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Abstract

Understanding the architecture of transcallosal connections would allow for more specific
assessments of neurodegeneration across many fields of neuroscience, neurology, and psychiatry.
To map these connections, we conducted probabilistic tractography in 100 Human Connectome
Project subjects in 32 cortical areas using novel post-processing algorithms to create a spatially
precise Trancallosal Tract Template (TCATT). We found robust transcallosal tracts in all 32
regions, and a topographical analysis in the corpus callosum largely agreed with well-established
subdivisions of the corpus callosum. We then obtained diffusion MRI data from a cohort of
patients with Alzheimer’s disease (AD) and another with progressive supranuclear palsy (PSP)
and used a two-compartment model to calculate free-water corrected fractional anisotropy (FAT)
and free-water (FW) within the TCATT. These metrics were used to determine between-group
differences and to determine which subset of tracts was best associated with cognitive function
(Montreal Cognitive Assessment (MoCA)). In AD, we found robust between-group differences in
FW (31/32 TCATT tracts) in the absence of between-group differences in FAt. FW in the inferior
temporal gyrus TCATT tract was most associated with MoCA scores in AD. In PSP, there were
widespread differences in both FAT and FW, and MoCA was predicted by FAT in the inferior
frontal pars triangularis, preSMA, and medial frontal gyrus TCATT tracts as well as FW in the
inferior frontal pars opercularis TCATT tract. The TCATT improves spatial localization of corpus
callosum measurements to enhance the evaluation of treatment effects, as well as the monitoring
of brain microstructure in relation to cognitive dysfunction and disease progression. Here, we have
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shown its direct relevance in capturing between-group differences and associating it with the
MoCA in AD and PSP.
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INTRODUCTION

The corpus callosum is composed of approximately 200 million commissural fibers
connecting the bilateral prefrontal, frontal, parietal, occipital, and temporal lobes (Tomasch,
1954). While this is well-known, a 3-dimensional representation with high resolution to
adequately sample many tracts traversing the corpus callosum is not available.
Understanding the architecture of these connections would allow for more specific
assessments of structural deficits and structure-function relationships across many fields of
neuroscience, neurology, and psychiatry. Further, it could allow for more enhanced
measurements of disease progression, evaluation of treatment effects, and improve patient
selection for clinical trials.

Diffusion MRI is a non-invasive method enabling the characterization of white matter tracts,
and several impactful studies have conducted tractography of the transcallosal tracts (Abe et
al., 2004; Arnone et al., 2008; Caeyenberghs et al., 2011; Hofer and Frahm, 2006; Huang et
al., 2005; Lebel et al., 2010; Liu et al., 2010; Pannek et al., 2010). However, a
comprehensive, high resolution tractography template has not been made freely available to
the public. The present study incorporates several novel components to create a new, multi-
tract, transcallosal tractography template. First, it characterizes the commissural connections
of 32 different cortical regions, while a majority of prior studies have only parcellated 5-8
large-scale connections to the orbital, frontal, parietal, occipital, and temporal lobes (Arnone
et al., 2008; Caeyenberghs et al., 2011; Hofer and Frahm, 2006; Huang et al., 2005; Lebel et
al., 2010; Liu et al., 2010). Second, it utilizes a large cohort of 100 Human Connectome
Project (HCP) subjects, the data from which has a higher resolution than conventional
diffusion MRI (Van Essen et al., 2013). Third, this template is generated with a novel slice-
level post-processing approach which minimizes false positive and false negative voxels in
the resulting tract template (Archer et al., 2018b).

A transcallosal tractography template would be particularly useful in the assessment of
different neurodegenerative dementias, such as Alzheimer’s disease (AD) and progressive
supranuclear palsy (PSP). Currently, diagnostic confirmation of these diseases requires the
demonstration of specific post mortem brain pathology or visualizing the defining abnormal
protein aggregates on positron emission tomography or in CSF. /n-vivo biomarkers that
serve as proxies of neurodegeneration may be valuable indicators of initiation or progression
of disease state (Jack et al., 2018). In AD, there is widespread commissural atrophy, while in
PSP there is more focal and relatively preserved commissural structure. Many studies have
used diffusion MRI in AD and PSP to evaluate commissural degeneration. In AD, fractional
anisotropy (FA) is consistently reduced in the genu and splenium (Duan et al., 2006;
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Naggara et al., 2006; Ouyang et al., 2015; Takahashi et al., 2002; Teipel et al., 2007; Zhang
etal., 2007). In PSP, FA is primarily reduced in the genu and body of the corpus callosum
(Ito et al., 2008; Lehericy et al., 2010; Whitwell et al., 2011). Other studies, however, have
found no significant differences between disease states and healthy controls (Choi et al.,
2005; Duan et al., 2006; Head et al., 2004; Naggara et al., 2006; Takahashi et al., 2002;
Zhang et al., 2007), which could be due to the susceptibility of FA to partial volume effects,
as each voxel has both a tissue component and a fluid component. Free-water imaging has
advanced diffusion MRI by allowing for the separation of these components within each
voxel (Pasternak et al., 2009). Such an advance may aid definition of callosal microstructure
if applied to large datasets of AD and PSP, thus enhancing the evaluation of transcallosal
tract microstructure and its association with a measure of cognitive function (Nasreddine et
al., 2005).

