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Introduction: Degraded social function, disinhibition, and stereotypy are defining charac-

teristics of frontotemporal dementia (FTD), manifesting in both the behavioral variant of

frontotemporal dementia (bvFTD) and semantic dementia (SD) subtypes. Recent neuro-

imaging research also associates FTD with alterations in the brain’s intrinsic connectivity

networks. The present study explored the relationship between neural network connec-

tivity and specific behavioral symptoms in FTD.

Methods: Resting-state functional magnetic resonance imaging was employed to investi-

gate neural network changes in bvFTD and SD. We used independent components analysis

(ICA) to examine changes in frontolimbic network connectivity, as well as several metrics

of local network strength, such as the fractional amplitude of low-frequency fluctuations,

regional homogeneity, and seed-based functional connectivity. For each analysis, we

compared each FTD subgroup to healthy controls, characterizing general and subtype-

unique network changes. The relationship between abnormal connectivity in FTD and

behavior disturbances was explored.

Results: Across multiple analytic approaches, both bvFTD and SD were associated with

disrupted frontolimbic connectivity and elevated local connectivity within the prefrontal

cortex. Even after controlling for structural atrophy, prefrontal hyperconnectivity was

robustly associated with apathy scores. Frontolimbic disconnection was associated with

lower disinhibition scores, suggesting that abnormal frontolimbic connectivity contributes

to positive symptoms in dementia. Unique to bvFTD, stereotypy was associated with

elevated default network connectivity in the right angular gyrus. The behavioral variant

was also associated with marginally higher apathy scores and a more diffuse pattern of

prefrontal hyperconnectivity than SD.

Conclusions: The present findings support a theory of FTD as a disorder of frontolimbic

disconnection leading to unconstrained prefrontal connectivity. Prefrontal
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hyperconnectivity may represent a compensatory response to the absence of affective

feedback during the planning and execution of behavior. Increased reliance upon prefrontal

processes in isolation from subcortical structures appears to be maladaptive and may drive

behavioral withdrawal that is commonly observed in later phases of neurodegeneration.

ª 2012 Elsevier Srl. All rights reserved.
1. Introduction networks underlying pathophysiology in processes critical to
Frontotemporal dementia (FTD) includes an array of clinical

syndromes characterized by the insidious onset of behavioral

disinhibition and/or language impairment with commensu-

rate degeneration of the frontal and anterior temporal lobes.

The FTD syndrome consists of multiple subtypes: behavioral

disinhibition in the behavioral variant of frontotemporal

dementia (bvFTD) is typically associated with anterior foci of

atrophy including the frontal lobe and ventral striatum.

Language impairment due to progressive non-fluent aphasia

and semantic dementia (SD) subtypes is more typically asso-

ciated with temporal lobe atrophy (Seeley, 2010; Gorno-

Tempini et al., 2011; Agosta et al., 2012). However, both

behavioral and aphasic variants of FTD are distinguished by

deficits in social cognition, motivation, and emotional aware-

ness (Lavenu et al., 1999; Kipps and Hodges, 2006; Zamboni

et al., 2008; Kumfor et al., 2011). Specifically, both bvFTD and

SD patients exhibit clinically significant levels of emotion

dysregulation, reducing the potential for social participation

(Snowden et al., 2001; Merrilees et al., 2012). Since FTD selec-

tively impairs affect and behavior regulation while leaving

memory and visuospatial skills relatively intact, the study of

altered brain function in FTDmay clarify the regulatory neural

mechanisms that promote adaptive social behavior. Such

knowledge may also inform our understanding of FTD path-

ophysiology, potentially advancing diagnostic methodology

and generating ideas for therapeutic intervention.

Progress in relating neurodegeneration to behavioral

dysfunction has already been made through examinations of

brain structure changes, relating atrophy of the ventral

prefrontal cortex (PFC) and anterolimbic regions to symptom

severity. In a study spanning several neurodegenerative

diseases, disinhibition was associated with atrophy in the

orbitofrontal cortex, anterior cingulate, and temporal lobes,

whereas executive function was associated with preservation

of the dorsal PFC (Krueger et al., 2011). In FTD, atrophy in the

PFC and basal ganglia correlatedwith apathy, while atrophy of

anterior limbic regions and temporal cortices correlated with

disinhibition (Zamboni et al., 2008). In a bvFTD sample, apathy

was associated with atrophy in both the frontal operculum

and anterolimbic regions (Eslinger et al., 2012). In a rare

functional imaging study of bvFTD, positron emission

tomography (PET) imaging was used to link both apathy and

disinhibition to reduced metabolic activity in the subgenual

cingulate cortex (Peters et al., 2006). Presumably, the atrophy

and metabolic decline of these frontal and limbic regions

impact communication between brain regions leading to

dysregulated behavior, but the functional brain changes

underlying behavioral dysfunction have not been identified.

Beyond the revelation of structural differences, neuro-

imaging has the potential to identify subtle changes to brain
AS, et al., Abnormal ne
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regulating behavior such as emotion processing (Davidson

et al., 2002). However, a major challenge in investigating

brain activity changes in FTD, and in dementia research in

general, is ensuring patient comprehension and compliance

with functional magnetic resonance imaging (fMRI) task para-

digms. To this end, resting-state analysis has shown promise

in uncovering themechanisms of FTD and other dementias, as

it allows for task-free estimation of the brain’s intrinsic

connectivity networks during fMRI acquisition (Greicius et al.,

2004). Resting-state analysis identifies distinct networks of

brain regions between which activity is correlated over time

(Biswal et al., 1995; Lowe et al., 1998; Fox and Raichle, 2007),

driven by low-frequency fluctuations (w.01e.1 Hz) in the blood

oxygen-level dependent (BOLD) signal (Lowe et al., 2000; Cordes

et al., 2001). The absence of task requirements has been

particularly useful in the assessment of patientswith dementia

(Rombouts et al., 2005; Greicius, 2008; Koch et al., 2010).

To date there have been very few resting-state studies of

FTD. These initial investigations reportedpervasive changes to

multiple resting-state networks, most notably a weakening of

the salience network (SLN), a network bridging the frontal

lobes and limbic system, characterized by communication

between the anterior cingulate, insula, striatumand amygdala

(Seeley et al., 2009; Zhou et al., 2010). Convergent findings have

emerged from other imaging techniques: decreasedmetabolic

activity in the SLN has been observed in FTD through 18F-flu-

orodeoxyglucose PET (FDG-PET) (Peters et al., 2006; Foster et al.,

2007; Gabel et al., 2010), and through arterial spin labeling (Du

et al., 2006). Atrophy in the anterior insula atrophy is one of the

earliest structural biomarkers of behavioral symptoms in FTD

(Seeley, 2010), corroborating its significance in this functional

network. In healthy individuals, the anterior insula appears to

integrate emotional and visceral information into represen-

tations of present moment context that guide socially appro-

priate behavior (Farb et al., 2007; Seeley et al., 2007; Craig,

2009b; Wiech et al., 2010). Frontolimbic disconnection

through the anterior insula is therefore a strong candidate

mechanism for explaining behavioral symptoms in FTD.

