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Abstract

Introduction—Recent animal and human epidemiological studies suggest that early childhood 

exposure to anesthesia may have adverse effects on brain development. As more than 50% of 

pregnant women in the United States and one-third in the United Kingdom receive regional 

anesthesia during labor and delivery, understanding the effects of perinatal anesthesia on postnatal 

brain development has important public health relevance.

Methods—We used high-resolution Magnetic Resonance Imaging (MRI) to assess the effects of 

regional anesthesia during labor and delivery as part of a larger study of perinatal exposures on the 

morphological features of the neonatal brain. We mapped morphological features of the cortical 

surface in 37 healthy infants, 24 exposed and 13 unexposed to regional anesthesia at delivery, who 

were scanned within the first 6 weeks of life.

Results—Infants exposed to maternal anesthesia compared with unexposed infants had greater 

local volumes in portions of the frontal and occipital lobes bilaterally and right posterior portion of 

the cingulate gyrus. Longer durations of exposure to anesthesia correlated positively with local 

volumes in the occipital lobe.

Conclusions—Anesthesia exposure during labor and delivery was associated with larger 

volumes in portions of the frontal and occipital lobes and cingulate gyrus in neonates. 
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Longitudinal MRI studies are needed to determine whether these morphological effects of 

anesthesia persist and what their consequences on cognition and behavior may be.
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1. Introduction

In 2007 and 2011 the U.S. Food and Drug Administration held advisory meetings to discuss 

emerging animal and human research suggesting that exposure to anesthetic agents during 

infancy and early childhood can be neurotoxic and produce long-term learning deficits [1, 

2]. The committee determined that further studies are needed to establish the dose and 

duration of anesthetic use that produces the neurotoxic effects reported in young animals and 

humans, and it recommended that elective surgeries requiring administration of anesthesia 

be delayed whenever possible in children younger than three years of age.

Brain development during early childhood represents a unique temporal window of potential 

vulnerability to the neurotoxic effects of anesthetic agents, as the major architectural 

features of the brain are established during prenatal and early postnatal life [3]. The brain 

grows most rapidly between the third trimester of gestation and the fourth postnatal month 

[3], primarily as a consequence of glial cell proliferation, but also of synapse formation and 

the arborization of axons and dendrites [4]. Neurons at this time also establish early 

functional circuits as foundations for the later emergence of more elaborate networks that 

support higher-order cognitive functions [5].

Prior studies have reported divergent neurobehavioral effects of neonatal exposure to 

anesthesia. Whereas several studies reported that exposure to anesthesia via maternal 

epidural and spinal block had no discernible short-term effects on neonatal behavior [6], 

several others suggested that anesthetic exposure during labor and delivery depresses 

neonatal sucking [7], muscle tone, and strength [8], albeit only transiently in some cases. 

None of these studies assessed the long-term neurodevelopmental effects of anesthetic 

exposure during labor and delivery.

Detection of anesthetic drug levels in the umbilical vein and artery at birth indicates that 

maternally administered regional anesthesia can reach the human fetus [9]. Although animal 

studies across many species have shown that exposure to anesthetic agents increase 

apoptosis [10, 11] and the density of dendritic spines [12], to date no human studies have 

assessed the effects of in utero exposure to anesthesia on brain development.

The current study of healthy, full-term neonates was a naturalistic assessment of the 

correlates of regional (epidural or spinal) exposure to anesthesia with indices of local 

volume across the cerebral surface. Based on findings from animal studies, we hypothesized 

that exposure to regional anesthesia would be associated with altered measures of brain 

maturation.
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2. Methods

2.1 Participants

Our cohort of 37 healthy infants was a subset of participants in a larger study of perinatal 

exposures on infant brain development. Pregnant women were recruited from 2005 to 2009 

during the first to third trimester of pregnancy from prenatal clinics at New York 

Presbyterian Hospital, Columbia University Medical Center. Inclusion criteria for healthy 

infants included a maternal age at conception of 18–45 years, no major prenatal or delivery 

complications, gestational age ≥ 37 weeks, birth weight >10th percentile relative to the 

national standards, no major congenital anomalies, and an uncomplicated neonatal nursery 

course. Infants were excluded if the mother had a history of a chronic medical disease, used 

drugs of abuse, smoked cigarettes, or drank more than 1 ounce of alcohol during any 

trimester. Parents provided informed written consent for their infant to participate in the 

study including the MRI scan. Infants were imaged within the first 6 weeks of life. All study 

procedures were approved by the Institutional Review Board of the New York State 

Psychiatric Institute.

