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ABSTRACT

Background: Although animal studies have indicated that
general anesthetics may result in widespread apoptotic neu-
rodegeneration and neurocognitive impairment in the devel-
oping brain, results from human studies are scarce. We in-
vestigated the association between exposure to surgery and
anesthesia for inguinal hernia repair in infancy and subse-
quent academic performance.
Methods: Using Danish birth cohorts from 1986–1990, we
compared the academic performance of all children who had
undergone inguinal hernia repair in infancy to a randomly
selected, age-matched 5% population sample. Primary anal-
ysis compared average test scores at ninth grade adjusting for
sex, birth weight, and paternal and maternal age and educa-
tion. Secondary analysis compared the proportions of chil-
dren not attaining test scores between the two groups.
Results: From 1986–1990 in Denmark, 2,689 children

underwent inguinal hernia repair in infancy. A randomly
selected, age-matched 5% population sample consists of
14,575 individuals. Although the exposure group performed
worse than the control group (average score 0.26 lower; 95%
CI, 0.21–0.31), after adjusting for known confounders, no
statistically significant difference (�0.04; 95% CI, �0.09 to
0.01) between the exposure and control groups could be
demonstrated. However, the odds ratio for test score nonat-
tainment associated with inguinal hernia repair was 1.18
(95% CI, 1.04–1.35). Excluding from analyses children
with other congenital malformations, the difference in mean
test scores remained nearly unchanged (0.05; 95% CI, 0.00–
0.11). In addition, the increased proportion of test score
nonattainment within the exposure group was attenuated
(odds ratio � 1.13; 95% CI, 0.98–1.31).
Conclusion: In the ethnically and socioeconomically homo-
geneous Danish population, we found no evidence that a
single, relatively brief anesthetic exposure in connection with
hernia repair in infancy reduced academic performance at
age 15 or 16 yr after adjusting for known confounding fac-
tors. However, the higher test score nonattainment rate
among the hernia group could suggest that a subgroup of
these children are developmentally disadvantaged compared
with the background population.

A SUBSTANTIAL number of neonates and infants re-
ceive anesthesia and surgery each year.1 Based on the

results of animal studies, concerns have been raised that an-
esthesia may be harmful for the developing human brain. In
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What We Already Know about This Topic

• Animal studies have raised concerns about the potential for
neurocognitive impairment from general anesthesia in human
newborns, but clinical studies are inconclusive.

What This Article Tells Us That Is New

• In more than 2,500 children who underwent inguinal hernia
repair as infants in Denmark, academic test scores in ninth
grade were not different than those of a randomly selected
sample after adjusting for known confounders.
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the past decade, several animal studies have demonstrated
that N-methyl-D-aspartate antagonists (e.g., ketamine, ni-
trous oxide) and �-amino butyric acid agonists (e.g., benzo-
diazepines, barbiturates, propofol, volatile anesthetics) in-
duce apoptotic neurodegeneration in the neonatal rodent
brain with subsequent neurocognitive impairment.2–14

Thus, virtually all general anesthetic agents used in clinical
practice are implicated. In rodents, the most prominent ef-
fects have been observed at postnatal day 7, which is also the
peak period for synaptogenesis. Recently, similar injuries
have been observed in the monkey brain when exposed to the
N-methyl-D-aspartate antagonist ketamine.15,16 These stud-
ies have received considerable attention in the pediatric an-
esthetic community and in the media. However, the appli-
cability of these animal data to humans undergoing
anesthesia in early life remains uncertain.

There are many obstacles to studying the possible neuro-
toxic effects of anesthetics in surgical neonates and infants. In
this population, the effects of surgery and pathology cannot
easily be distinguished from the effects of anesthesia because
children are usually anesthetized for surgical and pathologic
reasons. To address this issue scientifically, various method-
ologies have been proposed.17–19 Although a randomized
controlled trial of regional anesthesia compared with general
anesthesia in neonates undergoing inguinal hernia repair is in
process,18 the results of detailed neurobehavioral assessments
will not be available for at least 5 yr. Epidemiologic studies
are few,20 but five observational studies have been published
recently.21–25 Overall, these studies have been unable to shed
light on the association between anesthesia exposure and sub-
sequent neurocognitive impairment. The studies suffer from
small sample sizes, large age ranges with few neonates and
infants, and problems with migration, loss to follow-up, and
the inclusion of different diseases and surgical procedures.

In this study, therefore, using nationwide population
registers, we compared the academic performance of all
adolescents born in Denmark from 1986 –1990 who had
inguinal hernia repair during the first year of life with a
randomly selected 5% population sample of age-matched
cohorts. The strengths of our study compared with those
of previous investigations are its sample size—which in-
cludes the unselected (nationwide) nature of the sample
and the ability to adjust for confounding factors—and a
clinically relevant outcome.

