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Abstract

Introduction

Behavioural variant frontotemporal dementia (bvFTD) is associated with changes in dorsal

striatal parts of the basal ganglia (caudate nucleus and putamen), related to dysfunction in

the cortico-striato-thalamic circuits which help mediate executive and motor functions. We

aimed to determine whether the size and shape of striatal structures correlated with diagno-

sis of bvFTD, and measures of clinical severity, behaviour and cognition.

Materials and Methods

Magnetic resonance imaging scans from 28 patients with bvFTD and 26 healthy controls

were manually traced using image analysis software (ITK-SNAP). The resulting 3-D objects

underwent volumetric analysis and shape analysis, through spherical harmonic description

with point distribution models (SPHARM-PDM). Correlations with size and shape were

sought with clinical measures in the bvTFD group, including Frontal Behavioural Inventory,

Clinical Dementia Rating for bvFTD, Color Word Interference, Hayling part B and Brixton

tests, and Trail-Making Test.
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Results

Caudate nuclei and putamina were significantly smaller in the bvFTD group compared to

controls (left caudate 16% smaller, partial eta squared 0.173, p=0.003; right caudate 11%

smaller, partial eta squared 0.103, p=0.023; left putamen 18% smaller, partial eta squared

0.179, p=0.002; right putamen 12% smaller, partial eta squared 0.081, p=0.045), with global

shape deflation in the caudate bilaterally but no localised shape change in putamen. In the

bvFTD group, shape deflations on the left, corresponding to afferent connections from dor-

solateral prefrontal mediofrontal/anterior cingulate and orbitofrontal cortex, correlated with

worsening disease severity. Global shape deflation in the putamen correlated with Frontal

Behavioural Inventory scores—higher scoring on negative symptoms was associated with

the left putamen, while positive symptoms were associated with the right. Other cognitive

tests had poor completion rates.

Conclusion

Behavioural symptoms and severity of bvFTD are correlated with abnormalities in striatal

size and shape. This adds to the promise of imaging the striatum as a biomarker in

this disease.

Introduction
Frontotemporal lobar degeneration (FTLD) is the term for a group of neurodegenerative disor-
ders that are characterised in their behavioural variant (bvFTD) by disinhibition, apathy, coars-
ening of personality, repetitive behaviour, and eating disturbances [1, 2]. The language variants
include progressive nonfluent aphasia (PNFA) and semantic dementia (SD), and all variants
can overlap with atypical Parkinsonian disorders such as progressive supranuclear palsy and
corticobasal degeneration. Our focus in this study is on bvFTD, the most common subtype,
and is aimed toward understanding the structural basis of cognitive and behavioural changes
seen in this disorder.

While previous research has focused on cortical changes in the pathophysiology of bvFTD,
relevant cortico-striato-thalamic circuits are also implicated [3–5]. These re-entrant circuits
run from specific cortical areas to corresponding areas on basal ganglia structures such as the
striatum, which connects to the globus pallidus and substantia nigra, before connecting to the
thalamus and completing the circuit to the cortex [6] (Figs 1 and 2). Accordingly, in neurode-
generative disorders that are characterised by dysfunction in these circuits, structural and func-
tional changes in different nodes within the circuits are likely, that is, structural change can be
seen as a biomarker for functional change [5]. As there is also somatotopic localisation of the
cortico-striato-thalamic circuits to the surface and interior of the striatum [4], examining stria-
tal shape deformities in addition to striatal size can potentially pinpoint areas of these struc-
tures that have disproportionately atrophied, allowing a finer-grained description of the likely
frontostriatal circuits that are affected [7].

Following on from this theoretical work, in addition to recent studies investigating the pat-
tern of cortical changes in bvFTD there have also been a number of studies specifically examin-
ing brain changes in subcortical structures in this disease [8]. Change in the striatum has been
demonstrated, with caudate nucleus shape differences occurring in a pattern that differs from
that of other neurodegenerative disorders [9, 10] and differs within subtypes of FTLD [11].
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Similar changes in the putamen have also been demonstrated [9, 12], with striatal changes ap-
pearing to be more frequent in tau-positive disorder [13], but disproportionate caudate
changes have also been observed in disease characterised by the fused in sarcoma protein
(FUS) [14]. Resting state fMRI studies support the concept of a diaschisis between cortical and
subcortical structures driving some of the behavioural symptoms of bvFTD and other demen-
tias, showing that specific intrinsic connectivity networks tend to degenerate in cortical and
subcortical areas as a group [15, 16]. While the aforementioned studies have demonstrated ro-
bust differences between diagnostic groups, there have been few studies looking specifically at
striatal size and shape and correlating this with standardised measures of behavioural distur-
bance and cognitive function in bvFTD.

