
141© Springer Nature Switzerland AG 2021
A. Dabbagh (ed.), Personalized Medicine in Anesthesia, Pain and Perioperative 
Medicine, https://doi.org/10.1007/978-3-030-53525-4_7

Chapter 7
Pediatric Personalized Anesthesia

Bita Malekianzadeh

�Introduction

Neonatal and pediatric anesthesia is an important issue. Because this group of popu-
lation is in growth and developmental stages, they are prone to perioperative com-
plications. Millions of pediatric surgeries are annually performed worldwide. In the 
USA, 6 million children undergo surgery each year, among them, 1.5 million are 
infants. Different drugs are used in daily practice by pediatric anesthesiologists. The 
safety margin of these drugs is very narrow and anesthetic agents can produce vari-
ous responses in different children. Combining anesthesia agents to achieve ideal 
anesthesia with minimal complication is still considered a challenge in pediatric 
patients. Traditional approaches do not always lead to an ideal clinical response. 
Another important aspect in pediatric anesthesia is the issue of potential effects of 
anesthetic drugs on developing brain; the FDA has announced some warnings about 
neuroapoptosis in children younger than 3 years old and fetus of pregnant women 
during their third trimester who undergo repeated or prolong general anesthesia or 
sedation.

Personalized medicine has created a revolution in the practice of anesthesia and 
perioperative care especially regarding its paramount role in pediatric patients. 
Recent advantages in omics science have opened a new horizon in pediatric medi-
cine (Ama et al. 2010; Galinkin et al. 2010; Chidambaran et al. 2012; Andropoulos 
and Greene 2017).

In this chapter, the basic and current understanding of pharmacogenomics, epig-
enomics, proteomics, metabolomics, and interactomics relevant in perioperative 
practice for infants and children are discussed.

Some aspects of this question will be addressed: why the similar patients have 
very different perioperative responses and complications?
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Nowadays, it is believed that each child is unique, and he/she should benefit from 
the best perioperative care.

�Preoperative Care

�The Goal of Providing Preoperative Anesthetic Care

Newborn infants, babies, and children are special population groups that should be 
given special attention during the pre-operative visits. Proper evaluation and prepa-
ration in this group of patients before surgery are of significant importance. One of 
the purposes of visiting patients before the surgery is to identify factors, which may 
increase the risk of anesthesia and by administering the interventions, this risk can 
be lowered. The second purpose is to establish a relationship between the anesthesia 
specialist and the patient and his parents, which can help to relieve the patient’s 
stress before the surgery, which can, in turn, improve the outcome. The condition of 
the patient and his/her family should be optimized (Serafini et al. 2014; Basel and 
Bajic 2018).

�Monitoring

�Traditional Approach

Throughout the pre-operative care, a number of laboratory tests are requested 
according to the patients’ conditions and clinical examinations, and anesthesia plan 
should be prepared for each patient. Pre-operative evaluation starts with examining 
patients’ history. For this purpose, patient and his family were interviewed and any 
current disease and his past medical history were recorded. Issues such as cholines-
terase deficiency, malignant hyperthermia, and other side effects of anesthesia in the 
patient and his family are scrutinized. Also, the patient and his family’s smoking 
history, record, medicine use, and detailed account of their allergies are important. 
In the review of system and physical examination, pre-maturity, BPD, airway prob-
lems, cardiovascular, pulmonary, musculoskeletal, gastrointestinal, kidney, hema-
tology, oncology, metabolic, and endocrine were evaluated and the patient’s 
circumstances according to his underlying disease, and optimized and the necessary 
paraclinical tests are requested.

It seems that conducting laboratory tests on a regular basis before the operation 
cannot significantly affect patients’ outcome; and the tests selected based on the 
patients’ history, circumstances, and operation type can have a more positive effect.

Routine hemoglobin for most elective operations have no indications and it is 
usually measured in patients who are quite expected to bleeding during the 
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operation, patients with hemoglobinopathy, pre-term neonates, and infants under 
5–6 months. Coagulation tests including counting the number of platelets, INR 
(international normalized ratio), PTT (partial thrombin time) are not recommended 
for patients who have no coagulopathy, as it cannot be an accurate criterion in iden-
tifying the patients at the risk of bleeding. These tests can be employed before major 
reconstruction operations, patients with bleeding history, or for tonsillectomy at 
some centers (Bamedi et al. 2017; Bogusaite et al. 2018; Nelson et al. 2018; Zhong 
et al. 2018).

Current risk stratification, which can be determined based on the history and 
patient examination comorbidities, and the operation circumstances account for 
only a small part of the issues involved perioperative (Bilkey et al. 2019).

�Personalized Medicine Approach

Adverse drug reaction (ADR) in children due to their pharmacokinetic and pharma-
codynamic complexity during development, is an important issue. Genetic differ-
ences among people can determine the susceptibility to perioperative events. 
Genetic is equal to 20–95% of individual differences in response to the medicines. 
Personalized pre-operative evaluation should be started before the operation. 
Regarding, this is quite novel about children and new-born babies. As the human 
genome project completed, it is hypothesized that the treatment can be administered 
according to precise molecular changes. Although genomic discoveries have 
affected different areas of medicine such as cardiovascular, neurologic system, met-
abolic diseases, and cancer, it has not been paid attention in the anesthesia field 
(Nashibi et al. 2016; Mottaghi et al. 2017; Safari et al. 2017). It seems that it is the 
ripe time for all the pediatric patients to have gene sequence as a standard preopera-
tive workup just similar to the other experiments as follows: hemoglobin, electro-
lytes, etc. Every person undergoes this experiment once in his lifetime, and its 
results can be used forever. In the future, the specific functions of pharmacologic 
can be determined using one blood sample; and accordingly, the right decisions can 
be made on drug prescription and proper dosage. The process of taking care of 
patients and the clinical outcome will improve the use of this approach (Gabriel 
et al. 2017; Iravani et al. 2017; Bilkey et al. 2019; Sezari and Dabbagh 2019).

Point of care test (POCT) includes the tests performed near the patient and fre-
quently at the bedside. So far, perioperative POCT has included the following: arte-
rial blood gas monitoring, chemistry, the co-oximetry panel, parathyroid hormone 
assay, and coagulation testing such as thromboelastometry (ROTEM), thromboelas-
tography (TEG) (Rhee and Kahn 2010; Shaw 2016; Arboleda and Garner 2017).

This technology is developing in recent years, and it has been used by some 
companies to analyze genetic polymorphism that can affect drug metabolism. The 
practical example is CYP2D19 analysis, which activates clopidogrel. CYP2D19 
different alleles impair the enzyme’s ability to metabolize the drug and lead to side 
effects (Roberts et al. 2012; Naderi et al. 2016).
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POCT (Point of Care Testing) is so helpful for the anesthesiologist to make a 
perioperative quick decision due to the rapid preparation of results. However, there 
may be some concerns about its accuracy. POCT is performed by the clinical staff, 
not by trained laboratory personal, but if it is done with controlled quality, it can be 
very practical (Shaw 2016).

PG screening can be directly transferred to EHR (electronic health record). By 
studying and examining the Electronic Health Record, anesthesia specialist can pre-
scribe the drugs with respect to the patients’ pharmacologic and can also employ 
preoperative pharmacogenomic in the daily practice (Gabriel et al. 2017; Iravani 
et al. 2017; Bilkey et al. 2019; Rahmatizadeh et al. 2020).

The reasons for patients readmission to the GOLDILOKs (genomic and 
ontogeny-linked dose individualization and clinical optimization for kids) clinic 
from 2010 to 2016 has been studied, respectively. In addition to other causes, ADRs 
(adverse drug reactions) and inappropriate response to medication was important 
referral cases. Most patients were Caucasian men. In these patients, pharmacoge-
netics was widely used as a treatment guide. The patients were evaluated by multi-
disciplinary pediatric personalized medicine. However, pharmacogenetic tests are 
not the only means of precision treatment in children; and the identification of many 
pharmacodynamics errors such as drugs interfere with the receptor, is not available 
(Sandritter et al. 2019).

Single nucleotide polymorphism (SNP) is a substitution of a single nucleotide 
that occurs at a specific position in the genome. SNPs are the most genetic varia-
tions among individuals and can cause susceptibility of individual differences to 
certain diseases such as thalassemia, sickle cell anemia, and cystic fibrosis. A poly-
morphism can affect the drug action at any organ of the body. Polymorphism can be 
in the form of SNP, as a substitution of a single nucleotide base pair on an entire 
chromosome to multiple inherited linked base pair changes (a haplotype). A single 
nucleotide polymorphism can alter the absorption, metabolism, drug transport, or 
receptor site; and has a profound effect on the drug action. The function of some 
perianesthetic drugs is altered by gene polymorphism (Table 7.1) (Shenfield 2004; 
Galinkin et al. 2010; Dabbagh and Rajaei 2013).

�Premedication

�The Traditional Drugs

Benzodiazepines: midazolam is a benzodiazepine with rapid onset; however, it has 
short effects. It is frequently used in pediatric anesthesia as oral premedication. 
Through binding GABA in CNS, midazolam has sedative, anti-stress, amnesia, and 
hypnotic effects. Children show quite different reactions to midazolam. It is quite 
likely that it serves as a stress-reliever; however, it has not proven to be effective in 
another patient or even side effects such as paradoxical reactions may be observed 
(Shin et al. 2013b; Pacifici 2014).
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Midazolam is metabolized into its active metabolite, and 1-hydroxymidazolam 
in the liver by CYP3A4 and CYP3A5 enzymes. These enzymes are not very active 
in the first weeks of life and the metabolism rate of midazolam is lower in infants 
compared to older children and adults. The meta-analysis of seven clinical trials 
showed that environmental factors exert a stronger influence on midazolam deposi-
tion compared to CYP3A4/5 (Miao et al. 2009).

However, other studies have shown that CYP3A can affect the pharmacokinetics 
of midazolam. The effect of genetic polymorphism of CYP3A on midazolam phar-
macokinetics was studied in Asian patients suffering from cancer. The results 
showed that clearance of midazolam for CYP3A*5 with (1*/1* or 1*/3*) expres-
sories were 22% lower than CYP3A5 *3 expression and homozygotes (CYP3A5 
1*/1* is the normal genetic status of the enzyme) (Seng et al. 2014). Shin et al. 
reported that the clearance of intravenous midazolam is reliably dependent on 
CYP3A5 *3 (Miao et al. 2009).

