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1 | INTRODUCTION

Measurement of specific microscale cellular features
within complex tissue environments across brain struc-
tures is a major goal for diffusion MRI (dMRI) tech-
niques to enable specific detection of pathologies!~® and to
improve the accuracy of biophysical models such as fiber
tractography.*-® Single-diffusion encoding (SDE) acquisi-
tion strategies’ are by far the most commonly used, as
they are easily implemented and can support a wide range
of measurement and modeling techniques from diffusion
tensor imaging (DTI)® to more sophisticated non-Gaussian
frameworks®!° or biophysical models of neurites!! and
fiber tracts.!? Although SDE methods are very effective for
characterization of simple tissue geometries such as coher-
ent white matter (WM), they are inherently limited in their
ability to measure specific cellular features within complex
tissues such as WM fibers traversing complex tissue envi-
ronments, organization of neurites in gray matter (GM), or
subvoxel multifiber organization.

Double diffusion encoding (DDE) strategies, in
which two sets of pulsed field gradients (PFGs) are varied
in amplitude and direction relative to one another within
a single acquisition period, result in intrinsic sensitivity to
specific dimensional features, especially restricted pores of
different volume or length scales and microscale geome-
try, especially microscale anisotropy (pA). This strategy of
probing microscale features using a highly selective DDE
acquisition is conceptually appealing for designing new
contrasts for brain tissue and pathology, but unfortunately
the complicated gradient encoding translates into a much
more complicated analysis problem of relating the signal
variations to structural and physiological characteristics
of the tissues. Although significant recent work has been
done to make DDE clinically feasible,'®-2! no agreed-upon
optimal approach has been identified that is sensitive to
the complexities of tissue microstructure across the whole
brain.

To address this problem, the new technique of dif-
fusion tensor subspace imaging (DiTSI)’ was developed
to characterize pA in tissues for which analytical mod-
els are insufficient. The DiTSI framework is conceptually
grounded by a subspace representation of the DDE signal,
in which angular and radial dependencies are separable
and can be flexibly reported by summary metrics that
are defined over different length scale and angular limits.
The DDE encoding to support this framework is simi-
larly based on a subspace structure in which b-vector pairs
for the two DDE PFG blocks have identical orientations
and are collected over a range of b; and b, weights. The
mathematical details of this method are described more
completely in an earlier publication® and are summarized
in Section 2. Ultimately, the rich and high-dimensional
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representation of the DDE signal by DiTSI can be used
to generate scalar maps that selectively probe different
length scale and shape regimes in complex tissue envi-
ronments. The general DiTSI reconstruction algorithm
enables any selection of angular or length-scale limits
to specify higher order tensor characterizations of the
tissue—signal relationships. For this study, we examine two
new scalar metrics, the spherical anisotropy (SA) and the
radial anisotropy (RA), which have been formulated to
reduce the high-dimensional signal to more easily inter-
pretable scalars that are sensitive to microscale anisotropy.
These metrics arise from the separability of angular and
radial variance in the DiTSI representation of the spin den-
sity function (@) such that SA reports angular variations
of @ over all radial dependencies, and RA reports radial
variations over all angular dependencies. Although recent
simulation studies in human brain imaging® and muscle
tissue experiments?? all support the feasibility and promise
of the DiTSI framework, a more rigorous evaluation of
DiTSI metrics to discern cellular features in brain tissue is
needed to enable interpretation of these maps and to guide
the development of future DiTSI scalar metrics for prac-
tical utility in clinical settings, particularly in conditions
such as Alzheimer’s disease (AD), in which the detection
of subtle but complex changes in tissue microstructure is
paramount.

The objectives of the present study are to rigorously
evaluate DiTSI representation of DDE data for sensitiv-
ity and specificity of the SA and RA metrics to microscale
features across a range of complexity, from single fiber
coherent WM to mixed composition GM, and to evalu-
ate the dependence of these metrics on radial and angular
diffusion-encoding sampling. Postmortem tissue from the
brain stem and temporal lobe were selected for this study,
as each includes a range of complexity in fiber architec-
ture and GM microstructure. DDE data in these specimens
and in an additional specimen with AD pathology were
collected with a comprehensive sampling scheme and
compared with SDE methods to determine the compara-
tive representation of microstructural information across
dMRI methods.

2 | THEORY

The DiTSI framework originates from the conjugate rela-
tionship between the measured DDE signal W(r, q1, q2)
and the spin density function @(r,R;,R;) at each voxel
coordinate, r, where q; and g, are g-space values (i.e., g =
yG6, where y is the gyromagnetic ratio; G is the gradient
vector; 6 is the gradient duration of each PFG block; and R;
and R, are the water displacement during each encoding
block). The spin density function is the average propagator
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scaled by the spin density. This relationship can be written
generally as follows:

W(T, qu Q2) = // dedqu)(}’, Rl,Rz)e_iql'Rl e_i‘b'Rz (1)

The details of numerically reconstructing @ from the
DDE signal were given previously,® but briefly this is
accomplished numerically using a plane wave expansion
of the continuous relationship between @ and W and
spherical wave decomposition, so that the radial and angu-
lar variations of spin density function can be written sep-
arately (see equations [3] and [4] from Frank et al.’) in a
form that allows direct numerical reconstruction of @ at
multiple radial and angular scales. From this framework,
two lower dimensional quantities with direct physical
interpretability were derived:

1. Theradial standard deviation of @, which is sensitive to
spatial scales by reporting the radial dependence of spin
displacements averaged over all angular dependences:

1 _ 2\ 2
Oryr, = 0(Ry, Ry) = E( / / 40, dQ; | O(r, Ry, Ry) - B )
@)

and

2. The angular standard deviation of @, which is sensitive
to angular variations by reporting the angular depen-
dence of spin displacements averaged over all radial
dependences:

1 — 2\
50,6, % 001, Q) = = ( / / dRydR, [ @, Ry, Ry) — B )
3)

where Q = (60, ¢) with 6 and ¢ as the polar and azimuthal
angles of g, and where ER and 69 are the radial and
angular averages of @, respectively.

