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Semantic dementia, in which there is progressive deterioration of semantic knowledge, is associated with focal, typically
asymmetric, temporal lobe degeneration. The ventrorostral temporal lobe is most severely affected and there is concordance
between atrophy and reduced metabolic activity. In this study, we confirmed the veracity of this claim using
8F_fluorodeoxyglucose positron emission tomography and anatomical magnetic resonance images. The principal aim, however,
was to understand the impact on neuronal projections from the ventrorostral temporal cortex lesion by studying the full extent
of white matter changes, with no a priori assumptions about the nature or spatial location of the tracts involved. Using an
unbiased voxel-wise approach known as tract-based spatial statistics, we compared results of whole-brain diffusion tensor
imaging—absolute metrics of axial, radial and mean diffusion as well as fractional anisotropy—from 10 patients with mild/
moderate semantic dementia and 21 matched controls. Distributions of increased absolute diffusivity and reduced fractional
anisotropy for patients with semantic dementia were spatially concordant with each other. Abnormalities in all metrics were
highly statistically significant in ventrorostral temporal white matter, more extreme on the left side, thus closely matching
results from structural and functional imaging of grey matter. The most sensitive marker of change was radial diffusion. Local
white matter tract abnormalities extended rostrally towards the frontal lobe and dorsocaudally towards the superior temporal
and supramarginal gyri. To examine more remote changes, we performed a skeletonized probabilistic tractography analysis—
‘seeding’ the rostral temporal voxels identified as abnormal in the patient group—in a healthy control group. Three major neural
pathways were found to emanate from this ‘seed region': uncinate, arcuate and inferior longitudinal fasciculi. At a less con-
servative threshold, tensor abnormalities in the semantic dementia group mapped onto the tractographies for the uncinate and
arcuate bundles well beyond the rostral temporal lobe; this was not the case for the inferior longitudinal bundle, where
abnormalities in semantic dementia did not extend caudal to the atrophic/hypometabolic zone. The results offer direct evidence
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for how the ventrorostral temporal lesion, proposed to be responsible for deteriorating semantic knowledge in semantic
dementia and separate from ‘classic’ language areas, is associated with degeneration of efferent white matter projections to

such language areas.

Keywords: semantic memory disorders; neurodegenerative mechanisms; diffusion tensor; white matter fibre pathways; tractography

Abbreviations: A, = axial diffusivity; ACE-R = Addenbrooke's cognitive examination—revised; TBSS = tract-based spatial statistics

Introduction

The notion that complex mental faculties might be localized to
single, compartmentalized brain regions has probably not been
seriously entertained since the early part of the 19th century,
when the ‘discipline’ of phrenology was in fashion. Human abilities
such as memory and language must, we now know, arise from the
activity of distributed neural networks. The unavoidable implica-
tion of this principle is that, in order to discover how the brain
achieves such functions and how they go awry when the brain is
damaged, we need to understand not only abnormal cortical, grey
matter components of the relevant networks, but also the conse-
quences of such lesions for neural pathways: white matter tracts.
Progress in this essential arena is now possible because of the
development of MRI, and in particular of diffusion tensor imaging;
but the story is only beginning to unfold and, as usual, results may
differ on the basis of the particular techniques and metrics
employed.

The subject of the current study is semantic dementia, a variant
of frontotemporal lobar degeneration and arguably the most im-
portant current lesion model for understanding semantic memory.
Neuroanatomically, semantic dementia is marked by severe
temporal lobe degeneration, particularly in the rostral and ventral
temporal lobe bilaterally, but often more extreme on the left
(Desgranges et al., 2007; Hodges et al., 2010). Cognitively, it is
characterized by progressive deterioration of semantic knowledge
(Snowden et al., 1989; Hodges et al., 1992). Although the lesion
in semantic dementia encompasses a large area of the temporal
lobe, the rostral fusiform gyrus bilaterally has been established
as a site of maximal degeneration (Chan et al., 2001; Davies
et al., 2004; Nestor et al., 2006). Even more compelling, in a
recent study using "®F-2-fluoro-2-deoxy-p-glucose-PET, hypome-
tabolism in the rostral fusiform gyri was the only significant neural
correlate of the semantic memory deficit, with some evidence for
hemispheric specialization according to test material (expressive,
verbal: left rostral fusiform; non-verbal, associative: right rostral
fusiform) (Mion et al., 2010). Diffusion tensor imaging studies
to address white matter tract involvement in semantic dementia
are sparse at present (Agosta et al., 2010; Whitwell et al., 2010).
Agosta et al. (2010) reported that left ventral temporal white
matter areas are selectively vulnerable in patients with semantic
dementia, with involvement of fibre tracts that extend beyond the
temporal lobe. Their results identified degeneration of three major
tracts (uncinate, arcuate and inferior longitudinal bundles), relative
preservation of the frontoparietal superior longitudinal fasciculus
and the genu of the corpus callosum, and total preservation of the
caudal corpus callosum. Their analysis employed tractographies

targeting predefined language-related ‘way-point masks' in the
left hemisphere of five patients with semantic dementia.
Tract-specific diffusion tensor imaging analyses are only helpful,
however, to quantify the overall damage in selected white matter
pathways—differential patterns of abnormality within a given tract
could not be assessed; furthermore, diffusion tensor behaviours in
other fibre bundles were not tested.

