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a b s t r a c t

Frontotemporal lobar degeneration (FTLD) is a clinically and pathologically heterogeneous

spectrum of disorders. In the last few years, neuroimaging has contributed to the pheno-

typic characterisation of these patients. Complementary to the clinical and neuro-

psychological evaluations, structural magnetic resonance imaging (MRI) and functional

techniques provide important pieces of information for the diagnosis of FTLD. They also

appear to be useful in distinguishing FTLD from patients with Alzheimer’s disease (AD).

Preliminary studies in pathologically proven cases suggested that distinct patterns of

tissue loss could assist in predicting in vivo the pathological subtype. Recent years have also

witnessed impressive advances in the development of novel imaging approaches. Diffu-

sion tensor MRI and functional MRI have improved our understanding of the pathophys-

iology of the disease, and this should lead to the identification of additional useful markers

of disease progression. This reviews discusses comprehensively the state-of-the-art of

neuroimaging in the study of FTLD spectrum of disorders, and attempts to envisage which

will be new neuroimaging biomarkers that could serve as surrogate measures of the

underlying pathology. This will be central in the design of treatment trials of experimental

drugs, which are likely to emerge in the near future, to target the pathological processes

associated with this condition.

ª 2011 Elsevier Srl. All rights reserved.

1. Introduction

Frontotemporal lobar degeneration (FTLD) represents the

second most common early onset neurodegenerative

dementia (Rabinovici andMiller, 2010). FTLD is a clinically and

pathologically heterogeneous spectrum of disorders, which

encompasses distinct clinical syndromes: the behavioural

variant of frontotemporal dementia (bvFTD), and the language

variant (Rabinovici and Miller, 2010). bvFTD presents with

marked changes in personality and behaviour (Neary et al.,

1998), and, pathologically, is associated with all the three

major FTLD pathologies, characterised by abnormal cellular

inclusions containing either tau, TAR DNA-binding protein 43

(TDP-43), or fused in sarcoma (FUS) protein (Mackenzie et al.,
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2010). In the language variant, known as primary progressive

aphasia (PPA), a prominent, isolated language deficit is the

dominant feature during the initial phase of the disease

(Mesulam, 2001). Distinct profiles of language impairment

define the three clinical phenotypes of PPA (Gorno-Tempini

et al., 2011): the non-fluent/agrammatic (for convenience

hereafter called as non-fluent), characterised by agramma-

tism in language production and effortful speech with motor

speech deficits; the semantic, characterised by progressive

loss of knowledge about words and objects in the context of

relatively preserved fluency of speech; and the logopenic,

characterised by impaired naming and repetition in the

context of spared syntactic and motor speech abilities.

The non-fluent variant is most commonly associated with tau

pathology (Josephs et al., 2006; Knibb et al., 2006), and the

semantic with a TDP-43 proteinopathy (Grossman et al.,

2007b; Hodges et al., 2004; Mesulam et al., 2008). Alzheimer’s

disease (AD) is the most likely underlying pathology of the

more controversial logopenic variant, although FTLD with

TDP-43 immunoreactive inclusions (FTLD-TDP) changes can

also be found (Josephs et al., 2008; Mesulam et al., 2008).

In the last few years, neuroimaging has contributed to the

phenotypic characterisation of FTLD. The most commonly

used neuroimaging approaches to assess FTLD are structural

magnetic resonance imaging (MRI) and functional molecular

techniques, i.e., single photon-emission computed tomog-

raphy (SPECT) and positron emission tomography (PET).

Structural MRI showed that each clinical syndrome is associ-

ated with a specific pattern of focal atrophy and is routinely

used in the diagnostic work up of FTLD. SPECT allows to study

cerebral perfusion with compounds such as the [99mTc]-hex-

amethylpropyleneamine oxime (HMPAO). PET, most

frequently used with [18F]-fluorodeoxyglucose (FDG), provides

estimates of cerebral metabolism. Overall, functional neuro-

imaging techniques offer a window on brain states relative to

structural imaging or even in the absence of structural brain

abnormalities.

Recent years have also witnessed impressive advances in

the development of novel imaging approaches, which, with

varying degrees of success, had improved our ability to diag-

nose and understand the pathophysiology of the disease.

Diffusion tensor (DT) MRI allows to measure the random

diffusional motion of water molecules and, thus, provides

quantitative indices of the structural and orientational

features of central nervous system tissues (Pierpaoli et al.,

1996). Alterations in the brain microstructure associated with

FTLD have the potential to modify water diffusion character-

istics, which can be reflected in increased mean diffusivity

(MD) and reduced fractional anisotropy (FA) values. The PET

ligand [11C]-labelled Pittsburgh compound-B (PIB) binds

specifically to fibrillar amyloid b (Ab) (Klunk et al., 2004). The

ability to imageAbmayallowdistinction of FTLD fromADwith

a greater accuracy than that of other structural and functional

imaging techniques. Given the costs, limited availability and

relative invasiveness of FDGPET, functionalMRI (fMRI) is likely

to be an useful tool for detecting alterations in brain function

that may be present very early in the course of FTLD. In

particular, restingstate (RS) fMRIhasproved tobeanewtool for

mapping large-scale neural network function and dysfunction

in neurodegenerative diseases (Greicius et al., 2004).

This article reviews comprehensively the state-of-the-art

of neuroimaging in the study of FTLD spectrum of disorders,

and envisages which will be new neuroimaging biomarkers

that could improve the in vivo detection of the underlying

pathology. This will be central in the design of treatment trials

of new drugs targeting the pathological processes associated

with FTLD, which are likely to emerge in the near future.

2. Structural damage in FTLD syndromes

2.1. bvFTD

2.1.1. The pattern of brain atrophy

Structural MRI studies showed that bvFTD presents with

a combination of frontal and anterior temporal cortical

atrophy, usually asymmetrical (Boccardi et al., 2005; Du et al.,

2007; Perry et al., 2006; Richards et al., 2009; Rosen et al., 2002;

Seeley et al., 2008; Whitwell et al., 2009) (Fig. 1A). Such an

atrophy pattern can be readily appreciated on coronal MRI

scans. Nevertheless, an apparently normal MRI at visual

inspections does not exclude a diagnosis of bvFTD, because

tissue loss canbeverymodest in the early stagesof thedisease.

The applications of automated quantitative methods,

including voxel-based morphometry (VBM) (Boccardi et al.,

2005; Rosen et al., 2002; Seeley et al., 2008; Whitwell et al.,

2009) and cortical thickness measurement (Du et al., 2007;

Richards et al., 2009), revealed that the pattern of atrophy in

bvFTD varies significantly across different cohorts (Fig. 2). In

the frontal lobe, patients with bvFTD showed atrophy of the

bilateral ventromedial frontal and orbitofrontal cortices

(Boccardi et al., 2005; Du et al., 2007; Rosen et al., 2002; Seeley

et al., 2008), dorsolateral prefrontal cortex (Du et al., 2007;

Rosen et al., 2002; Seeley et al., 2008), anterior insula

(Boccardi et al., 2005; Rosen et al., 2002; Seeley et al., 2008),

anterior cingulate cortex (Boccardi et al., 2005; Rosen et al.,

2002; Seeley et al., 2008), and left premotor cortex (Rosen

et al., 2002). Atrophy of the temporal lobe includes the

amygdala and hippocampus, bilaterally (Barnes et al., 2006;

Boccardi et al., 2005; Seeley et al., 2008), as well as the left

inferior temporal gyrus (Boccardi et al., 2005).

In some cases, bvFTD presents with a remarkable atrophy

of the anterior temporal lobe and a little involvement of the

frontal regions (Shimizu et al., 2009; Whitwell et al., 2009). A

recent VBM study suggested that bvFTD can be divided into

four anatomically different subtypes, two of which are asso-

ciated with a prominent frontal atrophy (i.e., frontal domi-

nant, and frontotemporal variants) and two other with

a prominent temporal lobe atrophy (i.e., temporal dominant,

and temporofronto-parietal subtypes) (Whitwell et al., 2009).

Brain damage in bvFTD is not limited to the cortex (Fig. 2); it

also involves several subcortical structures, such as the

striatum (Boccardi et al., 2005; Garibotto et al., 2009; Seeley

et al., 2008), thalamus (Borroni et al., 2007; Garibotto et al.,

2009; Seeley et al., 2008), bilaterally, and hypothalamus

(Piguet et al., 2010). In addition to frontal and temporal grey

matter (GM) atrophy, frontal white matter (WM) loss was also

detected in bvFTD patients compared with controls (Cardenas

et al., 2007; Seeley et al., 2008). Significant atrophy was also

found in the brainstem, including the midbrain and pontine
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tegmentum (Cardenas et al., 2007; Chao et al., 2007; Seeley

et al., 2008).

The pattern of atrophy of bvFTD patients differs from that

of other neurodegenerative disorders, including AD (Boccardi

et al., 2003; Davatzikos et al., 2008; Du et al., 2007; Richards

et al., 2009). Relative to bvFTD, frontal brain regions are

generally spared in AD until late stages (Thompson et al.,

2007). These findings are supported by studies of autopsy-

proven bvFTD and AD patients (Kloppel et al., 2008; Likeman

et al., 2005; Rabinovici et al., 2007b; Vemuri et al., 2010).

Compared with AD patients, autopsy-proven bvFTD patients

had an atrophy pattern involving the anterior cingulate,

frontal insula, subcallosal gyrus, and striatum, bilaterally,

whereas AD patients showed a greater atrophy in the poste-

rior parietal and occipital cortices (Rabinovici et al., 2007b). In

a study investigating the diagnostic accuracy of visual

inspection of MRI scans in patients with pathologically

confirmed diagnosis, atrophy of the anterior, inferior, and

lateral temporal lobes was associated with the highest sensi-

tivity (�90%) for discriminating bvFTD from AD patients, and

anterior greater than posterior gradient and hemispheric

asymmetry of atrophy were each at least 85% specific for

bvFTD versus AD (Likeman et al., 2005). Supervised machine

learning techniques applied to standard T1-weighted MRI

scans of autopsy-proven FTLD (including bvFTD patients) and

AD cases performed well in distinguishing the two forms of

dementia (Kloppel et al., 2008; Vemuri et al., 2010).

Patterns of brain atrophy might be predictive of the

underlying pathological process in bvFTD (Table 1), with

bilateral dorsolateral prefrontal atrophy and milder temporal

atrophy being suggestive of Pick’s disease (PiD), and asym-

metric left and right temporal lobe atrophy being associated

with FTLD with ubiquitin-positive pathology (FTLD-U) and

FTLD with tau-positive inclusions (FTLD-tau), respectively

(Whitwell et al., 2005). A similar pattern of bilateral fronto-

temporal atrophy was found in FTLD-tau and FTLD-TDP cases

Fig. 1 e T1-weighted MRI scans showing the typical brain atrophy patterns of bvFTD and each PPA variant. (A) A typical

bvFTD patient, aged 49 years. The arrows show atrophy of the medial and dorsolateral frontal cortices. (B) A patient with the

non-fluent PPA variant, aged 63 years. The arrows show asymmetric left-lateralised atrophy of the insula and inferior

frontal gyrus. (C) A semantic PPA patient, aged 66 years. The arrow shows left-lateralised atrophy in the anterior temporal

lobe. (D) A logopenic PPA patient, aged 57 years. The arrow shows left-lateralised atrophy in the inferior parietal lobule.
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in other studies (Kim et al., 2007; Pereira et al., 2009; Whitwell

et al., 2004b), with a more severe striatal atrophy observed in

FTLD-tau cases in one series (Kim et al., 2007). Two recent

studies revealed distinct patterns of atrophy among the

pathological subtypes of FTLD-TDP (Rohrer et al., 2010a;

Whitwell et al., 2010). In the first study (Rohrer et al., 2010a),

bvFTD patients with type 2 or type 3 pathology according to

Sampathu nomenclature (Sampathu et al., 2006) showed

a relatively symmetric atrophy of the medial temporal lobe,

medial prefrontal, and orbitofrontal/insular cortices (type 2) or

asymmetric atrophy involving more dorsal areas including

frontal, temporal, and inferior parietal cortices, as well as the

striatum and thalamus, bilaterally (type 3). In the second

study (Whitwell et al., 2010), bvFTD patients with type 1 or

type 3 pathology according to Mackenzie et al. (2006) (which

correspond to Sampathu type 3 or type 2, respectively) expe-

rienced frontotemporal and parietal atrophy or predomi-

nantly posterior frontal atrophy, respectively (Fig. 3).