The impact of CYP3A5 *3 on clearance of midazolam in basal, induced and 
inhibited conditions were examined. CYP3A5 genotype had no significant effect on 
midazolam pharmacology under the basal and induced conditions. However, under 
inhibited conditions created by using Itraconazole in this study, participants carry-
ing CYP3A5 *1 were less likely to undergo clearance changes. People carrying 
CYP3A5 3*/3* experienced a more significant drop in systematic clearance com-
pared with 1*/1* (Yu et al. 2004).

CYP3A4 is the main CYP in the liver and intestine of human beings and can play 
a key role in the metabolism of many drugs. This enzyme has many variations in the 

Table 7.1  Clinically relevant gene polymorphism of perioperative anesthetic drugs

Drug Gene Effect of polymorphism

Midazolam CYP3A4
CYP3A5

Clearance reduction

Dexmedetomidine CYP2A6
ADR2C

Lower efficacy

Propofol UGT1A9
5HT2A

Higher induction dose
Shorter onset time

Ketamine CYP2B6 Decreased metabolism
Inhalation agents CYP2E1 No significant clinical effect
N2O MTHFR Homocysteine elevation
Fentanyl CYP3A4 Variation in drug response
Local anesthetics SCN5A LA resistance
Succinylcholine
Mivacurium

Bche Clearance reduction

Rocuronium SLCO1B1
ABCB1

Prolonged recovery time

NSAIDS CYP2C9
CYP2C8

Metabolism reduction

Ondansetron
Granisetron

CYP2D6 multicopy Rapid metabolism
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public. A new allele, CYP3A4* 22rs with a frequency of 5–7 % in the Caucasian 
population is accompanied by a drop in CYP3A4 expression and the enzyme activ-
ity, and affects statin, tacrolimus, and cyclosporine metabolism. CYP3A4* 22 
results in a drop in midazolam metabolism in patients suffering from cancer.

In people carrying CYP3A4* 22, 20.7% lower than CYP3A4 1*/1* and for 
CYP3A5 *3 and CYP3A4 *22, there is a 38.7% drop in the rate of metabolism of 
midazolam. In children with CYP3A5 *3 and CYP3A4* 22, a drop in the metabo-
lism of midazolam and its longer-lasting effect was observed (Elens et al. 2013).

Oral lorazepam and temazepam are useful sedatives in older children. Diazepam 
does not have a clinical application for this purpose, because of its prolonged dura-
tion of action (Ronaghi et al. 2016; Chennou et al. 2019; Dave 2019).

Ketamine: ketamine is an NMDA receptor antagonist, used for pediatric pre-
medication. It is an effective sedative and analgesic but isn’t amnestic. Ketamine 
can also cause nausea and vomiting, psychological disturbance and prolonged 
recovery. Its intramuscular injection used as premedication in uncooperative and 
combative children (Yuen and Bailey 2018).

There are individual differences, especially regarding the effects of ketamine 
analgesia. Ketamine is metabolized to its active metabolite, norketamine, through 
CYP2B6 and CYP2A4 in the liver. CYP2B6 is the major isoform that metabolizes 
ketamine. The CYP2B6 coding gene is highly polymorphic. The CYP2B6*6 is the 
most common CYP2B6 gene allelic variant that decreases ketamine clearance and 
explains the many differences in steady-state ketamine concentration. In chronic 
pain patients who treated with ketamine, this allele has been associated with a 
marked decrease of ketamine clearance and an increase in its complications (Li 
et al. 2015; Cook-Sather et al. 2016; Dinis-Oliveira 2017).

Opioids: the use of opioids is uncommon as premedication in healthy children. 
Dysphoria, nausea and vomiting, pruritis and respiratory complications should be 
considered. Oral transmucosal fentanyl citrate has a rapid onset and it is effective as 
midazolam, however, preoperative opioids use is limited to children with pain. The 
OMICS approach for opioids will be discussed later, in the analgesia section 
(Chatrath et al. 2018).

The newer clinical agents: Alpha-2-Adrenoreceptor agonists: dexmedetomidine 
is employed for creating light sedation and analgesia. It is a highly selective α2 
agonist that has been paid lots of attention by children pediatric anesthesiologists as 
it maintains breathing and causes no apnea. Clonidine is an older alpha2 agonist 
with a longer duration of action. Hypotension and bradycardia may occur, however, 
its incidence in the preoperative setting is low (Dabbagh 2011; Moghadam et al. 
2012; Jabbary Moghaddam et al. 2013; Su et al. 2016; Afshari 2019).

There are significant differences in sedation caused by dexmedetomidine among 
people, which is associated with genetic differences. The metabolism of dexme-
detomidine is mainly dealt with CYP2A6, α2 adrenoreceptor (ADRA2C, ADR2B, 
and ADR2A), and UGT (UGT1A4, and UGT2B10). The variance of ADRA2C1291 
is related to a longer onset time effect and lower efficacy of dexmedetomidine (Le 
et al. 2011; Dahmani et al. 2014; Holliday et al. 2014; Andropoulos 2018; Zhou 
et al. 2018a).
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�Preoperative Risk Stratification

Over the past decades, different models have been developed to improve pediatric 
perioperative mortality and morbidity prediction, especially in noncardiac surger-
ies. Risk stratification scores are estimated by considering the patient’s comorbidity 
and intrinsic risk factors of surgery. The patient’s age, prematurity, presence of at 
least one of the comorbidities (respiratory disease, congenital heart disease, renal 
insufficiency, neurologic disease, hematologic disease) and urgent surgery are the 
main items for this purpose; however, the risk assessment tools have a limited mor-
tality and morbidity prediction (Valencia et al. 2019; Nasr et al. 2016).

Omics can be potentially used for individual perioperative risk stratification in 
many patients. MicroRNAs are small, non-coding RNAs that regulate gene expres-
sion in a specific way. Their function as post transcription regulators is to interfere 
with target mRNA. Binding of microRNA to protein coding transcripts can prevent 
the translation of mRNA into a functional protein. In fact, miRNAs mainly act as 
negative regulators. MiRNAs are involved in all physiological processes including 
differentiate, proliferation, metabolism, homeostasis, apoptosis, and inflammation. 
Many of these processes are important in anesthesia and critical care (Zeng et al. 
2014; Neudecker et al. 2016).

The role of miRNA transcription in personalized medicine has been considered 
increasingly much more crucial. Patterns of miRNA emergence suggest new diag-
noses, as well as new therapies to target miRNA. Different drug approaches address-
ing miRNAs are being evaluated in the treatment of various diseases. In pre-operative 
field, miRNA can be used as preoperative biomarkers to stratify the risks and com-
plications during and following surgery and specific organ damage. Using this risk 
indicator can help optimizing the anesthesia and operation conditions, and prevent 
acute organ damage and severe inflammatory responses. MiRNAs can be employed 
in the daily practice of anesthesia and critical care for different patients (Twaroski 
et al. 2014). The role of miRNA in neuroprotection has been studied in various stud-
ies and it can be of significant importance in the field of infants and children anes-
thesia (Huang et al. 2014).

Shortly after the discovery of miRNA in 1993, its profile studies revealed the 
association between miRNA expression and various diseases in humans. Various 
studies have shown that miRNA plays a critical role in human cardiovascular disor-
ders including myocardial infarction, fibrosis, and heart failure. The role of miR-155 
in the development of atherosclerosis is well known. MiRNA-208a is an important 
regulator and modulator of cardiac stress response, and plays a specific role in regu-
lating myocardial function. Accordingly, its genetic deletion showed a decrease in 
hypertrophy and fibrosis in response to cardiac stress in mice (van Rooij et al. 2007; 
Aghajani et al. 2017). MiRNA-208a up regulation leads to increase in incidence of 
βMHC (myosin heavy chain), and increases the risk of arrhythmia and fibrosis; 
therefore, it is a strong predictor of cardiac death and heart failure (Callis et  al. 
2009; Satoh et al. 2010).
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LNA (Locked nucleic acid) is a pharmacological inhibitor of miRNA 208a that 
has been tested in  vivo and specifically targets this miRNA (Montgomery et  al. 
2011). Reduced expression of miR-208a increases the resistance to high-fat obesity 
and can be used in the treatment of metabolic syndrome. The MiRNA-208a inhibi-
tor can increase the level of mediator complex subunit 13 (Med13), which is 
involved in regulating energy expenditure and various cardiac balance genes 
(Grueter et al. 2012).

In children with arrhythmia, paroxysmal or persistent tachycardia are common, 
and can result in heart remodeling and heart failure. MiRNA1 can be a good predic-
tor of supraventricular tachycardia in children. Patients with SVT have lower level 
of miRNA1. MiRNA-133 can more accurately predict ventricular single-
cardiomyocytes, and this biomarker shows higher levels in VT. In animal models, 
miRNA1 is elevated in acute MI and is associated with ischemia-induced arrhyth-
mias. Arterial pulmonary hypertension leads to right heart failure. More than 30 
circulatory miRNAs are associated with the development of pulmonary hyperten-
sion, and the levels of some of them are consistent with the pulmonary vascular 
resistance index ( Zhou et al. 2018a).

Congenital heart diseases encompasses a wide range of heart disease in infants 
and children. Different types of congenital heart diseases such as VSD, ASD, TOF, 
and PDA account for more than 40% of perinatal deaths, and recent evidence has 
shown the significance of miRNA in CHD. Specific miRNAs are required for fetal 
heart development and their dysregulation can lead to cardiovascular structural 
abnormalities. For example, the role of miRNA1-1 and miRNA181  in VSD and 
specific expression changes of more than 61 miRNAs in the TOF, have been dem-
onstrated (Smith et  al. 2015; Sucharov et  al. 2015). Increased blood levels of 
miRNA1 have been shown in congenital heart disease, as predictive of short-term 
outcome after surgery. MiRNA1 is a new biomarker that can be measured during 
perioperative period and improves the care taking of CHD (Stoica et al. 2019).