The aim of the present study was to provide a novel, compre-
hensive map of the white matter network changes in semantic
dementia across the whole brain. In view of the recent demon-
stration—after several years of debate—that the neural substrate
for semantic memory loss in semantic dementia is localized in the
ventrorostral temporal lobe (Mion et al., 2010), we specifically
wanted to map the projections of axons originating from this
lesion. Diffusion abnormalities in a tract, however, cannot address
the directionality of such changes. Therefore, in order to infer tract
direction, we adopted a multi-modal imaging approach to com-
pare diffusion changes with both cortical atrophy and hypometa-
bolism. The rationale here is the very plausible assumption that
changes in white matter tracts extending between areas of cortical
damage and areas of cortical sparing would imply degeneration
from the former to the latter. Demonstrating direct concordance
between cortical degeneration and white matter abnormalities
would, furthermore, validate the diffusion results as being due
to tract degeneration, as one would expect a strong coupling
between cortical neuronal cell body loss and axonal loss in
adjacent white matter.

Materials and methods
Subjects

Ten patients [three females, seven males; mean age (SD) 62.5 (6.5)]
with a clinical diagnosis of semantic dementia according to consensus
criteria (Neary et al., 1998) were recruited from the memory clinic at
Addenbrooke's Hospital, Cambridge, UK. On structural imaging, all
had the qualitative pattern of severe rostral peri-fusiform atrophy
that was recently suggested to discriminate semantic dementia,
as a pathological variant of frontotemporal lobar degeneration, from
Alzheimer's disease with disproportionate semantic impairment (Pereira
et al., 2009). For the imaging study, 21 control participants [10 males,
11 females; mean age (SD) 69.3 (6.1)] were also recruited and
screened to exclude neurological or major psychiatric illness. They
performed normally on cognitive screening: mini-mental state exam-
ination (Folstein et al., 1975) mean (SD)=28.8/30 (0.5); and
Addenbrooke's cognitive examination-revised (ACE-R, Mioshi et al.,
2006) mean (SD) =94.0/100 (3.7). Written informed consent was
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Table 1 Scores on cognitive testing for patients with semantic dementia in this study, and for the age- and sex-matched
control participants from Adlam et al. (2006) and Pengas et al. (2010)?

Cognitive measures Patient Semantic dementia group  Control group
1 2 3 4 5 6 7 8 9 10
MMSE/30 27 27 23 26 25 25 24 22 25 18 24.2 (18-27) 29.2 (25-30)
ACE-R/100 78 77 73 61 60 59 54 52 47 40 60.1 (40-78) 94.4 (86-99)
Rey copy/36 36 36 36 36 34 31 30 34 34 36 34.3 (30-36) 34.2 (31-36)
Rey recall/36 23 11 11 26 12 145 125 4.5 55 15 13.5 (4.5-26) 17.7 (9-27)
Digits-F 6 6 8 7 7 6 6 6 5 7 6.4 (5-8) 6.8 (4-8)
Digits-B 6 5 4 6 5 4 3 4 4 4 4.4 (3-6) 4.8 (3-7)
GNT/30 5 5 2 0 0 0 0 0 0 1 1.3 (0-5) 24.6 (18-29)
Naming/64 50 54 40 21 23 22 12 12 14 1 24.9 (1-54) 62.3 (57-64)
Word-picture matching/64 64 63 55 54 48 40 52 27 88 25 46.1 (25-64) 63.8 (63-64)
CCT/64 56 46 47 44 40 28 47 30 34 41 41.3 (28-56) 59.1 (51-62)
VRLT errors 1 5 1 1 2 2 2 1 2 1 1.8 (1-5) 1.67 (0-5)*

Group values are given as mean (range).

ACE-R/100 = Addenbrooke’s cognitive examination-revised score out of 100-point total; CCT/64 = Camel and Cactus Test score out of 64-point total; Digits-B = digit-span
backwards; Digits-F = digit-span forwards; GNT/30 = Graded Naming Test score out of 30-point total; MMSE/30 = mini-mental state examination score out of 30-point

total; VRLT = Virtual Route-Learning Test.

obtained from all the participants and the study was approved by the
regional Research Ethics Committee.

