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Abstract

The relationship between brain microstructure and aging has been the subject of intense study,
with diffusion MRI perhaps the most effective modality for elucidating these associations. Here,
we used the mean apparent propagator (MAP)-MRI framework, which is suitable to characterize
complex microstructure, to investigate age-related cerebral differences in a cohort of cognitively
unimpaired participants and compared the results to those derived using diffusion tensor imaging.
We studied MAP-MRI metrics, among them the non-Gaussianity (NG) and propagator anisotropy
(PA), and established an opposing pattern in white matter of higher NG alongside lower PA
among older adults, likely indicative of axonal degradation. In gray matter, however, these two
indices were consistent with one another, and exhibited regional pattern heterogeneity compared to
other microstructural parameters, which could indicate fewer neuronal projections across cortical
layers along with an increased glial concentration. In addition, we report regional variations in

the magnitude of age-related microstructural differences consistent with the posterior-anterior shift
in aging paradigm. These results encourage further investigations in cognitive impairments and
neurodegeneration.
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Introduction

Age is the main risk factor for prevalent diseases and conditions such as cancer,
cardiovascular disease, and neurodegeneration. It is crucial to characterize changes,
including in cerebral microstructure, that occur with normative aging and to distinguish
them from changes caused by disease. Consequently, there is a critical need for accurate and
sensitive imaging biomarkers that reflect early pathological changes before the development
of severe neuronal loss and to, ultimately, help facilitate early interventions. Several lines
of research have demonstrated that quantitative magnetic resonance imaging (MRI) offers
unique advantages as a diagnostic or response imaging biomarker in neurology. The last 3
decades have seen a myriad of advanced methods to characterize cerebral microstructure
with unprecedented sensitivity, based mostly on diffusion tensor imaging (DTI) (Basser

et al., 1994) and relaxometry. This extensive work has revealed complex and nonlinear age-
related trajectories of cerebral tissues during brain maturation and degeneration (Driscoll et
al., 2009; Resnick et al., 2003; Westlye et al., 2010; Yeatman et al., 2014). Although DTI’s
classical tensor model was shown to be sensitive to age-related microstructural changes (Abe
et al., 2008; Schilling et al., 2022; Storsve et al., 2016), it relies on the assumption that
water diffusion in the brain is unrestricted and follows a Gaussian distribution (Basser et
al., 1994). However, the presence of cell membranes and other barriers creates a complex
environment in which water diffusion often follows a non-Gaussian distribution (Novikov
et al., 2018). Brain microstructures therefore cannot be adequately described by the tensor
model, and as a result, biases may be introduced in the corresponding diffusion metrics.

To address this, multi-compartment biophysical diffusion models have been introduced
(Assaf and Basser, 2005; Benjamini et al., 2016; Fieremans et al., 2011; Jespersen et al.,
2007; Stanisz et al., 1997), most notably, the Neurite Orientation Distribution and Density
Imaging (NODDI) model (Zhang et al., 2012). NODDI employs the “standard model” of
brain microstructure, in which neural tissue consists of three compartments: impermeable
straight cylinders with negligible diameter, and anisotropic and isotropic diffusion tensors.
While this biophysical model may be suitable for white matter (WM), recent studies have
shown it does not hold in gray matter (GM) (Jespersen et al., 2019; McKinnon et al., 2017;
Veraart et al., 2019). And indeed, NODDI has been mostly used to capture age-related
changes in cerebral microstructure exclusively in WM (Beck et al., 2021; Lawrence et

al., 2021; Pines et al., 2020; Qian et al., 2020). Recently introduced, the Soma and

Neurite Density Imaging (SANDI) (Palombo et al., 2020) framework attempts to model
GM more explicitly. Nevertheless, it shares a second limitation of all biophysical models,
namely the strict assumptions about the underlying tissue composition, compartments,

and physical properties. Therefore, despite their potential greater specificity, the derived
parameters are dramatically dependent on these underlying assumptions (Lampinen et al.,
2019), which could hamper their sensitivity to early changes due to pathology or aging.
Specifically, significant alterations of myelin-related processes during aging (Bouhrara et
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al., 2020; Marner et al., 2003; Peters, 2002; Sandell and Peters, 2001), along with changes
in fiber diameters (Giorgio et al., 2010; Paus et al., 2008), can allow exchange between
compartments and affect the diffusion signal in complex ways. As the axons and myelin
sheets are lost, they are replaced by new astrocytes, microglia, and oligodendrocytes
(Sandell and Peters, 2001; 2002), further confounding the biological interpretation of the
dMRI biophysical models assessment.

