
Repetitive Anesthetic 
Exposure and Pediatric 
Apoptosis

Brittany Lyon, BSN RN CCRN SRNA

Bloomsburg University- Geisinger Health System

Presenter
Presentation Notes
Good Evening, my name is Brittany Lyon and I am a senior anesthesia student with bloomsburg university associated with Geisinger health system. Tonight I have the privilege of speaking to all of you on the topic of repetitive anesthetic exposure and pediatric Apoptosis.  Although there has been progress made toward a definitive answer work is still to be done to provide anesthesia providers with the safest options for our patients. 



Objectives

 Where we began

 Define neurotoxicity

 Describe apoptosis

 Animal models vs. Human models

 Clinical studies

 Summary of findings

 The way forward and suggested treatment options

 Additional relevant questions remaining

Presenter
Presentation Notes
Since the beginning millions of people have received inhalation anesthetics, intravenous anesthetics or a combination in order to create general anesthesia.  These drugs have been applied in all age groups from newborns who may only be a few hours old to geriatric patients with multiple comorbidities.  Pediatrics are not a miniature version of adult physiology . They differ significantly from adults anatomically, physiologically, and in pharmacological characteristics. Many centers today have developed pediatric anesthesia subspecialty in order to meet the needs of these children.  Throughout this presentation I am going to inform all of you of ….. READ OBJECTIVES



As early as 1965, Sir Austin Bradford Hill recognized the 
concerns  of anesthesia on the developing brain at a meeting 
of the Royal Society of Medicine, stating “ How do we 
determine what are physical, chemical, and psychologic 
hazards of occupation and in particular those that are rare 
and not easily recognized”  and   “… the available human 
studies… cannot exclude the possibility that the anesthesia-
induced neurotoxicity observed in many animal studies may 
also occur in children”
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READ SLIDE FIRST Although is has been nearly 50 years since this meeting , the short and long term effects of anesthesia application on pediatrics remains poorly understood



Where Did We 
Begin?

 Drug exposure causing neurodevelopmental changes is decades 
old with an early focus mostly on alcohol and morphine abuse

 The discovery of Drug-induced neurodevelopmental apoptosis 
(DIDNA) was first identified by the Olney lab at Washington 
University School of Medicine in St. Louis 

 Finding NMDA antagonists cause widespread apoptotic cell death in 
neonatal rat brain

 Further reports from the Olney lab shows similar results in rats and 
mouse brain by several other drug types including: GABA mimetics, 
NMDA antagonists, ethanol, anticonvulsants and  anesthetic agents 
(ketamine, midazolam, propofol, and isoflurane)

 The brain is most susceptible to DIDNA during the brain growth 
spurt which is identified as  the first week of life in rodents and in 
humans begins during fetal development and extends throughout 
early childhood
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The finding of drug exposure causing neurodevelopmental changes is decades old with an early focus mostly on the drugs of abuse such as alcohol and morphine. The discovery of Drug-induced neurodevelopmental apoptosis (DIDNA) was first identified by the Olney lab at Washington University School of Medicine in St. Louis. It was found that NMDA antagonist drugs cause widespread apoptotic cell death in neonatal rat brain. Further reports from the Olney lab showed similar results in rats and mouse brain from several other drug types including: GABA mimetics, NMDA antagonists, ethanol, anticonvulsants and  anesthetic agents (ketamine, midazolam, propofol, and isoflurane). Following these reports it was determined that the brain growth spurt period is when the fetal or infant brain is most vulnerable to DIDNA. In rodents this is identified as the first week of life and in the human brain this begins during fetal development and extends throughout early childhood.  Vulnerability of DIDNA is not limited to only one area of the brain but has been found to occur within the forebrain, midbrain, cerebellum and visual system. 



