Are we harming our patient’s brains?
How to address parents’ questions
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Phone call from parent

» Father of 23 month old scheduled for
resection of midline neck mass (? Thyro-
glossal duct cyst)

» Father is adult oncologist

« Should surgery be delayed because of risk
of brain damage?

« Canyou use anesthesiathat will have less
risk of brain damage?

....... what do you say to this father?



What Parents are Reading

TIME
Study: Anesthesia in Infancy Linked to Later

Disabilities __March 24, 2009

Anesthesia: Could Early Use Affect the Brain
Later? November 3, 2009



Questions to think about when
talking to parents

Is there any risk In humans?

What is the magnitude of risk? What
factors increase the risk and up to what
age should surgery be delayed?

Is one agent or technique better?
Should we (can we) limit the dose?
Are there any protective strategies?

Sanders + Davidson, Ped Anesth 2009



lkonomidou et al. (Science,1999)

Blockade of NMDA Receptors
and Apoptotic
Neurodegeneration in the

Developing Brain

Chrysanthy lkonomidou,* Friederike Bosch, Michael Miksa,
Petra Bittigau, Jessica Vockler, Krikor Dikranian,
Tanya |. Tenkova, Vanya Stefovska, Lechoslaw Turski,
John W. Olney

Model: 7-day old rat

MK-801 (0.5 mg/kg, 1.p.)

Reported findings with Ketamine (20 mg/kg, s.c. X 7
over 9 h)



Apoptosis

= Wl . Programmed cell death of
| redundant neurons
&Y © Normal in 1% neurons
& 1+ Druginduced apoptosis occurs
¢] Inupto 50% neurons in animal
B studies
% . - Measured by activation of
4| effector caspases as the final
step




Neuronal Development

 Neuronal signaling, communication, feedback
processing

* Synaptogenesis
— Migration
— Synapse formation
— Differentiation
— Maturation

 General anesthesia and ICU sedation results
In prolonged depression of neuronal activity



Established Neurotoxins

Ethanol —p  Fetal Alcohol Syndrome

Antiepileptic drugs
Phenytoin —p Fetal Malformations
Phenobarbital Developmental delay
Benzodiazepine Microcephaly
Valproic acid



Established Neurotoxins

Ethanol =)  Fetal Alcohol Syndrome
Antiepileptic drugs
phenytoin Fetal Malformations
phenobarbital - Developmental delay
benzodiazepine Microcephaly
valproic acid
Anesthetic Drugs
ketamine
isoflurane - ?
midazolam
propofol



Jevtovic-Todorovic et al. (2003)

Early Exposure to Common Anesthetic Agents Causes
Widespread Neurodegeneration in the Developing Rat Brain
and Persistent Learning Deficits

Vesna Jevtovic-Todorovic,! Richard E. Hartman,? Yukitoshi Izumi,* Nicholas D. Benshoff,* Krikor Dikranian,*
Charles F. Zorumski,” John W. Olney,” and David F. Wozniak®
Department of Anesthesiology, University of Virginia Health System, Charlottesville, Virginia 22908, and Departments of *Neurology and *Psychiatry,

Washington University School of Medicine, St. Louis, Missouri 63110

 Model: Neonatal Rat (PND 7), 6 hours of anesthesia
* Anesthetic Regimen: cocktail of nitrous oxide, oxygen,
Isoflurane and midazolam

« Endpoints: Histopathology, behavioral testing over 160
days, and electrophysiology testing in hippocampal
slices (P29-P33)

J. Neuroscience 23(3): 876-882



Jevtovic-Todorovic et al. (2003)

 First published report to suggest that both
nitrous oxide, Isoflurane and midazolam can
also produce neuroapoptosis in rat model

* First study to attempt to mimic the clinical
anesthetic setting

* Exposure of neonatal rats to 6 hrs of "mock
anesthesia” (nitrous oxide, oxygen,
Isoflurane, midazolam) caused:

— widespread apoptotic neurodegeneration in the
developing brain

— deficits in hippocampal synaptic function
— persistent memory/learning impairments



Early Exposure to Common Anesthetic Agents Causes

Widespread Neurodegeneration in the Developing Rat Brain
and Persistent Learning Deficits

MORRIS WATER MAZE
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Jevtovic-Todorovic et al, J Neurosci, 2003



Common General Anesthetics

» Potentiate inhibitory transmission through GABA ,
receptors (benzodiazepines, barbiturates, propofol)
and inhalational anesthetics (isoflurane)