Since pulmonary complications are the most common postoperative complica-
tion in non-cardiac thoracic surgery patients; the risk of these complications has 
been determined in different ways. MiRNA21, a biomarker of vital role and biologi-
cal function, has been seen as an early predictor of pulmonary complications such 
as ARDS in these patients. High levels of miRNA1 are associated with extra-
pulmonary complications and death within 1 year (Liu et al. 2016).

Recent studies have shown the important role of miRNA in mediating and modu-
lating the effects of various drugs. CYP3A4 is involved in the metabolism of more 
than 50% of common prescription drugs, and individuals’ response to the drugs is 
significantly dependent on the level of CYP3A4. Studies on liver biopsy specimens 
have shown the correlations among four miRNAs and the reciprocal translational 
efficacy of CYP3A4. MiR577, miR1, micRNA532-3p, and micRNA627 are consid-
ered as miRNAs that lead to individual differences in response to CYP3A4 metabo-
lized drugs in the general population (Wei et al. 2014).
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The role of proteomics in personalized pediatric anesthesia: the product of the 
translation of the genes are proteins. There are several millions of unique proteins 
and the expression of all proteins in a cell, tissue or organism is essential for cell-
specific function.

In terms of the physiology and pathophysiology of different cells and tissues, 
there are different proteomes. In fact, in some cases, the product of initial translation 
undergoes some types of modification and post-translation modification, which 
involves a wide range of irreversible reactions. This can be affected by age, environ-
mental conditions, and diseases. Different types of proteins are found in biological 
or clinical specimens. Protein biomarkers can be measured by new methods includ-
ing two-dimensional gel electrophoresis or protein microarray chips (Piazza et al. 
2013; Atkins and Johansson 2006). These biomarkers should be detected in body 
fluids such as plasma, CSF, blood, urine, serum, and saliva.

Proteomic analysis allows the proteins of each individual to act as biomarkers 
playing a critical role in the study of diseases diagnosis processes and also from a 
prognostic point of view. It contributes to understanding the mechanism of the 
action of many drugs in anesthesiology and is of significant importance in clinical 
practice, risk stratification, and response to treatment. It is also widely used in ICU 
and chronic pain for diagnostic and prognostic cases. New diagnostic tests can be 
even suggested using proteomic analysis, which constitutes an important compo-
nent of personalized therapeutics (Giudice and Petsalaki 2019).

Studies in this area on children are not widely available in adults. However, in 
recent years, several studies of protein risk stratification in children, especially in 
acute kidney injury after cardiac surgery, have shown that serum creatinine is a 
delayed marker for acute kidney injury. Preoperative timing is essential in these 
patients. Preoperative measurement of urinary biomarkers complement factor 8 
(CFB) and histidine rich glycoprotein (HRG), significantly improved the risk strati-
fication in these patients (Merchant et al. 2018). Pre-operative IL8 level and post-
operative TNFα can be used as a predictor of AKI following cardiac surgery in 
children over 2 years old. The best method for risk stratification is evaluating the 
patient and using laboratory data, respectively (Park et al. 2016; de Fontnouvelle 
et al. 2017).

The Apolipoprotein E (APOE) genotype is associated with brain post-isch-
emic and brain trauma recovery. APOE gene sits on chromosome 19 and the 
APOE protein play an important role in neuronal repair. The APOE protein con-
tains lipoproteins and the major lipid transporters in the CNS, and it is known as 
a key factor in the mobilization, redistribution of cholesterol, and phospholipid 
remodeling of neuronal membranes. There are three isoforms of APOE (E2, E3, 
and E4), which are encoded by three alleles (ε2, ε3, ε4). APOEε2 allele is associ-
ated with worsening early neurological outcome after infant cardiac surgery 
(Gaynor et al. 2014).
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�Intra-operative Pediatric Care

�Anesthesia Induction, Traditional and Personalized Approach

Clinical response to anesthetic agents during induction and maintenance of anesthe-
sia in similar children at the same dose is not identical. In traditional method, the 
type and dosage of anesthetic drugs are adjusted according to the patient’s condition 
e.g. the patient’s weight and comorbidities. Omics is considered in personalized 
medicine for anesthetized patients, especially in the case of narcotics, which is a 
great variation in the response of individuals (Kaymak et al. 2008).

�Inhalation Induction

Sevoflurane is the most commonly used inhaled anesthetic for induction of pediatric 
patients; both in infants and children. Sevoflurane is a safe anesthetic agent with 
relatively low side effects. It has become a popular induction drug, due to ease of 
administration, rapid onset, less airway irritation and hemodynamic stability. 
However, the prevalence of emergence agitation with sevoflurane induction is 
higher than the other anesthetic agents.

Sevoflurane is metabolized by microsomal CYP2E1  in the liver and kidneys. 
Halogenated inhalation agents reduce hepatic blood flow and sevoflurane anesthesia 
can cause a mild disorder in hepatocellular integrity.

Glutathione s-transferase (GST) is a liver marker that is elevated in sevoflurane 
administration, as a cytosolic liver enzyme, and it might enable earlier detection of 
liver injury. GSTP1 genetic polymorphism has a significant effect on GST serum 
levels and GSTA1 is associated with an increase of concentration of GST, 24 hours 
after the end of anesthesia. However, no subsequent studies were performed to 
select the dose of sevoflurane (Mikstacki et al. 2016; Kaymak et al. 2008; Caplan 
and Felberg 2017).

�Intravenous Induction

Propofol is an intravenous anesthetic with benefits of rapid onset and offset, lower 
incidence of nausea and vomiting and emergence agitation. It activates the GABA 
inhibitory neurotransmitters. The usual induction dose is 1–3 mg/kg, depends on the 
patients age (Chidambaran et  al. 2015; van Hoff et  al. 2015; Kim et  al. 2019). 
Propofol causes systolic, mean and diastolic blood pressure reduction. There is a 
substantial individual susceptibility to propofol. Its etiology can be related to genetic 
polymorphism. A mutation in the 5HT2A gene (rs6313) is along with individual 
susceptibility to propofol. In carries of the minor allele (G) of 5HT2A rs6313, pro-
pofol requirement is lower and the onset time is shorter. Dominant mutations in 
GABA A1 rs2279020, GABAA2 rs11503014, and CHRM2 rs1824024 are along 
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with propofol cardiovascular effects (Zhong et al. 2017). On the other hand, it has 
been showed that UGT1A9-1887-TG variant heterozygotes need larger dose of pro-
pofol (Khan et al. 2014). The effect of intraoperative different anesthetics on miRNA 
expression and proteins is different. Except for the effects of these drugs on neuro-
apoptosis mediators, the hemodynamic profile may also be related to miRNA 
expression in cardiovascular system. Propofol and etomidate are intravenous anes-
thetic agents with different cardiovascular effects. These differences are particularly 
important for cardiovascular and critically ill patients. MiRNAs up and down regu-
lation were studied in patients who received propofol or etomidate. This study 
showed that these drugs have different effects on circulatory miRNA. Regarding 
this, further animal studies are needed to determine which one of the miRNAs 
changes (Yao et al. 2018).

Due to rapid onset and rapid recovery of propofol, it is a common anesthetic drug 
for induction and maintenance. However, propofol infusion is not recommended for 
critically ill children. In recent years, the anti-inflammatory effect of propofol has 
been considered. Propofol can upregulate Annexin A1 protein, which is an anti-
inflammatory protein, and prevent the phosphorylation of P53 and inflammatory 
factors (IL6, IL1β, and TNFα) release (Tang et al. 2011).

Ketamine is a widely used anesthetic agent that antagonizes the N-Methyl-D-
aspartate glutamate (NMDA) receptors. It has many clinical applications, especially 
providing analgesia and cooperation for short procedures in children, because of 
hemodynamic stability and preservation of patient’s spontaneous breathing. 
CYP3A4, CYP2B6 and CYP2C9 enzyme isoforms metabolize ketamine through 
N-demethylation in the liver. Its metabolite is norketamine. CYP2B6*6 allele is 
associated with a reduction of enzyme expression. It may lead to individual differ-
ences in metabolism and clinical response to ketamine (Hijazi and Boulieu 2002; Li 
et al. 2013). Studies have shown no significant association between genotype and 
incidence of emergence phenomena. High dose and long duration administration of 
ketamine, were predictors in this case (Aroke et al. 2017). However, in chronic pain 
patients who use long duration subcutaneous ketamine, CYP2B6*6 allele was asso-
ciated with significant reduction in ketamine steady state plasma clearance. It may 
cause elevation of plasma level and increase in adverse effects of ketamine e.g. 
increased salivary secretions and cerebrospinal fluid pressure. However, the effect 
of this allele on precision medicine and ketamine is still controversial (Li et  al. 
2015; Cook-Sather et  al. 2016). Ketamine induced neuronal apoptosis will dis-
cussed in the neuroapoptosis section.

�Muscle Relaxants

Since introducing succinylcholine to clinical practice in 1950, it has been used as a 
gold standard drug for rapid and profound muscle relaxation. Succinylcholine is 
considered for rapid sequence induction, due to its rapid onset and short duration of 
action. Succinylcholine adverse effects such as prolonged muscle paralysis and fatal 
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hyperkalemia were reported from the same decade. It recommended for emergency 
control of the airway in infants and children (Dierdorf and McNiece 2018).

Succinylcholine and mivacurium (a short acting non depolarizing neuromuscular 
blocker) are hydrolyzed by plasma cholinesterase. Also, butyrylcholinesterase het-
erozygote variant expression leads to less effect of this enzyme and prolonged 
recovery time after succinylcholine and mivacurium administration. In homozy-
gotes, this time can be up to 60 times longer(Palmer et al. 2005). Pseudocholinesterase 
deficiency will discussed later.

Individual differences, resistance and sensitivity in the response to muscle relax-
ants aren’t uncommon. Except of the nature and properties of muscle relaxants, 
individual factors including age, sex, smoking, race, nutrition, obesity and body 
temperature can affect onset time of neuromuscular blockers (Kim et al. 2017).

