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Abstract

Demyelination is observed in both healthy aging and age-related neurodegenerative disorders.
While the significance of myelin within the cortex is well acknowledged, studies focused

on intracortical demyelination and depth-specific structural alterations in normal aging are
lacking. Using the recently available Human Connectome Project Aging dataset, we investigated
intracortical myelin in a normal aging population using the T1w/T2w ratio. To capture the

fine changes across cortical depths, we employed a surface-based approach by constructing
cortical profiles traveling perpendicularly through the cortical ribbon and sampling T1w/T2w
values. The curvatures of T1w/T2w cortical profiles may be influenced by differences in local
myeloarchitecture and other tissue properties, which are known to vary across cortical regions. To
quantify the shape of these profiles, we parametrized the level of curvature using a nonlinearity
index (NLI) that measures the deviation of the profile from a straight line. We showed that

NLI exhibited a steep decline in aging that was independent of local cortical thinning. Further
examination of the profiles revealed that lower T1w/T2w near the gray-white matter boundary and
superficial cortical depths were major contributors to the apparent NLI variations with age. These
findings suggest that de-myelination and changes in other T1w/T2w related tissue properties in
normal aging may be depth-specific and highlight the potential of NLI as a unique marker of
microstructural alterations within the cerebral cortex.
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1. Introduction

Myelin is the lipid-rich tissue that ensheaths neuronal axons. It is a crucial component of the
human brain due to its role in accelerating neural signaling and promoting synchronization.
The thickness of myelin sheath is proportional to axonal diameter, which varies during
development and aging (Bouhrara et al., 2021; Michailov et al., 2004). Myelination is thus
dynamic across the human lifespan and contributes to activity-dependent neural plasticity
(Zatorre et al., 2012). It has been observed that the developmental time course of cerebral
myelination follows an inverted U-shape, with the highest myelin content occurring between
ages 30 and 60 for different brain regions (Benes et al., 1994; Bouhrara et al., 2020;
Grydeland et al., 2013; Yeatman et al., 2014). Myelin abnormalities are at the core of
multiple developmental and neurodegenerative disorders (Bartzokis, 2004, 2005; Berry et
al., 2020; Papuc and Rejdak, 2020). In normal aging, demyelination is also considered to
underlie cognitive decline by disturbing the synchrony of neuronal circuits and slowing
down processing speed (Bartzokis, 2004; Papuc and Rejdak, 2020). Degenerated myelin
sheaths, both independent of and accompanied by axonal loss, have been reported across
gray and white matter regions in non-human primate models of normal aging and were
suggested to affect various aspects of brain function (Peters, 2002, 2009).

Approximately 50% of the dry weight of white matter in the mature human brain is myelin
(O’Brien and Sampson, 1965). In the cerebral cortex, which contains mostly cell bodies
and dendritic spines, myelin is less abundant. However, recent studies have shown that
intracortical myelin is strongly associated with brain connectivity (Wei et al., 2018) and

is particularly important for the modulation of neural plasticity through its participation in
cortical inhibitory neuronal activities (Bartzokis, 2012; Glasser et al., 2014; Micheva et al.,
2016). While the majority of /7 vivo myelin studies focus on white matter, the significance
of intracortical myelin throughout development and aging is increasingly recognized.

Myelin mapping studies in the neocortex of primates (Bock et al., 2009) have shown

a strong correlation between cortical myelin content assessed by histology and T1

and T1-weighted (T1w) images. This is primarily due to the strong effect that tissue
macromolecules, which are heavily present in myelin sheath, have on MR signal relaxation
described by longitudinal relaxation time (Heath et al., 2018). T2-weighted (T2w) images
have also been shown to be inversely correlated to cortical myelin content (Yoshiura et al.,
2000), as T2 relaxation rate is affected by tissue iron, which in the cortex is co-localized
with myelin content (Fukunaga et al., 2010). Based on these observations, Glasser and

van Essen (2011) proposed to use the T1w/T2w ratio for cortical myelin mapping as it
both enhances myelin contrast and cancels receive bias field contributions. T1w/T2w ratio
in the cerebral cortex has shown good correspondence with known myeloarchitecture and
the ability to differentiate cortical areas with distinct myeloarchitectural properties (Glasser
et al., 2016; Glasser and Van Essen, 2011; Nieuwenhuys, 2013). It is important to note,
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however, that T1w/T2w ratio can be affected by other tissue characteristics that affect T1
and T2 relaxation times, such as the presence of brain iron, edema, and inflammation
(Ganzetti et al., 2014; Harkins et al., 2016). It may also be associated with dendrite density
in cortical gray matter, which is not necessarily correlated with myelin content (Righart et
al., 2017).