Other  factors 
that may cause 
neurotoxicity

 Anesthetics are just one of many potential sources

 Patient related factors
 Genetic anomalies
 Prematurity
 Sepsis
 Infection
 Vascular diseases 

 Hormonal, metabolic, inflammatory, or cardiovascular changes 
caused by trauma or surgery, hemodynamic disturbances, 
hypoxia, hypo/hypercapnia, hypo/hyperglycemia, electrolyte 
imbalances, and temperature variations can contribute to the 
development of perioperative neurotoxicity
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Anesthetics are just one of many potential sources of perioperative neurotoxicity's. Patient related factors such as Genetic anomalies , Prematurity, Sepsis, Infection,  and Vascular diseases can cause perioperative toxicity. Additionally, Hormonal, metabolic, inflammatory, or cardiovascular changes caused by trauma or surgery, hemodynamic disturbances, hypoxia, hypo/hypercapnia, hypo/hyperglycemia, electrolyte imbalances, and temperature variations can contribute to the development of perioperative neurotoxicity



Define 
Neurotoxicity

Neurotoxicity of anesthetic substances on the 
developing brain is determined by the reduction of 

neural density and apoptosis in experimental studies and 
by disturbances in memory, attention, learning, and 

motor activity in clinical studies



Forms of Cell 
Death

 Apoptosis is  a normal 
process of development

 Its an orderly & programmed 
process initiated by receptor 
stimulation.

 Triggered by T-cells, 
cytokines (TNF), hormones, 
viruses, toxins, anti-cancer 
ligands.

 No leakage of cell contents –
no adjacent inflammatory 
injury.

https://www.researchgate.net/figure/283162962_fig1_Fig-1-
Roles-for-apoptosis-in-tissue-and-organ-sculpting-A-
Apoptosis-is-known-to-play
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Apoptosis is a normal process of development. Its known to play a role in eliminating organs and tissues that are useful only during the embryonic or larval stages of development.  For example the tadpole tail is removed by apoptosis at the time of its metamorphosis into a frog. The coordinated elimination of large populations of cells can provide a means to sculpt tissues without affecting neighboring cells shown in Letter B of the image.  Apoptosis is physiologically present in the developing brain, occurring at a rate of approximately 1%. However, apoptosis that occurs following pathological processes like hypoxia and ischemia is typically problematic  Several studies have shown that apoptosis is increased following anesthesia exposure . Experimental studies have shown that anesthesia induces apoptosis via intrinsic and extrinsic pathways. 



Anesthetic and 
Apoptosis 
Receptors

 Anesthesia primarily modulates two major neurotransmitter receptor 
groups
 By inhibiting NMDA receptors 

 Ketamine
 Nitrous oxide
 Volatiles?
 Xenon

 By activating GABA receptors
 Benzodiazepine 
 Barbiturates
 Propofol
 Etomidate
 Volatiles?

 This results in inhibition of excitatory activity of neurons

Presenter
Presentation Notes
General anesthesia encompasses the administration of agents that induce analgesic, sedative, and muscle relaxant effects. Although the mechanisms of action of general anesthetics are still not completely understood, recent data has suggested that anesthetics primarily modulate two major neurotransmitter receptor groups, either by inhibiting (NMDA) receptors, or conversely by activating (GABA) receptors. Both of these mechanisms result in the same effect of inhibiting excitatory activity of neurons. In developing brains, which are more sensitive to disruptions in activity-dependent plasticity, this transient inhibition may have long-term neurodevelopmental consequences. 



How Does it 
Happen?

 Intrinsic pathway
 Anesthesia causes leakage 

of cytochrome C and 
translocation of BAX 
protein (apoptic activator) 
to the mitochondria

 Leading to activation of 
apaf-1 and caspase 
pathways (disassembly of 
the cell) 

 Extrinsic pathway activation
 Activation of Fas protein 

which binds with its 
receptor leads to apoptosis

How Does it Happen?

https://blogs.scientificamerican.com/guest-
blog/hallmarks-of-cancer-3-evading-apoptosis/
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Experimental studies have shown that anesthesia induces apoptosis via intrinsic and extrinsic pathways.  Anesthesia application causes leakage of cytochrome c and translocation of BAX protein (which is a apoptic activator)  to the mitochondria, leading to activation of the apaf-1 and caspase pathways respectively. This in results in lipid peroxidation via release of free oxygen radicals. Apoptosis activation of the extrinsic pathway activates the Fas protein which causes this protein to bind with its receptor and further cause apoptosis. 



