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Abstract: Chloral hydrate remains an irreplaceable first-line sedative in pediatric clinical practice, widely used for outpatient
procedures and imaging examinations due to its proven efficacy and unique suitability for children. Despite its clinical indispensability,
the impact of chloral hydrate on the developing central nervous system (CNS) in children remains largely unelucidated - a critical
knowledge gap, given that children’s immature blood-brain barrier (BBB) and high neuronal plasticity render their developing brains
more vulnerable to pharmacological agents. Existing evidence demonstrates a significant negative correlation between the duration of
chloral hydrate use and pediatric intelligence quotient (PIQ): longer usage is associated with lower PIQ scores. Prolonged use may
impair non-verbal abilities reflected in PIQ, thereby compromising overall cognitive function - highlighting a critical clinical safety
concern. By synthesizing current clinical observations and molecular mechanisms, this paper proposes that chloral hydrate may disrupt
neurodevelopment through pathways including N-methyl-D-aspartate (NMDA) receptors, y-aminobutyric acid (GABA) receptors, and
the Mitogen-Activated Protein Kinase-Extracellular Signal-Regulated Kinase (MEK-ERK) signaling pathway. Basing on these
findings, caution should be exercised regarding the use of chloral hydrate - particularly its long-term administration. Long-term follow-
up of exposed children is recommended to continuously monitor cognitive function and neurodevelopment, with a focus on non-verbal
abilities and overall intellectual development. Future research should prioritize prospective, long-term neurodevelopmental follow-up
studies, specifically in children exposed to chloral hydrate, combined with neuroimaging and biomarker studies, to further explore its
potential effects on neurodevelopment. In summary, this article synthesizes existing evidence to elucidate the effects of chloral hydrate
on the developing brain, spanning clinical observations to underlying molecular mechanisms, with the aim of clarifying its potential
implications for pediatric neurodevelopment.
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Introduction

Since the early 20th century, chloral hydrate has been widely used for pediatric sedation - particularly for outpatient
sedation and imaging examinations' - and remains a dominant choice,” especially among neonates and infants.®® Its
enduring clinical role stems from practical advantages: rapid onset of action, ease of administration, favorable safety
profile at standard doses, cost-effectiveness, and medical staff’s familiarity with its use.

In recent years, newer sedatives have entered clinical practice, but monotherapy with these agents still fails to
consistently meet the demands of outpatient pediatric examinations (eg, MRI). Such procedures require prolonged, stable
sedation, yet newer drugs have notable limitations:* propofol carries a risk of respiratory depression, while dexmede-
tomidine struggles to achieve the sedation depth needed for complex procedures. For infants and low-birth-weight
children uncooperative with intravenous puncture, chloral hydrate’s oral/rectal administration minimizes procedural
trauma; its 4—6-hour sedation duration also suffices for MRI/CT, supporting a high sedation success rate and making it

indispensable in specific pediatric outpatient scenarios.”'°
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However, despite its widespread use, chloral hydrate’s safety and efficacy remain debated. While numerous studies
confirm its significant sedative effects, concerns over potential risks have led some regions and experts to impose restrictions
on its use in children. Notably, a decade-long analysis of chloral hydrate studies in PubMed, Web of Science, and China
National Knowledge Infrastructure (CNKI) reveals its use is more prevalent in China than in other countries (Figure 1).

Critical gaps persist in understanding chloral hydrate’s impact on pediatric brain development—a priority given the unique
vulnerability of the developing brain: immature blood-brain barrier, heightened neuronal plasticity, and a sensitive metabolic
system. Chloral hydrate’s active metabolite, trichloroethanol, persists in the body for hours, amplifying potential neurodeve-
lopmental risks. While prolonged exposure to anesthetic drugs is known to exacerbate neurocognitive damage, research on
chloral hydrate remains limited: existing literature focuses primarily on its clinical sedative effects, with only preliminary
exploration of its molecular mechanisms. Reviews on anesthetic neurotoxicity typically center on volatile inhalational
anesthetics,'''* with scattered analyses of chloral hydrate—leaving no systematic integration of its pharmacological proper-
ties, pediatric clinical outcomes, and molecular pathways to inform judgments on neurodevelopmental risk.

Thus, studying chloral hydrate’s impact on the developing brain and its underlying molecular mechanisms holds
significant clinical value. This article synthesizes existing evidence to elaborate on these impacts, spanning clinical

observations to molecular pathways, with the goal of clarifying its potential implications for pediatric neurodevelopment.

