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ABSTRACT

Background: Anesthetics have neurotoxic effects in neonatal animals. Relevant human evidence is limited. We sought such
evidence in a structural neuroimaging study.

Methods: Two groups of children underwent structural magnetic resonance imaging: patients who, during infancy, had one of
four operations commonly performed in otherwise healthy children and comparable, nonexposed control subjects. Total and
regional brain tissue composition and volume, as well as regional indicators of white matter integrity (fractional anisotropy
and mean diffusivity), were analyzed.

Results: Analyses included 17 patients, without potential confounding central nervous system problems or risk factors,
who had general anesthesia and surgery during infancy and 17 control subjects (age ranges, 12.3 to 15.2 yr and 12.6 to
15.1 yr, respectively). Whole brain white matter volume, as a percentage of total intracranial volume, was lower for the
exposed than the nonexposed group, 37.3 +0.4% and 38.9 +0.4% (least squares mean + SE), respectively, a difference of
1.5 percentage points (95% CI, 0.3 to 2.8; P = 0.016). Corresponding decreases were statistically significant for parietal
and occipital lobes, infratentorium, and brainstem separately. White matter integrity was lower for the exposed than the
nonexposed group in superior cerebellar peduncle, cerebral peduncle, external capsule, cingulum (cingulate gyrus), and
fornix (cres) and/or stria terminalis. The groups did not differ in total intracranial, gray matter, and cerebrospinal fluid
volumes.

Conclusions: Children who had anesthesia and surgery during infancy showed broadly distributed, decreased white matter
integrity and volume. Although the findings may be related to anesthesia and surgery during infancy, other explanations are

possible. (ANESTHESIOLOGY 2017; 127:788-99)

ENERAL anesthesia (hereafter referred to as anesthe-

sia) causes histopathologic and functional changes What We Already Know about This Topic
in the central nervous system (CNS) of late fetal and early ® Anesthetics have neurotoxic effects in neonatal animals.
neonatal animals,'® associated with long-term behavioral However, neither volumes of white or gray matter in

anatomically defined brain regions nor regional indicators of
. > . ) white matter integrity have been studied in relatively healthy
than approximately 250,000 human infants in the United children undergoing anesthesia and surgery.
States have anesthesia annually.”® The possibility that this Magnetic resonance imaging at the ages of 12 to 15 yr was
exposure could result in abnormalities in CNS and cogni- performed in children who had undergone anesthesia and
surgery during infancy. Total and regional white and gray
matter volumes and regional white matter integrity were
but whether findings from animal studies apply to humans determined.

changes, including deficits in learning and memory.’> More

tive development with lifelong consequences is concerning,

is uncertain.
Direct evidence about adverse effects on CNS and

cognitive development of early anesthesia and surgery in e Children exposed to anesthesia and surgery during infancy
had lower whole brain white matter volumes than control
subjects. Regional white matter volumes and integrity were

What This Article Tells Us That Is New
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humans is limited. Most relevant studies have examined

behavioral outcomes. Earlier studies were summarized in a also reduced in the exposed children.
2008 review.” More than 30 studies have been published o Although white matter volumes and integrity were reduced
since, some summarized in more recent reviews.’ Many in exposed children, no inference about causality can be

made, and comorbid conditions may well have contributed
to the structural changes that were observed on magnetic
included patients with major medical problems that might resonance imaging.

earlier studies did not focus specifically on anesthesia and

affect CNS or cognitive function, but many recent studies
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PERIOPERATIVE MEDICINE

focused on anesthesia and relatively broader or healthier
populations or subgroups.!®'> In some studies, under some
circumstances, early anesthesia and surgery were associated
with later impairments in academic achievement!? or cogni-
tion,'>!4 or increased frequencies of learning disabilities!® or
developmental or behavioral disorders.'” The overall pattern
of results has been mixed, with some studies suggesting little
or no adverse effects.!!"13

Fewer studies have examined effects of exposure to anes-
thesia and surgery in children using neuroimaging. One
study, using magnetic resonance imaging (MRI), found some
associations of decreased cognitive test scores with altered
gray matter volumes in certain regions in children with such
exposure before their fourth birthday.'® Another study, using
functional MRI during a response inhibition test, found
differences in activity in several regions in children exposed
before their second birthday.!” Other tangentially relevant
neuroimaging studies involved regional anesthesia'® or pop-
ulations with frequent CNS problems unrelated to anesthe-
sia, making it difficult to attribute any effects to sedative or
anesthetic drugs.!”?°

Previously we reported that a higher than expected
percentage of children with anesthesia and surgery dur-
ing infancy later showed very poor academic achievement,
even among a subgroup with no potential confounding
CNS problems or risk factors during infancy.!® The pres-
ent study assessed possible associations of anesthesia and
surgery during infancy with later brain structure abnor-
malities among children with no potential confounding
CNS problems or risk factors. We compared global and
regional volumes of white and gray matter of children with
anesthesia and surgery to otherwise similar but nonex-
posed control subjects. In addition, regional white matter
measurements of fractional anisotropy and mean diffusiv-
ity were analyzed as indicators of diminished white matter
integrity.?

We hypothesized that early anesthesia and surgery
might be associated with decreased total and regional
white and gray matter volumes and white matter integ-
rity. Any such changes might be related to CNS neu-
rotoxicity of early anesthesia found in animal studies,
including apoptosis of oligodendrocytes and neurons.!-
Oligodendrocytes are essential in myelinating axons, of
which white matter is largely composed; and correlative
MRI and other evidence has been accumulating in recent
years suggesting the involvement of myelin in cognition
and learning.?”*8
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Materials and Methods
Approval

The research and consent procedures were approved by the
University of lowa Institutional Review Board (Iowa City,
Towa).

Selection of Groups of Operations

Four groups of operations were selected for the research
through a pilot study that attempted to identify operations
that were often performed under anesthesia on otherwise
healthy infants (i.e., age younger than 1 yr) and for which
sufficient numbers of cases were available for review: cir-
cumcision (older than 28 days), inguinal hernia repair and
orchiopexy (with or without hernia repair), pyloromyotomy,
and tympanostomy.

Selection and Recruitment of Patients

Department of Anesthesia (University of lowa, Iowa City,
Iowa) billing records were searched for male patients within
the targeted current age range (table 1) who had anesthe-
sia for one or more of the four groups of operations during
infancy. To recruit potential control subjects who were not
exposed to anesthesia and surgery during infancy, University
of ITowa Hospitals and Clinics medical charts were searched
for male inpatients or outpatients within the targeted cur-
rent age range. For patients exposed to anesthesia and surgery
during infancy, the entire population was considered; for the
much larger population of potential control subjects, pseudo-
randomly selected samples for different ages within the tar-
geted current age range were considered. Preliminary review
of the hospital electronic medical charts was conducted to
exclude patients who certainly or almost certainly did not
meet the inclusion—exclusion criteria (e.g., who had CNS
problems or risk factors during infancy; table 1). For some
patients exposed to anesthesia and surgery, who had already
been considered for participation in a previous study,'® medi-
cal history information from that study was also reviewed.

