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WHAT’S KNOWN ON THIS SUBJECT: Exposure to virtually all
anesthetic drugs has been shown to cause neurodegeneration in
young animals. Studies of learning and cognition in children exposed
to anesthesia and surgery have been few, have relied on single
outcome measures, and have not controlled for comorbidity.
WHAT THIS STUDY ADDS: In this study of children exposed to
anesthesia/surgery before the age of 2, multiple group and
individual measures of learning and behavior are examined by
using a matched design with adjustment for comorbidity using 2
separate methods.

abstract

+

BACKGROUND: Annually, millions of children are exposed to anesthetic
agents that cause apoptotic neurodegeneration in immature animals.
To explore the possible signiﬁcance of these ﬁndings in children, we
investigated the association between exposure to anesthesia and subsequent (1) learning disabilities (LDs), (2) receipt of an individualized
education program for an emotional/behavior disorder (IEP-EBD), and
(3) scores of group-administered achievement tests.
METHODS: This was a matched cohort study in which children (N ⫽
8548) born between January 1, 1976, and December 31, 1982, in Rochester, Minnesota, were the source of cases and controls. Those exposed to anesthesia (n ⫽ 350) before the age of 2 were matched to
unexposed controls (n ⫽ 700) on the basis of known risk factors for
LDs. Multivariable analysis adjusted for the burden of illness, and outcomes including LDs, receipt of an IEP-EBD, and the results of groupadministered tests of cognition and achievement were outcomes.
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RESULTS: Exposure to multiple, but not single, anesthetic/surgery signiﬁcantly increased the risk of developing LDs (hazard ratio: 2.12 [95%
conﬁdence interval: 1.26 –3.54]), even when accounting for health status. A similar pattern was observed for decrements in groupadministered tests of achievement and cognition. However, exposure
did not affect the rate of children receiving an individualized education
program.
CONCLUSIONS: Repeated exposure to anesthesia and surgery before
the age of 2 was a signiﬁcant independent risk factor for the later
development of LDs but not the need for educational interventions
related to emotion/behavior. We cannot exclude the possibility that
multiple exposures to anesthesia/surgery at an early age may adversely affect human neurodevelopment with lasting consequence.
Pediatrics 2011;128:e1053–e1061

PEDIATRICS Volume 128, Number 5, November
2011from www.aappublications.org/news by guest on October 19, 2019
Downloaded

e1053

Exposure of developing animal brains
to anesthetics may cause neurodegenerative changes with adverse effects on learning and behavior.1–8
Implicated drugs include N-methyl-Daspartate glutamate receptor agonists and ␥-aminobutyric acid antagonists. When these drugs, including
virtually all anesthetics, are administered to young animals (including
primates), neurodegeneration results.2,4,5,7,9,10 Few studies provide insight into the potential clinical signiﬁcance of these observations.11–13
Recently, we reported an association
between multiple, but not single, exposures to anesthesia/surgery before the age of 4 and subsequent
learning disabilities (LDs).14 In other
clinical studies broad measures
have been examined of behavior and
learning using group-administered
tests of achievement, teacher rating
scales, or diagnostic codes, with
varying results.11–13 In no study to date
have multiple types of outcomes been
examined simultaneously to determine which may be associated with exposures to anesthesia/surgery. Also,
the need for anesthesia may be merely
a marker for other factors, such as the
condition necessitating surgery or coexisting disease that could confound
the relationship between anesthesia/
surgery and neurodevelopmental outcomes. As noted in letters, editorials,
and reviews,15–17 this is a potential
weakness of all observational studies
(including our previous study).
In this study, we used a populationbased birth cohort and employed a
matched cohort design that included
adjustment for health status, taking
advantage of access to complete
medical charts for all members of
the cohort. We examined LDs, the receipt of an individualized education
program (IEP) for disorders of emotion/behavior or speech-language,
and group achievement tests to dee1054
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termine if an association exists between exposure to anesthesia/surgery during the ﬁrst 2 years of life
and the development of these outcomes. In particular, we sought to
determine if the effects of multiple
exposures on LDs observed in our
previous analysis persisted when
differences in health status were accounted for, and whether groupadministered achievement tests and
an indicator of emotional/behavioral
disorders also were affected.

