid onset and short duration of action but is associated with adverse effects such as
hyperkalemia and bradycardia. Non-depolarizing agents include compounds such as rocuronium, vecuronium, atracur-
ium, and cisatracurium, which differ in duration of action, elimination pathways, and safety profiles.'? Elderly patients
are more sensitive to neuromuscular blocking agents and are more likely to experience postoperative residual curarization
(PORC), which is the incomplete recovery of muscle function after the use of neuromuscular blocking agents, which may
lead to serious respiratory complications. Therefore, its prevention is a crucial aspect of safe anesthesia management.'*'
To minimize this, medications with favorable profiles should be administered. Furthermore, reversing agents (drugs used

to reverse neuromuscular blockade) should be used when applicable, and neuromuscular monitoring implemented.'>"”

Aim

The aim of this narrative review is to discuss the use of neuromuscular blocking agents (NMBAs) in elderly patients,
with particular emphasis on how aging affects the pharmacokinetics and pharmacodynamics of these drugs. The article
will also address the clinical aspects of NMBA administration and the use of reversal agents in anesthesia among older
adults, highlighting considerations for safety, efficacy, and individualized approach in geriatric practice.

Methodology and Materials
This narrative review is based on the available literature and the authors’ clinical experience. The purpose of this article
is to present the use of neuromuscular blocking agents (NMBAs), reversal agents, and neuromuscular blockade
monitoring in elderly patients. We conducted a comprehensive search of electronic databases, including Google
Scholar, PubMed, Cochrane Library, the University of Warmia and Mazury knowledge and research platform, and
other relevant sources, using selected keywords. In addition, we reviewed drug monographs and medically verified
sources for updated pharmacological information. We also based our review on a published document from a project
conducted by the Foundation for Initiatives for Society and the Institute for Healthy and Better Aging, in collaboration
with the Geriatrics Clinic of the Medical University of Biatystok, entitled “Citizen Audit of Pharmacological Treatment
of Seniors in Poland”, implemented with a grant from the Active Citizens — Regional Fund Programme, funded by
Iceland, Liechtenstein, and Norway under the EEA Grants.

Search terms included, among others: “muscle relaxants”, “neuromuscular blocking agents”, “neuromuscular block-
ade”, “depolarizing neuromuscular blocking agents”, “non-depolarizing neuromuscular blocking agents”, “reversal

ELINT3

agents’”,

ELINT3

succinylcholine”, “train-of-four”, “TOF”, “qualitative monitoring methods”, “quantitative monitoring meth-

” G EEINNT3 EEINNT3 ELINNT3 LR I3 ELINNT3 LR N3 LRI

ods”, “pancuronium”, “vecuronium”, “rocuronium”, “atracurium”, “cisatracurium”, “mivacurium”, “neostigmine”, “gly-
copyrrolate”, “atropine”, “sugammadex”, “elderly”, and “geriatric patients”, used alone or in combination. Only articles
fully written in English or with English abstracts were considered. The only work without an abstract or content in
English, written in Polish, is a report funded by the Active Citizens — Regional Fund Programme.Both recent publications
and foundational principles of anesthesiology and geriatric pharmacology were carefully examined to provide

a comprehensive overview of NMBA use in the elderly population.

Elderly Pharmacokinetics and Pharmacodynamics

In elderly patients, drug absorption within the gastrointestinal tract generally remains unchanged; however, significant
alterations occur in the subsequent pharmacokinetic phases. The volume of total body water decreases with age, which
leads to higher plasma concentrations of hydrophilic drugs and an increased risk of toxicity. Additionally, reduced serum
albumin levels—common in older adults suffering from chronic diseases or malnutrition—diminish protein binding,
thereby elevating the concentration of the pharmacologically active, unbound fraction of many drugs. Renal drug
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Table | The Influence of Age on Drug Pharmacokinetics and Pharmacodynamics

in the Body

Absorption

Distribution

Metabolism

Elimination

® Decreased secretion of saliva and

gastric acid

® Increased gastric pH

® Reduced gastrointestinal motility
and blood flow to the digestive
tract

® Decreased active transport of
substances in the intestines

® Decreased total body water and muscle mass

® Reduced serum albumin concentration
® |ncreased body fat

® |ncreased vascular resistance

® Decreased liver mass and

hepatic blood flow

® Reduced enzyme induction

® Decreased activity of the oxi-
dative enzyme system

® Reduced hepatic clearance

® Prolonged half-life of active
substances

® Decreased glo-
merular filtra-
tion rate (GFR)

® Reduced renal
perfusion

® Decreased
tubular secre-
tion and

excretion

Potential impact of these changes on drug action

Decreased absorption of certain

Increased volume of distribution for lipophilic

Decreased hepatic drug

Increased risk of

substances or drugs, leading to drugs and an elevated proportion of the clearance and an increased risk drug

a delayed onset of action. unbound (free) drug fraction. of drug—drug interactions. accumulation.

