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Abstract: Biomedical sciences have made immense progress and numerous discoveries aimed at
improving quality of life and life expectancy in modern times. Anesthesiology is typically tailored to
individual patients as its clinical effects depend on multiple factors, including a patient’s
physiological and pathological states, age, environmental exposures and genetic variations. Sex
differences are also paramount for a complete understanding of the effects of specific anesthetic
medications on men and women. However, women-specific research and the inclusion of women in
clinical trials, specifically during child-bearing years, remain disproportionately low compared to the
general population at large. This review describes and summarizes genetic variations, including sex
differences, that affect responses to common anesthetic medications such as volatile anesthetics,
induction agents, neuromuscular blocking drugs, opioids and local anesthetics. It also discusses the
influence of genetic variations on anesthesia outcomes such as post-operative nausea and vomiting,
allergic reactions, pain, depth of anesthesia, awareness under anesthesia and recall, and post-
operative delirium.
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1. Introduction

The practice of anesthesiology is based on a combination of several principles including
physiology, pharmacology and pharmacokinetics. Individuals with similar physical and physiologic
profiles may respond differently to the same anesthetic due to the influence of multiple factors such
as age, environmental exposures and genetic variations [1]. Pharmacogenetics encompasses the
broad and expanding field studying how genetic variations affect pharmacologic activity and may
help explain differences in individual responses to anesthesia [2]. Elements of interest to
pharmacogenetics include metabolic enzymes, receptors and transport channels [3].

Genetic variations range from specific gene mutations, many of which involve a substitution or
deletion of a single nucleotide, to broader differences including male versus female sex. Despite the
seemingly obvious differences between both sexes, it remains an understudied area with a particular
lag in women-specific research. This gap is not unique to anesthesiology. It was only in 1990 that the
United States National Institutes of Health created guidelines for the inclusion of both sexes in clinical
trials with separate analysis of trial results for each sex [4]. Studies from 2000 and 2008 have shown
that women were not included in mixed-sex cardiovascular trials in a proportionate amount
compared to the disease prevalence in the general population [5,6]. Globally, women remain
underrepresented in clinical trials [7]. For example, in 2020 women comprised 51% of clinical trial
participants but 77% of patients diagnosed with thyroid cancer worldwide [8].
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In recent decades, and particularly in the last 20 years, attention has been directed into
investigating sex differences and additional genetic differences relevant to anesthesiology.
Commonly used agents, including propofol, volatile anesthetics, neuromuscular blockers and
opioids have shown differences in responses based on sex [9-11]. Understanding of sex differences
in enzyme activity and metabolism of medications could help explain these findings. Genetic causes
for complications of anesthesia, such as post-operative nausea and vomiting (PONV), have also been
investigated [12]. Several polymorphisms across multiple genes have been identified and associated
with different outcomes. Of these polymorphisms, some have been linked to an increased incidence
of PONV while others conversely were associated with a lower incidence of PONV [13-15]. The 5-
hydroxytryptamine type 3 (5- HT3) receptor is the target for the widely used anti-emetic ondansetron.
Polymorphisms in the gene can predict a decreased response to this class of medications and may
explain why some patients have minimal response to ondansetron [14]. With knowledge of genetic
variants, anesthetic plans can be better tailored to prevent adverse outcomes and alternative anti-
emetics can be chosen to avoid medications with higher chance of failure.

This review describes and summarizes genetic variations, including sex differences, that affect
responses to common anesthetic medications and anesthesia outcomes such as PONV, allergic
reactions, pain, depth of anesthesia, awareness under anesthesia and recall, and post-operative
delirium.

2.1. Volatile Anesthetics
2.1.1. The Relationship Between Genetics and Volatile Anesthetics

There is a wide variety of individual differences in sensitivity to volatile anesthetics and, given
the largely-unmetabolized nature of these agents, it is hypothesized that the mechanisms underlying
those differences are genetic and involve polymorphisms of transport and target proteins [16]. In a
large observational study of 150 patients having otolaryngology surgery, the patients were
genotyped and indicators of their sedative response to sevoflurane, a volatile anesthetic, were
recorded. Those sedative responses included BiSpectral index (BIS™ Monitoring System -
Medtronic) values, end-tidal sevoflurane, and clinical scales of sedation. The researchers found 9
single-nucleotide polymorphisms (SNPs) that were significantly associated with patients” sedative
and cardiovascular responses to sevoflurane. Specifically, 3 SNPs found in the methionine synthase
reductase (MTRR) gene, which encodes methionine synthase, an enzyme involved in folate
absorption, were associated with higher sensitivity to sedation by sevoflurane. Additionally, a SNP
in the CABRG1 gene, which encodes the gamma-aminobutyric acid (GABA) receptor and is indirectly
agonized by volatile anesthetics, was associated with increased cardiovascular sensitivity to
sevoflurane. A possible mechanism of this is related to the known expression of GABAA receptors in
the paraventricular nucleus of the hypothalamus that normally serve to suppress sympathetic
excitation [17].

Similarly, a prospective observational study of 500 patients undergoing abdominal surgery
separated the patients into high sevoflurane-sensitivity and low sevoflurane-sensitivity groups based
on the end-tidal sevoflurane to maintain BIS between 40 and 60. Both groups then underwent
genome-wide association studies (GWAS) and whole exome sequencing, which identified several
genes associated with sevoflurane sensitivity, including FAT2 (atypical cadherin), ADI1
(acireductone dioxygenase), NEDD4 (E3 ubiquitin protein ligase), and FOXRED2 (FAD dependent
oxidoreductase) [18]. While these genes encode proteins with known functions that may be related
to sevoflurane pharmacodynamics, such as mitochondrial function and excitatory
neurotransmission, their causal relationship to sevoflurane sensitivity cannot be established without
laboratory models of genetic variants demonstrating gene-dependent sensitivity to sevoflurane.

Genetic modulation in folate metabolism is also responsible for differing degrees of
homocysteine elevations following nitrous oxide, a commonly used inhaled anesthetic gas (not
considered a volatile agent). Nitrous oxide inhibits enzymatic processes requiring a vitamin B12
cofactor by irreversibly oxidizing cobalt atoms present in vitamin B12. One enzymatic process
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involves the folate cycle, in which methionine synthase demethylates 5-methyl-tetrahydrofolate to
promote folate synthesis and, in the process, methylates homocysteine to produce methionine.
Methylenetetrahydrofolate reductase (MTHFR) regenerates 5-methyl- tetrahydrofolate to promote
the folate cycle. Inhibition of this cycle results in inadequate folate production and accumulation of
homocysteine [19]. In a study of 140 patients receiving at lease 2 hours of 66% nitrous oxide,
homozygous MTHFR polymorphisms were associated with a significantly higher elevation in
homocysteine concentration versus wild type MTHEFR patients [20].

Patients with mitochondrial defects, most commonly involving nicotinamide adenine
dinucleotide dehydrogenase (complex I of the electron transport chain), exhibit increased sensitivity
to volatile anesthetics and an increased propensity to develop toxicity [21]. This is primarily through
the inhibition of complex I, which is already susceptible in patients with preexisting electron
transport chain defects. Leigh syndrome, the most common mitochondrial disorder in children,
involves the homozygous loss of function of the gene encoding mitochondrial complex proteins,
resulting in seizures and hypersensitivity to volatile anesthetics [22]. Interestingly, the ketogenic diet
reduces the reliance on the electron transport chain’s oxidative phosphorylation and has been used
prophylactically in the prevention of seizures in these patients [23]. In a mouse model of Leigh
syndrome in which the gene Ndufs4 is knocked out, the mice also exhibit exquisite sensitivity to
volatile anesthetics. In a study of Ndufs4 models in which mice are fed a ketogenic diet prior to
exposure to volatile anesthetics for a sham procedure, there was a significant increase in lactic
acidemia and intraoperative mortality [24]. This, along with the potential for acidosis in patients with
mitochondrial disorders that may have undergone prolonged preoperative fasting, necessitates
caution during exposure to mitochondrial stressors (i.e., volatile anesthetics) intraoperatively.

Of note, while there are many phenotypically distinct ryanodine receptor 1 and calcium channel
subunit Al S genetic polymorphisms, current guidelines released by the Clinical Pharmacogenetics
Implementation Consortium (CPIC®) recommend the avoidance of triggering volatile anesthetics or
succinylcholine if a patient presents with any one of the 50 identified polymorphisms [25]. Due to the
poor sensitivity of genotypic diagnosis of malignant hyperthermia sensitivity, the in vitro contracture
test remains the gold standard for diagnosis.

2.1.2. The Relationship Between Sex and Volatile Anesthetics

It has been well established that female patients are less sensitive to volatile anesthetics than
their male counterparts [26]. In mice models of volatile anesthesia using isoflurane, female mice had
both slower induction and faster emergence than male mice. Emergence was determined using the
sticker-removal test, during which an adhesive sticker is placed on the mouse’s nose prompting
immediate removal in an awake mouse. This difference was observed despite measuring identical
isoflurane concentrations in the brain, suggesting that there are independent pharmacokinetic
differences [27]. Interestingly, a small multicenter observational study also observed slower
induction and faster emergence in women, however, they noted no changes in intraoperative
electroencephalographic activity, suggesting that different pharmacogenetic phenomena influence
induction, maintenance and emergence of anesthesia [28].

A potential mechanism of this sex difference has been recently elucidated in mice, in which equal
concentrations of volatile anesthetics were given to male and female mice. Administration of
testosterone to the female mice rendered them more sensitive to the anesthetics [27]. These findings,
along with the absence of sensitization with oophorectomy, highlights testosterone as a potential
modulator of volatile anesthetic sensitivity. It is well established that the hypnotic effect of volatile
anesthetics is at least in part modulated by the ventral hypothalamus, which receives hormonal
modulation [29]. The finding by Wasilczuk et al. that female mice exhibit fewer active sleep-
promoting neurons in this region of the hypothalamus further supports the role of testosterone in its
modulation.
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2.2. Induction Agents
2.2.1. The Relationship Between Genetics and Induction Agents

Induction agents are medications that are used by anesthesiologists to sedate patients
undergoing anesthesia. Examples of commonly used agents include propofol, etomidate, thiopental,
dexmedetomidine, and ketamine, each with distinct sedative properties. 1,000 patients undergoing
breast cancer resection under total intravenous anesthesia with propofol were assessed in an
observational study relating total propofol requirements to SNPs identified by GWAS. Two SNPs
were identified that had statistically significant associations to varying effects of propofol, ROBO3-
rs997989 and NALCN-rs9518419, both of which are variants in noncoding genetic sequences and
possibly modulate the expression of nearby genes FEZ1 and NALCN, respectively [30]. FEZ1 is
expressed primarily in glutamatergic and GABAergic neurons, however its expression is primarily
during the central nervous system (CNS) development. FEZ1 expression has been demonstrated to
be “coupled” to the expression of SNARE complex proteins, the formation of which can be inhibited
by propofol through its disabling interaction with the SNARE complex protein syntaxin 1A [31].
Additionally, NALCN encodes the sodium leak channel which has been observed to increase
sensitivity to general anesthesia in multiple mammalian species [32]. In a different GWAS of 179
patients, SNPs in 5HT2A (encoding serotonin 2A receptor) were associated with a 20% decrease in
propofol requirement and 40% decrease in onset time, while SNPs SCN9A (sodium channel),
GABAA1 (GABA A-al receptor), GABAA2 (GABA A-a2 receptor), and CHRM2 (muscarinic
acetylcholine receptor) were associated with increased cardiovascular sensitivity to propofol [33].
Similar to the discoveries of SNPs” association with varying sensitivity to volatile anesthetics, these
potentially relevant proteins require further investigation to establish a causal relationship between
their polymorphism and clinically significant variations in propofol sensitivity.

Like volatile anesthetic agents, parenteral induction agents exhibit similar degrees of
mitochondrial enzyme inhibition that renders patients with mitochondrial disorders vulnerable. The
primary action of these medications is indirect agonism of the GABAx receptor, with the exception
of ketamine, an N-methyl-D-aspartic acid (NMDA) receptor antagonist. Medications such as
etomidate, propofol, and thiopental inhibit complex I and significantly depress mitochondrial
function [34]. Research in human subjects is sparse. However, animal models of mitochondrial
dysfunction indicate increased sensitivity to most parenteral anesthetics [35]. Propofol infusion
syndrome, characterized by an acute insufficiency of long-chain acylcarnitine ester transport and
coexisting dysfunction of complexes I, may be more prevalent in patients with mitochondrial
disorders [36].

Dexmedetomidine, a pure a2 adrenergic agonist, is also used as a general anesthetic in specific
cases and can offer patients titratable degrees of sedation. The effect of polymorphism in the
promotor region of the ADRA2A gene encoding the a2 receptor was investigated in a study of 110
patients requiring postoperative dexmedetomidine at 1.4 mcg/kg/hr, wherein polymorphisms in the
ADRA2A gene were identified using polymerase chain reaction and related to clinical measures of
sedation. C1291G, C1291C, and G1291G polymorphisms were identified in 45.5, 43.6, and 10.9% of
patients, respectively, and the C1291C and G1291G variants were significantly associated with a
greater degree of sedation [37].

Ketamine, another parenteral drug that can be used to induce general anesthesia, is highly
metabolized by hepatic enzymes CYP2B6 and CYP3A4, each of which has variability in expression
and enzymatic activity [38]. There are several variants of the CYP2B6 genes, of which the CYP2B6%6
loss of function variant is the most prevalent. In a study of 50 patients undergoing continuous
ketamine infusions for the management of chronic pain, those with the CYP2B6*6 genotype had
significantly lower plasma clearance of ketamine and its metabolite, norketamine [39].
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2.2.2. The Relationship Between Sex and Induction Agents

It has long been documented that there are differences in the response to induction agents, most
well established in relation to propofol, between male and female patients. In an observational study
of 60 patients undergoing surgery using propofol to maintain general anesthesia, female patients
demonstrated a significantly faster wakeup time compared to male patients.[11] There have also been
sex differences in dose requirements to maintain general anesthesia with propofol based on BIS
values, with significantly higher doses delivered in female patients than in male patients,
independently controlled for known covariates such as lean body mass and age [40]. A 2012 study
by Loryan et al. assessed pharmacokinetics of propofol metabolism in male and females, measuring
metabolites of propofol glucuronidation and hydroxylation by the UGT1A9 and CYP2B6 liver
enzymes, respectively. Female patients were found to have significantly higher concentrations of
these metabolites, as well as significantly higher expression of these liver enzymes, than male
patients. Interestingly, this was unrelated to the rates of known UGT1A9 and CYP2B6
polymorphisms (e.g., CYP2B6*6), which were found to not significantly differ between male and
female patients [41].

There is sexual dimorphism in the response of GABAa receptor to stimulation by propofol as
well. In a study that involved bathing immature mouse ventromedial hypothalamic neurons with
propofol, neurons from male mice more rapidly exhibited GABAa-driven calcium influx and more
quickly returned to baseline levels compared to those from female mice. This study uniquely assessed
hypothalamic dimorphism prior to developmental masculinization. Furthermore, no attenuation of
the observed differences occurred when the investigators introduced testosterone in vitro [42].
Research relating the menstrual cycle to changes in response to anesthesia has been largely equivocal
and limited to animal models. In one rat study, the animals were found to have statistically significant
differences in time to emergence from anesthesia induced by dexmedetomidine, but not by propofol
or volatile anesthetics. Furthermore, there were no changes in estrogen or progesterone
concentrations that were associated with the differences observed in dexmedetomidine [43]. This
demonstrates that, if menstruation confers variability in response to dexmedetomidine-induced
anesthesia, the exact mechanisms remain elusive and are unlikely to be solely related to fluctuations
in serum hormone concentrations.