As T1lw and T2w images are typically part of routine brain MRI exams and can be
obtained with high resolution (Imm or less) in relatively short time periods, in vivo
mapping of intracortical myelin using T1w/T2w ratio has been applied recently to a wide
variety of clinical research. However, MRI examinations of cortical myelin in normal
aging and neurodegenerative disorders remain limited. Grydeland and colleagues identified
an inverted U-shaped path for cortical myelin across lifespan using T1w/T2w ratio and
observed negative correlations between myelin and cognitive performance stability in aging
(Grydeland et al., 2019, 2013). Using quantitative metrics based on the magnetization
transfer effect, Callaghan et al. (2014) reported decreased myelin content in white matter
and cerebral cortex with age in healthy participants older than 60. Reduced gray matter/
white matter (GM/WM) contrast was also observed in T1w and T1w/T2w ratio images

in Alzheimer’s disease (AD) and normal aging (Vidal-Pineiro et al., 2016; Westlye et al.,
2009). These findings further implicated the involvement of intracortical myelin changes in
aging and pathological neurodegeneration.

A major challenge for intracortical myelin mapping is the laminar organization within the
cerebral cortex. Variations in tissue composition across cortical layers and the presence

of distinct myelinated fiber bands suggest the need for considering depth-dependent
characterizations of intracortical myelin content. To this end, several recent studies have
explored sampling cortical profiles perpendicularly through cortical layers (Dinse et al.,
2015; Paquola et al., 2019; Sprooten et al., 2019; Sui et al., 2021). Findings from these
studies were in line with previous histological reports showing variations in cortical myelin
profiles across cortices. More specifically, these studies have suggested that the shape of
myelin profiles vary across regions with differences in myelin content (i.e., high versus

low myelin), and these variations are associated with local cortical function (Nieuwenhuys,
2013). Studies by our group and others in adolescents and clinical populations further show
that the characteristics of cortical myelin profile, such as nonlinearity and skewness, capture
subtle layer-specific changes related to development and pathology. These findings highlight
the added value of using cortical profiles over the traditional volumetric myelin measures
(Paquola et al., 2019; Sprooten et al., 2019; Sui et al., 2021).

In the current study, we employed the recently available Human Connectome Project in
Aging (HCP-A) dataset (Bookheimer et al., 2019) with the aim of investigating intracortical
myelin alterations in normal aging using a surface-based cortical profile reconstruction
approach. We resampled T1w/T2w values along and across surfaces through the entire depth
of cerebral cortex based on a percentage-wise method and quantified the shape of these
myelin profiles using a single but robust index describing its nonlinearity (the nonlinearity
index, NLI). While the current image resolution and artificial surface expansion method do
not allow distinction of anatomically meaningful cortical laminae, the T1w/T2w cortical
profile approximates the depth-dependent variations in myelin content and related tissue
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properties. Our interpretation of results in the following sections will be based on the
assumption that cortical T1Iw/T2w ratio is largely influenced by myelin density. Cortical
thickness will be compared and accounted for in the analysis of age-related NLI differences
to address potential partial volume effects, as cortical thinning has been robustly observed in
aging populations (Shaw et al., 2016). We hypothesize that regional NLI captures variations
in the cortical profiles that are distinct from aging related differences in cortical thickness
and single-depth T1w/T2w ratio values.

Methods

Imaging data

Datasets from a total of 740 HCP-A participants, including demographic, cognitive, and
imaging data, were downloaded from the National Institute of Mental Health Data Archive
(NDA) using the provided download manager. Fifteen datasets with missing demographic
information (e.g., age and sex) were excluded, leaving 725 datasets for further analysis.
HCP-A participants ranged in age from 36 to 100 years, which encompasses mature, aging,
and old life stages as categorized by the HCP-A project. In the present study, we defined
ages 36-55 as mature, 55-85 as aging, and above 85 as old age groups (Fig. 1a), and we
mainly focused on the aging group for the current study. The rationale behind this age
segmentation is based on previously reported human brain myelination trajectory which
shows an inverted-U shape that peaks approximately within the 30 to 60 years age interval
(Benes et al., 1994; Grydeland et al., 2013; Yeatman et al., 2014). Separating ages between
55 and 85 as an aging group therefore enabled us to zoom in on the period of degeneration
and describe variations in MRI metrics with age using a linear relationship.

