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Behavioral variant frontotemporal dementia (ovFTD) has only recently been associated
with significant striatal atrophy, whereas the striatum appears to be relatively preserved
in Alzheimer’s disease (AD). Considering the critical role the striatum has in cognition
and behavior, striatal degeneration, together with frontal atrophy, could be responsible
of some characteristic symptoms in bvFTD and emerges therefore as promising novel
diagnostic biomarker to distinguish bvFTD and AD. Previous studies have, however, only
taken either cortical or striatal atrophy into account when comparing the two diseases. In
this study, we establish for the first time a profile of fronto-striatal atrophy in 23 bvFTD and
29 AD patients at presentation, based on the structural connectivity of striatal and cortical
regions. Patients are compared to 50 healthy controls by using a novel probabilistic
connectivity atlas, which defines striatal regions by their cortical white-matter connectivity,
allowing us to explore the degeneration of the frontal and striatal regions that are
functionally linked. Comparisons with controls revealed that bvFTD showed substantial
fronto-striatal atrophy affecting the ventral as well as anterior and posterior dorso-lateral
prefrontal cortices and the related striatal subregions. In contrast, AD showed few fronto-
striatal atrophy, despite having significant posterior dorso-lateral prefrontal degeneration.
Direct comparison between bvFTD and AD revealed significantly more atrophy in the
ventral striatal-ventromedial prefrontal cortex regions in bvFTD. Consequently, deficits in
ventral fronto-striatal regions emerge as promising novel and efficient diagnosis biomarker
for bvFTD. Future investigations into the contributions of these fronto-striatal loops on
bvFTD symptomology are needed to develop simple diagnostic and disease tracking
algorithms.

Keywords: frontotemporal dementia, Alzheimer’s disease, striatum, fronto-striatal circuits, ventromedial prefrontal
cortex

Introduction

Behavioral variant frontotemporal dementia (bvFTD) is the most common subtype of frontotem-
poral dementia (FITD), and characterized by deterioration of behavior and cognition, including
impaired social interactions, disinhibition, apathy, or impairment in adaptive functioning, in
association with prominent frontal and temporal lobar atrophy (1).

Imaging studies have described extensively the cortical atrophy that occurs in bvFTD, such as
the characteristic progressive atrophy in frontal and polar temporal lobe brain regions (2, 3). In
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particular, atrophy in the ventromedial prefrontal cortex
(VMPEC) has been shown to be specific to bvFTD, as it is already
affected in the early disease stages (4, 5). Nevertheless, prefrontal,
including VMPFC, atrophy is also apparent in many Alzheimer’s
disease (AD) patients (6-8) and thus a sole reliance on VMPFC
atrophy might lack diagnostic specificity to distinguish bvFTD
and AD (7).

Recent anatomical and neuropathological studies have
shown that subcortical regions are also affected in FTD. Among
these subcortical structures, there is mounting evidence that
the striatum is affected particularly early and significantly (4,
9-11). Most consistently, bvFTD show significant cell loss across
the entire striatum (i.e., nucleus accumbens, caudate nucleus,
and putamen) relative to controls and AD (12-14). In contrast,
AD striatal atrophy studies have reported either no change or
only subtle atrophy in the caudate, which has been taken to
be proportional to the whole-brain atrophy that occurs with
disease progression (12, 13, 15). Surprisingly, however, striatal
atrophy has not been considered as a diagnostic biomarker for
bvFTD so far, even though it shows a high-disease sensitivity and
specificity (16, 17).

The striatum has been recognized to act as a critical nexus
in the brain as it receives afferents and efferents from multiple
cortical and subcortical regions and is part of affective/limbic,
cognitive, and motor brain circuits (18, 19). Recent functional
neuroimaging evidence in controls suggests that the functionality
of the striatum does not map onto the discrete anatomical regions
(nucleus accumbens, caudate nucleus, and putamen), instead the
cortico-striatal connectivity is more promising in mapping cog-
nitive functions to striatal regions comprising multiple anatomi-
cal subregions. Indeed, reward-related cognition, such as reward
valuation or anticipation, has been associated with both ventral
striatal and VMPEC activations in fMRI studies (20). Similarly,
dorsal striatal and motor cortex activation has been associated
with motor planning and execution processes (21, 22). Thus,
mapping the cortico-striatal and particularly fronto-striatal atro-
phy based on their connectivity instead of anatomical boundaries
emerges as important in understanding the diagnostic utility of
striatal atrophy in bvFTD and AD. Indeed, combined atrophy of
striatal and frontal regions might provide better neuroimaging
biomarkers for bvFTD pathology than each region in isolation.

The aim of the current study is to establish a profile of fronto-
striatal atrophy in bvFTD and AD at clinical presentation. Instead
of exploring the structural connectivity between the frontal cortex
and the striatum, or using anatomically defined discrete striatal
regions (nucleus accumbens, caudate nucleus, and putamen), as
previous studies have done, we employed a novel probabilistic
connectivity striatal atlas [Oxford-GSK-Imanova Striatal Connec-
tity Atlas (23)], which defines striatal regions by their cortical
white-matter connectivity. Thus, the atlas enables identification
of cortical and substriatal regions that are structurally linked and
have therefore likely shared functions. Using this novel approach
based on both functionality and anatomy, we hypothesized that
bvFTD and AD would show distinct patterns of fronto-striatal
atrophy, with bvFTD showing more VMPEC and ventral striatal
atrophy while AD would should few striatal atrophy despite hav-
ing PFC atrophy.

Materials and Methods

Case Selection

Patients were selected from the Frontotemporal Dementia
Research Group (FRONTIER) at Neuroscience Research Australia
(NeuRA) following study approval by the University of New South
Wales Human research Ethics Advisory Panel D (Biomedical,
ref. 100035). Every participant signed an informed consent and
the study was in compliance with the Declaration of Helsinki. It
resulted in a sample of 23 bvFTD, 29 AD patients, and 50 controls.
All bvFTD patients met current consensus diagnosis criteria (24).
In light of the recent recognition of the phenocopy syndrome (25)
only bvFTD patients with evidence of clear decline as reported by
the caregivers and atrophy on MRI scans were included in the
study. All AD patients met NINCNS-ADRDA diagnostic crite-
ria (26) for probable AD (see Table 1 for demographic details).
Healthy controls were selected from a healthy volunteer panel or
were spouses/carers of patients.

Clinical Assessment

All patients underwent the frontotemporal dementia rating scale
[ERS (27)], a clinical scale based on carers” interview aiming to
assess disease severity; the Cambridge behavioral inventory [CBI
(28)] to evaluates behavioral symptoms and the Addenbrooke’s
cognitive examination revised [ACE-R (29)] as a measure of
cognitive efficiency.