Fig 1. Representation of the cortico-striato-thalamic circuits.Modified from [6].

doi:10.1371/journal.pone.0129692.g001

Fig 2. The location of afferent connections on caudate and putamen. ACC = Anterior cingulate cortex,
DLPFC = Dorsolateral prefrontal cortex, MC = Motor cortex, MPFC = Medial prefrontal cortex,
OFC = Orbitofrontal cortex, PMC = Premotor cortex.

doi:10.1371/journal.pone.0129692.g002
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The striatal structures have been linked with planning and implementation of motor func-
tions, as well as executive functioning, in the normal brain [17], so changes in these structures
would be expected to correlate with tests of these cognitive functions. Our group has found
measures of executive function to correlate with caudate size in an older adult group with dif-
fuse white-matter changes [18], but the clinical significance of striatal changes in bvFTD are
less known. Thus, the goal of this study is to extend the previous findings of our group by at-
tempting to confirm the groupwise shape deformations in striatal structures seen in bvFTD, as
well as correlate size and shape of caudate nucleus and putamen (as structural substrates of cor-
tico-striato-thalamic circuits) with measures of behavioural disturbance and cognitive dysfunc-
tion in bvFTD.

Materials and Methods
Participants were from the Lund Prospective Frontotemporal Dementia Study (LUPROFS), a
longitudinal study of patients with any of the frontotemporal dementia spectrum disorders
[19]. Diagnosis of bvFTD was made at diagnostic conference, according to Frontotemporal
Lobe Degeneration Consensus (FTDC) criteria [2]. Workup included clinical examination,
caregiver history with rating of behavioural disturbances and disease severity, standardized
neurological examination, MRI according to study protocol, CSF analysis of Alzheimer´s Dis-
ease (AD) core biomarkers (amyloid-beta-42, tau and p-tau) and a comprehensive neuropsy-
chological assessment. Among the bvFTD patients (n = 28), 20 had probable, two possible and
six definite bvFTD, according to FTDC criteria. The two individuals with a possible FTD diag-
nosis did display macroscopic atrophy on MRI, however not solely confined to the frontal and/
or temporal lobes. The diagnosis of probable FTD rested on the study MRI in all cases but
three, for which results of clinical functional imaging (SPECT or FDG-PET) were used. None
of the patients displayed a CSF biomarker profile indicative of AD [20]. Healthy controls
(n = 26) underwent clinical interview and examination, including neuropsychological testing
and MRI. Demographic and clinical data on the subjects are presented in Table 1.

Table 1. Demographics and Clinical Factors.

Healthy Control bvFTD Comparison

Number 26 28 -

Sex 13M 13F 17M 11F p = 0.599

Age 68 (35–82) 71 (38–78) p = 0.093

MMSE 30 (29–30) 25 (12–30) p = 0.000

Education (years) 14 (8–14) 9 (1–15) p = 0.016

Handedness (r/l) - 27/1 -

CDR n.a. 1 (0–2) -

FTLD-CDR-SB n.a. 9 (2–16.5) -

Duration of illness (years) n.a. 3 (1–12) -

FBI1-10 score n.a. 16 (6–29) -

FBI12-22 score n.a. 8 (1–24) -

FBI total score n.a. 27 (11–58) -

bvFTD = Behavioural Variant Frontotemporal Dementia, CDR = Clinical Dementia Rating, FBI = Frontal Behavioural Inventory, MMSE = Mini-Mental State

Examination, CDR = Clinical Dementia Rating, r/l = right/left handed, FTLD-CDR-SB = Frontotemporal Lobar Degeneration modified Clinical Dementia

Rating Sum of Boxes. All values median, (minimum-maximum). Comparisons are with Mann-Whitney test, and Chi-square for sex distribution.

doi:10.1371/journal.pone.0129692.t001
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Ethics Statement
Patients and healthy controls were informed of the study content in both oral and written
form. Informed consent was taken in written form from the study subjects. If there was a suspi-
cion that the study subject had a compromised capacity to consent, informed consent was
taken from the study subject and the spouse, or the spouse only. In any of these situations, the
study subject retained the right to decline or interrupt participation at any time. No formal as-
sessment of the patients capacity to consent was performed, instead this was determined by the
clinician. All subjects received a copy of the study information and their informed consent.
The procedure for informed consent, as well as all other aspects of the study, was approved by
the Regional Ethical Review Board, Lund, Sweden (Permit number 617/2008).