The imaging and behavioral data acquisition procedures of the HCP-A and the structural
preprocessing pipelines have been thoroughly described in previous HCP publications
(Bookheimer et al., 2019; Glasser et al., 2013; Harms et al., 2018). Briefly, T1w and

T2w structural images were acquired on Siemens 3T Prisma scanners using the multi-echo
magnetization-prepared rapid gradient echo (MPRAGE; TE = 1.8/3.6/5.4/7.2 ms, TR/TI

= 2500/1000 ms, flip angle = 8°, 0.8 mm isotropic voxel size) and the variable flip

angle turbo spin-echo (T2w SPACE; TR/TE = 3200/564 ms, 0.8 mm isotropic voxel

size) sequences (for the entire imaging protocol, see https://www.humanconnectome.org/
study/hcp-lifespan-aging/project-protocol/imaging-protocols-hcp-aging). Our data download
employed a limited package (Supplementary Materials Table S1) that contained results

of the HCP PreFreeSurfer structural pipeline, which carries out distortion correction,
spatial normalization, and bias field correction (Glasser et al., 2013). We then performed
surface reconstruction using the HCP FreeSurferPipeline on one of our institution’s high
performance computing platforms with the HCP-recommended FreeSurfer 6.0.0 (Fischl,
2012) and FSL 6.0.4 (Jenkinson et al., 2012).

High resolution T1w/T2w ratio images were generated and used as cortical myelin estimates
in the current study. While taking the ratio of T1w and T2w images effectively cancels out
the receive field effects, non-negligible transmit bias field effects may remain as they are
distinct to each image. Here, we did not use any additional bias field correction as current
analysis focuses on the relative shape of cortical profiles within the cortical ribbon, which
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due to their localized nature should not be greatly influenced by bias field effects. The bias
correction provided in the HCP pipelines that regularizes transmit field bias using smoothed
group average T1w/T2w myelin maps was also omitted. Although this correction step was
shown to provide more reliable cortical segmentations (Glasser et al., 2016, 2013), it can
remove natural variations in T1w/T2w values across participants and thus is not suitable

for cross-participants statistical analysis (Glasser et al., 2022;Shams et al., 2019). Since the
residual bias field is shown to be correlated to body mass index (BMI) (Glasser et al., 2022),
we included the participants’ BMI as a covariate in all correlational analyses. Some (Cooper
et al., 2019; Ganzetti et al., 2014), but not all (Grydeland et al., 2019; Grydeland et al., 2013;
Nakamura et al., 2017) of previous research has also employed additional steps to normalize
T1w and T2w images. Here we chose not to perform any additional intensity normalization
on the final T1w/T2w myelin maps, since previously proposed methods (Ganzetti et al.,
2014; Misaki et al., 2015) utilized intensity values of specific ROIs that may introduce
confounding age effects. For instance, the Tlw MPRAGE signal intensity of the eyeball
(vitreous body), which is one of the reference regions used in Ganzetti et al. (2014), has
been shown to significantly increase with age (Streckenbach et al., 2020).

Depth-specific TAlw/T2w and cortical, profile nonlinearity index

The Desikan-Killiany atlas (Desikan et al., 2006) was used for cortical parcellation. Mean
cortical thickness (CT) and T1w/T2w ratio for each cortical region of interest (ROI) were
extracted using FreeSurfer. Regional T1w/T2w and CT values out of two interquartile ranges
below the first or above the third quartile, representing 2.9% of T1w/T2w values and 0.7%
of CT values across datasets, were deemed outliers and not used in the analyses. Analyses
and results based on a more granular atlas (Glasser et al., 2016) were included in the
Supplementary section 3.3 for comparison purpose.