Imaging Acquisition

All patient and controls underwent the same imaging proto-
col with whole-brain T1 using a 3-T Philips MRI scanner with
standard quadrature head coil (eight channels). The 3D T1-
weighted sequences were acquired as follows: coronal orientation,
256 x 256 matrix, 200 slices, 1 mm x 1 mm in-plane resolution,
slice thickness 1 mm, TE/TR = 2.6/5.8 ms.

Voxel Based Morphometry Analysis:
Pre-Processing

3D T1-weighted sequences were analyzed with FSL-voxel based
morphometry (VBM), a VBM analysis (30, 31), which is part of
the FSL software package (http://www.fmrib.ox.ac.uk/fsl/fslvbm/
index.html) (32). First, tissue segmentation was carried out

TABLE 1 | Demographics, behavioral, and neuropsychological screening
data for bvFTD, AD, and controls.

Demographics, behavioral bvFTD AD Controls
and cognitive tests

N 23 29 50

Sex (M/F) 15/8 18/11 22/28
Mean age (years) 60.9 (9.8)* 65.0 (8.1) 68.8 (6.3)
Duration of disease (years) 3.7 (2.4)F 2.8 (1.0)" N.A.
FRS -1.3(1.6)" 0.8 (1.5)" N.A.
CBI (total score) 72.5(33.7)f* 38.1(22.9)"* 7.1 (8.1)
ACE-R (total score) 73.6 (16.8)*  77.1(9.7)*  94.6 (3.6)

*0 < 0.001 compared to controls.
o < 0.001 when comparing patients groups.
Mean (SD).
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using FMRIB’s automatic segmentation tool (FAST) (33) from
brain-extracted images. The resulting gray-matter partial vol-
ume maps were then aligned to the Montreal Neurological Insti-
tute standard space (MNI152) using the non-linear registration
approach using FNIRT (34, 35), which uses a b-spline repre-
sentation of the registration warp field (36). Default settings
were used for these steps, but quality control for each scan
was performed and slight alteration of the search space for the
segmentation algorithm was performed for some patients with
severe atrophy. The registered partial volume maps were then
modulated (to correct for local expansion or contraction) by
dividing them by the Jacobian of the warp field. Importantly, the
Jacobian modulation step did not include the affine part of the
registration, which means that the data are normalized for head
size as a scaling effect (37). The modulated images were then
smoothed with an isotropic Gaussian kernel with a SD of 2 mm
(FWHM: 5 mm).

Voxel Based Morphometry Analysis: ROI
Analyses

Instead of using arbitrary anatomical landmarks to subdivide the
striatum, we use substriatal ROI from the Oxford-GSK-Imanova
Striatal Connectity Atlas (23), a probabilistic atlas of substriatal
regions segmented according to their white-matter connectiv-
ity to cortical regions. We selected three striatal ROIs, designed
according to their prefrontal connexions, each being associated
with a particular anatomical region within the frontal lobe: the
ventromedial PFC (VMPFC), the anterior dorso-lateral PFC (A-
DLPFC), and posterior dorso-lateral PFC (P-DLPFC). As a com-
plement of this analysis, we also investigated the atrophy in each
related prefrontal ROIs.

Striatum VMPFC-Connected ROI

This striatal subregion was defined according to the projections
from the VMPFC (include the projections from anterior, medial,
and posterior orbital gyri, from the gyrus rectus and from the
subcallosal gyrus - together composing the VMPFC ROI).

Striatum A-DLPFC-Connected and A-DLPFC ROI

This striatal region was defined according to the projections from
the anterior DLPFC (which include the projections of the rostral
superior and middle frontal gyri and from the dorsal prefrontal
cortex — together composing the A-DLPFC ROI).

Striatum P-DLPFC-Connected and P-DLPFC ROI

This ROI was defined according to the projections from the
more posterior dorso-lateral regions of the frontal lobe, with-
out the precentral gyrus (including the caudal portions of lat-
eral and medial superior gyrus as well as the caudal mid-
dle and caudal inferior frontal gyri - together composing the
P-DLPEC).

The three groups were contrasted (1) for each striatal ROI
(striatal analysis) and (2) for each prefrontal ROI (prefrontal
analysis). A voxelwise general linear model (GLM) was applied
and permutation-based non-parametric testing was used to form
clusters with the threshold-free cluster enhancement (TFCE)
method (35), tested for significance at p < 0.05, corrected for

multiple comparisons via family-wise error (FWE) correction
across space. Age and disease severity as measured by the FRS (27)
was included as covariates in all analyses. Sex was not included
as a covariate because it did have no effect on the variables of
interest.

Finally, in patient groups, the mean values of gray-matter
intensity were extracted from the result maps given by the
contrast with the control group. The extraction of these val-
ues was performed for each ROI, for the results of both
striatal (striatum-VMPFC connected, striatum-A-DLPFC con-
nected, striatum-P-DLPFC connected) and cortical analyses
(VMPFC, A-DLPEC, P-DLPFC). Striatal and prefrontal mean
gray-matter intensity values were then correlated to investigate
the relationship of striatal and prefrontal atrophy within bvFTD
and AD.

Statistics

Using SPSS 20 (SPSS, Chicago, IL, USA), one-way ANOVA were
conducted to compare demographic and background neuropsy-
chological data cross groups, followed by Tukey post hoc tests.
Variables were plotted and checked for normality of distribution
by Kolmogorov-Smirnov tests. Variables revealing non-normal
distributions were log transformed and the appropriate log val-
ues were used in the analyses. Correlations were explored with
Pearson coefficient and were corrected for multiple comparison
(Bonferroni’s correction).

Results

Demographics, Behavioral, and Cognitive
Screening Measures

Participants did not differ significantly on education or gen-
der distribution; however, controls were significantly older than
bvFTD (p < 0.001) but not AD (p > 0.1) (Table 1). bvFTD patients
had also a higher disease severity as measured by the FRS com-
pared to AD (p < 0.001).

On the behavioral screening test (CBI), bvFTD patients per-
formed worse than AD and both patient groups were impaired
compared to controls (all p values <0.001). On general cogni-
tive screening, controls performed significantly better than both
patient groups (p < 0.001), whereas bvFTD and AD did not differ
significantly from each other.

VBM - Group Analyses

Striatum Analysis

Striatum VMPFC-connected ROI

Compared to controls, bvFTD patients showed widespread
striatal atrophy, including bilateral nucleus accumbens, cau-
date nucleus, and putamen (Figure 1). Compared to con-
trols, Alzheimer patients (Figure 2) showed a striatal atro-
phy that encompassed bilateral caudate nucleus and putamen.
When contrasting directly bvFTD with AD patients, analysis
revealed striatal atrophy in the right anterior caudate nucleus
(Figure 3).