Letters inviting participation in the study were sent to
parents of patients. The hospital mailing addresses for par-
ents were frequently out of date because of the length of time
between the date of surgery and the present. Current mail-
ing addresses and telephone numbers were sought through
Internet searches and the MetroNet database of Experian,
a credit reporting agency. If interested, parents telephoned
a research assistant for additional information and prelimi-
nary screening. Those who were eligible and interested in
participating were subsequently seen for in-person screening
of the patient and one of his parents. Compensation was
provided for participation. During in-person screening, fol-
lowing written informed consent of the parent and consent
(age 13.0 yr or older) or assent (age less than 13.0 yr) of
the patient, we obtained demographic and medical history
information concerning the patient from the parent and
handedness (Edinburgh Handedness Inventory®), drug use
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Table 1. Exclusion Criteria

Contraindications to magnetic resonance imaging (e.g., certain types of metal in the body or claustrophobia)

Current age < 12.0 yr or > 15.25 yr*

Current severe systemic diseasest

Current use of psychotropic or other prescribed medications that could affect the results of neuroimaging or cognitive functionf
Dental braces (which would interfere with neuroimaging)

Female§

History at birth or before the first birthday of any of 18 types of prespecified conditions or procedures defined as central nervous
system disorders or potential risk factors for subsequent developmental or cognitive dysfunction||; or other medical problems during
infancy or later that might significantly affect central nervous system or cognitive development unless they were considered possible
sequelae of anesthesia and surgery (e.g., attention-deficit/hyperactivity disorder, learning disorders, and developmental delays)t

History of serious psychopathology (e.g., schizophrenia or mood disorder) based on the C-DISC, medical records, and parental report
Left or mixed handedness (i.e., Edinburgh Handedness Inventory score of < 40)

Nonnegligible use of alcohol or illicit drugs

Residence > 150 miles from University of lowa Hospitals and Clinics

Substantial uncorrected auditory or visual impairments

*This age range was chosen to assess very long-term effects of anesthesia and surgery during infancy; to minimize problems with excessive subject motion
in the scanner, entailing loss of data, which are substantially more prevalent in younger children; and to be wide enough to ensure feasibility of recruiting
enough subjects but narrow enough to reduce age-related variability. tMedical problems were evaluated by two anesthesiologist coinvestigators for a joint
decision on inclusion and exclusion. $Chronic use of stimulants to control symptoms of attention-deficit/hyperactivity disorder was permitted. §Females
were excluded because they constituted only a small percentage of patients who had anesthesia and surgery during infancy.® ||The conditions or proce-

dures are listed in table 2 of a previous report.™®

C-DISC = National Institute of Mental Health Diagnostic Interview Schedule for Children, C-DISC Version IV.

history, and psychiatric (National Institute of Mental Health
Diagnostic Interview Schedule for Children, C-DISC Ver-
sion IV*°) information from the patient. Information from
the telephone and in-person screening, the hospital elec-
tronic and paper medical charts, and additional medical his-
tory information from other hospitals and physician offices
(which was obtained whenever relevant) were extracted in
prespecified formats, including information pertaining
to inclusion—exclusion criteria (table 1), comparability of
patients exposed to anesthesia and surgery and control sub-
jects, and history of anesthesia and surgery.

Selective Recruitment of Control Subjects

To achieve comparability of the groups of patients
exposed to anesthesia and surgery and control subjects, some
prospective control subjects were excluded based on age,
race, ethnicity, household income, and medical history char-
acteristics that were unrepresentative of the patients exposed
to anesthesia and surgery. No patients exposed to anesthesia
and surgery were excluded to achieve comparability. Patients
exposed to anesthesia and surgery and an equal number of
comparable control subjects were scheduled for structural
MRI (as well as functional MRI and additional cognitive
testing after MRI, the results of which will be reported sepa-
rately). Recruitment of control subjects was then stopped.

Structural MRI

The subject was initially familiarized with the scanner
environment and procedures in a Psychology Software Tools
MRI Simulator (Psychology Software Tools, Inc., USA). Ana-
tomic and diffusion tensor imaging (DTI) (together taking
19 min) was performed on a Siemens TIM Trio 3.0T MRI
Scanner (Siemens, Germany) with a 12-channel head array.
Anatomic imaging included three-dimensional T1-weighted
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images collected in the coronal plane using an Magnetiza-
tion Prepared Rapid Acquisition Gradient Echo (MP-RAGE)
sequence (echo time [TE] = 3ms; inversion time = 900 ms;
repetition time [TR] = 2,530; flip angle = 10% field of view
[FOV] = 256x256x240mm; matrix = 256x256x240;
parallel imaging implementation = 2; bandwidth = 220
Hz/pixel) and three-dimensional T2-weighted scans col-
lected in the coronal plane (TE = 430 ms; TR = 4,800 ms;
FOV = 256 %256 x 224 mm; matrix = 256 x 256 x 160; paral-
lel imaging implementation = 2; bandwidth = 592 Hz/pixel).
Two-dimensional DTI data were acquired using a twice
refocused echo-planar spin-echo sequence in the axial plane
(TE=92ms; TR =12,000 ms; FOV = 256 x 256 mm; matrix =
128 x 80; bandwidth = 1,396 Hz/pixel; b value = 1,000 s/mm?;
no. of directions = 30).

Image Analyses

Global and regional measures of brain tissue composition
and volume were analyzed. The fully automated structural
imaging pipeline of the BRAINS software (AutoWorkup)
was used.’ A human observer blindly reviewed the images
for technical quality before analysis and reviewed for pipe-
line failures. Briefly, this pipeline reoriented the T'1-weighted
images to achieve alignment along the anterior and poste-
rior commissures and along the interhemispheric plane. The
T2-weighted images were then aligned with the anterior/
posterior commissure-aligned T1 images. Next, tissue clas-
sification was performed using a multispectral discriminant
analysis method with automated training class selection to
classify each voxel as gray matter, white matter, cerebrospinal
fluid (CSF), or blood.?? Subsequently, an atlas-based segmen-
tation into regions (frontal, parietal, temporal, and occipital
lobes; subcortical region; and cerebellum and brainstem) was
performed.®® Finally, a neural network segmentation was
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performed to delineate the brain, including surface CSE3
Volume measurements for gray matter and white matter
were then obtained for each region, as were volume mea-
surements for total (ventricular and surface) CSF and total
blood. Volume measurements were converted from voxels to
physical units (cubic centimeters).

For the DTI data, quality assurance was first performed
using DTTPrep® to eliminate diffusion gradients with artifacts
while retaining the remaining high-quality diffusion-weighted
images. Next, the diffusion-weighted images were coregistered
to the b0 image to remove motion and eddy-current artifacts.
The motion-corrected diffusion-weighted images were then
coregistered to the anterior and posterior commissure aligned
anatomic T1-weighted image generated as part of the struc-
tural image analysis using the b0 image. The resulting rigid
body transformation was used to resample the diffusion-
weighted image and to rotate the diffusion gradients.*® Tensor
estimation was then performed, and rotationally invariant sca-
lar measures of fractional anisotropy and mean diffusivity were
generated. Regional white matter measurements were made.
‘The white matter regions measured corresponded closely with
those listed in the description by Mori et a/.¥ of their White
Matter Parcellation Map, except that four regions in that list-
ing were not distinguished (medial longitudinal fasciculus,
inferior fronto-occipital fasciculus and/or uncinate fasciculus,
inferior fronto-occipital fasciculus and/or inferior longitudinal
fasciculus, and anterior commissure), and three other regions
were distinguished (fornix [column/body], pontine crossing
tract, and posterior thalamic radiation).

Statistical Analysis

The comparability of the groups (children exposed to
anesthesia and surgery vs. control subjects) with respect to
their own and their parents’ characteristics was assessed by
two independent samples Student's 7 tests for quantitative
characteristics (e.g., age) and Fisher exact tests for categorical
characteristics (e.g., ethnicity). Volumes of whole brain white
matter, gray matter, CSE and blood, as well as regional vol-
umes of white matter and gray matter, were expressed as per-
centages of total intracranial volume (total white matter, gray
matter, CSE and blood combined). Adjusting tissue volumes
for total intracranial volume has become standard practice in
cross-sectional studies in recent years to reduce the influence
of factors not associated with the mechanism of interest.?®
Left and right sides were analyzed separately, as well as com-
bined. These measures, as well as fractional anisotropy and
mean diffusivity of the white matter regions from DTT, were
compared between groups by analysis of covariance, with
subject’s age at the time of MRI as the covariate. This analyti-
cal plan was developed before examination of the data by the
first author in consultation with the authors, especially those
with expertise in biostatistics (E.O.B.) and image analysis
(V.A.M.), and another colleague experienced in pediatric
structural image analysis (PC.N.; see Acknowledgments).
In addition, secondary analyses were performed to assess
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possible confounding effects among children exposed to
anesthesia and surgery: those who had tympanostomy versus
other surgeries were compared to assess chronic otitis media,
and those who did or did not have health issues, defined as
current chronic diseases or current or past attention-deficit/
hyperactivity disorder, learning disorders, or developmental
delays, were compared. Furthermore, to assess possible con-
founders, the primary between-group analyses of covariance
were redone with health issues and low (less than $50,000)
annual household income as additional covariates. A signifi-
cance level of P < 0.05 with two-tailed tests was used for
all of the analyses. Because of the preliminary, hypothesis-
generating nature of this study, correction for multiple com-
parisons was not used. Statistical analyses were performed
using SAS 9.4 (SAS Institute Inc., Cary, North Carolina).