To characterize intracortical T1w/T2w profiles across cortical depths, we sampled T1w/T2w
values from 11 surfaces which segmented the cortical ribbon into 10 sections (Fig. 1b).
Using FreeSurfer mri_vol2surf, two surfaces near the FreeSurfer defined pial (1% CT deep)
and the white matter surface (99% CT deep) along with nine uniformly spaced surfaces
(between 10% and 90% CT depths spaced 10% CT apart) were expanded for each subject.
The 1% and 99% cortical depths were chosen to mitigate contamination from cerebrospinal
fluid or white matter at the cortical ribbon boundaries. T1w/T2w volume resampling

was implemented along with surface expansion in the mri_vol2surf command. For each
projection fraction, the new surface was expanded and placed by projecting outwards from
the white matter surface along the surface normal to the pial surface using the corresponding
projection fraction, after which T1w/T2w values were resampled at the expanded surface
position using trilinear interpolation. Mean T1w/T2w values were extracted from the
expanded 11 surfaces for each cortical ROl using FreeSurfer mri_segstats. This sampling
density was chosen to obtain a smooth approximation of the curved profile while avoiding
oversampling (see Supplementary Fig. S1). These single-depth values were then used to
construct a cortical myelin profile for each region (Fig. 1c).
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To quantify the T1w/T2w cortical profile shape of each region, an NLI was calculated as
the root-mean-square deviation of the T1w/T2w profile curve from a linear regression line,
y(x) = a + bx (Fig. 1c):

11 ( ._/\.)2
NLI = %ﬁ’yl )

where 7indexes the cortical depths, y;are the sampled T1w/T2w ratio values across the
cortical profile, and y; are the corresponding linearly fitted values.

For standardization, NLI values were subsequently scaled across all datasets and all regions
to a mean of 2 and a standard deviation of 1 (Sui et al. 2021). All results below list scaled
NLI values. T1w/T2w profiles of all study regions and average NLI across age groups are
included in the Supplementary Material (Figs. S2, S3). Since the NLI was calculated from
the cortical T1w/T2w values, it had the same 2.9% missing values across all datasets. Data
manipulation including outlier removal and NLI calculation were performed in MATLAB
(The MathWorks Inc, Natick, MA, USA).

2.3. Replication study

To understand the generalizability of the HCP-A results, we applied the same structural
processing and NLI calculating pipeline to the healthy aging sample from the Cambridge
Centre for Ageing and Neuroscience (Cam-CAN; Shafto et al., 2014; Taylor et al., 2017).
The partial correlation with age and NLI described in 2.4 were conducted on the Cam-CAN
datasets. These results are presented in the Supplementary Materials section 4.

2.4. Statistical analysis

Statistical analyses and data visualization were performed in MAT-LAB and FreeSurfer.
Descriptive statistics of participants’ age, sex, and BMI were calculated by age groups
(Table 1). While the focus of the study is the aging group, for the purpose of confirming the
inverted-U shape trajectories observed in previous studies using T1w/T2w at 70% cortical
depth (Grydeland et al., 2019) in the HCP-A dataset, we tested the quadratic age effect in
T1w/T2w at the same depth across participants of all ages. Participants’ age, sex, BMI, and
local cortical thickness were included as covariates in the quadratic age effect regression
analysis.

In the aging group, Pearson’s correlation and linear regression were used to test age-related
variations in regional NLI and CT, and T1w/T2w values at specific depth. To test if the NLI
captures age-related variations that are independent of CT differences, partial correlations
were used to account for regional CT. Finally, mediation analyses (Baron and Kenny, 1986)
were conducted to assess the mediation effect of T1w/T2w values at specific depth on

NLI variations in aging, controlling for the variations in CT. Subjects’ age and NLI were
treated as predictor and outcome variables respectively, and T1w/T2w values at superficial
(average T1w/T2w from outmost 20% cortical sections), middle (T1w/T2w at 50% cortical
depth), and inner sections (average T1w/T2w from deep 20% cortical sections near white
matter) were tested as the mediator. The mediation analysis was performed in each region
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separately with the mediation effect quantified by the percentage mediated, calculated as
the ratio of the effect accounted for by the pathway through the mediator to the total effect
of the predictor (Supplementary 3.2; Fig. S6). Participants’ sex and BMI were included as
covariates in all correlation and mediation analyses described above. Bonferroni correction
was used when applicable to correct for multiple comparisons across the 68 cortical ROIs.
Results were considered significant at a corrected p (p*) smaller than 0.05 (equivalent to an
uncorrected p of 0.00074).

