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Abstract. We present a novel technique for the tract-based statistical analysis of
diffusion imaging data. In our technique, we represent each white matter (WM)
tract as a tract probability map (TPM): a function mapping a point to its prob-
ability of belonging to the tract. We start by automatically clustering the tracts
identified in the brain via tractography into TPMs using a novel Gaussian process
framework. Then, each tract is modeled by the skeleton of its TPM, a medial rep-
resentation with a tubular or sheet-like geometry. The appropriate geometry for
each tract is implicitly inferred from the data instead of being selected a priori,
as is done by current tract-specific approaches. The TPM representation makes
it possible to average diffusion imaging based features along directions locally
perpendicular to the skeleton of each WM tract, increasing the sensitivity and
specificity of statistical analyses on the WM. Our framework therefore facili-
tates the automated analysis of WM tract bundles, and enables the quantification
and visualization of tract-based statistical differences between groups. We have
demonstrated the applicability of our framework by studying WM differences
between 34 schizophrenia patients and 24 healthy controls.

1 Introduction

Diffusion tensor imaging (DTI) has become of modality of choice for studying the
white matter (WM) pathology due to its unique in vivo characterization of WM mi-
crostructure [1]. A wide range of paradigms have been developed for studying group
differences between healthy subjects and a population with pathology using DTI. Of
these, the tract-based spatial statistics (TBSS) [2] made a break from voxel-wise tech-
niques by performing statistics on the skeletonization of the full WM1. This technique
has rapidly gained popularity for finding group differences in WM. However, TBSS
relies on a whole-brain approach disregarding anatomical specificity. Recently, tech-
niques tried to alleviate this problem by analysing WM tracts individually by repre-
senting each tract as a lower-dimensional structure, using tubular geometries [3,4,5] or
sheet-like parametrizations [6,7]. However, there is an issue in these tract-specific tech-
niques: the need to a priori choose between a tubular or a sheet-like representation of
the WM tracts which introduces an artificial bias as some fasciculi as inferior-fronto

1 In this work we follow the same definition of skeleton as in Smith et al. [2].
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occipital have a spreading structure which is not accurately represented by a tube and
the cingulum are tube-like and not well represented by a sheet.

In this paper, we propose a technique to perform tract-specific statistical analyses
overcoming the previously mentioned limitations. For this, we model each WM tract
as a function mapping any point in space to the probability of its belonging to such a
tract. This model is called a tract probability map (TPM) and can be robustly calculated
using a recently proposed mathematical framework for WM bundles based on Gaus-
sian processes (GPs) [8]. Within this framework, we develop a skeleton-based statisti-
cal analysis [2,6,7] technique for finding differences among populations. In developing
this technique, we present two contributions: first, a general approach for tract-based
statistical analysis which is not bound to a sheet-or-tube representation; and second,
the applicability of the mathematical framework for the segmentation of WM structures
presented by [8] for statistical analysis.

2 Computing Tract Probability Maps

The first step in developing our statistical analysis technique is the calculation of
tract probability maps for a set of WM tracts obtained from whole brain DTI-
tractography [9,8]. DTI-tractography is a technique to trace pathways followed by axons
in the WM, representing them as smooth three dimensional trajectories at super-voxel
resolution [1]. These trajectories provide the means to work on elements which are more
anatomically-oriented than isolated voxels and can be grouped into WM tracts like the
cingulum or the fornix. We show examples of TPMs for WM tracts in fig. 1.

In order to calculate TPMs for WM tracts from these trajectories while preserving
super-voxel resolution, we use a GP framework [8]. The advantages of this representa-
tion are two-fold: first, the TPMs calculated using GPs are continuous functions which
can be sampled at any desired resolution; second, being a parametrical representation
the GP framework allows us to work robustly on its parameter space instead of perform-
ing operations in image space. In the remainder of this section we detail the calculation
of TPM for a WM tract: we start by describing the representation of a trajectory within

(a) Arcuate Fasciculus
Left

(b) Inferio Fronto
Occipital Right

(c) Cingulum Right (d) Cortico-Spinal Tract
Right

Fig. 1. Population-averaged tract probability maps for four WM tracts. These maps are shown
over FA (a-b) and as iso-probability surfaces (c-d). The probability at each voxel is calculated
using eq. (2). Color code for fig. (c-d) is as follows, Blue: TPM(p) = .01, Yellow: TPM(p) =
.2, Red: TPM(p) = .6 .
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Fig. 2. Mean indicator function for four fiber tracts (a-d) and mean indicator function for the
bundle formed by averaging them according to our framework (e). Color code ranges from blue
when it is likely that a voxel belongs to the bundle of fibres to red when it does not belong.

the GP framework; next, we show how to go from the GP representation of a single
trajectory to the representation of a bundle of trajectories; and finally, using the GP
framework, we describe the calculation of the TPM for a bundle of trajectories.

