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ABSTRACT

Background: Few studies of how exposure of children to anesthesia may affect neurodevelopment employ comprehensive
neuropsychological assessments. This study tested the hypothesis that exposure to multiple, but not single, procedures requir-
ing anesthesia before age 3 yr is associated with adverse neurodevelopmental outcomes.

Methods: Unexposed, singly exposed, and multiply exposed children born in Olmsted County, Minnesota, from 1994 to 2007
were sampled using a propensity-guided approach and underwent neuropsychological testing at ages 8 to 12 or 15 to 20 yr. The
primary outcome was the Full-Scale intelligence quotient standard score of the Wechsler Abbreviated Scale of Intelligence. Sec-
ondary outcomes included individual domains from a comprehensive neuropsychological assessment and parent reports.
Results: In total, 997 children completed testing (411, 380, and 206 unexposed, singly exposed, and multiply exposed,
respectively). The primary outcome of intelligence quotient did not differ significantly according to exposure status; multiply
exposed and singly exposed children scoring 1.3 points (95% CI, -3.8 to 1.2; P = 0.32) and 0.5 points (95% CI, -2.8 to 1.9;
P =0.70) lower than unexposed children, respectively. For secondary outcomes, processing speed and fine motor abilities were
decreased in multiply but not singly exposed children; other domains did not differ. The parents of multiply exposed children
reported increased problems related to executive function, behavior, and reading,.

Conclusions: Anesthesia exposure before age 3 yr was not associated with deficits in the primary outcome of general intelligence.
Although secondary outcomes must be interpreted cautiously, they suggest the hypothesis that multiple, but not single, exposures
are associated with a pattern of changes in specific neuropsychological domains that is associated with behavioral and learning
difficulties.

Visual Abstract: An online visual overview is available for this article at http://links.lww.com/ALN/B753. (ANESTHESIOLOGY
2018; 129:89-105)

RUGS producing general anesthesia can cause neu-

rodegeneration and long-term deficits in learning What We Already Know about This Topic
and behavior in young animals (including nonhuman pri- e There is strong evidence from preclinical studies that most
mates).' Numerous studies have sought evidence for similar general anesthetics modulate brain development. There is

mixed evidence in humans that anesthesia exposure in early life
: o . is associated with changes in neurodevelopmental outcomes.
tiple exposures to procedures requiring general anesthesia are The association may be stronger after multiple exposures.

associated with deficits in learning and behavior, albeit with What This Article Tells Us That Is New
small effect sizes in some studies.'° Some, but notall, human
studies also find an association between single exposures and

effects in children. Most observational studies find that mul-

e This matched cohort study found that anesthesia exposure
before age 3 yr was not associated with deficits in the primary
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a variety of outcomes.*®*!1-18 These studies employed a wide outcome of general intelligence.

range of designs and outcomes. Only two studies reported e Single exposures were not associated with deficits in other
a comprehensive assessment of neuropsychological func- neuropsychological domains (assessed as secondary out-
. hed coh dv' and her th full comes). However, multiple exposures were found to be
tion: an unmatched cohort study " and another that carefully associated with modest decreases in processing speed and fine
matched subjects who were and were not exposed to anes- motor coordination. Parents also reported that multiply exposed

thesia, but included only children undergoing herniorraphy, children have more difficulties with behavior and reading.
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who were predominantly male.'® Thus, any specific pattern
of neuropsychological changes associated with the exposure
of a general population of children to procedures requiring
anesthesia, if present, is still poorly defined.

The aim of the Mayo Anesthesia Safety in Kids (MASK)
study was to test the hypothesis that exposure to multiple,
but not single, procedures requiring general anesthesia before
a child’s third birthday is associated with adverse neurode-
velopmental outcomes. Using a matched-cohort design,
this hypothesis was evaluated by prospective neuropsycho-
logical testing of a propensity-guided sample of children
born in Olmsted County, Minnesota, from 1994 to 2007.
The primary outcome for analysis was the Full-Scale intel-
ligence quotient score of the Wechsler Abbreviated Scale of
Intelligence. This score was chosen as the primary outcome
based on comparability with other studies'®'>'>'® and the
availability at the time of study design of school achievement
test data that permitted power calculations, with the assump-
tion that intelligence quotient is related to achievement test
performance.’ Secondary outcomes included the results of
a comprehensive battery of neuropsychological assessments
and parent reports of behavior and learning difficulties.!?

Materials and Methods

This study was approved by the Mayo Clinic and Olmsted
Medical Center Institutional Review Boards (Rochester, Min-
nesota), and written informed consent/assent was obtained.
Study methods have been previously published!® and are here
summarized. In addition to the neuropsychological testing
reported here, children were tested on the National Center
for Toxicological Research Operant Test Battery; results of
this testing will be presented in a future analysis.

Subject Recruitment

Children born from January 1, 1994, to December 31, 2007,
in Olmsted County, Minnesota, who resided within Olmsted
County until their third birthday and who resided within
25 miles of Rochester, Minnesota, according to available
records at study onset were identified using the resources
of the Rochester Epidemiology Project, a medical records
linkage system that provides access to the complete medical
records of all Olmsted County residents, and birth certificate
information obtained from the Division of Vital Statistics,
Minnesota Department of Health. This date range was cho-
sen as approximately coinciding with the more widespread
use of sevoflurane into clinical practice and as providing a
sufficient number of children who could be tested at age 8 or
greater during the study period. Birth certificate information
was used to establish that children were born in Olmsted
County, an approach that minimized the potential for refer-
ral bias and facilitated recruitment for testing.

Subjects were eligible for testing if enrolled between
the ages 8 and 12 yr or 15 and 19 yr to allow evaluation
of any evolution of anesthesia-associated changes. These age
ranges were chosen to represent two developmental stages
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(preadolescence and adolescence) and based on preliminary
estimates of the number of children who would be available
for testing. Those who enrolled at age 19 yr were tested even
if they turned 20 yr before testing could be scheduled.

Through medical records review, each eligible child was
classified as unexposed, singly exposed, or multiply exposed
to anesthesia before their third birthday. Target recruitment
goals were initially determined based on considerations of
statistical power and feasibility, goals that were adjusted at
the approximate midpoint of subject recruitment to account
for actual recruitment patterns while maintaining statistical
power (Supplemental Digital Content 1, http://links.lww.
com/ALN/B695, and 2, http://links.Iww.com/ALN/B696,
showing enrollment goals and statistical power).

It was initially estimated that it would be necessary to con-
tact all eligible multiply exposed children to meet recruitment
goals. To minimize the potential for confounding, we sought to
recruit singly exposed and nonexposed children who were best
matched with multiply exposed children on a variety of char-
acteristics potentially affecting the outcomes of interest. Singly
exposed and nonexposed children were selected for recruitment
using a frequency-matched approach, with strata defined based
on their propensity for receiving single and multiple exposures
to general anesthesia. Propensity scores were calculated using
multinomial logistic regression including data available from
the birth certificate (sex, gestational age at birth, birth weight,
Apgar scores at 1 and 5min, and mother’s and father’s age and
level of education), and health status from data available in the
medical record as estimated using the Johns Hopkins Adjusted
Clinical Group Case Mix System, which calculates 32 binary
indicator variables representing comorbidity clusters (aggregated
diagnostic groups). Based on quintiles of the observed distribu-
tion of propensity scores for single and multiple exposures, 50
sex-specific propensity-matched strata (25 each for males and
females) were defined and used to select those singly exposed
and unexposed children to be randomly sampled within each
stratum that included at least one multiply exposed child. Chil-
dren were excluded if conditions that would preclude testing
were present, including severe intellectual disability, limited
English language proficiency, autism, and spastic cerebral palsy.

