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Background: Anesthetic drugs administered to immature an-
imals may cause neurohistopathologic changes and alterations
in behavior. The authors studied association between anesthetic
exposure before age 4 yr and the development of reading,
written language, and math learning disabilities (LD).

Methods: This was a population-based, retrospective birth
cohort study. The educational and medical records of all chil-
dren born to mothers residing in five townships of Olmsted
County, Minnesota, from 1976 to 1982 and who remained in the
community at 5 yr of age were reviewed to identify children
with LD. Cox proportional hazards regression was used to cal-
culate hazard ratios for anesthetic exposure as a predictor of
LD, adjusting for gestational age at birth, sex, and birth weight.

Results: Of the 5,357 children in this cohort, 593 received
general anesthesia before age 4 yr. Compared with those not
receiving anesthesia (n � 4,764), a single exposure to anesthe-
sia (n � 449) was not associated with an increased risk of LD
(hazard ratio � 1.0; 95% confidence interval, 0.79–1.27). How-
ever, children receiving two anesthetics (n � 100) or three or
more anesthetics (n � 44) were at increased risk for LD (hazard
ratio � 1.59; 95% confidence interval, 1.06–2.37, and hazard
ratio � 2.60; 95% confidence interval, 1.60–4.24, respectively).
The risk for LD increased with longer cumulative duration of
anesthesia exposure (expressed as a continuous variable)
(P � 0.016).

Conclusion: Exposure to anesthesia was a significant risk
factor for the later development of LD in children receiving

multiple, but not single anesthetics. These data cannot reveal
whether anesthesia itself may contribute to LD or whether the
need for anesthesia is a marker for other unidentified factors
that contribute to LD.

EXPOSURE to alcohol and some anesthetic and sedative
drugs cause histopathologic changes in the developing
brains of animals.1–3 Implicated drugs include N-methyl-D-
aspartate glutamate receptor antagonists (e.g., ketamine,
nitrous oxide) and agents with �-aminobutyric acid A mi-
metic properties (e.g., pentobarbital, diazepam, isoflurane,
halothane, propofol). Some studies suggest that even rela-
tively brief single exposures trigger changes, especially
when combinations of agents are used.1–6 In one report,
histologic neurodegeneration was associated with a dimin-
ished capacity to retain learned behaviors.7 It is not known
whether findings in rodent models can be extrapolated to
humans, but emerging histologic data in nonhuman pri-
mates8 tend to confirm findings in rodents. These findings
have engendered considerable concern among the U.S.
Food and Drug Administration and others.5 Except for case
series reporting developmental outcomes of critically ill
neonates and children undergoing repair of congenital
heart disease,9–12 which have multiple limitations, there
are no data that can yield insight into whether exposure to
anesthesia and surgery during human development causes
clinically relevant impairment in neural development.

One challenge to determining whether exposure to
anesthesia and surgery in early life impairs neural devel-
opment is defining relevant outcomes. Learning disabil-
ities (LD) may be an appropriate outcome measure.
Children with LD experience problems with one or
more of the basic psychological processes involved in
understanding or in using spoken or written language,
which may manifest itself in an imperfect ability to
listen, think, speak, read, write, spell, or perform math-
ematical calculations. Because learning disabilities are
routinely sought on the basis of standardized individual-
ized testing in educational settings and because of the
relatively high incidence rate of LD,13 this outcome is
available in large populations of children.

The purpose of the current study was to determine
whether there was an association between exposure to
anesthesia during the first 4 yr of life and the develop-
ment of any learning disability in a birth cohort of chil-
dren in Olmsted County, Minnesota.
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Materials and Methods

