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Summary 

All commonly used general anesthetics have been shown to cause neurotoxicity in animal models, 

including non-human primates. Opinion, however, remains divided over how cumulative evidence 

from preclinical and human studies in this field should be interpreted and its translation to current 

practices in pediatric anesthesia and surgery. A group of international experts in laboratory and 

clinical sciences recently convened in Genoa, Italy, to evaluate the current state of both laboratory 

and clinical research and discuss future directions for basic, translational, and clinical studies in 

this field. This paper describes those discussions and conclusions. A central goal identified was the 

importance of continuing to pursue laboratory research efforts to better understand the biological 

pathways underlying anesthesia neurotoxicity. The distinction between basic and translational 

experimental designs in this field was highlighted, and it was acknowledged that it will be 

important for future animal research to try to causally link structural changes with long-term 

cognitive abnormalities. While inherent limitations will continue to affect the ability of even large 

observational cohorts to determine if anesthesia impacts neurodevelopment or behavioral 

outcomes, the importance of conducting further large well-designed cohort studies was also 

emphasized. Adequately powered cohorts could clarify which populations are at increased risk, 

provide information on environmental and healthcare-related risk modifiers, and guide future 

interventional trials. If anesthetics cause structural or functional adverse neurological effects in 

young children, alternative or mitigating strategies need to be considered.  While protective or 

mitigating strategies have been repeatedly studied in animals, there are currently no human data 

to support alternative anesthetic strategies in clinical practice. Lastly, it was noted that there is still 

considerable debate over the clinical relevance of anesthesia neurotoxicity, and the need to 

evaluate the impact of other aspects of perioperative care on neurodevelopment must also be 

considered.  
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Word Count: 2572 

 

Introduction  

The impact of anesthetic exposure on the developing brain continues to be a topic of extensive 

debate and ongoing research. Over 500 preclinical studies of anesthesia neurotoxicity have been 
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published, and structural abnormalities and functional changes have been demonstrated in a 

variety of animal models, including non-human primates.
1
 These adverse effects are seen with all 

commonly used general anesthetics. Accordingly, substantial concerns have been raised for the 

safety of young children undergoing repeated or prolonged anesthetics, culminating in safety 

warnings issued by the US Food and Drug Administration.
2,3

 Expert opinion, however, remains 

divided over the applicability of preclinical studies to humans, the interpretation of current human 

studies, and how these findings should influence clinical practice.
4

A group of international experts in laboratory and clinical sciences in this field convened in Genoa, 

Italy, from May 13-14

 Given the potential impact on 

the millions of children who require surgery each year and the uncertainty over current evidence, 

further high-quality multidisciplinary research is required to clarify and, if necessary, mitigate risks 

of anesthesia neurotoxicity.  

th
, 2017 for the 2

nd
 International Conference on Pediatric Anesthesia and 

Neurotoxicity: From the GAS Study to future collaborative trials. The workshop was partly funded 

by a grant from the Italian Ministry of Health to support the GAS Study (RF-2011-02347532). 

Twenty-eight experts formed the faculty and an additional 35 delegates attended the 2-day 

workshop. The workshop built upon a previous one held with a similar mandate in 2014.
5

 

 During 

the workshop, the current state of both laboratory and clinical research was evaluated and future 

directions for new basic, translational, and clinical studies were discussed. This meeting report 

does not aim to be a comprehensive review of the topic but summarizes the key discussion points 

arising from the workshop.  

Current state and future directions for preclinical studies  

Animal studies have repeatedly demonstrated that exposures to all commonly used 

general anesthetics, albeit often on the upper boundaries for durations and doses seen in clinical 

practice, can lead to alterations in trophic factors, synaptic and dendritic architecture, and 

widespread neuronal cell loss.
1
 Several preclinical studies have also found a range of long-term 

neurodevelopmental changes in animals exposed to general anesthetics in early life, especially in 

domains of memory and learning, but also changes in some aspects of behavior. Given the 

pervasive effects of anesthetics on signaling pathways and cellular homeostasis in the central 

nervous system, the underlying mechanisms of injury are only incompletely understood.
6

 A central goal identified by workshop discussants was the importance of continuing to 

pursue laboratory research efforts to better understand the biological pathways underlying 
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anesthesia neurotoxicity. It is imperative to further elucidate the phenomenon’s underlying 

mechanisms to better define human applicability, identify safer anesthetic techniques, and devise 

mitigating strategies. Since no biological tenet exempts humans from the structural and functional 

abnormalities observed in animals, preclinical studies offer key opportunities for future research 

efforts.  

