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While lifespan studies have consistently shown changes in diffusion MRI (AMRI) metrics indicating
gradual microstructural remodeling until middle age, the cellular sources remain unclear due to the
lack of microstructural specificity of traditional dMRI measurements. To provide insight into the
biophysical mechanisms of dMRI changes during aging, we employ advanced techniques with
improved microstructural specificity to study healthy mouse brain maturation from 3-8 months of age.
Agreeing with past studies, fractional anisotropy, diffusional kurtosis and myelin-specific MRI metrics
increased with age. Our main finding is that kurtosis increases were driven by increases in its sub-
component of “isotropic kurtosis” (sensitive to variance of compartmental mean diffusivities), while the
remaining sub-component of “anisotropic kurtosis” (sensitive to microstructural anisotropy) remained
stable. These observations were accompanied by increases in myelin content and oligodendrocyte
density. Our findings suggest that diffusional kurtosis increases during adult mouse brain maturation
are not driven by changes in anisotropic structures like axons, but by overall heterogeneity increases
that are due, at least in part, to changing oligodendrocyte populations. This work gives further insight

into microstructural changes occurring during brain maturation and new insight into the biological

underpinnings of dMRI contrast.

Characterizing the trajectories of neurological aging is essential for differ-
entiating normal cognitive development and decline from pathological
processes. Magnetic resonance imaging (MRI) offers a powerful, non-
invasive tool for tracking structural and functional changes across the life-
span. Several cross-sectional MRI studies have been conducted over the
lifespan, with most involving large multi-center datasets' ™. Lifespan patterns
of quantitative and volumetric analyses have been widely reported to follow
U-shaped or inverted U-shaped trajectories peaking ~30-40 years of age,
depending on brain region, signifying that brain maturation continues until
middle age, followed by degeneration at older ages. Diffusion MRI (AMRI)
has been the most employed approach for these studies, as it can provide
insight into cellular changes that may be occurring non-invasively’. Mean
diffusivity (MD) follows a U-shaped trajectory in both white and gray
matter, which suggests more diffusion restriction from cellular components
during maturation and less during senescence. In white matter, fractional
anisotropy (FA) follows an inverted U, suggesting increased alignment and/
or density of axons or other fibers until middle age, which reverse in the
elderly. While these results give important information on the timelines of
maturation and senescence, the cellular interpretations are non-specific.

Improved microstructural specificity can be obtained by acquiring addi-
tional images with a broader range of diffusion weighting parameters’.
Diffusional kurtosis uses additional images with stronger diffusion weighting
to provide information about the heterogeneity of diffusion characteristics of
cells, which can stem from both anisotropic cell shape and heterogeneity in
cell sizes™. This parameter shows an inverted U-shape with age, signifying
tissue complexity reaches a maximum in middle age'™. While Kamiya et al."
found the decrease in diffusional kurtosis at older ages in humans is driven
by a reduction in anisotropic structures, the cellular sources responsible for
its increases during maturation remain to be elucidated.

To help answer this question, we may turn to animal models as the
molecular mechanisms of aging in mice are similar to those in humans'” and
they allow for longitudinal investigation due to accelerated aging processes
and the ability to perform histopathological assessment. Rodent models, in
particular, play an essential role in the study of disease/injury mechanisms
and the development of disease-modifying therapies, with nearly 60% of
studies in the life sciences using mouse models"’. Hammelrath et al."* and
Mengler et al.” demonstrated that brain maturation continues past
3 months of age in rodents using T2-weighted MRI combined with FA and
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diffusivity measures from dMRI, which was linked to ongoing myelination
via histology. Indeed, increases in myelination have been shown to continue
well into middle age in humans and mice using myelin-specific MRI'*™".
However, myelin water is only indirectly probed by dMRI since its short T,
relaxation renders it invisible at the long echo times used”. Diffusional
kurtosis has also been investigated in rats, where similar to human studies,
increases in brain tissue complexity during early adult brain maturation are
implicated***'. Despite a recent study showing diffusional kurtosis showed
excellent spatial correlation with myelin content in even gray matter”, the
mechanism for how myelination affects dMRI contrast is unclear. These
past studies suggest diffusional kurtosis changes during brain maturation
are related to fiber ultrastructural changes, such as axon content increases
and/or myelination in white matter and dendritic architectural modifica-
tions in gray matter. Therefore, we hypothesize that increases in kurtosis
during maturation will be driven by anisotropic sources of kurtosis.