Results

Characteristics of Children and Their Parents

The numbers of subjects invited to participate who were
screened and recruited, who had MRI, and whose MRI data
were analyzable are shown in a flow diagram (fig. 1). For the
eligible children with some analyzable MRI data (fig. 1), the
age ranges were 12.3 to 15.2 yr for the 17 patients with anes-
thesia and surgery and 12.6 to 15.1 yr for the 17 control
subjects. Characteristics of these children and their parents
are shown in table 2.4 Patients with anesthesia and sur-
gery and control subjects did not differ significantly in age,
years of education, ethnicity, race, total intracranial volume,
height (which is potentially correlated with total intracranial
volume), household income, or a number of characteristics
related to their health status and history or their parents
education and employment. No patients with anesthesia and
surgery or control subjects had a history of medical problems
that were judged likely to have affected current brain struc-
ture, brain function, or cognition. Table 3 provides informa-
tion about characteristics of exposures to anesthesia for the
patients who were exposed during infancy, including the
types of operations and anesthetics and the age at operation
for the groups of operations during infancy selected for study,
as well as additional exposures and durations of exposures.

Whole Brain Tissue-type Volumes

Total white matter volume, as a percentage of total intra-
cranial volume, was lower in patients with anesthesia and
surgery (least squares mean + SE of 37.3+0.4%; 95% ClI,
36.5 to 38.2%) than control subjects (38.9 +0.4%; 95% CI,
38.0 t0 39.7%; P = 0.016; fig. 2). The difference was 1.5 per-
centage points (95% CI, 0.3 to 2.8; i.e., 1.5/38.9 = 3.9%)
lower for the exposed than the nonexposed group. The cor-
responding difference for gray matter was negligible (0.2%
difference), whereas that for CSF seemed large in percentage
terms (17.3% higher in patients with anesthesia and surgery
than control subjects) but was nonsignificant due to substan-
tial variability (fig. 2).
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Letters sent to parents inviting participation (N=499)

4

screening (N=82)

Parents telephoned for information and preliminary

3

’ Deemed eligible in telephone screening (N=49) |

g

’ Child and one parent screened in person (N=45) |

3

’ MRI session begun (N=36)

MRI scan not done, due to
.’ _ nausea in MRI Simulator

’ MRI session completed (N=35; 18 A&S, 17 controls) |

(N=1; A&S)

4

Volume data analyzed (N=33; 16 A&S, 17 controls);
DTl data analyzed (N=33; 17 A&S, 16 controls)

Belatedly found ineligible
due to neonatal

cardiopulmonary arrest;
data discarded without
analysis (N=1; A&S)

Volume data inadequate
for analysis (N=1; A&S)

DTI data inadequate for
analysis (N=1; control)

Fig. 1. Numbers of subjects invited to participate who were screened and recruited, who had MRI, and whose MRI data were
analyzable. A&S = anesthesia and surgery; DTI = diffusion tensor imaging; MRI = magnetic resonance imaging.

Regional White Matter Volumes

Table 4 shows white matter volumes as percentages of
total intracranial volume. The smaller total white matter vol-
ume associated with anesthesia and surgery was significant
for both left and right sides separately. For left, right, and/
or both sides combined, anesthesia and surgery were associ-
ated with significantly smaller white matter volumes in the
parietal and occipital lobes, the infratentorium as a whole,
and the brainstem. In contrast to the 12 significant differ-
ences showing associations of anesthesia and surgery with
lower white matter volumes in table 4, there were none in
the opposite direction; and corresponding analyses of gray
matter volumes showed no associations with anesthesia and
surgery.

Diffusion Tensor Imaging

Diminished white matter integrity in many disease and
injury processes is typically associated with decreased frac-
tional anisotropy and/or increased mean diffusivity.?® In
DTT, all of the significant differences associated with anes-
thesia and surgery were in the directions associated with

Anesthesiology 2017; 127:788-99

diminished white matter integrity, including six decreases
in fractional anisotropy and three increases in mean dif-
fusivity (table 5); none were in the opposite directions.
These associations occurred in the left and/or right supe-
rior cerebellar peduncle, cerebral peduncle, external cap-
sule, cingulum (cingulate gyrus), and fornix (cres) and/or
stria terminalis.

Possible Confounders

Among children exposed to anesthesia and surgery, there
were some differences in the outcome measures between
those who had tympanostomy wversus other surgeries (n = 5
and 12, respectively; table 3) and between those who did or
did not have health issues (n = 10 and 7; table 2); results not
shown. However, only one of these differences (for health
issues, white matter volume of the infratentorium, left and
right sides combined) corresponded with any of the differ-
ences associated with anesthesia and surgery (table 4, sec-
ond footnote). When the primary between-group analyses
were redone with health issues and low income as additional
covariates, 81% (17 of 21) of the significant effects (tables 4
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Table 2. Characteristics of Children and Their Parents Table 2. (Continued).
Anesthesia Control Anesthesia Control
Variable and Surgery Subjects Variable and Surgery Subjects
Age, yr 13.9+0.9 13.8+0.8 No 13 (76) 16 (94)
Education, yr 8+1 7+1 Yes _ _ 4 (24) 16)
Education (father), yr 14+3 15+4 Cu(jl'!'ent and lifelong chronic
Education (mother), yr 15+3 142 leease 14 82) 17 (100)
Total intracranial volume, cc ~ 1,493.4+116.9 1,5615.5+133.7 Yo 3(18 00
Height, cm 169+12 167+12 s (18) ©
Ethnicit Current or past ADHD,
r.1|C| y . learning disorders, or
Hispanic 1(6) 1(6) developmental delays
Not Hispanic 16 (94) 16 (94) No 8 (47) 13 (76)
Race Yes 9 (53) 4 (24)
White 16 (94) 17 (100)
Not white 1(6) 0(0) Values are mean + SD for continuous variables and number of subjects
) (percentage of subjects) for categorical variables for the children who
Annual household income had anesthesia and surgery during infancy (N = 17) and control subjects
< $50,000 4 (24) (12) (N = 17). Values are for the child except where father or mother is indi-
$50,000 to $74,999 1(6) (18) cated. P > 0.10 for all differences between groups by t tests for continu-
’ ’ ous variables and Fisher exact tests for categorical variables. Children
$75,000+ 12/(71) 12 (71) with ASA PS category Il, Charlson Comorbidity Index score® > 0, and/
Employment status (father)* or current chronic disease had the following current conditions (which,
however, were not causing any significant ongoing problems): asthma (1
Employed 15(94) 17.(100) patient), chronic kidney disease/hydronephrosis (2 patients), scoliosis
Not employed 1(6) 0(0) (1 patient), and migraine (1 control subject). ADHD, learning disorders,
Employment type (father)* and developmental delays were counted based either on parental report
i i or diagnoses in medical charts and were not included as chronic dis-
Prg:esg:gnzlr,ar&aenagerlal, 9(56) 11(65) ease above, although some children (3 patients and 0 control subjects)
pai had both.
Not profes§|(|)nal, 6(38) 6 (39) *One deceased father was omitted.
managerial, or ADHD = attention-deficit/hyperactivity disorder; ASA PS = American Soci-
comparable
; p ety of Anesthesiologists Physical Status Classification System; GED =
Retired 1(6) 0 (0) General Educational Development certificate.
Highest diploma or degree
(father)
None 1) 000 and 5), including total white matter volume, remained sig-
HIt?LTt ?g:c:gé thlg;”s 10(59) 8 (47) nificant (table 4, first footnote; table 5, footnote).
Bachelor’s or above 6 (35) 9 (53)
Employment status (mother) Discussion
Employed 14 (82) 17 (100) .
Not employed 3(18) 0(0) Differences between Groups
Employment type (mother) Patients with anesthesia and surgery differed from control
Professional, managerial, 7 (41) 9 (53) subjects in showing broadly distributed, decreased white
or comparable matter integrity and volume. White matter volume (rela-
No;g;c;ﬁ:rsignal, 741 8(47) tive to total intracranial volume) was decreased for the brain
or Compara’ble overall and several regions separately, including parietal and
Homemaker or student 3(18) 0(0) occipital lobes, infratentorium as a whole, and brainstem.
Highest diploma or degree White matter integrity was decreased in several limbic, cor-
(mother) . . . . .
ticocerebellar loop, and other regions, including superior
None 0(0) 0(0) :
High school/GED, but 8 (47) 10 (59) cerebellar peduncle, cerebral peduncle, external capsule, cin-
not bachelor’s gulum (cingulate gyrus), and fornix (cres) and/or stria ter-
Bachelor’s or above 9 (53) 7 (41) minalis. These findings might conceivably reflect long-term
ASA PS category effects in humans related to anesthesia-induced apoptosis of
I 13(76) 16 (94) oligodendrocytes in animals.! Extensive myelination pro-
I 4 (24) 1(6) . . 4 .
o ceeds gradually during human infancy.*! If human infants
Charlson Comorbidity . .o . .
Index score® experience anesthesia-induced apoptosis of myelin-produc-
0 14 (82) 17 (100) ing oligodendrocytes,?® long-lasting effects on white mat-
1-2 3(18) 0(0) ter integrity and volumes might occur. Other possibilities
Surgical risk score® include long-lasting effects of anesthesia-induced neuro-
0 o 17 (100) 17 (100) apoptosis. Changes due to apoptosis during infancy might
Current chronic disease also conceivably lead to developmental delays associated
(Continued) with more pronounced changes in white matter integrity
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Table 3. Characteristics of Exposures to General Anesthesia