Cognitive Testing and Behavioural Rating
For a rating of general disease severity we employed the Clinical Dementia Rating (CDR) score,
and the sum of boxes in the Frontotemporal Lobar Degeneration modified Clinical Dementia
Rating (FTLD modified CDR) (Knopman et al., 2008)—the latter has the advantage of adding
two FTLD characteristic items, behaviour and language, to the CDR. Quantification of behav-
iour disturbances in the bvFTD group were conducted using the Frontal Behavioural Inventory
(FBI) (Kertesz, Davidson, & Fox, 1997) which rates 24 behaviours (items) on a 0–3 scale.

For the purpose of this study, the FBI was divided into subscores for FBI items 1–10, which
represent negative symptoms such as apathy, emotional flatness, and personal neglect; and FBI
items 12–22, representing positive symptoms such as perseverations, excessive jocularity, poor
judgement, inappropriateness, impulsivity and hyperorality. This division of composite scales
and/or patients is a common procedure in bvFTD studies [21–23]. A higher score on the FBI
represents more severe symptomatology.

The following neuropsychological tests were performed on the participants in the bvFTD
group as tolerated, chosen on the basis that they focus on executive cognitive function, a key
clinical feature of bvFTD considered to be localised to the dorsolateral prefrontal cortico-
striato-thalamic circuit traversing the striatum [6, 24, 25]: Color Word Interference from the
Delis-Kaplan Executive Function System (D-KEFS) [26]; Hayling part B and Brixton tests [27];
and Trail-making Test B [28, 29].

MRI Acquisition
MRI was performed using a Philips Achieva 3T scanner equipped with an eight-channel head
coil. Subsequent quantitative analysis is based on a T1-weighted 3D volumetric sequence with
TR 8.3 ms, TE 3.84 ms, FOV 256x256x175 and a voxel size of 1x1x1 mm3. T1, FLAIR and T2
images were inspected for the presence of cerebrovascular lesions in the caudate and/or puta-
men by a senior neuroradiologist (DvW) and those with lesions were excluded from volume
and shape analysis.

Image Analysis
MRI scans were analysed with ITK-SNAP [30], using a standardised and validated manual trac-
ing method for the caudate [31] and putamen [12]. This method produced 3-D object maps of
the caudate and putamen, from which volume and shape analysis calculations were made.
These tracing delineate these structures in their whole, except the posterior part of the caudate
tail, as it curves ventrally. Importantly, the tracing protocols do not include the ventral stria-
tum/nucleus accumbens. Inter-rater reliability was measured by having a second researcher
(FAW) trace a representative sample of the subjects—for the caudate, the intraclass correlation
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coefficient (absolute agreement, average measures) was 0.93, and 0.85 for the putamen. Intra-
rater reliability of the researcher performing the tracings (MM) was 0.98 for the caudate and
0.93 for the putamen.

Intracranial volume (ICV) was determined in a semi-automated fashion using FSL software
(FMRIB Group, Oxford, Oxfordshire, United Kingdom) as a measure to control for brain size.
First, brains were skull-stripped with the Brain Extraction Tool (http://www.fmrib.ox.ac.uk/
analysis/research/bet/) and were then linearly aligned to the MNI (Montreal Neurological In-
stitute, McGill University Montreal, Canada) 152 1-mm T1-weighted template [32]. The in-
verse of the determinant of the affine transformation matrix was multiplied by the ICV of the
MNI152 template to produce a measure of ICV for use as a covariate [32, 33].

Statistical Analysis
Comparisons of demographic data between bvFTD patients and controls were made using
Mann-Whitney test (or Pearson Chi-square for gender) in IBM SPSS Statistics Version 21.
ANCOVA was performed to determine groupwise differences between the bvFTD and control
groups, while linear regression was performed in the bvFTD group to determine correlation be-
tween specific cognitive test results, behavioural measures, and striatal volume. Covariates in
these analyses comprised age, gender, education and intracranial volume.

Tests of normality (and distribution of residuals, collinearity) were performed to assess the
suitability for the methods. Effect sizes in the ANCOVA analysis were expressed as partial Eta-
squared. If a subject was unable to complete a particular cognitive test, they were excluded
from the analysis.