* Decrease excitatory transmission through
antagonism of NMDA glutamate receptors (nitrous

oxide, ketamine)


http://www.bedfordlabs.com/products/images/Ketamine (475-10).jpg
http://www.bedfordlabs.com/news/news_item-images/Propofol group.jpg
http://www.dwib.org/images/Midazolam.jpg

Premature and Term Infants

Exposure to Anticonvulsants, No Exposure to
Volatile and Fixed anesthetics Neurotoxins

Apoptosis, Impaired
Neurogenesis,
Synaptogenesis

No Brain
Changes

Abnormal Development
Learning Deficits, Normal Development
Possible Impaired Executive
Function, Autisim




Animal Studies and Apoptosis

- Mammalian species (rats, mice, guinea pigs, and
non-human primates)

« Widespread apoptosis after prolonged exposure if
given during vulnerable period

« Behavioral and learning gaps which increase in later
adulthood (executive function)



Animal Data

Exposure to various anesthetic drugs led to
widespread neuroapoptosis

Long term defect in spatial memory and
learning

Most of the studies in P7 rats (“sweet spot”)

Animal studies done with anesthesia but no
surgery



Anesthesiology 2005; 102:866-8 © 2005 American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins, Ihc.
Of Mice and Men: Should We Extrapolate Rodent Experimental
Data to the Care of Human Neonates?

Sulpicio G. Soriano, M.D.,* Kanwaljeet J. S. Anand, M.B.B.S.,
D.Phil.,, Cynthia R. Rovnaghi, M.S., Paul R. Hickey, M.D.
* Children’s Hospital Boston and Harvard Medical School, Boston,




The Challenge of Animal Models:
How to Extrapolate Risk to Humans?

e Species Differences:
— Most sensitive species vs. most appropriate species
— Metabolism Differences
— Developmental Differences

» Technical Study Design Challenges:

— How to mimic the clinical setting as closely as possible

« Concurrent medications, blood gases, nutritional support,
hemodynamic stability

— How to extrapolate dose administered to clinical setting.
« Body Surface Area, pharmacokinetic comparison vs.
« Pharmacodynamic effect



Human Babies are not Large Rat
Pups!!

Problems with Rodent Experimental Paradigm

* Duration of exposure to drugs



Periods of Rapid Brain Growth

7 rat days = 27 human months

6 hour = 1 month




Human Babies are not Large Rat
Pups!!

Problems with Rodent Experimental Paradigm

» Duration of exposure to drugs

* Lack of precise physiological monitoring
— End-organ perfusion

— Varying anesthetic depth

« MAC values
« Target-controlled infusions



Human Babies are not Large Rat
Pups!!
Problems with Rodent Experimental Paradigm
» Duration of exposure to drugs

» Lack of precise physiological monitoring

* Interspecies variation
— Dose-response
— Drug metabolism

— Peak susceptibility



Approximate Exposure Margin for
Ketamine-induced Neuroapoptosis

Evidence of Neuro-

Treatment :
apoptosis

Ketamine 10 mg/kg x 7

Ketamine 20mg/kg x 1

Ketamine 20 mg/kg x 7




Zou et al. (2009)

Ketamine-induced neurodegeneration
In the perinatal rhesus monkey

Model: Rhesus monkey (postnatal day 5)
Ketamine IV 24 hours

Ketamine IV 9 hours

Ketamine IV 3 hours

Int J Dev Neurosci 2009



Rapid Brain Growth (after Dobbing)

ratl—

humarI I
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1 24 months




Human Babies are not Large Rat
Pups!!
Problems with Rodent Experimental Paradigm
» Duration of exposure to drugs
» Lack of precise physiological
monitoring
* Interspecies variation

» Anesthesia with and without painful
stimulation



Altered Nociceptive Neuronal Circuits
After Neonatal Peripheral Inflammation

* Freund’s adjuvant
Injected into left hind
paw
- PO0,1, 3,7, 14 rat

pups
— Increased spinal
nociceptive circuits

« Behavioral changes

Adult

_ ' Neonatal al
Decreased latency in T D
treated paw 24 hrs Post CFA

— Increased pain scores .
P Ruda MA et al. Science 2000



Human Babies are not Large Rat
Pups!!

