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Abstract

Aim

Several studies in animal models have found that exposure to anesthetics in early life can

cause cognitive dysfunction. Human studies show conflicting results and studies of cognitive

function after anesthesia and neonatal surgery are scarce. The aim of this study was to

investigate whether exposure to anesthesia and abdominal surgery during infancy was

associated with cognitive dysfunction from the perspective of educational level, disposable

income and attention deficit hyperactivity disorders (ADHD) in adolescent and adult

individuals.

Methods

A cohort study with patients born 1976 to 2002 that underwent abdominal surgery during

infancy at a pediatric surgical center were matched by age, sex, and gestational age to ten

randomly selected individuals from the Swedish Medical Birth Register. Individuals with

chromosomal aberrations were excluded. Data on highest level of education and annual dis-

posable income were attained from Statistics Sweden and the diagnosis of ADHD were

retrieved from the Swedish National Patient Register.

Results

485 individuals and 4835 controls were included. Median gestational age was 38 weeks

(24–44) and median age at surgery was seven days (0–365). Three hundred sixty-six indi-

viduals (70.0%) underwent surgery during the neonatal period (< 44 gestational weeks).

Median operating time was 80 minutes (10–430). The mean age at follow-up was 28 years.

Fisher’s exact test for highest level of education for the exposed and unexposed groups

were respectively: university 35% and 33%, upper secondary 44% and 47%, compulsory

21% and 20% (p = 0.6718). The median disposable income was 177.7 versus 180.9 TSEK

respectively (p = 0.7532). Exposed individuals had a prevalence of ADHD of 5.2% and unex-

posed 4.4% (p = 0.4191).
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Conclusions

This study shows that exposure to anesthesia and abdominal surgery during infancy is not

associated with cognitive dysfunction from the perspective of educational level, disposable

income and ADHD in adolescent and adult individuals. Further studies in larger cohorts at

earlier gestational ages are needed to verify these findings.

Introduction

There is increasing concern that exposure to anesthesia and surgery in early childhood may

increase the risk of later neurocognitive dysfunction and impaired educational level later in life

[1, 2]. Studies in different experimental animal models with mice, rats, pigs and monkeys have

found that exposure to commonly used anesthetics during infancy can cause life-long cogni-

tive dysfunction [3–12]. In neonatal piglets, 15 min of surgery designed to replicate an inguinal

repair increased cell death in eight areas of the brain compared to anesthesia alone [13].

It is unclear whether these findings in animals can be extrapolated to children. In humans,

several studies have reported an increased risk of adverse cognitive development after exposure

to general anesthesia and surgery and the risk increased with prolonged or multiple proce-

dures [14–19]. Yet, other studies found that exposure to general anesthesia and surgery in

early-life had no association with adverse cognitive development [20, 21]. Possible explana-

tions for the conflicting results have been proposed, such as different indications for surgery

and a vulnerability to cognitive dysfunction in infants who undergo anesthesia and surgery [1,

2, 22, 23]. Previous studies have found a doubling of the incidence of learning disabilities (LD)

and attention deficit hyperactivity disorders (ADHD) after repeated exposure to general anes-

thesia before age 2–4 years [17–19]. In a more recent study, an increased risk of ADHD was

observed in children under age 5 with a single exposure to minor surgery requiring anesthesia

[24].

ADHD is a prevalent neurodevelopmental disorder characterized by symptoms of hyperac-

tivity, impulsivity and inattention [25, 26]. The worldwide prevalence of childhood and adoles-

cent ADHD is estimated to be approximately 5% [27, 28]. Children and adolescents with a

diagnosis of ADHD are more likely to drop out of school, to perform poorly on standardized

tests and to score lower grades [29].

The aim of this study was to investigate whether exposure to anesthesia and abdominal sur-

gery during infancy was associated with cognitive dysfunction from the perspective of educa-

tional level, disposable income and ADHD in adult and adolescent individuals.

Patients and methods

This study was approved by the ethical review board in Uppsala, Sweden (Dnr 2016/535; Dnr

2016/535/1; Dnr 2016/535/3). Consent was not obtained as the data from the registries were

attained and analyzed anonymously.

This cohort study was based on data from the Swedish national population-based registries

from a cohort of patients born 1976 to 2002 that underwent anesthesia and abdominal surgery

before the age of one year at the Department of Pediatric Surgery at the University Children’s

Hospital in Uppsala, Sweden. The personal identity number assigned to every Swedish citizen

at birth or at immigration was used to link information across registries.

Data from four registers were included in this study: the Swedish Income and Taxation

Register (updated annually), with information about disposable income, which is the sum of
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all income, excluding taxes, per individual and year, the Education Register which reports the

highest level of education achieved by all Swedish individuals from 16 years of age (started

1985 and updated annually), the Swedish Medical Birth Register which includes 98% of all

births in Sweden since 1973 and it contains information about gender and gestational week,

the Swedish National Patient Register which was started in 1964 and in which all hospitals in

Sweden have been included since 1987, the register contains information about gender, age,

date of admission and discharge. It also contains diagnoses according to the International

Classification of Disease, ICD. During the study period different ICDs were used: ICD-8 from

1969–1986, ICD-9 from 1987–1996 and ICD-10 from 1997 and onwards. The register also

keeps codes for surgical procedures according to the Classification of Surgery from 1963–

1996, and from 1997 the Classification of Surgical Procedures, KKÅ, has been used. Since 2001

the register covers outpatient visits to a physician, including psychiatric care by both private

and public caregivers. In the year 2010 the register had almost 100% coverage for inpatient

care whereas the coverage for outpatient care was lower, about 80% [30].