The Mayo Clinic and Olmsted Medical Center Institu-
tional Review Boards (both in Rochester, Minnesota)
approved this study. A birth cohort of children born in
Rochester, Minnesota, identified in previous work by the
authors13–16 formed the basis of the current study. All
children (n � 8,548) born between January 1, 1976, and
December 31, 1982, to mothers residing at the time of
delivery in the five Olmsted County, Minnesota, town-
ships (comprising Minnesota Independent School Dis-
trict No. 535, the Rochester public and private school
system) were identified through computerized birth cer-
tificate information obtained from the Minnesota Depart-
ment of Health, Division of Vital Statistics. To ascertain
vital status (still living in Rochester, moved, or de-
ceased), for each member of the birth cohort during the
1995–1996 school year, resources available from the
Rochester Epidemiology Project,17 Minnesota Indepen-
dent School District No. 535, the Reading Center/Dys-
lexia Institute of Minnesota, and the Minnesota Depart-
ment of Health were used. Children who left Olmstead
County before age 5 yr (i.e., moved or died; n � 2,830)
were not included in the final study cohort.14 Through
the Rochester Epidemiology Project, all diagnoses and
surgical procedures recorded at all Rochester medical
facilities are indexed for automated retrieval. This diag-
nostic index expedites retrieval of the unit (or dossier)
medical record, which includes the history of all encoun-
ters in the hospital, community and ambulatory medical
and social services, emergency department, outpatient
clinics, and home visits as well as laboratory and psycho-
logical test results from birth until patients no longer
reside in the community. The evaluation and instruc-
tional resources of Minnesota Independent School Dis-
trict No. 535, the school system for the city of Rochester,
are of high quality, and the district has a long tradition of
excellent care and management of children with
all types of handicapping conditions, including LD.
Through a contractual research agreement, all public (19
primary, 3 junior high, 3 high schools) and nonpublic
(12 primary, 10 junior high, 4 high schools) schools gave
permission to access their richly documented cumula-
tive educational records for every child from this birth
cohort. Under a second research agreement, permission
was obtained to access the resources of the privately
owned Reading Center/Dyslexia Institute of Minnesota,
the only private tutoring agency in the community dur-
ing the years relevant to this study. The Reading Center/
Dyslexia Institute of Minnesota files included a pool of
some 3,000 evaluations and outcomes of tutorial instruc-
tion that spanned nearly 50 yr. All of these records,
including the results of all individually administered
intelligence quotient (IQ; primarily age-appropriate Wech-
sler scales) and achievement (primarily Woodcock–John-
son tests) tests and medical, educational, and socioeco-

nomic information were abstracted by trained personnel,
using detailed data abstraction protocols.

Identification of Learning Disabilities
Learning disabilities (including reading, written lan-

guage, and math disabilities) were diagnosed using re-
search criteria based on three formulas. In each of the
following formulas, X is equal to the study subject’s IQ
score, and Y represents the predicted standard score
from the achievement test. The regression formula–Min-
nesota, Y � 17.40 � 0.62X, is issued by the Minnesota
Department of Education.18 Children classified as having
LD by this formula had standard scores in academic
achievement that were more than 1.75 SDs below their
predicted standard score from an individually adminis-
tered measure of cognitive ability (IQ). The value 0.62
represents the correlation between IQ and achievement
used in the formula from the state of Minnesota. The
discrepancy nonregression method was used in Minne-
sota Independent School District No. 535 before 1989
and included the school years of the children in our birth
cohort. By using this approach, differences between
standard scores on measures of intelligence and aptitude
and measures of test achievement that were believed to
be important varied by grade as follows: (1) kindergarten
through 3rd grade, 15 or more standard score points
difference, with achievement lower; (2) 4th through 6th
grade, 19 or more points difference, achievement lower;
and (3) 7th through 12th grade, 23 or more points
difference. Finally, the low-achievement method (X � 80
[aptitude] and Y � 90 [achievement]) represents a re-
cent concept in identifying LD independent of measured
cognitive ability, assuming that cognitive ability is at least
in the low average range.19 Children meeting the criteria
before age 19 yr for at least one of the three LDs (read-
ing, written language, and math disabilities) using IQ and
achievement scores obtained within the same calendar
year were identified as LD cases regardless of presence
or absence of any comorbid conditions.13

Identification of Cohort Members Exposed to
General Anesthesia before Age 4 Years
We identified all members of the birth cohort who

underwent any type of surgery or diagnostic procedure
necessitating general anesthesia before their fourth
birthday, using the Mayo Clinic Surgical Information
Retrieval System and a similar resource for procedures
performed at Olmsted County Medical Center. The
choice of age range was based on the analogous devel-
opmental stage of animal models in which anesthetic
effects on neurodevelopment have been shown.1,20 Pro-
cedures such as neonatal circumcision performed with-
out anesthesia were excluded from review.