In this work, we aim to gain more insight into microstructural changes
that are occurring during healthy adult mouse brain maturation in the first
8 months of life using two state-of-the-art dMRI acquisitions that manipulate
diffusion weighting to improve microstructural specificity beyond that pre-
viously achieved in investigations into brain maturation: “tensor-valued” and
“oscillating gradient spin-echo (OGSE)” dMRI. We complement these dMRI
acquisitions with “magnetization transfer saturation (MTsat)” MRI, which is
a marker sensitive to myelin™**, We chose to focus on 3-8 months of age,
given that the upper end of the transition from maturation to senescence
implicated in human studies corresponds to ~10 months of age in mice”. All
the MRI data has been made openly available”. To shed light on the
microstructural changes underlying these MRI measurements, we also
investigate differences in histological measures of glial cells and myelin
between mice aged 3 and 8 months. Our main finding is that contrary to our
hypothesis, increases in diffusional kurtosis during maturation are nearly
fully attributed to changes in the variance of compartmental MD (e.g,, cell
soma and/or the volume of extracellular space) but not changes in micro-
structural anisotropy. These findings, paired with concomitant increases in
myelin content (measured by MTsat and histology), suggest that anisotropic
kurtosis (see Theory) is insensitive to ongoing myelination during brain
maturation. These observations coincided with increasing numbers of oli-
godendrocytes, which suggests that glial cells, which have been traditionally
ignored in dMRI microstructural models and interpretation of dMRI changes
in disease/injury, may have an appreciable contribution to dMRI contrast.

Theory

Tensor-valued dMRI”* allows decomposition of the diffusional kurtosis
into two sub-components with different microstructural underpinnings:

Ktotal = Kiso + Kaniso (1)

where K, (isotropic kurtosis) is a measure of the variance in MD across all
cells and extracellular space in the voxel (i.e., variance in MD across all
compartments), which can be related to variance in cell size or type, and
Kaniso (anisotropic kurtosis) is a measure of microstructural anisotropy (e.g.,
voxels with many axons have high K,;s.)’- While Ky, has similarity to FA,
in contrast to FA it is not affected by the directional coherence of fibers,
making it an effective index of total fiber volume even in gray matter. A
related dMRI metric is microscopic fractional anisotropy (uFA), which has a
monotonic relationship with K,;s.. Like FA it is normalized to lie within 0
and 1, but it is not confounded by orientation dispersion™”:
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OGSE dMRT" measures how diffusivity varies with respect to fre-
quency:

MD; = MD, + Af*® (3)

where A is the “diffusion dispersion rate””. OGSE dMRI probes diffusion
time dependence in the frequency domain, where shorter diffusion times
(higher frequencies) reduce the time that molecules probe their micro-
structural surroundings. The diffusion dispersion is therefore a measure of
how diffusivity varies across spatial scales and is sensitive to cell size and
structural variations along axons (e.g., axon beading)**. Supplementary
Fig. 1 demonstrates that fitting diffusion dispersion with Eq. (3) provides a
good fit for our data in a representative mouse at baseline, which was verified
in other subjects.

Results

Representative MRI maps

Figure 1 shows representative maps for one mouse at 3 months of age. K,piso
shows enhanced white matter contrast compared to K., as expected, and
Kiso is relatively consistent throughout the brain. A shows selective
enhancement of distinct regions in the brain with densely packed neurons,
such as the dentate gyrus (part of the hippocampal formation).

MRI metrics over time

From model selection testing using the corrected Akaike Information Cri-
terion (AICc), a linear fit was the preferred model over quadratic in 18/21
tests, with quadratic fits being the preferred model for FA in white matter
(WM) (AAICc =0.017) and the hippocampus (HC) (AAICc = 0.692) and
MTsat in WM (AAICc =1.218) (Supplementary Table 1). Overall, linear
trends were expected given the age range of 3-8 months is during only the
first half of U-shaped trajectories that peak near middle age™.

Fig. 1 | Representative axial parameter maps from
one mouse at 3 months of age. Structural maps
include T2-weighted and MTsat (magnetization
transfer saturation). Maps from the OGSE dMRI
protocol include A (the diffusion dispersion rate).
Maps from the tensor-valued dMRI protocol
include MD (mean diffusivity), FA (fractional ani-
sotropy), Kiotal (total kurtosis), Kis, (isotropic kur-
tosis), Kqniso (anisotropic kurtosis).
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Fig. 2 | Microstructural MRI metric changes from 3 to 8 months of age across 3
regions of interest. Results of multiple linear regression reported in table next to the
corresponding graph, reporting the adjusted R* and p-value for the model fit, along
with the p-values for effects of age, sex, and age*sex interaction for each ROI Data

Hippocampus (HC)

shown as mean +/- SD across n = 11 subjects along with individual values (circles),
with the linear fit shown for each ROI (WM white matter, CX cortex, HC
hippocampus).

Subsequently, we performed multiple linear regression with age, sex,
and interaction effects to metric changes over time in our ROIs (Fig. 2).
Statistically significant model fits were found for MD and Ko (all ROIS),
FA (WM and cortex (CX)), MTsat (WM), K;;,, (WM and HC), and K,
(CXand HC). Kj5, (CX) and FA (HC) showed an insignificant model fit but
significant effect of age, and upon performing simple linear regression after
removing sex as a variable as it was not contributing to the global model, a
significant age effect was found (Kis,: F; 4> = 8.042, adj. R* = 0.141, p < 0.01,
FA: F, 4, =8.185, adj. R =0.143, p < 0.01).

FA showed significant increases over time in all ROIs while MD
showed a decrease only in the CX. Koy and Kjg, show significant increases
with age in all ROIs, paired with increases in MTsat, significant in WM,
while K,piso remained stable with age in all ROIs. Supplementary Fig. 2
shows that pFA and K, follow similar trends over time and between
regions. A did not show any significant changes with age.