The remaining neuropsychological test information for the patients
with semantic dementia in this study is presented in Table 1 (for both
individuals and as a group) along with appropriate age- and
sex-matched control data from a previous study (Adlam et al.,
2006). The patients with semantic dementia are ordered in Table 1
on the basis of their scores on ACE-R, from least to most impaired.
The Rey Figure (copy and delayed recall; Osterrieth, 1944) and digit
span in both directions (digits F and B) refer to the usual versions of
these tests. The Graded Naming Test (GNT; McKenna and
Warrington, 1983) is a difficult naming test on which most controls
do not score at ceiling and on which patients with semantic dementia,
who are profoundly anomic, perform very poorly, as Table 1 demon-
strates. The subsequent three entries in Table 1 [naming, word-picture
matching and the Camel and Cactus Test (CCT; Bozeat et al., 2000)]
are the standard semantic measures used in our research in
Cambridge: all employ the same 64 objects, half living and half
man-made. For naming, each picture (line drawing) is presented on
its own and the participant is asked what it is called. For word—picture
matching, the participant is shown an array of 10 pictures, the target
and nine distractors from the same category; the experimenter names
the target picture and asks the participant to point to the matching
picture. For the CCT of associative semantic knowledge, the partici-
pant sees one target and four response alternatives, all coloured pic-
tures, and is asked to choose the response that is most closely related
to the target. The final measure in Table 1, Virtual Route-Learning Test
(VRLT), is a topographical memory test that has recently been shown
to be highly sensitive and specific in discriminating between patients
with Alzheimer's disease, who perform very poorly on this test, and
those with semantic dementia who perform well (Pengas et al., 2010).

It is worth noting that, if one chose to sequence the cases with
semantic dementia in Table 1 on scores for either naming or word-
picture matching, the order of cases would be almost identical to that
obtained from the ACE-R scores. This fact reflects—as reported in a
number of papers on semantic dementia—how stable and supramodal
these patients tend to be in their semantic decline.

Imaging

MRI images were acquired on a Siemens Trio 3T system (Siemens
Medical Systems), equipped with gradient coils capable of 45mT/m
and slew rate of 200T/m/s, and a 12-channel phased-array total
imaging matrix head-coil (Siemens Medical Systems). '8F-2-fluoro-
2-deoxy-p-glucose-PET scans were performed on a General Electric
Advance scanner (GE Medical Systems). MRI and '®F-2-fluoro-2-
deoxy-p-glucose-PET acquisitions took place within 2 weeks of each
other for all subjects.

Diffusion tensor imaging

Diffusion data sets were acquired using a twice-refocused, single-shot,
echo-planar imaging pulse sequence (Reese et al., 2003): repetition
time/echo time/number of excitations = 7800 ms/90 ms/1; matrix,
96 x 96; 63 contiguous axial slices; isotropic voxel resolution of
2 x 2 x 2 mm?, bandwidth of 1628Hz/pixel and echo spacing of
0.72ms. The tensor was computed using 63 non-collinear diffusion
directions (b = 1000s/mm?) that were maximally spread by consider-
ing the minimal energy arrangement of point charges on a sphere
(http://www.research.att.com/_njas/electrons/dim3), and one scan
without diffusion weighting (b =0s/mm?, by). We also allowed for
parallel acquisition of independently reconstructed images using gen-
eralized, auto-calibrating, partially parallel acquisitions [GRAPPA,
(Griswold et al., 2002), acceleration factor of 2 and 39 reference
lines].

Volumetric T4 imaging
T4-weighted anatomical acquisitions consisted of 3D magnetization-
prepared, rapid gradient-echo (MPRAGE) volumes with the following
imaging parameters: repetition time/echo time/inversion time/flip
angle = 2300 ms/2.86 ms/900 ms/9°, 144 slices, 192 x 192 matrix
dimensions and 1.25 x 1.25 x 1.25 mm? voxel size. Receiver band-
width and echo spacing were 240 Hz/pixel and 6.7 ms, respectively.
The entire MRI protocol was acquired during a single 25-min ses-
sion, and the field of view was systematically aligned in stereotactic
space: each brain's anterior commissure—posterior commissure line was
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aligned with the axial plane and the interhemispheric fissure was
aligned along the sagittal plane at right angles to the coronal plane.
In addition to field-of-view's anterior commissure—posterior commis-
sure alignment, to maximize acquisition consistency across subjects,
the scanning bed was adjusted accordingly to match the scanner iso-
centre with the centre of the thalamus in the mid-sagittal plane.

18F.-2-fluoro-2-deoxy-p-glucose-positron emission
tomography

8F-2-fluoro-2-deoxy-p-glucose-PET scans—preceded by a 6h fast—
were obtained in 3D mode. Subjects were scanned in a dimly lit, quiet
room, without using earplugs and blindfolds; the subjects were at rest,
but not sleeping. A 15-min transmission scan for attenuation correc-
tion was performed in 2D mode using rotating ®®Ge rods, and then a
150 MBq fluoro-2-deoxy-p-glucose intravenous bolus injection was
given over 30s. PET-emission images were obtained 35-55min after
injection, and were reconstructed using the PROMIS 3D filtered back
projection algorithm (Kinahan and Rogers, 1989) into 128 x 128 x 35
arrays with voxel size 2.34 x 2.34 x 4.25 mm?>. Note that corrections
were applied for dead time, randoms, normalization, scatter,
attenuation and decay.

