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White matter

White matter (WM) development early in life is a critical component of brain development that facilitates the
coordinated function of neuronal pathways. Additionally, alterations in WM have been implicated in various
neurodevelopmental disorders, including psychiatric disorders. Because of the need to understand WM develop-
ment in the weeks immediately following birth, we characterized changes in WM microstructure throughout the
postnatal macaque brain during the first year of life. This is a period in primates during which genetic, develop-
mental, and environmental factors may have long-lasting impacts on WM microstructure. Studies in nonhuman
primates (NHPs) are particularly valuable as a model for understanding human brain development because of
their evolutionary relatedness to humans. Here, 34 rhesus monkeys (23 females, 11 males) were imaged lon-
gitudinally at 3, 7, 13, 25, and 53 weeks of age with T1-weighted (MPnRAGE) and diffusion tensor imaging
(DTI). With linear mixed-effects (LME) modeling, we demonstrated robust logarithmic growth in FA, MD, and
RD trajectories extracted from 18 WM tracts across the brain. Estimated rate of change curves for FA, MD, and
RD exhibited an initial 10-week period of exceedingly rapid WM development, followed by a precipitous decline
in growth rates. K-means clustering of raw DTI trajectories and rank ordering of LME model parameters revealed
distinct posterior-to-anterior and medial-to-lateral gradients in WM maturation. Finally, we found that individual
differences in WM microstructure assessed at 3 weeks of age were significantly related to those at 1 year of age.
This study provides a quantitative characterization of very early WM growth in NHPs and lays the foundation for
future work focused on the impact of alterations in early WM developmental trajectories in relation to human
psychopathology.

1. Introduction O’Muircheartaigh et al., 2014). A central feature of neurodevelopment

is the integration of disparate brain regions and neuronal populations.

Infancy and early childhood constitute a critical period of rapid and
dynamic neurodevelopment, characterized by processes that span pre-
natal and early postnatal phases, including synaptogenesis and myeli-
nation (Bakken et al., 2015; Bourgeois et al., 1994; Dimond et al., 2020;
Gao et al., 2009; Keunen et al., 2017; Kim et al., 2020; Kostovic and
Rakic, 1980; Rakic, 1985, 1972). These developmental processes pro-
vide the structural foundation for the maturation of key adaptive emo-
tional and behavioral skills (Deoni et al., 2014; Girault et al., 2019;
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In this regard, white matter (WM) — consisting primarily of myelinated
axons — is important as it facilitates electrical signal transmission in
the brain, resulting in finely tuned neuronal communication. Corre-
spondingly, alterations in WM microstructure identified during child-
hood have been associated with some psychiatric and neurological dis-
orders (Heng et al., 2010; Kim and Whalen, 2009; Savadjiev et al., 2014;
Tromp et al., 2019). However, despite over a century of study, our un-
derstanding of WM development during the earliest phases of life is in-
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complete. This is particularly the case in relation to WM developmental
patterns in the weeks immediately following birth. Establishing a nu-
anced understanding of the early postnatal trajectories of WM matura-
tion across the brain is essential for characterizing the ontogeny of the
brain-wide connectivity that underlies adaptive behavioral, cognitive,
and emotional responses. Such an understanding could lead to novel in-
sights into pathophysiology of early-life psychopathology and may pro-
vide a rationale for the development of novel early treatment strategies
targeting WM.

A growing body of literature has characterized WM develop-
ment throughout childhood, adolescence, and adulthood (Lebel and
Beaulieu, 2011). In this regard, diffusion tensor imaging (DTI) is a
powerful tool for examining the microstructural properties of WM
(Alexander et al., 2007; Pierpaoli and Basser, 1996). DTI uses the mag-
netic resonance (MR) signal attenuation resulting from diffusing wa-
ter molecules to model the differential restriction of water movement
throughout the brain. The primary metrics derived from DTI include
fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity
(RD), and axial diffusivity (AD), which together are sensitive to under-
lying microstructural changes, including myelination, axonal coherence
and packing, and tissue density (Alexander et al., 2007; Jones et al.,
2013).

Substantial work utilizing DTI to explore brain development has elu-
cidated definitive patterns of WM growth across the lifespan, which have
generally corroborated findings from histological studies (Brody et al.,
1987; Kinney et al., 1988). In vivo neuroimaging studies of WM
microstructure using DTI in both humans and nonhuman primates
(NHPs) reveal widespread myelination and axonal organization in early
childhood (indicated by increases in FA and decreases in MD and
RD) (Bava et al., 2010; Brouwer et al., 2012; Giorgio et al., 2010;
Hermoye et al., 2006; Kim et al., 2020; Kubicki et al., 2019; Lebel and
Beaulieu, 2011; Reynolds et al., 2019). Though much of this work used
cross-sectional designs, studies assessing age-related changes in WM ide-
ally should incorporate longitudinal designs to account for the individ-
ual differences in developmental stages and trajectories (Caruana et al.,
2015). With respect to the literature on WM development in infancy,
most studies are either cross-sectional or limited to 1-2 early imaging
timepoints (Dean et al., 2017; Dubois et al., 2008; Gao et al., 2009;
Geng et al., 2012; Shi et al., 2013; Uda et al., 2015; Young et al., 2017).

