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Abstract

A fundamental task in neuroscience is to characterize the brain’s developmental course. While
replicable group-level models of structural brain development from childhood to adulthood

have recently been identified, we have yet to quantify and understand individual differences in
structural brain development. The present study examined inter-individual variability and sex
differences in changes in brain structure, as assessed by anatomical MRI, across ages 8.0-26.0
years in 269 participants (149 females) with three time points of data (807 scans), drawn from
three longitudinal datasets collected in the Netherlands, Norway, and USA. We further investigated
the relationship between overall brain size and developmental changes, as well as how females and
males differed in change variability across development. There was considerable inter-individual
variability in the magnitude of changes observed for all examined brain measures. The majority

of individuals demonstrated decreases in total gray matter volume, cortex volume, mean cortical
thickness, and white matter surface area in mid-adolescence, with more variability present during
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the transition into adolescence and the transition into early adulthood. While most individuals
demonstrated increases in white matter volume in early adolescence, this shifted to a majority
demonstrating stability starting in mid-to-late adolescence. We observed sex differences in these
patterns, and also an association between the size of an individual’s brain structure and the overall
rate of change for the structure. The present study provides new insight as to the amount of
individual variance in changes in structural morphometrics from late childhood to early adulthood
in order to obtain a more nuanced picture of brain development. The observed individual- and
sex-differences in brain changes also highlight the importance of further studying individual
variation in developmental patterns in healthy, at-risk, and clinical populations.
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1.

Introduction

Longitudinal MRI research conducted over the past two decades has demonstrated that the
human brain undergoes a prolonged course of development, with changes in morphometry
observed in the cortex, as well as in white matter and subcortical structures, throughout
childhood and adolescence (Aubert-Broche et al., 2013; Goddings et al., 2013; Lebel

and Beaulieu, 2011; Mutlu et al., 2013; Raznahan et al., 2011; Reynolds et al., 2019;
Vijayakumar et al., 2016; Wierenga et al., 2014a,b; Wierenga, Bos, et al., 2018). While this
research has had a pro-found impact on our understanding of brain development, most of
these studies have focused on estimating group-level trajectories, and quantifying the degree
of individual variability in structural brain development remains a neglected area of research
(Becht and Mills, 2020). Characterizing variability across individuals in how the brain
changes during development is needed to address some of the most pressing questions in
developmental neuroscience. It is only with this knowledge that we can identify individuals
who begin to deviate in neurotypical development, or tailor prevention and intervention
efforts to impact the processes that are changing the most during different developmental
periods.

A goal of developmental neuroscience is to define patterns of brain maturation. We know
that, for instance, the cerebral cortex decreases in volume and thickness across the second
decade of life before beginning to stabilize in the early twenties, and that cerebral white
matter increases until some point in mid-to-late adolescence (Aubert-Broche et al., 2013;
Mills et al., 2016; Tamnes et al., 2017; Wierenga, Langen, Oranje, et al., 2014). But the
age at which these structures begin to stabilize—a measure of maturity for structural brain
measures—Iikely varies across individuals. Subcortical structures also show heterogeneity in
their volumetric development (Herting et al., 2018; Osthy et al., 2009; Wierenga, Langen,
Ambrosino et al., 2014), and our previous work has demonstrated that the amygdala and
nucleus accumbens vary in when they reach a point of maturity across individuals (Mills
etal., 2014). Identifying the periods of development when there is more inter-individual
variability in change vs. stability can inform theories on how immaturity vs. maturity
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in a given brain measure reflects cognitive, emotional, and behavioral processes across
development (e.g. the imbalance model; Casey et al., 2008).

Several neurodevelopmental models of psychopathology hypothe-size deviations in the rate
of brain development for individuals at risk for, or with already developed, mental health
disorders (Shaw et al., 2010). Neuroimaging studies have indeed demonstrated that rates of
change in structural brain development relate to psychopathological symptoms (Bos, Peters,
et al., 2018; Bos, Wierenga, et al., 2018; Ducharme et al., 2014; Muetzel et al., 2018;
Whittle et al., 2020). Notably, sex differences are also present in patterns of structural brain
changes across childhood and adolescence (Herting et al., 2014, 2018; Wierenga, Bos, et
al., 2018; Wierenga, Sexton, et al., 2018), which may be pertinent to understanding sex
differences in onset, prevalence, and progression of psychopathology (Paus et al., 2008;
Shaw et al., 2010). Currently, there are several large-scale initiatives that aim to identify
the genetic and environmental factors that shape the developmental course of the brain

(e.9. ABCD, IMAGEN, Generation R). Moving forward, however, these investigations of
brain development would benefit from knowing the periods of development when the most
inter-individual variability is likely to occur, and which measures of the brain demonstrate
the most inter-individual variability in developmental change.