Variable Data

Groups of operations during infancy selected for study
Operations (No. of patients)

Circumcision (older than 28 d) 8 (47)
Tympanostomy 5(29)
Pyloromyotomy 3(18)
Orchiopexy (with or without hernia repair) 1(6)
Volatile and gaseous anesthetics (No. of patients)*
Nitrous oxide 16 (94)
Sevoflurane 10 (59)
Isoflurane 7 (41)
Halothane 4 (24)
Desflurane 1(6)
Age at operation (d) 190+127
Additional exposures to general anesthesia (No. of
patients)
Later during infancy, at UIHCt 2(12)
After infancy, at UIHCt 6 (35)
After infancy, not at UIHC§ 5(29)

Duration of exposures to general anesthesia, min

For groups of operations during infancy selected for 62+36
study

For all exposures during infancy 68+45
For all exposures during and after infancy at UIHC|| 124+137

Values are mean = SD for continuous variables and number of subjects
(percentage of subjects) for categorical variables for the children exposed
to anesthesia and surgery during infancy (N = 17).

*Some patients received more than one volatile and gaseous anes-
thetic. Other anesthetic, sedative, or analgesic drugs administered were
morphine, propofol, and sodium thiopental; each was administered to
N =1 (6%). tEach patient had one additional exposure, and these were
at UIHC (for otolaryngologic examination or myringotomy/excision of
benign lesion). tEach patient had one to three additional exposures (for
adenoidectomy, cystourethroscopy, excision of frenum, excision of lesion
of tongue, insertion of gastrostomy tube, tonsillectomy, or tympanostomy).
§These patients each had one additional exposure (for adenoidectomy,
excision of onychocryptosis, tympanostomy, or urethral ablation). ||Dura-
tions were unavailable for exposures at facilities other than UIHC.

UIHC = University of lowa Hospitals and Clinics.

and volumes later during childhood. Major, regionally spe-
cific brain remodeling, including overall increasing white
matter and decreasing gray matter volumes, occurs during
the age range at which we performed MRI.%

Possible Cognitive Impact of White Matter Changes
Recent MRI and other studies have suggested involve-
ment of white matter changes (likely including myelin
changes) in cognition and learning.?”*> Various previous
B4 suggest that the
integrity of the regions in which we found significantly
decreased white matter integrity associated with anesthe-

studies, some summarized in reviews,

sia and surgery contributes to higher cognitive, rather than
exclusively sensorimotor, functions. This includes the corti-
cocerebellar loop regions.*> Among these cognitive func-
tions are aspects of learning and memory. The fornix (the
major outflow tract from the hippocampus) is particularly
relevant to memory.“® The regions showing decreased white
matter integrity in our study seem broadly consistent with
trends in both animal and human studies for long-lasting
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consequences of early anesthesia to occur more at a cognitive
or behavioral level than a sensorimotor level, with promi-
nent effects on learning and memory.>'* Contrariwise, the
only prospective randomized human study of cognitive defi-
cits associated with general anesthesia and surgery during

infancy showed no deficits,"!

and exposure durations were
brief and comparable to our study, making the cognitive rel-

evance of our white matter findings unclear.

Previous, Tangentially Relevant MRI Studies of Brain
Structure or Metabolism

Some previous MRI studies examined brain structure or
metabolism in relation to anesthesia or surgery during child-
hood!®1¥-21:3 or midazolam administration during neonatal
care.”?% Two involved relatively healthy children,'®!® but
one is not pertinent because it involved regional anesthe-
sia.!® The pertinent study'® involved children aged 5 to 13 yr
who did or did not have anesthesia and surgery before age 4
yr. Decreased performance IQ and language comprehension
were associated with lower gray matter volumes in portions
of the occipital cortex and cerebellum in exposed children.

Two studies examined global or regional brain volumes or
tissue types in very preterm>*2° or low birth weight?® infants.
In one,? early surgery was associated with smaller total intra-
cranial volume and deep nuclear gray matter volume as well
as more frequent visually identified moderate or severe white
matter injury, at term-equivalent age. In another study,?*
involving MRI early in life and again at term-equivalent
age, higher cumulative doses of midazolam during neona-
tal care were associated with decreased hippocampal growth
and increased mean diffusivity in a hippocampal region con-
sisting primarily of gray matter. Midazolam administration
was not associated with more frequent visually identified
white matter injury after about a month of neonatal care, on
average. An earlier study?? involving some of these infants
found no significant associations of fractional anisotropy
or N-acetylaspartate/choline ratios in several white matter
regions with cumulative doses of midazolam.

One study examined correlations of global and regional
brain volumes and global tissue types with anesthetic expo-
sure up to age 7 yr in patients with isolated oral clefts.?* No
correlations were significant overall; five subgroup analy-
ses showed one significant correlation (with frontal lobe
volume).