2.3. Neuromuscular Blocking Drugs

2.3.1. The Relationship Between Genetics and Neuromuscular Blocking Drugs

The genetic variations affecting the activity of neuromuscular blocking drugs are primarily
driven by genetic variability in the expression of enzymes that are responsible for their metabolism.
Butyrylcholinesterase (BChE), also called plasma cholinesterase or pseudocholinesterase, is a
nonspecific plasma enzyme that is responsible for metabolizing acetylcholine and its structural
analogs (e.g., benzocholine, succinylcholine), into inactive metabolites. BChE is variably expressed in
individual patients and its functional activity can be deficient due to heterozygous or homozygous
genetic variation. The fact that BChE levels vary in individuals in a genetically driven pattern was
identified as early as 1957, when families with individuals particularly sensitive to succinylcholine
were identified, and esterase levels were measured and determined to be reduced in an autosomal
recessive pattern [44]. This was determined using the dibucaine-resistance test, where the ester local
anesthetic dibucaine was used to inhibit BChE’s metabolism of benzocholine. If reduced inhibition
was noted (<70%), an individual had abnormal or atypical BChE. Furthermore, the degree of reduced
inhibition signified heterozygous (40-70%) or homozygous (<20%) inheritance pattern. The clinical
consequence of expressing homozygous dibucaine-resistant BChE is an estimated paralysis time of
greater than 2 hours after succinylcholine administration, in contrast to the 5 minutes experienced by
wild-type individuals [45]. More recently, up to 65 genetic variants of BChE deficiency have been
identified, each with varying degrees of clinically significant alteration of activity. Nonetheless, BChE
deficiency is exceedingly rare, occurring in as few as 1 in 5,000 people. Therefore, genetic testing is
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typically reserved for patients with an individual or family history evocative of prolonged
neuromuscular blockade following succinylcholine [46]. The obvious weakness of this history-based
screening is its insensitivity to patients without prior personal or familial history of receiving general
anesthesia, and the risk of emergence from anesthesia with persistent neuromuscular blockade
presents significant problems for these patients. A recent case series suggests that the use of
quantitative neuromuscular monitoring, when applied prior to the expected recovery of
neuromuscular function, can detect BChE deficiency in patients early enough to allow the
anesthesiologist to prevent premature emergence from anesthesia in patients with delayed
metabolism of neuromuscular drugs [47].

Individual differences in the effects of nondepolarizing neuromuscular blocking drugs have also
been identified, although the pathophysiology is still elusive. In a study of 230 Chinese recipients of
general anesthesia, two specific SNPs were independently correlated to statistically significant
differences in the duration of rocuronium-induced neuromuscular blockade [48]. Specifically,
patients with NR1I2-rs2472677 experienced longer time to recovery of 25% and 90% train-of-four
ratio (TOFR), and those with SLCO1A2-rs4762699 experienced shorter times to recovery of 25% and
90% TOFR. An additional study of 900 patients undergoing general anesthesia with rocuronium
identified two additional SNPs, SLCO1A2-rs7967354 and SLCO1A2-rs11045995, that accounted for
41% of variability in rocuronium dose administered to maintain 0-10% TOEFR [49]. This suggests an
increased role of the SLCO1A2 gene, which encodes the transport protein OATP1A2, in modulating
the pharmacodynamics of rocuronium. OATP1A2 is an organic anion transporting polypeptide and
is ubiquitously expressed in mammals. Recent data implicates its role in transporting (-amyloid
proteins in the brain, as well as transporting bile acids in the liver and small intestine.[50] While
preclinical data demonstrates the efficacy of targeting OATP1A2 in models of GI tumors, data
remains limited regarding the specific function of OATP1A2 in regulating nondepolarizing
neuromuscular blocking drugs.

2.3.2. The Relationship Between Sex and Neuromuscular Blocking Drugs

The primary sex-specific circumstance in which neuromuscular blockade has been
demonstrably altered is in pregnancy. This occurs primarily due to the various physiologic changes
in pregnancy, including increased glomerular filtration rate, total body weight, total body water, and
decreased albumin levels [51]. Pharmacokinetic changes that occur in pregnancy carry clinical
significance with respect to neuromuscular blockade. Pancuronium has demonstrated a 27%
decreased duration of action during cesarian sections when compared to non-obstetric surgery, likely
attributable to the renal clearance of pancuronium and the elevated glomerular filtration rate.
Conversely, atracurium, which is not renally cleared but rather eliminated via Hofmann elimination
and ester hydrolysis, has not demonstrated a change in duration of action in pregnant patients [51].

Magnesium, which may be given to preeclamptic patients, can potentiate neuromuscular
blockade due to its antagonism of postsynaptic calcium. Furthermore, in specific preeclamptic
patients or those experiencing HELLP syndrome, impaired liver function results in impaired BChE
production and activity correlating to elevations in aminotransferase levels, increasing the duration
of action of the depolarizing neuromuscular blocking drugs [52]. Moreover, in pregnant women with
a deficiency in BChE, succinylcholine may cross into fetal circulation at significant concentrations
and result in neuromuscular blockade of the neonate, which is more profound if the neonate is also
BChE deficient [53]. Independent of pregnancy, clinical determination of neuromuscular blockade
may also vary based on a patient’s sex. A study using quantitative neuromuscular monitoring
demonstrated a sex-specific discrepancy between the TOFR and clinical muscle function. In female
patients, TOFR was lower before signs of paralysis (e.g., inability to raise the head, swallow or open
the eyes) manifested [54].
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2.4. Opioids

2.4.1. The relationship between genetics and opioids

In anesthesiology, opioids are useful for perioperative analgesia, sedation, pain management,
reduction of nociception, and hemodynamic maintenance [55]. Commonly used opioids (fentanyl,
remifentanil, hydromorphone, and morphine) agonize p-opioid receptors in the central nervous
system, including areas such as the brain stem, thalamus, and spinal cord. The three types of opioid
receptors, which are all G-coupled protein receptors, include pu (MOP) (bound by morphine), delta
(DOP), and kappa (KOP) receptors [56]. When bound, opioids downregulate the cAMP pathway,
specifically decreasing production of adenylate cyclase. Opioids close voltage-gated Ca?" channels,
which mediates the presynaptic inhibition of substance P and glutamate release. K* channels are also
opened when opioids bind to their receptor, allowing for postsynaptic hyperpolarization, excitability
suppression in neurons, and reduction of pain signaling in the descending inhibitory pain pathways
[57].

Genetic variations and sex differences have been shown to significantly influence the effects of
opioids, leading to a variation in pain perception, adverse effects, and metabolism in patients. Opioid
anesthetics, such as fentanyl, morphine, hydromorphone, and remifentanil, can be affected by
variations in the following genes: OPRM1, CYP2D6, UGT2B7, ABC1 and MCIR. Primarily, fentanyl
is utilized for anesthetic induction, maintenance, and postoperative pain management [55]. It is
classified as synthetic opioid and piperidine derivative with a rapid onset (1-2 minutes intravenously)
and short duration of action (30-60 minutes). Through piperidine-induced oxidative dealkylation and
hydroxylation, fentanyl is metabolized to norfentanyl by cytochrome P450 CYP3A4 in the liver.
Morphine, a natural opioid with a longer onset (10-30 minutes intravenously) and longer duration
(3—4 hours), is often used for preoperative sedation, intraoperative analgesia, and postoperative pain
management. Primarily, the OPRM1 gene controls p-opioid receptor signaling in the brain; OPRM1
genetic variants, specifically the 118 A > G variant, can alter the opioid response [58]. Kong et al.
conducted a meta-analysis of 137 studies, with 17 eligible studies and 4690 patients, finding that
individuals with the presence of at least one OPRM1-118G allele showed a reduced effect of morphine
compared to individuals with the 118 A/A genotype. The OPRM1 118G allele was also associated
with increased side effects such as vomiting after surgery. In addition to OPRM1, the CYP2D6 gene
is involved in metabolizing several opioids. Thus, CYP2D6 polymorphisms can impact opioid
(hydromorphone and remifentanil) potency and adverse effects through the accumulation of the
original drug or its metabolites [59]. Vieira et al. employed a systematic review of 27 publications and
found that CYP2D6 polymorphisms were correlated to variation in opioid consumption between
several ethnic groups [60]. Secondly, association was detected between OPRMI1 A118G
polymorphisms (rs1799971) and differences in morphine consumption between individuals. Since
the UGT2B7 gene is responsible for morphine metabolism by glucuronidation, UGT2B7
polymorphisms have been shown to alter morphine response [61]. Bastami et al. piloted a
pharmacogenetic association study that investigated the impact of UGT2B7, OPRM1, and ABCB1
polymorphisms on morphine behavior in 40 Japanese patients undergoing abdominal hysterectomy
[61]. After morphine was administered via patient-controlled analgesia (PCA), plasma concentrations
of morphine and its metabolites were measured in blood samples to assess pharmacokinetics, while
pharmacodynamic effects were studied through assessment of pain relief. Results revealed that
patients with homozygosity of UGT2B7 802C required significantly lower doses of morphine for
alleviation of pain, while the same trend was observed in homozygosity of ABCB1 1236T and 3435T,
and of OPRM1 118A. More specifically, there was an enhanced correlation between UGT2B7 T802C
and morphine dosages required for pain alleviation. This study also carried out regression analysis,
finding that 30% of diverse variations affecting morphine dose were linked to SNPs in UGT2B7,
OPRM1, and ABCB]1 genes.

Similar to morphine, some metabolic products of fentanyl are also reportedly metabolized by
glucuronate conjugation and may be affected by UGT2B7 variations [62,63]. Muraoka et al. conducted
an observational genetic association study that investigated the relationship between SNPs in the
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UGT2B7 gene and individual sensitivity to fentanyl among 353 healthy Japanese patients (125 males
and 228 females) aged 15-52 years scheduled for cosmetic orthognathic surgery [64]. The UGT2B7
gene was again found to affect morphine metabolism, with the C allele of rs7439366 associated with
higher levels of morphine-3-glucuronide and morphine-6-glucuronide. However, it was also found
that this SNP was associated with the analgesic effects of fentanyl, indicating the C allele of the
rs7439366 SNP may enhance analgesic efficacy with both fentanyl and morphine. Furthermore, there
were two UGT2B7 SNPs, rs4587017 and rs1002849, with a high likelihood of affecting the analgesic
action of fentanyl. Additional studies have revealed novel genes involved in fentanyl action. Saiz-
Rodriguez et al. conducted a pharmacogenetic study to explore polymorphisms altering fentanyl
pharmacokinetics, pharmacodynamics, and safety profiles [65]. 35 healthy volunteers (19 men and 16
women) each received 300 ug of fentanyl (oral route) followed by genotyping for nine
polymorphisms in the following genes: cytochrome P450 enzymes CYP3A4 and CYP3A5, ATP-
binding cassette subfamily B member 1 (ABCBI), opioid receptor ul (OPRM1), catechol-O-
methyltransferase (COMT), and adrenoceptor beta 2 (ADRB2). This study demonstrated that
CYP3A4*22 allele carriers exhibited decreased enzyme expression and lower clearance for fentanyl,
indicating slower fentanyl metabolism. Additionally, ABCB1 1236T/T genotypes exhibited decreased
AUC, increased clearance, and shorter half-life, indicating amplified efflux of fentanyl [65].
Pharmacodynamic effects included a hypotensive effect of fentanyl across patients: ADRB2 523A
allele correlation with reduced systolic blood pressure, and association of OPRM1 and COMT gene
variants with greater risk for somnolence following fentanyl administration. This study concluded
that CYP3A4, ABCB1, OPRM1, COMT, and ADRB2 polymorphisms significantly influence fentanyl’s
pharmacokinetics, pharmacodynamics, and potential for adverse effects. These findings highlight the
need for consideration of genetic factors in individualizing opioid therapy, minimizing adverse
effects, and bolstering efficacy. Mogil et al. employed a comparative study between an animal study
utilizing quantitative trait locus mapping and a human study to investigate the role of the
melanocortin-1 receptor (MCIR) gene in mediating k-opioid analgesia, with emphasis on sex-specific
differences. In the animal study, the MCIR gene was found to mediate k-opioid analgesia specifically
in female mice, indicating a sex-specific genetic mechanism [66]. Besides the importance of MCIR,
these findings indicate the critical need to consider sex-specific genetic factors in opioid use.

2.4.2. The Relationship Between Sex and Opioids

Considering sex differences impact on opioid potency, females generally have increased
sensitivity to opioid receptor agonists compared to males [67]. Phleym et al. conducted a narrative
review finding that males require 30-40% higher doses of opioid analgesics compared to females to
achieve the same level of pain relief. Due to this varied sensitivity, females are at higher risk for the
adverse effects of opioids such as respiratory depression. Additionally, mixed-action opioids, such
as butorphanol, nalbuphine, and pentazocine, have shown increased efficacy in females than in males
[68]. Packiasabapathy et al. conducted a review that attributed these sex differences to the influence
of sex hormones on pharmacokinetics and pharmacodynamics, altering protein binding and
metabolism of several drugs, leading to pharmacokinetic dimorphism. Furthermore, overall levels of
pain perception are shown to be increased in females, where they exhibit a lower pain threshold than
males [68]. Averbuch et al. carried out a meta-analysis of 314 subjects (195 female and 119 male
subjects) included in the ibuprofen treatment arm of 7 double-blind post-third-molar extraction
dental pain studies [69]. The study found that females experienced greater postoperative pain than
males to a statistically significant degree (P = .006). Thus, these studies support that biological sex
differences affect the metabolism of opioids as well as baseline pain perception.

2.5. Benzodiazepines

2.5.1. The Relationship Between Genetics and Benzodiazepines

Benzodiazepines, such as midazolam and remimazolam, are psychoactive medications
frequently indicated in anesthesiology for sedation, muscle relaxation, anxiolytic purposes, hypnosis,
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and anticonvulsant effects. Benzodiazepines act as gamma-aminobutyric acid (GABA-A) receptor
agonists by binding to a specific site on the GABA-A receptor distinct from the GABA binding site.
When bound, there is increased receptor affinity for GABA, the inhibitory neurotransmitter of the
CNS, which leads to increased influx of chloride, hyperpolarization, and succeeding suppression of
neuronal excitability [70]. Due to its short elimination half-life (1-4 hours), midazolam is effective for
short-term sedation. Midazolam is metabolized by the cytochrome P450 system in the liver,
particularly by CYP3A4 and CYP3A5. Its active metabolite, hydroxymidazolam, has sedative
properties. CYP3A4 polymorphisms can significantly influence midazolam'’s efficacy and clearance
[71]. Elens et al. conducted an observational study that found that the CYP3A5 *3/*3 genotype led to
slower clearance rates of midazolam compared to CYP3A5 *1/*1 or CYP3A5 *1/*3 genotypes. Along
with CYP3A polymorphisms, genetic variations in GABA receptor subunits have been found to
influence midazolam’s sedative and amnestic properties [72]. Kosaki et al. conducted a prospective
observational study of 191 patients scheduled for dental procedures with IV midazolam utilized for
sedation (0.05 mg/kg). It was found that GABA A receptor (31 subunit (GABRBI) polymorphisms
correlated with varying responses to midazolam sedation. Two SNPs in the GABRBI gene,
1573247636 (P = 0.001) and rs56278524 (P < 0.001), demonstrated significant association with sedation
and the occurrence of anterograde amnesia. This implies that certain GABRBI mutations impact the
possible effects of midazolam —amnesia, sedation, and anterograde amnesia.

Remimazolam is another benzodiazepine with a short duration of action and a compound
structure similar to midazolam. It is also vulnerable to genetic influences, particularly through the
same CYP3A pathways as midazolam. Studies have indicated that CYP3A polymorphisms also
influence remimazolam pharmacokinetics [73]. Hu et al. conducted an observational study in 62
healthy Chinese volunteers investigating how remimazolam pharmacokinetics are influenced by
genetic variations in the vitamin D receptor (VDR), cytochrome P450 3A (CYP3A), and cytochrome
P450 Oxidoreductase (POR) genes [73]. While CYP3A and POR variations were found to influence
the clearance, half-life, and pharmacokinetics of remimazolam, this study found that novel VDR
variations such as the rs4516035 allele significantly affected the elimination half-life of RF7054, the
inactive carboxylic acid metabolite of remimazolam (P = 0.043). Additionally, association was found
between the 151544410 allele and the dose-normalized maximum observed plasma concentration
(Cmax/D) of remimazolam (P = 0.025). Thus, genetic variation in the VDR gene likely affects the action
of remimazolam. Overall, CYP3A, GABRBI, POR, and VDR gene variations may all influence the
pharmacokinetics and pharmacodynamics of midazolam and remimazolam. It can be concluded that
pharmacogenetic testing is vital to optimizing benzodiazepine therapy, given the effect of genetic
variability on benzodiazepine metabolism and response.