We model each trajectory F as a blurred indicator function y(·), such that if the three
dimensional point p belongs to F , the value of y(p) is 1 and it decays to 0 as p is further
away from F . Several examples of blurred indicator for a trajectory are shown in fig. 2
(a-d). Formulating the hypothesis that the least curved a blurred indicator function is
the better it represents a smooth trajectory, it is possible to model the indicator function
y(·) for a trajectory F as a GP [8]. Then, using the properties of the GPs, the value
of y(·) for a trajectory can be characterized at each point in space p as an univariate
Gaussian: y(p) ∼ G(y∗(p), σ2(p)). Particularly, the mean and the variance of this
univariate Gaussian are inferred from a sampling of F , f = {f1 . . . fN} ⊂ F :

y∗(p) = [Cf (p)]TC−1
ff 1 and σ2(p) = c(p,p) − Cf (p)TC−1

ff Cf (p) (1)

where [Cf (p)]i = [c(fi,p)]i, [Cff ]ij = [c(fi, fj)]ij , 1 = [1 . . . 1]T and

c(p,p′) := ψ(‖p− p′‖), ψ(r) =

{
2|r|3 − 3Rr2 +R3 r ≤ R

0 r > R
.

Once we have represented single trajectories as GPs, obtaining the representation for
a bundle of trajectories B = {F1, . . . ,FN} is straightforward: the fact that at each
point the value of the indicator function for each trajectory F , yF(p), has a univariate
Gaussian distribution, enables us to calculate the mean and covariance of the Gaussian
distribution characterizing the indicator function for B at a point p as [8]

y∗B(p) =
1
N

N∑

i=1

y∗F (p) and σB(p) =
1
N2

∑

F∈B
σ2
F (p).

The result of the combination of the indicator functions representing various trajectories
into a bundle is illustrated in fig. 2(e).

Finally, according to [8], the TPM for a WM tract formed by a bundle of trajectories
B is calculated using the GP framework as

TPM(p) := prob{p ∈ B} ∝ E[yB(p) = 1] =
1

2
√
π(1 + σ2

B(p))
, (2)
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where E[·] stands for the expected value of a random variable. Figure 1 illustrates the
tract probability map calculated from a GP for a bundle using color-coded surfaces and
probability maps overlaid on the FA image of the spatially normalized subject.

In the above, we have introduced our GP-based framework for representing white
matter fiber bundles and its two operations: combination of fibers into a bundle and cal-
culation of the TPM. These tools are fundamental to performing a tract-based statistical
analysis of the WM, which we develop in the next section.

3 Skeleton-Based WM Tract Analysis

Our statistical analysis framework is designed to help identify precise differences in
tracts. The algorithm to analyse a particular fibre bundle starts by generating its TPM
as in section 2. By construction, the TPM(·) function has a ridge (or valley) of high
probability at the centre of the tract that decays going outwards. Consequently, the main
idea is to find a representation of the tract as a sheet or a line and to project diffusivity
information on that representation. For this, we adapt the thinning algorithm of [2]
which is used extensively in recent literature. However, our work can be easily restated
using a different thinning algorithm. Then, we project a scalar diffusivity measure (e.g.
the FA) on the skeleton and perform group analysis on it. This process is shown in fig. 4.

Skeleton Calculation. The first step in the algorithm is to obtain the skeleton. For this,
we start by identifying the voxels contained in such a skeleton. We compute the centre
of gravity (CofG) of a sphere of radius r around the voxel p, S(p, r) ⊂ R

3,

CofG(p; r) =

∫
q∈S(p,r) qTPM(q)dq
∫
q∈S(p,r)

TPM(q)dq
. (3)

If the centre of gravity is sufficiently close to p, it is reasonable to assume that p is very
close the ridge or valley which we will call skeleton from now on. This is illustrated in
fig. 3(a) where p is a cross, S(p, r) a circle and the CofG(p, r) a square. Then, to select
a voxel in the skeleton, we start from each voxel that is sufficiently close to its centre
of gravity and move in a direction perpendicular to the skeleton until we reach a local
maximum. The voxels containing such a maximum are considered to be in the skeleton.