Striatum A-DLPFC-connected ROI
Compared to controls, bvFTD patients presented with a stri-
atal atrophy that included bilateral nuclei accumbens, caudate
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FIGURE 1 | Voxel-based morphometry analyses showing areas that were
atrophic in bvFTD compared to controls for the three ROIs (VMPFC,
A-DLPFC, and P-DLPFC), in striatum (left) and cortex (right). Clusters are
overlaid on the MNI standard brain. Colored voxels show regions that were
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significant in the analyses for p < 0.05 corrected for multiple comparisons via
family-wise error (FWE) and a voxel threshold of 20 contiguous voxels. Images
follow radiological convention (left is right and right is left) and “L” indicates the
left for coronal slices.
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FIGURE 2 | Voxel-based morphometry analyses showing areas that were
atrophic in AD compared to controls for three ROIs (VMPFC, A-DLPFC,
and P-DLPFC), in striatum (left) and cortex (right). Clusters are overlaid on
the MNI standard brain. Colored voxels show regions that were significant in the

AD
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analyses for p < 0.05 corrected for multiple comparisons via family-wise error
(FWE) and a voxel threshold of 20 contiguous voxels. Images follow radiological
convention (left is right and right is left) and “L” indicates the left for coronal
slices.

nuclei, pre-commissural putamen, and, to a lesser degree,
post-commissural putamen. Compared to controls, AD showed
an atrophy of the striatum characterized by bilateral atrophy of the
caudate nucleus but prominent in the left side where it extended
to the pre-commissural putamen. No differences were observed
when contrasting bvFTD and AD directly.

Striatum P-DLPFC-connected ROI

Contrasted to controls, bvFTD presented with a striatal atro-
phy that involved bilateral caudate nuclei as well as right puta-
men, where degeneration was prominent in its pre-commissural
part. Compared to controls, Alzheimer patients showed less pro-
nounced striatal atrophy than bvFTD, which was circumscribed

to the left caudate nucleus. No significant voxels were found when
contrasting bvFTD with AD directly.

Prefrontal Analysis

VMPFC ROI

Contrasted to controls, bvFTD showed a bilateral and widespread
atrophy of the ventral part of the frontal cortex, including lateral
orbito-frontal cortex and median areas from the subcallosal gyrus
to the median frontal pole. AD patients showed a bilateral atro-
phy of the ventro-median and lateral prefrontal cortices. When
contrasting bvFTD with AD, bvFTD showed a greater VMPFC
atrophy, circumscribed to the bilateral ventral median frontal cor-
tex and subcallosal/paracingulate cortices, with rostral areas being
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FIGURE 3 | Voxel-based morphometry analyses showing areas that
were atrophic in bvFTD compared to AD. Results were only found in
VMPFC and A-DLPFC ROIs. Clusters are overlaid on the MNI standard
brain. Colored voxels show regions that were significant in the analyses for

bvFTD vs AD

Posterior

p < 0.05 corrected for multiple comparisons via Family-wise Error (FWE)
and a voxel threshold of 20 contiguous voxels. Images follow radiological
convention (left is right and right is left) and “L” indicates the left for coronal
slices.

FIGURE 4 | Plots of the correlation between the mean individual
grey-matter intensity values extracted from the striatum-
VMPFC-connected and the striatum-A-DLPFC-connected and in the

A-DLPFC P-DLPFC
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> > >
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VMPFC and A-DLPFC in bvFTD patients (left frame) and from the
striatum-P-DLPFC-connected and P-DLPFC in AD patients (right
frame).

relatively spared, but extended laterally to the inferior frontal
gyrus.

A-DLPFC ROI

Compared to controls, bvFTD patients presented with a wide and
bilateral cortical atrophy within the median and lateral prefrontal
areas that included the paracingulate gyrus and the median part of
the superior frontal gyrus, the middle frontal gyrus and the dorsal
frontal pole. AD also presented with cortical atrophy that involved
the same regions that in bvFTD, but to a lesser degree. When
contrasting bvFTD to AD, atrophy was found in the bilateral
superior gyrus, the frontal pole, and in the paracingulate gyrus,
with a strong predominance in the right lobe.

P-DLPFC ROI

Contrasted to controls, the dIPFC in bvFTD was characterized
by a bilateral atrophy of the precentral gyrus, extended to the
caudal portions of the superior frontal gyrus and the opercular
cortex as well as to the supplementary motor cortex. In AD, the
same pattern of cortical atrophy was observed, but again to a
lesser degree than bvFTD. No significant voxels were found when
contrasting bvFTD with AD directly.

Relationship Between Striatal and Prefrontal
Atrophy

In the bvFTD group, the atrophy of the striatal subregions con-
nected to the VMPFC was highly related (R=0.81; p < 107°) to
the atrophy of the VMPFC (Figure 4). A significant correlation
was also observed for the A-DLPFC (0.63; p < 0.001) and its
connected striatal subregions, but not for the P-DLPFC (R = 0.31,
NS). In the AD group, the atrophy in the VMPFC and in its
connected striatal region was not correlated (R = 0.23, NS), as well
as in the A-DLPFC and in its striatal subregions (R = 0.32, NS). In
contrast, the atrophy in the P-DLPFC and in its striatal-connected
region was significantly correlated (R =0.66; p < 10™*).

Discussion

Using a novel probabilistic connectivity atlas, we demonstrated
different patterns of fronto-striatal atrophy in bvFTD and AD
based on the structural connectivity of prefrontal and striatal
regions (Table 2). More specifically, bvFTD patients showed
significant striatal and global prefrontal atrophy, whereas AD
patients showed only minor striatal atrophy while having sig-
nificant dorso-lateral prefrontal atrophy. In particular, striatal
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TABLE 2 | Schematic notation of the results in the striatal or frontal regions for the three different imaging contrasts.

Striatal regions connected to

Frontal regions

VMPFC A-DLPFC P-DLPFC VMPFC A-DLPFC P-DLPFC
bvFTD vs. controls ++ +++ ++ ++++ ++++ ++++
AD vs. controls + ++ + 4+ 4+t Tt
bvFTD vs. AD + -+ FR

+ Indicates the presence of atrophy.
+ > 100 voxels; +++ > 500 voxels; ++++ > 1000 voxels; ++++ > 5000 voxels.

regions connecting VMPEFC cortex areas, including the ventral
striatum were severely affected in bvFTD compared to AD. More
importantly, we found clear correlations between striatal and cor-
tical regions, which dissociated for bvFTD and AD, with bvFTD
showing only atrophy correlations between VMPFC and related
striatal regions as well as between anterior DLPFC and con-
nected striatal regions, while AD showing only atrophy correla-
tions between posterior DLPFC and related striatal regions. This
suggests for the first time that only some of the striatal atrophy
in bvFTD and AD is related to specific cortical atrophy in both
diseases.