Significant effects of sex were found for MD and Ki, in all ROIs and
Kaniso in the CX and HC, while no significant sex-by-age interactions were
found. We separated data by sex for all metrics to further examine these sex
differences (Supplementary Fig. 3). Females show significantly higher MD
compared to males in all ROIs, while males and females show remarkably
similar FA values. Females show lower Ko, and K5, compared to males.

MRI changes with time in smaller regions
To examine whether MRI changes in the larger ROIs are consistent across
different smaller regions, we examined metric changes in individual WM

(corpus callosum (CC), fornix (Fnx), internal capsule (IC)) and gray matter
(cerebellum (Cb), hypothalamus (Hyp), thalamus (Thl)) ROIs (Fig. 3).
Statistically significant model fits were found for Ky, in all ROIs, MD (CC,
IC, Cb, Hyp, Thl), MTsat (CC, Fnx and IC), and Kj,, (IC and Thl). FA (CC),
Kiso (Fnx), and K,pis0 (Fnx, Cb and Thl) showed insignificant model fits but
significant effects of age or sex, upon performing simple linear regression
after removing the variable not contributing to the global model, a sig-
nificant effect was found for all (FA (CC) - Age (p < 0.01), Kjs, (Fnx) — Sex
(p <0.01), Kyniso (Fnx) - Age (p <0.01), Kypiso (Cb) - Sex (p <0.05), and
Kaniso (Thl) - Sex (p < 0.01)).

A significant increase in FA with age was detected in the CC, while MD
showed a significant decrease in the IC. MTsat showed significant increases
with age in all WM regions (CC, Fnx, and IC), while A showed no significant
age effect. Significant increases in Ko, were found in all ROIs, paired with
increases in Kj, in the IC and Thl and K, in the Fnx. Full statistical
findings are included in Supplementary Table 2.

Significant effects of sex were found for MD in most regions (CC, IC,
Cb, Hyp, and Thl), Ky in all ROIS, Kjg, in the Fnx, and K, ;50 in the Cb and
Thl, with no significant sex-by-age interactions found. Supplementary Fig. 4
shows these metrics separated by sex. Similar to the larger ROIs, females
show higher MD and lower kurtosis.

Histology
Given the surprising finding of increases in diffusional kurtosis during
maturation being driven by Kj,, we performed quantitative histology for
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Fig. 3 | Microstructural MRI metric changes from 3-8 months of age across 6
regions of interest, including 3 white matter (corpus callosum, internal capsule,
fornix system) and 3 gray matter regions (cerebellum, hypothalamus, thalamus).
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Data shown as mean +SD across n = 11 subjects along with individual values (cir-
cles), with the linear fit shown for each ROL

myelin and glial cell content to identify the cellular change(s) responsible. A
significant increase in oligodendrocyte and myelin content (measured by
Olig2 and MBP, respectively) from 3 to 8 months of age are found in all
regions examined (Fig. 4). Conversely, no differences in microglia or
astrocyte content were identified with Iba-1 and GFAP, respectively (Sup-
plementary Fig. 5).

Discussion

Here we explored healthy mouse brain maturation using tensor-valued
dMRI, OGSE, dMRI, and MTsat MRI to separate sources of diffusional
kurtosis, probe diffusion dispersion, and characterize myelin content,
respectively. These protocols were applied longitudinally in mice between 3
and 8 months of age to better understand the contrast mechanisms of these
advanced MRI metrics and how they evolve over the course of normal brain
maturation. Our main finding is that contrary to our and past study
hypotheses, increases in diffusional kurtosis over time were driven by iso-
tropic kurtosis and paired with increases in myelin content and oligoden-
drocyte density, while anisotropic kurtosis remained stable across
timepoints throughout most of the brain. Age-invariant sex differences were
detected in both diffusivity and kurtosis metrics, but significant age-by-sex
interactions were not. Here we summarize the key interpretations of these
results, followed later with comparisons to existing literature and more
detailed discussion.

Our histological findings highlight that there are two microstructurally
distinct components of myelination in the maturing mouse brain: increased
myelination of axons (measured with MBP) and generation of the oligo-
dendrocytes that produce the myelin (measured with OLIG2). Myelin
sensitive MRI like MTsat is primarily sensitive to the former component,
because of the high lipid content of the tightly wrapped layers of myelin.

Our finding that K, is stable over time, even though axons are
becoming more myelinated, suggests that K, ;. is insensitive to myelina-
tion. However, we cannot exclude the possibility that competing effects may
be occurring, whereby myelination increases K,y and another micro-
structural alteration decreases K,,so. Nevertheless, the complementary
microstructural specificities between myelin-sensitive MRI like MTsat and
Kaniso implicated by this work may be useful for the study of demyelinating
conditions.

Our finding that increases in Ky, during brain maturation are driven
by Kiso suggests that diffusional kurtosis may be sensitive to myelination
only indirectly through: (1) proliferation of oligodendrocytes, and (2)
replacement of extracellular space (contributor to Kj,) with myelin (invi-
sible to dMRI). The relative contributions of these two potential sources of
Kiso change and other potential microstructural sources for Kj, increases
over time cannot be easily determined from this work.