There are two goals in the current study. First, we have taken advantage of the recent
advancements in tractography post-processing techniques to create a transcallosal tract
template consisting of 32 different tracts using a cohort of 100 HCP subjects using regions
from the automated anatomical labeling parcellation (Tzourio-Mazoyer et al., 2002; Van
Essen et al., 2013). Because it has been technically difficult to separate neighboring tracts in
structural imaging, we utilized a novel postprocessing technique which allows for their
segmentation (Archer et al., 2018b). As this template was created in the MNI space, it
allowed us to easily apply it to new datasets which were also in the MNI space. We therefore
obtained a dataset from a well-defined multisite AD cohort from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI), and a separate PSP cohort from the University of Florida.
Since these cohorts were acquired from different MRI scanners, there are no direct
comparisons between AD and PSP, but direct comparisons were made to respective control
groups. We then used the transcallosal tractography template to evaluate microstructure
deficits in each cohort and determined its association with general cognitive function.

METHODS

HCP Cohort

Diffusion MRI data from 100 healthy young individuals (54 females, 46 males; ages 21-35
were obtained from the HCP website (http://www.humanconnectomeproject.org) (Feinberg
etal., 2010; Moeller et al., 2010; Setsompop et al., 2012; Sotiropoulos et al., 2013b; Van
Essen et al., 2013). Diffusion images (resolution: 1.25mm x 1.25mm x 1.25mm isotropic;
slices: 111; FOV: 210 x 180; flip angle: 78°; b-values: 1000, 2000, and 3000 s/mm?2; number
of directions per shell: 90; TE: 89.5ms; TR: 5520 ms; number of bOs: 18; multiband factor:
3) were collected via a customized Siemens 3T scanner (“Connectome Skyra™)
(Sotiropoulos et al., 2013a; Van Essen et al., 2013). The HCP data were eddy current
corrected and motion corrected prior to download. Following download, BEDPOSTXx was
conducted to fit fiber distributions at the voxel level to prepare for tractography analysis in
FSL (i.e., probtrackx2). Moreover, DTIFIT was conducted for all HCP subjects to obtain
fractional anisotropy maps. For all analyses, the grad_dev.nii.gz, a file available through the
HCP website for each subject, was used to correct for gradient nonlinearities on the bvals
and bvecs at the voxel level. Nonlinear warps which were provided by the HCP were used to
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transform all maps into the MNI space (Andersson and Sotiropoulos, 2016; Archer et al.,
2018b; Jenkinson et al., 2012). The HCP cohort was used to develop the tractography
template.

Alzheimer’s Disease (AD) and Progressive Supranuclear Palsy (PSP) Cohorts

Data Acquisition—The present study included 2 separate disease cohort datasets —an AD
cohort obtained from the ADNI database (imaging parameters -- TR: ~11,000 ms, TE: 67
ms, flip angle: 90°, field of view: 350 x 350 mm, resolution: 2.7 mm isotropic, 41 non-
collinear diffusion directions, b-value of 1,000 ss/mm? and five with b-values of 0 s/mm?, 59
axial slices) and a PSP cohort obtained from the University of Florida (UF) (imaging
parameters -- TR: 7748 ms, TE: 86 ms, flip angle: 90°, field of view: 224 x 224 mm,
resolution: 2 mm isotropic, 64 non-collinear diffusion directions, b-value of 1,000 s/mm?
and one with a b-value of 0 s/mm?2, 75 axial slices). The AD cohort included 62 participants:
30 with AD and 32 cognitively normal controls. The PSP cohort included 57 participants: 26
with PSP and 31 cognitively normal controls. Cognitive function of all participants was
measured using the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005). The
AD cohort data were acquired from 10 different scanners, while PSP cohort data were
acquired from 1 scanner. For this reason, scanner site was included as a covariate in all AD
cohort analyses. In all analyses, we compared the AD and PSP cohorts separately to their
respective control groups. Sex, age, and MoCA scores can all be found in Table I.