Notes: Table adapted and translated from: Bien B, tukaszyk E. Kryteria poprawnosci farmakoterapii geriatrycznej w praktyce klinicznej. Fundacja Centrum Inicjatyw na
Rzecz Spoteczenstwa; 2022. Available from: https:/fundacjafcis.pl/wp-content/uploads/2022/09/KRYTERIA-POPRAWNOSCI-FARMAKOTERAPII-GERIATRY CZNE]
-W-PRAKTYCE-KLINICZNEJ- | .pdf.

elimination is impaired with advancing age, as the glomerular filtration rate (eGFR) can decline by up to 50%. This
reduced clearance contributes to slower excretion and a higher likelihood of drug accumulation. The decline in renal
function is often further exacerbated by comorbid conditions such as hypertension and coronary artery disease. For this
reason, assessing kidney function accurately is essential: while the MDRD formula is widely used, it does not account for
body weight and may be less suitable for elderly patients who are underweight or overweight. The Cockcroft-Gault

equation is therefore recommended and forms the basis for most clinical dosing guidelines (Table 1).'%2!

Distribution of Drug

Once a drug has been administered into the bloodstream, it must move from the intravascular space to other bodily
compartments to exert its effects (eg neuromuscular junctions in the case of NMBAs). This rate of distribution is
dependent on several factors which can be altered in elderly patients.

With advancing age, changes to bodily composition lead to an increase in fat mass and a decrease in lean mass.*?
These alterations influence the distribution of drugs, depending on their physicochemical properties. Specifically, the
increased proportion of fat mass enhances the distribution of non-polar, lipophilic drugs. Consequently, the half-life of
these drugs may be prolonged, resulting in their effects persisting longer after discontinuation. In contrast, the relative
reduction in lean body mass decreases the distribution of polar, more water-soluble drugs, leading to an increase in their
serum concentration. As a result, lower doses of water-soluble drugs are required to achieve the desired plasma
concentration compared to individuals with higher lean body mass.*

The distribution of a drug is also dependent on the level of binding proteins found in the plasma. These proteins
inhibit the distribution of drugs by forming large complexes which are unable to easily cross from the blood stream to
other bodily compartments. Therefore, it is the unbound (free) fraction of the drug that is mainly distributed to its target
cells to exert its action.”>** In some elderly patients, a decrease in the level of plasma protein binding may be observed.
When present, this alteration is more likely due to an underlying pathology commonly seen with aging (eg renal or
hepatic impairment), rather than physiological aging itself.?>~

As it relates to NMBAs, the level of plasma protein binding varies between different agents, from approximately 20%
binding seen with succinylcholine to around 82% with atracurium.'>?” The levels of plasma protein binding of NMBAs
show limited age-dependent variability, with Cameron et al finding no significant difference in the plasma protein binding
of NMBAs between otherwise healthy elderly patients and younger patients.?® Therefore, this factor alone is unlikely to
be responsible for change in the onset or duration of action.
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Drugs Metabolism
The main organ responsible for drug metabolism is the liver. The size of the liver decreases with age, with an estimated
decline of 20-40% of the organ’s volume across an adult’s lifespan. The rate of hepatic blood flow also diminishes with
age at a rate of approximately 10% per decade. As a result, in elderly patients, the rate at which a drug is delivered to the
liver is reduced by up to 60%. Once in the liver, the intrinsic metabolic activity is also decreased, culminating in a slower
rate of metabolism and longer duration of action of drugs.'>*°

There are two main pathways through which NMBAs undergo metabolism: organ-dependent and organ-independent
metabolism. Aminosteroidal NMBAs (pancuronium, vecuronium, and rocuronium) are cleared through hepatic enzyme
activity and renal elimination.*>*! In contrast, benzylisoquinolinium NMBAs (atracurium, cisatracurium, and mivacur-
ium) are metabolized by organ-independent processes, through plasma esterases and Hoffmann degradation. Both hepatic
and plasma enzyme activity may be altered with age, leading to slower metabolism and a longer duration of action.
However, NMBAs undergoing organ-dependent metabolism are affected to a much larger extent due to age-related organ
decline.*' This can be further compounded by hepatic and renal diseases, which are common in this age group.”® In
comparison, NMBAs undergoing organ-independent metabolism exhibit minimal age-related variability in pharmacoki-
netics and therefore present with little clinical significance.’’

Drugs’ Excretion

Most drugs are primarily eliminated through the kidneys. Beginning in the fourth decade of life, both the size and
function of the kidneys begin to decline.** Additionally, renal blood flow decreases at a rate of approximately 10% per
decade.'® This decline in renal function can reduce the rate of drug elimination, leading to drug accumulation in the
plasma. This is a key factor in pharmacokinetics, with renal function loss being the primary cause of altered drug
processing in individuals aged 65 and older.>® Finally, pathological decline in kidney function is more common in the
elderly, increasing the risk of altered drug excretion.’

When it comes to NMBAs, the duration of action of pancuronium and pipecuronium is significantly affected by
extensive renal clearance, and these drugs should be avoided in patients with renal impairment. The metabolites of
mivacurium and cisatracurium are mainly excreted through renal pathways, and renal impairment can lead to potential
prolongation of action and adverse effects (Table 2).”

Depolarizing Neuromuscular Blocking Agents in Elderly Patients

Succinylcholine

Succinylcholine is a rapidly acting depolarizing NMBA, the only one of its kind used clinically.>® It is rapidly
metabolized by butyrylcholinesterase, with only 10% of the injected dose reaching the neuromuscular junction. While
the levels of butyrylcholinesterase are reduced in the elderly, the decrease is not sufficient to produce any significant

Table 2 Neuromuscular Blocking Agents and Their Routes of Elimination

Drug Elimination Pathway

Depolarizing neuromuscular blocking agents

Succinylcholine | 10% excreted in unchanged form in urine. Drug is in most part metabolised by

plasma butyrylcholinesterase

Non-depolarizing neuromuscular blocking
agents — steroidal drugs

Pipecuronium Eliminated mainly by kidneys with a minor biliary pathway (2% in 24 hours)

Rocuronium Excreted mainly by liver and biliary pathway, with a minor renal pathway
(10-30%).