2.5.2. The Relationship Between Sex and Benzodiazepines

Sex differences also influence the action of benzodiazepines, specifically midazolam [74]. Chen
et al. utilized a meta-analysis of midazolam plasma concentration data for 118 patients from 13
studies (1996 -2004) to examine the relationship between sex differences and CYP3A activity (key in
midazolam metabolism). Following oral administration of midazolam, women were found to have
11% higher mean weight-corrected total body midazolam clearance and 28% higher clearance than
men (P<0.01). Although there was increased hepatic and intestinal CYP3A activity in women
compared to men, there was a minimal difference in benzodiazepine plasma concentrations between
sexes. Therefore, differences in CYP3A activity may or may not have significance in correlation with
benzodiazepine metabolism between women and men. Two other studies investigating the
pharmacokinetics and pharmacodynamic effects of remimazolam also showed no significance in the
impact of sex differences on extubation time or steady state infusion rates [75,76]. Overall, the
influence of sex-based differences on the metabolism and response to benzodiazepines requires
further research but should necessitate careful consideration in clinical practice.
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2.6. Local Anesthetics

2.6.1. The relationship between genetics and local anesthetics

Local anesthetics, including lidocaine, bupivacaine, mepivacaine, and ropivacaine, mediate
blockage of nerve conduction, pain alleviation, and a reversible sensation loss in a specific area during
minor surgeries, diagnostic procedures, and regional anesthesia (epidurals, nerve blocks). Most local
anesthetics act by inhibiting sodium channels, preventing action potentials from propagating in
surrounding neurons [77]. Although there is not an abundance of evidence supporting the correlation
between genetic variations and local anesthetics, there are some specific genetic factors that may be
related to each kind of local anesthetic. Lidocaine is commonly used due to its duration of action of
1-2 hours and the possibility of extension to up to 3 hours with addition of epinephrine. Primarily,
genetic variations in the melanocortin-1 receptor (MCIR) gene in red-haired women reduce their
sensitivity to subcutaneous lidocaine and increase their sensitivity to thermal pain [78,79]. Liem et al.
conducted an observation study of 60 women (30 red-haired and 30 dark-haired) to establish if the
occurrence of red hair correlated with increased pain sensitivity and reduced effectiveness of topical
and subcutaneous lidocaine. It was found that red-haired women presented with significantly lower
thresholds for cold pain perception (22.6°C vs. 12.6°C; P = 0.004) and cold pain tolerance (6.0°C vs.
0.0°C; P = 0.001) compared to dark-haired women. Red-haired women also had slightly lower heat
pain tolerance thresholds (46.3°C vs. 47.7°C; P = 0.009). There was a decreased effectiveness of
subcutaneous lidocaine observed in red-haired women; red-haired women presented with a pain
tolerance threshold of 11.0 mA at 2,000-Hz stimulation compared dark-haired women with a pain
tolerance threshold greater than 20.0 mA at the same stimulation (P = 0.005). Another genetic factor
affecting the response to lidocaine is the Hypoxia-Inducible Factor 1 (HIF-1), which was found to
influence cellular resistance to lidocaine-induced toxicity [80]. Okamoto et al. conducted an
experimental research study exposing lidocaine to renal cell carcinoma (RCC4-EV) cell lines that
express HIF-1 [81]. These cells exhibited enhanced resistance to lidocaine-induced cell death through
suppressed mitochondrial activity, specifically the downregulation of certain components in the
mitochondrial electron transport chain, indicating a change in cellular metabolism. Thus, MCIR gene
and HIF-1 appear to be associated with reduced lidocaine sensitivity and increased resistance to
lidocaine toxicity, respectively.

Secondly, SNPs have been associated with the administration of ropivacaine. Liu et al. employed
an observation study in 100 patients to identify SNPs associated with consumption of epidural
ropivacaine during breast cancer surgery [82]. The study identified several SNPs in the OPRM1,
COMT, and CYP2D6 genes that exhibited significant association with the amount of epidural
ropivacaine administered. OPRM1 polymorphisms were linked to increased ropivacaine
consumption, while COMT and CYP2D6 polymorphisms were associated with varying differences
in ropivacaine consumption. Thus, OPRM1 variations may increase sensitivity to ropivacaine, while
COMT and CYP2D6 variably influence ropivacaine sensitivity. There has been additional evidence
that supports the concept that CYP2D6 variations may increase sensitivity to ropivacaine [83]. A
study investigated a population of 256 breast-cancer patients who received ropivacaine for thoracic
epidural anesthesia in elective mastectomies. It was found that CYP1A2 rs11636419 AG and GG
genotypes required lower doses of epidural ropivacaine compared to patients with the AA genotype
(corrected P = 0.024 and P < 0.001, respectively). Furthermore, patients with rs17861162 CG and GG
genotypes required lower doses of epidural ropivacaine than those with the CC genotype (corrected
P =0.018 and P < 0.001, respectively). Thus, CYP1A2 SNPs rs11636419 and rs17861162 may increase
sensitivity to epidural ropivacaine, implying the need to personalize local anesthetic treatments for
breast cancer patients. Regarding other local anesthetics such as bupivacaine or mepivacaine, there
were minimal genetic associations found. However, a patient case study found that Brugada
syndrome, an inherited disease related with sudden cardiac death, may be induced by bupivacaine
in silent carriers of a missense mutation in the « subunit of the cardiac sodium channel
(SCN5A)[84]. Thus, patients with SCN5A mutations may be vulnerable to arrhythmias and
electrocardiographic abnormalities in Brugada syndrome. This has significant indications in the care
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of patients who develop ST segment elevation following administration of bupivacaine, which can
lead to fatality. Thus, further research is necessary to identify the pharmacogenetic side effects of
bupivacaine. SCN5A mutations in voltage-gated sodium channels have been further shown to
increase local anesthetic resistance in a small observation study investigating four family members
[85]. Clendenen et al. conducted whole-exome sequencing of the four family members, finding one
genetic variant in the voltage-gated sodium channel, the A572D mutation in the SCN5A gene, in three
of the four family members. The three family members with the A572D genetic variant presented
with increased resistance to lidocaine and bupivacaine while the unaffected family member
responded normally to the local anesthetics [85]. Thus, SCN5A variations may affect the sensitivity
towards bupivacaine and lidocaine.

2.6.2. The Relationship Between Sex and Local Anesthetics

Sex differences show mixed effects in their association with local anesthetics. Some studies
reveal increased lidocaine resistance in women [86]. Robinson et al. utilized a double-blind,
randomized, placebo-controlled methodology in 44 subjects (21 females and 23 males) to test
sensitivity to lidocaine between sexes [86]. They found that males in the lidocaine treatment condition
rated the stimuli as less painful than the females, supporting increased male sensitivity to local
anesthetics. Yet, other studies found no significant sexual differences in local anesthetic efficacy [87].
Pei et al. carried out an observational study in 60 patients aged 18-45 years to determine if there are
sex differences in the minimum local analgesic concentration (MLAC) of ropivacaine for ultrasound-
guided supraclavicular brachial plexus blocks. This study found that the MLAC of ropivacaine did
not change across sexes. However, an additional observational study found conflicting evidence
supporting greater resistance to ropivacaine in women [88]. Li et al. examined sex differences in the
MLAC of ropivacaine for caudal anesthesia in 60 patients (30 men and 30 women ages 18-60 years)
undergoing anorectal surgery. It was found that women required a 31% higher ropivacaine MLAC
for caudal anesthesia than men (P <0.01). This indicates there is a greater resistance to ropivacaine in
women. Yet, other factors, such as the difference in procedure, may affect sensitivity to ropivacaine
across sexes. Overall, the association between sex differences and local anesthetics may depend on
the type of local anesthetic used, the procedure performed, and the interplay between genetic factors,
sex hormones, and individual variability.

3.1. Postoperative Nausea and Vomiting

3.1.1. The Relationship Between Genetics and Postoperative Nausea and Vomiting

PONYV is one of the most common adverse effects of anesthesia, afflicting 30% of patients [89].
PONYV affects patient experience through increased recovery time, increased cost, decreased patient
satisfaction and discharge delays. A family history of PONV as a risk factor hinted at a genetic
predisposition [90]. Many of the studies investigating the association between genes and variants
with PONV have used candidate genes, specifically looking at SNPs in serotonin receptors, transport
proteins, cytochrome p450 enzymes, dopamine receptors, and muscarinic receptors. GWAS along
with studies involving biorepositories have also been performed.

Gloor et al. genotyped 601 patients during the first 24 hours after elective surgery, albeit without
any antiemetic prophylaxis, and two SNPs in the HTR3B gene, which encode the type 3B serotonin
receptor, were significantly associated with PONV occurrence (OR 1.49, p <0.05) [90]. Reuffert et al.
genotyped the HTR3A and HTR3B genes, which encode the subunits 5-HTsa and 5-HTss respectively,
in 189 German patients (95 patients experienced PONV vs. 94 control patients who did not experience
PONV) undergoing elective surgery. They found the HTR3A c1377A>G was significantly associated
with PONV (OR 2.972, p = 0.003) whereas the HTR3B variants ¢5+201_+202delCA (OR: 0.421, p =
0.001) and ¢6-137C>T (OR: 0.034, p = 0.004) were associated with a decreased risk for PONV [91].
These genetic variations are not located in the coding regions of these genes nor did they lead to
amino acid exchanges, but the authors suggested they may have regulatory effects on mRNA
synthesis [91]. Kim et al. in a cohort of 245 adult patients undergoing laparoscopic cholecystectomy,
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found patients that were a homozygous mutant for the 5HT3B AAG deletion genotype (-100_-
102AAG deletion variant) and had increased incidence of PONV within 2 hours of surgery (p = 0.02),
although no difference was noted from 2-24 hours after surgery [14]. Furthermore, Lin et al. analyzed
three SNPs of the HTR3A gene in a cohort of 1,000 adult Taiwanese surgical patients undergoing
general anesthesia [13]. Two SNPs, rs33940208 and rs10160548, were shown to be associated with
postoperative nausea [13]. Additionally the CTT haplotype was associated with postoperative nausea
(OR: 2.31, p = 0.003), whereas the TAG haplotype was associated with a protective effect against
postoperative nausea (OR: 0.28, p = 0.005) [13]. On the other hand, Wesmiller et al. did not find any
SNPs associated with increased risk for PONV in the gene HT3RA gene cohort of 93 women
undergoing surgery for breast cancer [92].

Multiple studies have investigated the role of muscarinic receptor polymorphisms and PONV
risk. Janicki et al. performed a GWAS comparing 122 patients with severe PONV to 129 matched
controls and differences in allele frequency between SNPs in the PONV and control groups [93]. They
found one SNP (rs2165870) in the promoter region of the M3 muscarinic acetylcholine receptor
(CHRM3) gene that was associated with PONV [93]. In addition, this GWAS study also found the
voltage gated potassium channel KCNB2 rs349358 SNP to be associated with PONV [93]. Klenke et
al. confirmed both of these findings, namely the SNP in the promoter region of the M3 muscarinic
acetylcholine receptor and the voltage-gated potassium channel SNP, in a prospective cohort of 454
adult patients undergoing elective surgery and a retrospective study of 474 patients undergoing
elective surgery, respectively [94].

With regards to the role of dopamine receptor polymorphisms and PONV risk, Frey et al. found
an association between the SNP rs1800497 DRD2 TaqlA polymorphism and patients with a history
of PONV in a cohort of 306 German patients undergoing elective surgery [95]. These findings were
replicated by Stegen et al. recently, in a study of German adult patients undergoing elective surgery
[96]. Technically, the three SNPs, CHRMS3, rs2165870 and the KCNB2 rs349358, and the recently
identified dopamine D2 receptor gene SNP rs1800497, are the only three polymorphisms associated
with PONV in independent studies. However, the association with the dopamine D2 receptor gene
SNP rs1800497 is less clear since there are a host of studies investigating this SNP with various
findings [90,97,98]. Hayase et al. found the presence of the rs3821313 or rs3755468 SNP in the TACR1
gene, which encodes the NK-1 receptor (targeted by the antiemetic medication aprepitant) to be
associated with a higher incidence of PONV [99].

Additionally, genetics influence the metabolism of opioids which may cause PONV. A
randomized controlled trial of Korean women undergoing breast surgery found that the carriers of
the allele variant 118G in the human p-opioid receptor gene (OPRM1) reported less nausea and
vomiting (p =0.02) [100]. In a systematic review and meta-analysis, Ren et al. found patients with
118G variant reported less PONV than homozygous 118 AA patients during the first 24 hours, but not
the 48-hour postoperative period (OR: 1.30, p = 0.005) [101].

Ondansetron, one of the most commonly administered agents for prevention of PONV, is
metabolized by CYP2D6 enzymes [102]. The degree of CYP2D6 activity influences how patients are
classified: poor metabolizers, intermediate metabolizers, normal metabolizers, and ultrarapid
metabolizers [103]. The Clinical Pharmacogenetics Implementation Consortium recommends
initiating ondansetron therapy with standard dosing for normal metabolizers, whereas for ultrarapid
metabolizers, the Consortium recommends switching to a different agent within the class that is not
metabolized by CYP2D6, such as granisetron [103]. There is insufficient data for recommendations
for poor metabolizers and intermediate metabolizers [103]. One study by Candiotti et al. in 250 adult
patients undergoing standard general anesthesia receiving 4 mg intravenous (IV) ondansetron found
ultrarapid metabolizers had an increased incidence of postoperative vomiting, but not nausea
compared to all other groups (p < 0.01) [104]. In 112 orthopedic trauma patients, poor metabolizers
were found to have less PONV but higher pain scores after receiving 4 mg IV ondsansetron [105].

Douville et al. performed a unique and detailed study by creating a polygenic risk score for
prediction of PONV in a retrospective cohort [106]. First, they performed a GWAS on a derivation
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cohort (5703 PONV cases, 58,820 controls), identifying 46 genetic variants, none of which were the
three SNPs independently associated with PONV in the studies cited above. They then repeated the
GWAS in a derivation cohort of 25,262 patients and used the associations of these genetic variants to
create a polygenic score for a validation cohort consisting of 61,503 patients. Ultimately, they found
when adding the polygenic risk score to traditional risk factors, there was a statistically significant,
but clinically insignificant, association with PONV.

3.1.2. The Relationship Between Sex and Postoperative Nausea and Vomiting

With regards to the relationship between genetics, sex, and PONV, there is a paucity of studies
that focus on female-specific genetic influences on PONV. One study found the TT haplotype with
two SNPs, rs3771836 and rs3755468, in the TACR1 gene was associated with reduced incidence and
severity of PONV in female patients [99]. Nonetheless, the literature has been clearly established that
female sex is a risk factor for PONV [107].

3.2. Allergic Reactions Related to Anesthesia Medications

3.2.1. The Relationship Between Genetics and Allergic Reactions to Anesthesia Medications

The prevalence of perioperative hypersensitivity reactions varies with estimates ranging from 1
in 20,000 in Europe, 1 in 1361 in Australia, to 1 in 385 in the United States [108-110]. In the United
States there was less interest in this subject or reactions were not recognized or reported and there
are few published findings with adequate numbers of patients and new information [111]. In a study
in the Chinese Han population of 89 patients who experienced anaphylaxis matched to 1339 controls,
the HLA-G#01:01 allele (OR: 2.4, p < 0.05) was associated with increased risk of anaphylaxis whereas
HLA-G+01:04 allele (OR: 0.3, p < 0.05) was protective for perioperative anaphylaxis [112].
Additionally, Navinés-Ferrer et al. demonstrated that in vitro mast cell degranulation by
cisatracurium, morphine, and vancomycin depends on mast cell receptor MRGPRX2 expression and
that this receptor is implicated in non-IgE-mediated allergic reactions [113]. Platelet-activating factor
(PAF) has been shown to be an important mediator of anaphylaxis, with PAF acetylhydrolase
inactivation of PAF also protecting against anaphylaxis. However, studies involving this pathway
and reactions to anesthetic agents are lacking [114].

