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Purpose: The corpus callosum (CC) is the main fiber
tract interconnecting bilateral cerebral hemispheres,
and is involved in a wide variety of cognitive
functions Alteration of this fiber structure has been
implicated in different mental disorders. However, an
in vivo technique that can map axonal diameter and
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axonal density of the CC is still lacking. Therefore,
a new MRI method called q planar imaging (QPI) was
proposed in which high density 2D diffusion encoding
was performed on the mid sagittal plane of the CC.
Materials and Methods: To determine the optimal
values of maximal diffusion sensitivity (bmax) and
sampling density in the q space (Aq) for QPI on a
clinical scanner, a heuristic estimation and an in
vivo optimization study were performed on a healthy
subject. Having known the optimal bmax and Aq, an in
vivo validation study was performed on fourteen
healthy subjects. The QPI data acquisition was
performed on a 3T system using a diffusion-weighted
spin echo EPI sequence. Multiple diffusion-weighted
1mages were acquired corresponding to 1009 diffusion-
encoding directions on a mid-sagittal plane of CC.
The diffusion encoding directions corresponded to a
set of 2D grid points confined in a circle with a
radius of 18 increments (Aq = 0.0029 um-1). The b
values ranged from 0 to the optimal bmax (5000
s/mm2). The QPI data were decomposed into fast and
slow components by bi-Gaussian fitting, and 2D
Fourier transform was performed on the fast and slow
components of the data to obtain broad
(extracellular) and narrow (intracellular) components
of the 2D probability density function (PDF) of
molecular displacement, respectively. Two indices of
water diffusion, mean displacement and the
probability density at zero displacement, were
computed from the 2D PDF at each pixel to map the
axonal diameter and axonal density, respectively.
Finally, k-means clustering analysis was performed to
classify the indices automatically to confirm the
consistency of the spatial patterns of the axonal
density and axonal diameter in the CC.

Results: Compared with the know histology, QPI with
optimum parameters produced reasonable distribution
and segmentation of axonal diameter and density of
the CC in normal human brain. The genu and splenium
were significantly smaller and denser than those from
other regions.

Conclusion: Our results showed that QPI was feasible
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in clinical scanners, and might be potentially useful
1n neuroscience research and clinical application.

diffusion magnetic resonance imaging, g-planar
imaging, corpus callosum, probability, displacement,
axonal diameter, axonal density



Introduction

The corpus callosum (CC) is the largest fiber tract that connects bilateral cerebral hemispheres, supporting
inter-hemispheric connectivity. The callosal fibers connect different cortical regions of bilateral hemispheres
which are thought to correspond to different cognitive functions. The CC can be unambiguously identified in
the sagittal plane due to its large cross-sectional area. In view of the topographically-specific relation
between sub-regions of the CC and the connected cortical regions, several partitioning schemes have been
proposed to allow separate analysis of different sub-regions (Witelson 1985, Witelson 1989). Vertical
partitions are commonly used which subdivide the CC into five sub-regions based on fractions of its
maximal anterior-posterior length as proposed by Witelson (Witelson 1989). These sub-regions might be
affected differently in the course of development, aging or disease. The altered distribution of axonal
diameter and axonal density might be responsible for various cognitive impairments related to the connected

cortical regions.

Background

The callosal fibers show different combinations of axonal diameter and axonal density at different
sub-regions of the CC. In general, thin fibers are concentrated in the anterior part (genu) and posterior part
(splenium) and relatively few in the middle part (body). Conversely, thick fibers are concentrated in the
body and relatively few in the genu and splenium (Aboitiz, Scheibel et al. 1992). Being able to map axonal
diameter and axonal density of the CC has the potential to assess the development of cerebral cortex, the
status of a neurological disease and the inference of cognitive functions. Indeed, the distribution of the
altered axonal diameters in the CC has been implicated in dyslexia (Njiokiktjien, de Sonneville et al. 1994,
Hynd, Hall et al. 1995), autism (Piven, Bailey et al. 1997, Hughes 2007), schizophrenia (Randall 1983, Narr,
Thompson et al. 2000, Rice and Barone 2000, Narr, Cannon et al. 2002, Brambilla, Cerini et al. 2005,
Miyata, Hirao et al. 2007), Williams syndrome (Tomaiuolo, Di Paola et al. 2002, Luders, Di Paola et al.
2007), attention-deficit hyperactivity disorder (ADHD) (Giedd, Castellanos et al. 1994, Semrud-Clikeman,
Filipek et al. 1994, Skranes, Vangberg et al. 2007), and bimanual function (Meyer, Roricht et al. 1998,
Muetzel, Collins et al. 2008). Moreover, change in axonal diameters was found following exposure to

alcohol and other toxic drugs (Livy and Elberger 2008).