3. Results

Across all age groups, T1w/T2w at 70% cortical depth showed significant quadratic age
effects in ROIs across the prefrontal, temporal, and parietal area (Figs. 2a, S4; Table S2). No
significant age and sex interaction was noted in the regression analysis. Pearson’s correlation
across bilateral cortical ROIs revealed a significant inverse relationship between the NLI
and T1w/T2w ratio at 70% depth (Fig. 2b). In the aging group specifically (Fig. 3), higher
average T1w/T2w at 70% depth were observed in primary cortices including the occipital
lobe and parietal lobe, particularly sensorimotor area along the central sulcus. Association
areas such as the prefrontal, cingulate, and most of the temporal regions showed relatively
lower T1w/T2w (Fig. 3a). In contrast, NLI magnitude across the cortical surface exhibited
the opposite pattern, with lower NLI found in most of the primary cortices and higher NLI
found in the prefrontal, cingulate and inferior temporal regions (Fig. 3b).

In the aging group, both CT and the NLI showed significant negative associations with age
in majority of cortical regions (Fig. 4; Table S3). In limited ROIs along the central sulcus,
significant positive correlations with age were also noted for NLI. Results from partial
correlations between NLI and age adjusting for CT variations indicated that NLI variations
in the aging group were robust and independent of local CT reductions (Fig. 5; Table S3).
Bilateral prefrontal, cingulate, and lower temporal regions were among the ones that showed
the steepest NLI decreases with age controlling for regional CT and the covariates (Fig. 5b).

To further understand the mechanism behind the observed NLI variations in aging, we
inspected regional T1w/T2w profiles of participants on the younger (ages 55-60) against
the older (ages 80-85) side of the aging group (Fig. 6a). Profile differences appear to
concentrate near the pial and white matter surfaces, which leads to lower NLI values in
regions with relatively nonlinear profiles in the mature group and slightly higher NLI in
linear regions such as the precentral region. To visualize age-related changes in cortical
profiles, we displayed individual T1w/T2w profiles colored according to participants’ age
and centered the profiles at T1w/T2w values at 50% depth (Fig. 6b), given that no T1w/T2w
variations with age at this depth exceeded statistical significance after multiple comparison
correction in most brain regions (Table S4). Following mediation analyses confirmed

that lower T1w/T2w at the deepest 20% section within the cortical ribbon (described by
averaging T1w/T2w values at 80%, 90%, and 99% cortical thickness depths, near the white
surface) and the most superficial 20% (near the pial surface) were the main contributors

to age-related NLI variations (Fig. 6¢). The average T1w/T2w at the deep cortical depth
mediated NLI variations in 52 bilateral ROIs, and this mediation pathway explained up to
45% of age-related variance in regional NLI after controlling for participants’ sex, BMI,
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and regional CT. The mediation effect of T1w/T2w at the superficial cortical depth was
relatively moderate and explained up to 16% of NLI age effects in 7 ROls after controlling
for the covariates. Finally, mid-thickness T1w/T2w (at 50% depth) in the left transverse
temporal region was significantly higher with older age, which explained 16% of regional
NLI variations (Fig. 6¢; Table S4). This finding at 50% depth was not statistically significant
in any other cortical ROIs in the aging group.

4. Discussion

The current study revealed distinct intracortical T1w/T2w profile alterations in normal
aging, which may reflect myeloarchitectural and depth-specific cortical changes in older
age. To describe the laminar organization of the cerebral cortex, we generated T1w/T2w
profiles and characterized myeloarchitectural variation patterns of each region using NLI.
We found that age-related NLI variations in the cortical myelin profile were more extensive
throughout the cerebral cortex than CT differences. More importantly, these variations in
profile shape remained significant when regional CT was adjusted for, highlighting the
added value of characterizing cortical myelin profile NLI in studying lifespan changes as
well as this metric’s independence of atrophy. These findings were shown to be reproducible
in the Cam-CAN dataset, which had a similar healthy aging sample and a slightly different
imaging protocol (see Supplementary materials section 4). Further examinations of the
profiles revealed marked T1w/T2w reductions near the GM/WM boundary and pial surface,
particularly the former. This observation was corroborated by mediation analyses, which
showed that a significant portion of NLI variation with age was explained by lower
T1w/T2w at specific cortical depths. Overall, these results suggest that myelin and T1w/T2w
related tissue properties at different cortical depth may be affected non-uniformly in normal

aging.

Consistent with previous histological and MRI findings on intracortical myelin distribution
(Glasser et al., 2014; Nieuwenhuys, 2013; Stuber et al., 2014), in heavily myelinated
primary cortices such as the sensorimotor and primary visual areas, we observed higher and
relatively linearly increasing T1w/T2w within the cortical ribbon, and therefore low NLI.