Assessments

Each subject was assessed by a trained psychometrist who
tested domains typically measured in clinical practice (Sup-
plemental Digital Content 3, http://links.Iww.com/ALN/
B697, which lists all tests).!” The study psychometrists were
chosen from a pool of 18 who staff our clinical Psychometric
Assessment Lab. Initially, psychometrists undergo at least 4
months of full-time training and are not deemed independent
for roughly 12 months after they begin training. Periodically
thereafter, they are observed to assure test administration
fidelity. After each testing session, as a quality control mea-
sure, all neuropsychometric assessment data were reviewed by
another psychometrist for accuracy. Parent/guardian question-
naires assessed perceived behavior and learning difficulties. A
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summary of how selected tests of primary interest would be
interpreted in terms of underlying domains measured was
formulated before analysis (table 1), including study-specific
composite scores to increase the ability to detect effects when
more than one instrument assessed a particular domain. This
a priori approach provided an overall roadmap for how any
observed differences would be interpreted.

Analysis

Details of the analysis plan were made available via a web-
based repository before commencing analysis (https://osf.io/
k93nb/; accessed March 1, 2018).

Weighting Procedure. The sampling strategy planned to
invite all available multiply exposed children to partici-
pate and sample propensity-matched singly exposed and
unexposed children in fixed ratios to the multiply exposed
children for each stratum. With ideal sampling, the char-
acteristics of these singly exposed and unexposed children
would be distributed similarly to the multiply exposed
children. However, because not all who were invited par-
ticipated, some sampling strata were missing subjects with
a given exposure status. Thus, the primary analysis used
inverse probability of treatment weighting to account for
imbalances across exposure categories among children actu-
ally tested.?® The approach weighted the observed sample of
singly exposed and unexposed children to mimic the origi-
nally planned fixed-ratio sampling and thus balance poten-
tial confounders across exposure groups. The need for this
procedure was identified early during the accrual period and
reflected in the analysis plan developed before completing
subject accrual and posted before analysis.

Propensity scores were estimated from a multinomial
model. Using Z to denote exposure and X to denote the
vector of explanatory covariates in the propensity model,
three probabilities were estimated for each individual:
P(Z=2]|X), P(Z=1|X), and P(Z=0]X), using
Z =2 as shorthand for two or more exposures. Then, for a
given individual with observed exposure group z (0 = none,
1 = single, 2 = multiple) and explanatory covariates X, the
weight for the individual is given by

P(z=2|X)*1(Z=1)
P(Z =1]X)
P(Z=2|X)*1(Z=0)
P(Z =0|X)

Wy =1*1(Z=2)+

where P(Z =z|X ) indicates the probability of being in
group z given covariates X, and / (Z = z) is an indica-
tor function taking values 1 if the individual was in group z
and 0 if not. The weighted sample is expected to be balanced
with respect to the distribution of baseline covariates across
the three exposure groups, with a distribution similar to the
population of multiply exposed individuals. Standardized
differences in explanatory covariates between singly exposed
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versus unexposed and multiply exposed versus unexposed were
compared before and after weighting to evaluate balance.
Prior literature suggests that explanatory variables in pro-
pensity score models should include factors associated with
the outcome and factors that occur temporally before the
exposure.”!’ This would include potentially confounding
variables. For the inverse probability of treatment weighting
propensity score, most explanatory variables were retrieved
from birth certificate data. Only aggregated diagnostic groups
occurring before age 3 were included in the model to best
reflect subject characteristics over the period they were at risk
for anesthesia exposure. Because some aggregated diagnostic
groups are sparsely represented or omnipresent, all of them
could not be included in the propensity model without over-
fitting the model. Further, some may be highly correlated,
which may lead to collinearity in the propensity score model.
We thus identified the subset of aggregated diagnostic groups
associated with the primary outcome of intelligence quotient
using multivariable linear regression. Explanatory variables
including sex, gestational age at birth, birth weight, Apgar
scores at 1 and 5min, mothers and father’s age and level
of education, and socioeconomic status as measured by the
HOUSES index,?? and all aggregated diagnostic groups were
considered in a linear regression of the Wechsler Abbreviated
Scale of Intelligence Full-Scale intelligence quotient score
outcome. Backwards selection was used to assess what aggre-
gated diagnostic groups were associated with this outcome,
while keeping other explanatory variables in the model. A
P < 0.1 was used for stay criteria to conservatively include
aggregated diagnostic groups associated with outcome.
Using this procedure, the final model for the inverse proba-
bility of treatment weighting propensity score thus included
sex, gestational age at birth, birth weight, Apgar scores at 1
and 5 min, mother’s and father’s age and level of education,
socioeconomic status, dermatologic aggregated diagnostic
group, psychosocial aggregated diagnostic group, minor
infection aggregated diagnostic group, asthma aggregated
diagnostic group, and major infection aggregated diagnostic
group. Sex by characteristic interactions were also included.
The data for birth characteristics and aggregated diagnostic
groups were complete for all individuals, whereas paren-
tal characteristics and socioeconomic status were complete
for at least 97% of the study sample (socioeconomic status
incomplete for 3%, father’s age missing for 3%; at most
2% missing for other data). Multiple imputations (n = 50
imputations) were performed to obtain complete data sets
of characteristics necessary for the calculation of the inverse
probability of treatment weighting propensity scores.
Primary Analysis. Each endpoint was analyzed as a continuous
variable, with transformations used as necessary to satisfy the
distributional assumptions (normally distributed errors) implicit
in the analysis model. Linear regression including inverse proba-
bility of treatment weighting weights evaluated the relationship
between exposure status and each outcome, using general-
ized estimating equations and a robust variance. For both the
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primary and secondary endpoints (table 1; Supplemental Digi-
tal Content 3, http://links.lww.com/ALN/B697), a two-tailed
P value of less than 0.05 was considered statistically significant
for the overall two degrees of freedom tests across exposure cat-
egories. Pairwise comparisons of single and multiple exposures
versus no exposure were performed using P < 0.025 (Bonferroni
adjustment) to denote statistical significance. For all compari-
sons, findings were summarized using point estimates and the
corresponding 95% CI values, reflecting the combined analy-
sis of multiple imputations. Age at testing was evaluated as a
potential moderator of the effect of exposure on outcomes, with
the interaction between exposure group and age at testing group
(8 to0 12 vs. 15 to 20 yr) assessed for all outcomes.

Some of the variables measured have established cutoffs for
defining clinically meaningful deficits, including the Wechsler
Abbreviated Scale of Intelligence Full-Scale intelligence quo-
tient score (less than 85) and the Child Behavior Checklist
(more than 60). These variables were dichotomized accordingly
and analyzed using logistic regression in additional analyses.

