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Cognitive deficits in semantic dementia have been attributed to anterior temporal lobe grey matter damage; however, key
aspects of the syndrome could be due to altered anatomical connectivity between language pathways involving the temporal
lobe. The aim of this study was to investigate the left language-related cerebral pathways in semantic dementia using diffusion
tensor imaging-based tractography and to combine the findings with cortical anatomical and functional magnetic resonance
imaging data obtained during a reading activation task. The left inferior longitudinal fasciculus, arcuate fasciculus and frontoparietal superior longitudinal fasciculus were tracked in five semantic dementia patients and eight healthy controls. The left uncinate
fasciculus and the genu and splenium of the corpus callosum were also obtained for comparison with previous studies. From each
tract, mean diffusivity, fractional anisotropy, as well as parallel and transverse diffusivities were obtained. Diffusion tensor imaging
results were related to grey and white matter atrophy volume assessed by voxel-based morphometry and functional magnetic
resonance imaging activations during a reading task. Semantic dementia patients had significantly higher mean diffusivity, parallel
and transverse in the inferior longitudinal fasciculus. The arcuate and uncinate fasciculi demonstrated significantly higher mean
diffusivity, parallel and transverse and significantly lower fractional anisotropy. The fronto-parietal superior longitudinal fasciculus
was relatively spared, with a significant difference observed for transverse diffusivity and fractional anisotropy, only. In the corpus
callosum, the genu showed lower fractional anisotropy compared with controls, while no difference was found in the splenium. The
left parietal cortex did not show significant volume changes on voxel-based morphometry and demonstrated normal functional
magnetic resonance imaging activation in response to reading items that stress sublexical phonological processing. This study
shows that semantic dementia is associated with anatomical damage to the major superior and inferior temporal white matter
connections of the left hemisphere likely involved in semantic and lexical processes, with relative sparing of the fronto-parietal
superior longitudinal fasciculus. Fronto-parietal regions connected by this tract were activated normally in the same patients during
sublexical reading. These findings contribute to our understanding of the anatomical changes that occur in semantic dementia, and
may further help to explain the dissociation between marked single-word and object knowledge deficits, but sparing of phonology
and fluency in semantic dementia.
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Introduction
Semantic dementia is a clinical variant of primary progressive
aphasia and it is associated with progressive deterioration of semantic knowledge, atrophy of the anterior temporal lobe (ATL) and most
often TAR DNA binding protein-43 related pathology (Hodges et al.,
1992; Snowden et al., 1992; Mummery et al., 2000; Rosen et al.,
2002; Davies et al., 2005). The pattern of impairment in semantic
dementia is characterized by a clear dissociation between marked
single-word comprehension, object knowledge and irregular word
reading deficits, and sparing of fluency, phonology, syntax and
working memory (Patterson and Hodges, 1992; Hodges and
Patterson, 1996; Gorno-Tempini et al., 2004).
Semantic deficits in semantic dementia have been attributed to
grey matter damage to the ATL (Mummery et al., 2000; Galton
et al., 2001; Rosen et al., 2002; Gorno-Tempini et al., 2004), but
the language network is a highly interactive system and the role of
altered anatomical and functional connectivity must be considered.
Results from several functional neuroimaging studies conducted in
semantic dementia suggest that certain aspects of the syndrome
could be due to a disconnection between the ATL and other
spared language areas (Mummery et al., 1999; Sonty et al.,
2007; Wilson et al., 2009). For instance, the ATL disconnection
could cause a dysfunction in the activity of posterior temporal
regions, i.e. ‘functional diaschisis’ (Mummery et al., 1999), altered
functional connectivity between Wernicke’s and Broca’s areas
(Sonty et al., 2007) or even compensatory hyperactivation in
the inferior parietal area (Sonty et al., 2007; Wilson et al.,
2009). Structural connectivity also needs to be investigated, but
evidence regarding the integrity of language white matter tracts in
semantic dementia and related disorders is still lacking.
Anatomical, network-level structural connectivity can be
investigated with diffusion tensor imaging (DTI)-based tractography that allows in vivo segmentation of axonal trajectories, by
measuring the diffusivity of water along different directions on a
voxel-by-voxel basis (Conturo et al., 1999; Basser et al., 2000;
Wakana et al., 2004; Catani and Thiebaut de Schotten, 2008).
Once the tract is identified, values of fibre integrity can be obtained
including fractional anisotropy (FA), a measure of the degree to
which water diffusion has a common orientation, and mean diffusivity (MD), a measure of the magnitude of water diffusion (Basser
et al., 1994). Furthermore, analysis of directional diffusivities—parallel (//) and transverse (?)—may provide additional information
on the underlying mechanisms of white matter integrity loss (Basser
et al., 1994). Myelin breakdown is consistently associated with
increased diffusivity perpendicular to the white matter tract (?),
while axonal damage is reflected in diffusivity changes parallel
(//) to the primary fibre orientation (Beaulieu, 2002; Song et al.,
2002; Sullivan et al., 2008; Vernooij et al., 2008). DTI metrics are