3.2.2. The Relationship Between Sex and Allergic Reactions to Anesthesia Medications

The literature consistently shows females to have an increased tendency to allergic reactions
[115]. In an 8-year French study of 2,516 patients, adult women had three times the incidence of
anaphylaxis compared to adult men with 154.9 per million procedures vs 55.4 per million procedures,
respectively [110]. In the Chinese Han population study, female sex was a risk factor for perioperative
anaphylaxis as well (OR 2.8, p = 0.0028). Lobera et al. found that the female to male incidence of
anaphylactic reactions under anesthesia was 3:2 in 71,063 surgical interventions [116]. Further studies
are needed to elucidate the causes associated with women’s greater susceptibility to allergic reactions.

3.3. Pain and Analgesia
3.3.1. The Relationship Between Genetics, Pain and Analgesia

Although there have been many SNPs associated with pain sensitivity and responses to
analgesic medications, the literature is conflicting [117]. Two meta-analyses help elucidate the state
of the current literature regarding genetic variations, pain, and analgesia. Ren et al. performed a
systematic review and meta-analysis of 23 studies (5902 patients) and found that patients with the
OPRMI1 118G allele variant consumed more opioids for analgesia (p < 0. 00001) yet also reported
higher pain scores (p = 0.002) compared to homozygous 118AA patients during the first 24 hours
postoperatively [101]. In addition, CYP3A4*IG carriers consumed fewer opioids than homozygous
CYP3A4*1/*1 patients during the first 24 hours postoperatively (p <0.00001) [101]. The second meta-
analysis of 163 studies found only two genetic variants that were associated with small differences in
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postoperative pain [118]. The OPRM1 A118G rs1799971 was associated with increased opioid use and
postoperative pain scores (P < 0.00001 and p = 0.0004, respectively) while the COMT rs4680 SNP was
associated with increased incidence of chronic (at least 3 months postoperatively) pain scores (p =
0.004) [118]. Finally, the Clinical Pharmacogenetics Implementation Consortium provides evidence-
based recommendations for dosing of analgesic medications based on CYP phenotype [119-121].

3.3.2. The Relationship Between Sex, Pain and Analgesia

Various studies exist comparing gender differences in response to pain and analgesia. Although
the results are mixed, the literature generally points in the direction of increased sensitivity to pain
in females [122]. Furthermore, females are at increased risk for numerous chronic pain conditions
[68]. Under experimental conditions, there is evidence that females have increased sensitivity to pain
[123]. However, in the clinical sphere, the picture is not as clear. Miaskowski et al. reviewed 18 studies
of postoperative opioid use, with 10 studies showing increased opioid use in males while the other 8
studies reported no difference between the sexes [124]. In a study of nearly 15,000 patients receiving
postoperative epidural analgesia after major surgery, differences between genders existed in numeric
pain scores but were not clinically relevant [125]. Total patient-controlled epidural analgesia
consumption in women was decreased compared to men, although the authors note this may be due
to the increased incidence of motor blockade and vomiting amongst the female cohort. After
laparoscopic sleeve gastrectomy, men reported lower pain scores in all phases of care and received
more opioids during their hospitalization compared to women [126]. On the other hand, after total
hip arthroplasties, men demonstrated lower odds of persistent opioid prescribing, defined as 10 or
more opioid prescriptions up to 12 months post-procedure (OR: 0.90, p < 0.001) [127]. Niesters et al.
conducted a systematic review and meta-analysis on experimental and clinical administration of
opioid analgesia and found mixed results [128]. Although they found no sex differences for u opioid
analgesia across clinical studies, greater analgesic effects were found when they narrowed their
analysis to patient-controlled analgesia, with even more robust findings related to morphine
administration. Results were similar in the experimental studies. Another systematic review and
meta-analysis found no difference in response to analgesia with ibuprofen between sexes after third
molar extraction [69]. Currently, there is not enough convincing evidence to warrant sex-specific pain
interventions in most situations [129].

3.4. Depth of Anesthesia
3.4.1. The Relationship Between Genetics and Depth of Anesthesia

The depth of anesthesia is a measure that determines the level of sedation in a patient, with
general anesthesia corresponding to a patient unarousable to a painful stimulus. Smith et al.
conducted a prospective study on patients with a history of awareness under general anesthesia and
found that these patients are five times more likely to experience it again (RR: 5.0, 95% CI: 1.3-13.9)
[130]. A genetic predisposition to awareness under anesthesia has been suggested [131]. Although a
few studies found genetic associations between certain genetic markers and depth of anesthesia,
nothing definitive has been established. In a study of etomidate anesthesia in 128 patients, Ma et al.
found four SNPs, CYP2C9 rs1559, GABRB2 rs2561, GABRA2 rs279858 and GABRA2 rs279863, to be
associated with variations in BIS values at time points ranging from 60s to 150s after the
administration of etomidate [132]. In a novel experiment, Pavel et al. how the inhaled anesthetics
chloroform and isoflurane activate a two-pore-domain potassium channel known as TWIK-related
K+ channels (TREK-1). They then converted a non-sensitive anesthetic channel into a sensitive one in
a fruit fly model they created by mutating it to be less sensitive to anesthetics [133]. Finally, one study
gathered 12 patients who experienced awareness under anesthesia, compared to 12 controls, and
performed whole exome sequencing [134]. They did not find any single gene variant strongly
associated with intraoperative awareness or recall.
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3.4.2. The Relationship Between Sex and Depth of Anesthesia

The literature on sex differences and sensitivity to anesthesia are mixed. Some studies suggest
that women and men have no difference with regard to minimum alveolar concentration (MAC). An
early retrospective study by Eger et al. found no difference in MAC values between men and women
[135]. These findings were supported in a randomized controlled trial of 6041 patients who were
randomized to BIS or end-tidal anesthetic agent concentration for prevention of awareness. The
authors did not detect a difference between genders with regard to intraoperative awareness [136].
On the other hand, Domino et al. found after analysis of 483 claims in the Closed Claims Database
that women had increased odds for recall under anesthesia (OR: 3.08, 95% CI: 1.58, 6.06) [137]. A more
recent study using a multicenter prospective cohort of 338 patients undergoing general anesthesia
with tracheal intubation found female sex as having increased risk of awareness (OR: 2.7, p = 0.022)
[138]. A recent meta-analysis of 44 studies found females had a higher incidence of awareness with
postoperative recall (OR: 1.38, 95% CI:1.09-1.75) [26]. Moreover, one study tried to isolate the effect
of menstrual cycle on anesthetic requirements and found women in the follicular phase of their
menstrual cycle (low progesterone) had significantly higher MAC requirements than patients in the
luteal phase of their menstrual cycle (higher progesterone) with use of sevoflurane (1.55 MAC-hour
vs. 1.3 MAC-hour, p <0.0001) [139]. A study demonstrated the female brain in both mice and humans
are more resistant to the hypnotic effects of volatile anesthetics, yet these differences were not
noticeable using cortical EEG recordings, only through analysis of subcortical sites using whole brain
c-Fos mapping [140]. The method utilized to determine awareness was the ability to follow auditory
cues, which was faster in females than males [28.8 min + 8.5 min (mean + SD) in women vs. 44.6 +
13.8 min in men, p = 0.0017].

3.5. Intraoperative Awareness

3.5.1. The Relationship Between Genetic Variations and Intraoperative Awareness

Intraoperative awareness refers to the ability of a patient to remember events that occur while
they are under a therapeutic dose of anesthesia. Intraoperative awareness occurs in fewer than 0.2%
of patients under general anesthesia, of which 10% to 25% experience intraoperative awareness even
when the anesthetic dose is sufficient [134]. Awareness while undergoing an invasive surgical
procedure is a potentially traumatizing event which should be prevented if possible.

It has previously been reported that patients with red hair are less susceptible to anesthetic drugs
and therefore require larger doses than one might predict [78,141-143]. More recently, Gradwohl et
al. performed a cohort study that suggested that there was no significant difference in the way
patients with red hair responded to anesthesia, nor was there a significant difference in rates of
intraoperative awareness between red-haired patients and patients without red hair [144]. The results
from Gradwohl et al.’s study contradict the earlier studies that proposed this increased anesthetic
requirement in red haired patients, suggesting that more research is necessary before a conclusion
can be definitive.

Sleigh et al. recruited patients that reported an episode of intraoperative awareness in order to
perform genetic analysis [134]. They found 52 eligible patients and performed genotype analysis on
12 of them with similar phenotypes. Their study identified 29 specific genetic variations present in
these 12 patients that were not present in any of their control genomes. Notably, only one of the 29
variants was present in more than one of the patients in the awareness group. Their study did not
establish a causal link between any singular gene variant and intraoperative awareness, however it
does provide a foundation for more in-depth genetic research to build upon.

3.5.2. Impact of Patient Sex on Intraoperative Awareness

It has been documented that women and men respond to general anesthesia differently.[145,146]
Specifically, women seem to require higher doses of hypnotics and recover faster after drug delivery
has stopped.[146] In a review of case reports, Ghoneim et al. found that patients who experienced


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

16 of 39

intraoperative awareness were significantly more likely to be female [147]. Lennertz et al. used the
isolated forearm technique to determine patients’ responses to commands while under anesthesia
[138]. They found that approximately 13% of their female subjects displayed a response, compared
with 6% of the male subjects [138].

Wasilczuk et al. recently tested the hypothesis that this difference is mediated by sex hormones
in the body. As mentioned above, in animal models, they found that female mice had lower
sensitivity to volatile anesthetics than male mice [140]. Wasilczuk et al. concluded through additional
experiments that in female mice, there is lower c-Fos expression in the portions of the hypothalamus
responsible for control of sleep when compared to male mice. The authors suggest that this difference
in hypothalamic activity may be responsible for the increased incidence of intraoperative awareness
in human female patients as well.

3.6. Postoperative Delirium

3.6.1. Impact of Genetic Variation on Postoperative Delirium

Postoperative delirium (POD) is a relatively common complication of anesthetic administration
[148]. The occurrence of POD increases the duration of hospitalization, morbidity, and mortality
[149]. There are several studies within the literature that have examined the relationship between
various genetic variants and the incidence of POD. Kazmierski et al. performed a prospective case-
control study to determine whether genetic variations in serotonin receptor 2a (SHT2A) or the 2B/3A
subunits of the NMDA receptor (GRIN2B and GRIN3A, respectively) might be associated with
differences in the incidence of POD.[150] They reported that there was a significant increase in the
rate of postoperative delirium in those patients expressing the AG genotype of the 3A subunit of the
NMDA receptor when compared to the GG genotype. However, the strength of these findings is
limited due to a relatively small sample size.

Mahanna-Gabrielli et al. investigated the role of a SNP expressed in the melatonin receptor 1B
gene in POD [149]. The authors found that there was a significant increase in the rate of POD in
individuals expressing the risk genotype when compared to those who did not. This study is also
limited by a small sample size and only patients undergoing cardiac surgery were included. Of note,
patients undergoing cardiac surgery are particularly susceptible to POD [148]. Heinrich et al.
performed a GWAS and a candidate gene associated study to test the hypothesis that
neurotransmitter imbalance is responsible for development of POD, specifically the role of
cholinergic genes [148]. Ultimately, they identified three SNPs in the genes coding for M2 and M4
muscarinic receptors that were significant for development of POD.

In a case-control study, Terrelonge et al. explored SNPs in the genes FKBP5, KIBRA, KLOTHO,
MTNR1B, and SIRT1 [151]. These genes were selected due to their known association with either
cognition or delirium. Of these five genes, SNPs in KIBRA, FKBP5, and MTNR1B were associated
with altered likelihood of developing POD based on the specific genotype present. Interestingly, the
MTNR1B SNP is the same as that studied earlier by Mahanna-Gabrielli et al. [149], confirming the
findings of that publication in a larger sample. Additionally, Terrelonge et al. investigated patients
who underwent elective orthopedic surgery as opposed to cardiac surgery. Overall, studies involving
the genetics of POD are still scarce, and more research is needed to adequately determine which
genes, if any, have implications for the development of POD.

3.6.2. Impact of Patient Sex on Postoperative Delirium

Literature concerning sex as a risk factor for POD appears to be conflicting. Some previous
reviews have established male sex as a risk factor for POD, while others have failed to make the same
determination [152-156]. Moreover, Mevorach et al. draw attention to possible evidence of
publication bias and confounding of statistical analyses in some studies. Overall, evidence for male
sex as a risk for developing POD seems to be weak [153].
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4. Discussion

The implications of genetic variations and sex differences affect the activity of nearly every
anesthetic medication. By identifying groups that have altered responses to a certain medication, the
anesthetic plan can be tailored to either avoid that medication or dose it in a way to improve the
outcome. Sex differences pertinent for females include increased rates of awareness during general
anesthesia, shorter duration of time for emergence and waking up and decreased sensitivity to
induction agents. These factors suggest female patients may require higher doses of anesthesia
medications. Different dosage guidelines for male and female patients may be necessary to guide
clinicians. However, further investigation would be required to determine the optimal dose for each
sex. Outcomes from these studies would be relevant to another growing topic in anesthesiology:
target-controlled infusions (TCI). The role for TCI in anesthesia is to optimize delivery of infusions
by computing patient-specific doses to obtain a predetermined effect using pharmacokinetic and
pharmacodynamic models that account for factors including age, sex, height and weight [157,158].
When developing these models, it is crucial to account for sex related differences to increase the
accuracy of infusion doses.

While there is a long list of genetic determinants that have been identified to be pertinent to
anesthetic outcomes, the clinical applicability of this information is unclear. Genetic analysis is costly
and not all health insurance plans cover genetic testing [159,160]. While the cost per test has decreased
from several thousands of US dollars to now under US $250, access to genetic testing remains a
limiting factor globally [159]. For lower income countries, genetic testing may not be readily available
and when it is available the cost is prohibitively expensive [159]. Additional barriers to access include
race, poverty and underinsurance. Racial minorities make up a small fraction of results in genomic
databases, with a majority of genetic test results consisting of Caucasian patients from high-income
countries [161-163]. Minority groups are also less likely to have knowledge about or access to genetic
testing [164]. Having a balanced database is necessary to accurately determine genetically based risks
for all racial and ethnic groups [163]. Due to cost and limited access to this technology, genetic testing
is far from becoming routine medical evaluation. However, the long-term solution does not consist
of performing genetic tests on all patients requiring anesthesia. Future investigation on cost-
effectiveness of genetic testing in preventing adverse anesthesia outcomes would help identify
situations where genetic testing would be of value. A potential role for genetics in anesthesia would
be post-anesthetic testing for patients with severe or unexplained complications during anesthesia.
In the setting of a known, identified issue, a genetic study may provide insight into a potential cause.

5. Conclusions

Consideration of genetic factors in individualizing drug therapy to optimize efficacy and
minimize adverse effects is a key aspect of patient safety and best practices in medicine.
Anesthesiology administration is tailored to an individual based on multiple parameters such as
physiology, pathology, age, weight, comorbidities, response to individual drugs, specific procedure
or surgery, among others. Pharmacogenetic discoveries are contributing to a greater understanding
of the interaction of drugs with specific individuals or groups. Further research on how genetic
variations and sex differences affect the action and side effects profile of anesthetic medications and
common anesthesia complications is essential for the creation of more specific patient-tailored
anesthetic management plans. The practice of a patient-tailored individually based medical
management plan with data input from pharmacogenetics and large data group analyses, in
conjunction with the latest technological advances, appears to be in the near future. A system of
patient data documentation based on genetic testing and data analyses in large patient data
algorithms could be a potential way to optimize the latest advancements in medicine tailored to a
specific patient.
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Table 1. Studies investigating relationship between genetics, sex, and PONV .