In comparison, association cortices including the prefrontal and cingulate regions showed
lower T1w/T2w values and more nonlinear profiles (Figs. 2b, 3). Across all age groups, we
also replicated the quadratic age effect in T1w/T2w, primarily in the cingulate, temporal, and
prefrontal regions (Fig. 2a, S4; Table S2). The trajectories of myelination (either inverted
U-shaped or linear-shaped) in multiple ROIs are comparable to previously reported findings
of cortical myeli-nation across lifespan (Benes et al., 1994; Grydeland et al., 2013), in terms
of both trajectory curvature and peak location.

Myelin degeneration has been found in the aging brain through histological studies in

the form of ultrastructural abnormalities in myelin sheath and myelin breakdown (Peters,
2009). Lintl and Braak (1983) reported marked myelin loss in the visual cortex starting as
early as the third decade of life. In the current study, we found that for participants aged
between 55 and 85, regions across prefrontal, temporal, and cingulate cortices showed the
steepest NLI decreases (Fig. 5b) and more prominent T1w/T2w decreases, particularly in
deep cortical sections, adjusted for CT variations (Fig. 6). The variations observed in cortical
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T1w/T2w profile here indicate that cortical myelin, among other tissue properties, may go
through age-related changes that are non-uniform across cortical depths. This interpretation
is in line with previous histological findings of cortical myelination in both aging and
development. Myelin staining data have suggested various degrees of myelin loss across
cortical layers with aging (Kemper, 1994). Non-uniform myelination was also observed
during development, with myelin content increases from infancy to adulthood appearing to
be more prominent in deep cortical layers than in the superficial ones (Miller et al., 2012). It
is nevertheless important to note that neither myelin staining nor T1w/T2w values provides
quantitative measurements of cortical myelin. The extensively decreased T1w/T2w values
from surfaces near the white matter across extended cortical regions observed here may
also reflect both localized myelin degeneration and accumulated loss of myelinated fibers
from other layers, given that all efferent and afferent fibers in the cerebral cortex travel
through deep cortical layers (Nieuwenhuys, 2013). This finding could further reflect in part
changes in the adjacent white matter, as previous studies have shown that GM/WM contrast
decreases with aging are likely due to reduced T1w/T2w intensity in white matter regions
(Colmenares et al., 2021; Vidal-Pineiro et al., 2016).

Intracortical myelin has been suggested to be particularly important in calibrating the
synchrony of neural networks as signals travel through cortical layers that are myelinated

to various degrees (Haroutunian et al., 2014). Altered cortical myelin profiles and decreased
myelin content in normally highly myelinated deep layers in frontal and temporal areas may
thus contribute to the overall cognitive decline seen in aging. Based on previously proposed
mechanisms, the reduced myelin content in the deep cortical layers and the decreased

CT seen here may arise from damaged or thinned myelin sheaths, decreased numbers

of certain types of neurons, varied density and organization of dendritic spines, loss of
oligodendrocytes, or a combination these processes (Bartzokis, 2004; Lintl and Braak, 1983;
Petracca et al., 2020; Rowley et al., 2015).

The current results also resonate with previous findings in clinical populations. In a recent
study characterizing the thickness of highly myelinated deep-cortical layers in psychiatric
patients (Rowley et al., 2015), the authors suggest that myelin integrity in deep cortical
layers plays a particularly critical role in the integration of cortical and subcortical white
matter, which in turn affects cognitive performance. More interestingly, the regions found
to show greater NLI changes in the aging group here, including the prefrontal and
temporal areas, are also frequently implicated in AD neuropathology. Decreased functional
connection between prefrontal cortex and hippocampus-related temporal regions has been
reliably observed in AD patients, which is suggested to be partly contributed by myelin
breakdown and to underlie impaired memory (Bartzokis, 2004; Grady et al., 2001). Recent
studies have also shown more direct association of intracortical myelin integrity with both
functional (Huntenburg et al., 2017) and structural connectivity (Wei et al., 2018). Therefore,
future studies will need to examine whether changes in intracortical myeloarchitecture
observed in current healthy aging sample predispose individuals to further myelin and
functional deficits in AD.

Of note, cortical T1w/T2w ratio has been found to correlate with amyloid p deposits in
cognitively normal individuals aged between 55 and 85 years (Yasuno et al., 2017). In
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another study, higher T1w/T2w values were observed in patients with Alzheimer’s disease
compared to healthy controls (Pelkmans et al., 2019). Indeed, demyelination (i.e., lower
T1w/T2w) and amyloid accumulation (i.e., higher T1w/T2w) are processes commonly
observed in both normal aging and age-related neurodegenerative diseases. However, no
data to date describe how T1w/T2w ratio is affected by these two competing mechanisms.
It would therefore be important for future studies to consider these factors when employing
T1w/T2w in aging and neurodegenerative disease research to further investigate and
potentially utilize the connections between these mechanisms.