sensitive to the pathology of a number of neurological conditions
that result in axonal loss and/or disruption of myelin sheath, such as
stroke, multiple sclerosis, brain tumours and dementia (Rovaris et al.,
2005; Ciccarelli et al., 2008). To our knowledge, the only previous
DTI-based tractography study that included semantic dementia
patients in a group analysis identified DTI changes in the corpus
callosum and principal association fibres [i.e. uncinate fasciculus,
inferior longitudinal fasciculus (ILF) and arcuate fasciculus]
(Matsuo et al., 2008), however, the few semantic dementia patients
were not the focus of the study but were incorporated into a larger
cohort of behavioural frontotemporal dementia subjects, and the
contribution of semantic dementia patients to the overall finding is
uncertain (Matsuo et al., 2008).
The main white matter tracts that have been involved in language processing are the ILF, the superior longitudinal fasciculus
(SLF), and the arcuate (Lu et al., 2002; Mandonnet et al., 2007;
Catani and Mesulam, 2008; Duffau, 2008; Glasser and Rilling,
2008). The ILF is a ventral associative bundle which connects
the temporal and occipital lobes, running along the lateral walls
of the inferior and posterior horns of the lateral ventricle (Catani
et al., 2003; Catani and Thiebaut de Schotten, 2008). The SLF is a
long associative bundle connecting the frontal regions with parieto-temporal areas. It can be subdivided into different
components (Petrides and Pandya, 1984; Makris et al., 2005;
Schmahmann et al., 2007). Of interest to our study, subcomponent II (SLF II) links the inferior parietal lobule with the posterior
and caudal prefrontal cortex, whereas SLF III connects the rostral
inferior parietal lobule with the ventral part of premotor and
prefrontal cortex (Petrides and Pandya, 1984; Makris et al.,
2005; Schmahmann et al., 2007). Another fibre tract within the
SLF, the arcuate fasciculus, connects the caudal part of the superior and middle temporal gyri to the lateral prefrontal cortex
(Petrides and Pandya, 1984; Makris et al., 2005; Schmahmann
et al., 2007). To our knowledge, the integrity of these white
matter tracts in the semantic dementia and its relation to structural
and functional status of the cortex have never been investigated.
In this study, we used a multimodal imaging approach to study
the integrity of the left-hemisphere language network in semantic
dementia patients and healthy controls. In particular, we investigated DTI-based macro- and micro-anatomical changes in the left
ILF, arcuate fasciculus and fronto-parietal SLF. The left uncinate
fasciculus and the genu and splenium of the corpus callosum were
also obtained for comparison with previous studies in frontotemporal dementia (Matsuo et al., 2008; Zhang et al., 2009). Patients
and controls underwent grey matter structural and functional
magnetic resonance imaging (fMRI) studies, allowing us to investigate the relationship between white matter findings and grey
matter integrity and functionality. We hypothesized that semantic
dementia would be associated with: (i) anatomical damage to a
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ventral pathway including the ILF and ATL structures, and with
altered activation in lateral and ventral grey matter structures; and
(ii) relative sparing of the dorsal fronto-parietal language pathway.

Materials and methods
Subjects
Five patients with semantic dementia were recruited at the Memory
and Ageing Centre, University of California, San Francisco (UCSF). The
diagnosis of semantic dementia was based on published criteria
(Hodges et al., 1992; Neary et al., 1998) determined by a multidisciplinary evaluation, including neurological history and examination,
caregiver interview, and neuropsychological testing of memory,
executive functions, visuospatial skills, language and mood. During
the diagnostic work-up, neuroimaging findings were used only to
exclude other causes of focal or diffuse brain damage, including extensive white matter disease. In order to be able to perform the reading
fMRI task (Wilson et al., 2009), patients were required to score at
least 15 out of 30 on the Mini Mental Status Exam (MMSE), be fluent
in English and be able to tolerate the long MRI study. Nine semantic
dementia patients met these criteria and were considered for this
study. Among these, two patients were not scanned (one was
unable to be scheduled, and the other was judged too behaviourally
impaired to undergo MRI), and data were unusable for other two due
to technical problems. Thus, imaging data were successfully acquired
and analysed for five semantic dementia cases. Demographic information and neuropsychological data for these patients are shown in
Table 1. Nine healthy age-matched control subjects also underwent
fMRI (Wilson et al., 2009) and DTI scanning, but one DTI scan was
not analysed because of poor quality. Control subjects had to have a
normal neurological exam, neuropsychological testing and MRI.
Voxel-based morphometry (Ashburner and Friston, 2005) was used
to investigate patterns of grey matter and white matter atrophy in the
five semantic dementia patients relative to a larger control group of 48
age- and sex-matched healthy subjects [38 females, 10 males; mean
age 61.5 years; standard deviation (SD) 10.3].
All participants gave written informed consent, and the study was
approved by the Committee on Human Research at UCSF.

Cognitive testing
Each subject participated in a neuropsychological screening battery
testing for language, executive and visuospatial functioning, and
visual–non-verbal and verbal episodic memory, as described earlier
(Kramer et al., 2003). Semantic dementia patients also underwent a
comprehensive speech and language evaluation, as previously reported
(Gorno-Tempini et al., 2004). Demographic, clinical and neuropsychological differences between groups were analysed using independent
sample t- and 2-tests as appropriate.

MRI acquisition
Structural, DT and fMRIs were acquired on a 3 Tesla GE Signa EXCITE
MRI system (General Electric, Waukesha, WI) at the UCSF Department
of Radiology. An eight-channel head coil with array spatial sensitivity
encoding technique (ASSET) parallel imaging factor of 2 was used to
acquire single-shot spin-echo echo-planar images with axial slices covering the whole brain: 50 interleaved slices with 2.2 mm thickness;
repetition time (TR)/echo time (TE) = 6200 ms/74 ms; flip angle = 90 ;
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field of view
(FOV) = 280 mm2; matrix = 128  128; voxel
size = 2.2  2.2  2.2 mm3; number of acquisition (NEX) = 1; 5/8 partial
Fourier encoding. Diffusion gradients were applied in 55 directions
uniformly distributed on a sphere through electrostatic repulsion with
b = 2000 s/mm2. Peak gradient strength was 40 mT/m. An image set
with minimal diffusion weighting (NEX = 4) and a T2-weighted fastspin echo volume (TR/TE = 3550/74.6 ms; matrix = 256  256;
2.2 mm slice thickness; 280 mm2 FOV), in the same plane as the DTI
data, were also obtained. Functional T2*-weighted images were
acquired with the following parameters: two runs of 232 volumes
each; 23 axial slices with 4 mm thickness and 1 mm gap; TR/
TE = 1650/30 ms; FOV = 220 mm2; matrix 64  64; voxel size
3.4  3.4  5 mm3. High-resolution T1-weighted spoiled gradient
echo (180 contiguous axial slices with 1-mm thickness; TR/
TE = 7 ms/1.65 ms;
inversion
time = 400 ms;
flip
angle = 15 ;
2
FOV = 256 mm ; matrix = 256  256; voxel size 1.0  1.0  1.0 mm3;
NEX = 1) and T2-weighted fast spin echo (FSE) (23 axial slices with
4-mm thickness and 1-mm gap; TR/TE = 4850 ms/74.7 ms; flip
echo
train
length = 16;
FOV = 256 mm2;
angle = 90 ;
matrix = 192  256;
voxel
size = 1.0  1.0  5.0 mm;
NEX = 1)
sequences were also acquired.
T1-weighted structural images for voxel-based morphometry analysis were collected for the five semantic dementia patients and 48
matched healthy controls as part of the screening evaluation at the
UCSF Memory and Aging Centre. These images were acquired on a
1.5 Tesla Siemens Magnetom VISION system (Siemens, Iselin, NJ)
equipped with a standard quadrature head coil. A volumetric magnetization prepared rapid gradient echo sequence of the whole brain was
acquired (164 contiguous coronal slices with 1.5-mm thickness; TR/
TE = 10 ms/4 ms; flip angle = 15 ; FOV = 256 mm2; matrix = 256  256;
voxel size = 1.0  1.0  1.5 mm3).