Although both o r, and oq o, are reduced forms
of the full spin displacement profile, each is a multi-
dimensional tensor that characterizes diffusion proper-
ties at different radial and angular scales, respectively.
These have been further simplified into scalar metrics of
radial and spherical anisotropy (RA and SA, respectively)
given by

RA = (og) = /O'(R1,R2)dR1dR2 4

and
SA = <O'Q> = / G(Ql,gz)dgldgz (5)

These two scalar metrics of anisotropy are expected to
report microscopic anisotropic features of tissue that are
driven by radial and angular variance in the spin displace-
ment profile.

Two aspects of the DiTSI framework distinguish it
from existing techniques for DDE signal representation,
such as the cumulant expansion®>** or the related cor-
relation tensor imaging (CTI) framework.?> First, signal
variance from radial and angular sources is completely
separable in the DiTSI framework. Second, although the
limits of integration used to calculate SA and RA are
over all displacement lengths and angles, respectively, it
is possible to modify these to probe subsets of the spin
density function, thereby sensitizing the framework met-
rics to specific length scale and shape ranges. In contrast,
the expansion-based frameworks rely on the separation of
non-Gaussian signal to report kurtosis anisotropy. These
fundamental framework differences imply complemen-
tary information in the reported metrics and different
dependencies on radial and angular encoding. Although
expansion-based frameworks require radial encoding that
supports reconstruction of kurtotic or non-Gaussian signal
behavior, the DiTSI framework requires subspace sam-
pling, in which the direction sets of the first and second
PFG are identical, but the range and combination of gradi-
ent strengths are flexible.

3 | METHODS

3.1 | Brain specimens

MRI microscopy was performed for healthy brain stem
and temporal lobe specimens from the same brain (no AD
diagnosis during life, Braak score of IV in neuropathol-
ogy report) with the objective to evaluate DiTSI metrics
in anatomical structures with diverse configurations. To
address the secondary objective of evaluating DiTSI metric
sensitivity to pathology, a second temporal lobe specimen
from a brain with AD pathology and neurodegeneration
(clinical AD diagnosis during life, Braak score of VI in
neuropathology report) was scanned. High-quality tissue
specimens were obtained from the Banner Sun Health
Brain and Body Donation Program (BBDP).?® The BBDP
has obtained institutional review board approval for all
aspects of informed consent and protocols used in this
study (please see Beach et al.?® for details and additional
descriptions of ethical considerations related to the BBDP
procedures. Specimens from two individuals were used
in this study: Subject 1 was male, age 88, with some
age-related histopathology (Braak Stage IV) but no clinical
diagnosis of cognitive impairment during life, and Sub-
ject 2 was a male, age 71, with clinical diagnosis of AD
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in life and heavy histopathologic burden (Braak Stage VI).
(For additional details, see table 1,27 Subject IDs 1 and 2).
The postmortem intervals for these were 17.5 h and 6.8 h,
respectively, and as per BBDP protocols: Immediately
following brain extraction at autopsy, specimen blocks
were prepared for the temporal lobe (1-cm thickness, sin-
gle hemisphere) and whole brain-stem hemisphere and
immediately placed in 10% formalin for a fixation period of
48 h and then rehydrated and stored in phosphate buffered
saline with preservative until MRI scanning. The tempo-
ral lobe block was trimmed to fit into a 35-mm tube, and
all specimens were immersed in Fluorinert (FC-3823, 3M,
St. Paul, MN) for scanning and degassed under vacuum to
remove air bubbles.

Following MRI acquisition described subsequently,
the specimens were sectioned and stained to visualize
myelinated axons and neurites by immunohistochem-
istry for myelin basic protein (myelin, LSBio) and micro-
tubule associated protein-2 (MAP2, Abcam) using estab-
lished methods.?® Slides were imaged using a Nikon
BioPipeline Slide Scanner at 10x objective and resolution
of 0.34 mm/pixel.

3.2 | MRI acquisition

All MRI data were collected with a Bruker 7T preclin-
ical scanner using a 40-mm quadrature coil to transmit
and receive signal. A high-resolution anatomical image
was collected using a three-dimensional (3D) T,-weighted
RARE pulse sequence with 300-micron isotropic voxel
size. Both SDE and DDE diffusion-weighted MRIs (DWIs)
were collected using a 3D spin-echo echo-planar imag-
ing (EPI) pulse sequence with spatial resolution of

DDE Pulse Sequence

300-micron isotropic voxel dimensions. Multishell SDE
DWIs were collected using echo time (TE)/repetition time
(TR)=41/800 ms (temporal lobe) or TE/TR =45/800 ms
(brain stem), six segments, and diffusion encoding using
pulse timings of § =5ms and A =25ms with b(# direc-
tions) =1000(32), 2000(32), and 4000(56)s/mm? along
with two unweighted images.