The tensor-valued dMRI results also reveal that the differences in Ko
between white and gray matter (governed by microstructural anisotropy,
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Fig. 4 | Quantitative histology at 3 and 8 months in the corpus callosum, hip-
pocampus (CA1 subfield), and cortex. a oligodendrocytes (brown cells, some of
which are highlighted by black triangles). Scale bars represent 15 um (corpus cal-
losum) and 30 pm (hippocampus and cortex). b myelin (red) and DAPI (blue) to

Hippocampus (CA1)

® Cortex

show all cells. Scale bars represent 100 um. Myelin in the hippocampus (CA1) was
quantified in the SLM (stratum lacunosum moleculare) region, as shown with white
dashed lines. Plots show mean and SD across n = 4 subjects along with individual
values (circles), *p < 0.05. ¢ The specific regions imaged are shown.

Kaniso) Stems from a microstructural source distinct from the changes over
time (governed by variance in compartmental diffusivities, Kj,). Accord-
ingly, this finding highlights a potential pitfall in interpretation of imaging
results: the conclusion that because MTsat and K., have similar spatial

patterns (both high in WM) they must have similar mechanisms behind

changes over time, which is shown to not necessarily be the case here.
Trends observed in MD and FA are comparable to previous human

and rodent studies investigating healthy brain maturation"*'"*'>*". FA shows
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significant increases over time in all ROIs, while MD decreases (significant
in the CX), consistent with our timepoints being in the ‘young’ regime of
U-shaped curves described for lifespan studies (Fig. 2). Hammelrath et al.
reported that in most white matter ROIs, FA continuously increased in
agreement with increased intensity on myelin staining, in mice studied until
6 months of age'’. Mengler et al. found a pronounced increase in myelinated
fibers, using histology, in the cortex between 3 — 6 months of age in rats'".
They interpreted that the decrease in MD with age was likely due to mye-
lination. The lack of consistent MD decrease across ROIs observed here may
be partially due to inclusion of both males and females in our analysis, as
both aforementioned studies used only male rodents and we see a trend of
greater MD decrease with age in males compared to females (Supplemen-
tary Fig. 3). Additionally, the short diffusion time (9.2 ms) used to compute
DTT metrics may decrease the sensitivity of MD in detecting changes in
restrictions/hindrances that occur throughout maturation.

Our histological finding of increased myelin (as measured with MBP)
between 3 and 8 months aligns with past studies'*'">***. Despite significant
increases in MBP in all examined regions, MTsat only showed significant
increase in white matter. This suggests that MTsat is less sensitive to myelin
changes in gray matter regions, which has been suggested in a study of
multiple sclerosis®”. More recent techniques, such as inhomogeneous MT
(i(hMT) MRI increase specificity to myelin due to its direct sensitivity to the
phospholipids in myelin'', which should be utilized in future studies
investigating the impact of myelination of dMRI contrast.

Kiotar shows significant increases with age in all examined ROIs,
agreeing with previous DKI studies in normal brain maturation***”'. Pre-
vious literature has related Ky, increases to myelination and dense packing
of axon fibers in white matter, and more densely packed structures like cells
or membranes and dendritic architectural modifications in gray matter.
However, these interpretations involving fiber microstructure would be
expected to coincide with increases in K,pso, which was not seen here in
most of the brain (with a notable exclusion being the fornix). By investi-
gating both isotropic and anisotropic kurtosis components in this study, we
observe that during normal brain maturation, changes in K, are primarily
driven by changes in Kjq,. This is paired with increasing MTsat (significant
in WM) and increasing histological myelin content in white matter, cortex,
and hippocampus ROIs (Fig. 4), while K,;s, remains stable over time. This
suggests myelination in the mature brain is not a main contributor to K50
or uFA, which has a monotonic relationship with K,s,”*"*. A recent study
found that diffusional kurtosis showed excellent spatial correlation with
myelin density in both white and gray matter regions™. Importantly, our
findings suggest that it may not be myelin increasing diffusion anisotropy
within or surrounding axons responsible for this correlation but rather glial
cell populations and/or extracellular volume changes (reflected in Kj,) or
variation in the density and/or caliber of axons (reflected in K,piso)-
Although previous studies found changes in uFA with demyelination in the
cuprizone demyelination model*” and multiple sclerosis patients*, we sus-
pect that damage to axons and/or neuroinflammation may have influenced
resultant changes in pFA and Kj,.

It is interesting to note that although K, remains stable, FA shows
increases over time, which may be due to fibers becoming more aligned
through maturation while their density remains consistent. As fibers
become more aligned, FA is expected to increase, as macroscopic water
diffusion anisotropy increases, but K,y is not expected to change, as it
disentangles effects of fiber orientation dispersion from microstructure’".
Significant undulation has been observed in axons using microscopy™,
which would be expected to lower FA but not K, ;.. However, how these
undulations may change during brain maturation is an open question.

