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Abstract

The engineering of a 3T human MRI scanner equipped with 300 mT/m gradients — the strongest
gradients ever built for an in vivo human MRI scanner — was a major component of the NIH
Blueprint Human Connectome Project (HCP). This effort was motivated by the HCP’s goal of
mapping, as completely as possible, the macroscopic structural connections of the in vivo healthy,
adult human brain using diffusion tractography. Yet, the 300 mT/m gradient system is well suited
to many additional types of diffusion measurements. Here, we present three initial applications of
the 300mT/m gradients that fall outside the immediate scope of the HCP. These include: 1)
diffusion tractography to study the anatomy of consciousness and the mechanisms of brain
recovery following traumatic coma; 2) g-space measurements of axon diameter distributions in the
in vivo human brain and 3) postmortem diffusion tractography as an adjunct to standard
histopathological analysis. We show that the improved sensitivity and diffusion-resolution
provided by the gradients is rapidly enabling human applications of techniques that were
previously possible only for in vitro and animal models on small-bore scanners, thereby creating
novel opportunities to map the microstructure of the human brain in health and disease.
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Introduction

The NIH Blueprint for Neuroscience Research Human Connectome Project (HCP) is in the
process of mapping the connections of the adult human brain as completely as possible
using diffusion tractography, functional MRI (FMRI), magnetoencephalography (MEG),
electroencephalography (EEG) and genetics. This comprehensive initiative involves two
different consortia: the Washington University, the University of Minnesota and Oxford
University consortium (WU-Minn HCP) and the Massachusetts General Hospital and the
University of California, Los Angeles consortium (MGH-UCLA HCP). The “connectome”
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map will integrate complementary efforts from both HCP consortia and provide a new
foundation for understanding neural network connectivity and structural neuroanatomy. In
addition to its basic neuroscience merits, mapping of healthy adult human connectomes
provides a basis for studying how connectomes change as humans learn, mature and age,
and how a connectome becomes dysfunctional with injury or disease.

Beyond these high impact scientific contributions, the legacy of the HCP will also include
its significant technological advancements. Prominent among these are MRI scanners
equipped with significantly stronger magnetic gradients. The WU-Minn HCP involves a
human 3T MRI with 100 mT/m maximum gradients [Van Essen et al., 2012]. The MGH-
UCLA HCP involves the first ever human MRI scanner equipped with 300 mT/m gradients
(7.5% stronger than the clinical standard (40 mT/m)) and a 64-channel phased-array receiver
coil [Keil et al., 2012]. This MRI technology, which was engineered specifically for the
HCP, has already been applied to several additional in vivo neuroimaging studies, which are
impractical or underserved by existing technology. Here we describe how the 300 mT/m
gradients of the MGH-UCLA connectome scanner are creating new ways to probe the
human brain and opening up new possibilities to serially investigate changes in brain tissue
microstructure. This paper focuses on the first imaging studies conducted on the MGH-
UCLA connectome scanner that fall outside the immediate scope of the HCP but are an
impactful byproduct of its technological developments. Namely, we present initial results
for: diffusion tractography of the pathways that mediate human consciousness and recovery
after traumatic coma, in vivo mapping of axon diameter distributions and postmortem
diffusion imaging.

There are two key advantages provided by an MRI scanner with 7.5x stronger magnetic
gradients, both of which have been instrumental in facilitating the neuroimaging
applications discussed here. First, the stronger gradient amplitudes achieve a given
diffusion-encoding gradient area in less time. This reduces the entire diffusion-encoding
period and the echo time. As a result, the T, decay is reduced and the signal-to-noise ratio
(SNR) is increased. Second, the larger gradient amplitudes enable “stronger” diffusion
encoding (larger diffusion-encoding gradient areas, larger g-values and b-values) to be
achieved in practical times. The resulting enhancement in the “diffusion resolution”
represents a smaller spatial scale at which differences in spin displacements can be resolved.
Together, these advantages of stronger magnetic field gradients dramatically increase the
sensitivity to tissues with short T and improve g-space diffusion imaging methods that
demand large diffusion-gradient areas.

Q-Space Diffusion Imaging

Q-space diffusion imaging [Cory and Garroway, 1990, Callaghan, 1991] samples multiple
g-values, where a g-value is proportional to the diffusion-encoding gradient area. The
Fourier Transform of the signal attenuation at multiple g-values describes the diffusion
propagator, i.e. the probability density function (PDF) that a particle has been displaced a
specific distance along a given orientation during a given diffusion time. The maximum g-
value determines the diffusion resolution and hence the stronger connectome gradients probe
sharper features of the diffusion PDF in less time and with less T loss, thereby pushing g-
space imaging methods beyond prior capabilities. The stronger connectome gradients also
allow a given g-value to be reached in a shorter diffusion time, probing the barriers
experienced by the diffusing water molecules on a short time scale.

In this work we use a novel gradient system, 300 mT/m, slew-rate 200 T/m/s, (Siemens
AS302) integrated into a clinical 3T MRI scanner (MAGNETOM Skyra CONNECTOM
Siemens Healthcare). We use these capabilities to explore a broader g and diffusion time ()
parameter space than was previously possible in humans in vivo. Here, we show that beyond
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mapping of the human connectome, there are a number of additional applications of the
connectome’s gradients that are rapidly advancing our ability to probe the structural basis of
human brain function.

Diffusion Spectrum Imaging of Traumatic Coma Recovery

Traumatic coma affects more than 1 million people worldwide each year [Bruns and Hauser,
2003, Faul et al., 2010]. In addition, hundreds of military personnel have experienced a
severe traumatic brain injury (TBI) causing coma since the start of the wars in Afghanistan
and Iraq [Bell et al., 2009, DuBose et al., 2011]. For these civilians and military personnel
with traumatic coma, recovery of consciousness requires the activation and integration of
brain networks that support the two critical components of consciousness: arousal
(wakefulness) and awareness [Kinney and Samuels, 1994]. Advanced neuroimaging
techniques have begun to identify the neural networks in the cerebral hemispheres that
enable recovery of awareness [Fernandez-Espejo et al., 2012,Vanhaudenhuyse et al., 2010],
but the pathways in the brainstem ascending reticular activating system (ARAS) that
facilitate recovery of arousal after coma have yet to be elucidated. Since the discovery of the
ARAS by Moruzzi and Magoun in 1949 [Moruzzi and Magoun, 1949], the vast majority of
ARAS connectivity studies have been performed in animal models [Fuller et al.,
2011,Gennarelli et al., 1982,Smith et al., 2000], with human studies mostly being limited to
two-dimensional lesion mapping analyses [Parvizi and Damasio, 2003] and functional
activation studies using positron emission tomography [Kinomura et al., 1996,Silva et al.,
2010].