Shape analysis was performed as follows. Using the 3-D object maps from ITK-SNAP,
shape analysis was performed using the spherical harmonic toolkit SPHARM-PDM. Briefly,
segmentations were minimally pre-processed to ensure a spherical topology. Subsequently the
segmentations were described by spherical harmonic functions and then sampled into surfaces
of 1002 points. These surfaces were then aligned using a rigid-body Procrustes alignment to a
mean template created from the sample. Comparisons between groups were performed using
MANCOVA utilising Hoteling T2-two sample statistic, and correlations using Pearson correla-
tion coefficient. Correction for multiple comparisons were performed using a False Discovery
Rate (FDR) estimation of 5% [34]. All analyses were normalised for head size using a scaling
factor of (Mean ICV/ICV)1/3 [35, 36]. Demographic variables (age, gender and education)
were included in a second run of the analyses to ensure that results were consistent with these
covariates added. More details about this method are available in the S1 Text.

Statistical shape analysis provides visualizations of the local effect size via mean difference
magnitude displacement maps and correlation maps. Mean difference displacement maps dis-
play the magnitude of surface change (deflation or inflation) in mm between corresponding
points on the mean surfaces of patients with bvFTD relative to controls. Correlation maps dis-
play local correlation coefficients. Additionally, shape statistical analysis significance maps
showing local statistical p-values, raw and corrected for FDR, are generated. For each structure
a global measure of shape change was computed by averaging the displacement across the sur-
face and using an ANOVA to compare the average displacement between groups. ICV was cor-
rected as per SPHARM analyses.

Results

Demographics and Clinical Details
Demographic details are summarised in Table 1. As expected, there were significant differences
in the MMSE score between the bvFTD group and healthy controls. There were no significant
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differences in age or gender distribution, but differences in educational level, with the bvFTD
group having significantly fewer years of education. The bvFTD group had median illness du-
ration of three years (ranging from one year to 12 years), median CDR of 1 (indicating mild de-
mentia) and a median score on the FBI total score of 27.

One patient had a lacunar infarct in the right putamen, with this structure excluded from
subsequent analysis.

Groupwise and Severity Differences
Volumetric analysis—between groups. The bvFTD group had significantly smaller stria-

tal structures than the control group (see Table 2). Specifically, analysis showed the bvFTD
group had smaller caudate nuclei on the left (16% smaller, partial eta squared 0.173, p = 0.003)
and right (11% smaller, partial eta squared 0.103, p = 0.023), as well as in the putamen on the
left (18% smaller, partial eta squared 0.179, p = 0.002) and right (12% smaller, partial eta
squared 0.081, p = 0.045) (Table 2).

Shape analysis—between-group and severity measures. Shape analysis of the bvFTD
group revealed global shape deflation in the caudate bilaterally, most noticeably in the areas
corresponding to the afferent connections from the dorsolateral prefrontal, orbitofrontal and
mediofrontal/anterior cingulate cortex (Fig 3), with the left caudate in particular showing
shape deflation in most areas of the structure. Measures of global shape change showed signifi-
cant deflation in the right caudate (mean deflation 0.47mm, F(1,51) = 11.62, p = 0.00128) and
in the left (mean deflation 0.60mm, F(1,51) = 18.22, p<0.0001), in line with the
volumetric results.

Regarding the putamina, global shape change similarly reflected the volumetric results, with
significant deflation in right putamen (mean deflation 0.76mm, F(1,50) = 11.9, p = 0.00115)
and left (mean deflation 0.84mm, F(1,50) = 13.9, p = 0.000484). These were raw localised shape
differences that did not survive correction for type II errors (FDR) (Fig 3).

FTLD-CDR-SB scores showed a similar pattern, with worsening scores correlating with
shape deflation in areas of the left caudate nucleus and putamen corresponding to the dorsolat-
eral prefrontal mediofrontal/anterior cingulate and orbitofrontal cortex. There were no signifi-
cant correlations with structures on the right (Fig 4).

Correlation with Frontal Behavioural Inventory and other cognitive
measures within the bvFTD group

Volumetric analyses—linear regression of behavioural and cognitive measures. Linear
regression analysis examining striatal structures and the FBI scores for items 1–10, incorporating

Table 2. Striatal Volume Analysis—Groupwise difference and correlation with FBI scores.