Studying myelination across lifespan using MRI has advantages in data acquisition and
research scope compared to histological studies, which may be limited by sample size and
biased by variation in brain fixation methods (Peters, 2002; Seifert et al., 2019; Shatil et

al., 2018). However, the laminar organization of the cerebral cortex poses a major challenge
to cortical myelin mapping using MRI: the relative thickness of each layer varies across
cortices and regions such as the sensory motor area can greatly deviate from the standard
six-layer architecture (Kiernan and Rajakumar, 2013; Nieuwenhuys, 2013). The current
approach, which employs a metric that describes the shape of the cortical profiles, appears
to capture fine changes in myeloarchitecture while also minimizing multiple comparison
problems at initial stages of the analysis. Previous work from our group using a quantitative
magnetization transfer method in young adults with schizophrenia spectrum disorders

also observed NLI changes in the cortical myelin profile in patients, which were shown

to be primarily determined by increased myelin in midcortical depth (Sui et al., 2021).
Overall, findings from the current and previous studies using cortical profiles in detecting
intracortical myeloarchitecture changes suggest the value of this approach in complementing
traditional volumetric methods.

Several important limitations need to be considered when interpreting our results. First,
T1w/T2w ratio is not a quantitative measure and can be affected by acquisition parameters
and tissue properties besides myelin as mentioned earlier (Glasser et al., 2014; Righart

et al., 2017). Of particular note, while cortical layer-specific variations in iron content

was previously found to strongly correlated to myelin stain variations (Fukunaga et al.,
2010), iron that is not colocalized with myelin lipids will affect MRI signals in T1w and
T2w images (Ogg and Steen, 1998) and confound myelin mapping using T1w/T2w ratio.
Moreover, previous studies in white matter found that T1w/T2w shared limited amount

of variance with relatively myelin-specific markers such as myelin water fraction and
magnetization transfer based metrics (Arshad et al., 2016; Hagiwara et al., 2018; Uddin et
al., 2019). Other methodological issues of current application of T1w/T2w include potential
biases from residual B1 transmit field and intensity variations across scans (Ganzetti et

al., 2014;Glasser et al., 2022). We also chose to not include normalization steps that

may indirectly reduce or alter brain aging effects as discussed in Methods 2.1. Therefore,
while cortical T1w/T2w was found to present similar developmental trajectory and regional
distribution that are in line with previous findings of cortical myelination (Benes et al.,
1994; Grydeland et al., 2013), caution should be used when interpreting current results

as quantitative changes in myelin content. The cross-sectional design of the HCP dataset
also limits the interpretation of aging-related variations reported in the current study, as
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the possibility of a cohort effect cannot be ruled out and variation with age may reflect
differences in the sample composition rather than a change over time.

Additionally, given the limited voxel resolution relative to cortical thickness, the T1w/T2w
values obtained at different cortical depths and employed to derive the NLI were

an estimation from interpolated values along the surface normal. Thus, they may not
accurately reflect myelin content at the exact cortical layer. The relatively dense sampling
used here (i.e., expanding 11 surfaces) was chosen to discretize the cortical profile

for NLI calculation. The obtained profile is therefore only a smoothed version of the

real profile and is unlikely to capture fine variations in T1w/T2w with cortical depth

beyond the prescribed resolution. Nonetheless, this study presents a framework for
analyzing depth-related variations in cortical myelin content that can be further refined

in the future using higher resolution images and parametric maps obtained using higher

field strengths or improved acquisition hardware and software. The precision of surface
sampling and the accuracy of tissue gradient characterization may also be improved by
employing algorithms that compensate for cortical folding, such as the ones implemented

in the Connectome Workbench (https://www.humanconnectome.org/software/workbench-
command/-surface-cortex-layer). By controlling for CT in our analyses, we aimed to address
and control the effect of partial volume averaging. It is worth noting, however, that apparent
CT may be dependent on the GM/WM contrast and myelination near the GM/WM boundary
(Natu et al., 2019; Westlye et al., 2009). Therefore, current results of cortical changes
reflected by altered NLI and decreased T1w/T2w from surfaces near the white matter could
also be affected by potential shifts of the apparent GM/WM boundary.