Problems with Rodent Experimental Paradigm

» Duration of exposure to drugs
» Lack of precise physiological monitoring
* Interspecies variation

* Anesthesia with and without painful
stimulation

* Neuroprotective effects of anesthetics



Rovnaghi et al (2008)

Inflammatory pain (formalin injection) P1-P4
With or without ketamine prior to formalin |
Ketamine without or without formalin
Sacrifice on day P5

Increased apoptosis In rats given ketamine
without inflammation

Greatest apoptosis in rats given formalin alone

Less apoptosis In rats receiving
ketamine/formalin

Behav Brain Func 2008



Ethanol-sensitive times for the
human conceptus

Meta-analysis of data on 492 examples of fetal alcohol
syndrome and compared the seasonal pattern of ethanol
Intakes with the seasonal pattern of FAS births to estimate the
time-lag between them and estimated that the peak
vulnerability was the 18-20™" week of gestation.




Retinoblastoma

Target group-infants receiving retinal radiation-no
chemo; no cranial radiation

25 treatments over 5 weeks
21 patients initially identified; 7 excluded



Does Repeated Exposure To Anesthetic Drugs
Lead To Neurodevelopmental Disabilities?

Retinoblastoma No Ketamine Propofol
Patients Anesthesia P
Neuro Deficit
4 2 3
(-)
Neuro Deficit 0 3 2

(+)

McCann et al, ASA 2006, A966



Are General Anesthetics ever Good for
Neonates?




Pain and its Effects in the
Human Neonate and Fetus

Anand KJ, Hickey PR, N Engl J Med. 1987

Cutaneous Sensory
Perception
MYEL INATION. '
Nerve Tracts in the Spinal internal Capsule
Cord and Brain Stem

[Corona Radiata :::
CORTICAL MATURAT/ON.

~_ Neuronal Migration
Dendritic Arborization
Synapt

EEG PATTERNS.

| Pattern 2 EEG
] Pattern 3 EEG

l Pattern4E
| Cortical Evoked Potentials

26 28 30 32 34 36
WEEKS OF GESTATION




Hormonal-metabolic stress responses In
neonates undergoing cardiac surgery

Anand KJ, Hansen DD, Hickey PR
Anesthesiology 1990

Plasma Norepinephrine (nmol/L. )
**x

Plasma Glucagon(pmol/L )




Effect of neonatal circumcision on pain
response during subsequent routine

L._.-,_.a.__
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vaccination
Taddio 1997

mmm  Circumcised infants showed a stronger

'.':':"; > ‘e ., ’5‘ "

pain response to subsequent routine
vaccination than uncircumcised infants

Among the circumcised group,
preoperative treatment with EMLA

attenuated the pain response to
vaccination

We recommend treatment to prevent
neonatal circumcision pain



Long-term alteration of pain sensitivity in
school-aged children with early pain

experiences
Hermann 2006

« 3 groups-FT NICU infants, PT NICU infants and FT healthy infants

 NICU grads (history of repeated painful experiences) had changes in
thermal pain responsivity when they reached school age

« Enhanced perceptual sensitization to prolonged painful stimulation and
hypoalgesia to brief heat pain stimuli

» Mechanical pain threshold and perceptual sensitization did not differ
between groups.



Reasons Pro and Con for
General Anesthesia
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Alleviation of pain and

Long-term effects in

suffering humans unknown
Blunting stress * Irrefutable negative
response to surgery rodent data

Eliminating long-term
effects of painful stimuli
on brain development



Clinical research
approaches to determine
whether general
anesthetics are harmful
to human neonates



Possible Approaches

 Epidemiologic
— Demographic information including medical records and
school records
— Relatively inexpensive

— Information gleaned from epidemiology studies may inform
randomized trials

« Retrospective or Prospective Cohort Studies
— Difficulties with confounding and bias
— Birth order, gender, disease
— EXpensive
 Prospective Randomized trials
— EXxpensive
— Time consuming
— Questions about generalizability



FDA-Neurotoxic Potential of
Anesthesia Drugs on Pediatric
Patients

“there are not adequate data to extrapolate
the animal findings to humans”

Mellon et al, Anesth Analg 2007



FDA-Neurotoxic Potential of
Anesthesia Drugs on Pediatric
Patients

a U KSNB I NS y 2 0 I Iv?élj dzl |
0KS FTYAYFf FTAYRAYy3Ia 73
“* W euhdérstood risks of anesthesia
(respiratory and hemodynamic morbidity)
continue to be the overwhelming
considerations in designing an anesthetic,
and the understood risks of delaying surgery

are the primary reasons to determine the
ti mi ng”’