Materials and Methods
This study is based on the Danish Civil Registration Sys-
tem,26 which identifies individuals using unique personal
identification numbers that can be linked through Statistics
Denmark (Copenhagen, Denmark) to several thematically or-
ganized databases (registers). Information from four registers
was included in the present study: the Danish Demographic
Database (Dansk Demografisk Database), which includes in-
formation on parental identity, birth and death dates, migra-
tion, and location27; the Danish National Hospital Register,

which includes information on overnight hospital stays and op-
erations as well as outpatient procedures for nonpsychiatric ill-
nesses28; the Integrated Database for Labour Market Research,
which contains annual information on education and employ-
ment status; and the Register of Compulsory School Comple-
tion Assessments and Test Scores compiled by the Danish Min-
istry of Education from school reports.29

Included in the study was the cohort born from 1986 to
1990. The exposure group consisted of all individuals that
underwent surgery for hernia before age 1 yr as identified
using codes from the International Classification of Diseases,
Eighth Revision (i.e., 406, 407, 408, 409). The comparison
group consisted of a randomly selected 5% population sam-
ple within this cohort. This control group was selected by
randomly choosing 5% of the days in a year (18 dates). Then,
for each birth year included, data from all individuals born
on these dates were extracted from the Danish Civil Regis-
tration System.

Overlaps between the two groups were allocated to the
exposure group. Individuals in either study group who died
or migrated before June 1, 2006, were excluded from the
investigation.

The outcome was ninth grade test average and average
teacher rating. All Danish students in ninth grade (aged 15 or
16 y) are required to complete a standardized, nationwide
general test of academic achievement, which is scored on a
scale of 0–13. Average performance is rated as 8; higher
scores correspond with better performance. Tests cover ma-
jor domains of academic achievement, including Danish and
foreign languages, mathematics, hard science, and social sci-
ence. Test scores were supplemented by teacher ratings of
student performance in a given subject during the academic
year. Within this birth cohort, information on teacher scores
was available for the years 2002 to 2006. Average test scores
and average teacher scores were analyzed. Using the available
data, an average score was calculated for each student.

Individuals for whom either a test score or teacher score
was unavailable on any subject composed a nonattainment
group. Although “nonattainment” most often denotes chil-
dren with special needs that prohibit them from following
the standard ninth grade course curriculum (i.e., neuropsy-
chological or severe functional limitations), the group also
includes dropouts and children who elect to go to “alterna-
tive” schools that do not use standardized testing (e.g., Ru-
dolf Steiner schools). Test score nonattainment, therefore, is
unusual, as reflected by the fact that, in the general popula-
tion, 87% of children obtained ninth grade test scores.

As a test of the validity of test score nonattainment as an
indicator of developmental problems, we did a preliminary
outcomes analysis of children who underwent neurosurgical
procedures within the first year of life. It is noteworthy that,
among this group of individuals, approximately half subse-
quently completed ninth grade and had test scores. More-
over, the scores obtained by this cohort were significantly
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lower on average when compared with the control group,
demonstrating the validity of our data.

Multiple potential confounding factors were identified in
a previous study30 of academic performance comparing
twins versus singletons, including sex, birth weight, and pa-
ternal and maternal age and education. Therefore, we cate-
gorized birth weight in intervals: up to 1,499, 1,500–1,999,
2,000–2,499, 2,500–2,999, 3,000–3,999, and 4,000 g or
more. Likewise, variables were determined for paternal (i.e.,
up to 22, 22–30, 30–40, and 40 yr or older) and maternal
(i.e., up to 20, 20–28, 28–36, and 36 yr or older) age. Edu-
cational attainments were coded as categorical variables for
the highest obtained education by October 1, 2005. By that
date, paternal age ranged between 32 and 64 yr (median 47
yr) and maternal age ranged between 31 and 63 yr (median
45 yr). Variables were coded with values from 0 to 6, corre-
sponding to the following categories: primary school, voca-
tional school, secondary education, short higher education,
medium higher education, bachelor’s degree, and master’s
degree or doctorate. In regression analysis, “short higher ed-
ucation,” “medium higher education,” and bachelor’s degree
were combined into a single category (i.e., “short higher ed-
ucation”). The percentage of individuals in the hernia group
for each of the five birth years represented by the population
cohort were very similar; as listed sequentially from 1986 to
1990, these proportions were 16.2, 16.4, 17.4, 14.1, and
15.7%, respectively.

Statistical Analysis
Analysis of differences in average test and teacher scores be-
tween the exposure and control groups was done using a
linear regression model that adjusted for other covariates.
Model assumptions were checked by residual plots and quan-
tale plots of residuals. Analysis of the difference in risk of not
obtaining test or teacher scores was performed using a logistic
regression model that adjusted for the same covariates used in
analysis of average scores. Statistical significance was deter-
mined at a 5% significance level and 95% CIs were used. All
analyses were performed using STATA (version 10.0;
STATA Corp., College Station, TX).