Despite initial evidence of SLNdissolution in FTD, it remains

unclear how generalizable these findings are across similar

frontolimbic connectivity templates, or whether other intrinsic

connectivity network changes also contribute to behavioral

symptoms. For instance, Zhou et al. (2010) observed increased

resting-state activity of a frontoparietal network, known as the

‘default mode network (DMN)’. The DMN is composed of the

posterior cingulate, precuneus, medial PFC, and angular gyri,

and is associated with autobiographical memory and habitual,

self-referential thought (Raichle et al., 2001; Greicius et al., 2003;

Buckner et al., 2005). Both SLN and DMN changes may underlie

behavioral dysregulation in FTD, as could any number of other

local connectivity networks. In two recent meta-analyses
twork connectivity in frontotemporal dementia: Evidence for
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Table 1 e Participant demographic and clinical
characteristics.

Variable Controls
(n ¼ 16)

FTD participants

bvFTD
(n ¼ 8)

SD
(n ¼ 8)

Sex, M:F 9:7 4:4 4:4

Age, mean � SE 67.2 � 1.2 66.7 � 2.5 64.5 � 3.3

Education,

mean � SE

16.2 � .5 16.0 � .8 17.1 � .9

FBI total score,

mean � SE

e 31.5 � 4.5 21.2 � 2.7a

FBI apathy score,

mean � SE

e 20.4 � 2.7 13.9 � 2.3b

FBI disinhibition

score, mean � SE

e 12.6 � 2.7 8.1 � 1.5

Stereotypy (SRI),

mean � SE

e 13.2 � 3.2 10.8 � 3.4

CDR, mean � SE e 1.6 � .3 1.2 � .2

a Significant ( p � .05) difference between FTD subtypes.

b Marginal ( p � .1) difference between FTD subtypes.
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relating intrinsic connectivity networks to activation patterns

in thousands of task-based neuroimaging experiments, several

additional candidate networks for emotional and executive

processing were identified (Smith et al., 2009; Laird et al., 2011).

In particular, the ‘executive network’ as identified by Smith

et al. was associated with both cognitive control and affective

processing, encompassing both the executive and SLNs

described in prior research (Seeley et al., 2007). This network

provides a means for assessing frontolimbic connectivity,

spanning anterolimbic, medial and dorsal PFC regions,

measuring the integration of cognitive control in the dorsal PFC

with limbic-driven behavioral impulses and affective tone. In

addition to the executive network, Laird et al. (2011) identified

five subcomponents networks associated with emotion, each

of which could be used to test more thoroughly for changes to

affective brain networks in FTD.

To explore changes to resting-state networks in bvFTD and

SD, we employed multiple resting-state analysis techniques to

probe for changes associated with disease status and severity.

Weprimarily hypothesized that FTDwould showdisruptions to

frontolimbic connectivity, and that these disruptions would

predict behavioral dysfunction. As there have been few

connectivity studies in FTD to date, we hoped both to replicate

recent findings of altered connectivity networks such as the

DMN and SLN, and to extend up on these findings by relating

specific areas of connectivity change to behavioral impairment.

In addition to an independent components analysis (ICA) of

broad network connectivity, we sought to more precisely char-

acterize local connectivity changes using several univariate

techniques. To ensure that our findings were not simply the

product of an arbitrary set of resting-state analysismethods,we

also employed a host of alternative ICA network templates, in

addition toamultivariatepartial leastsquares (PLS) technique to

replicate our findings, detailed in the Supplementarymaterials.
2. Methods

2.1. Ethics statement

All participants (or their substitute decision makers) provided

informed consent according to the Canadian Tri-council

Policy Statement on Ethical Conduct for Research Involving

Humans, and the procedures were approved by the Research

Ethics Board at Baycrest.

2.2. Participants

Sixteen participants with clinically diagnosed FTD and

16 healthy, age-matched control group participants (controls)

were recruited to the study. Of the participantswith FTD, eight

had bvFTD, and eight had SD. Participant groups did not differ

in age, gender or education, and FTD subgroups did not differ

in symptom severity (Table 1; Supplementary Table 1 provides

additional, individualized information).

2.3. Entry/inclusion criteria

Patients were recruited through the University of Toronto FTD

Workgroup, which pools expertise from four tertiary care
Please cite this article in press as: Farb NAS, et al., Abnormal net
prefrontal isolation, Cortex (2012), http://dx.doi.org/10.1016/j.cor
memory clinics across the city: Baycrest, the Centre for

Addiction and Mental Health, Sunnybrook Health Sciences

Centre and Toronto Western Hospital. At these centers, diag-

noses are made on the basis of consensus between attending

physicians from geriatric medicine, neurology or geriatric

psychiatry, neuropsychologists, and speech and language

pathologists. Each patient undergoing consensus diagnosis

underwent comprehensive bedside neurological evaluation

and neuropsychological examination, according to the stan-

dard batteries used in their referring clinics, although some SD

patients demonstrated such severe aphasia that standard

neuropsychological evaluation was impossible. Participants

suspected of SD were furthermore referred for speech-

language pathology assessments to confirm the semantic

nature of their language impairments. For referral to the study,

consensus was made that each patient had fulfilled the Neary

et al. criteria either for bvFTD or SD (Neary et al., 1998).

Patients were referred to Dr. Chow for screening. To be

included in the study, patients underwent screening for study

eligibility, consisting of (1) a thorough review of the history of

their present illness, and (2) prior structural magnetic reso-

nance imaging (MRI) neuroimaging. Participants were also

required to have a Clinical Dementia Rating (CDR) scale

(Morris, 1993) total score < 3 and the ability to tolerate the MRI

scanning environment. Concurrent neuropsychiatric medi-

cation was permitted, but only if it was at a stable dosing

regimen for 3 months prior to the scan.
2.4. Exclusion criteria

Participants were excluded if they had a major medical illness

in the past year or history of any neurological or psychiatric

disorders which preclude diagnosis of FTD, including stroke,

Parkinson’s disease, alcoholism, head injury, major depres-

sion, or history of epilepsy. Controls were required to have

a CDR score of 0, a Mini-Mental State Examination score of 27

or higher, a Shipley vocabulary score of 27 or higher, with no
work connectivity in frontotemporal dementia: Evidence for
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significant history of neurological disease or structural

pathology on MRI, and no neuropsychiatric medication.

2.5. Symptom measures

We employed several measures of FTD behavioral symptoms,

with the goal of relating symptom severity to abnormalities in

resting-state activity. Our primary measure was the frontal

behavioral inventory (FBI) (Kertesz et al., 1997, 2000, 2003),

which was developed to differentiate FTD from other neuro-

degenerative diseases. The 24-item scale is completed by the

patient’s primary caregiver, providing two 12-item subscales

measuring apathy (negative symptoms) and disinhibition

(positive symptoms), behavioral patterns common to FTD. To

additionally characterize the additional symptom of rigid,

repetitive behaviors often observed in FTD, we also employed

the stereotypy rating inventory (SRI) (Shigenobu et al., 2002).

In both the FBI and SRI, higher scores indicate greater levels of

dysfunction.