MATERIALS AND METHODS
The Mayo Clinic and Olmsted Medical
Center institutional review boards approved this study. A previously described birth cohort of children born
in Rochester, Minnesota, was used to
identify cases and controls.18–20 The cohort includes all children (n ⫽ 8548)
born between January 1, 1976, and December 31, 1982, to mothers residing
in the townships comprising Independent School District 535. Children who
emigrated or died before the age of 5
(n ⫽ 2830), were severely mentally retarded (n ⫽ 19) (full range IQ ⬍ 50 or
neurodevelopmentally unable to test),
or did not provide research authorization (n ⫽ 342) were excluded.19 Of the
19 with severe mental retardation, all
but 1 were known to have profound
neurodevelopmental deﬁcits before
exposure to anesthesia and surgery (1
had an intraoperative stroke). All
schools (public, private, home) gave
permission to access complete records for every child including results
of all individually administered tests
of intelligence (Wechsler Intelligence
Scale for Children) and academic
achievement (Woodcock-Johnson Battery), all group-administered tests
of achievement (California Achievement Test [CAT]) and cognitive ability
(Test of Cognitive Skills [TCS]), as
well as educational and socioeconomic information.

All cohort members who underwent a
procedure requiring general anesthesia before their second birthday
(cases) were identiﬁed and matched
with 2 unexposed controls from the cohort. In this manuscript we use term
“exposure to anesthesia,” “anesthesia/surgery” or simply “exposure” as a
description of the use of general anesthesia for either surgical or diagnostic
procedures. Cases were matched to
controls on the basis of factors known
to inﬂuence the incidence of LDs, including gender, mother’s education
(⬍12, 12, or ⬎12 years), birth weight
(⬍ 2500 or ⱖ2500 g), gestational age
(⬍32, 32–36, or ⱖ37 weeks), and birth
date ⫾12 months. Exact matching was
required with the exception of gestational age for which criteria were relaxed allowing those with gestational
age of 32 to 36 weeks to be matched
with either of the other categories.
Health Status
Two methods were used to quantify
health status: the American Society
of Anesthesiologists Physical Status
(ASA-PS) and the Johns Hopkins adjusted clinical groups (ACG) Case-Mix
System.21–24 The ASA-PS was assigned
irrespective of the need for surgery on
the basis of health data available at the
age of 5 years. On the basis of review of
the complete medical chart, assignment
(unblinded) was performed by 2 pediatric anesthesiologists (Drs Flick and Wilder); a third (Dr Warner) adjudicated discrepancies. The ACG Case-Mix System
uses International Classiﬁcation of Diseases, Ninth Revision, codes. Codes for
each child entered up to and during the
ﬁfth year of life were assigned by computer to 1 of 32 unique morbidity clusters designated as aggregated diagnostic groups (ADGs) on the basis of criteria
including duration of care, severity, diagnostic certainty, etiology, and need for
subspecialty care.
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Outcomes
Need for Individualized Educational
Program
By law, schools are required to provide
IEPs to those qualifying for special education because of problems with development, learning, and behavior.25
The need for an IEP has been used as a
measure of learning and behavior in a
variety of settings.26,27 School records
were abstracted to determine those
children for whom an IEP was developed for disorders of emotion/behavior (IEP-EBD). Indications for an IEP-EBD
include mood disorders such as anxiety and depression, unusual behavior
patterns, and aggression and impulsivity. The receipt of an IEP for speech/
language (IEP-SL) was also noted.
Learning Disabilities
LDs, including subtypes (reading, written language, mathematics), were
identiﬁed using the results of individually administered tests of achievement
and research criteria detailed in previous reports.18,20,28 Children considered
to have LDs met research criteria before the age of 19 for at least 1 LD subtype by any 1 of 3 formulas.18,20,28
Group-Administered Achievement
Tests
Achievement and cognition were assessed using results from the last available group-administered CAT (including
subscales for written language, mathematics, phonics, and spelling) and TCS
(total cognitive scale, memory subscale).29 Scores were expressed as agerelated percentile ranks derived from a
national normative sample.
Statistical Analyses
The primary risk factor of interest was
exposure to general anesthesia under
the age of 2. For IEP and LDs, each child
was at risk from birth until meeting
criteria. Cumulative incidence rates
were calculated using the method of

