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Abstract

There is increasing concern about the potential effects of anesthesia exposure on the developing 

brain. The effects of relatively brief anesthesia exposures used repeatedly to acquire serial 

magnetic resonance imaging scans could be examined prospectively in rhesus macaques. We 

analyzed MR diffusion tensor imaging (DTI) of 32 rhesus macaques (14 females, 18 males) aged 

two weeks to 36 months to assess postnatal white matter (WM) maturation. We investigated 

the longitudinal relationships between each DTI property and anesthesia exposure, taking age, 

sex, and weight of the monkeys into consideration. Quantification of anesthesia exposure was 

normalized to account for variation in exposures. Segmented linear regression with two knots 

provided the best model for quantifying WM DTI properties across brain development as well as 

the summative effect of anesthesia exposure. The resulting model revealed statistically significant 

age and anesthesia effects in most WM tracts. Our analysis indicated there were major effects on 

WM associated with low levels of anesthesia even when repeated as few as three times. Fractional 

anisotropy values were reduced across several WM tracts in the brain, indicating that anesthesia 

exposure may delay WM maturation, and highlight the potential clinical concerns with even a few 

exposures in young children.
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Introduction:

There is increasing awareness of the potential effects of anesthesia exposure on the 

developing brain (Block et al., 2017). The most consistent findings involve learning 

and behavioral difficulties after pediatric anesthesia exposure used for required surgical 

procedures (Bartels et al., 2009; Block et al., 2012; DiMaggio et al., 2009, 2011; Flick 

et al., 2011; Hansen et al., 2011; Ing et al., 2012, 2022; Sprung et al., 2012; Wilder 

et al., 2009). While some studies have been conducted in humans, most are limited by 

employing retrospective analysis. In contrast, with animal modeling, one can take advantage 

of controlled anesthesia events and more definitively link the effects of exposure with 

later neurodevelopmental outcomes. Rhesus macaques (Macaca mulatta) are commonly 

used as a nonhuman primate (NHP) model because of their phylogenetic similarity to 

humans (Lacreuse, 2009), the capacity for reliably breeding in a standardized laboratory 

setting, and larger brains, which provide the potential to investigating more complex 

neurobehavioral effects of perturbation (Beck et al., 2020). The use of NHP models 

also allows for experimental control and imaging at young ages during critical periods 

of neurodevelopment, when it is difficult to recruit and image young children. These 

advantages make young monkeys well-suited for elucidating the effect of anesthesia on 

neurodevelopment. Employing rodent models, many previous studies showed that exposure 

to a wide range of anesthetics both before and soon after birth led to neuroapoptosis 

(Cattano et al., 2008; Jevtovic-Todorovic et al., 2003; Lu et al., 2006; Ma et al., 2007; 

Saito et al., 1993; Young et al., 2005). In addition, investigations with primates found 

similar effects with histological studies revealing widespread neuroapoptosis after exposure 

to ketamine and isoflurane (Brambrink et al., 2010, 2012; Creeley et al., 2014; Paule et al., 

2011; Slikker et al., 2007; Zou et al., 2009). It was also shown that some neurobehavioral 

outcomes are affected, with exposed macaques having slower response times and inferior 

peformances on learning tasks even 3.5 years after exposure (Paule et al., 2011).

Further, macaques exposed to repeated anesthesia with sevoflurane during the first four 

weeks after birth had an increased frequency of anxiety-related behaviors in 5 months after 

exposure (Raper et al., 2015). Similarly, exposures to isoflurane for 5 hours during the first 

two weeks after birth were associated with decreased close social behavior in the group 

with multiple exposures and increased anxiety-related behaviors and behavioral inhibition in 

group with single exposure at 2 years old (Neudecker et al., 2021). In keeping with these 

findings, it was found that the use of repeated, but not single, surgical plane of anesthesia 

with isoflurane in infant monkeys increased the animals’ emotional reactivity (Coleman et 

al., 2017).