2.6. Image acquisition

Images were acquired at Baycrest Hospital (Toronto, Canada)

on a 3 T Siemens Magnetom Trio whole-body scanner with

a matrix 12-channel head coil. Anatomical images were

acquired using a magnetization-prepared rapid gradient echo

pulse sequence as follows: repetition time (TR) ¼ 2 sec, echo

time (TE) ¼ 2.63 msec, flip angle ¼ 9�, matrix ¼ 256 � 160, field

of view (FOV) ¼ 25.6 cm2, slice thickness ¼ 1 mm, 160 oblique

axial slices, acquisition time ¼ 6.5 min. Functional volumes

were acquired using a T2*-weighted echo-planar image (EPI)

pulse sequence as follows: TE ¼ 30 msec, TR ¼ 2000 msec, flip

angle¼ 70�, acquisitionmatrix¼ 64� 64, FOV¼ 20 cm2. Thirty

oblique axial slices of the brain were acquired at each time

point with a voxel resolution of 3.1 � 3.1 � 5 mm. Participants

were asked to lie with eyes closed during the resting-state

acquisition run, during which 170 time points were collected.

2.7. Image pre-processing

2.7.1. Pre-processing
The first five frames of resting-state functional data were dis-

carded toallowformagneticfieldstabilization,yielding165 time

points of resting-state data for each participant. Following

image reconstruction (SPM8 Digital Imaging and Communica-

tion in Medicine import utility; University College London, UK;

http://www.fil.ion.ucl.ac.uk/spm/software/spm8), data were

preprocessed using the Data Processing Assistant for Resting-

State fMRI (DPARSF), an automated pipeline for resting-state

fMRI data analysis based upon the Statistical Parametric

Mapping (SPM) softwarepackage (Chao-GanandYu-Feng, 2010).

Participant time-series data were motion-corrected (trans-

lational motion parameters were less than one voxel for all

includedparticipants) and co-registeredwith their T1-weighted

structural images. Each T1 image was bias-corrected and

segmented using template (International Consortium for Brain

Mapping) tissue probability maps for gray/white matter and

cerebrospinal fluid (CSF). Warping parameters were obtained

from the tissue segmentation procedure and subsequently

applied to the time-series data (resampling to 3 mm3 voxels).
Please cite this article in press as: Farb NAS, et al., Abnormal ne
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The time-series data were spatially smoothed using a 6 mm3

full-width half maximum Gaussian kernel. The data were then

linearly detrended and band-pass filtered to only include low-

frequency fluctuations between .01 Hz and .1 Hz. Finally, we

regressedout varianceat eachvoxel associatedwithparticipant

head motion parameters, as well as average white matter and

CSF signal.

2.8. Broad network investigation through group ICA

Group spatial ICA was implemented using the Group ICA of

fMRI Toolbox (GIFT) (version 1.3h; icatb.sourceforge.net)

(Calhoun et al., 2001). The toolbox allows for the estimation of

independent variance components at the group level by

concatenating individual participant time courses together

before estimation. Group ICA is performed in three main

stages: first, the entire concatenated time course is reduced

into aminimumnumber of principal components; second, the

ICA algorithm is applied to determine independent compo-

nents using orthogonal linear combinations of the original

principal components; and finally, individual participant

maps are reconstructed for each component.

Prior to the main analysis, we performed dimension esti-

mation to determine theminimumdescription length, i.e., the

minimumnumberof components required to explainvariance

in the data. In the present study, 44 independent components

were estimated for the bvFTD group, 45 for the SD group, and

42 for controls. Following data reduction, the Fast ICA algo-

rithm was used to identify components, in conjunction with

the Icassomethod for bootstrapping the ICA results to find the

most consistent partitioning of the variance (Himberg et al.,

2004; Correa et al., 2007). Icasso bootstrapping was performed

10 times to maximize independence of components. This

analysis produced a set of spatial maps for each participant,

with each map reflecting the global functional connectivity of

a participant’s brain voxels with a given independent compo-

nent. The intensity values for these spatial maps were con-

verted to z-scores to allow for comparisons between

participants. Thus the product of the GIFT analysiswas a set of

spatial maps for each of the 32 participants, with each voxel

value in the maps representing a connectivity score with that

map’s independent component.

Following the generation of individual participant maps,

we employed an independently derived resting-state network

template to identify the best-fitting ICAcomponents. To assess

frontolimbic connectivity,we selectedSmith et al.’s “executive

network” (Smith et al., 2009). The network was characterized

using a binary template, thresholded at a z-score of �4.0 to

reflect the spatial extent of resting-state networks identified in

the resting-state literature (Damoiseaux et al., 2006).

To classify the participant component maps, we applied

Seeley et al.’s automated template-matching algorithm to

determine the best-fit network component map for each

participant (Seeley et al., 2007, 2009; Zhou et al., 2010). To

determine each component’s goodness-of-fit, we applied the

algorithmused in Zhou et al. (2010), multiplying (i) the average

z-score difference of voxels falling inside e voxels falling

outside the template; and (ii) the difference in the percentage

of positive z-scores inside and outside the template. Each

participant’s best-fit component map was entered into the
twork connectivity in frontotemporal dementia: Evidence for
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group-level analysis, yielding a set of 32 images for the exec-

utive network connectivity template.

While we focus here upon the analysis of the executive

network, we were able to extend our findings using the SLN

and DMN templates described in prior research (Habas et al.,

2009; Zhou et al., 2010). Convergent findings were also ob-

tained by examining five emotion sub-network templates

(Laird et al., 2011). Furthermore, SLN and DMN whole-brain

connectivity differences in FTD were also replicated using

PLS analysis a multivariate, seed-based technique (McIntosh

and Lobaugh, 2004). All of these additional analyses and

their results are described more fully in the Supplementary

materials.

2.9. Local network investigation

We employed three additional techniques to attempt to

identify local changes in network function that may drive the

broad patterns of network changes observed through ICA:

measures of voxel-wise signal power and homogeneity, and

seed-based functional connectivity.

2.9.1. Fractional amplitude of low-frequency fluctuation
(fALFF) analysis
Given the importance of low-frequency (i.e., .01e.1 Hz) fluc-

tuations in determining resting-state activity, the analysis of

low-frequency signal power has emerged as a fruitful

approach to characterizing the local health of resting-state

networks (Zou et al., 2008). At each voxel, low-frequency

power is computed as the ratio of low-frequency power to the

broader frequency spectrum of resting-state activity (i.e.,

0e.25 Hz), thereby controlling for regions of high fluctuation

that are not specifically low-frequency, such as vascular

artifacts and high-frequency noise found in MRI suscepti-

bility regions at the brain/CSF boundary. Low-frequency

power was computed for each participant using the REST

toolbox (Song Xiaowei, http://www.restfmri.net), yielding

individual t-maps that were subsequently used in group-

level analysis.

2.9.2. Regional homogeneity (REHO) analysis
REHO is a measure of local coherence in the brain, computed

as the cross-correlation between each voxel and its neigh-

bors (Zang et al., 2004). REHO has been successfully applied in

differentiating resting-state activity between clinical and

control groups, such as in patients with Alzheimer’s disease

(Liu et al., 2008) and autism (Paakki et al., 2010). The homo-

geneity signal is argued to represent local brain network

integrity when applied to the analysis of the spontaneous

low-frequency fluctuations observed during the resting-state

(Zou et al., 2009). In the current study, we applied REHO as

implemented in the REST toolbox, generating individual

participant t-maps that were subsequently used in group-

level analysis.