In more detail, we replicated the well-known prefrontal atrophy
in bvFID, affecting ventral, rostral, and dorsal regions within
the PFC (2, 3). We observed a prefrontal atrophy in AD as well,
affecting every region within the PFC but to a lesser degree com-
pared to bvFTD, and especially in the VMPFC. We also replicated
(Figure 1) previous striatal degeneration results in bvFTD with
significant widespread striatal atrophy evident at presentation (4,
9, 10, 12, 13). Similarly, we also found a subtle atrophy (Figure 2)
in the striatum for AD, in particular, in the caudate nucleus and
putamen, thus replicating previous studies (7, 38, 39).

The striato-prefrontal atrophy found in AD might at first sight
surprising, as AD is commonly characterized by temporal and
parietal atrophy (40) although diffuse atrophy was observed in AD
(41), involving frontal regions as well. One possible explanation of
these results is that the striatal subregions covary with the general
cortical atrophy seen in AD. Striatal atrophy in AD would thus
occur as a consequence of the cortical atrophy (15), i.e., a knock-
on effect with disease duration. Different disease mechanisms
could be then responsible for striatal atrophy in AD and bvFTD.
Indeed, while significant caudate atrophy, together with thalamus,
has been recently reported in familial AD (42), studies in sporadic
AD only reported a subtle caudate volume loss, quantified to be
around 6-7% compared with age-matched control (38), although
a different profile may be observed according to the age-of-onset
and the apolipoprotein E genotype, as recently suggested (43).
In contrast, bvFTD have been reported to show a 25% caudate
volume reduction (44). Differences between sporadic and familial
AD suggest that while the same cortico-subcortical network atro-
phy is involved in both forms of AD, each of the nodes of this cir-
cuit are differentially involved in the two respective degeneration
processes (42).

In contrast, in bvFTD, the atrophy of the striatum could be
concomitant to the cortical atrophy. Indeed, while striatal degen-
eration could be considered as a consequence of the frontal atro-
phy occurring early in the disease course, it is likely that the

crucial importance of the connection between frontal lobes and
striatum has a direct impact on frontal atrophy as well, and this
is supported by the strong correlation found between gray-matter
loss in the VMPEFC and the ventral striatum in bvFTD and not
in AD. VMPFC and ventral striatum are richly interconnected
(45) and both areas are involved in the degeneration pattern of
bvFTD. While the striatal atrophy could be a consequence of
VMPEC atrophy, one can hypothesize that VMPFC could, in turn,
be affected by the striatal atrophy. Given the central place, the
striatum has in fronto-striatal network (18), the trans-striatal atro-
phy in bvFTD could be a resultant of more general fronto-striatal
network dysfunction. Along these lines, Looi and colleagues (16)
hypothesized that a disruption of any component of the fronto-
striatal circuitry could not only affect the functions of this network
but also may have up- and downstream effects attributed to trans-
synaptic neurodegeneration. Nevertheless, this still needs to be
verified longitudinally, and it would be, in particular, important
to contrast fronto-striatal with striatal connections to parietal and
temporal cortical areas to see reveal different patterns of up and
downstream synaptic changes.

Among all the striato-cortical regions investigated, the limbic
network appeared to discriminate most clearly bvFTD and AD
(Figure 3). This region includes ventromedial, subcallosal, and
polar prefrontal cortices as well as the nucleus accumbens, ante-
rior ventral caudate nucleus, and ventral putamen. Dysfunctions
of the VMPEC in bvFTD are well known and the atrophy of this
region is considered as a characteristic of bvFTD (2, 5, 46). Impor-
tantly, atrophy in this region has also been directly associated with
specific symptoms in bvFTD, such as neuropsychiatric changes
(47), loss of insight (48), inhibitory dysfunction (49, 50), and
social cognition impairments (50). This has led to suggestions that
frontal and particularly VMPEC specific changes are potentially
powerful diagnostic markers for FTD pathology, even in bvFTD
patients presenting with additional memory problems (51, 52).
Similarly, atrophy of the ventral striatum has been previously
described in bvFTD but not in AD (12, 13, 39, 41, 53), which
is consistent with our results. Given the importance of the con-
nections between VMPFC and ventral striatum (23, 45) and the
role of this ventral circuit in reward-guided choice behavior (54),
the conjunctive and respective investigations of the VMPFC and
ventral striatum could represent promising ways to enhance the
diagnosis of bvFTD. This dovetails nicely with previous find-
ings, such as the association between disinhibition and fronto-
striatal atrophy in bvFTD (17, 55), as well as other behavioral
features, such as apathy, reduced empathy, and aberrant motor
behavior (56, 57). Finally, some studies have also reported that
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atrophy of the striatum directly predicts executive, language, and
psychomotor dysfunctions and poorer general cognition (10, 13).
Taken together, these results suggest that numerous cognitive or
behavioral measures could be utilized to detect striatal atrophy.
Therefore, more specific delineation of the respective frontal and
striatal contributions to cognition and behavior is needed in order
to develop novel scales or tasks assessing pure striatal dysfunc-
tions, which could be an early biomarker of bvFTD. For example,
impaired probabilistic association learning has been found in
FTD and related to striatal atrophy (58), as well as impulsivity
related to delay discounting (59). These studies are encouraging
but do not specifically delineate or dissociate striatal and cortical
contributions, which should be explored in the future.

On a clinical level, the diagnosis of bvFTD remains challeng-
ing purely on clinical, cognitive, and behavioral biomarkers. The
revised diagnostic criteria of bvFTD (24) now require evidence
of frontal and/or temporal atrophy on imaging, in order to qual-
ify for a diagnosis of probable bvFTD. Nevertheless, as outlined
above, cortical markers of atrophy might be not as helpful in
distinguishing bvFTD and AD, in particular, for dorso-lateral
prefrontal changes, which can be associated with both conditions.
In particular, a percentage of AD patients present with prefrontal
deficits (60), which can make them appear clinically very similar
to bvFTD (61). Although the replication of our findings is needed
in larger group of patients, they indicate that striatal atrophy
in combination with VMPFC atrophy should be much more
promising in distinguishing those patients in vivo. Thus, the pure
clinical and diagnostic focus on cortical changes in bvFTD and
AD might have overshadowed the more important striatal changes
that are mostly present in bvFTD. Employment of striatal atrophy
measures should have much higher diagnostic specificity than
any cortical atrophy measures when attempting to discriminate
bvFTD and AD, even at presentation (16). Clearly, it would be
very important to confirm this notion in pathologically confirmed
cases of bvFTD and AD. Also, it would be clearly important to
track cortico-striatal changes longitudinally to map the network
atrophy over the disease course for both conditions.