Both in vitro and in vivo models are required to elucidate mechanisms of injury at the 

molecular, cellular, and systems levels, and the primary goal of this basic science research activity 

should be to identify specific molecular targets and neural pathways involved in anesthetic 

neurotoxicity. This preclinical platform would, in turn, support focused theory generation and 

model development, providing a driving force behind translational science. The distinction 

between basic and translational science is important to recognize in this field, as they result in 

significant differences in experimental designs. It is important to emphasize that basic science is 

primarily an exploratory research activity where every step is highly dependent on the 

observations made in the previous step of the same experimental process. Therefore, as 

experiments of anesthesia neurotoxicity involve stepwise interdependent explorations of crossing 

molecular pathways, working hypotheses, experimental endpoints, and power calculations can be 

difficult to define in advance. This is in striking contrast with translational or applied science, 

which refers to the applicability of  basic scientific discoveries to real-world problems.
7

In terms of translational relevance, studies using non-human primates are important in the 

experimental field of developmental anesthesia neurotoxicity. Non-human primates more closely 

resemble human physiology and pathophysiology than any other animal species, especially during 

pregnancy and early development. 

  

8
 Behavioral studies have also shown that well-trained non-

human primates can perform certain tasks with comparable accuracy to children, supporting their 

extrapolation to humans. 
9
 When using small animal models, monitoring of vital signs and 

maintenance of homeostasis are critical during anesthesia exposure to reduce risk of confounding. 

When elucidating the mechanisms underlying long-term effects of anesthetic exposures on 

neurodevelopment, it will also be important for future animal research to causally link structural 

changes observed in immature brains immediately following exposure with long-term cognitive 

abnormalities. While acknowledging that this may be difficult, discussants expressed optimism 

that this goal could be reached by exploiting serum or imaging biomarkers. In general, it was 

acknowledged that future experimental studies will require substantial improvements in quality 

and reproducibility and should adhere to the appropriate conduct and reporting guidelines (e.g., 
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ARRIVE [Animal Research: Reporting of In Vivo Experiments]) guidelines.
10

 

  

Recent clinical studies  

The GAS (General Anesthesia vs. Spinal) randomized controlled trial and several cohort studies 

have recently provided important new evidence. The GAS trial randomized infants undergoing 

inguinal hernia repair to a sevoflurane-based general anesthetic or a neuraxial block without 

sedation. In this study, the average exposure to anesthesia was just under an hour in length, and 

the trial found good evidence for no difference in the secondary outcome of neurodevelopment at 

2 years of age measured with the Bayley III Scales of Infant and Toddler Development. 
11

 The 

primary outcome, neurodevelopment at 5 years of age, will be known in 2018. In addition, the 

PANDA (Pediatric Anesthesia & NeuroDevelopment Assessment) study found no differences 

across multiple neuropsychological and behavioral measures in later childhood for children who 

had a single anesthetic exposure for inguinal hernia repair prior to 3 years of age compared with 

unexposed siblings. 
12

In addition, several recent cohort studies have found modest evidence for an association 

between general anesthesia exposure and surgery in early childhood and later abnormal 

behavioral, learning, and neurodevelopmental outcomes. Findings from two Canadian Provincial 

(Manitoba and Ontario) cohorts, which both used the Early Development Instrument (a teacher 

administered assessment of children’s readiness to learn at school entry), suggest there is a small 

increase in risk of adverse child development after anesthesia and surgery.