DTI analysis
DT images were transferred off-line, and diagonalization of the
images (Basser et al., 1994) was performed using an in-house software
written in the C language. Directional diffusivities were defined as //
being the largest eigenvalue, and ? being the average of the minor
eigenvalues. We calculated the directionally averaged diffusion or MD
as the mean of all three eigenvalues, and FA from the diffusion
eigenvalues (Basser et al., 1994).

Fibre tracking
Fibre tracking was performed using an in-house software written in
Interactive Data Language (IDL; ITT Visual Information Solutions,
Boulder, CO) (Berman et al., 2005) based on the Fibre-Assignmentby-Continuous-Tracking method (FACT) (Mori et al., 1999). The fibretracking software allows identification of fibre tracts, visualization in
3D, and quantitative analyses on the delineated tracts. Fibre tracts
were launched from every voxel in the brain. This approach reduces
biases inherent to the use of local starting points (Mori et al., 1999).
Fibre trajectories follow the primary eigenvector from voxel to voxel in
3D. Fibre tracts were terminated upon entering a voxel if the FA value
was less than 0.15, or voxel-to-voxel deflection angle was 450 . Using
FACT, tracking the major brain fibre bundles is reported to be highly
reproducible (Mori et al., 1999; Wakana et al., 2004).
The trajectories of the ILF, the arcuate fasciculus, the fronto-parietal
SLF, and the uncinate fasciculus in the left hemisphere, as well as of
the genu and splenium of the corpus callosum were obtained. By
cross-referencing neuroanatomical (Dejerine, 1895) and previous tractography works (Catani et al., 2002; Makris et al., 2005; Catani and
Thiebaut de Schotten, 2008; Glasser and Rilling, 2008), regions of

interest (ROIs) were defined manually on the axial, coronal or sagittal
FA images of each subject, and were used as targeting regions for
tracking. These ROIs were defined around areas of white matter
that are known a priori to include the course of each tract (i.e. regions
that a tract has to cross to reach its cortical termination). Hence, the
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(ii) Arcuate fasciculus and fronto-parietal superior longitudinal
fasciculus.. A single ROI was drawn on a coronal slice of the
colour-coded map to define all of the fibres oriented in an
anterior-posterior direction (green on the colour maps), running
lateral to the corona radiata and medial to the cortex. Because
all the SLF bundles pass through this bottleneck, it is an ideal
region to define the main body of the tract (Catani et al., 2002;
Makris et al., 2005; Catani and Thiebaut de Schotten, 2008;
Glasser and Rilling, 2008). All the tracts that did not reach the
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subject’s T1-weighted images were linearly and non-linearly normalized
to the MNI standard space; (ii) this transformation matrix was applied to
single subject’s FA maps, previously moved into the T1 space by inverting
and concatenating the linear transformation matrices calculated above
and applying nonlinear transformations obtained from warping the
echo-planar images to the non-echo-planar image T2-weighted
volumes; (iii) using transformation matrices obtained from these two
steps, the binary masks of each subject’s tracts were normalized into
the standard space. Normalized tract masks were finally superimposed
on each other to produce group probabilistic maps.

frontal lobe were removed since they represent erroneous tracts
or real tracts not meeting our interest in frontally-connected
pathways. Then, second ROIs including temporal and parietal
regions were selected to perform a detailed dissection of the SLF
in its two major segments: the arcuate fasciculus connecting
frontal to temporal regions, and the fronto-parietal SLF joining
frontal and inferior parietal regions. Temporal ROIs were
defined on sagittal FA slices around the entire descending portion of the SLF, corresponding approximately to the posterior
third of the superior temporal gyrus, bordered caudally and
dorsally by the angular and supramarginal gyri, respectively.
We defined the rostral border of the temporal ROIs as the
position of the Heschl’s gyrus. Parietal ROIs were drawn on
axial FA slices around the white matter of the inferior parietal
lobe. Sagittal FA maps were used as reference to identify the
post-central sulcus (anterior boundary), the intraparietal sulcus
(rostral boundary), the parieto-occipital sulcus (dorsal boundary)
and the lateral sulcus (lateral boundary).
(iii) Uncinate fasciculus. The first ROI was defined as for the ILF.
The second ROI was drawn around the white matter of the
anterior floor of the external/extreme capsule.
(iv) Genu and splenium of the corpus callosum.. Two single

Deriving tracts-specific DTI metrics
The atrophic changes seen in the grey matter and white matter of
patients can cause partial volume effects and, as a consequence,
increase the probability of false positive findings. Using the statistical
parametric mapping (SPM) 5 software package (Welcome Department
of Imaging Neuroscience, London; http://www.fil.ion.ucl.ac.uk/spm)
running under Matlab 7.0.1 (Math-Works, Natick, MA, USA), subject’s T1-weighted images were segmented in grey matter, white
matter and cerebrospinal fluid (CSF). White matter masks were then
thresholded to a value 40.75. Applying the transformation matrices
calculated in the previous steps for T1-weighted images, thresholded
white matter masks were normalized to single subject’s FA space and
then superimposed onto DTI-derived metrics maps. Finally, tract masks
were applied to the resulting white matter maps and the tracts’
average MD, FA, // and ? were measured. To visually explore
the topographical distribution of microstructural damage in each
pathway, white matter tracts were also rendered as maps of MD
values in all patients and one representative control (Fig. 5). In these
maps, MD values are represented in a red-to-white colour scale where
lower values are dark red and higher values are yellow to white
(Fig. 5).

horseshoe-shaped ROIs were defined around the genu and
the splenium of the corpus callosum.