Data Preprocessing—FSL (fsl.fmrib.ox.ac.uk) was used for all diffusion MRI data
analyses (Jenkinson et al., 2012; Smith et al., 2004; Woolrich et al., 2009). The data for all
subjects was first corrected for eddy currents, then for head motion using a 3D affine
registration, after which the brain data were extracted (Smith, 2002). The b vectors file was
rotated to correspond to these changes in orientation. The motion and eddy current-corrected
volume was then used to calculate free-water (FW) maps (i.e., the fluid component map) and
free-water corrected fractional anisotropy (FAT) maps (i.e., the tissue component map) using
custom written MATLAB code (R2013a, The Mathworks, Natick, MA, USA), which was
consistent with prior work (Archer et al., 2018a; Ofori et al., 2015; Pasternak et al., 2009).
To obtain a standardized space representation of the FW and FAT maps, each image was
registered to its respective in-house template in standard space (1 mm isotropic) by a
nonlinear warp using the Advanced Normalization Tools (ANTS) (Avants et al., 2008).
Specifically, we used the SyNCC option in ANTSs, which applies both an affine and
deformation transformation to the FA and FAT maps using cross correlation as the
optimization metric.

Creation of the Transcallosal Tract Template (TCATT)

Tractography analyses were conducted to map the transcallosal white matter pathways.
Wellestablished atlases were utilized for inputs to generate tracts from distinct cortical areas
(Desikan et al., 2006; Mayka et al., 2006). Probabilistic tractography was conducted using
the probtrackx2 program in FSL using default settings (samples: 5,000; curvature threshold:
0.2; FA threshold: 0.2) (Behrens et al., 2007; Behrens et al., 2003) on all individuals in the
HCP cohort. Tractography was conducted using the corpus callosum as a seed, with the 32
different cortical areas in the left and right hemispheres as target masks, including the
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inferior temporal gyrus, middle temporal gyrus, superior temporal gyrus, lingual gyrus,
calcarine sulcus, cuneus, inferior occipital gyrus, middle occipital gyrus, superior occipital
gyrus, angular gyrus, inferior parietal lobule, supramarginal gyrus, superior parietal lobule,
paracentral lobule, somatosensory cortex, primary motor cortex, dorsal premotor cortex,
ventral premotor cortex, presupplementary motor area, supplementary motor area, inferior
frontal gyrus pars opercularis, medial frontal gyrus, middle frontal gyrus, inferior frontal
gyrus pars triangularis, inferior frontal gyrus pars orbitalis, lateral orbital gyrus, superior
frontal gyrus, anterior orbital gyrus, gyrus rectus, medial orbital gyrus, medial orbitofrontal
gyrus, olfactory cortex. Since tractography was conducted in both hemispheres separately,
the results from the right hemisphere were flipped and averaged with the left hemisphere
results. This averaged image was then averaged across all 100 HCP individuals for each
tract. This group image was then thresholded at 15% maximum using a slice-level
thresholding approach which allows for delineation of neighboring tracts without sacrificing
volume in lowly probable portions of the tract (Archer et al., 2018b). This thresholded tract
was flipped back to the right hemisphere to produce an identical bilateral tract for each
cortical area. Slice-level thresholding was conducted along the primary axis of travel for
each tract.

TCATT Evaluation in AD and PSP

FAT and FW differences in the TCATT were calculated by conducting false discovery rate
(FDR) corrected independent samples t-tests. For each t-test, we tested the homogeneity of
group variances by conducting a Levene’s test. Depending on results of the Levene’s test, a
parametric (independent samples t-test) or a non-parametric (Mann-Whitney U test) analysis
was conducted. Significance level was set at prpr<0.05. In total, 32 t-tests (one t-test for
each tract) were conducted for FAT and FW for each cohort. Significant tract-wide
differences were followed with slice-level between-group t-tests to determine region specific
differences of FAT and FW in each tract. A custom Linux shell-script computed the average
FAT and FW at each slice along the primary axis of travel for each tract. The average FAT
and FW was then compared separately between patients and controls, for each tract in each
cohort, by conducting FDR-corrected independent samples t-tests.

Associating TCATT Microstructure with Cognitive Function using Stepwise Multiple
Regression in AD and PSP

Significant slice-level results were used as independent variables in bidirectional stepwise
multiple regression analyses to determine which measures were best associated with the
MoCA. The model which resulted in the lowest Bayesian information criterion (BIC) was
selected as the best fit model. Multicollinearity in the resulting models was quantified using
the variance inflation factor (VIF); variables with VIF > 10 were removed. Stepwise
multiple regression analyses were conducted separately in the AD and PSP cohorts. Control
subjects were included in their respective cohort analyses. Significant neuroimaging
variables and behavioral variables (AD cohort: age/gender/site; PSP cohort: age/gender)
were included as independent variables.
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Transcallosal Tract Template (TCATT)

The TCATT includes the 3-dimensional commissural connections of 12 prefrontal cortical
areas (Figure 1A), which includes the anterior orbital gyrus, gyrus rectus, inferior frontal
gyrus pars opercularis, inferior frontal gyrus pars orbitalis, inferior frontal gyrus pars
triangularis, lateral orbital gyrus, medial frontal gyrus, medial orbital gyrus, medial
orbitofrontal gyrus, middle frontal gyrus, olfactory cortex, and superior frontal gyrus. The
segregation of these tracts can be seen in the sagittal, coronal, and axial views (Figure 1B).
The TCATT also includes 3 different temporal commissural tracts (Figure 2), including the
inferior temporal gyrus, middle temporal gyrus, and superior temporal gyrus. In addition to
12 prefrontal and 3 temporal commissural tracts, the TCATT includes 6 occipital (Figure 3),
5 parietal (Figure 4), and 6 frontal (Figure 5) commissural tracts.