For DDE, a similar 3D spin-echo EPI pulse sequence
was used to collect images in the same scan session as
the SDE with TE/TR=76/800ms (temporal lobe) and
TE/TR=82/800ms (brain stem), four segments, and
cubic encoding (i.e., all 64 combinations of 8 PFG1 and
8 PFG2 directions defined by the vertices of a cube,
over a range of the 9 b-value pairs b;/b, =1000/1000,
1000/2000, 1000/4000, 2000,1000, 2000/2000, 2000/4000,
4000/1000, 4000/2000, and 4000/4000s/mm?). In differ-
ent scans sessions, the specimens were imaged again
with TE/TR = 78/400 ms, four segments, and 250-micron
isotropic resolution and using more comprehensive
dodecahedral angular sampling (i.e., all 400 combinations
of 20 PFG1 and 20 PFG2 directions defined by the vertices
of a dodecahedron) with a range of b;/b, combinations
(1200 DWIs) with b;/b, =1000/1000, 1000/2000, and
2000/2000 s/mm?2. These encoding schemes are shown
in Figure 1. For all DDE scans and for both specimens,
the first and second PFG blocks had identical timings
with §=5ms, A=25ms, and mixing time 7, =16ms
between them.

3.3 | Radial and angular DDE subsets

Signal and metric map dependence on radial encod-
ing was analyzed using different subsets of the fully

Angular Encoding Schemes

180° 180° Dodecahedral Encoding (400 DWIs) Cubic Encoding (64 DWIs)
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FIGURE 1 The double diffusion encoding (DDE) acquisition pulse sequence and encoding schemes used in this study. The diffusion

timings (i.e., 6 and A) were the same for both diffusion pulsed field gradient blocks, although different gradient strength combinations for
first and second blocks were repeated for all angular encoding directions in the dodecahedral and cubic encoding schemes, which are shown
at right. For all panels, the first and second pulsed field gradient (PFG) blocks correspond to blue and red shapes and values, respectively.

DWI, diffusion-weighted image.
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sampled cubic-encoded DDE data described previously.
In addition to the full set (576 DWIs), b;/b, =1000/1000,
1000/2000, 2000/1000, and 2000/2000 s/mm? (256 DWIs),
b; =b, =1000s/mm? (64 DWIs), b; =b,=2000s/mm?
(64 DWIs), and b; =b, =4000s/mm? (64 DWIs) were
extracted as radially dependent subsets.

Dependence on angular encoding was analyzed
using different subsets of the fully sampled dodecahe-
dral encoded DWI set, which had 20x20 directions
or 400 DWIs for each b;/b,=1000/1000, 1000/2000,
2000/2000 s/mm? for a total of 1200 DWIs. Subsets with
full radial sampling (i.e., all with b;/b,=1000/1000,
1000/2000, 2000/2000s/mm?) were generated by
down-sampling the subspace directions from the full
20 % 20 to partial sampling with 15x 15, 13x 13, 10X 10,
7% 7,and 5 x 5 directions. In these sets, antipodal symme-
try (i.e., necessary inclusion of opposite direction vectors)
was not preserved. Because the 20 x 20 dodecahedral sub-
space subsumes the 8 X 8 cubic subspace used in the other
parts of this study, an additional 8 X 8 subset was created
with cubic sampling, and this set maintains antipodal
symmetry.

3.4 | Diffusion reconstruction

3.41 | MRI processing

Apparent motion and distortion corrections were made
for all SDE and DDE data sets using the TORTOISE
image-processing pipeline.?

Four SDE frameworks and one DDE framework were
selected for comparison with DiTSI based on their estab-
lished application in numerous past studies and that each
framework includes an anisotropy metric that is distinct
from the others. SDE frameworks investigated included
DTI? neurite orientation distribution and dispersion
imaging (NODDI),!! diffusion kurtosis imaging (DKI),’
and mean apparent propagator MRI (MAP-MRI).!° Tradi-
tional computation of the diffusion tensor and mapping
fractional anisotropy (FA) as well as estimation of the
mean apparent propagator and mapping of the propaga-
tor anisotropy (PA) was implemented using the TORTOISE
software.?* The NODDI model was implemented and ori-
entation dispersion index (ODI) maps generated using
ex vivo model and parameters with the NODDI MAT-
LAB toolbox,!' and the DKI framework was used to fit
the appropriate DWI data (b=1000 and 2000 only) and
to map the kurtosis microscale anisotropy (DKI-pFA)30-32
using the DiPy libraries and implementation.?* The addi-
tional DDE framework investigated was correlation ten-
sor imaging (CTI),? which was implemented for the full

dodecahedral encoded set described previously using DiPy
libraries, and the metric of kurtosis anisotropy (CTI-Kniso)
was compared with RA and SA maps from the same
DDE data. All DiTSI analysis was performed using custom
C/C++ software as described in Frank et al.

3.4.2 | Framework comparisons

DiTSI metric maps of SA and RA were compared with
FA in both the temporal lobe and brain stem specimens.
Additionally, ODI, DKI-pFA, PA, and CTI-K,pis0 Were com-
pared with SA, RA, and FA to evaluate a broad range
of frameworks and metrics. Because all cubic DDE and
SDE DWIs were collected in the same scan session, there
was no need for image or map registration for these. The
dodecahedral-encoded DDE set was collected in a differ-
ent scan session so that registration was necessary, and
this was accomplished using ANTSs registration software3*
to perform affine and diffeomorphic registration of iden-
tical structural scans collected during each scan session.
The resulting transform was applied to the RA and SA
maps from the dodecahedral-encoded set to bring them
into the same space as the primary data sets of cubic DDE
and SDE.

