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Overview

• Diffusion MRI and white matter

• Difficulties with fibre tracking in groups

• A model-based streamline matching approach

• Applications of this model

• The relationships between tracts

• Conclusions



Introduction

• Diffusing water molecules probe the microstructure of living 
tissue, and MRI can be sensitised to this process

• Some tissues have linear structure with clear orientation (e.g. 
neural white matter, muscle), and diffusion profiles reflect this

• Diffusion MRI and tractography can be used to reconstruct 
trajectories of linear structures using streamlines

• But robust and consistent segmentation for group analysis is not 
straightforward

• Intrinsic differences between subjects should be retained; 
processing inconsistencies should not



Fibre tracking

• Tract reconstruction from a seed point based on local information

• Can be very sensitive to seed location

with the largest eigenvalue was assumed to represent the
direction of a local axonal fiber within the laboratory
reference frame. This data processing provided the 3D-
vector field from which the fibers were reconstructed. In
addition a cylindrical anisotropy index was obtained,
defined as Acyl ! ("1 # ("2 $ "3)/2)/( "1 $ "2 $ "3).

MR Experiment

As mentioned above, the acquisition of high-resolution 3D
data is necessary to relate diffusion anisotropy information
to 3D axonal projections and to avoid dominant orienta-
tional averaging within voxels containing multiple tracts.
The long scanning time associated with such a high
resolution complicates diffusion measurements, which are
inherently susceptible to motion artifacts. In order to
accomplish both the resolution and motion objectives, we
designed a modified rapid 3D diffusion MRI technique (18)
with a real time motion monitoring scheme based on the
navigator echo approach (18–20). A data size of 128 % 64 %
32 was acquired over a field-of-view of 28 %20 % 16 mm,
after which zero-filling to the final resolution of 256 %
128 % 64 was performed (nominal voxel size of 109 %
156 % 250 µm). By using a repetition time of 1 sec, two
scans per phase encoding, and acquisition of four echoes
per excitation, each diffusion-weighted image could be
acquired within 17 min. From seven diffusion-weighted
images along six independent axes, six independent vari-
ables in a diffusion tensor were calculated using a multi-
variant linear fitting as described by Basser et al. (7). The
total data size was 59 MB and the data processing time was
30 min on a Silicon Graphics ONYX workstation (Moun-
tain View, CA).

Fiber Tracking

Fibers were reconstructed using a method dubbed FACT
(16). In this method, tracking is started through the selec-
tion of an arbitrary voxel in 3D space, afterwhich an axonal
projection is traced in both the orthograde (forward) and
retrograde (backward) directions. Even though the 3D-
vector field obtained from the DTI consists of discrete
voxels, the tracking is made in a continuous number field.
Namely, a line is propagated from the center of the initial
voxel along the direction of the vector until the line exits to
the next voxel (Fig. 1). In this approach, the starting point
in the next voxel is the intercept of the previous voxel.
Once the line is propagated, voxels through which the line
passes are connected to represent the fiber projection. The
tracking is terminated when it enters a region where the
average of the inner products with the vectors of the three
closest voxels is smaller than 0.75. For the tracking of a
certain projection, the white matter region is identified
using the Acyl image or a T2-weighed image using anatomi-
cal landmarks, after which a group of voxels is defined.
The FACT analysis is then performed from each voxel
(10–20 voxels depending on the size of the region of
interest).

RESULTS

The results of the in vivo 3D-fiber tracking are shown in
Fig. 2. Eight well-known fiber projections, genu and