Pharmacological Properties and Pharmacokinetics of Chloral Hydrate
Drug Metabolism

Chloral hydrate is a classic sedative-hypnotic drug whose pharmacological activity primarily relies on its active metabolite,
trichloroethanol (TCE) (Figure 2).">'® Its mechanism of action involves enhancing the activity of y-aminobutyric acid
(GABA) receptors in the central nervous system, thereby inducing sedative and hypnotic effects.'® The drug has
pharmacokinetic characteristics of rapid onset (within 30 minutes of administration) and short duration of action, making
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Figure | A map showing the distribution of chloral hydrate usage across different countries/regions. Based on a search of relevant studies on chloral hydrate in PubMed,
Web of Science, and the China National Knowledge Infrastructure (CNKI) database over the past decade, this map shows the percentage of chloral hydrate usage across
different countries and regions.
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Figure 2 3D molecular reaction diagram showing the conversion of chloral hydrate (CH) to trichloroethanol (TCE). Chloral hydrate (left) is converted to trichloroethanol
(right) under the catalysis of alcohol dehydrogenase.

it widely used in pediatric procedural sedation. In terms of metabolic pathways, chloral hydrate is primarily metabolized in
the liver, where it undergoes extensive conversion catalyzed by alcohol dehydrogenase to form the active metabolite, TCE.
TCE further undergoes conjugation with glucuronic acid to form an inactive conjugated metabolite, which is eventually
excreted via the kidneys.?° At therapeutic doses, the plasma half-life of TCE is 8—12 hours, while in cases of acute overdose,
its half-life can extend to 35 hours. Additionally, TCE can undergo glucuronidation in the liver and further oxidation to form
trichloroacetic acid (TCA), a metabolite whose elimination half-life exceeds 60 hours.*

It is noteworthy that the pharmacokinetic characteristics of chloral hydrate exhibit significant population differences,
particularly in preterm infants and neonates. Due to the immature hepatic glucuronidation system in these populations,
especially with insufficient activity of UDP-glucuronosyltransferase (UGT), the metabolism of TCE is impaired, leading to
an extended half-life, resulting in notable pharmacokinetic alterations.?' >* Other studies have confirmed that when a single
oral dose of 50 mg/kg of chloral hydrate is administered, the pharmacokinetic profile in neonates significantly differs from
that of adults. The half-life of TCE in preterm infants is approximately four times that of toddlers, while in full-term infants,
it is about three times that of toddlers.** In toddlers, the TCE elimination half-life is similar to that of adults (8—10 hours),
indicating mature hepatic metabolism.*’

Dose-Effect Relationship

Before the 2000 revisions by the Agency for Sanitary Safety of Health Products (AFSSPS), chloral hydrate was the primary
pediatric sedative for dental and podiatric procedures in the United States.*'> The potential risks associated with chloral
hydrate, its use for adult anesthesia is no longer recommended according to contemporary guidelines. For pediatric
procedural sedation, the initial oral dose ranges from 25 to 100 mg/kg, while rectal administration is limited to 50 mg/
kg.? Considering the significant pharmacokinetic and pharmacodynamic differences across different age groups, clinical
practice should involve age-stratified dosing plans for chloral hydrate sedation. This approach tailors the dose to match the
physiological characteristics and pharmacokinetic properties of different age groups (such as neonates, infants, children, and
adolescents), ensuring dose precision' (Table 1). Clinical validation results indicate that these dosing regimens demonstrate
acceptable safety and efficacy in existing randomized controlled trials, providing a reliable basis for pediatric procedural
sedation. This regimen shows acceptable safety and efficacy. At conventional doses, chloral hydrate has minimal effect on

the respiratory center, but high doses may cause vasodilation, hypotension, and reduced myocardial contractility.?**’

The Short-Term and Long-Term Effects of Chloral Hydrate on Brain
Development

Clinical Research Evidence
Chloral hydrate, a widely used sedative in clinical practice, has raised significant concerns regarding its use in pediatric
populations. In neonates who received a single dose of chloral hydrate (30 mg/kg), the areas under the curve (AUC) for the P2
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Table | Clinical Application of Chloral Hydrate in Different Age Groups