Animal Models

 Exposure of rodents to anesthetic agents between postnatal day 
7-14 is associated with decreased neuronal density, decreased 
neuronal numbers, and increased neuronal apoptosis

 Multiple anesthetics have been implicated

 A cocktail of nitrous oxide, midazolam, and sevoflurane sufficient 
to maintain a surgical plane of anesthesia for 6 hours can result  in 
apoptosis in multiple brain regions

 Non human primates are also vulnerable to neuronal damage

 Early-life anesthetic exposure in rodents has been associated with 
long-term behavioral deficits in spatial memory

 Most studies that include behavioral outcomes have been 
performed on rodents

Presenter
Presentation Notes
Exposure of rodents to anesthetic agents between postnatal day 7-14 is associated with decreased neuronal density, decreased neuronal numbers, and increased neuronal apoptosis.  Multiple anesthetics have been implicated. A cocktail of nitrous oxide, midazolam, and sevoflurane sufficient to maintain a surgical plan of general anesthesia for 6 hrs can result in apoptosis in multiple brain regions.  Even  sub anesthetic doses of propofol can be apoptogenic. Non human primates are also vulnerable to neuronal damage despite most studies being performed on rodents. When administered on postnatal day 5-6 to monkeys  a  combination of inhaled nitrous oxide and isoflurane sufficient to maintain a surgical plane for 8 hours can produce apoptotic and possibly necrotic neuronal damage in multiple brain regions. In addition to neuronal damage, early-life anesthetic exposure in rodents has been associated with long term behavioral deficits in spatial memory. Evidence for anesthetic neurotoxicity have been found throughout the nervous system including the hippocampus, thalamus, amygdala, cerebellum, cerebral cortex and spinal cord. The damage is not limited to neurons. Apoptosis also has been observed in oligodendrocytes and other glial cells.



The use of 
animal 
behavioral 
tasks as 
surrogates for 
human 
cognition

 It is well established that neurocognitive deficits have 
been found in adult animals exposed to anesthetics as 
neonates, however there is some question as to how 
much the most commonly used rodent tasks of 
locomotor activity and assessments of spatial learning 
and memory actually apply to human children

 Studies including nonhuman primates may allow future 
preclinical models to be more directly applicable to our 
species
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It is well established that neurocognitive deficits have been found in adult animals exposed to anesthetics as neonates however there is some question as to how much the most commonly used rodent tasks of locomotor activity and assessments of spatial learning and memory actually apply to human children.  Additionally,  physiologic monitoring of human subjects undergoing anesthesia and surgery in the modern era includes continuous monitoring of oxygenation, ventilation, temperature, and circulation.  This detailed level of physiologic monitoring generally is not performed in rodent populations. Studies including nonhuman primates may allow future preclinical models to be more directly applicable to our species. Recently conducted studies have moved toward full physiologic monitoring and improved maintenance of hemostatic variables which may provide more relevant data to human subjects



Animal models 
conclusion

 When administered to neonatal animals, multiple anesthetic 
agents commonly used have been shown to cause neuronal 
damage and long-term behavioral changes

 These results have been repeated by multiple research groups in 
multiple species including nonhuman primates

 Evidence proves that long-duration exposures, simultaneous 
exposures to multiple anesthetic agents, and repeated exposure 
cause histologic damage

 Degree of histologic damage correlates with behavioral changes

 Evidence in short-duration and single agent exposure is less robust
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When administered to neonatal animals, multiple anesthetic agents commonly used have been shown to cause neuronal damage and long-term behavioral changes. These results have been repeated by multiple research groups in multiple species including nonhuman primates. Evidence proves that long-duration exposures, simultaneous exposure to multiple anesthetic agents, and repeated exposure cause histologic damage. Degree of histologic damage correlates with behavioral changes.  Evidence for neuronal damage, and especially for long term behavioral changes, following short duration and single agent exposures is less robust. 



Observational 
Human 
Studies

 Before 2016 human studies had been limited to retrospective and observational 
studies

 Data from animal studies and retrospective observational human studies do not 
provide definitive evidence for or against anesthetic neurotoxicity
 A 2011 matched cohort study
 The Raine study published in 2014
 A study of Dutch twins
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Before 2016, data from human studies on the topic of anesthetic neurotoxicity had been limited to retrospective and observational studies.  Unfortunately, data from animal studies and retrospective observational human studies do not provide definitive evidence for or against anesthetic neurotoxicity. Through the next few slides I will review pertinent studies worth mentioning prior to the large-scale randomized clinical trials recently published.