Structure Size difference in bvFTD group (%) Effect Size (partial eta square) Sig. (p) Correlation with FBI
1–10

Correlation with FBI
11–22

Stand. Beta Sig. (p) Stand.Beta Sig. (p)

Left Caudate -16.055 0.173 0.003 -0.376 0.106 -0.194 0.378

Right Caudate -11.898 0.103 0.023 -0.225 0.339 -0.219 0.312

Left Putamen -18.189 0.179 0.002 -0.659 <0.001 -0.436 0.014

Right Putamen -12.868 0.081 0.045 -0.455 0.035 -0.461 0.019

Groupwise differences assessed with ANCOVA. FBI correlations assessed with linear regression, with age, gender, education and intracranial volume

as covariates.

doi:10.1371/journal.pone.0129692.t002
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the covariates mentioned above, found significant negative correlations (i.e. higher the severity
score, the smaller the striatal structure) with the volume of the putamen on the left (standardised
beta = -0.659, p<0.001) and the right (standardised beta = -0.455, p = 0.035). Correlations with
the ‘positive symptom’ section of the FBI (items 12–22) also showed a negative correlation with
putamen volumes on the left (standardised beta = -0.436, p = 0.014) and the right (standardised
beta = -0.461, p = 0.019). This correlation was not demonstrated with the caudate nuclei
(Table 2).

The completion rates of the other cognitive tests and behavioural measures were significant-
ly lower, with the Hayling B and Brixton, Color Word Interference and Trail-Making B scores

Fig 4. Striatal size correlated with a measure of disease severity—FTLD-CDR-SB. Shape change for
correlations with Frontotemporal Lobar Degeneration Clinical Disease Rating—Sum of Boxes
(FTLD-CDR-SB) in the bvFTD group only. For ease of reference, we present the data by structure (caudate
or putamen), with medial and lateral views of the structure shown as labelled. These include the Pearson
correlation coefficient colour maps (on the left) and p-value shape significance maps (middle and right).
Pearson correlation coefficient colour maps are provided to visualise degree of positive and negative
correlation of the surface in that region. Warmer colours (such as red) corresponding to negative correlation
coefficients, and cooler colours (such as blue) to positive correlation coefficients. With the p-value colour
significance scale, warmer colours refer to smaller p-values (less than 0.05), with the blue colour
corresponding to p-values above 0.05. Both ‘raw’ p-values and p-values corrected for False Discovery Rate
(FDR) are shown.

doi:10.1371/journal.pone.0129692.g004

Fig 3. Shape analysis of bvFTD group vs. healthy controls. Shape change for FTLD patients relative to
controls. For ease of reference, we present the data by structure (caudate or putamen), with medial and
lateral views of the structure shown as labelled. These include the mean difference displacement maps (on
the left) and p-value shape significance maps (middle and right). The displacement colour scale corresponds
to the millimetres of deflation/inflation of the surface in that region; with warmer colours (such as red)
corresponding to greater degrees of deflation, and cooler colours (such as blue) greater degrees of inflation.
The p-value colour significance scale is identical for all images, and warmer colours refer to smaller p-values
less than 0.05, with the blue colour corresponding to p-values above 0.05. Both ‘raw’ p-values and p-values
corrected for False Discovery Rate (FDR) are shown.

doi:10.1371/journal.pone.0129692.g003
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only being completed by 12 of the 28 participants in the bvFTD group. No significant correla-
tions were found between these measures and the volume or shape of any of the
striatal structures.

Shape analyses—Pearson correlations of surface regions with behavioural and cognitive
measures. In line with the volumetric changes, there was no significant localised shape
change in the caudate associated with FBI scores. However, more significant global shape defla-
tion was seen in the putamen—scoring on the FBI items 1–10 was associated with shape defla-
tion in the left putamen (Fig 5), while higher scores on items 12–22 were associated with shape
deflation on the right (Fig 6).