Voxelwise comparisons were made using composite
maps akin to microscopy methods to assess colocalization
of different fluorophores. For MRI composite mapping, the
ImageJ® color channels were used to assign FA to the
red channel and SA or RA to the green channel, so that
regions of colocalized contrast were pseudo-colored yel-
low, whereas voxels with contrast driven by a single metric
were colored red or green accordingly.

Additionally, inspection of three targeted regions was
performed using a priori knowledge of cellular morphol-
ogy, tissue complexity, and existing diffusion metric per-
formance in these regions. The GM/WM interface of the
cortex was included as a region known to have inter-
mingled myelinated axon bundles and cell neurites with
disperse orientations, so that pA is expected to be high
while macroscale anisotropy is expected to be low. The hip-
pocampal layers were inspected, as they have been well
characterized by diffusion MRI*® and polarized light imag-
ing®” in previous studies and known to have layers pre-
dominated by coherent neurites and layers in which axon
bundles such as the perforant path (PP) intermingle with
the neurite fields of the lacunosum moleculare and den-
tate molecular layer as they cross them. Finally, the brain
stem was included, given the wide range in complexity and
microstructure of the tracts, bundles, and cellular regions
within this structure and previous mapping and diffusion
MRI studies by other researchers.3%3
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3.4.3 | Radial and angular encoding

The use of two separate encoding blocks for DDE acqui-
sition and their respective diffusion weighting strengths
(e.g., as given by b-value) and direction both with respect
to the scanner and object and with relative to each other
were evaluated by comprehensive sampling and subset
analysis of the data. Signal and metric map dependence
on radial encoding was analyzed using all b;/b, com-
binations for 1000, 2000, and 4000s/mm?, and depen-
dence on angular sampling was analyzed by comparison
of the cubic (8 x 8 = 64 DWI direction sets) and dodecahe-
dron (20 x20=400 DWI direction sets). These encoding
schemes are shown in Figure 1.

Direct metric comparisons across frameworks or
for maps from subsampled encoding were made using
two-dimensional (2D) histograms with the R software
hexbin package (R version 4.2.2; https://cran.r-project.org
/package=hexbin).

Both temporal lobe tissue specimens used in the
present study were also scanned separately in a different
but related set of SDE experiments that has been published
previously.?’

4 | RESULTS

High-quality maps of the human temporal lobe and brain
stem were calculated from SDE DWIs for the primary
anisotropy metrics of widely used SDE frameworks, specif-
ically DTI FA, DKI-uFA, and MAP-MRI PA, and from DDE
DWTIs for DiTSI SA and RA and CTI-K,piso. These maps

DTI FA

)

e .

18
o

FIGURE 2
level of the hippocampus in a human

Metric maps at the

temporal lobe specimen. diffusion
tensor imaging (DTI) fractional
anisotropy (FA), neurite orientation
distribution and dispersion imaging
(NODDI) orientation dispersion index
(ODI), kurtosis microscale anisotropy
(DKI-pFA), mean apparent propagator
MRI (MAP-MRI) propagator anisotropy
(PA), and diffusion tensor subspace
imaging (DiTSI) spherical and radial
anisotropy (SA and RA) maps are shown
with dotted yellow line to indicate the
hippocampus, and red arrow to indicate
the gray-matter/white-matter interface.

were compared across frameworks and to histologic stain-
ing for myelin and neurites, to provide a detailed descrip-
tion of the relationships among SA, RA, and the tissue
environment as well as to identify distinct and overlapping
metric information across all frameworks. In the first part
of Section 4, a comparative analysis of metrics is provided
in the context of tissue regions with complex microstruc-
ture known to challenge dMRI frameworks—the GM/WM
interface of the cortex, hippocampus, and the brain stem.
In the second part of Section 4, an evaluation of the radial
and angular encoding dependencies of the DiTSI frame-
work is presented.

4.1 | Signal representation in complex
tissue environments by SA and RA

41.1 | The GM/WM interface of the cortex is
delineated by RA

In this region, FA was observed to be low compared with
the adjacent WM, and ODI was high compared with both
adjacent GM and WM. The SA metric followed a sim-
ilar pattern as FA, whereas the RA was found to have
greater values in this region than in the adjacent cor-
tex and also greater than the body of white matter that
underlies it (Figure 2, red arrows; Figure 3, white boxes).
Non-Gaussian SDE frameworks of DKI and MAP-MRI
were also able to represent microscale anisotropy in
this interface region as high values of DKI-pFA and PA
(Figure 2, red arrows; Figure 3, white boxes). Unlike
RA, neither metric demonstrated contrast between the

NODDI ODI

MAP-MRI PA
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FIGURE 3

Gray-matter/white-matter interface (GM/WM) comparison of radial anisotropy (RA), kurtosis microscale anisotropy

(DKI-pFA), and mean apparent propagator MRI (MAP-MRI) propagator anisotropy (PA) with fractional anisotropy (FA). Histologic staining
of myelin and neurites (MAP2) in the same tissue and region confirm the high microscale anisotropy but geometric complexity of this region,

which is depicted as a labeled illustration. Magnified metric and composite maps (FA, red; RA, DKI-uFA, and PA, green) show high RA,
DKI-pFA, and MAP-MRI PA values in the GM/WM region of low FA. FA, DKI-uFA, and PA values are high in the body of the WM, whereas

RA values are lower. White boxes indicate magnified regions.

interface regions and the body of the WM. Composite maps
(Figure 3) were used to confirm contrast differences at the
GM/WM interface between FA and each metric, and the
microstructural tissue environment was validated using
myelin histology in the same tissue. Based on the histology
and known neuroanatomy, an illustration was prepared to
describe the microstructure. Briefly, myelinated fibers of
the cerebral cortex project to and from cells in the middle
layers of the cortex in such a way that they must traverse
deep layer neurites that are generally not oriented in the
same direction. As such, this interface between GM and
WM is predominated by strong microstructural anisotropy
of the fibers and local neurites but highly disperse architec-
ture across these intermingled crossing fibers and projec-
tions (see illustration and histologic validation in Figure 3).