To investigate whether, as a result of the observational
nature of this study, there could be residual bias in the esti-
mated differences in average test scores and risk of test score
nonattainment between anesthetic-exposed children and
children in the control group, we performed a propensity
score analysis (PSA) that allowed us to make further adjust-
ments for potential confounding factors.31

We estimated propensity scores for the assignment to
treatment using logistic regression analysis, incorporating the
same covariates used in regression analysis: sex, birth weight,
and paternal and maternal age and educational level. Three
additional covariates were incorporated to predict propensity
scores: weeks’ gestational age, birth weight (continuous vari-
able), and congenital malformations. Weeks’ gestational age
is highly correlated with birth weight and hence vulnerable to

colinearity problems in traditional regression analysis. To
make more careful adjustments for birth weight, we included
a second-order interaction term between sex—birth weight
as a categorical variable and birth weight as a continuous
variable—corresponding to separate regression lines of risk
of hernia on birth weight within each category of sex and
each category of birth weight. Moreover, we included four
first-order interaction terms between sex and each of the
following variables: weeks’ gestational age (continuous), con-
genital malformations, and paternal and maternal education
levels. Finally, we included the same variables on paternal
and maternal age as were included in regression analysis
without propensity scores (non-PSA).

We then performed a stratified PSA where we defined five
strata in our analysis sample based on propensity score quin-
tiles.32 In linear regression analysis of average test scores and
logistic regression analysis of the risk of test score nonattain-
ment, this procedure was done by including the quintile-
grouped propensity score variable as a factor variable in the
regression model. We also included the variables already used
in the non-PSA. We chose the stratified PSA among different
propensity score methods because the use of the quintiles
rather than the actual propensity scores gave some robustness
toward the risk of having extreme values of the propensity
scores with too high influence on the estimation. However,
for completeness, we performed a supplementary number of
different PSA based more on the exact value of the propensity
score estimate. Specifically, we carried out five alternative
PSAs. The first, regression (covariance) adjusted PSA, was
done by including the propensity score as a continuous co-
variate in each of the regression analyses together with the
other variables from the non-PSA.32 The next three PSA
analyses were all weighted analyses using different functions
of the propensity scores as weights.33 The first used the in-
verse of the propensity score as weight (inverse probability-
to-treatment weight) and estimates the response difference in
a population with the same distribution of propensity score
covariates as in the study population. The second used the
weight 1 in the exposure group and weight equal to the
estimated conditional treatment odds in the control group,
estimating the response difference in a population with the
same distribution of propensity score covariates as the one
observed in the treated population. The third analysis used
weight 1 in the control group and weight equal to the con-
ditional control group odds in the treatment group, estimat-
ing the response difference in a population with the same
distribution of propensity score covariates as the one ob-
served in the untreated population. As a final analysis, we
made a matched analysis where each exposure group child
was matched to a control group child using, as matching
criteria, the individual nearest to the exposure group child
using the Mahalanobis metric as distance and restricting po-
tential candidates for the match to include those within a
preset amount (caliper) of the exposure group child’s esti-
mated propensity score, or rather, the logit of the propensity
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score.31,32,34 The Mahalanobis distance was calculated using
the following variables, as also used in the non-PSA: sex, birth
weight (categorical), and paternal and maternal age and educa-
tion. As a result of the large size of control group, we used the
rather small caliper of one sixty-fourth SD of the logit of the
propensity score for the greater part of the matching.

Among exposure group children for whom no control
match was available within these narrow bounds, we in-
creased the caliper sufficiently to include candidates among
whom a match could be made. The largest caliper necessary
for this procedure was just below three SDs (11/4 � SD).
When matching was complete, we compared average grades
using a paired Student t test. Risk of test score nonattainment
was compared using conditional logistic regression.

As a means of understanding if weighted analysis was
influenced by very large or small estimated propensity scores
for some individuals, we performed the three weighted anal-
yses on the subsample. Analysis was restricted to individuals
with propensity scores among the 99% most central of the
estimated values.

Results

Between 1986 and 1990 in Denmark, a total of 2,689 indi-
viduals underwent surgery for hernia during their first year of
life. The control group consisted of an age-matched cohort of
14,575 individuals. The proportion of children who died
before age 1 yr was smaller in the exposure group compared
with that in the control group (0.22 vs. 0.75%). This result was
anticipated because anesthetic-exposed children were selected
conditional on survival until hernia operation. Taking the time
under risk of death into account, the mortality rate per 100,000
person-years between age 1 month and 1 yr was 2.94 for anes-
thetic-exposed children and 1.52 within the control group. The
mortality rate was standardized to correspond to a constant pop-
ulation size during 11 months. The mortality rate after age 1 yr,
conditional on survival to that age, was 1.04% for anesthetic-
exposed children and 0.50% for the control group. Migration
rates (before June 1, 2006) were slightly lower in the exposure
group than in the control group (4.1 vs. 5.2%). Therefore, the
study base for all subsequent analyses consisted of 2,547
(94.7%) individuals from the exposure group and 13,640
(93.6%) from the control group.