Study Objective Patient Population Findings

Gloor et al.[90] Identify genetic risk | 601 adult patients below ASA IV | Two SNPs in the type

factors of PONV and classification 3B serotonin receptor
use these to identify gene were associated
at risk patients with PONV
Reuffert et al.[91] Adult German patient population; HTR3A c1377A>G was
Identify an 95 of whom have PONV after [|associated with PONV
association genetic | general anesthesia and 94 control | whereas the HTR3B
variants of the patients. variants
serotonin receptor c5+201_+202delCA
subunits 3A and 3B (OR: 0.421, p=0.001)
and PONV. and c6-137C>T were

associated with a

decreased risk for

PONV.
Kim et al.[14] 245 adult patients undergoing |Homozygous mutants
Investigate whether | laparoscopic cholecystectomy | for the SHT3B AAG
two deletion deletion genotype (-
polymorphisms in 100_-102AAG deletion
the serotonin 3B variant) had increased
receptor gene affect incidence of PONV
efficacy of within 2 hours of
ondansetron in surgery (p = 0.02),
preventing PONV although not at 2-24
hours after surgery
Joy Lin et al.[13] Identify an 369 adult Taiwanese patients Two SNPs were
association between associated with
SNPs in the serotonin increased
3A receptor gene and postoperative nausea.
postoperative One haplotype
nausea. showed an increased

risk while one
haplotype showed a

protective effect.

\Wesmiller et al.[92] 90 adult women Alleles in genes for
Identify genetic risk catchol-O-

factors associated methyltransferase,
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with PONV after

surgery breast cancer

dopamine receptors,

and tryptophan were

wide association

patients. associated with
decreased PONV.
Janicki et al.[93] Conduct a genome | 122 patients with severe PONV | One SNP n the M3

matched to 129 controls

muscarinic receptor

objective was to
investigate the
relationship between
genetic factors and
the Apfel score with
PONV risk. The
second objective was
to determine whether
PONYV prophylaxis
with dexamethasone
and acustiumlation
or both decreases
PONV risk for
patients with genetic
risk factors for
PONV.

study to identify was associated with
novel loci for genes PONV
predisposing to
PONV.
Klenke et al.[94,97] The primary 454 adult patients undergoing | A polymorphism in

elective surgery

the M3 muscarinic
receptor is an
independent risk
factor for PONV and
combined prophylaxis
with dexamethasone
and acustimulation

reduced PONYV rate.

Frey et al.[95]

Investigate the
association of a
polymorphism in the
dopamine receptor
with PONV in a
high-risk cohort

306 German patients undergoing
elective strabismus repair with
etomidate/alfentanil/mivacurium
induction and sevoflurane

maintenance

The TaqlA A2 allele in
the dopamine receptor
gene is significantly
associated with a

history of PONV.

Stegen et al.[96]

Two objectives: (1)
Create PONV

838 adult German patients

The CHRM3 and
KCNB2 SNPs were

reprints202502.0057.v1
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prediction score
which includes SNPs
in the M3 muscarinic
receptor gene
(CHRMS3,
same SNP as Klenke
et al.[94,97]) and the
potassium voltage-
gated channel
subvamily B member
2 (KCNB2)gene (2)
investigate
association five
additional SNPs with
PONV.

unable to be used to
create a PONV
prediction score. SNPs
in the dopamine receptor
were found to be

associated with PONV.

Hayase et al.[99]

Identify if SNPs in 200 adult surgical patients
the neurokinin-1
receptor (TACR1

gene) is associated

One SNP in the NK1
gene was associated

with sex differences in

PONV.
with sex differences
in PONV.
Lee et al.[100] Identify if a SNP in | 416 Korean women undergoing | PONYV rates differs

the mu opioid breast surgery

receptor is associated

with PONV risk

based on opioid
receptor

polymorphism with

no difference in pain

scores.

Ren et al.[101]

and meta analysis on
studies investigating

an association

Systematic review |Total of 23 studies (5,902 patients)

Patients with a gene
variant in the opioid

receptor experienced

less PONV during the
between genetic first 24 hours but not
polymorphism and at the 48 hour period.
clinical outcomes of
opioid analgesics
Candiotti et al.[104] 250 adult female patients Ultrarapid

Determine if patients

who were ultrarapid

metabolizers had

increased incidence of
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metabolizers and
given ondansetron

had a greater rate of

postoperative

vomiting but not

There were multiple
objectives to this
study as it consisted
of multiple stages (1):
perform a genome
wide association
study to identify
genetic risk factors
for PONV (2): derive
a polygenic risk for
PONYV in a derivation|
cohort (3): use this
polygenic risk score

combined with
traditional risk
factors for PONV in a
validation cohort (4):
compare genetic
contributions to
PONV with the

literature.

nausea.
PONV.

Wesmiller et 112 adult trauma patients Poor metabolizers

al.[105] Investigate experienced less
association of PONV but higher pain

CYP2DC genotypes scores after receiving

with PONV 4mg IV ondansetron

Douville et al.[106] 61503 adult surgical patients

The use of a polygenic
risk score did not
clinically improve
PONYV prediction

when compared to

traditional risk factors
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Table 2. Studies investigating relationship between genetics, sex, and anesthetics.

Topic

Volatile anesthetics

Induction agents

Summary of gene mutations

MTRR gene polymorphisms
were associated with higher
sensitivity to sedation by

sevoflurane [17]

CABRGI gene
polymorphisms were
associated with increased
cardiovascular sensitivity to
sevoflurane [17]

FAT2, ADI1, NEDD4, and
FOXRED2 gene
polymorphisms were
associated with differences
in sevoflurane sensitivity
(18]

Homozygous MTHFR
polymorphisms were
associated with significantly
higher homocysteine
concentration elevations [20]
Patients with defective
NADH dehydrogenase
exhibit increased sensitivity
to volatile anesthetics and
an increased propensity to
develop toxicity [21]

There are many RYR1 and
CACNALIS genetic
polymorphisms, however
CPIC® recommends the
avoidance of triggering
volatile anesthetics or
succinylcholine in presents
with any one of the 50
identified polymorphisms
(23]

SNPs in the ROBO3-
rs997989 and NALCN-
159518419 genes were

Summary of sex differences

- Female mice had both
slower induction and
faster emergence than
male mice using
isoflurane [27]

- Women had slower
induction and faster
emergence, however had
no changes in
intraoperative
electroencephalographic
activity [27]

- Testosterone
administration to female
mice rendered them
more sensitive to the
anesthetics [27]

- Female mice exhibit
fewer active sleep-
promoting neurons in
this region of the
hypothalamus [29]

- Females demonstrated a
significantly faster

wakeup time from
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shown to modulate the propofol compared to
expression of FEZ1 and male patients [11]
NALCN [30] - Significantly higher

- FEZ1 expression can be propofol doses were
inhibited by propofol required in female
through its disabling patients than in male
interaction with the SNARE patients to achieve
complex protein syntaxin similar depths of
1A [31] anesthesia [40]

- NALCN expression has - Female patients were
been shown to increase found to have
sensitivity to general significantly higher
anesthesia in mammals [32] expression of the

- SNPsin the 5HT2A gene UGT1A9 and CYP2B6
were associated with a 20% liver enzymes than male
decrease in propofol patients [41]
requirement and 40% - Neurons in male mice
decrease in onset time.[33] more rapidly exhibited

- SNPs in the SCN9A, GABAA-driven calcium
GABAA1, GABAA2, and influx following
CHRM2 genes were propofol administration
associated with increased and more quickly
cardiovascular sensitivity to returned to baseline
propofol [33] levels compared to those

- Animal models of from female mice [42]

mitochondrial dysfunction There were significant

indicate increased differences in time to

sensitivity to most emergence from

parenteral anesthetics [35] dexmedetomidine based
- Propofol infusion syndrome on stage in the menstrual

may be more prevalent in cycle in rats [43]

patients with mitochondrial - There were no

disorders [36] associations between in

- C1291C and G1291G

time to emergence from
polymorphisms were

s . . dexmedetomidine and
significantly associated with

a greater degree of sedation estrogen or progesterone

by dexmedetomidine [37] concentrations [43]
- CYP2B6*6 loss of function

variant of the CYP2B6 gene

was associated with

significantly lower plasma

clearance of ketamine and
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Neuromuscular

blocking drugs

its metabolite, norketamine
[39]

BChE levels vary in an
autosomal recessive pattern
[44]

Homozygous dibucaine-
resistant BChE is related to
an estimated paralysis time
of greater than 2 hours after
succinylcholine
administration, in contrast
to the 5 minutes
experienced by wild-type
individuals [45]

The NR112-rs2472677 SNP
was associated with longer
times to recovery of 25%
and 90% TOFR [49]

The SLCO1A2-1s4762699
SNP was associated with
shorter times to recovery of
25% and 90% TOEFR [49]
The SLCO1A2-rs7967354
and SLCO1A2-rs11045995
SNPs accounted for 41% of
variability in rocuronium
dose administered to
maintain 0-10% TOFR [49]
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Pancuronium has
demonstrated a 27%
decreased duration of
action cesarian section
versus during non-
obstetric surgery, likely
attributable to the renal
clearance of
pancuronium and the
elevated GFR that is a
physiologic change
during pregnancy [51]
Atracurium has not
demonstrated a change
in duration of action in
pregnant patients [51]
Preeclamptic patients or
those experiencing
HELLP syndrome have
impaired BChE
production and activity,
increasing the duration
of action of the DNMBDs
[52]

In pregnant women with
a deficiency in BChE,
succinylcholine may
cross into fetal
circulation and result in
neuromuscular blockade
of the neonate, which is
more profound if the
neonate is also BChE
deficient [53]

In female patients, TOFR
was lower before signs
of paralysis (e.g., loss of
head raise, swallow, eye-

opening) manifested [54]
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Opioids

- OPRMI1118A>G

polymorphism affects morphine
efficacy and increases side

effects like vomiting [58]

- CYP2D6 polymorphisms affect

the metabolism of opioids such
as morphine, fentanyl,
hydromorphone, and
remifentanil [59]

- UGT2B7 polymorphisms affect
metabolism and dose
requirements of morphine and
fentanyl [61-63]

- CYP3A4, CYP3A5, ABCBI,
OPRM1, COMT, ADRB2 are
related to fentanyl metabolism
and response [65]

o CYP3A4 *22 allele and
ABCB1 1236T/T
genotype were
associated with slower
fentanyl metabolism.

o ADRB2 523A allele
correlated with
tendency toward
reduced systolic blood
pressure

o OPRMI1 and COMT
gene variants were
associated with higher
risk factors for the
development of
somnolence following
fentanyl administration.

- MCIR gene variants may alter
analgesic efficacy of pentazocine

in red-haired individuals [165]
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Females generally have
increased sensitivity to
opioids and require lower
doses for similar pain relief
compared to males [67]

o Females are more
sensitive to opioid-
related adverse
effects like
respiratory
depression.

Mixed-action opioids, such
as butorphanol, nalbuphine,
and pentazocine, have
shown increased efficacy in
females than males [167]
Pain perception is generally
higher in females, with a
lower pain threshold than
males [168]

Women have reduced
clearance and prolonged
half-life of midazolam
compared to males [74]

The clearance of
remimazolam is reported to
be 11% higher in females
than males, but further

studies are needed [75,76]
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- Genetic polymorphisms in
CYP3A4 can significantly
influence the efficacy and
clearance of midazolam [71]

- GABRBI variations influence
midazolam sedative and
amnesic effects [72]

- Remimazolam
pharmacokinetics are affected
by CYP3A, GABRBI, POR, and
VDR gene variations [166]

Local anesthetics - Studies show mixed results

- MCIR gene variations reduce . . .
regarding sex differences in

sensitivity to lidocaine in red- . .
y local anesthetic efficacy.

haired individuals and increase - Males have been found to be

ain perception [78
pamn p p [78] more sensitive to lidocaine

- HIF-1 is linked t

gene 1s fnked to compared to females [86]
resistance to lidocaine toxicity in
renal cells [80]

- OPRM1, COMT, and CYP2Dé6

There are no sex differences
in the minimum local
analgesic concentration
polymorphisms afect the (MLAC) of ropivacaine for
consumption of ropivacaine

[169]

ultrasound-guided
supraclavicular brachial

o OPRM1 plexus blocks [171]

polymorphisms Women required a 31%

were linked to higher ropivacaine MLAC

increased .

for caudal anesthesia than
ropivacaine .

men undergoing anorectal
consumption

surgery (P <0.01) [88]
- CYP2Dé6 variations increase

sensitivity to ropivacaine [170]

- Brugada syndrome may be
induced by bupivacaine in silent
carriers of SCN5A missense

mutations [84]
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Allergic reactions

Pain and analgesia

SCN5A mutations can cause
increased resistance to

bupivacaine and lidocaine [85]

The HLA-G#01:01 allele (OR: 2.4, |-
p <0.05) was associated with
increased risk of anaphylaxis
whereas HLA-G#01:04 allele
(OR: 0.3, p <0.05) was protective
for perioperative anaphylaxis
[112]

In vitro, mast cell degranulation
by cisatracurium, morphine,

and vancomycin depends on
mast cell receptor MRGPRX2
expression and that this receptor
is implicated in non-IgE-
mediated allergic reactions [113]
Platelet-activating factor (PAF)
has been shown to be an
important mediator of
anaphylaxis, but studies with
anesthetic agents are lacking

[114]

The OPRM1 118G allele variant |-
was associated with increased
opioid requirements and higher
pain scores during the first 24
hours postoperatively [101]

The OPRM1 A118G rs1799971
was associated with increased
opioid use and postoperative
pain scores while the COMT
rs4680 SNP was associated with
increased incidence of chronic

(at least 3 months
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In general, the literature
consistently shows females
to have an increased
tendency to allergic reactions

[115]

The literature is conflicting.
Females are at increased risk
for numerous chronic pain
conditions although there is
not enough convincing
evidence to warrant sex-
specific pain interventions in

most situations [68,129]
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Depth of anesthesia

Intraoperative

awareness

postoperatively) pain scores (p =

0.004) [118]

In summary, a couple of studies |-
found genetic associations
between certain genetic markers
and depth of anesthesia, nothing
definitive has been established. |-
Those with a history of

awareness under general
anesthesia and found those with
this prior history are five times
more likely to experience it

again (RR: 5.0, 95% CI: 1.3-13.9)
[130]

Four SNPs to be associated with
BiSpectral Index values [132]
Chloroform and isoflurane were
found to activate a two-pore-
domain potassium channel

known as TWIK-related K+
channels (TREK-1) [133]

Melanocortin 1 receptor -
mutation - possible association
with decreased susceptibility to
anesthetic drugs [78,141,142]
Twenty-nine other gene variants |-
identified only in patients
reporting intraoperative

awareness [134]
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Results have been mixed but
lean towards females having
higher requirements for
anesthesia.

A meta-analysis of 44 studies
found females had a higher
incidence of awareness with
postoperative recall (OR:
1.38, 95% CI:1.09-1.75) [26]

Women require higher doses
of hypnotics and recover
faster than men after drug
delivery has ended [146]
Patients experiencing
intraoperative awareness
more likely to be female

[138,147]
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Post-op delirium - Reported SNPs associated with |- Weak evidence suggesting
altered likelihood of POD: male sex increases likelihood
- GRINBA SNP rs3739722 [150] of POD [152,155,156]
- CHRM2 SNPs rs8191992 and - Possible publication bias and
rs6962027 [148] confounding of statistics
- CHRM4 SNP rs2067482[148] [153]

- MTNR1B SNP rs10830963[151]
- KIBRA SNP rs17070145[151]
- FKBP5 SNP rs1360780[151]
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5-HT3 5-hydroxytryptamine type 3

AUC Area under the curve

BChE Butyrylcholinesterase

BIS Bispectral index

CNS Central nervous system

CPIC Clinical pharmacogenetics implementation consortium
DNMBD Depolarizing neuromuscular blocking drugs

DOP Delta opioid receptor

GABA Gamma-aminobutyric acid
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GFR Glomerular filtration rate

GWAS Genome wide association study

HELLP Hemolysis, elevated liver enzymes, low platelets
v Intravenous

KOpP Kappa opioid receptor

MAC Minimum alveolar concentration

MLAC Minimum local analgesic concentration

MOP p-opioid receptor — same as MOR

MOR p-opioid receptor — same as MOP

NDNMBD Nondepolarizing neuromuscular blocking drugs
NMDA N-methyl-D-aspartic acid

PAF Platelet activating factor

PCA Patient controlled analgesia

POD Postoperative delirium

PONV postoperative nausea and vomiting

RCC4-EV Renal cell carcinoma cell line

SNARE Soluble N-ethylmaleimide-Sensitive Factor Attachment Protein Receptor
SNP Single nucleotide polymorphism

TCI Target controlled infusions

TOFR Train-of-four ratio

References

1. L. H. Booij, “Sex, age, and genetics in anesthesia,” Current Opinion in Anesthesiology, vol. 21, no. 4, pp. 462-
466, 2008.