For the children undergoing anesthesia, the following
information was abstracted: American Society of Anes-
thesiologists physical status (ASA PS) classification, type
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of surgery or procedure and urgency, total duration of
anesthesia, number of anesthetic exposures, age(s) at
which exposure occurred, anesthetic agents (inhala-
tional, intravenous, sedatives), and comorbidities (in-
cluding syndromes that can be associated with mental
retardation, congenital heart disease, and neurologic dis-
eases). For all children in the cohort (including those
who did not receive anesthesia), sex, gestational age at
birth, birth weight, Apgar scores at 1 and 5 min (Apgar
scores were available for children born 1980–1982),
complications of pregnancy, complications of labor and
delivery, number of births (multiple or single), need for
induced labor, and the mother’s and father’s age and
level of education (� 12 yr, 12 yr, � 12 yr) were
available from birth certificates.

Statistical Analysis
The primary outcome for the current analysis was LD

based on individually administered IQ and academic
achievement test scores using any of the three standard
formulas for determining the presence of reading writ-
ten language or math LD. The primary risk factor of
interest for this investigation was exposure to general
anesthesia before age 4 yr. Preliminary analyses were
performed to compare demographic, pregnancy and de-
livery, and parental characteristics between those who

were exposed versus unexposed to general anesthesia
before age 4 yr using the two-sample t test (or rank sum
test) for continuous variables and the chi-square test (or
Fisher exact test) for categorical variables.

Individuals were followed up from birth until the date
they first met the LD criteria using any of the three
standard formulas for determining the presence of read-
ing, written language, and math LD. Cumulative inci-
dence rates of LD were calculated according to the
method of Kaplan and Meier with data censored at the
initial occurrence of emigration, death, last follow-up
date, or age 19 yr. Proportional hazards regression was
used to assess whether anesthetic exposure was a risk
factor for LD. For these analyses, anesthetic exposure
was quantified as any exposure to general anesthesia
before age 4 yr (yes vs. no), the number of exposures to
general anesthesia before age 4 yr (none, one, two, three
or more), and the cumulative duration of exposure
(treated as a continuous variable and also categorically
using 30-min intervals). Both unadjusted and adjusted
analyses were performed. In all cases, separate models
were used to evaluate the different anesthesia exposure
variables. The covariates that were included in the ad-
justed analyses include gestational age, sex, and birth
weight. In the adjusted analysis, only those individuals
for whom complete covariate information was available

Table 1. Birth, Maternal, and Paternal Characteristics

No Anesthesia, n � 4,764 Anesthesia, n � 593

Characteristic n* Summary Statistics† n* Summary Statistics† P Value

Sex 4,764 593 � 0.001
Female 2,357 (49.5) 207 (34.9)
Male 2,407 (50.5) 386 (65.1)

Birth weight, g 4,755 3,476 � 531 592 3,396 � 655 � 0.001
� 2,500 g 185 (3.9) 43 (7.3)
� 2,500 g 4,570 (96.1) 549 (92.7)

Gestational age, wk 4,467 40.0 � 2.0 558 39.7 � 2.6 0.001
� 32 wk 25 (0.6) 17 (3.0)
32 to � 37 wk 254 (5.7) 41 (7.3)
� 37 wk 4,188 (93.7) 500 (89.6)

Apgar score at 1 min‡ 1,446 7.9 � 1.4 201 8.0 � 1.3 0.275
Apgar score at 5 min‡ 1,447 9.1 � 0.8 201 9.0 � 0.8 0.163
Number at birth 4,764 593 0.237

Single 4,677 (98.2) 578 (97.5)
Twins 87 (1.8) 15 (2.5)

Induction of labor 4,739 590 0.288
No 3,729 (78.7) 453 (76.8)
Yes 1,010 (21.3) 137 (23.2)

Mother’s education 4,356 536 0.039
� 12 yr 294 (6.7) 21 (3.9)
12 yr 1,482 (34.0) 192 (35.8)
� 12 yr 2,580 (59.2) 323 (60.3)