However, a major limitation of the previously published NHP studies is that most assessed 

exposure durations beyond the clinically relevant duration routinely used in pediatric 

practice. Bartels et al. (2018) analyzed records of more than 1.5 million children in the 
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National Anesthesia Clinical Outcomes Registry. It was found that the duration of general 

anesthetic exposure for most pediatric patients is less than one hour. Children under 1 

year have the longest median exposure duration - 79 minutes, and 13.7% were exposed to 

general anesthesia for more than 3 hours (Bartels et al., 2018). While the recent reports 

on rhesus macaques demonstrated detrimental behavioral and neural effects of isoflurane 

(Creeley et al., 2014; Raper et al., 2015; Schenning et al., 2017), the investigations 

used anesthesia exposure designed to replicate a repeated and comparably deep plane of 

anesthesia (achieved with 1.3 to 2.5% isoflurane), typically used only in surgical procedures 

for human infants that involve extended periods (4-5 hours or longer). No longitudinal 

study to date has looked at exposures that would correspond to the dosage experienced by 

the majority of children during most pediatric surgeries or during a standard MR imaging 

session done with anesthesia (Bartels et al., 2018).

We analyzed the effects of repeated exposure to ketamine and isoflurane on brain 

development from the longitudinal perspective with the first exposures as young as two 

weeks of postnatal age up to the first exposure at 24 months, which occurred within the 

context of MRI scanning. Ketamine and isoflurane are frequently used in both veterinary 

medicine and in clinical practice with humans (Cheung & Yew, 2019; Durrmeyer et 

al., 2010; Hall & Shbarou, 2009; Kohrs & Durieux, 1998; McPherson et al., 2021; 

Miyabe-Nishiwaki et al., 2010; Roelofse, 2010; Sahyoun et al., 2021). Ketamine acts as 

a noncompetitive antagonist of NMDA receptors and can disrupt corticocortical information 

transfer in a frontal-to-parietal distribution (Bergman, 1999; L. Li & Vlisides, 2016). 

NMDA receptors play a vital role in neurodevelopment, and modulation of these pathways 

can affect synaptic arrangement (Scheetz & Constantine-Paton, 1994). Isoflurane is a 

halogenated ether used as an inhalational anesthetic. Although all the precise mediators 

have not been completely delineated, isoflurane acts as a GABA agonist (Franks & Lieb, 

1994; Klockgether et al., 1988; Westphalen & Hemmings, 2003). Dexmedetomidine is 

also a commonly used anesthetic in veterinary medicine and functions as a selective α2 

adrenoceptor agonist (Gertler et al., 2001; He et al., 2013; Ibacache et al., 2004; Isik et al., 

2006; Shukry et al., 2005). Dexmedetomidine was administered to some subjects ≥ 7 months 

but was not considered in the analysis because it was inconsistently employed only at low 

levels and, according to literature, has neuroprotective rather than toxic effects (Li et al., 

2014; Sanders et al., 2009).

Materials and Methods

Subjects

Thirty-two subjects were selected from the Wisconsin Neurodevelopment Rhesus Database 

(Young et al., 2017), which was a prospective and longitudinal analysis study with a primary 

aim to generate a brain atlas and elucidate general developmental patterns. Anesthesia 

was administered only for this MR imaging or in the course of routine veterinary care. 

The staggered nature of the scanning schedule with this controlled experimental design 

resulted in a substantial range of cumulative anesthesia exposure across subjects. This 

variation enabled a secondary, quantitative analysis of the effect of repeated anesthesia 

Tomlinson et al. Page 3

Dev Psychobiol. Author manuscript; available in PMC 2024 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exposure on brain development. A summary of descriptive information about the subjects is 

in Supplementary materials Table S1.

All infants were reared normally by their mothers until weaning at 6–7 months of age. 

Afterward, the older juveniles were housed in small, stable social groups to provide 

companionship. The rearing and housing strategies were designed to facilitate regular 

socialization and to ensure standardized environmental conditions. The research protocol 

was approved by the Institutional Animal Care and Use Committee (IACUC).