TCATT Corpus Callosum Topography in Young Normal Subjects

Corpus callosum population maps were averaged across the 100 HCP subjects (Figure 6).
Maps were thresholded at 15% so that only voxels which had at least 15% of the maximum
number of streamlines were included in the population maps. The occipital topography maps
(Figure 6A) illustrate that a majority of the streamlines traversed through the most inferior
portion of the splenium, with brighter colors indicating a higher probability of being a part
of the tract of interest. Topographical maps were also created for the parietal, temporal,
frontal, and prefrontal commissural tracts (Figures 6B-E).

TCATT Evaluation in AD

FAT and FW within each of the 32 tracts was quantified in the AD cohort (means, standard
deviations, and FDR corrected p values for each tract and each measure in Supplemental
Table I) and FDR corrected t-tests were conducted to determine between-group differences
for each measure. Following FDR correction, there were no significant between-group
differences in FAT (blue, Figure 7A). In contrast, there were widespread between-group
differences in FW (pink, Figure 7B).

Tracts which demonstrated significant between-group differences underwent a slice-level
analysis which determined the average FAT and FW within each slice along the primary axis
of travel. Slices which survived FDR corrected t-tests for each tract are provided
(Supplemental Table I). Further, we provide an illustration of this analysis for the inferior
temporal gyrus TCATT (Figure 7C). The inferior temporal gyrus TCATT extended from z=
-36 to z=25. In Figure 7C, mean difference between FAT in AD and controls is shown with
a blue line, and FW is shown with a pink line. All slices exhibited significantly increased
FW in AD compared to controls. Following slice-level analysis, all significant slices for
each tract were averaged and inputted into a bidirectional stepwise regression analysis,
which minimized the Bayesian information criterion. A significant model was produced
(Radj2:46.97%; p<0.001), which included FW for the inferior temporal gyrus TCATT and
scanner site, and a predicted vs. actual plot for MoCA showed good agreement (Figure 7D).
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TCATT Evaluation in PSP

FAT and FW within each of the 32 tracts was quantified in the PSP cohort (means, standard
deviations, and FDR corrected p values for each tract and each measure in Supplemental
Table I1) and FDR corrected t-tests were conducted to determine between-group differences
for each measure. Following FDR correction, a significant number of tracts exhibited
reductions in FAT and increases in FW in PSP compared to controls (Figures 8A-B).

Tracts which demonstrated significant between-group differences underwent a slice-level
analysis which determined the average FAT and FW within each slice along the primary axis
of travel. Slices which survived FDR corrected t-tests for each tract are provided
(Supplemental Table Il). Further, we provide an illustration of this analysis for the ventral
premotor cortex TCATT (Figure 8C). The ventral premotor cortex TCATT extended from x=
=50 to x=50. In Figure 8C, mean difference in FAT between PSP and controls is shown with
a blue line, and FW is shown with a pink line. For both FAT and FW, a majority of the tract
demonstrated significant between-group differences. Following slice-level analysis, all
significant slices for each tract and each measure were averaged and inputted into a
bidirectional stepwise regression analysis, which minimized the Bayesian information
criterion. A significant model was produced (Radj2:59.40%; p<0.001), which included
gender, FAT in the inferior frontal pars triangularis, preSMA, and medial frontal gyrus
commissural TCATT tracts as well as and FW in the inferior frontal pars opercularis
commissural TCATT tract, and a predicted vs. actual plot for MoCA showed good
agreement (Figure 8D).

DISCUSSION

This study created a high-resolution template of the transcallosal white matter tracts in
normal subjects, and applied this template to compare cohorts of age-equivalent normal
subjects with patients with Alzheimer’s disease (AD) and progressive supranuclear palsy
(PSP). To accomplish our first goal, we conducted probabilistic tractography in a large
cohort of 100 HCP subjects in conjunction with a novel slice-level thresholding approach
which allows for the segmentation of neighboring tracts (Archer et al., 2018b), which
allowed us to identify 32 transcallosal tracts (12 prefrontal, 6 frontal, 5 parietal, 6 occipital,
and 3 temporal tracts) and establish the transcallosal tract template (TCATT). The TCATT is
now publicly available at www.lIrnlab.org. Our second goal was to determine if free-water
imaging was capable of identifying between-group differences and if FW and FAT content
was associated with cognitive function. We therefore obtained diffusion MRI images from
an AD and matched control cohort (30 AD, 32 controls) and a similarly matched PSP cohort
(26 PSP, 31 controls), and quantified FW and FAT within each TCATT tract for each
individual. Following calculation of the mean FAT and FW within each tract, we found
widespread increases in TCATT FW in the AD cohort in the absence of alterations in FAT.
In the PSP cohort, there were widespread reductions in TCATT FAT but increases in FW.
Further, TCATT microstructure was associated with cognitive function in both cohorts.