Kaplan and Meier with censoring at
date of emigration, death, last followup, or 19 years old. For analysis purposes, frequency-matched strata were
created by combining matched sets
with identical values for factors known
to inﬂuence the incidence of LDs: gender, mother’s education (⬍12, 12, or
⬎12 years), birth weight (⬍2500 or
ⱖ2500 g) and gestational age (⬍32,
32–36, or ⱖ37 weeks).30 Separate
analyses were performed for each LD
and IEP outcome using stratiﬁed proportional hazards regression to assess whether exposure to anesthesia/
surgery (none, 1, 2, or more) was a risk
factor. Group-administered achievement tests expressed as percentiles
were transformed to z scores using a
probit transformation and analyzed
using mixed linear models with random effects used to accommodate the
correlation of outcomes within strata.
To account for differences in comorbidities between exposed and unexposed groups, 2 additional analyses
were performed. One analysis included ASA-PS as a covariate and the
other adjusted for ADG morbidity clusters. To avoid overﬁtting in the ADGadjusted analysis, covariates were included for the ADG morbidity clusters

that differed signiﬁcantly (P ⬍ .01) between exposed and unexposed groups.
In all cases, the P value for the 2 degrees of freedom test comparing the
given outcome across the 3 exposure
groups is reported. The effect estimates and 95% conﬁdence intervals
(CIs) are presented for comparisons of
single and multiple exposure groups versus no exposure. Two-tailed P values of
⬍.05 were considered signiﬁcant. Analyses were performed by using SAS 8.2
(SAS Institute, Inc, Cary, NC).

RESULTS
Among 5357 children in the cohort, 350
underwent procedures that required
general anesthesia before the age of 2,
including 286 exposed once and 64 exposed more than once. The mean ⫾ SD
duration of anesthetic exposure was
133 ⫾ 239 minutes (median: 75 minutes). The most frequent anesthetic
was a combination of halothane
(87.5%) and nitrous oxide (88.1%). A
summary of the types of surgical procedures has been published previously.14 ASA-PS was higher in exposed
compared with nonexposed children
(P ⬍ .001) (Table 1), as were several
of the 32 ADG clusters (Supplemental
Table 5).

TABLE 1 Birth Characteristics and ASA-PS at the Age of 5 Years
Characteristic
Gender, n (%)
Male
Female
Birth weight, n (%)
⬍2500 g
ⱖ2500 g
Gestational age, n (%)
⬍32 wk
32–36 wk
ⱖ37 wk
Mother’s education, n (%)
⬍12 y
12 y
⬎12 y
ASA-PS at age 5, n (%)
1
2
3

No Anesthesia (n ⫽ 700)

Anesthesia (n ⫽ 350)

P
1.000

478 (68)
222 (32)
3417.5 ⫾ 622.5
60 (9)
640 (91)
39.8 ⫾ 2.3
10 (1)
49 (7)
641 (92)

239 (68)
111 (32)
3395.5 ⫾ 690.4
30 (9)
320 (91)
39.7 ⫾ 2.7
14 (4)
16 (5)
320 (91)

38 (5)
244 (35)
418 (60)

19 (5)
122 (35)
209 (60)

646 (92)
51 (7)
3 (0)

284 (81)
55 (16)
11 (3)