Several diffusion MR techniques have been used to investigate the structural property of the white matter.
One-dimensional g-space sampling with high sampling density and bandwidth, called g-space imaging
(QSI), is used to obtain information about distribution of axonal diameters about the investigated materials
(Stanisz, Szafer et al. 1997, Assaf, Blumenfeld-Katzir et al. 2008, Barazany, Basser et al. 2009, Ong and
Wehrli 2010). Three-dimensional g-space sampling, diffusion spectrum imaging (DSI), is an alternative
method to investigate the white matter structure. It probes the probability density function (PDF) of water
molecular diffusion by sampling diffusion weighted images (DWI) in the 3D space of spatial modulation q
(Wedeen, Hagmann et al. 2005). The requirements of very high field experimental systems or suffer from
long acquisition times or high g-space sampling density make diffusion morphometry difficult to be

implemented on clinical scanners.

Schneider et al. proposed a diffusion MR method that allow estimation of axonal diameter and density in the
live human brain, and it significantly reduces scan time by making use of the a-priori known fiber
orientation in structures with well defined single fiber organization like the corpus callosum (Schneider,
Wheeler-Kingshott et al. 2010). Avram et al. reported a quadruple pulsed-field gradient (QPFG) diffusion
MRI pulse sequence on a clinical scanner and demonstrated its ability to non-invasively detect average
axonal diameters in the corpus callosum of healthy human volunteers (Avram, Ozarslan et al. 2013). The
techniques of this kind assume a single axonal orientation in the tissue model, which may be a reasonable
approximation only for the most coherently oriented brain white matter, such as the corpus callosum. Zhang
et al. proposed a model which supports the simultaneous estimation of the axon diameter and orientation
dispersion and provides an axonal diameter index that is robust to the presence of orientation dispersion

(Zhang, Hubbard et al. 2011).

Purpose
Here, we proposed a technique called g-planar imaging (QPI) to map axonal diameter and axonal density in
the mid-sagittal plane of the CC in vivo. This technique entails acquisition of a set of diffusion-weighted

images by applying a set of diffusion-sensitive gradients in the same mid-sagittal plane of the



diffusion-encoding space (q space). The diffusion-sensitive gradients are applied in a way that the
corresponding diffusion encoding vectors  are pointing at a set of grid points in the mid-saggital plane of
the q space (q plane). The rationale is that the callosal fibers in the mid-sagittal plane are almost
perpendicular to the mid-saggital plane. Therefore, QPI could provide the projection of the PDF onto this
plane, and the information about axonal diameter and axonal density is fully retained without any
compromise. Acquisition in the 2D q plane instead of the 3D q space allows us to acquire diffusion
measurements densely populated in the q plane without prolonging the scan time. Furthermore, since only
the mid-saggital plane of the CC is of interest, we only need to acquire QPI of a single slice, hence shortens
the scan time further. Using QPI, it is possible to achieve a high density 2D q plane sampling from a clinical

scanner within a reasonable amount of scan time.

Therefore, the goal of this study is twofold. First, we aimed to find the optimal values of QPI parameters,
specifically the maximal diffusion sensitivity bn.x and number diffusion measurements, to make QPI a
clinically feasible technique. A heuristic estimation and an in vivo optimization study were performed on a
healthy subject. Second, having known the optimal conditions, an in vivo validation study was performed on
fourteen healthy subjects. The validation of QPI entailed comparison of the resulting spatial maps of axonal

diameter and axonal density with the spatial distribution in known histology (Aboitiz, Scheibel et al. 1992).

Materials and Methods

In vivo study

The in vivo QPI study comprises two parts: an optimization study and a validation study. An optimization
study was performed on a healthy subject (22 years old, male, right handedness) to determine the optimal
imaging parameters for QPI. Using the optimal imaging parameters found in the optimization study, a
validation study was performed on 14 healthy subjects (age: 22-32 years old, M/F: 9/5, all right handed).
The QPI indices, i.e. full area at half maximum and probability density at zero displacement, were compared,
respectively, with the axonal diameter and axonal density of the CC reported previously in a histological

study (Aboitiz, Scheibel et al. 1992).