(Continued)
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Table 2 (Continued).

Drug Elimination Pathway
Pancuronium Excreted mainly by kidneys, also partially excreted through biliary pathway
Vecuronium Excreted mainly through biliary. Its’ metabolite (3-hydroxy vecuronium) is

excreted via kidneys.

Non-depolarizing neuromuscular blocking

agents - benzylisoquinolines

Atracurium Hoffman elimination followed by ester hydrolysis via plasma esterases;
metabolism of laudanosine depends on liver function.

Cisatracurium Hofmann elimination; metabolites are excreted through kidneys

Mivacurium Metabolised by butyrylcholinesterase
Reversal agents
Sugammadex Excreted by kidneys
Neostigmine Excreted mainly by kidneys. Metabolized by plasma acetylcholinesterase and

hepatic microsomal enzymes.

difference in the duration of action.®' Typically, the dose of succinylcholine administered to facilitate endotracheal
intubation is three to four times the effective dose (ie, the dose required to induce a 95% reduction in muscle response to
a stimulus). This large dose likely offsets any expected age-related changes in the onset of action due to alterations in
distribution.*

Non-Depolarizing Neuromuscular Blocking Agents in Elderly Patients

Benzylisoquoinolines
This group of NMBAs includes atracurium, cisatracurium, and mivacurium. They are metabolized through organ-
independent pathways, primarily via plasma esterases and Hoffmann degradation.®' The pharmacokinetics of atracurium
and cisatracurium are altered in the elderly. In elderly patients, recovery from both the induction and maintenance bolus
of cisatracurium is delayed. The recovery time (time required for muscle function to return after the administration of
a neuromuscular blocking agent) when using cisatracurium in the elderly population will also be prolonged. When using
atracurium in the geriatric population, a prolonged duration of action should be expected. It has been shown that the use
of mivacurium in the elderly will result in both a longer duration of action and delayed recovery.'® Clinically, the effect
of age on the pharmacokinetics of these medications is minimal.*'
Atracurium
Atracurium is an intermediate-acting, non-depolarizing NMBA of the benzylisoquinolinium class. Like other agents in its
class, atracurium undergoes organ-independent metabolism, with 45% metabolized via Hoffmann elimination and the
remainder through non-specific plasma esterases. The primary metabolite of atracurium is laudanosine, a nervous system
stimulant, which is eliminated via hepatic and renal pathways. Consequently, it may accumulate in elderly patients, as the
pharmacokinetics of laudanosine are significantly influenced by aging. Outside the setting of the intensive care unit,
laudanosine accumulation and toxicity seem unlikely to occur in clinical practice, as atracurium would need to be
administered continuously for a prolonged period.**>°

Studies assessing the effect of aging on the pharmacokinetics of atracurium have produced varied results. Salvov et al
compared the duration of neuromuscular block in 40 young patients and 40 elderly patients given atracurium besilate.
They found that the duration of action in the elderly patient group was similar to that of the control group, at 46 and

International Journal of General Medicine 2025:18 htps: 7413



Radkowski et al

47 minutes, respectively. The assessment was done by measuring the time between the administration and the recovery of
the first twitch of the train-of-four response to 25% of the control twitch height.*”

Kent et al compared a group of 11 elderly patients (mean age 80.9 years) and 10 young adults (mean age 23.8 years)
to assess the pharmacokinetics of atracurium. In their study, they found that the elimination half-life of atracurium in the
elderly group was significantly longer than that of the young group (23.1 min vs 20.1 min). However, this was the only
pharmacokinetic parameter that was altered, with no significant differences in clearance, volume of distribution, or mean
residence.*®

Cisatracurium

Cisatracurium is an isomer of atracurium that is four times more potent, with a slightly longer onset and duration of
action. Like atracurium, it is primarily eliminated through Hoffmann elimination, which accounts for approximately 74%
of its clearance.’® Around 16% of the drug is excreted unchanged in the urine.>’ Renal failure may cause a slight decrease
in plasma clearance, thereby prolonging its duration of action.*”

Studies comparing the onset and duration of action of cisatracurium in elderly versus younger patients have produced
varying results. Vested et al (2022) investigated the effects of 0.15 mg/kg cisatracurium in two groups: young adults
(18-40 years old) and elderly patients (80 years or older). They found that the onset time in elderly patients was
significantly longer, with a mean of 297 seconds compared to 199 seconds in younger patients. Onset was defined as the
time from cisatracurium administration to a train-of-four count of 0. Additionally, the elderly group experienced
a significantly longer duration of action, with a mean of 89 minutes versus 77 minutes in the younger group. These
findings suggest that age may influence both the speed and length of neuromuscular blockade.*®

In contrast, Kim et al (2016) compared the onset time and effective dose of cisatracurium in a cohort of 100 elderly
patients (=65 years old) and 100 younger adults (<65 years old). They found no significant difference in onset time, with
the elderly group having a mean onset of 369.1 = 70.0 seconds compared to 375.4 + 76.9 seconds in the younger group.
Moreover, there were no significant differences in the effective doses required to achieve 50% (ED50) and 95% (ED95)
muscle relaxation. The ED50 and ED9S5 values for the elderly group were 34.89 ng/kg and 55.50 pg/kg, respectively,
compared to 35.39 pg/kg and 59.58 pg/kg in the younger group. These findings suggest that, in contrast to Vested et al,
age may not significantly affect the onset or effective dose of cisatracurium. The discrepancies between these studies may
be attributed to differences in sample characteristics, study design, or statistical power, highlighting the need for further

research to better understand how aging impacts the pharmacodynamics of cisatracurium.*