There are now several longitudinal MRI datasets of structural brain development that can be
used to examine variability in brain change over time (Vijayakumar et al., 2018). Indeed,
individual variability in how the brain develops can only be examined with longitudinal
datasets. While large cross-sectional samples are able to quantify the normative range of
values of a given brain measurement at different periods of development, only longitudinal
datasets can quantify the normative range of how brain measurements change within
individuals at different periods of development, as it is not possible to estimate average
rates of change in a given developmental period with only one measurement collected

per individual. Recently, we have conducted secondary analyses of multiple longitudinal
datasets with two or more time points of data per individual to establish replicable group-
level models of typical structural brain development from childhood to early adulthood
(Herting et al., 2018; Mills et al., 2016; Tamnes et al., 2017). The focus of the present
investigation is to characterize inter-individual variability and sex differences in changes of
brain structure (morphometry) across development. We do so by taking advantage of three
separate datasets of developing individuals with three time points of data, which is necessary
to model individual-level slopes in a multi-level analysis framework.

While the main focus of the present study is characterizing inter-individual variability in
structural brain changes, we also examine whether individuals who have higher or lower
measurements of a given structure compared to similar-aged peers show different maturation
patterns. This secondary focus of the present investigation is motivated by a common
inference in the neuroimaging literature that the maturity of a developing individual’s

brain size can be assessed by comparing them cross-sectionally to similar-aged peers. For
example, children and adolescents with thinner cortex than similar-aged peers are often
inferred as more mature, or faster-maturing, in their brain development (e.g., Paulus et al.,
2019; Tamnes et al., 2018; Thijssen et al., 2020). In this example, the inference stems

from the group-level observation that the cortex of the human brain decreases in thickness
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across childhood and adolescence, but fails to consider the large amount of variability
neurotypically developing children can have in one given brain measure (Wierenga et al.,
2019). For example, one child can have an average cortical thickness that is 85% of the value
of another child the same age (from data presented in Tamnes et al., 2017). If the claim that
children and adolescents with thinner cortex are more mature, we would expect that they
would show less overall change in cortical thickness, as a lack of change in brain structure

is one way to assess the maturity of the brain. We test this hypothesis, as well as the
relationship between overall values of other structural brain measurements in an individual
with observed changes during development. We also examine how the relationship between
overall brain size and maturation patterns differ between females and males.

Methods

Participants

This study examined participants from three separate longitudinal datasets collected from
independent research sites located in three countries: Leiden University (BrainTime),
University of Oslo (Neurocognitive Development; NCD), and University of Pittsburgh
(LunaCog). Only participants with three high-quality anatomical brain scans were included
in the present analysis, for a total of 269 participants (149 females, 120 males).
Demographic characteristics for each sample are described in Table 1, and the sampling
design is illustrated in Figure 1. The distribution of ages varied slightly by dataset, with the
average age of participants at first and last visit (and the interval between them) as follows:
approximately 15-19 years (4 years) for BrainTime, 14-21 years (7 years) for NCD, and
15-18 years (3 years) for LunaCog. Scan intervals differed between datasets X2(2) = 579.74,
p < 0.0001, with a mean interval of 2.23 + 0.8 years. The number of data points included
from females and males for each age (rounded to year) is illustrated in SFig. 1. Details
regarding participant recruitment at each site are described in the Supplemental Material.

Image processing

Participants in the BrainTime and LunaCog samples were scanned using 3-T MRI machines,
while the NCD sample was scanned using a 1.5-T MRI machine. Details regarding image
acquisition at each site are described in the Supplemental Material. MRI processing

was performed with the FreeSurfer 6.0 image analysis suite, which is documented and
freely available online (http://surfer.nmr.mgh.harvard.edu/), on workstations and operating
systems at their respective universities (see Supplemental Material). The technical details
of these procedures are described in detail in seminal publications (Dale et al., 1999;

Fischl et al., 1999, 2002). This processing stream includes motion correction (Reuter

et al., 2010), removal of non-brain tissue using a hybrid watershed/surface deformation
procedure (Ségonne et al., 2004), automated Talairach transformation, non-parametric non-
uniform intensity normalization (Sled et al., 1998), tessellation of the gray/white matter
boundary, automated topology correction (Fischl et al., 2001; Ségonne et al., 2007), and
surface deformation following intensity gradients to optimally place the gray/white and
gray/cerebrospinal fluid borders at the location where the greatest shift in intensity defines
the transition to the other tissue class (Dale et al., 1999; Dale and Sereno, 1993; Fischl and
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Dale, 2000). Each cortical model was registered to a spherical atlas using individual cortical
folding patterns to match cortical geometry across participants (Dale et al., 1999).

