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Concerns about the potential neurotoxic effects of anesthetics on developing brain exist. When making clinical decisions, the timing
and dosage of anesthetic exposure are critical factors to consider due to their associated risks. In our study, we investigated the impact
of repeated anesthetic exposures on the brain development trajectory of a cohort of rhesus monkeys (n = 26) over their first 2 yr of life,
utilizing longitudinal magnetic resonance imaging data. We hypothesized that early or high-dose anesthesia exposure could negatively
influence structural brain development. By employing the generalized additive mixed model, we traced the longitudinal trajectories
of brain volume, cortical thickness, and white matter integrity. The interaction analysis revealed that age and cumulative anesthetic
dose were variably linked to white matter integrity but not to morphometric measures. Early high-dose exposure was associated with
increased mean, axial, and radial diffusivities across all white matter regions, compared to late-low-dose exposure. Our findings indicate
that early or high-dose anesthesia exposure during infancy disrupts structural brain development in rhesus monkeys. Consequently, the
timing of elective surgeries and procedures that require anesthesia for children and pregnant women should be strategically planned
to account for the cumulative dose of volatile anesthetics, aiming to minimize the potential risks to brain development.
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Introduction
Every year, ∼3.9 million surgeries are performed on children age
0 to 17 yr in United States (Rabbitts and Groenewald 2020). The
potential for lasting neurotoxic effects of agents used to induce
general anesthesia and sedation has been a subject of concern
and research for the last 20 yr (Andropoulos and Greene 2017).
However, the minimal potential neurotoxic dose, frequency, and
the age at which the developing brain may be the most vulnerable
to anesthesia are unknown. Therefore, it is critical to investigate
the effects of different timing and dose of anesthesia on brain and
behavioral development.

Animal studies have reported anesthetic and sedative drugs
can be neurotoxic to the developing brain. In rodent studies,
exposure of combination of commonly used anesthetic agent (i.e.
midazolam, nitrous oxide, and isoflurane) resulted in neuronal
apoptosis, defects in synaptic function in the hippocampus
and cognitive impairments in juveniles and young adults
(Jevtovic-Todorovic et al. 2003; Istaphanous and Loepke 2009).
Several nonhuman primate (NHP) studies reported single or
multiple exposures to anesthetic agents resulted in long-term

neurodevelopmental defects: infant rhesus monkeys that were
exposed to sevoflurane for 4 h on days of life 6 to 10, followed
by subsequent exposures on days of life 14 and 28, demonstrated
increase anxiety compared with controls that underwent only a
brief period of maternal separation (Raper et al. 2015). Neonatal
exposures to sevoflurane in rhesus monkeys altered synaptic
ultrastructure 4 yr after three 4-h exposures to sevoflurane during
the first five postnatal weeks. Synapse areas were reduced in
the largest synapses in the hippocampal CA1 and dorsolateral
prefrontal cortex (dlPFC) (Fehr et al. 2022). In another study,
infant rhesus macaques that were exposed to isoflurane for 5 h
on days of life 6, 9, and 12 demonstrated motor reflex deficits
at 1 mo of age and increased anxiety at 12 mo of age (Coleman
et al. 2017). Neuronal apoptosis in the fetal and neonatal NHP
brain was induced by prolonged exposure (5 to 24 h) to isoflurane
(Brambrink et al. 2010; Creeley et al. 2014), ketamine (Slikker Jr
et al. 2007; Brambrink et al. 2012b) or propofol (Creeley et al. 2013).

While animal studies have found neurotoxic effects of
anesthetic medications, it is unclear whether anesthesia has
any long-term neurodevelopmental effects in human. From
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observational clinical studies, single exposure was not associ-
ated with detrimental side effects on academic achievement,
intelligence, and cognitive domain (Wilder et al. 2009; Flick et al.
2011; Graham et al. 2016; O’Leary et al. 2016; Glatz et al. 2017;
O’Leary et al. 2019). However, repeated exposure to anesthesia and
surgery before age of two was a risk factor for later development of
learning disabilities (Flick et al. 2011). Another study also reported
children receiving equal or more than two anesthetics were at
increased risk for learning disabilities and the risk was associated
with longer cumulative duration of anesthesia exposure (Wilder
et al. 2009). Due to lack of substantial clinical evidence, U.S. Food
and Drug Administration (FDA) modified their warning in 2017,
stating that medically necessary procedures in pregnant women
and children under age of three should not be delayed and
that practitioners should follow their usual practice paradigm
(FDA 2017). The warning also states that additive high-quality
research is needed to investigate the effects of repeated and
prolonged anesthesia exposure in children, including vulnerable
populations.