2.9.3. Seed-based univariate connectivity analysis
To better understand the impact of local network connectivity

differences on whole-brain intrinsic connectivity networks,

we investigated univariate connectivity, using a ‘seed’ region

of interest (ROI) derived from the local network analysis. We
Please cite this article in press as: Farb NAS, et al., Abnormal net
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defined a seed region using the conjunction region from the

low-frequency power and REHO comparisons, reasoning that

an area displaying abnormal local network activity may be

indicative of changes to larger brain networks to which it is

connected. For each participant, a whole-brain ROI connec-

tivitymap was generated using the REST toolbox and DPARSF.

Fisher’s Z-transformed maps were generated, allowing for

tests of the whole-brain effects of seed connectivity across all

participants, and the comparison of whole-brain seed

connectivity between the bvFTD, SD, and control groups.

2.10. Group-level analysis of resting-state data

For each of the methods described above, the spatial maps of

resting-state signal were entered into separate random-

effects group analyses in SPM, allowing for between-group

contrasts of signal strength at each voxel, as well as extrac-

tion of individual participant network correlation scores at

each voxel. For each of the ICA-derived networks, we

compared group-averaged levels of ICA network connectivity.

For the local network analyses (low-frequency power and

REHO), we compared group-averaged local network strength.

Finally, for the univariate connectivity analysis, we compared

group-averaged connectivity between the seed region and the

rest of the brain. Comparisons were performed to establish

differences common to both FTD variants versus controls, as

well as to establish differences unique to each FTD variant

versus the other variant and controls.

2.11. Brain-behavior analysis

To evaluate the relationship between resting-state network

integrity and behavioral dysfunction in FTD, a covariate

approach was employed. Individual patient scores on the FBI

apathy, FBI disinhibition, and SRI scales were entered simul-

taneously as covariates in the analysis of variance (ANOVA)

models used to compare the FTD groups and controls. To

specify the covariates, patient scale scores were converted to

z-scores (normalized across FTD participants) with control

participants assigned a zero score. To illustrate the behav-

iorally relevant aspects of resting-state activity, significant

covariates associations were displayed as parametric maps.

In a second approach, the most significant positive and

negative contrast clusters from each analysis were used as

ROIs to investigate the relationship between brain connec-

tivity and symptom severity. From each ROI, the first eigen-

variate characterizing the ROI signal was extracted using the

MarsBar toolbox for SPM (http://marsbar.sourceforge.net),

creating a vector of signal scores with one score for each

participant. Signal scores from the FTD group were then

subjected to pairwise correlation analyses with the apathy,

disinhibition, and stereotypy scores. A simple (zero order)

correlation analysis was performed across participants

between resting-state scores and the three scales. Symptom

severity was only measured within the FTD group, and was

therefore orthogonal to the FTD versus control group

contrast used to identify the ROIs. As this approach used an

unbiased estimator of ROI location, it was suitable for

reporting correlation values without violating assumptions

of independence.
work connectivity in frontotemporal dementia: Evidence for
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2.12. Correction for gray matter volume

To control for the confounding influences of gray matter

atrophy on resting-state BOLD signal, we estimated voxel-

wise gray matter intensity for each participant, and used

these values as nuisance covariates in each of our analyses.

We first estimated graymatter intensity using the voxel-based

morphometry (VBM) toolbox for the SPM software package

(VBM8; Wellcome Department of Imaging Neuroscience)

(Ashburner and Friston, 2000), with default parameters.

Structural images were tissue-classified into gray and white

matter, and then DARTEL warped into a common space

(Ashburner, 2007), including both linear and non-linear

components in the estimation of the normalization model.

The DARTEL normalization technique has been shown to

produce comparable efficacy to manual volumetry when

working with dementia populations (Mak et al., 2011).

Anatomical images were created using only the non-linear

components of the model, thereby controlling for the linear

transformations of global brain size and orientation while

displaying local, non-linear differences in graymatter volume.

Modulated imageswere smoothedwith a 6mm full-width half

maximum Gaussian kernel to create the final probability

maps, matching the smoothness of the functional data. The

bvFTD and SD groupswere each separately contrasted against

the controls using a one-way ANOVA.

To control for variations in gray matter volume, we

employed the Robust Biological Parametric Mapping toolbox

(Casanova et al., 2007; Yang et al., 2011). The toolbox uses

robust regression to model the relationship between struc-

tural and functional data, controlling for influence by outliers

and anatomical variation. The segmented gray matter maps

from the VBM analysis were entered as nuisance covariates in

all functional analyses.

2.13. Correction for multiple comparisons

All group-level analyses were performed in SPM8, using

a random-effects ANOVA to model group-wide effects and

contrast these effects between the FTD and healthy control

groups. To characterize the gray matter differences in bvFTD

and SD relative to controls, a family-wise-corrected p < .05

voxel height threshold was used. To increase sensitivity in

functional analyses, a p< .005 voxel height threshold (t� 2.75)

was used, in conjunction with a p < .05 family-wise-corrected

cluster size threshold (k � 70e200 contiguous voxels

depending on the analysis). Monte Carlo simulations sug-

gested that these criteria were equivalent to family-wise error

rate of PFWE < .01 (AlphaSim, http://afni.nih.gov/afni/docpdf/

AlphaSim.pdf). Behavioral symptom score covariates were

also tested at this functional threshold.

To further reduce the potential for false positive results, all

between-group comparisons of functional data were statisti-

cally thresholded using a very conservative conjunction

approach (Friston et al., 1999, 2005), employed to identify group-

specific network changes relative to the other two groups. For

example, in investigating common FTD differences from

controls, a conjunction of the contrasts (bvFTD vs controls) and

(SD vs controls) was performed. In this conjunction, each

contrast was required to be significant with correction for
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multiple comparisons, and then the overlap of these two

contrasts needed to reach cluster size thresholds to be consid-

ered significant. To identify network differences unique to

bvFTD, a conjunction of the contrasts (bvFTD vs controls) and

(bvFTDvsSD)wasapplied,witha similar conjunction to identify

unique SD differences. The effect of this conjunction approach

was to lower the effective probability of type-I error at each

voxel to a very conservative p < 2.5 � 10�5, while maintaining

the family-wise-corrected cluster size threshold on the

conjunction image.
3. Results

3.1. Clinical characteristics of the FTD groups

Neither of the FTD subgroups differed significantly from the

control group or each other in demographic variables such as

sex, age, or education (ManneWhitneyU> 25, ns). The average

total FBI score across all patients was elevated [mean

score � standard error (SE) ¼ 26.3 � 2.9; Table 1 contains

subgroup details], in keepingwith prior reports of FTD (Kertesz

et al., 1997), and supporting recent research suggesting that

behavioral dysfunction is apparent in both FTD variants

(Zamboni et al., 2008). The bvFTD demonstrated significantly

higher FBI total scores than the SD group, U ¼ 12.5, p < .05,

with trends toward significance for each of the apathy

(U¼ 16.5, p¼ .10) and disinhibition subscales (U¼ 18.0, p¼ .14),

indicating greater behavioral dysfunction in the bvFTD group.

