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Abstract: Conflicting evidence exists regarding the integrity of episodic memory in the behavioral vari-
ant of frontotemporal dementia (bvFID). Recent converging evidence suggests that episodic memory
in progressive cases of bvFID is compromised to the same extent as in Alzheimer’s disease (AD). The
underlying neural substrates of these episodic memory deficits, however, likely differ contingent on
dementia type. In this study we sought to elucidate the neural substrates of episodic memory perform-
ance, across recall and recognition tasks, in both patient groups using voxel-based morphometry
(VBM) analyses. We predicted that episodic memory dysfunction would be apparent in both patient
groups but would relate to divergent patterns of neural atrophy specific to each dementia type. We
assessed episodic memory, across verbal and visual domains, in 19 bvFID, 18 AD patients, and 19
age- and education-matched controls. Behaviorally, patient groups were indistinguishable for immedi-
ate and delayed recall, across verbal and visual domains. Whole-brain VBM analyses revealed regions
commonly implicated in episodic retrieval across groups, namely the right temporal pole, right frontal
lobe, left paracingulate gyrus, and right anterior hippocampus. Divergent neural networks specific to
each group were also identified. Whereas a widespread network including posterior regions such as
the posterior cingulate cortex, parietal and occipital cortices was exclusively implicated in AD, the
frontal and anterior temporal lobes underpinned the episodic memory deficits in bvFTD. Our results
point to distinct neural changes underlying episodic memory decline specific to each dementia
syndrome. Hum Brain Mapp 35:1422-1435, 2014.  © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Episodic memory refers to the ability to consciously
encode, store, and retrieve information about previously
experienced events, and typically involves the recollection
of details about the event embedded within a spatiotempo-
ral framework [Tulving, 1983]. A long standing view holds
that the hippocampus and supporting medial temporal
lobe (MTL) structures are critical for episodic memory per-
formance [Squire et al., 2004]. Converging evidence from
functional neuroimaging studies, however, points to a
widely distributed neural network underlying this cogni-
tive function [reviewed by Dickerson and FEichenbaum,
2010]. This network includes the frontal lobes [Rugg et al.,
2002; Blumenfeld and Ranganath, 2007], with interactions
between prefrontal and temporal regions [Simons and
Spiers, 2003], as well as posterior structures including the
posterior cingulate cortex/precuneus, lateral parietal and
temporal cortices [Buckner et al, 2008]. Importantly,
human neurodegenerative disorders are associated with
the progressive deterioration of interconnected brain
regions, known to support complex cognitive functions,
including episodic memory [Irish et al., 2012c]. Here, we
investigate the neural correlates of episodic memory per-
formance in Alzheimer’s disease (AD) and the behavioral
variant of frontotemporal dementia (bvFID), two neurode-
generative conditions with contrasting clinical features
underpinned by distinctive profiles of neural atrophy.

The theoretical prominence of the MTLs, in particular
the hippocampus, in episodic memory is supported by
studies of patients with probable AD, in which episodic
memory decline is the hallmark feature [Nestor et al.,
2006; McKhann et al., 2011]. Unsurprisingly, AD patients
show episodic memory deficits extending across standard
neuropsychological tests of visual and verbal recall [de
Toledo-Morrell et al.,, 2000], as well as the retrieval of
personally relevant episodic autobiographical memories
[Piolino et al., 2003; Irish et al.,, 2011b]. This loss of epi-
sodic memory in AD has been interpreted in relation to
the characteristic pattern of atrophy beginning in the ento-
rhinal cortex and progressing across the hippocampus to
the neocortex [Braak and Braak, 1991], as well as the
involvement of more posterior structures including the
posterior cingulate cortex [Nestor et al., 2006]. Task-related
fMRI studies have confirmed that the hippocampus is
connected functionally to posteromedial regions including
the posterior cingulate cortex, precuneus, and lateral parie-
tal regions [Greicius et al., 2004; Kahn et al., 2008; Salmon
et al., 2008]. Accordingly, successful episodic memory per-
formance requires coordinated and reciprocal activity
between hippocampal/MTL and retrosplenial-parietal
structures [Wagner et al., 2005; Miller et al., 2008; Sperling
et al.,, 2010]. The precuneus and posterior cingulate cortex
represent sites of particular interest in episodic memory
dysfunction given converging findings pointing to hypo-
metabolism of these structures in the early stages of AD
[Buckner et al., 2005; Sperling et al., 2010].

In contrast, patients with bvFTD typically present with
behavioral and emotion dysfunction [Neary et al., 1998;
Rankin et al.,, 2005, Kumfor et al., 2011], manifesting in
reduced motivation and disinhibition [Piguet et al., 2011].
On a neural level, atrophy emerges first in the frontoinsu-
lar and anterior cingulate cortices, as well as the dorsome-
dial prefrontal cortex, striatum and thalamus [Broe et al.,
2003; Schroeter et al., 2008; Seeley et al., 2008]. With dis-
ease progression, the pathological process gradually
spreads into adjacent frontal and temporal regions [Rabi-
novici et al., 2007], with right hemisphere structures typi-
cally more affected than left. Although severe episodic
memory loss represents an exclusion criterion for a diag-
nosis of bvFTD [Rascovsky et al., 2011], emergent evidence
demonstrates that patients with progressive bvFTD can
have episodic memory impairments equivalent to that
seen in AD across standardized tests [Hornberger et al.,
2010; Pennington et al, 2011; Hornberger and Piguet,
2012] and autobiographical memory retrieval [Irish et al.,
2011a]. The neural substrates of such deficits remain
unknown, however, it has been suggested that more ante-
rior brain regions may be critical in the genesis of episodic
memory dysfunction in bvFTD [Simons et al., 2002;
Pennington et al., 2011] with possible additional contribu-
tions from temporal lobe structures [Soderlund et al.,
2008]. Interestingly, while recall-based processes are vul-
nerable in bvFID, item recognition is proposed to remain
relatively preserved [Harciarek and Jodzio, 2005].