splenium of corpus callosum, internal and external cap-
sule, fimbria, anterior commissure, optic tract, and stria
terminalis were tracked. Two-dimensional slices are shown
in Fig. 3 with the corresponding levels in a rat brain atlas
(21). The tracking of the genu and splenium of the corpus
callosum began from the points indicated by arrows. Fibers
in the genu (light blue) were followed laterally into the
external capsules of both hemispheres, while fibers in the
splenium (pink) were tracked posteriorly into the occipital
poles. Fibers in the fimbria (blue) were traced ipsilaterally
to the alveus of CA1-CA2 and also contralaterally through
the ventral hippocampal commissure (hc) into the fimbria
of the contralateral hippocampus. Internal capsule (red),
optic tract (green), and stria terminalis (peach)were closely
clustered in the slice shown in Fig. 3E. However, their
overall structures were very different, and our tracking
precisely reflects them. Fibers initially identified in the
internal capsule extended in one direction to caudate-
putamen (CPu); in the other direction they passed through
the cerebral peduncle (cp) of the midbrain and into the
longitudinal fasciculus of the pons (lfp). The optic tract
was identified at the point where it first contacted the base
of the diencephalon (Fig. 3F) and then traced to its
termination in the dorsal lateral geniculate body (Fig. 3C).
At that point, however, some of the tracking started to
follow fibers in fimbria, a problem described previously
(16). Fibers in the stria terminalis looped around the
thalamus and connected the hypothalamus (HT) and the
amygdala (Amg) (Fig. 3E). Fibers in the anterior commis-
sure (yellow) were not only traced caudally and across the
midline but also rostrally into the olfactory bulbs. Some of
the tracts in the anterior commissure and splenium of
corpus callosum seem to exit the brain. This is because the
3D-rendering scheme filtered out low intensity regions,

FIG. 1. A schematic diagram of the fiber tracking by the fiber

assignment by continuous tracking (FACT) program. Short arrows

represent vector directions of the largest principal axis. A tracking (a

long arrow) is started from a center of a selected voxel and a line is

propagated by observing the vector direction of each voxel. The

voxels through which the line passes are connected. Examples of the

tracking from voxels numbered 1 and 2 are shown. Note that the two

trackings which lead to the labeling of two different fiber paths share

the same voxels indicated by shading (for more detail, please see the

Discussion section).
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Noise and uncertainty

• Tracking process accumulates local errors

• Trajectory can jump from one fasciculus to another

• Probabilistic tractography gives a sense of these effects

confidence intervals, and how to visualize both fiber ori-
entation and uncertainty concurrently. Since this tech-
nique provides an objective measure of reproducibility of
fiber orientation, it could be used to provide objective
comparison of the performance of different DT-MRI data
acquisition strategies in terms of their reproducibility of
fiber orientation.

This technique could also be used to compare the effi-
cacy of different tensor smoothing and regularization tech-
niques (10,14–16) which aim to eliminate variations in
estimates of eigenvectors due to noise while preserving
true anatomical variations. The optimal scheme would be
that which resulted in the smallest cone of uncertainty
while, at the same time, introducing minimum perturba-
tion of the most probable fiber orientation (i.e., the most
likely fiber orientation in the unsmoothed/unregularized
data).

Both Figs. 1 and 2 show low uncertainty in fiber orien-
tation estimates in the splenium of the corpus callosum, a
structure that is much favored in the tractography litera-
ture. It is perhaps unsurprising, therefore, that results ap-

FIG. 2. Cones of uncertainty (showing the
95% confidence angle) at the level of the
splenium of the corpus callosum. a: Frac-
tional anisotropy. b: Cones of uncertainty in
the region indicated by the dashed lines in a.
This region is further magnified in c. The
zoomed area highlights a region where fibers
cross and the uncertainty in !1 is large.

FIG. 3. Plot of 95% confidence interval in fiber orientation vs. Clinear.
The data for each voxel in the entire 60-slice volume are plotted on
a pair-wise basis.
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Unconstrained tractography



Use of ROIs

• Standard practice in 
applications

• Deterministic or 
probabilistic tractography

• Overseeding (nonspecific 
initialisation), plus 
constraints

• Several ROI types may 
be needed for consistent 
results

• Transferrability between 
subjects and/or 
populations?

In the face of increasing use of DTI for quantitative comparisons
between subjects or over time, it is essential to assess the
reproducibility of the technique (Ciccarelli et al., 2003a; Ding et
al., 2003; Pfefferbaum et al., 2003). Normal variability and test–
retest stability are key issues for group and longitudinal study
designs yet few studies have addressed these questions. Pfefferbaum
et al. (2003) reported a test–retest coefficient of variation (CV) of
1.9% for FAwithin the corpus callosum. It is clear from other work
that variability measures can differ between tracts. Ciccarelli et al.
(2003a) scanned four subjects on two occasions and found CVs of
FA from within tractography-defined tracts of 6.2%, 7.1% and 5%
for callosum, optic radiation and pyramidal tract, respectively. Inter-
subject CV from the same study was in the range of 6–9% for these
tracts (Ciccarelli et al., 2003a).