Study cohort

This study was based on a cohort from our previous study of 898 patients that had undergone

laparotomy during infancy (the first year of life) between the years 1976 to 2011 at the Depart-

ment of Pediatric Surgery at the University Children’s Hospital in Uppsala, Sweden [31]. Only

individuals exposed to abdominal surgery during infancy were included and no other type of

surgery or other procedures requiring anesthesia.

Data were extracted from the patients’ medical records. Parameters retrieved were gesta-

tional age, sex, date of birth, diagnosis and operating time. Each operation report was reviewed

to exclude the risk of faulty registration. Patients with Hirschsprung’s disease were operated

according to Rehbein’s procedure with an initial colostomy followed by an anterior resection

of the aganglionic segment. No laparoscopic procedures were included [31].

Out of 898 patients, 523 patients matched the criteria of being aged over16 years at study

start. Through linkage with the Swedish Patient Register exclusions were made of individuals

with any chromosomal aberrations diagnosed using the ICD8-10, ICD-8 (759.30–759.59),

ICD-9 (758A-X), ICD-10 (Q90-Q99). ADHD was defined using ICD9-10 codes relevant for

the different subtypes of ADHD, the codes for hyperkinetic disorders: ICD-9 (314J, 314W,

314X), ICD-10 (F90.0A, F90.0B, F90.0C, F90.0X).

Control cohort

From the Swedish Medical Birth Register, ten controls were drawn at random for each individ-

ual in the exposed cohort, matched on sex, age and gestational week. Individuals with the

exposure, anesthesia and abdominal surgery before one year of age, were excluded through

linkage with the Swedish Patient Register. As for the cohort, exclusion for chromosomal aber-

rations was made.

Statistical analysis

Categorical data were presented as frequencies or proportions. Continuous data were pre-

sented as either mean with standard deviation or median with range. Highest educational level

and ADHD were analyzed using Fischer´s exact test. Since the outpatient register started in

2001, we decided to make two different comparisons of ADHD for the cohort. One for the

whole cohort and a subgroup analysis for individuals born from 1995 and later. Further, the

highest level of education was analyzed using mixed ordinal regression to look at differences

between groups and sex. Incidence rate ratio (IRR) shows the probability of having a higher

PLOS ONE ADHD and eductional level in adolescent and adult individuals after surgery during infancy

PLOS ONE | https://doi.org/10.1371/journal.pone.0240891 October 21, 2020 3 / 12

https://doi.org/10.1371/journal.pone.0240891


level of education. Differences in disposable income were analyzed using the non-parametric

Mann-Whitney U-test. In order to be able to take the matching into account a mixed ordinal

regression was estimated. Taking specific care by treating a case and its matched controls as a

cluster would assist in preventing that the results could be biased by for example unequal num-

ber of controls between cases due to missing data. All analyses were performed using R version

3.6.0.

Results

The study cohort consisted of 523 patients. After exclusion of individuals with chromosomal

aberrations, a total number of 485 individuals were included (Fig 1). The unexposed, control

group consisted of 4835 individuals. In the control group 15 individuals received no data due

to inaccurate personal identification numbers. 472 cases had 10 controls, 12 cases had 9 con-

trols and 1 case had 7 controls (Table 1). Mean age and gestational week of the cases was 28.23

years (5.33 SD) and 37.53 weeks (3.63 SD) respectively. Mean age and gestational week of the

control group was 28.34 years (5.24 SD) and 37.54 weeks (3.62).

There were 61.4% males in the cohort (Table 2). Median gestational age was 38 weeks (24–

44) and median age at surgery was 7 days (0–365), whereas 366 (70.0%) of the exposed individ-

uals underwent surgery during the neonatal period (< 44 gestational weeks). During the study

median follow-up 14.7 years (0.0–36.), the median number of surgeries was one (1–13), 26.6%

had two surgeries and 16.8% had three or more abdominal surgical procedures.

The most common diagnosis for the study cohort was pyloric stenosis 21.4%, followed by

duodenal obstruction 10.3%, diaphragmatic hernia 10.1%, gastroschisis 9.8% and Hirsch-

sprungs disease 9.4% (Table 3). Median operating time was 80 min (10–430).

Academic performance and disposable income

Level of education was divided into three categories: compulsory school, upper secondary

school and university education. Fisher’s exact test for highest level of education did not show

any significant differences (p-value 0.6718) between exposed and unexposed individuals

(Table 4). Mixed ordinal regression for educational level did not show any significant differ-

ences for gender (p-value 0.2285) or exposure (p-value 0.4094) (Table 5).

The median annual disposable income did not differ significantly between exposed and

unexposed individuals, 177.7 versus 180.9 TSEK respectively (p = 0.7532) (Table 6).

Mixed linear regression on disposable income showed that females in the whole cohort had

a significantly lower disposable income compared with males on average -34.75 TSEK CI 95%

(-53.7- -15.8) (p<0.001) (Table 7).

Attention deficit hyperactivity disorders

Fisher’s exact test for prevalence of ADHD showed no significant differences between the

exposed and unexposed individuals. For the whole cohort, exposed individuals had a preva-

lence of 5.2% and unexposed 4.4% (p = 0.4191). As for the subgroup, exposed individuals had

a prevalence of 8.9% and unexposed 7.6% (p = 0.5781) (Table 8).

Discussion

This cohort registry study examined the association of exposure to anesthesia and abdominal

surgery during infancy with cognitive dysfunction from the perspective of educational level,

disposable income and prevalence of ADHD in adult and adolescent individuals. The majority
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of the exposed individuals (70.0%) underwent surgery during the neonatal period (< 44 gesta-

tional weeks).