The increase in Kjq, reflects increased cell size and density hetero-
geneity and changes to the extracellular volume, as it indicates a hetero-
geneous microenvironment with compartments having a wide variation in
diffusivities within a voxel™””. Given our histological findings of increased
oligodendrocyte (OL) content from 3 to 8 months, we suspect that the
proliferation and maturation of OLs is contributing to this increased cell
size/density heterogeneity. Although most OL precursor cell (OPC)

proliferation, differentiation to myelinating OLs, and myelin development
occur before 3 months of age, these cellular changes occur continuously
throughout adulthood at lower stable rates™*. A study by Tripathi et al.*’
showed increased OL content until 8 months of age and greater increases in
the corpus callosum compared to other regions, agreeing with our findings
in Fig. 4. Furthermore, a recent study in humans found that
oligodendrocyte-specific gene expression increases in cortical regions from
0-30 years of age, relying on the assumption that expression is proportional
to OL density”. Agreeing with past studies’™”, we show no changes in
astrocyte and microglia density between 3 and 8 months of age (as measured
by GFAP and Iba-1, respectively). However, studies have found astrocytes
and microglia undergo morphological changes and continuous re-
population throughout normal brain maturation’> which could impact
dMRI contrast. Furthermore, while Iba-1 is considered to be a marker for all
microglia®, GFAP is more strongly expressed in reactive astrocytes, which
may limit our sensitivity to detect changes in the number of non-reactive
astrocytes™.

It is possible that changes in K, are reflective of these various
microstructural changes in oligodendrocytes, astrocytes, and microglia to
some degree. However, oligodendrocytes are the most numerous glial cells
in the mouse brain, composing >50% of glial cells*, and thus changes in OL
populations are likely to have the largest impact on dMRI parameters. The
effect of glial cells on dMRI contrast is being increasingly recognized, with a
recent study in humans showing that increased oligodendrocyte-specific
gene expression was associated with decreased dMRI-derived apparent
soma radius in the cortex™. Furthermore, oligodendrocytes are distributed
widely throughout and undergo continuous proliferation and differentia-
tion in both WM and GM regions”. This supports our findings of Ki,
increases being at least partially related to OL populations as we show Kj,
increases in all global ROIs. However, the consistent Kj, changes across
these regions, paired with much lower OL density in CX and HC compared
to WM, suggests there may be other contributing factors to Kj,, changes. In
the CX and HC, neuron cell body morphology and density changes could
also be a contributing factor to Kjs, changes with age. It should be noted that
regional variation in Kj, is likely to be related to more factors than just OL
populations, as Kj;, values are largest in the CX while OL density is highest in
WMS‘),S(),S'/'.

A potential contributing factor to our dMRI changes is changes in
perivascular space (PVS). These fluid-filled channels that surround blood
vessels in the brain have been suggested to have an appreciable effect on
dMRI parameters™. A large human study showed that in both WM and the
basal ganglia, PVS volume fraction increases with age™, which would be
expected to increase Ko, due to a wider variance in compartmental dif-
fusivities. While studies have demonstrated that the PVS is anisotropic at
relatively long diffusion times available on human scanners™, given the
short diffusion times (9.2 ms) used for kurtosis computation here, this
compartment may appear as isotropic and thus be reflected predominantly
by Kis. However, further study of how PVS changes can impact dMRI
parameters is warranted.

The dMRI metric changes observed in the three global ROIs were
relatively consistent with changes in smaller ROIs, with increased MTsat in
WM regions, increased FA (significant in CC), increased Ko, (significant
in CC, IC, Cb, Thl), and increased Ky, (significant in IC and Thl) (Fig. 3 and
Supplementary Table 2). However, while most other regions show stable
Kaniso as observed in global ROIs, the fornix shows the opposing trend with a
significant increase in K50 This suggests that while increases in cell het-
erogeneity drives increases in Ky, for global ROISs, increases in the fornix
may be driven by increased axonal content and/or changes in axon caliber.
While we try to mitigate partial volume effects by excluding voxels with high
MD, the fornix is located very close to lateral ventricle which may bias dMRI
metric values.

Age-invariant sex differences were seen in MD and Ky, in all larger
ROIs and K, in CX and HC, while no differential age-dependence
(age™*sex interaction) was detected for any metrics/ROI (Fig. 2 and Sup-
plementary Fig. 3), with no differences in MTsat. These findings were
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consistent with sex differences found in smaller ROIs (Supplementary
Table 2 and Supplementary Fig. 4). Age-invariant differences in brain
microstructure have been reported"*”*, with males often having more
diffusion restriction (lower MD) compared to females®, which agrees with
our finding of lower MD in males. While it is more difficult to interpret the
differences in K0, simulations in Zhou et al.** showed increasing K,piso
with larger intra-axonal volume fraction. The larger K,p;so (and Keorr) and
smaller MD in males can thus be interpreted as a larger intra-axonal volume
fraction in males compared to females. This aligns with a study utilizing
microstructural modeling that showed males tend to have larger measures
of intra-axonal volume fraction®, and females tend to have smaller caliber
axons than males”. While we did not detect differential metric trajectories
between sexes, we are likely underpowered to detect these differences due to
our small sample size (n =6 males, n =5 females). The addition of more
timepoints and animals is needed to fully examine these differences.