All subjects had no medical history of brain injury, psychiatric or neurological disorders. The study was
approved by the Institutional Review Board, and the signed informed consent was obtained from the
subjects before entering the study. The QPI experiment was performed on 3T MRI system (Tim Trio,
Siemens MAGNETOM, Germany) with a 32-channel phased-array head coil. The pulse sequence was a
diffusion-weighted echo-planar imaging (EPI) sequence with a twice-refocused balanced echo (Reese, Heid
et al. 2003). QPI images were acquired in the mid-sagittal plane of the CC. They comprises different
diffusion-weighted images acquired by applying different diffusion-encoding directions in the mid-sagittal

plane of the CC.

Optimization study of QPI

According to the Fourier relationship between the diffusion encoding in the q space and the PDF in the real
space, each of the encoding directions corresponded to a specific point on the mid sagittal plane in the q
space or q plane. To determine the optimal by,y, 3 sets of QPI data were acquired with 3 different values of
bmax, namely 3000, 5000, and 7000 s mm™ based on the estimation results of bmax. We employed 1009
diffusion encoding directions corresponding to a set of grid points in the q space that were located within a
circle of 18 units on the g-plane. The diffusion sensitivities (b values) changed from 0 to by according to
the locations of the diffusion encodings in the q space. The imaging parameters were TR/TE = 800/119~160

ms, spatial resolution = 1.7 x 1.7 x 10 mm® and NEX = 1. The total scanning time was about 40 minutes.

In the previous estimation, required  q should be smaller than 0.013  m™. Using typical QPI parameters,

we found that q used was in the range of 0.00242 ~ 0.00577 m™', 2 ~ 5 times smaller than 0.013 m™.

Therefore, in this optimization study, 3 different q’s were tested under the same byax of 5000 s mm™.
Three different  q’s (0.0033, 0.00347 and 0.00521 m™") were tested by setting three different diffusion
encoding directions (317, 709 and 1009 directions, respectively) corresponding to three different numbers of
increment from 0 to qmax (10, 15 and 18, respectively). To control for signal-to-noise ratio, NEX = 3, 2, and
1 were used for 317, 709 and 1009 diffusion encodings, respectively. The imaging parameters were TR/TE =

800/142 ms and spatial resolution = 1.7 x 1.7 x 10 mm’. The total scan time for the 3 sets of QPI was about

45 minutes.



Validation study of QPI

According to the results of the optimization study, 1009 diffusion-encodings and by = 5000 s mm™ were
determined to be the optimum for the QPI data acquisition. Imaging parameters were TR/TE = 1000/142 ms,
in-plane resolution = 1.7 mm, slice thickness = 10 mm and NEX = 1. The total scan time for the QPI study
was about 17 minutes. In addition to QPI, multiple slices of T2-weighted (T2W) images were acquired using

a fast spin echo sequence with in-plane resolution = 0.55 mm and slice thickness = 2.5 mm.

QPI analysis

According to the Fourier relationship between the signal intensity in the q space and the PDF in the real
space (Wedeen, Hagmann et al. 2005), 2D Fourier transform of the signal intensity acquired in the q plane is
the projection of the 3D displacement probability distribution onto the mid-sagittal plane. To compute the
projected displacement probability distribution, the 2D signal decay of the diffusion data in the g-plane was
first fitted with a 2D bi-Gaussian function, and the two Gaussian curved surfaces of signal decay were then
obtained (i.e. slow and fast components). To perform 2D bi-Gaussian fitting, the turning point of the signal
decay was first found. The round mask with radius equaled to the turning point was used to remove the
signal from low q plane, and an asymmetric Gaussian curved surface was used to fit the slow component.
Then the fast component was obtained by subtracting the slow Gaussian curved surface from the total signal
decay, and another asymmetric Gaussian curved surface was used to fit the fast component. We performed
2D Fourier transformation of the slow and fast Gaussian curved surfaces of signal decay with respect to the
q values (without any smoothing) which produced two Gaussian curved surfaces of displacement probability
(i.e. narrow and broad components). The narrow Gaussian referred to restrictive diffusion in the intracellular
compartment, whereas the broad Gaussian referred to hindered diffusion in the extracellular compartment
(Assaf and Cohen 1998). Here we assumed that there was no exchange of water molecules between the two

compartments.