Several studies have conducted tractography of the transcallosal white matter tracts, but
recent advancements in diffusion MRI have allowed for higher resolution, larger cohort
sizes, and more advanced post-processing algorithms. Over the last 10+ years, studies which
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have conducted tractography of the transcallosal white matter tracts either focused on
transcallosal connectivity to entire lobes (Arnone et al., 2008; Caeyenberghs et al., 2011,
Hofer and Frahm, 2006; Huang et al., 2005; Lebel et al., 2010; Liu et al., 2010) or have
focused on more precise connections within specific lobes (Abe et al., 2004; Fling et al.,
2013), with a majority of studies focusing on the former.

While the aforementioned tractography studies have provided insight into the transcallosal
connections, other studies have conducted more spatially precise analyses. Pannek et al.
(2010) conducted probabilistic tractography in 8 healthy individuals with diffusion MRI of
2.5mm isotropic resolution to map 33 distinct transcallosal tracts (Pannek et al., 2010). They
provided group averaged corpus callosum population maps to give the most spatially precise
corpus callosum topographical map to date. Our current study advances the approach by
Pannek et al. (2010) in three key ways. First, the diffusion MRI images of 1.25mm isotropic
resolution obtained from the HCP provided an 1/8 reduction in voxel volume, which allowed
for the modelling of three fibers per voxel and therefore provided a more accurate
assessment of crossing fibers. Second, using a cohort of 100 individuals and creating group-
averaged tract templates, we were able to reduce spatial variability. Third, we implemented a
slice-level thresholding approach to probabilistic tractography output, enabling minimization
of both false negative and false positive voxels in the templates (Archer et al., 2018b).
Importantly, our TCATT results largely agree with the Hofer and Frahm segmentation of the
corpus callosum (Hofer and Frahm, 2006). While the Hofer and Frahm segmentation is a
well-known baseline for corpus callosum topography, advances in tractography have allowed
for more specificity. A recent study used constrained spherical deconvolution in 130 healthy
subjects to find distinct organization of several prefrontal tracts, including the superior
frontal gyrus, middle frontal gyrus, and inferior frontal gyrus (De Benedictis et al., 2016).
They found that homotopic connections of the superior frontal gyrus were located in a
dorso-medial portion of the anterior corpus callosum, while the middle frontal gyrus and
inferior frontal gyrus were located in a ventro-lateral portion of the anterior corpus callosum.
While this prior study is an important advance, the current study provides a more specific
topography of the anterior corpus callosum, including 12 prefrontal tracts. Further, tracts
which are well-known to be in the anterior portion of the corpus callosum, including
supplementary motor area, pre-supplementary motor area, dorsal premotor cortex, and
premotor cortex were also evaluated. We found that the four aforementioned tracts crossed
over to the posterior corpus callosum, adding to a growing body of literature demonstrating
that previous segmentations of the corpus callosum can be further refined (Hofer and Frahm,
2006; Pannek et al., 2010). The use of the TCATT will allow for more specific assessments
of structural deficits and structure-function relationships, as well as more enhanced
measurements of disease progression, evaluation of treatment effects, and improve patient
selection for clinical trials.