A different approach to circumvent the limitation of DTI and multi-compartment
biophysical models, the mean apparent propagator (MAP)-MRI (Ozarslan et al., 2013) is

a recently developed clinically feasible diffusion MRI framework, which makes no a priori
presuppositions regarding the behavior of water diffusion in tissues, and is therefore suitable
for use in healthy and diseased WM and GM. Instead of being limited to representing
diffusion as ellipsoids (i.e., DTI) or assuming the separability of specific tissue compartment
(i.e., NODDI, SANDI), MAP-MRI explicitly measures the diffusion propagators (i.e., the
probability density function of 3D net displacements of diffusing water molecules) in each
voxel and can in theory capture arbitrary fiber configurations. The measured propagators
provide a complete description of the diffusion processes in tissues that can be used to
derive microstructural parameters (Avram et al., 2017) obtained with other methods such as
DTI or diffusion kurtosis imaging (DKI) (Jensen et al., 2005; Liu et al., 2004). Thus, MAP-
MRI subsumes other diffusion MRI (dMRI) methods, such as DTI, providing parameters
like the fractional anisotropy (FA), the mean, axial, and radial diffusivities (MD, AD,

and RD, respectively). This method offers a more comprehensive, delicate, and accurate
tissue characterization than the tensor model by quantifying the non-Gaussian nature of the
diffusion process, reflecting physiologically significant microstructural characteristics with
a higher degree of neuroanatomical specificity (Avram et al., 2016; Olson et al., 2019), and
is suitable for studying unknown tissue alterations that may occur during aging, disease,
regeneration, and due to microflow (Benjamini et al., 2019).

In addition to second and fourth order diffusion tensor quantities, which correspond to
DTI and DKI, respectively, a new family of diffusion parameters can be computed from
MAP-MRI. The first set of these scalar parameters is called zero-displacement metrics,
and it includes the return-to-origin probability (RTOP), return-to-axis probability (RTAP),
and the return to plane probability (RTPP), which are all inversely related to the spatial
dimensions within the microstructure. In addition, MAP-MRI also calculates a measure of
non-Gaussianity (NG), which quantifies the dissimilarity between the full propagator and
its Gaussian component and reflects the deviation from DTI’s tensor model. Finally, the
propagator anisotropy (PA) provides a higher-order assessment of the FA and quantifies
the directional dependence of the diffusion process. Initial studies comparing DT and
MAP-MRI demonstrated that MAP-MRI had much better sensitivity and accuracy in
differentiating tissues with distinct structural features or anomalies (Avram et al., 2022;
2016; Saleem et al., 2021).

Although DTI is the most prevalent dMRI framework, MAP-MRI has been gaining
interest within the neuroimaging community as it provides complementary microstructural
information, and has recently been used to aid in the evaluation of conditions such as
amyotrophic lateral sclerosis (Chen et al., 2021), stroke (Brusini et al., 2016), Parkinson’s
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Disease (Le et al., 2020), glioma (Wang et al., 2022; 2021), lateralized temporal lobe
epilepsy (Ma et al., 2020), and migraines (Planchuelo-Gémez et al., 2020). Recently, in

a cohort of over 15000 participants drawn from the UK Biobank spanning the age range
between 45 and 80 years, Lawrence and colleagues have shown significant associations
between diffusion MRI parameters, among them, the RTPP, RTOP, and RTAP, and age in
various WM structures (Lawrence et al., 2021). These associations appeared to exhibit near-
quadratic trends, likely reflecting aspects of brain maturation and degeneration. However,
the restricted age range of the cohort precluded a firm confirmation of these quadratic
trends. In addition, restricting the analysis to WM structures provided relatively limited
information about the sensitivity of the MAP parameters to the spatial variation across
brain structures. Building on this seminal work, in the current study we evaluated age-
related effects independently from sex-related effects of MAP parameters in a cohort of

58 participants spanning a wider age range comprised between 21 and 83 years and

across several cerebral white and gray matter structures. We also extended our analysis

to evaluate these associations in derived NG and PA indices. We hypothesize that both of
these previously unexplored MAP-MRI parameters have the potential to capture age-related
changes in different ways: the PA is a more comprehensive measure of diffusion anisotropy
and can be viewed as a generalized version of the FA, which has already been shown to

be a strong age predictor (Abe et al., 2008; Schilling et al., 2022; Storsve et al., 2016).

The NG on the other hand can be thought of as a comprehensive measure of microscopic
variations in tissue diffusivities and anisotropies and reflects microstructural heterogeneity
(Avram et al., 2016), which we expect to increase with age due to cellular degradation.

Our goal is to explore further the age-related sensitivity of these advanced MRI indices of
cerebral microstructure and to provide complementary insights into brain maturation and
degeneration in a cohort of well-characterized adults.

2. Materials and methods

2.1. Participants

Participants were drawn from two ongoing healthy aging cohorts of the National Institute

on Aging (NIA). Eleven volunteers were recruited from the Baltimore Longitudinal Study
of Aging (BLSA) (Ferrucci, 2008; Shock, 1985), and forty-seven from the Genetic and
Epigenetic Signatures of Translational Aging Laboratory Testing (GESTALT) were enrolled.
The study populations, experimental design, and measurement protocols of the BLSA have
previously been reported (Ferrucci, 2008; Shock, 1985). The BLSA is a longitudinal cohort
study funded and conducted by the National Institute on Aging (NIA) Intramural Research
Program (IRP). Established in 1958, the BLSA enrolls community-dwelling adults with no
major chronic conditions or functional impairments at enrollment. The GESTALT study

is also a study of healthy volunteers, initiated in 2015 and funded and conducted by the

NIA IRP. The goal of the BLSA and GESTALT studies is to evaluate multiple biomarkers
related to aging. We note that the inclusion and exclusion criteria for these two studies are
essentially identical. Participants underwent testing at the NIA’s clinical research unit and
were excluded if they had metallic implants, neurologic, or significant medical disorders. In
addition, all participants underwent a Mini Mental State Examination (MMSE). The final
cohort consisted of 58 cognitively unimpaired volunteers (mean * standard deviation MMSE
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=29.2 + 1.0) ranging in age from 21 to 83 years (45.4 + 18.3 years), including 31 men (42.9
+ 17.5 years) and 27 women (48.3 £ 19.1 years). Age and MMSE did not differ significantly
between men and women. Experimental procedures were performed in compliance with our
local Institutional Review Board, and participants provided written informed consent.