Live imaging studies using longitudinal magnetic resonance
imaging (MRI) could be useful to investigate the mechanisms
of neurotoxicity and prolonged effects of anesthesia on brain
development in primates. A recent study evaluated the cumulated
effects of exposure to ketamine, telazol, and isoflurane on early
brain development by combining the UNC-Wisconsin Neurode-
velopmental Rhesus Data (https://data.kitware.com) and Yerkes
National Primate Research Center cohort, and reported marked
reductions in fractional anisotropy (FA) and increases in axial,
radial, and mean diffusivities (AD, RD, and MD), across the brain
as a result of repeated anesthesia exposure at ages of 12 or 18 mo
(Young et al. 2021). However, this study employed cross-sectional
analysis approach focusing on the accumulated anesthesia dose
and did not take account of the timing of first anesthesia. Another
longitudinal imaging study of 34 rhesus monkeys (23 females, 11
males) analyzed with linear mixed-effect model reported remark-
ably fast increase in FA and decrease in MD in the first few
weeks after birth followed by slow but continuous increase in
FA and decrease in MD for the first year of life (Aggarwal et al.
2021). However, our previous results from diffusion MRI dataset
of UNC-Wisconsin Neurodevelopmental Rhesus Data reported
biphasic patterns of MD from 2 to 22 mo of age (Kim et al.
2020). Here, we speculated that these biphasic changes of MD
could be associated with anesthetics used for husbandry and MRI
scan or linear mixed models may not properly capture nonlinear
changes of microstructural white matter properties during the
brain development (Sorensen et al. 2021).

Considering neurotoxic effects of anesthesia, as discussed in
our previous study, there is potential for anesthesia to impact
brain volume development in primates (Kim et al. 2020). Previous
NHP studies have shown that transient reductions in the intracra-
nial volume occur between 5 and 9 mo of age, irrespective of the
timing of weaning (after birth vs. 6 to 7 mo), housing conditions
(individually housed vs. grouped with peers), size of the housing,
and the age of first MRI scan (Malkova et al. 2006; Scott et al. 2016).
Intriguingly, this period corresponds to late infancy in human
(20 to 36 mo old), a period characterized by ongoing increases
in cortical gray matter and white matter volumes (Bethlehem
et al. 2022). This suggests that the influences of anesthesia during
infancy could lead to more complex and delayed patterns of brain
volume development.

In this study, to better characterize the dynamics of structural
brain development and address the effects of multiple expo-
sure to anesthesia, we analyzed a longitudinal structural and
diffusion MRI dataset of rhesus monkeys (the UNC-Wisconsin

Neurodevelopmental Rhesus Data) from late infancy to juvenile
stages (months 2 to 24, which approximately corresponds to 8 mo
to 8 yr old in the human). We employed the generalized additive
mixed effect (GAMM) model to fit the nonlinear changes of MRI
markers for brain morphometry and white matter integrity: the
smooth functions were constructed as weighted sum of multiple
basis functions to the age and anesthesia configuration as covari-
ates. Here, we hypothesized that earlier or higher dose exposure to
anesthesia during repeated MRI scans adversely affects structural
brain development from late infancy to juvenile stages.

Materials and methods
MRI dataset
For longitudinal analysis, we selected 26 subjects (11 females and
15 males) among 32 rhesus macaques. Six animals were excluded
due to following reasons: the timing of the first MRI scan was
too late (>16 mo of age) for group comparison, there was severe
signal loss of diffusion-weighted images (DWI) in prefrontal area
or available time points of longitudinal MRIs were <3. Quality
controlled longitudinal MRI equal to or more than three time
points between 2 and 24 mo of age (equivalent to 8 mo to 8 yr old
in the human) were finally selected (Young et al. 2017). Details of
longitudinal MRI dataset and imaging parameters were described
in our previous study (Kim et al. 2020). Briefly, T1-weighted (T1w),
T2-weighted (T2w), and DWI of rhesus macaques were acquired
from a publicly available database (UNC-Wisconsin Neurodevel-
opmental Rhesus Data). All NHPs were scanned on a GE Signa
3 T scanner (General Electric Medical Systems, Milwaukee, WI)
in the Waisman Center at University of Wisconsin-Madison. All
monkeys were oriented identically within a stereotaxic platform;
situated within the human 8-channel brain array coil.