We found that the prevalence of ADHD, highest level of education and annual disposable

income did not differ significantly between individuals that underwent anesthesia and abdom-

inal surgery during infancy and their matched controls.

In several animal experiments there are strong evidences that exposure to anesthesia in the

neonatal period leads to neuronal cell death in the brain and adverse cognitive development

[4–6, 8–10, 32, 33] but the results from studies in humans are still conflicting [1, 2, 14–23, 34–

36].

Fig 1. Flow diagram of the study population.

https://doi.org/10.1371/journal.pone.0240891.g001

Table 1. Overview of the cohort.

Number of controls per case Number of cases Number of controls in total Number of total (cases+controls)

10 472 4720 5191

9 12 108 120

7 1 7 8

In the control group 15 individuals received no data due to inaccurate personal identification numbers.

https://doi.org/10.1371/journal.pone.0240891.t001
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In contrast to our study, several others have reported an association between exposure to

anesthesia and surgery with later LD and poor academic performance [14–16, 18, 19]. A major

difference from our study is that they investigated children of pre-school and school age. Our

study includes adult and adolescent individuals with a mean age of 28 years. Other possible

explanations for the unaffected educational level in the exposed individuals in our study might

be the results of adequate educational support with special education and remedial teaching in

Table 2. Characteristics of the exposed individuals�.

Total number of patients 523

Male gender, n (%) 321 (61.4)

Gestational age in weeks, n�� (%)

• <28 19 (3.7)

• 28–32 29 (5.7)

• 33–37 160 (31.2)

• >37 305 (59.4)

Median gestational age in weeks (range) 38 (24–44)

Median age in days at surgery (range) 7 (0–365)

Median gestational weeks at surgery (range) 40.1 (25.6–90.1)

Median number of surgeries (range) 1 (1–13)

Number of individuals with one surgery (%)��� 296 (56.6)

Number of individuals with two surgeries (%)��� 139 (26.6)

Number of individuals with three or more surgeries (%)��� 88 (16.8)

�The cohort of exposed individuals before the exclusion of 38 individuals with chromosomal aberrations.

��Missing data in 10 individuals.

���The total number of surgeries during median follow-up 14.7 years (0.0–36.0).

https://doi.org/10.1371/journal.pone.0240891.t002

Table 3. Diagnosis and operating time in exposed individuals�.

Diagnosis Number of patients, n (%) Median operating time in min

(n = 523) (range)

Pyloric stenosis 112 (21.4) 35 (10–110)

Duodenal obstruction 54 (10.3) 90 (55–220)

Diaphragmatic hernia 53 (10.1) 85 (25–430)

Gastroschisis 51 (9.8) 100 (15–200)

Hirschsprungs disease 49 (9.4) 150 (45–355)

Others�� 39 (7.5) 80 (35–235)

Anorectal malformation 30 (5.7) 72.5 (30–320)

Omphalocele 27 (5.2) 92.5 (30–180)

Malrotation 25 (4.8) 82.5 (55–155)

Necrotizing enterocolitis 19 (3.6) 82.5 (45–135)

Intestinal atresia 19 (3.6) 112.5 (65–240)

Gastrostomy 13 (2.5) 52.5 (35–105)

Abdominal tumour 13 (2.5) 125 (45–285)

Biliary atresia 11 (2.1) 200 (55–335)

Intussusception 8 (1.5) 70 (20–110)

�Exposed individuals before the exclusion of 38 individuals with chromosomal aberrations.

��Omphaloenteric duct, ovarian cyst, Meckel’s diverticulum, intestinal duplication.

https://doi.org/10.1371/journal.pone.0240891.t003
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our patients. During normal brain development, 50–70% of the entire neuronal cell population

is removed by physiological apoptosis but the brain has a significant capacity to recovery func-

tion during childhood [37]. We speculate that this ability of the brain may contribute to the

unaffected level of academic performance in the exposed adult and adolescent individuals in

our study.

Most previous studies include children exposed to anesthesia and surgery beyond infancy

with various diagnoses, different operating times, outcome measures, experimental design and

small sample sizes of neonates and infants, making it problematic to compare the results [14–

20]. A study including similar diagnoses to the current study found that in early adolescence,

children who had undergone neonatal surgery performed less well academically compared

with their peers. However, it is hard to draw any conclusions from that study as only 30

patients were included, and it involved 12 different diagnosis [38]. Bartels et al. showed that

1143 monozygotic twin pairs exposed to anesthesia and surgery before the age of three years

had at the age of 12 years significantly lower educational achievement scores and more cogni-

tive problems than twins not exposed to anesthesia [20]. However, the unexposed co-twin

from discordant pairs did not differ from their exposed co-twin. The authors’ conclusion of

the study was that there was no evidence for a causal relationship between anesthesia and later

LD. Instead, early anesthesia was a marker of an individual’s vulnerability to later LD. A retro-

spective cohort study by Wilder et al. of various types of surgical procedures in children before

four years of age found that exposure to anesthesia and surgery was a significant risk factor for

the later development of LD in children receiving multiple, but not single anesthetics [19].

However, these results may be explained by confounders as children with more serious diag-

nosis and comorbidities are more likely to need surgery.