Images were then processed using FreeSurfer 6.0”s longitudinal stream (Reuter et al., 2012).
This process includes the creation of an unbiased within-participant template space and
image using robust, inverse consistent registration (Reuter et al., 2010). Several processing
steps, such as skull stripping, Talairach transforms, atlas registration as well as spherical
surface maps and parcellations are then initialized with common information from the
within-participant template, significantly increasing reliability and statistical power (Reuter
etal., 2012). All images were assessed for quality, as described further in the Supplemental
Material.

2.3. Brain measures of interest

Measures of brain structure were computed at each time-point for each participant. For the
purposes of this study, we included global measures of total gray matter volume, cortex
volume, mean cortical thickness, white matter surface area, cerebral white matter volume,
subcortical gray matter volume, as well as volumes of specific subcortical structures:
amygdala, hippocampus, thalamus, pallidum, caudate, and putamen. We chose not to report
on the nucleus accumbens of the FreeSurfer output, given less information about the test-
retest reliability of the nucleus accumbens using the FreeSurfer longitudinal pipeline (Reuter
etal., 2012).

2.4. Analysis procedure

The first aim of the study was to characterize inter-individual variability in structural brain
change from late childhood into early adulthood. Each participant in the current analysis
had three good-quality MRI scans, which allowed us to examine individual-level change
across these three time points. We took two different approaches to measure inter-individual
variability in change, which are described below.

First, we calculated change in a structure between each observation period, which gave us
two observations of change per participant given that each participant had three time points
of data. We then calculated the annualized change score by dividing the amount of change
observed between time points by the amount of time between the two observation periods.
We also calculated the annualized percent change, to provide an assessment of how a given
structure changed relative to the overall size of the structure. We calculated the amount

of change relative to the average size of the brain structure between observation periods.
Specifically, this is how we calculated the annualized percent change for each structure for
each of the two observation periods, with (x = observation):

(Brainmeaurement | — Brainmeasurement,.)
X+ X x 100
(Brainmeasurementy + Brainmeasurementy 4 1)

Agex 4 1 — Agey
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Our rationale for examining both annualized change and annualized percent change is so
that we could assess if there were any notable differences between the two, as we have done
in our previous work (Mills et al., 2016).

For this first aim, we applied a generalized additive mixture model (GAMM; R package
mgevversion 1.8-31 (Wood, 2011)) to visualize the group-level developmental pattern of
change across the age period, as well as to assess if these patterns differed between females
and males. GAMM allows us to flexibly model the group-level developmental pattern of
change across the age period while nesting within participant, without assuming a given
shape of the relationship between age and change. As opposed to polynomial-based linear
mixed models, GAMM replaces the linear slope parameters with ‘smooth’ functions to

find the optimal functional form between the predictor and response (Jones & Almond,
1992). The inclusion of site as a random factor had a negligible impact on models. LR

tests comparing models with and without site as a random factor demonstrated that they
were close to equivalent (p-values > .90). Thus, site was not included as a random factor in
our final models. To assess sex differences, we compared three GAM models: an age only
model, a model including a main effect of sex and age, and a model including an interaction
between sex and age. We compared these three models using Akaike Information Criterion
(AIC) and likelihood ratio statistics (LR test) to avoid overfitting, selecting the model with
the lowest AIC score that was significantly different from the more parsimonious models.
To formally compare the relationship between the magnitude of inter-individual variability
of a given brain measure across age, we applied a generalized additive model with penalized
cubic regression splines predicting the standard deviation of annualized percent change
calculated within yearly age bins.