However, within the FTLD-TDP Mackenzie type 1 group,

patients with a progranulin mutation had more lateral

temporal lobe atrophy than those without, and patients with

motor neuron degeneration had a similar pattern of atrophy,

regardless the type of FTLD-TDP pathology (Whitwell et al.,

2010). Marked atrophy of the caudate nucleus in bvFTD

patients might be predictive of FTLD with fused in sarcoma

protein inclusions (FTLD-FUS) pathology (Josephs et al., 2010b;

Rohrer et al., 2010b; Seelaar et al., 2010). Taken together, the

results of these studies suggest that the patterns of atrophy

may contribute to the in vivo prediction of the underlying FTLD

pathology. They also demonstrated that FTLD-TDP is not an

anatomically homogeneous entity, and patterns of atrophy in

this condition differ in case of progranulin mutation and

motor neuron disease occurs. However, caution should be

exertedwhen interpreting these findings because the samples

of patients studied were small. As a consequence, further

work is needed to better understand similarities and diversi-

ties among the FTLD spectrum of pathology.

Summary

� bvFTD presents with a combination of frontal, anterior

temporal cortical and subcortical atrophy.

� Anterior greater than posterior gradient and hemispheric

asymmetry of involvement provide the highest specificity

for discriminating bvFTD from AD.

� Patterns of brain atrophy are likely to be associated with the

different pathological substrates of bvFTD.

2.1.2. Atrophy progression

In line with pathological findings, cross-sectional (Seeley

et al., 2008) and longitudinal (Brambati et al., 2007; Chan

et al., 2001a; Whitwell et al., 2004a) volumetric studies

showed that very mild bvFTD targets a specific subset of

frontal and insular regions, while more advanced disease

affects WM and posterior GM structures.

In a cross-sectional VBM study, patients with bvFTD were

stratified based on their clinical dementia rating (CDR) score

and atrophy patterns were determined in the different clinical

stages (Seeleyetal., 2008). Patientswithmilddementiaseverity

(CDR¼ .5) showed circumscribed GM atrophy in a network of

anterior brain regions, includingparalimbic (anterior cingulate

cortex, frontoinsula, and lateral orbitofrontal cortex), frontal

neocortical (dorsolateral, rostromedial, and frontal polar),

limbic (hippocampus), and subcortical (ventral striatum and

dorsomedial thalamus) areas, as well as the precentral gyrus,

with a predominant involvement of the right hemisphere. At

CDR¼ .5WM losswasminimal,with only small subfrontal and

basal pontine foci detected. In patientswith CDR score of 1, GM

atrophy was more extensive and bilateral, involving most of

the medial frontal surface, dorsolateral frontal regions and

Fig. 2 e This illustrative figure shows the patterns of GM atrophy in patients with bvFTD and each PPA variant, as derived

from available literature. Regions of GM atrophy are overlaid on the sagittal, coronal and axial slices of the Montreal

Neurological Institute template.
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Table 1 e Patterns of brain atrophy in patients with different frontotemporal lobar degeneration pathology.

Pathology bvFTD Non-fluenta Semantic Logopenic Atrophy pattern

Whitwell et al.

(2004b)

FTLD-taub Atrophy of frontal and temporal cortices

(right> left).

FTLD-Ub Atrophy of frontal and temporal cortices

(right> left).

Whitwell et al.

(2005)

FTLD-tau 5/16 (tau

exon 10þ 16)

Asymmetric (right> left) anterior and medial

temporal lobe and orbitofrontal cortex

atrophy.

5/16 (PiD) 1/1 (PiD) 1/4 (PiD) Severe dorsolateral bifrontal atrophy, with

milder atrophy of the temporal lobes.

FTLD-U 6/16 3/4 Asymmetric (left> right) frontal and temporal

atrophy.

Kim et al.

(2007)

FTLD-tau 5/10 1/3 Frontal, anterior temporal and striatal

atrophy. Striatal atrophy more severe than in

FTLD-U cases.

FTLD-U 5/10 1/1 2/3 Frontal, anterior temporal and striatal

atrophy.

Grossman et al.

(2007a)

FTLD-tau 5/9 Cortical atrophy in the frontal and parietal

regions, more prominent in the right

hemisphere.

FTLD-U 2/9 3/4 Cortical atrophy in the frontal and temporal

regions.

Other 2/9 (AD) 1/4 (AD) Atrophy of the bilateral parietal and temporal

areas, including the hippocampus.

Josephs et al.

(2008)

FTLD-U 5/10 Left-sided temporal lobe atrophy, including

the amygdala, hippocampus, inferior and

middle temporal gyri, and fusiform gyrus.

Other 5/10 (AD) Left-sided temporoparietal lobe atrophy, with

sparing of the medial and anterior temporal

pole.

Rohrer et al.

(2009)

FTLD-tau 4/4 (2 CBD; 2

PiD)

Significant thinning in the left insula.

FTLD-U 11/11 Asymmetric (left> right) thinning of the

temporal cortices.

Pereira et al.

(2009)

FTLD-tau 1/4 2/3 3/11 Bilateral mesial frontal and insular cortices

atrophy

FTLD-U 3/4 1/3 5/11 Bilateral mesial frontal and insular cortices

atrophy

Other 3/11 (AD) Severe left hippocampal atrophy, and absence

of the knife-edge anterior temporal atrophy

and of the severe thinning of the temporal

lobe in the regions of the collateral sulcus and

fusiform gyrus seen in other semantic groups.

Hu et al.

(2010)

FTLD-tau 3/3 (2 CBD, 1

PSP)

Dorsolateral prefrontal and insular atrophy.

FTLD-U 2/4 FTLD-

TDP

Peri-sylvian atrophy.

Other 2/4 (AD) Posterior-superior temporal atrophy

Rohrer et al.

(2010a) c

FTLD-U 4/4 FTLD-TDP

(2: Sampathu type

2; 2: Sampathu

type 3)

3/3 FTLD-TDP

(Sampathu

type 3)

9/9 FTLD-TDP

(Sampathu

type 1)

Sampathu type 1: asymmetric anterior

temporal atrophy, orbitofrontal and insular

atrophy.

Sampathu type 2: symmetric atrophy of the

medial temporal, medial prefrontal, and

orbitofrontal-insular cortices.

Sampathu type 3: asymmetric atrophy

involving more dorsal areas including frontal,

temporal, and inferior parietal cortices,

striatum, and thalamus.

(continued on next page)
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striatal-thalamic structures. WM loss involved the subfrontal,

parahippocampal,midcallosal regionsandcerebral peduncles.

In patients with CDR scores of 2 or 3, which indicatemoderate

and severe dementia stages respectively, the GM of the frontal

lobe was markedly involved, as well as the posterior insula,

posterior hippocampus, and parietal lobes, bilaterally. In these

stages,WM loss affected the entire corpus callosum, aswell as

several subcortical regions (including parahippocampal areas

and parietal lobes).

Increased rates of whole brain (WB) atrophy have been

observed in bvFTD patients compared with age-matched

healthy controls (Table 2) (Chan et al., 2001a; Gordon et al.,

2010; Knopman et al., 2009; Whitwell et al., 2008, 2007a). Using

the boundary-shift integral method to quantify changes over

time of WB volume and ventricular enlargement (VE) (Chan

et al., 2001a; Gordon et al., 2010; Knopman et al., 2009), it was

shown that the annual rate ofWB volume loss varies from 1.4%

to 3.7%, while the annual VE was found to be around 6ml/year.

The topographical distribution of progressive brain atrophy in

bvFTD patients has been assessed by a few longitudinal studies

(Brambatietal., 2007;Chanetal., 2001a;Whitwelletal., 2004a).A

first regional analysis study found that progression of atrophy

occurspredominantly in the anterior brainquadrants including

the frontal lobes and the temporal poles (Chan et al., 2001a).

Comparing two serial structural MRI scans using a fluid regis-

tration technique, a significant volume loss compared with

controls was observed in the posterior cingulate cortex from 10

bvFTD patients, thus suggesting that the medial parietal lobes

maybeaffected later in thecourseof thedisease (Whitwelletal.,

2004a). More recently, a WB analysis of bvFTD using tensor-

based morphometry found that the anterior cingulate/para-

cingulate gyri showed GM contraction over 1 year in bvFTD

(Brambati etal., 2007), confirming thevulnerability of limbicand

paralimbic regions in this disease. When a region of interest

(ROI)-based approachwas applied, the left ventromedial frontal

cortex, rightmedial superior frontal gyrus, anterior insulae and

left amygdala/hippocampus showed additional significant

longitudinal volume losses (Brambati et al., 2007).

Compared to AD, the progression of atrophy in bvFTD

patients is faster (Chan et al., 2001a; Whitwell et al., 2008).

Chan et al. (2001a) showed that bvFTD and AD are associated

with different rates of atrophy [mean annual losses 3.7%

(range: .3e8.0%) and 2.4% (range: .5e4.7%), respectively].

Similarly, the annual rate of WB volume loss in FTLD-U

subjects, including both bvFTD and PPA patients, was

significantly higher than the rate observed in AD subjects

(Whitwell et al., 2008). The results of a regional analysis of

atrophy showed that there were differences between bvFTD

and AD patients in the rates of tissue loss of both anterior

quadrants of the brain, but not in the posterior quadrants

(Chan et al., 2001a). A more recent study showed that,

although atrophy rates were significantly higher in the

cingulate and hippocampi in both bvFTD and AD compared

with controls, there was evidence of a subregional difference

in trends of atrophy in the cingulate between the disease

groups (more anterior in bvFTD and more posterior in AD)

(Barnes et al., 2007).

Table 1 e (continued )

Pathology bvFTD Non-fluenta Semantic Logopenic Atrophy pattern

Whitwell et al.

(2010) c

FTLD-U 18/18 FTLD-TDP (13:

Mackenzie type 1; 5:

Mackenzie type 3)

1/1 FTLD-TDP

(Mackenzie

type 1)

9/9 FTLD-TDP

(Mackenzie

type 2)

Mackenzie type 1: frontotemporal and

parietal atrophy.

Mackenzie type 2: predominantly anterior

temporal lobe atrophy.

Mackenzie type 3: predominantly posterior

frontal atrophy.

Josephs et al.

(2010b)

Other 3/3 (FTLD-FUS) Greater caudate nucleus atrophy

compared with FTLD-tau and FTLD-TDP

cases.

Rohrer et al.