The 2D narrow Gaussian can be plotted as a curved surface of displacement probability, and the mean

displacement was estimated by computing the full area at half maximum of the displacement probability,
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which provided information about relative axonal diameters of callosal fibers (Assaf, Mayk et al. 2000). The
full area at half maximum was calculated by counting the numbers of probability values of the distribution
which were higher than a half of the maximal probability. Another index, the probability density at zero
displacement, was also determined by deriving the value of the probability density at the origin, which
provided the information about relative axonal density (Assaf, Mayk et al. 2000). In the same way, mean
displacement and probability density at zero displacement were extracted from the broad Gaussian to

provide the information about relative size and density of the extracellular space.

After obtaining the indices of the mean displacement (full area at half maximum of the narrow Gaussian
displacement probability), the probability density at zero displacement of the narrow Gaussian of each pixel
of the CC, the individual values of each index were normalized to their own means for group comparison.
The extracellular space and density information extracted from the broad Gaussian curved surfaces of

displacement probability distribution were also calculated and discussed.

Partitioning schemes for CC

Witelson’s partitioning method was used to subdivide the CC into five regions according to fractions of its
maximal anterior-posterior length (Fig. 1) (Witelson 1989), namely rostrum and genu (CC1), anterior body
(CC2), posterior body (CC3), isthmus (CC4) and splenium (CC5). The mean index within each of the five
regions was then calculated and compared to Aboitiz’s histological study on the distribution of standard
axonal diameter and axonal density (Aboitiz, Scheibel et al. 1992). For the optimization study, Aboitiz’s
distribution of standard axonal diameter and axonal density was also used to compare with the distributions
of the indices derived from the QPI. The optimal values of bp.x and of number of diffusion encodings were

determined by finding the condition that was closest to the known distribution obtained from Aboitiz’s study.

K-means clustering and statistical analysis

In order to visualize the axonal density and diameter distribution pattern along the corpus callosum, we used
a clustering algorithm (k-means with correlation as the distance measure) with QPI indices, i.e. the
probability at zero displacement and the mean displacement of narrow Gaussian displacement probability, as

inputs. Each pixel in each cluster was regarded as an individual observation. The number of clusters (k) was
6



incremented until no additional information was observed, and finally was set to six clusters, one of which
was assigned outlier pixels. The data were tested for statistical significance using a repeated measure

analysis of variance (ANOVA) with the clusters as the independent factor.

Results

2D curve surfaces and 2D contours

To compute the projected displacement probability distribution, the 2D signal decay of the diffusion data in
the g-plane was first fitted with a 2D bi-Gaussian function, and the two Gaussian curved surfaces of signal
decay were then obtained (i.e. slow and fast components). Figure 2a and 2b demonstrated the 2D curve
surfaces of the signal decay in the g-plane for slow and fast components, respectively. Five curve surfaces in
a row were the averaged signal decay calculated from the five segments of mid-sagittal CC. 2D Fourier
transformation of the slow and fast Gaussian curved surfaces of signal decay with respect to the q values
was then performed to produced two Gaussian curved surfaces of displacement probability (i.e. narrow and
broad components). Figure 2c¢ and 2d demonstrated the 2D curve surfaces of the projected probability
distribution function (PDF) for narrow (intracellular space) and broad (extracellular space) components,
respectively. Five curve surfaces in a row were the averaged PDF calculated from the five segments of

mid-sagittal CC.

QPI optimization

Probability density at zero displacement and mean displacement derived from the narrow (intracellular)
Gaussian component were rendered in color maps. Figure 3a shows the maps acquired with different values
of bmax (3000, 5000 and 7000 s mm™) and the same diffusion encoding direction of 1009. Figure 3b shows
the maps acquired with different numbers of diffusion encodings (317, 709, 1009) and the same bmax of 5000
s mm™ (Fig. 3b). By visual inspection, we can see that CC5 shows higher probability (implying higher
axonal density) than other parts of CC, and CC1 and CC5 show lower displacement (implying smaller

axonal diameter) than the middle part of CC (CC2, CC3 and CC4).