Statistical analysis
Anatomical verification of ROIs and tracts
Anatomical verification on structural images allows more accurate
anatomical localization of ROIs and tracts than what is possible in
the native diffusion space (Basser et al., 2000). Extracerebral tissue
was removed from the T1-weighted and the minimally diffusion
weighted echo-planar (‘b = 0 volume’) images using the brain extraction tool of FSL software (http://www.fmrib.ox.ac.uk/fsl) (Smith,
2002). Then, using FSL, T1-weighted images were registered linearly
to the T2-weighted volume in the same plane as the DTI data. The
registered T1-weighted images were then registered to the subject’s FA
space by means of linear and non-linear transformations between the
in-plane T2-weighted (non-echo-planar image)) and b = 0 DT MRI
images. On the resulting T1-weighted images, the anatomical localization of each subject’s ROIs was verified. ROIs that were found to
extend outside the expected anatomical structures were edited and
re-tracked. Finally, all tracts were reconstructed in 3D using the inhouse fibre tracking visualization software (Berman et al., 2005), overlaid on the transformed anatomic MRI data sets, and visually checked
for consistency with known anatomy.

Defining tract localization
To identify between group differences in tract localization, single
subject’s
tracts
were
warped
into
standard
Montreal
Neurological Institute (MNI) space using FSL, as follows: (i) single

We used linear mixed-effect model analysis (McCulloch et al., 2008)
to compare simultaneous DTI-derived metrics (MD, FA, // and ?)
between semantic dementia patients and controls for each tract. We
fit separate models for each DTI variable. Specifically, these models
contained predictors for Group, Tract and the Tract  Group interaction, as well as age as an additional covariate. The models also
contained random intercepts to accommodate the correlation between
the responses at multiple tracts within the same subject. The coefficients of Group and the Tract  Group interaction measure the tractspecific group differences for each DTI variable. Testing that these
coefficients are all zero provides an overall, multivariate test of the
hypothesis that the group-specific means of a given variable are the
same for each of the four tracts studied. We conducted these multivariate tests using the Wald approach. Then, we assessed tract-specific
differences in each DTI variable using a Fisher’s Least Significant
Difference approach (Miller, 1981). We first carried out the overall,
multivariate test described earlier. If we rejected this multivariate
hypothesis at = 0.05, then we conducted tract-specific tests, each
at = 0.05, and constructed 95% confidence intervals for tract-specific
differences in group means. If we did not reject the multivariate
hypothesis at = 0.05, then we did not proceed to the second
stage. We fit all the linear mixed-effects models and carried out all
hypothesis tests using routines in Stata (Stata Statistical Software:
Release 10. College Station, TX: StataCorp LP).

Networks in semantic dementia

fMRI
Functional imaging data were analysed with SPM5 (Wellcome
Department of Imaging Neuroscience, London; http://www.fil.ion
.ucl.ac.uk/spm). Briefly, the preprocessing steps were slice timing
correction, realignment to correct for within-scan head movement,
coregistration of the mean functional image to a T1 structural image
acquired during the pre-existing protocol, nonlinear warping of these
coregistered images to the atlas space of the MNI, and smoothing
with a Gaussian kernel of 8 mm full width at half maximum. In each
of the two runs, subjects were asked to read out loud 10 highfrequency regular words, 10 low-frequency regular words, 10 highfrequency exception words, 10 low-frequency exception words,
10 pseudowords and 10 false font strings as reported by Wilson
et al. (2009). For this study, we performed two new analyses to
identify: (i) brain regions involved in reading words that stress the
whole-word reading process in the control group and semantic
dementia patients, considering high-frequency regular words, highfrequency exception words, low-frequency exception words versus
rest; and (ii) brain regions involved in sublexical reading processes in
the control group and semantic dementia patients, considering
low-frequency regular words, and pseudowords versus rest. Random
effects t-statistics were thresholded at t42.5 to enable visualization
of frontal and parietal activated regions. More details on the design
and analysis of the fMRI experiment, including determination of
statistical significance for particular clusters, have been previously
reported (Wilson et al., 2009).

Voxel-based morphometry
Voxel-based morphometry analysis included two steps: spatial preprocessing (normalization, segmentation, Jacobian modulation and
smoothing) and statistical analysis (Ashburner and Friston, 2000;
Good et al., 2002). Both stages were performed using SPM5. T1weighted images were segmented, normalized into the MNI space,
and modulated using the unified segmentation model (Ashburner
and Friston, 2005). The final voxel resolution after normalization was
2.0  2.0  2.0 mm3. Spatially normalized, modulated grey matter and
white matter images were then smoothed with a 12-mm full width at
half maximum isotropic Gaussian kernel. A general linear model was
then fit at each voxel to compare grey matter and white matter
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between patients with controls. Age, gender and total intracranial
volume were confounding variables. The resulting statistical parametric
maps were thresholded voxelwise at P50.001, and then only clusters
significant at P50.05 (corrected based on Gaussian Random Field
theory) were retained. Correction for non-stationary smoothness was
applied (Hayasaka et al., 2004), using the implementation of this
method in the voxel-based morphometry-5 toolbox (http://dbm.neuro.uni-jena.de/vbm), as is necessary to avoid false positives with voxelbased morphometry. Results are presented only for the white matter
analysis since the grey matter results have been reported elsewhere
(Wilson et al., 2009).