2.2 Procedures

2.2.1 Measures—To determine whether mother-infant dyads were eligible for the study, 

we administered to all mothers a hospital screening survey that included questions on health, 

use of drugs of abuse, smoking, and alcohol. The Hollingshead Index of Social Status was 

estimated using the highest educational and current occupational levels attained by the 

parent(s) [13].

A neonatologist extracted from the clinical record obstetrical and neonatal data for the 

course of pregnancy, labor, and delivery, use of analgesia/anesthesia, laboratory data, and 

neonatal course (e.g., Apgar scores and physical exam).

The standard regional analgesia (A) and anesthesia (B) protocols used at New York 

Presbyterian Hospital are listed (STable 1 in the Supplement). Regional analgesia and 

anesthesia for labor and delivery refers to the use of local anesthetic and adjuvant drugs that 

at varying doses relieve pain or produce partial or complete loss of sensation in a localized 

area. Analgesia refers to the use of lower doses of the medication that provides pain relief 

with or minimal or no loss of sensation. Anesthesia refers to the use of higher doses of the 

medications that provide pain relief with loss of sensation. Because the terms are often used 

interchangeably and therefore for simplicity, we will use the term anesthesia to refer to 

analgesia and anesthesia.

2.2.2 MRI Scanning—The infants were fed, swaddled, and given time to fall asleep. No 

sedatives were used. Foam ear plugs along with ear shields (Natus Medical Inc., San Carlos, 

CA) were applied to dampen scanner noise. MRI safe ECG and pulse oximetry leads were 

placed and heart rate and oxygen saturation were continually monitored during the scan 

(InVivo Research, Orlando, FL). Infants were acclimated to the scanner environment and 

noise before the start of scanning. Scans were stopped at any signs of infant discomfort or 

changes in vital signs.
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Images were obtained using a 3 Tesla GE Signa MRI scanner (Milwaukee, Wisconsin) and 

an 8-channel head coil. A 3-plane localizer was used to position the T2-weighted axial 

images parallel to the anterior–posterior commissure line. The T2-weighted images were 

acquired using a 2D, multiple-shot, fast spin echo pulse sequence that employed 

PROPELLER (Periodically Rotated Overlapping Parallel Lines with Enhanced 

Reconstruction) to reduce motion artifacts in reconstructed MR images [14]. The pulse 

sequence parameters were repetition time=10,000 ms; echo time=130 ms; echo train 

length=32; matrix size=192×192; field of view=190×190 mm; phase field of view=100%; 

slice spacing=1mm; readout bandwidth=83.33 KHz; number of acquisitions=1×2 (i.e., two 

images are acquired and averaged off-line, allowing us to rescan one of the acquisitions if 

the infant moved). The voxel dimensions were 0.99mm × 0.99mm × 1mm.

2.2.3 Image Processing—The anatomical T2-weighted images for each infant were 

processed using a combination of automated and manual editing procedures (SFig.1 in the 

Supplement) that have been previously described [15]. Briefly, morphometric analyses were 

performed using ANALYZE 7.5 software (Biomedical Imaging Resource, Mayo 

Foundation, Rochester, Minnesota) with operators blinded to infant characteristics. Large-

scale variations in image intensity were removed [16]. Images were all aligned to a standard 

orientation using midline landmarks (anterior and posterior commissure and midsagittal 

plane) to correct for head rotation and tilt. We isolated the brain from nonbrain tissue using 

an isointensity contour function with manual edits that were confirmed by a second operator 

[17]. Connecting dura was removed manually on each slice in the sagittal view and 

confirmed in the orthogonal views. The brain was divided into hemispheres using a 

curvilinear plane positioned through standard midline landmarks. The cerebellum was 

removed where the peduncles join the brainstem, the brainstem was transected at the 

pontomedullary junction, and the brain was split into two hemispheres. The operator 

interrater reliability was assessed on 10 scans and intraclass correlation coefficients were 

greater than 0.95.