As we have seen previously, in order to extract the skeleton, we need to calculate
the direction that is perpendicular to it. If the voxels are sufficiently far away from it,
this direction is provided by the gradient of the TPM. This is due to the fact that the
probability of a voxel belonging to the underlying tract of the TPM decreases when
we move away from the skeleton. However, if we are on the skeleton, meaning on a
ridge or a valley, the gradient will have a 0 norm and no defined orientation. In these
cases it is reasonable to assume that the gradient changes more rapidly in the direction
perpendicular to the skeleton [10]. Thus, we take the eigenvector corresponding to the
largest eigenvalue of the Hessian of the TPM, as the direction perpendicular to the
skeleton. This is illustrated in fig. 3. Then, the direction perpendicular to the skeleton at
p is given by
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(a) TPM Centre of Gravity (b) Direction perpendicular
to the skeleton ( skel⊥(·) )

(c) Voxels projected to a point
in the skeleton

Fig. 3. Finding the direction perpendicular to the tract probability map skeleton. Fig.(a): the devi-
ation of the TPM’s centre of gravity (square) from the centre of a neighbourhood (cross) indicates
the distance from the skeleton. Fig.(b): when the voxel is far enough from the skeleton, the direc-
tion of the gradient (green) is perpendicular; when it is close enough, the gradient norm is close
to zero, in these cases the principal direction of the Hessian (blue) indicates the perpendicular
direction. Fig. (c): skeleton of a WM tract (blue) and the voxels which are closest to it.

skel⊥(p) :=

{
∇TPM(p)/‖∇TPM(p)‖ if ‖CofG(p; r) − p‖ > ε

e1

(∇2 TPM(p)
)

if ‖CofG(p; r) − p‖ ≤ ε
. (4)

In this equation ε is taken to be a tenth of the voxel width and e1(M) is the eigenvector
corresponding to the largest eigenvalue of M , and ∇ and ∇2 are the gradient and the
Hessian operators. Moreover, due to the properties of our GP framework, the gradient
and Hessian of the TPM (eq. (2)) can be calculated analytically.

Finally, it is important to emphasize that this is just one technique to calculate the
skeleton. The statistical analysis algorithm is not dependent on it, but is general and can
be applied to any skeleton calculated from a TPM. Most of the ridge and valley calculation
algorithms are based on the gradient and Hessian of the analysed function [10], hence it
is possible to reformulate them in terms of the GP framework for white matter bundles.

Voxel Projections and Statistical Analysis. Having created the skeleton for a tract, we
project all the voxels within the thresholded TPM to their closest point on the skeleton.
This is achieved by starting at every voxel and following the direction perpendicular
to the skeleton at that voxel, calculated in eq. (4), until the skeleton is reached. Then,
we calculate the expected scalar diffusivity measure at every point of the skeleton. In
fig. 3(c), we show a point on the inferio-fronto occipital tract (IFO) skeleton in green and
the voxels in the image which are closest to it. The values of these voxels are projected
to the skeleton and averaged according to their probability of being in the bundle. This
procedure for the IFO and the fractional anisotropy (FA), is as follows: for each point
in the skeleton of IFO, s, we calculated the set of voxels N (s) within the TPM having s
as the closest on the skeleton. This is done by following the direction perpendicular to
the skeleton calculated in the previous section. Then, the expected value of FA on each
skeleton voxel s, is the expectation of the value of the FA on N (s) projected to s:

EIFO
FA (s) =

∫
N (s) TPMIFO(p) FA(p)dp

∫
N (s) TPMIFO(p)dp

(5)
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Starting from the 
population-averaged
tract probability map

It is skeletonized in order to 
have 2D (or 1D if it is tubular 

like the cingulum) 
representation of it

For each patient, the values of the FA(or
other quantity) around the tract are

projected to their closest point on the 
skeleton and averaged (with a weight

according to the tract probability map)

This produces two
populations of projected
functions on the skeleton,
one for patients and one 

for healthy subjects

Finally, voxel-wise analysis
is carried on at each 

voxel. In this case Mann-
Whitney’s U test.The red
areas have a p-value<.01 

Fig. 4. Skeleton-based tract-specific statistical analysis on a WM tract

Finally, for each voxel in the skeleton, we perform voxel-based analysis. In this case
we use the Mann-Whitney U test to find voxels where the distribution of the fractional
anisotropy or the axial or radial diffusivities among patients and controls is different,
and we report trends indicated by the analysed t-score.

4 Data

Whole-brain DWI datasets were acquired on 58 volunteers (35.60 ± 10.48 years, 28
Male, 24 healthy, 34 diagnosed with schizophrenia) on a Siemens Trio 3T scanner with
1.71 × 1.71mm2 in-plane resolution, 2mm slice thickness. Six unweighed B0 images
and 64 diffusion weighted images (b=1000s/mm2) were acquired with non-collinear
diffusion sensitizing gradients.