Age Group Dose Range TCE Sedation Typical Settings Side Effects
(mglkg) t/2 (h) | Success
Preterm 25-50, 100 37 95.7% MRI, CT, Pulmonary Respiratory depression and hypoxia, bradycardia,
neonates % aximum dose unction Testing, gastrointestinal discomfort, indirect
L15:2829 | (M d Function T BAEP intestinal discomfort, indi
within hyperbilirubinemia, central nervous system
24 hours) depression, dependence and withdrawal symptoms.
Term 50-75 28 = 98% MRI, CT, Pulmonary Respiratory depression and hypoxia
neonates''>3° Function Testing, BAEP Bradycardia
Gastrointestinal discomfort Allergic reactions Central
nervous system depression, Metabolic acidosis.
Infants 50-80 28-40 83-100% | MRI, CT, ECG, Respiratory depression and hypoxia
(28 d-23 m)' 303! ophthalmic Bradycardia
examinations Gastrointestinal discomfort Allergic reactions Central
nervous system depression, Metabolic acidosis.
Children 25-100 8—-12 94-95% MRI, CT; hearing tests; Respiratory depression and hypoxia
m— e ental examinations; radycardia
24 m—11 y)'3'32 dental i Bradycard
flexible bronchoscopy Gastrointestinal discomfort Allergic reactions Central
nervous system depression, Metabolic acidosis.
Adolescents' 25-50 3-5 89.8% Electrocardiogram and Respiratory depression and hypoxia
electroencephalogram Bradycardia
examination. Gastrointestinal discomfort Allergic reactions Central
nervous system depression, Metabolic acidosis.

Abbreviations: TCE, trichloroethanol (active metabolite of chloral hydrate); t'2, elimination half-life; MRI, magnetic resonance imaging; CT, computed tomography; ECG,
electrocardiography; BAEP, Brainstem Auditory Evoked Potential; d, days; m, months; y, years; REF, references; =, approximately.

and N2 components at the Fz and Cz electrode sites were significantly higher compared to a control group.*® This suggests
that even a single dose of chloral hydrate leads to increased neuronal activation, higher energy consumption, and decreased
efficiency in processing auditory information. Additionally, this effect was associated with reduced sound discrimination and
impaired information recognition, indicating that chloral hydrate may temporarily disrupt auditory perception—a cognitive
function—in neonates, potentially delaying auditory development during a critical period.*> A follow-up study of infants
undergoing congenital heart surgery, with follow-up from surgery to 54 months, found a significant negative correlation
between the duration of chloral hydrate use and performance 1Q (PIQ). The 95% confidence interval for the association
between the duration of chloral hydrate use and the decrease in PIQ was (—1.96, —0.10). Specifically, longer use of chloral
hydrate was associated with a lower PIQ score, and increased use during the follow-up period may adversely affect the non-
verbal abilities reflected in PIQ, thus impacting children’s cognitive function.>* This study suggests that long-term use of
chloral hydrate may have adverse effects on neurodevelopment. While chloral hydrate has shown some efficacy in treating
epilepsy, its impact on neurodevelopment in other clinical settings remains unclear. Future research should focus on
evaluating the long-term effects of chloral hydrate in various clinical applications. Large-scale, multi-center clinical trials
can systematically assess the impact of chloral hydrate on neurodevelopment in different populations.

Animal Experimental Evidence

A single conventional dose of chloral hydrate anesthesia reduced the surface expression of NMDA receptor subunit 1
(NR1) and subunit 2B (NR2B) on cortical neurons, while increasing their intracellular levels. The NMDA receptor is
critical for neuronal survival through synaptic signaling, and its dysfunction can trigger apoptosis by disrupting calcium
homeostasis and activating pro-apoptotic pathways.'® Reduced surface expression of NMDA receptors at synaptic sites
impairs signaling, disrupting normal neuronal function and promoting apoptosis. NMDA receptors are critical for
synaptic plasticity, which is essential for maintaining synaptic efficacy and strength.>® Chloral hydrate reduces NR2B
subunit expression, potentially decreasing excitatory synapse efficacy, disrupting synaptic transmission, and impairing
plasticity. This disruption of normal neuronal function impairs neurotransmission and metabolic processes, affecting
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cognitive and motor functions. Chloral hydrate may induce hippocampal neuronal apoptosis in neonatal rats by activating
Caspase-3, while also inhibits oxidative stress and lipid peroxidation,®” interfering with normal neuronal function and
leading to abnormal neurotransmission and metabolic abnormalities, which affect cognitive and motor functions. Chloral
hydrate disrupts the MEK- ERK signaling cascade in the cerebral cortex by inhibiting ERK activation via phosphorylated
MEK (p-MEK). This pathway is essential for memory formation and synaptic plasticity, and proper activation through
phosphorylation is critical for maintaining neuroplasticity and neuronal function.*® Chloral hydrate impairs MEK-ERK
signaling, reduces p-ERK activity, disrupts neuronal function and neuroplasticity, and increases the risk of neurological
abnormalities (Figure 3).