Average patient stereotypy scores were also elevated across

all patients (mean score � SE ¼ 12.0 � 2.3) relative to estab-

lished norms (Shigenobu et al., 2002), although the behavioral

and aphasic variants did not differ from another (U ¼ 26.5, ns).

Apathy and disinhibition were moderately correlated

(r14 ¼ .57, p< .05). Stereotypy was associated with both apathy

(r14 ¼ .63, p < .01) and disinhibition (r14 ¼ .57, p < .05). None of

the scales correlated with disease duration, as measured in

years since symptom onset (r14 � .31, ns), and no behavior

scores correlated with demographic variables.

3.2. Gray matter differences

Compared with healthy controls, both FTD subgroups showed

widespread, left-lateralized reductions in gray matter volume,

predominantly involving the insula, amygdala, and ante-

rotemporal regions (Fig. 1). The bvFTD group showed additional

atrophy in the right insula and the anterior cingulate, while the

SD group showed more diffuse atrophy throughout the left

anterior temporal lobe and ventral striatum. A complete list of

bvFTD and SD atrophy locations relative to controls is available

in Supplementary Table 2. Individual patient structural MRI

slices are also available in Supplementary Fig. 1.

Behavioral covariate analysis with gray matter volume

revealed two nearly overlapping patterns: graymatter volume

reductions were associated with greater levels of apathy but

lower levels of disinhibition throughout the medial prefrontal

cortex and bilateral anterior insula, consistent with a correla-

tion between advanced dementia behavioral staging and

greater structural atrophy. Consistent with this interpreta-

tion, activity in the anterior cingulate peak of this covariate
twork connectivity in frontotemporal dementia: Evidence for
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Fig. 1 e Group specific patterns of atrophy. Group-averaged gray matter maps were compared between the bvFTD group and

controls (Panel A), and between the SD group and controls (Panel B). Panel C displays the conjunction of two covariates with

patient gray matter densities: the positive covariates of disinhibition and the negative covariates of apathy. Thus the

highlighted regions represent areas where gray matter atrophy is involved with reduced disinhibition and greater apathy.
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map also demonstrated a strong association with CDR staging

(r14 ¼ �.68, p < .005).
3.3. Resting-state network connectivity in FTD

Executive network maps were first compared to identify

abnormal connectivity patterns that were common to both

FTD subtypes relative to controls (Fig. 2). Consistent with

prior research, limbic connectivity was substantially

reduced in both the bvFTD and SD groups, most notably in

the insula, putamen, anterior thalamus, and middle cingu-

late cortex. However, we also observed a robust medial PFC

cluster of elevated connectivity in both the bvFTD and SD

groups. The behavioral covariate analysis revealed that both

connectivity reductions in the anterior thalamus and

elevated PFC connectivity were associated with greater

levels of apathy.

Executive network maps were next examined to identify

abnormal connectivity patterns that were unique to the

behavioral and aphasic variants of FTD (Fig. 3). In bvFTD, more

intense and diffuse prefrontal hyperconnectivity was observed
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relative to both SD and controls. Elevated connectivity was also

observed in the posterior cingulate, generally regarded as an

aspect of the DMN. Prefrontal hyperactivity unique to bvFTD

was significantly associatedwith apathy (r14¼ .68, p< .005) and

marginally associated with disinhibition (r14 ¼ .44, p < .1). By

contrast, the SD group showed uniquely reduced executive

network strength in the lateral PFC and anterior cingulate.

These lateral PFC regions were also positively associated with

apathy (r14 ¼ .64, p < .01) and disinhibition (r14 ¼ .51, p < .05),

indicating that the absence of such connectivity in SD was

protective, perhaps supporting reduced behavioral dysfunction

in this aphasic subtype of FTD.

In additional analyses, we examined FTD-related connec-

tivity changes in the SLN and DMN. The SLN analyses

produced a pattern of results that were strikingly similar to

the executive network analyses (Supplementary Fig. 2). Both

the bvFTD and SD groups demonstrated reduced limbic

connectivity and elevated prefrontal connectivity. The bvFTD

group demonstrated a more diffuse pattern of elevated PFC

connectivity than SD and controls. Contrary to the bvFTD

group, the SD group demonstrated abnormally low
work connectivity in frontotemporal dementia: Evidence for
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Fig. 2 e Abnormal executive network connectivity in FTD. Panel A depicts the executive network template from Smith et al.

(2009). To conservatively estimate executive network changes common to both subtypes of FTD, we identified conjunction

regions where both the bvFTD and SD subtypes demonstrated reduced (Panel B) and enhanced (Panel C) connectivity

relative to controls. The bottom right regions of Panels B and C depict the executive network covariates of apathy,

illustrating that both limbic disconnection and prefrontal hyperconnectivity are associated with higher levels of patient

atrophy across FTD subtypes. Exec. Net [ executive network.
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Fig. 3 e Abnormal FTD subtype specific executive network connectivity. Unique patterns of executive network connectivity

were found in bvFTD compared to both SD and controls (Panel A) and in SD compared to both bvFTD and controls (Panel B).

The peak regions in both of these comparisons demonstrated moderate associations with both atrophy and disinhibition.

In bvFTD, elevated prefrontal connectivity is associated with more severe behavioral dysfunction, whereas in SD the

absence of lateral prefrontal connectivity is associated with lower levels of behavioral dysfunction. Exec. Net [ executive

network.
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connectivity in the lateral PFC and anterior cingulate. Similar

to the executive network analysis, elevated SLN connectivity

in the PFC was associated with greater apathy (Fig. 4, Panel A).

In addition, the SLN analysis yielded a positive association

between reduced left insula connectivity and behavioral

disinhibition, such that lower limbic connectivity also pre-

dicted lower levels of disinhibition (Fig. 4, Panel B). This
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finding is consistent with the hypothesis that limbic

communication is required for disinhibition; without such

communication, emotional impulses cannot influence

behavioral control processes in the PFC.

The DMN analysis also revealed abnormal connectivity in

FTD (Supplementary Fig. 3). Unique to bvFTD, increased

connectivity was observed in the right angular gyrus relative
work connectivity in frontotemporal dementia: Evidence for
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Fig. 4 e Covariates of behavioral dysfunction in the SLN and DMN. Several behavioral measures covary with patient SLN and

DMN scores. Panel A: the covariates of apathy within the SLN. Panel B: the covariates of disinhibition within the SLN. Panel

C: covariates of apathy in the default network. Panel D: covariates of stereotypy in the default network.
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to SD and controls. This elevated angular gyrus connectivity

was associated with greater apathy and stereotypy scores

(Fig. 4, Panels C and D). Additionally, both the bvFTD and SD

groups demonstrated elevated connectivity with the left

insula, a region traditionally associated with the SLN rather

than the DMN.