Anesthesia Exposure

The monkeys were initially administered a low dose of ketamine hydrochloride (10 mg/kg 

IM) for transport to the MRI facility and imaging. For infants younger than six months of 

age, additional immobilization for scanning was achieved with inhalant isoflurane (1.5%). 

For monkeys older than 7 months of age, the immobilization required for scanning was 

achieved by administering dexmedetomidine (0.015 mg/kg IM). That immobilizing effect 

was reversed rapidly at the end of the scanning session by administering atipamezole (0.15 

mg/kg IV). The anesthesia plane was monitored with a pulse oximeter to track heart rate 

and oxygen saturation in both younger and older subjects. Overall exposure time was less 

than two hours. A few subjects received additional exposure to ketamine during the course 

of routine veterinary procedures. All exposures took body weight into account for the dosing 

and weight at the time of scanning was also considered in the analysis (for details, see Table 

S1).

MR Imaging Acquisition and Processing

Scans were performed on a GE MR750 3.0T MRI scanner (General Electric Medical, 

Milwaukee WI) using a human 8-channel brain array coil at the Waisman Laboratory for 

Brain Imaging and Behavior at the University of Wisconsin-Madison. There were 120 

unique diffusion gradient encoding directions acquired with b = 1000 s/mm2 and 10 non-

diffusion-weighted baseline images with b = 0 s/mm2. A scan time of approximately 17.5 

min was required to obtain the DWI data. Additionally, structural T1- and T2- weighted 

scans were acquired but are not analyzed in this study. The whole scanning protocol lasted 

approximately 50 minutes. The methods used for the DTI analysis are adapted from the 

NA-MIC DTI atlas-based analysis pipeline (Verde et al., 2014). A visual representation of 

the pipeline is presented in Figure 1. All preprocessing, including eddy current and motion 

correction and automatic removal of artifact-rich images, was performed using DTIPrep. 

We applied the following processing: 1. Automated and visual DTI QC, 2. Longitudinal 

DTI atlas building, 3. Definition of 44 white matter fiber tracts in atlas space. 4. Extraction 

of fiber profiles of DTI scalars using DTIAtlasFiberAnalyzer (Verde et al., 2014). DTI 

characterizes the properties of water diffusion in brain tissue. The water diffusion is 

anisotropic in white matter regions with axons that are aligned and densely packed. The 

following DTI scalars are widely used to describe the magnitude and direction of the water 

diffusivity in the brain. Fractional anisotropy (FA) is a measure of directional variation in 

diffusivities and is sensitive to changes in white matter micro-organization, but not specific 

to the type of the changes. FA should be interpreted along with the radial diffusivity (RD) 

and the axial diffusivity (AD) for more specific interpretations. RD describes the magnitude 
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of diffusion perpendicular to white matter fibers and sensitive to myelination level, loss of 

neurons, and reduction of axonal density. AD describes diffusion parallel to the fibers and 

is sensitive to axon loss or injury. Mean diffusivity (MD) increases in response to edema 

and cell loss, and decreases with cell proliferation. The mean FA, AD, MD, and RD per 

tract were computed for the final analyses. Major tracts that were defined and analyzed are 

shown, along with their anatomical position, abbreviations, and other detailed information in 

the Supplementary materials (Table S2).

Statistical Analysis

The analysis focused on the effect of anesthesia exposures on WM integrity as reflected 

by DTI properties, and included several steps. First, we chose the number of knots in the 

continuous, piecewise linear model of FA as a function of age. Then we optimized knot 

location via a grid search independently for each tract and each of the DTI scalars. Finally, 

we included in the model other variables of interest, such as normalized anesthesia exposure.

Model Choice

We chose the number of knots in a continuous, piecewise linear model as a function of age 

with a variable number of knots over the age covariates using only FA. Models with 1, 2, 

and 3 knots were compared visually using graphical displays. We chose the two-knot model, 

because the model with one knot yielded acceptable results but captured less variance, and 

the model with three knots led to overfitting on many tracts.