Here, we assess the reproducibility of DTI measures from
histograms, ROI-based analyses and tractography with 8 subjects
scanned three times with the same sequence and scanner.

Methods

Data acquisition

We acquired MR data in eight healthy adult subjects (4 men, 4
women, age range 21–34 years). All subjects were right-handed, with
no history of psychiatric or neurological disease. Informed written
consent was obtained from all subjects in accordance with ethical
approval from the Central Office for Research Ethics Committees.

Scans were obtained on three separate days within a 3 month
period on a 1.5 T Siemens Sonata MR scanner with maximum
gradient strength of 40 mT m−1. Diffusion-weighted data were
acquired using echo planar imaging (72×2 mm thick axial slices,
matrix 128×104, field of view 256×208 mm, giving a voxel size of
2×2×2 mm). The diffusion weighting was isotropically distributed
along 60 directions using a b value of 1000 s mm−2.

A T1-weighted anatomical image was acquired on one session
for each subject using a 3D FLASH sequence (repetition
time=12 ms, echo time=5.65 ms and flip angle=19°, with elliptical
sampling of k space, giving a voxel size of 1×1×1 mm in 5 min and
5 s).

Image processing

Image analysis was carried out using tools from the FMRIB
Software Library (FSL, www.fmrib.ox.ac.uk/fsl; Smith et al., 2004).

Brain extraction, registration and tissue type segmentation
We skull-stripped (Smith, 2002) diffusion-weighted, T1-

weighted and MNI standard brain template images (Evans et al.,
2003) and performed affine registration (Jenkinson and Smith,
2001) to derive transformation matrices among the three spaces. We
performed probabilistic tissue type segmentation and partial volume
estimation on the T1-weighted image (Zhang et al., 2001). The white
matter partial volume estimate map was thresholded at 0.3 and
binarised to produce individual subject white matter masks which
were realigned into standard brain space using the parameters
derived above with nearest neighbour interpolation.

Diffusion tensor fitting and histogram analysis
FDT (FMRIB's Diffusion Toolbox) was used to fit a diffusion

tensor at each brain voxel in the diffusion data and calculate voxel-
wise values for FA and MD. Individual session FA and MD maps

were realigned into standard brain space using the affine transfor-
mation matrices derived previously and masked by each subject's
own white matter mask to produce standard space maps of white
matter FA and MD. For each scan session, histograms of white
matter FA and MD were generated in Matlab (Version 6, Math-
Works, Natick, MA) using 100 bins and histogrammeasures of peak
height, mean and standard deviation were calculated.

ROI definition: diffusion space
Single voxel regions of interest (ROI) were manually placed on

FA maps (in the original space of the diffusion images) (Fig. 1)
according to the following criteria (based on Ciccarelli et al. (2003a)
for tracts 2, 3, 4):

1. Cingulum bundle (CB): The sagittal slice in which the CB
appeared longest was selected and the CB voxel above the body
of the corpus callosum with the highest FA value was identified.

2. Genu of CC (GCC): The axial slice above the one where the genu
first shows fully (i.e., without any apparent partial volume effect
at the midline) was selected and the voxel closest to the midline,

Fig. 1. Seed placement for tractography. Examples are shown for single voxel
seeds in diffusion space (left column) and the two ROI technique using
standard space masks (right column). Left: Single seed voxels were placed
manually for each individual subject. Example images are shown for a single
subject. The background image is the FA map, with estimates of principal
diffusion direction at each voxel overlaid as a red vector and the single voxel
ROI overlaid in yellow. ROI placement is shown for cingulum bundle (Ai,
sagittal slice), genu of corpus callosum (Bi, axial slice), optic radiation (Ci,
axial slice) and pyramidal tract (Di, axial slice). 3×3 voxel ROIswere created
by 2D dilation (in the axial plane) of the single seed voxels shown here. For
criteria used see text. (B) Examples of mask definition for the two ROI,
standard space approach. The background image is the group mean FA map,
overlaid with seed masks (blue), target masks (red), termination masks
(yellow) and removal masks (grey). ROI placement is shown for cingulum
bundle (Aii, sagittal slice), genu of corpus callosum (Bii, axial slice), optic
radiation (Cii, axial slice) and pyramidal tract (Dii, coronal slice). For criteria
used see text.