(2010b)

Other 5/5 (FTLD-FUS) Atrophy of frontoinsular and anterior

cingulate cortices and caudate nucleus.

a Includes patients with non-fluent aphasia before the recognition of logopenic variant.

b The study included 13 bvFTD, one non-fluent, and three semantic patients; nine patients had a tau pathology (four cases with FTLD-17, and

five cases with sporadic PiD), while eight patients had an FTDL-U pathology; however, the phenotypic distribution among different pathologic

groups is not reported.

c These studies used different nomenclatures of the TDP-43 subtypes, i.e., Sampathu (Sampathu et al., 2006) versus Mackenzie (Mackenzie

et al., 2006). The correspondence between the two schemes is as follows: Sampathu type 1¼Mackenzie type 2; Sampathu type

2¼Mackenzie type 3; and Sampathu type 3¼Mackenzie type 1.

Fig. 3 e Patterns of GM atrophy in FTLD-TDP types 1, 2, and

3 compared with age-matched healthy controls. From

Whitwell et al. (2010) [permission requested].
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Summary

� Very mild bvFTD targets a specific subset of frontal and

insular regions, while more advanced disease affects WM

and posterior GM structures.

� Compared to AD, the progression of atrophy in bvFTD

patients is faster, with the most striking differences in

anterior brain regions.

2.1.3. Intrinsic tissue abnormalities

A recent DTMRI study of bvFTD patients (Whitwell et al., 2011)

found a pattern of GM increased MD that mirrors closely that

of GM loss, including the frontal and anterior temporal lobes,

insula, and caudate nucleus, bilaterally. Increased MD was

also found in the parietal and occipital GM (Whitwell et al.,

2011).

In a single, pathology-proven bvFTD case, ROI-based DT

MRI detected decreased FA values in WM frontal regions,

where histopathology revealed a typical frontal lobe degen-

eration of non-AD type (Larsson et al., 2004). Using a ROI-

based approach in vivo, a recent bvFTD study found DT MRI

abnormalities in WM tracts located in the frontal lobes, such

as the anterior cingulum, genu of the corpus callosum, and

anterior superior longitudinal fasciculus (SLF), and in those

tracts passing through the temporal lobes, such as the

uncinate and inferior longitudinal fasciculus (ILF) (Whitwell

et al., 2011). Voxel-based DT MRI studies in bvFTD patients

found FA reduction in fronto-parietal regions, which are

likely to represent the SLF (Borroni et al., 2007), and in frontal

and temporal WM regions including the anterior corpus

callosum, anterior cingulum, and uncinate, bilaterally (Zhang

et al., 2009). Such findings were confirmed by a DT MRI

tractography study, which disclosed a significant FA decrease

in all major association WM tracts (ILF, uncinate, and SLF)

and in the genu of the corpus callosum, as well as a sparing

of corticospinal tracts and splenium of the corpus callosum

(Matsuo et al., 2008). Two studies identified diffusivity

changes also in more posterior WM regions, such as those

containing the posterior SLF and the posterior cingulum

(Whitwell et al., 2011; Zhang et al., 2009).

DTMRImay improve the diagnostic differentiation between

bvFTDandAD.WhencomparedwithAD, bvFTDwasassociated

with greater reductions of FA in frontal regions, whereas no

regions in AD showed greater DT MRI changes compared to

bvFTD (Fig. 4) (Zhang et al., 2009). One recent study combined

cortical thickness measurement and DT MRI to compare 25

FTLD (13 bvFTD, seven non-fluent, five semantic) and 24 AD

patients, with autopsy- or cerebrospinal fluid (CSF)-confirmed

disease (Avants et al., 2010). The direct comparison of the two

groupsshowedasignificantlygreateratrophy in inferior frontal,

medial frontal and prefrontal cortical regions, and a reduced FA

of the genu of the corpus callosum, left inferior fronto-occipital

fasciculus (IFOF), cingulum, uncinate and bilateral corona

radiata in FTLD cases relative to AD (Avants et al., 2010).

Conversely, AD patients showed no areas of significant reduc-

tion in cortical thickness or WM integrity relative to FTLD

Table 2 e Annual rates of change of MRI measures in longitudinal studies in patients with the bvFTD and PPA variants
compared with healthy controls and patients with AD.

Study Controls bvFTD Non-fluent Semantic Logopenic FTLD-Ua AD

Chan et al.

(2001a)

N 27 17 13b 54

Mean WB volume loss/y

[standard deviation (SD)] [%]

.47 (.40) 3.7 (2.5) 2.5 (1.0) 2.37

(1.03)

Whitwell et al.

(2007a)

N 25 12 12

Median WB volume

loss/y (range) [%]c
�.3

(1.2, �.8)

�1.7

(�.9, �5.6)

�1.1

(.4, �3.8)

Median VE/y (range) [%]c 3.1

(�2.8, 7.5)

9.6

(8.6, 33.7)

8.3

(2.4, 16.0)

Whitwell et al.

(2008)

N 9 9

Mean WB volume loss/y [95%

confidence interval (CI)] [ml/y]

23

(15e31)

10

(2e18)

Mean VE/y (95% CI) [ml/y] 1.66

(.5e2.81)

.44

(�.38e1.26)

Rohrer et al.

(2008)

N 21 8

Mean WB volume loss/y [ml/y] 4.4 (4.1) 27.4 (16.0) 21.6 (6.1)

Mean VE/y (SD) [ml/y] .7 (1.0) 6.9 (3.8) 4.5 (1.3)

Knopman et al.

(2009)

N 34 17 16 9

Mean WB volume loss/y

(SD) [%]

1.60 (1.11) 1.61 (.89) 1.66 (1.04) 2.08 (1.00)

Mean VE/y (SD) [ml/y] 5.94 (4.40) 6.33 (4.47) 7.42 (3.95) 4.79 (1.89)

Gordon et al.

(2010)

N 24 11 10 11

Mean WB volume loss/y

(SD) [%]

.1 (.5) 1.4 (1.5) 2.9 (.9) 2.6 (1.6)

Mean VE/y (SD) [ml/y] .5 (1.1) 5.5 (6.7) 5.6 (3.8) 7.1 (4.9)

a FTLD-U subjects had a clinical diagnosis of bvFTD or PPA.

b One patient had a clinical picture suggestive of non-fluent PPA.

c Data are shown as median (range). Negative rates represent a decrease in volume over time, whereas positive rates represent an increase in

volume.
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patients (Avants et al., 2010). These studies suggest that WM

injury is likely to bemore prominent in bvFTD than in AD.

Summary

� In bvFTD, DT MRI abnormalities involve preferentially WM

tracts located in the frontal lobes and those passing through

the temporal lobes. However, diffusivity changes are also

identified in more posterior WM regions.

� Compared with AD, bvFTD is associated with a more prom-

inent frontalWMdamage,whereas no regions in AD showed

more severe DT MRI abnormalities compared to bvFTD.

2.1.4. Clinical correlates

Several previous studies have reported an association

between regional volume loss in the frontal cortex and

cognitive and behavioural symptoms of bvFTD. Using VBM,

aberrant behaviours in bvFTD, as measured by the neuro-

psychiatric inventory (NPI), were found to correlate with GM

volume loss in the dorso-mesial frontal lobe/paracingulate

region, which wasmore prominent on the right side (Williams

et al., 2005). Behavioural dysfunction in a large group of 148

dementia patients, including 32 patients with bvFTD, was

correlated with atrophy in several brain regions of the right

hemisphere including the ventral portion of the anterior

cingulate cortex and the adjacent ventromedial superior

frontal gyrus, ventromedial prefrontal cortex, orbitofrontal

cortex, lateral middle frontal gyrus and anterior insula (Rosen

et al., 2005). In addition, three regions of the medial frontal

cortex showed unique associations with specific behaviours:

apathy correlated with tissue loss in the ventromedial supe-

rior frontal gyrus, disinhibition with tissue loss in the

Fig. 4 e DT MRI abnormalities in patients with bvFTD compared with those from patients with AD in the anterior (A) and

posterior (B) brain regions. (A) The first row [FTD< cognitively normal (CN)] shows FA reductions in bvFTD patients relative

to CN individuals involving the anterior frontal and temporal brain. The second row (AD<CN) shows the regional FA

reductions in AD patients relative to CN individuals involving only a few regions in left anterior cingulum and bilateral

uncinate fasciculus. The third row (FTD<AD) shows FA reductions in bvFTD relative to AD patients indicating that bvFTD

patients had significantly lower FA values in several regions located in the bilateral frontal lobes, including the anterior

corpus callosum, bilateral anterior cingulum, uncinate fasciculus and anterior limb of internal capsule. (B) The first row

(FTD<CN) shows FA reductions in bvFTD patients relative to CN individuals involving the posterior brain regions. BvFTD

patients compared to CN individuals experienced widely distributed changes involving the posterior brain (but not as

severe as in the anterior brain) including posterior corpus callosum, bilateral posterior cingulum, descending cingulum,

as well as fibres in the SLF. The second row (AD<CN) shows the regional FA reductions in AD patients relative to CN

individuals involving a few regions located in the left posterior cingulum and left descending cingulum. The third row

(FTD<AD) shows FA reductions in bvFTD relative to AD patients indicating that bvFTD had significantly lower FA values in

regions of the bilateral SLF and inferior part of the thalamus. The areas with significantly decreased FA values are marked

in warm colours with p-False Discovery rate threshold[ .05. Modified from Zhang et al. (2009) with permission.

c o r t e x 4 8 ( 2 0 1 2 ) 3 8 9e4 1 3396

http://dx.doi.org/10.1016/j.cortex.2011.04.012
http://dx.doi.org/10.1016/j.cortex.2011.04.012


subgenual cingulate gyrus, and aberrant motor behaviour

with tissue loss in the dorsal anterior cingulate cortex and

premotor cortex (Rosen et al., 2005). This observation has been

partially corroborated by another study, which indicated that

partially distinct areas of cortical atrophy are associated with

apathy and disinhibition, including the dorsal anterior

cingulate cortex and dorsolateral prefrontal cortex in

apathetic patients, and the medial orbital frontal cortex in

disinhibited patients (Massimo et al., 2009).

Many behavioural features in bvFTD have been also asso-

ciated with right temporal lobe atrophy (Zamboni et al., 2008).

A VBM study including 48 bvFTD patients and 14 subjects with

an aphasic variant, showed that the severity of apathy

correlated with atrophy in the right dorsolateral prefrontal

cortex, while the severity of disinhibition correlated with

atrophy in the right nucleus accumbens, right superior

temporal sulcus, and right mediotemporal limbic structures

(Zamboni et al., 2008). GM volumes of the right subcortical and

deep cortical structures (i.e., caudate, putamen, and amyg-

dala) have been found to correlate negativelywith behavioural

symptoms in bvFTD as measured by the frontal behaviour

inventory (FBI) (Garibotto et al., 2009).

In bvFTD patients, neuroanatomical correlates of different

abnormalities of eating behaviour (pathological sweet tooth

and increased food consumption, or hyperphagia) were also

identified (Piguet et al., 2010; Whitwell et al., 2007b; Woolley

et al., 2007). The development of pathological sweet tooth

was associated with GM loss in a distributed brain network

including bilateral posterolateral orbitofrontal cortex and

right anterior insula (Whitwell et al., 2007b). Hyperphagia was

associated with more focal GM loss in anterolateral orbito-

frontal cortex, bilaterally, in one study (Whitwell et al., 2007b),

and atrophy of the right ventral insula, striatum, and orbito-

frontal cortex in another one (Woolley et al., 2007). Patients

with severe feeding disturbances, such as increased appetite,

preference for sweet foods, and increased tendency to eat the

same foods, exhibited significant atrophy of the posterior

hypothalamus (Piguet et al., 2010).