Approximately six studies of cardiac surgery in infants
included preoperative and postoperative brain MRI, but
most did not analyze anesthetic effects. Two studies'®?°
examined anesthetic exposure and visually identified brain

19-21

injury, including white matter injury, as predictors of neu-
ropsychologic performance around the first birthday but did
not examine whether anesthetic exposure influenced new
postoperative brain injury. In another study,*" ketamine
supplementation influenced some measures of cerebral
metabolism.
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Fig. 2. Box plots of whole brain tissue type volumes as percentages of total intracranial volume. In each box plot, the least
squares mean from analysis of covariance, adjusted for age, and the unadjusted mean (i.e., without adjustment for age) are
shown as a plus sign and diamond, respectively. The five horizontal lines, from bottom to top, show the unadjusted minimum,
first quartile, median, third quartile, and maximum (with the lines showing the first and third quartiles forming the bottom and top
of the box, respectively). The star indicates a difference between anesthesia and surgery and control subjects in analysis of cova-
riance (P = 0.016; see text). The differences for gray matter, CSF, and blood were not significant. A&S = anesthesia and surgery;
Con = control subjects; CSF = cerebrospinal fluid; Gray = gray matter; White = white matter.

We cannot state that our results agree or disagree with
previous studies, considering the many differences in patient
population and age, image analysis techniques, and other char-
acteristics. Only global outcome variables in two studies,??
and no regional outcome variables, matched any of ours.

Infants born very preterm or having isolated oral clefts
or cardiac surgery'®%> have high incidences of brain abnor-
malities, with multiple potential causes unrelated to anes-

thesia and surgery,

unlike our subjects, who had term
births and comparatively healthy infancies. Moreover, infant
cardiac surgery is associated with frequent, new postopera-
tive brain injury, with multiple potential causes other than
anesthesia.® Tsolating anesthetic effects in such populations

is challenging.

Limitations

This study was an observational study. There was limited
success in contacting and recruiting patients, with resulting
potential selection biases, and we cannot demonstrate causal
relationships of white matter integrity and volume to anesthe-
sia and surgery or distinguish influences of anesthesia versus
surgery. Effects might be different with later or longer anes-
thesia and surgery or operations of higher complexity. The
sensitivity of our volumetric and DTT measures to anesthetic
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effects in animal models is unclear. Some of the significant
effects were small, and some 95% Cls only narrowly excluded
0. We did not adjust for multiple comparisons; even mod-
est corrections would have rendered many of the significant
effects nonsignificant. Our sample size, although compa-
rable to many neuroimaging studies, was small and insufh-
cient to permit meaningful investigation of specific types of
anesthetics and surgeries, as well as duration of, and age at,
exposure. (The tympanostomy analyses, however, suggested
that our significant findings were not attributable to chronic
otitis media.) With our sample size, statistical significance
required an effect size of Cohen’s d at or greater than 0.75 for
whole brain white matter volume. Power at or greater than
0.9 would have required 28 subjects/group with the effect size
that we observed (Cohen’s d = 0.89; a0 = 0.05, and a two-tailed
test). The clinical significance of an effect of this magnitude
associated with anesthesia and surgery is unknown. Larger
samples will be needed to investigate this. This effect size may
be compared with some extensively studied drug effects; for
example, white matter atrophy is often considered a hallmark
injury of alcohol use disorders, and the average effect size was
0.30 in a meta-analysis (maximum of 1.21 among the studies
included).” As additional meta-analytic comparisons, aver-
age effect sizes were 0.17 (maximum = 0.80) for white matter
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Table 4. White Matter Volumes as Percentages of Total Intracranial Volume

Region A&S Control Subjects Difference P Value
Left
Cerebrum 15.4+0.2 15.9+0.2 0.5(-0.1to1.1) 0.108
Frontal lobe 5.7+0.1 5.7+0.1 0.1 (-0.3t0 0.4) 0.668
Parietal lobe 3.7+0.1 3.9+0.1 0.2 (0.0t0 0.4) 0.014*
Temporal lobe 2.6+0.1 2.7+0.1 0.1 (-0.0t0 0.3) 0.160
Occipital lobe 1.8+0.0 1.8+0.0 0.1(-0.0t0 0.2) 0.135
Subcortical 1.8+0.0 1.7+0.0 —-0.0 (-0.1 t0 0.0) 0.445
Infratentorium 3.3+0.1 3.5+0.1 0.2 (-0.0to 0.5) 0.062
Cerebellum 2.5+0.1 2.7+0.1 0.1 (-0.1t0 0.3) 0177 o
Brainstem 0.7+0.0 0.8+0.0 0.1(0.0t0 0.2) 0.020 g
Total 18.7+0.2 19.4+0.2 0.7 (0.1t0 1.3) 0.031* g
Right %
Cerebrum 15.5+0.2 16.0+0.2 0.5(-0.0to 1.1) 0.064 g
Frontal lobe 5.9+0.1 5.9x+0.1 0.1 (-0.3t0 0.4) 0.685 5
Parietal lobe 3.6+0.1 3.9+0.1 0.3 (0.11t0 0.5) 0.003 5
Temporal lobe 2.6+0.1 2.7+0.1 0.1 (-0.0t0 0.3) 0.084 §J
Occipital lobe 1.6+0.0 1.7+0.0 0.1(-0.0t0 0.2) 0.115 %
Subcortical 1.8+0.0 1.8+0.0 -0.0 (-0.1 t0 0.1) 0.677 %
Infratentorium 3.2+0.1 3.5+0.1 0.3 (0.1 to 0.5) 0.012 5
Cerebellum 2.5+0.1 2.7+0.1 0.2 (-0.0to 0.4) 0.060 QB\)
Brainstem 0.7+0.0 0.8+0.0 0.1(0.0t0 0.2) 0.007 3
Total 18.7+0.2 19.5+0.2 0.8 (0.2to 1.4) 0.009 g
Left + right g
Cerebrum 30.9+0.4 31.9+0.4 1.0(-0.11t02.2) 0.081 %
Frontal lobe 11.5+0.2 11.7+0.2 0.1 (-0.5t0 0.8) 0.667 §
Parietal lobe 7.3+0.1 7.8+0.1 0.5(0.2t00.8) 0.004 3
Temporal lobe 5.1+0.1 5.4+0.1 0.2 (-0.1 to 0.5) 0.104 E
Occipital lobe 3.4+0.1 3.5+0.1 0.2 (0.0to 0.4) 0.049* 5
Subcortical 3.6+0.0 3.5+0.0 -0.0 (-0.2t0 0.1) 0.539 g
Infratentorium 6.5+0.2 7.0+£0.2 0.5(0.1t0 1.0) 0.024t1 §
Cerebellum 5.0+0.1 54+0.1 0.3(-0.1t00.7) 0.097 §
Brainstem 1.4+0.1 1.6+0.0 0.2 (0.1t00.3) 0.010 §
Total 37.3+0.4 38.9+0.4 1.5(0.31t02.8) 0.016 g
o
Least squares means and SEs from analysis of covariance, adjusted for age, are shown, along with the difference between anesthesia and surgery and ‘g
control subjects, the 95% Cl for the difference, and the P value. 0.0 represents values > 0 and < 0.05; -0.0 represents values > -0.05 and < 0. Correspond- =3
ing unadjusted means and SDs are shown along with the above least squares means and SEs in a table in Supplemental Digital Content 1 (http://links. S
Iww.com/ALN/B523). The whole brain is separated into the cerebrum and infratentorium, the cerebrum into the four lobes and subcortical region, and the a
infratentorium into the cerebellum and brainstem. Significant P values are in boldface (in all cases, means were lower for anesthesia and surgery than control g
subjects). Qa
*These differences were not significant when health issues (see Statistical Analysis section for definition) and household income (less than $50,000) were @
controlled: left parietal, least squares mean + SE, 3.6 +0.1% for anesthesia and surgery and 3.8+0.1% for control subjects (P = 0.053), difference of 0.2 S
percentage points, 95% Cl =-0.0 to 0.3; left total, 18.8+0.2% and 19.4+0.3%, respectively (P = 0.079), difference of 0.6 percentage points, 95% Cl = -0.1 N
to 1.2; left plus right occipital, 3.4 +0.1% and 3.5+0.1%, respectively (P = 0.096), difference of 0.2 percentage points, 95% Cl = -0.0 to 0.4. tThere was a =
significant difference corresponding with this one in the analysis among children exposed to anesthesia and surgery that compared those who did or did s
not have health issues, that is, lower values for those who did (least squares mean + SE of 6.1+0.2%) than those who did not (6.9+0.3%; P = 0.048). The N
difference was 0.7 percentage points (95% Cl = 0.0 to 1.5). §

A&S = anesthesia and surgery.

atrophy in medicated schizophrenics®® and 0.53 (maximum
= 1.05) for lower fractional anisotropy of the splenium of the
corpus callosum in medicated and antipsychotic-naive schizo-
phrenics combined.!