NHPs are particularly valuable in characterizing the earliest phases
of WM development because of their high degree of brain homology
and evolutionary relatedness to humans. Thus, a better understanding
of early postnatal WM development of the monkey brain could lend im-
portant insights into early WM development in humans. Also, because
of these similarities, along with analogous socio-emotional behaviors,
NHPs are a highly relevant animal model to study the development
of adaptive and maladaptive behavioral, emotional, and cognitive pro-
cesses relevant to psychopathology (Howell et al., 2019; Nelson and
Winslow, 2009; Phillips et al., 2014; Zhang and Shi, 1993). Addition-
ally, some difficulties in performing longitudinal neuroimaging studies
in human infants can be overcome when using NHPs (Raschle et al.,
2012).

In this study, we aimed to quantify and characterize developmental
trajectories of WM during the first year of life in infant rhesus monkeys
as a means to better understand WM development in human infants.
This was accomplished using a longitudinal design, acquiring five dif-
fusion MRIs over the first year of life, with four of them occurring from
birth to six months of age. Regions-of-interest (ROIs), leveraged from a
previously published NHP WM atlas, were delineated from 52 WM re-
gions, constituting 18 major WM tracts. The sample consisted of 34 in-
fant rhesus macaques (23 females, 11 males), all of which were scanned
at approximately 3, 7, 13, 25, and 53 weeks of age. This age range is
approximately equivalent to birth to four years old in humans (Tigges
et al., 1988; Workman et al., 2013). In addition to longitudinal trajecto-
ries, we investigated the regional heterogeneity in DTI growth rates and
magnitudes that may emerge very early in postnatal development. We

Neurolmage 231 (2021) 117825

also examined whether individual differences in WM development were
maintained from very early infancy to approximately 1 year of age.

2. Methods
2.1. Subjects and housing

34 infant rhesus macaques were housed at the Wisconsin National
Primate Research Center (WNPRC) in mother-infant pairs until they
were weaned at approximately 6 months of age and subsequently
grouped into aged matched pairs for the remainder of the study. Stan-
dard husbandry included a 12-hour light/dark cycle, two daily feeding
sessions, ad libitum access to water, and daily enrichment. Procedures
were performed using protocols approved by the University of Wiscon-
sin Institutional Animal Care and Use Committee.

2.2. MRI acquisition and data processing

Thirty-four rhesus macaques (23 females, 11 males) were im-
aged with a 3T MR750 scanner (GE Healthcare, Waukesha, WI) at
roughly 3, 7, 13, 25, and 53 weeks of age. Whole brain, 3D T1-
weighted images were acquired with MPnRAGE (Kecskemeti et al.,
2015, 2018) with 0.625 mm isotropic spatial resolution, reconstructed
to 0.47 mm isotropic resolution. A 2D echo-planar, spin-echo, single-
shell DTI sequence was acquired with the following parameters:
TR/TE = 7000/65.8 ms, flip angle = 90°, NEX = 1, FOV = 125 mm,
acquisition matrix = 128 x 128 with 0.625 partial Fourier encoding, re-
constructed in-plane spatial resolution of 0.4883 mm x 0.4883 mm and
a slice thickness/gap = 1.3/0 mm, 64 interleaved slices, echo-planar
spacing = 884 us, ASSET parallel imaging (R = 2), b = 1000 s/mm?, 72
non-colinear gradient directions, 6 non-diffusion weighted images. In
addition, co-planar external field maps were obtained using a dual-echo
gradient echo sequence with TE1 = 7 ms and TE2 = 10 ms. Data loss
of a single MPnRAGE acquisition for a single monkey occurred due to
network issues.

For each scanning session, subjects were weighed, anesthetized with
ketamine (20 mg/kg, IM), and given atropine sulfate (0.04 mg/kg, IM)
and ketoprofen (5 mg/kg, IM). Subjects were fitted with an endotracheal
tube and induced and maintained on isoflurane anesthesia (typically less
than 2% isoflurane/02). The monkeys were then placed into a custom
built 8-channel receive array for NHP imaging with a built-in stereotaxic
frame (Clinical MR Solutions). If it was necessary, approved isotonic
fluids were administered before, during, or after scanning to maintain
blood glucose levels.

The structural MPnRAGE images for each subject were iteratively
spatially normalized with non-linear, diffeomorphic registration using
Advanced Normalization Tools (ANTSs) software (Avants et al., 2008) to
produce 34 within-subject (across time) templates. The same methodol-
ogy was then implemented to co-register all 34 subject specific tem-
plates to produce a final, time-averaged, population template. After
correcting the raw diffusion images for noise (Tournier et al., 2019),
Gibbs ringing (Tournier et al., 2019), susceptibility-induced distortions
(using the external field maps), and eddy currents (Andersson and
Sotiropoulos, 2016), diffusion tensors were estimated with RESTORE
(Chang et al., 2005) using Diffusion Imaging in Python (DIPY) software
(Garyfallidis et al., 2014). Prototypical DTI parameter maps of fractional
anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and ax-
ial diffusivity (AD) were calculated in native space and subsequently
warped to our population template with non-linear, symmetric, diffeo-
morphic registration using ANTs (Fig. 1).