  

13,14
 Similarly, a Swedish 

population-based study demonstrated slightly lower school grades (at 16 years of age) for children 

who were exposed to anesthesia and surgery prior to 4 years of age compared with unexposed 

children.
15

Other earlier  observational studies in humans  also report associations between 

anesthesia exposure in early childhood and  increased risk of adverse behavioral and educational 

outcomes. 

 Interestingly, in the study by Graham et al. there was good evidence that adverse 

effects were greater in children exposed at an older age, and none of these three studies found 

evidence of increased risk with multiple exposures to anesthesia compared to single exposure. 

While these cohort studies only found small effect sizes, given the prevalent use of general 

anesthesia in young children for both surgical and non-surgical procedures, these findings may 

nevertheless be significant from a societal perspective. Similarly, even a small increase in the 

incidence of significant neurodevelopmental disabilities is important at a population level.  

16
 Of note, another recent cohort study has also reproduced the finding of an earlier 
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study cohort from Olmsted County, Minnesota, finding that there is a an association between 

exposure to anesthesia and surgery in young children and increased risk of diagnosis of Attention-

deficit/Hyperactivity Disorder (ADHD)  or learning disabilities.
17

 In these instances, the association 

was stronger after multiple exposures. However, like all observational studies, these findings must 

be considered in the context of possible confounding (e.g., familial and genetic contributions to 

ADHD and increased healthcare utilization) and it is difficult to suggest a causal relationship 

between anesthesia exposure and ADHD from these studies. 
18

 

  

Future observational studies  

While the risk of unmeasured confounding factors and the inability to infer causality between 

exposure and outcome continue to limit the ability of even large observational cohorts with rich 

sources of data to determine if anesthesia per se has any impact on neurodevelopment or 

behavioral outcomes, the importance of conducting further large well-designed cohort studies 

was emphasized by the discussants. Future epidemiological studies are needed to further clarify 

which children are at increased risk, what outcome domains are affected, and whether a specific 

anesthesia neurotoxicity phenotype can be identified. If sufficiently powered across age groups, 

such studies may also help to determine whether a specific developmental window of 

vulnerability exists. They may also provide information about the role of potential environmental 

and healthcare-related (e.g., surgery-specific factors) risk modifiers. They will also be essential to 

guide which populations should be included in any future interventional trials. However, 

epidemiological studies need to be large enough to detect small differences between groups and 

be able to collect appropriate data for each included child (i.e., healthcare, social, home 

environment, comorbidities, and perioperative factors). Since currently available clinical data 

suggest that a brief single exposure in healthy children might not increase the risk of poor 

neurodevelopmental outcome, future cohort studies should focus on children with specific 

comorbidities and those undergoing multiple or prolonged anesthetic exposures. While cohort 

studies can never eliminate significant risk of confounding, appropriate sampling and rigorous 

analysis may reduce this impact. 

The Mayo Anesthesia Safety in Kids (MASK) is a prominent example of a cohort study which 

is expected to report its initial results shortly.
19

 This propensity-matched sample of nearly 1000 

children from a birth cohort in Olmsted County, Minnesota identified children’s exposure to 

anesthesia (none, single, or multiple) before 3 years of age, and then had a comprehensive range 
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of direct neurocognitive tests and behavioral assessments performed after 8 years of age.  

Similar to preclinical studies, future observational studies need to adhere to the 

appropriate reporting guidelines (e.g. RECORD [REporting of studies Conducted using 

Observational Routinely-collected Data] guidelines for using health data), 
20,21

 and follow recent 

guidelines for the a-priori publication of analysis plans to enhance the trust, validity, consistency 

and confidence in data collection and reporting. 

 

22
 

Determining appropriate outcome measures in clinical studies 

There is still debate over which neurological,  neuropsychological or neurobehavioral domains 

should be tested and at which ages, and current recommendations may change as more 

preclinical and clinical data emerge. Accordingly, ongoing close collaboration with 

neuropsychology experts will be essential to devise appropriate testing strategies. Testing at older 

ages allows assessment of a wider range of neuropsychological domains and tests often have 

greater predictive power for neurological function into adulthood.
23

Currently, only limited outcomes are available from secondary use of existing databases 

(i.e., clinical, educational, demographic) and routinely collected personal medical records. 