2.2.4 Deformation-Based Measures of Brain Morphology—We applied a rigorous, 

two-step procedure to select the brain of a single infant as the template to ensure that it was 

morphologically representative of the brains in our cohort (see Supplemental Materials). We 

calculated distances from the surfaces of each neonatal brain from the corresponding points 

on the surface of a template brain (SFig.1 in the Supplement) using previously validated 

methods [18] that permit fine-grained analyses of localized morphological features across 

the cerebral surface [19]. First we applied to each brain a similarity transformation 

consisting of seven parameters (three translations along the X, Y, and Z axes, three different 

rotations about the three axes, and one global scaling that scales the entire brain by the same 

amount along the three axes) to coregister each brain to the template while maximizing 

mutual information between the brains [20]. Second, we nonlinearly transformed each brain 

to the template using a high-dimensional, non-rigid warping algorithm based on fluid 

dynamics [21] so that the two brains matched perfectly in size and shape. The nonlinear 

deformation was then reversed, thereby establishing a point-to-point correspondence across 

the surfaces of the two brains. We then measured the Euclidean distances between 

corresponding points across the two surfaces, encoding the distances as positive for outward 
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and negative for inward deformations relative to the template. Finally, because we were 

interested in absolute rather than relative measures of the effects of anesthetic exposure on 

morphology of the cerebral surface, we unscaled the signed Euclidean distances by the 

global scaling parameters that were estimated in the initial similarity transformation that 

coregistered each brain to the template.

2.2.5 Statistical Analyses—We applied multiple linear regression to brain measures at 

each point on the cerebral surface to test the hypothesis that exposure to regional anesthesia 

during labor and delivery altered neonatal brain maturation. For surface analyses, the 

dependent measure was the signed Euclidean distances at each point on the surface of the 

template for each infant brain. The independent variable was prior exposure to anesthesia, 

and covariates were postmenstrual age at the time of scan, and sex. Post-hoc analyses were 

performed to evaluate the influence of potential confounders in testing of our primary 

hypothesis. These analyses included assessment of the independent effects of spinal and 

epidural anesthesia, their dose-response effects as represented by the duration of anesthesia 

exposure, and the potentially confounding influence of age, maternal factors, and type of 

delivery. We performed analyses of covariance to assess the correlates of regional anesthesia 

with measures of developmental outcome at 12 months of age. P-values were adjusted for 

the number of statistical comparisons across the brain surface using False Discovery Rate 

[22], color-coded, and displayed on the template brain, with warm colors (red and yellow) 

denoting outward deviations or protrusions and cool colors (purple and blue) denoting 

inward deviations or indentations in the exposed relative to the unexposed group. For the 

purposes of simplicity, the regional findings for surface distances relative to the template 

brain are interpreted and discussed as effects of local volumes across the cerebral surface.

2.2.6 Atlas-Based Visualization of Findings—To aid in localization of findings, a 

digital brain atlas of a neonate with a parcellation scheme [23] was registered to the template 

using the same procedures outlined for surface analysis. Then the major sulci that were 

represented in the atlas and that are usually present in term newborn brains (the Sylvian and 

interhemispheric fissures; central, pre-central, post-central, and superior temporal sulci) 

were digitized and represented on the 3-D surface rendering of the template brain.

3. Results

3.1 Demographic, Clinical, and Behavioral Measures

The exposed and unexposed groups did not differ significantly in gestational age at birth, 

postmenstrual age at the time of scan, ethnicity, socioeconomic status, gravida, or para 

(Table 1; STable 2 in the Supplement). All infants in the unexposed group (n=13) were 

delivered vaginally (SFig.2 in the Supplement). All infants delivered by C-section (n=12) 

and 48% of vaginal deliveries (n=12) were exposed to anesthesia. For infants exposed to 

anesthesia, the duration of exposure was on average 358.2 minutes (min) (SD=255.5 min) 

for epidural and 24.8 min (SD=6.9 min) for spinal anesthetics.
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3.2 Hypothesis Testing

Infants exposed compared to those unexposed to anesthesia had greater local volume in the 

dorsal frontal lobes bilaterally, left hemisphere occipital lobes, and posterior portion of the 

cingulate gyrus in the right hemisphere (Fig.1).

3.3 Post-Hoc Analyses

To determine whether the main effect of regional anesthesia derived primarily from 

exposure to one or another type of anesthesia block (epidural or spinal), infants exposed to 

each type of block were compared to infants unexposed to anesthesia. Findings in the 

epidural and spinal groups separately were both similar to the main findings for regional 

anesthesia (Fig. 2A, C).