In the case of nondepolarizan muscle relaxants, a study was performed by con-
sidering the association of liver transporter polymorphism and its effect on the clini-
cal use of rocuronium. SLCO1B1, ABCB1, and CHRNA1 polymorphism has no 
effect on rocuronium onset. In patients with ABCB1 rs1128503TT, SLCO1B1 
rs2306283 AG, and GG genotype; recovery time is prolonged. Accordingly, the 
most important genotype with effect on rocuronium is ABCB1 rs1128503C>T (Mei 
et al. 2015; Awad et al. 2019).

�Pseudocholinesterase Deficiency

Butyrylcholinesterase or pseudocholinesterase is an enzyme produced in the liver 
and can be found in most of the tissues except red blood cells. The defect of this 
enzyme can be hereditary or acquired. The most obvious clinical effect of pseudo-
cholinesterase deficiency is prolonging the effect of relaxants including mivacurium 
and succinylcholine. Among pseudocholinesterase deficient patients, the defect 
cannot be diagnosed until they are exposed to succinylcholine or mivacurium. In 
these patients, prolonged paralysis and apnea are observed after the administration 
of these drugs (Zhang et al. 2018).

Pseudocholinesterase deficiency is important to the anesthesia providers includ-
ing emergency department, anesthesiologists, and intensive care unit. In acquired 
cases, this defect was due to chronic infectious, kidney disease, hepatic disease, 
malnutrition, cancer, severe burns, or using a variety of drugs. In neonates, blood 
levels of the enzyme are usually lower.

Inheriting the defect of pseudocholinesterase is autosomal recessive that is asso-
ciated with mutations in the butyrylcholinesterase gene BChE, which lies in q 
26.1–26.23 position in ch3. Accordingly, Polymorphism of this gene has many vari-
ations. An individual can inherit 65 variants and their clinical pattern ranges from 
mild to severe paralysis and apnea. 96% of the population are homozygote for nor-
mal pseudocholinesterase, which is EuEu designate. The remaining 4% carry atypi-
cal alleles as heterozygote or homozygote (Zencirci 2009).

The most common variant is the Atypical variant A in which mutation occurs at 
nucleotide 209 and Guanine replaces Adenine and Glycine substitutes for Aspartic 
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acid at position of 70 of the enzyme. The Kalow variant (variant K) can reduce the 
enzyme level by 30%; and other types are fluoride and silent resistant. In the tradi-
tional method, the patient and his family history of prolonged anesthesia and apnea 
is examined.

Blood sample and the activity of pseudocholinesterase enzyme, which is mea-
sured using a dibucaine and fluoride inhibition test, are employed for diagnosis. 
Although DNA analysis is not routine, it can be used to diagnose a variety of genetic 
defects such as heterozygotes or atypical alleles. New variants of the butyrylcholin-
esterase genotype are being discovered (Alvarellos et al. 2015).

A study on a 12-year-old child and his family has shown a new mutation. Two 
heterozygous mutations had occurred and stopped the translation and production of 
active protein (double heterozygotes recessive mutation).

•	 Exon2, C.734> T and C.401-402insA

This mutation can be related to the intellectual disability phenotype (Yu 
et al. 2018).

�Malignant Hyperthermia

Malignant hyperthermia is a pharmacogenetic disorder in metabolism of calcium in 
the skeletal muscle, and it is a particular concern to a pediatric anesthesiologist.

Accordingly, it was first introduced as a clinical entity by Denborough in 1960. 
An Australian young man who was afraid of anesthesia due to the death of several 
members of his family, had symptoms such as hypotension, tachycardia, and high 
fever during anesthesia. However, he was rescued using aggressive cooling, and 
genetic tests showed that a dominant autosomal disorder is the main reason under-
pinning death during anesthesia. This disorder starts with MH triggers (volatile 
anesthetics or succinylcholine) and is rarely associated with hypermetabolism 
symptoms and death in the absence of medications and anesthetic triggers.

The symptoms of malignant hyperthermia emerge as hypermetabolic creases 
with rapid onset and uncontrollable release of myoplasmic calcium of skeletal mus-
cle cells. If predisposition for MH is diagnosed in the patient before anesthesia, it is 
preventable (Rosenberg et  al. 2015; Kaur et  al. 2019). Molecular etiology and 
genetics of MH have made significant progress in the recent decades.

RYR1 (ryanodine receptor1), CACNA1s (calcium voltage gated channel subunit 
alpha1s), and STAC3 (stromal antigen3) are three genes associated with susceptibil-
ity to MH.  The RYR1 gene encodes the Ryanodine receptor of skeletal muscle. 
Ryanodine receptors mediate the release of calcium ions from sarcoplasmic reticu-
lum and endoplasmic reticulum, which is an essential step in muscle contracture. 
Mutation of this gene is located at chromosome 19q13.2 and is associated with vari-
ous diseases, pharmacogenetic disorder, malignant hypertension, and three congen-
ital myopathy, including Central Core disease (CCD), and Multiminicore disease 
(MMD), an isolated case of congenital myopathy (Robinson et  al. 2006; Toppin 
et al. 2010; Riazi et al. 2018).
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A coagulopathy disorder with a variant of RYR1, which is implicated in predis-
position for MH, has been recently reported. This report has increased the spectrum 
of clinical disorder, which currently includes myopathies and exertional rhabdomy-
olysis. The RYR1 Ryanodine receptor is mainly found in skeletal muscle, but it can 
also be seen in smaller quantities in immune cells and smooth muscles, and it is 
hypothesized that RYR1 mutations have wider effects compared to those that have 
been previously identified (Lopez et al. 2016).

A small number of MH-prone families carry a variant in the CACNA1s gene, 
which encodes the α-1 subunit of voltage-dependent channels (α-1subunit of the T 
tabular cell voltage-gated Ca+ channel). It is also known as the dihydropyridine 
receptor. α-1 subunit is very important for voltage sensing and conduction of hydro-
pyridine receptor (Stewart et al. 2001; Gillies et al. 2015).

Approximately 50% of MH probands rescued from an MH and individuals who 
are MH-prone based on the contracture tests that carried no RYR1 or CANCA1S 
variants and their genetic basis remain unknown to MH (Klingler et  al. 2014; 
Rosenberg et al. 2015).

Stac3 protein is required for excitation-contraction coupling in skeletal muscle. 
Its function is due to effect on CACNA1channel activity and also normal calcium 
release from the sarcoplasmic reticulum (Fig. 7.1). A homozygote STAC3 mutation 
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has been recently linked to the American native myopathy, which was associated 
with predisposition for MH in a Native American family (Horstick et al. 2013).

STAC3 encodes stac3 protein and it is necessary for the efficient arrangement of 
dihydropyridine receptors and RYR1s. Also, the necessary components of skeletal 
muscle excitation contraction coupling underlying MH are the interruption of exci-
tation contraction coupling and the sudden and severe increase in toxic sarcoplas-
mic calcium via RYR1, which occur in response to the endogenous or exogenous 
stimulus. Currently, more than 200 RYR1 variants have been found in association 
with MH, but only 35 RYR1 variants and 2 CACNA1s variants were recognized as 
being functionally characterized to be used in diagnostic genetic testing for MH 
(Gillies et al. 2015; Hopkins et al. 2015; Riazi et al. 2018).

Anyone carrying one of the MH pathogenic variants is susceptible to MH. When 
a variant of the familial pathogen is identified, genetic testing is required for all the 
family members. However, having a predisposition for MH cannot be rejected for 
those who are not carriers of the familial variant, because there is a possibility for 
more than one pathogen variants in the same family. Therefore, a contracture test 
must be done for these patients. Accordingly, DNA-based MH susceptibility detec-
tion is an attractive choice, especially in children as it can be an alternative to mus-
cle biopsy and in vitro contracture caffeine halothane test (Stowell 2014).

�Maintenance of Anesthesia, Traditional 
and Personalized Approach

�Amnesia

Midazolam is a water soluble, short acting benzodiazepine that provides amnesia 
during children’s anesthesia. It is metabolized in the liver through CYP450 enzyme. 
Clearance of midazolam, significantly depends on the patient’s age. Preterm infants 
have the lowest metabolism rate, due to immaturity of CYP3A4 metabolism. 
Midazolam pharmacogenomic has been discussed in preoperative section (Shin 
et al. 2013b; Brussee et al. 2018).

�Analgesia

The response of pediatric patients to opioids is highly variable. In addition to imma-
turity of organs such as brain and liver in neonates and its important effect on drug 
metabolism; pharmacogenetic issues are also important. A well-known pharmaco-
genetic example of pediatric morbidity is the administration of codeine conven-
tional doses to ultra-rapid metabolizer children. In ultra-rapid metabolizers, most of 
the prodrug become active form and toxicity sharply increases. This will be dis-
cussed in pediatric personalized pain management (Kirchheiner et al. 2007; Iravani 
et al. 2017).
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Fentanyl is a common and potent narcotic for pediatric intraoperative analgesia 
due to more hemodynamic stability compared to morphine and the other opioids. it 
is metabolized by CYP3A4/5. The patient’s response to fentanyl and perioperative 
dose is highly variable (Mieda et  al. 2016). Fentanyl clearance has decreased in 
preterm infants, but reaches to 80% of adults in term infants.

Synthetic opioids dose should be reduced in the first 4 weeks of life and for pre-
mature infants at least until to 44 weeks post conceptual age. Remifentanil is metab-
olized by nonspecific plasma and tissue esterase and has a very short half-life. The 
importance of liver and kidney maturity is negligible. Its metabolism is not affected 
by butyrylcholinesterase deficiency. Effective half-life of remifentanil in neonates is 
similar to older children and adults and it requires no dose adjustment (Kamata and 
Tobias 2016; Cravero et al. 2019).

�Morphine

Morphine is a practical opioid to control pain in pediatric patients. There is a large 
variation in its pharmacokinetic in neonates and young infants. Morphine dose 
should be adjusted in neonates, because of lower glomerular filtration rate and 
hepatic enzymes immaturity (Elkomy et al. 2016; Cravero et al. 2019).