These findings have important clinical and diagnostic implica-
tions for bvFTD as, to date, the substantial striatal degeneration
occurring in the course of the disease is not taken into account.
Previous investigations have only taken into account either corti-
cal or striatal atrophy in bvFTD and AD, while the current study
reveals prefrontal-striatal atrophy profiles across the diseases. This
approach was made possible by a novel striato-cortical anatomical

References

1. Piguet O, Hornberger M, Mioshi E, Hodges JR. Behavioural-variant frontotem-
poral dementia: diagnosis, clinical staging, and management. Lancet Neurol
(2011) 10(2):162-72. doi:10.1016/S1474-4422(10)70299- 4

2. Agosta F, Canu E, Sarro L, Comi G, Filippi M. Neuroimaging findings
in frontotemporal lobar degeneration spectrum of disorders. Cortex (2012)
48(4):389-413. doi:10.1016/j.cortex.2011.04.012

3. Schroeter ML, Raczka K, Neumann J, von Cramon DY. Neural networks
in frontotemporal dementia - a meta-analysis. Neurobiol Aging (2008)
29(3):418-26. doi:10.1016/j.neurobiolaging.2006.10.023

4. Broe M, Hodges JR, Schofield E, Shepherd CE, Kril JJ, Halliday GM. Staging
disease severity in pathologically confirmed cases of frontotemporal dementia.
Neurology (2003) 60(6):1005-11. doi:10.1212/01.WNL.0000052685.09194.39

connectivity atlas derived from diffusion magnetic resonance
imaging and probabilistic tractography. This novel method, tak-
ing into account functional links between brain structures in a
VBM - or structural - analysis leads toward network atrophy
profiles and away from region specific diagnostics, which may be
simplistic. Further, structural connectivity data are grounded on
anatomical diffusion data, which are an alternative to functional
resting-state networks data.

Conclusion

In summary, our results show different profiles of cortico-striatal
network atrophy in bvFTD and AD. Notably, the limbic circuitry
network (ventral striatum and median/ventro-median prefrontal
cortex) seems to best distinguish between the groups, with bvFTD
manifesting considerably greater atrophy in these regions. It is
important to investigate whether white-matter tract DTT findings
would give a similar result for the identified networks. Further-
more, despite the numerous and converging studies that have
established the importance of the limbic fronto-striatal circuit in
reward-cognition and behavior (62), to date, the role of the stria-
tum in the generation of bvFTD symptoms is unclear and need
to be addressed by future studies analyzing correlation between
behavioral scales or cognitive testing and striatal subregions.
Such studies should delineate frontal and striatal contributions to
behavior. Taken together, our current findings could have major
implications for future diagnostic guidelines of bvFTD as they will
allow taking into account the striatal changes in FTD that have
been so far overlooked in the diagnostic process and help in the
distinction process between bvFTD and AD.

Acknowledgments

We are thankful to Prof. Roger N. Gunn and Dr. Andri C. Tziortzi
who provided us the cortico-striatal maps of the Oxford-GSK-
Imanova Striatal Connectivity Atlas. We also thank Prof. Peter
J. Nestor for helpful suggestions. Finally, we would like to thank
the patients and their families for the contributions to this study.
Study funding: This work was supported by the National Health
and Medical Research Council NHMRC) Australia and the Aus-
tralian Research Council (ARC). MB was supported by a Marie
Sklodowska-Curie Fellowship awarded by the European Commis-
sion. The funding source had no involvement in the conduction of
the research.

5. Seeley WW, Crawford R, Rascovsky K, Kramer JH, Weiner M, Miller BL, et al.
Frontal paralimbic network atrophy in very mild behavioral variant frontotem-
poral dementia. Arch Neurol (2008) 65(2):249-55. doi:10.1001/archneurol.
2007.38

6. Hamalainen A, Tervo S, Grau-Olivares M, Niskanen E, Pennanen C, Huusko-
nen J, et al. Voxel-based morphometry to detect brain atrophy in progressive
mild cognitive impairment. Neuroimage (2007) 37(4):1122-31. doi:10.1016/j.
neuroimage.2007.06.016

7. Schroeter ML, Stein T, Maslowski N, Neumann J. Neural correlates of
Alzheimer’s disease and mild cognitive impairment: a systematic and quantita-
tive meta-analysis involving 1351 patients. Neuroimage (2009) 47(4):1196-206.
doi:10.1016/j.neuroimage.2009.05.037

8. Apostolova LG, Thompson PM. Mapping progressive brain structural
changes in early Alzheimer’s disease and mild cognitive impairment.

Frontiers in Neurology | www.frontiersin.org

July 2015 | Volume 6 | Article 147


http://dx.doi.org/10.1016/S1474-4422(10)70299-4
http://dx.doi.org/10.1016/j.cortex.2011.04.012
http://dx.doi.org/10.1016/j.neurobiolaging.2006.10.023
http://dx.doi.org/10.1212/01.WNL.0000052685.09194.39
http://dx.doi.org/10.1001/archneurol.2007.38
http://dx.doi.org/10.1001/archneurol.2007.38
http://dx.doi.org/10.1016/j.neuroimage.2007.06.016
http://dx.doi.org/10.1016/j.neuroimage.2007.06.016
http://dx.doi.org/10.1016/j.neuroimage.2009.05.037
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Bertoux et al.

Fronto-striatal atrophy in bvFTD and AD

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27

28.

Neuropsychologia (2008) 46(6):1597-612. doi:10.1016/j.neuropsychologia.
2007.10.026

. Seeley WW, Crawford RK, Zhou J, Miller BL, Greicius MD. Neurodegenerative

diseases target large-scale human brain networks. Neuron (2009) 62(1):42-52.
doi:10.1016/j.neuron.2009.03.024

. Garibotto V, Borroni B, Agosti C, Premi E, Alberici A, Eickhoff SB, et al. Subcor-

tical and deep cortical atrophy in frontotemporal lobar degeneration. Neurobiol
Aging (2011) 32(5):875-84. doi:10.1016/j.neurobiolaging.2009.05.004
O’Callaghan C, Bertoux M, Hornberger M. Beyond and below the cortex:
the contribution of striatal dysfunction to cognition and behaviour in
neurodegeneration. ] Neurol Neurosurg Psychiatry (2013) 85(4):371-8.
doi:10.1136/jnnp-2012-304558

Halabi C, Halabi A, Dean DL, Wang PN, Boxer AL, Trojanowski JQ, et al.
Patterns of striatal degeneration in frontotemporal dementia. Alzheimer Dis
Assoc Disord (2013) 27(1):74-83. doi:10.1097/WAD.0b013e31824a7df4

Looi JC, Svensson L, Lindberg O, Zandbelt BB, Ostberg P, Orndahl E, et al.
Putaminal volume in frontotemporal lobar degeneration and alzheimer disease:
differential volumes in dementia subtypes and controls. AJNR Am ] Neuroradiol
(2009) 30(8):1552-60. doi:10.3174/ajnr.A1640