2.2. Data acquisition

All experiments were performed using a 3T whole-body Philips MRI system (Achieva,
Best, The Netherlands) using the internal quadrature transmit body coil and an eight-
channel phased-array receiver head coil. We emphasize that all MRI studies and ancillary
measurements were performed with the same MRI system, running the same pulse
sequences, at the same facility, and directed by the same investigators for both BLSA and
GESTALT participants.

Diffusion-weighted images (DWI) were acquired using a single-shot echo planar imaging
sequence with a repetition time (TR) of 10000 ms and echo time of 67 ms, two b-values

of 700 and 2000 s/mm?, each encoded in 32 diffusion-weighting gradient directions, two
images with b of 0 s/mm?, field-of-view (FOV) of 240 mm x 208 mm x 150 mm, acquisition
matrix of 120 x 120 x 50, acquisition voxel size of 2 mm x 2 mm x 3 mm, and SENSE
factor of 2. All images were reconstructed to a voxel size of 2 mm x 2 mm x 2 mm. The
total acquisition time was 12 min.

2.3. Mean apparent propagator processing

All diffusion-weighted images (DWIs) were processed using the TORTOISE software
package (Pierpaoli et al., 2010). For the full preprocessing pipeline, the dMRI data initially
underwent denoising with the MP-PCA technique (Veraart et al., 2016) and correction

for Gibbs ringing artifacts (Kellner et al., 2016) due to partial k-space acquisition (Lee

et al., 2021) and other sources. Motion and EPI distortions from B0 inhomogeneneities

and eddy currents were subsequently corrected with TORTOISE’s DIFFPREP module
(Rohde et al., 2004) with a physically-based parsimonious quadratic transformation model
and a normalized mutual information metric. From the corrected DWIs, we estimated the
voxel-wise diffusion propagators using a MAP-MRI series expansion truncated at order 4
(Ozarslan et al., 2013). Finally, using the MAP-MRI series expansion, we computed images
of the DTI metrics: FA, AD, RD, and MD; and of the MAP parameters: RTOP, RTAP, RTPP,
NG, and PA. Note that throughout the paper we report the RTAPY2 and RTOP/ values to
allow consistency in units of the zero-displacement probability metrics (i.e., 1/mm).

2.4. Parameter maps registration

First, the scalp, ventricles, and other nonparenchymal regions within the images were
eliminated using the BET tool as implemented in FSL (Smith, 2002). The non-diffusion
weighted image (i.e., the average of the two £y volumes) for each participant was registered
to the Montreal Neurological Institute (MNI) standard space image using the greedy
diffeomorphic algorithm (Joshi et al., 2004) (greedy, https://www.github.com/pyushkevich/
greedy). First, full affine registration (12 degrees of freedom) is performed followed by

a deformable registration. The two steps were implemented using a weighted normalized
cross-correlation metric with a 4x4x4 patch radius, and a multi-resolution schedule of 100
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iterations at 4x subsampling; 50 at 2x subsampling; and 10 at full resolution. The derived
affine and diffeomorphic transformation matrices were then applied successively to the
corresponding DT1 or MAP parameters maps.

2.5. ROIls determination

The full WM region of interest (ROI) was defined by joining all labels from the Johns
Hopkins University (JHU) ICM-DTI-81 atlas and the Cerebral White Matter region as
defined by the Harvard-Oxford subcortical structural atlas (Desikan et al., 2006). The

full GM ROI was defined by joining the all labels from the Harvard-Oxford cortical and
subcortical structural atlases (excluding the Cerebral White Matter region). In addition,

36 deep WM, cortical, and subcortical GM structures were chosen as ROIs. The WM
regions were defined from JHU ICM-DTI-81 atlas encompassing the genu of the corpus
callosum (GCC), body of the corpus callosum (BCC), splenium of the corpus callosum
(SCCQ), fornix (For), superior cerebellar peduncle (SCP), anterior limb of the internal capsule
(ALIC), anterior corona radiata (ACR), superior corona radiata (SCR), posterior corona
radiata (PCR), posterior thalamic radiation (PTR), sagittal stratum (SS), external capsule
(EC), cingulate gyrus (CG), stria terminalis (ST), superior longitudinal fasciculus (SLF),
superior fronto-occipital fasciculus (SFOF), uncinate fasciculus (UF), and tapetum (Tap)
(Fig. 1). The GM regions were defined from the Harvard-Oxford cortical and subcortical
structural atlases (Desikan et al., 2006) encompassing the insular cortex (INS), superior
temporal gyrus (STG), angular gyrus (AG), lateral occipital cortex (LOC), intracalcarine
cortex (ICC), frontal medial cortex (FMC), subcallosal cortex (SUCC), paracingulate gyrus
(PCG), cingulate gyrus (CG), precuneus cortex (PCUN), cuneal cortex (CUC), operculum
cortex (OPC), occipital pole (OP), lateral ventricle (LV), caudate (Cau), putamen (Put),
pallidum (Pal), and accumbens (Acc) (Fig. 1). All ROIs were eroded using a 2x2x2 cubic
structuring element to reduce partial volume effects and imperfect image registration and to
mitigate structural atrophy seen especially at older ages. For each ROI and participant, the
mean FA, AD, RD, MD, NG, PA, RTAP, RTOP, and RTPP values were calculated.

