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Summary

Background: Immature animals exposed to anesthetics display apoptotic

neurodegeneration with subsequent long-term cognitive dysfunctions. Young

age at anesthetic exposure is believed to be critical, but human studies are

scarce. This study investigated the association between exposure to surgery

and anesthesia for pyloric stenosis (PS) before 3 months of age and

subsequent educational outcome in adolescence.

Methods: This nationwide unselected register-based follow-up study of the

Danish birth cohorts 1986–1990 compared the educational outcome of all

children having undergone surgery for PS before 3 months of age with a ran-

domly selected, age-matched 5% sample of the same cohort. Primary analysis

compared the average test scores at ninth grade adjusting for gender, birth

weight, and parental age and education. Secondary analysis compared the

proportions not attaining the test scores between the two groups.

Results: The exposure group comprised 779 and the control group consisted

of 14 665 individuals. Although the exposure group performed lower than

the control group (average score 0.17 lower, 95% CI: 0.08–0.25), after adjust-
ing for known confounders, no statistically significant difference (�0.04, 95%

CI: �0.09 to 0.08) between the 2 groups could be demonstrated. However, we

found an odds ratio (OR) for test score nonattainment-associated PS repair

of 1.37 (95% CI: 1.11–1.68).
Conclusion: Children operated for PS before 3 months of age have educa-

tional performance tests similar to the background population at age 15–
16 years after adjusting for known confounders. The higher nonattainment

rate could suggest that a subgroup of PS children is developmentally

disadvantaged.

Introduction

There is a strong and accumulating evidence that expo-

sures to virtually all general anesthetics early in life causes

increased neuroapoptosis with later deficits in learning

ability in laboratory animals, including nonhuman

primates (1–4). The detrimental effect appears to be

strongly age dependent, in that the neurotoxic impair-

ment is most severe if the exposure occurs at the time of

peak synaptogenesis (4). How these findings translate

into a human context remains unknown, but it is gener-

ally assumed that this correlates with neonates, infants,
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and possibly also young children. These findings have

raised safety concerns regarding anesthetic exposure in

immature neonates and young infants. Emerging findings

from human epidemiological studies remain conflicting;

some studies have suggested an association between anes-

thetic (and surgical) exposure early in life and subsequent

learning or behavioral abnormalities (5–10); other studies
have failed to find this association (11,12). However,

these studies are limited by constraints inherent in their

retrospective design, and most studies have focused on

older children undergoing a variety of surgeries rather

than neonates and young infants and a single well-

defined surgery. Prospective randomized controlled and

observational studies are ongoing, but will not provide

answers for several more years (13,14).

It is unknown at what age anesthesia induced neuro-

toxicity is a potential risk. This cannot easily be extrapo-

lated from the available animal and clinical studies. In a

previous cohort study, comprising 2689 children who

underwent inguinal hernia repair as infants in Denmark

during 1986–1990, we found that educational test scores

in ninth grade were not different from those of a

randomly selected population sample of the same

cohort, except for an odds ratio of 1.18 (95% CI: 1.04–
1.35) for test score nonattainment (12). In this study,

our aim was to test the association of anesthetic (and

surgical) exposure in early infancy.

Patients and methods

Our study is based on the Danish Civil Registration

System (15) in which individual citizens are identified

using unique personal identification numbers (www.

cpr.dk), which can be linked through Statistics Den-

mark (Copenhagen, Denmark) to various thematically

organized databases. As previously described (12),

data from four different types of registers (the Danish

Demographic Database, the Danish National Hospital

Register, the Integrated Database for Labour Market

Research, and the Register of Compulsory School

Completion Assessments and Test Scores) (16–18)
were included in this study, which comprised the Dan-

ish birth cohort born from 1986 to 1990. The expo-

sure group consisted of all individuals that underwent

surgery for pyloric stenosis (PS) before 3 months of

age (International Classification of Diseases, Eights

Revision (ICD-8) operation code 418). The control

group consisted of a randomly selected 5% age-

matched sample within this cohort, excluding children

who underwent repair of PS. Children who underwent

additional surgeries were not excluded from any of

the two groups. As the initial control group was ran-

domly selected, some children operated for PS

appeared in the control group. Overlaps between the

two groups were allocated to the exposure group.