4.1.2 | Unmasking of the hippocampus
perforant pathway by DiTSI-RA, DKI-pFA,
and PA metrics

Although the hippocampus is considered to be a GM
structure, its neurons are organized in such a way that
dense, coherent neurites and crossing projection fibers of
the trisynaptic pathway give rise to anisotropy differences
across the layers that are detectable by diffusion MRI.3¢
The most evident finding across the framework anisotropy
metrics was the visibility of the perforant path (PP; white
arrowheads Figure 4) within the lacunosum-moleculare
by the RA, DKI-pFA, and PA metrics, whereas FA and SA

were relatively low. Notably, the spatial pattern of contrast
was different across RA, DKI-pFA and PA, perhaps due
to non-Gaussian signal from myelin and heterogeneity of
length scales.

4.1.3 | Tissue-metric relationships in the
hippocampus vary across frameworks
suggesting specificity

In addition to the PP, other regions and layers of the hip-
pocampus demonstrated an unexpected degree variability
in metric contrast across frameworks (Figure 2, yellow dot-
ted line). Both FA and SA were greatest in the dentate
gyrus molecular layer (AML, yellow arrowhead; Figure 4),
whereas RA, DKI-uFA, and PA were low in this region
compared with surrounding tissue. This region contains
dense, coherently oriented dendrites of the dentate gran-
ule cells*® but does not contain myelinated axons, so that
the SDE signal in this region is more Gaussian than in the
PP, but the macroscale geometry is highly coherent, which
may explain the relative contrasts of the metrics.

A further distinction of metrics was observed in the
stratum radiatum layer, which is also dominated by coher-
ent neurites but more microstructurally complex than the
dML. In this region, SA, FA, and PA were relatively high
compared with DKI-pFA and RA. Together, these findings
suggest that SA and RA provide distinct information with
SA most sensitive to coherency, and RA most sensitive
to size distributions with little dependence on the signal
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FIGURE 4

Microstructural anisotropy within hippocampal layers and regions is distinguished by radial anisotropy (RA) and spherical

anisotropy (SA). Layers of the hippocampus—especially the perforant path (PP; white arrowheads) and the dentate gyrus molecular layer

(dML; yellow arrowhead)—are readily identified by their orientational features on the fiber orientation distribution (FOD) maps (left) and the

microstructural environment of PP projection fibers crossing neurites, and dML coherent dendrites was confirmed histologically. The

composite maps (right) show regions of similarity (yellow) and distinction (red) with the fractional anisotropy (FA) metric map including

unmasking of the PP by RA, kurtosis microscale anisotropy, and propagator anisotropy (PA). Colored boxes on the histology inset indicate

magnified regions for microscopy, and FOD maps and other regions of the hippocampus are labeled in the illustration as dentate granule

layer (DG), lacunosum moleculare (LM), stratum radiatum (SR), pyramidal cell layer (PY), and stratum oriens (SO).

Gaussianity that appeared to more strongly influence DKI
and MAP-MRI metrics.

4.1.4 | Neurodegenerative pathology
prominently affects SA and RA

In addition to the healthy temporal lobe specimen reported
in Sections 1.1-1.3, a specimen with AD pathology was
also examined. Image acquisition, processing, and metric
mapping were performed simultaneously for both spec-
imens, as they were contained in the same tube during
MRI scanning, and the maps for FA, SA, RA, DKI-pA,
and PA are shown for a longitudinal slice with both spec-
imens at the level of hippocampus (Figure 5). Histograms
for values in all tissue, hippocamus, and WM are shown
for both specimens to compare quantitative differences in
metric values in healthy and AD tissue. Both SA and RA
showed the most prominent differences between the two
specimens, and both metrics revealed a reduction in val-
ues for the AD specimen in the hippocampus and WM.
RA revealed a loss of the GM/WM bright rim and appear-
ance of punctate bright values in the WM. SA values were
greatly reduced in the WM. Although FA maps appear to
be the least different between AD and healthy specimens,
there were observable differences in the PA and DKI pFA
maps, especially for PA in the hippocampus and cortex,

as previously reported in a related larger study.?’” The WM
was not appreciably different for SDE metrics, but RA and
SA histogram distributions were prominently decreased.

4.1.5 | Unmasking of cranial nerve fascicles
in the brain stem by the SA metric

In the brain-stem specimen, near the level of the pon-
tomedullary junction, small fiber tracts were observed
by the SA map that were entirely absent from the FA,
DKI-pFA, PA, and CTI-K,piso maps (yellow box, Figure 6;
see S1 for CTI-Kapiso)- These fibers correspond to the sev-
enth cranial nerve system (CNVII), which is known to
fasciculate as it travels from the CNVII nucleus to the
nerve root.*! The fascicles themselves are small, myeli-
nated, and compact. Although one of the larger fascicles
appears on the FA, PA, and CTI-K,y;s, maps (green arrow-
head, Figure 6), the remaining two (magenta arrowheads,
Figure 6) are not discernable from surrounding voxels in
the other maps.