Notably, chloral hydrate pretreatment can exert neuroprotective effects in ischemic stroke by upregulating the expression of
annexin A1 (ANXA 1) and inhibiting neuroinflammation. In the genetic absence epilepsy WAG/Rij rats, a dose of 175 mg/kg of
intraperitoneal chloral hydrate significantly reduced the total number of spike-and-wave discharges (SWD), total spikes, and the
overall duration of SWD. It not only rapidly suppressed seizure-like activity within 20 minutes of administration but also nearly
completely abolished SWD over the next 80 minutes, without affecting the average duration of individual SWD. The mechanism
of action is thought to be related to the enhancement of GABA receptor activity and the strengthening of central inhibitory effects
to suppress neuronal hyperexcitability. This mechanism is consistent with the neuroprotective effects observed in other epilepsy
models, where chloral hydrate regulates the central inhibitory neurotransmitter system to effectively control epileptic activity.*’
These findings provide a biological basis for understanding chloral hydrate’s cerebral effects and highlight the need to study its

long-term impacts.
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Figure 3 Schematic of molecular mechanisms for chloral hydrate-induced neurodevelopmental damage. This schematic outlines the key molecular pathways underlying
chloral hydrate-induced neurodevelopmental damage. (A) shows: (I) GABA, receptor depolarization via imbalanced NKCCI/KCC2 ion transport; (2) NMDA/NR2B
receptor downregulation (disrupting excitatory synaptic transmission/plasticity); and (3) NMDA receptor-mediated intracellular Ca2+overload—this activates proteases/
nitric oxide synthase to generate excess ROS, which induce lipid peroxidation, protein oxidation, DNA damage, and Caspase-3-dependent neuronal apoptosis. (B) lllustrates
chloral hydrate-inhibited MEK phosphorylation (reducing p-ERK), which disrupts the RAS-Raf-MEK-ERK cascade and impairs neuronal development/function. Collectively,
dysregulated synaptic signaling and cell survival pathways mediate the neurodevelopmental damage.
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Mechanisms of Potential Toxicity

Molecular and Cellular Mechanisms

The neurotoxic mechanisms of chloral hydrate involve both molecular and cellular changes. Chloral hydrate disrupts the
redox balance in the Human Monocytic Leukemia Cell Line 1 (THP-1), inducing oxidative stress and significantly
increasing intracellular reactive oxygen species (ROS) production.*! It also promotes the conversion of glutathione
(GSH) to oxidized glutathione (GSSG), depleting intracellular antioxidants and increasing oxidative stress. Oxidative
stress induces DNA double-strand breaks (DSBs), which activate the DNA damage-sensing mechanism. At DSB sites,
H2A histone family member X (H2AX) is phosphorylated by DNA-dependent protein kinase (DNA-PK), forming
YH2AX, a key marker of DNA damage.*** If DNA damage is not repaired, it can lead to prolonged DNA damage
response (DDR) activation, impairing neuronal function and potentially causing apoptosis or senescence.*’ Chloral
hydrate can regulate oxidative stress responses in the THP-1 cell model. Based on this cellular-level research, we
hypothesize that chloral hydrate may also induce oxidative stress in neuronal cells, leading to DNA double-strand breaks
(DSBs) and ultimately causing neuronal cell damage. Through interactions with the immune system, chloral hydrate may
activate oxidative stress pathways in neurons, inducing cell damage and apoptosis. This hypothesis is based on existing
research on immune-neuronal interactions. Although specific literature in the nervous system is lacking, it can be inferred
that oxidative stress may play an important role in this process, particularly in the context of neuronal damage.***°

In the receptor-binding classification of common anesthetics and sedatives, chloral hydrate is classified as a y-aminobutyric
acid type A receptor (GABA-A) agonist.*” y-Aminobutyric acid (GABA), the principal inhibitory neurotransmitter, regulates
neuronal excitability.**** Chloral hydrate is metabolized in the liver to TCE, which binds to specific allosteric sites on the
GABA-A receptor.”® When GABA binds to the GABA-A receptor, it opens Cl~ channels, allowing chloride ions to enter
neurons.’'>* This hyperpolarizes the neuronal membrane, reducing excitability and suppressing activity.***° During the rapid
development of the fetal and neonatal brain, processes such as neurogenesis, migration, apoptosis, and synaptogenesis occur at
elevated rates.” Chloral hydrate acts on GABA-A receptors and may disrupt these processes during development, potentially
increasing neuronal apoptosis or causing abnormal synaptogenesis.>® Currently, no comprehensive animal or clinical studies
have explored the effects of chloral hydrate, particularly on fetal and neonatal brain development. Other GABA receptor
agonists, such as volatile anesthetics and propofol, have shown adverse neurodevelopmental effects in animal studies.'®>">®
As a GABA receptor binder, chloral hydrate is considered to carry similar risks.