Epidemiologic studies are few but those available are in agreement with our findings [21,

39]. A Danish nationwide study by Hansen et al found no evidence that a single, anesthetic

exposure in conjunction with hernia repair in infancy reduced academic performance at age

15 or 16 years after adjusting for known confounding factors [21]. However, the study is diffi-

cult to compare to ours as the anesthesia/ operating time was shorter than in our study. A

more similar recent Swedish nationwide study found that exposure to anesthesia and surgery

before the age of four years had a small association with later academic performance or

Table 4. Highest educational level.

Controls Cases

n = 4221 n = 454

University 1391 (33%) 157 (35%)

Upper secondary school 1967 (47%) 202 (44%)

Compulsory school 863 (20%) 95 (21%)

Fisher’s exact test for highest level of education did not show any significant differences between exposed and

unexposed individuals (p = 0.6718).

https://doi.org/10.1371/journal.pone.0240891.t004

Table 5. Mixed ordinal regression for educational level.

Variable IRR 95% CI P-value

Case: yes 1.09 (0.89–1.34) 0.4094

Gender: female 1.25 (0.87–1.81) 0.2285

Mixed ordinal regression for educational level did not show any significant differences for gender or exposure.

https://doi.org/10.1371/journal.pone.0240891.t005
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cognitive performance in adolescence on a population level [39]. In the exposed group, 8.7%

of the individuals were born preterm compared to 40.6% in our study. They found no reduc-

tion in school grades among children with surgery before the age of one.

The median annual disposable income did not differ significantly between exposed and

unexposed individuals in our study, which is supported by a Swedish nationwide population-

based cohort study of 389 patients with Hirschsprung’s disease [40]. Neither the individual dis-

posable income nor the highest educational level differed between patients with Hirsch-

sprung’s disease and controls [40]. Another Swedish registry study including 522,310

individuals born in 1973–1979 reported that preterm birth was associated with a lower chance

of completing a university education and a lower net salary [41]. With the matching of controls

for gestational week this potential confounder was omitted in our study. To further decrease

the risk of confounders, we also matched for age and gender and excluded individuals with

chromosomal aberrations. There may be other important differences between the groups that

were not measured such as socioeconomic status of the families or baseline health characteris-

tics. The matching could have been made with more potential confounders but it would

decrease the number of individuals in the control group. Matching by gestational age had

higher priority in our study. We found that exposed as well as unexposed females had signifi-

cantly lower disposable incomes compared to males. The gender wage gap is well known and

has been described in previous studies [42, 43].

The prevalence of ADHD was not significantly increased in exposed individuals in our

study. A retrospective study by Sprung et al. including individuals that underwent surgery

before the age of two could not find an increased level of ADHD at age 19 following one surgi-

cal procedure [17]. However, with repeated exposures to general anesthesia there was an

increased risk of development of ADHD later in life. A more recent retrospective study includ-

ing 573 children exposed to anesthesia and surgery prior to the age of three found that multi-

ple, but not single, exposures were associated with an increased frequency of both LD and

ADHD [44]. In recent years there seems to be an increased awareness of ADHD. A Swedish

registry study showed that the number of individuals diagnosed with ADHD is increasing. In

2006 the prevalence for the whole population was 1.1 per 1000 persons and in 2011, 4.8 per

1000 persons, the highest increase was seen in females as well as in ages 22 years and above

[45]. In 2011, 57.8% of the individuals with an ADHD diagnosis were under the age of 22 [45].

Table 6. Disposable income.

Income (1000 SEK) Controls n = 4493 Cases = 483

Median 177.7 180.9

Mann-Whitney U-test for disposable income did not differ significantly between exposed and unexposed individuals

(p-value = 0.7532).

https://doi.org/10.1371/journal.pone.0240891.t006

Table 7. Gender differences for disposable income.

Variable Coefficient 95% CI p-value

(intercept) 201.68 (190.0–213.4) <0.001

Case: Yes 1.74 (-9.6–13.1) 0.763

Gender: Female -34.75 (-53.7- -15.8) <0.001

Mixed linear regression on disposable income showed that females in the whole cohort had a significantly lower

disposable income compared with males.

https://doi.org/10.1371/journal.pone.0240891.t007
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In our study, since the outpatient register started in 2001, we carried out two different analyses

for the prevalence of ADHD. We did this since we believed that ADHD would be underesti-

mated for both exposed and unexposed individuals even though the relative difference

between the groups was believed to be correct. The subgroup analysis included individuals

born in 1995 and later. By doing this we could find an increase of ADHD in both groups but

still no significant difference was seen between the groups.

The Swedish National Patient Register is a valuable source for register research, the validity

is high but not for all diagnoses [30]. Strengths of the present study were that the diagnoses

and exposure were ensured by previous review of the patients’ charts and that the matched

controls were drawn at random by the National Board of Health and Welfare, thus reducing

the risk of selection bias. For the unexposed controls, we used codes for surgical procedures

rather than ICD codes for diagnoses to decrease the risk of misclassification. Other strengths

are the high number of included neonates and infants that underwent anesthesia and abdomi-

nal surgery with a long follow-up time and data on the duration of surgery.

Limitations of this study were that the outcome measure of educational level may not detect

subtle effects from anesthesia and surgery in early childhood. Furthermore, various diagnoses

among included patients with different operating times may challenge the interpretation of the

results. Another limitation to the study was that 15 controls were missing due to invalid identi-

fication numbers. However it is unlikely that this would markedly influence the results. As the

majority of neonates were exposed at a later gestational age (>33 weeks) the results regarding

exposure at much earlier gestational age might be different and can not be generalized.