Five emotion-related connectivity networks were further

examined to provide a more comprehensive account of

connectivity changes in FTD (Supplementary Fig. 4). Across

these networks, reduced connectivity was observed between

the PFC and the emotion networks: (1) the temporal network

showed reduced connectivity with the dorsomedial PFC, (2)

the subgenual network demonstrated reduced orbitofrontal

connectivity, (3) the thalamic network had reduced subgenual

connectivity, (4) the anterior insula and middle cingulate
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network demonstrated reduced connectivity with the anterior

cingulate and lateral PFC, and (5) the cerebellum network lost

connectivitywith the thalamus and amygdala. From these five

emotion networks, an interesting pattern of elevated

connectivity also emerged. In the insula/cingulate network,

prefrontal disconnection was balanced with the finding of

elevated connectivity in the posterior insula, paralleling the

PFC elevations observed in the executive and SLN analyses. A

complete list of all between-group network differences are

reported in Supplementary Tables 3e5.

3.4. Local network differences

Analyses of local network strength were performed to

complement the broad network connectivity analyses (Fig. 5).
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Fig. 5 e Univariate analysis summary. Panel A: using a conjunction analysis, the right insula and DLPFC demonstrated

lower fALFF signal in both bvFTD and SD relative to controls. Panel B: conjunction analysis also revealed reduced DLPFC

REHO signal in both bvFTD and SD relative to controls. Panel C: univariate connectivity results using the right DLPFC area

common to the fALFF and REHO analyses as a seed region. The main effects shown bottom left demonstrate the overall

pattern of functional connectivity from the DLPFC seed, which is positive correlated with themiddle PFC and anterior insula,

but negatively correlated with the VMPFC and posterior regions. The bottom middle demonstrates between-group

differences in functional connectivity with the DLPFC, including decreased insula connectivity and increased VMPFC

connectivity. Scatterplots display concatenated, z-scored data points from all participants, revealing that in both cases of

altered connectivity, connectivity is present in controls but reduced to 0 in the two FTD subgroups.
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Group comparisons showed that both the bvFTD and SD

groups were associated with reduced low-frequency power in

the right anterior insula and bilaterally in the dorsolateral PFC

(DLPFC). Both the bvFTD and SD groups were also associated

with reduced REHO bilaterally in the DLPFC as well as the
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cerebellum. A conjunction analysis revealed FTD-related

reductions in both local network signals in bilateral DLPFC

(BA 46; peak voxel t1,30 ¼ 4.33; x ¼ 36, y ¼ 42, z ¼ 30). The right

DLPFC conjunction peak was then selected as seed region for

connectivity analysis.
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3.5. Seed-based connectivity

Across all participants, right DLPFC activity was positively

correlatedwith thedorsal PFCandanterior cingulate, extending

bilaterally into theanterior insula (Fig. 5, bottomleftpanel). This

seed region was also negatively correlated with the posterior

cingulate and ventromedial PFC (VMPFC). However, in

comparisonsagainst thecontrol group, insula connectivitywith

the PFC was absent in both of the FTD groups. The negative

connectivity observed between the DLPFC and VMPFC was also

absent in both FTD groups (Fig. 5, bottom right panel).

Finally, to replicate our connectivity findings, we used

a seed-based multivariate PLS approach. This analysis

revealed very similar findings to the ICA approaches described

above, with details available in the Supplementary materials.
4. Discussion

4.1. Summary of findings

Resting-state fMRI has the potential to improve our under-

standing of the neural networks underlying clinical manifes-

tations of FTD, identifying pathways critical for the integration

of emotional information in promoting adaptive behavior. The

present study offers several important contributions: first, the

data suggest that resting-state analysis can powerfully char-

acterize intrinsic connectivity networks changes in FTD, vali-

dating accounts of SLN dysfunction in FTD (Seeley, 2010; Zhou

et al., 2010). Second, we propose that FTD is a disorder of PFC

hyperconnectivity in addition to frontolimbic disconnection, in

which behavioral dysregulation may be driven by a removal of

limbic constraints on PFC activity. Correlations with behavioral

symptoms suggest that while some aspects of frontolimbic

disconnection may reduce disinhibition, elevated PFC connec-

tivity signals greater apathy, which contributes to dementia

severity. Elevated posterior DMN connectivity also emerged as

unique indicator of stereotypy. Together, these findings offer

a more nuanced account of behavioral dysregulation in FTD,

characterizing some positive and negative behavioral symp-

toms through their changes to distinct neural networks.

4.2. FTD as a disorder of frontolimbic connectivity

Reductions in frontolimbic connectivity were observed in both

FTD variants, a finding that generalized across the executive

and SLN templates. These networks model connectivity

between the medial PFC and limbic system, extending from

the anterior cingulate to the anterior insula, basal ganglia and

striatum. Medial prefrontal and paralimbic regions are

normatively connected through white matter tracts, most

predominantly the antero-medial branch of the uncinate

fasciculus (Thiebaut de Schotten et al., 2012). In the present

structural analyses, the extent of subcortical gray matter

atrophy suggests damage to these neighboring uncinate

projections, a finding that has been directly observed in inde-

pendent studies of FTD white matter integrity (Matsuo et al.,

2008; Zhang et al., 2009).

Evidence of compromised communication was also

evident along several more recently characterized white
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matter pathways. The insula is specifically connected to the

frontal operculum through a series of U-shaped tracts that

form the fronto-insular system (Catani et al., 2012) (Yeterian

et al., 2012); seed-based connectivity analyses suggest

a reduction in functional connectivity along this pathway

(Fig. 5, top row of Panel C). The frontal aslant tract, recently

characterized as an indicator of SLN integrity (Bonnelle et al.,

2012), connects the anterior insula to the dorsal anterior

cingulate (Thiebaut de Schotten et al., 2012). The present

analyses showed evidence of reduced network coherence in

this dorsal cingulate terminal of the aslant tract, suggesting

that prefrontal isolation occurs along multiple connectivity

pathways (Fig. 2, Panel B; Supplementary Fig. 2, Panel B).

Furthermore, the seed-based connectivity analyses indicated

that a ventral connectivity pathway between the PFC and

limbic system also appeared to be compromised (Fig. 5,

bottom of Panel C), consistent with reduced communication

along the fronto-orbitopolar tract (Catani et al., 2012). As the

characterization of the fronto-insular, fronto-orbitopolar and

frontal aslant tracts is very recent, there is little evidence as to

whether the tracts themselves are also compromised in FTD.

Given that these connectivity deficits were apparent even

after controlling for graymatter atrophy, whitematter decline

may be a good candidate for explaining these functional

changes. Supplementary analyses supported this account of

decline along multiple prefrontal pathways: the five emotion

subcomponent networks demonstrated reduced connectivity

between the PFC and a variety of surrounding affective brain

regions.

Together, these disconnections point to a pervasive

disruption in communication between the subcortical struc-

tures and the PFC. In functional terms, communication is

compromised between affective and self-referential brain

systems, consistent with clinical accounts of the disorder.