Neurulation begins early in pregnancy, with neuronal migration occurring between 12 and 20 weeks of gestation.
Neuroapoptosis continues from 24 weeks gestation to 4 weeks postnatally, while synaptic proliferation starts at 20 weeks,
peaks between 1-2 years, and is followed by pruning,”® myelination starts in the second trimester and continues throughout
childhood.®® The GABA and glutamate neurotransmitter systems are essential for neuronal connectivity and survival,>* the
developing brain is highly active and particularly sensitive to anesthetic and sedative drugs. As a pediatric sedative, chloral
hydrate targets GABA receptors. Exposure to anesthetics acting on GABA or NMDA receptors increases neuronal apoptosis
and causes long-term neurobehavioral changes.®' During neurodevelopment, GABA receptor expression and function
undergo significant changes. Excitatory signaling predominates early on, with GABA mediating cellular depolarization and
calcium influx during the embryonic and early postnatal stages.®” This is crucial for neuronal proliferation, migration,
differentiation, and synaptic development. In the early stages of neuronal circuit formation, the excitatory action of GABA
promotes progenitor cell proliferation and neuronal migration.®>** Sensory stimulation promotes the development of neuronal
circuits, while sensory deprivation hinders it. GABA plays a crucial role in this process.®>® At birth, functional GABA
synapses are present in the hippocampus of rodents, preceding the appearance of functional glutamatergic synapses, GABA-A
receptors promote the development of glutamatergic synapses by modulating the NMDA receptor-mediated signaling
pathway.®” Excitatory GABA signaling is crucial for regulating synaptic plasticity, as well as the development and maturation
of neurons. These processes are key to understanding various neurodevelopmental disorders.>®

As the nervous system matures, GABA signaling gradually shifts from excitatory to inhibitory. This transition is
regulated by the expression of GABA receptor subtypes, chloride ion concentration gradients, and associated cellular
signaling pathways.®® During neuronal maturation, the al subunit of GABA-A receptors gradually replaces the o3
subunit, enhancing the inhibitory efficacy of GABA signaling.®®
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Epigenetic Modifications

Epigenetics is a key field for studying gene expression regulation, involving mechanisms such as DNA methylation,
histone modification, and non-coding RNAs.*> As epigenetics becomes increasingly important in neurodevelopment,
epigenetic changes are critical for neuronal differentiation, maturation, and function.””' There is growing attention to
the potential impact of chloral hydrate on epigenetic modifications during neurodevelopment.

DNA methylation, a key epigenetic modification, is recognized for its role in regulating neurodevelopment.” It involves
the addition of methyl groups to cytosines, typically at cytosine-phosphate-guanine (CpG) dinucleotide sites, and plays
a central role in gene expression regulation.”* Methylation of CpG sites in promoter regions prevents transcription factor
binding, inhibiting gene transcription and leading to gene silencing.”* DNA methylation can also influence gene expression by
modifying chromatin structure and altering gene accessibility. DNA methylation patterns undergo dynamic changes during
development. In the early stages of embryonic development, extensive demethylation enables gene expression activation.”” As
development progresses, the methylation of specific genes stabilizes, creating distinct epigenetic marks.’® During neurode-
velopment, DNA methylation regulates processes such as neuron generation, migration, and synaptogenesis;’’ the expression
of both brain-derived neurotrophic factor (BDNF) and synaptophysin (SYP) is regulated by DNA methylation. Increased
methylation of the BDNF promoter reduces BDNF gene expression, establishing a inverse correlation between methylation
and expression levels.”® This regulatory mechanism is particularly evident under environmental stressors. Exposure to heavy
metals or parental trauma can modify BDNF methylation,”” impacting its expression and neurodevelopment in offspring.
Changes in methylation patterns influence the binding of transcription factors to the promoters of BDNF and SYP, regulating
their transcriptional activity.*” The environmental toxin methylmercury (MeHg) also modifies DNA methylation, influencing
BDNF and SYP expression. These findings underscore the critical role of epigenetic modifications, such as DNA methylation,
in neurodevelopment and behavior, highlighting their importance in neurodevelopmental research.