A publicly available WM ROI atlas (UW-DTIMAC271) (Adluru et al.,
2011; Zakszewski et al., 2014) of young rhesus macaques was also
warped to our population template with non-linear, symmetric, diffeo-
morphic registration using ANTs, visually assessed for alignment, and
after excluding ROIs that were poorly aligned, we selected 52 total WM
ROIs for analysis (Fig. 2). DTI metrics from subgroups of these ROIs



N. Aggarwal, J.F. Moody, D.C. Dean et al.

3 wks

7 wks

13 wks

25 wks

53 wks

Table 1
Table of the 18 WM tracts organized by fiber type.
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Fig. 1. From right to left: Axial views of aver-
age FA, MD, RD, and AD parameter maps for
all 34 rhesus monkeys in the population tem-
plate space; shown from top to bottom at 3, 7,
13, 25, and 53 weeks of age.
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were averaged to represent 18 major WM tracts of interest. These tracts
constitute an assortment of projection (2), commissural (2), association
(9), and brainstem (5) pathways that span every region of the brain and
represent a broad compilation of WM structures. All 52 ROIs and as-
sociated tracts are delineated in Table 1 and Supplemental Tables 1-3.
Additionally, a WM mask of our population template was computed with
FMRIB’s Automated Segmentation Tool (FAST) (Zhang et al., 2001), so
that changes in FA, MD, RD, and AD could be assessed globally. This
mask was also applied to our warped WM atlas for the purposes of re-
stricting subsequent analysis to WM voxels.

2.3. Developmental trajectories and nonlinear regression

For each subject and time point, average values of FA, MD, RD, and
AD were extracted from the 18 WM tracts of interest and then used to
construct longitudinal trajectories. Using MATLAB software, non-linear
regression (via sum of squared errors [SSE] minimization) was imple-
mented to fit these trajectories to a range of plausible growth models.
Candidate models included linear, quadratic, logarithmic, exponential,
and Gompertz functions (Table 2). Information criterion parameters, in-
cluding Akaike Information Criterion (AIC) and Bayesian Information
Criterion (BIC), as well as sum of squared errors (SSE), were calculated

to evaluate the goodness of fit for each proposed model in all WM voxels
delineated by our WM mask. Model testing demonstrated that a logarith-
mic growth model fit best with respect to FA, MD, and RD, as defined
below:

FA (or MD, RD, AD) = A « In(GestAge) + B (1)

In this model, the parameter A represents the rate of change of
FA (MD/RD/AD) and the parameter B represents the magnitude of FA
(MD/RD/AD) at 1 week of gestational age. AD was best modeled by a
quadratic function, followed closely by logarithmic and linear functions.

2.4. Linear mixed-effects modeling

After establishing the best fit for all four DTI parameters, we quan-
tified their growth over time within the framework of a linear mixed-
effects (LME) model to achieve a more robust and complete characteri-
zation of early WM development. For all 18 WM tracts, we modeled FA,
MD, RD, and AD trajectories with this general form:

FA (or MD, RD, AD) = 0 + p1 = In (GestAge)
+p2 x Sex + f3 = (ln (GestAge)‘Sex) + u0 + pul = In (GestAge) + £ 2)
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Fig. 2. (A) Schematic illustrating the population template formation process. The top row depicts the 5 MPnRAGE scans of each rhesus monkey subject. For each
subject, these 5 scans are co-registered with ANTS to produce a within-subject template (middle row). Then, all 35 of these within-subject templates are co-registered
with ANTS to generate a final (temporally-averaged) population template (bottom row). (B) Views of the UW-DTIMAC271 rhesus WM Atlas overlaid onto our
population template. Sagittal (left), coronal (middle), and axial (right). (C) A 3D rendering of the UW-DTIMAC271 WM Atlas warped onto the population template.
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3-D Rendering of NHP WM Atlas

coronal

sagittal
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Fig. 2. Continued

Table 2

The proposed DTI trajectory models in global white matter (GWM). Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), and Sum of Squared
Error (SSE) values are shown. The metrics with the lowest values are bolded for each DTI parameter, indicating that the logarithmic model provides the best fit for

FA, MD, and RD, while the quadratic model provides the best fit for AD.

Non-Linear Curve-Fitting of DTI Trajectories in Global White Matter

Metric A(GestAge)+ B A(GestAge?) + Aln(GestAge) + B A + BeCrGestAge AeBe *GestAge
B(GestAge)+ C

FA AIC -1398.75 -1432.9 -1434.31 -1184.47 -1218.67
BIC -1392.48 —1424.9 —1426.67 -1175.06 -1209.17
SSE 0.047 0.036 0.036 0.155 0.173

MD AIC —1249.06 -1278.49 —1288.89 -1069.87 -1070.89
BIC -1242.79 -1269.08 —1282.62 —-1060.46 -1060.54
SSE 0.107 0.089 0.085 0.303 0.303

RD AIC -1218.97 -1242.70 —1266.36 -1012.39 -1012.4
BIC -1212.70 -1233.39 —-1260.09 -1002.99 -1003.1
SSE 0.128 0.1 0.097 0.425 0.425