Data processing and analysis

Diffusion tensor imaging

Until recently, diffusion tensor imaging studies of patients mostly
focused on changes in fractional anisotropy. This choice is based on
the assumption that neuronal loss will be captured by unequal changes
in radial compared with axial diffusion, causing loss of anisotropy in
the shape of the diffusion ellipsoid. Empirical neurobiological evidence
for fractional anisotropy as the most appropriate metric is, however,
lacking. Regarding the various measures of diffusivity, we recently
reported—using the same acquisition parameters as in the present
study—that fractional anisotropy failed to capture changes in
Alzheimer's disease (Acosta-Cabronero et al., 2010). Exploring the
full tensor revealed that axial diffusivity (i4), radial diffusivity and
mean diffusivity were far more sensitive than fractional anisotropy.
Although changes in 1, were marginally greater than those in radial
diffusivity and mean diffusivity for patients with Alzheimer's disease,
axial and radial diffusion increased fairly similarly in the white matter
areas affected by disease, thus reducing the potential for fractional
anisotropy to reveal abnormality. It does not follow, however, that
this conclusion would apply to all neurodegenerative diseases: differing
degrees of neuronal and glial pathology, apoptosis, inflammation, etc.,
in different diseases could give rise to different behaviours. It is even
possible that such tensor behaviours (varying patterns in A4, radial
diffusivity, mean diffusivity and fractional anisotropy) could have
disease specificity.

Tract-based spatial statistics

The functional MRI of the brain (FMRIB) software library (FSL v4.1)
(Smith et al., 2004) was employed to process and analyse diffusion
tensor imaging data. First, each diffusion-weighted volume was
affine-aligned to its corresponding bo image using the FMRIB's linear
image registration tool (FLIRT v5.4.2) (Jenkinson and Smith, 2001);
this preprocessing step corrects for motion artefacts and eddy-current
distortions. Prior to fitting the tensor, brain masks of each by image
were generated using the brain-extraction tool (BET v2.1 or BET2)
(Smith, 2002) with fractional threshold, f=0.1, and vertical gradient,
g=0. BET is based on regional properties of the image, where the
forces pushing the template outward are locally computed at each
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vertex. The FMRIB's diffusion toolbox (FDT v2.0) was then used to
fit the tensor and compute the diagonal elements (A4, 1, and 13) at
each brain voxel, from which fractional anisotropy, radial diffusivity
and mean diffusivity were subsequently inferred.

The tract-based spatial statistics (TBSS v1.2) approach (Smith et al.,
2006), whereby the nearest most relevant tracts in each subject's
spatially normalized fractional anisotropy image are projected onto a
skeleton, was used to perform voxel-wise statistics at the tract centres
only, hence minimizing the effect of misregistration—a common
problem that is compounded by atrophy.

Spatial normalization was performed by choosing a target image i.e.
the map that required the least amount of non-linear warping to
match all other images, which was then affine-aligned into MNI152
standard space (Montreal Neurological Institute). The combination
of the two transformations was applied to each subject's frac-
tional anisotropy image, and all (i.e. patients and controls) warped
fractional anisotropy maps were then averaged to create the mean
fractional anisotropy template, from which the mean fractional anisot-
ropy skeleton was derived. Finally, all subjects’ normalized fractional
anisotropy, A4, radial diffusivity and mean diffusivity data were pro-
jected onto the skeleton and fed into voxel-wise statistics.

TBSS uses permutation-based non-parametric inference on
unsmoothed statistical maps; 10000 permutations of the data were
generated to test against using ‘randomize v2.1', and cluster-like
structures were enhanced using the threshold-free cluster enhance-
ment algorithm (Smith and Nichols, 2009). The statistical maps were
corrected for multiple comparisons, with the threshold level set to
family-wise error-corrected P < 0.05.

Skeletonized probabilistic tractography

The abnormal skeletonized voxels inferred from the most sensitive
diffusion tensor imaging metric were used to 'seed’ the tractography
algorithm. The most extensive TBSS result was de-projected onto each
control subject’s native diffusion tensor imaging space to generate
subject-specific ‘seed masks'.

The probabilistic diffusion tractography algorithm (probtrackx)
implemented in FMRIB's diffusion toolbox v2.0 allows the computa-
tion of ‘connectivity' distribution maps. The algorithm uses the uncer-
tainties inferred from resolving the principal diffusion direction at each
voxel to estimate the probability that a pathway passing through a
‘seed voxel' will also pass through any other brain voxel (Behrens
et al.,, 2003b). The model also incorporates a solution to the
multiple-fibre orientation problem (bedpostx) (Behrens et al., 2007).

In this study, 5000 distance-corrected probabilistic pathways were
computed using modified Euler integration for each ‘seed voxel'.
Fractional anisotropy and curvature (cosine of the minimum allowable
angle: 0.2, or ~80°) stopping criteria were imposed; pathways were
also terminated after 2000 steps, using a step length of 0.5mm.

Tractographies computed for each control subject were projected
back onto the spatially normalized skeleton using the projection vec-
tors inferred from the original fractional anisotropy data, and were
then averaged. The resulting skeletonized ‘connectivity’ distribution
map was finally thresholded to confine it to probabilities only >1%
of the maximum possible number of probabilistic pathways in a voxel,
i.e. 5000 x total number of ‘seed voxels'.