Duration of anesthesia administration was used as an index of the dose of anesthesia infants 

received. For infants exposed to epidural anesthesia, duration of exposure correlated 

positively with local volumes in the occipital lobe predominantly in the right hemisphere, 

and inversely in the dorsal parietal regions bilaterally and right mesial wall (Fig.2B). For 

infants exposed to spinal anesthesia (usually of short duration), however duration did not 

correlate with volumes in the same regions as identified in our main analyses (Fig.2D). 

However, duration correlated inversely with local volumes in the dorsal frontal and parietal 

regions of the left hemisphere and mesial wall of the right hemisphere (Fig.2D), though the 

effects are much smaller in spatial extent than those for duration of exposure to epidural 

anesthesia (Fig.2B).

Comparison of the cerebral surface of the exposed and unexposed infants to anesthesia 

demonstrated consistent and significantly greater local volumes for the exposed infants (Fig.

3). Volumes in infants exposed to epidural anesthesia correlated positively with the duration 

of exposure in the right occipital lobe.

Local volumes correlated positively with postmenstrual age in both exposure groups in the 

frontal and occipital lobes. The correlation with postmenstrual age in infants exposed to 

anesthesia was significantly greater than in unexposed infants, however, producing a 

significant age-by-exposure interaction (SFig.5).

Findings were similar to the main analyses with anesthesia exposure (1) when stratifying 

data by type of delivery (SFig.4); (2) when covarying for type of delivery, and maternal age, 

IQ, or number of prenatal visits (SFigs.7 and 8); (3) when using a second, randomly selected 

template brain for surface analyses (SFig.6); and (4) when removing the one infant in the 

anesthesia-exposed group who was 36.1 weeks postmenstrual age at the time of scan (SFig.

9). Infants exposed to anesthesia did not differ from those who were unexposed to anesthesia 

in measures of receptive and expressive communication, or fine and gross motor 

performance, at 12 months of age while covarying for age at scan, gender, delivery type, and 

socioeconomic status (STable 3). Fine motor and expressive communication scores 

correlated inversely with local volumes in frontal and occipital regions bilaterally, areas 

where local volumes correlated positively with anesthesia exposure (SFig.3).
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4. Discussion

We found that infants exposed to maternal regional anesthesia, compared with infants who 

were not exposed, had greater local volumes in frontal and occipital lobes bilaterally and in 

the right posterior cingulate gyrus. The longer the duration of exposure to anesthesia, the 

larger were the occipital lobes, suggesting the presence of a dose-response effect for 

exposure to anesthesia on brain structure. Age correlated significantly with local volumes in 

the frontal and occipital lobes in the exposed and unexposed groups, but the correlation was 

stronger in infants exposed to anesthesia. Although the type of delivery correlated with 

anesthetic use and was a potential confounder for its effects, extensive post hoc analyses 

indicated that type of delivery was in fact not responsible for the differences detected in 

local volumes at the cerebral surface.

4.1 Maturational Effects

The age-related increases in frontal and occipital lobes and cingulate gyrus detected in both 

exposure groups are generally consistent with findings from prior human neuroimaging and 

histological studies of brain development. These brain regions in general mature more 

rapidly than other brain regions during this period of development. Cross-sectional and 

longitudinal studies of term infants undergoing MRI within the first two months of life have 

demonstrated the greatest age-related increases in volume in occipital, parietal [24], and 

frontal [25] regions, consistent with our findings. Prior longitudinal MRI studies of infants 

who were imaged as newborns and at 12 months of age have indicated the presence of more 

rapid regional growth in portions of frontal (superior, inferior, orbitofrontal), parietal, and 

occipital regions [26], or in cingulate, angular, and fusiform gyri [27]. The stronger age 

correlation in neonates exposed to anesthesia suggests that anesthesia during labor and 

delivery may induce more rapid maturation of the frontal and occipital lobes in the time 

between exposure and MRI scanning, on average 2–3 weeks later.

The rapid maturation of the brain in the perinatal period provides ample opportunity for 

anesthetic agents to exert their effects on brain development in the time between birth and 

MRI scanning. The brain on average increases more than 20 ml in volume each week of 

postnatal life. Growth comes disproportionately from gray matter, which increases from 

40% of brain volume to 55% in the first several weeks of postnatal life [28, 29].