To examine inter-individual variability in the direction of developmental change, we
categorized observations as increasing in a given structure if their annualized percent
change was equal to or greater than the standard deviation of the annualized percent change
observed in that structure calculated across the entire sample, decreasing if their annualized
percent change was equal to or lesser than the negative value of the standard deviation,

and stable if between these values. To formally compare the direction of inter-individual
variability of a given brain measure across age, we performed chi-square tests comparing
the number of observations of each direction of change across developmental period-defined
age bins. For the purposes of these tests, if the age at the midpoint of the observation
period was less than or equal to 13 years, the observation was classified as “transition

into adolescence.” If the age at the midpoint of the observation period was between 14-18
years, the observation was classified as “mid-adolescence.” If the age at the midpoint of the
observation period was greater than 18 years, the observation was classified as “transition
into early adulthood.”

The second aim of the study was to examine the relationship between the size of an
individual’s brain measure to their rate of change for that measure. For example, we wanted
to assess if individuals with thicker cortex show a greater rate of change in cortical thickness
over time as compared to individuals with thinner cortex. This is also accomplished in a
GAMM, using a natural cubic spline to model the known non-linear age associations at the
population-level, across the age range studied here. To measure the size of each examined
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structure for a given individual, we took the average of the value of that structure across

all three observations. Studying the association between an individual’s average measure
with their rate of change (slope) avoids a negative bias of the association estimate that
measurement error can introduce when examining the initial measurement and subsequent
measurements (for details see Chiolero et al., 2013). Thus, to answer the question if an
individual’s rate of change in cortical thickness is associated with their cortical thickness
(averaged across observations), then our modeling strategy had to take into account where
the individual is relative to the population, or group-level, mean as seen with age and sex.
For example, we know cortical thickness decreases over mid to late adolescence. Thus, an
older adolescent (i.e. age 17 years) is likely to have thinner cortex than a younger adolescent
(i.e. age 11 years). And for brain measures such as gray matter volumes, females are

likely to have smaller gray matter volumes than males. Thus, our approach had to include
understanding an individual’s average brain measure relative to the population averages seen
for the individual’s age and sex. This was captured with the natural cubic spline.

With these considerations in mind, we applied a multi-level model of brain development as
a function of age, with a participant-specific random intercept and slope. This is the same
as fitting a hierarchical model for a given brain measurement (level 1) and slope (level 2).
In level 1, the brain measure (i.e. cortical thickness) is modeled as a natural cubic spline
with 4 degrees of freedom and an /nfercept that varies by sex and dataset. Importantly, a
natural cubic spline is a piecewise cubic polynomial that ultimately allows for capturing
nonlinearity in the data with constraints in place to reduce the likelihood of overfitting. In
level 2, the slopes vary by sex and dataset and the deviation of the individual participant’s
brain measure (i.e. an individual’s average cortical thickness) from the population mean for
the measure (i.e. average cortical thickness). Specifically,

Levell : Yjj = by + bpX5 + b3X3 + bgX4 + b5XXy4 + beX3X4 + brjage;;
+ flage;jj) + boj + ¢jj

Level2 : b7j = g1 + 22X2 + 23X3 + 284Xy + g5X0 X4 + g6X3X4
+ (g7 + ggXa)(aveYj. —avgY..)+e’

Where Yijj is the brain measure and age;j is age at the jth visit (i.e. 1-3) for the it" participant;
by — bg are coefficients that capture separate intercepts of females and males in each study
(BrainTime, NCD, and LunaCog); by; is the individual’s trend over age, and f(agejj), the
remaining terms that model age as a natural cubic spline (Hastie et al., 2009); bg; reflects
the individual’s random intercept (centered by group average based on sex and dataset) and
e5; their (group-level centered) random slope; g; — g capture the average slope of age in
females and males in each dataset (BrainTime, NCD, LunaCog); g7 and gg are the primary
covariates of interest; plus error (ejj). Specifically, g7 measures the association between the
individual’s slope (i.e., rate of change in cortical thickness, bg;) and the individual’s average
brain measure (avgYi;., i.e., individual’s average cortical thickness) relative to the population
average for that brain measure (avgy., i.e., cortical thickness) in females; gg reflects the
difference in association between an individual’s slope and the individual’s average brain
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measure (relative to the population average) in males (vs. females). Each predictor variable
is centered by subtracting the average value. This two-level model can be fit by substituting
the byj from level 2 in the level 1 model. The variables are coded using two indicator
variables for dataset (X>=1 if NCD, 0 otherwise; X3= 1 if LunaCog, 0 otherwise), and one
for sex (X3= 1 if male, 0 if female).