Choosing the knots

Optimization of the ages for knot positions was implemented individually for each tract 

in the brain and each DTI scalar. That is, each tract and DTI metric was allowed to have 

different knots. For the two-knot model, the first knot was restricted to be within the range 

of 50-to-400 days in 10-day increments. The second knot was restricted to be within 50 

days beyond the first knot in ten-day increments up to the maximum age of 500 days. Every 

combination of knots was tested, and the model with the highest R2 value was chosen.

Additional covariates were subsequently added to the model once the extent of the age effect 

had been determined, including gender, weight, brain size, normalized anesthesia exposure, 

and the Finteraction terms. Besides age, the normalized anesthesia exposure was the other 

covariate with statistically significant p-values consistently less than 0.05. Thus, the other 

covariates were not included in the final model.

Normalized anesthesia

The rationale for employing normalized anesthesia exposure (NAE) has been described 

and documented previously (Young et al., 2021). Total prior exposures to ketamine and 

isoflurane were normalized across MRI scan-related exposures and then aggregated into a 

single measure as NAE = Total ketamine/10 + Total isoflurane/2 for each monkey (see Table 

S1). Mean inhalant isoflurane per session was 2.0% and mean ketamine dose per session 

was 10 mg/kg. The NAE reflected the cumulative amount of anesthesia to which a monkey 

had been exposed.
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The final model for FA

FA = β0 + β1(age) + β2(age − i) ∗ I(age ≥ i) + β3(age − j) ∗ I(age ≥ j) + β4(NAE)

The above model was fit separately for each tract in the brain (FA=Fractional Anisotropy, 

i = the first knot, j = the second knot, β0β1β2β3β4 = associated parameter estimates).

Because our final model choice used segmented regression over the age covariate with 

different knots for each tract, parameter estimates of β1, β2, and β3 were carefully and 

systematically examined. The β1 parameter represents the daily change of FA before the first 

knot is reached. The daily change of FA between the first and second knots is represented by 

β1 + β2. Similarly, the daily change after the second knot is β1 + β2 + β3. Comparing these three 

time periods across tracts was not possible because the knots are at different ages.

The same model was applied for RD and AD. FA, MD, RD, and AD were allowed to have 

different knots. That is, the optimization techniques were implemented individually for each 

tract separately for FA, MD, RD, and AD

Results:

Effect of Age

For FA, the age at the first knot was evinced at a young age (<200 days) across most 

of the brain, with the exception of the cerebellar tracts, splenium and genu of corpus 

callosum (Figure 2, Table S3). For MD and RD, a similar pattern was evident with regard 

to knot timing. For AD, the cerebrospinal tracts manifest their first knot later than 200 days 

(Figure 2). The trajectories for FA were similar to the ones observed in children, with rapid 

development occurring early in postnatal life followed by an asymptotic slowing (Figure 3). 

Tracts with the second knot at a later time point (> 400 days) included the uncinate fasciculi, 

optic radiations, and fornix. However, unlike the first knot, the timing for the second knot 

was more variable and thus should be interpreted with caution. For RD, there were fewer 

tracts with late second knots, while for MD and especially AD, more tracts with late second 

knots were observed.

The two-knot model of WM metrics progression over age captured the developmental 

trajectories in FA, MD, RD, and AD trajectories (Figure 3, S3).

Figure 4 plots the average rate of change of FA, MD, RD, and AD for the three-time periods 

of 14-127 days, 127-275 days, and 275-1095 days. The average of the first knot for FA 

was 127 days, and the average of the second knot for FA was 275 days. As expected, we 

observed a much higher change rate in FA, MD, RD, and AD from 14 to 127 days than 

during the later periods. Figure 4 shows individual differences in FA change rates across the 

brain.
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Effect of Normalized Anesthesia Exposure

Our analysis also indicated that repeated exposure to anesthesia negatively affected the 

maturation of WM (Figure 5, 6, Figure S4). All parameter estimates of NAE were negatively 

associated with FA and positively linked with MD, RD, and AD. Monkeys who had 

experienced a higher cumulative exposure had a larger impact on their WM indices (Figure 

5, S4, S5a, S5b).