Principal evidence for the degeneration of the corpus callosum and the transcallosal white
matter tracts in AD has been extensively explored using diffusion MRI over the last two
decades; however, findings between studies have been inconsistent. For example, recent
studies using a single tensor model have found reductions in fractional anisotropy (FA) in
the genu of the corpus callosum (Ouyang et al., 2015), but many studies have shown no
alterations in FA in the genu (Choi et al., 2005; Duan et al., 2006; Head et al., 2004; Naggara
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et al., 2006; Takahashi et al., 2002; Zhang et al., 2007). Similar inconsistencies have been
shown in the splenium (Choi et al., 2005; Duan et al., 2006; Head et al., 2004; Naggara et
al., 2006; Ouyang et al., 2015; Takahashi et al., 2002; Teipel et al., 2007; Zhang et al., 2007).
It’s possible that our knowledge of transcallosal degeneration in AD has been limited by
three major issues. First, many studies use region-based analyses which rely on the manual
delineation of certain segments of the corpus callosum. Second, many studies use FA
although it is now well-known that this variable is susceptible to partial volume effects.
Third, there have been no comprehensive studies of the transcallosal white matter tracts. In
the current study, we used an automated approach with novel diffusion MRI metrics to
comprehensively study transcallosal tract degeneration in an AD cohort dataset from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI), and addressed the partial volume
limitation of FA by performing FW correction to diffusion MRI maps--this allowed us to
evaluate FW (the fluid component) and FAT (the tissue component), separately. The
assessment of FAT and FW in the TCATT revealed robust between-group differences in FW
in the absence of between-group differences in FAT. Our findings support the idea of
widespread commissural neurodegeneration in AD, and advance the field by showing this is
predominantly a result of increased FW, which could be indicative of neuroinflammation or
atrophy within the commissural white matter (Pasternak et al., 2009; Pasternak et al., 2012).
The lack of between-group differences in FAT could indicate that although there is increased
fluid at the voxel-level (i.e., increased FW) in AD, the tissue which remains is intact (i.e.,
unaltered FAT). A further strength of the current study is that tract-wide differences were
followed by slice-level analysis to determine which regions of the TCATT tracts were
significantly different between groups (see Supplementary Table I). T-tests corrected for
multiple comparisons allowed us to determine which slices within each tract were robustly
different between groups, and these significant slices were then averaged and used as
independent variables in a stepwise regression analysis to determine which tracts best
predicted cognitive function in the AD cohort. We found that although there were significant
and widespread between-group differences in FW, the variable which most contributed to
cognitive function was FW within the inferior temporal gyrus TCATT tract (Rad12:46.975%,
p<0.001), which agrees with the idea that the inferior temporal lobe is one of the first
affected regions of the brain in AD and may therefore manifest in white matter atrophy in
this analysis (Braak and Braak, 1991). This finding adds to the literature by showing that
FW is robustly associated with cognitive function in AD.

Studies in PSP have also been impaired by a lack of a spatially precise transcallosal tract
template; thus, most studies of PSP have focused solely on region-based analyses of the
corpus callosum. Structural alterations in PSP have consistently found FA reductions in the
genu of the corpus callosum (Ito et al., 2008; Lehericy et al., 2010; Planetta et al., 2016;
Whitwell et al., 2011). However, our application of the TCATT to a PSP cohort from the
University of Florida found widespread reductions in FAT and increases in FW. Although
there were widespread differences throughout the TCATT, there were no significant
between-group differences in temporal TCATT tracts, mirroring pathological findings of
frontal lobe atrophy in PSP (Dickson, 2012). The slice-level analysis and stepwise
regression analysis showed that FAt in the inferior frontal pars triangularis, preSMA, and
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medial frontal gyrus TCATT tracts (and FW in the inferior frontal pars opercularis TCATT
tract) best predicted cognitive decline (Radj2:59.40%, p<0.001).

Neuroimaging is a key tool for diagnosing different neurodegenerative dementias, such as
AD and PSP, as well as analyzing brain changes over time, with great interest in the earliest
detectable changes. This study provides the first evidence that transcallosal FW imaging
could be a potential biomarker as well as a tool that could be applied to the longitudinal
progression of dementia. With the increasing value of PET approaches (Ishii, 2014) in
dementia, it’s possible that the TCATT could be used both to differentiate dementia subtypes
and track pathway changes over time. Future studies may use this approach with the
available template to determine whether therapeutic interventions are having the expected
effect on brain microstructure.

A well-known limitation of diffusion MRI and tractography is the ability to model crossing
fibers, particularly in areas of the brain where these are highly prevalent, such as the centrum
semiovale (Wedeen et al., 2008). This limitation is lessened by using high-resolution Human
Connectome Project data, which allows for the modelling of up to 3 crossing fibers per
voxel. Future studies conducting tractography analysis could incorporate recent
advancements, such as multi-shell multi-tissue constrained spherical deconvolution (MSMT-
CST), to more successfully construct tracts (Dell’ Acqua and Tournier, 2019; Maier-Hein et
al., 2017). Another limitation of this study is that diffusion MRI is susceptible to partial
volume effects, and therefore, measures such as fractional anisotropy can be influenced by
multiple factors (e.g., axonal ordering, myelination, axonal density, gliosis) (Jones et al.,
2013). In this study, we conducted a two-compartment model to split each voxel into a tissue
and fluid compartment, which ameliorates the partial volumes effects due to extracellular
fluid (Pasternak et al., 2009); however, future studies that acquire multi-shell diffusion MRI
scans will be able to split voxels into even more compartments, such as neurite orientation
dispersion and density imaging (NODDI) (Zhang et al., 2012).