4.2 Behavioral Correlates

The frontal, cingulate, and occipital regions support rapidly developing motor and cognitive 

skills in neonates. Exposure to regional anesthesia during labor and delivery has been 

reported to be associated with impaired motor functions of the mouth and limbs up to six 

weeks after birth [7]. In our study, receptive and expressive communication and fine and 

gross motor measures at 12 months did not differ significantly between the exposure groups 

when covarying for age at scan, gender, delivery type, and socioeconomic status. Although 

the abnormalities in neonatal brain structure associated with anesthesia exposure could be 

associated with poorer measures of developmental outcome beyond the first six weeks of 

life, our study was unable to identify them in part because of a reduced sample of infants 

who had developmental follow-up data. Furthermore, our sample was mainly of Hispanic 
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background and, while representative of the population of in our local community, it was not 

representative of the general population. Because previous studies suggest that early feeding 

and communication practices may differ across ethnic groups [30, 31], replicating prior 

reports that exposure to regional anesthesia during labor and delivery is associated with 

neurodevelopmental outcomes would be challenging in our sample.

Fine motor and expressive communication scores at age 12 months correlated inversely with 

neonatal volumes in the frontal and occipital regions bilaterally, where local volumes 

correlated positively with anesthesia exposure. Consistent with this finding, the frontal lobes 

during early development support use and coordination of body parts [32]. The occipital 

lobes facilitate processing of movement and shape, and thereby support eye-hand 

coordination [33, 34]. White matter connections among the occipital, cingulate, and frontal 

regions moreover are thought to support the development of proprioception, aspects of 

visual information processing, and attention [35, 36].

4.3 Dose-Response Relationship

The longer the duration of anesthesia exposure in our study, the greater were the anesthesia-

related effects in the occipital lobe. Consistent with this dose-response relationship, animal 

studies have found that longer durations, larger doses, and a larger number of exposures to 

anesthetic agents produce greater effects on dendritic spine density and apoptosis, and 

greater associated behavioral abnormalities (e.g., in measures of learning and motor 

response) [12, 37]. Consistent with these findings from animal studies, children exposed to 

general anesthesia two or more times prior to the age of 4 years have been reported to have a 

higher incidence of learning disability and Attention Deficit-Hyperactivity Disorder than 

children exposed only once or not at all [38].

4.4 Possible Cellular Underpinnings

The cellular processes that drive brain maturation during the first weeks of life are the most 

promising candidate mediators of the effects of anesthesia on brain maturation that we are 

reporting, as anesthesia exposure occurred at parturition and infants were imaged within six 

weeks of exposure. Neurogenesis ceases prior to birth [39]. Myelination is sparse in the first 

few weeks of life and begins in earnest only in the third postnatal year [40]. Axonal and 

dendritic arborization are active during the neonatal period but their rates are relatively slow 

compared to their peak in early childhood [41]. Therefore, these processes are unlikely to be 

the cellular mediators of the effects of anesthesia on neonatal brain maturation.

Apoptosis peaks around 24 weeks of gestation [42, 43] and progressively reduces neuronal 

density by eliminating inactive or redundant neurons. It then gradually slows to a plateau 

between two and seven years of age [44]. Because apoptosis reduces neuronal density and 

presumably regional volumes, and because animal studies clearly indicate that anesthesia 

increases apoptosis, apoptosis is not an obvious potential mediator for enlarging regional 

volumes in response to anesthetic exposure. Nevertheless, apoptosis does have an important 

role in regulating brain growth in the neonatal period and could indirectly contribute to 

regional enlargement during brain maturation. Synaptogenesis [43] and glial cell 

proliferation [45], in contrast, both peak in late gestation and early postnatal life and 
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contribute to brain enlargement, making them the most obvious and viable candidates for the 

cellular basis of anesthetic effects on brain maturation.

The cellular processes that we deem to be the most likely bases for the anesthesia effects we 

observed are generally consistent with the cellular and molecular effects of anesthesia 

identified in animal studies, which include prominent alterations in dendritic development 

and apoptosis. Commonly used anesthetic agents, such as the bupivacaine administered to 

mothers in our study, are NMDA antagonists [37]. These glutamate antagonists reduce 

glutamatergic signaling [11, 46] at synapses in the cortex and striatum [47], and thereby 

produce an accumulation of glutamate in neuronal synapses. Accumulating synaptic 

glutamate then spills over to nearby GABAergic synapses and binds to GABA receptors 

[48], increasing GABAergic transmission and in turn increasing the density of dendritic 

spines [12] and synaptogenesis. In addition, anesthetic agents increase apoptosis and, in 

doing so, reduce neuronal density in specific cortical laminae [10, 49]. These prior findings 

together suggest that anesthetic agents may speed the molecular and cellular events that 

underlie brain maturation in early postnatal life.