Diffusion tractography is a promising tool for elucidating the structural connectivity of
ARAS pathways in the human brainstem. One of the principal challenges, however, is
detecting the crossing fibers that are a prominent component of the ARAS network [Nauta
and Kuypers, 1958]. Diffusion Spectrum Imaging (DSI) [Callaghan et al., 1988, Wedeen et
al., 2005] is one of several diffusion techniques that provides a means of detecting these
crossing fibers. DSI requires the acquisition of multiple g-values and diffusion orientations
arranged in a lattice in g-space (dx,dy,dz)- A 3D Fourier transform of this g-space lattice
yields the 3D spin displacement PDF. The orientation distribution function (ODF) along a
given orientation is then the radial projection of the spin-displacement PDF. Maxima on the
ODF are used to identify fiber orientations.

Here, we analyze ARAS connectivity with DSI and probabilistic tractography using the
connectome scanner’s 300 mT/m gradients in a 27-year-old man who recovered from
traumatic coma. Six years and seven months prior to being imaged on the MGH-UCLA
connectome scanner, the patient had experienced a severe TBI caused by a car that hit him
while he was riding his bike. He was in a coma for 14 days, and a clinical MRI scan
performed on day 7 post-injury revealed multiple microhemorrhages in the cerebral
hemispheres, splenium of the corpus callosum, and brainstem (bilaterally), consistent with
severe grade 3 diffuse axonal injury [Adams et al., 1989]. After emergence from coma, the
patient underwent one and a half months of inpatient rehabilitation, followed by one year of
outpatient rehabilitation. By the time of his MGH-UCLA connectome scan, the patient’s
Glasgow Outcome Scale-Extended score was 7 (out of a maximal score of 8), indicating
“good recovery,” and his Disability Rating Scale score was 0, indicating that he was
completely independent with activities of daily living and had returned to a normal work
environment — one of few patients with bilateral traumatic axonal injury lesions in the
brainstem who has been reported to experience this level of recovery [Skandsen et al.,
2011].
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Axon Diameter Mapping

A different genre of g-space imaging focuses on sampling temporal g-space rather than
spatial g-space (i.e. acquiring multiple g-values at multiple diffusion times). If sufficiently
high g-values and a sufficiently wide range of diffusion times are acquired, it is possible to
extract information about the size of restricted compartments, such as axons, based on
theoretical models of the diffusion diffraction patterns that they will generate.

The diameter of an axon is proportional to the speed at which action potentials are
conducted along its length [Hursh, 1939, Hoffmeister et al., 1991]. Therefore, any change in
the distribution of axon diameters in a white matter tract can putatively impact the operation
of neural networks [Ringo et al., 1994]. Axon diameter has also been linked to several
neurological disorders. For example, large diameter axons are thought to be selectively
damaged in amyotrophic lateral sclerosis patients [Heads et al., 1991, Cluskey and
Ramsden, 2001]. Smaller diameter axons are thought to be maldeveloped in Autistic
children [Piven et al., 1997]. Smaller diameter axons are also thought to be the most
vulnerable to neurodegeneration associated with aging [Marner et al., 2003].

The majority of axon diameter mapping using MRI has been performed in vitro [Stanisz et
al., 1997,Assaf et al., 2008, Ong and Wehrli, 2010] and in animal models [Barazany et al.,
2009] due to the demands for strong encoding gradients which have, thus far, only been
available on small bore MRI scanners. Despite this, at least one group has now demonstrated
estimation of an axon diameter index, &', in the in vivo human brain using a standard clinical
gradient strength of 40-60 mT/m [Alexander et al., 2010,Zhang et al., 2011]. The ActiveAx
(@' contrast) and the AxCaliber technique developed by Assaf et. al [Assaf et al., 2008] are
very similar. The output for ActiveAx provides a single statistic of the axon diameter
distribution (the weighted mean) whereas AxCaliber estimates the mean and variance of the
gamma distribution estimated by AxCaliber. ActiveAx is also orientationally invariant
whereas the canonical version of AxCaliber is not. Therefore, ActiveAx shows significant
promise for rapid clinical translation of axon diameter estimates. The sensitivity of both
methods is limited by the SNR and range of achievable g-values and diffusion times, and
these factors are directly linked to the maximum available gradient strength. AxCaliber has
also recently been demonstrated in vivo at 40 mT/m maximum gradient strengths [Horowitz
et al., 2012]. Although, the data presented here do not represent the first attempt at axon
diameter mapping in the in vivo human brain, they are the first AxCaliber in vivo human
data acquired with a similar gradient strength (Gyax=300 mT/m) to the animal studies used
to validate the methodology [Barazany et al., 2009].

While AxCaliber has previously been applied in the in vivo human brain using 40 mT/m
gradients [Horowitz et al., 2012], here we present the first ever in vivo human brain
AxCaliber data using 300 mT/m gradients. We focus on the corpus callosum because of the
availability of gold standard electron microscopy in this region and because of the critical
role that inter-hemispheric trans-callosal connections play in many cognitive functions.

High-Resolution (0.6 mm isotropic) g-ball imaging in Fixed Human Brain

Diffusion imaging of whole, fixed human brains has gained traction in recent years as a
method of obtaining a type of gold-standard, high-spatial resolution, high-SNR data without
the motion artifacts or distortions that constrain in vivo acquisitions. Postmortem diffusion
images also provide a useful link between in vivo imaging and histology. Postmortem scans
allow us to see what additional microstructural information we might be able to visualize if/
when we are able to improve the sensitivity and image fidelity of in vivo acquisitions. For
example, diffusion anisotropy in the cerebral cortex was first identified in postmortem
diffusion imaging [Leuze et al., 2012,McNab et al., 2009,Miller et al., 2011] and has now,
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with the improved resolution of in vivo diffusion imaging, been identified in vivo by several
groups [Anwander et al., 2010,Heidemann et al., 2010,McNab et al., 2013].