Conclusions

This study has provided a high-resolution transcallosal tract template (TCATT) freely
available at www.lIrnlab.org. While the TCATT was created with the intention to investigate
neurodegeneration in dementia (e.g., AD and PSP), it can also be used across a broad range
of neurological and psychiatric conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. 3D View of Prefrontal TCATT B. 2D Views of Prefrontal TCATT

Sagittal View Sagittal Views
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Anterior Orbital [J] IFG-Opercularis [l IFG-Triangularis [l Medial Frontal Medial Orbitofrontal Olfactory Cortex
B Gyrus Rectus || IFG-Orbitalis B Lateral Orbital Medial Orbital Middle Frontal Superior Frontal

Figure 1. The Transcallosal Tract Template (TCATT) Prefrontal Tracts.
The TCATT contains 3-dimensional commissural connections of 12 different prefrontal

cortical areas (A), including the anterior orbital gyrus, gyrus rectus, inferior frontal gyrus
pars opercularis (IFG-Opercularis), inferior frontal gyrus pars orbitalis (IFG-Orbitalis),
inferior frontal gyrus pars triangularis (IFG-Triangularis), lateral orbital gyrus, medial
frontal gyrus, medial orbital gyrus, medial orbitofrontal gyrus, middle frontal gyrus,
olfactory cortex, and the superior frontal gyrus. (B) The 2-dimensional representation of
these tracts in the sagittal view (x=0, 10, 15, 25, 30), coronal view (y=20, 30, 40, 45, 50),
and axial view (z=-5, z=0, z=10, z=20, z=30).
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A. 3D View of Temporal TCATT B. 2D Views of Temporal TCATT
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Figure 2. The Transcallosal Tract Template (TCATT) Temporal Tracts.
The TCATT contains 3-dimensional commissural connections of 3 different temporal

cortical areas (A), including the inferior temporal gyrus, middle temporal gyrus, and
superior temporal gyrus. (B) The 2-dimensional representation of these tracts in the sagittal
view (x=0, 30, 40, 45, 50), coronal view (y=-5, —15, —25, —30, — 35), and axial view (z=
-20, z=-10, z=-5, z=0, z=20).
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A. 3D View of Occipital TCATT B. 2D Views of Occipital TCATT
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Figure 3. The Transcallosal Tract Template (TCATT) Occipital Tracts.
The TCATT contains 3-dimensional commissural connections of 6 different occipital

cortical areas (A), including the calcarine sulcus, cuneus, inferior occipital gyrus, lingual
gyrus, middle occipital gyrus, and superior occipital gyrus. (B) The 2-dimensional
representation of these tracts in the sagittal view (x=0, 10, 15, 20, 25), coronal view (y=-85,
-75, =60, -50, —40), and axial view (z=-5, z=0, z=5, z=10, z=15).
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A. 3D View of Parietal TCATT B. 2D Views of Parietal TCATT
Sagittal View Sagittal Views

Coronal View
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Axial View
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Figure 4. The Transcallosal Tract Template (TCATT) Parietal Tracts.
The TCATT contains 3-dimensional commissural connections of 5 different parietal cortical

areas (A), including the paracentral lobule, inferior parietal lobule, superior parietal lobule,
supramarginal gyrus, and angular gyrus. (B) The 2-dimensional representation of these tracts
in the sagittal view (x=0, 10, 20, 25, 35), coronal view (y= —-55, -50, —45, —40, —-35), and
axial view (z=20, z=25, z=30, z=40, z=55).
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A. 3D View of Frontal TCATT B. 2D Views of Frontal TCATT
Sagittal View Sagittal Views

x=20
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Figure 5. The Transcallosal Tract Template (TCATT) Frontal Tracts.
The TCATT contains 3-dimensional commissural connections of 6 different frontal cortical

areas (A), including the primary motor cortex, dorsal premotor cortex, ventral premotor
cortex, supplementary motor area, presupplementary motor area, and somatosensory cortex.
(B) The 2-dimensional representation of these tracts in the sagittal view (x=0, 10, 20, 25,
30), coronal view (y=-30, -20, -10, 0, 10), and axial view (z=25, z=35, z=40, z=50, z=60).
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A. Occipital B. Parietal
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Figure 6. TCATT Topography in the Corpus Callosum in Young Healthy Adults.
Probabilistic group maps are shown for each TCATT tract, grouped into their respective

lobes (A — Occipital, B — Parietal, C — Temporal, D — Frontal, E — Prefrontal). The color bar
ranges from purple (15%) to red (100%), with higher intensity indicating higher probability
that a voxel is within a tract. Voxels with less than 15% probability have been excluded from
the group maps. Abbreviations: IFG, inferior frontal gyrus; M1, primary motor cortex; PMd,
dorsal premotor cortex; PMyv, ventral premotor cortex; SMA, supplementary motor area;
preSMA, pre-supplementary motor area; S1, somatosensory cortex; IPL, inferior parietal

lobule; SPL, superior parietal lobule.
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Figure 7. Evaluation of FAT and FW within the TCATT for the AD Cohort.
Mean differences in FAT (A) and FW (B) for AD-control for each TCATT tract grouped by