For endpoints found to be significantly associated with
exposure, four potential moderators (sex, gestational age, birth
weight, and socioeconomic status) were examined.?® For each,
regression analyses were performed that included explanatory
variables for exposure category, the potential moderator vari-
able, and the moderator-by-exposure interaction effect.
Sensitivity Analyses. In the inverse probability of treatment
weighting analysis, some combinations of covariates in the pro-
pensity score model may lead to small or large weights such
that individuals have small or large amounts of influence on
the exposure comparisons, which can lead to large variation of
effect estimates. Weight truncation was performed to evaluate
a possible bias-variance tradeoff and sensitivity to the original
weights.2!* Truncations were performed on the distribution
of weights using the 1st and 99th percentiles, 5th and 95th
percentiles, and 10th and 90th percentiles. As another method
to explore the potential effect of extreme weights, for each sex,
the subjects were stratified by quintiles of the propensity score
distribution (10 strata total) among the multiply exposed. For
this procedure, the propensity to be multiply exposed was esti-
mated as in the primary analysis. Among multiply exposed,
separately for each sex, the quintiles were obtained, and the
participants were stratified according to those quintile and sex
combinations. Because quintiles reflect the distribution of mul-
tiply exposed, this analysis also targets the average treatment
effect among the multiply exposed. The results of the stratified
analyses reflect the combined estimate across the strata.

In additional sensitivity analyses, multivariable regression
models were used rather than inverse probability of treatment
weighting to adjust for potential confounders. These models
used those variables previously identified and used in the pro-
pensity score model, providing an estimate of an effect of expo-
sure on treatment, conditional on baseline covariates. In another
analysis, crude estimates of the differences between exposure
groups were also performed without adjustment or weighting;
this approach does not account for the sampling framework or
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any imbalance of covariates among the exposure groups. Finally,
a post hoc sensitivity analysis using the primary inverse probabil-
ity of treatment weighting approach excluded 18 children with
cardiopulmonary bypass or intracranial procedures.

Statistical Power. At the time of study design, no estimate
of effect size for the primary endpoint of intelligence quo-
tient was available.!” Prior work found that mean group aca-
demic achievement test scores in the multiply exposed were
lower than for those not exposed by approximately 0.4 SD
units and that the scores of those with single exposures were
similar to those with no exposure.’ Power calculations were
based on these data. The originally targeted sample sizes
provided statistical power (two-tailed, a = 0.025) of 80% to
detect a difference of 0.37 and 0.32 SD units, respectively,
within each age group for pairwise comparisons of multi-
ply and singly exposed children versus those not exposed,
respectively. Power calculations based on the actual num-
bers tested are provided in Supplemental Digital Content 2
(htep://links.lww.com/ALN/B696). All data were analyzed
using SAS 9.4 TSIM3 (SAS Institute, Inc., USA).

Results

Subjects were tested from November 2012 to November 2016.
From the 19,296 children initially screened as potentially eligi-
ble for recruitment, 3,106 were invited to participate, and 998
(32%) enrolled, with highest enrollment rates in the multiply
exposed (26%, 35%, and 43% of unexposed, singly exposed,
and multiply exposed children, respectively; fig. 1). One sub-
ject refused all testing subsequent to enrollment. Those who
enrolled had parents who were older, better educated, more
likely to be married, and more likely to be white, but child
characteristics were not different except that enrolled children
were more likely to be the product of multiple births, and small
differences were present in the frequency of some individual
aggregated diagnostic group comorbidity clusters (table 2).
The median cumulative duration of anesthesia was 45
and 187 min in singly and multiply exposed children tested,
respectively, with two-thirds of multiply exposed children
receiving more than 2h of anesthesia (table 3). The most
common procedure type was otorhinolaryngologic (42%
of all procedures; table 4); cardiovascular and neurologic
surgeries comprised 4% of procedures (Supplemental Digi-
tal Content 4, http://links.lww.com/ALN/B698, presents
details of all procedures for the multiply exposed). The most
common anesthetic agents utilized included sevoflurane and
nitrous oxide (79% and 90% of procedures, respectively;
Supplemental Digital Content 5, http://links.lww.com/
ALN/B699, which lists agents utilized). Approximately half
of children received at least one anesthetic after their third
birthday (Supplemental Digital Content 6, htep://links.
Iww.com/ALN/B700, which presents this subsequent expo-
sure history). Parent and child characteristics were similar
among exposure categories; exceptions included small dif-
ferences in the education of the father, delivery method,
and some individual aggregated diagnostic group categories

Warner et al.
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Pediatric Anesthesia Neuropsychological Outcomes

Eligible birth cohort (N=19,296)

Unexposed (N=16,466) Singly exposed (N=2,176) Multiply exposed (N=654)
! A !
Sampled (N=1,957) Sampled (N=1,375) Sampled (N=594)
——>{ Not Invited* (N=388) | ——>{ Not Invited* (N=291) | [ Not Invited* (N=141) |
Invited (N=1,569) Invited (N=1,084) Invited (N=453)
Not enrolled (N=1158) Not enrolled (N=705) Not enrolled (N=259)
Did not respond (n=871) Did not respond (n=508) Did not respond (n=178)
Declined (n=244) = Declined (n=172) _> Declined (n=66)
. Failed to attend (n=31) . Failed to attend (n=18) . Failed to attend (n=13)
. Other (n=12) . Other (n=7) . Other (n=2)
Enrolled (N=411) Enrolled (N=380)** Enrolled (N=207)***
H Aborted testing (N=1) |

Completed testing (N=411) Completed testing (n=380) Completed testing (N=206)

Fig. 1. Flow diagram of subject recruitment. Of the 27,213 children identified by the Minnesota Department of Health as being born
to mothers residing in Olmsted County from 1994 to 2007, the following were excluded from being potentially eligible for recruit-
ment: 34 who could not be matched to a Rochester Epidemiology Project record, 3,455 who did not provide authorization to use
their medical records for research, 2,784 who were not resident in Olmsted County until age 3, 161 who were deceased at the start
of recruitment, and 1,483 who lived more than 25 miles from Rochester, Minnesota, at the start of recruitment. From the remaining
19,296, a total of 3,926 were sampled using propensity scores as described in the methods for possible recruitment. The original
intention was to sample all multiply exposed children, but recruitment goals were met before all were invited. Of those sampled,
820 were not invited for the reasons indicated. Regarding conditions precluding testing, among all exposure categories, 10 children
(0.2% of those sampled) were excluded because of severe intellectual disability, 37 (0.9%) because of autism, 7 (0.2%) because
of spastic cerebral palsy, and 59 (1.5%) because of limited English proficiency. Fourteen children responded directly to television
advertisements directed toward the multiply exposed without receiving invitations'® (one child who was singly exposed was origi-
nally thought to be multiply exposed but actually had a procedure without general anesthesia). A total of 998 children were enrolled
rather than the planned 1,000 due to a clerical error that duplicated two children in the recruitment log. *Reasons for not inviting
included: (1) did not meet residency criteria, (2) did not meet age criteria, (3) condition precluding testing, and (4) letter returned as
undeliverable. **One subject who was not invited responded to ads. ***Thirteen subjects who were not invited responded to ads.
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(table 5). The standardized differences between the fac- children on average (table 6). For the other psychometrist-
tors used in the propensity scoring for the primary analysis  assessed neuropsychological testing scores of a priori primary
were small after inverse probability of treatment weighting interest as secondary outcomes (table 1), only processing
adjustment (fig. 2). speed/automaticity associated with reading skills (as deter-