Conclusions

This study shows that exposure to anesthesia and abdominal surgery during infancy is not asso-

ciated with cognitive dysfunction from the perspective of educational level, disposable income

and ADHD in adult and adolescent individuals, despite the fact that the majority of surgeries

(70%) were in neonates. It is important to identify pediatric surgical diagnoses of high risk of

cognitive dysfunction to arrange for early educational support. This knowledge is also impor-

tant to professionals and caregivers of these patients. Although our results are reassuring, they

cannot exclude more subtle effects in cognitive function. Future studies with larger cohorts of

individuals that have undergone surgery at earlier gestational ages are needed.

Supporting information

S1 File. Excluding codes for abdominal surgery.

(DOCX)

Table 8. ADHD diagnosis.

Controls Cases

All P-value = 0.4191

No diagnosis 4623 (95.6%) 460 (94.8%)

Diagnosis 212 (4.4%) 25 (5.2%)

1995- P-value = 0.5781

No diagnosis 1010 (92.4%) 102 (91.1%)

Diagnosis 83 (7.6%) 10 (8.9%)

Fisher’s exact test for prevalence of ADHD showed no significant differences between the exposed and unexposed

individuals.

https://doi.org/10.1371/journal.pone.0240891.t008
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with the statistical analyses and Sheila Macdonald-Rannström for the final language review.

Author Contributions

Conceptualization: Cecilia Arana Håkanson, Fanny Fredriksson, Helene Engstrand Lilja.

Data curation: Cecilia Arana Håkanson, Fanny Fredriksson.

Formal analysis: Cecilia Arana Håkanson, Fanny Fredriksson.

Investigation: Cecilia Arana Håkanson.

Methodology: Cecilia Arana Håkanson, Helene Engstrand Lilja.

Supervision: Helene Engstrand Lilja.

Writing – original draft: Cecilia Arana Håkanson.

Writing – review & editing: Cecilia Arana Håkanson, Fanny Fredriksson, Helene Engstrand

Lilja.

References
1. Psaty BM, Platt R, Altman RB. Neurotoxicity of generic anesthesia agents in infants and children: an

orphan research question in search of a sponsor. JAMA. 2015; 313(15):1515–6. https://doi.org/10.

1001/jama.2015.1149 PMID: 25898045

2. Vutskits L, Davidson A. Update on developmental anesthesia neurotoxicity. Curr Opin Anaesthesiol.

2017; 30(3):337–42. https://doi.org/10.1097/ACO.0000000000000461 PMID: 28277380

3. Rappaport BA, Suresh S, Hertz S, Evers AS, Orser BA. Anesthetic neurotoxicity—clinical implications

of animal models. N Engl J Med. 2015; 372(9):796–7. https://doi.org/10.1056/NEJMp1414786 PMID:

25714157

4. Jevtovic-Todorovic V, Hartman RE, Izumi Y, Benshoff ND, Dikranian K, Zorumski CF, et al. Early expo-

sure to common anesthetic agents causes widespread neurodegeneration in the developing rat brain

and persistent learning deficits. J Neurosci. 2003; 23(3):876–82. https://doi.org/10.1523/JNEUROSCI.

23-03-00876.2003 PMID: 12574416

5. Istaphanous GK, Ward CG, Nan X, Hughes EA, McCann JC, McAuliffe JJ, et al. Characterization and

quantification of isoflurane-induced developmental apoptotic cell death in mouse cerebral cortex.

Anesth Analg. 2013; 116(4):845–54. https://doi.org/10.1213/ANE.0b013e318281e988 PMID:

23460572

6. Lunardi N, Ori C, Erisir A, Jevtovic-Todorovic V. General anesthesia causes long-lasting disturbances

in the ultrastructural properties of developing synapses in young rats. Neurotox Res. 2010; 17(2):179–

88. https://doi.org/10.1007/s12640-009-9088-z PMID: 19626389

7. Wu J, Bie B, Naguib M. Epigenetic Manipulation of Brain-derived Neurotrophic Factor Improves Mem-

ory Deficiency Induced by Neonatal Anesthesia in Rats. Anesthesiology. 2016; 124(3):624–40. https://

doi.org/10.1097/ALN.0000000000000981 PMID: 26649423

8. Brambrink AM, Back SA, Riddle A, Gong X, Moravec MD, Dissen GA, et al. Isoflurane-induced apopto-

sis of oligodendrocytes in the neonatal primate brain. Ann Neurol. 2012; 72(4):525–35. https://doi.org/

10.1002/ana.23652 PMID: 23109147

9. Paule MG, Li M, Allen RR, Liu F, Zou X, Hotchkiss C, et al. Ketamine anesthesia during the first week of

life can cause long-lasting cognitive deficits in rhesus monkeys. Neurotoxicol Teratol. 2011; 33(2):220–

30. https://doi.org/10.1016/j.ntt.2011.01.001 PMID: 21241795

10. Creeley C, Dikranian K, Dissen G, Martin L, Olney J, Brambrink A. Propofol-induced apoptosis of neu-

rones and oligodendrocytes in fetal and neonatal rhesus macaque brain. Br J Anaesth. 2013; 110 Suppl

1:i29–38.