Serial MRI studies showed that the annualised percent

changes of WB volume at 1 year is associated with decline in

Mini Mental State Examination (MMSE) (Gordon et al., 2010)

andCDR-sumof boxes (SB) (Gordonet al., 2010;Knopmanet al.,

2009) scores measured in bvFTD patients. In addition, in these

patients, FA values of the right SLF were found to correlate

negatively with the Trail Making Test-B score, which assesses

executive functions, and scores of those items of the FBI

investigating lackofflexibility, planningdeficits, impulsivityor

poor judgement, andutilisationbehaviour (Borroni et al., 2007).

An association was also found between FA values of the left

uncinate and MMSE and CDR scores (Matsuo et al., 2008).

Summary

� Partially distinct areas of the medial frontal cortex show

unique associations with specific behaviours in bvFTD.

� Many behavioural features in bvFTD are associated with

right temporal lobe atrophy.

� Neuroanatomical correlates of different abnormalities of

eating behaviour in bvFTD patients are well defined and

include GM loss of bilateral orbitofrontal cortex, right insula,

and posterior hypothalamus.

2.2. PPA

2.2.1. The pattern of brain atrophy

2.2.1.1. THE NON-FLUENT VARIANT. The non-fluent variant is

associated with a characteristic pattern of left anterior

peri-sylvian atrophy involving inferior, opercular and

insular portions of the frontal lobe (Figs. 1B and 2) (Gorno-

Tempini et al., 2004a). Motor and premotor regions and

Broca’s area are also involved (Gorno-Tempini et al., 2004a).

A recent study showed that non-fluent patients relative to

controls experience the most significant cortical thinning

in the left superior temporal sulcus (reduced by 14%),

superior temporal lobe (10%), transverse temporal gyrus

(9%), left inferior frontal lobe (9%), and superior frontal lobe

(9%) (Rohrer et al., 2009). Cortical thinning was also detec-

ted in the left insula (Rohrer et al., 2009). Compared with

semantic patients, areas that were significantly thinner in

non-fluent patients were mainly located in the left hemi-

sphere and included the inferior and superior frontal gyri,

precentral gyrus, transverse temporal gyrus, and superior

and inferior parietal gyri (Rohrer et al., 2009). In the right

hemisphere, some frontal and parietal regions were more

atrophied in non-fluent than in semantic patients (Rohrer

et al., 2009).
In non-fluent patients, atrophy of the basal ganglia

(Garibotto et al., 2009; Gorno-Tempini et al., 2004a), thalamus

(Garibotto et al., 2009), and amygdala, bilaterally (Garibotto

et al., 2009) was also observed (Fig. 2). Compared with

controls, non-fluent patients also had atrophy of the left

hippocampus (van de Pol et al., 2006b); however, it was less

severe than that in AD patients (van de Pol et al., 2006b). A

study investigating WM volume loss in non-fluent patients

found a severe involvement of a frontal region, which is likely

to harbour part of the SLF (Rohrer et al., 2010d).

Volumetric studies in pathologically confirmed non-

fluent cases included only small numbers of subjects

(Table 1), but showed findings supporting those reported by

clinical cohort studies (Grossman et al., 2007a; Hu et al.,

2010; Kim et al., 2007; Pereira et al., 2009; Rohrer et al.,

2010a, 2009; Whitwell et al., 2010, 2005, 2004b). Inferior

frontal and superior temporal cortical thinning was seen in

non-fluent patients with tau-positive disease (Rohrer et al.,

2009). Grossman et al. (2007a) detected cortical atrophy in

the frontal and parietal regions, more prominent in the right

side, in five non-fluent patients with FTLD-tau pathology,

and a pattern of frontotemporal atrophy in two non-fluent

patients with FTLD-U. Three non-fluent patients with

FTLD-TDP Sampathu type 3 pathology showed a dorsal

pattern of asymmetric atrophy affecting the frontal,

temporal, and insular lobes, as well as the anterior cingulate

and parietal areas (Rohrer et al., 2010a). Whitwell et al.

(2010) described one non-fluent case with FTLD-TDP Mack-

enzie type 1 pathology, showing a pattern of frontotemporal

and parietal atrophy. In a recent study (Hu et al., 2010), 6 of

19 patients with non-fluent PPA (32%) had CSF findings

consistent with AD and showed significant posteri-

oresuperior temporal atrophy, while non-fluent patients

with FTLD pathology [i.e., corticobasal degeneration (CBD)

or progressive supranuclear palsy (PSP) pathology] had

dorsolateral prefrontal and insular atrophy (Fig. 5A).
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2.2.1.2. THE SEMANTIC VARIANT. Semantic PPA is associated with

left anterior temporal atrophy affecting the lateral and ventral

temporal surfaces, as well as the anterior hippocampus and

amygdala (Fig. 1C). Regional volumetric studies (Fig. 2) showed

a pattern of temporal atrophy including the temporal pole

(Boxer et al., 2003; Galton et al., 2001; Gorno-Tempini et al.,

2004a; Hodges et al., 1992; Mummery et al., 2000, 1999),

amygdala (Barnes et al., 2006; Boxer et al., 2003; Chan et al.,

2001b; Galton et al., 2001; Garibotto et al., 2009; Gorno-

Tempini et al., 2004a; Rosen et al., 2002), hippocampus

(Boxer et al., 2003; Chan et al., 2001b; Galton et al., 2001; Gorno-

Tempini et al., 2004a; Rosen et al., 2002; van de Pol et al.,

2006a), anterior inferior, middle and superior temporal gyri

(Gorno-Tempini et al., 2004a; Hodges et al., 1992; Mummery

et al., 1999), and anterior fusiform gyrus (Chan et al., 2001b;

Galton et al., 2001; Gorno-Tempini et al., 2004a; Hodges

et al., 1992; Mummery et al., 1999), predominantly in the left

hemisphere. An involvement of the ventromedial frontal

cortex (Gorno-Tempini et al., 2004a; Rosen et al., 2002),

caudate nucleus (Gorno-Tempini et al., 2004a), and left

posterior insula (Gorno-Tempini et al., 2004a) was also shown.

In a recent cortical thickness study (Rohrer et al., 2009),

semantic patients experienced the greatest thinning

compared with healthy controls in the left anterior and infe-

rior temporal lobes, including the temporal pole (reduced by

51% relative to controls), entorhinal cortex (46%),

Fig. 5 e (A) Patients with the logopenic variant (left) and non-fluent variant (right) have a frontotemporal atrophy (red) when

their CSF biomarkers or autopsy results are consistent with FTLD, and a temporal-parietal atrophy (green) when their CSF

biomarkers or autopsy results are consistent with AD. A statistical height threshold for these analyses was set at p< .005

and only clusters comprised of 100 or more adjacent voxels that survived a peak voxel significance of p< .05 (corrected for

family wise error) were accepted. (B) Predictive value of combining clinical features, neuropsychological analysis, and MRI

patterns of atrophy for the distinction between FTLD and AD. Abbreviations: AUC[ area under the curve; Clin[ clinical

characterisation; MRI[ volumetric MRI analysis; NPsy[neuropsychological analysis. From Hu et al. (2010) [permission

requested].
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parahippocampal (30%), fusiform (27%), and inferior temporal

(26%) gyri (Fig. 6). In the right hemisphere, a similar but less

extensive pattern of cortical thinning was seen (Fig. 6).

Compared with non-fluent patients, areas that were signifi-

cantly thinner in semantic patients were the temporal pole,

parahippocampal, entorhinal, fusiform, inferior temporal,

middle temporal, and superior temporal gyri in the left

hemisphere, and corresponding areas (except for the superior

temporal gyrus) in the right temporal lobe (Rohrer et al., 2009).

Patients with the semantic variant also experience

temporal WM atrophy (Chao et al., 2007; Rohrer et al., 2010d),

which is predominant in the left temporal lobe and includes

areas likely to represent the fornix, ILF, and uncinate fascic-

ulus (Rohrer et al., 2010d). Adding temporal WM volume to

temporal GM volume significantly improves the discrimina-

tion between semantic and bvFTD patients (Chao et al., 2007).

Semantic patients have a left hippocampal atrophy more

marked than that seen in AD patients (Boxer et al., 2003; Chan

et al., 2001b; Galton et al., 2001; van de Pol et al., 2006a). In

semantic PPA, however, the hippocampal atrophy is predom-

inantly located anteriorly, with a relative preservation of the

posterior hippocampal regions (Boxer et al., 2003; Chan et al.,

2001b). A VBM study, comparing semantic and AD patients

(Boxer et al., 2003), found that semantic patients had a greater

atrophy of the anterior hippocampus and amygdale, bilater-

ally, left anterior temporal lobe, and left dorsomedial thalamus

compared to both healthy controls and AD patients. On the

contrary, compared to semantic patients, those with AD

showed a greater atrophy of the left parietal cortex, posterior

cingulate cortex, and precuneus, bilaterally (Boxer et al., 2003).

A prominent left frontal and anterior temporal atrophy is

seen in patients with semantic PPA who have FTLD-U

pathology at autopsy (Grossman et al., 2007a; Josephs et al.,

2008; Kim et al., 2007; Rohrer et al., 2009; Whitwell et al.,

2005) (Table 1). One recent study (Pereira et al., 2009) showed

similar patterns of atrophy in the FTLD-TDP and FTLD-tau

semantic patients, as well as a qualitatively different pattern

in those with AD. These latter patients mostly has hippo-

campal involvement, and a lack of the knife-edge anterior

temporal atrophy, as well as a less severe thinning of the

temporal lobe in the regions of the collateral sulcus and fusi-

form gyrus. Nine semantic patients with FTLD-TDP Sampathu

type 1 pathology showed an asymmetric anterior temporal

lobe atrophy (either left- or right-predominant) with addi-

tional involvement of the orbitofrontal lobes and insulae

(Rohrer et al., 2010a). In another series, nine semantic patients

with FTLD-TDP Mackenzie type 2 pathology showed

a predominantly anterior temporal lobe atrophy (Whitwell

et al., 2010).

2.2.1.3. THE LOGOPENIC VARIANT. In the logopenic variant, the

pattern of atrophy primarily affects the left temporoparietal

junction, including the left posterioresuperior and middle

temporal gyri, as well as the inferior parietal lobule (Figs. 1D

and 2) (Gorno-Tempini et al., 2008, 2004a; Migliaccio et al.,

2009; Rohrer et al., 2010d). The involvement of the left

medial temporal lobe is reported less consistently (Gorno-

Tempini et al., 2008). Such a posterior temporoparietal

pattern of damage chiefly discriminates this syndrome from

other subtypes of PPA (Rohrer et al., 2010d).

A VBM study investigated the overlap between the log-

openic PPA variant and early age at onset AD by comparing

directly patterns of GM atrophy in the two clinical syndromes

(Migliaccio et al., 2009). This study showed that, compared to

controls, each patient group experiences a large area of

overlapping atrophy in the bilateral parietal, occipital, pre-

cuneus, posterior cingulate, posterior temporal, and hippo-

campal regions, with a greater involvement of the left

temporal cortex in the logopenic variant. These results agree

with the notion that the logopenic variant represents a clinical

manifestation of a non-typical form of AD that presents at an

early age (Migliaccio et al., 2009).