Mivacurium

Mivacurium is a short-acting agent belonging to the benzylisoquinolonium group of NMBAs. It is preferred in short
surgical procedures, as rapid recovery is observed without the need for a reversal agent. Mivacurium is metabolized
mainly by plasma cholinesterase and metabolites along with a small portion of the unchanged drug are excreted via urine
and bile.*° It should be emphasized that reduced plasma butyrylcholinesterase (BChE) activity associated with aging can
lead to a prolonged duration of action of mivacurium.*!

Vested et al conducted a study to compare the difference in onset time and duration of action of mivacurium at the
dose of 0.2mg/kg between elderly (>80 years) and younger (18—40 years) patients. It was found that while the onset of
action was the same in the two groups at 210 seconds vs 203 seconds in the elderly and younger groups respectively,
the duration of action in elderly patients was 52 minutes, much longer than in the younger patients at 30 minutes.**
The prolonged duration of the drug was suspected to be due to the decrease in plasma cholinesterase observed in the
elderly group. This is possible as there is an age-related decrease in plasma cholinesterase (or butyrylcholinesterase,
BChE) activity observed in older patients.** Extra care must be taken by the anesthetist, in rare cases where the patient
has homozygous BChE gene mutations, because the duration of action will be prolonged by several hours and reversal
by sugammadex will not be possible, so a different NMBA may be considered.**** @stergaard et al found that the
clearance of mivacurium did not differ greatly between the elderly and young groups but the elderly group showed
longer elimination half-lives of the metabolites. The authors believe it to be due to age-related decreased renal

clearance.*’
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Aminosteroids
This class of drugs, along with benzylisoquinolines, belongs to non-depolarizing muscular blocking agents (NMBAs).*!
These drugs (such as pancuronium, vecuronium, pipecuronium and rocuronium) undergo hepatic metabolism and are
excreted via the kidneys and bile.>"*¢

When the drugs’ dosage is not appropriately lowered in elderly patients, the duration of action, recovery, as well as
overall clearance is generally prolonged. Age-related changes of the pharmacokinetics of long and intermediate-acting
NBMAs (especially, aminosteroids) make it difficult to predict the duration of action of the drug, thus increasing the risk
of post-operative residual neuromuscular blockade.*” Therefore, in elderly, the use of shorter-acting agents, perioperative

neuromuscular monitoring and reversal agents is recommended.*®

Pancuronium

Pancuronium, first developed in 1964, is a long-acting NMBA with predominant renal clearance.*’ In a comparative
analysis done by Rupp et al, the clearance of pancuronium did not differ significantly between elderly and younger
patients, although there was a slight increase in the elderly group. They believed this finding to be influenced by the fact
that the elderly group of patients had no evidence of renal or hepatic disease.’® In other studies, it was found that in
elderly patients, the duration of action and clearance is prolonged, mainly due to decreased renal function, which

. . . . 14 . . . 49
increases the risk of late recurarization. ™ Therefore, shorter acting agents have been preferred in recent times.

Pipecuronium

Pipecuronium, a long-acting NMBA, does not cause significant hemodynamic changes, and at clinical doses - it does not
produce any histamine.’’ Furthermore, during intubation and the following 30 minutes, it provides much more
cardiovascular stability (which is a concern, as cardiovascular function declines with age) and less rise in intracranial
pressure than pancuronium.’® As this drug depends on renal clearance, it may accumulate, in those with renal failure,
which elderly people are at an increased risk of developing.” This results in a prolonged neuromuscular blockage for up

to 7 days after drug discontinuation, especially if the dose is not adjusted in response to peripheral nerve stimulation.>

Rocuronium

Rocuronium is also an intermediate-acting, quaternary ammonium NMBA that is primarily excreted by bile and only
30% excreted by the kidneys. A small amount of rocuronium undergoes deacetylation in the liver and does not produce
significantly active metabolites.'> When using rocuronium, after administering a bolus dose for intubation or main-
tenance, its action is prolonged. This effect can be even twice as long compared to the younger adult population.'® In the
study provided by Schmartz et al, 32 patients were compared, with 16 aged >80 years and 16 aged 2050 years. They
underwent intravenous anesthesia with propofol and sufentanil, and rocuronium was used for muscle relaxation in a bolus
dose of 0.6mg/kg. Acceleromyography was used to assess the blockade. Comparing these two groups, in the >80 years
group, the onset time was 190s (£46s) compared to 123s (£40s) in the 20—50 years group, and the clinical duration was
52 (48-69.5) minutes and 36 (34—41) minutes, respectively. Duration to 90% recovery of baseline was 77.5 (71-88.5)
minutes and duration to 100% recovery of baseline was 91.2 (82.2-98). The conclusion was drawn that, compared to
younger patients, in patients aged >80 years, the effect of rocuronium shifted from a rapid onset, intermediate-acting
compound to a slower onset, long-acting compound.'’ Matteo et al found in their study that the prolonged duration of
action of rocuronium in elderly was due to its decreased elimination. This is suspected to be due to age-related decreased
splanchnic blood flow, liver size and hepatic cell mass.”* Xiaobo et al also found prolonged duration of NMB in elderly
compared to younger adults receiving rocuronium at 70.75 + 27.31 min and 48.30 + 13.97, respectively. Additionally, it
was found that in the elderly group receiving rocuronium the mean recovery index was much longer, showing greater
variability at 22.40 + 7.16 minutes the elderly group receiving cisatracurium at 15.50 + 2.28 minutes.’’>> However,
rocuronium does prove to be beneficial in frail patients, owing to the existence of its direct specific reversal agent
Sugammadex.’'>® Additional doses of the drug to maintain blockade should be used cautiously and under Train of four
(TOF) monitoring."
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Vecuronium