PLOS ONE ADHD and eductional level in adolescent and adult individuals after surgery during infancy

PLOS ONE | https://doi.org/10.1371/journal.pone.0240891 October 21, 2020 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240891.s002
https://doi.org/10.1001/jama.2015.1149
https://doi.org/10.1001/jama.2015.1149
http://www.ncbi.nlm.nih.gov/pubmed/25898045
https://doi.org/10.1097/ACO.0000000000000461
http://www.ncbi.nlm.nih.gov/pubmed/28277380
https://doi.org/10.1056/NEJMp1414786
http://www.ncbi.nlm.nih.gov/pubmed/25714157
https://doi.org/10.1523/JNEUROSCI.23-03-00876.2003
https://doi.org/10.1523/JNEUROSCI.23-03-00876.2003
http://www.ncbi.nlm.nih.gov/pubmed/12574416
https://doi.org/10.1213/ANE.0b013e318281e988
http://www.ncbi.nlm.nih.gov/pubmed/23460572
https://doi.org/10.1007/s12640-009-9088-z
http://www.ncbi.nlm.nih.gov/pubmed/19626389
https://doi.org/10.1097/ALN.0000000000000981
https://doi.org/10.1097/ALN.0000000000000981
http://www.ncbi.nlm.nih.gov/pubmed/26649423
https://doi.org/10.1002/ana.23652
https://doi.org/10.1002/ana.23652
http://www.ncbi.nlm.nih.gov/pubmed/23109147
https://doi.org/10.1016/j.ntt.2011.01.001
http://www.ncbi.nlm.nih.gov/pubmed/21241795
https://doi.org/10.1371/journal.pone.0240891


11. Raper J, Alvarado MC, Murphy KL, Baxter MG. Multiple Anesthetic Exposure in Infant Monkeys Alters

Emotional Reactivity to an Acute Stressor. Anesthesiology. 2015; 123(5):1084–92. https://doi.org/10.

1097/ALN.0000000000000851 PMID: 26313293

12. Broad KD, Hassell J, Fleiss B, Kawano G, Ezzati M, Rocha-Ferreira E, et al. Isoflurane Exposure

Induces Cell Death, Microglial Activation and Modifies the Expression of Genes Supporting Neurodeve-

lopment and Cognitive Function in the Male Newborn Piglet Brain. PLoS One. 2016; 11(11):e0166784.

https://doi.org/10.1371/journal.pone.0166784 PMID: 27898690

13. Broad KD, Kawano G, Fierens I, Rocha-Ferreira E, Hristova M, Ezzati M, et al. Surgery increases cell

death and induces changes in gene expression compared with anesthesia alone in the developing piglet

brain. PLoS One. 2017; 12(3):e0173413. https://doi.org/10.1371/journal.pone.0173413 PMID:

28355229

14. DiMaggio C, Sun LS, Kakavouli A, Byrne MW, Li G. A retrospective cohort study of the association of

anesthesia and hernia repair surgery with behavioral and developmental disorders in young children. J

Neurosurg Anesthesiol. 2009; 21(4):286–91. https://doi.org/10.1097/ANA.0b013e3181a71f11 PMID:

19955889

15. DiMaggio C, Sun LS, Li G. Early childhood exposure to anesthesia and risk of developmental and

behavioral disorders in a sibling birth cohort. Anesth Analg. 2011; 113(5):1143–51. https://doi.org/10.

1213/ANE.0b013e3182147f42 PMID: 21415431

16. Ing C, DiMaggio C, Whitehouse A, Hegarty MK, Brady J, von Ungern-Sternberg BS, et al. Long-term dif-

ferences in language and cognitive function after childhood exposure to anesthesia. Pediatrics. 2012;

130(3):e476–85. https://doi.org/10.1542/peds.2011-3822 PMID: 22908104

17. Sprung J, Flick RP, Katusic SK, Colligan RC, Barbaresi WJ, Bojanic K, et al. Attention-deficit/hyperac-

tivity disorder after early exposure to procedures requiring general anesthesia. Mayo Clin Proc. 2012;

87(2):120–9. https://doi.org/10.1016/j.mayocp.2011.11.008 PMID: 22305025

18. Flick RP, Katusic SK, Colligan RC, Wilder RT, Voigt RG, Olson MD, et al. Cognitive and behavioral out-

comes after early exposure to anesthesia and surgery. Pediatrics. 2011; 128(5):e1053–61. https://doi.

org/10.1542/peds.2011-0351 PMID: 21969289

19. Wilder RT, Flick RP, Sprung J, Katusic SK, Barbaresi WJ, Mickelson C, et al. Early exposure to anes-

thesia and learning disabilities in a population-based birth cohort. Anesthesiology. 2009; 110(4):796–

804. https://doi.org/10.1097/01.anes.0000344728.34332.5d PMID: 19293700

20. Bartels M, Althoff RR, Boomsma DI. Anesthesia and cognitive performance in children: no evidence for

a causal relationship. Twin Res Hum Genet. 2009; 12(3):246–53. https://doi.org/10.1375/twin.12.3.246

PMID: 19456216

21. Hansen TG, Pedersen JK, Henneberg SW, Pedersen DA, Murray JC, Morton NS, et al. Academic per-

formance in adolescence after inguinal hernia repair in infancy: a nationwide cohort study. Anesthesiol-

ogy. 2011; 114(5):1076–85. https://doi.org/10.1097/ALN.0b013e31820e77a0 PMID: 21368654

22. Olsen EA, Brambrink AM. Anesthesia for the young child undergoing ambulatory procedures: current

concerns regarding harm to the developing brain. Curr Opin Anaesthesiol. 2013; 26(6):677–84. https://

doi.org/10.1097/ACO.0000000000000016 PMID: 24184885

23. Sanders RD, Hassell J, Davidson AJ, Robertson NJ, Ma D. Impact of anaesthetics and surgery on neu-

rodevelopment: an update. Br J Anaesth. 2013; 110 Suppl 1:i53–72.