.603

.488

1.000

⬍.001

By design, exposed and unexposed groups were matched on gender, birth weight, gestational age, and mother’s education.
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Among the 350 children exposed to anesthesia/surgery, 81 developed LDs before the age of 19 (55 reading, 63 mathematics, 64 written language). Among
700 unexposed controls, 138 developed LDs (95 reading, 108 mathematics, 11 written language). The estimated cumulative incidence of LDs at
19 years was 21.3% for unexposed controls, 23.6% for those exposed once,
and 36.6% for those with multiple exposures (Fig 1A). From the analysis not
including adjustment for comorbidities, the incidence of LDs differed signiﬁcantly across exposure groups
(P ⫽ .006) (Table 2) with multiple exposures being a risk factor for LDs (hazard ratio [HR]: 2.16 [95% CI: 1.35–3.46].
This ﬁnding remained consistent in
both analyses that included adjustment for comorbidities (ie, using
ASA-PS or ADG clusters). A similar pattern was observed when LDs for reading, mathematics, and written language were analyzed separately. In all
cases, the CI for the HR associated with
multiple exposures excluded unity (Table 2). In all analyses, a single exposure was not a risk factor for LDs.
Among the 350 children exposed to anesthesia/surgery, 32 had an IEP-SL and
10 had an IEP-EBD. Among the 700 unexposed controls, 39 had an IEP-SL and
34 had an IEP-EBD (Fig 1 B and C). From
the stratiﬁed proportional hazards regression analysis, multiple exposures
were a risk factor for subsequent
IEP-SL in all models (HR: 4.76 [95% CI:
2.48 –9.12] not including covariates for
comorbidities). A single exposure was
not associated with need for an IEP-SL
and no associations were found between exposure and IEP-EBD (Table 3).
For the group-administered TCS, the
total cognitive score and memory subscale differed signiﬁcantly across exposure groups with multiple exposures associated with signiﬁcantly
lower scores (Table 4). When health
status measured by either method
e1056
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FIGURE 1
The estimated cumulative percentage of children with LDs (A), IEP-EBDs (B), and IEP-SLs (C) are shown
separately for those with 0, 1, and multiple exposures to anesthesia before the age of 2 years.

was added to the model, the P value for
the overall comparison across exposure groups was not signiﬁcant, but

the speciﬁc comparison of multiple
exposures versus no exposure was
signiﬁcant (CI excluded 0) in nearly all
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TABLE 2 Association of Anesthetic Exposure Before the Age of 2 Years With LDs
No Covariate Adjustmenta

No. of Exposures to Anesthesia

HR (95% CI)
Mathematics, reading, or written
language LDs
0 (n ⫽ 700)
1 (n ⫽ 286)
ⱖ2 (n ⫽ 64)
Mathematics LDs
0 (n ⫽ 700)
1 (n ⫽ 286)
ⱖ2 (n ⫽ 64)
Reading LDs
0 (n ⫽ 700)
1 (n ⫽ 286)
ⱖ2 (n ⫽ 64)
Written language LDs
0 (n ⫽ 700)
1 (n ⫽ 286)
ⱖ2 (n ⫽ 64)

ASA-PS Adjusteda
P

HR (95% CI)

ADG Adjusteda
P

.006

HR (95% CI)

.015

Referent
1.10 (0.82–1.50)
2.16 (1.35–3.46)

Referent
1.09 (0.80–1.48)
2.11 (1.27–3.49)

Referent
1.06 (0.77–1.46)
2.12 (1.26–3.54)

019

.094

Referent
1.08 (0.76–1.53)
2.12 (1.26–3.57)

Referent
1.05 (0.74–1.49)
1.87 (1.06–3.29)

.051
Referent
0.98 (0.68–1.42)
1.97 (1.11–3.50)

.063

.123

Referent
1.08 (0.75–1.56)
1.99 (1.12–3.53)

Referent
1.06 (0.74–1.54)
1.89 (1.03–3.49)

.049
Referent
1.01 (0.68–1.50)
2.14 (1.15–4.01)

.067

.072

Referent
1.09 (0.78–1.53)
1.88 (1.10–3.21)

P
.016

Referent
1.08 (0.77–1.51)
1.93 (1.10–3.40)

.101
Referent
0.99 (0.69–1.43)
1.84 (1.03–3.31)

a

Analyses were performed by using stratiﬁed proportional hazards regression. Three models were ﬁt for each LD outcome: the ﬁrst model did not adjust for any covariates; the second model
included ASA-PS as a covariate; and the third model included ADG morbidity clusters as covariates.

TABLE 3 Association of Anesthetic Exposure Before Age 2 With Need for IEPs
No. Exposures
to Anesthesia
IEP-EBD
0 (n ⫽ 700)
1 (n ⫽ 286)
ⱖ2 (n ⫽ 64)a
IEP-SL
0 (n ⫽ 700)
1 (n ⫽ 286)
ⱖ2 (N ⫽ 64)

No Covariate Adjustment
HR (95% CI)
Referent
0.70 (0.35–1.42)
0.00

ASA-PS Adjusted
P
.619

P

HR (95% CI)

Referent
0.70 (0.34–1.41)
0.00

.606

Referent
0.54 (0.25–1.16)
0.00

⬍.001
Referent
1.21 (0.70–2.10)
4.76 (2.48–9.12)