Figure 4e and 4f show the distribution patterns of mean axonal density and axonal diameter investigated by
Aboitiz et al. (Aboitiz, Scheibel et al. 1992). The histological analysis of Aboitiz et. al. demonstrate three

7



key features. 1) Axons with a diameter larger than 3 um are only found in the body of the corpus callosum. 2)
Axons with a diameter smaller than 0.4 pm are only found in the genu and splenium of the corpus callosum.
3) Axon density and uniformity tend to be higher at genu and splenium compared to the body. These two
distribution patterns are used as a reference standard for comparison to the distribution patterns of the
probability at zero displacement and the mean displacement acquired with different values of by, i.€. 3000,
5000 and 7000 s mm™ (Fig. 4a and 4b). The plots show that by, of 5000 s mm™ or 7000 s mm™ are better
than byax of 3000 s mm™ because their distribution patterns match closer to Aboitiz’s patterns. Consider
lower requirements of the gradient power, we chose bpa of 5000 s mm™ as the optimal value in the

following study for the optimal number of diffusion encoding directions.

Figure 5a and 5b show the distribution patterns of the probability at zero displacement and the mean
displacement acquired with different numbers of diffusion encodings (317, 709 and 1009). Comparing with
Aboitiz’s patterns, there is no significant difference among the diffusion encoding numbers. Consider shorter
scan time, the 1009 sampling points with 1 NEX is a better choice than 709 with 2 NEX and 317 with 3
NEX. Therefore, by = 5000 s/mm” and 1009 sampling points with 1 NEX were chosen for the in vivo
validation study. The size and density of the extracellular space were also calculated from the broad

Gaussian components (Fig. 4c, 4d, 5¢ and 5d).

QPI1in human CC

Figure 6 shows two representative datasets from two subjects (one male and one female) including the
different estimate parameters from QPI analysis. Figure 6a shows mid-saggital T2-weighted MRI. Figure 6b
and 6¢c show, respectively, the maps of the probability density at zero displacement and the mean
displacement derived from the narrow Gaussian component. We can see that the maps of these two indices

provide spatial distribution of the axonal density and axonal diameter in the CC.

Figure 7 shows the distribution patterns averaged over the 14 subjects. Figure 7a and 7b are, respectively,
the probability density at zero displacement and mean displacement derived from the narrow (intracellular)
Gaussian component. Figure 7c and 7d are the same plots derived from the broad (extracellular) Gaussian
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component. The distribution patterns derived from the narrow Gaussian component agree well with
Aboitiz’s patterns, showing relatively higher axonal density and smaller axonal diameter at CC1 and CCS5. In
the patterns derived from the broad Gaussian component, the probability density at zero displacement is
rather constant from CC1 to CCS5, whereas the mean displacement moderately agrees with that of the narrow
Gaussian. The results imply that the density of the extracellular space is rather uniform across all CC regions,
whereas the size of the extracellular space has a distribution pattern similar to that of axonal diameter. Our

results agree with Aboitiz’s results in postmortem histological study (Aboitiz, Scheibel et al. 1992).

Cluster analysis of the axonal diameter and density distribution

To classify different clusters of axonal density and axonal diameter automatically, cluster analysis was
performed to segment the CC based on two QPI indices, the probability density at zero displacement and the
mean displacement derived from the narrow Gaussian. Six clusters were assigned as the input, one of which
represents noise or outliers. The remaining five clusters represented the five segments emerged from the
analysis. Figure 8 shows the analysis results in four different subjects (2 male and 2 female). In general, the
cluster analysis separates the CC into four major divisions, namely genu, body, isthmus and splenium. In the
maps of the probability density at zero displacement (Fig. 8a - d), the red cluster corresponds to the genu, the
green and blue clusters correspond to the body, the yellow cluster corresponds to the isthmus, and the brown
cluster corresponds to the splenium. In the maps of the mean displacement (Fig. 8¢ - h), the green cluster
corresponds to the genu, the red and brown clusters correspond to the body, the yellow cluster corresponds
to the isthmus, and the blue cluster corresponds to the splenium. The results also agrees with Aboitiz’s

results (Aboitiz, Scheibel et al. 1992).

Discussions

This study presents a diffusion MRI technique, QPI, for in vivo mapping of axonal diameter and axonal
density of the corpus callosum. The mean displacement and the probability density at zero displacement
derived from the QPI data provide a new contrast indicating relative axonal diameter and axonal density
which are beyond the existing contrast in current MRI techniques. Moreover, the scan time of 17 min makes

clinical study highly feasible. QPI, as a tool for measuring the axonal diameter and axonal density, has all



the advantages of other diffusion MRI based methods such as non-invasiveness and acceptable scan time.
Conventional measurement of the axonal diameter and axonal density requires sacrificing the animal and
excising, fixing, sectioning, staining and image processing only a small portion of the tissue sample. QPI can
probe large tissue regions without being a propensity to histological preparation artifacts. Because the
measurement is inherently noninvasive, it can also be performed longitudinally on the same subject, possibly
using different scanners at different centers. However, QPI has some limitations just like any other diffusion

MRI based method. More details were addressed below (Limitations).