24. Ing C, Sun M, Olfson M, DiMaggio CJ, Sun LS, Wall MM, et al. Age at Exposure to Surgery and Anes-

thesia in Children and Association With Mental Disorder Diagnosis. Anesth Analg. 2017; 125(6):1988–

98. https://doi.org/10.1213/ANE.0000000000002423 PMID: 28857799

25. Thapar A, Cooper M. Attention deficit hyperactivity disorder. Lancet. 2016; 387(10024):1240–50.

https://doi.org/10.1016/S0140-6736(15)00238-X PMID: 26386541

26. Faraone SV, Asherson P, Banaschewski T, Biederman J, Buitelaar JK, Ramos-Quiroga JA, et al. Atten-

tion-deficit/hyperactivity disorder. Nat Rev Dis Primers. 2015; 1:15020. https://doi.org/10.1038/nrdp.

2015.20 PMID: 27189265

27. Polanczyk G, de Lima MS, Horta BL, Biederman J, Rohde LA. The worldwide prevalence of ADHD: a

systematic review and metaregression analysis. Am J Psychiatry. 2007; 164(6):942–8. https://doi.org/

10.1176/ajp.2007.164.6.942 PMID: 17541055

28. Polanczyk GV, Willcutt EG, Salum GA, Kieling C, Rohde LA. ADHD prevalence estimates across three

decades: an updated systematic review and meta-regression analysis. Int J Epidemiol. 2014; 43

(2):434–42. https://doi.org/10.1093/ije/dyt261 PMID: 24464188

29. Arnold LE, Hodgkins P, Kahle J, Madhoo M, Kewley G. Long-Term Outcomes of ADHD: Academic

Achievement and Performance. J Atten Disord. 2020; 24(1):73–85. https://doi.org/10.1177/

1087054714566076 PMID: 25583985

PLOS ONE ADHD and eductional level in adolescent and adult individuals after surgery during infancy

PLOS ONE | https://doi.org/10.1371/journal.pone.0240891 October 21, 2020 11 / 12

https://doi.org/10.1097/ALN.0000000000000851
https://doi.org/10.1097/ALN.0000000000000851
http://www.ncbi.nlm.nih.gov/pubmed/26313293
https://doi.org/10.1371/journal.pone.0166784
http://www.ncbi.nlm.nih.gov/pubmed/27898690
https://doi.org/10.1371/journal.pone.0173413
http://www.ncbi.nlm.nih.gov/pubmed/28355229
https://doi.org/10.1097/ANA.0b013e3181a71f11
http://www.ncbi.nlm.nih.gov/pubmed/19955889
https://doi.org/10.1213/ANE.0b013e3182147f42
https://doi.org/10.1213/ANE.0b013e3182147f42
http://www.ncbi.nlm.nih.gov/pubmed/21415431
https://doi.org/10.1542/peds.2011-3822
http://www.ncbi.nlm.nih.gov/pubmed/22908104
https://doi.org/10.1016/j.mayocp.2011.11.008
http://www.ncbi.nlm.nih.gov/pubmed/22305025
https://doi.org/10.1542/peds.2011-0351
https://doi.org/10.1542/peds.2011-0351
http://www.ncbi.nlm.nih.gov/pubmed/21969289
https://doi.org/10.1097/01.anes.0000344728.34332.5d
http://www.ncbi.nlm.nih.gov/pubmed/19293700
https://doi.org/10.1375/twin.12.3.246
http://www.ncbi.nlm.nih.gov/pubmed/19456216
https://doi.org/10.1097/ALN.0b013e31820e77a0
http://www.ncbi.nlm.nih.gov/pubmed/21368654
https://doi.org/10.1097/ACO.0000000000000016
https://doi.org/10.1097/ACO.0000000000000016
http://www.ncbi.nlm.nih.gov/pubmed/24184885
https://doi.org/10.1213/ANE.0000000000002423
http://www.ncbi.nlm.nih.gov/pubmed/28857799
https://doi.org/10.1016/S0140-6736%2815%2900238-X
http://www.ncbi.nlm.nih.gov/pubmed/26386541
https://doi.org/10.1038/nrdp.2015.20
https://doi.org/10.1038/nrdp.2015.20
http://www.ncbi.nlm.nih.gov/pubmed/27189265
https://doi.org/10.1176/ajp.2007.164.6.942
https://doi.org/10.1176/ajp.2007.164.6.942
http://www.ncbi.nlm.nih.gov/pubmed/17541055
https://doi.org/10.1093/ije/dyt261
http://www.ncbi.nlm.nih.gov/pubmed/24464188
https://doi.org/10.1177/1087054714566076
https://doi.org/10.1177/1087054714566076
http://www.ncbi.nlm.nih.gov/pubmed/25583985
https://doi.org/10.1371/journal.pone.0240891


30. Ludvigsson JF, Andersson E, Ekbom A, Feychting M, Kim JL, Reuterwall C, et al. External review and

validation of the Swedish national inpatient register. BMC Public Health. 2011; 11:450. https://doi.org/

10.1186/1471-2458-11-450 PMID: 21658213

31. Fredriksson F, Christofferson RH, Lilja HE. Adhesive small bowel obstruction after laparotomy during

infancy. Br J Surg. 2016; 103(3):284–9. https://doi.org/10.1002/bjs.10072 PMID: 26667204

32. Satomoto M, Satoh Y, Terui K, Miyao H, Takishima K, Ito M, et al. Neonatal exposure to sevoflurane

induces abnormal social behaviors and deficits in fear conditioning in mice. Anesthesiology. 2009; 110