Vecuronium is an intermediate-acting monoquaternary analog of pancuronium with a short onset of action.*’ In the
elderly population, vecuronium clearance is decreased by approximately 30%, which is likely the main mechanism for
the prolongation of duration of action and recovery intervals (up to 30% longer) in this group.'® Lien et al’s study
comparing the effects of age on the pharmacokinetics and pharmacodynamics of vecuronium found that spontaneous
recovery (50% recovery time, 97.1 + 29 vs 39.8 £+ 14 min), elimination half-time (125 = 55 vs 78 £ 21 min, P = 0.04) and
plasma clearance (2.6 = 0.6 vs 5.6 £ 3.2 mL/kg/min, P = 0.049) were significantly prolonged in the elderly group
compared to the young group. These changes in the elderly group seem to be secondary to age-related renal and hepatic
function decline (ie the age-related decrease in hepatic blood flow and glomerular filtration rate).’” To avoid prolonged
recovery time, it is suggested that a titrated dose to effect should be used, rather than an age-adjusted dose.'’

Sugammadex can reverse the effects of vecuronium.>®

Reversal Agents

It is important to restore laryngeal reflexes, respiratory and motor function once recovery begins, this is done by reversal
of neuromuscular blockade. At present, there are two main groups of drugs that are used for this — anticholinesterases, the
most commonly used agent being neostigmine, and cyclodextrins, the most common agent of this group being
sugammadex.””

Neostigmine
Neostigmine has been used to reverse neuromuscular blockade as the standard for years. It can reverse the blockade
produced by non-depolarizing NMBAs such as pancuronium, vecuronium, rocuronium and cisatracurium, but has no
effect on the blockade by succinylcholine, a depolarizing agent, and could potentiate it. It inhibits acetylcholine
breakdown, increasing its concentration at the neuromuscular junction, allowing it to displace the NMBA competitively,
enabling muscle contraction.®

However, as it increases acetylcholine concentrations throughout the body, anticholinergic medications must be co-
administered (e.g.glycopyrrolate) to reduce adverse effects.®’ Some adverse effects especially seen in elderly include
bradyarrhythmias, abdominal cramping, urinary urgency and increased bowel peristalsis. Neostigmine has also shown to
increase the incidence of postoperative cognitive dysfunction (POCD), a multifactorial condition, especially at higher
doses.®> Neostigmine induces bradycardia, which can result in lowered cerebral perfusion and oxygenation, further
affecting cognitive abilities.®>*** Therefore, choosing the correct dosage is vital. Zhu, B. et al conducted a study on 132
elderly patients who underwent radical procedures of gastrointestinal cancer, dividing the subjects into neostigmine and
saline groups at 2: 1 ratio and found that using 0.02—0.04 mg/kg of neostigmine after the operation could significantly
lower the incidence of POCD in the elderly.®

Sugammadex
Sugammadex, a modified gamma cyclodextrin, is used to reverse the effects of quaternary ammonium compounds such
as rocuronium (and vecuronium with lower affinity) by encapsulating them for renal clearance, thus antagonizing the
neuromuscular blockage. It does not inhibit acetylcholinesterase like neostigmine, as a result of which there is no need
for an anticholinergic drug (eg glycopyrrolate) to be co-administered to combat the cholinergic effects on the airway
(bronchospasm) and heart (bradycardia).”® This biologically inert property makes sugammadex a more suitable drug for
geriatric surgical patients who are at a greater risk of having anticholinergic adverse effects than the general population.
Sugammadex is also known to produce faster recovery from NMB than neostigmine, as well as a significant decrease in
the risk of bradycardia, postoperative nausea and vomiting, and overall signs of postoperative residual paralysis.65
Sugammadex is excreted through the kidney as a water-soluble complex bound to the neuromuscular blocking agent,
without being metabolized in the plasma, thus not recommended in patients with creatine clearance <30mL/min.®'
However, there have been reports that show that simply reduced renal function does not hinder its efficacy and how it is
tolerated.®® As people age, kidney function declines. In patients over the age of 75, a reduction in clearance by 50% can
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result in almost twice the half-life of sugammadex, and the reversal of blockade takes much longer in the elderly. Despite
this, the same doses are recommended to minimize the risk of residual neuromuscular blockade.!”