The distribution of several of the confounders in the
exposure group was quite different from that in control
group. Boys constituted 89.0% of the exposure group
compared with 51.0% in the control group. Mean birth
weight was 3,000 g for the exposure group and 3,437 g for
the control group. Paternal and maternal age were quite
similar between the two study groups: 30.3 versus 30.7 yr
for paternal and 27.8 versus 28.1 yr for maternal 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 scores (where higher
scores correspond with more education) of fathers were

1.49 versus 1.68, respectively; for mothers, these scores
were 1.53 versus 1.77 (table 1).

The distribution of average test scores in the exposure
versus control group is shown in figure 1. SDs in both groups
were approximately 1, making the difference in scores readily
interpretable. The figure shows better academic performance
in the control versus exposure group. The average (SD) test
score in the exposure group was 7.73 (1.09) compared with
7.99 (1.08) in the control group, resulting in a mean differ-
ence of 0.26 (95% CI, 0.21–0.31) and corresponding to
approximately one quarter of an SD. Restricting the compar-
ison to individuals of the same sex, the difference was less
pronounced. The average test scores for boys was 7.68 versus
7.83, respectively, corresponding to a difference of 0.15
(95% CI, 0.10–0.21). Among girls, average test scores were
8.08 versus 8.14, respectively, corresponding to a difference
of 0.06 (95% CI, �0.08 to 0.19).

A similar difference between the exposure versus control
group among individuals of the same sex was seen when
looking at average teacher scores. The average teacher score

Table 1. Characteristics of Early Anesthetic Exposure
versus Control Group: Denmark, 1986–1990 Birth
Cohort

Characteristic

Exposure
Group

(n � 2,689)

Control
Group

(n � 14,575)

Death 34 (1.3) 183 (1.3)
1–365 d after birth 6 (0.2) 109 (0.7)
�365 d after birth 28 (1.0) 74 (0.5)

Migration 109 (4.1) 752 (5.2)
Study base 2,547 (94.7) 13,640 (93.6)
Congenital malformation 316 (12.4) 624 (4.6)

Deceased 8 (23.5) 39 (21.3)
Migrant 9 (8.3) 33 (4.4)

Birth weight 2,541 (99.8) 13,616 (99.8)
�1,500 g 152 (6.0) 70 (0.5)

Birth weight, g 3,000 � 798 3,437 � 556
�1,499 25 (16.4) 11 (15.7)
�1,500 291 (12.2) 610 (4.5)

Sex (boy) 2,266 (89.0) 6,955 (51.0)
Paternal age, yr 30.3 � 5.4 30.7 � 5.4
Maternal age, yr 27.8 � 4.9 28.1 � 4.8
Paternal education 1.49 � 1.71 1.68 � 1.78
Maternal education 1.53 � 1.66 1.77 � 1.74
Average test score 7.73 � 1.09 7.99 � 1.08

Boy 7.68 � 1.08 7.83 � 1.08
Girl 8.08 � 1.06 8.14 � 1.06

Average teacher score 7.71 � 1.11 8.03 � 1.09
Boy 7.65 � 1.11 7.80 � 1.10
Girl 8.20 � 1.01 8.25 � 1.04

Test score 2,016 (79.2) 11,850 (86.9)
Boy 1,771 (78.2) 5,843 (84.0)
Girl 245 (87.2) 6,007 (89.9)

Teacher score 2,028 (79.6) 11,893 (87.2)
Boy 1,782 (78.6) 5,876 (84.5)
Girl 246 (87.5) 6,017 (90.0)

All data are presented as No. (%) or mean � SD unless otherwise
specified.
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for boys was 7.65 versus 7.80, respectively, corresponding to
a difference of 0.15 (95% CI, 0.09–0.21. Among girls, this
score was 8.20 versus 8.25, respectively, corresponding to a
difference of 0.05 (95% CI, �0.08 to 0.19).

Although the unadjusted comparison of average test
scores for exposure versus 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 confounding variables are shown in
table 2. Higher scores were found among girls for higher
birth weight, higher paternal and maternal age, and higher
paternal and maternal education. In table 3, the results of
multivariate analysis of academic performance are shown.
Average test scores in the exposure group were not statis-
tically different from those in the control group. The es-
timated mean in the exposure group was 0.04 below that
in the control group (95% CI, �0.01 to 0.09). The pat-
tern of the association between confounders and out-
comes in the adjusted analysis was as in the unadjusted
table (table 2), but the associations were less pronounced.
The results of the adjusted analysis of average teacher
scores were similar (data not shown).

The unadjusted risk of not obtaining an average test score
was higher in the exposure group than in the control group:
20.8 versus 13.1%, corresponding to a risk difference of 7.7%
(95% CI, 6.0–9.4%). Approximately 21.8% of boys in the
exposure group never attained test scores compared with
16.0% in the control group, corresponding to a difference of
5.8% (95% CI, 3.9–7.8%). Among girls, the corresponding
proportion was 12.8% in the exposure group compared with
10.1% in the control group, with a difference of 2.7% (95%
CI, 1.3–6.6%). After adjusting for the same variables noted
in the adjusted analysis of the average test scores, we found an
odds ratio (OR) of 1.18 for not obtaining test scores when

comparing the exposure and control groups (95% CI, 1.04–
1.35; table 4). These data include children who did not attain
a test score as well as with no score recorded.