Voxel-based morphometry

SPM5 (http://fil.ion.ac.uk/spm) is a frequently employed voxel-wise
method for evaluating regional differences in grey matter density,
i.e. atrophy, using a technique known as voxel-based morphometry
(Ashburner and Friston, 2000). SPM5, which was used with its default
settings, enables non-linear warping to MNI152 standard space, tissue
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classification and radio-frequency bias correction to be combined
within its model (Ashburner and Friston, 2005). The resulting
warped grey matter segments were modulated to compensate for
the volumetric differences introduced by warping, and smoothed
using an 8-mm full width at half-maximum isotropic Gaussian
kernel. Recent studies, however, have shown that skull stripping and
radio-frequency bias correcting magnetic resonance images can im-
prove the performance of warping algorithms (Fein et al., 2006;
Acosta-Cabronero et al., 2008; Pereira et al., 2010). Scans were there-
fore preprocessed prior to processing in SPM5 by the following auto-
mated pipeline: first, skull-stripping was performed using the hybrid
watershed algorithm (Segonne et al., 2004) in FreeSurfer v3.04
(http://surfer.nmr.mgh.harvard.edu). The hybrid watershed algorithm
makes use of local statistics for the template deformation and inte-
grates an atlas-based term constraining the shape of the brain.
Stripped volumes were then bias corrected using the non-parametric,
non-uniform intensity normalization algorithm or N3 v1.10 (Sled et al.,
1998) with default arguments. N3 corrects intensity non-uniformities
without requiring a model of tissue classes; instead, it uses a decon-
volution kernel to sharpen the histogram plots that have been
smoothed by the bias field. And finally, fine brain extraction that fur-
ther excludes venous sinuses and CSF prior to SPM5 was performed
using BET2 with fixed arguments: f=0.2 and g = 0. Preprocessing and
warping procedures need reasonable initial estimates; hence the origin
of each structural volume was set manually to the anterior commissure
prior to preprocessing.

Non-parametric statistics using ‘randomize’ were then used to per-
form the group comparison; 10000 permutations of the data were
generated to test against. The threshold level was set to family-wise
error-corrected P < 0.05.

18F_2-fluoro-2-deoxy-p-glucose-PET data processing
and voxel-wise analysis

Mean (35-55min) emission maps were generated and their origins
were also set to the anterior commissure. The resulting volumes
were skull stripped using BET2 (f=0.7, g=0), rigidly aligned to their
corresponding preprocessed structural image, and resliced (sinc inter-
polated) to match the sampling of structural volumes using the VTK
CISG registration toolkit v2.0.0 (Rueckert et al., 1999). Aligned,
resampled, mean emission maps were then transformed into stereo-
tactic space using the SPM5 warp transforms of preprocessed struc-
tural volumes, and resampled to 2-mm isotropic voxels using
seventh-degree b-spline interpolation. Finally, mean emission maps in
MNI standard space were normalized to the total mean (including
patients and controls) of primary sensory—motor cortex [Brodmann
areas (BAs) 1, 2, 3 and 4] radioactivity concentration (Mion et al.,
2010), and were smoothed with a 16-mm full width at half-maximum
Gaussian kernel.

Consistent with the above TBSS and voxel-based morphometry
analyses, 10000 random permutations of the '8F-2-fluoro-2-deoxy-
p-glucose-PET data were also performed using ‘randomize’, and a
threshold level of family-wise error-corrected P < 0.05 was applied
to determine significant '8F-2-fluoro-2-deoxy-p-glucose-PET differ-
ences between patients with semantic dementia and healthy elderly
controls.

3D visualization

3D data sets, such as templates, thresholded statistical maps and
skeletonized tractographies were rendered using the Mayavi engine
(http://code.enthought.com/projects/mayavi). Mayavi was scripted
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from Pythonand used the VTK library for its visualization tasks via
Traited VTK (TVTK).

Results

As expected, significant atrophy and hypometabolism were
observed in the rostral and inferior temporal lobes of the patients
with semantic dementia, more extreme on the left than the right.
Diffusion tensor abnormalities—as illustrated by the distribution of
increased radial diffusivities in semantic dementia—were concord-
ant with the structural and metabolic data (Fig. 1). The composite
rendering clearly indicates the agreement across imaging
modalities.

TBSS results for decreased fractional anisotropy and increased
diffusivities in patients with semantic dementia overlaid onto the
MNI152 template and the mean fractional anisotropy skeleton
(Fig. 2) confirmed that white matter damage in semantic dementia
is predominantly associated with inferior anterior temporal lobe
neurodegeneration. Anisotropy and absolute diffusion abnormal-
ities showed overall concordance with each other, but differences
in radial diffusivity were the most widespread.

TBSS results for increased radial diffusivity in patients with
semantic dementia at a less stringent threshold (uncorrected,
P < 0.01) highlighted the involvement of connections to frontal
areas through the uncinate and arcuate fasciculi, and strong left
lateralization, particularly in connections to superior temporal and
supramarginal gyri (Fig. 3).