Results
Demographic, clinical and cognitive
data
There were no significant differences between groups in age, sex
and handedness. Semantic dementia patients had lower education,
MMSE and Clinical Dementia Rating Scale scores compared with
controls. On the general neuropsychological screening, patients
were impaired on verbal and nonverbal episodic memory, while
they did not differ significantly from controls on visuospatial,
executive and calculation tasks performance. On language testing,
semantic dementia patients showed the typical pattern of impairment, with severe difficulty in single word comprehension,
naming, semantic association and irregular word reading tasks
with relative sparing in fluency, grammar and phonological tasks.
The neuropsychological profile of these patients is shown in
Table 1 for completeness.

Voxel-based morphometry
In semantic dementia patients, white matter volumes were significantly different from controls in the left ATL including the more
medial portion (P50.05, corrected at the cluster level) (Fig. 1).
white matter atrophy was thus located underneath the left

Figure 1 The pattern of white matter atrophy in patients with semantic dementia compared with 48 age-matched healthy controls
(P50.05, corrected at the cluster level). Regions are superimposed on the MNI standard brain in neurological convention (right is right)
WM = white matter.
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Figure 2 Reconstructions of white matter tracts in a single healthy control: the left ILF in green, the left uncinate fasciculus in red, the
left arcuate fasciculus in cyan, the left fronto-parietal SLF in blue, the genu of the corpus callosum in orange and the splenium of the
corpus callosum in yellow. Tracts are superimposed onto the subject’s T1-weighted image normalized into the FA space. CC = corpus
callosum

temporal cortical regions that are most often involved in semantic
dementia in general and in this group in particular (Wilson et al.,
2009).

DTI data
Anatomical localization of white matter tracts
Figure 2 shows an example of the reconstructed trajectories of the
white matter tracts of a single healthy control. Probabilistic maps
of these tracts were created to investigate the consistency of distribution of the identified pathways in the two groups (Figs 3
and 4). Visual assessment of these maps showed a consistent
and similar pattern of connections in the two groups.
The left ILF was successfully identified in all subjects. Within the
larger ROIs used to detect the tract, the left ILF pathway consistently linked the entire temporal pole [Brodmann areas (BAs) 20,
21, 38] to the regions underlying the associative occipital cortices
(BA 18 and 19) (Fig. 3).
The left arcuate was found in all subjects and consistently
connected the posterior part of the STG (BA 22) and the middle
temporal gyrus (BA 21 and 37) to the posterior, opercular portion
of the inferior frontal gyrus (BA 44) and the precentral (BA 6)
region in the frontal lobe (Fig. 3). In one control and one patient
(Case 3), the frontal projection of the left arcuate also terminated
in the more anterior portion close to the inferior frontal gyrus
(BA 45).
As described earlier (Catani et al., 2007), the left fronto-parietal
SLF was less consistently found than other tracks and was present
in six of eight controls and all patients. This pathway consistently
connected the supramarginal (BA 40) and the angular (BA 39)
area to the inferior frontal (BA 44) and the precentral (BA 6)

gyri (Fig. 3). In one patient (Case 3), its frontal projection also
terminated in the more anterior inferior frontal region (BA 45).
The left uncinate fasciculus was successfully reconstructed in all
controls and four of five semantic dementia patients. Fibre tracking failed in Case 1 because of severe atrophy and distortion in the
medial ATL that precluded the reconstruction of the temporal
component of the tract. In all other subjects, the identified
uncinate fasciculus consistently connected the anterior, medial
temporal lobe (BA 20 and 38) to the white matter surrounding
the orbital frontal cortex (BAs 11 and 47) (Fig. 3).
The genu and splenium of the corpus callosum were successfully
reconstructed in all subjects. The anterior portion (genu) consistently connected the prefrontal and orbitofrontal regions (BAs 10
and 11), while the posterior portion (splenium) consistently connected the occipital and parietal lobes (BAs 7 and 18) (Fig. 4).

Tract-specific DTI-derived metrics
Table 2 shows the DTI-derived metrics of each tract from each
semantic dementia patient as well as the mean values from patient
and control groups. The multivariate tests simultaneously comparing the four tract-specific means of all the DTI-derived metrics
found that MD (2 = 44.05, P50.001), FA (2 = 33.02, P50.001),
// (2 = 32.28, P50.001), and ? (2 = 33.88, P50.001) were
significantly different between patients and controls. The Fisher
Least Significant Difference test showed that semantic dementia
patients had significantly higher MD, // and ? in the left ILF
compared with controls (Table 2). Relative to controls, the left
uncinate and arcuate fasciculi demonstrated significantly higher
MD, // and ?, and significantly lower FA, while the left
fronto-parietal SLF had significantly higher ? and significantly
lower FA, only (Table 2). In the corpus callosum, the genu
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Figure 4 Group probabilistic maps of the genu and splenium
of the corpus callosum from healthy controls and semantic
dementia (SemD) patients are shown on the axial sections of
the MNI standard brain. The colour scale indicates the degree
of overlap among subjects.
Figure 3 Group probabilistic maps of the language-related
white matter tracts from healthy controls and semantic
dementia (SemD) patients. Left ILF, uncinate fasciculus, arcuate
fasciculus and fronto-parietal SLF are superimposed on the
three-dimensional rendering of the MNI standard brain. The
colour scale indicates the degree of overlap among subjects.

showed significantly lower FA compared with controls, while no
between-group difference was found in the splenium (Table 2). As
shown in Fig. 5, more severe damage (i.e. higher MD values) was
present in the anterior portion of the ILF and the portion of the
arcuate and uncinate fasciculi located in the temporal pole.