Father’s education 4,111 505 0.127
� 12 yr 195 (4.7) 14 (2.8)
12 yr 1,250 (30.4) 160 (31.7)
� 12 yr 2,666 (64.9) 331 (65.5)

Mother’s age, yr 4,764 26.5 � 4.7 593 26.8 � 4.5 0.188
Father’s age, yr 4,515 28.8 � 5.4 568 29.0 � 5.2 0.372

* Number with information available for the given characteristic. † Mean � SD or n (%). ‡ Data were available for 1980–1982 only.
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were included. Results were summarized using hazard
ratio estimates and corresponding 95% confidence inter-
vals (CIs). In all cases, two-tailed P values less than 0.05
were considered to be statistically significant. Analyses
were performed using SAS statistical software (version
9.1; SAS Institute, Inc., Cary, NC).

Results

Between 1976 and 1982, there were 8,548 children
born in the five Olmsted County, Minnesota, townships
comprising Minnesota Independent School District No.
535, and 5,718 of these children still resided in the
community at age 5 yr. Of these, 19 individuals were
diagnosed with severe mental retardation and were ex-
cluded, as were 342 patients who denied research au-
thorization for the use of their medical records. There-
fore, 5,357 children are included in the current report.
Of those, 593 underwent procedures requiring general
anesthesia before age 4 yr. In comparison to unexposed
children, those exposed to anesthesia before age 4 yr
had lower birth weight (P � 0.001), lower gestational
age (P � 0.001), and were more likely to be male (P �
0.001) (table 1 and Supplemental Digital Content 1 [see
table, which illustrates birth, maternal, and paternal char-
acteristics, http://links.lww.com/A825]). All of these fac-
tors were subsequently used as adjustors in multivariate
analysis. Children exposed to anesthesia also had moth-
ers with higher levels of maternal education (P � 0.039);
however, this factor was not included as an adjustor in
subsequent analysis because these data were missing for
approximately 10% of children. Apgar scores were not
different between two groups for those in whom data
were available. The peripartum complications of those
exposed or not exposed to anesthesia were similar (table
2 and Supplemental Digital Content 2 [see table, which
illustrates peripartum complications from birth certifi-
cates, http://links.lww.com/A826]), with the exception

that the mothers of those exposed to anesthesia experi-
enced a slightly higher rate of peripartum hemorrhage
and prolonged labor.

The 593 children exposed to anesthesia underwent
875 procedures, with 449 (75.7%) having a single pro-
cedure (table 3). Of the children exposed to anesthesia,
438 (74%) were classified as ASA PS I (table 3). Types of
surgeries are shown in table 4. Most anesthetics included
halothane (88%) and nitrous oxide (91%); 9% included
ketamine (table 5).

A total of 932 children developed an LD before age 19
yr as assessed by individually administered IQ and

Table 2. Peripartum Complications from Birth Certificates

Characteristic
No Anesthesia, n � 4,764

No. (%)
Anesthesia, n � 593

No. (%) P Value

Complication of pregnancy
Hemorrhage 40 (0.8) 11 (1.9) 0.024
Abnormalities of placenta and fetal membranes 19 (0.4) 2 (0.3) 1.000
Preeclampsia 115 (2.4) 19 (3.2) 0.263
Preeclampsia superimposed on preexisting hypertensive disease 4 (� 0.1) 0 (0.0) 1.000
Eclampsia 3 (� 0.1) 0 (0.0) 1.000

Complication of labor or delivery
Hemorrhage 33 (0.7) 6 (1.0) 0.436
Retained placenta (with or without hemorrhage) 32 (0.7) 3 (0.5) 1.000
Early postpartum hemorrhage 28 (0.6) 4 (0.7) 0.775
Fetopelvic disproportion 91 (1.9) 15 (2.5) 0.346
Dystocic position of fetus 424 (8.9) 48 (8.1) 0.590
Prolonged labor of other origin 381 (8.0) 73 (12.3) � 0.001
Laceration of perineum 149 (3.1) 16 (2.7) 0.705
Umbilical cord complication 54 (1.1) 9 (1.5) 0.416

Table 3. Patient and Anesthesia Characteristics (n � 593)

Characteristic n (%)

ASA physical status*
I 438 (73.9)
II 124 (20.9)
III 24 (4.0)
IV 7 (1.2)

Age at first exposure
� 1 yr 195 (32.9)
1 yr 155 (26.1)
2 yr 131 (22.1)
3 yr 112 (18.9)

No. of anesthetic exposures
1 449 (75.7)
2 100 (16.9)
3–4 31 (5.2)
5–9 8 (1.3)
10 or more 5 (0.8)

Duration of anesthesia, min†
Mean � SD 125 � 227
Median (IQR) 75 (45–120)

Data related to anesthesia characteristics were available for all patients.