Interactions between exposure and age at testing were not mined by the rapid naming composite of the Comprehen-
significant for any outcome (P> 0.05); .e., any effects of expo- sive Test of Phonological Processing) and the fine motor

sure did not depend on the age at testing. Age at testing (8 to  study composite differed significantly between multiply
12 vs. 15 to 20 yr) was still included in all models to account exposed and unexposed children (differences of -3.5 [-6.3

for any differences in outcomes that would depend on age. to -0.7] and -5.5 [-8.4 to -2.6] respectively, both stan-

The primary outcome of Wechsler Abbreviated Scale of ~ dard scores; table 6). These scores did not differ significantly
Intelligence Full-Scale intelligence quotient did not differ ~ between singly exposed and unexposed children. There were
significantly according to exposure status, with multiply no significant differences in measures of attention, memory,
exposed children scoring 1.3 points (95% CI, -3.8 to 1.2;  executive function, expressive language, visual-motor abili-
P = 0.32) lower and singly exposed children scoring 0.5 ties, or visual—spatial abilities between unexposed and either

points (95% CI, -2.8 to 1.9; P=0.70) lower than unexposed ~ exposure category (table 6).

Anesthesiology 2018; 129:89-105 94 Warner et al.
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Table 2. Characteristics of Enrolled Subjects Compared to Subjects Invited but Not Enrolled

Variable Not Enrolled (n = 2,122) Enrolled (n = 998) P Value
Mother’s age (yr; n = 3,120) 29+5 305 < 0.001*
Father’s age (yr; n = 2,980) 316 32+5 0.001*
Mother’s education (yr; n = 3,083) < 0.001%
<12 142 (7%) 22 (2%)
12 464 (22%) 120 (12%)
13to0 15 641 (31%) 264 (27%)
16 533 (36%) 342 (34%)
> 16 308 (15%) 247 (25%)
Father’s education (yr; n = 2,892) < 0.001%
<12 88 (5%) 29 (3%) 9
12 543 (28%) 174 (18%) §
1310 15 466 (24%) 244 (25%) :
16 484 (25%) 314 (32%) %
> 16 333 (17%) 217 (22%) 3
Mother’s ethnicity, Hispanic (n = 3,116) 51 (2%) 9 (1%) 0.004+1 g
Father’s ethnicity, Hispanic (n = 2,926) 44 (2%) 18 (2%) 0.43t ‘E
Mother’s race, white (n = 3,116) 1,918 (90%) 971 (97%) < 0.001% §
Father’s race, white (n = 2,928) 1,751 (90%) 940 (95%) < 0.0011 §
Number of prenatal care visits (n = 3,036) 11.7 £ 3.3 11.9+3.3 0.19* g
Marital status (n = 3,106) <0.001t %T
Married 1,666 (79%) 881 (90%) £
Not married 456 (21%) 103 (10%) %
Sex 0.611 8
Male 1,245 (59%) 576 (58%) g
Female 877 (41%) 422 (42%) 5:
Estimated gestational age (w; n = 3,119) 385+25 385+25 0.60* =
Apgar score, 1min (n = 3,118) 8+2 8+2 0.13* §
Apgar score, 5min (n = 3,117) 91 91 0.77* S
Birth weight (g) 3,324 + 682 3,345 + 700 0.42* g
Multiple births 116 (5%) 77 (8%) 0.015% g
Delivery method (n = 3,114) 0.2471 g
Vaginal 1,608 (76%) 739 (74%) 8
C-section 508 (24%) 259 (26%) ‘8
Johns Hopkins ACG Case Mix comorbidity clusters §
Time limited: minor 1,880 (89%) 900 (90%) 0.19t 2
Time limited: minor—primary infections 2,068 (97 %) 961 (96%) 0.071 ‘91
Time limited: major 836 (39%) 450 (45%) 0.003t g
Time limited: major—primary infections 782 (37%) 382 (38%) 0.44% 3
Allergies 376 (18%) 180 (18%) 0.83t )
Asthma 331 (16%) 165 (17%) 0.511 5
Likely to recur: discrete 1,214 (57%) 571 (57%) 1.00t &
Likely to recur: discrete-infection 1,996 (94 %) 922 (92%) 0.081 %
Likely to recur: progressive 79 (4%) 48 (5%) 0.15t §
Chronic medical: stable 638 (30%) 322 (32%) 0.21%
Chronic medical: unstable 970 (46%) 476 (48%) 0.301
Chronic specialty: stable-orthopedic 51 (2%) 35 (4%) 0.08t
Chronic specialty: stable—ear, nose, throat 592 (28%) 322 (32%) 0.012%
Chronic specialty: stable-eye 455 (21%) 215 (22%) 0.95t
Chronic specialty: unstable—orthopedic 1(0%) 4 (0%) 0.021%
Chronic specialty: unstable—ear, nose, throat 201 (9%) 141 (14%) < 0.001%
Chronic specialty: unstable-eye 148 (7%) 75 (8%) 0.581
Dermatologic 552 (26%) 269 (27%) 0.5871
Injuries/adverse effects: minor 957 (45%) 412 (41%) 0.045%
Injuries/adverse effects: major 865 (41%) 411 (41%) 0.82t
Psychosocial: time limited, minor 510 (24%) 262 (26%) 0.181
(Continued)
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Table 2. Continued

Pediatric Anesthesia Neuropsychological Outcomes

Variable Not Enrolled (n = 2,122) Enrolled (n = 998) P Value
Psychosocial: recurrent or persistent, stable 298 (14%) 170 (17%) 0.0291
Psychosocial: recurrent or persistent, unstable 8 (0%) 4 (0%) 0.921
Signs/symptoms: minor 1,782 (84%) 837 (84%) 0.941
Signs/symptoms: uncertain 1,988 (94%) 935 (94%) 1.001
Signs/symptoms: major 1,446 (68%) 707 (71%) 0.131
Discretionary 1,599 (75%) 804 (81%) 0.0011
See and reassure 1,108 (52%) 552 (65%) 0.11t
Prevention/administrative 2,122 (100%) 998 (100%) 1.00t
Malignancy 16 (1%) 9 (1%) 0.671
Dental 103 (5%) 45 (5%) 0.67t

The data are summarized as n (%) for categorical variables and mean + SD for continuous variables. The values in parentheses refer to the number of

individuals for whom data was available.
*One-way ANOVA. tPearson’s chi-squared test.
ACG = Adjusted Clinical Group.