Anesthesia
All study subjects were exposed to anesthesia 3 to 6 times for lon-
gitudinal MRI scan from 2 wk to 24 mo. Subjects were given a pre-
anesthetic (ketamine hydrochloride 10 mg/kg I.M.) for transport
to the MRI facility. For infants younger than 6 mo of age, immo-
bilization during the scan was achieved with inhaled isoflurane.
Subjects older than 7 mo of age were immobilized throughout
the scanning procedure by an initial administration of ketamine
hydrochloride (10 mg/kg I.M.) followed by dexmedetomidine
(0.01 mg/kg I.M.). The effects were reversed at the end of the
session by administering atipamezole (0.15 mg/kg I.V.). The plane
of anesthesia was monitored with a pulse oximeter to track heart
rate and oxygen saturation in both younger and older subjects. In
this study, we employed the normalized measure of anesthesia for
the analyses as described in the previous study (Total Normalized
Exposure [TNE] = Total ketamine/10 + Total isoflurane/2) (Young
et al. 2021). A summary of descriptive information about the
anesthesia is in Supplemental Table S1. All anesthesia exposures
were normalized per prior MRI-related exposure, and then
aggregated per subject into a single TNE. This normalization
allows us to relate scan sessions with mainly ketamine and those
with ketamine and isoflurane and put the exposure in a combined
measure. High correlation with TNE (r = 0.73) within the cohort
precludes adding dexmedetomidine as covariates into separate
models to estimate their effects in the corresponding sample.

As shown in Fig. 1, it differs quite a bit across animals due to
differences in husbandry-related exposure as well as length of
imaging exposure. From the anesthesia data, we found the early
exposure subjects were related to higher accumulated anesthesia
dose because scanning was achieved with isoflurane (1.5 vol%)
infants younger than 6 mo of age for smooth and rapid induction

https://data.kitware.com
https://data.kitware.com
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Fig. 1. Accumulated normalized anesthesia dose (TNE) relative to the ages
during the longitudinal MRI scan. The study subjects can be divided into
two groups (early high vs. late-low) based on the slope of the curve.

and to facilitate intubation. Dexmedetomidine exposure was not
incorporated as they were quite consistent across all scanning
sessions.

Image processing
Details of image processing steps were described in the previous
study (Kim et al. 2020). Using these T1w, T2w, and quality
controlled diffusion-weighted images, we analyzed longitudinal
volumetric, cortical thickness, and white matter integrity across
the multiple time points. For regional volumetric analyses, the
parcellation map defined in the UNC Primate Brain Atlas (Styner
et al. 2007) was warped to the population-specific template
using deformable registration and manually corrected. The Atlas
label includes occipital, temporal auditory, subcortical, frontal,
prefrontal, cerebellum, insula, cingulate, parietal, prefrontal,
corpus callosum, temporal visual, temporal limbic, and pons and
medulla.

The corrected parcellation map of the population-specific tem-
plate was then warped to each time point using the longitu-
dinal transforms applied in the individual tissue segmentation.
Intracranial volumes (ICVs) were measured directly from the
brain masks, and region-of-interest (ROI) volumes were measured
using the parcellation map warped to the individual brain. By
taking advantage of individual segmentation and parcellation
maps, mean values of cortical thickness at the gray matter and
parcellated regions were estimated using kellyKapowski function
of Advanced Normalization Tools (Tustison et al. 2013). We esti-
mated diffusion tensor imaging scalars from the DWIs. Parcella-
tion and parcellation maps on T1w images were warped to the
DWI space for ROI analysis using the nonlinear transforms from
T1w to FA images within the subject. To correct segmentation
errors around the internal and external capsules due to low tissue
contrast in T1w and T2w images, we applied the age-adaptive FA
threshold to separate WM from GM; all individual FA images were
warped to the SST and mean FA values at WM/GM boundary were
extracted.