AD AIC -1228.97 -1292.58 -1249.37 -1163.78 -1163.77
BIC -1222.70 -1283.17 -1243.10 -1154.36 -1154.33
SSE 0.120 0.082 0.107 0.175 0.175

LME models allow for precise and unbiased effect estimates by ac-
counting for repeated within-subject measures. Our model is linear with
respect to the natural log of gestational age at scan (GestAge) and
also includes the Sex (male or female), and the interaction between
In(GestAge) and Sex as covariates. In the equation denoted above, we
estimate four fixed effects: 0 refers to the overall model intercept; f1
refers to the main effect of GestAge (log-transformed) — our primary vari-
able of interest; p2 refers to the main effect of Sex; and g3 refers to the
interactive effect of GestAge and Sex. To account for the repeated lon-
gitudinal within-subject measurements, we also estimate two random
effects: 10 refers to the by-subject random intercept and u1 refers to the
by-subject random effect (slope) of GestAge. For each of 34 monkeys,
we calculated u0 and ul for each tract. Lastly, ¢ refers to the variance
of the model residuals. In total, we generated 72 different LME models,
one for each DTI parameter (FA, MD, RD, AD) in each of 18 WM tracts

(18 tracts * 4 DTI parameters). All LME modeling was performed using
the Ime4 package in R (Bates et al., 2015).

To investigate and control for the impact of total brain volume on
FA trajectories, we conducted a supplementary analysis using an alter-
native LME model that also included a within-subject measure of total
brain volume as a covariate but was otherwise identical to the one de-
scribed above. To this end, total brain volumes were extracted from the
MPnRAGE structural images for each animal and timepoint using FSL
software (Jenkinson et al., 2012).

2.5. Rate of change curves

To quantify how rapidly FA, MD, RD, and AD change throughout
the developing macaque brain, we calculated rates of change of all four
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. dFA dMD dRD dAD
DTI metrics ( dGestAge’ dGestAge’ dGestAge’ dGestAge
taking the derivative of our mixed-effects model with respect to GestAge

for each WM tract. The interactive effect between GestAge and Sex (83)
was dropped, as it was insignificant in the LME models for all 18 tracts.
This produced an equation of the following form for each of the 18 WM
tracts, describing the speed at which FA, MD, RD, and AD change with
age in each tract:

, respectively) by

dMD dRD dADY _ p!
dt * dt’ dt ) GestAge

dFA <or 3)

dt

The rate of change of each tract, for each of the four DTI parameters
(FA, MD, RD, AD), was estimated by substituting ages ranging from 3
to 52 weeks (in one-week increments) into this equation.

2.6. Individual differences in DTI metrics across time

To assess whether individual differences in these DTI parameters
were maintained across time, we computed Pearson correlations for in-
dividual measures of each animal between 3 weeks of age (timepoint 1)
and 1 year of age (timepoint 5).

2.7. Rank order analysis and clustering of raw DTI trajectories

Next, to delineate regional differences in WM status and develop-
ment across the postnatal brain, we first ranked the magnitudes of the
intercept ($0) and slope (81) terms from the LME models generated for
each WM tract in descending order. Next, we implemented k-means clus-
tering of the raw FA, MD, RD, and AD trajectories corresponding to
the 18 WM tracts. We chose to partition the data into 4 clusters. While
determining the optimal number of clusters generated from a k-means
algorithm is largely subjective, our cluster selection was based on anal-
ysis of multiple k-means clustering criteria and cluster interpretability
(Supplemental Figure 6). In order to validate the consistency of these
results, we performed a split-half reliability analysis — partitioning the
data into two random halves (n = 17 each) and conducting k-means
clustering on each subset. All clustering and statistical procedures were
performed using the kml software package in R (a k-means clustering
algorithm specifically designed for clustering longitudinal trajectories)
(Genolini et al., 2015).

2.8. Data availability

We intend to share all project data following completion of all rele-
vant study analyses and anticipate uploading raw data to NeuroVault
(https://neurovault.org/) in late 2021. In the interim, imaging data,
along with the code used for these studies, may be able to be shared
with interested parties upon request by contacting the corresponding
author.

3. Results
3.1. DTI metrics exhibit robust logarithmic growth over the first year of life

The fundamental aim of this study was to establish a quantitative
framework for characterizing global and regional WM development
across the infant macaque brain over the first year of life. To that end,
we evaluated WM trajectories of FA, MD, RD, and AD extracted from
18 WM tracts (Fig. 3). To establish the growth model that best fit these
data, a number of candidate models were fit to the raw data trajecto-
ries and compared with three widely used curve-fitting metrics (namely,
SSE, AIC, and BIC). We found that a 2-parameter logarithmic model was
the best fit for FA, MD, and RD trajectories. A quadratic model was the
best fit for AD trajectories, though a 2-parameter logarithmic model also
demonstrated an adequate fit. Table 2 provides the SSE, AIC, and BIC
values for each of the tested models.
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After establishing the validity of using natural log-transformed age
for each DTI parameter, we next accounted for individual differences
as well as sex and gestational development in an LME model to test
whether log-transformed gestational age significantly predicted changes
in DTI parameters over time. Results demonstrated that for all 18 tracts,
the log-transformed GestAge term (f1) remained significant in pre-
dicting changes in FA, MD, and RD over time (Bonferroni corrected
Peorrected <0-05). In relation to AD, f1 remained significant for 12 of 18
tracts (67%) (Bonferroni corrected pgoprected <0-05). Because GestAge is
correlated with brain volume and DTI parameters, and because brain
volume and DTI parameters are frequently correlated, we performed
this analysis to disentangle the unique contributions of GestAge on DTI
parameters — independent of total brain volume. In our supplementary
LME analysis of FA trajectories that additionally covaried for total brain
volume, the In(GestAge) term (f1) was still highly significant in all 18
tracts, accounting for unique variance beyond that accounted for by to-
tal brain volume (Bonferroni corrected p.qrrecteq <0-05). We illustrate the
effect of total brain volume on whole brain FA (calculated by averaging
all 18 tracts) in Supplementary Figure 7.