Individuals in both groups who had died prior to

June 1st, 2006, or had migrated prior to that date

were excluded from analysis.

The primary outcome was 9th-grade test average and

average teachers rating. All Danish students in 9th grade

(aged 15 or 16 years) are required to complete a

standardized, nationwide general test of educational

achievements, which is scored on a scale of 0–13 (12).

Individuals for whom either a test score or teacher score

was unavailable on any subject composed a nonattain-

ment group. The term ‘nonattainment’ usually refers to

children with special needs that prohibit them from

following the standard ninth-grade course curriculum

(i.e., neuropsychologic or severe functional limitations),

but the group also includes dropouts and children who

elect to go to ‘alternative’ schools that do not use stan-

dardized testing (e.g., Rudolf Steiner schools). Test

score nonattainment therefore is uncommon, given that,

in the general population, 87% of children attained

ninth-grade test scores.

Multiple potential confounders were identified in pre-

vious similar studies, including sex, birth weight, and

paternal and maternal age and education (12). Birth

weight was categorized in intervals: up to 1499, 1500–
1999, 2000–2499, 2500–2999, 3000–3999, and 4000 g or

more. Similarly, variables were determined for paternal

(i.e., up to 22, 22–30, 30–40, and 40 year or older) age

and maternal (i.e., up to 20, 20–28, 28–36, and 36 years

or older) age. Educational attainments were coded as

categorical variables for the highest obtained education

by October 1, 2005. Variables were coded with the

values from 0 to 6 corresponding to the following cate-

gories: primary school, vocational school, secondary

education, short higher education, medium higher edu-

cation, bachelor’s degree, and master’s degree or doctor-

ate. In regression analyses, the categories ‘short higher

education’, ‘medium higher education’, and bachelor’s

degree were combined into a single category (i.e., ‘short

higher education’). The proportion of individuals with

PS for each of the birth years 1986–1990 was very simi-

lar, ranging between 5.0% and 5.8% of the total sample.

Additionally, we restricted the analyses to individuals

without congenital malformations diagnostic codes (i.e.,

ICD-8 diagnostic codes 740.00–759.99 [excluding

750.10–750.19] or ICD-10 diagnostic codes Q00.0–99.9
[excluding Q40.0]). Hyperbilirubinemia has been shown

to be associated with disorders of psychological develop-

ment (19), and because unconjugated hyperbilirubin-

emia in infants with PS is common, we furthermore

adjusted for the diagnosis neonatal jaundice (ICD-8

diagnostic code 778.91) in our analyses. All factors
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adjusted for were decided prior to the analyses similarly

to our previous study (12).

Statistical analysis

Differences in average test and teacher scores between

the exposure and the control group were analyzed using

a linear regression model that adjusted for other covari-

ates. Model assumptions were checked by residual plots

and quantile plots of residuals. Difference in risk of not

obtaining test or teacher scores was analyzed using a

logistic regression model adjusting for the same covari-

ates as in the analyses of the average scores. Statistical

significance was determined at a 5% significance level,

and 95% CIs were used. All analyses were performed

using STATA (version 10.0; STATA Corp, College

Station, TX, USA).

Results

A total of 779 individuals born in Denmark between

1986 and 1990 underwent surgery for PS before

3 months of age. The control group consisted of an

aged-matched cohort of 14 665 live births in Denmark

from that same period. The proportion of children who

died before age 1 year was smaller in the exposure group

compared with that in the control group (0.4% vs 0.8%,

not significant). This result was anticipated because

anesthesia- / surgery-exposed children were selected

conditional on survival until operation. Median age in

the exposure group was 40 days (10th percentile was

27 days; 90th percentile was 65 days). During 1986–
1990, 96.8% of Danish children with PS were operated

before an age of 3 months, and the mortality from age

3 months to age 1 year conditional on survival at age

3 months was 0.26% for the exposure group and 0.18%

for the control group (not significant). The mortality

proportion after age 1 year conditional on survival to

that age was 0.39% for the exposure children and 0.55%

for the control group (not significant). Migration

proportion (before to June 1st, 2006) was slightly lower

in the exposure group than in the control group (3.2% vs

5.2%). Therefore, the study base for all subsequent anal-

yses consisted of 748 (96.0%) individuals from the expo-

sure group and 13 723 (93.6%) from the control group.