* For children who underwent multiple anesthetics, the highest American
Society of Anesthesiologists (ASA) physical status is used. These 593 indi-
viduals underwent a total of 875 anesthetics (range, 1–25 per person).
† Data presented correspond to the cumulative total duration of anesthesia
for each individual (n � 593). The median duration per anesthetic (n � 875)
was 70 min (range, 10–560 min).

IQR � interquartile range.
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achievement tests scored using any of the three standard
formulas (estimated cumulative incidence 20.5%; 95%
CI, 19.3–21.7%). For both unadjusted and adjusted (for
sex, birth weight, and gestational age) analyses, the risk
for the development of LD (compared with children not
exposed to anesthesia) increased (P � 0.001) with the
number of exposures to anesthesia before age 4 yr (table
6). The risk was not increased for the 449 children
exposed to a single anesthetic (adjusted hazard ratio �
1.00; 95% CI, 0.79–1.27; table 6). However, the risk was
significantly increased for children exposed to two or
more anesthetics (table 6 and fig. 1). The estimated
incidence of LD by age 19 yr was 20.0% (95% CI, 18.8–
21.3%) in those with no exposure to anesthesia, 20.4%
(95% CI, 16.3–24.3%) in those with single exposure, and
35.1% (95% CI, 26.2–42.9%) in those with multiple ex-
posures. The risk for LD was also increased with longer
cumulative duration of anesthesia (P � 0.016 and P �
0.027 from adjusted analysis assessing cumulative dura-
tion of anesthesia as a continuous and as a categorical
variable, respectively; table 6).

Children with multiple exposures to anesthesia were
also more likely to be assigned a higher ASA PS com-
pared with those with a single exposure, indicative of

more severe comorbidity in the judgment of the anes-
thesia provider (fig. 2). However, when the analyses
assessing the relation between number of exposures and
cumulative duration of exposures with development of
LD were repeated after eliminating surgical patients with
ASA PS of III or greater, the findings were similar: anes-
thesia was a significant risk factor for the development of
LD in children receiving multiple, but not single, anes-
thetics (data not shown). Detailed information regarding
each of the 144 children who received multiple anes-
thetic exposures before age 4 yr, including their medical
diagnoses before and after age 4 yr, are provided in
Supplemental Digital Content 3 (see table, which illus-
trates diagnoses from the medical record in the 144
children who received multiple anesthetics before age 4
yr, http://links.lww.com/A827).

Discussion

In this population-based birth cohort, exposure to an-
esthesia before age 4 yr was a risk factor for the devel-
opment of LD in children receiving multiple, but not
single, anesthetics. The cumulative incidence of LD di-
agnosed by age 19 yr among those with repeated anes-
thetic exposures was almost twice as high (35.1%) com-
pared with children not exposed to anesthesia (20.0%).

Late prenatal and early postnatal neural development is
vulnerable to pharmacologic and environmental in-
fluences.20–22 Exposure of immature animals to com-
pounds with �-aminobutyric acid mimetic receptor ago-
nist or N-methyl-D-aspartate receptor antagonist properties
induces apoptotic degeneration of neurons in various
brain regions.1–4,7,23 In particular, several drugs with
sedative and anesthetic properties (including isoflurane,
nitrous oxide, ketamine, benzodiazepines, halothane,
and propofol) produce neurodegeneration when admin-
istered at sufficient doses and durations of expo-
sure.7,8,23–26 In some animal models, these histologic

Table 4. Surgeries Performed before Age 4 yr (n � 875)