3.2. WM development is rapid over the first 10 weeks of life and slows
dramatically by 25 weeks

Qualitatively, the logarithmic WM growth trajectories of FA, MD,
and RD showed remarkably fast growth in the few weeks immediately
following birth. To quantitatively characterize the rapid nature of WM
development over the first year of life, we took the derivative of our
LME equations with respect to age for 18 WM tracts to produce rate of
change estimates for FA, MD, RD, and AD (Fig. 4).

Rate of change curves for FA, MD, and RD exhibit the same two no-
table features. First, WM appears to develop extremely rapidly over the
first 10 weeks of life across the entire brain. Visually, this is documented
by the steep slopes occurring over the first 10 weeks. Quantitatively, this
observation manifests in that the magnitudes of dFA/dt, dMD/dt, and
dRD/dt for all 18 tracts drop to less than 25% of their initial values by
10 weeks of age. Secondly, WM maturation begins to slow substantially
by approximately 25 weeks (~6 months). We note that the correspond-
ing magnitudes of the rates of change for each DTI metric are less than
10% of their initial values in all tracts by 25 weeks of age and change
very gradually thereafter.

3.3. Individual differences in WM metrics across the first year of life

Correlations between subject-level FA, MD, RD, and AD measure-
ments from the 18 WM tracts at the earliest and latest timepoints reveal
that a monkey’s relative WM status at 3 weeks old is meaningfully re-
lated to its developmental state at 1 year, especially with regard to FA.
Specifically, 16 of 18 FA tract correlations, 8 of 18 RD tract correla-
tions, 5 of 18 MD tract correlations, and 4 of 18 AD tract correlations
were significant after correcting for multiple comparisons (Table 3). Of
note, at an uncorrected threshold (pyncorrected <0-05), 17 of 18 FA corre-
lations, 15 of 18 RD correlations, 14 of 18 MD correlations, and 13 of 18
AD correlations are significant. Graphs of the FA and MD correlations
across time are depicted in Fig. 5, and corresponding graphs for RD and
AD are shown in Supplemental Figure 4.

3.4. Regional asynchrony during very early WM development

Results from k-means clustering of FA, MD, and RD trajectories and
rank ordering of LME parameters (0 and 1) for the 18 WM tracts delin-
eate regional differences in WM microstructure changes over time (Fig. 6
and Supplemental Figure 5). Based on multiple k-means clustering cri-
teria (Genolini et al., 2015), four clusters were selected in the clustering
analysis for each DTI metric. With respect to FA, we find prominent
medial-to-lateral and posterior-to-anterior progression of WM growth.
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Fig. 3. Average trajectories of FA, MD, RD, and AD for 18 WM tracts. The lines represent logarithmic fits for each tract.

Table 3

R? values (along with corresponding p-values) between 3 weeks and 1 year for each WM tract (shown in Fig. 5). Significant R? values (P orrected <0-05) are bolded.
Tract FA MD RD AD