Table 3. Anesthesia Exposure Characteristics for Children
Tested

Single Multiple
Exposure Exposures
(n = 380) (n =206)
ASA physical status
| 281 (73.9%) 71 (34.5%)
Il 90 (23.7%) 96 (46.6%)
11l 9 (2.4%) 34 (16.5%)
\% 0 (0.0%) 5(2.4%)
Age at first exposure (yr)
0to 0.9 138 (36.3%) 123 (59.7%)
1t01.9 150 (39.5%) 73 (35.4%)
2t02.9 92 (24.2%) 10 (4.9%)
Duration of anesthesia (min)
Mean + SD 61 + 51 295 + 354
Median (Q1, Q3) 45 (25, 81) 187 (99, 326)
1to0 30 138 (36.3%) 1(0.5%)
31 to 60 91 (23.9%) 2 (5.8%)
61 to 90 79 (20.8%) 3 (16.0%)
91to 120 38 (10.0%) 4 (11.7%)
121 to0 180 19 (5.0%) 9 (14.1%)
181 to 240 10 (2.6%) 1(15.0%)
> 241 5(1.3%) 6 (36.9%)
Number of exposures for
the multiply exposed
2 - 122 (59.2%)
3 - 36 (17.5%)
4105 - 29 (14.1%)
6to7 - 6 (2.9%)
8to9 - 9 (4.4%)
>10 - 4 (1.9%)

Values are expressed as n (%) unless otherwise noted. In total, 586 children
underwent 1,052 anesthetics. For the 206 children who underwent multiple
(range, 2 to 29) anesthetics, the highest ASA physical status and the total cumu-
lative duration of anesthesia are presented. The median (Q1 and Q3) duration
per anesthetic for all anesthetics was 58 (30, 100) min. For the four patients
who had at least 10 anesthetics, exposure counts were 11, 15, 26, and 29.
ASA = American Society of Anesthesiologists; Q1 = first quartile;
Q8 = third quartile.

When all psychometrist-assessed scores were considered (Sup-
plemental Digital Content 7, htep://links.lww.com/ALN/B701
and 8, http://links.Iww.com/ALN/B702, which present statistical

Anesthesiology 2018; 129:89-105

Table 4. Types of Procedures by Exposure Status

Single Multiple

Overall Exposure  Exposures

Procedure Type, n (%) (N =1,052) (n =380) (n=672)

General surgery 149 (14%) 41 (11%) 108 (16%)

Otorhinolaryngologic 441 (42%) 197 (52%) 244 (36%)
Neurologic surgery 1(1%) 3 (1%) 8 (1%)
Urologic surgery 81 (8%) 36 (9%) 45 (7%)
Orthopedic surgery 38 (4%) 0 (3%) 28 (4%)
Plastic surgery 57 (5%) 6 (4%) 41 (6%)
Cardiovascular surgery 33 (3%) 3 (1%) 30 (4%)

Other* 242 (23%) 74 (19%) 168 (25%)

For those who were multiply exposed, the data are presented for the 206
children who completed at least one neuropsychological test.

*“Other” procedures include oral surgeries, ophthalmology surgeries,
diagnostic procedures, and examination during anesthesia.

comparisons and estimates, respectively, for all psychometrist-
assessed scores and parent reports), of the eight scores that were
both dependent on motor ability and had a timed component
(Grooved Pegboard dominant and other hand, Beery Motor
Coordination, and the five Delis—Kaplan Executive Function
System trail making tasks). seven were significantly lower in
multiply exposed children. Thus, the results suggest a consistent
impairment of fine motor function and processing speed associ-
ated with multiple exposures. No score was significantly different
in singly exposed children.

For the secondary outcome of parent reports, the
Behavior Rating Inventory of Executive Function and the
Colorado Learning Difliculties Questionnaire Reading
(but not Math) Scale were significantly greater (indicat-
ing more problems) in both singly and multiply exposed
children (table 6) compared with unexposed children. All
scales of the Child Behavior Checklist were significantly
greater (indicating more problems) in multiply but not
singly exposed children compared with unexposed chil-
dren. The proportion of children with clinically abnormal
parent-reported scores was significantly greater for the
Child Behavior Checklist Externalizing Problems Scale in
both singly and multiply exposed children (Supplemental

96 Warner ef al.
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Table 5. Parent and Child Characteristics for Those Enrolled by Exposure Category

No Exposures

Single Exposure

Multiple Exposures

(n=411) (n =380) (n =206) P Value
Sex 0.061
Male 219 (63%) 232 (61%) 124 (60%)
Female 192 (47%) 148 (39%) 82 (40%)
Age at testing (yr) 0.06t
8to 12 224 (55%) 200 (53%) 129 (63%)
1510 20 187 (45%) 180 (47%) 77 (37%)
Mother’s ethnicity, Hispanic (n = 995) 4 (1%) 5(1%) 0 (0%) 0.271
Father’s ethnicity, Hispanic (n = 986) 5(1%) 9 (2%) 4 (2%) 0.47t
Mother’s race, white (n = 995) 400 (97%) 374 (99%) 196 (96%) 0.07t
Father’s race, white (n = 986) 387 (95%) 362 (96%) 190 (94%) 0.56t
Mother’s education (yr; n = 994) 0.321
<12 1(3%) 8 (2%) 3 (1%)
12 43 (10%) 45 (12%) 32 (16%)
13to 15 106 (26%) 96 (25%) 62 (30%)
16 145 (35%) 127 (34%) 69 (34%)
>16 105 (26%) 103 (27%) 39 (19%)
Father’s education (yr; n = 977) 0.009t
<12 11 (3%) 12 (3%) 6 (3%)
12 59 (15%) 59 (16%) 55 (28%)
13to0 15 95 (24%) 107 (28%) 42 (21%)
16 142 (36%) 115 (31%) 57 (29%)
>16 93 (23%) 84 (22%) 40 (20%)
Mother’s age (yr) 30.2 (5.0) 30.3 (4.9) 30.0 (4.9) 0.86%
Father’s age (yr; n = 968) 32.3 (5.2) 31.9 (56.1) 31.9 (5.4) 0.50%
Marital status (n = 983) 0.41t
Married 366 (89%) 345 (91%) 169 (88%)
Not married 45 (11%) 34 (9%) 24 (12%)
HOUSES index (quartile; n = 967)* 0.881
1 58 (14%) 55 (15%) 7 (14%)
2 93 (23%) 102 (27%) 48 (25%)
3 106 (26%) 98 (26%) 51 (27%)
4 145 (36%) 119 (32%) 65 (34%)
Estimated gestational age (weeks) 38.7 (2.4) 38.6 (2.4) 38.2 (2.8) 0.09%
Birth weight (g) 3,341 (664) 3,400 (697) 3,267 (745) 0.08%
Multiple births 26 (6%) 37 (10%) 13 (6%) 0.14t
Apgar score, 1 min 8(1) 8(2) 92 0.60%
Apgar score, 5 min 9(1) 9(1) 9(1) 0.25%
Delivery method 0.0051
Vaginal 321 (78%) 282 (74%) 136 (66%)
C-section 90 (22%) 98 (26%) 70 (34%)
Johns Hopkins ACG Case Mix comorbidity clusters
Time limited: minor 356 (87%) 350 (92%) 193 (94%) 0.0061
Time limited: minor-primary infections 390 (95%) 371 (98%) 199 (97%) 0.121
Time limited: major 161 (39%) 156 (41%) 132 (64%) <0.001t
Time limited: major—primary infections 139 (34%) 144 (38%) 98 (48%) 0.004t
Allergies 73 (18%) 68 (18%) 39 (19%) 0.93t
Asthma 60 (15%) 56 (15%) 49 (24%) 0.007t
Likely to recur: discrete 193 (47%) 225 (59%) 152 (74%) < 0.001t
Likely to recur: discrete-infection 365 (89%) 361 (95%) 195 (95%) 0.002t
Likely to recur: progressive 14 (3%) 16 (4%) 7 (8%) 0.023t1
Chronic medical: stable 100 (24%) 115 (30%) 106 (51%) < 0.001t
Chronic medical: unstable 184 (45%) 174 (46%) 117 (57%) 0.012t
Chronic specialty: stable—orthopedic 3 (3%) 8 (2%) 14 (7%) 0.012t
Chronic specialty: stable—ear, nose, throat 80 (19%) 149 (39%) 92 (45%) < 0.001t
Chronic specialty: stable—eye 76 (18%) 77 (20%) 61 (30%) 0.0051
(Continued)
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Table 5. Continued