3. Results
3.1. Inter-individual variability in structural brain change

We report the standard deviations for both the annualized change and annualized percent
change across the sample for each structural brain measure in STable 1. Given that the
annualized change and annualized percent change approaches resulted in almost identical
developmental patterns of structural brain change (compare Fig. 2 with SFig. 2), we focus
on describing the results from the annualized percent change measure since it allows for
greater comparability across measures. For visualization, we plot annualized percent change
against the age at the midpoint of observation period (Fig. 2). To visualize the number of
observations categorized as either “decreasing” “stable” or “increasing” for each examined
brain measure, we binned observations by yearly increments based on the individual’s age at
the midpoint of observation period (Fig. 3). Our GAM models predicting annualized percent
change by age are grouped together for visualization purposes in Fig. 4.

Inter-individual variability in direction and magnitude of change was present to some degree
for every structural brain measure examined, and this variability was present across late
childhood and into early adulthood (Figs. 2 and 3; SFig. 3). Similar developmental patterns
of change were observed for total brain and cortical gray matter, mean cortical thickness,
and white matter surface area. The majority of individuals demonstrated either stability or
decreases in the transition into adolescence for cortical measurements and total gray matter
volume, whereas in mid-adolescence (roughly between ages 14-17 years), the majority of
individuals showed decreases in these measurements (see Table 2 for chi-square tests). By
late adolescence and into early adulthood, there was again more variability, with the majority
of individuals demonstrating either stability or decreases. These cortical measurements
demonstrated the largest magnitude in decrease in change observed for most individuals in
the early to mid-teens, and more stability observed in the early twenties (Figure 4). For
cerebral white matter volume, the majority of individuals demonstrated increases in the
transition into adolescence, shifting to the majority demonstrating stability by mid-to-late
adolescence (X2 (2, 353) = 70.063, p < 0.0001). For subcortical gray matter volume and
specific subcortical structures, variability in direction and magnitude of change was visible
throughout the age-range investigated (STable 2; SFig. 3). For some structures, there appears
to be subtle developmental patterns for directions of change, e.g. for the pallidum, most
individuals demonstrated either an increase or stability in the transition into adolescence (X¢
(2, 353) = 29.661, p< 0.0001), and no substantial change from mid-adolescence onward (X2
(2, 461) = 3.2101, p=0.2009).

We observed sex differences in the overall magnitude of annualized percent change for
total gray matter volume, white surface area, cerebral white matter volume, subcortical gray
matter volume, and for the pallidum, and we observed sex differences in the magnitude
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and pattern of annualized percent change for cortex volume (Fig. 5). The selected best
fitting model did differ for two brain measures when change was assessed as annualized
change instead of annualized percent change (see STable 3). For total gray matter volume,
the model including sex and age as an interaction was the best fitting model when annual
percent change was modeled by age, whereas this interaction model did not converge when
annualized percent change was modeled by age. Further, the main effect of sex observed for
white surface area when annualized percent change was modeled by age was not present
when annual percent change was modeled by age. Model comparison statistics for both
annualized change and annualized percent change measures are detailed in STable 3.

4. Relationship between an individual’s brain measure and rate of change

Population, or group-level, mean estimates for each brain measure are plotted by age and
sex in SFig. 5. Results for the relationship between the rate of change of a given structural
brain measure (i.e. change in white matter volume, change in amygdala volume, etc.) to

an individual’s average brain measure (i.e. average white matter volume, average amygdala
volume) and their sex are summarized in Table 3. Complete model outputs for each cortical
and subcortical outcome can be found in STable 4. An individual’s total gray matter volume
was found to significantly relate to an individual’s rate of change in gray matter volume
over time and this was found to be different in females vs. males (Fig. 6). This same pattern
was also seen for cortex volume, mean cortical thickness, and white matter surface area
(Fig. 6). Females with larger brain measurements (i.e. gray matter, cortex volume, mean
cortical thickness, white surface area) showed steeper decreases, or larger negative rates of
change, in these brain outcomes (i.e. gray matter, cortex volume, mean cortical thickness,
white surface area) as compared to females with smaller brain measurements. However,
males showed similar rates of change in each outcome regardless of how large or small their
volumes, cortical thickness, or white matter surface areas were. No relationship was seen
between an individual’s rate of change and volumes of cerebral white matter, subcortical
gray matter, or any of the specific subcortical structures examined in the present study (Table
3).