4.1.6 | Selectivity of SA for a subset of brain
stem pathways

Although the CNVII fascicles provide evidence of unmask-
ing new anatomic regions, most of the differences between
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Reduction of spherical anisotropy (SA) and radial anisotropy (RA) in tissue with Alzheimer’s disease (AD) pathology is

more prominent than for single diffusion encoding metrics. Healthy and AD tissue specimens were imaged in the same container and
processed simultaneously, as shown by the longitudinal slice view in native space for framework metrics maps. Compared with fractional
anisotropy (FA), propagator anisotropy (PA) demonstrated reduced values in the AD specimen hippocampus as previously reported but not
white matter, whereas SA and RA were prominently reduced in both tissue regions. DiTSI, diffusion tensor subspace imaging; DKI, diffusion
kurtosis imaging; DTI, diffusion tensor imaging; MAP-MRI, mean apparent propagator MRI.

SA and other metrics by voxelwise composite map com-
parison were that SA calculated with the acquisition and
processing parameters used was selective for a subset
of regions identified by the FA map in the brain stem
(Figure 7, red and green respectively). Notably, multiple
fiber pathways were evident on both FA and SA (corti-
cospinal tract [cst], medial lemniscus [ml], among oth-
ers). However, several pathways (medial longitudinal fas-
ciculus [mlf], some pontine fiber projections [pf], olivary
white matter [owm], superior cerebellar peduncle [scp],
among others) were absent in the SA and RA maps. GM
regions were evident on the SA maps, including periven-
tricular GM along the full extent of the brain stem and
olivary nucleus. None of the non-Gaussian SDE maps or
the CTI-Kaniso maps (Figure S2) showed strong contrast in
these GM regions, although there were considerable dif-
ferences between these maps and the more conventional
DTI-FA map, as expected based on framework differences.

Specifically, DKI-pA and PA maps included many more
voxels with high values than FA, and the CTI-K,pis, values
were close to zero for most voxels aside from a subset of
voxels with high SA values.

4.2 | DDE encoding
42.1 | Radial encoding influences sensitivity
to size distribution

DiTSI maps generated using DDE DWIs with cubic
angular sampling and five different radial sam-
pling schemes of full (all nine b;/b, combinations,
bmax =4000 s/mm? 576 DWIs), reduced (four b,/b, combi-
nations, byax = 2000 s/mm?2, 256 DWIs), and single b, = b,
sets (three different b-values, 64 DWIs each) are shown in
Figure 8. Differential sensitivity of SA to radial encoding
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FIGURE 6
seventh cranial nerve system (CNVII)

Detection of the

DiTSI SA

fascicles by spherical anisotropy (SA).
One fascicle of the CNVII nerve is
evident on fractional anisotropy (FA),
propagator anisotropy (PA), kurtosis
microscale anisotropy (DKI-pA), and
spherical anisotropy (SA) maps (green
arrow), whereas two additional fascicles
are evident only with SA and are absent
on all other maps (magenta arrows). Top
row shows sagittal view, and bottom row
shows axial view where A = anterior, P
= posterior, S = superior, I = inferior, M
= medial, and L = lateral. DTI, diffusion
tensor imaging.

within GM and WM were evident as the greatest range of
contrast for the full and reduced set and stronger GM and
WM contrast for low and high b-values, respectively. This
was evidenced also in histogram plots in which the fully
sampled set resulted in a broad and bimodal distribution
for temporal lobe SA, whereas reduced sampling schemes
resulted in SA values with decreased range and single
mean distribution.

4.2.2 | Angular encoding influences SA
preferentially and can be reduced

DiTSI maps generated using different subspace encoding
as described in Section 3 with constant radial encoding
of by /b, =1000/1000, 1000/2000, and 2000/2000 s/mm? are
compared in Figures 9 and 10 at different levels of the
brain stem and using 2D histogram mapping of SA and
RA values from these maps. Compared with full dodeca-
hedral encoding, decreased angular encoding resulted in
region-specific loss of contrast, such as some CST path-
ways (see red arrow, Figure 9), but most of the metric
contrast was maintained over considerable reductions. For
SA, the contrast of the maps was considerably reduced
for the 7x7 and 5x5 subspaces, but those with more
DWTIs were relatively uncompromised. RA maps showed
less dependence on angular encoding, as most images were
similar and 2D histograms strongly correlated across all
subsampled sets.

Notably, when subsampling was accomplished by
selecting only the cubic encoding directions from the

. . .o o 2379
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dodecahedral set, both SA and RA values were strongly
affected (right columns, Figures 9 and 10) with a loss of
tissue contrast similarity in the SA maps.

5 | DISCUSSION

The DiTSI framework parameterized DDE-MRI data as
SA and RA metrics, to provide tissue contrast that
was fundamentally distinct from metrics of other SDE
and DDE frameworks. Both metrics captured microscale
features within complex tissue environments, including
delineation of small fascicles by SA and unmasking of
microscale anisotropy by RA in tissue with mixed neu-
rite and fiber composition. The mapping and comparative
analysis of SA and RA for postmortem human specimens
aligns with the long-established observations that DDE
is sensitized to the geometry of small features instead of
the arrangement of structures within the voxe]!31416.18.20
and capable of reporting microstructural features that are
not possible using SDE signal representation. Within DDE
frameworks, the two main advancements of DiTSI are (i)
moving beyond fiber-dependent encoding in which the
PFG directions are chosen based on a priori knowledge
of the fiber geometry to a subspace-based encoding and
(ii) independence from an analytic framework based on
Gaussian and non-Gaussian water displacement.