In the study provided by McDonagh et al, involving 150 patients (48 aged 18—64 years (adult), 62 aged 65-74 years
(elderly), and 40 aged 75 years or older (old-elderly)), the pharmacokinetics of sugammadex for reversing rocuronium-
induced blockade were evaluated. It was found that recovery of the TOF ratio to 0.9 increased with age, from 2.3
(2.0-2.6) minutes in adults to 2.9 (2.7-3.2) minutes in the combined elderly/old-elderly groups. Recovery of the TOF
ratio to 0.9 was estimated to be 0.7 minutes faster in adults compared to patients aged 65 years or older.®” Another study,
provided by Kadoi et al, also showed a difference in time to recovery of Trainf-of-Four Ratio (TOFR) >0.9 and time to
the first spontaneous breath — this time averaged 443 seconds in the older group, while in the group <50 years it was 403
seconds.®® Carron et al, in a review article, analyzed the literature regarding the use of sugammadex in elderly
individuals. The collected data were summarized, highlighting that age affects the pharmacokinetics of sugammadex
in older patients. Among those aged >65 years, the time to recovery is prolonged by 1-2 minutes compared to younger
patients. However, this extended recovery time is not associated with reduced efficacy or an increased risk of adverse
effects. It was suggested that if faster recovery is required, a higher dose of sugammadex should be used. The review also
referenced other studies, emphasizing that elderly patients should be carefully monitored, and the neuromuscular
blockade should be fully reversed before the end of anesthesia.**¢%7°

Post operative urinary retention (POUR) manifests as suprapubic pain, general abdominal discomfort, post operative
delirium and overflow incontinence in the elderly. It was found in one analysis of POUR in a group of patients (n=181)
undergoing unilateral inguinal herniorrhaphy that sugammadex was associated with lower rates of POUR than
neostigmine/glycopyrrolate.”*

Neuromuscular Blockade Monitoring

Monitoring of neuromuscular blockade plays an extremely important role in modern anesthesiology and in the manage-
ment of neuromuscular block. Several monitoring methods can be distinguished — both clinical assessment techniques
and those using instrumentation. Based on the type of evaluation, these methods are divided into subjective (qualitative)
and objective (quantitative). The quantitative methods deserve the greatest attention, as they provide the most reliable
information regarding the degree of blockade.'*?

In the available literature, we did not find studies specifically evaluating neuromuscular blockade monitoring in the
geriatric population. However, it is generally accepted that, whenever possible, instrumental monitoring — preferably
objective quantitative methods — should be used, although they are still not widely implemented in clinical practice. The
most widely used instrumental/subjective method for assessing neuromuscular function is the train-of-four (TOF)
monitoring. This technique involves delivering a sequence of four electrical impulses at 0.5-second intervals, repeated
every 10 seconds, through electrodes placed over a readily accessible peripheral nerve. The resulting muscle responses to
these stimuli are observed and measured. Based on these responses, the TOF ratio is determined, which is the amplitude
of the fourth twitch (T4) divided by the first twitch (T1). Current guidelines indicate that adequate recovery of
neuromuscular transmission, defined as a TOF ratio greater than 0.9, is necessary before safely proceeding with patient
extubation.?

According to the ASA (American Society of Anesthesiologists) recommendations published in 2023, it is strongly
recommended to:

Not rely solely on clinical assessment for determining blockade reversal

Prefer quantitative monitoring over qualitative assessment to detect residual neuromuscular blockade
¢ Avoid using ocular muscles for monitoring

Use the adductor pollicis muscle for neuromuscular monitoring.

Confirm a TOF ratio (Train of four ratio) >0.9 before extubation when using quantitative monitoring

It is conditionally recommended that, in the absence of quantitative monitoring, after using neostigmine for reversal,

clinicians should wait at least 10 minutes before extubation.”>
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Table 3 Methods of Neuromuscular Transmission Monitoring

Non-Instrumental Clinical Tests | Instrumental

Unreliable Subjective Objective

Eyes opening Visual assessment | Tactile assessment | Acceleromyography
Sticking out the tongue Mechanomyography
Hand raising Electromyography
Normal tidal volume Kinemyography
Max inspiratory pressure Phonomyography
Head lift >5s Compressomyography
Leg lift >5s

Hand grip >5s

Tongue depressor test for 5s

Notes: Source: adapted from Radkowski P, Baranska A, Mieszkowski M, Dawidowska-Fidrych ], Podhorodecka K. Methods
for Clinical Monitoring of Neuromuscular Transmission in Anesthesiology - A Review. Int | Gen Med. 2024;17:9-20. Published
2024 Jan 3. doi:10.2147/JGM.5424555. '3

The ESAIC (European Society of Anaesthesiology and Intensive Care) 2023 recommendations (Table 3) also strongly
recommend the following:

e Use ulnar nerve stimulation and quantitative neuromuscular monitoring (NMM) at the adductor pollicis muscle to
exclude residual paralysis.

e Ensure advanced spontaneous recovery (ie, TOF ratio >0.2) before initiating neostigmine-based reversal, and
continue quantitative monitoring until a TOF ratio >0.9 has been achieved.

Discussion

The pharmacological management of neuromuscular blockade in elderly patients presents a unique clinical challenge due
to age-related physiological, pharmacokinetic, and pharmacodynamic alterations. These changes, combined with the high
prevalence of comorbidities and polypharmacy in this population, necessitate individualized dosing, vigilant neuromus-
cular monitoring, and careful selection of agents to avoid prolonged paralysis or residual blockade.