Looi JC, Walterfang M, Styner M, Niethammer M, Svensson LA, Lindberg O,
et al. Shape analysis of the neostriatum in subtypes of frontotemporal lobar
degeneration: neuroanatomically significant regional morphologic change. Psy-
chiatry Res (2011) 191(2):98-111. doi:10.1016/j.pscychresns.2010.09.014
Barber R, McKeith I, Ballard C, O’Brien J. Volumetric mri study of the caudate
nucleus in patients with dementia with lewy bodies, Alzheimer’s disease, and
vascular dementia. ] Neurol Neurosurg Psychiatry (2002) 72(3):406-7. doi:10.
1136/jnnp.72.3.406

Looi JC, Walterfang M. Striatal morphology as a biomarker in neurodegenera-
tive disease. Mol Psychiatry (2013) 18:417-24. doi:10.1038/mp.2012.54
O’Callaghan C, Naismith SL, Hodges JR, Lewis SJ, Hornberger M. Fronto-
striatal atrophy correlates of inhibitory dysfunction in Parkinson’s disease ver-
sus behavioural variant frontotemporal dementia. Cortex (2013) 49(7):1833-43.
doi:10.1016/j.cortex.2012.12.003

Alexander GE, Crutcher MD. Functional architecture of basal ganglia circuits:
neural substrates of parallel processing. Trends Neurosci (1990) 13(7):266-71.
doi:10.1016/0166-2236(90)90107-L

Lehericy S, Ducros M, Van de Moortele PE, Francois C, Thivard L, Poupon C,
et al. Diffusion tensor fiber tracking shows distinct corticostriatal circuits in
humans. Ann Neurol (2004) 55(4):522-9. d0i:10.1002/ana.20030

Peters ], Buchel C. Overlapping and distinct neural systems code for subjec-
tive value during intertemporal and risky decision making. J Neurosci (2009)
29(50):15727-34. d0i:10.1523/J]NEUROSCI.3489-09.2009

Cools R, Clark L, Owen AM, Robbins TW. Defining the neural mechanisms
of probabilistic reversal learning using event-related functional magnetic reso-
nance imaging. J Neurosci (2002) 22(11):4563-7.

Redgrave P, Rodriguez M, Smith Y, Rodriguez-Oroz MC, Lehericy S, Bergman
H, et al. Goal-directed and habitual control in the basal ganglia: implications
for Parkinson’s disease. Nat Rev Neurosci (2010) 11(11):760-72. doi:10.1038/
nrn2915

Tziortzi AC, Haber SN, Searle GE, Tsoumpas C, Long CJ, Shotbolt P, et al.
Connectivity-based functional analysis of dopamine release in the striatum
using diffusion-weighted MRI and positron emission tomography. Cereb Cortex
(2014) 24(5):1165-77. doi:10.1093/cercor/bhs397

Rascovsky K, Hodges JR, Knopman D, Mendez MFE, Kramer JH, Neuhaus J,
et al. Sensitivity of revised diagnostic criteria for the behavioural variant of
frontotemporal dementia. Brain (2011) 134(Pt 9):2456-77. doi:10.1093/brain/
awrl79

Hornberger M, Piguet O, Kipps C, Hodges JR. Executive function in progressive
and nonprogressive behavioral variant frontotemporal dementia. Neurology
(2008) 71(19):1481-8. d0i:10.1212/01.wnl.0000334299.72023.c8

McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM.
Clinical diagnosis of Alzheimer’s disease: report of the nincds-adrda work group
under the auspices of department of health and human services task force on
Alzheimer’s disease. Neurology (1984) 34(7):939-44. doi:10.1212/WNL.34.7.
939

. Mioshi E, Hsieh S, Savage S, Hornberger M, Hodges JR. Clinical staging and dis-

ease progression in frontotemporal dementia. Neurology (2010) 74(20):1591-7.
doi:10.1212/WNL.0b013e3181e04070

Bozeat S, Gregory CA, Lambon Ralph MA, Hodges JR. Which features
distinguish frontal and temporal variants of frontotemporal dementia from

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

46.

47.

48.

Alzheimer’s disease? J Neurol Neurosurg Psychiatry (2000) 69:178-86. doi:10.
1136/jnnp.69.2.178

Mathuranath PS, Nestor P, Berrios GE, Rakowicz W, Hodges JR. A brief
cognitive test battery to differentiate Alzheimer’s disease and frontotemporal
dementia. Neurology (2000) 55:1613-20. doi:10.1212/WNL.55.11.1613
Ashburner J, Friston KJ. Voxel-based morphometry — the methods. Neuroimage
(2000) 11(6 Pt 1):805-21. doi:10.1006/nimg.2000.0582

Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, Frackowiak RS. A
voxel-based morphometric study of ageing in 465 normal adult human brains.
Neuroimage (2001) 14(1 Pt 1):21-36. d0i:10.1006/nimg.2001.0786

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-
Berg H, et al. Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage (2004) 23(Suppl 1):5208-19. doi:10.1016/
j-neuroimage.2004.07.051

Zhang Y, Brady M, Smith S. Segmentation of brain MR images through a hidden
Markov random field model and the expectation-maximization algorithm.
IEEE Trans Med Imaging (2001) 20:45-57. doi:10.1109/42.906424

Andersson JLR, Jenkinson M, Smith S. Non-Linear Optimisation. FMRIB
Technical Report TRO7JA2. (2007). Available from: http://www.fmrib.ox.ac.uk/
analysis/techrep

Andersson JLR, Jenkinson M, Smith, S. Non-Linear Registration, aka Spatial
Normalisation. FMRIB Technical Report TR07JA2. (2007). Available from: http:
/Iwww.fmrib.ox.ac.uk/analysis/techrep

Rueckert D, Sonoda LI, Hayes C, Hill DL, Leach MO, Hose DR, et al.
Nonrigid registration using free-form deformations: application to breast
MR images. IEEE Trans Med Imaging (1999) 18:712-21. doi:10.1109/42.796284
Good CD, Scahill RI, Fox NC, Ashburner J, Friston K, Chan D, et al. Automatic
differentiation of anatomical patterns in the human brain: validation with stud-
ies of degenerative dementias. Neuroimage (2002) 17(1):29-46. doi:10.1006/
nimg.2002.1202

Madsen SK, Ho AJ, Hua X, Saharan PS, Toga AW, Jack CRJr, et al. 3d maps local-
ize caudate nucleus atrophy in 400 Alzheimer’s disease, mild cognitive impair-
ment, and healthy elderly subjects. Neurobiol Aging (2010) 31(8):1312-25.
doi:10.1016/j.neurobiolaging.2010.05.002

de Jong LW, Ferrarini L, van der Grond ], Milles JR, Reiber JH, Westendorp RG,
et al. Shape abnormalities of the striatum in Alzheimer’s disease. ] Alzheimers
Dis (2011) 23(1):49-59. doi:10.3233/JAD-2010-101026