Pediatric Anesthesia Neuropsychological Outcomes

No Exposures

Single Exposure Multiple Exposures

(n=411) (n =380) (n =206) P Value
Chronic specialty: unstable-orthopedic 0 (0%) 2 (1%) 2 (1%) 0.181
Chronic specialty: unstable—ear, nose, throat 11 (3%) 82 (22%) 47 (23%) < 0.001t
Chronic specialty: unstable—eye 24 (6%) 22 (6%) 8 (14%) < 0.001t
Dermatologic 114 (28%) 91 (24%) 64 (31%) 0.161
Injuries/adverse effects: minor 153 (837%) 169 (44%) 90 (44%) 0.09t
Injuries/adverse effects: major 138 (34%) 153 (40%) 119 (58%) < 0.001t
Psychosocial: time limited, minor 98 (24%) 103 (27%) 60 (29%) 0.32t
Psychosocial: recurrent or persistent, stable 57 (14%) 52 (14%) 60 (29%) < 0.001t
Psychosocial: Recurrent or Persistent, Unstable 1 (0%) 0 (0%) 3 (1%) 0.0231
Signs/symptoms: minor 326 (79%) 324 (85%) 186 (90%) 0.001t
Signs/symptoms: uncertain 374 (91%) 359 (94%) 201 (98%) 0.005%
Signs/symptoms: major 274 (67 %) 261 (69%) 171 (83%) < 0.001%
Discretionary 305 (74%) 315 (83%) 183 (89%) <0.001t
See and reassure 222 (54%) 201 (53%) 128 (62%) 0.081
Malignancy 1 (0%) 0 (0%) 8 (4%) < 0.001%
Dental 18 (4%) 9 (2%) 8 (9%) 0.0021

Values are expressed as n (%) unless otherwise noted. One enrolled patient was excluded from the summary because they did not complete any testing.
*The HOUSES index is a measure of socioeconomic status.?? tPearson’s chi-squared test. $One-way ANOVA.

ACG = Adjusted Clinical Group.

Multiple exp.

Factor*
acor vs. Unexposed

Mother’s education
Father’s education
Socioeconomic status
Dermatologic ADG
Father's age
Psychosocial ADG
APGAR (1 min) b
Minor infection ADG ~ po
Asthma ADG °
Mother’s age P
APGAR (5 min) 3
Major infection ADG b
Birth weight o
Gender

o Before weighting

0.1 0.2 0.3 04

Single exp.
vs. Unexposed
L ob
Lod Inverse
: :; probability
- treatment
00
¥ ; weighting
100,
P«
e
'p : 1 *Includes those ADG
s i associated with primary
Loo E outcome (WASI 1Q) at p<0.1
°
1

LI
00 0.1 0.2 03 04

Standardized Differences

¢ After weighting

Fig. 2. Standardized differences between the factors used in the propensity scoring for the primary analysis before (red circles) and
after (blue diamonds) inverse probability treatment weighting. For both mother’s and father’s education (the two factors with the
largest differences after weighting in multiply exposed subjects), the residual differences from the weighted estimates are in the di-
rection of the unexposed group having parents who are slightly less educated than the exposed groups. Therefore, if lower parental
education is associated with worse outcomes, any residual confounding should bias results toward the null. ADG = aggregated

diagnostic groups; exp. = exposed; I1Q =

Digital Content 7, http://links.Iww.com/ALN/B701, and
8, htep://links.lww.com/ALN/B702).

In moderator analyses, examining those scores significantly
different in multiply exposed children, sex, gestational age, birth
weight, and socioeconomic status did not moderate the associa-
tion between exposures and any score, with the exception of the
interaction term for socioeconomic status and the Comprehen-
sive Test of Phonological Processing (table 7). Given the multiple

Anesthesiology 2018; 129:89-105

intelligence quotient; WASI

98

= Wechsler Abbreviated Scale of Intelligence.

interaction terms sought across multiple outcomes, the signifi-
cance of this isolated interaction term is unclear.

In sensitivity analyses (Supplemental Digital Content 9,
heep://links.lww.com/ALN/B703, which provides the results
of these analyses), the crude analysis (i.e., no adjustments via
weighting or other methods) produced the largest effect sizes
for most scores, with trends observed in the primary analysis
now statistically significant for several scores. For most scores,

Warner et al.
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Table 7. Analysis of Variables That Potentially Moderate Those Scores That Differed Significantly among Groups

Moderator Variable

Male Sex Gestational Age Birth Weight HOUSES Index* Age Group

BRIEF: Global Executive Composite (TS)

2df exposure x moderator 0.291 0.677 0.614 0.447 0.923

Single exposure x moderator 0.122 0.483 0.328 0.312 0.978

Multiple exposures x moderator 0.703 0.422 0.723 0.814 0.727
CBCL: ADHD Problems (TS)

2df exposure x moderator 0.154 0.482 0.390 0.616 0.712

Single exposure x moderator 0.054 0.362 0.172 0.361 0.572

Multiple exposures x moderator 0.230 0.235 0.244 0.825 0.425
CBCL: Total Problems (TS)

2df exposure x moderator 0.850 0.666 0.866 0.428 0.862

Single exposure x moderator 0.711 0.890 0.663 0.214 0.621

Multiple exposures x moderator 0.574 0.508 0.596 0.951 0.659
CLDQ: Reading Scale (ZS)

2df exposure x moderator 0.839 0.299 0.357 0.760 0.805

Single exposure x moderator 0.595 0.417 0.751 0.801 0.875

Multiple exposures x moderator 0.702 0.145 0.199 0.420 0.512
CTOPP: Rapid Naming Composite Score (StdS)

2df exposure x moderator 0.984 0.883 0.210 0.005 0.424

Single exposure x moderator 0.863 0.812 0.646 0.944 0.909

Multiple exposures x moderator 0.961 0.618 0.229 0.004 0.228
Fine Motor Composite (StdS)

2df exposure x moderator 0.849 0.883 0.101 0.816 0.148

Single exposure x moderator 0.776 0.957 0.545 0.590 0.138

Multiple exposures x moderator 0.719 0.646 0.111 0.804 0.079

Separate analyses were performed for each potential moderator variable for both the overall two degrees of freedom (df) test and each individual compari-
son of single or multiple exposures. Gestational age and birth weight were analyzed as continuous variables. Sex, HOUSES index, and age group were
analyzed as categorical variables. The values presented in the table correspond to the P value for the given moderator-by-anesthesia exposure interaction

term, with significance indicated in bold for P < 0.05.
*The HOUSES index is a measure of socioeconomic status.?