2.6. Statistical analysis

To investigate the effects of age on the DTI or MAP metrics (i.e., FA, AD, RD, MD, NG,
PA, RTAP, RTOP, and RTPP), multiple linear regression was applied using each mean MAP
or DTI metric within each ROI as the dependent variable and sex, age, and age? as the
independent variables, after mean age centering. In all cases, the interactions between sex
and age or age? were found to be non-significant and were therefore omitted from the model,
which is given by: P; = fig + Bsex X sex; + Page X agej + Page? X age?, where P;is the mean ROI
value of the parameter of interest (e.g., NG, FA) of participant 7 We compared the regression
coefficients from the MAP and DTI indices in all ROIs. These are overlapping correlated
correlation coefficients, and we therefore conducted the test recommended by Meng et al.
(Meng et al., 1992), Steiger’s Z (Steiger, 1980). The threshold for statistical significance was
p <0.05, and a false discovery rate (FDR) correction was carried out with respect to the
number of ROIs to take the multiple comparisons into account (Benjamini and Yekutieli,
2001). RStudio was used for all computations.
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3. Results

3.1. Age group effects on DTl and MAP metrics

Fig. 2 shows a representative slice from averaged DTI-derived maps of participants within
six age groups spanning the full age range of our cohort. Here, the age groups were defined
to incorporate a similar sample size in each group, that is, ~10 participants. It is readily
seen that derived DT maps exhibit tissue contrast between different brain substructures

as well as across age groups. To illustrate the quadratic nature of the relative age-related
microstructural differences, a percent change map between the 33-42 years and 67-84 years
groups was computed for each DTI metric by subtracting the former from the latter and
dividing by the maximal value (Fig. 2, last column). Visual inspection of these difference
maps indicates that although most regions show lower values of FA at older age, some
regions, such as the SCR, exhibit higher values with age. In contrast, all diffusivity maps
(AD, RD, and MD) exhibit homogeneous regional higher values with age and across most
brain regions.

Similarly, Fig. 3 shows a representative slice from averaged derived MAP parameter maps
of participants within the 6 defined age groups. Visual inspection of the parameter maps
and their corresponding percent change images suggests a more heterogeneous spatial
pattern of age-related differences, compared with the DTI maps (Fig. 2). Interestingly,

NG exhibited the largest degrees of spatial variability and overall magnitude of difference
with age. Similar spatial patterns, although with a lesser magnitude, were observed for

PA. A comparison of the PA maps, shown in Fig. 3, with the FA maps, shown in Fig. 2,
points to a substantial difference between the two diffusion anisotropy measures, including
the magnitude of age-related alterations, as well as in their regional extent and patterns.
Lastly, although more spatially homogeneous as a function of age than the NG and PA, the
zero-displacement probabilities (RTOP, RTAP, and RTPP) indicated, overall, lower values
with age in most brain regions; this can be interpreted as an increase in the microstructural
length scale. While the zero-displacement probabilities contain similar information as the
diffusivities and are better suited to describe cerebral tissue with complex microstructure
and architecture, the NG and PA provide complementary information that cannot be probed
using DTI.

3.2. Brain-wide and regional values as a function of age

At the full WM and GM levels, we observed a dominant global pattern of age-related
difference in DTI and MAP-MRI parameters; however, a deviation from this global pattern
was observed at the ROI level. Specifically, at the full WM and GM levels, age-related
differences resulted in lower FA or higher AD, RD, and MD, along with lower NG,

RTAP, RTOP, and RTPP with age (Fig. 4). While the quadratic relation with age of all
diffusion indices was evident, the rates of maturation or degeneration were different, leading
to an age of minimal values for AD, RD and MD in WM/GM of 50.2/28.3, 32.0/28.5,

and 38.5/28.4 years, respectively, and an age of maximal values of FA, NG, PA, RTAP,
RTOP, and RTPP of 2.4/37.8, 65.2/77.5, 35.5/54.6, 32.5/33.8, 39.3/35.0, and 44.6/29.2 years,
respectively. However, this quadratic association was less pronounced with the FA and NG
(and non-significant for AD and PA) compared with the aforementioned diffusion indices,
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likely reflecting the spatially heterogeneous patterns of the microstructure captured by these
metrics; this initial observation motivated our ROI-based analysis.