868 E. Heiervang et al. / NeuroImage 33 (2006) 867–877

Heiervang et al., NeuroImage, 2006



Streamline matching

• Streamlines typically have small diameter (notionally none)

• Entire physical structure needs several streamlines to represent it

• Given a streamline, does it represent the same structure as 
another?

• Is it part of a particular anatomical structure?

• What is its homologue in another subject?

• Could a matching approach be used to segment known tracts?



Neighbourhood tractography

• Assumption: comparable tracts have similar shape and length

• Choose or create a reference tract

• Generate a number of candidate tracts using different seed points 
(forming a neighbourhood in space)

• Assess the plausibility of each candidate as a match to the 
reference, using a statistical model

• Choose one or more plausible trajectories

• Mimics process of a human operator, without the use of ROIs

• Reliance on registration is minimal



Comparing tracts

• Greater deviation from reference assumed to be less likely

• Expected variability is learned from training tracts, and can vary 
along tract

• Thereby assess plausibility of any novel candidate

reference candidate

�u
vuv�u

similarity angle

v�uvu



Consistency across scans
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Tract group maps (53 children)



Why model?

• Probabilistic matching to reference tract

• Structured description of tract shape variability across population

• Can use tract likelihoods under the model as a goodness of fit 
measure

• But forced to make a number of assumptions



Gradual shape change

• Goodness of fit 
shows up gradual 
changes in 
morphology

• GoF for genu 
(forceps anterior) 
declines with age 
across c. 65–85 year 
old population

• Ventricular 
enlargement a 
significant factor

the mask volume of the main portion of the tract and truncation of
distal parts of the tract.

A unique capability of PNT is that it provides a quantitative
measure of how well the best match tract mirrors the reference tract,
namely R. Although R is calculated relative to the appropriate refe-
rence tract and so values are not meaningful across fasciculi, Table 3
shows that it is always more negative for anatomically unacceptable
than acceptable tracts. It is therefore a useful indicator of whether a
tract is likely to be acceptable or not. Of particular interest, though, is
the observation that R has a significant negative correlation with age
in corpus callosum genu. This result indicates that the best match tract
tends topologically to deviate more markedly from the genu reference
as the subject's age increases. Given that the reference subject is a
31 year old, and the genu follows the edge of the lateral ventricles
which tend to enlarge with age, perhaps this result might be
considered unsurprising. However, there was no significant negative
correlation between R and age in the splenium in this cohort,
suggesting that these topological changes aremore localised in frontal
regions. This view is supported by the results of Sullivan et al. (2006)
who used quantitative tractography to investigate age-related
deterioration of anterior callosal fibres in 10 older (72±5 years) and
10 younger (29±5 years) subjects. Seeding from regions based on
known callosal anatomical projections within the mid-sagittal corpus
callosum, they found that the older group of subjects had significantly
shorter fibres than the younger group in the most anterior callosal
fibre bundles. Additional studies using other techniques, such as
deformation-based morphometry which can provide quantitative
maps of brain volume changes relative to a reference atlas (Cardenas
et al., 2007), are now needed to confirm this finding and elucidate
further the structural changes that accompany normal ageing.