When children with birth weights lower than 1,500 g
were excluded from analysis, results remained unchanged.
For this group, the difference in test scores is �0.04 (95%
CI, �0.09 to 0.02) and there is an OR of 1.19 (95% CI;
1.04–1.36) for test score nonattainment.

In addition, when the Danish National Patient Register was
used to exclude from analysis children with other congenital
malformations (as diagnosed from birth to 2006 using codes
from the International Classification of Diseases, Eighth Revi-
sion [i.e., 740.00–759.99], or Tenth Revision [i.e., Q0.0–
Q99.9]), test score differences between the exposure and the
control group remained nearly unchanged (0.05 vs. 0.04; 95%
CI, 0.00–0.11; P � 0.063). In addition, the increased propor-

Fig. 1. Distribution of ninth grade mean test scores for Danish
adolescents (born 1986–1990) who underwent inguinal her-
nia repair in infancy (n � 2,547) versus a control group
composed of a randomly selected 5% population sample of
age-matched cohorts (n � 14,575).

Table 2. Mean Difference in Average Test Scores:
Denmark, 1986–1990 Birth Cohort (n � 13,866)

Characteristic No. Contrast (95% CI)

Exposure vs. control
group (ref.
control)

11,850 —

Exposure 2,016 �0.26 (�0.31 to �0.21)
Sex (ref. Boy) 7,614 —

Girl 6,252 0.34 (0.30–0.37)
Birth weight, g

(ref. 3,000–
3,999 g)

9,057 —

�1,499 148 �0.23 (�0.40 to �0.05)
1,500–1,999 203 �0.23 (�0.38 to �0.08)
2,000–2,499 521 �0.23 (�0.33 to �0.14)
2,500–2,999 1,890 �0.19 (�0.24 to �0.13)
�4,000 2,032 0.06 (0.01–0.12)

Paternal age
(ref. 22–30)

6,030 —

�22 413 �0.55 (�0.65 to �0.44)
30–40 6,355 0.22 (0.18–0.26)
�40 793 0.27 (0.19–0.35)

Maternal age
(ref. 20–28)

6,939 —

�20 359 �0.59 (�0.70 to �0.47)
28–36 5,705 0.29 (0.25–0.33)
�36 859 0.42 (0.35–0.50)

Paternal education
(ref. basic
school)

3,142 —

Vocational 5,691 0.33 (0.28–0.37)
Short 3,098 0.77 (0.72–0.82)
Long 1,088 1.29 (1.22–1.36)

Maternal education
(ref. basic
school)

3,292 —

Vocational 5,237 0.30 (0.25–0.34)
Short 4,376 0.83 (0.79–0.88)
Long 627 1.39 (1.31–1.48)

Long � master’s degree or doctorate; Short � short higher
education, medium higher education, bachelor’s degree; Voca-
tional � primary school, vocational school, secondary education.
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tion of test score nonattainment became nonsignificant (OR �
1.13; 95% CI, 0.98–1.31; P � 0.085).

In the exposure group, the frequency of other congenital
malformations was higher than in the control group (12.4 vs.
4.8%; table 1).

Excluding children with congenital malformations and
children with a birth weight lower than 1,500 g together
from the analyses yielded similar results as when children
with congenital malformations alone were excluded.

The checking of our model assumptions did not find any
violations of variance homogeneity, model misspecification,
or normality.

PSA gave essentially the same results as corresponding
analysis without propensity scores (table 5). The estimated
difference between average test scores of children in the ex-
posure group versus those in the control group was �0.03
(95% CI, �0.09 to 0.02), which is close to the estimate of
�0.04 (95% CI, �0.09 to 0.01) for the analysis without
propensity scores. Similarly, the OR for test score nonattain-
ment associated with early anesthetic exposure was estimated

to be 1.15 (95% CI, 1.01–1.32), a result that again was
comparable with the estimate of 1.18 (95% CI, 1.04–1.35).
We also tested for possible interaction between treatment
and propensity quintile, but none was found (P � 0.64 for
average test scores; P � 0.28 for test score nonattainment).
The results from the different PSAs, seen in table 5, are very
similar and do not indicate any substantial bias unaccounted
for in the non-PSA.

Point estimates of the difference in average test scores of
children in the exposure versus control group are very close.
Although estimated ORs in risk analysis of test score nonat-
tainment seem to vary a bit more across the different PSAs,
they are still all well in agreement with the estimated OR and
CI of the non-PSA analyses.