At the ROI level, all dMRI indices exhibited differential associations with respect to age
across the 36 ROIs investigated. First examining the DTI maps in WM, the diffusivity
metrics, namely, AD, RD, and MD, exhibited significant quadratic, U-shaped, associations
with age in most WM ROIs, while the FA exhibited statistically significant inverted U-
shaped regional associations with age in most WM ROIs (Fig. 5 and Supplementary Fig.
1). Similar trends were observed in GM, however, with a much more limited number of
ROIs reaching statistical significance of the effect of age (Fig. 6 and Supplementary Fig. 2).
Indeed, only 8 out of 18 GM ROIs showed a significant correlation between FA and age,
compared with 16, 15 or 16 ROIs observed with AD, RD or MD, respectively.

Examination of the MAP parameters reveals more nuanced microstructural regional patterns,
compared with DTI. In WM, the NG exhibited a positive and significant association with
age in all ROIs, with the exception of the For, Tap, and SS, which showed negative
associations with age (Fig. 7 and Supplementary Fig. 3). However, not all positive NG
age-related differences were associated with a U-shape quadratic trend. Specifically, in the
SCR, EC, SLF, SFOF, UF, and ACR, the rate of change from young to adult (i.e., Bage)

was positive, while the quadratic association had an inverted U-shape, indicating that NG

in these ROIs increases over time, followed by a decline with advanced age, albeit at a

slow maturation rate. The PA in WM also exhibited heterogenous age-related differences in
which significantly lower values of PA with age were found in the GCC, BCC, For, Tap

and ST, while significantly higher values were observed in the ALIC, EC, UF, and SCP.

The zero-displacement probabilities, namely, RTAP, RTOP and RTPP, showed quadratic
inverted U-shaped associations with age in most WM ROIs. In GM, however, the NG metric
exhibited mixed trends with either positive or negative age associations. The associations of
NG with age in the GM ROIs were all statistically significant (Fig. 8 and Supplementary
Fig. 4). For PA, the regional associations with age were all significant, and interestingly,
were consistent and followed the regional patterns of the NG in GM. This robust association
should be compared with the DTI-derived anisotropy metric, FA, which had a significant
correlation with age in only 44% of the GM ROIs. Further, all of the zero-displacement
probability parameters exhibited quadratic, inverted U-shaped, associations with age, with
patterns similar to those seen in the WM ROls.

To examine whether MAP-MRI better captures age-related effects, we compared the
regression coefficients from the MAP and DTI indices in all ROIs by computing the
Steiger’s Z score (Steiger, 1980) between all pairs of MAP-DTI metrics. The test
establishes whether and which MAP parameters are more suitable than DTI parameters

in characterizing age-related differences. The results of all pairwise tests for all ROIs were
separated according to WM and GM, and are graphically summarized in Fig. 9. While in
WM MAP shows superiority with respect to DTI in very few instances, the advantage of
MAP over DTI becomes evident in GM. These results support the notion that in GM, MAP
overwhelmingly better captures age-related effects than DTI.
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3.3. Spatial patterns of age-related difference

To visualize the spatial distribution of the microstructural differences with age in the brain,
Figs. 9 and 10 show the 36 ROIs color-coded with Sge and f,g.2 of DTI- or MAP-derived

parameters, respectively. For each metric and ROI, only statistically significant differences
are shown, where B, expresses the rate of maturation from young to adult, and g2

reflects the direction and steepness of the quadratic curvature.

Axial, radial, and mean diffusivities all showed a consistent pattern of differences, with
higher values with age as presented by the predominantly red hue in Fig. 9. The FA showed
a relatively consistent pattern of lower values with age, except for the Put, UF, and SCP
ROIs, in which FA showed the opposite pattern.

MAP-MRI derived zero-displacement probability parameters, the RTAP, RTOP, and RTPP,
mostly exhibited similar and spatially consistent trends of differences with respect to age
(Fig. 10). The NG and PA, however, reveal a more complex microstructural picture, in which
not all brain regions in deep WM, cortical or subcortical GM, exhibit similar age-related
differences. Visualizing the relationships found in Figs. 7 and 8, and Supplementary Figs.

3 and 4, we can readily see the patterns of differences of NG and PA and their spatial
distributions. While the specific ROIs in which NG and PA were positively and negatively
correlated with age were reported in the previous subsection, Fig. 10 provides insight

to the magnitude of those differences and to their spatial patterns. As noted earlier, the

age dependency patterns of the PA and NG in all GM ROIs were similar, and negative
age-dependency patterns were seen in five out of the 13 cortical GM ROIs. Interestingly, all
of those cortical GM ROIs were located in the occipital lobe.

4. Discussion

In this cross-sectional study we show that the diffusion propagator metrics computed

using the MAP-MRI framework are sensitive markers of age-associated micro- and meso-
structural tissue alterations, and allow a novel characterization of microstructural differences
in cerebral tissue with age that cannot be achieved using conventional dMRI measures.
Further, in addition to examining previously studied parameters derived from DTI, namely,
FA, AD, RD, and MD, and from MAP-MRI, namely, RTAP, RTOP, and RTPP, and limiting
the investigation to WM, this work provides the first investigation of the NG and PA
parameters as a function of age across brain structures in both white and gray matter. These
two indices, especially the NG, exhibited a strong association with age in white and gray
matter, which sheds light on a potential biological interpretation of previously and currently
observed dMRI trends related to brain maturation and degeneration during normative aging.