Improvements in electronic medical records, data-linkage capacity, and privacy regulations may 

present greater opportunities for their use in clinical research of anesthetic neurotoxicity. 

However, as noted before, available outcomes may have limited sensitivity to detect deficits in 

specific domains of neurodevelopment. 

 Moreover, an extended 

period between exposure and testing may increase the likelihood of the consequences of any 

injury becoming apparent; for example an injury causing a deficit in memory or learning will not 

immediately be reflected in reduced IQ. However, this longer time interval has practical 

implications for the dissemination and translation of research findings, and conducting these 

studies becomes more difficult as longer intervals to testing may result in greater loss to follow-

up.  

 

24
 

Future trials  

Randomized controlled trials remain the gold-standard study design for determining 

causality, but they can have significant limitations. When studying anesthesia neurotoxicity, 

difficulties include determining the best patient populations, interventions and mitigation 

strategies to test, finding an appropriate comparator group, enrolling sufficient children, 
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significant cost, and the lag time between testing interventions and measuring outcomes. Large 

sample sizes for these trials will also be needed to detect or exclude clinically relevant differences. 

The cost and long study period of clinical trials underscores the potential utility of using surrogate 

outcomes, such as biomarkers. Similarly, neuro-imaging could provide short-term outcomes by 

assessing brain structural and functional integrity. Imaging could also provide mechanistic insight if 

imaging changes can be correlated with long-term functional outcomes. 

A new multicenter randomized controlled trial, the TREX (Trial Remifentanil and 

dEXmedetomidine) trial, designed to test a mitigation strategy for anesthesia neurotoxicity has 

now started enrolment in North America, Europe and Australia. It randomizes infants and toddlers 

less than 2 years of age, who are expected to undergo anesthetic exposures of 3 hours or longer to 

customary doses of sevoflurane or to a dexmedetomidine/remifentanil/low dose sevoflurane 

technique, and initial neurodevelopmental testing will be performed at 3 years of age.  

 

Alternative and mitigating strategies  

If anesthetic exposure causes structural or functional adverse neurological effects in young 

children, alternative or mitigating strategies need to be considered. Simply withholding anesthesia 

is unethical, and also untreated pain and distress in developing animals and young children is likely 

to cause harm. Moreover, it is currently unclear whether an age exists after which anesthetic 

neurotoxicity risks are lessened.
25

Protective or mitigating strategies have been repeatedly studied in animals but not in 

humans. These studies have demonstrated that a wide variety of compounds or treatments, such 

as neurotrophic p75NTR or RhoA receptors, cytoskeletal stabilizers jasplakinolide or TAT-Pep5, 

antioxidants resveratrol, vitamin C, melatonin, L-carnitine, arachidonic acid, β-estradiol, lithium, 

carbon monoxide, hypothermia, xenon, dexmedetomidine, painful stimulation, as well as 

isoflurane preconditioning may all afford some degree of protection from structural abnormalities 

or functional impairment observed during anesthetic exposure. However, the safety of most of 

these modalities has not been tested in clinical studies and, at this stage, they cannot be 

 If childhood procedures are required, efforts should be made to 

limit the duration of exposure and/or the dose of anesthetic drugs. Further defining the optimal 

doses of anesthetic drugs would also benefit children, regardless of the discussion around 

anesthetic neurotoxicity. For example, a combination between regional anesthetic techniques and 

general anesthesia or deep sedation facilitate substantial reductions in the doses administered of 

potentially harmful anesthetic drugs. 
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recommended as protective or mitigating strategies. Most notably, some preclinical studies 

suggest that opioids or alpha-2 adrenergic receptor agonists may be less toxic than commonly 

used anesthetic drugs. However, the results of these preclinical data are inconsistent. For 

example, several studies have confirmed only lesser toxicity of dexmedetomidine compared with 

sevoflurane,
26

 while others showed various degree of protection provided by dexmedetomidine 

when co-administered with an injurious dose of sevoflurane.
27

 

 Importantly, currently, no clinical 

data exist to support alternative anesthetic strategies.  