Statistical analysis
For longitudinal regression analysis at the whole brain and ROI
levels, we used the Generalized Additive Mixed Model function

(gamm4) in the R statistical package (version 4.2: http://r-project.
org). The function fits complex brain development patterns with
smoothing splines to the age and evaluates the effects of different
anesthesia profiles on MRI measures (volume, cortical thickness,
and white matter integrity). MRI measurements were analyzed at
both whole brain and ROI levels using an interaction model that
accounted for age (a within-subject variable) and total anesthe-
sia exposure group (TNE_Group, a between-subject variable), as
depicted in Fig. 1. In our model, we chose to exclude variables
such as sex, body weight, the lateral side of the brain, and age
at first anesthesia exposure from our covariates. This decision
stemmed from our preliminary analysis that indicated no sig-
nificant impact of sex on MRI measurements, a high correlation
between body weight and age, and our intent to concentrate
on symmetrical brain development, thus streamlining the model
and increasing statistical robustness. Moreover, the age at first
anesthesia exposure was strongly linked with TNE. Accordingly,
our statistical model was structured as MRI measure ∼ s (Age,
by = TNE_Group) + TNE_Group + (1|Subject), allowing us to dis-
cern the interaction effects by permitting the age-related trajec-
tory of MRI measurements to differ among the TNE_Groups. To
assess the influence of TNE_Group on structural brain develop-
ment, we divided the subjects into two groups: an Early High-
dose exposure group (n = 13) and a Late-Low-dose exposure group
(n = 13), based on the median age of first exposure, which was
100 days (corresponding to 400 days in humans) and slope of age-
TNE curve as show in Fig. 1.

ROI volume measures were also normalized by ICV. We
excluded data points at <100 and >600 days of age for statistical
analyses due to small sample size either in early or late
MRI scans to avoid overfitting and biased estimates of high-
degree polynomials. Bonferroni correction was applied for
multiple comparisons in ROI analyses. The adjusted P-value
was estimated from the desired alpha level (0.05) divided by the
number of cortical and subcortical regions (13 ROIs) used in the
analyses.

Results
We described the interaction among age and TNE_Group on brain
tissue volume, cortical thickness, and white matter integrity at the
whole brain and ROI levels.

Brain tissue volumes
The longitudinal trajectories of intracranial and gray matter
volumes exhibited nonlinear trends, while the white matter
volume patterns maintained linearity from 100 to 600 days
post-birth, as depicted in Fig. 2A–C. No statistically significant
TNE_Group effect was observed in intracranial, gray matter,
white matter, and cerebrospinal fluid volumes. Also, at the
ROI level, no TNE_Group effect was observed except prefrontal
white matter volume after corrections for multiple comparison
(Table 1) demonstrating lower white matter volume in the
“Late-Low” group compared to Early High group (correct p for
TNE_Group =0.01).

Cortical thickness
Longitudinal trajectory of cortical thickness demonstrated expo-
nential decay patterns (Fig. 2D). Effects of anesthesia configura-
tion on longitudinal cortical thickness changes were not observed
in both whole brain and ROI levels.

http://r-project.org
http://r-project.org
http://r-project.org
http://r-project.org
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Fig. 2. Longitudinal trajectories in the intracranial volume (A), gray matter (B), white matter (C), and mean cortical thickness (D). No differences related
to anesthesia exposure group were found in total, gray matter, and white matter volumes, as well as cortical thickness.

White mater integrity
Rapid increases in whole white matter FA were observed until
300 days after birth, followed by slight increases. On the other
hand, a rapid decrease in whole white matter MD until 7 mo (early
high group after the second or third MRI scan) or 10 mo (late-low
group after the second MRI scan) and rebounding patterns were
observed (Fig. 3). AD and RD revealed similar patterns with MD. At
the whole white matter level, TNE_Group effect was observed in
longitudinal trajectories of MD, AD, and RD (corrected P-values for
TNE_Group < 0.001) and subtle effect was observed in FA (uncor-
rected P = 0.075). Early High group (Red) demonstrated higher MD,
AD, and RD compared to Late-Low group (Blue).