The average-control, skeletonized tractography ‘seeded’ with
abnormal radial diffusivity voxels in semantic dementia (Fig. 4)
features pathways: (i) to the orbitofrontal region through the un-
cinate fasciculus; (i) to the frontal lobe (via the superior temporal
gyrus) through the arcuate fasciculus; and (iii) to the occipitotem-
poral regions through the inferior longitudinal fasciculus. TBSS
results for increased radial diffusivity in patients with semantic
dementia at the uncorrected threshold level revealed abnormalities
extending further rostrally and dorsally through the uncinate
fasciculus and arcuate fasciculus remote from the most severe
alterations, but not further caudally through the inferior longitu-
dinal fasciculus (Fig. 4). All other diffusion tensor imaging metrics
revealed the same remote alterations (at an uncorrected threshold
level) along the uncinate and arcuate fasciculi (data not shown).

Discussion

There was high concordance in the distributions of atrophy and
hypometabolism in the temporal cortex of patients with semantic
dementia (Fig. 1). This result replicates a previous study comparing
these imaging modalities (Desgranges et al., 2007). The novel
contribution of the current study was a TBSS analysis offering an
unbiased whole-brain view of the landscape of white matter tract
degeneration in semantic dementia. The results of this analysis
provide yet more concordance: the principal white matter abnorm-
alities closely mirrored the regions of structural and metabolic
abnormalities in the cortex; this is most obvious from the compari-
son of the findings from each imaging modality (Fig. 1). Aside
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Voxel-based morphometry

FDG-PET voxelwise analysis

Composite

J. Acosta-Cabronero et al.

Figure 1 Non-parametric statistical results of reduced regional grey matter density (top row 1), reduced mean "8F-2-fluoro-2-deoxy-p-
glucose-PET (row 2), increased radial diffusivity (row 3) and a composite of the first three (bottom row 4) for 10 patients with semantic
dementia compared with 21 healthy controls, all at family-wise error-corrected P < 0.05.

from reinforcing the focal nature of ventrorostral temporal lobe
degeneration in semantic dementia, this tight coupling of diffu-
sional white matter changes with two markers of grey matter
degeneration offers strong evidence that diffusion tensor imaging
in degenerative disease is a marker of axonal loss. This last point
has been largely assumed, but was lacking in evidence: in prin-
ciple, diffusion abnormalities could be driven by, for instance, glial
changes. All four diffusion metrics detected broadly concordant
abnormalities in the temporal lobes, though radial diffusivity
showed greatest sensitivity (discussed further below).

The contrast between the uncorrected TBSS results for patients
with semantic dementia and the average tractography from
age-matched controls revealed that the abnormality identified in
the statistically stringent analysis tracked into the uncinate and
arcuate fasciculi, extending beyond the atrophic and hypometa-
bolic temporal lobe regions (Fig. 3). With one notable exception,
these results are in close agreement with the diffusion study by

Agosta et al. (2010) that employed a different methodology:
Agosta et al. (2010) also reported significant inferior longitudinal
fasciculus involvement in semantic dementia, not replicated in our
data. This discrepancy may be explained by the differing meth-
odologies. Agosta et al. (2010) used tractographies to create re-
gions of interest and then studied the diffusion metrics within
these masks. A significant change in diffusion measures could
have been generated, therefore, either from all voxels within the
region of interest, or from a subset of abnormal voxels that chan-
ged the mean for the whole region. We suggest the latter as the
likely explanation because, in our results, inferior longitudinal fas-
ciculus involvement was restricted to the rostral temporal lobe and
did not extend into the cortically uninvolved occipital lobe.

A white matter pathway can receive fibres from multiple grey
matter regions; this phenomenon can be modelled by probabilistic
tractography algorithms (Behrens et al., 2003a, 2007). Abnormal
white matter pathways, as measured with TBSS, can therefore be
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Figure 2 Thresholded TBSS maps for reduced fractional anisotropy (FA) and increased 14, radial diffusivity (RD) and mean diffusivity
(MD) in 10 patients with semantic dementia compared with 21 controls at family-wise error-corrected P < 0.05. All metrics were

abnormal in inferior temporal white matter areas.

Figure 3 TBSS results for increased radial diffusivity in patients with semantic dementia compared with controls at uncorrected P < 0.01.
AF = arcuate fasciculus; SMG = supramarginal gyrus; STG = superior temporal gyrus; UF = uncinate fasciculus.

the result of axonal degeneration in certain—but not all—cortical
regions that contribute to a tract. This scenario is exemplified by
the inferior longitudinal fasciculus involvement detected only in
anterior temporal areas, where inferior longitudinal fasciculus
fibres merge those from uncinate and arcuate bundles. Another

critical point about tractography is that it cannot determine the
direction of axonal projections in a tract. Here, though, informa-
tion about the location of the cortical lesion obtained by
"8F_2-fluoro-2-deoxy-p-glucose-PET and structural MRI becomes
relevant. With this additional information, we interpret the finding
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RD: Uncorrected, P<0.01 |
Control tractography

Figure 4 White matter tract abnormalities in patients with semantic dementia projected onto a control tractography highlights: (i) the
involvement of the arcuate and uncinate bundles; and (i) the sparing of tracts running caudally from the temporal lobe through the
inferior longitudinal fasciculus. AF = arcuate fasciculus; FWE = family-wise error; ILF = inferior longitudinal fasciculus; RD = radial

diffusivity; UF = uncinate fasciculus.