With advancing age, there is a natural decline in both neurotransmitter levels and receptor availability, a process that
becomes even more pronounced in patients with neurological disorders. These neurophysiological changes contribute to
an extended duration of action for most neuromuscular blocking agents (NMBAs). In elderly individuals with preexisting
respiratory impairment, such alterations heighten the risk of postoperative respiratory complications, including hypo-
ventilation and the need for reintubation. Additionally, age-related weakness of pharyngeal muscles and diminished
protective airway reflexes further increase susceptibility to aspiration pneumonia, even with mild residual paralysis. For
this reason, complete neuromuscular recovery must be confirmed before extubation to ensure airway safety and reduce

postoperative respiratory morbidity.?%">"4

Benzylisoquinolines or Aminosteroids

Benzylisoquinolines such as atracurium, cisatracurium, and mivacurium undergo primarily organ-independent metabo-
lism (via Hoffmann elimination and plasma esterases), which makes them relatively safer for elderly patients with
impaired hepatic or renal function, as their elimination does not lead to prolonged paralysis in geriatric populations. In
contrast, aminosteroid neuromuscular blocking agents (NMBAs) depend largely on hepatic metabolism and renal
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excretion. Consequently, their pharmacokinetic profiles are more significantly influenced by age-related reductions in
hepatic blood flow and glomerular filtration rate. Studies have shown that these agents exhibit a slower onset, longer
duration of action, and delayed recovery in older adults. For example, the clinical duration of rocuronium may double in
patients aged >80 years compared with younger individuals, likely due to reduced hepatic clearance and altered
distribution. Similarly, vecuronium demonstrates a prolonged recovery time and decreased plasma clearance.

Thus, cisatracurium or atracurium may initially appear to be safer choices for elderly patients. However, it is
important to note that aminosteroid-induced neuromuscular blockade can be effectively reversed with sugammadex,
which plays a crucial role in facilitating complete recovery from neuromuscular blockade and preventing residual
paralysis—a particularly dangerous condition in the geriatric population due to the heightened risk of aspiration.
Although renal elimination of sugammadex is reduced in older adults, and reversal may occur more slowly, its efficacy
remains preserved. Furthermore, sugammadex demonstrates a safer clinical profile than neostigmine in elderly patients,
being associated with fewer cardiovascular and cognitive adverse effects, which makes it a more favorable option in this
population. Additional evidence also indicates that sugammadex reduces the incidence of postoperative urinary retention
compared with neostigmine/glycopyrrolate combinations, further supporting its safety in geriatric anesthesia.

The 2020 SFAR Guidelines (“Guidelines on Muscle Relaxants and Reversal in Anaesthesia” issued by the French
Society of Anaesthesia and Intensive Care) do not impose strict recommendations for the use of specific agents.
However, they suggest considering atracurium or cisatracurium in patients with renal or hepatic impairment, maintaining
standard initial dosing for neuromuscular blockade, and administering the usual reversal dose when sugammadex is used.
More recent publications (2023) from the ESAIC and ASA recommend neostigmine as an alternative to sugammadex in
cases of minimal neuromuscular blockade, while advising sugammadex for the reversal of deep, moderate, and shallow
blocks induced by aminosteroidal agents (rocuronium, vecuronium) — defined as:

e Deep block: post-tetanic count >1 and TOF count = 0
e Moderate block: TOF count = 1-3
e Shallow block: TOF count = 4 and TOF ratio <0.4.'%7374

It is important to emphasize that none of these guidelines specifically address geriatric populations.

Therefore, the management of elderly patients should be individualized. The preferred agents are those that allow
complete and safe reversal of neuromuscular blockade with minimal complications. Despite the influence of age on their
pharmacodynamics, aminosteroid NMBAs remain a viable choice because their effects can be fully antagonized with
sugammadex. In contrast, neostigmine carries a higher risk of adverse effects, to which older adults are particularly
vulnerable.

Given the absence of clear, age-specific recommendations, clinical focus should shift from merely adjusting drug
doses to emphasizing accurate neuromuscular monitoring, objective assessment of blockade depth, and individualized
management based on monitoring results. Objective monitoring methods thus play a key role in optimizing safety and
outcomes in geriatric anesthesia.?’

Diabetes Mellitus

The prevalence of diabetes mellitus increases with age, resulting in a growing proportion of elderly patients with this
condition. Current evidence suggests that diabetic patients, even in the absence of diabetic neuropathy, may be at an
elevated risk of postoperative residual neuromuscular blockade. Importantly, the use of sugammadex for reversal of
neuromuscular blockade appears to be equally effective in diabetic and non-diabetic individuals, indicating no significant

difference in efficacy between these patient populations.’*”*

Hypothermia

In elderly patients, impaired hypothalamic thermoregulation, reduced muscle mass and subcutaneous fat, age-related
vascular changes, skin changes, and the thermoregulatory effects of anesthetic agents collectively diminish heat
production and conservation, increasing the risk of perioperative hypothermia. Hypothermia can extend the duration of
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neuromuscular blockade by reducing drug metabolism and clearance, necessitating careful dosing and close monitoring.
This effect may delay recovery and increase the likelihood of complications, such as prolonged ventilatory support. Older
adults are particularly prone to hypothermia, highlighting the importance of pre-warming and active warming strategies
during and after surgical procedures. Specifically, a drop in core body temperature of 2—3°C has been shown to lengthen
the action of neuromuscular blocking agents, including vecuronium and atracurium.