5. Discussion

The current collaborative research study utilized three longitudinal datasets including a
total of 807 scans from 269 participants to quantify inter-individual variability in the
development of whole brain, cortical, and subcortical measurements across 8.0 to 26.0
years of age. Inter-individual variability was present in each examined brain measurement,
demonstrating that even when the majority of individuals follow a certain development
pattern, some individuals will differ in the directionand magnitude of change. The majority
of individuals demonstrated decreases in total gray matter volume, cortex volume, mean
cortical thickness, and white matter surface area in mid-adolescence, with more variability
present during the transition into adolescence and the transition into early adulthood. In
contrast, the majority of individuals demonstrated increases in cerebral white matter in the
transition into adolescence, with the majority showing stability starting in mid-adolescence
and continuing into adulthood. Most individuals demonstrated little to no substantial change
in subcortical structures or overall subcortical gray matter volume across the age range
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examined. Sex differences were largely reserved to cortical and whole brain measurements,
in both our examination of patterns of annualized percent change across age, as well as in
the association between brain structure size and rate of change.

Given that the majority of longitudinal development MRI studies in children and adolescents
have been limited by two time points of data, most studies have looked at group-level

effects of age. Few studies, however, have examined individual differences in how these
structures change over time. The present study adds to the existing research by detailing

just how variable changes in brain structure can be across late childhood and into young
adulthood. Not only do individuals vary substantially in their overall brain structure size, but
they can also differ in the magnitude, and sometimes direction, of observed developmental
changes. We identified points in development where there is more inter-individual variability
in direction of change for specific structural measurements, which can inform future work

in several ways. For cortical measures, inter-individual variability in the direction of change
was greatest in transition periods into adolescence and into early adulthood. Research

that aims to examine linear developmental processes in cortical measurements may want

to constrain their age range to the teen years as this is when we can have the highest
confidence that most individuals will be showing the same direction of change. Furthermore,
researchers might choose to examine cortical volume over cortical thickness or surface

area for such an investigation, as this cortical measurement shows the most consistency

in direction of change during the teen years. The current study can also inform research
wishing to assess individual differences in “inflection points” or brain maturation. Notably,
for cerebral white matter volume, the majority of variability was in regard to when an
individual begins to show stability in that measurement.

Examining the relationship between an individual’s brain size and overall developmental
change revealed differing patterns between females and males. For example, females with
larger total gray matter and cortical volume, cortical thickness, and cortical surface area
measurements also demonstrated larger decreases in those measurements across time. This
association was not present in males. These findings provide additional evidence suggesting
that not only do individual differences exist in the overall level and pattern of development
(i.e. slope), but also that these two properties of individual differences in cortical brain
development relate to one another in a region-specific fashion.

The observed individual-level and sex differences in brain changes from late childhood into
young adulthood highlight the importance of further studying individual-level trajectories

of brain maturation in cognitive and clinical neurodevelopmental investigations. A closer
examination of each participant’s change over time suggests a complex interplay as to
where the individual may fall relative to the group-average brain measurement. Regardlessof
whether trajectories of structural brain development are linked to overall size for a given
brain region, the amount of inter-individual variability seen among each of these structures
demonstrates that prior work aimed at understanding risk for psychopathology between the
sexes via group-level sex differences in rates of brain maturation may miss the mark in
identifying which individuals go on to develop mental health problems.
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Limitations

A substantial limitation to the current investigation is the lack of sociodemographic
information available across the three longitudinal samples included in our analysis, which
limits the ability to explore how potential environmental factors contribute to the variation
seen in structural brain development and how this, in turn, may relate to behavior. Further,
our definition of the threshold for what constituted a developmental change in a given brain
measure represents a best estimate rather than a definitive rule. We calculated this threshold
for each brain measure based on the overall standard deviation in annualized change (or
annualized percent change) observed across the entire sample, which yielded estimates
similar to those calculated from test-retest reliability studies of FreeSurfer measurements
(Morey et al., 2010; Reuter et al., 2012). Nevertheless, our threshold for identifying

change could have an impact on the conclusions of the present study and we suggest that
future studies include multiple scans per individual in a given time point in order to best
differentiate between time point measurement error from true developmental change. The
current work also does not compare the inter-individual variability in developmental change
across cortical regions—a key next direction to identify differences in when cortical regions
undergo the most variable development between individuals. For example, frontal areas may
be particularly relevant targets for future work, given evidence that rates of change in frontal
regions vary in children and adolescents experiencing different levels of mental health
symptoms (Ducharme et al., 2014; Bos et al., 2018), or different environmental experiences
(Whittle et al., 2014). While the current work is not able to relate inter-individual variability
in brain development to other developmental processes, future studies would benefit from
relating these measures of changes to cognition, behavior, and mental health during
adolescence. Finally, future work examining individuals with at least four time points of
data would allow for estimation of non-linear individual slopes, which is more likely to
resemble the shape of development for many structural brain measurements spanning the
period of late childhood to early adulthood.