The DiTSI metric of RA, in which the spin density
function is integrated over all angles sampled to report
radial dependencies, demonstrated increased specificity
for multifiber tissue environments. This is evidenced as
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FIGURE 7 Composite maps for voxelwise comparison of fractional anisotropy (FA; red) and spherical anisotropy (SA; green) in the
brain stem. Regions of overlap (yellow arrows) include the corticospinal tract (cst) and medial lemniscus (ml), and regions of FA detectable
fibers without SA contrast (green arrows) include the medial longitudinal fasciculus (mlf), pontine fibers (pf), and superior cerebellar
peduncles (scp). Gray-matter regions with strong SA contrast in the absence of FA contrast (red arrows) include the periventricular gray
matter (PVG) and the olivary nucleus (ONuc). DiTSI, diffusion tensor subspace imaging; DTI, diffusion tensor imaging.

bmax=4000 bmax=2000 b1=bp=1000 b1=b2=2000  b1=bp=4000 : Dmaee2000 D28 V)
576 DWIs 256 DWIs 64 DWIs 64 DWIs 64 DWIs b1=b1=2000 (64 DWIs)

Temporal Lobe

bmax=4000 (576 DWIs)
bmax=2000 (256 DWIs)

Histogram count

b1=b1=2000 (64 DWIs)

Brainstem

' Sphe}ical Aﬁisotroby (SA) ‘

FIGURE 8 Radial encoding influences the distribution of spherical anisotropy (SA) values in temporal lobe (top) and brain stem
(bottom) specimens. Contrast within gray-matter regions was greater for lower b-value data, whereas small fascicles (red arrows) were most
pronounced for stronger diffusion weighting. Differences in the shape and median of histogram distributions of SA were evident for different
encoding schemes. DWI, diffusion-weighted image.

high contrast in regions known to have small bundles  and resembling the myelin histology images for of the
of myelinated axons projecting through complex fields of PP in the hippocampus. The combined predominance of
neurites, appearing as a rim in the GM/WM boundary  two different sized anisotropic structures—the myelinated
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The influence of angular encoding on spherical anisotropy (SA) was evaluated using subsampled data sets according to the

vector plots and labels at top as described in the text. Subtle changes in neuroanatomical mapping were observed for reduced angular
encoding (red arrow), but for many voxels, little qualitative change or difference map change was observed. For the lowest angular sampling
(5% 5 subspaces) SA maps, difference maps and two-dimensional histograms showed prominent changes. Undersampling to cubic encoding
(right column) resulted in loss of contrast similarity and prominent differences from the fully sampled maps.

axons and the neurites—may drive high RA independent
of their incoherent orientation. This interpretation is sup-
ported by the contrast between these regions and adja-
cent coherent WM for which RA was low. Notably, the
DKI-puFA and MAP-MRI PA metrics were also high in the
PP and GM/WM interface but with lack of contrast to
the adjacent body of WM. This may suggest a different
mechanism for sensitivity to microscale anisotropy based
on non-Gaussian signal, potentially from restricted myelin
water.

Mapping of the SA metric—in which the spin den-
sity function is integrated over all radial dependencies
to measure angular dependence—revealed new fibers not
observed by any other SDE or DDE metric such as the
CNVII fascicles, which suggests high specificity for some
aspect of the microstructure of these tracts compared with
their complex surroundings. The observation that CNVII
SA contrast was greatest for stronger DDE weighting sup-
ports the interpretation that the smaller dimensions of the

CNVII fibers are driving the selectivity to visualize this
structure. The CTI anisotropy metric, Kypiso, did not reveal
these small fascicles despite using the same DDE data for
reconstruction, but K,,is, was distinct and more selective
(i.e., less positive voxels) than any other metric. Potentially,
this can be explained by separability of signal relationships
based on Gaussianity and kurtosis in the CTI framework.
A second explanation could be poor suitability of subspace
DDE encoding to support CTI signal representation.

In other regions, SA maps were in many ways quali-
tatively similar to FA maps, especially for coherent WM.
A likely interpretation is that SA is driven by coherency
of same-sized structures. For example, both FA and SA
provided strong contrast showing the dML of the hip-
pocampus, a uniform and highly coherent dendrite field
without myelinated fibers. However, direct composite map
comparisons in the brain stem showed common contrast
in only a subset of the tracts observed by FA. For example,
the ml but not the mlf were evident by SA, even though
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FIGURE 10

The influence of angular encoding on radial anisotropy (RA) was evaluated using subsampled data sets according to the

vector plots and labels at top as described in the text. Little qualitative changes were observed in contrast across all subsampled sets, even the
lowest (5 x 5), although difference map and two-dimensional histogram changes were evident for one 10 x 10 subspace and for the 7 x 7
subspace. Undersampling to cubic encoding (right column) resulted in prominent increases in RA values, although similar tissue contrast

was maintained. DWI, diffusion-weighted image.

both are heavily myelinated tracts of similar microstruc-
ture and dimensions. There are numerous possible inter-
pretations for these discrepancies that will be studied in
the future, including mixed fiber content of pathways
(e.g., myelinated and unmyelinated), different degree of
axonal branching, or varicosity and tract-specific presence
of inflammatory cells.

Both SA and RA metrics were highly sensitive to
pathologic changes in the AD temporal lobe specimen
as compared with the healthy control specimen. Previous
study of more specimens using SDE-only frameworks?’
strongly suggests that loss of cellular microstructure is the
primary underlying pathologic change. In the previous
work, diffusivity was increased and kurtosis and PA were
decreased for late-stage hippocampal tissue at the highest
Braak stage (VI), which is in part defined by degeneration
of the cells and their processes.*? Although the present
results also demonstrate reduced PA in the hippocam-
pus for the specimens studied, the additional finding that

SA and RA are reduced for both hippocampal and WM
regions, and the more prominent decrease in these met-
rics than for PA, suggest greater sensitivity to degenerative
processes.