It is very difficult to link morphine function to a single gene. To understand the 
function of morphine in relation to one’s genetic, it should be followed from the 
times that enters the circulation to the effect site. After intravenous injection of 
morphine, it is first metabolized in the liver. Glucuronidation is the major pathway 
of morphine metabolism. A change in UDGT (uridine diphosphate glycosyl trans-
ferase) can increase morphine glucuronidation and reduce its effect. To enter the 
brain cells, cassette transporter (ABBC1) is necessary. Investigations in the trans-
porter polymorphism is in its infancy. However, it has been shown up to know that, 
polymorphism of the transporter can increase morphine dose up to twice. The effect 
site of morphine and other opioids is the μ receptor. OPRM1 gene encodes this 
receptor and A118G polymorphism results in reduced opioid sensitivity. Opioids, in 
order to be effective, must send a signal from μ receptor to brain and activate the 
analgesic effect. This internal signal is β Arrestin. C8622T polymorphism encodes 
β Arrestin, and increases morphine efficacy. The interaction of these four target sites 
is very complex and further research is needed in the future to clarify the relation 
between drug signal relationship and receptor (Galinkin et al. 2010; Kaye et al. 2019).

�Hypnotics

Inhalation agents such as isoflurane are widely used in pediatric anesthesia mainte-
nance. Anesthesia maintenance with desflurane is an effective agent with rapid 
recovery due to lower blood-gas and tissue-blood solubility compared to the other 
common anesthetics, but it isn’t approved for induction and maintenance of anes-
thesia in non-intubated pediatric patients. The incidence of respiratory adverse 
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events, including coughing, laryngospasm and secretions is significantly higher 
with desflurane (Kapoor and Vakamudi 2012; Khan and Liu 2020).

Effect of these agents on neuronal apoptosis in different doses and duration of 
administration has been studied. Various studies have shown long term exposure to 
isoflurane can induce behavioral and cognitive impairment (Coleman et al. 2017; 
Demirgan et al. 2019). Neuroapoptosis will be discussed later.

MAC (minimum alveolar concentration) of inhalation anesthetics is age depen-
dent. MAC rises during the neonatal period, peaking in infancy and then decreases 
throughout life (Nickalls and Mapleson 2003). Studies have shown inhalation anes-
thetics resistance in redheads. Melanocortin1 receptors are members of the rhodop-
sin family of 7-transmembrane G protein-coupled receptors. MC1R (melanocortin1 
receptor) is associated with pigmentation genetics. MC1R gene polymorphism is 
associated with the increase of the required dose of desflurane. This mutation occurs 
more frequently in redheads (Liem et al. 2004). Less than 5% of inhaled anesthetics 
is metabolized in the body and the elimination is through the lungs. Inhalation anes-
thetics are also metabolized by CYP2E1. This elimination is trivial. 20–50% of 
halothane, 2% of sevoflurane, less than 1% of isoflurane and 0.1% of desflurane are 
metabolized by CYP. Genetic variations of this enzyme have no significant clinical 
effect (Nair 2019).

N2O is the oldest and also the most common anesthetic used worldwide. It is an 
adjunct to other agents during induction and maintenance of anesthesia. Nitrous 
oxide increases plasma homocysteine via vitaminB12 irreversible inactivation. It 
seems an acute elevation in homocysteine appears to increase the risk of cardiac 
complication such as ischemia (Nagele et  al. 2013). C677T or A1298C variant 
homozygote patients for MTHFR (methylene tetrahydrofolate reductase) gene, 
have higher levels of homocysteine after N2O administration. Nitrous oxide admin-
istration is very dangerous and has severe complications among MTHFR deficient 
children. N2O is not metabolized and irreversibly oxidizes vitamin B12  in these 
patients. Vitamin B12 is essential for methionine synthetase function. The active 
form of methionine, s-adenosylmethionine, is critical for methylation in many bio-
chemical reactions, neurotransmission, and DNA synthesis. Two infant deaths fol-
lowing anesthesia with nitrous due to preoperative undiagnosed MTHFR have been 
reported. This diagnosis should be warranted in infants with clinical symptoms e.g. 
hypotonia, seizure, and psychomotor retardation. 29 mutations of MTHFR are asso-
ciated with methionine severe deficiency (Selzer et al. 2003).

�Local Anesthetics

Regional and neuraxial blocks have many advantages in pediatric anesthesia, such 
as reduction of the anesthetic agent requirement and better postoperative experience 
for children and their parents. The quality of these blocks depends on the dose and 
characteristics of the used local anesthetic and site of the effect. In several cases, 
despite the ideal block condition, the response to local anesthetics is inadequate. 
Local anesthetics can act by blocking sodium channels. Resistance to local 
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anesthetics is uncommon. It is assumed that LA resistance is related to variations in 
voltage gated sodium channels (NaV). In this regard, through one family whole-
exome sequencing, a genetic variant was identified in NaV.  A572D mutation in 
SCN5A gene, which encodes NaV1.5. More incidence of local anesthetic resistance 
has been reported in Ehlers-Danlos syndrome with unknown cause. Further research 
is needed (Batas et al. 2007; Clendenen et al. 2016; Schubart et al. 2019).

NaV plays an important role in action potential formation in neurons and muscle 
cells. Mutation in NaV1.7 encoding gene, SCN9A, is associated with pain percep-
tion disorders such as congenital analgesia, paroxysmal pain disorder, and primary 
erythermalgia. Also, NaV mutations is responsible for some genetic epileptic syn-
dromes (Catterall et al. 2010; Marković et al. 2015).

�Intraoperative Awareness

Occasionally, despite the administration of a sufficient dose of anesthetic drugs dur-
ing operation; the patient experiences awareness, and this is so unpleasant. Few 
genetic variants may be involved in intraoperative awakening and inadequate 
explicit memory suppression during anesthesia. Studies have found no gene having 
a strong association with intraoperative awareness. The authors identified 29 genetic 
variants in these patients including CACNA1A, CACNA1S variations, and genes 
encoding calcium and purinergic receptors (Sleigh et al. 2019).

�Antagonists of Neuromuscular Blockers

Neostigmine is the most widely used anticholinesterase for nondepolarizing muscle 
relaxant reverse. It reduces the risk of residual paralysis and associated adverse respi-
ratory events. Neostigmine has many benefits including the ability to reverse all non-
depolarizing muscle relaxants, low cost and availability. A lower dose of neostigmine 
is required in children compared to adults, due to neuromuscular junction differ-
ences: The number and quantity of nicotinic receptors, amount of acetylcholine 
reserve and acetylcholinesterase enzyme activity (Wu et al. 2014; Luo et al. 2018).

�Postoperative Care, Traditional and Personalized Approach

�Post Anesthesia Care Unit for Stable Patients

The patients are transferred to post anesthetic care unit after deep or awake extuba-
tion (according to patients’ situation). Post anesthesia care period is a high-risk 
time for pediatrics. Oxygen desaturation, nausea, vomiting, temperature instability 
may be occurred. Recovery time varies widely among different patients, (Jain 
et al. 2018)
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Anesthesia recovery may have a presynaptic mechanism. Similar patients do not 
have similar recovery times. Synaxin-1A is a protein encoded by STX1A gene. Synaptic 
vesicles store neurotransmitters that are released during calcium-regulated exocytosis. 
The specificity of neurotransmitter release requires the localization of both synaptic 
vesicles and calcium channels to the presynaptic active zone. Syntaxin acts in this vesi-
cle process and plays a key role in neurotransmitter release. Mutation in STX1A gene 
have influences on the anesthesia effect in vitro and in vivo. This mutation facilitates 
isoflurane recovery in Drosophila melanogaster and resistance to volatile anesthetics 
and intravenous anesthetic drugs (Troup et al. 2019; Templeton et al. 2019).

Emergence agitation is a common complication immediately after waking in 
preschool pediatric patients, and happens more with sevoflurane anesthesia. 
Although it is self-limited, it can be associated with severe complications such as 
self-injury, pulling out of intravenous line or fully (Templeton et al. 2019). In addi-
tion, there is a need for more sedative and anxiolytic drugs that prolongs recovery 
time in children. Also, the exact mechanism is not clear. Some studies have shown 
that midazolam, which its target effect site is GABAAγ2 subunit, reduces emergence 
agitation, and flumazenil reverses this effect; however, this is a controversy issue. It 
may be GABR2 genetic polymorphism involved in emergence agitation develop-
ment. A study conducted on pre-school children who underwent tonsillectomy, 
showed genetic polymorphism, SNP (single nucleotide polymorphism) 211037C/T, 
nucleotide position 3145 in intron A (G) may affect incidence and intensity of emer-
gence agitation through GABA receptor function (Araki et al. 2005; Park et al. 2008).

�PONV

Postoperative nausea and vomiting (PONV) is the most common complication of 
anesthesia in children. PONV incidence in this group of age is twice that of adults. 
Predictive factors include: age of 3 years, positive family history of PONV, history 
of motion sickness, type of surgery such as strabismus and adenotonsillectomy, 
duration of surgery equal to 30 min, opioid administration (Wiesmann et al. 2015; 
Chau et al. 2017).

For prophylaxis against PONV, intravenous serotonin receptor (5-HT3) antago-
nists such as ondansetron and granisetron given intraoperatively. 5HT3 antagonists 
are highly effective in prophylaxis and treatment of PONV with minor adverse 
effects. The other drugs such as intravenous dexamethasone decrease the incidence 
of PONV (Gan et al. 2014; Frelich et al. 2018). However, prophylaxis and treatment 
failure with ondansetron is sometimes observed. Individual variations in response to 
treatment is multifactorial. One of the possible mechanisms is ultra-rapid metabo-
lism via CYP450 system especially CYP2D6 enzyme. The patients with multiple 
copies of the CYP2D6 allele, are ultra-rapid metabolizers and have higher incidence 
of treatment failure. The receptors that may play a role in PONV incidence are 
5HT3B, dopamine type 2 and mu-opioid receptor. Preoperative polymerase chain 
reaction (PCR) and restriction length polymorphism (RFLP) test can define 
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CYP2D6 allele genotype (Candiotti et al. 2005; Wesmiller et al. 2013; Niewinski 
et al. 2018; Zhou et al. 2018a; Awad et al. 2019).