Sensitivity of Special Populations

The BBB is underdeveloped in children, particularly in newborns and infants, whose BBB maturity is lower than that of adults,
making it easier for drugs to cross,® this increased central nervous system sensitivity makes children more susceptible to the
sedative effects of chloral hydrate, necessitating dose adjustments based on age and weight, with further modifications for
special cases. The hepatic metabolic enzyme system is underdeveloped in children, particularly in newborns and preterm
infants.>> As liver enzyme synthesis and function are still developing, chloral hydrate metabolism in children is slower than in
adults.®* This metabolic deficiency may impair drug clearance, prolong its duration of action, and increase the risk of side
effects. Children also exhibit significant differences in the volume of distribution relative to body surface area compared to
adults. Their lower body weight, combined with a relatively larger body surface area, results in distinct drug distribution,
influencing the efficacy and safety of chloral hydrate.®® Therefore, developmental pharmacological factors must be carefully
considered when administering chloral hydrate to ensure its safety and efficacy in children.

Chloral hydrate often shows greater efficacy than expected for pediatric outpatient sedation. When administered at low
doses, it provides effective sedation while ensuring safety in children.'-* Children typically fall asleep quickly, with prolonged
sleep duration, indicating heightened sensitivity to the drug. However, some may experience paradoxical excitation,
influenced by individual variability, psychological state, and drug response, requiring careful monitoring. As children age,
their respiratory systems mature, reducing the risk of respiratory depression. In contrast, neonates and infants are at higher risk
of severe respiratory depression from sedatives like chloral hydrate due to their underdeveloped respiratory systems.
Clinicians must carefully assess age and health status to ensure appropriate use and minimize respiratory risks.

Clinical Controversies and Alternative Approaches
Safety Controversy

Chloral hydrate, a traditional sedative, has been used in clinical practice for nearly a century. However, recent concerns about
its safety and efficacy have arisen. The International Agency for Research on Cancer (IARC) has classified chloral hydrate as
a Group 2A carcinogen (probably carcinogenic to humans). It induces liver tumors in male B6C3F1 mice, though no
carcinogenicity was observed in male F344/N rats.** Current human studies have not established a definitive causal
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relationship between chloral hydrate exposure and cancer risk, limitations like small sample sizes and low statistical power, the
complete exclusion of its potential carcinogenic risk. In 2020, the Food and Drug Administration (FDA) updated its boxed
warning, stating that repeated use of chloral hydrate may cause irreversible neurocognitive dysfunction in infants and young
children. The exact mechanism remains unclear, heightened vigilance is necessary during its use. In clinical practice, even
a single dose may lead to adverse reactions, including sedation failure and respiratory depression, with these effects being
more pronounced in developmentally immature children.*?

Comparison of Alternative Drugs

While chloral hydrate remains widely used for pediatric sedation, newer sedatives - including dexmedetomidine, propofol, and
midazolam - are being explored as alternatives in select pediatric outpatient procedures. Though these agents deliver effective
sedation in some scenarios, each has notable limitations that restrict their broader applicability. Dexmedetomidine acts primarily
on o2-adrenergic receptors,” inducing sedation by inhibiting norepinephrine release and causing minimal respiratory
depression.*® However, dexmedetomidine, when used alone in pediatric outpatient settings, is insufficient to achieve
sedation.®” Propofol targets GABA and NMDA receptors, providing rapid onset and recovery, but its suppressive effects on
the respiratory and cardiovascular systems introduce risks for specific pediatric groups.***’ Midazolam exerts sedation via
GABA receptors, yet it carries a higher risk of nausea, vomiting, and delirium compared to chloral hydrate, limiting its use in
certain outpatient surgeries.”””! Ketamine, as an NMDA receptor antagonist, has various administration routes, rapid onset and
recovery, and preserves airway reflexes. However, it may induce side effects such as hallucinations, emergence delirium, and
involuntary limb movements. It is often used in combination with other drugs to mitigate these side effects and enhance the
sedative effect.”>*> By contrast, chloral hydrate retains its importance in pediatric outpatient sedation due to key advantages over
these alternatives: reliable efficacy, favorable safety profile at standard doses, cost-effectiveness, and ease of administration.
These benefits are particularly pronounced in neonates and infants, where it demonstrates distinct clinical value. Thus, chloral
hydrate remains the drug of choice in many medical institutions, especially when other sedatives are unsuitable (Table 2).