When compared to FA, all of the diffusivity measures revealed stronger associations with 

anesthesia exposure, with RD showing the larger vulnerability: up to a 7% increment was 

associated with each additional exposure to anesthesia (Figure 6).

Unlike the consistent developmental trajectories across the diffusion measures illustrated in 

Figures 2 and 4, the associations with anesthesia exposure varied across the WM indices 

(Figure 6) with the clearest concordance between FA and RD. For MD and AD, the clearest 

associations were seen in ILF and the splenium of the corpus callosum when compared with 

the FA and RD findings.

Discussion

The longitudinal database of MRI scans acquired from typically developing rhesus 

macaques allowed us to model the normal developmental trajectory of WM between 14 

and 1095 postnatal days in animals without any other experimental manipulations. In 

addition, because acute anesthesia was required to immobilize the monkeys for each scan, 

it also permitted an evaluation of the potential effect of repeated exposure to short bouts of 

anesthesia. To determine the effect of anesthesia, the two pharmacological agents – ketamine 

used as the preanesthetic and isoflurane employed for inhalant anesthesia – were considered 

as a single covariate and all exposures were normalized to an average dose per imaging 

session. While this analytic approach did not permit us to compare the separate effects 

of different anesthetics, it enabled us to consider the summative effect of the cumulative 

exposure to anesthesia across scan sessions.

Multiple exposures to the commonly used anesthetics for MRI scanning had a surprisingly 

large overall effect on WM integrity across the brain. The current findings replicate 

and extend a previous report documenting a similar widespread reduction in the micro-

organization of WM in monkeys after anesthesia exposure during the first year of life 

(Young et al., 2021). However, that analysis was not able to verify sustained effects on 

WM that persisted through the older juvenile and peri-pubertal stages in the monkeys. In 

addition, the current analysis was conducted on scans acquired from a different cohort of 

monkeys, indicating that the findings on the effects of anesthesia generalize across studies. 

There was widespread decrease in FA and an increase in RD and AD present, and thus 

no sign of recovery with age as the monkeys approached the pubertal transition in brain 

maturation. Given the extent of the effects on WM integrity, it is likely that the exposure to 

repeated episodes of anesthesia would also have functional consequences, which would also 

be in keeping with reports of effects long-lasting cognitive impairments in monkeys up to 36 

months of age which would be comparable to pubertal transition in children (Clancy et al., 

2007). Others have also documented a reduction in cognitive ability (Alvarado et al., 2017; 
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Lee et al., 2014; Paule et al., 2011) and alterations in motor activity (Coleman et al., 2017), 

and social behavior (Neudecker et al., 2021) due to exposure to anesthesia.

The extent of the effects of anesthesia exposure did vary across the diffusion measures. 

RD revealed the most substantial effects, accounting for a considerable contribution to the 

anesthesia effect on FA (i.e., FA is a composite of RD, MD, and AD values). RD is sensitive 

to the amount of myelination (Alexander et al., 2007; Winklewski et al., 2018). Loss of 

oligodendrocytes could be the likely mediating process, which accounted for the altered 

RD in the monkeys because oligodendrocytes have a major role in myelin synthesis, and 

histological studies of brain tissue have demonstrated that oligodendrocytes are susceptible 

to anesthesia exposure (Brambrink et al., 2012; Creeley et al., 2014).