Discussion
In this nationwide follow-up study of birth cohorts from
1986 to 1990 in Denmark, we have shown that children who
had operations for inguinal hernia in infancy—and were thus

Table 3. Regression Analysis of Test Scores: Denmark,
1986–1990 Birth Cohort (n � 12,573)

Characteristic Contrast (95% CI)

Exposure vs. control group
(ref. control)

—

Exposure �0.04 (�0.09 to 0.01)
Sex (ref. Boy) —

Girl 0.35 (0.32 to 0.39)
Birth weight,

g (ref. 3,000–3,999 g)
—

�1,499 �0.09 (�0.26 to 0.08)
1,500–1,999 �0.07 (�0.21 to 0.08)
2,000–2,499 �0.07 (�0.16 to 0.02)
2,500–2,999 �0.09 (�0.14 to �0.04)
�4,000 0.05 (0.00 to 0.10)

Paternal age (ref. 22–30) —
�22 �0.21 (�0.32 to �0.10)
30–40 0.02 (�0.02 to 0.07)
�40 0.06 (�0.02 to 0.15)

Maternal age (ref. 20–28) —
�20 �0.30 (�0.42 to �0.17)
28–36 0.07 (0.03 to 0.11)
�36 0.12 (0.03 to 0.20)

Paternal education
(ref. basic school)

—

Vocational 0.22 (0.18 to 0.27)
Short 0.52 (0.47 to 0.57)
Long 0.83 (0.75 to 0.90)

Maternal education
(ref. basic school)

—

Vocational 0.22 (0.18 to 0.27)
Short 0.56 (0.51 to 0.61)
Long 0.83 (0.74 to 0.93)

Sample size (n � 12,573) for regression analysis corresponds to
90.7% of all graduates.
Long � master’s degree or doctorate; Short � short higher
education, medium higher education, bachelor’s degree; Voca-
tional � primary school, vocational school, secondary education.

Table 4. Logistic Regression of Unavailability of Test
Scores on Covariates: Denmark, 1986–1990 Birth
Cohort (N � 14,536)

Characteristic Odds Ratio (95% CI)

Exposure vs. control group
(ref. control)

—

Exposure 1.18 (1.04–1.35)
Sex (ref. Boy) —

Girl 0.56 (0.51–0.63)
Birth weight,

g (ref. 3,000–3,999 g)
—

�1,499 2.65 (1.91–3.68)
1,500–1,999 1.96 (1.43–2.67)
2,000–2,499 1.37 (1.09–1.72)
2,500–2,999 1.28 (1.11–1.47)
�4,000 0.96 (0.82–1.11)

Paternal age (ref. 22–30) —
�22 1.25 (0.98–1.60)
30–40 0.84 (0.75–0.95)
�40 1.01 (0.79–1.29)

Maternal age (ref. 20–28) —
�20 1.17 (0.90–1.53)
28–36 0.96 (0.85–1.08)
36� 1.02 (0.79–1.31)

Paternal education
(ref. basic school)

—

Vocational 0.65 (0.58–0.72)
Short 0.48 (0.41–0.56)
Long 0.41 (0.31–0.55)

Maternal education
(ref. basic school)

—

Vocational 0.59 (0.53–0.66)
Short 0.52 (0.46–0.60)
Long 0.48 (0.34–0.69)

Sample size (N � 14,536) for logistic regression analysis corre-
sponds to 89.8% of the sample under study.
Long � master’s degree or doctorate; Short � short higher
education, medium higher education, bachelor’s degree; Voca-
tional � primary school, vocational school, secondary education.
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exposed to a single, brief anesthetic procedure in infancy—
had academic test scores at age 15 or 16 yr that were nearly
5% of an SD lower than those observed in the background
population. Boys had test scores that were on average 34% of
an SD lower than girls. The effect of belonging to the expo-
sure group was actually the smallest of all the included vari-
ables in the final model (sex, birth weight, and parental age
and education). Thus, this study, with a 80% power to detect
an academic test difference of 0.08 SD, did not provide evi-
dence for a general neurotoxic effect of general anesthetics in
the first year of life, although no evidence for a difference in
test scores excludes the possibility of more subtle effects.
Furthermore, the 1.18 higher risk of test score nonattain-
ment suggests that a small fraction of children in the expo-
sure group were disadvantaged either from other diseases/
conditions or from susceptibility to anesthesia/surgery,
potentially on a sex-based or genetic basis. Randomized con-
trolled trials may shed more light on this issue.

When children with other congenital malformations were
excluded from analysis, differences in test score between the
exposed and control group remained nearly unchanged. In
addition, the increased proportion of test score nonattain-
ment was attenuated. The increased number of disadvan-
taged children in the exposure group is also reflected in the
slightly increased mortality seen after age 1 yr. This observa-
tion supports the recent findings of DiMaggio et al.23 Their
study,23 which reported on a birth cohort of 383 children,
indicated that children younger than 3 yr undergoing hernia
repair are more than twice as likely of being subsequently
diagnosed with behavioral/developmental disorders (ad-
justed hazard ratio 2.3; 95% CI, 1.3–4.1).