Table 2 Chloral Hydrate vs Alternative Sedatives

Drug Dose & Route Onset Duration Clinical Context Sedation Limitation
Success
Chloral Hydrate':'®!>94 PO 25-100 mg/kg 30-60 min 60—120 min Moderate to deep sedation for pediatric 94% Respiratory
Enema outpatient imaging (MRI/CT), EEG/ECG, depression at higher
25-100 mg/kg ophthalmic and hearing exams; ideal doses
when IV access is difficult
Dexmedetomidine"'*”*7 | IN 2.5-3 pg/kg IN IN 3045 min | Moderate sedation for noninvasive 62% Slow onset;
IV 1-3 ng/kg 20-30 min IV 30-70 min procedures (MR, EEG, bradycardia
IV 5-10 min echocardiography); commonly used as
adjunct to other sedatives
Midazolam'"'%%° PO 0.25-0.50 mg/ PO PO 30-60 min | Moderate sedation for dental 36% Unable to achieve
kg 20-30 min IV 3045 min procedures, minor surgeries, and deep sedation when
IV <5 IV 3-5 min imaging; or pre-procedure anxiolysis used alone;
y 0.05-0.10 mg/kg; paradoxical
6-12 excitement or delirium
y 0.025-0.050 mg/
kg, >12y 1-2 mg
Propofol"‘”s'IOI IV 1-2 mglkg <0.5 min 5-15 min Deep sedation for short procedures 97-99% Respiratory
requiring complete immobility (eg, MRI, depression
CT, gastroscopy, colonoscopy) outside
OR; rapid recovery
Ketamine'%-1%3 PO 5-6 mg/kg PO PO Moderate deep sedation with analgesia 93-36% Emergence
IN 5-10 mg/kg 20-30 min 60—120 min for painful or immobilizing procedures phenomena (eg,
IM 4-5 mg/kg IN IN 10-60 min (eg, fracture reduction, laceration hallucinations,
IV 0.5-2 mg/kg 5-10 min IM 30-60 min repair, burn care) agitation); motion
IM 3-5 min IV 10-15 min artifacts during imaging
IV 1-2 min

Abbreviations: PO, oral; IN, intranasal; IM, intramuscular; IV, intravenous; MRI, magnetic resonance imaging; CT, computed tomography; ECG, electrocardiography; EEG,
electroencephalography; OR, operating room; y, year(s); m, minute(s); eg, for example.
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Research Gaps and Future Directions
Clinical Study Design

In recent years, chloral hydrate has attracted increasing attention as an outpatient sedative for children. A prospective
cohort study lasting 5 to 10 years could track the neurodevelopmental trajectory of children exposed to chloral hydrate,
systematically monitoring developmental changes at various time points and providing valuable data for clinical practice.
The study should compare children exposed to chloral hydrate after birth with those who were not, to explore its long-
term effects on the pediatric nervous system. During long-term follow-up, standardized neuropsychological assessment
tools, such as the Wechsler Intelligence Scale, should be used to regularly evaluate cognitive function and behavioral
performance, enhancing the credibility of the findings.'**'*> Neuroimaging techniques, such as functional MRI (fMRI)
and diffusion tensor imaging (DTI), should be employed to assess the impact of chloral hydrate on brain structure and
function, exploring changes in neural networks. These technologies will help elucidate the potential mechanisms of
chloral hydrate in neurodevelopment and provide comprehensive data to support clinical applications. Long-term cohort
studies will reveal the lasting effects of the drug, providing scientific evidence for its safe clinical use.

Dose-gradient experimental design is a key method for investigating the neurotoxicity of chloral hydrate, particularly for
exploring its toxicity threshold. This experiment typically involves groups of children exposed to varying doses of chloral
hydrate, with the dosage gradually increasing while systematically assessing neurological responses to identify the dose range
at which neurological dysfunction occurs. This provides essential safety dose guidelines for clinical use. Electrophysiological
techniques, such as multi-channel recording and patch-clamp, are used to monitor neuronal electrical activity in real time,
evaluate the effects of different doses of chloral hydrate on neuronal excitability and synaptic transmission, and construct
a dose-response model to analyze its impact. Dose-gradient experiments help define the threshold effects of chloral hydrate on
neuronal apoptosis, synaptic plasticity, and other neurological functions, thus establishing the safe exposure limits. By
combining animal studies and clinical research, the impact of various doses on the nervous system can be assessed, with
measurements of neuronal survival, apoptosis markers, and other factors to explore the toxicity threshold of chloral hydrate.
These experiments support the advancement of precision medicine by ensuring that clinical dosing better meets individual
needs and providing scientific evidence for the safe use of medications in children.