The observation that genu FA has a near significant negative
correlationwith age, while no other similar correlations are present in
the other fasciculi investigated, provides further evidence that age-
related structural changes may be affecting this tract. These findings
appear consistent with the ‘frontal ageing’ hypothesis which posits
that there is an approximately anterior-to-posterior gradient in white
matter structural deterioration with age (O'Sullivan et al., 2001; Head

et al., 2004; Pfefferbaum et al., 2005; Sullivan et al., 2006). This
hypothesis is supported by a large number of ROI studies which have
shown a significant decrease in FA with advancing age, a trend that is
greater in the genu than the splenium (Abe et al., 2002; Salat et al.,
2005; Sullivan and Pfefferbaum, 2006). Using tract-based spatial
statistics, Kochunov et al. (2007) found that genu FA had amore robust
associationwith other indices of brain structural health, such as whole
brain grey matter thickness and white matter lesion volume, than did
FA measured in other white matter regions, again indicating the
predisposition of this tract to degenerative change in ageing. Sullivan
et al. (2006) also measured significantly lower FA in the three most
frontal callosal fibre bundles they investigated using quantitative

Table 3
Mean (±SD) values for the log-ratio between the matching likelihood of the best
match tract and the matching likelihood of the reference tract (R) for those tracts
that were considered anatomically acceptable or unacceptable representations of the
fasciculus-of-interest

R Acceptable Unacceptable

Genu −20.14±10.29 −33.37±16.52
Splenium −21.70±6.20 −30.39±14.13
Left CCG −28.10±9.57 −38.12±11.97
Right CCG −29.73±11.28 −58.98±20.20
Left CST −16.24±7.29 −21.78±9.86
Right CST −21.92±8.06 −27.79±12.58
Left uncinate −20.41±9.17 −28.16±10.33
Right uncinate −18.41±4.26 −21.63±3.92

Bold type indicates a significant difference (pb0.05) between Rmeasured in acceptable
and unacceptable tracts as assessed by the Mann–Whitney U test.

Fig. 6. Plots of R (a) and tract-averaged FA (b) versus age for corpus callosum genu.
Closed circles indicate subjects whose tracts that were deemed to be anatomically
unacceptable representations of the fasciculus-of-interest.

Table 4
Mean (±SD) values and coefficients-of-variation (CV) for mean diffusivity (bDN) and fractional anisotropy (FA) in the eight fasciculi-of-interest generated by the registration and PNT
methods

Method Genu Splenium Left CCG Right CCG Left CST Right CST Left uncinate Right uncinate

Mean CV
(%)

Mean CV
(%)

Mean CV
(%)

Mean CV
(%)

Mean CV
(%)

Mean CV
(%)

Mean CV
(%)

Mean CV
(%)

bDN Registration 1072±180 16.8 954±146 15.3 970±164 16.9 901±151 16.8 905±83 9.2 912±93 10.2 996±167 16.8 944±92 9.7
PNT 1007±74 7.4 941±85 9.0 856±63 7.4 826±53 6.4 915±84 9.2 882±89 10.0 959±63 6.6 953±59 6.2

FA Registration 0.32±0.04 12.3 0.38±0.04 10.2 0.26±0.08 29.3 0.28±0.08 28.8 0.42±0.04 10.2 0.41±0.04 9.1 0.29±0.06 22.1 0.35±0.05 14.2
PNT 0.33±0.03 10.2 0.39±0.04 9.4 0.31±0.04 12.8 0.31±0.05 15.6 0.43±0.03 7.6 0.44±0.03 7.5 0.31±0.04 12.5 0.30±0.03 8.7

The units of bDN are×10−6 mm2/s.

27M.E. Bastin et al. / NeuroImage 43 (2008) 20–28

Bastin et al., NeuroImage, 2008



Different tracts’ properties are correlated

relationships with age. Median LOESS estimated maturational
plateau for RD was 30.4 years (SD = 1.3) ranging from 29.1 years
in Fmin to 32.7 years in the dorsal cingulum. Supplementary
Figure 2 displays age 3 RD plots per hemisphere.

WM Volume
Figure 3 shows age 3 WM volume plots for the various
composite regions and Table 5 presents statistics from least-
square regressions and age at LOESS estimated maxima.
Standardized residual volumes after regressing out ICV and
sex were used. All regions except the dorsal cingulum gyrus
showed significant (P < 0.05, Bonferroni corrected) inverted
U-shaped relationships with age. The dorsal cingulum gyrus
showed a high degree of stability until the latest part of life.
Median age at estimated peak for all areas was 52.2 years (SD =
8.0 years) ranging from 32.1 in corpus callosum to 55.9 years
in the parietal lobe. Importantly, all regional WM volumes
except corpus callosum peaked in the sixth decade.