R? p p-corr R? P p-corr R? p p-corr R? P p-corr

fornix 0.599 8.02E-08 1.44E-06 0.249 0.003 0.048 0.334 3.45E-04 6.21E-03 0.166 1.66E-02 0.30
anterior commissure 0.804 7.23E-13 1.30E-11 0.270 0.002 0.029 0.591 1.10E-07 1.98E-06 0.609 5.25E-08 9.45E-07
cerebellar peduncles 0.360 1.75E-04 3.15E-03 0.132  0.035 0.628 0.214 0.006 0.105 0.115 0.050 0.895
corpus callosum 0444 1.69E-05 3.04E-04 0.441 1.84E-05 3.31E-04 0437 2.08E-05 3.74E-04 0458 1.11E-05 2.00E-04
corticospinal tract 0.403 5.47E-05 9.85E-04 0.040 0.256 4.608 0.141 0.028 0.513 0.005 0.679 12.215
medial lemniscus 0.306 6.97E-04 1.26E-02 0.200 0.008 0.143 0.137 0.031 0.556 0.049 0.210 3.778
cerebral peduncles 0.455 1.23E-05 2.21E-04 0.169 0.016 0.284 0.263  0.002 0.035 0.174 0.014 0.255
internal capsule 0.455 1.20E-05 2.16E-04 0.194 0.009 0.164 0.287 1.10E-03 1.98E-02 0.204 7.40E-03 1.33E-01
corona radiata 0414 4.05E-05 7.29E-04 0.149 0.024 0.430 0.177 0.013 0.240 0.199  0.008 0.148
sagittal striatum 0.450 1.40E-05 2.52E-04 0.364 1.57E-04 0.003 0378 1.09E-04 1.96E-03 0.391 7.67E-05 1.38E-03
external capsule 0.300 8.09E-04 1.46E-02 0.155 0.021 0.386 0.137  0.031 0.565 0.230 0.004 0.073
cingulum 0426 2.86E-05 5.15E-04 0.088 0.088 1.580 0.187 0.011 0.190 0.035 0.293 5.270
stria terminalis 0.187 1.06E-02 0.19 0.145 0.026 0.474 0.097 0.072 1.301 0.211  0.006 0.114
superior longitudinal fasciculus 0477 6.14E-06 1.11E-04 0.149 0.024 0.435 0.189  0.010 0.183 0.233  0.004 0.069
superior fronto-occipital fasciculus  0.505 2.48E-06 4.46E-05 0.043  0.240 4.320 0.106  0.061 1.093 0.052 0.195 3.510
uncinate fasciculus 0.268 1.72E-03  3.09E-02 0.225 0.005 0.082 0367 1.47E-04 2.64E-03 0.149 2.42E-02 044
medial longitudinal fasciculus 0.095 0.075 1.357 0.005 0.687 12.366 0.014 0.501 9.018 0.000 0.920 16.553
posterior thalamic radiation 0.464 9.22E-06 1.66E-04 0.562 3.31E-07 5.96E-06 0451 1.36E-05 245E-04 0.670 3.31E-09 5.96E-08
Average of Significant R? 0.446 0.377 0.388 0.532
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Fig. 4. Predicted rate of change curves for FA, MD, RD, and AD estimated for 4 select WM tracts. Curves for FA, MD, and RD exhibit rapid changes over the first 10
weeks of life, followed by a characteristic decrease in rates, whereby rates in all tracts fall to less than 10% of their initial magnitudes by 25 weeks of age.

In relation to FA, Cluster 1, which consists of regions that develop ear-
liest in life, is comprised of the cerebral peduncles, internal capsule,
corpus callosum, and posterior thalamic radiation. Cluster 2 includes
the anterior commissure, cerebellar peduncles, corona radiata, sagittal
striatum, and stria terminalis. Cluster 3 contains the corticospinal tract,
external capsule, fornix, medial lemniscus, superior fronto-occipital fas-
ciculus. superior longitudinal fasciculus, and the uncinate fasciculus. Fi-
nally, Cluster 4 consists of the cingulum and medial longitudinal fasci-
culus. Note that these cluster compositions were largely consistent in a
split-half reliability analysis (FA: r = 0.97; MD: r = 0.86; RD: r = 0.92;
AD: r = 0.91) (Supplemental Table 8).

We note that the clustering results for MD and RD differed consid-
erably from those for FA but were largely consistent with each other.
With respect to both MD and RD, as seen in Fig. 6 and Supplemental
Figure 5, Clusters 1 and 2 share 12 tracts. Cluster 3 shares 2 tracts, and
Cluster 4 consists solely of the fornix for both metrics. Comparison of
the rank orders of g0 and p1 to k-means clusters of FA, MD, RD, and
AD trajectories suggests that regional differentiation in the first year is
primarily driven by the initial magnitudes of DTI metrics.

4. Discussion

This study characterizes, in the NHP, the in vivo development of WM
microstructure during the earliest weeks of postnatal life throughout
the first year. Of particular importance is the present study’s focus on
the developmental changes during the first six months. While a large
body of work has examined early WM growth in humans and NHPs

(Dean et al., 2014a; Dean et al., 2014b; Huang et al., 2006; Kim et al.,
2020; Malkova et al., 2006), few studies have offered an in-depth view of
WM proliferation in the days immediately following birth. Here, using a
longitudinal within-subjects design, we leverage a previously published
rhesus WM atlas to study 18 WM tracts across the brain and model their
spatiotemporal dynamics beginning at 3 weeks of age and continuing
through 53 weeks.

In general, the trajectory analyses with DTI metrics used here demon-
strate a logarithmic pattern in the development of WM across the first
year of life. Individual differences in WM microstructure are evident as
early as 3 weeks postnatally, and these individual differences persist,
as DTI values at 3 weeks are significantly correlated with those at 53
weeks. Finally, we provide evidence of regional differentiation in WM
development in the first few weeks of life that aligns with previous litera-
ture outlining a posterior-to-anterior and medial-to-lateral maturational
gradient.