Precise Medical Applications of Chloral Hydrate

Personalized medication strategies are receiving increasing attention in clinical practice, particularly regarding the use of chloral
hydrate as a sedative-hypnotic for children. Precision medicine emphasizes tailoring treatment plans based on a patient’s genetic
background, environmental factors, and lifestyle, which is particularly significant for the application of chloral hydrate.
Pharmacogenomics and biomarker research can help better understand the metabolic mechanisms and potential neurotoxicity

of chloral hydrate, optimize drug regimens, reduce adverse reactions, and improve therapeutic outcomes.'*®

Conclusions

In summary, current studies have not identified significant neurodevelopmental harm caused by standardized short-term
use of chloral hydrate. It is important to note that although chloral hydrate has shown neuroprotective effects in animal
models of brain injury, epilepsy, and other disease states, systematic studies on its long-term effects are still lacking, and
whether prolonged or repeated use induces developmental neurotoxicity remains unaddressed—representing a critical
gap in understanding its impact on the developing brain.

Chloral hydrate exerts its sedative effect by activating GABA receptors, while downregulating NMDA/NR2B
receptors, leading to excessive ROS generation, inducing Ca’+ overload and DNA damage, inhibiting the MEK-ERK
pathway, and activating the caspase-3-dependent apoptosis pathway, ultimately resulting in neuronal apoptosis. These
mechanisms are based on published evidence and existing hypotheses, providing a theoretical framework for ongoing
research, clarifying future research directions, and supporting the biological plausibility of chloral hydrate’s potential
neurodevelopmental effects. Although it is known that the density of NMDA and GABA receptors changes with age and

107,108

affects neurodevelopment, no studies have yet explored whether chloral hydrate influences neurodevelopment by
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altering receptor density. Future research should involve age stratification to better understand the potential impact of
chloral hydrate on the developing brain at different stages.

In clinical practice, there is currently a lack of long-term follow-up studies on pediatric populations exposed to chloral
hydrate. Future research should prioritize prospective, long-term neurodevelopmental follow-up studies—specifically in
pediatric populations exposed to chloral hydrate—to clarify its long-term effects on neurocognitive function and brain
development. Integrating neuroimaging (to assess structural/functional brain changes) and biomarker research (to
validate key molecular pathways) will further deepen understanding of chloral hydrate’s mechanism of action, providing
evidence to develop safer, more personalized pediatric sedation protocols.

Thus, through multidisciplinary collaboration and advances in precision medicine, progress can be made in optimiz-
ing the safety and efficacy of pediatric sedation—ultimately enhancing the quality of pediatric medical care and
addressing unresolved concerns about chloral hydrate’s role in neurodevelopment.

Abbreviation

CNS, central nervous system; BBB, blood brain barrier; CNKI, China National Knowledge Infrastructure; GABA, y-
aminobutyric acid; NMDA, N-methyl-D-aspartate; MEK, Mitogen-Activated Protein Kinase; ERK, Extracellular Signal-
Regulated Kinase; TCE, Trichloroethanol; AFSSPS, Agency for Sanitary Safety of Health Products; AUC, areas under
the curve; PIQ, Performance Intelligence Quotient; NR1, N-methyl-D-aspartate receptor subunit 1; NR2B, N-methyl-
D-aspartate receptor subunit 2B; p-MEK, phosphorylated MEK; THP-1, Human Monocytic Leukemia Cell Line 1; ROS,
reactive oxygen species; GSH, glutathione; GSSG, oxidized glutathione; DSBs, DNA double-strand breaks; DNA-PK,
DNA-dependent protein kinase; H2AX, H2A Histone Family Member X; DSB, Double-Strand Break; PAC, Proton-
Activated Chloride Channel; YH2AX, gamma-H2A histone family member X; DDR, DNA damage response; GSH-Px,
glutathione peroxidase; GABA-A, y-aminobutyric acid type A receptor; CpG, cytosine-phosphate-Guanine; BDNF, rain-
derived neurotrophic factor; SYP, synaptophysin; MeHg, methylmercury; IARC, International Agency for Research on
Cancer; fMRI, functional magnetic resonance imaging; DTI, diffusion tensor imaging; IPSCs, induced pluripotent stem
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