6. Conclusions

The present study demonstrates that individuals vary in the direction and magnitude

of structural brain changes across late childhood into young adulthood. For cortical
measurements, the greatest inter-individual variability in the direction of change was
observed during transition periods into adolescence and into early adulthood. In contrast,
the majority of individuals demonstrated increases in cerebral white matter in the transition
into adolescence, with individuals starting to stabilize in mid-adolescence. The magnitude
of changes observed differed between females and males for whole brain measurements.
Inter-individual variability in rates of change related to overall brain size differently between
females and males. Female participants demonstrated a negative relationship between brain
size and change for cortical measurements, whereas this pattern was not seen in males.

Data code and availability statement

The data used in the present study is derived from three studies from three separate
laboratories. To access the data used in the present study, please contact the corresponding
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authors so that they can direct you to the appropriate individuals. The software used to
process and analyze the data (FreeSurfer and R) are open source and freely available. The
analysis script for the present study is freely available for all to use here: https://github.com/
devbrainlab/variabilitybraindev

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Scatter plot of age at scan for all participants. Each of the participants are shown in a

different row, with each line connecting their three respective scans. Female (circle) and
males (triangles) are denoted for each dataset (BrainTime: green; NCD: blue; LunaCog:
Purple).
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Agnualized percent change over time for each individual (y-axis), against age at the
midpoint of the observation period. The purple line reflects group-level annualized percent
change seen with age. The black dashed line marks 0 on the y-axis and the dashed gray lines
represent the standard deviation of annualized percent change across the whole sample. A)
Total gray matter volume, cortex volume, cortical thickness, white surface area, and white
matter volume B) Subcortical gray matter volume and specific subcortical structures. The
equivalent graphs for annualized change can be seen in SFigure2.
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Fig. 4.
GAM maodels for annualized percent change for multiple brain measures together on one

graph for the purpose of comparing group-level patterns of change. A) Total gray matter
volume, cortex volume, cortical thickness, white surface area, and white matter volume B)
Subcortical gray matter volume and specific subcortical structures.

Neuroimage. Author manuscript; available in PMC 2021 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mills et al.

'
N o

Annualized percent change between observations
IS

o - N

'
N

Annualized percent change between observations

Page 20

Total Gray Matter Volume S Cortex Volume E White Surface Area
8 . . L] i : 8
s
foo !
2 2
& §
8 3
3o i
. . g g
g i
H ]
10 15 20 25 g 10 15 20 25 g 10 15 20 25
Age (years) as averaged between observations Age (years) as averaged between observations Age (years) as averaged between observations
Sex female © male
Cerebral White Matter Volume 2  Subcortical Gray Matter Volume § Pallidum
% 10
, i . .
g2 2 ¢
c c 5 . .
%1, % LR e of :
2 0 § Blee 02 Cores 272 02} ,.,',(:, ';
! R R 5 T el
§-1 § A & 't."'."' s
22 . 2| = - ’
g g : ¥
: : g
10 15 20 25 g 10 15 20 25 g 10 15 20 25

Age (years) as averaged between observations

Fig. 5.

Age (years) as averaged between observations

Age (years) as averaged between observations

GAM maodels for annualized percent change for the brain measures with sex effects (see
STable 3 for model comparison statistics). For total gray matter volume, white surface area,
cerebral white matter volume, subcortical gray matter volume and pallidum, the best fit
model included sex as a main effect. For cortex volume, the best fitting model included an
interaction between sex and age. Female participants and their best fitting GAM model are

represented in yellow, whereas males are represented in green.
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Fig. 6.
Significant sex differences in the association between individual’s slope as a function of an

individual’s average brain measure compared to the group average (i.e. based on their study
site and sex). Graphs present the magnitude of slope (i.e. rate of change) based on if an
individual’s relative brain size to the group, with negative values reflecting smaller volumes
and positive values reflecting larger volumes. Note, volume estimates have been scaled by
1000.
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