Lastly, as a future direction, it will be useful to apply this cortical profile approach

with atlases that are directly based on cytoarchitecture or functional connectivity (Ding

et al., 2016; Schaefer et al., 2018; Yeo et al., 2011) accompanied with higher resolution
acquisitions. Adapting this method to quantitative measures of myelin content or other tissue
properties (Does, 2018; Mezer et al., 2013; Yarnykh, 2012) will also be important to further
understand intracortical myelin and microstructural changes in development and aging.
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(a) Human Connectome Project in Aging (HCP-A) dataset age distribution separated by sex.
The ages 55 to 85, which were used for examining typical aging in the current study, are
highlighted; (b) Example T1w/T2w ratio image of one participant in axial view. The pial and
white surface of the left hemisphere are marked red. The expanded 11 surfaces are drawn

in yellow; (c) Cortical T1w/T2w profiles of selected regions of interest (ROIS) in the left
hemisphere of one example participant. Regions are selected to show cortical profiles of
varying nonlinearity index (NLI) levels. Mean T1w/T2w values at different cortical depth of
each ROI are plotted as gray dots with the linear fitting line drawn in orange.
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(a) T1w/T2w trajectories in example regions (significant quadratic age effect in left caudal
middle frontal and significant linear age effect only in left precentral region) across age
groups (for full results see Supplementary Table S2, Fig. S4). T1w/T2w ratio values

are extracted from 70% cortical thickness depth from the pial surface for comparison

with previous results (Grydeland et al., 2013). Linear and quadratic fitting lines and
corresponding 95% confidence intervals are shown; (b) Scatter plot of regional nonlinearity
index (NLI) values against the 70% depth T1w/T2w ratio across age groups, color coded by

cortical area. Error bars show % of each metrics’ standard deviation (SD) across the whole

sample. The entire length of the error bar represents one SD range.
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Fig. 3.
Average regional T1w/T2w ratio at 70% cortical depth (a) and nonlinearity index (NLI; b)

across cortical regions of interest in the aging (ages 55-85) group.
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Nonlinearity index (NLI; blue color scheme) and cortical thickness (CT; yellow color
scheme) associations with age in the aging group, controlling for participants’ sex and

body mass index. (a) Bar plots show the Pearson’s correlation coefficient r for the

relationship with age in regional NLI and CT. The shade of the bar color reflects statistical
significance after multiple comparison correction; (b) the slopes of linear fitting lines

of standardized NLI and CT changes with age across cortical regions. Only those with
significant relationships are shown.
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Fig. 5.
(a) Scatter plots describing the relationship between the nonlinearity index (NLI), cortical

thickness (CT) and age in an example region (left caudal anterior cingulate). Far right shows
the partial plot of NLI against age controlling for participants’ sex, body mass index (BMI),
and regional CT. Pearson’s correlation coefficient rand corrected p-values (o* ) are shown.
Shaded areas indicate 95% confidence intervals; (b) The slopes of linear fitting lines of the
NLI as a function of age, controlling for participants’ sex, body mass index (BMlI), and
regional CT. Color reflects slope values for significant partial correlations (e.g., darker blue
indicates faster NLI decline with age controlling for covariates).
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Fig. 6.

Dﬁ"ferences in T1w/T2w ratio at specific depth behind profile nonlinearity index (NLI)
variations. (a) Average T1w/T2w profiles of those aged 55-60 (black) and 80-85 (grey)
shown for representative regions of interest (Fig. 1¢) to highlight differences in profiles.
Error bars indicate one standard deviation range; (b) Individual T1w/T2w profiles colored
by participants’ age. To better visualize T1w/T2w profile variations with age, individual
profiles are superimposed (with 30% transparency) and centered to mean T1w/T2w values
at 50% cortical depth; (c) Percentage of age-related NLI variation that is explained by the
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mediation effect of average T1w/T2w values from specific surfaces (superficial/deep 20%
depths, and at 50% depth). Variations due to participants’ sex, body mass index (BMI),

and regional cortical thickness (CT) are controlled. Partial plots of depth-specific T1w/T2w
values against age in example regions, indicated by black arrows in the brain surface graphs,
are shown on the right. Pearson’s correlation coefficient r and corrected p-values (p* ) are
included. Shaded areas in scatter plots indicate 95% confidence intervals.
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