This study found regional variations in the magnitude of age-related cerebral microstructural
differences, visualized in Figs. 10 and 11. We report that the diffusivity, NG, and PA
captured difference in posterior cortical microstructure, and exhibited the largest quadratic
age effect (e.g., lower values with age in the occipital lobe: LOC, OP, and CUC).
Interestingly, these occipital reductions in NG were found in conjunction with increases

in the frontal lobes, in particular in the FMC. This observation is a novel dMRI finding
consistent with the posterior-anterior shift in aging paradigm (Davis et al., 2008), in which
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age-related reduction in occipital activity coupled with increased frontal activity is predicted
(Madden et al., 2008; Salami et al., 2012). In addition, we observed that the WM tracts

with regional variations pattern involved most of the association fibers, which exhibited the
largest quadratic age effect (i.e., higher diffusivity, and lower FA, zero-displacement indices,
NG and PA with age). These findings have been observed in other reports across the older
adult lifespan (Cox et al., 2016; Merenstein et al., 2021; Tseng et al., 2021; Zhao et al.,
2022), and can be attributed to the abundance of thin fibers with thinner myelin sheaths

in the association tracts (Liewald et al., 2014), which mature later in life, and are more
vulnerable to aging effect than thick fibers (Liu et al., 2017).

Because of its microstructural complexity and diversity, GM presents challenges in
interpreting dMRI data. Both DT1 and more advanced biophysical diffusion models provide
a very partial accounting of diffusion behavior in GM (Jespersen et al., 2019; Lampinen et
al., 2019; McKinnon et al., 2017; Novikov et al., 2018; Veraart et al., 2019), and therefore
most brain maturation dMRI studies have chosen to focus on WM to date. On the other
hand, our results showed that the MAP-MRI framework is uniquely capable of mapping
age-related microstructural changes in GM (in addition to WM), and that age-related effects
are overwhelmingly better captured compared with DTI (Fig. 9). While the diffusivity
indices showed significant increases with age in GM, we observed that the FA has a

much weaker association with age in GM, with only 8 out of the 18 GM ROlIs reaching
statistical significance. Further illustrating DTI’s ambiguity is the fact that despite being
microstructurally and architecturally different, all DTI metrics follow similar age-related
patterns in WM, cortical GM, and subcortical GM regions. On the other hand, MAP-derived
PA and NG provide a more nuanced description of GM microstructure. As a measure of
tissue anisotropy, the PA is more descriptive than the FA in GM (17 out of 18 GM ROls
being significant). We observed that in GM the age-related changes of PA and NG exhibited
different spatial patterns compared to other microstructural parameters. In addition, while
the FA only decreased with age in GM, the PA and FA had opposite trends in 5 out of 18
ROIs we examined, with PA increasing and FA decreasing.

To interpret these results, we note that the PA provides a higher-order assessment of the
FA and quantifies the directional dependence of the diffusion process (Avram et al., 2016;
Ozarslan et al., 2013). We therefore hypothesize that the opposite trends of PA and FA

in GM reflect an increased glial concentration, which would lead to a reduction in the

net diffusivity of the isotropic diffusion component, thus elevating the net contribution

of anisotropic processes (radial and tangential) to the overall voxel anisotropy. For FA,
these radial and tangential contributions cancel, resulting in a low value. Meanwhile, if

the relative contribution of isotropic diffusion to the net voxel signal is reduced with
respect to the radial and tangential components, the PA could increase. An additional driver
of the FA-PA discrepancy could be reduced neuronal projections across cortical layers,
which would diminish radial diffusion processes, and in turn lower the FA, but, in certain
situations increase the PA because of anisotropic water diffusion in tangentially oriented
cell processes. However, further comprehensive studies with a wider age range and larger
b-values along with histological assessments are required to derive firm conclusions on the
underlying biological aspects of the processes observed here.
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In WM, the association of DTI-derived diffusivities and MAP-derived zero displacement
probabilities with age were consistent with previous findings (Inano et al., 2011; Kiely et
al., 2022; Lawrence et al., 2021; Sullivan and Pfefferbaum, 2006; Westlye et al., 2010;
Yeatman et al., 2014), which suggest an increase in apparent microscopic water mobility
with age. Taken together, these findings by themselves do not provide a clear understanding
of the underpinning of age-related tissue and cell-level changes due to the multitude of
microstructural processes involved. The FA in WM, which can be associated with axon
orientational coherence and size, and overall fiber integrity (Basser and Pierpaoli, 1996),
showed an overall age-dependent decrease consistent with previous studies (Beck et al.,
2021; Lawrence et al., 2021; Pines et al., 2020). Nevertheless, these WM alterations are
hard to interpret because of their inherent non-specificity discussed above. Providing a more
comprehensive microstructural picture in WM, we observed decreases in MAP-derived PA
along with elevated NG with age (Figs. 7, 8 and Supplementary Figs. 3, 4), which point to
an increase in water population with little anisotropy but larger mean diffusivity than that

of normal WM. Taking into account that NG is often described as a measure of diffusion
heterogeneity (Avram et al., 2016; Ozarslan et al., 2013), we hypothesize that these findings
support the microstructural scenario of axonal degradation with age, leading to increased
extracellular volume, in which water diffuses almost freely with little anisotropy but with a
diffusivity similar to that of cerebrospinal fluid (CSF).