We excluded subjects with CNS problems or risk factors
to avoid confounding effects of anesthesia and surgery. Sub-
jects were exclusively male and mostly white, non-Hispanic,
and reasonably healthy. Many were of fairly high socioeco-
nomic status as reflected in household income and their par-
ents’ graduation from college and type of employment. They
were similar in race and ethnicity (94% white, 6% Hispanic)

Anesthesiology 2017; 127:788-99

but higher in socioeconomic status (median annual house-
hold income of $75,000 or more), compared with the lowa
population generally (91% white, 5% Hispanic or Latino,
$52,716 income>?) and patients who had anesthesia and sur-
gery during infancy in our previous study.'® The difference
in socioeconomic status between studies suggests selection
bias; higher-status compared with lower-status individuals
may be more willing to undergo neuroimaging (which our
previous study did not involve). Patients who differed from
ours in any of these characteristics might show different
effects of anesthesia and surgery.

Block et al.

Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/ALN/B523
http://links.lww.com/ALN/B523

RIOPERATIVE MEDICINE

Slgegggys|sss 3§ Although our exposed and nonexposed subjects were rea-
S|lcgao~-aoag|sne £ i isti
z S335333|3es 3 §onably well-matched (P>.O.110) in the. characterllstlcs shf)wn
s25 g in table 2, there were nonsignificant differences in the direc-
s8T7 o . . .
°oGg 8 tions of more health issues, annual household income under
— —_ = Oco = . .
—_— = oS o i
gg 558 S8|egps S $50,000, and nonemployed parents associated with expo
N IER R A sure. The groups may have differed in other, unevaluated
— T o 5] .. . ERL
2 el 2222222552 o characteristics (e.g., household size and number of siblings).
(%] —O AN M I T W0 own? wi . .
E sl TRNCe oo |=58 o The observed white matter differences may have been con-
E|] o000 o0o0o | 0o H e .
% ol LI Il IIlIlllced o founded by such characteristics. There was some evidence of
OMN ™ ™ A AN O on 2 < b .
- P ISR B = § £ this (tables 4 and 5, footnotes).
> OO0 OO0 O OO Q5 »
b= TrT 1T 1T 1 T1T71|l£32 8
= “ad 5 o
@ & s . S
2 Te8 = Conclusions E
EE _QQ O n :O_;
a 0| 583555y |9es B Our findings of broadly distributed, decreased white 8
c| o%r 929 230 o . . . . . 2
= s8E o atter inte and volume associated with anesthesia a oy
gl £8|$9929<9 SE matter integrity and volum iated with anesthesia and =
ol £%3 . / . . g
= 8(,3, Nggeeeg|se: 2 surgery in patients without other CNS problems or risk 3
P B S R Ly S o+ o . . =
"6cS5c85|g g £ £ factors accord with concerns about the widespread use of i
c o
@ . . . .
S92 o anesthesia during infancy and early childhood. Our study g
(5] [9] . . . . . . K
N8I sssy 522 £ cannot determine whether this association is causative. Our 2
QO QQOQO | 527 o . . .. . e
212999999228 8 study design mandates caution in interpretation, and the s
C cw - . . . . . o
NG NPPY| 868 g findings should be considered tentative until further verifi- 3
TS ococoo | @28 3 . . . . S
. - gsczc cation. Larger studies are needed to replicate our findings, 3
£2=35 c . . .. ?
@ gRAL= = control better for possible confounding characteristics, and 2
o N SO 0 @
c [oR] . .. 4
05) S o b © o~ g'(% g2 evaluate the influences of other characteristics, for exam- g
s YR =B 28 o . . g
b S|S-cS85a|8gss e ple, sex and duration of, and age at, anesthesia and surgery. 8
o u|ScScScSSS| 2825 3 We f d on anesthesia and surgery during infancy, but g
5 Bgo28 e focused on anesthesia and surgery during infancy, bu S
e © . . . . . . e
8 883822 myelination and synaptogenesis continue after infancy in 2
< SBEGC < . . . . . =3
B sYssoaal| 52528 humans,” making time windows of risk for apoptosis of 3
- ETNT 3 . . . . 3
£ 0| S°5S5S55S |58 2 oligodendroctyes and neurons associated with anesthesia a
o o © 508 T . . .
£ cler oo |sP2=5G and surgery, and possible long-term correlates, uncertain. &
2 > o ~rOr-romao | £T88Y =S .. . . &
-] & glescccaoc 553850 Additional studies should try to separate possible effects of 8
Q s =S|lclgoccscgsgog Q55 =28 . . . Y
S| © Ol s ooo S| 2828 cC anesthesia versus surgery by prospective, randomized con- 5
o 2 ot 28 o . . . .. <
ol = 2823328288 §°9 trolled trials'! or nonrandomized studies examining effects N
9] 3 S . . . =
<|= AR (LJ' of anesthesia for nonsurgical procedures and surgical proce- 8
> S 0o . .. .
2] 2 G262 T dures varying in invasiveness. =
= 3] » AN T NN Qoo O Q20O ]
a| 8| s2|l22c5885(gsge 88 g
rl EQlocoocoocococoo LO25% @ I
£ ELl v nHH 0|88 0y g
a sSlogunwas| 543 50 Acknowledgments s
= OZ|S8uvaaas|T8sE3 ‘ ‘ . , g
3 Soocococoo|,25 <) The authors thank Peggy C. Nopoulos, M.D., Daniel S. O’Leary, @
TS0L2 = T® . ; . @
% £52° 9 § Ph.D., and Jatin G. Vaidya, Ph.D., Department of Psychiatry, a
n O F o 2 . . . . . °
@ 2-8¢8 20 University of Iowa (ITowa City, Iowa); Daniel J. Bonthius, M.D., 2
a ra N rraNN— | T2 SE Lo . . . 3
s S8 Q900 Q|85 gn3 Ph.D., Department of Pediatrics, University of lowa (Iowa City, =
b —_ . .
S 21393939 % S8 S §0 Towa); and Michael M. Todd, M.D., Department of Anesthesi- 3
= amo 2% versi esota. (Minneanolis. Mi . >
S < BRRILLT g £22 95 ology, University of Minnesota, (Minneapolis, Minnesota), for 8
S SScococc|z3deg) advice concerning study design, image analyses, and/or inter- R
§ g 9 g § 2 2 pretation of results.
Le®£2
5 = |28 g 82
? 5| >3558 €3
- = 2|85ss 62 Research Support
5 © 5 X €70
g S §8 . . e
T o 2 E-g|e8fa 22 Supported by SmartTots (San Francisco, California) and De-
c - — o - . .
5 o| o =2 % 203583 partment of Anesthesia, Roy J. and Lucille A. Carver College
- o P ANET &5 = .. . . .
¥ % = a5 c'i'otﬁ nEo EL T of Medicine, University of Iowa (Iowa City, lowa).
s S| B S5a|w2yf959
“l oD% 33E | 88e>23 3
3 c Q_':i’%mwﬁ S>8E B89 2 .
% Slss s 2885|2252 55 ¢ Competing Interests
3 b =0 © LS S5 = ToOxE © . :
5 o % 5532282853 i% o The authors declare no competing interests.
D 5 oo g ==0 0 SEC OS2
(=) 9 00 O gL H| 0026 c® S
= O Q Qo [} S0 22> 0
_ Bl c2coegeg[535855 ¢
o S|lssss558|2888¢8%% Correspondence
0 2| Q8 EST x| 2568703 ,
5 £l 2§52 22 |8 St g€v 9 Address correspondence to Dr. Block: Anesthesia Research,
[ SlaoodooLlSSashb &< Westlawn Building, Room 5140, University of Iowa, lowa
Anesthesiology 2017; 127:788-99 797 Block et al.

Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/ALN/B524

City, Towa 52242. robert-block@uiowa.edu. This article may
be accessed for personal use at no charge through the Jour-
nal Web site, www.anesthesiology.org.

References

1.

10.

11.

12.

13.

14.

Brambrink AM, Back SA, Riddle A, Gong X, Moravec MD,
Dissen GA, Creeley CE, Dikranian KT, Olney JW: Isoflurane-
induced apoptosis of oligodendrocytes in the neonatal pri-
mate brain. Ann Neurol 2012; 72:525-35

. Creeley C, Dikranian K, Dissen G, Martin L, Olney J,

Brambrink A: Propofol-induced apoptosis of neurones and
oligodendrocytes in fetal and neonatal rhesus macaque
brain. Br J Anaesth 2013; 110(suppl 1):i29-38

. Creeley CE, Dikranian KT, Dissen GA, Back SA, Olney JW,

Brambrink AM: Isoflurane-induced apoptosis of neurons
and oligodendrocytes in the fetal rhesus macaque brain.
ANESTHESIOLOGY 2014; 120:626-38

. Ikonomidou C, Bosch F, Miksa M, Bittigau P, Vockler J,

Dikranian K, Tenkova TI, Stefovska V, Turski L, Olney JW:
Blockade of NMDA receptors and apoptotic neurodegenera-
tion in the developing brain. Science 1999; 283:70-4

. Jevtovic-Todorovic V, Hartman RE, Izumi Y, Benshoff ND,

Dikranian K, Zorumski CF, Olney JW, Wozniak DF: Early
exposure to common anesthetic agents causes widespread
neurodegeneration in the developing rat brain and persistent
learning deficits. J Neurosci 2003; 23:876-82

. Lin EP, Soriano SG, Loepke AW: Anesthetic neurotoxicity.

Anesthesiol Clin 2014; 32:133-55

. Rabbitts JA, Groenewald CB, Moriarty JP, Flick R:

Epidemiology of ambulatory anesthesia for children in
the United States: 2006 and 1996. Anesth Analg 2010;
111:1011-5

. Tzong KY, Han S, Roh A, Ing C: Epidemiology of pediatric

surgical admissions in US children: Data from the HCUP Kids
Inpatient Database. J Neurosurg Anesthesiol 2012; 24:391-5

. Loepke AW, Soriano SG: An assessment of the effects of gen-

eral anesthetics on developing brain structure and neurocog-
nitive function. Anesth Analg 2008; 106:1681-707

Block RI, Thomas JJ, Bayman EO, Choi JY, Kimble KK, Todd
MM: Are anesthesia and surgery during infancy associ-
ated with altered academic performance during childhood?
ANESTHESIOLOGY 2012; 117:494-503

Davidson AJ, Disma N, de Graaff JC, Withington DE, Dorris
L, Bell G, Stargatt R, Bellinger DC, Schuster T, Arnup SJ,
Hardy P, Hunt RW, Takagi MJ, Giribaldi G, Hartmann PL,
Salvo I, Morton NS, von Ungern Sternberg BS, Locatelli BG,
Wilton N, Lynn A, Thomas JJ, Polaner D, Bagshaw O, Szmuk
P, Absalom AR, Frawley G, Berde C, Ormond GD, Marmor
J, McCann ME; GAS consortium: Neurodevelopmental
outcome at 2 years of age after general anaesthesia and
awake-regional anaesthesia in infancy (GAS): An interna-
tional multicentre, randomised controlled trial. Lancet 2016;
387:239-50

DiMaggio C, Sun LS, Kakavouli A, Byrne MW, Li G: A retro-
spective cohort study of the association of anesthesia and
hernia repair surgery with behavioral and developmental
disorders in young children. J Neurosurg Anesthesiol 2009;
21:286-91

Flick RP, Katusic SK, Colligan RC, Wilder RT, Voigt RG,
Olson MD, Sprung J, Weaver AL, Schroeder DR, Warner DO:
Cognitive and behavioral outcomes after early exposure to
anesthesia and surgery. Pediatrics 2011; 128:1053-61

Stratmann G, Lee J, Sall JW, Lee BH, Alvi RS, Shih J, Rowe AM,
Ramage TM, Chang FL, Alexander TG, Lempert DK, Lin N, Siu
KH, Elphick SA, Wong A, Schnair CI, Vu AF, Chan JT, Zai H,
Wong MK, Anthony AM, Barbour KC, Ben-Tzur D, Kazarian NE,
Lee JY, Shen JR, Liu E, Behniwal GS, Lammers CR, Quinones
Z, Aggarwal A, Cedars E, Yonelinas AP, Ghetti S: Effect of
general anesthesia in infancy on long-term recognition

Anesthesiology 2017; 127:788-99

798

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Infant Anesthesia and Surgery and White Matter

memory in humans and rats. Neuropsychopharmacology
2014; 39:2275-87

Sun LS, Li G, Miller TL, Salorio C, Byrne MW, Bellinger DC,
Ing C, Park R, Radcliffe J, Hays SR, DiMaggio CJ, Cooper
TJ, Rauh V, Maxwell LG, Youn A, McGowan FX: Association
between a single general anesthesia exposure before age
36 months and neurocognitive outcomes in later childhood.
JAMA 2016; 315:2312-20

Backeljauw B, Holland SK, Altaye M, Loepke AW: Cognition
and brain structure following early childhood surgery with
anesthesia. Pediatrics 2015; 136:e1-12

Taghon TA, Masunga AN, Small RH, Kashou NH: A compari-
son of functional magnetic resonance imaging findings in
children with and without a history of early exposure to gen-
eral anesthesia. Paediatr Anaesth 2015; 25:239-46

Spann MN, Serino D, Bansal R, Hao X, Nati G, Toth Z,
Walsh K, Chiang IC, Sanchez-Pefa J, Liu J, Kangarlu A, Liu
F, Duan Y, Shova S, Fried J, Tau GZ, Rosen TS, Peterson BS:
Morphological features of the neonatal brain following expo-
sure to regional anesthesia during labor and delivery. Magn
Reson Imaging 2015; 33:213-21

Andropoulos DB, Easley RB, Brady K, McKenzie ED,
Heinle JS, Dickerson HA, Shekerdemian L, Meador M,
Eisenman C, Hunter JV, Turcich M, Voigt RG, Fraser CD Jr.:
Changing expectations for neurological outcomes after the
neonatal arterial switch operation. Ann Thorac Surg 2012;
94:1250-6

Andropoulos DB, Ahmad HB, Haq T, Brady K, Stayer SA,
Meador MR, Hunter JV, Rivera C, Voigt RG, Turcich M, He CQ,
Shekerdemian LS, Dickerson HA, Fraser CD, Dean McKenzie
E, Heinle JS, Blaine Easley R: The association between brain
injury, perioperative anesthetic exposure, and 12-month neu-
rodevelopmental outcomes after neonatal cardiac surgery: A
retrospective cohort study. Paediatr Anaesth 2014; 24:266-74
Bhutta AT, Schmitz ML, Swearingen C, James LP,
Wardbegnoche WL, Lindquist DM, Glasier CM, Tuzcu V,
Prodhan P, Dyamenahalli U, Imamura M, Jaquiss RD, Anand
KJ: Ketamine as a neuroprotective and anti-inflammatory
agent in children undergoing surgery on cardiopulmonary
bypass: A pilot randomized, double-blind, placebo-controlled
trial. Pediatr Crit Care Med 2012; 13:328-37