In logopenic patients, WM volume loss was detected in

regions in the vicinity of atrophied GM, such as the posterior

portion of the left middle temporal and bilateral posteri-

oresuperior temporal gyri (Gorno-Tempini et al., 2008), as well

as fornix and along themajor long association tracts of the left

hemisphere, including the cingulum, SLF, ILF and IFOF (Rohrer

et al., 2010d).

Studies evaluating patients with a form of PPA associated

with AD pathology demonstrated the presence of tempor-

oparietal atrophy (Table 1) (Grossman et al., 2007a; Josephs

et al., 2008). One of these studies showed that the hippo-

campus was spared (Josephs et al., 2008), while another found

hippocampal atrophy (Grossman et al., 2007a). A recent study

investigated the value of clinical phenotyping, neuro-

psychological analysis, and pattern of MRI atrophy in pre-

dicting underlying pathology of logopenic cases (Hu et al.,

2010). Twelve of 19 patients with the logopenic variant (63%)

had neuropathologic findings or CSF biomarkers consistent

with AD (Hu et al., 2010). VBM analysis revealed that these

patients had a significant posterioresuperior temporal

atrophy; in case of non-AD pathology, patients experienced

Fig. 6 e Cortical thinning in patients with semantic PPA

variant compared with healthy controls. (Left) Percentage

cortical thickness differences compared with controls are

shown in semantic patients classified based on their

naming test scores, i.e., group 1 was the least anomic, and

group 3 the most anomic. (Right) Pattern of cortical

thinning in all semantic patients compared with controls.

Only lateral views are shown. Coloured bar represents

percentage thickness difference. From Rohrer et al. (2009)

[permission requested].
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a peri-sylvian atrophy (Fig. 5A) (Hu et al., 2010). Receiver-

operator characteristic curve analysis showed that

combining neuropsychological testing with the pattern of MRI

atrophy allows a 90% specificity to be reached in patients with

pathology data or CSF biomarkers consistent with AD (Fig. 5B)

(Hu et al., 2010).

Summary

� On structural MRI scans, each PPA variant is associated with

a specific pattern of focal atrophy: left frontoinsular and

peri-sylvian atrophy in the non-fluent variant, asymmetric

atrophy of the anterior temporal and ventromedial frontal

lobe in the semantic variant, and left temporoparietal

atrophy in logopenic patients.

� Patterns ofWMatrophy in PPA patients resemble those seen

in GM structures.

� In the logopenic variant, which is the most controversial

PPA group, neuropsychological testing and the detection of

a pattern of brain atrophy involving the left temporoparietal

regions contributes significantly to the diagnostic work up

of these patients.

2.2.2. Atrophy progression (Table 2)

2.2.2.1. THE NON-FLUENT VARIANT. Although atrophy in non-

fluent PPA is most prominent in the left inferior frontal

regions, the left lateral temporal cortex, anterior parietal lobe

and middle and superior parts of the frontal lobe are

increasingly affected as the severity of anomia worsens

(Rohrer et al., 2009).

To date, only two studies (Gordon et al., 2010; Knopman

et al., 2009) quantified the evolution of WB atrophy in non-

fluent patients and showed an annual percentage change of

1.7 and 2.6% and a ventricular expansion of 7.4 and 7.1 ml/

year, respectively. Unpublished observations suggest that

atrophy associated with the non-fluent variant often extends

superiorly into the anterior superior temporal lobe, medially

into the orbital frontal and anterior cingulate regions, and

posteriorly along the Sylvian fissure into the parietal lobe

(Grossman, 2010).

Non-fluent PPA can progress to a syndrome encompassing

generalised motor problems compatible with a diagnosis of

corticobasal syndrome (CBS) or PSP (Josephs et al., 2006). VBM

was applied to four annual MRI scans of a 56-year-old woman,

whose clinical picture evolved from non-fluent variant to CBS.

This study showed a progression of atrophy from the inferior

posterior frontal gyrus, to the left insula and finally to the

medial frontal lobe (Gorno-Tempini et al., 2004b). The patient

died at age 57 and the post-mortem examination revealed

a diffuse tau-positive pathology in GM and WM, basal ganglia

and substantia nigra, compatible with CBD pathology

(Sanchez-Valle et al., 2006). Another study described four

patients presenting with non-fluent PPA who subsequently

developed features of a PSP syndrome, including a typical

oculomotor palsy (Rohrer et al., 2010c). These PSP-non-fluent

cases had a less prominent midbrain atrophy but a more

marked prefrontal atrophy than the control group consisting

of five patients with pathologically confirmed PSP without

aphasia. They had, however, a more prominent midbrain

atrophy and a less marked peri-sylvian atrophy than other

non-fluent cases (Rohrer et al., 2010c).

2.2.2.2. THE SEMANTIC VARIANT. A cross-sectional study in

semantic patients showed that, as the severity of anomia

increases, greater cortical thinning of posterior and superior

parts of the left temporal lobe, parts of the left frontal lobe

(orbitofrontal and inferior gyri), insula and cingulate gyrus can

be detected (Fig. 6) (Rohrer et al., 2009). A similar pattern of

tissue loss with increasing disease severity was observed in

the right temporal lobe of these patients (Rohrer et al., 2009).

A few longitudinal studies assessed the dynamics of

global and regional atrophy in semantic patients (Brambati

et al., 2009b; Chan et al., 2001a; Gordon et al., 2010;

Knopman et al., 2009; Krueger et al., 2010; Rohrer et al.,

2008). Using a semiautomated image registration method to

calculate annual rates of brain atrophy and VE, several

studies found that semantic patients had a greater WB

annual percent volume loss (from 1.66% per year to 2.6% per

year), and VE (about 7 ml/year) compared with healthy

controls (Chan et al., 2001a; Gordon et al., 2010; Knopman

et al., 2009; Rohrer et al., 2008). Such changes were inde-

pendent of age, gender and disease duration (Gordon et al.,

2010). Over 1 year, semantic patients had the greatest

volume loss in the temporal lobes (5.9% on the left and 4.8%

on the right) (Krueger et al., 2010).

Patients who present with predominantly left-sided

temporal lobe atrophy develop clinical and radiological

features of right temporal lobe damage as the diseases evolve

(Fig. 7) (Brambati et al., 2009b; Chan et al., 2001a; Rohrer et al.,

2008). In a group of 21 semantic patients, the mean rate of

atrophy was 3.9 ml/year in the right temporal lobe versus

2.8 ml/year in the left (Rohrer et al., 2008). Using tensor-based

morphometry, both left and right temporal variants of

semantic PPA showed a significant progression of GM atrophy

over 1 year not only in the temporal lobe most affected at

Fig. 7 e A tensor-based morphometry study showing

patterns of GM atrophy progression over 1 year in patients

with the classic left-lateralised (LTLV) semantic PPA (A),

and patients with the right variant of semantic PPA (RTLV)

(B) compared with controls. Statistical maps are displayed

on sections of the study-specific template used for

normalisation. The threshold for display is p< .05

corrected for multiple comparisons (family wise error).

From Brambati et al. (2009b) with permission.
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presentation, but also in the contralateral one (Fig. 7)

(Brambati et al., 2009b). In the left variant, progression of

volume loss also involved the ventromedial frontal and the

left anterior insular regions (Fig. 7A) (Brambati et al., 2009b).

2.2.2.3. THE LOGOPENIC VARIANT. In logopenic patients, the

annualised percent changes were 2.08% for WB volume and

14.78% for VE (Knopman et al., 2009). Regional longitudinal

volumetric studies have not been reported yet, but clinical

unpublished observations suggest that, as the disease prog-

resses, inferior regions of the temporal lobe are involved, with

an extension superiorly into the parietal lobe, and anteriorly,

along the Sylvian fissure, into the frontal lobe (Grossman,

2010).

Summary

� Only a few longitudinal studies assessed the dynamics of

global and regional atrophy in PPA patients.

� As the diseases evolve, PPA patients show a progression of

GM atrophy not only in the regions most affected at

presentation, but also in the corresponding contralateral

areas.

2.2.3. Intrinsic tissue abnormalities

2.2.3.1. THE NON-FLUENT VARIANT. In non-fluent patients

compared with controls, GM MD was found to be increased in

the left posterior inferior and superior frontal lobe, anterior

insula, supplementary motor area, and temporal lobe

(Whitwell et al., 2011). Only one DTMRI study has investigated

the extent of WM damage in the non-fluent variant, and

showed a decreased FA in the bilateral SLF and right uncinate

compared with controls (Whitwell et al., 2011). However, the

ROI-based approach used in this study prevented a definition

of the overall pattern of brain WM damage.

2.2.3.2. THE SEMANTIC VARIANT. The pattern of GM increased MD

in semantic patients matches well with the pattern of tissue

loss: the most severe alterations are observed in the left

hemisphere, particularly in the temporal lobe (Whitwell et al.,

2011). GM MD increases are also observed in the insula, and

frontal, parietal and occipital lobes, with a left side predomi-

nance (Whitwell et al., 2011). In semantic patients, abnor-

malities of WM tract diffusivity were identified in the major

inferior and superior temporal connections of the left hemi-

sphere (Fig. 8), such as the ILF (Agosta et al., 2010; Borroni

et al., 2007; Whitwell et al., 2011), uncinate fasciculus

(Agosta et al., 2010; Whitwell et al., 2011), IFOF (Borroni et al.,

2007), and arcuate (Agosta et al., 2010; Borroni et al., 2007;

Whitwell et al., 2011). Left callosal radiations (Borroni et al.,

2007), genu of the corpus callosum (Agosta et al., 2010) and

posterior cingulate bundle (Whitwell et al., 2011) were also

found to be damaged in these patients. On the contrary, the

fronto-parietal WM connections are relatively spared (Agosta

et al., 2010). Taken together, these findings suggest that

a network-level dysfunction of the language system, along

with the distribution of GM loss, can be responsible for the

combination of impaired and spared functions typical of the

semantic variant.

Fig. 8 e (A) Structural MRI of one representative control and each semantic patient studied (coronal view). (BeD) Left

language-related 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. From Agosta et al. (2010) with permission.
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2.2.3.3. THE LOGOPENIC VARIANT

There are currently no DT MRI studies in logopenic patients.

Summary

� The patterns of GM increased MD in non-fluent and

semantic patients match well with the patterns of tissue

loss.

� The non-fluent variant is associated with an intrinsic

damage to the bilateral frontal connections.

� In semantic patients, abnormalities of WM tract diffusivity

were detected in all the major inferior and superior

temporal connections of the left hemisphere.

� Future studies are warranted to characterize WM changes

that may occur in the logopenic variant.

2.2.4. Clinical correlates

Using VBM in 51 patients with a neurodegenerative disease

presenting with predominant speech and language symp-

toms, 41 of whommet the criteria for PPA, significant positive

correlationswere found between scores at four language tasks

and regional brain volumes (Amici et al., 2007): deficits in

naming were associated with bilateral temporal lobe atrophy;

deficits in sentence repetition with atrophy of the left poste-

rior portion of the superior temporal gyrus; deficits in sen-

tence comprehension with left dorsal middle and inferior

frontal atrophy; and deficits in fluency with atrophy of the left

ventral middle and inferior frontal gyri. A VBM correlation

analysis showed a differential pattern of exception and

pseudo-word reading abilities in PPA (Brambati et al., 2009a).

Exception word reading accuracy, which is typically impaired

in semantic patients, correlated with GM volume of the left

anterior temporal structures, while pseudo-word reading

accuracy, which is typically impaired in logopenic patients,

correlated with volume of the left temporoparietal regions

(Fig. 9) (Brambati et al., 2009a).