ADHD = attention deficit hyperactivity disorder; BRIEF = Behavior Rating Inventory of Executive Function; CBCL = Child Behavior Checklist; CLDQ = Colo-
rado Learning Difficulties Questionnaire; CTOPP = Comprehensive Test of Phonological Processing; StdS = Standard score (mean = 100, SD = 15); TS=T

score (mean = 50, SD = 10); ZS = Z score (mean =0, SD = 1).

absolute effect sizes also were larger for covariate-adjusted
analysis and increased as the degree of inverse probability of
treatment weighting truncation increased. Stratification of
inverse probability of treatment weighting scores and impu-
tation of missing outcome values had little effect. For all
adjusted analyses, there was still little evidence in any analy-
sis for exposure effects on any measure of attention, executive
function, memory, expressive language, visual-motor abilities,
or visual-spatial abilities. For the parent reports, several of the
sensitivity analyses now demonstrated significant differences
in all measures reported for singly exposed children. These
results suggest that despite the propensity-guided recruitment
strategy employed, there were still imbalances in the baseline
characteristics among children who actually enrolled that
affected some interpretations of exposure effects in terms of
statistical significance for secondary outcomes (fig. 2).

Discussion

Regarding the primary outcome, exposure to procedures
requiring general anesthesia before the age of 3 yr was not
associated with significant differences in general cognitive

ability as quantified by the Full-Scale intelligence quotient

Anesthesiology 2018; 129:89-105
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score, relative to unexposed children. Regarding secondary
outcomes, multiple, but not single, exposures were asso-
ciated with decreases in a processing speed task related to
retrieval of verbal codes associated with reading and fine
motor coordination but not other psychometrist-assessed
domains. The parents of multiply exposed children reported
more problems related to executive function, behavior, and
reading (but not math); the parents of singly exposed chil-
dren reported more problems related to executive function
and reading. These findings did not depend on age at testing.

The absence of association between exposure and Full-
Scale intelligence quotient is consistent with several smaller
prior studies.'>!>!8 A large population-based study'® found
small effects of exposures before age 4 yr (decreases of 0.97
points [95% CI, -1.78 to -0.15] for a single exposure and
1.02 points [95% CI, -3.43 to 1.39] for two exposures) of
similar magnitude to the present study, which was not pow-
ered to detect this small effect size. Thus, the present results
add to the evidence that exposure is associated with no effect
or a small effect on general intelligence.

Analysis of secondary outcomes revealed a specific pattern of
changes. This analysis is of importance (albeit with appropriate
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cautions in interpretation because they are secondary outcomes)
given that there was little understanding of a likely phenotype
at the time of study design. Two prior studies have utilized
comparable comprehensive neuropsychological assessments. A
sibling-matched cohort study of 105 children singly exposed
before age 36 months (the PANDA study) found no signifi-
cant differences in a battery of tests similar to ours, with the
exception of more exposed children having abnormal Child
Behavior Checklist Internalizing Scores.'® Unlike our results,
they found no differences in the Behavior Rating Inventory of
Executive Function parent assessment of executive function. In
a study of approximately 200 children who were singly or mul-
tiply (20% of children) exposed to anesthesia before age 3,4
exposure was associated with significant deficits in performance
intelligence quotient and language abilities, as well as tendencies
for decreases in combined fine and gross motor performance
and increased Child Behavior Checklist problems. In an addi-
tional analysis, among those exposed between ages 3 and 5 yr,
motor performance but not other domains were significanty
affected.”” Two other small studies evaluated a more limited
range of domains. Single exposures were associated with decre-
ments in listening comprehension and performance intelligence
quotient.'? Children exposed before age 1 yr assessed with an
object recognition test had lower recollection memory scores
but no differences in the Child Behavior Checklist or famil-
farity scores.!? Due to differences in study design and assess-
ments, it is difficult to directly compare all of these results with
ours. Broad areas of consistency include some evidence for
exposure being associated with differences in performance intel-
ligence quotient, motor skills, and parent ratings of behavior.
In contrast, we failed to identify associations with measures of
language processing or memory; although we utilized different
assessments that may have measured different constructs. Thus,
our study is unique in finding decreases in scores reflecting fine
motor skills and processing speed, in the absence of changes in
scores assessing other cognitive domains, in children receiving
multiple exposures. These decreases are modest (effect sizes of
less than 0.5 SD) and occur in the context of relatively normal
performance in unexposed children (estimates in Supplemental
Digital Content 8, http://links.lww.com/ALN/B702).

If confirmed in further analyses, would modest differences
in these two domains be potentially relevant to children and
their families? It is not possible to make definitive conclusions,
but the parent-reported outcomes and results of prior stud-
ies may provide insights. Several reviews summarize studies
examining the association between exposure and patient-rele-
vant outcomes such as behavioral problems, learning difficul-
ties, and academic achievement.”®*” Multiple, but not single,
exposures to anesthesia are associated with an increased risk of
attention deficit hyperactivity disorder, learning disabilities, and
decreased performance in group-administered assessments of
ability and achievement,>”* outcomes of potential relevance to
children and families. The association between multiple expo-
sures and parent reports of attention deficit hyperactivity disor-
der problems on the Child Behavior Checklist is consistent with
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this prior work, also performed in children born in Olmsted
County, Minnesota. The association of single exposures with
reduced scores on reading, but not math, achievement tests'" is
also consistent with the current Colorado Learning Difliculties
Questionnaire results. The prior work also found an association
of multdple exposures with decreases in both reading and math
achievement tests;’ in the current study, the Colorado Learn-
ing Difficulties Questionnaire differed significantly only for
reading. However, most of the neuropsychological test results
in the current study did not depend on exposure status, includ-
ing some that may reflect problems with behavior or learning.
For example, children with learning disabilities often exhibit
impairment in domains such as attention, memory, and execu-
tive function,”®* yet these domains were not affected. Many
children with attention deficit hyperactivity disorder exhibit
deficits in executive function and attention tests,>*2 but others
do not, especially when evaluated in a focused laboratory set-
ting as contrasted with their natural environment.*® Also in the
current study, children being treated for attention deficit hyper-
activity disorder were not instructed to discontinue medications
for testing, which also could have affected results.

Nonetheless, motor deficits and decreases in processing speed
are common in children with attention deficit hyperactivity dis-
order or reading disabilities.**>° For example, motor deficits are
characteristic of developmental coordination disorder, which
is associated with attention deficit hyperactivity disorder and
learning difficulties.>*” ‘The fine motor composite was signifi-
cantly correlated with both Child Behavior Checklist: Attention
Deficit Hyperactivity Disorder Problems (Spearman’s p [r] =
-0.22) and reading dificulties (r, = -0.27), and the Comprehen-
sive Test of Phonological Processing was significantly correlated
with both Child Behavior Checklist: Attention Deficit Hyper-
activity Disorder Problems (r, = -0.14) and reading difficulties
(r, = -0.31; all < 0.0001), suggesting that these changes may
be related to these behavioral and learning difficulties. The find-
ing of a correlation between the Comprehensive Test of Pho-
nological Processing and parent report of reading difficulties
could also be explained by weaknesses with other fundamental
skills needed for successful reading (e.¢., phonological aware-
ness, sight word vocabulary, and/or phonics), which in part also
determine performance on the Comprehensive Test of Phono-
logical Processing. However, these were not formally assessed
due to time constraints with the testing session. In addition,
attention deficit hyperactivity disorder and learning disabilities
frequently cooccur, and other studies suggest that defects in
processing speed may be an underlying explanatory cognitive
risk factor for both conditions.?®*® Our prior work found a high
rate of concordance between attention deficit hyperactivity dis-
order and learning disabilities in children multiply exposed to
anesthesia.”®> Consistent with this observation, Child Behavior
Checklist: Attention Deficit Hyperactivity Disorder Problems
and Colorado Learning Difficulties Questionnaire Reading
Scales were correlated (r, = 0.42, P < 0.0001).