4.5 Limitations

Our study has several limitations. Our sample size made difficult the stratification of 

findings by the type of anesthesia and delivery. The sample size may also have made our 

statistical analyses sensitive to the presence of outliers in the data, although scatterplots of 

local volumes for both exposure groups in regions with statistically significant effects 

demonstrated that our findings are not outlier-driven (SFig.3). In addition, the common 

practice in obstetrics of combining anesthetic agents, opioids, and other adjuvants in 

differing dosages and routes of administration complicate determination of the independent 

effects of those agents.

Although the age of the infants at the time of MRI scanning, was similar across the 

anesthesia-exposed and -unexposed groups, the postmenstrual age of the youngest infant in 

each group differed by 4 weeks. Because the greatest proportional brain growth occurs from 

the last trimester of pregnancy through the first year of postnatal life [28], we statistically 

covaried for age at the time of scan, which is important in studies that measure brain 

structures during infancy [17, 50].

Our findings could also be influenced by spatial normalization to a single brain as a 

template, rather than to a group average brain. However, we weighed the benefit of 

obtaining well-defined tissue interfaces that reduce error during spatial normalization 

against this risk, and opted for the greater precision. Moreover, our findings did not change 

when testing our hypotheses using a second, randomly selected brain as the template (SFig. 

6), suggesting that our findings are robust with regard to the selection of the specific 

template.

In addition, errors in registration may cause imprecise correspondences between points 

across two brain surfaces, which would increase noise in the data, thereby increasing the 

presence of both false positive and false negative findings. Nevertheless, deformation-based 

morphometry spatially normalizes the sulci and gyri along one surface to the corresponding 
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sulci or gyri along the template surface, thereby minimizing the need for accurate and valid 

definition of sulci and gyri in infant brains than more traditional morphological techniques 

require. The surfaces of the gyri in newborn brains are so tightly apposed to one another 

across sulci that they reduce cerebral spinal fluid within the sulci and make impossible the 

accurate delineation of most sulci. Moreover, the sulci that are truly present (even if they are 

accurately delineated) are extremely variable in newborn brains, in terms of their presence 

and location, and therefore are generally unhelpful for the purposes of coregistration. These 

considerations are why we elected to base coregistration on the mutual information present 

in gray scale values across brains. Our previous validation studies using computer 

simulations, combined with real-world datasets, have shown that mutual information-based 

deformation yields excellent coregistration accuracy [18].

The cross-sectional design of our study limits what we can say conclusively about the 

effects of anesthesia on the pace of brain maturation within individual infants or its duration. 

The morphological effects of anesthesia could be transient, similar to the behavioral effects 

reported in most human studies of neonatal exposure. Finally, our findings could be 

influenced by other factors relevant to maternal health during the pregnancy (e.g., number of 

prenatal visits), as detailed in the Supplemental Materials.

4.6 Conclusions

As this is the first study in human infants to demonstrate brain alterations associated with 

exposure to regional anesthesia during labor and delivery, our findings should be regarded 

as preliminary. Our study nevertheless answers the FDA call for evaluation of the brain and 

neurobehavioral consequences of early exposure to anesthesia in humans. Longitudinal 

imaging and follow-up neurobehavioral studies are needed to identify more definitively both 

the transient and enduring consequences of anesthesia on brain maturation, cognition, and 

behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of Anesthesia Exposure on Local Volumes
Maps are shown for exposure effects in morphological measures of the cerebral surface. At 

each point on the cerebral surface of the template brain, we compared the anesthesia-

exposed and unexposed infants, adjusted for age at scan and sex. The p-values are adjusted 

for multiple comparisons with FDR. (A and C) The local volumes of anesthesia-exposed 

infants were significantly increased in the frontal lobe bilaterally and occipital lobe 

predominantly on the right, and the right hemisphere of the posterior portion of the cingulate 

gyrus. (B) The average local volumes (or, more accurately, distances in mm from the most 

significant corresponding point on the surface of the template brain in the region denoted), 

controlling for age and sex, are displayed in bar charts for the left and right frontal lobes and 

right medial occipital lobe where anesthesia-exposed infants are presented in blue and 

unexposed infants are presented in yellow. Abbreviations: SFG, superior frontal gyrus; 