While basic emotional responses may be preserved in FTD,

the expression of more complex, self-referential emotions,

such as embarrassment, is often compromised (Sturm et al.,

2006; Werner et al., 2007). FTD patients have difficulty main-

taining self-related goals (Miller et al., 2001; Harciarek and

Jodzio, 2005), and are impaired in self-directed but not

explicitly instructed emotion regulation (Goodkind et al.,

2010). A lack of affective integration with conceptual self-

reference may also account for the prevalence of socially

inappropriate behaviors in FTD, as patients are unable to

anticipate the feelings of others (Levenson and Miller, 2007).

Dysfunction with complex social emotions suggests a crit-

ical role for the PFC in FTD pathology, a region commonly

associated with self-referential processing (Kelley et al., 2002;

Goldberg et al., 2006).While PFC damage is generally associated

with impairments in executive function (Manes et al., 2002),

behavioral dysfunction in FTD may be related to the disease’s

unique pathology of targeting pathways of subcortical-PFC

integration. Acting as a bridge between these regions, the

ventral PFCmaybeparticularly important for affect integration:

Theory of Mind, the ability to predict the mental states and

reactions of others, and is compromised in FTD (Freedman

et al., 2012); this impairment is correlated with the extent of

VMPFC atrophy (Gregory et al., 2002; Lough et al., 2006). As

a counterexample, Huntington’s patients, for whom atrophy is

often constrained to subcortical rather than PFC regions, do not
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typically demonstrate the same levels of emotional impairment

found in FTD (Snowden et al., 2003, 2008).

A convergent finding in characterizing FTD as a disorder of

frontolimbic connectivity was illustrated through the local

network analyses. The right insula was identified as an area of

both reduced low-frequency power and disrupted connec-

tivity with the PFC, consistent with existing research impli-

cating the right anterior insula in FTD pathophysiology

(Seeley, 2010). The anterior insula features dense inter-

connectivity with the PFC via the proximal orbitofrontal

cortex (Craig, 2003), theorized to help integrate visceral

information into a broader motivational context (Critchley,

2005). If FTD atrophy first strikes this anterior insula region

as has been theorized (Seeley, 2010), the ensuing reduction in

low-frequency signal would significantly impair frontolimbic

communication. The ability of the low-frequency analysis

method to identify this right insula region in a whole-brain

analysis is promising for its potential use as an early indicator

of dementia pathophysiology, as the whole-brain ICA method

did not demonstrate similar levels of anatomical specificity.

In addition to right insula dysregulation, FTD was also

associated with reduced REHO and low-frequency power in

the DLPFC (BA 46), a region long associated with the cognitive

control of attention (Bunge et al., 2001) and particularly in the

regulation of emotion (Pessoa, 2009). As directly confirmed

through the seed-region connectivity analysis, the loss of

REHO observed in the DLPFC provides converging evidence of

disrupted communication from nearby limbic hubs such as

the anterior insula, which acts as an indicator of emotional

salience to direct attention and co-ordinate appropriate

behavioral responses (Seeley et al., 2007; Menon and Uddin,

2010; Wiech et al., 2010).

These findings provide convergent evidence for the char-

acterization of FTD as a disorder of frontolimbic connectivity.

Taken broadly, the present results belie the notion that exec-

utive processes in the PFC, freed from emotional bias, might

promote a more ordered and harmonious life. The clinical

literature contains many parallel examples: frontolimbic

disconnections have been associated with disordered behav-

iors found in psychosis (Filley and Gross, 1992), borderline

personality disorder (Minzenberg et al., 2007; Salavert et al.,

2011) and mania (Passarotti et al., 2011). While emotional bia-

ses on human decision making may lead to ‘sub-optimal’

performance on rational economic tasks, e.g., (Sanfey et al.,

2003), these same emotional influences appear to be critical

for adaptive social behavior.

4.3. Elevated default mode connectivity in FTD

The SLN holds particular importance for the allocation of

attentional resources in response to the detection of

emotionally salient events (Menon and Uddin, 2010),

promoting transitions between internal and task-focused

direction of attention (Sridharan et al., 2008). The dissolution

of the SLNmay therefore affect other networks, dysregulating

dynamically competing systems responsible for the transition

between mental states (Fox et al., 2005; Deco and Corbetta,

2011). For example, SLN activity appears to antagonistically

modulate the DMN (Raichle et al., 2001; Sridharan et al., 2008).

SLN degradation may therefore lead to stronger DMN
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connectivity (Zhou et al., 2010). Abnormally heightened DMN

connectivity may in turn promote maladaptive behaviors

driven by self-generated narratives and habit rather than

what is emotionally salient and appropriate to environmental

context (Farb et al., 2007).

The present results are consistent with this idea of SLN

dysfunction promoting a maladaptively heightened DMN.

Although the left insula is traditionally associated with the

SLN, the DMN showed elevated left insula connectivity in both

bvFTD and SD. In bvFTD specifically, greater default mode

connectivity was also observed in the right angular gyrus,

where elevated connectivity was associated with greater

apathy and stereotypy scores. Associations with stereotypy

were not observed as covariates of the other resting-state

networks, consistent with the DMN’s role in supporting

habitual behavior and cognition. These findings also provide

a cautionary tale against reliance upon habit without

consideration of one’s immediate motivational context; while

automaticity supported by the DMN doubtlessly facilitates the

performance of repetitive actions and mental operations,

without emotional constraints, such automaticity is ill-suited

for adaptively regulating behavior.

4.4. FTD as a disorder of prefrontal hyperconnectivity

Abnormally powerful and diffuse PFC connectivity was

observed in both FTD subtypes, adding another dimension to

existing accounts of FTD that focus on prefrontal disconnec-

tion. Relative to healthy controls, increased recruitment of the

PFCwas replicated across several network templates. For both

the executive and SLNs, PFC hyperconnectivity was strongly

associated with dementia severity, suggesting that this

hyperconnectivity pattern was maladaptive rather than

compensatory in nature.

The emergence of PFC functional hyperconnectivity may

be better understood through reference to prefrontal struc-

tural connectivity. Much of the PFC is connected with sensory

association and paralimbic cortex through bi-directional

white matter pathways (Yeterian et al., 2012). The medial

PFC (BA 32) normally connects to the temporal pole and insula

through such pathways. Within the frontal lobe, the medial

PFC demonstrates a greater dorsal than ventral trend in

connectivity to dorsolateral prefrontal regions, consistent

with the executive network template. In the absence of fron-

tolimbic connectivity, the relatively spared fiber tracts within

the PFC may give rise to increased local network activity. One

might extrapolate from this finding that voxels in this

prefrontal network demonstrate greater local coherence with

their neighbors as complex afferent signal from limbic regions

is lost; however, it should be noted that the REHO and low-

amplitude analyses did not find any evidence of increased

coherence or low-frequency power in the PFCs. Rather, it is

likely that the broadened prefrontal coverage of the salience

and executive networks observed in FTD reflects a consolida-

tion of structurally connected prefrontal regions in the

absence of competing connectivity from more limbic and

posterior structures.