The great majority of children in our study who subse-
quently attained test scores in ninth grade (age 15 or 16 yr)
did not show any signs of neurologic impairment, as esti-
mated by similar academic performance when compared
with a randomly selected control group. This result is in

contrast to sex-based differences: boys have higher test score
nonattainment and lower test scores compared with girls,
while the exposure group has 1.18 (1.13 when other congen-
ital anomaly cases were excluded) higher test score nonattain-
ment but same test score distribution. In our study, higher
test scores were found among girls, as were higher birth
weight and higher paternal and maternal age and education.
Birth weight lower than 1,500 g appeared as a significant risk
factor for test score nonattainment with an OR of 2.65 (95%
CI, 1.91–3.68).

The strength of our study lies in its unprecedented size. It
includes all children born in Denmark from 1986–1990
who had inguinal hernia repair during infancy. It is a register-
based study and includes important covariates for most par-
ticipants. The expected associations with covariates were ob-
served in our sample, suggesting data of high quality.
Moreover, our study focuses exclusively on neonates and
infants (i.e., populations assumed to be at the greatest risk of
neurotoxicity from general anesthesia) and includes only one
well-defined surgical procedure.

In Denmark, we have a national healthcare system with no
out-of-pocket expenses for any citizens. This means that data for
very few patients are missing in studies of this kind. Because
Denmark is ethnically homogeneous, these results need to be
replicated for other racial and ethnic groups. In addition, studies
with more socioeconomically diverse populations are warranted
to investigate potential interactions between anesthesia and
these potentially confounding factors.

Although the outcome measures we used are relatively
recent, we used relatively historical exposure data. Thus, our
data are based on anesthetic exposure that occurred approx-
imately 20 yr ago. Our data therefore do not address current
use of newer (and possibly safer) anesthetic techniques, nor
do they address improvements in multiparameter monitor-
ing (e.g., pulse oximetry, capnography, hemodynamics, end-
tidal inhalational anesthetics). We were unable to explicitly

Table 5. Nonpropensity Score Analysis Response Differences in Early Anesthetic Exposure versus Control Group:
Denmark, 1986–1990 Birth Cohort

Characteristic
Test Score Average
Difference (95% CI)

Test Score Nonattainment
Odds Ratio (95% CI)

Non-PSA �0.04 (�0.09 to 0.01) 1.18 (1.04–1.35)
Stratification on quintiles �0.05 (�0.10 to 0.01) 1.23 (1.08–1.40)

Stratification on quintiles* �0.03 (�0.09 to 0.02) 1.16 (1.02–1.33)
Regression (covariance) adjustment �0.04 (�0.09 to 0.02) 1.14 (1.00–1.31)
Inverse probability to treatment weight† — —

Analysis population �0.02 (�0.11 to 0.06) 1.14 (0.93–1.39)
Anesthetic exposed �0.06 (�0.11 to 0.00) 1.17 (0.99–1.38)
Control �0.02 (�0.10 to 0.07) 1.09 (0.89–1.34)

Matched-paired analysis �0.03 (�0.10 to 0.04) 1.24 (1.06–1.45)

Response of average test score and response of test score nonattainment is considered. In the latter, the response difference is
measured by the odds ratio.
* Analysis includes adjustments for sex, birth weight, and paternal and maternal age and education. † Test score differences in the
subpopulation defined by being among the 99% with the most central propensity scores were as follows: analysis population, �0.03
(95% CI, �0.12 to 0.05); anesthetic exposed, �0.04 (95% CI, �0.09 to 0.02); control, �0.03 (95% CI, �0.11 to 0.06). Odds ratios in
that subpopulation were, respectively, as follows: 1.14 (95% CI, 0.93–1.39, 1.16 (95% CI, 1.00–1.34), and 1.10 (95% CI, 0.90–1.34).
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establish type, route, dose, or duration of the anesthetics
administered during surgery. However, during 1986–1990,
the vast majority of infants undergoing inguinal hernia repair
in Denmark received a general anesthetic technique with
halothane or isoflurane with nitrous oxide in oxygen with
surgery duration of 30–60 min.35

Our study is based on data from the Danish National
Patient Register, which include information on all patients
admitted to hospitals. The quality of these data has proven
acceptable for use with codes from the International Classi-
fication of Diseases, Eighth Revision, particularly for surgery
and pediatrics, with the highest level of agreement found for
congenital malformations.36

Our outcome measure, academic performance in adoles-
cence, has a number of advantages. It is normally distributed
at a SD of approximately 1 and sensitive, as seen by its asso-
ciation with a series of covariates that we had information on
in this study (i.e., sex, birth weight, parental age and educa-
tion). Animal data are, for the most part, confined to patho-
logic effects, with only a few studies demonstrating negative
effects on behavior and learning. It is noteworthy that several
recent animal studies have either observed no negative effects
of a single neonatal exposure on subsequent behavior and
learning37–39 or only very subtle effects.40 In one notable
recent exception,41 repeated exposure to isoflurane in young,
but not adult, rodents induced persistent progressive mem-
ory impairment, loss of neural stem cells, and reduced
neurogenesis.