This investigation has several limitations. Firstly, we are not able to
calculate microscopic or intra-compartmental diffusional kurtosis (uK),
which is another source of total kurtosis and ignoring it can bias the estimate
of other kurtosis sources*®”. uK is the weighted sum of different microscopic
sources of non-Gaussian diffusion, including restricted diffusion inside
compartments with complex shapes, and microstructural disorder due to
the presence of microscopic hindrances to water molecules (such as
membranes and axon caliber variations)*. Recently, uK was shown to be a
primary driver of total kurtosis upon ischemia in mice”, revealing that this
component can be non-negligible.

Secondly, we only explored the brain maturation phase of the lifespan,
while the senescence phase remains to be investigated. Including more
timepoints after 8 months would allow for a more robust and complete
picture of the mouse brain lifespan trajectory. However, the age range used
in this study is a widely accepted time period for longitudinal rodent neu-
roimaging studies and will provide insight into healthy rodent brain
maturation, helping to disentangle normal and pathological microstructural
changes. Additionally, the use of newer anatomical atlases built on in vivo
contrast and incorporating both sexes could be utilized for future aging
studies to examine sex differences™.

Our histological limitations include a small sample size and staining for
general glial cell populations, such as oligodendrocytes. Future studies
would benefit from staining for specific cell populations, such as OPCs, pre-
myelinating OLs, and myelinating OLs, as Olig2 is expressed on both OPCs
and mature OLs”. A more comprehensive morphological analysis could
have benefited dMRI interpretation, such as examining ramification den-
sity, soma size, and others, as we only examined stained area (MBP, GFAP,
Ibal) and cell density (Olig2). Additionally, we did not quantify changes in
neuron levels over time as this could impact our findings of increased cell
heterogeneity in gray matter regions. However, a past study quantified
NeuN (marker for neurons) throughout mouse brain maturation and found
no differences in almost all regions during our study timeframe”. Addi-
tionally, consistent K;s,/Kaniso changes across global ROIs suggest similar
microstructural changes occurring throughout the brain, although our
findings in gray matter regions could have been impacted by changes in
neuron levels. However, testing correlation between MRI and histology was
challenged due to only 8-month-old mice being matched with MRI, while
the 3-month-old mice belonged to a different batch.

Given the high performance of the gradient hardware, effective diffu-
sion times were overall low (9.2 ms diffusion time for multi-shell LTE
acquisition). While not in itself a limitation, the finding of negligible sen-
sitivity of Kyniso to myelination may not hold true at longer diffusion times
where compartmental exchange becomes relevant’”,

We did not perform microstructural modeling based on the MRI
measurements, opting to focus on “representations””. While modeling
could potentially improve the interpretation of results, there are potential
pitfalls in the microstructural assumptions that are required when per-
forming them’® and many possible permutations to consider for this work
(glial cells, axon undulations and caliber variation, packing arrangement,
cell size, etc). Additionally, microstructural models, such as SANDI”” and

NEXI™ require higher b-value acquisitions than those acquired here
(2000 s/mm?®) for accurate parameter estimation. Nevertheless, we have
provided all raw imaging data open access, which may be a resource for
groups specialized in the development and application of microstructural
models.

In conclusion, we examined the evolution of microstructural MRI
metrics longitudinally during normal mouse brain maturation, to both
characterize how these metrics change over time and better understand their
biological underpinnings. The trends of FA, kurtosis, and myelin-specific
metrics were comparable to previous rodent and human lifespan studies.
However, by decomposing diffusional kurtosis into two distinct sources, we
found that metrics specific to anisotropic sources of kurtosis were stable over
time and kurtosis increases during brain maturation are driven by hetero-
geneity in compartmental diffusivities. Histology indicated that increases in
oligodendrocyte populations over time may have a role in driving these
trends.

Methods

All animal procedures were approved by the University of Western Ontario
Animal Care Committee and were consistent with guidelines established by
the Canadian Council on Animal Care. We have complied with all relevant
ethical regulations for animal use. Detailed information on the data
acquisition and analysis pipeline used for this study, including the dataset, is
openly available’’. Moreover, the test-retest reproducibility of the MRI
metrics have been reported previously’®”. Therefore, we will only sum-
marize acquisition and analysis and refer the reader to the linked papers for
full detailed methods.

Subjects

Data used for this study included 12 C57Bl/6 mice (six males, six females)
scanned at 3, 4, 5, and 8 months of age. As these mice were part of a larger
longitudinal study, they were anaesthetized 2 days after the first scan (at
3 months of age) by intraperitoneal injection with Ketamine 80 mg/kg and
Xylazine 10 mg/kg, diluted in saline. We chose to exclude ‘Day 3’ and ‘Week
I’ data from Rahman et al.” to avoid possible short-term effects from
ketamine/xylazine anesthesia on tissue microstructure®. For this study, we
used data from 11 mice (six males, five females), as one female mouse did
not receive a scan at all timepoints.