Extended connectivity throughout the dorsal PFC regions

was a strong indicator of apathy in our FTD sample. FTD is

commonly associated with difficulties in organization and
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planning (Lindau et al., 2000; Merrilees and Miller, 2003),

which require marshalling executive resources to bear on

motivationally salient goals. Connectivity between dorsal and

ventral regions appears to facilitate executive control during

the performance of attention-demanding tasks (Seeley et al.,

2007). Contextual feedback driving task initiation would nor-

mally recruit the SLN (Craig, 2009a), but because this pathway

is impaired in FTD a compensatorymonitoring systemmay be

employed. Hyperconnectivity within the PFC may therefore

reflect an attempt to marshal executive control processes;

however, without access to motivational salience represen-

tations supplied by subcortical structures, such connectivity is

insufficient to motivate goal-directed action. Additional

executive control appears not to be an adequate substitute for

motivational context, leading to apathetic behavior.

4.5. Comparison of FTD variants

The more dorsal and lateral aspects of PFC hyperconnectivity,

typically reserved for executive processes rather than the self-

referential and motivational functions (Seeley et al., 2007),

were driven by the bvFTD group. Rather than performing

executive processes such as selecting and maintaining task-

relevant information, these executive networks appear to

become conflated with more ‘selfish’ ventral PFC processes in

bvFTD, leading to a degradation of cognitive control. This

speculation is supported by the high associations observed

between elevated dorsal PFC connectivity and higher levels of

apathy and disinhibition. The same extent of diffuse PFC

network recruitment was not evident in SD. The behavioral

variant was also uniquely associated with elevated default

mode connectivity that served as an indicator for apathy and

stereotypy. Taken together, these findings characterize bvFTD

as a disorder inwhich dorsal cortical regions become co-opted

into resting-state networks, removing the competing contri-

butions of cognitive control and automaticity to behavior.

Instead, these unconstrained networks support repetitive

action and apathetic internal-absorption that is characteristic

of more advanced stages of the bvFTD.

By contrast, SD was associated with reduced dorsal and

lateral PFC involvement in the executive and SLNs. This decline

in executive PFC involvement may reflect a form of compen-

sation for prefrontal isolation. Supplementary analyses of

emotion networks suggested that SD was associated with

elevated connectivity within the right insula and anterior

temporal lobe, perhaps a compensatory recruitment in the face

of pervasively atrophied left subcortical structures. This reli-

ance upon right lateralized, and prosodic rather than syntactic

language processes (Sammler et al., 2010) is consistent with

observations of deficient emotional expression in the frontal-

centered bvFTD, but excessive emotional expression in the

limbic-reliant SD (Snowden et al., 2001). This distinction was

also supported by the PLS supplementary analyses, which

suggested that bvFTD promotesmore local frontal connectivity

but reduced sensory integration through limbic and posterior

sensory networks; SD however was associated with stronger

limbic connectivity but reduced integration ofmedial temporal

and frontal networks. Future studies could explore whether

this distinction between cortical disconnection in SD and

limbic disconnection in bvFTD can be directly observed
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through white matter tract analytic methods such as diffusion

tensor imaging (DTI) (Basser et al., 1994).

4.6. Limitations

The present analyses illustrate important neural network

changes in FTD but bear limitations. First and foremost, due to

a focus on broad network dynamics in our initial conceptu-

alization of the project, we did not explicitly assess emotional

comprehension or task planning to allow for fine-grained

behavioral correlation with limbic and PFC network health.

However, using the clinical measures employed, we were still

able to relate these connectivity changes to behavioral

dysfunction as perceived by caregivers on the FBI. A second

limitation of this study is our small sample size in the bvFTD

and SD groups; combined with our conservative conjunction

analysis approach, a failure to detect differences between

these groups might be due to low-study power. However, our

ability to independently detect common areas of abnormal

network connectivity in both subgroups relative to controls

also lends credence to the power and pervasiveness of these

changes in even a small cohort of patients.

Our findings are suggestive of changes to communication

patterns in the brain, even after controlling for gray matter

atrophy. However, without also analyzing white matter

integrity, the degree to which such changes are the product of

cortical reorganization versus white matter degradation is

also unclear. Future studies investigating white matter

integrity could also benefit from the recent characterization of

white matter pathways bridging frontal and paralimbic

regions, whose relative preservation and decline may help to

better differentiate between different forms of behavioral and

cognitive impairment in FTD.

An additional limitation to the study is the lack of uniform

neuropsychological test data by which to classify patient diag-

nostic groups. Patientswere referred to the study froma variety

of different clinics, each employing a different set of measures

in the assessment protocol. Thus, although all patients under-

went a combination of neuropsychological and speech-

language pathology evaluation as part of the consensus diag-

nosis process, itwasnot possible to simply aggregate test scores

for comparison.Additionally, someSDpatients had such severe

aphasia that standard neuropsychological testing was impos-

sible. Nevertheless, patient diagnosis proceeded through stan-

dard consensus criteria (Neary et al., 1998). Furthermore, when

symptom severity did not preclude testing, speech-language

pathologyassessmentswereperformed todifferentiate casesof

suspected SD from bvFTD. Despite these efforts, there were

some cases in which overlapping behavioral and semantic

symptoms were present; however, we believe that this overlap

reflects a representative heterogeneity of symptoms among

FTD patients, in which not all patients present with a diagnos-

tically discrete cluster of symptoms. The present findings

attempt to move beyond categorical classifications of FTD

subtypes to look at common mechanisms of social dysregula-

tion, providing insight into neural correlates of functional

impairment rather than optimal diagnostic classification.

Finally, the present results offer provocative support for

resting stateanalysis (RSA) asa complement toexisting imaging

procedures for dementia diagnosis. Larger research studies will
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be needed to validate the utility of these findings in predicting

FTD status, particularly due to our relatively small sample and

lack of autopsy-confirmed cases. The hyper-recruitment of the

frontal lobes for examplewasnotobserved in thefirstpublished

studyof resting-state analysisof FTD (Zhouetal., 2010), so itwill

be important to observe whether this hyper-recruitment is

a consistentmeasure of FTD status, particularly at early phases

of the disease. However, these novel findings are not likely due

to the introduction of a different analysis pipeline, as the

current findings were robust to a number of different resting-

state templates and analysismethods, including amultivariate

PLS analysis described in the Supplementary materials.

4.7. Concluding remarks

Changes to intrinsic connectivity networks in FTD appear to

have important consequences for apathy, disinhibition, and

stereotypy. Analyses of brain-behavior associations indicated

that frontal hyperconnectivity was driven by patients with

more severe symptoms, suggesting that this measure may be

an indicator of disease progression rather than an early

marker of FTD onset. Establishing a longitudinal model for the

emergence of different indicators may aid our understanding

of FTD etiology. Furthermore, the generalizability of these

distinguishing effects must be examined to understand

whether these resting-state metrics can be useful on a case-

by-case clinical basis. Testing the predictive power of the

network node locations in a larger, independent FTD pop-

ulation would provide stronger evidence for the clinical rele-

vance of these measures. These limitations notwithstanding,

our data offer an intriguing account of intrinsic connectivity

network changes in FTD, relating symptoms of emotion dys-

regulation to both frontolimbic hypoconnectivity and dorsal

PFC hyperconnectivity. Resting-state analysis techniques can

provide important insights into how functional networks for

emotional processing are compromised in FTD, insights

which may eventually inform our understanding of behav-

ioral symptoms and their potential resolution.
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