Whereas all ROIs demonstrated TNE_Group effects for MD,
AD, and RD, no TNE_Group effect was observed in FA. Details of
statistical models and statistics were summarized in Table 2 for
white matter and UNC Primate Atlas regions. Regional FA and MD
plots are included in the Supplementary Figs. 1 and 2. Statistics
for AD and RD are included in the Supplementary Table S2. The
effective degrees of freedom (edf in Table 2) is a measure of the
complexity of the smooth terms in the model. In Low-Late group
demonstrated more complex curve shapes in all DTI measures
compared to Early High group.

Taken together, effects of TNE_Group on longitudinal mor-
phometric development were not observed from 100 to 600 days

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad463#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad463#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad463#supplementary-data
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Fig. 3. Longitudinal changes in FA, MD, AD, and RD in white matter. Differences related to anesthesia configuration were observed in longitudinal
trajectories of MD, AD, and RD while only subtle effect was observed in FA.

after birth, while effects of Early High anesthesia were observed,
resulting in relative increase in MD, AD, and RD with age.

Discussion
In this study, we analyzed the effects of multiple exposures
to anesthesia on rhesus monkey brain development using
longitudinal structural and diffusion MRI. We hypothesized
that developmental trajectory of brain structure from late
infancy to juvenile stages would be affected by earlier or higher
dose exposure to anesthesia. Consistent with this hypothesis,
longitudinal changes in brain development over the period
studied were found in white matter integrity using the generalized
additive mixed model with increases in mean, axial, and radial

diffusivities associated with Early High-dose exposure of anesthe-
sia. However, longitudinal changes in brain volume and cortical
thickness were not affected by the timing and dose of anesthesia,
nor was fractional anisotropy. Our results partially replicate
the previous cross-sectional analysis results using the UNC-
Wisconsin Neurodevelopmental Rhesus Data and Yerkes National
Primate Research Center Cohort (Young et al. 2021): Widespread
increases in MD previously reported agreed with our results
whereas only subtle differences (not statistically significant after
multiple comparison correction) were observed in FA from our
longitudinal analysis. The lifespan trajectories of white matter
development in NHP (Kubicki et al. 2019) also reported continuous
increase in FA and decrease in MD from infancy to juvenile
stages.
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There are several mechanisms that could explain the white
matter microstructure changes in response to repeated anes-
thesia (Tang et al. 2021)—(i) shrinking glial cells due to reduced
activity(Anderson et al. 1996; Ostby et al. 2009), (ii) facilitated
glymphatic transport and increased interstitial fluid volume frac-
tion (DiNuzzo and Nedergaard 2017), (iii) microtubule instability
and deformation of axons (Planel et al. 2009; Kohtala et al. 2016),
and (iv) increased cerebrospinal fluid in extracellular space (Assaf
et al. 2006). The observed lasting impairment of white matter
integrity is most likely explained by microtubule instability and
deformation because other mechanisms seem more relevant to
transient change in white matter microstructure as observed in a
recent human study (Tang et al. 2021).

From the study results, we observed that anesthetic timing/-
dosage impacted not FA but MD, RD, and AD. FA tends to decrease,
and MD tends to increase in conditions that disrupt the integrity
of white matter, such as in the presence of demyelination, axonal
loss, or edema (Madden et al. 2012). Indeed, the relationship
between FA and MD can be complex during brain development
(Lebel and Beaulieu 2011). FA is linked to axon packing and
myelination, and it has been observed to increase throughout
brain white matter during childhood, adolescence, and into young
adulthood. On the other hand, MD reflects water content and
density. In our study, while we observed continuous increase
in white matter FA as expected, the generalized additive mixed
model captured the rebounding patterns of MD and RD in the
early anesthesia exposure group ∼6 mo (Early High-dose group)
and 10 mo (Late-Low dose group) after birth when we incorporated
longitudinal MRI data for the 2 yr after birth (Fig. 3). Fluctuations
of MD, AD, and RD during brain development could mean decrease
in axonal density or delays in white matter myelination and mat-
uration (Feldman et al. 2010). The different rebound timings were
associated with the difference in timing of the first anesthesia
exposure and may also reflect the repeated and accumulated
adverse effects of anesthesia on white matter integrity. Also, this
difference in timing of directional diffusivity changes could make
MD more sensitive to anesthetic timing/dosage compared to FA.