WM maturation in early childhood, most commonly indexed by FA,
is thought to be driven by progressive myelination and increased axonal
coherence (Friedrich et al., 2020). An extensive body of work in both hu-
mans and NHPs has documented this pattern of rapid growth in infancy
and early childhood, followed by stable linear growth through adoles-
cence (Giorgio et al., 2010; Kubicki et al., 2019; Scott et al., 2015). Con-
sistent with the findings of rapid synaptogenesis occurring in the earliest
months of postnatal life in primates (Bourgeois et al., 1994; Rakic, 1985;
Rakic, 1972), our results add to the current understanding specifically of
WM development by establishing WM trajectories from birth to 1 year
of age in rhesus monkeys, which is generally equivalent to birth to four
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Fig. 5. Within-subject individual differences in DTI metrics between 3 weeks
and 1 year of age for FA and MD. Corresponding plots for RD and AD are shown
in Supplemental Figure 4.

years of age in humans. Linear mixed-effects modeling of the effect of
gestational age on FA, MD, and RD revealed robust, statistically signif-
icant, logarithmic growth across all WM tracts during the first year of
life (Fig. 3 and Table 2). Moreover, as demonstrated in a supplemen-
tal analysis that included total brain volume as an additional covari-
ate, gestational age accounted for distinct variance in FA, separate from
that related to total brain volume. This suggests that observed increases
in FA during infancy are indeed reflective of developmental changes in
WM microstructure, not simply macrostructural changes related to brain
size.

In comparison to FA, MD, and RD, logarithmic growth for AD was
observed in only 12 of 18 tracts examined. Additionally, AD trajecto-
ries throughout the brain were relatively flat, with most regions ex-
hibiting small decreases in AD and others exhibiting small increases
(Fig. 3). The small variations and lack of a universal direction in our AD
growth curves are consistent with other reports of longitudinal trajecto-
ries in AD assessed early in life in humans and NHPs (Bava et al., 2010;
Giorgio et al., 2008; Krogsrud et al., 2016; Lebel and Beaulieu, 2011;
Lebel et al., 2008; Moura et al., 2016; Sadeghi et al., 2013; Scherf et al.,
2014; Simmonds et al., 2014).

The first 25 weeks of NHP life is characterized by rapid growth across
all WM tracts. Our region-specific rate of change models offer a precise
quantitative assessment of this phenomenon (Fig. 4). We observed the
highest rates of immediate postnatal change in posterior, medial, and
brainstem regions of WM, including the medial lemniscus, corticospinal
tract, the cerebral and cerebellar peduncles, and the posterior thalamic
radiation, suggesting an intense and early period of accelerated WM
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development in posterior and medial regions occurring during the first
year of life.

More broadly, we find that the rates of change in FA, MD, and RD for
all WM tracts are highest at the first timepoint and then precipitously de-
cline, falling below 25% of their initial rates by 10 weeks of age (Fig. 4).
By 25 weeks of age, rates of change in FA, MD, and RD drop to less than
10% of their initial values. By 53 weeks, these rates fall to approximately
5% of initial values. These findings, along with reports of DTI metrics in
older animals, suggest that the majority of WM growth is complete by
25 to 53 weeks of age (equivalent to 2-4 years in humans). Undoubt-
edly, WM development in the primate brain continues to occur, but the
intervals of growth during later childhood, adolescence, and early adult-
hood unfold on a scale that is an order of magnitude smaller than the
changes observed in the first months of life (Lebel and Beaulieu, 2011).
Our results suggest that the first few of weeks of life is a critical period
in relation to WM growth and a time of increased vulnerability to the
potential impact of adverse environments and stress.

Our longitudinal dataset afforded us the opportunity to assess
whether individual differences in WM microstructure were maintained
across the first year of life, which cannot be accomplished by cross-
sectional and accelerated longitudinal designs. The few reports relevant
to this question have been performed in humans, but have only used a
maximum scanning interval of up to five weeks (Bonekamp et al., 2007;
Merisaari et al., 2019). Here, we show that individual differences in WM
DTI metrics assessed at 3 weeks of age are related to those at approx-
imately 1 year of age (Fig. 5). This finding was particularly robust in
relation to FA, where in 16 of 18 bilateral tracts, FA at 3 weeks of age
was significantly correlated to FA at 1 year. With respect to MD and RD,
this relationship was only significant for select tracts (mainly prominent
projection fibers and medial tracts), including the corpus callosum, in-
ternal capsule, anterior commissure, and fornix. Additionally, we note
that the correlations between DTI metrics at 3 weeks and 1 year are
generally modest (Table 3), highlighting individual variability in WM
development that can be influenced by experiential and genetic factors.