While postmortem diffusion imaging of whole, fixed human brains benefits from long scan
times and the absence of motion, it is hindered by decreased T, relaxation times (due to the
fixation process) [D’Arceuil et al., 2007,McNab et al., 2009] and reduced apparent diffusion
coefficients (ADCSs). Each of these limitations puts competing demands on the diffusion
sensitization. Specifically, the diffusion sensitization must be both stronger and executed in
less time. As such the gradients of the MGH-UCLA connectome scanner have the potential
to dramatically improve the quality of diffusion imaging in whole, fixed, human brain
specimens.

All data were acquired using the MGH-UCLA Connectome scanner which consists of a
novel AS302 gradient system that is part of a new 3T system (MAGNETOM Skyra
CONNECTOM, Siemens Healthcare) capable of up to 300 mT/m and a slew rate of 200 T/
m/s. The slew rate was de-rated to 62.5 T/m/s during the diffusion encoding to prevent
physiological stimulation. A custom-made 64-channel phased array coil was used for signal
reception [Keil et al., 2012]. All studies were performed with the approval of the
institutional review board. Written consent was obtained from subjects for the in vivo
studies and from family surrogate decision—makers for the ex vivo studies.

Diffusion Spectrum Imaging of Traumatic Coma Recovery

ARAS connectivity was assessed in the 27-year-old patient and in four age-matched healthy
control subjects (2 men, 2 women; average age 25.8, age range 23-29) using a DSI protocol
with a 515 g-space lattice. Images with b=0 s/mm? were interspersed every 16 images (39 in
total) and positive and negative gradient pairs from the g-space lattice were acquired
sequentially. The protocol parameters were by,a=10,000 ss/mm2, gradient pulse duration (5)
= 12.9ms, diffusion time (A) = 20.9 ms, TE/TR=47/5900 ms, FOV =22 cm x 22 cm, 80
slices, 2 mm isotropic voxels, partial Fourier = 6/8, parallel imaging using generalized
autocalibrating partially parallel acquisitions (GRAPPA) with an acceleration factor R=3,
BW=2526 Hz/pixel, echo spacing=0.53 ms, acquisition time = 55 minutes.

Image registration of the interspersed b=0 images was used to correct for bulk motion
between scans using FLIRT (www.fmrib.ox.ac.uk/fsl). Correction of eddy-current induced
distortions was achieved using opposite polarity DWI pairs [Bodammer et al., 2004], which
were registered one to the other, constraining for the expected translations, dilations and
shears. The half-way transform was then calculated and applied. Motion correction and eddy
current correction transformations were applied in a single step to prevent further blurring.

For the tractography analysis, we focused on the pedunculopontine nucleus (PPN), which is
a major source of cholinergic innervation to the thalamic intralaminar and reticular nuclei,
and thus a principal component of the ARAS arousal network [Edlow et al., 2012, Parvizi
and Damasio, 2001, Reese et al., 1995]. The PPN was chosen because this arousal nucleus
was affected unilaterally by a focus of hemorrhagic axonal injury that was identified on both
the acute (i.e. day 7) gradient-recalled echo sequence and the susceptibility-weighted
imaging sequence acquired on the MGH-UCLA connectome scanner (Fig. 1a). For the
patient and the four controls, the PPN was manually traced on the diffusion-weighted
images at the level of the caudal midbrain, and the thalamic intralaminar nuclei
(centromedian/parafascicular [CEM/Pf] and central lateral [CL]) and reticular (Ret) nuclei
were traced at the level of the mid-thalamus in accordance with standard neuroanatomic
atlases (Fig. 1b) [Mai et al., 2008, Paxinos et al., 2011]. Diffusion data were processed for
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both deterministic and probabilistic tractography. Deterministic tractography analysis was
performed using the Diffusion Toolkit and TrackVis (www:.trackvis.org) [Wang et al., 2007]
and the probabilistic tractography was performed using the FMRIB Software Library (FSL)
(www.fmrib.ox.ac.uk/fsl) [Behrens et al., 2003]. For the deterministic tractography,
TrackVis employs a Gaussian filter with a roll-off of 0.5 at the edge of g-space, no peak
threshold and no limit to the maximum orientations per voxels [Wedeen et al., 2008].For the
probabilistic tractography the ball and two stick model implemented in FSL was used. We
chose to perform both deterministic and probabilistic tractography analyses because we
found it helpful to use the visualization tools available in TrackVis but also wanted to
provide a quantitative comparison between the different pathways in different subjects.

In order to quantitatively compare the probabilistic tractography results we report what we
will refer to as the “probabilistic streamline connectivity index” (PSCI), which we define as:
[total number of streamlines reaching the target mask]/[the total number of streamlines
propagated from seed mask]/[the total number of voxels in seed region + the total number of
voxels in target region]. Five thousand streamlines were propagated from each voxel within
the PPN seed region. Probabilistic tractography suffers from a “flare” of high streamline
probability near the seed ROI compared to more distant locations. We therefore used the
distance correction option (—pd) implemented in FSL’s probtrackx (www.fmrib.ox.ac.uk/
fsl). With this option, the connectivity distribution at each voxel equals the average length of
the pathways that cross the voxel multiplied by the number of samples that cross it. The
distance correction was applied because the distances between the seed region of interest
(PPN) and the target regions of interest (CEM/Pf, CL and Ret) are different, and we did not
want our PSCI measurements to be biased by distance. Using Figure 27 from Morel’s atlas
[Morel et al., 1997] we estimated the distance from the inferior margin of the red nucleus
(which represents the superior margin of the PPN seed region used in our analysis), to the
superior margin of each thalamic target nucleus. Taking into account the 1.0mm-to-2.8mm
scaling factor in the atlas, we estimate distances of 12.6 mm for PPN-to-CEM/Pf, 25.2 mm
for PPN-to-CL, and 28.0 mm for PPN-to-Ret. Lastly, a loop-check was applied to prevent
streamlines from looping back on themselves.