Figure 4. Correlations between fiber tracts. The figure shows pseudocolor maps of the correlation matrices for the different fiber tracts for FA (left), MD (middle) and RD (right).
The matrices have been arranged so that highly correlated variables are organized along the diagonal. Red/dark colors denote weak and yellow/bright colors denote strong
correlations (see color bar on the right).

Figure 5. Regional FA through the life span. Individual mean FA from the various
atlas tract 3 skeleton intersections plotted as a function of age. Black dotted lines
denote the linear, blue lines the quadratic and red lines the LOESS fits. Blue and red
crosses mark the estimated maxima for the quadratic and LOESS fits, respectively.
The yellow areas represent the probabilistically defined WM tracts used.

Table 3
Results from OLS regressions with regional FA values as dependent and sex, age, and age2 as
independent variables

FA t F R2 sig Age at maxima
(years)

ATR !9.6 88.0 0.29 *** 29.2
CG !10.5 56.1 0.20 *** 31.8
CH !5.2 23.7 0.10 *** 30.2
CST !3.3 18.9 0.08 ** 28.5
Fmaj !8.8 126.8 0.37 *** 24.5
Fmin !10.3 261.8 0.55 *** 24.0
ILF !8.0 102.4 0.32 *** 28.4
SLF !9.7 117.0 0.35 *** 28.8
UF !10.7 153.0 0.41 *** 28.6

Note: The FA values were computed as mean values in regions encompassing both the TBSS
skeleton and the atlas-based tract. t5 t value, F5 F value, R2 5 adjusted R2, age at maxima 5
age at LOESS estimated maximum FA. ATR: anterior thalamic radiation, CG: cingulum gyrus, CH:
parahippocampal cingulate, CST: corticospinal tract, Fmaj: forceps major, Fmin: forceps minor,
ILF: inferior longitudinal fasciculus, SLF: superior longitudinal fasciculus, UF: uncinate fasciculus.
**P\ 0.001, ***P\ 0.0001.
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Westlye et al., Cereb Cortex, 2010

inferior fronto-occipital fasciculi in particular were the most tightly
correlated pair of tracts in terms of their FA (ρ=0.88) and RD
(ρ=0.81). The weakest FA correlations between homologous tracts
were found between the left and right arcuate fasciculi (ρ=0.50),
with the right AF forming an outgroup compared to the other seven
neocortical association pathways. This might reflect the well-known
structural and functional hemispheric asymmetry of the AF, with the
left AF showing larger size and greater FA values in most individuals
(Powell et al., 2006; Catani et al., 2007; Rodrigo et al., 2007; Wakana
et al., 2007), the latter also demonstrated in Table 1. Evidence that this
macrostructural andmicrostructural asymmetry in the AF is related to
left hemispheric language specialization is provided by a study
showing that greater leftward FA lateralization correlated with stron-
ger left-sided dominance for language activation on fMRI (Powell
et al., 2006). Interestingly, the IFO is thought to be a phylogenetically
novel tract in humans which is not found in non-human primates,

whereas the AF may have derived from the further elaboration and
left lateralization of a perisylvian white matter network present in
apes (Catani, 2006; Catani, 2007). It is known that the right AF causes
greater difficulties for DTI tractography than is encountered with the
left AF, often resulting in the asymmetrically small size of the
computed right AF fiber tracks (Wakana et al., 2007). It is not clear the
extent to which the smaller size of the right AF fiber tracks has its basis
in underlying gross anatomic andmicrostructural differences with the
left AF. The right AF may not be found at all by DTI tractography in
some healthy adults (Catani et al., 2007). In our cohort, the right AF
was not trackable in four subjects; these missing data points were
excluded from the correlation analyses. Additionally, the CB showed
relatively weak inter-hemispheric correlation for FA (ρ=0.57), which
may also reflect the known functional and microstructural hemi-
spheric asymmetry between these tracts as reflected in the higher
average FA for the left CB than the right CB (Gong et al., 2005;Wakana
et al., 2007).