�Postoperative Care in Critical Patients

Inflammation and sepsis are one of the causes leading to death in critically ill 
patients during perioperative period. Epigenetic modifications such as DNA meth-
ylation, histone modification and miRNAs are emerging as important players in 
modulating the immune responses and inflammation that ultimately result in multi 
organ failure in critical ill patients. Using the biomarkers for early detection of 
organ damage and overall prognosis is a new idea. Therapeutic strategies targeting 
epigenetic mechanisms are very interesting and still at early stages. Identification of 
epigenetic changes in personalized therapeutic approach, with the aim of using pre-
cise treatments, can improve critical care in the future. Several studies have shown 
that miRNAs are involved in adaptive immune response regulation and dynamically 
modulate the proliferation, differentiation, and the function of immune cells. 
Depending on the target gene, miRNAs can ameliorate proinflammatory or anti-
inflammatory responses, so miRNAs exacerbate or decrease inflammatory responses 
(Fazi et al. 2005; Boldin et al. 2011).

MiRNA223 modifies innate immune response in two levels. It directly controls 
granulocytes differentiation and maturation, in addition to regulating granulocytes 
function (Fazi et al. 2007).

Caspase1 enzyme regulates IL8 level, and plays a role in inflammation and apop-
tosis. NLRP3 is a multiprotein complex, which senses cellular stress and mediates 
inflammatory responses. NLRP3 is an important caspase1 regulator. NLRP3 play a 
role in pathogens of hereditary cryoprinopathies (a spectrum of auto inflammatory 
syndromes), and is associated with some disease such as gout, DMII, and atheroscle-
rosis. MiRNA223 suppresses NLRP3 through 3′UTR, thus restricts auto inflamma-
tory processes. MiRNA223 deletion, increases susceptibility to infection in mice 
(Bauernfeind et al. 2012).

Postoperative pulmonary complications such as acute respiratory distress syn-
drome (ARDS) and ventilator associated pneumonia (VAP) are associated with high 
mortality and morbidity rate. These patients are managed by various treatments 
such as antibiotic therapy and lung protective ventilation strategies. In several stud-
ies, the effect of intravenous administration of selenium has been investigated with 
the aim of modulating inflammatory responses to ARDS.  Selenium can reduce 
inflammatory responses in pneumonia, and significantly improve the respiratory 
mechanics; however, it has no effect on patient’s survival (Trivedi et  al. 2017; 
Mahmoodpoor et al. 2018, 2019a).

In order to ventilator associated pneumonia prophylaxis, administration of pro-
biotics has been investigated in adults and children. Probiotics contain non-
pathogenic flora that compete with pathogens and modulate the local and systemic 
immune system. Probiotic administration is a novel intervention for VAP and other 
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nosocomial infections prophylaxis, and especially in children can decrease VAP 
incidence and ICU and hospital stay (Mahmoodpoor et al. 2019a).

After major surgeries, especially open-heart surgery in children, acute kidney 
injury can increase mortality and morbidity. Clinicians try to prevent this complica-
tion by keeping stability of hemodynamic and maintaining fluid and acid-base bal-
ance in these patients. Also, early diagnosis and intervention are critical in this case. 
We need biomarkers for early detection of postoperative acute kidney injury, 
because serum creatinine is a delayed biomarker. In recent years, protein biomark-
ers have been investigated and used for this purpose. Three proteins including: 
α1acid glycoprotein, urinary α1microglubuline, and albumin can detect early acute 
kidney injury, which are also useful in determining the prognosis and the length of 
hospital stay (Devarajan et al. 2010; Greenberg and Parikh 2017).

Various studies have shown the role of inflammatory biomarkers, especially IL8, 
to evaluate treatment response in patients with acute kidney injury. Serum CysC 
(sCys C), Serum neutrophil gelatinase lipocalin (s NGAL), Urine neutrophil gelati-
nase lipocalin (s NGAL), Urine liver fatty acid binding protein (UL-FABP), and 
Urine kidney injury molecules (UKIM) have been used to predict AKI and its sever-
ity after cardiopulmonary bypass in children (Peco-Antic et  al. 2013; Greenberg 
et al. 2018).

�Pediatric Personalized Pain Management

The progression of fields such as epigenetics, proteomics, transcriptomics, and 
metabolomics, has enhanced our appreciation of the complexity of acute, chronic 
and neuropathic pain response and its relation to individual genetic. Omics studies 
are relatively limited in the field of children’s pain. The most prominent clinical 
cases in children include different responses to codeine. Codeine is a prodrug that 
converts to its active metabolites, morphine, and morphine 6-glucoronide in the 
liver. Most of the administrated codeine is converted to inactive metabolites by 
glucuronidation and N-demethylation and 10–20% of codeine metabolizes to active 
metabolites by CYP2D6 (Cytochrome P450 2D6) enzyme (Fig. 7.2). CYP2D6 gene 
is highly polymorphic with more than 100 CYP2D6 different alleles. Alleles are 
characterized as normal function (wild type), reduced function, and non-functional. 
Patients are divided into poor, intermediate, extensive, and ultra-rapid metabolizer 
in terms of the enzyme activity score. In poor metabolizers, activity score is lower 
than 0.5 and patients with activity score between 0.5 and 1 are considered interme-
diate metabolizer, those between 1.0 and 2.0 are extensive metabolizer and those 
with score greater than 2 are ultra-rapid metabolizers. In poor metabolizer patients, 
codeine has no analgesic effect, whereas ultra-rapid metabolizers are at high risk of 
serious adverse effect such as respiratory depression. There are allele’s variations 
between racial and ethnic groups. Normal function alleles (wild type) are more 
frequent among European Caucasians compared to Asian and African-Americans. 
Genetic studies conducted on East Africa population showed that 29% of studied 
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subjects are ultra-rapid metabolizer and susceptible to serious adverse complica-
tions. Over the past years, several cases of respiratory depression, anoxic brain 
injury, and even death in pediatric patients who received appropriate doses of 
codeine has been reported, especially in post tonsillectomy analgesia administra-
tion. A case of infant death due to codeine consumption by the breast feeding, ultra-
rapid metabolizer mother has been reported. In this regard, FDA warned of codeine 
use in nursing mothers due to the risk of neonatal deaths. In 2013 the use of codeine 
for post tonsillectomy analgesia was contraindicated in children, and in 2017, 
codeine and tramadol were banned in children under 12. In addition to codeine; 
tramadol, hydrocodone, and oxycodone are metabolized by CYP2D6 and affected 
by polymorphism of this gene (Aklillu et  al. 2002; Bradford 2002; Thorn et  al. 
2009; Crews et al. 2014; Mele and Goldschmidt 2017).

Although routine preoperative genotyping is only performed in a limited number 
of centers, CYP2D6 pharmacogenetics can be used as a guideline for treatment of 
opioid use in children, especially in certain groups such as sickle cell patients, 
which codeine is one of the most commonly used drugs (Gammal et  al. 2016; 
Chidambaran et al. 2017a).

Most studies among pediatric patients have focused on investigating genetic 
polymorphism in genes related to morphine metabolism, transport across mem-
branes, and effector sites; and interesting results have been achieved (Table 7.2) 
Morphine is metabolized in the liver by Uridine diphosphate glucuronyl transferase. 
The uridine glucuronyl transferase (UGT) enzymes are subdivided into 4 families, 
and each of these can be categorized into subfamilies. The UGT2B7 isoform of the 
UGT2 family is the principle isoform responsible for morphine metabolism. 
Morphine is metabolized to morphine 6 glucuronide (M6G) and morphine 3 gluc-
uronide (M3G). In patients with UGT2B7 variant in position-79 M6G/morphine 
and M3G/morphine ratio reduced, compared to non-carriers (De Gregori et  al. 
2016; Talebi et al. 2017). Studies regarding the effects of UGT2B7 on morphine 
glucuronidation activity are limited, and it is not clear how its genetic variant affects 
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Fig. 7.2  Codeine metabolism. 10–20% of codeine converts to active metabolites by CYP2D6
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morphine metabolism. In adult studies, polymorphism of this gene has been associ-
ated with variations in clearance of morphine. Morphine is common opioid for post-
operative pain management, and despite its long history of use, there is still no 
concordance between dose and analgesic effect in adult and children. It is used in 
various forms, and respiratory depression, post-operative nausea, and vomiting are 
its common complications. Other genes including gene coding for transport pro-
teins such as ATP binding cassette, subfamily B, member 1(ABCB1), which is a 
transporter in the blood brain barrier and organic cationic transporter 1 (OCT1), 
which functions as a hepatic uptake transporter. ABCC3 facilitate hepatic morphine 
metabolites efflux. In children with rs4148412AA and rs4973665CC genotype, the 
likelihood of respiratory depression and long-term ICU is increasing. The effect of 
ABCB1 genetic variations on respiratory depression after intravenous morphine 
administration has also been demonstrated in children. Children with GG and GA 
genotype of ABCB1 polymorphism rs9282564, have a greater risk of respiratory 
depression (Sadhasivam et al. 2015) The efflux of morphine glucuronide from the 
hepatocyte cell is an ATP dependent process, mediated by ATP binding cassette 
transporter including ABCC3. In some literatures, the authors have demonstrated 
that ABBC3 gene variants contribute to variability in morphine, M6G and M3G 
pharmacokinetics and can potentially affect serious adverse effects of morphine. 
The presence of allele A at rs4148412 and allele G at rs729923 increase the risk of 
prolonged respiratory depression and PACU stay after pediatric tonsillectomy 
(Venkatasubramanian et al. 2014; Chidambaran et al. 2017a).

Organic cationic transporter (OCT) can transport morphine from blood to hepa-
tocytes. OCT1 polymorphism causes higher risk of respiratory depression and 
PONV after morphine administration. Pharmacokinetic studies among pediatric 
patients of diverse racial and ethnic backgrounds have shown differences in mor-
phine administration side effects. Caucasian and AA children significantly differ in 
the incidence of obstructive sleep apnea and total morphine use. A study on 
Caucasian and African American children showed association between OCT1 gene 
polymorphisms and the presence of side effects in Caucasian children. OCT1 poly-
morphism rs12208357 was associated with post-operative nausea and vomiting 
(PONV) and prolonged PACU stay. A significant association was also found, 
between rs72552763 GAT deletion and high incidence of respiratory depression 
(Balyan et al. 2017).