Axon Diameter Mapping in the In Vivo Human Brain

Four volunteers (2 male, 2 female, age range 23-48) were scanned. The experimental
protocol, which follows closely from Barazany et al.’s rat imaging protocol, consisted of a
series of sagittal 2mm isotropic resolution diffusion-weighted-stimulated echo-echo planar
imaging (DW-STE-EPI) acquisitions with 17 contiguous sagittal slices centered on the
midline of the corpus callosum with TE/TR =54/3100 ms, parallel imaging using GRAPPA
with an acceleration factor R=2, d = 8.7 ms, 17 diffusion gradient increments (25—241 mT/
m), 12 averages. The maximal b-value (at the longest diffusion time) was 10,000 s/mm?2.
The diffusion gradients were applied along the z-direction (perpendicular to the fibers of the
corpus callosum) in the mid-sagittal plane. The experiment was repeated for five different
diffusion times 35, 44, 54, 84 and 120 ms. Total acquisition time was 53 minutes. Motion
and eddy-current correction were applied in the same manner as described for the DSI data.
The AxCaliber [Assaf et al., 2008] method was used to estimate axon diameter distributions
within hand-drawn ROIs in a single slice in the mid-sagittal plane in the splenium, body and
genu of the corpus callosum. Note that we did not use a CSF compartment in our signal
model, as was done by Barazany et. al. [Barazany et al., 2009].

The AxCaliber method is a parametric fit of a close-form model to our data. The AxCaliber
model was fit simultaneously to all data points at all diffusion times using in-house Matlab
(MathWorks, Natick, MA) code that employs a nonlinear least-square routine (utilizing
Levenberg-Marquardt minimization). Following previous demonstrations of the AxCaliber
method in in vivo rat brain [Barazany et al., 2009], the diffusion coefficient of the restricted
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component was fixed to 1.4 ym2/ms. Therefore, we fit for the 4 parameters used in the
AxCaliber model: the hindered diffusion fraction (fh), the hindered diffusion coefficient
(Dh) and a and B parameters that describe the gamma function used to model the
distribution of different axon diameters. Note that we modeled only two components and
therefore the restricted fraction (fr) is equal to 1-fh. The optimization was constrained with
initial conditions/lower bounds/upper bounds set to: fh = 0.5/0.0/1.0, Dh=1/0.01/100pum?/
ms, a =12/2/50, p =0.4/0.1/10. The upper and lower bounds of axon diameters used in the fit
were: 0 <a <50 pym.

High-Resolution (0.6 mm isotropic) g-ball Imaging in Fixed Human Brain

One whole, fixed human brain from a 58-year—old woman who died of non-neurological
causes was scanned on the MGH-UCLA connectome scanner. The excised brain was placed
in fixative (10% formaldehyde) after a 14 hour postmortem interval. It remained in fixative
for 7 months prior to scanning on the MGH-UCLA connectome scanner. At the time of
scanning, the brain specimen was transferred from the fixative solution to a Fomblin
solution (perfluropolyether, Ausimont USA Inc., Thorofare, NJ) to prevent bright protonated
fluid signal surrounding the specimen from reducing the dynamic range within the tissue
signal values of interest. We used a 3D segmented-EPI diffusion-weighted spin echo pulse
sequence, which is the same as has been used previously for postmortem diffusion imaging
[Miller et al., 2011] except that here we used a single refocusing pulse and mono-polar
gradients rather than a twice-refocused spinecho. The protocol parameters were 0.6 mm
isotropic voxels, 44 diffusion-encoding orientations at a b-value of 10,000s/mm?, =13.5ms,
=26.8ms, 5 b=0 s/mm? images, TE/TR=59/750 ms, FOV = 180 mm x 174 mm, slab
thickness = 176 mm, matrix=296x288%288, partial Fourier = 6/8, BW=995 Hz/pixel, echo
train length = 32. The total acquisition time was 26.5 hours (32.4 minutes per volume).

We compare the whole, fixed brain data with data previously acquired [Edlow et al., 2012]
on a dissected brainstem-diencephalon specimen (consisting of pons, midbrain, thalamus,
hypothalamus, and basal forebrain) from a 53-year-old woman who died of non-
neurological causes. These data were acquired with a 3D diffusion-weighted spin echo echo-
planar imaging sequence with 60 diffusion-encoding orientations, b=4057 s/mm? and a
maximum gradient strength of 124 mT/m, diffusion gradient duration = 13.4 ms, diffusion
time = 25 ms, TE/TR=72.5/1000 ms, FOV=7.2x7.2x8.2 cm, matrix =128x128x128. One
b=0 s/mm? image was also acquired for a total acquisition time of 2 hours 10 minutes.

Voxel-wise ODF’s were reconstructed for the whole, fixed brain data acquired on the MGH-
UCLA connectome scanner using Diffusion Toolkit software [Wang et al., 2007], which
employs the spherical harmonic basis method [Hess et al., 2006]. Within each axial slice, we
selected regions of interest (5x5 voxels each) that are known to contain a high concentration
of crossing fibers, and then tested the ability of connectome’s 300 mT/m gradients to detect
intravoxel crossing fibers with ODFs in the ex vivo human brainstem. For the midbrain
region of interest, we chose the cuneiform/subcuneiform nucleus (i.e. mesencephalic
reticular formation), which has been shown in animal [Nauta and Kuypers, 1958, Shute and
Lewis, 1963, Steriade and Glenn, 1982, Kaufman and Rosenquist, 1985, Vertes and Martin,
1988] and human [Edlow et al., 2012] studies to contain a complex meshwork of crossing
fibers that project ventrally to the hypothalamus, superiorly to the thalamus, and laterally to
the contralateral midbrain tegmentum. For the pontine slice, we chose the paramedian region
of the basis pontis, which is well known to contain pontocerebellar fibers traveling in the
medial-lateral plane and corticospinal tract fibers traveling in the superior-inferior plane.
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Results

Diffusion Spectrum Imaging of Traumatic Coma Recovery

In both the deterministic and the probabilistic analyses, streamlines were identified between
the PPN and the CEM/PT, CL, and Ret in all four control subjects, consistent with a recent
deterministic tractography analysis of ARAS connectivity in the ex vivo and in vivo human
brain [Edlow et al., 2012]. For the four controls, PSCI values (mean +/- SD) for PPN-CEM/
Pf, PPN-CL, and PPN-Ret, were 0.026 +/- 0.006, 0.032 +/- 0.02, and 0.066 +/- 0.01,
respectively. For the patient, streamlines were also identified in both the deterministic and
probabilistic analyses between the PPN and each group of thalamic nuclei. In the
quantitative probabilistic tractography analysis, PSCI values were 0.016 for PPN-CEM/PT,
0.016 for PPN-CL, and 0.050 for PPN-Ret (Fig. 2). When ranking PSCI values for the
patient and the control subjects, the patient’s PSCI values ranked the lowest for PPN-CEM/
Pf (0.016 vs. control range 0.019 to 0.034), the second lowest for PPN-CL (0.016 vs. control
range 0.015 to 0.057), and the lowest for PPN-Ret (0.050 vs. control range 0.053 to 0.070).