Studies prior 
to 2016

 Studies worth mentioning:
 Pediatrics Journal

 Published in 2011
 matched cohort study of >8,000 children from Jan 1976-Dec 1982

 350 children exposed before age 2
 Children who were exposed to multiple  anesthetics/surgical 

procedures had a greater incidence of learning disabilities 
compared to unexposed
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There are three studies worth mentioning prior to the clinical trials that are later conducted. The first is a 2011 matched cohort study of more than 8000 children born between January of 1976 and December of 1982. In Rochester, Minnesota, a study included 350 children  exposed to anesthesia before age 2. Children who were exposed to multiple, not single anesthetics/surgical procedures had a significantly greater incidence of learning disabilities compared with unexposed.  



Studies prior 
to 2016

 The Western Australian Pregnancy Cohort of nearly 
3,000 children born between 1989-1991
 Journal of neurosurgical anesthesiology
 Published in 2014
 Authors: Ing CH, DiMaggio CJ, Whitehouse AJ, Hegarty

MK, Brady J, Von Ungern-Sternberg BS, et al.
 Assessed for cognitive changes
 321 exposed before age 3
 At age 10 children were administered individual 

neuropsychological tests  assessing behavioral 
modalities

 Children in this cohort demonstrated deficits in language 
and abstract reasoning even after one exposure

 No significant difference in fine or gross motor function 
as well as academic achievement
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A second study of the Western Australian pregnancy cohort (Raine) study of nearly 3000 children born between 1989 and 1991 also was used to assess for cognitive changes following anesthesia. In this cohort 321 children were exposed to anesthesia before the age of 3. Then at 10  years of age exposed children were administered individually neuropsychological tests to assess for specific behavioral modalities. Assessed retrospectively, children demonstrated deficits in language and abstract reasoning even following one exposure however there was no significant difference in fine or gross motor function as well as academic achievement. An additional retrospective study of a subset of the Raine cohort found and increased incidence of deficits in individual language assessments at 10 years of age in children who had anesthesia and surgery before 3 yrs of age. 



Studies prior 
to 2016

 A study of Dutch twins used a group-administered assessment of 
academic achievement 

 Twin pairs were exposed to anesthesia before age 3
 Twins were found to have significantly lower educational 

achievement scores and more cognitive deficits compared with 
unexposed twin pairs

 The lack of difference between the discordant twins however does 
not support a relationship between anesthesia and alter life learning 
deficits
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 The last study worth mentioning is one evaluating Dutch twins that used a group –administered assessment of academic achievement as its primary outcomes. This study failed to show any differences at age 12 between twin pairs when one received anesthesia and the other did not before age 3.  interestingly in this study twin pairs in which both twins were exposed before age 3 were found to have significantly lower educational achievement scores and more cognitive deficits compared with unexposed twin pairs. The lack of difference between the discordant twins does not support the relationship between anesthesia and later-life learning deficits. 



Prospective 
clinical studies

Regional vs General

 Published 2016

 Gas Study- A prospective randomized study

 An observer blinded, international, multisite, randomized controlled 
equivalence study comparing 356 infants who received general 
anesthesia & 355 infants who received awake regional for inguinal hernia 
repair

 At age 2 years old children were assessed by both an as-per-protocol and 
an intention-to-treat analysis in 5 distinct scales of developmental 
function including: cognitive, communication, physical, social/emotional, 
and adaptive measures.