Early or repeated exposure to anesthesia can lead to damage
in the white matter, affecting both memory functions and socio-
emotional development. MRI and immunohistochemical studies
using rhesus macaques with varying doses and types of anesthe-
sia have been shown to have significant and sometimes lasting
effects on white matter development in the brain (Brambrink
et al. 2012a; Noguchi et al. 2017; Tounekti et al. 2018; Ikonomidou
et al. 2019; Young et al. 2021; Tomlinson et al. 2023). These effects
range from apoptosis to changes in microstructure and may be
influenced by the duration and type of anesthesia used. Even low
levels of repeated anesthesia exposure may delay white matter
maturation and the effects on white matter are dose-dependent
and may be influenced by the duration of anesthesia. In a study,
rhesus monkeys were subjected to sevoflurane inhalation anes-
thesia around postnatal day 7, and subsequently on days 14 and
28, each session lasting 4 h. By the time these monkeys reached
12 to 18 and 24 to 30 mo of age, they displayed significant impair-
ments in visual recognition memory, evident from their reduced
attention to new images (Alvarado et al. 2017). Moreover, by 6 mo
of age, this same group exhibited a notably higher frequency of
anxiety-related behaviors compared to unexposed controls (Raper
et al. 2015). This data suggests that early and repeated exposure to
sevoflurane in infant nonhuman primates can induce an anxiety-
prone disposition, noticeable from 6 mo and persisting for at least
up to 2 yr (Raper et al. 2018). In human study, uncinate structural
integrity at 3-mo old was the most robust predictor of negative
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emotionality at 9-mo old (Banihashemi et al. 2020) and increased
RD and decreased FA in the cingulum-callosal regions linked to
greater emotional dysregulation in the children among children
(mean age = 9.53 yr old) (Hung et al. 2020). Our study observed rel-
ative increase in RD in the Early High anesthesia exposure group,
suggesting a potential relationship between white matter disrup-
tion and adverse effects on emotional development. Anesthesia
is routinely provided in children using volatile anesthetic gas. The
isoflurane used in this NHP MRI study is the same anesthetic used
for general anesthesia in young children. In clinical practice an
inhalational induction with sevoflurane is routinely employed in
children as sevoflurane is less pungent and causes less airway irri-
tation and laryngospasm. Following induction with sevoflurane,
the anesthetic is commonly changed to isoflurane for mainte-
nance anesthesia. The inspired concentrations of 1.5 vol% isoflu-
rane used for maintenance of anesthesia during the 2-hr MRI
scans in this study are similar to concentrations used to main-
tain general anesthesia in children for procedures, imaging, and
surgery (Rosenbaum et al. 2021). In this study, ketamine was also
used to facilitate the induction of general anesthesia in the rhesus
monkeys. Ketamine can be administered either intravenous or
intramuscular for sedation or for general anesthesia and is more
rapidly metabolized in the young and may require higher dosing
(Brinck et al. 2018; Dadiomov and Lee 2019). In this NHP MRI
study, a single intramuscular dose of ketamine of 10 mg/kg was
used. This is comparable to the intramuscular dosing range of
9 to 13 mg/kg used in children to provide general anesthesia
(Dadiomov and Lee 2019). However, the combination of ketamine
at the higher surgical dose and isoflurane for general anesthesia
is not very often employed in children in clinical practice. It
is also important to note that this level of general anesthesia
is commonly used to mitigate the effects of pain and surgery.
Surgery and anesthesia may have a different outcome on brain
development when compared to anesthesia alone, although this
was not investigated here (Ririe 2015; Ririe et al. 2021).