In the non-fluent variant, the classic clinical features are

driven by the severity of left frontal and caudate damage. A few

VBMstudieshave thus attempted to identify the specificneural

injuries associated with clinical symptoms in non-fluent

patients. When compared with non-fluent patients with

apraxia of speech (AOS)-only, those with AOS plus dysarthria

showed a greater damage to the left face portion of the primary

motor cortex and left caudate (Ogar et al., 2007). In non-fluent

patients with early mutism, volume loss was more prominent

in the pars opercularis and extended into the left basal ganglia

(Gorno-Tempini etal., 2006), thussuggesting thatdamage to the

network of brain regions involved in coordination and execu-

tion of speechmay cause mutism in non-fluent PPA.

In semantic patients, a significant correlation between

semantic processing (word/picture matching) and the degree

of atrophy of the left anterior temporal lobe has been observed

in many studies (Galton et al., 2001; Mummery et al., 2000;

Rosen et al., 2002). In a study including both bvFTD and

semantic patients, semantic breakdown correlated with

extensive GM loss in the left anterior temporal lobe and, less

significantly, with atrophy of the right temporal pole and

subcallosal gyrus (Williams et al., 2005). Interestingly, a recent

study in individuals with a variety of neurodegenerative

diseases, including the semantic PPA variant, provided

evidence for a differential role of the left and right temporal

regions in the extraction of semantic information from verbal

and pictorial representations, since material-specific correla-

tions were found between left temporal region volume and

verbal stimuli, and right fusiform gyrus volume and non-

verbal stimuli (Butler et al., 2009).

Abnormal behaviour may develop in PPA patients as the

disease evolves, but the anatomical basis of behavioural

changes in PPA is not fully understood yet. A VBM study

revealed a more severe atrophy of the right orbitofrontal

cortex in PPA patients with anxiety, apathy, irritability/lability

and abnormal appetite/eating disorders, and a more severe

atrophy of the left orbitofrontal cortex in those with disinhi-

bition (Rohrer and Warren, 2010). In semantic patients with

predominantly right-sided atrophy, episodic memory, getting

lost, and prosopagnosia are associated with a variety of

behavioural symptoms including social disinhibition,

depression and aggressive behaviour (Chan et al., 2009).

Nearly all behavioural symptoms are more prevalent in

patients with right temporal lobe atrophy than in those with

the classic left-sided semantic dementia (Chan et al., 2009).

This suggests that the right temporal variant should be

considered as a separate syndromic variant of FTLD.

Fig. 9 e VBM study showing brain areas with an

independent effect on exception word reading (A), and an

independent effect on pseudo-word reading (B) in patients

with PPA. Maps of significant correlation are superimposed

on the 3D rendering of the Montreal Neurological Institute

standard brain. The threshold for display is p< .05

corrected for multiple comparisons (family wise error).

From Brambati et al. (2009a) with permission.
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Longitudinal changes inWB volume and VE in PPA patients

were correlated with decline on clinical and cognitive

measures, assessed using CDR-SB and MMSE scores respec-

tively (Gordon et al., 2010; Knopman et al., 2009).

Summary

� Specific language deficits in PPA correlate with atrophy of

distinct portions of the language network.

� The involvement of the orbitofrontal cortex may be associ-

ated with more severe behavioural changes in PPA patients.

� Behavioural symptoms are more prevalent in patients with

right temporal lobe atrophy than in those with the classic

left-sided semantic PPA.

3. Functional brain alterations in FTLD
syndromes

3.1. bvFTD

3.1.1. Brain perfusion and glucose metabolism

In bvFTD, patterns of hypoperfusion and hypometabolism in

frontal, insular, and anterior temporal cortices have been re-

ported (Fig. 10) (Charpentier et al., 2000; Diehl et al., 2004;

Franceschi et al., 2005; Ishii et al., 1998; Jeong et al., 2005; Le

Ber et al., 2006; Salmon et al., 2003; Sjogren et al., 2000;

Varma et al., 2002). The regions mostly impaired are the

medial frontal cortex, followed by the frontolateral and

anterior temporal cortices. Milder metabolic abnormalities

often involve a larger portion of the brain of these patients.

The regional analysis of FDG PET images of patients with

bvFTD revealed a hypometabolism in the bilateral prefrontal

(Diehl et al., 2004; Franceschi et al., 2005; Ishii et al., 1998; Jeong

et al., 2005), frontopolar and orbitofrontal cortices (Ishii et al.,

1998; Salmon et al., 2003), bilateral insula (Jeong et al., 2005),

anterior cingulate cortex (Franceschi et al., 2005; Ishii et al.,

1998; Jeong et al., 2005), and left inferior, middle and supe-

rior frontal gyri (Ishii et al., 1998). Hypometabolism on FDG

PET was also detected in the anterior (Jeong et al., 2005) and

medial temporal cortices (Franceschi et al., 2005; Ishii et al.,

1998), left inferior parietal gyrus (Jeong et al., 2005), basal

ganglia (Diehl et al., 2004; Ishii et al., 1998; Jeong et al., 2005),

and thalamus, bilaterally (Franceschi et al., 2005; Ishii et al.,

1998; Jeong et al., 2005). Using a voxel-wise principal compo-

nent analysis on FDG PET images from a large bvFTD pop-

ulation (Salmon et al., 2006), 50% of the metabolic variance

was observed in three separate clusters of brain regions: a first

metabolic cluster included most of the lateral and medial

prefrontal cortex, bilaterally; the two other clusters comprised

the subcallosal medial frontal region, temporal pole, medial

temporal structures and striatum, in both hemispheres

(Salmon et al., 2006).

The regional pattern of predominantly frontal functional

impairment in bvFTD usually allows a clear distinction

between these patients and those with AD (Charpentier et al.,

2000; Ibach et al., 2004; Ishii et al., 1998; Kanda et al., 2008;

Sjogren et al., 2000; Varma et al., 2002). However, an overlap

of abnormalities between the two conditions can be seen, as

AD can involve frontal regions and bvFTD may not spare

temporoparietal cortex. Using an anterior-to-posterior cere-

bral blood flow (CBF) SPECT ratio (medial superior frontal

gyrus/medial temporal lobes), bvFTD patients were success-

fully distinguished from AD patients, with a sensitivity of

87.5%, and a specificity of 96.3% versus early onset AD patients

and 80% versus late onset AD patients (Sjogren et al., 2000). A

few studies have looked at the accuracy of SPECT or FDG PET

findings in relation to the pathological diagnoses (Foster et al.,

2007; McNeill et al., 2007). 99mTc-HMPAO SPECT was obtained

from 25 pathologically confirmed cases of bvFTD and 31

patients with pathologically confirmed AD (McNeill et al.,

2007). A reduction in frontal CBF was more common in

bvFTD than in AD cases and was of diagnostic value

Fig. 10 e (AeD) The typical pattern of cerebral frontotemporal hypometabolism on FDG PET scans in patients with FTLD

patients. (E) Bilateral temporoparietal hypometabolism in a patient with AD. (F) Normal glucose metabolism in a cognitively

normal subject. From Ishii et al. (1998) [Reprinted by permission of the Society of Nuclear Medicine].
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(sensitivity 80%, specificity 65%) (McNeill et al., 2007). When

the pattern of bilateral frontal CBF reduction was not associ-

ated with a bilateral parietal CBF abnormality, the diagnosis

was more accurate (sensitivity 80%, specificity 81%) (McNeill

et al., 2007). A recent study of autopsy-proven bvFTD and AD

patients showed that the visual interpretation of FDG PET

scans after a brief training is more reliable and accurate in

distinguishing the two groups than clinical features alone

(with more than 85% sensitivity and specificity), even when

experienced dementia specialists are involved (Foster et al.,

2007). However, unanimity of diagnosis among the raters is

more frequent in patients with pathologically confirmed AD

than in patients with pathologically confirmed FTLD, and that

disagreements in interpretation of scans in patients with

FTLD largely occurred when there was temporoparietal

hypometabolism (Womack et al., 2010).

In bvFTD, functional changes are likely to progress from

anterior-to-posterior brain regions. Le Ber et al. (2006)

compared hypoperfusion patterns among bvFTD patients

with different disease duration (i.e., <3 years, 3e5 years, and

>5 years) and found that early bvFTD is associated with

hypoperfusion in the orbitoventral, temporopolar, mesio-

temporal, cingular and insular cortices, thalamus and stria-

tum, followed by the involvement of mesial and dorsolateral

frontal cortices. Functional abnormalities in posterior parietal

and occipital brain regions appeared only at later disease

stages (Le Ber et al., 2006). Such a posterior spreading of

functional changes in bvFTD patients was also reported by

a few longitudinal studies (Diehl-Schmid et al., 2007; Grimmer

et al., 2004; Michotte et al., 2001). In an autopsy-proven bvFTD

case, baseline FDG PET showed a pattern of prefrontal hypo-

metabolism (Michotte et al., 2001). Eighteen months later,

a more extensive involvement of the frontal lobes was

detected, as well as hypometabolism of the left parieto-

temporal cortices (Michotte et al., 2001). These findings were

confirmed by a study of 22 bvFTD patients that underwent

FDG PET at baseline and after a mean interval of 19.5 months

(Diehl-Schmid et al., 2007). At baseline, bvFTD patients

showed a symmetrical hypometabolism of the frontal lobes,

insula cortex, caudate nuclei, and thalami relative to healthy

controls (Diehl-Schmid et al., 2007). After 19.5 months,

a worsening of the hypometabolism of the frontal regions that

already harboured metabolic abnormalities at baseline, as

well as an additional glucose metabolism reduction in the

parietal and temporal cortices, were observed (Diehl-Schmid

et al., 2007).

In bvFTD, MMSE scores were found to correlate positively

with the CBF of the bilateral posterior cingulate cortex, right

parahippocampal gyrus, and right insula (Nakano et al., 2006).

The same SPECT study (Nakano et al., 2006) also showed that

antisocial behavioural symptoms were associated with CBF

reduction in the orbitofrontal cortex, bilateral inferior frontal

gyri, left anterior cingulate cortex, right caudate nucleus, and

left insula. Furthermore, specific patterns of hypoperfusion

and hypometabolism were associated with an initial behav-

ioural presentation (Franceschi et al., 2005; Le Ber et al., 2006;

Peters et al., 2006). Inertia was associated with predominant

medial frontal and cingulate hypoperfusion, whereas patients

with disinhibition had a predominant ventromedial prefrontal

and temporal hypoperfusion (Le Ber et al., 2006). Franceschi

et al. (2005) found that, compared to disinhibited patients,

bvFTD apathetic patients had a greater hypometabolism of

the dorsolateral frontal cortex, insula and frontal medial

cortex. On the contrary, compared to apathetic patients, dis-

inhibited bvFTD patients showed a greater hypometabolismof

posterior orbitofrontal cortex, hippocampus, amygdala, infe-

rior temporal cortex, nucleus accumbens, and inferior

temporal gyrus (Franceschi et al., 2005). A more recent study

suggested that decreased orbitofrontal metabolism is related

to both disinhibited and apathetic syndromes in bvFTD (Peters

et al., 2006). Disinhibition scores at the NPI scale correlated

with hypometabolism of the posterior orbitofrontal cortex

(Peters et al., 2006). When apathetic and non-apathetic

patients were contrasted, a specific involvement of the

posterior orbitofrontal cortex in apathetic subjects was found

(Peters et al., 2006). Further investigations of specific network

and neurotransmitter abnormalities are needed to under-

stand how the decrease in metabolism of the same brain

regions might induce various social maladjustments.