Unlike the majority of reports that detected WM alterations after anesthesia exposure 

(Block et al., 2017; Creeley et al., 2014; Schenning et al., 2017; Young et al., 2021), 

there have been some inconsistent findings, including the lack of a significant effect of 

anesthesia on WM tracts when using ex vivo DTI to examine 3-month old rabbits exposed 

to repetitive isoflurane anesthesia at 8, 11, 14 postnatal days, but showed an increase in FA 

in hippocampal gray matter (Aksenov et al., 2020). In this study WM integrity may not have 

been compromised because of the young age of exposure in the rabbit kits and the study 

N was small (4 control and 5 exposed kits). Nevertheless, they were still able to detect an 

increase in FA in hippocampal GM after repeated exposure to anesthesia (Aksenov et al., 

2020). Another important methodological consideration is the possibility of an influence on 

diffusivity indices when applied to fixed tissue (Zhang et al., 2012). One advantage of the 

primate model was the possibility of acquiring the MR scans noninvasively from monkeys 

that were otherwise not manipulated with other experimental procedures.

The identification of a potentially critical period when the brain is especially susceptible to 

anesthetics is another important question to resolve. Our results did not reveal a sensitive 

developmental stage, but that could be due to the summing of anesthesia dose across 

sessions or being statistically underpowered when subdividing the monkeys in this way. 

However, a general vulnerability rather than a particular stage of brain maturation would 

be in keeping a recent review of human studies. The authors concluded that younger 

children were not necessarily more vulnerable (Davidson & Sun, 2018). It is also conceptual 

challenging to define a sensitive postnatal period because of the non-uniform heterochronic 

nature of neurodevelopment, which would likely result in specific sensitive periods for 

different brain regions and systems. Our analysis also did not indicate that there was 

a lingering consequence of a single exposure. Instead, subsequent exposures seemed to 

increase the summative effect on the maturational trajectory. These issues need better 

resolution in the clinical literature, which has reached conflicting conclusions (DiMaggio 

et al., 2009, 2011; Flick et al., 2011; Sprung et al., 2012). Nonetheless, the evidence from 

the current primate model indicates that repeated exposure to anesthesia at clinically relevant 

durations can result in a surprisingly large reduction in overall WM integrity.

Some differences in vulnerability between females and males have been reported previously 

(De Bellis et al., 2001; Giedd et al., 1999; Lenroot et al., 2007; Schmithorst et al., 2002), 

but concurring with our previous work in another cohort of monkeys (Kubicki et al., 2018), 
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the monkey’s sex was not a significant factor until after the pubertal transition. After 

puberty, which occurs between 3-4 years of age in the rhesus monkey, there are marked sex 

differences because the female brain reaches maturity at a younger age, and the male brain 

continues to grow in size for several more years (Knickmeyer et al., 2010). In the current 

analysis, the magnitude of the effect of anesthesia exposure was similar in both sexes. 

Further, neither the monkeys’ body weight nor total brain volume had a large influence on 

the progressive maturation of WM microstructure.

Beyond documenting the effects of anesthesia effects on WM, this DWI study is the 

first to systematically characterize the developmental WM trajectories of rhesus monkeys 

from 2 weeks to 36 months of age. A previous study characterized WM changes starting 

from 4 years (Kubicki et al., 2018). The FA trajectories were similar to those observed in 

children, with rapid change during the first months followed by an asymptotic slowing (Shi 

et al., 2013). Interestingly, the slope of the developmental trajectories was not necessarily 

indicative of the sensitivity to the effects of anesthesia. For example, the splenium of the 

corpus callosum evinced only a modest age-related change in FA but was found to be 

very sensitive to anesthesia (Figure 6). In contrast, the tapetum of the corpus callosum also 

exhibited only a small maturational change in FA but was relatively sensitive to anesthesia 

across all diffusion properties (Figure 6).