 Mean duration of sevoflurane was only 54 minutes 

 No evidence for adverse neurodevelopment outcomes was found  at the 
age of 2 between the groups 

 Primary outcome assessments will be performed again when the 
children are 5 years of age

 McCann, M. E., Withington, D. D., Arnup, S. J., & Biostat, M. (n.d.). Differences in 
Blood Pressure in Infants After General Anesthesia Compared to Awake Regional 
Anesthesia (GAS Study-A Prospective Randomized Trial). International Anesthesia 
Research Society, 125(3), 837-845. doi:10.1213/ANE.0000000000001870
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The studies completed prior to 2016 warranted large scale randomized clinical trials to assess whether general anesthetics impair neurocognitive development in human subjects. Results from the first of these studies recently has been published. An observer blinded, international, multisite, randomized controlled equivalence study of 722 infants were recruited into the trial. For the ITT analysis 356 infants who received general anesthesia and 355infants who received awake regional anesthesia for inguinal hernia repair.  There were 394 premature infants and 325 term infants.  In this study only awake regional technique or sevoflurane inhalational general anesthetic was permitted. In the awake regional group the use of pharmacologic supplemental sedation was considered a protocol violation.  Patients in the regional group received either a spinal, spinal with caudal, or caudal block.  At age 2 years old children were assessed by both an as-per-protocol and an intention-to-treat analysis in 5 distinct scales of developmental function including: cognitive, communication, physical, social/emotional, and adaptive measures. The mean duration of sevoflurane was only 54 minutes and patient recruitment was restricted to relatively healthy infants.  No evidence for adverse neurodevelopment outcomes was found  at the age of 2 between the groups that received and awake regional or general anesthetic. Furthermore, Primary outcome assessments will be performed again when the children are 5 years of age



Prospective 
clinical studies

 Association Between a Single General Anesthesia Exposure Before 
Age 36 Months and Neurocognitive Outcomes in Later Childhood

 Published in JAMA
 Year 2016

 A sibling matched cohort study of 105 healthy sibling pairs 
presenting for elective inguinal hernia repair 

 Children received a single anesthetic exposure before age 36 
months for inguinal hernia repair 

 Neurocognitive and behavioral outcomes were then assessed 
prospectively by the use of unexposed siblings whose age was 
within 36 months of the exposed sibling

 Results showed no significant differences in the primary outcomes 
of IQ scores or secondary domain-specific neuropsychological 
outcome tests
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A similar sibling matched cohort study of 105 healthy sibling pairs presenting for elective inguinal hernia repair was also completed recently. In this study, the exposed children received a single anesthetic exposure before age 36 months for inguinal hernia repair and were identified retrospectively. The study chose an age range of 0-36 months as the exposure range because this period encompasses peak synaptogenesis of various human brain regions.  The studies pre-specified outcomes were global cognitive function (IQ) and secondary outcomes were domain specific cognitive functions and behavior.  Selection of outcomes were based on one of the following criteria:Specific neurocognitive domains with deficits identified in animal studies (memory, attention, and motor function)Impairments in human studies identified as languageOther human functions considered to be important  in daily living or school/work performance Assessment at ages 8-15 years was chosen because neuropsychological testing of all the domains was both reliable and valid at these ages and it allowed enough follow-up time for impairments to emerge. Of the 105 sibling pairs the mean age at testing was 10.6  for exposed children and 10.9 for unexposed. More than 80% of the exposed cohort was deemed to be ASA physical status 1. All exposed children received inhaled anesthetic agents (43 sevoflurane, 5 isoflurane, and 57 sevoflurane and isoflurane). The specific neurocognitive and behavioral outcomes were then assessed prospectively by the use of unexposed siblings whose age was within 36 months of the exposed sibling. The duration of anesthesia like the previous study was relatively short with a median duration of 80 minutes and a range of 20-240 minutes.). Furthermore, the subjects were all relatively healthy. The results found between exposed and unexposed siblings  showed no significant differences in the primary outcomes of IQ scores or secondary domain-specific neuropsychological outcome tests. 



Summary of 
Findings

 There is an abundance of evidence from animal 
research suggesting sedation and anesthesia has the 
potential to be neurotoxic