normally activated in semantic dementia patients, or hyperactivated in some cases compared to controls (i.e. reading of lowfrequency exception words). These regions corresponded to the
grey matter areas that are connected by the fronto-parietal SLF
that also was relatively spared in our DTI study. Figure 6 highlights
this anatomical correspondence by showing the fronto-parietal SLF
probability map and activation maps obtained in control subjects
and semantic dementia patients for a contrast which highlights
sublexical processing: low frequency regular words and pseudowords versus rest. The regions at either end of the fronto-parietal
SLF were activated in semantic dementia patients to the same
extent as in control subjects, consistent with the functional integrity of the tract and the grey matter areas it connects.

fMRI data
The first fMRI analysis showed that semantic dementia patients
had reduced activation in the mid-fusiform gyrus or the superior
temporal gyrus for words versus rest when compared to controls.
These regions overlapped areas of grey matter atrophy in the
patient group (Wilson et al., 2009) and correspond to regions
linked through the ILF and the arcuate fasciculus. Sublexical reading fMRI analysis demonstrated that reading areas in left intraparietal sulcus and posterior inferior frontal gyrus were either

Post hoc correlation analyses between
white matter tracts damage and cognitive variables
Post hoc exploratory analyses were performed to investigate the
relationship between damage to language-related white matter
tracts and the semantic and sublexical, phonological components
of the cognitive deficits in semantic dementia patients. Univariate
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Table 2 DTI-derived metrics for white matter tracts for each semantic dementia patient with means for the two study
groups

ILF

Arcuate

Fronto- parietal SLF

Uncinate

Genu of the corpus callosum

Splenium of the corpus callosum

MD
FA
//
?
MD
FA
//
?
MD
FA
//
?
MD
FA
//
?
MD
FA
//
?
MD
FA
//
?

Case 1

Case 2

Case 3

Case 4

Case 5

Patients, mean (SD)

Controls, mean (SD)

P-values

0.77
0.29
1.04
0.64
0.68
0.30
0.91
0.57
0.64
0.28
0.83
0.47
NA
NA
NA
NA
0.73
0.34
1.03
0.58
0.77
0.38
1.12
0.59

0.76
0.32
1.04
0.63
0.71
0.32
0.97
0.58
0.65
0.31
0.88
0.54
0.87
0.26
1.11
0.66
0.80
0.32
1.10
0.64
0.67
0.38
0.98
0.52

0.72
0.32
0.98
0.59
0.66
0.32
0.89
0.62
0.66
0.30
0.87
0.55
0.75
0.28
0.98
0.64
0.80
0.37
1.16
0.62
0.71
0.39
1.05
0.54

0.73
0.31
1.00
0.60
0.62
0.33
0.84
0.50
0.61
0.28
0.80
0.52
0.73
0.27
0.96
0.62
0.74
0.33
1.03
0.59
0.68
0.37
0.98
0.53

0.66
0.33
0.91
0.53
0.59
0.34
0.82
0.48
0.60
0.32
0.81
0.49
0.71
0.27
0.93
0.60
0.72
0.33
1.00
0.58
0.66
0.37
0.94
0.51

0.73
0.31
0.99
0.60
0.65
0.32
0.89
0.53
0.63
0.30
0.84
0.53
0.77
0.27
1.00
0.65
0.76
0.34
1.06
0.60
0.70
0.38
1.01
0.54

0.67
0.32
0.92
0.55
0.60
0.34
0.84
0.49
0.61
0.32
0.82
0.50
0.67
0.31
0.91
0.56
0.73
0.35
1.04
0.58
0.71
0.38
1.04
0.55

50.001
0.20
50.001
50.001
0.002
0.001
0.01
50.001
0.09
0.001
0.45
0.02
50.001
50.001
50.001
50.001
0.85
0.02
0.08
0.77
0.51
0.17
0.15
0.32

(0.05)
(0.01)
(0.06)
(0.04)
(0.05)
(0.02)
(0.06)
(0.04)
(0.03)
(0.02)
(0.04)
(0.02)
(0.07)
(0.01)
(0.08)
(0.07)
(0.04)
(0.02)
(0.06)
(0.03)
(0.04)
(0.01)
(0.07)
(0.03)

(0.01)
(0.01)
(0.02)
(0.01)
(0.01)
(0.02)
(0.02)
(0.01)
(0.01)
(0.02)
(0.02)
(0.01)
(0.02)
(0.01)
(0.02)
(0.02)
(0.02)
(0.01)
(0.03)
(0.02)
(0.03)
(0.01)
(0.05)
(0.02)

MD, // and ? values are 103 mm2 s1.
NA = not applicable.
P-values refer to Fischer Least Significant Difference Test.

correlations were assessed between tracts MD values and the correspondent cognitive scores using the Spearman rank correlation
coefficient. Correlation analyses were performed with Statistical
Package for the Social Sciences (SPSS) (version 16.0 for
Windows; SPSS Inc., Chicago, IL). The left ILF and arcuate MD
values significantly correlated with Peabody Picture Vocabulary
test total score (Spearman’s  = 0.90, P = 0.04). The
Spearman’s  for the correlation between left ILF and arcuate
MD and semantic fluency score, Boston naming test (BNT)
score, word recognition (Western Aphasia Battery—WAB) score
and Pyramids and palm trees-Pictures score ranged from 0.30
to 0.87; however they were not statistically significant. The left
fronto-parietal SLF MD was significantly correlated with the
PALPA (Psycholinguistic Assessments of Language Processing in
Aphasia) regular words score (Spearman’s  = 0.90, P = 0.04).