Brummelte S, Grunau RE, Chau V, Poskitt KJ, Brant R, Vinall
J, Gover A, Synnes AR, Miller SP: Procedural pain and brain
development in premature newborns. Ann Neurol 2012;
71:385-96

Conrad AL, Goodwin JW, Choi J, Block RI, Nopoulos P: The
relationship of exposure to anesthesia on outcomes in chil-
dren with isolated oral clefts. J Child Neurol 2017; 32:308-15
Duerden EG, Guo T, Dodbiba L, Chakravarty MM, Chau V,
Poskitt KJ, Synnes A, Grunau RE, Miller SP: Midazolam dose
correlates with abnormal hippocampal growth and neurode-
velopmental outcome in preterm infants. Ann Neurol 2016;
79:548-59

Filan PM, Hunt RW, Anderson PJ, Doyle LW, Inder TE:
Neurologic outcomes in very preterm infants undergoing
surgery. J Pediatr 2012; 160:409-14

Chanraud S, Zahr N, Sullivan EV, Pfefferbaum A: MR diffu-
sion tensor imaging: A window into white matter integrity of
the working brain. Neuropsychol Rev 2010; 20:209-25
Fields RD: White matter in learning, cognition and psychiat-
ric disorders. Trends Neurosci 2008; 31:361-70

Michalski J-P, Kothary R: Oligodendrocytes in a nutshell. Front
Cell Neurosci 2015; 9:340, doi: 10.3389/fncel.2015.00340
Oldfield RC: The assessment and analysis of handedness:
The Edinburgh inventory. Neuropsychologia 1971; 9:97-113
Shaffer D, Fisher P, Lucas CP, Dulcan MK, Schwab-Stone ME:
NIMH Diagnostic Interview Schedule for Children Version IV
(NIMH DISC-IV): Description, differences from previous ver-
sions, and reliability of some common diagnoses. J Am Acad
Child Adolesc Psychiatry 2000; 39:28-38

Block et al.

¥202 UdJe|N 0 uo 1senb Aq ypd'02000-0 001 | L1 0Z/¥9208€/882/S/L21/4pd-81o1E/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d)Y WO papeojumoq

Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


mailto:robert-block@uiowa.edu

PERIOPERATIVE MEDICINE

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Pierson R, Johnson H, Harris G, Keefe H, Paulsen JS,
Andreasen NC, Magnotta VA: Fully automated analysis using
BRAINS: AutoWorkup. Neuroimage 2011; 54:328-36

Harris G, Andreasen NC, Cizadlo T, Bailey JM, Bockholt
HJ, Magnotta VA, Arndt S: Improving tissue classification in
MRI: A three-dimensional multispectral discriminant analysis
method with automated training class selection. J Comput
Assist Tomogr 1999; 23:144-54

Andreasen NC, Rajarethinam R, Cizadlo T, Arndt S, Swayze VW
11, Flashman LA, O’Leary DS, Ehrhardt JC, Yuh WT: Automatic
atlas-based volume estimation of human brain regions from
MR images. ] Comput Assist Tomogr 1996; 20:98-106
Magnotta VA, Heckel D, Andreasen NC, Cizadlo T, Corson
PW, Ehrhardt JC, Yuh WT: Measurement of brain structures
with artificial neural networks: Two- and three-dimensional
applications. Radiology 1999; 211:781-90

Liu Z, Wang Y, Gerig G, Gouttard S, Tao R, Fletcher T, Styner
M: Quality control of diffusion weighted images. Proc SPIE
Int Soc Opt Eng 2010; 7628: doi: 10.1117/12.844748

Tao X, Miller JV: A method for registering diffusion weighted
magnetic resonance images. Med Image Comput Comput
Assist Interv 2006; 9(pt 2):594-602

Mori S, Oishi K, Jiang H, Jiang L, Li X, Akhter K, Hua K,
Faria AV, Mahmood A, Woods R, Toga AW, Pike GB, Neto
PR, Evans A, Zhang ], Huang H, Miller MI, van Zijl P,
Mazziotta J: Stereotaxic white matter atlas based on dif-
fusion tensor imaging in an ICBM template. Neuroimage
2008; 40:570-82

Monnig MA, Tonigan JS, Yeo RA, Thoma RJ, McCrady BS:
White matter volume in alcohol use disorders: A meta-analy-
sis. Addict Biol 2013; 18:581-92

Charlson ME, Pompei P, Ales KL, MacKenzie CR: A new
method of classifying prognostic comorbidity in longitudi-
nal studies: Development and validation. J Chronic Dis 1987;
40:373-83

Rhee D, Salazar JH, Zhang Y, Yang J, Yang J, Papandria D,
Ortega G, Goldin AB, Rangel SJ, Chrouser K, Chang DC,
Abdullah F: A novel multispecialty surgical risk score for
children. Pediatrics 2013; 131:€829-36

Anesthesiology 2017; 127:788-99

799

41.

42.

43.

44.

45.

406.

47.

48.

49.

50.

51.

52.

53.

Deoni SC, Dean DC III, O’Muircheartaigh J, Dirks H, Jerskey
BA: Investigating white matter development in infancy and
early childhood using myelin water faction and relaxation
time mapping. Neuroimage 2012; 63:1038-53

Giedd JN, Lalonde FM, Celano MJ, White SL, Wallace GL, Lee
NR, Lenroot RK: Anatomical brain magnetic resonance imag-
ing of typically developing children and adolescents. ] Am
Acad Child Adolesc Psychiatry 2009; 48:465-70

Schmithorst VJ, Yuan W: White matter development during
adolescence as shown by diffusion MRI. Brain Cogn 2010;
72:16-25

Andreasen NC, Pierson R: The role of the cerebellum in
schizophrenia. Biol Psychiatry 2008; 64:81-8

Phillips JR, Hewedi DH, Eissa AM, Moustafa AA: The cer-
ebellum and psychiatric disorders. Front Public Health 2015;
3:66, doi: 10.3389/fpubh.2015.00066

Raslau FD, Augustinack JC, Klein AP, Ulmer JL, Mathews VP,
Mark LP: Memory part 3: The role of the fornix and clinical
cases. AJNR Am J Neuroradiol 2015; 36:1604-8

Duerden EG, Taylor MJ, Miller SP: Brain development in
infants born preterm: Looking beyond injury. Semin Pediatr
Neurol 2013; 20:65-74

Nelson DP, Andropoulos DB, Fraser CD ]Jr.: Perioperative
neuroprotective strategies. Semin Thorac Cardiovasc Surg
Pediatr Card Surg Annu 2008; 11:49-56

Nopoulos P, Langbehn DR, Canady J, Magnotta V, Richman L:
Abnormal brain structure in children with isolated clefts of
the lip or palate. Arch Pediatr Adolesc Med 2007; 161:753-8
Haijma SV, Van Haren N, Cahn W, Koolschijn PC, Hulshoff Pol
HE, Kahn RS: Brain volumes in schizophrenia: A meta-analy-
sis in over 18 000 subjects. Schizophr Bull 2013; 39:1129-38
Patel S, Mahon K, Wellington R, Zhang J, Chaplin W, Szeszko PR:
A meta-analysis of diffusion tensor imaging studies of the cor-
pus callosum in schizophrenia. Schizophr Res 2011; 129:149-55
United States Census Bureau: American FactFinder. Available
at: http://factfinder.census.gov. Accessed July 22, 2016

Jiang X, Nardelli J: Cellular and molecular introduction to
brain development. Neurobiol Dis 2016; 92(pt A):3-17

Block et al.

¥202 UdJe|N 0 uo 1senb Aq ypd'02000-0 001 | L1 0Z/¥9208€/882/S/L21/4pd-81o1E/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d)Y WO papeojumoq

Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


http://factfinder.census.gov