Before scanning, anesthesia was induced by placing the animals in an
induction chamber with 4% isoflurane and an oxygen flow rate of 1.5 L/min.
Following induction, isoflurane was maintained during the imaging session
at 1.8% with an oxygen flow rate of 1.5 L/min through a custom-built nose
cone. After the last time point, the mice were euthanized. Four mice (two
females and two males) were chosen randomly for histology. The mice were
anesthetized with ketamine/xylazine (2:1) and then underwent trans-
cardiac perfusion with ice-cold saline, followed by 4% paraformaldehyde in
phosphate-buffer saline (PBS). Four more mice (two females and two
males), aged 3 months, were acquired for histological comparison and
housed in the same conditions.

Data Acquisition

MRI experiments were conducted at the Center for Functional and Meta-
bolic Mapping (Western University) on a 9.4 T Bruker Neo small animal
scanner equipped with a gradient coil insert of 1 T/m strength. During each
imaging session, OGSE and tensor-valued dMRI, MTsat MRI, and anato-
mical data were acquired with a total scan time of 2 h and 35 min. Anato-
mical images were acquired using a T2-weighted TurboRARE sequence
with parameters: in-plane resolution 150 x 150 pwm, slice thickness 500 um,
TE/TR =40/5000 ms, 16 averages, total scan time of 22 min. The OGSE
dMRI protocol utilized a fixed gradient duration of 11 ms and included a
PGSE sequence (diffusion time = 12.9 ms) and OGSE sequences with fre-
quencies of 50, 100, 145, and 190 Hz with a single b-value shell of 800 s/mm’
(10 directions)*' and parameters: in-plane resolution 175 x 200 pum, slice
thickness 500 um, TE/TR = 39.2/10000 ms, five repetitions, total scan time
of 45 min. Frequency tuned bipolar (FIB) waveforms were used at 50 Hz to
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lower the TE of the acquisition®. The tensor-valued dMRI protocol utilized
a fixed gradient duration of 5.5 ms and consisted of linear (LTE) (diffusion
time =9.2ms) and spherical tensor encoding (STE) acquisitions with
b-value shells of 1000 s/mm? (12 LTE/STE) and 2000 s/mm? (30 LTE/STE)
with parameters: in-plane resolution 175 x 200 pum, slice thickness 500 um,
TE/TR =26.8/10,000 ms, three repetitions, total scan time of 45 min. The
MT protocol included three FLASH-3D scans and one B1 map scan to
correct for local variations in flip angle. The FLASH-3D scans consisted of
an MT-weighted scan, and reference T1-weighted and PD-weighted scans
with parameters: in-plane resolution 150 x 150 pum, slice thickness 500 um,
12 averages, total scan time of 43 min.

Histological examination

Eight brains (four brains aged 3 and 8 months, with equal numbers of males
and females) were post-fixed overnight, placed in 20% sucrose (as a cryo-
preservation procedure), and embedded in optimal cutting temperature
(OCT) medium. The brains were cryosectioned at 16 pum and collected
serially onto Superfrost Plus slides and stored at —80°C. For staining,
cryosections were rinsed in 0.1 M PBS and blocked in 5% goat serum with
0.3% Triton X-100 for 2 h at room temperature. The sections were then
incubated with primary antibodies (diluted in 5% goat serum) at 4 °C
overnight.

Primary antibodies (Supplementary Table 3) included antibodies
against oligodendrocyte transcriptor factor 2 (Olig2), glial fibrillary
acidic protein (GFAP), ionized calcium-binding adapter molecule 1
(Iba-1), and myelin basic protein (MBP) as markers of all oligo-
dendrocytes, astrocytes, microglia, and myelin, respectively. Immu-
nofluorescent staining was used to visualize astrocytes, microglia, and
myelin, while DAB (3,3’-diaminobenzidine) staining was used to
visualize oligodendrocytes. For immunofluorescent staining, sections
were blocked with 5% Goat Serum and 0.1% Triton X-100 for 2h at
room temperature, then incubated with primary antibodies (Sup-
plementary Table 1) at 4 °C overnight. The next day, sections were
incubated for 45 min with donkey anti-mouse IgG, conjugated with
Alexa Fluro 488 (Invitrogen, Eugene OR, USA) and/or a donkey anti-
rabbit IgG, conjugated with Alexa Fluro 594 (Invitrogen). Sections
were mounted with ProLong Diamond Antifade Mountant with
DAPI (Invitrogen). DAB staining, to detect Olig2, was performed
using the Vectastain Elite ABC kit (Vector laboratories, Burlingame,
CA). DAB is oxidized by hydrogen peroxide in a reaction catalyzed
by horseradish peroxidase (HRP) to form a brown precipitate, which
can be visualized by light microscopy. Sections were incubated with
0.3% hydrogen peroxidase for 45 min to quench endogenous per-
oxide activity. Similar to immunofluorescent staining, blocking was
performed with 5% Goat Serum and 0.3% Triton X-100 for 2h at
room temperature, then sections were incubated with the primary
antibody at 4°C overnight. The next day, sections were incubated
with the secondary antibody, biotinylated-anti-rabbit IgG (1:200
dilution) for 1h, and then with ABC (Avidin Biotin Complex con-
taining HRP) reagent for 2h at room temperature. Finally, DAB
reagents were added, and sections were mounted with Cytoseal
(Thermos Scientifics).