Discussion
In this study, we used a multimodal imaging approach to investigate the integrity of language networks in semantic dementia.
We found that semantic dementia was associated with greater
damage of the connections that pass through the temporal lobe
(i.e. the ILF, the uncinate fasciculus and the arcuate fasciculus),
while the fronto-parietal connection (i.e. the fronto-parietal SLF)
and the corpus callosum were less involved. The DTI results were

consistent with volumetric and functional sparing of the same networks as measured by voxel-based morphometry and fMRI. We
discuss these findings in relation to previous literature and current
models of language processing.
It is common knowledge that semantic dementia is associated
with ATL and ventromedial frontal grey matter atrophy
(Mummery et al., 2000; Galton et al., 2001; Rosen et al., 2002;
Gorno-Tempini et al., 2004) but limited evidence is available
regarding microstructural white matter damage. Only a few DTIbased studies are published in primary progressive aphasia and
related disorders (Larsson et al., 2004; Borroni et al., 2007;
Matsuo et al., 2008), and even fewer using the most recent tractography analysis methods (Matsuo et al., 2008). In a single,
pathology-proven, frontotemporal dementia case, ROI-based DTI
showed decreased FA in frontal regions, where histopathology
revealed typical frontal lobe degeneration of non-Alzheimer’s disease type (Larsson et al., 2004). To our knowledge, the only
published whole-brain, voxel-based DTI study in patients with
semantic dementia showed an FA decrease in several temporal
and frontal regions (Borroni et al., 2007), but because of the
nature of the voxel-based analysis method, the study could only
infer which specific tracts were involved. DTI-based tractography
is instead needed for the direct localization and the quantitative
assessment of DTI metrics within specific neuronal pathways
(Conturo et al., 1999; Basser et al., 2000; Wakana et al.,
2004; Catani and Thiebaut de Schotten, 2008). Quantitative
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Figure 5 (A) Structural MRI of one representative control and each semantic dementia patient (coronal view). (B–D) Left languagerelated white matter tracts are rendered as maps of MD in one representative control and all patients (B: ILF; C: uncinate fasciculus;
D: arcuate fasciculus; E: fronto-parietal SLF). The colour scale represents the MD values going from lower (dark red) to higher
values (yellow to white). Maximum damage is present in the anterior portion of the ILF and uncinate fasciculus underlying the
temporal pole.

tractography studies successfully examined the microstructure of
white matter in neurodegenerative diseases (Xie et al., 2005;
Taoka et al., 2006; Ciccarelli et al., 2008; Damoiseaux et al.,
2008), and more recently in frontotemporal dementia (Matsuo
et al., 2008; Zhang et al., 2009). The study of Matsuo et al.
(2008) included semantic dementia patients within a larger clinical
behavioural frontotemporal dementia group, and showed a significant FA decrease in all major association fibres (ILF, uncinate and
arcuate) and in the genu of the corpus callosum, with sparing of
the pyramidal tracts and splenium of the corpus callosum. The
authors did not investigate group differences between clinical variants (Matsuo et al., 2008) and it was therefore not clear which
tracts were related to semantic dementia. Our findings are consistent with these previous studies and add new insight into the
localization and relative severity of white matter tract involvement.
As in frontotemporal dementia,, the uncinate fasciculus (Matsuo
et al., 2008; Zhang et al., 2009), the arcuate fasciculus and the

ILF (Matsuo et al., 2008) were affected in semantic dementia.
Interestingly, all the white matter tracts that run to the temporal
lobe demonstrated increases in MD, // and ?. This pattern of
DTI changes has been previously reported with ageing (Sullivan
et al., 2008; Vernooij et al., 2008) and is thought to reflect a
combination of decreased axonal packing in white matter structures and demyelination, allowing for increased diffusivity in all
orientations within a voxel. The lack of FA changes in ILF could
appear unexpected, however, if changes along the direction of the
major axis of the diffusion ellipsoid (//) were proportional to
those of the minor axes (?), then FA, which is a function of
the ratio between parallel to transverse diffusivities, can remain
relatively unchanged (Basser et al., 1994). This is likely to be the
case in the ILF. Within all temporal tracts, MD values were most
abnormal in the ATL (Fig. 5). In contrast to the severe involvement
of temporal tracts, the left fronto-parietal SLF was the least
affected in semantic dementia, as indicated by the modest
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Figure 6 Anatomical correspondence between fronto-parietal SLF and activation for a contrast which highlights sublexical processing
in control subjects (A) and semantic dementia patients (B). fMRI activations for the contrast of low-frequency regular words and
pseudowords versus rest are shown in green (A) for healthy controls and in blue (B) for semantic dementia patients. The healthy control
group and the semantic dementia patients both showed activation of posterior inferior frontal gyrus and inferior parietal cortex.
Probabilistic maps of the left fronto-parietal SLF obtained in healthy controls (A) and semantic dementia patients (B) are shown in a
colour scale which indicates the degree of overlap among subjects. Results are superimposed on the MNI standard brain in neurological
convention (right is right).

decrease in FA in the context of normal MD values (due to the
increase in ?, only). This is consistent with the semantic dementia
clinical picture (see below) and with previous anatomical evidence
that inferior parietal grey matter and white matter regions are
more affected in Alzheimer’s disease than in frontotemporal
dementia-related disorders (Chao et al., 2007; Rabinovici et al.,
2007). The pattern of DTI changes in the corpus callosum is consistent with previous structural MRI (Yamauchi et al., 2000) and
DTI tractography (Matsuo et al., 2008; Zhang et al., 2009) studies
in frontotemporal dementia.
The functional anatomy of language-related white matter tracts
is currently a matter of active research and the relative roles of
grey matter and white matter are still debated (for review see
Catani and Mesulam, 2008; Duffau, 2008). Our results, taken
together with previous data (Mummery et al., 1999; Sonty
et al., 2007; Wilson et al., 2009), suggest that a grey matter
and white matter dysfunction in the ventral semantic pathway,
combined with a relative sparing of a more dorsal fronto-parietal
sublexical, phonological pathway, are responsible for the unique
combination of impaired and spared language domains that is
typical of semantic dementia and never observed in strokeinduced aphasia. The combination of cortical ATL and ILF
damage, with sparing of posterior visual cortex, are likely to be
responsible for the ‘disconnection’ between degraded multimodal
semantic representations (in ATL) and normal visual perceptual
functions (in associative visual cortex) that is typical of semantic
dementia. For instance, semantic dementia patients usually perceive faces normally, but have severe person identification deficits
when asked to retrieve semantic information from known faces or