It has been shown that hypothermia can significantly delay the reversal of neuromuscular blockade induced by
vecuronium when neostigmine is used. During hypothermia, a decrease in the volume of distribution of approximately
40% is observed, and the onset of maximum effect is slower, likely due to reduced muscle blood flow. Clearance,
maximum effect, and duration of neostigmine remain unchanged. Additionally, the delayed reversal may be caused by
a slower decline of NMBA plasma concentration during hypothermia. Therefore, careful monitoring of such patients and
appropriate NMBA dosing are extremely important. In such cases, we should anticipate in advance that prolonged

neuromuscular blockade and delayed anesthetic recovery may occur.”>’®

Anaphylaxis

Allergic conditions are often associated with younger people, but they can persist into older age, and in some cases, first
appear in the elderly. Age over 65 increases the risk of severe or life-threatening anaphylaxis. In older adults, anaphylaxis
may present differently and involve distinct triggers. Neuromuscular blocking drugs are responsible for the majority of
rapid-onset allergic reactions during anesthesia, causing death in about 4.1% of cases. Cross-sensitivity within this drug
class is frequent, affecting 60—70% of patients who are allergic, and is especially common with aminosteroid-based
agents. It should be noted that among all neuromuscular blocking agents, succinylcholine carries the highest risk of
triggering anaphylaxis, particularly in women.”*®!

In the study by Reitter et al, risk factors for fatal perioperative anaphylaxis induced by neuromuscular blocking agents
in a French cohort included male sex, non-elective procedures, hypertension, obesity, cardiovascular disease, and
ongoing treatment with beta-blockers.*?

In the available literature, we did not find age-specific data on anaphylactic reactions to neuromuscular blocking
agents in the geriatric population.

Limitations

This narrative review has several limitations. First, as a narrative review, it lacks the quantitative synthesis of data provided by
systematic reviews or meta-analyses, and is subject to selection bias. The included studies are heterogeneous in terms of patient
populations, NMBA dosing regimens, and monitoring techniques, limiting generalizability. Data specifically addressing elderly
and very elderly (=85 years) or frail patients are scarce. Additionally, many studies were conducted on small patient groups,
which may limit the generalizability of the findings. Literature was selected to include only articles written entirely in English or
with English abstracts, with the exception of one document in Polish, which may introduce some bias. Finally, the review focuses
on immediate perioperative/shortly after neuromuscular blockade outcomes, with limited information on long-term functional or
cognitive outcomes in elderly patients.

Future Directions

With the ongoing growth of the elderly population, there is a pressing need for large-scale, age-specific studies on the
pharmacokinetics, pharmacodynamics, and clinical effects of neuromuscular blocking agents and their reversal agents.
Research should address the high interpatient variability, common comorbidities, and polypharmacy in this population to
inform safe and effective dosing strategies. Additionally, the development and implementation of advanced quantitative
neuromuscular monitoring technologies should be prioritized, as these tools are essential for preventing residual
neuromuscular blockade and improving perioperative outcomes in geriatric patients.

Conclusions
The management of neuromuscular blockade in elderly patients presents unique challenges due to age-related physio-
logical, pharmacokinetic, and pharmacodynamic changes, as well as the high prevalence of comorbidities and
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Table 4 The Effects of Drugs Used in Neuromuscular Blockade in Elderly Patients Based on the Cited Literature

Drug Action in Elderly Patients

Atracurium I. Laudanosine may accumulate as its pharmacokinetics are significantly influaced by age, however, toxicity and accumulation is
not very likely to occur outside the ICU as atracurium would need to be administered continuously for a prolonged period

2. Duration of action is similar to this in younger patients

3. Elimination half-life of in the elderly group is significantly longer but no significant differences in clearance, volume of
distribution, or mean residence

Cisatracurium | I. Onset time may be prolonged or not altered — there are conflicting reports

Mivacurium I. Onset time may be not altered
2. Prolonged duration of action
3. Longer elimination half-lives of the metabolites

Pancuronium I. Prolonged duarion of action and clearance
2. Increased risk of late recurarization

Pipecuronium I. Drug may accumulate in patients with renal failure leading to prolonged neuromuscular blockade (even up to 7 days after drug
discontinuation) — it is important as elderly people are at an increased risk of developing renal failure.

Vecuronium I. Prolonged duration of action and recovery
2. Prolonged elimination half-life and clearance

Rocuronium I. Prolonged duration of action (even twice)
2. Effect of rocuronium may be shifted from a rapid onset, intermediate-acting compound to a slower onset, long-acting

compound

Succinylcholine . No significant difference in the duration of action, when used for tracheal intubation

Sugammadex Reversal of blockade takes longer

2. lts use may be connected with lower rates of post operative urinary retention in contrast to neostigmine/glycopyrrolate use

Neostigmine Prolonged duration of action
2. Higher doses may cause adverse effects

3. Reversal is variable

polypharmacy. These alterations increase the risk of prolonged paralysis, residual neuromuscular blockade, and post-
operative respiratory complications.

Benzylisoquinoline NMBAs (atracurium, cisatracurium, mivacurium) are relatively safer in elderly patients with
impaired renal or hepatic function due to organ-independent metabolism. Aminosteroid NMBAs (rocuronium, vecur-
onium) may exhibit prolonged action but can be effectively and safely reversed with sugammadex, which shows
a superior safety profile compared with neostigmine in older adults (Table 4).

Objective neuromuscular monitoring, particularly quantitative methods such as train-of-four (TOF) assessment, is
critical to ensure complete recovery before extubation and to prevent postoperative residual curarization. Age-related
factors such as diabetes mellitus and perioperative hypothermia can further prolong NMBA effects, underscoring the
need for individualized dosing, vigilant monitoring, and tailored reversal strategies.

Overall, safe and effective anesthesia in the geriatric population relies on careful NMBA selection, appropriate use of
reversal agents, and rigorous neuromuscular monitoring.
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