Fig 5. Shape Analysis of correlation between striatum and FBI 1–10 scores. Shape change for
correlations with Frontal Behavioural Inventory (FBI) items 1–10 in the bvFTD group only. For ease of
reference, we present the data by structure (caudate or putamen), with medial and lateral views of the
structure shown as labelled. These include the Pearson correlation coefficient colour maps (on the left) and
p-value shape significance maps (middle and right). Pearson correlation coefficient colour maps are provided
to visualise degree of positive and negative correlation of the surface in that region. Warmer colours (such as
red) corresponding to negative correlation coefficients, and cooler colours (such as blue) to positive
correlation coefficients. With the p-value colour significance scale, warmer colours refer to smaller p-values
(less than 0.05), with the blue colour corresponding to p-values above 0.05. Both ‘raw’ p-values and p-values
corrected for False Discovery Rate (FDR) are shown.

doi:10.1371/journal.pone.0129692.g005

Fig 6. Shape Analysis of correlation between striatum and FBI 12–22 scores. Shape change for
correlations with Frontal Behavioural Inventory (FBI) items 12–22 in the bvFTD group only. For ease of
reference, we present the data by structure (caudate or putamen), with medial and lateral views of the
structure shown as labelled. These include the Pearson correlation coefficient colour maps (on the left) and
p-value shape significance maps (middle and right). Pearson correlation coefficient colour maps are provided
to visualise degree of positive and negative correlation of the surface in that region. Warmer colours (such as
red) corresponding to negative correlation coefficients, and cooler colours (such as blue) to positive
correlation coefficients. With the p-value colour significance scale, warmer colours refer to smaller p-values
(less than 0.05), with the blue colour corresponding to p-values above 0.05. Both ‘raw’ p-values and p-values
corrected for False Discovery Rate (FDR) are shown.

doi:10.1371/journal.pone.0129692.g006
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Discussion

Group comparisons: bvFTD versus controls
Volumetric analyses. This neuroimaging study of 28 subjects with FTLD and 26 age-

matched healthy controls focused on the caudate nucleus and putamen, finding that the diag-
nosis of bvFTD was associated with significantly smaller bilateral caudate nuclei and putamina
compared to controls.

Shape analyses. There were also significant localised shape deflation in many areas of the
caudate nuclei (particularly those with afferent connections to the dorsolateral prefrontal, orbi-
tofrontal and anterior cingulate cortex, as well as motor and oculomotor circuits—see Figs 1
and 2 [4, 37].

Though there were raw shape differences in bvFTD putaminal shape compared to controls,
these did not survive type II error (FDR) correction, possibly due to inter-individual shape var-
iability in the putamen (making it more difficult to segment) impacting in the context of the
relatively small sample size, resulting in failure to reject a false null hypothesis.

The significant groupwise differences in the caudate nuclei in volume and shape are consis-
tent with previous studies on bvFTD by our group on different FTLD datasets [10]. Confirming
our previous findings for the caudate, the topography of the atrophy implicates virtually all cor-
tico-striato-thalamic circuits. This result is similar to studies using voxel-based morphology
(VBM) in bvFTD, which have found atrophy in caudate and putamen, as well as in the ventral
striatum/nucleus accumbens [8]. Notably, we did not confirm our previous findings of consid-
erable shape change in the putamen, although as noted above, volume changes were significant,
in contradistinction to our previous papers where we found extensive atrophy in the putamen
in the two different datasets [9, 10].

Correlation of volume and shape with clinical features
Volumetric analyses. In addition to the groupwise analysis, the bvFTD subjects in this

trial underwent a number of tests of executive functioning and behaviour that we investigated
for correlation with volume and shape within the bvFTD group. Volumetric analysis demon-
strated significant correlation between putamen volumes and scores on the FBI although these
correlations were not found with caudate nucleus volumes. Tests of executive functioning had
poor completion rates (less than half of the bvFTD group), and no significant correlation was
found between striatal volumes and scores on these measures.

Interestingly the correlation with the FBI was with putaminal volumes rather than the cau-
date. The putamen also has significant afferent connections to the mediofrontal, dorsolateral
prefrontal and orbitofrontal cortex regions, as well as its better-known links with prefrontal
motor and motor circuits, and the correlation with measures of different aspects of the FBI is
thus not surprising.

Shape analyses. In accordance with the correlations with volumes, shape analyses for
behavioural disturbances within the bvFTD group highlight the putamina, with positive symp-
toms linked to the right putamen and negative to the left. Specifically, we found that correla-
tions between striatal shape and overall (FTLD-CDR-SB) and negative behaviours (FBI 1–10:
apathy, aspontaneity, indifference, inflexibility, personal neglect, disorganization, inattention,
loss of insight, logopenia, verbal apraxia) of bvFTD were significant primarily on the left, corre-
lated to most major fronto-putaminal circuits such as from the dorsolateral prefrontal, orbito-
frontal, anterior cingulate and motor cortical regions. This indicates that deficit syndromes of
bvFTD may have a structural basis in the putamen, discussed further below.
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Within the bvFTD group, we found that FTLD-CDR-SB was significantly correlated with left
caudate and putamen shape deflations, perhaps indicating a left-sided pathology relating to se-
verity of presentation. The finding of correlation of FBI 1–10 negative symptom behaviour items
to putamen shape may be a partial explanation for the correlation of severity of FTLD-CDR-SB,
as these loss of function behaviours may specifically impact upon global severity of disease.