Potential neuroscience impact

The information of QPI could have a significant impact on the white matter architecture, structural
connectivity, and even functional connectivity. Although QPI measures a morphological parameter of the
tissue, in neuroscience morphology and function are linked therefore the ability to estimate or measure fine
morphological features may imply on the functionality of the tissue. Using this concept, QPI may help to
advance our knowledge on neuroanatomical changes occurring in white matter disorders, changes occurring
in white matter during normal and abnormal development, and the functional deficits that occur in various
brain diseases and disorders. For example, QPI would provide a means of testing hypotheses that the axonal
diameter and density distribution changes in diseases and developmental disorders. QPI could also provide
additional information for white matter tractography, especially at junctions where fibers cross or kiss. For
instance, in the assumption that fiber remains continuous through such a junction, we can impose the
continuity of the parameters characterizing the axonal diameter distribution to determine which branches are

connected through such a junction.

The proportion of intracellular and extracellular space and density

Our results showed not only the distribution patterns of the size and the density of the intracellular and the
extracellular components along human CC, but also the proportion of intracellular and extracellular space
and density (Fig. 7). The fraction of intracellular density in CC was about 10 times higher than extracellular
density (Fig. 7a, c¢). The water molecule in the extracellular could probe about 25 times longer in distance
than it in the intracellular space (Fig. 7b, d). Although the results were various depended on the different
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parts of CC, it agree with Aboitiz’s results in postmortem histological study (Aboitiz, Scheibel et al. 1992).
This implies that QPI can provide not only intracellular and extracellular information, but also the

relationship between two compartments.

Partitioning schemes for CC

Numerous approaches have been proposed to subdivide the CC into several geometric partitions, including
sectioning the CC according to its specific fractions of the maximal anterior-posterior length (Witelson 1989,
Duara, Kushch et al. 1991), particular angular rays from the callosal centroid (Weis, Kimbacher et al. 1993),
and several rays normal to a series of equidistant nodes on the ventral callosal boundary (Clarke and Zaidel
1994, Rajapakse, Giedd et al. 1996, Stievenart, Iba-Zizen et al. 1997). The most recommendable method is
Witelson partitioning scheme (Witelson 1989), which divides the CC along its first principal axis (FPA),
roughly corresponding to the longest axis of the outline. For five subregions, four division points need to be
defined. These are referenced along the FPA, ranging from zero, the anterior CC part, to one, the posterior

part. In Witelson’s original study, division points are [1/3, 1/2, 2/3, 4/5] (Witelson 1989).

QPI and other diffusion indices

A variety of MR techniques have been proposed to investigate the morphology and microstructural
organization of the human brain non-invasively (Allen, Richey et al. 1991). Novel approaches make use of
the characteristic T2 relaxation times for the different water compartments in tissue, by which the myelin
content can be inferred in vivo (MacKay, Whittall et al. 1994, Laule, Vavasour et al. 2007). The method is
limited by the long scan time and limited spatial coverage. An alternative approach is to isolate myelin-water
using linear combination filtering of several conventional spin echo images and express it as a fraction of the
total water content to generate myelin-water fraction (MWF) images (Brosnan, Wright et al. 1988, Jones,
Xiang et al. 2004, Vidarsson, Conolly et al. 2005). Diffusion tensor imaging (DTI) provides a measure of the
magnitude and orientation of water self-diffusion to characterize, respectively, the microstructure integrity
and connectivity of the white matter (Basser, Mattiello et al. 1994). Typical scalar quantities obtained from
DTI include the mean diffusivity (MD), a measure of the directionally invariant magnitude of diffusion,

axial ( A |) and radial diffusivity ( A .), which quantify the magnitude of diffusion parallel and orthogonal to
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the principal direction of water diffusion, and relative or fractional anisotropy (FA), which represents the
degree of anisotropy within a voxel of tissue (Chepuri, Yen et al. 2002, Hofer and Frahm 2006). Combined
with an extension of DTI and tractography, fiber density index (FDi) provides an indirect measure of the
number of fiber paths traversing a region of interest (ROI), which can measure the microstructural

composition of neural fibers, such as myelin content (Roberts, Liu et al. 2005, Liu, Vidarsson et al. 2010).