2. R.Saba, A. D. Kaye, and R. D. Urman, “Pharmacogenomics in anesthesia,” Anesthesiology Clinics, vol. 35,
no. 2, pp. 285-294, 2017.

3. K. R.Crews, J. K. Hicks, C. H. Pui, M. V. Relling, and W. E. Evans, “Pharmacogenomics and individualized
medicine: translating science into practice,” Clinical Pharmacology & Therapeutics, vol. 92, no. 4, pp. 467-475,
2012.

4. R.M. Vidaver, B. Lafleur, C. Tong, R. Bradshaw, and S. A. Marts, “Women subjects in NIH-funded clinical
research literature: lack of progress in both representation and analysis by sex,” Journal of women’s health &
gender-based medicine, vol. 9, no. 5, pp. 495-504, 2000.

5. D. ]J. Harris and P. S. Douglas, “Enrollment of women in cardiovascular clinical trials funded by the
National Heart, Lung, and Blood Institute,” New England Journal of Medicine, vol. 343, no. 7, pp. 475-480,
2000.

6. E. S. Kim, T. P. Carrigan, and V. Menon, “Enrollment of women in National Heart, Lung, and Blood
Institute-funded cardiovascular randomized controlled trials fails to meet current federal mandates for
inclusion,” Journal of the American College of Cardiology, vol. 52, no. 8, pp. 672-673, 2008.

7. K.]Jenei, D. E. Meyers, and V. Prasad, “The inclusion of women in global oncology drug trials over the past
20 years,” JAMA oncology, vol. 7, no. 10, pp. 1569-1570, 2021.

I. A. f. R. 0. Cancer. “Cancer Over Time.” World Health Organization. (accessed June 16, 2021).

9. F. F. Buchanan, P. S. Myles, K. Leslie, A. Forbes, and F. Cicuttini, “Gender and recovery after general
anesthesia combined with neuromuscular blocking drugs,” Anesthesia & Analgesia, vol. 102, no. 1, pp. 291-
297, 2006.

10. E. Choong et al., “Sex difference in formation of propofol metabolites: a replication study,” Basic & clinical
pharmacology & toxicology, vol. 113, no. 2, pp. 126-131, 2013.

11.  S. Hoymork and ]. Raeder, “Why do women wake up faster than men from propofol anaesthesia?,” British
journal of anaesthesia, vol. 95, no. 5, pp. 627-633, 2005.

12. N. Rajan and G. P. Joshi, “Management of postoperative nausea and vomiting in adults: current
controversies,” Current Opinion in Anesthesiology, vol. 34, no. 6, pp. 695-702, 2021.

13.  Y.-M. Joy Lin, C.-D. Hsu, H.-Y. Hsieh, C.-C. A. Tseng, and H. S. Sun, “Sequence variants of the HTR3A
gene contribute to the genetic prediction of postoperative nausea in Taiwan,” Journal of human genetics, vol.
59, no. 12, pp. 655-660, 2014.


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

31 of 39

14. M.-S. Kim, J.-R. Lee, E.-M. Choi, E. H. Kim, and S. H. Choi, “Association of 5-HT3B receptor gene
polymorphisms with the efficacy of ondansetron for postoperative nausea and vomiting,” Yonsei medical
journal, vol. 56, no. 5, pp. 1415-1420, 2015.

15. D. Nishizawa et al., “Genome-Wide Association Study Identifies Novel Candidate Variants Associated
with Postoperative Nausea and Vomiting,” Cancers, vol. 15, no. 19, p. 4729, 2023.

16. S.Xie etal., “The pharmacogenetics of medications used in general anesthesia,” (in eng), Pharmacogenomics,
vol. 19, no. 3, pp. 285-298, Feb 2018, doi: 10.2217/pgs-2017-0168.

17.  S. Zhao et al., “Study of the Association of Single Nucleotide Polymorphisms in Candidate Genes With
Sevoflurane,” (in eng), | Clin Pharmacol, vol. 63, no. 1, pp. 91-104, Jan 2023, doi: 10.1002/jcph.2138.

18. Y. Wei, D. Zhang, and Y. Zuo, “Whole-exome sequencing reveals genetic variations in humans with
differential sensitivity to sevoflurane : A prospective observational study,” (in eng), Biomed Pharmacother,
vol. 148, p. 112724, Apr 2022, doi: 10.1016/j.biopha.2022.112724.

19. H. Kondo et al., “Nitrous oxide has multiple deleterious effects on cobalamin metabolism and causes
decreases in activities of both mammalian cobalamin-dependent enzymes in rats,” (in eng), | Clin Invest,
vol. 67, no. 5, pp. 1270-83, May 1981, doi: 10.1172/jci110155.

20. P. Nagele et al.,, “Influence of methylenetetrahydrofolate reductase gene polymorphisms on homocysteine
concentrations after nitrous oxide anesthesia,” (in eng), Anesthesiology, vol. 109, no. 1, pp. 36-43, Jul 2008,
doi: 10.1097/ALN.0b013e318178820b.

21. K Fiedorczuk and L. A. Sazanov, “Mammalian Mitochondrial Complex I Structure and Disease-Causing
Mutations,” (in eng), Trends Cell Biol, vol. 28, no. 10, pp. 835-867, Oct 2018, doi: 10.1016/j.tcb.2018.06.006.

22. V. C. Hsieh, J. Niezgoda, M. M. Sedensky, C. L. Hoppel, and P. G. Morgan, “Anesthetic Hypersensitivity
in a Case-Controlled Series of Patients With Mitochondrial Disease,” (in eng), Anesth Analg, vol. 133, no. 4,
pp- 924-932, Oct 1 2021, doi: 10.1213/ane.0000000000005430.

23. L. Huang et al., “Efficacy and Safety of the Ketogenic Diet for Mitochondrial Disease With Epilepsy: A
Prospective, Open-labeled, Controlled Study,” (in eng), Front Neurol, vol. 13, p. 880944, 2022, doi:
10.3389/fneur.2022.880944.

24. K. A.Spencer et al.,, “Impact of dietary ketosis on volatile anesthesia toxicity in a model of Leigh syndrome,”
(in eng), Paediatr Anaesth, vol. 34, no. 5, pp. 467-476, May 2024, doi: 10.1111/pan.14855.

25. S. G. Gonsalves et al., “Clinical Pharmacogenetics Implementation Consortium (CPIC) Guideline for the
Use of Potent Volatile Anesthetic Agents and Succinylcholine in the Context of RYR1 or CACNA1S
Genotypes,” (in eng), Clin Pharmacol Ther, vol. 105, no. 6, pp. 1338-1344, Jun 2019, doi: 10.1002/cpt.1319.

26. H.E.Braithwaite et al., “Impact of female sex on anaesthetic awareness, depth, and emergence: a systematic
review and meta-analysis,” British Journal of Anaesthesia, 2023.

27. A.Z.Wasilczuk et al., “Hormonal basis of sex differences in anesthetic sensitivity,” (in eng), Proc Natl Acad
Sci U S A, vol. 121, no. 3, p. 2312913120, Jan 16 2024, doi: 10.1073/pnas.2312913120.

28. G. A. Mashour et al., “Recovery of consciousness and cognition after general anesthesia in humans,” (in
eng), Elife, vol. 10, May 10 2021, doi: 10.7554/eLife.59525.

29. R. Szymusiak, I. Gvilia, and D. McGinty, “Hypothalamic control of sleep,” (in eng), Sleep Med, vol. 8, no. 4,
pp- 291-301, Jun 2007, doi: 10.1016/j.sleep.2007.03.013.

30. S. Ahlstrom, P. Reitera, R. Jokela, K. T. Olkkola, M. A. Kaunisto, and E. Kalso, “Influence of Clinical and
Genetic Factors on Propofol Dose Requirements: A Genome-wide Association Study,” (in eng),
Anesthesiology, vol. 141, no. 2, pp. 300-312, Aug 1 2024, doi: 10.1097/aln.0000000000005036.

31. A.T.Bademosietal., “Trapping of Syntaxinla in Presynaptic Nanoclusters by a Clinically Relevant General
Anesthetic,” (in eng), Cell Rep, vol. 22, no. 2, pp. 427-440, Jan 9 2018, doi: 10.1016/j.celrep.2017.12.054.

32. ]J. A. Humphrey et al., “A putative cation channel and its novel regulator: cross-species conservation of
effects on general anesthesia,” (in eng), Curr Biol, vol. 17, no. 7, pp. 6249, Apr 3 2007, doi:
10.1016/j.cub.2007.02.037.

33. Q. Zhong, X. Chen, Y. Zhao, R. Liu, and S. Yao, “Association of Polymorphisms in Pharmacogenetic
Candidate Genes with Propofol Susceptibility,” (in eng), Sci Rep, vol. 7, no. 1, p. 3343, Jun 13 2017, doi:
10.1038/s41598-017-03229-3.


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

32 of 39

34. A.Devin, V. Nogueira, N. Avéret, X. Leverve, and M. Rigoulet, “Profound effects of the general anesthetic
etomidate on oxidative phosphorylation without effects on their yield,” (in eng), | Bioenerg Biomembr, vol.
38, no. 2, pp. 137-42, Apr 2006, doi: 10.1007/s10863-006-9013-6.

35. J.Niezgoda and P. G. Morgan, “Anesthetic considerations in patients with mitochondrial defects,” (in eng),
Paediatr Anaesth, vol. 23, no. 9, pp. 785-93, Sep 2013, doi: 10.1111/pan.12158.

36. A. V. Vanlander et al., “Inborn oxidative phosphorylation defect as risk factor for propofol infusion
syndrome,” (in eng), Acta Anaesthesiol Scand, vol. 56, no. 4, pp. 520-5, Apr 2012, doi: 10.1111/j.1399-
6576.2011.02628.x.

37. S.Yagar, S. Yavas, and B. Karahalil, “The role of the ADRA2A C1291G genetic polymorphism in response
to dexmedetomidine on patients undergoing coronary artery surgery,” (in eng), Mol Biol Rep, vol. 38, no. 5,
pp- 3383-9, Jun 2011, doi: 10.1007/s11033-010-0446-y.

38. U. M. Zanger and M. Schwab, “Cytochrome P450 enzymes in drug metabolism: regulation of gene
expression, enzyme activities, and impact of genetic variation,” (in eng), Pharmacol Ther, vol. 138, no. 1, pp.
103-41, Apr 2013, doi: 10.1016/j.pharmthera.2012.12.007.

39. Y.Lietal, “CYP2B6%6 allele and age substantially reduce steady-state ketamine clearance in chronic pain
patients: impact on adverse effects,” (in eng), Br ] Clin Pharmacol, vol. 80, no. 2, pp. 276-84, Aug 2015, doi:
10.1111/bep.12614.

40. K. Haensch, A. Schultz, T. Krauss, U. Grouven, and B. Schultz, “Women need more propofol than men
during EEG-monitored total intravenous anaesthesia / Frauen bendtigen mehr Propofol als Manner
wihrend EEG-iiberwachter total-intravendser Anésthesie,” (in eng), Biomed Tech (Berl), vol. 54, no. 2, pp.
76-82, Apr 2009, doi: 10.1515/bmt.2009.010.

41. 1. Loryan et al., “Influence of sex on propofol metabolism, a pilot study: implications for propofol
anesthesia,” (in eng), Eur | Clin Pharmacol, vol. 68, no. 4, pp. 397-406, Apr 2012, doi: 10.1007/s00228-011-
1132-2.

42. F. R. Mir, C. Wilson, L. E. Cabrera Zapata, L. G. Aguayo, and M. J. Cambiasso, “Gonadal hormone-
independent sex differences in GABA(A) receptor activation in rat embryonic hypothalamic neurons,” (in
eng), Br ] Pharmacol, vol. 177, no. 13, pp. 3075-3090, Jul 2020, doi: 10.1111/bph.15037.

43. K. F. Vincent et al., “Oestrous cycle affects emergence from anaesthesia with dexmedetomidine, but not
propofol, isoflurane, or sevoflurane, in female rats,” (in eng), Br | Anaesth, vol. 131, no. 1, pp. 67-78, Jul 2023,
doi: 10.1016/j.bja.2023.03.025.

44. W. Kalow and N. Staron, “On distribution and inheritance of atypical forms of human serum
cholinesterase, as indicated by dibucaine numbers,” (in eng), Can | Biochem Physiol, vol. 35, no. 12, pp. 1305-
20, Dec 1957.

45. F. K. Soliday, Y. P. Conley, and R. Henker, “Pseudocholinesterase deficiency: a comprehensive review of
genetic, acquired, and drug influences,” (in eng), Aana j, vol. 78, no. 4, pp. 313-20, Aug 2010.

46. A.Robles, M. Michael, and R. McCallum, “Pseudocholinesterase Deficiency: What the Proceduralist Needs
to Know,” (in eng), Am | Med Sci, vol. 357, no. 3, pp. 263-267, Mar 2019, doi: 10.1016/j.amjms.2018.11.002.

47. E. M. Harris et al., “Quantitative Neuromuscular Monitoring Permits Early Diagnosis of Abnormal
Butyrylcholinestrase: Two Case Studies Demonstrating Prevention of Awareness from Premature
Awakening,” (in eng), Aana j, vol. 92, no. 2, pp. 139-143, Apr 2024.

48. H. Zhu et al., “Polymorphisms contribute to differences in the effect of rocuronium in Chinese patients,”
(in eng), Basic Clin Pharmacol Toxicol, vol. 130, no. 1, pp. 141-150, Jan 2022, doi: 10.1111/bcpt.13682.

49. S. Ahlstrom et al., “First genome-wide association study on rocuronium dose requirements shows
association with SLCO1A2,” (in eng), Br | Anaesth, vol. 126, no. 5, pp. 949-957, May 2021, doi:
10.1016/j.bja.2021.01.029.

50. J. Wen, M. Zhao, Y. Xiao, S. Li, and W. Hu, “OATP1A2 mediates AB(1-42) transport and may be a novel
target for the treatment of Alzheimer’s disease,” (in eng), Front Pharmacol, vol. 15, p. 1443789, 2024, doi:
10.3389/fphar.2024.1443789.

51. ]. Guay, Y. Grenier, and F. Varin, “Clinical pharmacokinetics of neuromuscular relaxants in pregnancy,”
(in eng), Clin Pharmacokinet, vol. 34, no. 6, p. 483, Jun 1998, doi: 10.2165/00003088-199834060-00004.


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

33 of 39

52. F.K.Mohammad, A. A. Mohammed, H. M. Garmavy, and H. M. Rashid, “Association of Reduced Maternal
Plasma Cholinesterase Activity With Preeclampsia: A Meta-Analysis,” (in eng), Cureus, vol. 15, no. 10, p.
e47220, Oct 2023, doi: 10.7759/cureus.47220.

53. S. R. Cherala, D. N. Eddie, and P. H. Sechzer, “Placental transfer of succinylcholine causing transient
respiratory depression in the newborn,” (in eng), Anaesth Intensive Care, vol. 17, no. 2, pp. 202-4, May 1989,
doi: 10.1177/0310057x8901700213.

54. T.Heier, J. R. Feiner, P. M. Wright, T. Ward, and J. E. Caldwell, “Sex-related differences in the relationship
between acceleromyographic adductor pollicis train-of-four ratio and clinical manifestations of residual
neuromuscular block: a study in healthy volunteers during near steady-state infusion of mivacurium,” (in
eng), Br ] Anaesth, vol. 108, no. 3, pp. 444-51, Mar 2012, doi: 10.1093/bja/aer419.

55. N.Ferry, L. E. Hancock, and S. Dhanjal, “Opioid Anesthesia,” in StatPearls. Treasure Island (FL): StatPearls
Publishing

56. Copyright © 2025, StatPearls Publishing LLC., 2025.

57.  H. Pathan and J. Williams, “Basic opioid pharmacology: an update,” British Journal of Pain, vol. 6, no. 1, pp.
11-16, 2012, doi: 10.1177/2049463712438493.