Digital images were captured using a Leica Mica microscope and were
focused on the corpus callosum (white matter), somatomotor area (cortex),
and CALl (hippocampus) to match MRI findings, as shown in Fig. 4c. To
achieve high accuracy and consistency among all samples, we adapted an
atlas-guided approach and used stereotactic coordinates to define the spe-
cific brain regions: corpus callosum (bregma 0 to 1 mm), CA1 (bregma -1.5
to -2.5 mm), and somatomotor area (bregma 0.5 to 1.5 mm). For quanti-
tative analysis, in each region, three sections collected 320 um apart were
imaged to acquire an average for each mouse, similar to previous studies®’.
All images were acquired at 20x magnification. Oligodendrocyte cell
counting was performed manually. MBP, GFAP, and Iba-1 immuno-
fluorescence was quantified using Fiji software™, after applying a threshold
of approximately 60.

Data analysis
Complex-valued repetitions were combined using in-house MATLAB code
which included frequency and signal drift correction® and phase alignment.
The DESIGNER pipeline® was used to perform MP-PCA tensor
denoising” " with Rician bias correction™, followed by Gibbs ringing cor-
rection for partial-Fourier acquisitions’””. Correction for eddy current
induced distortions was performed using TOPUP” followed by EDDY"*
from FMRIB Software library (FSL, Oxford, UK)”. Scalar maps of MTsat
were generated from the MT protocol as outlined previously”. From the
OGSE dMRI data, Mrtrix3 was used to fit the diffusion tensor and acquire
maps of MD at each frequency. Diffusion dispersion rate (A) maps were
computed as outlined in Eq. (3).

For the tensor-valued dMRI data, maps of K, and Kj, were gener-
ated by jointly fitting:

212
0
DK,
0

with ordinary least squares, where S; ; and Sg;y; are the diffusion-weighted
signal from LTE and STE acquisitions, S is the signal with no diffusion
weighting, b is the b-value, and D is the diffusivity’. K,pu;, maps were
generated using Eq. (1). MD and FA were computed by performing a
diffusional kurtosis fit of the LTE acquisitions from the tensor-valued
protocol.

Region-of-interest (ROI) analysis

Quantitative MRI parameters were investigated in three regions of
interest: global white matter (WM), the cortex (CX), and the hippo-
campus (HC). Masks for these three ROIs were generated from the
labeled Turone mouse brain atlas™, which was downsampled to the
resolution of the T2-weighted images. To ensure accurate registration of
scalar maps to the atlas, a T2 template, an FA template, and an MT-
weighted template was created based on images from all scanning ses-
sions using ANTs software”. There are three steps to warp individual
scalar maps to the down sampled atlas space: (1) Individual FA and MT-
weighted maps are registered to their respective templates, (2) the FA and
MT templates are registered to the T2 template, and (3) the T2 template
is registered to the down sampled atlas. Each registration step involves
affine transformation followed by symmetric diffeomorphic transfor-
mation using ANTs software. Output deformation fields and affine
transforms from each of the three steps were used to warp the individual
scalar maps to the atlas space, resulting in only a single interpolation
during registration, to obtain quantitative values for each dMRI metric.
Voxels in each mask with MD > 0.9 um*/ms were excluded to reduce
partial volume effects with cerebrospinal fluid.

Statistics and reproducibility

While many studies have shown a quadratic fit of MRI metrics with age,
given our reduced age range of 3-8 months we first tested whether our
data is better fit by a linear or quadratic model. Model selection testing
using the corrected Akaike Information Criterion (AICc)™ was per-
formed for each MRI metric in our three large ROIs (WM, CX, HC) to
test each model. To examine how MRI metrics change over time and
possible effects of sex, a multiple linear regression model was performed
for each metric in each ROI, to determine effects of age, sex, and age-by-
sex interactions. To correct for multiple comparisons, p-values were
adjusted using a false discovery rate (FDR) correction via the Benjamini-
Hochberg procedure”, applied separately to model fit, age, sex, and age-
by-sex interaction p-values. To examine how MRI metrics change over
time in smaller ROIs, we performed the same multiple linear regression
and multiple comparison correction used for larger ROIs. Finally, to
determine significant differences in histological staining (Olig2, MBP,
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GFAP, Iba-1) at 3 vs 8 months of age, a one-tailed Mann-Whitney U test
was used within each ROL. Statistical analysis was performed in R version
4.1.2 and GraphPad Prism version 10.2.0.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All numerical data values are provided in Supplementary Data 1. All raw
and processed MRI imaging data that support the findings of this study are
available open-access from The Federated Research Data Repository with
identifier https://doi.org/10.20383/103.0594'”, with all data acquisition and
processing details available in Rahman et al.”.

Code availability

All code to process raw data to scalar maps is available in The Federated
Research Data Repository, mentioned above. The code is also available
publicly through GitLab: https://gitlab.com/cfmm/pipelines/mouse_dmri_
MT_dicomTOscalarMaps.
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