According to Age at Surgery

Overall � 1 yr 1 yr 2 yr 3 yr
n � 875 n � 251 n � 246 n � 205 n � 173

Type of surgery, n (%)
Cardiac 15 (1.7) 8 (3.2) 6 (2.4) 0 (0.0) 1 (0.6)
Ear, nose, and throat 229 (26.2) 21 (8.4) 57 (23.2) 73 (35.6) 78 (45.1)
General 220 (25.1) 114 (45.4) 43 (17.5) 35 (17.1) 28 (16.2)
Neurosurgery 9 (1.0) 3 (1.2) 3 (1.2) 3 (1.5) 0 (0.0)
Ophthalmology 83 (9.5) 23 (9.2) 38 (15.4) 9 (4.4) 13 (7.5)
Oral 10 (1.1) 0 (0.0) 5 (2.0) 1 (0.5) 4 (2.3)
Orthopedics 115 (13.1) 25 (10.0) 43 (17.5) 30 (14.6) 17 (9.8)
Plastics 56 (6.4) 18 (7.2) 21 (8.5) 8 (3.9) 9 (5.2)
Urology 112 (12.8) 29 (11.6) 25 (10.2) 36 (17.6) 22 (12.7)
Other* 26 (3.0) 10 (4.0) 5 (2.0) 10 (4.9) 1 (0.6)

* Diagnostic procedures, catheterization, angiography, and examination during anesthesia.

Table 5. Types of Anesthetics Used (n � 875)

Variable n (%)

Inhalational agents
Isoflurane 17 (1.9)
Halothane 769 (87.9)
Enflurane 14 (1.6)

Intravenous agents
Sodium thiopental 46 (5.3)
Etomidate 5 (0.6)
Ketamine 77 (8.8)

Other 32 (3.7)
Nitrous oxide 793 (90.7)
Diazepam 12 (1.4)

A total of 875 anesthetics were performed on 593 patients. Data related to
anesthesia characteristics were available for all procedures.
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changes have been associated with impaired learning
and memory assessed by water and radial arm mazes.7,27

Although these data have raised concerns and stimulated
further research on the part of the Food and Drug Admin-
istration and others,5 it is not known whether exposure to
anesthetics produces neuropathologic or neurobehavioral
sequelae in humans. A recent review28 summarized reports
describing neurologic sequelae after surgery and anesthesia
in children. Some studies of developmental outcomes in
patients undergoing repair for congenital heart disea-
se suggest neurologic impairment, although others do
not.9–11,29–31 Similarly, studies comparing neurodevelop-
mental outcomes of neonates with patent ductus arteriosus
and necrotizing enterocolitis managed either surgically or
medically provide conflicting results.32–34 In the majority of
these studies, it was not possible to distinguish the poten-
tial effects of comorbidities, clinical characteristics, and
surgery from the effects of anesthesia, and the potential for
selection bias is high.9,11,29,30,35,36

We examined a birth cohort originally created to study
the incidence of learning disabilities in a popula-
tion.13,15,37–39 This cohort provided several unique ad-
vantages. All of these children resided in the same com-
munity, attended any of public and/or private schools,
and received health care at one of two local facilities
(Mayo Clinic and Olmsted County Medical Center), mak-

Fig. 1. Cumulative percentage of learning disabilities diagnosis
by the age at exposure shown separately for those that have
zero, one, or multiple anesthetic exposures before age 4 yr.

Table 6. Effects of Anesthetic Exposures before Age 4 yr on Risk for Development of Learning Disabilities

Unadjusted Adjusted*

Hazard Ratio 95% CI P Value Hazard Ratio 95% CI P Value

Number of exposures � 0.001 � 0.001
0, n � 4,764 Reference Reference
1, n � 449 1.05 0.84–1.32 1.00 0.79–1.27
2, n � 100 1.78 1.22–2.59 1.59 1.06–2.37
3 or more, n � 44 2.50 1.55–4.04 2.60 1.60–4.24

Total duration of anesthesia exposure
Continuous (per 30 min) 1.02 1.00–1.03 0.011 1.02 1.00–1.03 0.016
Categorical (30-min intervals) 0.004 0.027