ADG Adjusted

HR (95% CI)

.285

⬍.001

.003
Referent
1.16 (0.67–2.02)
3.49 (1.70–7.16)

P

Referent
0.92 (0.50–1.69)
4.16 (1.96–8.87)

Analyses were performed by using stratiﬁed proportional hazards regression. Three models were ﬁt for each IEP outcome: the ﬁrst model did not adjust for any covariates; the second model
included ASA-PS as a covariate; and the third model included ADG morbidity clusters as covariates.
a No children having multiple anesthetic exposures were identiﬁed as having an IEP-EBD.

models. For the group-administered test
of achievement (CAT), multiple exposures were associated with signiﬁcantly
lower scores only for mathematics.

DISCUSSION
The major ﬁnding of this study is that,
after adjustment for health status and
matching for other factors associated
with LDs, exposure to anesthesia/surgery before the age of 2 was a risk factor for the development of LDs and the
need for an IEP for speech/language
impairment in children with multiple,
but not single, exposures. A similar
pattern of results was observed for
most scales of group-administered
tests of cognitive ability and achieve-

ment, but not the need for an IEP for
emotional/behavioral disorders.
Although ␥-aminobutyric acid agonists
and N-methyl-D-aspartate antagonists
can produce widespread apoptotic
neurodegeneration in young animals,
human signiﬁcance is unknown. Available studies analyze existing data sets,
DiMaggio et al11 examined Medicaid
patients undergoing hernia repair and
found, compared with an unexposed
cohort, an increased risk (HR: 2.3) of
diagnoses consistent with behavioral
abnormalities. In contrast, Bartels et
al12 analyzed data from the Netherlands Twin Registry and reported that
group achievement test scores did not

differ between exposed and unexposed
co-twins. In a pilot study, Kalkman et al13
found a nonsigniﬁcant increase in “deviant behavior” among children exposed
before 24 months of age.
In the current study we used a birth
cohort that is unique in that all members reside in the same community, attended the same schools, and received
virtually all of their health care at Mayo
Clinic or Olmsted Medical Center.18,20,28,31,32 The construction of this
cohort, including potential effects of
migration have been described previously.19 Comparisons of children who
left the community before the age of 5
with those remaining in the cohort
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TABLE 4 Association of Anesthetic Exposure Before the Age of 2 Years With Group-Administered Ability and Achievement Test Scores (TOC and CAT)a
No. of Exposures

No Covariate Adjustment
Parameter Estimate
(95% CI)

Total cognitive score
0 (n ⫽ 529)
1 (n ⫽ 200)
ⱖ2 (n ⫽ 40)
Memory subscale score
0 (n ⫽ 526)
1 (n ⫽ 200)
ⱖ2 (n ⫽ 40)
Mathematics total score
0 (n ⫽ 638)
1 (n ⫽ 244)
ⱖ2 (N ⫽ 54)
Reading total score
0 (n ⫽ 646)
1 (n ⫽ 247)
ⱖ2 (n ⫽ 55)
Phonics subscale score
0 (n ⫽ 613)
1 (n ⫽ 232)
ⱖ2 (n ⫽ 52)
Written language total score
0 (n ⫽ 627)
1 (n ⫽ 242)
ⱖ2 (n ⫽ 54)
Spelling subscale score
0 (n ⫽ 624)
1 (n ⫽ 238)
ⱖ2 (n ⫽ 53)

ASA-PS Adjusted
P

Parameter Estimate
(95% CI)

.032
Referent
⫺0.05 (⫺0.21 to 0.12)
⫺0.44 (⫺0.76 to ⫺0.11)
.049

.087

.255

.406

.789

.290
Referent
0.01 (⫺0.13 to 0.14)
⫺0.19 (⫺0.45 to 0.06)

.946
Referent
0.02 (⫺0.12 to 0.16)
⫺0.01 (⫺0.28 to 0.26)

.189
Referent
0.02 (⫺0.11 to 0.15)
⫺0.22 (⫺0.46 to 0.03)

.023
Referent
0.06 (⫺0.09 to 0.21)
⫺0.34 (⫺0.62 to ⫺0.06)

Referent
0.01 (⫺0.12 to 0.14)
⫺0.17 (⫺0.42 to 0.09)