Decades of histological, anatomical, and imaging studies in humans
and NHPs have repeatedly identified canonical patterns of WM matura-
tion across the brain. Broadly speaking, WM development progresses in
the posterior-to-anterior and medial-to-lateral directions (Brody et al.,
1987; Dean et al., 2014a; Kinney et al., 1988; Krogsrud et al., 2016;
Lebel and Deoni, 2018). Additionally, among the three categories of
WM bundles, projection and commissural tracts develop first, followed
by association tracts (Giorgio et al., 2010; Lebel and Beaulieu, 2011;
Simmonds et al., 2014). This translates into the occipital, cerebellar, in-
ternal capsule, corpus callosum, and brainstem WM exhibiting height-
ened development very early in life, while bundles including the unci-
nate fasciculus, cingulum, and fornix mature relatively late. It is likely
that the maturation of tracts carrying fibers that subserve foundational
sensory processing, autonomic functions, and inter-hemispheric coordi-
nation occurs earliest because they are essential to basic survival be-
haviors. On the other hand, tracts carrying fibers that mediate higher-
order integrative and executive function, fine motor movement, and
emotional regulation are less essential in the early postnatal phases
of life in primates, while under the direct care of a parent. This may
explain why the developmental pattern of these tracts is more grad-
ual. Employing k-means clustering designed specifically for analysis of
longitudinal data, combined with rank order analysis of LME parame-
ters, we computationally recapitulate these established gradients of WM
growth in our infant NHP sample (Fig. 6). As anticipated, WM tracts with
the most elevated FA measures include the cerebellar and cerebral pe-
duncles, posterior thalamic radiation, the internal capsule, and corpus
callosum. Long-range association tracts spanning the posterior-anterior
axis, such as the superior fronto-occipital fasciculus and superior longi-
tudinal fasciculus, exhibit intermediate growth, followed lastly by short-
range association fibers including the uncinate fasciculus, cingulum, and
fornix. These observed patterns align with findings related to WM de-
velopment in human infancy and early childhood, during which medial
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and posterior regions exhibit consistently elevated FA values relative to
lateral and anterior regions (Geng et al., 2012; Uda et al., 2015). Our
demonstration that the pattern of spatiotemporal heterochronicity in
rhesus monkeys is similar to that of humans suggests that this pattern
of WM development is evolutionarily conserved across primate species.
These results also provide strong support for clear regional differences
in WM dynamics that are apparent as early as 3 weeks of age and per-
sist into adolescence and adulthood (Krogsrud et al., 2016; Lebel and
Beaulieu, 2011; Uda et al., 2015). Notably, the rank ordering of the
LME model intercepts (#0), which represent the magnitude of DTI met-
rics at birth in each WM tract, coincides with the cluster compositions
(Fig. 6). This underscores that the genetic programming relevant to re-
gional differences in WM development is unfolding very early in life
and is likely occurring prenatally. Indeed, postmortem tissue and in
vivo MRI studies of human fetuses in the second and third trimesters
have demonstrated myelination emerging earliest in posterior and me-
dial WM regions, including limbic structures, internal capsule, and cor-
pus callosum (Hasegawa et al., 1992; Huang et al., 2006; Kasprian et al.,
2008; Kinney et al., 1994; Zanin et al., 2011). Finally, the results pre-
sented here reflecting early life developmental trajectories are consistent
with the well-known pattern of prolonged maturation that is observed
for frontotemporal association tracts. Specifically, our data demonstrate

Neurolmage 231 (2021) 117825

relatively slower maturation of these tracts that is evident as early as 3
weeks of life.

Our study has some notable limitations. First, some caution should
be used in interpreting these NHP findings in relation to humans. Be-
cause this NHP study was performed in a controlled laboratory setting,
it is important to acknowledge the differences in environmental expe-
rience between the animals used in our study and that of humans, in
which there is considerably more diversity in early life environmental
experiences. This is particularly relevant because brain development is
influenced by a host of environment-related factors, including socioeco-
nomic status and early life stressors (Brito and Noble, 2014; Evans, 2006;
Gee et al., 2013; Telzer et al., 2015). Also, because DTI metrics are an
indirect reflection of WM microstructure and are influenced by various
biophysical processes, caution should be used in interpreting findings
related to specific structural brain changes. For example, changes in FA
have been demonstrated to reflect disparities in myelination, axonal co-
herence, size, and density, and cellular permeability (Friedrich et al.,
2020; Roberts et al., 2005). Additionally, diffusion parameters were
highly correlated to whole-brain volumetric changes across the first year
of life (Supplemental Figure 7), which is why we performed supplemen-
tary analyses demonstrating the unique contributions of gestational age,
while controlling for total brain volume. However, this does not rule out
the possibility that our results also may reflect broader macrostructural

3 Fig. 6. Four k-means clusters derived from the
A o 7 trajectories of the 18 WM tracts for (A) FA and
(B) MD. Cluster compositions, along with rank
- ordering of intercept and slope magnitudes (80
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changes. Finally, while understanding sex-related differences is impor-
tant, this was not possible in our study because of the relatively low
number of males that were part of the sample.

4.1. Conclusion

In summary, we present the first comprehensive DTI-based charac-
terization of WM microstructural growth across the macaque brain dur-
ing the first year of life. Specifically, we established quantitative (LME)
models of FA, MD, and RD trajectories in 18 WM tracts, identifying ro-

sagittal striatum

11

0.095

cerebral peduncles 0.080

bust logarithmic patterns in WM development throughout the brain and
highlighting particularly rapid growth within the first 25 weeks of life.
Leveraging a repeated-measures longitudinal design, we found distinct
individual differences in DTI metrics that emerge as early as 3 weeks of
age and are significantly related to individual differences at 1 year. Fi-
nally, we implemented a longitudinal k-means clustering algorithm and
rank order analysis to elucidate regional differences in WM status and
development. This characterization of very early WM growth in NHPs
can be used for future work focused on mechanisms relevant to under-
standing factors modulating WM development in primates. Such studies
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have the potential to address how alterations in early WM developmen-
tal trajectories may contribute to the emergence of the cognitive and
emotional manifestations of psychopathology.
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