58. A. M. Trescot, S. Datta, M. Lee, and H. Hansen, “Opioid pharmacology,” (in eng), Pain Physician, vol. 11,
no. 2 Suppl, pp. S133-53, Mar 2008.

59. Y. Kong, T. Yan, S. Gong, H. Deng, G. Zhang, and J. Wang, “Opioid receptor mu 1 (OPRM1) A118G
polymorphism (rs1799971) and postoperative nausea and vomiting,” (in eng), Am | Transl Res, vol. 10, no.
9, pp- 2764-2780, 2018.

60. C.U. Vieira, R. Fragoso, D. Pereira, and R. Medeiros, “Pain polymorphisms and opioids: An evidence based
review,” Molecular Medicine Reports, 2018, doi: 10.3892/mmr.2018.9792.

61. C.M.P. Vieira, R. M. Fragoso, D. Pereira, and R. Medeiros, “Pain polymorphisms and opioids: An evidence
based review,” (in eng), Mol Med Rep, vol. 19, no. 3, pp. 1423-1434, Mar 2019, doi: 10.3892/mmr.2018.9792.

62. S.Bastami, A. Gupta, A. L. Zackrisson, J. Ahlner, A. Osman, and S. Uppugunduri, “Influence of UGT2B7,
OPRM1 and ABCB1 gene polymorphisms on postoperative morphine consumption,” (in eng), Basic Clin
Pharmacol Toxicol, vol. 115, no. 5, pp. 423-31, Nov 2014, doi: 10.1111/bcpt.12248.

63. W.Muraoka et al.,, “Association between UGT2B7 gene polymorphisms and fentanyl sensitivity in patients
undergoing painful orthognathic surgery,” (in eng), Mol Pain, vol. 12, p. 1744806916683182, Jan-Dec 2016,
doi: 10.1177/1744806916683182.

64. Z.Yang, Q. Yin, and X. Li, “Influences of UGT2B7 rs7439366 and rs12233719 Polymorphisms on Fentanyl
Sensitivity in Chinese Gynecologic Patients,” Medical Science Monitor, vol. 26, 2020, doi:
10.12659/msm.924153.

65. W.Muraoka et al.,, “Association between UGT2B7 gene polymorphisms and fentanyl sensitivity in patients
undergoing painful orthognathic surgery,” Molecular pain, vol. 12, p. 1744806916683182, 2016.

66. M. Saiz-Rodriguez et al., “Polymorphisms associated with fentanyl pharmacokinetics, pharmacodynamics
and adverse effects,” Basic & Clinical Pharmacology & Toxicology, vol. 124, no. 3, pp. 321-329, 2019, doi:
10.1111/bcpt.13141.

67. ].S. Mogil et al., “The melanocortin-1 receptor gene mediates female-specific mechanisms of analgesia in
mice and humans,” (in eng), Proc Natl Acad Sci U S A, vol. 100, no. 8, pp. 4867-72, Apr 15 2003, doi:
10.1073/pnas.0730053100.

68. H. Pleym, O. Spigset, E. D. Kharasch, and O. Dale, “Gender differences in drug effects: implications for
anesthesiologists,” Acta Anaesthesiologica Scandinavica, vol. 47, no. 3, pp. 241-259, 2003, doi: 10.1034/j.1399-
6576.2003.00036.x.

69. S. Packiasabapathy and S. Sadhasivam, “Gender, genetics, and analgesia: understanding the differences in
response to pain relief,” Journal of pain research, pp. 2729-2739, 2018.

70. M. Averbuch and M. Katzper, “A search for sex differences in response to analgesia,” Archives of internal
medicine, vol. 160, no. 22, pp. 3424-3428, 2000.

71. M. Lader, “CLINICAL PHARMACOLOGY OF BENZODIAZEPINES,” Annual Review of Medicine, vol. 38,
no. 1, pp. 19-28, 1987, doi: 10.1146/annurev.me.38.020187.000315.


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

34 of 39

72. L.Elensetal, “CYP3A4 intron 6 C>T SNP (CYP3A4*22) encodes lower CYP3A4 activity in cancer patients,
as measured with probes midazolam and erythromyecin,” (in eng), Pharmacogenomics, vol. 14, no. 2, pp. 137-
49, Jan 2013, doi: 10.2217/pgs.12.202.

73. Y. Kosaki, D. Nishizawa, J. Hasegawa, K. Yoshida, K. Ikeda, and T. Ichinohe, “y-Aminobutyric acid type
A receptor B1 subunit gene polymorphisms are associated with the sedative and amnesic effects of
midazolam,” (in eng), Mol Brain, vol. 17, no. 1, p. 70, Sep 27 2024, doi: 10.1186/s13041-024-01141-2.

74. K. Hu et al.,, “Effects of Vitamin D Receptor, Cytochrome P450 3A, and Cytochrome P450 Oxidoreductase
Genetic Polymorphisms on the Pharmacokinetics of Remimazolam in Healthy Chinese Volunteers,”
Clinical Pharmacology in Drug Development, vol. 10, no. 1, pp. 22-29, 2021, doi: 10.1002/cpdd.797.

75. M. Chen, L. Ma, G. L. Drusano, J. S. Bertino, Jr., and A. N. Nafziger, “Sex differences in CYP3A activity
using intravenous and oral midazolam,” (in eng), Clin Pharmacol Ther, vol. 80, no. 5, pp. 531-8, Nov 2006,
doi: 10.1016/j.clpt.2006.08.014.

76. L. L. Lohmer, F. Schippers, K. U. Petersen, T. Stoehr, and V. D. Schmith, “Time-to-Event Modeling for
Remimazolam for the Indication of Induction and Maintenance of General Anesthesia,” The Journal of
Clinical Pharmacology, vol. 60, no. 4, pp. 505-514, 2020, doi: 10.1002/jcph.1552.

77. Y. Shimamoto, M. Sanuki, S. Kurita, M. Ueki, Y. Kuwahara, and A. Matsumoto, “Factors affecting
prolonged time to extubation in patients given remimazolam,” PLOS ONE, vol. 17, no. 5, p. 0268568, 2022,
doi: 10.1371/journal.pone.0268568.

78. A.Taylor and G. McLeod, “Basic pharmacology of local anaesthetics,” BJA Education, vol. 20, no. 2, pp. 34-
41, 2020, doi: 10.1016/j.bjae.2019.10.002.

79. E.B. Liem, T. V. Joiner, K. Tsueda, and D. I. Sessler, “Increased sensitivity to thermal pain and reduced
subcutaneous lidocaine efficacy in redheads,” (in eng), Anesthesiology, vol. 102, no. 3, pp. 509-14, Mar 2005,
doi: 10.1097/00000542-200503000-00006.

80. C. R. Meretsky, V. E. Plitt, B. L. Friday, A. T. Schiuma, and M. Ajebli, “A Comparative Analysis of the
Efficacy of Local Anesthetics and Systemic Anesthetics in the Red-Headed Versus Non-Red-Headed
Patient Population: A Comprehensive Review,” Cureus, 2024, doi: 10.7759/cureus.61797.

81. A.Okamoto et al., “HIF-1-mediated suppression of mitochondria electron transport chain function confers
resistance to lidocaine-induced cell death,” (in eng), Sci Rep, vol. 7, no. 1, p. 3816, Jun 19 2017, doi:
10.1038/s41598-017-03980-7.

82. A.Okamoto et al., “HIF-1-mediated suppression of mitochondria electron transport chain function confers
resistance to lidocaine-induced cell death,” Scientific Reports, vol. 7, no. 1, 2017, doi: 10.1038/s41598-017-
03980-7.

83. ].Liu, Y.Jiang, D. Pang, H. Xi, Y. Liu, and W. Li, “Associations Between Single-Nucleotide Polymorphisms
and Epidural Ropivacaine Consumption in Patients Undergoing Breast Cancer Surgery,” Genetic Testing
and Molecular Biomarkers, vol. 17, no. 6, pp. 489-493, 2013, doi: 10.1089/gtmb.2012.0388.

84. ].Liu, H.Xj, Y.Jiang, Z. Feng, L. Hou, and W. Li, “Association of CYP450 single nucleotide polymorphisms
with the efficacy of epidural ropivacaine during mastectomy,” Acta Anaesthesiologica Scandinavica, vol. 59,
no. 5, pp. 640-647, 2015, doi: 10.1111/aas.12501.

85. K. Vernooy et al., “Genetic and biophysical basis for bupivacaine-induced ST segment elevation and
VT/VF. Anesthesia unmasked Brugada syndrome,” Heart Rhythm, vol. 3, no. 9, pp. 1074-1078, 2006, doi:
10.1016/j.hrthm.2006.05.030.

86. N. Clendenen, A. D. Cannon, S. Porter, C. B. Robards, A. S. Parker, and S. R. Clendenen, “Whole-exome
sequencing of a family with local anesthetic resistance,” (in eng), Minerva Anestesiol, vol. 82, no. 10, pp.
1089-1097, Oct 2016.

87. M. E. Robinson, J. L. Riley, F. F. Brown, and H. Gremillion, “Sex differences in response to cutaneous
anesthesia: a double blind randomized study,” Pain, vol. 77, no. 2, pp. 143-149, 1998, doi: 10.1016/s0304-
3959(98)00088-8.

88. Q. Pei, Y. Yang, Q. Liu, Z. Peng, and Z. Feng, “Lack of Sex Difference in Minimum Local Analgesic
Concentration of Ropivacaine for Ultrasound-Guided Supraclavicular Brachial Plexus Block,” Medical
Science Monitor, vol. 21, pp. 3459-3466, 2015, doi: 10.12659/msm.894570.


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

35 of 39

89. Y.Li Y. Zhou, H. Chen, and Z. Feng, “The Effect of Sex on the Minimum Local Analgesic Concentration of
Ropivacaine for Caudal Anesthesia in Anorectal Surgery,” Anesthesia & Analgesia, vol. 110, no. 5, pp. 1490-
1493, 2010, doi: 10.1213/ane.0b013e3181d6bade.

90. L. H. Eberhart et al, “The development and validation of a risk score to predict the probability of
postoperative vomiting in pediatric patients,” Anesthesia & Analgesia, vol. 99, no. 6, pp. 1630-1637, 2004.

91. Y. Gloor, C. Czarnetzki, F. Curtin, B. Gil-Wey, M. R. Trameér, and J. A. Desmeules, “Genetic susceptibility
toward nausea and vomiting in surgical patients,” Frontiers in Genetics, vol. 12, p. 816908, 2022.

92. H. Rueffert et al., “Do variations in the 5-HT3A and 5-HT3B serotonin receptor genes (HTR3A and HTR3B)
influence the occurrence of postoperative vomiting?,” Anesthesia & Analgesia, vol. 109, no. 5, pp. 1442-1447,
2009.

93. S.W.Wesmiller et al., “Exploring the multifactorial nature of postoperative nausea and vomiting in women
following surgery for breast cancer,” Autonomic Neuroscience, vol. 202, pp. 102-107, 2017.

94. P. K. Janicki, R. Vealey, J. Liu, J. Escajeda, M. Postula, and K. Welker, “Genome-wide association study
using pooled DNA to identify candidate markers mediating susceptibility to postoperative nausea and
vomiting,” The Journal of the American Society of Anesthesiologists, vol. 115, no. 1, pp. 54-64, 2011.

95. S.Klenke et al., “CHRMS3 rs2165870 polymorphism is independently associated with postoperative nausea
and vomiting, but combined prophylaxis is effective,” British journal of anaesthesia, vol. 121, no. 1, pp. 58-65,
2018.

96. U. H. Frey, C. Schnee, M. Achilles, M.-T. Silvanus, J. Esser, and J. Peters, “Postoperative nausea and
vomiting: the role of the dopamine D2 receptor TaqlA polymorphism,” European Journal of Anaesthesiology|
EJA, vol. 33, no. 2, pp. 84-89, 2016.

97. M. Stegen et al., “Association of the dopamine D2 receptor gene SNP rs1800497 with postoperative nausea
and vomiting: A prospective cohort study,” European Journal of Anaesthesiology and Intensive Care, vol. 3, no.
4, p. 0056, 2024.

98. S. Klenke et al., “Genetic contribution to PONV risk,” Anaesthesia Critical Care & Pain Medicine, vol. 39, no.
1, pp. 45-51, 2020.

99. M. Nakagawa et al., “Dopamine D2 receptor Taq IA polymorphism is associated with postoperative nausea
and vomiting,” Journal of anesthesia, vol. 22, pp. 397-403, 2008.

100. T. Hayase, S. Sugino, H. Moriya, and M. Yamakage, “TACR1 gene polymorphism and sex differences in
postoperative nausea and vomiting,” Anaesthesia, vol. 70, no. 10, pp. 1148-1159, 2015.

101. S.-H. Lee, J.-D. Kim, S.-A. Park, C.-S. Oh, and S.-H. Kim, “Effects of u-Opioid receptor gene polymorphism
on postoperative nausea and vomiting in patients undergoing general anesthesia with remifentanil: double
blinded randomized trial,” Journal of Korean medical science, vol. 30, no. 5, pp. 651-657, 2015.

102. Z.-Y.Ren, “The impact of genetic variation on sensitivity to opioid analgesics in patients with postoperative
pain: a systematic review and meta-analysis,” Pain Phys, vol. 18, pp. 131-152, 2015.

103. U. M. Stamer et al, “CYP2D6-and CYP3A-dependent enantioselective plasma concentrations of
ondansetron in postanesthesia care,” Anesthesia & Analgesia, vol. 113, no. 1, pp. 48-54, 2011.

104. G. C. Bell et al., “Clinical Pharmacogenetics Implementation Consortium (CPIC) guideline for CYP2D6
genotype and use of ondansetron and tropisetron,” Clinical pharmacology and therapeutics, vol. 102, no. 2, p.
213, 2017.

105. K. A. Candiotti et al., “The impact of pharmacogenomics on postoperative nausea and vomiting: do
CYP2D6 allele copy number and polymorphisms affect the success or failure of ondansetron prophylaxis?,”
The Journal of the American Society of Anesthesiologists, vol. 102, no. 3, pp. 543-549, 2005.

106. S. W. Wesmiller et al., “The association of CYP2D6 genotype and postoperative nausea and vomiting in
orthopedic trauma patients,” Biological research for nursing, vol. 15, no. 4, pp. 382-389, 2013.

107. N. J. Douville et al., “Polygenic Score for the Prediction of Postoperative Nausea and Vomiting: A
Retrospective Derivation and Validation Cohort Study,” Anesthesiology, vol. 142, no. 1, pp. 52-71, 2025.

108. T.]J. Gan, “Risk factors for postoperative nausea and vomiting,” Anesthesia & Analgesia, vol. 102, no. 6, pp.
1884-1898, 2006.

109. F. Berroa et al., “The incidence of perioperative hypersensitivity reactions: a single-center, prospective,
cohort study,” Anesthesia & Analgesia, vol. 121, no. 1, pp. 117-123, 2015.


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

36 of 39

110. M. M. Fisher and B. A. Baldo, “The incidence and clinical features of anaphylactic reactions during
anaesthesia in Australia,” 1993, vol. 12: Elsevier, 2 ed., pp. 97-104.

111. P. M. Mertes, F. Alla, P. Tréchot, Y. Auroy, E. Jougla, and G. d. E. des Réactions Anaphylactoides,
“Anaphylaxis during anesthesia in France: an 8-year national survey,” Journal of Allergy and Clinical
Immunology, vol. 128, no. 2, pp. 366-373, 2011.

112. B. A. Baldo, “Allergic and other adverse reactions to drugs used in anesthesia and surgery,” Anesthesiology
and Perioperative Science, vol. 1, no. 2, p. 16, 2023.

113. Z. Qi et al., “Clinical variables and genetic variants associated with perioperative anaphylaxis in Chinese
Han population: A pilot study,” World Allergy Organization Journal, vol. 17, no. 1, p. 100854, 2024.

114. A. Navinés-Ferrer, E. Serrano-Candelas, A. Lafuente, R. Munoz-Cano, M. Martin, and G. Gastaminza,
“MRGPRX2-mediated mast cell response to drugs used in perioperative procedures and anaesthesia,”
Scientific reports, vol. 8, no. 1, p. 11628, 2018.