Since one of the patient’s traumatic hemorrhages involved part of the left PPN (Fig. 1d), an
analysis was performed to assess for differences in left-versus-right-sided PPN connectivity
between the controls and the patient. A comparison of PSCI values in left and right
hemispheres for the PPN-CEM/Pf, PPN-CL and PPN-Ret pathways is shown in Figure 3.
Using a one-sample t-test in MATLAB, we tested the null hypothesis that the absolute
difference between the left and right PSCI values in the patient was the same as the mean of
the absolute difference between left and right PSCI values in the four controls. For the PPN-
CEM/Pf and PPN-CL pathways the null hypothesis was not rejected indicating that there
was no evidence of a significant difference between the controls and the patient. However,
for the PPN-Ret pathway, the null hypothesis was rejected with a p-value=0.001 and a
confidence interval between —0.0014 and 0.0119, indicating a potential significant laterality
difference between the controls and the patient for the PPN-Ret pathway.

Axon Diameter Mapping in the In Vivo Human Brain

Figure 4 shows an example of the data quality used for the AxCaliber analysis. The in vivo
human g-space diffusion MRI estimates of axon diameter distributions using the MGH-
UCLA connectome scanner are in good correspondence with literature. The histological
analysis of Aboitiz et al. 1992 suggests that thin fibers are most dense in the genu, less dense
posteriorly towards the posterior midbody where they reach a minimum, and then denser
again towards the splenium. Aboitiz et al. report that large fibers have a pattern
complementary to that of thin fibers with a peak in density in the posterior mid-body.
Aboitiz et al. also provide some evidence that the distribution of axon diameters is broader
in the body compared to the genu and splenium, with one subject exhibiting distributions of
0.5-8.5 ym for the body, 0.5-3.5 ym for the genu, and 0.5-5 pm for the splenium. In our
group analysis, the estimated axon diameter distributions for the genu and splenium are
centered at 0.5pum and 0.9um, respectively, and the body of the corpus callosum is not only
shifted to larger axon diameters with a distribution centered at 7.7um but it also has a
broader distribution representing a wider range of axon diameters (Fig. 5d). This trend is
largely consistent between the 4 subjects with the exception that subject 3 shows a broader
distribution for the genu that is also shifted to axon diameters of approximately 3um (Fig.
6). Pixel-wise analysis also provides clear evidence of the difference in axon diameters in
the genu and splenium relative to the body (Fig. 7a-d). Axonal density maps (Fig. 7e-h)
show some evidence of higher axonal density in the splenium and the genu but generally
more uniformity anterior to posterior.
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High-Resolution (0.6 mm isotropic) g-ball imaging in Fixed Human Brain

The 3D segmented-EPI read-out utilized for the whole-brain ex vivo scan greatly reduces
distortions compared to the standard single-shot methods used in vivo. Evidence of this
image fidelity is readily apparent in Figure 8d. Qualitatively we also see an impressively
detailed delineation of the cerebellar-pontine crossing fibers in Figure 8f. While the data on
the brainstem specimen (Fig. 8c and e) provides a similar level of detail, a whole human
brain does not fit in the small-bore 4.7T scanner and without whole-brain data it is
impossible to assess structural connectivity between the brainstem and the cerebral
hemispheres.

ODF analyses of directional water diffusion within the cuneiform/subcuneiform nucleus
(Fig. 9) and basis pontis (Fig. 10) revealed that the 300 mT/m gradients of the connectome
scanner can detect multidirectional water diffusion in the ex vivo human brain at a high
spatial resolution (0.6 mm isotropic voxels). Within the cuneiform/subcuneiform nucleus, at
least three distinct vectors of water diffusion project in the superior-inferior, medial-lateral,
and anterior-posterior planes, respectively. Similarly, within the basis pontis, the ODFs
resolve intravoxel crossing fibers of multiple white matter pathways.

Discussion

Diffusion Spectrum Imaging of Traumatic Coma Recovery

Over the past several decades, numerous studies in animal models [Ommaya and Gennarelli,
1974, Gennarelli et al., 1982, Smith et al., 2000] and human patients [Strich, 1961, Adams et
al., 1989] have implicated lesions of the ARAS arousal network in the pathogenesis of
traumatic coma. Yet, identification of disrupted pathways within the ARAS is not currently
part of the standard clinical evaluation for patients with traumatic coma. Despite the direct
relevance of ARAS connectivity to disorders of consciousness in general [Schiff and Plum,
2000, Kinney and Samuels, 1994], and to traumatic coma in particular, few studies of
human ARAS connectivity have been performed to date—a limitation that is likely
attributable to the structural complexity of the ARAS network and the insufficient resolution
of current imaging techniques. This critical gap in imaging capabilities is a direct hindrance
to diagnosis, prognosis, and therapeutic decision-making in patients with traumatic coma.
Patients with traumatic brainstem lesions are typically grouped into a single diagnostic and
prognostic category that is characterized as “grade 3 diffuse axonal injury” [Adams et al.,
1989], without consideration of which specific nodes (i.e. grey matter nuclei) and which
specific connections (i.e. white matter pathways) have been disrupted within the ARAS
network. Given that recovery of consciousness, communication and functional independence
is possible in patients with traumatic coma, even in those with multiple brainstem lesions
[Skandsen et al., 2011], it is imperative that imaging techniques are developed to map the
connectivity of this arousal network and identify patterns of connectivity that predict long-
term outcomes. Furthermore, the recent development of pharmacologic and
electrophysiologic (i.e. deep brain stimulation) therapies for promoting recovery of
consciousness after traumatic coma [Schiff et al., 2007, Giacino et al., 2012, Whyte and
Myers, 2009] suggests that ARAS connectivity mapping could be used to select patients for
targeted therapies aimed at activating or replacing injured circuits within the network.