Brainstem hypoperfusion has been associated with a rapid

progression of the disease in bvFTD patients (Le Ber et al.,

2006). It was suggested that the serotoninergic raphe nuclei

that project to the forebrain are directly or indirectly involved

in bvFTD and might lead to death, caused by aspiration

pneumonia or dysphagia (Le Ber et al., 2006). Additional

research is needed to confirm this finding.

Summary

� In bvFTD patients, hypoperfusion and hypometabolism

involve the medial and lateral frontal and anterior temporal

cortices, and are likely to progress from anterior-to-

posterior brain regions.

� Although an overlap of functional abnormalities between

bvFTD and AD has been shown to occur, a reduction in

frontal perfusion/metabolism is more common in bvFTD

than in AD cases.

� The combined assessment of clinical features and FDG PET

scans is more reliable and accurate in distinguishing bvFTD

from AD cases than the assessment of clinical features in

isolation.

� In bvFTD, the same patterns of hypoperfusion and hypo-

metabolism of frontal, insular, temporal and subcortical

regions are reported to be associated with various antisocial

behavioural symptoms.

3.1.2. Amyloid imaging using PET

PIB PET showed promising results in discriminating bvFTD

and AD patients. Generally, low cortical 11C-PIB retention

was observed in patients with bvFTD (Engler et al., 2008;

Rabinovici et al., 2007a; Rowe et al., 2007). Rabinovici et al.

(2007a) studied five bvFTD patients, and seven AD patients.

While all AD patients experienced an increased PIB retention,

three patients with bvFTD and all healthy controls had PIB-

negative scans. The retrospective revision of clinical and

functional neuroimaging data showed that the two PIB-

positive bvFTD patients had a clinical and cognitive picture

consistent with either AD or bvFTD, and biparietal hypo-

metabolism on FDG PET. More recently, PIB PET was used to

compare 10 clinically diagnosed bvFTD patients with 17 PIB-
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positive AD patients and eight PIB-negative healthy controls

(Engler et al., 2008). Two bvFTD patients showed a positive

PIB retention similar to that of AD cases (Engler et al., 2008).

The accurate revision of clinical and neuroimaging data

showed that, although one of the PIB-positive patients had

a clinical history and an FDG PET scan suggestive of FTLD,

the other had a neuropsychological profile which was atyp-

ical for bvFTD and developed a global, AD-like cognitive

impairment during follow up, thus suggesting a diagnosis of

AD with frontal involvement (Engler et al., 2008). Pathologic

correlative studies are now warranted to determine whether

patients with PIB-positive FTLD represent false positive

diagnoses, comorbid FTLD/AD pathology, or AD pathology

mimicking an FTLD clinical syndrome.

The short half-life of 11C-PIB requires the PET centre to

have a cyclotron, which may ultimately limit the utility of PIB

in clinical practice and prompts the use of other agents. 18F-

BAY94-9172 is another Ab ligand, which provides images of

similar appearance to those following PIB administration

without the inherent limitation of the 20 min half-life that

makes the use of PIB potentially problematic in a clinical

setting (Rowe et al., 2008). A recent study showed that four of

five FTLD patients (two with bvFTD and two with semantic

PPA) had no 18F-BAY94-9172 retention, allowing them to be

easily distinguished from AD patients who exhibited a signif-

icant ligand retention (Rowe et al., 2008). One patient had

amild frontal binding, but the corresponding scanwas read as

normal by the blinded reviewer and had a neocortical uptake

ratio within the normal range (Rowe et al., 2008). Further

validation of 18F-BAY94-9172 is now required, including a full

characterisation of the metabolism and kinetics of the

compound, to determine the most valuable quantification

method to be used clinically.

Summary

� Low cortical 11C-PIB retention is observed in patients with

bvFTD.

� PIB PET may be useful in the differential diagnosis between

bvFTD and AD cases with frontal involvement.

3.1.3. Functional activations and RS functional activity using

MRI

AfMRIactivationstudy investigatedverbalworkingmemory in

early bvFTD and found a decreased recruitment of frontal and

parietal regions inpatients relative tocontrols (Romboutsetal.,

2003). On the contrary, the bvFTD group displayed a stronger

cerebellum recruitment, which was interpreted as a sign of

possible compensatory mechanisms (Rombouts et al., 2003).

To our knowledge, only one study has explored the RS

functional connectivity in patients with bvFTD (Zhou et al.,

2010). Using an independent component analysis approach,

Fig. 11 e Group difference maps showing clusters of significantly reduced or increased RS functional MRI connectivity

within the salience network (A) and the DMN, (B) in patients with bvFTD and AD. In the salience network (A), patients with

bvFTD showed distributed connectivity reductions compared to healthy controls (HC) and patients with AD, whereas

patients with AD showed an increased connectivity in the anterior cingulate cortex and ventral striatum compared to HC. In

the DMN (B), patients with AD showed several connectivity impairments compared to HC and patients with bvFTD, whereas

patients with bvFTD showed an increased left angular gyrus connectivity. Patients with bvFTD and AD further showed focal

brainstem connectivity disruptions within their ‘released’ network (DMN for bvFTD, salience network for AD). Results are

displayed at a joint height and extent probability threshold of p< .05, corrected at the WB level. Colour bars represent t

values, and statistical maps are superimposed on the Montreal Neurological Institute template brain. Adapted from Zhou

et al. (2010) with permission.
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Zhou et al. (2010) found that, while AD patients have a dis-

rupted connectivity of the default-mode network (DMN),

bvFTD is associated with the interruption of the connectivity

of the salience network, which is linked to emotional salience

processing capacities (Seeley et al., 2007), most notably in the

frontal and anterior insula, mid-cingulate and numerous

subcortical, limbic and brainstem nodes (Fig. 11). bvFTD

patients also experienced an increased left parietal connec-

tivity of the DMN (Zhou et al., 2010). Salience network

disruption and DMN enhancement correlate with clinical

severity in bvFTD patients (Zhou et al., 2010). A combination

of salience network and DMN connectivity scores was found

to be able to classify healthy subjects, AD patients, and

bvFTD patients with a 92% accuracy, and to separate AD and

bvFTD patients with a 100% accuracy (Zhou et al., 2010). This

study pioneered the notion that bvFTD may be caused by

a degeneration of specific intrinsic functional connectivity

networks that are selectively vulnerable to FTLD pathologies.

Future work is needed to prove or disprove this intriguing

hypothesis.

Summary

� The salience network seems to be selectively vulnerable to

FTLD pathology.

� A combination of salience network and DMN connectivity

scores could play a role in the diagnostic work up of bvFTD

patients.

3.2. PPA

3.2.1. Brain perfusion and glucose metabolism

3.2.1.1. THE NON-FLUENT VARIANT. A functional deficit of the left

frontal or frontotemporal regions of the brain has been re-

ported in non-fluent PPA patients (Fig. 12) (Nestor et al., 2003b;

Panegyres et al., 2008; Perneczky et al., 2007; Rabinovici et al.,

2008; Zahn et al., 2005). Hypometabolismwas found in the left

anterior insula/frontal opercular region, and left para-

hippocampal and fusiform gyri in a group of non-fluent

patients with only a small cluster of atrophy in the left peri-

sylvian region on structural MRI scans (Nestor et al., 2003b).

A functional involvement of bilateral caudate nuclei and

thalami was also described (Perneczky et al., 2007). Reduced

parietal cortex function was seen on PET or SPECT scans of

non-fluent patients with pathologically confirmed AD

compared to non-fluent patients with non-AD pathology

(Nestor et al., 2007).

In non-fluent patients, a significant positive correlation

was found between the total score of the “Consortium to

Establish a Registry for Alzheimer’s Disease” Neuro-

psychological Assessment Battery (CERAD-NAB) and the

glucose metabolism of the left striatum and bilateral middle

temporal regions (Perneczky et al., 2007); verbal fluency and

naming performanceswere positively associatedwith the rate

of glucose metabolism of the left middle temporal gyrus and

left fusiform gyrus (Perneczky et al., 2007). Non-fluent patients

with a dominant AOS were characterised by a more superior

frontal and supplementary motor cortex hypometabolism

(Josephs et al., 2010a). Decreased metabolism in the midbrain,

similar to that observed in PSP patients, was found in non-

fluent patients with parkinsonism compared with those

without (Roh et al., 2010).

3.2.1.2. THE SEMANTIC VARIANT. In semantic PPA patients, FDG

PET studies showed asymmetrical hypometabolism of the

temporal lobes, more marked on the left side (Fig. 12) (Diehl

et al., 2004; Drzezga et al., 2008; Nestor et al., 2003a;

Rabinovici et al., 2008). A study of patients with semantic PPA

and very early AD that combined structural MRI and FDG PET

findings revealed hippocampal atrophy and hypometabolism

Fig. 12 e FDGPET patterns of abnormalities in PPA variants.

Axial and coronal images of mean atrophy-corrected FDG

PET from (top to bottom) normal control subjects and non-

fluent, semantic, logopenic, and AD patients. Images are in

neurological convention. The non-fluent variant is

characterised by a left frontal hypometabolism (red arrow),

the semantic variant by a left greater than right anterior

temporal hypometabolism (yellow arrows), and the

logopenic variant by an asymmetric left temporoparietal

hypometabolism (light blue arrows). LPA[ logopenic

progressive aphasia (i.e., logopenic PPA); PNFA[

progressive non-fluent aphasia (i.e., non-fluent PPA); SD[

semantic dementia (i.e., semantic PPA). From Rabinovici

et al. (2008) with permission.
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in both groups (Nestor et al., 2003a). The main difference was

a strikingly reduced metabolism in the posterior cingulate

cortex in patients with AD that was not present in those with

semantic PPA (Nestor et al., 2003a). Another recent observation

is that regional atrophy and hypometabolism are closely

coupled in semantic PPA but not in AD. That is to say, in

semantic patients the anterior temporal regions and connected

orbital frontal cortex are both atrophic on MRI and hypo-

metabolic on FDG PET (Diehl et al., 2004). By contrast, AD is

characterised by a much more extensive hypometabolism in

regions that are not obviously atrophic (Diehl et al., 2004).

Hypometabolism of the anterior fusiform regionwas found

to be strongly associated with semantic scores in a group of 21

FTLD patients with semantic impairment, including 17

patients with semantic PPA and four patients with a mixed

syndrome of semantic impairment and behavioural changes

(Mion et al., 2010). The left anterior fusiform function pre-

dicted performance at two expressive verbal tasks, whereas

right anterior fusiform metabolism predicted performance at

a non-verbal test of associative semantic knowledge (Mion

et al., 2010).

3.2.1.3. THE LOGOPENIC VARIANT. 99mTC-ethyl cysteinate dimmer

SPECT was used in two logopenic patients and showed an

hypoperfusion of the left posterior middle and superior

temporal and inferior parietal regions relative to healthy

controls (Gorno-Tempini et al., 2008). Logopenic patients also

experienced a pattern of left posterior temporoparietal hypo-

metabolism on FDG PET scans (Fig. 12) (Rabinovici et al., 2008).

A retrospective PET study of PPA patients with AD pathology

demonstrated a pattern of temporoparietal involvement

similar to that of logopenic patients (Nestor et al., 2007).

Summary

� PPA patients show an asymmetrical pattern of cortical and

subcortical hypoperfusion and hypometabolism, more

marked on the left side, which may precede the appearance

of structural changes.

� Patients with the logopenic variant show a pattern of tem-

poroparietal involvement similar to that seen in AD

patients.