The influence of encoding parameters on DiTSI
metrics—or any DDE signal representation framework for
that matter—is of central importance, given the many
more degrees of freedom in the DDE acquisition paradigm
than for SDE. In this study, timings of the PFG encod-
ings (8, A, and t,) were not explored, although it will be
important for future studies to address these in a system-
atic manner, such as using Monte Carlo simulations.*>*
In the present study, radial and angular encoding param-
eters (b-values by, b,, and b-vector directions) were sys-
tematically evaluated by collection of large data sets and
subsampling. The radial encoding or range of b-values
that must be collected to support meaningful signal recon-
struction is perhaps the most critical parameter for SDE
and DDE experiments alike. Although it is possible for
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DiTSI to reconstruct the signal from a single b-value (e.g.,
b, = b, =1000 s/mm?), the optimal encoding should span
a range of b-values but also include different b-value pairs.
Importantly, the lack of analytical form for the DiTSI
framework does not require limits on the minimum, max-
imum, or preferred b-values for validity of the reconstruc-
tion, as is the case for diffusion and kurtosis-based frame-
works. This consideration is the most likely explanation
of many of the differences in metric maps observed in
the present study. Of course, an optimal range for diffu-
sion weighting is still inherent for DiTSI via signal-tissue
relationships in that the most complete DDE signal repre-
sentation will be supported by data collected over the range
that most fully probes the signal dependence on length
scales and shapes present in the tissue. In this study, DDE
data with the greatest range of weighting (between 1000
and 4000 s/mm?) and with b;/b, combinations of mixed
strengths provided maps with the greatest range of contrast
across tissue types. Enough so that the histogram behav-
ior for the most comprehensive sampling scheme was
bimodal and spanned all metric values from subsampled
DDE sets. This is in contrast to the known dependences
of DTI metrics on SDE sampling ranges, which can be
either biased or skewed depending on the range of b-values
used.®

Angular encoding in the DDE paradigm is a source
of sensitivity to microstructural dimensions, and often
the imaging experiment must be parameterized so that
the first encoding block aligns parallel or perpendicular
with a known fiber orientation, and the signal behav-
ior with respect to the angle between the first and sec-
ond encoding vectors can be used to capture diameter
information.'3447 The DIiTSI framework instead relies
on subspace encoding in which the 3D representation of
the spin density function is reconstructed from data col-
lected with matched first and second PFG vectors over
a range of radial encoding. In this study, we collected a
large subspace using a 20-direction vector set so that for
each of three b;/b, pairs, 20 X 20=400 DWIs were col-
lected for a total of 1200 DDE-weighted volumes. This
encoding is unlikely to ever have clinical use, but in this
study provided a set of “fully sampled” angular encod-
ing for comparison of maps generated with subsampled
DWI sets. In the subsampling analysis, neither RA nor SA
metrics were strongly affected by decreasing the angular
sampling except in the case of very low angular resolu-
tion (i.e., 5% 5) for SA and for cubic sampling for both SA
and RA. The stronger dependence of SA maps on angu-
lar sampling is intuitive, given the angular dependence of
the metric. The cubic sampling scheme consists of four
sets of antipodal weighting directions, whereas other types
of subsampling did not maintain antipodal pairs, which
implies that reduced angular sampling schemes should

Magnetic Resonance in Medicine

favor greater sampling of unique angles over maintenance
of antipodal symmetry.

In conclusion, the DiTSI framework captures infor-
mation about microscale shape and size that is funda-
mentally accessible by DDE and not SDE frameworks
and so can provide maps that are more selective. Accord-
ingly, the SA and RA summary metrics provide contrast
that is unique from SDE anisotropy metrics of FA, PA
and DKI-pA, and driven by microscale features of the
underlying tissue environment as demonstrated here in
postmortem specimens. However, these findings must be
expanded to a quantitative analysis across many speci-
mens and migrated to in vivo imaging. Future directions
also include 3D Monte Carlo simulations to more com-
prehensively understand metric dependence on the many
pulse-sequence parameters of the DDE acquisition and
the dependence on tissue composition and architecture.
Finally, the high dimensionality of the DiTSI spin dis-
placement function expansion opens multiple avenues
to develop more specific microstructural MRI markers
by constraining the radial and angular ranges for signal
reconstruction.
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online version of the article at the publisher’s website.

Figure S1. The correlation tensor imaging (CTI) metric
map of K,piso Was compared with the diffusion tensor sub-
space imaging (DiTSI) metric map spherical anisotropy
(SA) including by composite mapping, in which Kaniso
is overlayed on the SA map using a red colorscale.
Both frameworks used cubic-encoded data. Small fasci-
cles (magenta arrows) were only observed by SA, and the
Kaniso maps were strongly positive in only a subset of high
anisotropy regions.

Figure S2. The single diffusion encoding (SDE) anisotropy
metric maps of propagator anisotropy (PA) and diffu-
sion kurtosis imaging (DKI)-microscale anisotropy (pA)
and the double diffusion encoding (DDE) correlation ten-
sor imaging (CTI) metric map of K,nis, Were compared
with the DiTSI metric map SA, including by composite
mapping, in which the SA map used the green chan-
nel and other maps used the red channel. Both DDE
frameworks used dodecahedral encoding. High anisotropy
regions were notably nonoverlapping between the metrics.
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