as one of preservation of feed-forward inferior longitudinal fascic-
ulus fibres departing from the occipital lobe, while suggesting that
neuronal cell body degeneration in rostral temporal grey matter
impacts on projections into the uncinate and arcuate fasciculi.
In other words, the findings for inferior longitudinal fasciculus,
arcuate and uncinate bundles, when combined with the
"8F_2-fluoro-2-deoxy-p-glucose-PET and structural MRI results,
indicate that projections that can be considered as predominantly
efferent from the damaged temporal lobe (arcuate and uncinate)
are degenerating, but those that are predominantly afferent
(inferior longitudinal fasciculus) into this region are relatively
preserved. This interpretation may seem at odds with known feed-
back neurons along the ventral stream that, presumably, would be
degenerating in semantic dementia. However, it is important to

consider that tracts do not simply run between two points but are
rather constantly giving off and gaining new axons. We propose
that feedback neurons—emanating from the degenerated zone—
would likely be projecting to cortex all along the ventral stream,
such that the occipital part of the inferior longitudinal fasciculus
would contain proportionally few feedback neurons that had
originated in the rostral temporal lobe (Fig. 5).

This conceptualization bears some relevance to the ongoing
debate about how the brain supports semantic knowledge.
A wealth of functional MRI studies in normal participants report
that tasks requiring access to semantic representations of objects
activate sensory and motor regions corresponding to the percep-
tion of and action upon these same objects. Neuropsychological
studies in semantic dementia, however, suggest that the temporal
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Figure 5 Graphical interpretation of inferior longitudinal
fasciculus involvement. Circles represent points along cortex

(A = most caudal; E = most rostral; blue = spared; red = patho-
logical). Arrows represent axons in white matter (solid = spared;
dashed = pathological). Feed-forward and feed-back projections
have been separated for clarity (above and below, respectively).
Note that the model predicts proportionately less abnormality
in white matter as one moves caudally.

lobe lesion causes a deficit in semantic processing in all modalities
(Patterson et al., 2007). This well-established finding has led to a
proposal that the rostral temporal lobe might represent a ‘hub’
that links all the disparate elements of a semantic concept—for
instance, that an apple is a fruit; is round and of a particular size;
has a certain taste; can be made into cider; is associated with
William Tell, New York City and Isaac Newton; and so on. Both
the directionality (that information passes forward from sensory
areas) and its destination (converging on the rostral temporal
lobe) were illustrated in a study using magnetoencephalography:
a task in which participants made semantic judgements to spoken
or written words initially activated the respective modality-specific
auditory and visual brain areas, but activation then later converged
on the rostral temporal lobe (Marinkovic et al., 2003). The recent
finding that the semantic deficit in semantic dementia is under-
pinned by a relatively focal lesion to the rostral fusiform gyri
(Mion et al., 2010) suggests a particularly focal location for this
putative ‘hub’. The finding in the current study that the inferior
longitudinal fasciculus, which could be viewed as a conduit for
visual object information, is uninvolved caudal to the degenerated
rostral temporal lobe adds further evidence that semantic demen-
tia is a disorder of the integration of these disparate elements to
form a semantic concept. This notion is further supported by the
observation that patients with semantic dementia have no diffi-
culty recognizing a perceptually identical exemplar of an object
that they have seen before, but are significantly impaired if the
new stimulus is a different exemplar of the same object type, or
even if it is the same, but presented in a different colour or from a
different angle (Graham et al., 2000; lkeda et al., 2006).

The finding of arcuate fasciculus involvement warrants special
mention. Agosta et al. (2010), who, as already noted, also identi-
fied this abnormality, highlighted an apparent paradox in that
arcuate lesions are thought to be synonymous with word-
repetition deficits—as seen in conduction aphasia—yet preserved

Brain 2011: 134; 2025-2035 | 2033

single-word repetition is a characteristic feature of semantic
dementia. Here we propose that the combined results of the
cortical lesion mapping ('®F-2-fluoro-2-deoxy-p-glucose-PET and
structural MRI) and diffusion tensor imaging offer a solution.
Again it is important to highlight the fact that tracts receive
inputs from multiple cortical regions. Therefore, identifying a
lesion in a given tract is not evidence that all fibres of that tract
are damaged. Previous tractography work localized fibres of the
arcuate fasciculus that link posterior superior temporal gyrus and
adjacent inferior parietal areas such as the supramarginal gyrus
(collectively, ‘Wernicke's area') to the ventrolateral frontal lobe
(‘Broca’s area') (Catani et al., 2005). A lesion to this connection
is widely considered to be the basis of impaired repetition in
conduction aphasia. Although the current results indicate that
the ventrorostral temporal lobe also sends a projection into the
arcuate fasciculus, consistent with white matter tract dissection
in humans (Ture et al., 2000), the '®F-2-fluoro-2-deoxy-p-
glucose-PET and structural imaging yielded no evidence of primary
damage to the ‘classic’ posterior language areas (posterior superior
temporal gyrus, supramarginal gyrus), the ventrolateral frontal
lobe, nor of the white matter connections between these two
regions. Preservation of this pathway predicts that patients with
semantic dementia should succeed in repeating single-spoken
words, even those for which they have no understanding; this,
in turn, is precisely the pattern that has been documented in
semantic dementia (Hodges et al.,, 2008). Uncinate fasciculus
involvement was also found—this tract connects the rostral tem-
poral lobe with the ventral frontal lobe, hence this was unsurpris-
ing. As to whether this lesion has an impact on semantic
processing remains unclear presently; it has been proposed to be
a component of the semantic network (Vigneau et al., 2006) and
the current findings at least indicate the possibility of it being
relevant to semantic dementia.