We found that positive behaviours (FBI 12–22) and negative behaviours (FBI 1–10) of
bvFTD were not significantly correlated to caudate regions. However, as can be seen from the
figures, there are small raw (unadjusted for multiple comparisons) shape correlations for these
measure in caudate and putamen for the FBI and the subscales. Perhaps with larger sample
sizes in future, we will be able to determine if there are perhaps weaker correlations extant.

Our results concord with other studies highlighting the contribution of the striatum for
bvFTD behavioural symptomatology and, indirectly, to behavioural control in the healthy
brain. Some studies have found association with changes in the nucleus accumbens [23, 38],
and clinical measures of apathy in bvFTD have shown correlation with atrophy in the right
caudate [39]. The putamen, particularly on the right, has been implicated in several studies: for
instance, atrophy in the right putamen of bvFTD patients has been associated with increased
scores on scales of apathy, disinhibition, aberrant eating and motor behaviours [40], reward-
seeking behaviours (hypersexuality and sweet-food preference) [41] and binge eating [42, 43].
These studies provide evidence for the importance of the putamen, particularly the right puta-
men, in positive symptoms of behavioural disturbance (perseverations, excessive jocularity,
poor judgement, inappropriateness, impulsivity and hyperorality), with negative symptoms of
behavioural disturbance correlated with left putamen.

Limitations
As a simple scalar summary value, the volume of a structure condenses much information on
shape into a unitary measure: therefore, it is inherently a more reliable measure for both be-
tween-group and within-group analyses. Accordingly, it is expected that the findings with volu-
metric analyses may seem more robust. The shape of specifically topographically-linked
structures such as the caudate and putamen is considered to yield additional information as the
surface anatomy can be related to afferents from the cortex, albeit with a significant compres-
sion of inputs. However, the statistical analysis of shape involves multiple comparisons across
many surface points and thus invokes a stringent adjustment for multiple comparisons for type
I (permutation) and type II (FDR) errors, which may then discriminate against weaker or less
robust raw shape findings. Another limitation of this study was the comparatively low power
of the correlations associated with the executive functioning tests, with a large proportion of
subjects unable to complete the majority of the testing, lowering the ability of any analysis to
detect significant correlation with striatal structures. Finally, the caudate as compared to the
putamen is more easily manually segmented due to the relatively clearer medial boundary with
the ventricle, and hence may be the more reliable overall measurement.

Conclusion
This study has confirmed the striatal volume and shape changes associated with a diagnosis of
bvFTD compared to health controls seen in previous work from our group [9–11], but extends
this by the demonstration of correlations between primarily putaminal size and shape deflation
and bvFTD, both in behavioural measures and measures of clinical severity. This provides fur-
ther clues to the involvement of different cortico-striato-thalamic networks in the symptom-
atology of bvFTD; in particular, that specific atrophy in the putamen may contribute to many
of the central symptoms of the disorder. Furthermore, the correlation of left striatal shape with
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severity of dementia as measured by CDR suggests a dimensionality to the atrophic process.
Together with the robust group differences, the correlation with clinical features and severity
for the striatum, and especially the putamen for behavioural symptoms, indicate potential use-
fulness of shape and volume of the striatum as nascent biomarker in vivo, towards development
of an ensemble of neuroimaging biomarkers.

Future directions include investigating the diagnostic value of striatal shape and volume
data in clarifying the differential diagnosis of bvFTD, exploring correlational analysis with trac-
tography of the cortico-striato-thlamic circuits, and incorporating functional magnetic reso-
nance imaging data of intrinsic connectivity networks to integrate our findings with parallel
neuroimaging research. In this way we can more precisely detect, map and track progression of
bvFTD: spatially, temporally and in association with symptomatology.

Supporting Information
S1 Text. Computational Details of Spherical Harmonic Shape Analysis Group Compari-
sons, Error Corrections, Magnitude Displacement Maps.
(DOCX)
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