their cortical projection (Temporal, Occipital, Parietal, Frontal, Prefrontal). Columns
represent mean difference between group and error bars represent standard deviation.
Significant mean differences were followed with slice-level analyses. The FAT (blue) and
FW (pink) profiles for the inferior temporal gyrus commissural TCATT tract are shown in
(C), where FDR corrected t-tests were performed at each slice, in which age, sex, and
scanner site were inputted as covariates. Slices which exhibited FDR corrected significance
(pPrpR<0.05) are shown with horizontal blue or pink lines. (D) The predicted versus actual
plot for the input variables which were most associated with MoCA in the AD cohort (AD:
yellow; Control:cyan), which included FW in inferior temporal gyrus TCATT tract and
scanner site. Abbreviations:1, inferior temporal gyrus; 2, middle temporal gyrus; 3, superior
temporal gyrus; 4, lingual gyrus; 5,calcarine sulcus; 6, cuneus; 7, inferior occipital gyrus; 8,
middle occipital gyrus; 9, superior occipital gyrus; 10, angular gyrus; 11,inferior parietal
lobule; 12, supramarginal gyrus; 13, superior parietal lobule; 14, paracentral lobule; 15,
somatosensory cortex; 16, primary motor cortex; 17, dorsal premotor cortex; 18, ventral
premotor cortex; 19, pre-supplementary motor area; 20, supplementary motor area; 21,
inferior frontal gyrus pars opercularis; 22, medial frontal gyrus; 23, middle frontal gyrus; 24,
inferior frontal gyrus pars triangularis; 25, inferior frontal gyrus pars orbitalis; 26, lateral
orbital gyrus; 27, superior frontal gyrus; 28, anterior orbital gyrus; 29, gyrus rectus; 30,
medial orbital gyrus; 31, medial orbitofrontal gyrus; 32, olfactory cortex. All subjects in the
AD cohort were obtained from the ADNI database.
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Figure 8. Evaluation of FAT and FW within the TCATT for the PSP Cohort.
Mean differences in FAT (A) and FW (B) for PSP-control for each TCATT tract grouped by

their cortical projection (Temporal, Occipital, Parietal, Frontal, Prefrontal). Columns
represent mean difference between group and error bars represent standard deviation.
Significant mean differences were followed with slice-level analyses. The FAT (blue) and
FW (pink) profiles for the ventral premotor cortex TCATT tract are shown in (C), where
FDR corrected t-tests were performed at each slice, in which age and sex were inputted as
covariates. Slices which exhibited FDR corrected significance (prpr<0.05) are shown with
horizontal blue or pink lines. (D) The predicted versus actual plot for the input variables
which were most associated with MoCA in the PSP cohort (PSP: yellow; Control: cyan),
which included gender, FAT in the inferior frontal pars triangularis, preSMA, and medial
frontal gyrus TCATT tracts as well as and FW in the inferior frontal pars opercularis TCATT
tract. Abbreviations: 1, inferior temporal gyrus; 2, middle temporal gyrus; 3, superior
temporal gyrus; 4, lingual gyrus; 5, calcarine sulcus; 6, cuneus; 7, inferior occipital gyrus; 8,
middle occipital gyrus; 9, superior occipital gyrus; 10, angular gyrus; 11, inferior parietal
lobule; 12, supramarginal gyrus; 13, superior parietal lobule; 14, paracentral lobule; 15,
somatosensory cortex; 16, primary motor cortex; 17, dorsal premotor cortex; 18, ventral
premotor cortex; 19, pre-supplementary motor area; 20, supplementary motor area; 21,
inferior frontal gyrus pars opercularis; 22, medial frontal gyrus; 23, middle frontal gyrus; 24,
inferior frontal gyrus pars triangularis; 25, inferior frontal gyrus pars orbitalis; 26, lateral
orbital gyrus; 27, superior frontal gyrus; 28, anterior orbital gyrus; 29, gyrus rectus; 30,
medial orbital gyrus; 31, medial orbitofrontal gyrus; 32, olfactory cortex. All subjects in the
PSP cohort were obtained from the University of Florida.
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Table I.

Subject Demographics and Relevant Clinical Information.

AD Cohort PSP Cohort
Measure
AD Control Statistics PSP Control Statistics
N 30 32 - 26 31 -
Sex (17M/13F) (12M/20F)  x2=2.285; p=0.203  (15M/11F) (12M/19F) x2=0.076; p=0.783

Age (years) 73.99 (8.37) 72.73(5.98) F=3.774;p=0.494  69.88 (6.38) 63.23(10.08)  F=7.57; p=0.004
MoCA  17.72(4.66) 26.06 (2.45) F=7.793;p<0.001 2023 (5.33) 26.96 (1.92) F=35.151; p<0.001

Page 23

Data are either count or mean (+SD). Abbreviations: AD, Alzheimer’s disease; PSP, Progressive Supranuclear Palsy; N, Number; M, Male; F,

Female; MoCA, Montreal Cognitive Assessment
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