Although diagnoses such as attention deficit hyperactivity
disorder and learning disabilities are clinically useful, their
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causes are multifactorial, and similar phenotypes may result
from different neuropsychological deficits.?>3*4° If further
evidence supports the hypothesis that anesthesia exposure
causes a phenotype diagnosed as attention deficit hyperac-
tivity disorder or learning disabilities, the underlying mecha-
nism may be unique, and the pattern of neuropsychological
abnormalities may differ from other children diagnosed with
attention deficit hyperactivity disorder or learning disabili-
ties who are not exposed to aesthesia.

These observations also provide context to interpret pre-
clinical studies, although correlations between measures in
humans and animals must be made cautiously. Most rodent
studies consistently find sustained impairments in learning
11241 35 do the limited primate studies, > but
we find no evidence for an association between exposure and
these domains in humans. Most rodent studies find little effect
of exposure on measures of attention or locomotor activity
or behavioral tests, 4 although some recent studies in mice

suggest effects on social behavior.”” In contrast, primate stud-
48,49

and memory,

ies find effects on anxiety-related behaviors*®*® and motor
reflex deficits.*® Deficits in response rates to operant test bat-
tery tasks dependent on motor skills and processing speed are

also consistently observed in ketamine-exposed macaques.*?

Limitations

As with all observational studies, unmeasured confound-
ers may affect outcomes.®>*>! A propensity-guided strategy
attempted to recruit children who were comparable for health
status and other factors potentially relevant to neurodevelop-
ment within a population-based sample to reduce the poten-
tial for referral bias, with inverse probability of treatment
weighting used to account for residual imbalances between
exposure groups. Still, children who need procedures differ
from those who do not, and it is not possible to fully account
for such differences.®?3>? This raises the potential for con-
founding by indication if the procedural indication affects
neurodevelopmental outcomes,>
with cardiopulmonary bypass and intracranial procedures.
However, a post hoc sensitivity analysis excluding children who

such as may be the case
54,55

received at least one of these procedures had little effect on
the results (Supplemental Digital Content 9, http://links.Iww.
com/ALN/B703). The finding of a specific pattern of changes
in secondary outcomes also argues against confounding by
indication, because it is not immediately apparent what com-
mon underlying condition across all children receiving proce-
dures would produce such a specific pattern. Finally, it is also
possible that elements of procedural experience other than
anesthesia exposure, such as a stress response to surgery and
pain, may affect neurodevelopment. Thus, these findings can-
not directly demonstrate causality but should be interpreted in
the context of other animal and human data.>?

Selection bias is possible given that not all who were
invited accepted, and some characteristics of parents who
accepted differed from those who did not. Parents who
accepted may have been more concerned about their child’s
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development than those who did not, which could bias par-
ent reports of behavior and learning if such concerns differ
according to exposure status. However, the alignment of the
current results with our prior population-based studies of
attention deficit hyperactivity disorder and learning disabili-
ties based on records review’”? (in which potential selec-
tion bias is not an issue) argues against significant bias.

The need to adjust for residual imbalances even after propen-
sity-guided sampling raises the potential for statistical artifacts.
Sensitivity analyses revealed that although effect size estimates
depended on the adjustment method, the overall pattern of
results was little affected. Testing multiple secondary endpoints
also has the potential to detect spurious associations (type 1
error), prompting an a priori analysis plan that specified how
results would be interpreted (table 1) and the creation of study
composites that reduced the number of comparisons. Although
we did note a specific pattern of effects on these secondary end-
points, these results must be interpreted cautiously because they
are secondary endpoints, and multiple comparisons were made.

Although this study represents the largest in the field to
employ detailed neuropsychological assessments, there may still
be limitations in the ability to detect small differences according
to exposure category. For example, in singly exposed children,
the mean effect sizes for some scores, including the Compre-
hensive Test of Phonological Processing and fine motor com-
posite, were between 0 and the effect sizes for multiply exposed
children, but their CI included 0 (i.e., they were not statistically
significant). It is thus possible that even single exposures were
associated with subtle changes in some scores but that our study
lacked sufficient power to detect these differences.

Other potential limitations include that (1) although
most characteristics of Olmsted County residents resemble
those of other Minnesotans, some differ from the U.S. popu-
lation as a whole;*® (2) neuropsychological tests were selected
to assess important domains across a wide range of ages
within a feasible testing period, but there are strengths and
weaknesses for all tests, and some relevant domains may have
been missed; (3) approximately half of subjects had exposure
after the age of 3 yr, and these exposures could bias against
finding differences if they too affect outcomes®'% and (4)
the analysis examined mean effects over all children tested;
this approach may not be sufficiently sensitive to detect sig-
nificant effects if only some children are affected.

Conclusions

Exposure of children to procedures requiring general anes-
thesia before the age of 3 yr is not associated with lower Full-
Scale intelligence quotient in later life (assessed as a primary
outcome). In addition, single exposures are not associated
with deficits in other neuropsychological domains (assessed as
secondary outcomes). These findings should be reassuring to
clinicians and families. However, multiple exposures are associ-
ated with modest decreases in processing speed and fine motor
coordination but not changes in other neuropsychological
domains. Parents report that multiply exposed children have
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more difficulties with behavior and reading. These second-
ary outcomes must be interpreted cautiously, but suggest the
hypothesis, which will need to be evaluated in future work,
that exposure to multiple procedures requiring general anes-
thesia is associated with a subtle, specific pattern of injury that
may have consequences for subsequent learning and behavior.
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Mayo at Harvard? Vegetable Vapor Anesthetic by Morse on Boylston
Street

Painless extraction of teeth -a%m Nitrous Oxide
Gas, Vitalized Air, New Anwsthetic, Mayo's Vegetable Vapo
Sleoping Vapor or Ether glvén. e i
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Harvard Dental Parlors,
68 BOYLSTON STREET,

First-Class Dentistry at Reasonable Prices.

220z 1snbny |z uo 3senb Aq ypd‘61.000-0” 002081 0Z/EYFS8E/68/1/6Z L/spd-ajonie/Abojoisauisaue/Bio byese sqnd;/:diy wouy papeojumoq

Besides ether, which has long been associated with Harvard, the proprietary Harvard Dental Parlors offered other anes-
thetics, including Mayo’s Vegetable Vapor. As originally patented, “Mayo’s Vapor” supplemented nitrous oxide with alco-
hol, hops, and opium to prolong the anesthetic duration of the laughing gas. Only the Boston directories for 1889 and
1890 list “Dr. L. M. Morse” (right) at the 68 Boylston Street address (lower left) on the reverse of his trade card. Refining
the date further, a newspaper advertisement from April of 1890 matches exactly Morse’s anesthetic offerings (upper left)
from the trade card’s reverse: “Liquid Nitrous Oxide Gas, Vitalized Air, New Anaesthetic, Mayo’s Vegetable Vapor, Sleep-
ing Vapor or Ether.” (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)

George S. Bause, M.D., M.RH., Honorary Curator and Laureate of the History of Anesthesia, Wood Library-Museum
of Anesthesiology, Schaumburg, lllinois, and Clinical Associate Professor, Case Western Reserve University, Cleveland,
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