SAFEKIDS Initiative

- Safety of Key Inhaled + Intravenous Drugs in
Pediatrics

* FDA Initiative to partner with industry,
academics, patient advocacy groups and federal
agencies

* Long term behavioral implications of GA
— PANDAS study
— GAS study
— Cognitive development after GA as infant

— PK of anesthetic in primates undergoing surgery and
neurobehavioral testing after anesthesia



Epidemiologic Approaches

A Retrospective Cohort Study of the Association of

Anesthesia and Hernia Repair Surgery With Behavioral
and Developmental Disorders in Young Children

Charles DiMaggio, PhD, MPH, PA-C* Lena S. Sun, MD,{ Athina Kakavouli, MD,}
Mary W. Byrne, PhD, MPH, FAAN.,§ and Guohua Li, MD, Dr PH|

Bebavior and Development in Children and Age at the Time
of First Anesthetic Exposure

Cor J. Kalkman, M.D., Ph.D.,” Linda Peelen, M.5c.,T Karel G. Moons, Ph.D.,* Moma Veenhuizen, M.D..T
Marcel Bruens, R.N.,§ Gerben Sinnema, Ph.D.,|| Tom P. de Jong, M.D., Ph.D.#

Early Exposure to Anesthesia and Learning Disabilities in
a Population-based Birth Cobort

Robert T. Wilder, M.D., Ph.D.,” Randall P. Flick, M.D., M.P.H.,T Juraj Sprung, M.D., Ph.D..x Slavica K. Katusic, M.D.,§

William J. Barbaresi, M.D.,|| Christopher Mickelson, M.D.,# Stephen J. Gleich, M.D.,” Darrell B. Schroeder, M.S.,TT
Amy L. Weaver, M.5.,7T David O. Warner, M.D.¥

Anesthesia and Cognitive Performance
in Children: No Evidence for a
Causal Relationship

Meike Bartels,” Robert R. Althoff,” and Dorret |. Boomsma'



Early Exposure to Anesthesia and
Learning Disabilities in a Population-
based Birth Cohort

‘able 6. Effects of Anesthetic Exposures before Age 4 vr on Risk for Development of Learning Disabilities
Unadjusted Adusted'
Hazard Ratio 95% CI P Vale Hazard Ratio a5% Cl P Value

Number of exposures
0,n= 4764 Reference Reference
1,n = 449 1.05 0.84-1.32 1.00 0.79-1.27
2,n=100 1.78 1.22-2.99 1.59 1.06-2.37
3 or more, n = 44 2.50 1.55-4.04 1,60-4.24

otal duration of anesthesia exposure
Continuous (per 30 min) 1.02 1.00-1.03 1.02 1.00-1.03
Categorical (30-min intervals)

No anesthesia, n = 4,764 Reference Reference
=30min, n=95 0,93 0.56-1.55 (.94 0.56-1.60
3160 mn, n = 135 0.80 0.51-1.26 0.74 0.46-1.20
61-90 min, n ~ 135 1.50 1.06-2.14 1.40 0.97-2.02
91-120 min, n = B7 1.45 0.94-2.24 1.36 0.89-2.10
=120 min, n = 141 1.65 1.19-2.29 1.56 1.11-2.19

Any exposure
No, n = 4,764 Reference Reference
Yes, n = 593 1.27 1.05-1.53 1.20 0.99-1.46

" Adjusting for gax, bith wesght (< 2,500 g, = 2,500 g), and gestational age (< 32 weeks, 32 10 < 37 weeks, = 3 7 weeks), Because of mssing cove
nformation, only 5,020 individuals were Included o the adjusted analysis

Wilder RT et al, Anesthesiology 2009
5358 children in Rochester, Minnesota
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Early Exposure to Anesthesia and
Learning Disabilities in a Population-
based Birth Cohort

Exposures (no.)