115. P. Vadas et al., “Platelet-activating factor, PAF acetylhydrolase, and severe anaphylaxis,” New England
Journal of Medicine, vol. 358, no. 1, pp. 28-35, 2008.

116. P. J. Turner, E. Jerschow, T. Umasunthar, R. Lin, D. E. Campbell, and R. ]J. Boyle, “Fatal anaphylaxis:
mortality rate and risk factors,” The Journal of Allergy and Clinical Immunology: In Practice, vol. 5, no. 5, pp.
1169-1178, 2017.

117. G. Gastaminza, I. Martinez-Albelda, I. Gonzalez-Mahave, and D. Mufioz, “Study of hypersensitivity
reactions and anaphylaxis during anesthesia in Spain,” | Investig Allergol Clin Immunol, vol. 18, no. 5, pp.
350-356, 2008.

118. A.Muralidharan and M. T. Smith, “Pain, analgesia and genetics,” Journal of Pharmacy and Pharmacology, vol.
63, no. 11, pp. 1387-1400, 2011.

119. S.G. Frangakis et al., “Association of genetic variants with postsurgical pain: a systematic review and meta-
analyses,” Anesthesiology, vol. 139, no. 6, p. 827, 2023.

120. K. R. Crews et al., “Clinical pharmacogenetics implementation consortium guideline for CYP2D6, OPRM1,
and COMT genotypes and select opioid therapy,” Clinical Pharmacology & Therapeutics, vol. 110, no. 4, pp.
888-896, 2021.

121. J. K. Hicks et al., “Clinical Pharmacogenetics Implementation Consortium Guideline (CPIC®) for CYP2D6
and CYP2C19 genotypes and dosing of tricyclic antidepressants: 2016 update,” Clinical pharmacology and
therapeutics, vol. 102, no. 1, p. 37, 2017.

122. K. N. Theken et al., “Clinical pharmacogenetics implementation consortium guideline (CPIC) for CYP2C9
and nonsteroidal anti-inflammatory drugs,” Clinical Pharmacology & Therapeutics, vol. 108, no. 2, pp. 191-
200, 2020.

123. R. B. Fillingim, C. D. King, M. C. Ribeiro-Dasilva, B. Rahim-Williams, and J. L. Riley Iii, “Sex, gender, and
pain: a review of recent clinical and experimental findings,” The journal of pain, vol. 10, no. 5, pp. 447-485,
2009.

124. J.L.Riley Iii, M. E. Robinson, E. A. Wise, C. D. Myers, and R. B. Fillingim, “Sex differences in the perception
of noxious experimental stimuli: a meta-analysis,” Pain, vol. 74, no. 2-3, pp. 181-187, 1998.

125. C. Miaskowski, R. W. Gear, and J. D. Levine, “Sex-related differences in analgesic responses,” 2000.

126. A. Schnabel, D. M. Poepping, J. Gerss, P. K. Zahn, and E. M. Pogatzki-Zahn, “Sex-related differences of
patient-controlled epidural analgesia for postoperative pain,” Pain, vol. 153, no. 1, pp. 238-244, 2012.

127. S. A. Quraishi et al., “The association of sex with pain scores and perioperative opioid administration
following laparoscopic sleeve gastrectomy,” Pain Management, vol. 12, no. 4, pp. 425-433, 2022.

128. E. M. Soffin, L. A. Wilson, J. Liu, J. Poeran, and S. G. Memtsoudis, “Association between sex and
perioperative opioid prescribing for total joint arthroplasty: a retrospective population-based study,”
British Journal of Anaesthesia, vol. 126, no. 6, pp. 1217-1225, 2021.

129. M. Niesters et al., “Do sex differences exist in opioid analgesia? A systematic review and meta-analysis of
human experimental and clinical studies,” Pain, vol. 151, no. 1, pp. 61-68, 2010.

130. J. D. Greenspan et al., “Studying sex and gender differences in pain and analgesia: a consensus report,”
Pain, vol. 132, pp. S26-545, 2007.


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

37 of 39

131. A. Aranake et al., “Increased risk of intraoperative awareness in patients with a history of awareness,”
Anesthesiology, vol. 119, no. 6, pp. 1275-1283, 2013.

132. M. C. Kim, G. L. Fricchione, and O. Akeju, “Accidental awareness under general anaesthesia: Incidence,
risk factors, and psychological management,” BJA education, vol. 21, no. 4, pp. 154-161, 2021.

133. L. Ma et al, “Polymorphisms of pharmacogenetic candidate genes affect etomidate anesthesia
susceptibility,” Frontiers in Genetics, vol. 13, p. 999132, 2022.

134. M. A. Pavel, E. N. Petersen, H. Wang, R. A. Lerner, and S. B. Hansen, “Studies on the mechanism of general
anesthesia,” Proceedings of the National Academy of Sciences, vol. 117, no. 24, pp. 13757-13766, 2020.

135. J. W. Sleigh et al., “Genetic analysis of patients who experienced awareness with recall while under general
anesthesia,” Anesthesiology, vol. 131, no. 5, pp. 974-982, 2019.

136. E. I. Eger, M. J. Laster, G. A. Gregory, T. Katoh, and J. M. Sonner, “Women appear to have the same
minimum alveolar concentration as men: a retrospective study,” The Journal of the American Society of
Anesthesiologists, vol. 99, no. 5, pp. 1059-1061, 2003.

137. M. S. Avidan et al.,, “Prevention of intraoperative awareness in a high-risk surgical population,” New
England Journal of Medicine, vol. 365, no. 7, pp. 591-600, 2011.

138. K. B. Domino, K. L. Posner, R. A. Caplan, and F. W. Cheney, “Awareness during anesthesia: a closed claims
analysis,” Anesthesiology, vol. 90, no. 4, pp. 1053-1061, 1999.

139. R. Lennertz et al., “Connected consciousness after tracheal intubation in young adults: an international
multicentre cohort study,” British journal of anaesthesia, vol. 130, no. 2, pp. €217-e224, 2023.

140. V. Erden, Z. Yangn, K. Erkalp, H. Delatioglu, F. Bahgeci, and A. Seyhan, “Increased progesterone
production during the luteal phase of menstruation may decrease anesthetic requirement,” Anesthesia &
Analgesia, vol. 101, no. 4, pp. 1007-1011, 2005.

141. A. Z. Wasilczuk et al., “Hormonal basis of sex differences in anesthetic sensitivity,” Proceedings of the
National Academy of Sciences, vol. 121, no. 3, 2024, doi: 10.1073/pnas.2312913120.

142. M. V. Chua, K. Tsueda, and A. G. Doufas, “Midazolam causes less sedation in volunteers with red hair,”
(in eng), Can | Anaesth, vol. 51, no. 1, pp. 25-30, Jan 2004, doi: 10.1007/bf03018542.

143. E.B. Liem et al., “Anesthetic requirement is increased in redheads,” (in eng), Anesthesiology, vol. 101, no. 2,
pp- 279-83, Aug 2004, doi: 10.1097/00000542-200408000-00006.

144. H. B. Schit6th, S. R. Phillips, R. Rudzish, M. A. Birch-Machin, J. E. Wikberg, and J. L. Rees, “Loss of function
mutations of the human melanocortin 1 receptor are common and are associated with red hair,” (in eng),
Biochem Biophys Res Commun, vol. 260, no. 2, pp. 488-91, Jul 5 1999, doi: 10.1006/bbrc.1999.0935.

145. S. C. Gradwohl et al., “Intraoperative awareness risk, anesthetic sensitivity, and anesthetic management
for patients with natural red hair: a matched cohort study,” (in eng), Can | Anaesth, vol. 62, no. 4, pp. 345-
55, Apr 2015, doi: 10.1007/s12630-014-0305-8.

146. H. E.Braithwaite et al., “Impact of female sex on anaesthetic awareness, depth, and emergence: a systematic
review and meta-analysis,” (in eng), Br | Anaesth, vol. 131, no. 3, pp. 510-522, Sep 2023, doi:
10.1016/j.bja.2023.06.042.

147. E. F. Buchanan, P. S. Myles, and F. Cicuttini, “Effect of patient sex on general anaesthesia and recovery,”
(in eng), Br ] Anaesth, vol. 106, no. 6, pp. 832-9, Jun 2011, doi: 10.1093/bja/aer094.

148. M. M. Ghoneim, R. I. Block, M. Haffarnan, and M. J. Mathews, “Awareness during anesthesia: risk factors,
causes and sequelae: a review of reported cases in the literature,” (in eng), Anesth Analg, vol. 108, no. 2, pp.
527-35, Feb 2009, doi: 10.1213/ane.0b013e318193c634.

149. M. Heinrich et al.,, “Association between genetic variants of the cholinergic system and postoperative
delirium and cognitive dysfunction in elderly patients,” (in eng), BMC Med Genomics, vol. 14, no. 1, p. 248,
Oct 21 2021, doi: 10.1186/s12920-021-01071-1.

150. E. Mahanna-Gabrielli, T. A. Miano, J. G. Augoustides, C. Kim, J. E. Bavaria, and W. A. Kofke, “Does the
melatonin receptor 1B gene polymorphism have a role in postoperative delirium?,” (in eng), PLoS One, vol.
13, no. 11, p. 0207941, 2018, doi: 10.1371/journal.pone.0207941.

151. J. Kazmierski et al., “The assessment of the T102C polymorphism of the 5HT2a receptor gene, 3723G/A
polymorphism of the NMDA receptor 3A subunit gene (GRIN3A) and 421C/A polymorphism of the
NMDA receptor 2B subunit gene (GRIN2B) among cardiac surgery patients with and without delirium,”


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

38 of 39

(in eng), Gen Hosp Psychiatry, vol. 36, no. 6, pp. 753-6, Nov-Dec 2014, doi:
10.1016/j.genhosppsych.2014.06.002.

152. M. Terrelonge et al., “KIBRA, MTNRI1B, and FKBP5 genotypes are associated with decreased odds of
incident delirium in elderly post-surgical patients,” (in eng), Sci Rep, vol. 12, no. 1, p. 556, Jan 11 2022, doi:
10.1038/s41598-021-04416-z.

153. M. S. Haynes, K. D. Alder, C. Toombs, I. C. Amakiri, L. E. Rubin, and J. N. Grauer, “Predictors and Sequelae
of Postoperative Delirium in a Geriatric Patient Population With Hip Fracture,” (in eng), ] Am Acad Orthop
Surg Glob Res Rev, vol. 5, no. 5, May 14 2021, doi: 10.5435/JAAOSGlobal-D-20-00221.

154. L. Mevorach, A. Forookhi, A. Farcomeni, S. Romagnoli, and F. Bilotta, “Perioperative risk factors associated
with increased incidence of postoperative delirium: systematic review, meta-analysis, and Grading of
Recommendations Assessment, Development, and Evaluation system report of clinical literature,” (in eng),
Br ] Anaesth, vol. 130, no. 2, pp. €254-e262, Feb 2023, doi: 10.1016/j.bja.2022.05.032.

155. E. S. Oh et al., “Preoperative risk factors for postoperative delirium following hip fracture repair: a
systematic review,” (in eng), Int | Geriatr Psychiatry, vol. 30, no. 9, pp. 900-10, Sep 2015, doi:
10.1002/gps.4233.

156. C. Oldroyd, A. F. M. Scholz, R.]. Hinchliffe, K. McCarthy, J. Hewitt, and T. J. Quinn, “A systematic review
and meta-analysis of factors for delirium in vascular surgical patients,” (in eng), | Vasc Surg, vol. 66, no. 4,
pp- 1269-1279.e9, Oct 2017, doi: 10.1016/j.jvs.2017.04.077.

157. M. D. Stoddard, A. Cho, S. A. Chen, C. Dunphy, D. N. Wright, and B. Chughtai, “A Systematic Review of
Postoperative Delirium in the Urologic Patient,” (in eng), Curr Urol Rep, vol. 21, no. 12, p. 60, Nov 5 2020,
doi: 10.1007/s11934-020-01010-0.

158. V. Billard, J. Cazalaa, F. Servin, and X. Viviand, “Target-controlled intravenous anesthesia,” in Annales
francaises d’anesthesie et de reanimation, 1997, vol. 16, no. 3, pp. 250-273.

159. D. Eleveld, P. Colin, A. Absalom, and M. Struys, “Pharmacokinetic-pharmacodynamic model for propofol
for broad application in anaesthesia and sedation,” British journal of anaesthesia, vol. 120, no. 5, pp. 942-959,
2018.

160. B. Bychkovsky et al., “Call for action: expanding global access to hereditary cancer genetic testing,” The
Lancet Oncology, vol. 23, no. 9, pp. 1124-1126, 2022.

161. J. E. Capasso, “The cost of genetic testing for ocular disease: who pays?,” Current Opinion in Ophthalmology,
vol. 25, no. 5, pp. 394-399, 2014.

162. S. Paiella et al., “A systematic review and meta-analysis of germline BRCA mutations in pancreatic cancer
patients identifies global and racial disparities in access to genetic testing,” ESMO open, vol. 8, no. 2, p.
100881, 2023.

163. T.R.Rebbeck et al., “A framework for promoting diversity, equity, and inclusion in genetics and genomics
research,” in JAMA Health Forum, 2022, vol. 3, no. 4: American Medical Association, pp. €220603-e220603.

164. G. Sirugo, S. M. Williams, and S. A. Tishkoff, “The missing diversity in human genetic studies,” Cell, vol.
177, no. 1, pp. 26-31, 2019.

165. S. Suther and G.-E. Kiros, “Barriers to the use of genetic testing: a study of racial and ethnic disparities,”
Genetics in medicine, vol. 11, no. 9, pp. 655-662, 2009.

166. J. S. Mogil et al., “The melanocortin-1 receptor gene mediates female-specific mechanisms of analgesia in
mice and humans,” Proceedings of the National Academy of Sciences, vol. 100, no. 8, pp. 4867-4872, 2003, doi:
10.1073/pnas.0730053100.

167. K. Hu et al., “Effects of Vitamin D Receptor, Cytochrome P450 3A, and Cytochrome P450 Oxidoreductase
Genetic Polymorphisms on the Pharmacokinetics of Remimazolam in Healthy Chinese Volunteers,” (in
eng), Clin Pharmacol Drug Dev, vol. 10, no. 1, pp. 22-29, Jan 2021, doi: 10.1002/cpdd.797.

168. S.Packiasabapathy and S. Sadhasivam, “Gender, genetics, and analgesia: understanding the differences in
response to pain relief,” (in eng), | Pain Res, vol. 11, pp. 2729-2739, 2018, doi: 10.2147/jpr.594650.

169. M. Averbuch and M. Katzper, “A search for sex differences in response to analgesia,” (in eng), Arch Intern
Med, vol. 160, no. 22, pp. 3424-8, Dec 11-25 2000, doi: 10.1001/archinte.160.22.3424.


https://doi.org/10.20944/preprints202502.0057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0057.v1

39 of 39

170. J. Liu, Y. Jiang, D. Pang, H. Xi, Y. Liu, and W. Li, “Associations between single-nucleotide polymorphisms
and epidural ropivacaine consumption in patients undergoing breast cancer surgery,” (in eng), Genet Test
Mol Biomarkers, vol. 17, no. 6, pp. 489-93, Jun 2013, doi: 10.1089/gtmb.2012.0388.

171. J.Liu, H. Xij, Y. Jiang, Z. Feng, L. Hou, and W. Li, “Association of CYP450 single nucleotide polymorphisms
with the efficacy of epidural ropivacaine during mastectomy,” (in eng), Acta Anaesthesiol Scand, vol. 59, no.
5, pp. 640-7, May 2015, doi: 10.1111/aas.12501.

172. Q. Pei, Y. Yang, Q. Liu, Z. Peng, and Z. Feng, “Lack of Sex Difference in Minimum Local Analgesic
Concentration of Ropivacaine for Ultrasound-Guided Supraclavicular Brachial Plexus Block,” (in eng), Med
Sci Monit, vol. 21, pp. 3459-66, Nov 11 2015, doi: 10.12659/msm.894570.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.


https://doi.org/10.20944/preprints202502.0057.v1