3.2.2. Amyloid imaging using PET

The first PIB PET report by Rabinovici et al. (2007a) found two

PIB-positive out of four semantic patients enrolled in the

study. Both patients had FDG PET scans consistent with FTLD.

However, one patient had a classic neuropsychological profile

for semantic PPA, while the other had a cognitive profile that

could be consistent with either AD or FTLD. A more recent

study investigating PIB cortical deposition in six non-fluent,

five semantic, and four logopenic patients reported that all

logopenic cases were PIB-positive, with a pattern of PIB

burden similar to that typically observed in AD (Fig. 13)

(Rabinovici et al., 2008). On the contrary, PIB uptake was less

common in the other PPA variants: a left frontal PIB uptake

was seen in only one non-fluent patient, and left temporal

uptake in one semantic patient (Fig. 13) (Rabinovici et al.,

2008). All eight patients with a clinical diagnosis of the

semantic variant studied by Drzezga et al. (2008) were PIB-

negative. These findings suggest that amyloid PET imaging

may allow characterisation of underlying pathology in PPA

patients, but additional studies of larger patients samples are

needed to confirm this notion.

Summary

� PIB PET may improve the characterisation of the underlying

pathology in PPA patients, but additional studies with larger

patients samples are needed to confirm this hypothesis.

3.2.3. Functional activations using MRI

3.2.3.1. THE NON-FLUENT VARIANT. One fMRI study of three non-

fluent patients scanned during a sentence comprehension

task showed a reduced left inferior frontal activity, but the

small sample size did not permit a direct comparison between

patients and controls (Cooke et al., 2003). More recently,

functional responses to a syntactic comprehension task in

eight patients with non-fluent PPA relative to healthy controls

were investigated (Wilson et al., 2010). As expected, in

controls, the posterior inferior frontal cortex was more

recruited with syntactically complex sentences than simpler

ones. In non-fluent patients, the posterior inferior frontal

cortex was atrophic and, unlike controls, showed an equiva-

lent level of functional activity for syntactically complex and

simpler sentences. This study suggests that in non-fluent PPA,

the posterior inferior frontal cortex is not only structurally

damaged, but also dysfunctional, indicating a critical role of

Fig. 13 e Distribution of PIB in PPA variants. Axial slices of

normalised, atrophy-corrected PIB distribution volume

ratio (DVR) images from individual PIB-positive (left

column) and PIB-negative (right column) PPA patients are

presented. Identical slices from mean atrophy-corrected

PIB DVR images from patients with AD (top left) and

healthy control subjects (top right) are shown for

comparison. Images are in neurological convention. LPA

[ logopenic progressive aphasia (i.e., logopenic PPA);

PNFA[ progressive non-fluent aphasia (i.e., non-fluent

PPA); SD[ semantic dementia (i.e., semantic PPA). From

Rabinovici et al. (2008) with permission.

c o r t e x 4 8 ( 2 0 1 2 ) 3 8 9e4 1 3 407

http://dx.doi.org/10.1016/j.cortex.2011.04.012
http://dx.doi.org/10.1016/j.cortex.2011.04.012


this region in the breakdown of syntactic processing in this

syndrome (Wilson et al., 2010).

3.2.3.2. THE SEMANTIC VARIANT. fMRI was used to investigate the

functional anatomy of surface dyslexia in five patients with

semantic dementia that were scanned while reading regular

words, exception words and pseudowords (Wilson et al.,

2009a). In patients, but not in controls, the inferior parietal

region was recruited when reading low-frequency exception

words. Conversely, the left mid-fusiform and superior

temporal regions that showed reading-related activations in

controls were not recruited in semantic patients. Intriguingly,

a DT MRI tractography study of the same group of patients

(Agosta et al., 2010) showed that the ILF and arcuate, which

connect the less activated temporal regions, were damaged,

while the fronto-parietal SLF, which connects the normally

activated posterior inferior frontal and inferior parietal

cortices, was spared (Fig. 14). These results (Agosta et al., 2010;

Wilson et al., 2009a) suggest that the structural and functional

damage to the temporal GM regions and WM connections in

semantic patients cause deficits in retrieval of exceptional,

item-specific word forms, while the functional and structural

sparing of the fronto-parietal network subserves preserved

sublexical, phonological processes.

3.2.3.3. THE LOGOPENIC VARIANT. Using fMRI, PPA patients, likely

of the logopenic variant, were examined during both phono-

logical and semantic tasks and showed a general pattern of

activation within the classical language network (Sonty et al.,

2003). However, PPA patients showed activations, not seen in

normals, in the right fusiform gyrus, as well as bilateral pre-

central gyrus and intra-parietal sulcus. These abnormalities

were interpreted as a reflection of compensatory phenomena

or as a failure to suppress activity in areas normally inhibited

during language tasks (Sonty et al., 2003). A subsequent report

by the same group of investigators used dynamic causal

modelling analysis and showed a reduced language-specific

effective connectivity between Wernicke’s and Broca’s areas

in PPA patients compared with controls (Sonty et al., 2007).

Summary

� The dysfunction of the posterior inferior frontal cortex has

a role in the syntactic processing deficits in non-fluent

patients; functional alterations of the temporal cortex are

associated with surface dyslexia in the semantic variant.

� fMRI studies are likely to contribute to the definition of the

neural correlates of the linguistic symptoms of PPA patients.

4. Conclusions and future perspectives

Despite each FTLD variant is associated with characteristic

behavioural and/or linguistic features, the fact that they

harbour different underlying pathological processes renders

the diagnostic work up of these patients a highly challenging

task. However, the detection of distinct patterns of atrophy on

structuralMRI and functional abnormalities on SPECT and PET

scans has been shown to contribute at establishing a correct

diagnosis of FTLD (Gorno-Tempini et al., 2011; Neary et al.,

1998; Rascovsky et al., 2007). These techniques also appear

to be useful at distinguishing FTLD from patients with AD

(Foster et al., 2007; Rabinovici et al., 2007b). The diagnostic

ability of structural and functional imaging techniques is

further improved if an image analysis method that provides

single-subject classification is employed (Davatzikos et al.,

2008; Higdon et al., 2004; Kloppel et al., 2008; Vemuri et al.,

2010; Wilson et al., 2009b). Furthermore, a multimodal

approach, such one that combines neuropsychological testing

and MRI, can improve non-invasive, in vivo distinction

between FTLD and AD cases (Hu et al., 2010). Nevertheless, it

has to be stated that clinical criteria, neuropsychological

profiles, and structural and functional imaging may all fail to

correctly predict the underlying pathology when this does not

adhere to common anatomic patterns. In these cases,

Fig. 14 e Anatomical correspondence between fronto-parietal SLF and functional MRI (fMRI) activation for a contrast which

highlights sublexical processing in control subjects (A) and semantic patients (B). fMRI activations for the contrast of low-

frequency regularwords and pseudowords versus rest are shown in green (A) for healthy controls and in blue (B) for semantic

patients. The healthy controls and the semantic patients both showed activation of the posterior inferior frontal gyrus and

inferior parietal cortex. Probabilisticmapsof the left fronto-parietal SLF obtained inhealthy controls (A) and semantic patients

(B) are shown in a colour scale which indicates the degree of overlap among subjects. Results are superimposed on the

Montreal Neurological Institute standard brain in neurological convention. From Agosta et al. (2010) with permission.
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molecular imaging, such as PET with Ab ligands, may prove to

be diriment (Drzezga et al., 2008; Engler et al., 2008; Rabinovici

et al., 2007a, 2008; Rowe et al., 2008, 2007).

A major clinical challenge, to date, is the need to improve

the prediction of the specific histopathology causing each of

the FTLD variants during life. Preliminary studies in patho-

logically proven cases suggested that distinct patterns of

tissue loss could assist in this process (Grossman et al., 2007a;

Hu et al., 2010; Josephs et al., 2008, 2010b; Kim et al., 2007;

Pereira et al., 2009; Rohrer et al., 2010a, 2010b, 2009; Seelaar

et al., 2010; Whitwell et al., 2010, 2005, 2004b). However, the

results of these studies are limited by the small numbers of

patients assessed. As a consequence, larger ones are needed

to verify whether specific patterns of regional atrophy are

a signature of specific FTLD pathologies. The discovery of

novel radioactive compounds to detect tau or TDP-43

pathology with PET scanning will be central. An improved

reliability in distinguishing FTLD pathological variants using

neuroimaging techniques may become important in the near

future, as aetiology-specificmodifying treatments are likely to

be developed and entered in the clinical arena.

Rates of cerebral atrophy measured using serial MRI have

increasingly become useful markers of disease progression in

neurodegenerative disorders, such as AD, and are being used

as outcome measures in clinical trials (Fox et al., 2005; Jack

et al., 2003). Increased rates of WB atrophy in FTLD patients

compared with healthy controls and AD patients have been

shown (Chan et al., 2009; Gordon et al., 2010; Knopman et al.,

2009; Rohrer et al., 2008; Whitwell et al., 2008, 2007a), which

correlated with changes in clinical and cognitive measures

(Gordon et al., 2010; Knopman et al., 2009). In two studies the

use of serial MRI scans required smaller sample sizes to ach-

ieve a significant effect than clinical rating scales (Gordon

et al., 2010; Knopman et al., 2009). Larger longitudinal

studies will be essential to validate the use of WB volume

measurements for the assessment of disease modifying

treatments in FTLD. Furthermore, a large-scale application of

advanced MRI techniques assessing the regional distribution

of tissue loss in multicentre studies may help to identify

regions that would provide the most sensitive outcome

measures in clinical trials of patients with FTLD.

Alongwith thewell-documented GM changes,WMdamage

in FTLD has been investigated systematically by recent

studies. DT MRI has been shown to be sensitive to structural

WM changes in FTLD (Agosta et al., 2010; Borroni et al., 2007;

Matsuo et al., 2008; Whitwell et al., 2011; Zhang et al., 2009)

and holds promise for detecting and quantifying the intrinsic

abnormalities that accompany macrostructural loss of tissue

in FTLD syndromes. Furthermore, DT MRI could elucidate the

earliest point at which structural changes occur in FTLD by

focussing on patients with normal structural MRI scans.

However, whether WM abnormalities are reliable diagnostic

biomarkers for FTLD syndromes still needs to be proved

(Avants et al., 2010; Zhang et al., 2009).

Little is known regarding task-related functional activity of

FTLD patients (Cooke et al., 2003; Rombouts et al., 2003; Sonty

et al., 2003, 2007; Wilson et al., 2009a, 2010). In this context,

studies of larger patient samples are warranted to clarify the

neural correlates of the behavioural and linguistic symptoms

of FTLD patients. The main problem in the interpretation of

fMRI studies in cognitively diseased people is that the

observed changes might be biased by disease-driven differ-

ences in task performance between patients and controls. On

the contrary, RS fMRImakes no demand on subject other than

holding still and, as a consequence, can be acquired in

patients that are unable to perform a task-associated fMRI. RS

fMRI has provided new insights into the cortical abnormalities

of patients with bvFTD (Zhou et al., 2010), and should be used

to increasingly investigate the nature of the language network

impairment in PPA patients. Furthermore, the application of

RS fMRI in healthy subjects carrying a genetic risk for FTLD

may clarify whether the disease modulates brain function

years before any structural or clinical expression of the

underlying neurodegenerative process. Finally, there is

currently no study combining RS fMRI and DT MRI data in

FTLD patients. Such an analysis would offer the unique

opportunity to improve our understanding of the structural

basis underlying brain functional changes in this condition.
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