McDonald CR, McEvoy LK, Gharapetian L, Fennema-Notestine C, Hagler DJ
Jr, Holland D, et al. Regional rates of neocortical atrophy from normal aging
to early alzheimer disease. Neurology (2009) 73(6):457-65. doi:10.1212/WNL.
0b013e3181b16431

Noh Y, Jeon S, Lee JM, Seo SW, Kim GH, Cho H, et al. Anatomical heterogeneity
of Alzheimer disease: based on cortical thickness on MRIs. Neurology (2014)
83(21):1936-44. d0i:10.1212/WNL.0000000000001003

Ryan NS, Keihaninejad S, Shakespeare TJ, Lehmann M, Crutch SJ, Malone
IB, et al. Magnetic resonance imaging evidence for presymptomatic change
in thalamus and caudate in familial Alzheimer’s disease. Brain (2013) 136(Pt
5):1399-414. doi:10.1093/brain/awt065

Pievani M, Bocchetta M, Boccardi M, Cavedo E, Bonetti M, Thompson PM,
et al. Striatal morphology in early-onset and late-onset Alzheimer’s disease:
a preliminary study. Neurobiol Aging (2013) 34(7):1728-39. doi:10.1016/j.
neurobiolaging.2013.01.016

Looi JC, Lindberg O, Zandbelt BB, Ostberg P, Andersen C, Botes L, et al.
Caudate nucleus volumes in frontotemporal lobar degeneration: differential
atrophy in subtypes. AJNR Am ] Neuroradiol (2008) 29(8):1537-43. doi:10.
3174/ajnr.A1168

Ongur D, Price JL. The organization of networks within the orbital and
medial prefrontal cortex of rats, monkeys and humans. Cereb Cortex (2000)
10(3):206-19. doi:10.1093/cercor/10.3.206

Schroeter ML. Considering the frontomedian cortex in revised criteria for
behavioural variant frontotemporal dementia. Brain (2012) 135(Pt 4):e213.
doi:10.1093/brain/aws030

Nakano S, Asada T, Yamashita F, Kitamura N, Matsuda H, Hirai S, et al.
Relationship between antisocial behavior and regional cerebral blood flow
in frontotemporal dementia. Neuroimage (2006) 32(1):301-6. doi:10.1016/j.
neuroimage.2006.02.040

Hornberger M, Yew B, Gilardoni S, Mioshi E, Gleichgerrcht E, Manes F, et al.
Ventromedial-frontopolar prefrontal cortex atrophy correlates with insight loss
in frontotemporal dementia and Alzheimer’s disease. Hum Brain Mapp (2014)
35(2):616-26. d0i:10.1002/hbm.22200

Frontiers in Neurology | www.frontiersin.org

July 2015 | Volume 6 | Article 147


http://dx.doi.org/10.1016/j.neuropsychologia.2007.10.026
http://dx.doi.org/10.1016/j.neuropsychologia.2007.10.026
http://dx.doi.org/10.1016/j.neuron.2009.03.024
http://dx.doi.org/10.1016/j.neurobiolaging.2009.05.004
http://dx.doi.org/10.1136/jnnp-2012-304558
http://dx.doi.org/10.1097/WAD.0b013e31824a7df4
http://dx.doi.org/10.3174/ajnr.A1640
http://dx.doi.org/10.1016/j.pscychresns.2010.09.014
http://dx.doi.org/10.1136/jnnp.72.3.406
http://dx.doi.org/10.1136/jnnp.72.3.406
http://dx.doi.org/10.1038/mp.2012.54
http://dx.doi.org/10.1016/j.cortex.2012.12.003
http://dx.doi.org/10.1016/0166-2236(90)90107-L
http://dx.doi.org/10.1002/ana.20030
http://dx.doi.org/10.1523/JNEUROSCI.3489-09.2009
http://dx.doi.org/10.1038/nrn2915
http://dx.doi.org/10.1038/nrn2915
http://dx.doi.org/10.1093/cercor/bhs397
http://dx.doi.org/10.1093/brain/awr179
http://dx.doi.org/10.1093/brain/awr179
http://dx.doi.org/10.1212/01.wnl.0000334299.72023.c8
http://dx.doi.org/10.1212/WNL.34.7.939
http://dx.doi.org/10.1212/WNL.34.7.939
http://dx.doi.org/10.1212/WNL.0b013e3181e04070
http://dx.doi.org/10.1136/jnnp.69.2.178
http://dx.doi.org/10.1136/jnnp.69.2.178
http://dx.doi.org/10.1212/WNL.55.11.1613
http://dx.doi.org/10.1006/nimg.2000.0582
http://dx.doi.org/10.1006/nimg.2001.0786
http://dx.doi.org/10.1016/j.neuroimage.2004.07.051
http://dx.doi.org/10.1016/j.neuroimage.2004.07.051
http://dx.doi.org/10.1109/42.906424
http://www.fmrib.ox.ac.uk/analysis/techrep
http://www.fmrib.ox.ac.uk/analysis/techrep
http://www.fmrib.ox.ac.uk/analysis/techrep
http://www.fmrib.ox.ac.uk/analysis/techrep
http://dx.doi.org/10.1109/42.796284
http://dx.doi.org/10.1006/nimg.2002.1202
http://dx.doi.org/10.1006/nimg.2002.1202
http://dx.doi.org/10.1016/j.neurobiolaging.2010.05.002
http://dx.doi.org/10.3233/JAD-2010-101026
http://dx.doi.org/10.1212/WNL.0b013e3181b16431
http://dx.doi.org/10.1212/WNL.0b013e3181b16431
http://dx.doi.org/10.1212/WNL.0000000000001003
http://dx.doi.org/10.1093/brain/awt065
http://dx.doi.org/10.1016/j.neurobiolaging.2013.01.016
http://dx.doi.org/10.1016/j.neurobiolaging.2013.01.016
http://dx.doi.org/10.3174/ajnr.A1168
http://dx.doi.org/10.3174/ajnr.A1168
http://dx.doi.org/10.1093/cercor/10.3.206
http://dx.doi.org/10.1093/brain/aws030
http://dx.doi.org/10.1016/j.neuroimage.2006.02.040
http://dx.doi.org/10.1016/j.neuroimage.2006.02.040
http://dx.doi.org/10.1002/hbm.22200
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Bertoux et al.

Fronto-striatal atrophy in bvFTD and AD

49.

50.

51.

53.

54,

55.

56.

57.

58.

59.