 Studies in humans are mostly retrospective 

 Studies have found a single exposure is likely not a 
concern

 Prospective human clinical research is needed focusing 
on neurobehavioral and domain-specific outcomes 
rather than diagnoses
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Pediatric anesthetic neurotoxicity is a complicated and complex issue. There are many variables at play in addition to the potentially toxic effects of anesthesia. These include maternal health, medication use and other exposures during pregnancy, labor and delivery, indications for surgery, pre-existing medical conditions in the child and environmental or ecological characteristics.  Although there is an increasing acceptance of the laboratory evidence and a movement toward investigation of potential interventions, there remains distinct challenges in translating the bench science to bedside practice. Infant rats have relatively short vulnerable synaptogenic periods in contrast to humans and relatively high doses of anesthetic agents  and long duration of anesthetic exposure have been found to trigger apoptosis.  Any extrapolation to humans may require frequent, repeated or lengthy exposures. The difficulty in monitoring neonatal rodents compared to human infants also raises the possibility that the effects in rodents might be due to hypoxia or other physiologic or metabolic disturbances rather than the anesthetic agent.  There is currently an abundance of evidence from animal research that suggests that pediatric sedation and anesthesia has the potential to be neurotoxic in the developing brain. Studies in humans are mostly retrospective, and have found that a single exposure to anesthesia is likely not a concern, but it cannot be ruled out that multiple exposures could increase the risk for poor neurodevelopmental outcome. Prospective human clinical research is needed; Retrospective studies should focus on neurobehavioral and domain-specific outcome measures rather than diagnoses or global outcomes such as standardized test and academic achievement scores. New research in animals should focus on finding the safest protocols, drugs, and drug combinations. There currently is not enough evidence to prompt significant changes in clinical practice but elective or non-urgent surgeries should be avoided. 



Summary  of 
Findings 
Continued..

 Most studies reviewed had pediatric participants that 
were healthy and those with advanced pathology were 
excluded

 Healthy children generally do not require multiple 
anesthetics

 Further research is needed in varying pediatric 
populations which can cause future research to be 
difficult to  distinguish between  deficits related to 
anesthesia or pathophysiologic background
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Data from preclinical models have not demonstrated conclusively that short duration, or single-agent, anesthetic exposures consistently cause neurodegeneration, much less significant behavioral effects. Findings from animal models are therefore consistent with recently published human studies, namely that short-duration, single agent anesthetics likely do not pose a significant risk to the relatively health child. A sobering counterpoint to this is the possibility that longer duration, or repetitive anesthetic exposures ma y pose a risk for neurocognitive impairment in human subjects. Healthy children generally do not require multiple anesthetics; thus it will be extremely challenging for future studies to tease out whether any observed neurocognitive deficits are due to the anesthetic regimen or pathophysiologic background. 



The Way 
Forward

 Limitation, mitigation, and alternative neuroprotective strategies 
are being tested

 Treatment strategies to reduce neurodegeneration induced by 
anesthetics
 Lithium
 Melatonin
 Estradiol
 Pilocarpine
 Dexmedetomidine
 Xenon
 Hydrogen gas

 Regional vs. General
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Thankfully there is a way forward. Limitation, mitigation and alternative neuroprotective strategies are being testing that may reduce the risk of anesthetic neurotoxicity following exposure.  In rats, the inert gas xenon, which is a NMDA antagonist , has been found to not be apoptogenic  in place of isoflurane. Similarly, the alpha 2- adrenergic receptor agonist dexmedetomidine reduces isoflurane-induces caspase 3 activation in rats suggesting it may be a neuroprotective sedating agent.  In non-human primates, coadministration of lithium infusion protects against isoflurane-induced neuronal apoptosis.  Despite there improvement intraoperative further research is required to determine whether theses strategies are neuroprotective in long-duration anesthetics. 



Additional 
Relevant 

Questions 
Remaining

 Are specific patient populations more at risk?

 Are patients who undergo specific surgical procedures more likely 
to have neurocognitive deficits?

 Are premature infants more at risk than full term infants?

 Can diagnostic imaging modalities or biomarkers noninvasively 
diagnose neurotoxicity?

 If cumulative or repeat dosing increases the risk for neurotoxicity 
in humans, can we define  cut-offs below which detectable effects 
are unlikely?
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Additional relevant questions still remain despite the improvement in level of understanding when it comes to this topic. Some of the questions include… READ SLIDE. Definitive determination of the risks that anesthetics and sedatives may pose to the developing human brain will require a united global effort and coordination between patients, scientists, and healthcare providers. This task will not be easy and will take years to complete but our patients and future anesthetic practice deserves it. 



QUESTIONS?

Thank you for listening!
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