Limitations

Because the original aim of this MR scanning project was to generate a developmental 

brain atlas, it should be acknowledged that the DTI information was not ideally suited to 

differentiate the effect of a single discrete exposure versus multiple episodes, other than 

by generating a metric of cumulative exposure. All anesthesia sessions were weighted 

equally in the analysis, even though it is possible that early exposures could potentially 

have a more substantial effect than later exposures. In addition, this experimental design 

did include a control condition with monkeys receiving repeat sedations without a MR 

scan. However, current animal welfare guidelines that emphasize the ethical importance 

of not using more animals than needed would not support the inclusion of that type of 

additional control conditions. Although unlikely, some effects on brain development could 

be partially due to other required aspects of the protocol, including the periodic relocation of 

the younger monkeys for 2-3 hours away from the mother, which was necessary to acquire 

the scan. However, after the older infants were weaned from their mothers by 7 months 

of age, this concern about acute separation would not have been a factor. Finally, because 

the endpoint of the scanning occurred at 3 years of age, we cannot conclude that there 

wasn’t a subsequent recovery. However, that would assume the compensatory processes 

occurred after puberty when at least the female brain does not increase further in size, and a 

maturational phase of cortical thinning has already begun. It seems more parsimonious that 

the impact of a change in maturational trajectories would continue to manifest in adulthood, 

especially if there were behavioral and emotional sequelae of the neural alterations.
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Conclusions

Our study revealed that there is a significant decrease in WM diffusivity associated with 

repeated exposure to relatively low levels of anesthesia, which had occurred in the context 

of MRI scanning sessions. Decreased FA values were evident after as few as 3 exposures, 

highlighting a translational concern when even a few cumulative exposures may be required 

for medical procedures in young children. The findings raise general concerns about the 

repeated use of anesthesia in pediatric practice and also in veterinary medicine with young 

animals.
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Figure 1: 
The DWI data processing was based on DTI atlas building, automatic fiber tractography, and 

fiber profile extraction. In the statistical analysis, the averaged per tract FA was used.
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Figure 2: 
Age of the first and the second knots for all fiber tracts and DTI scalars after optimizing the 

segmented regression model in the two-knot model. The age is color coated, ranging from 

50 days (blue) to 275 days (yellow) to maximally 500 days (red).
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Figure 3: 
The final model fit using the optimized knots for the inferior longitudinal fasciculus. The 

first scan for each individual is shown in green. Subsequent scans are shown in black and are 

traced with gray lines. Age (in days) is the x-axis, and FA, MD, RD, or AD on the y-axis. 

The final two-knot model (normalized anesthesia is ignored for this plot) is shown in red and 

captures developmental trajectories well. For all tracts see Figure S3
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Figure 4: 
The average rate of change of FA, MD, RD, or AD (per week), normalized as a percentage 

of the final model’s FA, MD, RD, or AD value at 1,095 days with no anesthesia exposures, 

is shown for various periods in days. 14d was chosen to be the start point as it was the 

earliest time scan, 1095d was the latest. 127 days was the average of the first knot for FA, 

275d the average of the second knot for FA. Please note, that each diffusion property has a 

different color map scale to provide an equal visualization range, FA increases with age, and 

RD, AD, and MD decreases.
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Figure 5: 
Scans for each individual are shown in black and traced with gray lines. Normalized 

anesthesia is on the x-axis and residuals are on the y-axis. The final longitudinal model 

for overall anesthesia exposure after removing the effects of age is shown in red and captures 

the cumulative effect of anesthesia on the inferior longitudinal fasciculus. See supplemental 

for all tracts (Figure S4).
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Figure 6: 
Normalized anesthesia estimates: The estimated difference in FA, MD, RD, or AD per single 

anesthesia exposure (the average magnitude of a singular anesthesia dose was used). The 

estimated difference in FA, MD, RD, or AD is normalized as a percentage of the final 

model’s respective FA, MD, RD, or AD value at 1,095 days (3 years of age) with no 

anesthesia exposures. Noteworthy, each diffusion property has its range for the colormap 

in the left column, FA decreases, and MD, RD, and AD increase. Normalized anesthesia 

p-values: The p-values of the normalized anesthesia covariate. Tracts that do not meet the α 
= 0.05 significance level appear in light gray
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