(3):628–37. https://doi.org/10.1097/ALN.0b013e3181974fa2 PMID: 19212262

33. Zou X, Patterson TA, Divine RL, Sadovova N, Zhang X, Hanig JP, et al. Prolonged exposure to keta-

mine increases neurodegeneration in the developing monkey brain. Int J Dev Neurosci. 2009; 27

(7):727–31. https://doi.org/10.1016/j.ijdevneu.2009.06.010 PMID: 19580862

34. Backeljauw B, Holland SK, Altaye M, Loepke AW. Cognition and Brain Structure Following Early Child-

hood Surgery With Anesthesia. Pediatrics. 2015; 136(1):e1–12. https://doi.org/10.1542/peds.2014-

3526 PMID: 26055844

35. Hansen TG, Pedersen JK, Henneberg SW, Morton NS, Christensen K. Educational outcome in adoles-

cence following pyloric stenosis repair before 3 months of age: a nationwide cohort study. Paediatr

Anaesth. 2013; 23(10):883–90. https://doi.org/10.1111/pan.12225 PMID: 23863116

36. Kalkman CJ, Peelen L, Moons KG, Veenhuizen M, Bruens M, Sinnema G, et al. Behavior and develop-

ment in children and age at the time of first anesthetic exposure. Anesthesiology. 2009; 110(4):805–12.

https://doi.org/10.1097/ALN.0b013e31819c7124 PMID: 19293699

37. Blomgren K, Leist M, Groc L. Pathological apoptosis in the developing brain. Apoptosis. 2007; 12

(5):993–1010. https://doi.org/10.1007/s10495-007-0754-4 PMID: 17453164

38. Ludman L, Spitz L, Wade A. Educational attainments in early adolescence of infants who required

major neonatal surgery. J Pediatr Surg. 2001; 36(6):858–62. https://doi.org/10.1053/jpsu.2001.23954

PMID: 11381412

39. 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(1):

e163470. https://doi.org/10.1001/jamapediatrics.2016.3470 PMID: 27820621

40. Granstrom AL, Svenningsson A, Nordenskjold A, Wester T. Population-based study shows that Hirsch-

sprung disease does not have a negative impact on education and income. Acta Paediatr. 2016; 105

(12):1508–12. https://doi.org/10.1111/apa.13594 PMID: 27639057

41. Lindstrom K, Winbladh B, Haglund B, Hjern A. Preterm infants as young adults: a Swedish national

cohort study. Pediatrics. 2007; 120(1):70–7. https://doi.org/10.1542/peds.2006-3260 PMID: 17606563

42. Blau FD, Kahn LM. The Gender Wage Gap: Extent, Trends, and Explanations. J Econ Lit. 2017; 55

(3):789–865.

43. Kleven H, Landais C, Sogaard JE. Children and Gender Inequality: Evidence from Denmark. Am Econ

J-Appl Econ. 2019; 11(4):181–209.

44. Hu DQ, Flick RP, Zaccariello MJ, Colligan RC, Katusic SK, Schroeder DR, 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(2):227–40. https://doi.org/

10.1097/ALN.0000000000001735 PMID: 28609302

45. Giacobini M, Medin E, Ahnemark E, Russo LJ, Carlqvist P. Prevalence, Patient Characteristics, and

Pharmacological Treatment of Children, Adolescents, and Adults Diagnosed With ADHD in Sweden. J

Atten Disord. 2018; 22(1):3–13. https://doi.org/10.1177/1087054714554617 PMID: 25376193

PLOS ONE ADHD and eductional level in adolescent and adult individuals after surgery during infancy

PLOS ONE | https://doi.org/10.1371/journal.pone.0240891 October 21, 2020 12 / 12

https://doi.org/10.1186/1471-2458-11-450
https://doi.org/10.1186/1471-2458-11-450
http://www.ncbi.nlm.nih.gov/pubmed/21658213
https://doi.org/10.1002/bjs.10072
http://www.ncbi.nlm.nih.gov/pubmed/26667204
https://doi.org/10.1097/ALN.0b013e3181974fa2
http://www.ncbi.nlm.nih.gov/pubmed/19212262
https://doi.org/10.1016/j.ijdevneu.2009.06.010
http://www.ncbi.nlm.nih.gov/pubmed/19580862
https://doi.org/10.1542/peds.2014-3526
https://doi.org/10.1542/peds.2014-3526
http://www.ncbi.nlm.nih.gov/pubmed/26055844
https://doi.org/10.1111/pan.12225
http://www.ncbi.nlm.nih.gov/pubmed/23863116
https://doi.org/10.1097/ALN.0b013e31819c7124
http://www.ncbi.nlm.nih.gov/pubmed/19293699
https://doi.org/10.1007/s10495-007-0754-4
http://www.ncbi.nlm.nih.gov/pubmed/17453164
https://doi.org/10.1053/jpsu.2001.23954
http://www.ncbi.nlm.nih.gov/pubmed/11381412
https://doi.org/10.1001/jamapediatrics.2016.3470
http://www.ncbi.nlm.nih.gov/pubmed/27820621
https://doi.org/10.1111/apa.13594
http://www.ncbi.nlm.nih.gov/pubmed/27639057
https://doi.org/10.1542/peds.2006-3260
http://www.ncbi.nlm.nih.gov/pubmed/17606563
https://doi.org/10.1097/ALN.0000000000001735
https://doi.org/10.1097/ALN.0000000000001735
http://www.ncbi.nlm.nih.gov/pubmed/28609302
https://doi.org/10.1177/1087054714554617
http://www.ncbi.nlm.nih.gov/pubmed/25376193
https://doi.org/10.1371/journal.pone.0240891