While we only provided direct comparisons to DTI, framing the age-related MAP-MRI
differences within the broader context of higher-order dAMRI methods, such as DKI and
biophysical models (e.g., NODDI), is important for understanding and interpreting our
results. Similarly to DTI, DKI can be used appropriately as a signal representation only

at sufficiently low b-values (Novikov et al., 2018). Diffusional kurtosis, which is often
interpreted as non-Gaussianity, is computed using only the first four components of the
diffusion propagator, while MAP-based NG is derived from the full propagator. The
difference between the two is therefore at the higher order coefficients that contain richer
microstructural information (Ozarslan et al., 2013). Although DKI has been shown to
enhance the sensitivity to age-related patterns in WM compared with DTI (Coutu et al.,
2014), kurtosis indices follow the same age associations as the DTI-derived diffusivities
(Beck et al., 2021; Pines et al., 2020; Taha et al., 2022), implying that these parameters
carry similar information. A key finding of our current study is that MAP-derived NG does
not reduce but rather increases with age in most WM ROls, exhibiting an opposing trend
with respect to DKI maps. We can therefore conclude that MAP-derived NG and kurtosis
parameters contain different microstructural information. Although biophysical models such
as NODDI provide a straightforward interpretation of the dMRI signal and can even be
related to histological findings (Grussu et al., 2017), these are restricted to use within
healthy WM with high degree of orientation coherence (Lampinen et al., 2019). On the
other hand, MAP-MRI can be applied to any type of brain tissue, and its microstructural
sensitivity and specificity were recently validated histologically in subcortical gray and
white matter regions (Saleem et al., 2021), as well as in cortical gray matter (Avram et al.,
2022).

This study has several limitations. First, the results of this cross-sectional study may
be affected by the heterogeneity within the cohort of participants, including differences
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in lifestyle, socio-economic status, nutrition, health/medication, etc. A longitudinal study
design would be able to validate the current cross-sectional trends with individual subject
trajectories. An additional challenge in imaging studies comparing participants with possibly
different macrostructural brain characteristics is that different amounts of warping to
standard space are needed. Moreover, contamination due to partial volume effects may affect
the quantitation of the MAP/DTI-derived microstructural parameters, especially in small
brain structures. To mitigate this potential confound, all ROIs were eroded and underwent
careful visual inspection. Nevertheless, some partial volume effects could have persisted.

In addition, age-related tissue atrophy could lead to non-optimal image registration and
potentially bias the estimated microstructural parameters for specific age groups. Another
limitation of our data set was the relatively small cohort, which did not include very

young participants (<20 years of age). The exclusion of younger participants may have
influenced the quantification of the age trends (Fjell et al., 2010) as well as the interpretation
of the possible asymmetrical trends observed between the maturation and degeneration
phases (Yeatman et al., 2014). Finally, the dMRI data in our study was acquired with a
maximal b-value of 2000 ss/mm2. While providing good SNR, this relatively low diffusion
sensitization also presents a limitation in our ability to measure very subtle features of

the underlying diffusion propagators. Accordingly, we measured the propagators using 22
coefficients corresponding to the most significant basis functions in a MAP-MRI series
expansion truncated at order 4 (Ozarslan et al., 2013). Encoding up to higher b-values of
6000 s/mm? (Huang et al., 2021) would have allowed including terms up to order 6, which
was found to be optimal in clinical applications (Avram et al., 2016; 2018). Future studies
should investigate and characterize microscopic changes to the shape, size, and geometry

of cerebral tissue across the lifespan. While decoupling size and spatial orientation is not
possible using the conventional linear (i.e., single) diffusion encoding scheme, multiple
diffusion encoding (Topgaard, 2017; Westin et al., 2016), for example, planar or spherical
(Avram et al., 2019), should be used to investigate these effects, along with improving
spatial resolution (Saleem et al., 2021) and combining relaxation and diffusion encoding
simultaneously (Avram et al., 2021; Benjamini and Basser, 2020; Benjamini et al., 2022;
Slator et al., 2021).

5. Conclusions

By applying the mean apparent diffusion propagator (MAP) model to dMRI data, this
paper has provided a thorough characterization of regional heterogeneity of age-related
differences in a healthy cross-sectional cohort. We have shown that the PA and NG, which
have never been explored to study aging, are substantially more sensitive to age-related
changes in GM than DTI indices. Providing a microstructural glance into GM, the distinct
age-related patterns of the PA seemingly indicate fewer neuronal projections across cortical
layers, along with an increased glial concentration. In WM, the age-related decreases in

PA with simultaneous increases in NG are likely to reflect axonal degradation, leading to a
relative rise in extracellular volume. Results from this study may be useful in understanding
age-related microstructural changes, and in encouraging the broader use of MAP-MRI.
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Fig. 1.
Visualization of the ROIs used in this study.
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Fig. 2.
DTI metrics maps represented as averaged participant maps calculated over age intervals. A

percent change map is shown for each DTI metric to capture differences between the middle
age (33-42 years) and the older age (67-84 years) groups. While all diffusivity metrics
(AD, RD, and MD) exhibit a fairly homogeneous spatial increase pattern with age, the FA
displays a more heterogeneous pattern, as seen by their corresponding percent change maps.
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Fig. 3.