At the present time, the optimal imaging acquisition and analysis methods for mapping the
structural connectivity of the human ARAS are unknown, and the field of ARAS
connectomics is in its infancy. Our initial observations with connectome scanner imaging of
the ARAS suggest that the connectome’s 300mT/m gradients are an excellent platform that
can be used in future studies to elucidate the connectivity of brainstem networks that
subserve human consciousness. Indeed connectivity between the PPN and the intralaminar
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and reticular nuclei of the thalamus was identified by the MGH-UCLA connectome scanner
data not only in healthy human controls (in a pattern that was consistent with prior animal
labeling studies [Reese et al., 1995]), but PPN-thalamic connectivity was also identified in a
27-year-old man with a near-complete recovery from traumatic coma. The presence of these
connections in the patient, as indicated by the PSCI measurements, suggests that traumatic
brainstem hemorrhages may cause only partial disruption of white matter pathways and not
complete destruction of ARAS circuitry. We note that axonal injury is not the only
pathophysiological mechanism that may cause disruption of fiber tracts as measured by
tractography. However, one benefit of studying a patient many years post-injury is that some
of the acute pathophysiologic processes that can confound the tractography results, such as
edema, are unlikely to be present. Another potential limitation of the tractography results
presented here is that we used the ball and two stick model with DSI data, which has the
potential for overfitting and creating false positive tracts [Jbabdi et al., 2012].

In this small study (4 healthy subjects and 1 patient), the generalizability of the results is
inherently limited. However, our observation that the structural connectivity of key
pathways within the human ARAS can be mapped in vivo and robustly reproduced in four
subjects is a new and significant finding. Prior work by Edlow et. al. [Edlow et al., 2012]
reconstructed human ARAS network pathways in two ex vivo datasets and one in vivo
dataset, but the in vivo dataset was not nearly as compelling as the in vivo tractography
presented here and to our knowledge these connectivity findings have not been reproduced
in multiple subjects or with probabilistic tractography. Also of note, ARAS connectivity
mapping in a patient with traumatic coma has only previously been performed ex vivo
[Edlow et al., 2013], not in a living patient who recovered from traumatic coma, much less a
patient with such an exceptional recovery. Additionally, we report a significant laterality
difference in the pathway between the PPN and the reticular nucleus in the recovered patient
compared to the controls (p=0.0031). This finding is of particular interest since the patient
experienced a hemorrhage in part of the left PPN but not in the right PPN. However, the
variability in the left versus right PPN pathways among the controls (Fig. 2) is significant
and therefore further studies are needed to determine the normal range of PSCI values in
specific ARAS pathways as well as those values that are consistent with recovery of
consciousness. By using the quantitative approach to studying ARAS connectomics
proposed here, and by expanding the connectivity analysis beyond the PPN to the many
additional ARAS pathways that are critical to arousal [Parvizi and Damasio, 2001], it may
ultimately be possible to determine which components of the ARAS network are necessary
and sufficient for recovery of arousal, and hence consciousness, after traumatic coma.

Axon Diameter Mapping in the In Vivo Human Brain

The corpus callosum provides an ideal testing bed for microstructural measures due to the
well-established differences in axon diameter and density at different points along its length
(A-P) at the midline. Moreover the corpus callosum has the important role of mediating
inter-hemispheric connectivity that supports a broad range of cognitive functions. The in
vivo human g-space diffusion MRI estimates of axon diameter distributions using the
MGH-UCLA connectome scanner are in excellent correspondence with literature, not only
at the group and ROI level but also on a pixel-wise basis. Specifically, we see smaller
diameter axons at the genu and splenium (~0.5um) and larger diameter axons at the body
(~8um) and this result is consistent across all four subjects. Although our estimated axon
diameter distributions provide evidence of axon diameters that are < 2um, it is unlikely,
even with 300 mT/m gradients, that we have sufficient spin-displacement resolution to
discriminate between axon diameters that are less than 2um [Dyrby et al., 2012].

Future work will aim to test the effects of potential confounds such as brain pulsation,
partial volume effects and orientation discrepancies by implementing cardiac gating, higher
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spatial resolution and models that consider orientational variation. Finally, we aim to
compare the effect of gradient strength on the axon diameter estimates in order to help
inform protocol development for clinical gradient strengths. We note that extracting the full
benefit from the 300 mT/m gradients for quantitative axon diameter measurement requires
the system to be stable and linear over the range of gradient strengths used. Along these
lines we wish to highlight that the 300mT/m system has proved exceptionally temporally
stable, allowing for example, the lengthy (i.e. 24 hours) ex vivo datasets acquired for this
manuscript (Fig. 8df). The thermal heat removal is sufficient to allow the maximum gradient
strength to be used for hours at maximum slices per second of TR and minimum TE. The
linearity of the system is 5% over a 20cm sphere. This is a poorer linearity than typical
whole-body gradients but does not have the steep linearity fall-off seen in dedicated head
gradients. Although we do a standard position-dependent b—value correction for
tractography, we have not assessed the effect of the gradient linearity on the AxCaliber
technique. Fortunately, since the corpus callosum is near isocenter, this is unlikely to be a
major problem. Although we were not able to perform any direct validation in this study, we
wish to highlight prior studies that have validated the AxCaliber technique in vitro [Assaf et
al., 2008] and in animal models [Barazany et al., 2009].

High-Resolution (0.6 mm isotropic) g-ball Imaging in Fixed Human Brain

High-resolution diffusion imaging of the human brain at autopsy has significant potential as
an adjunct to conventional neuropathology. Given the shortened T, relaxation time and
smaller apparent diffusivity of fixed tissues, the strong gradients of the MGH-UCLA
connectome scanner offer even greater benefits to fixed tissue imaging than to in vivo
imaging.