Studies showed that polymorphism of OPRM1 gene (the gene coding for mu 
opioid receptor type1) was associated with pain sensitivity. An association between 

Table 7.2  Genes that their polymorphism affects pharmacokinetic of morphine in children

Gene Protein action Polymorphism effect

UGT2B7 Morphine metabolism Variations in the effect of morphine
ABCB1(MDR1) Drug transporter at the BBB Greater risk of respiratory depression
OCT1 Hepatic uptake transporter Lower morphine clearance
ABCC3 Efflux M6G and M3G into the blood Higher M6G plasma level
OPRM1 μ opioid receptor Poor response to morphine
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the A118G single nucleotide polymorphism in the OPRM1 gene and pain sensitiv-
ity was reported in children who carry the G-allele have higher postoperative pain 
scores (Table 7.2) (Lee et al. 2016).

Nonsteroidal anti-inflammatory drugs (NSAIDS) prevents prostaglandin pro-
duction and decrease of peripheral pain and inflammation. NAIDS use as a part of 
multimodal analgesia. Most of NSAIDS are metabolized by CYP450 enzymes, 
including CYP2C8 and CYP2C9. The patients with CYP2C8*2,*3, CYP2D9*2 or 
*3, are poor metabolizers. The recommended treatment start dose for these patients, 
is half the normal dose to avoid adverse effects such as bleeding, cardiovascular or 
gastrointestinal events (Wyatt et al. 2012).

Acetaminophen is widely used in pediatric practice. It metabolizes in the liver 
extensively by glucuronosyltransferase (UGT), cytochrome P(CYP), 
sulfotransferases(SULT) and glutathione-s-transferase(GST). Polymorphisms of 
these enzymes can cause individual differences in the response to acetaminophen 
administration (Krasniak et al. 2014; Awad et al. 2019).

Epigenetic changes do not affect or alter DNA sequence. DNA methylation is 
one of the epigenetic mechanisms, which occurs in OPRM1 gene in chronic pain 
patients, which is correlated with increased chronic pain score, suggesting that opi-
oids may improve pain through a direct effect on DNA transcription (Chidambaran 
et al. 2017a).

Toll like receptors are the members of the pattern recognition receptor (PRR) 
family, which play a critical role in innate immune system and their main function 
is to identify pathogen molecules and initiate an immune response against them; 
therefore, they are involved in various physiologic and pathologic processes such as 
septic shock. MD-2 is a glycoprotein required for response to lipopolysaccharides, 
which binds to LPS and extracellular domain of TLR4; therefore, it is essential for 
TLR4 activation. TLR4 is widely present in the cell surface and endosomes of 
immune and nonimmune cells, especially in human nervous system. Recent studies 
indicated a fundamental role of TLR4 in several chronic neuropathic pain model. 
Peripheral nerve injury can induce spinal microglia/astrocyte activation, so inhibi-
tion of TLR4 can develop less neuropathic pain and decrease expression of pain 
related cytokines. In this regard, FDA approved TLR4 inhibitors were investigated, 
and the authors demonstrated that these drugs can be considered as a good choice 
for further in-vitro and in-vivo neuropathic pain studies (Bagheri et al. 2016; Sezari 
2017; Zali et al. 2019).

Gene expression leading to protein production in multiple studies of pain in rat 
was examined. CCL2 and Reg3b genes are correlated to the protein’s monocyte 
chemoattractant protein 1 and pancreatic-associated protein. These proteins can be 
used as biomarkers of pain response in rats (LaCroix-Fralish et al. 2011).

Among the metabolite examined in rats’ chronic pain, it was found that endog-
enous metabolite N, N-dimethyl sphingosine (DMS) production (a catabolite of 
ceramide) was significantly altered. DMS was intrathecally injected into healthy 
rats. Within 24 hours, rats developed persistent allodynia, so DMS inhibition can be 
considered as a novel target for reduction of neuropathic pain. Metabolomics are 
potential for developing new drugs and therapeutics in chronic pain (Patti et al. 2012).
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TAOK3 gene encodes serine/threonine protein kinase and TAO3, an amino acid 
protein. TAO3 is a member of the large mammalian kinase family that is present in 
the cytoplasm and cell membrane, which is similar to regulating pain and analgesia 
proteins. Mu-opioid receptor (MOR) is an opioid receptor plays an important role 
in the effectiveness of opioids, especially morphine. Also, MOR and TAO3 interac-
tions are interesting. MOR has more than 15 serine/ threonine residues, available for 
protein kinases. TAO3 variants can alter the phosphorylation pattern of MOR and 
cause desensitization of this receptor and morphine resistance phenotype. Genome 
wide association study in a pediatric surgery center, demonstrated an association 
between rs795484 and rs1277441 at TAOK3 locus and total increase morphine 
requirement (Cook-Sather et al. 2014).

�Special Considerations

�Neuroapoptosis and Developing Brain

Anesthesia drugs are extensively used in infants and children for a wide range of 
procedures; however, little is known about their effects on the developing brain. 
Millions of pediatric surgeries are annually performed worldwide. In USA, 6 mil-
lion children that 1.5 million of them are infants, undergo surgery each year (Loepke 
et  al. 2009; Kodama et  al. 2011; Andropoulos and Greene 2017). Normal brain 
development involved neurogenesis and synaptogenesis. Non-physiological expo-
sure to various drugs and stressors such as pain, the mother separation, hypoglyce-
mia, hypoxia, and ischemia during the critical periods of brain development, can 
cause neurodegeneration. Animal studies showed that anesthesia drugs can cause 
neurologic and cognitive adverse effects under certain conditions such as prolonged 
anesthesia among infants and young children. Central nervous system has not 
evolved at birth and continues to grow during the early postnatal years. A large vol-
ume of experimental and laboratory studies over the past decade have demonstrated 
the association between general anesthesia during rapid brain development and 
increased neuronal apoptosis and long-term complications in mice, guinea pigs or 
primates (Loepke et al. 2009; Kodama et al. 2011; Andropoulos and Greene 2017). 
Regarding, the effect of GABA agonist or NMDA antagonist drugs e.g. midazolam, 
ketamine, propofol, etomidate, isoflurane, sevoflurane, desflurane, and N2O has 
been investigated and evidence of apoptosis and synaptic dysfunction has been 
obtained (Sun 2010; Wang et al. 2014; Creeley 2016; Andropoulos 2018). These 
drugs block neuronal transmission that result in synaptic deprivation, and then 
intrinsic neuroapoptosis pathway is activated due to lack of neuronal stimulation. 
Anesthetic drugs increase mitochondrial permeability through bcl2 proteins. The 
B-cell lymphoma-2(BCL-2) family protein control the intrinsic apoptosis pathway. 
The pro-apoptotic BCL-2 proteins, BAX and BAK can commit a cell to its pro-
grammed death by permeabilizing the outer mitochondrial membrane, release of 
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cytochrome c into cytosol and subsequent initiation of caspase cascade. This phe-
nomenon rapidly occurs within 2 h of anesthetic drug exposure (Zhang et al. 2010; 
Boscolo et al. 2012; Zhang et al. 2012; Kajimoto et al. 2014).

N2O is a NMDA antagonist drug that its neurotoxicity effect is related to 
increased homocysteine levels. Homocysteine can cause cell death and cognitive 
dysfunction (Savage and Ma 2014). The neuroprotection effect of α2 agonists (cloni-
dine, dexmedetomidine) has been shown in various animal studies (Laudenbach 
et al. 2002; Men’shanov et al. 2007; Sanders et al. 2009).

An important question facing the pediatric anesthetist is the potential neurotoxic-
ity of anesthetic drugs. Unfortunately, translation of bench finding to bedside is 
limited. It is impossible to study histologic anesthetized pediatric patients; there-
fore, alternative approaches such as biomarkers should be used to evaluate this 
important issue. Also, the safest and the most effective method should be chosen for 
pediatric anesthesia (Levy et al. 2016). Detectable biomarkers in blood or CSF are 
ideal for this purpose. Biomarkers that are sensitive and elevate shortly after drug 
exposure are used, and out of this, S100-β, neuron specific enolase, glial fibrillary 
acidic protein, myelin basic protein, αII-spectrin breakdown products, apolipopro-
tein E, and Ubiquitin (carboxyl-terminal hydrolyze isozyme L1) can assess damage 
severity and outcome prediction in adult and pediatric brain trauma patients. Many 
of these proteins have been used to determine the prognosis of other conditions e.g. 
neonatal hypoxic ischemic encephalopathy (Kovesdi et  al. 2010; Looney et  al. 
2015; Zhou et al. 2016; Fani et al. 2018). Nowadays, biomarkers such as miRNAs 
are used in ongoing studies. In addition, the roles of genetic and epigenetic in neu-
roapotosis have been investigated. Epigenetic changes are heritable, which target 
gene expression and function without alternation in DNA sequence. Major epigen-
etic mechanisms include DNA methylation, histone modification, and non-coding 
RNAs. The epigenetic implications for susceptibility to injury and its severity are 
important. Epigenetic may lead to the identification of novel markers in the field of 
neuroapoptosis. Animal studies have shown exposure to general anesthesia during 
the critical period of brain development, modulates expression, and function of the 
cAMP-responsive element binding protein (CREB) and CREB-binding protein 
(CBP), which are important in the regulation of expression several genes required 
for memory formation. In fact, the two key transcription factors are CREB and 
CBP. Accordingly, their modulation results in epigenetic changes and histone hypo-
acetylation, and consequently causes down regulation of c-Fos and brain-derived 
neurotrophic factor (BDNF). Regarding, both play a critical role in neuronal forma-
tion and function (Dalla Massara et al. 2016; Wu and Zhao 2018).