Data Preparation. DTI images for each subject were computed and deformably regis-
tered, using DTI-DROID [11], to a DTI atlas [9]. Full brain tractography was performed
by seeding in sub-voxel resolution by taking every voxel with linear anisotropy higher
than .3, dividing it into 0.25 × 0.25 × 0.25mm3 sub-voxels and seeding from each
sub-voxel. On average, 10,000 fibre tracts where obtained for each subject.

Identification of WM Tracts. In order to identify white matter tracts, the cluster-
ing algorithm presented by [8] was applied to every subject individually. Population-
averaged tract probability maps for major tracts were obtained for each extracted white
matter tract: on both hemispheres the arcuate, inferio-fronto occipital, uncinate fasciculi
and cingulum bundle along with the fornix; also, the frontal and posterior forceps were
extracted. In order to perform the statistical analysis, we extracted the skeleton of each
population-averaged tract.

Statistical Analysis of Tracts. To characterize diffusion properties of the white mat-
ter structures, four scalar quantities derived from the diffusion tensors were used:
Fractional Anisotropy (FA) [1], axial diffusivity (λ‖ = λ1) and radial diffusivity
(λ⊥ = 1

2 (λ2 + λ3)). The FA measure was used due to its biological interpretation
as a measure of tract integrity and its popularity in the literature. We chose the other
two measures because there are several reports relating differences on axial and radial
diffusivity with differences in myelination and axonal calibre [12].
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(a) Left Fornix areas with
an increase of λ‖

(b) Left Fornix areas with
an increase of λ⊥

(c) Left arcuate fasciculus,
areas with a decrease of FA

(d) Right inferio-fronto
occipital fasciculus, areas

with an increase of λ‖

(e) Left inferio-fronto
occipital fasciculus, areas

with an increase of λ‖

(f) Left inferio-fronto
occipital fasciculus, areas
with an increase of λ⊥

(g) Left pyramidal tract,
areas with an increase of

λ‖

(h) Left pyramidal tract,
areas with an increase of

λ⊥

(i) Frontal forceps, areas
with a decrease of λ⊥

(j) Posterior forceps, areas
with an increase of FA

(k) Posterior forceps, areas
with an increase of λ⊥

Fig. 5. Differences between healthy and schizophrenic populations in tracts obtained using the
statistical analysis described in section 3. We show tracts where more than 10% of the number
of voxels in the whole skeleton, shown in blue, have a p-value < 0.001. For the regions defined
by these voxels, shown in red, we report trend of the difference between patients and controls
indicated by the t-statistic.

5 Results

Results of our skeleton-based analysis are shown in fig. 5. In this figure we show
tracts where more than 10% of the number of voxels in the whole skeleton have a
p-value< 0.001. For the regions of the tracts defined by these voxels, we report the
trend of the difference between patients and controls indicated by the t-statistic in order
to characterize the detected change in diffusivity properties . In the left fornix, there are
regions with an increase of λ‖ and λ⊥; the right arcuate fasciculus shows regions with
a decrease of FA; the right inferio-fronto occipital fasciculus shows areas of decreasing
λ‖; in the left inferio-fronto occipital fasciculus there are areas of increased axial and
λ⊥; the frontal forceps shows areas of decreased λ⊥; the posterior forceps has areas of
increased FA and λ⊥; and the left pyramidal tract exhibits an increase of λ‖ and λ⊥.

6 Discussion

Our results are in agreement with current literature. The predominance of differences
in tracts within the left frontal and temporal lobes has been reported by a recent meta-
analysis of DTI studies in schizophrenia [13] and a detailed survey [14]. Particularly, the
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decrease of the FA on the left arcuate fasciculus, shown by our analysis was reported
by [15]. Regarding our studies analysing FA changes in tract skeletons, we found an
increased FA in left IFO which was previously shown by [16] and decreased FA in
the fornix is consistent with [17]. This agreement with literature demonstrates that our
statistical analysis is suited for white matter studies, therefore encouraging us to carry
on with a more comprehensive study on larger databases.

Regarding the analyses of parallel (λ‖) and perpendicular (λ⊥) diffusivities, even
if recent work shows that these measures are easier to correlate with biologi-
cal changes [12], there are no studies in schizophrenia using DTI that consider
them [14,13]. However, our results agree with [13] in that the differences found are
predominantly in the temporal and frontal lobes of the left hemisphere. In future work,
we expect that an in-depth study of the differences in these quantities will shed some
light into the biological characteristics of white matter changes in schizophrenia.

Finally, the method presented is not bound to a single scalar diffusivity measure, it
is even generalizable to full-tensor studies as done, for instance, by [6]. Moreover, it is
possible to correlate these changes with age and cognitive benchmarks in order to better
analyse the relation between white matter changes and the different degrees of disease
progression.
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