The CC fiber properties of the subdivisions have been evaluated using diffusion quantitative indices, such as
FA and MD (Chepuri, Yen et al. 2002, Hofer and Frahm 2006). In QPI, probability map qualified the fiber
density, which was similar to DA, FA, FDi and MWF, and displacement map described the relative axonal

diameter distribution, which was closed to MSL, MD and A ..

Limitations

As a diffusion based framework, QPI is limited in the range of experimental diffusion times and length
scales that it can probe. A specific limitation of QPI is the need to observe displacements exactly
perpendicular to the fiber direction. Applying QPI on other fiber systems is possible by knowing a priori the
path of the fibers, such as from DTI based tractography. With bi-Gaussian method, QPI so far could provide
qualitative information of relative fiber density (probability map of narrow Gaussian displacement
distribution) and axonal diameter distribution (displacement map of narrow Gaussian distribution). However,
QPI may or may not apply in all white matter regions, where for example, compartmental exchange may be
important. This is also one of the reasons we did not calculate the absolute value of axonal size and density.
More complex model which takes intracellular and extracellular water molecular interaction and exchange,
permeability of cell membrane and ion channels into consideration is needed for the quantitative results.
Instead of absolute quantification, the axonal density and axonal diameter distributions are able to be used to
segment tissue by k-means clustering analysis, which is similar to atlasing via cytoarchitecture. Although
bi-Gaussian method was used in this paper to distinguish intracellular information from extracellular space,
it does not separate the thin and thick axonal fibers in the C.C. The results are merely the averaged axonal
diameter and axonal density of these two types of fibers. Differentiation of thin and thick fibers would
require further modeling of the restricted diffusion signal.

12



Conclusion

We propose the QPI method with bi-Gaussian fitting to map the distribution of relative axonal diameters and
density in human CC. The effects of different parameters of imaging were also discussed. Our results are
consistent with the previous reports. Being a diffusion MRI-based methodology, our results demonstrate the
feasibility of QPI on clinical scanners, and show the potential for morphometric mapping of callosal fibers

in disease brains.
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Figure 1 Witelson’s partitioning schemes for regional analysis of human corpus callosum which subdivide
the callosum into five regions based on fractions of its maximal anterior-posterior length, namely rostrum

and genu (CC1), anterior body (CC2), posterior body (CC3), isthmus (CC4) and splenium (CC5).
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Figure 2 (a, b) 2D curve surfaces of the mean signal decay in the g-plane and (c, d) 2D curve surfaces of the
mean projected probability distribution function (PDF) after 2D Fourier transform along the human CC.
Five curve surfaces in a row were the averaged signal decay and averaged PDF calculated from the five
segments of mid-sagittal CC. (a) Slow and (b) fast components calculated from the averaged bi-Gaussian
decay curve surfaces of CC in all normal subjects (n=14). (c) Narrow (intracellular space) and (d) broad
(extracellular space) components calculated from the averaged bi-Gaussian displacement distribution of CC

in all normal subjects (n=14). The units in probability and displacement were arbitrary values.
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(a) probability displacement (b) probability displacement

Figure 3 Sagittal CC maps of probability and displacement of narrow Gaussian displacement distribution

with different (a) cutoff b-values and (b) sampling numbers in g-plane.
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Figure 4 (a) Probability and (b) displacement distribution of CC calculated from narrow Gaussian
displacement distribution with different cutoff b-values and the same sampling q-points. (c) Probability and
(d) displacement distribution of CC calculated from broad Gaussian displacement distribution with different
cutoff b-values and the same sampling g-points. (¢) Mean axonal density and (f) mean axonal diameter of

human CC found by histology (Aboitiz, Scheibel et al. 1992).
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Figure 5 (a) Probability and (b) displacement distribution of CC calculated from narrow Gaussian
displacement distribution with different sampling numbers in g-plane and the same cutoff b value. (c)
Probability and (d) displacement distribution of CC calculated from broad Gaussian displacement
distribution with different sampling numbers in g-plane and the same cutoff b value. The units in probability
and displacement were arbitrary values.

male

Figure 6 QPI analysis of the human CC. Sagittal indexed MRI maps of (a) T2WI, (b) probability and (c)
displacement of narrow Gaussian displacement distribution in representative male (left column) and female

(right column) normal subjects.
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Figure 7 Axonal density and diameter distribution analysis along the human CC. Five regions of interest of
mid-sagittal indexed QPI maps were selected from the five segments shown in Fig. 1. (a) Probability and (b)
displacement distribution calculated from narrow Gaussian displacement distribution of CC in all normal
subjects (n=14). (c) Probability and (d) displacement distribution calculated from broad Gaussian
displacement distribution of CC in all normal subjects (n=14). The units in probability and displacement

were arbitrary values.