A comparison of the directionally-encoded color maps from a whole-brain specimen
scanned on the MGH-UCLA connectome scanner and from a dissected brainstem specimen
scanned on a small-bore MRI scanner demonstrates that the MGH-UCLA connectome
scanner can achieve better resolution of complex crossing fiber pathways in the human
brainstem without having to perform a dissection or a small-bore scan. Although the
duration of the postmortem scan on the MGH-UCLA connectome scanner was more than 24
hours, the time and expense that were saved by eliminating the need for an intricate brain
dissection and a separate brainstem scan were substantial. The MGH-UCLA connectome
scanner expands neuroimaging capabilities to study axonal connections within multiple
brain networks simultaneously in three-dimensions. This methodological advance is
expected to be critical for defining cortical and sub-cortical disconnection syndromes that
are implicated in the pathogenesis of neurological diseases affecting multiple domains of
cognition [Geschwind, 1965, Schmahmann and Pandya, 2008, Edlow et al., 2013].

Furthermore, our ODF analyses of the cuneiform/subcuneiform nucleus (i.e. mesencephalic
reticular formation) and basis pontis highlight the ability of the connectome scanner’s 300
mT/m gradients to achieve a high degree of angular diffusion resolution without
compromising spatial resolution. While multidirectional ODFs and crossing fibers within the
basis pontis have previously been demonstrated by other groups [Tournier et al., 2004,
Aggarwal et al., 2013], the detection of multidirectional ODFs within the cuneiform/
subcuneiform nucleus has not previously been reported, to our knowledge. Indeed, while the
neuroanatomic connectivity of the mesencephalic reticular formation has been characterized
in animal models over the past several decades with labeling [Kaufman and Rosenquist,
1985, Vertes and Martin, 1988],lesion mapping [Lindsley et al., 1949, Nauta and Kuypers,
1958], and electrophysiologic techniques [Moruzzi and Magoun, 1949, Starzl et al., 1951,
Steriade and Glenn, 1982], the connectivity of this critical node in the human ARAS
network has yet to be fully elucidated, with current human models of ARAS connectivity
based mostly upon extrapolations from animal models. Our ODF results suggest that with
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the advent of high resolution diffusion tractography of the human brainstem using 300 mT/
m gradients, mapping the connectomics of the human ARAS may now be within reach.
Moreover, previous methodological limitations in neuroanatomic labeling of postmortem
human brain tissue may be overcome by the newly described CLARITY technique [Chung
et al., 2013], suggesting that validation of human ARAS tractography data with gold
standard histopathological labeling data may soon be possible.

As future studies continue to explore the integration of postmortem diffusion tractography
with histopathological analysis, we anticipate that diffusion tractography methods will be
refined to achieve greater accuracy and sensitivity. Current tractography methods are
plagued by significant levels of false positive and false negative findings [Jones et al., 2012].
The correlation of diffusion tractography with histology is critical to validating diffusion
tractography methods such that they may ultimately contribute to the clinical evaluation of
human neuropathology.

At the present time the MGH-UCLA connectome scanner is the only one of its kind in the
world. However, there are a growing number of research systems with stronger magnetic
gradients. The results reported here suggest that these stronger gradients have the potential
to provide unprecedented neuroanatomic resolution. Moreover, the benefits of stronger
gradients transcend the Human Connectome Project, enabling a much sought-after platform
for diffusion imaging methods such as AxCaliber to be applied in the in vivo human brain.
The MGH-UCLA connectome scanner’s 300 mT/m gradients may thus influence the
gradient design for the next generation of MRI scanners. Just as the Human Genome Project
generated both basic science knowledge and a broad range of clinical applications, we
anticipate that the MGH-UCLA connectome scanner’s 300mT/m gradients will lead to
significant breakthroughs in both neuroscience and the clinical care of patients with brain
injuries.
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FIG. 1.

Regions of interest and deterministic tractography results for ARAS connectivity analysis in
a patient who recovered from traumatic coma. a) Zoomed axial view of a susceptibility-
weighted image at the level of the traumatic microhemorrhage (red arrow) in the dorsolateral
midbrain. The hemorrhage is seen overlapping with the left pedunculopontine nucleus
(PPN) at this level (turquoise outlines). b) Posterior view of regions of interest (ROIs) for
the PPN (turquoise), and the thalamic target nuclei: centromedian/parafascicular nucleus
(CEM/PT, pink), central lateral nucleus (CL, blue) and the reticular nucleus (Ret, purple). All
ROls are superimposed on an axial diffusion-weighted image (DWI) at the level of the
caudal midbrain and a coronal DWI at the level of the mid-thalamus. The microhemorrhage
shown in panel a) is color-coded red and indicated by the red arrow. This hemorrhage
involves the dorsal aspect of the left PPN nucleus. ¢) Inferior view of deterministic
streamlines passing through the PPN at the level of the caudal midbrain. Streamlines are
color-coded according to the thalamic nucleus with which they connect: pink, PPN-CEM/PT;
blue, PPN-CL; purple, PPN-Ret. The microhemorrhage is again shown in red and indicated
by the red arrow. d) Zoomed posterior view from panel b) demonstrating streamlines
connecting PPN to CEM/Pf, CL, and Ret. The hemorrhage is indicated by the red arrow. In
panels c) and d), fewer streamlines are seen passing through the left PPN, particularly in the
region of the hemorrhage, as compared to the right PPN. Neuroanatomic landmarks: 3V,
third ventricle; Aqg, cerebral aqueduct; CP, cerebral peduncle; Hippo, hippocampus.
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FIG. 2.

Probabilistic tractography results for the four control subjects and the patient who recovered
from traumatic coma. Probabilistic data are superimposed on a coronal greyscale fractional
anisotropy map at the level of the mid-thalamus. Within each voxel, the primary diffusion
vector is shown in red: medial-lateral vectors are seen in the body of the corpus callosum at
the superior margin of each image, and superior-inferior vectors are seen in the posterior
limbs of the internal capsules at the lateral margins of each image. Probabilistic data for
each analysis of pedunculopontine nucleus (PPN) connectivity are color-coded according to
the thalamic nucleus with which the streamlines are connecting: red, centromedian/
parafascicular nucleus; blue, central lateral nucleus; yellow, reticular nucleus. The intensity
of the color in each voxel represents the number of streamlines passing through that voxel
(i.e. brighter voxels represent a higher streamline count than darker voxels). For the purpose
of clarity and to exclude streamlines with low probability, streamline results are thresholded
in eachanalysis to show voxels with between 1000 and 10,000 streamlines passing through
them.
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FIG. 3.