Referent
0.02 (⫺0.12 to 0.15)
⫺0.08 (⫺0.34 to 0.18)

.083
Referent
⫺0.04 (⫺0.21 to 0.13)
⫺0.39 (⫺0.74 to ⫺0.05)

Referent
0.06 (⫺0.08 to 0.20)
⫺0.27 (⫺0.55 to 0.01)

Referent
0.01 (⫺0.12 to 0.14)
⫺0.20 (⫺0.44 to 0.04)

.105

.124

.016

.754
Referent
0.05 (⫺0.10 to 0.19)
⫺0.04 (⫺0.31 to 0.24)

.481
Referent
0.03 (⫺0.11 to 0.16)
⫺0.14 (⫺0.40 to 0.12)

.425

.302
Referent
0.04 (⫺0.10 to 0.18)
⫺0.17 (⫺0.43 to 0.09)

.526
Referent
0.04 (⫺0.10 to 0.18)
⫺0.12 (⫺0.40 to 0.16)

P

Referent
⫺0.04 (⫺0.21 to 0.13)
⫺0.38 (⫺0.72 to ⫺0.03)

Referent
⫺0.03 (⫺0.20 to 0.13)
⫺0.37 (⫺0.72 to ⫺0.01)

Referent
0.05 (⫺0.09 to 0.19)
⫺0.35 (⫺0.62 to ⫺0.09)

Parameter Estimate
(95% CI)

.180
Referent
⫺0.04 (⫺0.21 to 0.12)
⫺0.33 (⫺0.68 to 0.02)

Referent
⫺0.04 (⫺0.20 to 0.13)
⫺0.41 (⫺0.73 to ⫺0.08)

Referent
0.04 (⫺0.10 to 0.18)
⫺0.15 (⫺0.41 to 0.12)

ADG Adjusted
P

.299
Referent
0.04 (⫺0.11 to 0.18)
⫺0.19 (⫺0.47 to 0.09)

Results from the last available test were used for each scale. For the 7 scores included, the median age at the time of the last available test ranged from 11.4 to 12.7 years and did not differ
signiﬁcantly between those exposed to anesthesia versus not.
a National percentile scores were transformed to z scores by using a probit transformation and analyzed using a mixed linear model. Three models were ﬁt for each scale: the ﬁrst model
did not adjust for any covariates; the second model included ASA-PS as a covariate; and the third model included ADG morbidity clusters as covariates.

suggests that they do not differ in important aspects.19 The current work incorporated several key features. First,
a matched cohort design was employed using children matched for factors known to be associated with LDs.
Second, health status using 2 methods
was used as an adjuster. Finally, this
represents the only study that examined multiple outcomes, including
individually administered tests of
achievement (used to diagnose LDs),
group-administered achievement tests,
and assessment of behavioral disorders.
The ASA-PS, ﬁrst described as a means
of stratifying health status,23,33–36 was
determined for all children at the age
of 5 years to ensure that classiﬁcation
reﬂected health status immediately
before the period of risk (school ene1058
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try). Because no measurement of
health status is widely accepted in children, we also used the Hopkins ACG
system. This method, originally designed for children, has been used to
predict costs, use, mortality, and morbidity in this and other populations.21,22,37–39 As all diagnostic codes
were available for cohort members,
application of Hopkins ACG software
provided a consistent means of stratifying health status. Not surprisingly,
those exposed were more likely to
have a higher ASA-PS and frequency of
ADG assignment. However, for all analyses, the hazard ratios were similar
for the model adjusted only for the
matching variables and when adjusting for either ASA-PS or ADGs. Thus, we
identiﬁed no evidence that differences