Boys constituted 80.6% of the exposure group com-

pared with 51.2% in the control group. Mean birth

weight was 3345 g for the exposure group and 3434 g

for the control group. Maternal and paternal ages were

similar in the two study groups: 27.9 vs 28.0 year for

maternal age and 30.7 vs 30.7 year for paternal age,

respectively. Finally, the parents of children in the expo-

sure group had less education than parents of children

in the control group. Mean education (where higher

scores correspond with more education) scores of moth-

ers were 1.58 vs 1.77, respectively; for fathers, these

scores were 1.48 vs 1.67 (see Table 1).

Table 1 Characteristics of pyloric stenosis patients and 5% popula-

tion sample from the 1986–90 birth cohorts in Denmark

Pyloric

stenosis

5%-Population

sample

n

Percent

(%) n

Percent

(%)

No of live births 779 14 665

Deaths (days after birth) 6 0.8 185 1.3

1–365 3 0.4 110 0.8

>365 3 0.4 75 0.5

Migrations 25 3.2 757 5.2

Cong. malf. among deceaseda 6 100.0 40 21.6

Cong. malf. among migrantsa 21 84.0 31 4.1

Study base 748 96.0 13 723 93.6

Congenital malformationsa 674 90.1 595 4.3

Among birth weights �1499 2 33.3 12 14.8

Among birth weights 1500+ 671 90.6 581 4.3

Congenital malformations

excl. Pyl. Sten.b
51 6.8 583 4.4

Among birth weights �1499 0 0.0 12 14.8

Among birth weights 1500+ 50 6.7 569 4.3

Known birth weight 747 99.9 13 700 99.8

Birth weight <1500 (g) 6 0.8 81 0.6

Males 603 80.6 7032 51.2

Mean SD Mean SD

Birth weight (g) 3345 624 3434 560

Maternal age 27.9 4.9 28.0 4.8

Paternal age 30.7 5.6 30.7 5.4

Maternal education 1.57 1.68 1.77 1.74

Paternal education 1.49 1.74 1.67 1.78

Average test score 7.82 1.15 7.99 1.08

Males 7.78 1.14 7.83 1.08

Females 7.98 1.18 8.14 1.06

Average teachers’ score 7.81 1.17 8.03 1.09

Males 7.74 1.19 7.80 1.10

Females 8.06 1.06 8.25 1.04

n Percent (%) n Percent (%)

Available test score 596 79.7 11 910 86.8

Males 470 77.9 5898 83.9

Females 126 86.9 6012 89.9

Available teachers’ score 605 80.9 11 954 87.1

Males 478 79.3 5932 84.4

Females 127 87.6 6022 90.0

All available individuals included.
aAny congenital malformation as expressed by an ICD-8 code of 740-

759.99 or an ICD-10 code of Q00.0–Q99.9.
bAny congenital malformation other than Pyloric Stenosis, as

expressed by an ICD-8 code of 740–759.99 excluding 750.10–750.19

or an ICD-10 code of Q00.0–Q99.9 excluding Q40.0.
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The distribution of average test scores in the 2 groups

is shown in Figure 1. The standard deviations (SD) in

both groups were approximately 1, making differences

in scores readily interpretable. Figure 1 shows a better

educational performance in the control group than in

the exposure group. The average (SD) test score in the

exposure group was 7.82 (SD 1.15) compared with 7.99

(SD 1.08) in the control group resulting in a mean differ-

ence of 0.16 (95% CI: 0.08–0.25) corresponding to about

15% of an SD. Restricting the comparison with the same

sex, the difference for boys was 7.78 vs 7.83, correspond-

ing to a difference of 0.05 (95% CI: �0.05 to 0.15).

Among girls, average test scores were 7.98 vs 8.14 corre-

sponding to a difference of 0.16 (95% CI: �0.01 to 0.35).

A similar difference between the exposure vs control

groups among individuals of the same sex was seen

when looking at average teacher score. Although the

unadjusted comparison of average test scores for expo-

sure vs control group children as separated by sex

suggests some interaction between sex and exposure, no

interaction was found in the adjusted analysis.