Conclusions 

In summary, some of the key aspects identified for future research in this field were: 

• The need for high-quality preclinical studies, both basic and translational, to evaluate 

mechanisms of toxicity and to inform choice of anesthetic techniques and/or mitigating 

strategies. 

• Cohort studies with rich sources of data and large enough to detect small outcome 

differences are required to better characterize neurodevelopmental domains potentially 

affected in children, identify vulnerable populations, and to establish clinical risk modifiers. 

• Carefully designed and adequately powered clinical trials testing plausible interventions in 

relevant patient populations are required for translation of research to clinical practice.  

 

It was emphasized that the planning of future studies should encourage close collaboration 

between preclinical scientists, neuropsychologists, neonatologists and developmental 

pediatricians, neurologists, toxicologists, epidemiologists and the anesthesia community. Further, 

It was noted that there is still considerable debate over the clinical relevance of anesthesia 

neurotoxicity, and the need to evaluate the impact of other aspects of perioperative care on 

neurodevelopment must be considered.  

 

Ethical approval: No ethical approval was required. 

 

Funding: Conference supported by the Italian Ministry of Health (RF-2011-02347532). 

 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

Conflicts of interest: Andrew Davidson is Editor-in-Chief, Laszlo Vutskits is Section Editor, Tom 

Hansen and Andreas Loepke are members of the Editorial Board, Karin Becke is Associate Editor of 

Pediatric Anesthesia.  

 

Acknowledgment: The Scientific Committee greatly acknowledges the organization secretariat of 

Istituto Giannina Gaslini (Cisef - http://www.cisef.org/) in coordinating the logistics of this 

conference. 

 

 

References 

1. Lin EP, Lee JR, Lee CS, Deng M, Loepke AW. Do anesthetics harm the developing human 

brain? An integrative analysis of animal and human studies. Neurotoxicol Teratol. 

2017;60:117-128. 

2. FDA Drug Safety Communication: FDA review results in new warnings about using 

general anesthetics and sedation drugs in young children and pregnant women. 

Available: https://www.fda.gov/Drugs/DrugSafety/ucm532356.htm (accessed 

January 2, 2018). 

3. FDA Drug Safety Communication: FDA approves label changes for use of general 

anesthetic and sedation drugs in young children. Available: 

https://www.fda.gov/Drugs/DrugSafety/ucm554634.htm  (accessed January 2, 2018). 

4. Hansen TG. Use of anesthetics in young children Consensus statement of the European 

Society of Anaesthesiology (ESA), the European Society for Paediatric Anaesthesiology 

(ESPA), the European Association of Cardiothoracic Anaesthesiology (EACTA), and the 

European Safe Tots Anaesthesia Research Initiative (EuroSTAR). Paediatr Anaesth. 

2017;27:558-559. 

5. Davidson AJ, Becke K, de Graaff J, et al. Anesthesia and the developing brain: a way 

forward for clinical research. Paediatr Anaesth. 2015;25:447-452. 

6. Vutskits L, Xie Z. Lasting impact of general anaesthesia on the brain: mechanisms and 

relevance. Nat Rev Neurosci. 2016;17:705-717. 

7. Fang FC, Casadevall A. Lost in translation--basic science in the era of translational 

research. Infect Immun. 2010;78:563-566. 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

8.  Wang, C., Slikker, W., Jr., 2008. Strategies and experimental models for evaluating 

anesthetics: effects on the developing nervous system. Anesthesia and analgesia , 

1643-1658. 

9.  Paule, M.G., Li, M., Allen, R.R., Liu, F., Zou, X., Hotchkiss, C., Hanig, J.P., Patterson, T.A., 

Slikker, W., Jr., Wang, C., 2011. Ketamine anesthesia during the first week of life can 

cause long-lasting cognitive deficits in rhesus monkeys. Neurotoxicol. Teratol. , 220-

230. 

10. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience 

research reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol. 

2010;8:e1000412. 