in health status contributed to the
higher frequency of LDs observed
among those with multiple exposures
in this or our previous analysis. The
rates of LDs observed in this study are
consistent with those found in previous published incidence studies of LDs
that used this same cohort and deﬁnitions of LDs.18,20,28,40
We also analyzed outcomes beyond the
occurrence of any LD, including LD subtypes (reading, written language, and
mathematics), group-administered
tests of ability and achievement, and
the need for IEP-SLs and IEP-EBDs. The
rationale for this extended analysis included determining whether (1) a similar pattern of results observed for LDs
(diagnosed using individually administered tests) would be present in
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group-administered tests and (2)
there was a differential effect of anesthetic and surgical exposure on outcomes such as learning versus behavior or a predominance of 1 type of LD
verses another. The pattern of injury
identiﬁed in animals is variable, and it
is not yet possible to predict what speciﬁc defects in learning or behavior
would arise in humans with similar injury, making a more careful deﬁnition
of a phenotype potentially associated
with exposure to anesthesia/surgery
of particular interest.
In previous studies end points have
been used that are nonspeciﬁc and include both behavior and learning
with both positive and negative ﬁndings.11–13 In the current study, using
well deﬁned measures, we found a differential effect such that outcomes related to learning (LDs and IEP-SL) were
positive and that related to behavior
(IEP-EBD) was negative. This ﬁnding
suggests that if multiple exposures to
anesthesia/surgery have neurodevelopmental effects, these may be limited
to impairment of speech and language
(perhaps reﬂecting effects on learning
and memory), rather than the general
category of developmental disorders
(which include behavioral disorders).
However, this can be only a provisional
conclusion because the receipt of an
IEP-EBD has limitations as an indicator
of behavioral disorders. Children requiring such services tend to exhibit
more severely disruptive behaviors, so
that children who have more subtle behavioral disorders (or whose disorders can be successfully treated) may
not require an IEP-EBD. Thus, this analysis cannot exclude the possibility
other behavioral outcomes could be
affected by anesthesia/surgery. In general, a similar pattern of results was
observed in most group achievement
test scores as was seen for LDs, although the comparison of multiple exposures versus no exposure was often

not statistically signiﬁcant. This may
reﬂect that not all members of the cohort received every group test, such
that power to detect effects is lessened, or that group-administered tests
are less sensitive than individually administered tests in detecting the association. Nonetheless, we ﬁnd little evidence of a differential pattern of effect
on the various domains measured by
these instruments. The only possible
exception is the phonics subscale of
the CAT, in which the parameter estimate for the effect of multiple exposure compared with no exposure was
close to 0 (see Table 3). We also ﬁnd no
evidence of differential effects on the 3
forms of LD, although there is considerable overlap between these 3 (ie,
children are frequently diagnosed with
multiple LD subtypes). The profound effect of multiple exposures on the need
for a speech/language IEP is consistent with the increase in LDs diagnosed by research criteria.

ester schools was primarily white and
had a higher income that the national
average which may limit the ability to
generalize these results to the US population. Unique to this report, migration of cohort members (a potential
source of bias in all population studies) has been carefully examined and
reported in a separate publication.19
Also unique to this study was the use of
2 comprehensive independent methods to control for health status. However, it is still possible that these measures did not capture all potential
confounders related to health status.14
Finally, different types of outcomes
(continuous versus binary) were evaluated for group-administered and individually administered tests. This limits our ability to assess a differential
pattern of effect and discern whether
group-administered tests may be
more or less sensitive compared with
individually administered tests.

This study has several limitations as
described in previous publications,14,41
including the use of a cohort exposed
to an anesthetic (halothane) that, although implicated, is no longer in
widespread use and may be associated with adverse effects that are
different (eg, bradycardia) or more
pronounced (eg, hypotension) than
those seen with modern anesthetic
agents.42,43 It is also possible that the
observed effects result from effects
other than those related to anesthesia
including hypoxia, hyperoxia, or hypocapnia associated with monitoring
that was less comprehensive than
used currently (eg, pulse oximetry). In
addition, this study, like others, cannot
distinguish between effects of anesthesia per se and surgery. Despite adjustment for comorbidity the need for
surgery cannot be separated from exposure to anesthesia in this and other
studies. During the period examined,
the community comprising the Roch-

CONCLUSIONS
This population-based birth cohort analyzed using a matched cohort design
including health status as a covariate,
repeated exposure to anesthesia/surgery before the age of 2 years was a
signiﬁcant independent risk factor for
the later development of LDs and the
receipt of IEPs related to speech and
language, but not behavior. A similar
pattern was observed in groupadministered achievement tests of
cognition and achievement. There is
no evidence that single exposures to
anesthesia/surgery are associated
with any adverse outcome examined.
Although this and other observational studies have limitations, prospective studies are currently under
way and will be welcome. At this
point we cannot exclude the possibility that multiple exposures to anesthesia/surgery may adversely affect
neurodevelopment.
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