Unadjusted differences in average test scores between

different groups of the confounders are shown in

Table 2. Higher scores were found among girls, for

higher birth weight, higher maternal and paternal age,

and higher maternal and paternal education. In Table 2,

the results of multivariate analysis of educational perfor-

mance are shown. Average test score in the exposure

group was not different from those in the control group.

The estimated mean in the exposure group was 0.01

below that in the control group (95% CI: �0.09 to 0.08),

when adjusting for gender, birth weight, parental age,

and parental education. The pattern of the association

between confounders and outcomes in the adjusted anal-

ysis was as in the unadjusted table (Table 2), but the asso-

ciations were less pronounced. The results of the adjusted
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Figure 1 Distribution of ninth grade mean test scores for Danish

adolescents (born 1986–1990) who underwent pyloric stenosis repair

when they were less than 3 months of age (n = 779) vs a control

group composed of a randomly selected 5% population sample of

the same cohort (n = 14 665).
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analysis of the average teacher score were similar (results

not shown).

The unadjusted risk of not obtaining an average test

score was higher in the exposure group than in the

control group: 20.3% vs 13.2%, corresponding to a risk

difference of 7.1% (95% CI: 4.3–10.1). In the exposure

group, 22.1% of boys never attained test scores

compared with 16.1% in the control group, correspond-

ing to a difference of 6.0% (95% CI: 2.4–9.2). Among

girls, the corresponding proportion was 13.1% in the

exposure group and 10.1% in the control group, with a

difference of 3.0% (95% CI: �1.1 to 10.0). After adjust-

ing for the previous variables, we found an odds ratio of

1.37 for not obtaining test scores when comparing the

exposure and control groups (95% CI: 1.11–1.68;
P = 0.003; see Table 3).

Of the 779 children undergoing surgery for PS, 51

(6.8%) had diagnostic codes for other congenital mal-

formations other than PS. When restricting the analyses

to individuals without congenital malformations other

than PS and adjusting for the above confounders, the

average test scores and odds ratio for not attaining a test

score remained virtually unchanged.

When children with birth weights lower than 1500 g

were excluded from analysis and adjusting for the above

confounders, average test scores remained unchanged,

but the risk for not attaining a test score attenuated (OR

1.35, 95% CI: 1.09–1.68). When excluding children with

birth weights lower than 1500 g, other congenital

malformations and hyperbilirubinemia and adjusting

for the above confounders, average test scores and the

risk for not attaining a test score remained largely

unchanged.

Discussion

This nationwide, unselected, follow-up study of the

Danish birth cohorts 1986–1990 documented that chil-

dren operated for pyloric stenosis (PS) before 3 months

of age (median age: 40 day) have educational outcome

tests similar to a random 5% background population at

Table 2 Regression of exam test scores on pyloric stenosis opera-

tion (yes/no), gender, paternal and maternal age and education and

birth weight (n = 11 361 corresponding to 90.8% of all graduates)

Grade

contrast SE

95% Confidence

interval P-value

Pyloric stenosis vs 5%-population (ref. 5%)

Pyloric stenosis �0.01 0.04 �0.09 (0.08) 0.854

Gender (ref. Male)

Female 0.35 0.02 0.31 (0.38) 0.000

Maternal age (ref. 20–28)

�20 �0.28 0.07 �0.41 (�0.15) 0.000

28–36 0.09 0.02 0.05 (0.14) 0.000

36+ 0.15 0.05 0.06 (0.24) 0.001

Paternal age (ref. 22–30)

�22 �0.20 0.06 �0.31 (�0.08) 0.001

30–40 0.02 0.02 �0.03 (0.06) 0.402

40+ 0.05 0.05 �0.04 (0.14) 0.297

Paternal education (ref. Basic school)

Vocational 0.22 0.02 0.18 (0.27) 0.000

Short 0.51 0.03 0.45 (0.56) 0.000

Long 0.82 0.04 0.74 (0.90) 0.000

Maternal education (ref. Basic school)

Vocational 0.24 0.02 0.19 (0.29) 0.000

Short 0.56 0.03 0.51 (0.62) 0.000

Long 0.83 0.05 0.73 (0.93) 0.000

Birth weight/g (ref .3000–3999)

�1499 0.05 0.14 �0.22 (0.32) 0.716

1500–1999 �0.10 0.10 �0.29 (0.09) 0.313

2000–2499 0.00 0.05 �0.11 (0.11) 0.994

2500–2999 �0.11 0.03 �0.17 (�0.05) 0.000

4000+ 0.05 0.03 0.00 (0.10) 0.062

All available individuals included.