Figure 8 Cluster analysis of the axonal density and diameter distribution along the CC in four different
normal subjects. Two are male (a, b, e and f) and two are female (c, d, g and h). The probability clusters are
in the up row (a to d), and the displacement clusters are in the bottom row (e to h). Note that the colors of the
clusters for the four subjects are matched. Also note the high similarity of the cluster pattern among the

subjects.
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Bi-Gaussian Q-planar MR Measurement of Axonal Diameter and
Density of Human Corpus Callosum In Vivo

Jun-Cheng Weng, Sih-Yu Lin

Abstract— The corpus callosum (CC) is the main fiber tract
interconnecting bilateral cerebral hemispheres, and is involved
in a wide variety of cognitive functions Alteration of this fiber
structure has been implicated in different mental disorders.
However, an in vivo technique that can map axonal diameter and
axonal density of the CC is still lacking. Therefore, a new MRI
method called q planar imaging (QPI) was proposed in which
high density 2D diffusion encoding was performed on the mid
sagittal plane of the CC.

[. INTRODUCTION

It is known that water signal decay in a MR diffusion
experiment in neuronal tissues, at sufficiently high diffusion
weighting, appears to be non-mono-exponential, thus
complicating even further the interpretation and assignment of
the different components to actual physiological
compartments [1, 2]. Therefore, we used 2D bi-Gaussian
model (i.e. slow and fast components) to fit our QPI data.
After 2D Fourier transformation of the slow and fast Gaussian
curved surfaces of signal decay, respectively, two Gaussian
curved surfaces of displacement distribution (i.e. narrow and
broad components) were obtained [3]. Intracellular and
extracellular information could then be extracted from the
narrow and broad Gaussian displacement distributions,
respectively.

II. MATERIALS AND METHODS

To determine the optimal values of maximal diffusion
sensitivity (by,,) and sampling density in the q space (Aq) for
QPI on a clinical scanner, a heuristic estimation and an in vivo
optimization study were performed on a healthy subject.
Having known the optimal b,,,, and Aq, an in vivo validation
study was performed on fourteen healthy subjects. The QPI
data acquisition was performed on a 3T MR system using a
diffusion-weighted spin echo EPI sequence. Multiple
diffusion-weighted images were acquired corresponding to
1009 diffusion-encoding directions on a mid-sagittal plane of
CC. The diffusion encoding directions corresponded to a set
of 2D grid points confined in a circle with a radius of 18
increments ( Aq=0.0029 um™"). The b values ranged from 0 to
the optimal bmax (5000 s/mm”). The QPI data were
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decomposed into fast and slow components by bi-Gaussian
fitting, and 2D Fourier transform was performed on the fast
and slow components of the data to obtain broad
(extracellular) and narrow (intracellular) components of the
2D probability density function (PDF) of molecular
displacement, respectively. Two indices of water diffusion,
mean displacement and the probability density at zero
displacement, were computed from the 2D PDF at each pixel
to map the axonal diameter and axonal density, respectively.

III. RESULTS

Compared with the know histology [4], bi-Gaussian QPI
with optimum parameters produced reasonable distribution
and segmentation of axonal diameter and density of the CC in
normal human brain. The genu and splenium were
significantly smaller and denser than those from other regions.

male
(a)

~
m-l “
‘.—"t- .
(©

female

Figure 1. Left were sagittal CC mappings of (a) T2WI, (b) probability,

and (c) displacement in representative male and female normal subjects.

Right were (a) probability and (b) displacement distribution of CC. (c)

Mean axonal density and (d) mean axonal diameter of human CC found
by histology.

IV. CONCLUSION

Our results showed that bi-Gaussian QPI was feasible in
clinical scanners, and might be potentially useful in
neuroscience research and clinical application.
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