Another major finding of our study was the strong degree of
microstructural correlation between specific non-homologous white
matter pathways. Indeed, some of these heterologous associations
were stronger than those betweenmost homologous pairs of tracts. In
the dendrograms, these heterologous relationships are reflected as
shorter correlational distances between non-homologous tracts than
between some homologous pairs. For FA values, particularly strong
non-homologous correlations were found between IFO, ILF, and UF
both within and across hemispheres. These findings that correlations
of DTI parameters between certain pairs of homologous tracts are
weaker than those between specific non-homologous tracts call into
question the increasingly common practice in the DTI literature of
using the contralateral tract as a control for the ipsilateral homologous
tract in clinical studies where the pathology is presumed to be
unilateral, for example in traumatic brain injury (Mayer et al., 2010).
Even besides the known hemispheric asymmetry of the mean FA
values of tracts such as the AF and the CB (Gong et al., 2005; Wakana
et al., 2007), the relatively weak inter-hemispheric microstructural
correlations of these pathwaysmeans that there is no reason to expect
that the contralateral tract would be particularly representative of the
premorbid status of the tract ipsilateral to the pathology.

The pairwise correlations of FA values showed that the eight
neocortical association pathways (four pairs: AF, IFO, ILF, and UF)
formed a separate cluster from the two limbic association pathways
(left and right CB). Also, the only non-association tracts (the left and
right CST) constituted the most distant outgroup of the FA
dendrogram. Hence, the correlational patterns of FA appear to reflect
known phylogenetic and functional differences betweenwhite matter
pathways. The partition between the two projection tracts and the ten
association tracts was statistically significant at a 99% confidence
level. The separation between the limbic and the neocortical as-
sociation tracts reached trend-level significance at an 85% confidence
level.

Among the four DTI parameters, FA showed the greatest variation
in the strength of these pairwise correlations between white matter
pathways. Also, the FA correlational matrix appeared to reflect known
functional similarities and differences between tracts better than the
other three DTI metrics. With a larger sample size, it seems likely that
many of the linkages in the FA dendrogram that did not reach the 95%
confidence level with the current cohort of 44 subjects would then
become significant. FA has become the consensus measure of white
matter microstructural “integrity” throughout the DTI literature due
to its sensitivity to changes of maturation, senescence, and diverse
forms of brain pathology in humans and in experimental animal
models. However, even other DTI parameters that are thought to be
less sensitive to white matter microstructural integrity than FA, such
as the mean diffusivity, did show variations in inter-tract correlations
that were manifested as statistically significant clusters in the den-
drogram analysis. Importantly, there were differences between the

Fig. 3. Hierarchical clustering of FA correlational distances displayed as a dendrogram.
The distancemeasure is 1−ρ, where ρ is the Spearman rank correlation coefficient. The
statistical confidence level of each linkage in the dendrogram is given as a percentage
above the edge representing the linkage. For example, there is a 92% confidence level
that the left and right UF form a cluster. The edge number, reflecting the order in which
the linkages were formed during agglomeration of the groups, is given in italics below
each edge. For example, the left and right IFO were the first tracts to be linked into a
cluster by the hierarchical clustering algorithm.

Fig. 4. Hierarchical clustering of MD correlational distances displayed as a dendrogram.
All conventions are as in Fig. 3.
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MD vs age

• Consistent 
downwards 
trend (except 
splenium) 
over age 
range 8–17 yr

• Values in 
males higher 
at lower 
ages; later 
more similar 
to girls



Tract segmentation + PCA

• Substantial shared variance in both diffusion tensor measures

• Can relate scores to cognitive and/or demographic factors

Principal Component

%
 o

f 
V

a
ri
a
n
c
e

10

20

30

40

2 4 6 8 10 12 14

Measure

FA

MD



Conclusions

• Streamline matching approach is useful for consistent tract 
segmentation in groups

• Little human interaction need be required

• Prior information (reference tracts) can be reused between 
heterogeneous groups

• Different tracts are linked, and principal components analysis can 
be used to identify common factors
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Resources

• TractoR software package: https://github.com/jonclayden/tractor

• Research home page (including publications): http://
www.homepages.ucl.ac.uk/~sejjjd2/research

• E-mail: j.clayden@ucl.ac.uk
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