Table 3 Logistic regression of availability of grade on covariates

(n = 13 036 corresponding to 90.1% of the sample under study)

OR

95% Confidence

interval z P-value

Pyloric stenosis vs 5%-population (ref. 5%)

Pyloric stenosis 1.37 1.11 (1.68) 2.98 0.003

Gender (ref. Male)

Female 0.55 0.49 (0.62) �10.53 0.000

Maternal age (ref. 20–28)

�20

1.32 1.00 (1.74) 1.94 0.053

28–36 0.89 0.78 (1.02) �1.74 0.083

36+ 0.90 0.68 (1.20) �0.70 0.486

Paternal age (ref. 22–30)

�22

1.22 0.94 (1.58) 1.47 0.141

30–40 0.87 0.77 (0.99) �2.04 0.042

40+ 0.99 0.76 (1.29) �0.05 0.962

Paternal education (ref. Basic school)

Vocational 0.65 0.57 (0.73) �7.10 0.000

Short 0.50 0.42 (0.59) �8.22 0.000

Long 0.41 0.31 (0.56) �5.69 0.000

Maternal education (ref. Basic school)

Vocational 0.56 0.50 (0.64) �9.04 0.000

Short 0.48 0.42 (0.56) �9.49 0.000

Long 0.46 0.32 (0.68) �3.98 0.000

Birth weight/grams (ref.3000–3999)

�1499

3.07 1.83 (5.15) 4.26 0.000

1500–1999 1.90 1.21 (2.97) 2.81 0.005

2000–2499 1.38 1.05 (1.82) 2.34 0.019

2500–2999 1.27 1.10 (1.48) 3.15 0.002

4000+ 0.95 0.81 (1.11) �0.67 0.501

All available individuals included.
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age 15–16 year, except for a factor 1.37 higher risk of

nonattainment of test scores. The results are similar to

our previous study (12) comprising a cohort of infants

(median age at surgery: 136 day) undergoing inguinal

hernia repair. Still, the 1.37 higher risk of test score non-

attainment suggests that a small proportion of children

in the exposure group were disadvantaged either from

comorbidities or from susceptibility to anesthesia/sur-

gery. Ongoing and future randomized controlled trials

may shed more light on these issues.

Excluding children with birth weight lower than

1500 g, other congenital malformations (than PS) and

hyperbilirubinemia from the analysis, the differences in

test score and, the increased proportion of test score non-

attainment between the exposed and control group

remained unchanged. The great majority of children in

our study who subsequently attained test scores in ninth

grade (age 15 or 16 year) did not show any signs of

neurologic impairment, as estimated by similar educa-

tional performance when compared with a randomly

selected control group. This result contrasts the sex-based

differences: Boys have a higher rate of nonattainment

and lower test scores compared with girls, while the expo-

sure group has 1.37 (1.35 when children with congenital

malformations other than PS were excluded) times higher

risk of nonattainment but same test score distribution. In

our study, higher test scores were found among girls, as

were higher birth weight and higher paternal and mater-

nal age and education. Birth weight lower than 1500 g

appeared as a significant risk factor for test score nonat-

tainment with anOR of 2.61 (95%CI: 1.48–4.60).
The strength of our study lies in its significant sample

size of very young infants. It comprises all infants born

in Denmark from 1986 to 1990 who had PS repair before

the age of 3 months. It is register based and includes

important covariates for most participants. The

expected associations with covariates were shown in our

results, suggesting data of high quality. Our study

focuses exclusively on very young infants undergoing a

single and well-defined surgical procedure. During

1986–1990, 96.8% of children in Denmark with PS

underwent surgical repair before the age of 3 months.

PS is the commonest condition requiring surgery in the

first few months of life with an incidence of approxi-

mately 1–3 per 1000 live births and a male to female

ratio of 4–1. Onset of symptoms typically occurs at

2–8 weeks of age with a peak occurrence at 3–5 weeks.