11. Davidson AJ, Disma N, de Graaff JC, et al. Neurodevelopmental outcome at 2 years of 

age after general anaesthesia and awake-regional anaesthesia in infancy (GAS): an 

international multicentre, randomised controlled trial. Lancet. 2016;387:239-250. 

12. Sun LS, Li G, Miller TL, et al. Association Between a Single General Anesthesia Exposure 

Before Age 36 Months and Neurocognitive Outcomes in Later Childhood. JAMA. 

2016;315:2312-2320. 

13. O'Leary JD, Janus M, Duku E, et al. A Population-based Study Evaluating the Association 

between Surgery in Early Life and Child Development at Primary School Entry. 

Anesthesiology. 2016;125:272-279. 

14. Graham MR, Brownell M, Chateau DG, Dragan RD, Burchill C, Fransoo RR. 

Neurodevelopmental Assessment in Kindergarten in Children Exposed to General 

Anesthesia before the Age of 4 Years: A Retrospective Matched Cohort Study. 

Anesthesiology. 2016;125:667-677. 

15. Glatz P, Sandin RH, Pedersen NL, Bonamy AK, Eriksson LI, Granath F. Association of 

Anesthesia and Surgery During Childhood With Long-term Academic Performance. 

JAMA Pediatr. 2017;171:e163470. 

16.  DiMaggio C, Sun LS, Ing C, Li G. Pediatric Anesthesia and Neurodevelopmental 

Impairments: A Bayesian Meta-Analysis. JNA. 2012;24(4):376-381. 

17. Hu D, Flick RP, Zaccariello MJ, et al. Association between Exposure of Young Children to 

Procedures Requiring General Anesthesia and Learning and Behavioral Outcomes in a 

Population-based Birth Cohort. Anesthesiology. 2017;127:227-240. 

18. Efron D, Vutskits L, Davidson AJ. Can We Really Suggest that Anesthesia Might Cause 

Attention-deficit/Hyperactivity Disorder? Anesthesiology. 2017;127(2):209-211. 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

19. Gleich SJ, Flick R, Hu D, et al. Neurodevelopment of children exposed to anesthesia: 

design of the Mayo Anesthesia Safety in Kids (MASK) study. Contemp Clin Trials. 

2015;41:45-54. 

20. Benchimol EI, Smeeth L, Guttmann A, et al. The REporting of studies Conducted using 

Observational Routinely-collected health Data (RECORD) statement. PLoS Med. 

2015;12:e1001885. 

21. von Elm E, Altman DG, Egger M, et al. The Strengthening the Reporting of 

Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting 

observational studies. Lancet. 2007;370:1453-1457. 

22. Eisenach JC, Kheterpal S, Houle TT. Reporting of Observational Research in 

ANESTHESIOLOGY: The Importance of the Analysis Plan. Anesthesiology. 

2016;124:998-1000. 

23. Harmsen WJ, Aarsen FJ, van der Cammen-van Zijp MHM, et al. Developmental 

problems in patients with oesophageal atresia: a longitudinal follow-up study. Arch Dis 

Child Fetal Neonatal Ed. 2017;102:F214-F219. 

24.  Clausen NG, Kaler S, Hansen TG. Systematic review of the neurocognitive outcomes 

used in studies of paediatric anaesthesia neurotoxicity. BJA. 2018 in press.  

24. Hofacer RD, Deng M, Ward CG, et al. Cell age-specific vulnerability of neurons to 

anesthetic toxicity. Ann Neurol. 2013;73:695-704. 

25. Lee JR, Lin EP, Hofacer RD, et al. Alternative technique or mitigating strategy for 

sevoflurane-induced neurodegeneration: a randomized controlled dose-escalation 

study of dexmedetomidine in neonatal rats. Br J Anaesth. 2017;119:492-505. 

26. Perez-Zoghbi JF, Zhu W, Grafe MR, Brambrink AM. Dexmedetomidine-mediated 

neuroprotection against sevoflurane-induced neurotoxicity extends to several brain 

regions in neonatal rats. Br J Anaesth. 2017;119:506-516. 

 

 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t