We propose, however, that the key finding of the current study
was not the uncinate, arcuate and inferior longitudinal fasciculus
results, but instead, the local changes that would not have been
captured by focusing exclusively on the former major tracts. For
example, there was contiguous involvement of white matter
pathways leading from the severely degenerated ventrorostral
temporal lobe to the supramarginal gyrus and the posterior super-
ior temporal gyrus (Fig. 3)—in other words, to the ‘classic’ pos-
terior language areas, which, as discussed above, are themselves
spared (as demonstrated by the structural and metabolic results).
We interpret these changes as representing degeneration of axons
whose cell bodies arise in the former and project to the latter. This
finding offers direct evidence of how the ventrorostral temporal
lesion—most notably the anterior fusiform (Binney et al., 2010;
Mion et al., 2010)—results in a loss of input to language areas
that are not directly lesioned. One important point to highlight is
that the current study, with a sufficient number of patients for its
goal of mapping the white matter tract involvement in semantic
dementia, lacked sufficient power to run covariate analyses with
behavioural data. Whether damage to this pathway linking the
ventrorostral temporal area to lateral parietotemporal language
areas is enough to explain the entirety of the language abnormal-
ity in semantic dementia, or whether there are also important
contributions through uncinate and arcuate bundles, remains to
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be determined when a larger cohort of patients has been assessed
with this imaging protocol.

An interesting negative in the present study was the absence of
parahippocampal white matter damage. In stark contrast to the
earlier study of Alzheimer's disease employing this same paradigm
(Acosta-Cabronero et al., 2010), abnormality of this region
involved only a small rostral area subjacent to the hippocampal
head that did not track back towards the cingulum. This is
consistent with the known rostral bias of hippocampal atrophy
in semantic dementia (Chan et al., 2001; Nestor et al., 2006).
Considering the severity of hippocampal atrophy in semantic
dementia (Galton et al., 2001; Davies et al., 2004), however, it
is also somewhat surprising. Given the qualitative differences in
the cognitive profile of semantic dementia and Alzheimer's dis-
ease, a final point of interest is that the present semantic dementia
study and the previous Alzheimer's disease study, using identical
acquisition and analysis methods, yielded almost mutually exclu-
sive differences in the topography of white matter degeneration
for these two disorders.

As voxel-wise analysis of diffusion tensor imaging data is a rela-
tively new and evolving method, a few technical points warrant
discussion. First is the observation that, to visualize long-tract in-
volvement, one has to relax the statistical threshold. We empha-
size that this procedure was not exploratory but rather, was
motivated by the intent to examine tracts receiving projections
from the initial, statistically stringent analysis. Although disease
severity and sample size will influence the extent to which abnor-
mal tracts can be visualized, the nature of white matter anatomy
means that one should expect the statistical effect to diminish as
one moves away from a lesion, because the tracts will contain a
progressively diminishing proportion of fibres from the abnormal
region. The second point is the observation in the present study
that radial diffusivity was the most sensitive metric of white matter
change. Previously we reported, using precisely the same acquisi-
tion protocol in Alzheimer's disease, that radial diffusivity and A
were broadly concordant (though with a slight increase in
sensitivity for 1q); for the derived metrics, this meant that mean
diffusivity was also sensitive, but fractional anisotropy was not
(Acosta-Cabronero et al., 2010). In the current study, however,
disproportionate radial diffusivity changes enabled fractional an-
isotropy to capture white matter alterations in semantic dementia.
The conclusion from this contrast is that one cannot assume a
universal diffusion metric that should be applied equally in all
circumstances. This is not surprising given that factors such as
apoptosis and glial pathology differ in different pathologies, and
that these may affect the tensor behaviour in different ways. The
contrast of Alzheimer's disease and semantic dementia pathologies
highlights the critical importance of exploring the full tensor, in
particular to avoid the risk of false-negative results. Whether this
differential involvement of tensor metrics could have any diagnos-
tic specificity remains to be seen.

In conclusion, results from this diffusion tensor imaging study of
10 patients with semantic dementia join findings from structural
and functional imaging in this disease to tell a coherent story
regarding the neural basis for the severe and relatively selective
deficit of semantic knowledge in semantic dementia. Furthermore,
our results indicate that ventrorostral temporal lobe degeneration

J. Acosta-Cabronero et al.

causes loss of axonal projections to the ‘classic’ post-Rolandic
language areas and to the arcuate and uncinate bundles.
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