A comparison of probabilistic streamline connectivity index (PSCI) measurements for the
pathways in the four healthy volunteers (C1-C4) and one patient (P) who recovered from
traumatic coma. Light colors represent the left hemisphere. Darker colors represent the right
hemisphere. The left-right difference for the PPN-Ret pathway in the patient was determined
with a t-test to be statistically significantly different from the left-right differences in the
controls (p-value=0.0031). Each pathway was seeded in the pedunculopontine nucleus
(PPN). The target ROIs were the following thalamic nuclei: centromedian/parafascicular
nucleus (CEM/PT), central lateral nucleus (CL) and reticular nucleus (Ret).
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FIG. 4.

Sagittal diffusion-weighted images from one healthy volunteer demonstrate the quality of
images used in the AxCaliber analysis. Here we show 18 different b-values, all acquired
with 8 = 15.3 ms and A=46.3 ms. Each image represents 12 averages.
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FIG.5.
Mean (n=4) signal decay curves for ROIs drawn in the a) genu, b) body and c) splenium of

the corpus callosum. Green, magenta, white, red and blue curves represent 123 ms, 87 ms,
57 ms, 47 ms and 38 ms diffusion times. Error bars represent the standard deviation across 4
subjects.d) Axon diameter distributions for the genu (red), body (blue) and splenium
(yellow) found from the data shown in a),b) and c).
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FIG. 6.
a-d) ROI delineation (top) and axon diameter distributions (bottom) for subjects 1-4.

Neuroimage. Author manuscript; available in PMC 2014 October 15.

12



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

McNab et al.

g o M T,

s Y
Genu .

[
b Splenium

—
. N 3
f il

FIG. 7.

T—

b

Splenium

Page 24

8 um

- -
s ' .I
. | ]

Genu Splenium

6
4
2

0
1

.y

Pixel-wise estimates in the corpus callosum of subjects 1-4 (left-to-right) for axon diameter
(a-d) and axonal density (e-h). The pixel-wise axon diameter value represents the peak of the
estimated gamma distribution. The axonal density represents the restricted fraction (fr)

estimated in the AxCaliber signal model.
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FIG. 8.

Ex vivo diffusion imaging of the human brainstem; a) Ventral view of a dissected
brainstem-diencephalon specimen (consisting of pons, midbrain, thalamus, hypothalamus,
and basal forebrain) from a 53-year-old woman who died of non-neurological causes. b)
Right lateral view of a whole-brain specimen from a 58-year-old woman who died of non-
neurological causes. c) Sagittal view of the directionally-encoded color(DEC) map for the
specimen in a). d) Sagittal view of the DEC map for the specimen in b). e)Axial view of the
DEC map for the specimen in a) at the level of the rostral pos. f)Axial view of the DEC map
for the specimen in b) at the level of the rostral pons. The crosshairs are located in the same
voxel in ¢) and e), as well as in d) and f). The diffusion sequence parameters that were used
in each analysis are summarized at the bottom of the figure. The connectome analysis of a
whole-brain specimen provides equal spatial resolution (0.6 mm isotropic) and superior
angular resolution (i.e. higher b value with similar number of diffusion directions), without
sacrificing the signal-to-noise properties and without having to dissect a brain specimen for
scanning on a small-bore scanner. Neuroanatomic landmarks: CST, corticospinal tract;
MCP, middle cerebellar peduncle; PC, pontine crossing fibers; SCP, superior cerebellar
peduncle.
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FIG.9.

Orientation distribution function (ODF) analysis of voxels within the cuneiform/
subcuneiform nucleus(CSC; mesencephalic reticular formation) in the dorsolateral aspect of
the rostral midbrain. (a) The CSC region of interest is outlined on an axial greyscale
fractional anisotropy map. (b) Zoomed view of ODFs within the 5 x 5 voxel CSC region of
interest. Voxel size is 0.6 mm in each plane, and the ODFs are color-coded according to the
direction of diffusion: blue, superior-inferior; red, medial-lateral; green, anterior-posterior.
The ODFs reveal at least three different directional vectors of water diffusion within the
CSC. Although the precise neuroanatomic trajectories and targets of each vector cannot be
definitively determined, known connectivity from animal and human studies suggests that
the blue superior-inferior pathways are ascending to the thalamus via the medial and lateral
dorsal tegmental tracts (DT Ty, and DTT|), the green anterior-posterior pathways are
projecting ventrally to the hypothalamus via the caudal ventral tegmental tract (VTT¢), and
the red medial-lateral pathways are projecting across the posterior commissure to the
contralateral midbrain tegmentum. Nomenclature and patterns of connectivity for DTTy,
DTT, and VTT¢ were first proposed by Shute and Lewis in rats [Shute and Lewis, 1963]
and recently refined by Edlow et al. in the human brain [Edlow et al., 2012]. Neuroanatomic
landmarks: Aq, cerebral aqueduct; CP, cerebral peduncle; ML, medial lemniscus; MLF,
medial longitudinal fasciculus; PAG, periaqueductal grey matter; RN, red nucleus; SC,
superior colliculus; SN, substantia nigra.
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FIG. 10.

Orientation distribution function (ODF) analysis of voxels within the basis pontis of the
brainstem. (a) A5 x 5 voxel region of interest is outlined on an axial non-diffusion-weighted
(b0) image at the level of the rostral pons. (b) Zoomed view of ODFs within the basis pontis
region of interest. Voxel size is 0.6 mm in each plane, and the ODFs are color-coded
according to the direction of diffusion: blue, superior-inferior; red, medial-lateral; green,
anterior-posterior. The ODFs reveal multiple directional vectors of water diffusion within
the basis pontis. Although the precise neuroanatomic trajectories and targets of each vector
cannot be definitively determined, known connectivity from animal and human studies
suggests that the blue superior-inferior pathways are ascending fibers of the corticospinal
tracts (CST) and the red medial-lateral pathways are pontocerebellar crossing fibers (PCF).
The green anterior-posterior pathways are of uncertain connectivity. Neuroanatomic
landmarks: MCP, middle cerebellar peduncle; ML, medial lemniscus; MLF, medial
longitudinal fasciculus; SCP, superior cerebellar peduncle.
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