No anesthesia, n � 4,764 Reference Reference
� 30 min, n � 95 0.93 0.56–1.55 0.94 0.56–1.60
31–60 min, n � 135 0.80 0.51–1.26 0.74 0.46–1.20
61–90 min, n � 135 1.50 1.06–2.14 1.40 0.97–2.02
91–120 min, n � 87 1.45 0.94–2.24 1.36 0.89–2.10
� 120 min, n � 141 1.65 1.19–2.29 1.56 1.11–2.19

Any exposure 0.014 0.067
No, n � 4,764 Reference Reference
Yes, n � 593 1.27 1.05–1.53 1.20 0.99–1.46

* Adjusting for sex, birth weight (� 2,500 g, � 2,500 g), and gestational age (� 32 weeks, 32 to � 37 weeks, � 3 7 weeks). Because of missing covariate
information, only 5,020 individuals were included in the adjusted analysis.

CI � confidence interval.

Fig. 2. Distribution of American Society of Anesthesiologists
(ASA) physical status across patients with one, two, and three or
more anesthetic exposures. Shading is used to indicate the
percentage diagnosed with learning disability under age 19 yr
versus not. For this presentation, individuals who had incom-
plete follow-up are categorized based on information available
through last follow-up before age 19 yr.
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ing it possible to review all available medical and educa-
tional records. These records, combined with rigorous
definitions of LD, made it possible to perform a popula-
tion assessment of a clinically significant outcome that
plausibly reflects the learning abnormalities observed in
an animal model postanesthesia. Nearly complete data
available from birth records made it possible to control
for potential confounding factors known to affect the
frequency of LD (sex, gestational age, and birth weight).
Complete anesthesia records were available for all pro-
cedures, and anesthetic technique was remarkably con-
sistent. The distribution of surgical procedures reflected
the population-based nature of the cohort, so is not
weighted toward sicker patients undergoing more exten-
sive procedures, as is the case with many studies at
academic centers.

If exposure to anesthesia significantly affects neurode-
velopment, there should be a dose–response relation
between exposure and a relevant outcome. We found
evidence for such a dose–response relation between
anesthetic exposure and LD in two respects. First, risk
was increased for children requiring multiple exposure
(adjusted hazard ratio of 1.6 for two exposures and 2.6
for three or more exposures; table 6), but not for single
exposures to anesthesia (adjusted hazard ratio of 1.0).
Second, risk was increased for longer durations of anes-
thesia, reaching statistical significance for cumulative
duration of 120 min or greater (table 6). When anesthe-
sia exposure was analyzed as a dichotomous variable
(any exposure before age 4 yr), exposure was a signifi-
cant risk factor for LD in unadjusted (hazard ratio of
1.27) but not adjusted (hazard ratio of 1.20) analysis. The
latter finding likely reflects the fact that the majority of
children received only one exposure, which again was
not associated with increased risk.

This study has several limitations. We cannot distin-
guish between potential effects of anesthesia itself and
other factors associated with anesthesia, such as the
stress response to surgical injury. Perhaps most impor-
tantly, children requiring anesthesia may differ in impor-
tant ways from those who do not, and such differences
may affect risk for LD. Therefore, we cannot exclude
that requiring multiple anesthetics is a marker for con-
ditions that increase LD risk and that exposure to anes-
thetic drugs themselves is not causative. We adjusted for
known factors (for which data were available) contrib-
uting to LD risk that differed between the groups with
the exception of maternal education, because data were
missing in a significant number of children. However,
when analysis was repeated excluding children with
missing data and including maternal education as a co-
variate, the qualitative results were the same (data not
shown). Children requiring repeated procedures may
have a higher burden of illness, which may increase risk
for LD. For example, premature infants and children
requiring repair of congenital heart defects may require

more procedures. Indeed, children requiring multiple
procedures were judged by their anesthesiologist to
have more severe systemic disease, as indicated by
higher ASA PS. We did not review the medical records of
the children not requiring anesthesia, so we could not
use medical diagnoses as covariates in the analysis—and
ASA PS classification is not available in these children.
However, among the 144 children receiving multiple
anesthetics, LD was not more frequent in children with
higher ASA PS, and among all children receiving anes-
thesia, LD frequency did not differ with ASA PS in uni-
variate analysis (data not shown). Furthermore, the asso-
ciation of LD with repeated anesthetic exposure was still
present when the analysis was repeated after eliminating
surgical patients with ASA PS of III or greater. These
findings suggest that ASA PS was not associated with LD
risk in our cohort, and that the increased frequency of
LD observed in children receiving multiple anesthetics
cannot be primarily attributed to those children with
multiple medical problems.