proper names (Patterson and Hodges, 1992; Hodges and
Patterson, 1996; Gorno-Tempini et al., 2004). The relative sparing
of the fronto-parietal network (inferior parietal cortex and the
fronto-parietal SLF) could explain the relative preservation of fluency, grammar and sublexical phonological processes (see, for
instance, our Case 3 that showed the severe difficulty in naming
with a BNT of 2 in the context of a normal WAB fluency score of
10) (Patterson and Hodges, 1992; Hodges and Patterson, 1996;
Gorno-Tempini et al., 2004). This hypothesis is supported by the
fMRI reading findings. The left mid-fusiform gyrus and superior
temporal regions were less activated in patients with semantic
dementia, showed significant grey matter atrophy and were connected by damaged white matter tracts (i.e. ILF and arcuate). On
the other hand, semantic dementia patients showed a normal
activation of the posterior inferior frontal gyrus and inferior parietal cortices when reading words that stress sublexical processes
(Fig. 6). Furthermore, these areas were not significantly atrophied
and were connected by the spared fronto-parietal SLF. In relation
to reading, our results are consistent with previous findings (Perani
et al., 1999; Silani et al., 2005) in suggesting that the structural
and functional impairment of the temporal grey matter regions,
together with the damage to the ILF and arcuate fasciculus, cause
deficits in retrieval of exceptional, item-specific word forms, while
the functional and structural sparing of the inferior parietal and
fronto-parietal SLF pathway subserve spared sublexical, phonological processes. This unique dissociation between the temporal and
fronto-parietal language networks does not usually occur in stroke
and could thus be responsible for the unusual combination of
spared and impaired functions in semantic dementia

Networks in semantic dementia
The clinical correlate of the damaged arcuate fasciculus needs
further investigation. Classically, injury to the arcuate is considered
to be the anatomical basis for repetition deficits in vascular conduction aphasia (Goodglass et al., 1964). Yet, despite damage to
the arcuate, repetition is typically spared in our group and in
semantic dementia in general (Patterson and Hodges, 1992;
Hodges and Patterson, 1996; Gorno-Tempini et al., 2004)
making this hypothesis less probable. Recent studies indeed highlight the role of cortical inferior parietal and posterior temporal
structures in repetition (Selnes et al., 1985; Baldo and Dronkers,
2006; Gorno-Tempini et al., 2008). Future studies, combining a
DTI voxel-based approach within the arcuate fasciculus and grey
matter analysis, will further clarify the anatomic substrate of repetition deficits and the specific functions of the arcuate fasciculus.
The functional role of the uncinate fasciculus in language
processing is still debated. It has been suggested that it may be
associated with lexical retrieval, semantic association and aspects
of naming that require connections from temporal to frontal
components of the language network (Lu et al., 2002;
Grossman et al., 2004; Catani and Mesulam, 2008), even
though its termination within the frontal lobe seems to be centred
in the ventral and orbital regions (Catani et al., 2002; Catani and
Thiebaut de Schotten, 2008). This anatomical distribution suggests
that injury to the uncinate is likely to be responsible for the
behavioural, more than linguistic, symptoms of the semantic
dementia, such as loss of empathy, disinhibition and change in
personality and compulsive behaviours (Rosen et al., 2006).
This hypothesis is supported by recent findings of a damaged
uncinate in frontotemporal dementia (Matsuo et al., 2008;
Zhang et al., 2009) and by a previous voxel-based DTI study
showing the association between medial and ventral frontal
white matter damage and behavioural symptoms in these patients
(Borroni et al., 2007). It is also worth noting that the involvement
of the uncinate fasciculus is a well-known feature in Alzheimer’s
disease (Taoka et al., 2006; Yasmin et al., 2008; Zhang et al.,
2009). In the ATL, the uncinate contains cholinergic fibres from
the basal nucleus of Meynert. Furthermore, the disruption in connectivity between the temporal and frontal lobes via the uncinate
fasciculus has been postulated as a possible cause of posttraumatic
retrograde amnesia (Levine et al., 1998).
Taken together, DTI, voxel-based morphometry and fMRI findings suggest that a network-level dysfunction in the language
system is responsible for the combination of impaired and
spared functions typical of the semantic dementia clinical syndrome. This interpretation is congruent with recent cognitive
models of language processing and with the vulnerability hypothesis of neurodegenerative diseases (Seeley, 2008). Indeed, recent
theoretical models of language functioning propose that different
anatomical ‘streams’ within the ventral and dorsal left hemisphere,
are involved in different aspects of language processing (Hickok
and Poeppel, 2004, 2007). Our results confirm that semantic
dementia is linked to a specific vulnerability of the ventral semantic
processing stream of the temporal lobe.
The main limitation of this study is the small patient sample.
However, all five patients showed fairly similar results and our
sample was adequate to show significant microstructural changes
in expected regions within the language network. Furthermore, it
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must be remembered that semantic dementia is a rare disorder,
this multimodal imaging study was characterized by a long MRI
acquisition time (which may be challenging in too behaviourally
impaired patients), and few previous functional studies on semantic dementia involved small numbers of subjects. A methodological
problem relates to the fact that cortical and white matter atrophic
changes may cause partial volume effects from the CSF in DT
images and consequently increase the probability of false positive
findings. In our DTI analysis, precautions were taken to ensure
that this may not have influenced the results much and contamination from the CSF was minimized by deriving DTI-based metrics
from white matter tracts after CSF masking and white matter
thresholding. Furthermore, it has to be considered that partial
volume effect should have influenced MD and FA values in concert, which is not the case in the left ILF.
In conclusion, this study shows that the in vivo assessment of
language-related white matter pathways in patients with semantic
dementia using a multi-modal imaging approach combining structural MRI, DTI-based tractography and fMRI is not only feasible
but also holds significant promise to gain additional insight into
the role of the language network changes in semantic dementia
symptoms pathogenesis. Further investigations involving larger
groups of subjects, possibly early in the disease course, are now
warranted to confirm these findings and to investigate whether
the involvement of white matter networks, along with grey matter
loss, is related to the different clinical symptoms associated with
semantic dementia.
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