Hornberger M, Geng J, Hodges JR. Convergent grey and white matter evidence
of orbitofrontal cortex changes related to disinhibition in behavioural variant
frontotemporal dementia. Brain (2011) 134(Pt 9):2502-12. doi:10.1093/brain/
awrl73

Bertoux M, Funkiewiez A, O’Callaghan C, Dubois B, Hornberger M. Sensitivity
and specificity of ventromedial prefrontal cortex tests in behavioral variant
frontotemporal dementia. Alzheimers Dement (2013) 9(5):S84-94. doi:10.1016/
j.jalz.2012.09.010

Hornberger M, Piguet O, Graham AJ, Nestor PJ, Hodges JR. How preserved
is episodic memory in behavioral variant frontotemporal dementia? Neurology
(2010) 74(6):472-9. doi:10.1212/WNL.0b013e3181cef85d

. Bertoux M, de Souza LC, Corlier F, Lamari E, Bottlaender M, Dubois B, et al.

Two distinct amnesic profiles in behavioral variant frontotemporal dementia.
Biol Psychiatry (2014) 75(7):582-8. doi:10.1016/j.biopsych.2013.08.017

de Jong LW, van der Hiele K, Veer IM, Houwing JJ, Westendorp RG, Bollen
EL, et al. Strongly reduced volumes of putamen and thalamus in Alzheimer’s
disease: an MRI study. Brain (2008) 131(Pt 12):3277-85. d0i:10.1093/brain/
awn278

Schultz W, Tremblay L, Hollerman JR. Reward processing in primate
orbitofrontal cortex and basal ganglia. Cereb Cortex (2000) 10(3):272-84.
doi:10.1093/cercor/10.3.272

Yi DS, Bertoux M, Mioshi E, Hodges JR, Hornberger M. Fronto-striatal atrophy
correlates of neuropsychiatric dysfunction in frontotemporal dementia (ftd)
and Alzheimer’s disease (ad). Dement Neuropsychol (2013) 7(1):75-82.

Rosen HJ, Allison SC, Schauer GE, Gorno-Tempini ML, Weiner MW, Miller BL.
Neuroanatomical correlates of behavioural disorders in dementia. Brain (2005)
128(Pt 11):2612-25. doi:10.1093/brain/awh628

Eslinger PJ, Moore P, Antani S, Anderson C, Grossman M. Apathy in fron-
totemporal dementia: behavioral and neuroimaging correlates. Behav Neurol
(2012) 25(2):127-36. doi:10.3233/BEN-2011-0351

Dalton MA, Weickert TW, Hodges JR, Piguet O, Hornberger M. Impaired
acquisition rates of probabilistic associative learning in frontotemporal demen-
tia is associated with fronto-striatal atrophy. Neuroimage Clin (2012) 2:56-62.
doi:10.1016/j.nicl.2012.11.001

Bertoux M, de Souza LC, Zamith P, Dubois B, Bourgeois-Gironde S. Dis-
counting of future rewards in behavioural variant frontotemporal dementia &
Alzheimer’s disease. Neuropsychology (2015).

60. Alladi S, Xuereb J, Bak T, Nestor P, Knibb J, Patterson K, et al. Focal cortical
presentations of Alzheimer’s disease. Brain (2007) 130(Pt 10):2636-45. doi:10.
1093/brain/awm213

61. de Souza LC, Bertoux M, Funkiewiez A, Samri D, Azuar C, Habert MO, et al.
Frontal presentation of Alzheimer’s disease: a series of patients with biological
evidence by csf biomarkers. Dement Neuropsychol (2013) 7(1):66-74.

62. Diekhof EK, Kaps L, Falkai P, Gruber O. The role of the human ventral striatum
and the medial orbitofrontal cortex in the representation of reward magnitude -
an activation likelihood estimation meta-analysis of neuroimaging studies of
passive reward expectancy and outcome processing. Neuropsychologia (2012)
50(7):1252-66. doi:10.1016/j.neuropsychologia.2012.02.007

Conflict of Interest Statement: Maxime Bertoux reports no conflicts of inter-
est, no financial interests, and no disclosures. He receives Marie Sklodowska-
Curie fellowship from the European Commission. Claire O’Callaghan reports no
conflicts of interest, no financial interests, and no disclosures. Emma Flanagan
reports no conflicts of interest, no financial interests, and no disclosures. John
R. Hodges reports no conflicts of interest and no financial interests. He is edi-
torial board member of Nature Reviews Neurology, Aphasiology, Cognitive Neu-
ropsychiatry and Cognitive Neuropsychology; personal compensation: publishing
royalties for Cognitive Assessment for Clinicians (Oxford University Press, 2007)
and Frontotemporal Dementia Syndromes (Cambridge University Press, 2007);
funding support: National Health and Medical Research Council of Australia.
Michael Hornberger reports no conflicts of interest and no financial interests.
He is editorial board member of the Journal of Alzheimer’s Disease, Dementia
and Cognitive Geriatrics, and the American Journal of Neurodegeneration. He
receives grants and fellowships from the Australian government funded Australian
Research Council (ARC) and National Health and Medical Research Council
(NHMRC).

Copyright © 2015 Bertoux, O’Callaghan, Flanagan, Hodges and Hornberger. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

July 2015 | Volume 6 | Article 147


http://dx.doi.org/10.1093/brain/awr173
http://dx.doi.org/10.1093/brain/awr173
http://dx.doi.org/10.1016/j.jalz.2012.09.010
http://dx.doi.org/10.1016/j.jalz.2012.09.010
http://dx.doi.org/10.1212/WNL.0b013e3181cef85d
http://dx.doi.org/10.1016/j.biopsych.2013.08.017
http://dx.doi.org/10.1093/brain/awn278
http://dx.doi.org/10.1093/brain/awn278
http://dx.doi.org/10.1093/cercor/10.3.272
http://dx.doi.org/10.1093/brain/awh628
http://dx.doi.org/10.3233/BEN-2011-0351
http://dx.doi.org/10.1016/j.nicl.2012.11.001
http://dx.doi.org/10.1093/brain/awm213
http://dx.doi.org/10.1093/brain/awm213
http://dx.doi.org/10.1016/j.neuropsychologia.2012.02.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

	Fronto-striatal atrophy in behavioral variant frontotemporal dementia and Alzheimer's disease
	Introduction
	Materials and Methods
	Case Selection
	Clinical Assessment
	Imaging Acquisition
	Voxel Based Morphometry Analysis: Pre-Processing
	Voxel Based Morphometry Analysis: ROI Analyses
	Striatum VMPFC-Connected ROI
	Striatum A-DLPFC-Connected and A-DLPFC ROI
	Striatum P-DLPFC-Connected and P-DLPFC ROI

	Statistics

	Results
	Demographics, Behavioral, and Cognitive Screening Measures
	VBM – Group Analyses
	Striatum Analysis
	Striatum VMPFC-connected ROI
	Striatum A-DLPFC-connected ROI
	Striatum P-DLPFC-connected ROI

	Prefrontal Analysis
	VMPFC ROI
	A-DLPFC ROI
	P-DLPFC ROI


	Relationship Between Striatal and Prefrontal Atrophy

	Discussion
	Conclusion
	Acknowledgments
	References