== Multiple
—_—1

--=- None

5 6 7 8 9

10 11 12 13 14 15 16 17 18 19

Cumulative percentage
of learning disabillities
diagnosis by the age at
exposure shown
separately for those
that have zero, one, or
multiple anesthetic
exposures before age 4



Exposure to Anesthesia and the Risk of
Developmental and Behavioral Disorders in
Young Children

228961 children covered by New York State Medicaid

625 children underwent herniorrhaphy, compared with
5000 matched children

4.8% of exposed group and 1.5% of comparison group
had behavioral and developmental issues by ICD-9
codes

With adljustment for birthweight, age, gender, race and
medical service utilization exposed group almost twice
as likely to diagnosed with developmental and behavioral
Issues

DiMaggio et al, ASA 2008, A1415



Behavior and development in children
and age at the time of first anesthetic
exposure

314 children who had urologic surgery from birth to age 6
Child behavior checklist questionnaire (243/314 returned)

Children who had surgery <24 mo compared to >24 mo had
more behavioral disturbances

Study underpowered: needed around 2300 patients to
show a difference statistically

With retrospective study designs, unknown confounding
factors remains an issue that can only be resolved by
prospective randomized studies

Kalkman CJ et al, Anesthesiology 2009



Anesthesia and cognitive performance Iin
children: no evidence for a causal relationship

« 1143 monozygotic twin pairs (56%
female) fetherlands twin database

« Parents of the twins reported on
anesthesia use before age 3 and from 3
to 12

« EXxposure < 3 associated with lower
education achievement scores and more
cognitive problems

\}:.gt - .'- , #{’u

4 ~’ ‘ b Y,
M e Gyl 280

« EXception-unexposed co-twin from discordant pairs did
not differ from their exposed co-twin

. Suggests that early anesthesia may be a marker for an
Individuals later learning problems

Bartels M et al, Twin Res Hum Genet 2009



PANDAS study

Pediatric Anesthesia Neurodevelopmental study
Multicenter study

500 sibling pairs within 3 years of age of each
other, one of whom had anesthesia for hernia
repair prior to age 3

Neurocognitive testing between ages 6 and 10
Behavior questionnaire
Family demographics



GAS Study

Davidson, McCann, Morton

A multi-site RCT comparing regional
and general anesthesia for effects on

neurodevelopmental outcome and
apnea in infants



GAS Study

 Randomized controlled equivalence trial
— Inguinal hernia in infants

— Spinal (bupivacaine) versus general
(sevoflurane) anesthesia

— Neurodevelopmental assessments at 2 and 5
years



GAS Study Population

660 infants aged 26 to 60 weeks post-conceptual
age scheduled for inguinal hernia repair under
anesthesia.

Exclusion criteria include recognized risk factors for
adverse neurodevelopmental outcome or previous
exposure to general anesthesia.









Primary Outcome

Outcome measure: Neurodevelopmental
assessments will occur at 2 years using the Bayley 3
and at 5 years using the WPPSI 3 (Wechsler
Preschool and Primary Scale of Intelligence) and
other standard neuropsychological tools.



Significance of cognitive
effects If found

« Alternativesto volatile anesthesia
— opioid-based anesthesia
— Increased use of regional local anesthesia

 Delay elective surgery



FDA-Neurotoxic Potential of
Anesthesia Drugs on Pediatric
Patients
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“* W euhdérstood risks of anesthesia
(respiratory and hemodynamic morbidity)
continue to be the overwhelming
considerations in designing an anesthetic,
and the understood risks of delaying surgery

are the primary reasons to determine the
ti mi ng”’



Another Approach

“Until the risk of neurocognitive injury is
understood, pediatric surgical specialties,
In conjunction with anesthesiologists and
pediatricians, should identify surgical
procedures that can be delayed until older
ages without incurring additional risko

McGowan and Davis
Anesth Analg 2008



Questions to think about when
talking to parents

Is there any risk In humans?

What is the magnitude of risk? What
factors increase the risk and up to what
age should surgery be delayed?

Is one agent or technique better?
Should we (can we) limit the dose?
Are there any protective strategies?

Sanders + Davidson, Ped Anesth 2009



Talking points

 When a child requires surgery, some form
of anesthesia s required to keep the child
safe and comfortable. Surgery without
anesthesiais not an option.

» Light anesthesiais frequently inadequate
anesthesia and is associated with pain
and adverse effects during and after
surgery



Talking points

There Is no scientific evidence that any
anesthetic technigue we choose will result in any
permanent injury of any type to your child

Safety and prevention of known adverse effects
are our primary goals in the care of every patient
The possibility of injury to the developing brain
has been suggested by exposing animals to

large doses of anesthetic drugs. This may not be
comparable to the human situation

We take this issue seriously and are
participating in studies designed to determine |f
ther Is any cause for concern in our patients.




Thank you for your attention
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Questions?