Few infants with PS are born prematurely or suffer from

other congenital malformations, but clinical hyperbiliru-

binemia is relatively common (19). A prospective study

has indicated a lower than expected neurodevelopmental

outcome in infants undergoing PS repair compared with

healthy infants not having surgery (20). However, this

study involved only 43 infants who underwent surgery

within the first 90 days of life, and developmental assess-

ment was conducted within the first year of life. The rate

of other congenital malformations in this study was high

in the treatment group (8%) but not reported in the con-

trol sample. In our study, 6.8% in the exposure group

had other congenital malformations compared with

4.4% in the control group. Thus, selection bias may have

been a problem in the Walker study. These factors ham-

per any meaningful comparison between the Walker

study and ours. Metabolic disorders such as electrolyte

or acid–base disturbances may have impacted outcome

in PS children in both the Walker and our study. Unfor-

tunately, we do not have any information about electro-

lytes or blood gases in our registers. During 1986–1990,
PS repair was not performed as a surgical urgency in

Denmark, that is, all infants received intravenous fluid

resuscitation for at least 24–48 h before going to theater.

The age of greatest vulnerability of the human central

nervous system to anesthetics remains unresolved. In rat

studies, the vulnerable period of neuronal apoptosis

after anesthesia exposure has been consistently shown to

be at postnatal day 7 comprising the time of peak syna-

ptogenesis (1,2,4,14). But general anesthetics have also

been shown to alter dendrite formation, decrease the

number of glial cells, and decrease neurogenesis in juve-

nile animals beyond this critical period of synaptogene-

sis (14). In the human brain, there are significant

regional differences in the timing for peak synaptogene-

sis, which again may occur both pre- and postnatal from

the 3rd trimester to 24(�36) months postnatal

(14,21,22). Knowledge about early human brain devel-

opment is derived from data extrapolated from various

animal models (23). Integrating data from core develop-

mental events from several mammalian species into a

statistical model has allowed for events in developing

brain regions across different species to be estimated

(23). Using this approach, the developmental stage of

the rat cerebral cortex at postnatal day 7 corresponds to

the maturational state of the human brain at the very

beginning of the third trimester of pregnancy (14,23).

Thus, experiments with 7-day-old rats would correlate

with providing anesthetics to extreme premature babies.

Although the outcome measures we used are fairly

recent, we have used relatively historical exposure data,

for example, our results are based on anesthetic exposure

and techniques that were used approximately 20 years

ago. Our data therefore do not address the current use of

newer (and possibly safer) anesthetic techniques, nor do

they address improvements in multiparameter monitor-

ing (e.g., pulse oximetry, hemodynamics, end tidal gases).

We were unable to explicitly establish type, route, dose,

or duration of the anesthetics administered during sur-
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gery. However, during 1986–1990, all infants undergoing
PS repair in Denmark received a general anesthetic

technique comprising a rapid sequence induction with

thiopental and suxamethonium and maintenance with

halothane or isoflurane with nitrous oxide in oxygen with

surgery duration of 30–60 min (24). The Danish

National Patient Register comprises data of high quality,

and it is believed to be one of the most comprehensive of

its kind (25). Our primary outcome – educational perfor-
mance in adolescence, rather than intelligence quotient

testing – has a number of advantages. It is normally

distributed at a SD of approximately 1 and sensitive, as

seen by its association with a series of confounders that

we had information on in this study. Moreover, the cor-

relation between intelligence quotient and standardized

achievement tests is quite high, averaging 0.70–0.74 (26).
Although our results are reassuring in relation to rela-

tive short-term exposure to general anesthetics during

early infancy, they cannot exclude effects in more

specific domains of neurobehavioral outcome.

Many unanswered questions need to be addressed in

future clinical studies other than age, for example, the

use of specific anesthetic drugs and techniques, doses,

duration of exposure, relevant outcome, and long-term

effects of surgery, and other treatments. However, as

suggested by the present investigation, sample sizes need

to be large.

Our study indicates that children having undergone

surgical repair of PS before 3 months of age have simi-

lar educational performances at age 15–16 years as a

5% random background population. The higher nonat-

tainment rate among the PS infants may suggest that a

subgroup of PS children could be developmentally

disadvantaged and/or more susceptible to anesthesia

compared with the background population.
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