M?AP metrics maps represented as averaged participant maps calculated over age intervals.
A percent change map is shown for each MAP metric to capture differences between the
middle age (33-42 years) and the older age (67—84 years) groups. All MAP metrics exhibit
a pattern of age-related spatial heterogeneity, in particular, the NG and PA values, as seen by
their corresponding percent change maps.
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Fig. 4.

All of the investigated diffusion-weighted MRI metrics as a function of age throughout the
full WM and GM. The coefficient of determination, /2, is reported and * represents the
significance of the overall model after FDR correction with * p <0.05 or ** p <0.01.
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Fig. 5.

Plgts illustrating regional FA, AD, RD, and MD values as a function of age for ten
representative WM ROls. For each ROI, the coefficient of determination, /2, is reported
and * represents the significance of the overall model after FDR correction with * p <0.05
or ** p <0.01. Plots of the rest of the ROIs can be found in the Supplementary Material
(Supplementary Fig. 1). GCC: genu of the corpus callosum, BCC: body of the corpus
callosum, For: fornix, ALIC: anterior limb of internal capsule, SCR: superior corona radiata,
EC: external capsule, SLF: superior longitudinal fasciculus, SFOF: superior fronto-occipital
fasciculus, UF: uncinate fasciculus, Tap: tapetum.
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Fig. 6.

Plgts illustrating regional FA, AD, RD, and MD values as a function of age for ten
representative GM ROls. For each ROI, the coefficient of determination, /2, is reported

and * represents the significance of the overall model after FDR correction with * p <0.05
or ** p <0.01. Plots of the rest of the ROIs can be found in the Supplementary Material
(Supplementary Fig. 2). INS: insular cortex, LOC: lateral occipital cortex, PCUN: precuneus
cortex, OPC: operculum cortex, OP: occipital pole, LV: lateral ventricle, Cau: caudate, Put:
putamen, Pal: pallidum, Acc: accumbens.

Neurobiol Aging. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

0.96

0.88

200_'}‘- -
w7

Bouhrara et al. Page 25

GCC BCC For ALIC SCR EC SLF SFOF UF Tap

RTAP" [mm']

150

RTOP™ [mm]
R?=0.41**
100

80f “%

RTPP [mm™]
R’=0.12 0.03 0.35**
45 .
Ol idise | g, |
'~ v . ¥ -
i PRYE A O PV 48] % S w2 sof T
20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80
age [years] age [years] age [years] age [years] age [years] age [years] age [years] age [years] age [years] age [years]
Fig. 7.

Plots illustrating regional NG, PA, RTAP, RTOP, and RTPP values as a function of age for
ten representative WM ROlIs. For each ROI, the coefficient of determination, /2, is reported
and * represents the significance of the overall model after FDR correction with * p <0.05
or ** p <0.01. Plots of the rest of the ROIs can be found in the Supplementary Material
(Supplementary Fig. 3). GCC: genu of the corpus callosum, BCC: body of the corpus
callosum, For: fornix, ALIC: anterior limb of internal capsule, SCR: superior corona radiata,
EC: external capsule, SLF: superior longitudinal fasciculus, SFOF: superior fronto-occipital
fasciculus, UF: uncinate fasciculus, Tap: tapetum.
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Fig. 8.

Plots illustrating regional NG, PA, RTAP, RTOP, and RTPP values as a function of age for
ten representative GM ROls. For each ROI, the coefficient of determination, /2, is reported
and * represents the significance of the overall model after FDR correction with * p <0.05
or ** p <0.01. Plots of the rest of the ROIs can be found in the Supplementary Material
(Supplementary Fig. 4). INS: insular cortex, LOC: lateral occipital cortex, PCUN: precuneus
cortex, OPC: operculum cortex, OP: occipital pole, LV: lateral ventricle, Cau: caudate, Put:
putamen, Pal: pallidum, Acc: accumbens.
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Pairwise comparisons of the regression coefficients of DTI and MAP indices from all 36
ROls. Steiger’s Z is shown between all pairs of MAP-DTI metrics to establishes whether
and which MAP parameters are more suitable than DTI parameters in characterizing age-

related changes.
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Fig. 10.
The 36 ROIs color-coded for the age-related differences in DTI metrics (FA, AD, RD,

and MD). Age-related differences are expressed using the regression parameters B, and
Page?- Red Bage indicates ROIs with significant positive differences with age, and blue B,ge

indicates ROIs with significant negative differences with age. Red g2 indicates ROls

with significant convex quadratic dependency with age, and blue B, indicates ROIs with
significant concave quadratic dependency with age. White B,ge OF 4.2 indicates ROIs

without significant age-related differences.
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Fig. 11.
The 36 ROIs color-coded for the age-related differences in MAP metrics (NG, PA, RTAP,

RTOP, and RTPP). Age-related differences are expressed using the regression parameters
Bageand p,4.2. Red Bage indicates ROIs with significant positive differences with age, and

blue Bage indicates ROIs with significant negative differences with age. Red 4,2 indicates

ROIs with significant convex quadratic dependency with age, and blue f,,,2 indicates ROIs
with significant concave quadratic dependency with age. White B¢ 0r f,.2 indicates ROIs
without significant age-related differences.
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