MFG, middle frontal gyrus; IFG, inferior frontal gyrus; PCing, posterior cingulate; MOG, 

middle occipital gyrus, IOG, inferior occipital gyrus; Cun, cuneus; LG, lingual gyrus.
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Figure 2. Correlation of the Duration of Anesthesia Administration with Local Volumes
Maps are shown for differences in morphological measures of the cerebral surface in infants 

exposed to epidural or spinal anesthesia separately. (A) Epidural anesthesia-exposed infants 

demonstrated a significant increase in local volumes of the frontal lobes bilaterally and the 

occipital lobes predominantly on the right, and the posterior portion of the cingulate gyrus 

on the right hemisphere. These findings are similar to the main effect of regional anesthesia 

combined (Fig.1). (B) The duration of anesthesia exposure, an estimate of the dose that 

anesthesia-exposed infants received, correlated positively with local volumes in the occipital 

lobe bilaterally. (C) Spinal anesthesia-exposed infants had significant increases in local 

volumes of the frontal lobes bilaterally and occipital lobe on the left and the posterior 

portion of the cingulate gyrus on the right hemisphere. These findings are similar to the 

effect of regional anesthesia combined and epidural anesthesia. (D) The duration of 

anesthesia exposure, an estimate of the dose that anesthesia-exposed infants received, did 

not correlate significantly with local volumes in brain regions identified in the primary 

regional anesthesia analyses. Abbreviations: SFG, superior frontal gyrus; MFG, middle 

frontal gyrus; IFG, inferior frontal gyrus; PCing, posterior cingulate; SOG, superior occipital 

gyrus; MOG, middle occipital gyrus, IOG, inferior occipital gyrus; Cun, cuneus; LG, lingual 

gyrus.
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Figure 3. Scatterplots for Anesthesia, Type of Regional Block, and Duration of Exposure 
Findings
Scatterplots are shown for exposure effects in morphological measures of the cerebral 

surface. Pvalues are FDR-adjusted for multiple comparisons. (A–C) Points on the surface of 

the template brain are shown where the data were sampled to generate the scatterplots. 

These were within regions where infants exposed or unexposed to anesthesia differed 

significantly in local volumes (or, more strictly, in mm distance from the surface of the 

template brain). (B) In the bottom panel is shown the scatterplot representing the positive 

correlation of exposure duration (an estimate of the dose of epidural anesthesia that exposed 

infants received) with local volumes in the occipital lobe bilaterally.
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Table 1

Neonatal Demographics

Group

Variables No Anesthesia Regional
Anesthesia

T X2 P
value

Number 13 (35.1) 24 (64.9)

Gestational Age at Birth, weeks (days) 39.5 ± 0.9 (276.5 ± 6.3), 39.1 ± 1.3 (273.7 ± 9.1), 0.7 0.4

Range = 38.0 – 41.0 Range = 35.5 – 41.0

Birth Weight, g 3345.3 ± 353.9 3323.9 ± 512.0 0.02 0.9

Birth Head Circumference, cm 34.3 ± 1.1 34.6 ± 1.4 0.4 0.5

Birth Length, cm 50.7 ± 2.5 50.5 ± 2.7 0.08 0.8

Apgar 1 minute 9.0 ± 0.0 8.5 ± 1.2 2.7 0.1

Apgar 5 minute 9.1 ± 0.3 9.0 ± 0.2 2.2 0.2

Abnormal Fetal Heart Rate 1 (2.8) 6 (16.7) 1.7 0.6

Postmenstrual Age at Scan, weeks (days) 41.7 ± 1.5 (291.9 ± 10.5), 42.3 ± 2.1 (296.1 ± 14.7), 0.9 0.4

Range = 40.1 – 45.1 Range = 36.1 – 45.7

Time Between Gestational Age and Scan, weeks (days) 2.3 ± 1.6 (16.1 ± 11.2), 3.2 ± 1.5 (22.4 ± 10.5), 3.1 0.1

Range = 0.1 – 6.1 Range = 0.4 – 5.7

Gender 0.003 1.0

  Male 8 (61.5) 15 (62.5)

  Female 5 (38.5) 9 (37.5)

a
Data presented as mean ± SD or n (%);

*
p ≤ 0.05
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