MiRNA-124 can reduce isoflurane and ketamine induced neurologic disorder. 
Treatment with miRNA-124 agomir enhances memory capacity and resistance to 
apoptosis. Accordingly, it is due to brain-derived neurotrophic factor (BDNF) eleva-
tion and decreased expression of neuroapoptotic factors including cleaved-caspase3 
and Bax. MiRNA24 reduces isoflurane induced neurological deficit through preven-
tion of early growth response 1(EGR1) expression. EGR1 gene encoded EGR fam-
ily of Cys2His2type zinc finger proteins. Several studies suggested that it plays a role 
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in neuronal plasticity and synaptic exocytosis (Xu et al. 2015; Dabbagh 2016; Yang 
et al. 2019).

miRNA137 plays an important role in ketamine induced hippocampal neurode-
generation. Excessive use of ketamine causes severe hippocampal neuron apoptosis 
and also long-term memory deficit. Repeated anesthesia induced the miRNA down 
regulation. Cell division control protein 42 (CDC42) is the molecular target of 
miRNA137 and drops with ketamine usage. Neuroprotective effect against anesthe-
sia induced through miRNA137 up regulation. In this regard, lentiviruses injection 
of miR137-mimics and miR137-NC into cortex have neuroprotective αIn sevoflu-
rane anesthesia, miRNA-410-3p showed neuroprotective effect through PI3K/Akt 
(phosphoinositide 3-kinase/ serine, threonine kinase) signaling pathway and target-
ing CXCR5(C-X-C motif chemokine receotor5). This pathway can be activated by 
many types of cellular stimuli or toxic insults, and can also regulate many funda-
mental cellular functions. Activated PI3K phosphorylates AKT, thereby activating 
it. Akt controls a number of downstream cellular processes including apoptosis, 
protein synthesis, metabolism, and cell cycle, by phosphorylating a range of sub-
strates. IL6, TNF-α, IL1β have increased during sevoflurane anesthesia, in contrast 
miRNA-410-3p agomir attenuate inflammation (Su et al. 2019).

Sevoflurane anesthesia in new-born have significant effect on hippocampal and 
total brain miRNA expression that occurs immediately after exposure while in 
adults appears in longer duration (Lin et al. 2018). Protective role of miRNA665 
through PI3K/AKt signaling pathway, by targeting Insulin like growth factor2 
(IGF2) has been demonstrated; therefore, it can be used as a potential target in sevo-
flurane induced cognitive disorder (Lu et al. 2017). In contrast, miRNA34a up regu-
lation increases sevoflurane induced hippocampal apoptosis; therefore, miRNA-34a 
inhibitor may prevent sevoflurane induced apoptosis via activation of Wnt/β catenin 
pathway. This pathway plays an important role in neurogenesis and hippocampal 
neurodegenerative disorder (Jiang et al. 2014; Libro et al. 2016).

MiRNA34-a by targeting Wnt1 and inactivation of Wnt/β catenin pathway, can 
suppress tumor growth. This miRNA inducts down regulation of fibroblast growth 
factor receptor1 (FGFR1), so anesthetic apoptosis is exacerbated. MiRNA34-a 
inhibitor can be considered as a novel treatment for sevoflurane neuroapoptosis 
(Chen and Hu 2012; Zhao et al. 2018).

MiRNA 34c is involved in the Alzheimer pathogenesis, and can be increased 
obviously with ketamine anesthesia. Down regulation of miRNA34c activate pro-
tein kinase C-extracellular signal regulated kinase (PKC/ERK) pathway and up 
regulate Bcl2 protein, thus attenuate ketamine induced apoptosis. Bcl2 is localized 
to the outer membrane of mitochondria, where it plays an important role in promot-
ing cellular survival and inhibiting the actions of proapoptotic proteins. The pro-
apoptic proteins in the Bcl2 family including Bax and Bak. Bcl2 is an antiapoptotic 
protein (Cao et al. 2015).

MiRNA96 augment sevoflurane effect on hippocampal neurons through insulin 
like growth factor receptor (IGF1R) down regulation (Xu et al. 2019). MiRNA125b-5p 
and miRNA188-3p are related to sevoflurane induced cognitive disorder, so 
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accordingly, their inhibitors can be used for apoptosis reduction. MiRNAs that 
affected neuroapoptosis are summarized in Fig.  7.3 (Wang et  al. 2018; Xiong 
et al. 2019).

Anesthetic drugs induced cognitive disorder is associated with hippocampal neu-
roinflammation. Glycyrrhizin is used for the treatment of neurodegenerative or 
inflammatory diseases. It can activate hippocampal high mobility group box1 pro-
tein/ nuclear factor kappa-light-chain-enhancer of activated B cells (HMGB1/
NFKβ) signaling pathway and attenuate inflammatory cytokines and Isoflurane 
induced neurotoxicity. Also, it can be a potential treatment for neuroapoptosis 
(Wang et al. 2016a; Kong et al. 2017).

Isoflurane and other volatiles cause permanent and long-lasting changes in hip-
pocampal proteins, similar to changes observed in Alzheimer’s disease. Isoflurane 
induces biological processes involving synaptic plasticity, stress response, detoxifi-
cation, and cytoskeleton (Kalenka et  al. 2010). After exposure to isoflurane and 
halothane, metabolic proteins alter (Dabbagh and Rajaei 2013). Down regulation of 
fructose-bisphosphate aldolase and upregulation of glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) and GST occur. Synaptic proteins also change, and the 
suggesting that synapse can act as a cellular target in anesthesia, is enhanced. 
Voltage dependent anion channel (VDAC) is a membrane protein that is likely to be 
involved as an apoptotic regulator in neurodegenerative diseases. Also, its interac-
tion with sevoflurane can cause apoptosis.

Expression of three proteins change with both halothane and isoflurane.

–– Tubulin B2A chains
–– Heat shock protein cognate 71 KD
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Fig. 7.3  The miRNAs alternations in anesthesia induced neuronal apoptosis
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–– N acetylneuraminate tidylyl transferase: It is responsible for sialoglycoprotein 
synthesis that is necessary for prenatal brain development and postnatal synapto-
genic (Kalenka et al. 2007; Pan et al. 2008).

�Ketamine and Developing Brain

Ketamine is an NMDA antagonist that is recognized as one of the potent drugs in 
developing brain neuroapoptosis. Many studies have been done on the effects of 
ketamine on the fetus and neonatal brain. The fetal and neonatal brain is sensitive to 
ketamine, and it has been shown that exposure for 5 h is sufficient for inducing 
significant neuroapoptosis. Animal studies have shown that the use of NMDA 
antagonists or GABA agonists by the pregnant mother in clinically dose, even sin-
gle or brief exposure, can trigger neuroapoptosis. Drugs such as ethanol, phencycli-
dine, ketamine, N2O, barbiturates, benzodiazepines, and many of anticonvulsants 
and sedatives can induce apoptosis and long-term neurocognitive disorders. An ani-
mal study has shown that ketamine induced apoptosis is more diffuse and wider in 
fetal brain that of rhesus macaque neonates, using Activated caspase-3(AC3) immu-
nohistochemistry, that identifies drug induced developmental neuronal death. The 
peak sensitivity of the fetus to NMDA antagonists is the third trimester, which is 
known as the development period (Zou et al. 2009; Brambrink et al. 2010; Joselyn 
et al. 2010; Brambrink et al. 2012).

Safety of ketamine as adjunct drug in neuraxial children block especially cau-
dal block is in doubt. Ketamine dose used in the neuraxial block (0.5–1 mg/kg) in 
close to the intravenous anesthesia induction dose (2 mg/kg), and because ket-
amine is a lipid-soluble drug, its concentration rapidly rises in plasma and CSF, 
after epidural injection. In addition, animal studies have shown neuroapoptotic 
effect of ketamine on the spinal cord in rat neonates (Sanders et al. 2008; Lönnqvist 
and Walker 2012).

Glycogen synthase kinase-3β (GSK-3β) is a multifunctional enzyme that regu-
late neurogenesis, neuronal polarization, axon development, and synaptogenesis 
in developing brain. This kinase is related to neurodegenerative disorders and 
ketamine enhances GSK-3β induced neuroapoptosis. Ketamine decreases 
GSK-3β phosphorylation dependent on during of exposure. Coadministration of 
lithium, which is an inhibitor of GSK-3β, decreases this response (Liu et  al. 
2012, 2013).

�Neuroprotective Agents

–– Dexmedetomidine: A selective α2 agonists attenuate sevoflurane induced cogni-
tive disorder. Pre-treatment with dexmedetomidine is neuroprotective against 
volatiles and propofol in rat neonates.
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Antiapoptotic expression agents, Bcl2 and PERK protein reserve by dexmedeto-
midine; however it is not FDA approved for neonates and children yet, and 
maybe causes dose dependent bradycardia and hypotension (Li et al. 2014; Wang 
et al. 2016a).

–– Melatonin: stabilizes mitochondrial membrane and reduces apoptosis.
–– Estradiol (17-β estradiol), xenon, L-Carnitine, lithium, and hypothermia are neu-

roprotective via various mechanisms.
–– Naringenin, that is a flavonoid, can protect isoflurane induced neuroapoptosis 

through the regulation of PI3K/AKt pathway, decreasing inflammatory media-
tors and elevation of the level of antiapoptotic proteins such as Bcl2 and Bcl-xl 
(Hua et al. 2016).

Research on neuroapoptosis is rapidly growing and it is hoped that the results of 
molecular and animal studies will be applied in clinical practice.

�Retinopathy of Prematurity

ROP is an eye vasoproliferative disorder affecting the premature neonates. It is one 
of the visual loss causes in children even in developed countries. Also, ROP patho-
genesis is not fully understood. Associated environmental factors include preterm 
gestational age and supplemental oxygen exposure, but these factors cannot predict 
severity of ROP necessarily. In this case, the possible roles of other factors including 
genetic variants have been considered. Familial exudative vitreoretinopathy (FEVR) 
is an inherited disorder with clinical symptoms similar to ROP. Three genes involved 
in wingless/int1 (wnt) receptor signaling pathway are associated with FEVR pro-
gression. FZD4 for frizzled 4, LRP5 for low density lipoprotein receptor related 
protein 5, and ND for Norrie disease protein (Bizzarro et al. 2006, Hiraoka et al. 
2010; Shastry 2010). The role of these genes variation in advanced ROP is demon-
strated. Further studies involving genomics, transcriptomics, and proteomics are 
needed to obtain better understanding of the pathophysiology and management of 
ROP (Hiraoka et al. 2001; Kondo et al. 2013).
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