Translating the ability of rodents to negotiate a water or
radial arm maze into a human behavioral correlate is obvi-
ously difficult.42–44 Detailed neurocognitive testing is feasi-
ble in smaller, but not in larger, epidemiologic studies. Aca-
demic achievement tests were the endpoint in our study rather
than intelligence quotient testing. Naglieri et al.45 found that the
correlation between intelligence quotient and standardized
achievement tests is quite high, averaging 0.70–0.74. The high
correlation between the two types of assessments suggests that
they would produce similar results. In any case, assessments of
academic achievement have a pragmatic advantage over intelli-
gent quotient testing because parents are likely to be more in-
terested in how their child will do in school rather than how they
will do in a test of intelligence.

Our results are reassuring in relation to relative short-term
exposure to general anesthetics during infancy. However,
many questions still remain regarding the use of specific an-
esthetic drugs (including opioids46) and techniques, doses,
exposure duration, and relevant outcomes.

In 2008, Loepke et al.42 reviewed the evidence linking
exposure to anesthetics and neurocognitive function in chil-
dren and concluded that “anecdotal data point toward the
possibility for neurologic impairment after neonatal surgery
and anesthesia.” Five cohort studies21–25 have been pub-
lished since we conducted this review. In a historical cohort
study (n � 593), Wilder et al.21 probed medical records
identifying all types of surgeries performed in children before

the age of 4 yr. That study21 indicated an association between
having two or more anesthetics and increased risk of learning
disabilities. However, these results may be explained by con-
founders because children with more significant illnesses and
comorbidities are more likely to need surgery.

Kalkman et al.22 attempted to estimate neurobehavioral de-
velopment in children who had been exposed to anesthesia for
urological procedures at age 0–6 yr. However, the sample size
(n � 243) was unable to demonstrate an association between
anesthesia and outcomes. Similarly, in a recent twin study, Bar-
tels et al.25 were unable to demonstrate an association be-
tween exposure to anesthesia before the age 3 yr and educa-
tional achievement and cognitive problems at age 12 yr, as
evidenced by similar learning-related outcomes in monozy-
gotic twins with or without surgery. Again, however, the
sample size (n � 110, less than age 3 yr; n � 225, less than
age 12 yr) was unable to indicate an association between
anesthesia and outcomes.25

Sprung et al.24 investigated the effect of obstetric anesthe-
sia on learning disabilities in children aged 5 yr and younger.
No evidence could be found for a difference in risk of learn-
ing disabilities between children delivered by cesarean sec-
tion under general anesthesia compared with vaginal deliv-
ery. However, quite unexpectedly, they found that children
delivered by cesarean section with regional anesthesia had a
lower risk of learning disabilities compared with both vaginal
delivery and cesarean section under general anesthesia.24

General problems with many of the cohort studies pub-
lished so far is that they include many types of surgeries, the
ages of the child at anesthesia exposure usually extend well
beyond infancy, and only a small proportion of neonates and
infants are included. Anesthetic drugs are some of the most
potent and fastest acting drugs available in clinical medicine.
The speed of onset of most drugs is limited only by the body’s
ability to deliver them to their targets, leading to almost
immediate profound changes in fundamental physiologic
parameters. It is generally assumed that the effects dissipate
almost as quickly as they arise and without long-term se-
quella. The complexity of the human central nervous system
complicates the extrapolation of data derived from experi-
mental species to humans. Widespread apoptotic cell death is
not uncommon in developing human or rodent brains, but it
is a rather integral part of normal brain development.42–44

Apoptosis can be triggered by physiologic and pathologic
stimuli. The number of supernumerary neurons removed by
physiologic apoptosis during normal brain development has
been widely estimated in humans and rodents to be 50–70%
of the entire neuronal cell population.47 Hence, it is logical to
expect significant recovery of function because the patho-
logic process occurs at a time of great neuroplasticity. Unfor-
tunately, this may not always be the case. Alternatively, with-
holding anesthetics during painful procedures does not solve
this conundrum and is clearly unethical. Structural brain
abnormalities and long-term behavioral abnormalities have
been extensively documented after painful stimulation in un-
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anesthetized newborn humans and animals.44,48–52 Many
different approaches with complementary study designs will
be required to accumulate sufficient knowledge that will al-
low us to conclude whether general anesthesia produces clin-
ically significant neurotoxicity in neonates, infants, and
young children.17–19

In the ethnically and socioeconomically homogeneous
population of Denmark, we found no evidence that a single,
relatively brief anesthetic exposure in connection with hernia
repair in infancy reduced academic performances at age 15 or
16 yr compared with a control group that consisted of a 5%
population sample of randomly selected age-matched co-
horts. This finding does not provide any human evidence for
a general neurotoxic effect of general anesthetics as reported in
animal studies. Nonetheless, higher test score nonattainment
rate in this population could suggest that a subgroup of children
with early anesthetic exposure are developmentally disadvan-
taged compared with the background population. However, we
assessed only one coarse score of neurobehavioral outcome (ac-
ademic performance at age 15 or 16 yr). Although our results are
reassuring, they cannot exclude effects in more particular do-
mains of neurobehavioral outcome.
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