The relative homogeneity of anesthetic technique is an
experimental advantage, but conversely we cannot com-
ment of the potential of anesthetics other than halo-
thane26,40 and nitrous oxide2,7 to cause neurodegenera-
tion. Insufficient numbers of children received ketamine
to perform a separate analysis for this drug.

In animal studies, there is a definite time window of
vulnerability to the effects of anesthetic exposure (e.g.,
approximately 7 days after birth in rodents), thought to
correspond to a period of maximal synaptogenesis.20,41

Therefore, the ages chosen to study the effects of anes-
thetic exposure may be important. In humans, the pe-
riod of synaptogenesis has been considered to extend
through age 3 yr,20,41 which was the basis for our choice
of the fourth birthday as the upper age limit to define
anesthetic exposure. However, the correspondence be-
tween stages of human and animal neurodevelopment is
controversial, and other authors suggest that the period
corresponding to the time of greatest risk observed in
animal models (e.g., approximately 1–2 days before birth
until 2 weeks after birth in rodents) is actually perinatal
in humans (last month of gestation and first 6 months
after birth).2 We repeated our analysis examining anes-
thetic exposure before age 2 yr (rather than age 4 yr) on
the risk of LD and found similar results (see figure,
Supplemental Digital Content 4, which illustrates the
cumulative percentage of learning disabilities by the age
at exposure, http://links.lww.com/A828, and table, Sup-
plemental Digital Content 5, which illustrates the effects
of anesthetic exposure before age 2 yr on risk for devel-
oping learning disabilities, http://links.lww.com/A829).
We did not have sufficient numbers of cases to mean-
ingfully examine a more restricted age range (e.g.,
infancy).

Another potential limitation is related to emigration
from the original birth cohort of 8,548 children. Birth
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cohort studies can be biased as a result of migration from
the community. For example, given the accessibility and
quality of health care available in Rochester, children
with a higher level of medical need may tend not to
migrate and thus be overrepresented in the cohort. This
could tend to bias the surgical group toward children
with more severe illness. However, a previously pub-
lished comparison of children who left the community
before age 5 yr and those who stayed after age 5 yr (the
usual age of school enrollment) indicates that the chil-
dren included in the study are representative of the
entire birth cohort.14 A further limitation related to the
nature of this cohort is that in these years Rochester was
a predominantly white, middle-class community, which
may limit the generalization of these results to other
populations.42

Finally, it remains to be determined whether LD is a
relevant outcome measure for any potential neurotoxic
effects of anesthesia in humans, recognizing that many
other genetic, family, and socioeconomic factors may
also impact LD. Based on the animal studies showing an
association between the neurodegeneration caused by
exposure to anesthetics and behavioral learning defi-
cits,7 we argue that LD is a relevant endpoint in humans.
It also remains to be determined whether the observed
increase in the frequency of LD among children with
multiple anesthetic exposures is specific to one type of
LD (i.e., math, written language, and reading disabilities).
For purposes of this analysis, we chose a broad definition
of LD to maximize the number of children with LD and
thus the ability to detect effects. Analysis by specific type
of LD would be of interest, but would be complicated by
the overlap between types (i.e., some children have
more than one type of LD) and the need for increased
numbers of subjects to detect effect sizes of the magni-
tude noted in the current study. There are a wide variety
of other neurodevelopmental outcomes that could be
sought, but many require specialized testing that is dif-
ficult to administer in large population-based studies.

In conclusion, in this population-based birth cohort,
exposure to anesthesia before age 4 yr was a significant
risk factor for the later development of LD in children
receiving multiple, but not single, anesthetics. These
data cannot reveal whether exposure to anesthesia itself
may contribute to the pathogenesis of LD or whether the
need for anesthesia is a marker for other unidentified
confounding factors that contribute to LD. However,
these results suggest that the possibility of potential
adverse effects of repeated anesthetic exposures on hu-
man neurodevelopment cannot be excluded.
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