In this study, the exposure timing and dose of the anesthetic
were not associated with changes in longitudinal trajectories in
brain volume or cortical thickness. This contradicts previously
reported findings using a similar MRI dataset of potential
effects of exposure to anesthesia on volumetric development
during infancy with an volumetric dip between 5 and 9 mo
of age (Malkova et al. 2006; Scott et al. 2016; Kim et al. 2020).
Data from the current study confirms the previous findings
and suggest that the volume dip during infancy of rhesus
monkeys is likely a part of normal brain development and
not related to anesthesia exposure. This difference in findings
is partly a consequence of lack of a control group that was
not exposed to anesthesia in the previous study leading to
concluding the anesthesia was related to the volumetric dip.
Furthermore, the previous study included a group of animals
exposed to other types of sedatives that may have confounded
the results. This part of the cohort was removed in this study
to make the cohort anesthesia regimens for all animals similar.
Additionally, in this study the varied exposures to and timing
of anesthetics permitted resolving the effects of development
from the effects related to anesthesia that were otherwise
difficult to isolate because of the lack of control group not
exposed to anesthesia. Explanations for the transient decrease in
intracranial volume reported in previous cross-sectional studies
have proposed weaning of infants as a potential etiology, with
restricted access to nursing, along with increased physical activity
and nutritional status changes (Vandeleest and Capitanio 2012).
Other studies have also reported transient decreases in the

intracranial volume between 5 and 9 mo of age regardless of
the timing of weaning (after birth vs. 6–7 mo), housing conditions
(individually housed vs. grouped with peers), size of the housing
(half-acre enclosures vs. 0.25–0.73 m3) and the age of first MRI
scan (Malkova et al. 2006; Scott et al. 2016). Further studies
incorporating longer-term follow-up and less frequent and low
anesthesia dose should confirm these findings on morphometric
development in rhesus monkeys.

There are limitations of this study. Due to the age range dif-
ferences between groups during the longitudinal MRI scans, we
only focused on the limited age range between 100 and 600 days
after birth for more reliable comparison. These limited data may
not properly reflect the brain developmental trajectories earlier
than 100 days or later than 600 days after birth. As reported in the
previous study (Kim et al. 2020), for regional volume measures,
we have only one source atlas that was derived from the study
population itself and, therefore, we chose direct label propagation.
However, it is known that the quality of label map propagation
may be greatly improved when using multiple source atlases
(Rohlfing et al. 2004; Klein et al. 2009), a process commonly
referred to as multiatlas segmentation and label fusion. Robust
tissue segmentation of the monkey brain is still challenging due
to low signal-to-noise ratio around subcortical regions and strong
susceptibility artifacts around the olfactory cortex and occipi-
tal lobes, which require manual segmentation. Segmentation of
small fiber tracts around the occipital, temporal auditory, and
internal and external capsule regions was less accurate, which
could lead to underestimation of white matter volume. Learning-
based algorithms based on reliable training dataset could improve
the accuracy of tissue segmentation. Field maps to correct the
geometric distortion of DWI were not available from the dataset;
thus, registration errors could have occurred during ROI-wise
analysis. In addition, even though all monkeys were oriented
identically within a stereotaxic platform, geometric distortion
mainly affected prefrontal and occipital regions, the impact of
which may be worse on the younger brains than on the older
ones. Temporal regions demonstrated a low signal-to-noise ratio,
resulting in underestimation of FA. It is important to consider
these limitations when interpreting the projected trajectories and
the noise in these data. Other limitations are related to the
anesthesia exposure. As noted, the combined exposure to both
ketamine and isoflurane makes it difficult to understand the role
of each or if the findings only occur when the drugs are used in
combination. Furthermore, the inability to obtain imaging in the
absence of anesthesia precludes the no anesthesia control group.
Other limitations are the inability to understand how surgery may
alter the brain integrity during development and the physiologic
or behavioral impact of the changes in brain integrity.

In summary, Early High-dose exposure to multiple anesthesia
events during infancy could impair white matter microstructural
integrity. Whether this is due to ketamine, isoflurane, or the
combination is not clear. Further studies to isolate effects of
isoflurane and ketamine alone on the MD will be needed to
better understand these changes. The behavioral implications
of the differences in brain development structural integrity are
not clear. This will require behavioral analysis to directly make
correlations to clinical findings in the human related to outcomes
such as attentional dysfunction, for example, related to multiple
and early exposures to anesthesia. Furthermore, it is unclear how
surgery combined with anesthesia may alter these findings on
brain development. Despite these limitations, anesthesia dose
and age of first exposure should be considered in clinical decision
making for nontime sensitive surgery and procedures requiring



Kim et al. | 9

anesthesia. Future clinical studies incorporating longer-term
follow-up images, neuropsychological assessments, and specific
anesthetics will elucidate more details of the effects of anesthesia
on brain development.
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