The study of episodic memory dysfunction in neurode-
generative conditions such as AD and bvFTD represents a
critical line of enquiry not only for the differential diagno-
sis of these dementia syndromes [Giovagnoli et al., 2008;
Rascovsky et al., 2011] but also for our understanding of
the neural networks responsible for episodic memory in
general. Here, we sought to elucidate the neural substrates
of episodic memory performance (recall and recognition)
in bvFTD and AD using whole-brain voxel-based mor-
phometry (VBM) analyses. Specifically, we sought to
investigate the neural substrates of episodic memory dys-
function on those tasks typically used in the clinical setting
for diagnostic purposes. We predicted that episodic mem-
ory dysfunction in both patient groups would relate to di-
vergent patterns of neural atrophy contingent on dementia
subtype. Specifically, in AD, we hypothesized that atrophy
in the MTLs, posterior cingulate, and posterior parietal
cortices would emerge as significant predictors of episodic
memory performance. In contrast, we predicted that the
orbitofrontal and prefrontal cortices would be more
strongly implicated in episodic memory dysfunction in
bvFTD.

METHODS
Participants

A total of 56 subjects participated in this study: 19 with
a clinical diagnosis of behavioral variant frontotemporal
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dementia (bvFTD), 18 with AD, and 19 age- and education-
matched healthy controls, all selected from the FRONTIER
database, at Neuroscience Research Australia, Sydney. All
dementia patients met clinical diagnostic criteria for bvFTD
[Rascovsky et al, 2011] or AD [McKhann et al., 1984;
McKhann et al., 2011]. Diagnosis was established by con-
sensus among senior neurologist (JRH), neuropsychologist,
and occupational therapist based on extensive clinical inves-
tigations, cognitive assessment, carer interviews, and evi-
dence of atrophy on structural neuroimaging. Briefly,
bvFTD patients presented with insidious onset, decline in
personal conduct and social functioning, displaying emo-
tional blunting, loss of insight, and increased apathy. Only
dementia patients with evidence of definite progression
over time as reported by the caregivers, and atrophy on
structural MRI scans were included in this study. This was
to exclude potential phenocopy cases in the FTD group
[Hornberger et al., 2008; Kipps et al., 2010] and to confirm
the diagnosis for all cases. AD patients displayed significant
episodic memory loss, in the context of preserved behavior
and personality. Healthy controls were patients” family and
friends, and individuals from local community clubs. All
controls scored 0 on the Clinical Dementia Rating scale
[Morris, 1997], and 85 or above on the Addenbrooke’s
Cognitive Examination-Revised [Mioshi et al., 2006]. Exclu-
sion criteria included prior history of mental illness, signifi-
cant head injury, movement disorders, cerebrovascular
disease, alcohol and other drug abuse, and limited English
proficiency. Ethical approval for this study was obtained
from the Southern Eastern Sydney and Illawarra Area
Health Service and the University of New South Wales
ethics committees. All participants, or their person responsi-
ble, provided informed consent in accordance with the
Declaration of Helsinki.

Cognitive testing

Global cognitive functioning was assessed using
Addenbrooke’s Cognitive Examination Revised [ACE-R;
Mioshi et al., 2006], which is a sensitive and specific tool
to detect cognitive impairment and dementia, consisting of
subscales measuring attention and orientation, memory,
fluency, language and visuospatial function. The Trail
Making Test [Reitan, 1958], was administered to all partici-
pants as an index of attention, speed, and mental flexibil-
ity. Here, we were interested in participants’ capacity for
set-switching and divided attention and thus used a Trails
B - Trails A difference score [Strauss et al., 2006]. Verbal
letter fluency [F,A,S; Strauss et al., 2006] was assessed as
an index of strategic search processes. Finally, the Hayling
test [Burgess and Shallice, 1997] was used to assess behav-
ioral regulation, specifically response inhibition [Strauss
et al, 2006]. Carers rated the behavioral changes of
patients on the Cambridge Behavioral Inventory [CBI;
Wedderburn et al., 2008], in terms of memory decline and
loss of motivation.

Episodic memory testing

Following the procedure of Pennington et al. [2011], we
administered a battery of verbal and visual episodic mem-
ory tests to all participants. For verbal recall and recogni-
tion, we used the Rey Auditory Verbal Learning Test
[RAVLT; Schmidt, 1996]. This test consists of 15 nouns
that are read aloud (List A), with an interval of 1 second
between words, over five consecutive trials, each of which
is followed by a free recall test. An interference list (List B)
comprising 15 new words is then presented, followed by a
free recall test of that list. Inmediately following the recall
of List B, delayed recall of List A is assessed, without
further presentation of those words. Following a 30-min
delay, the participant is required to recall List A, following
which a recognition trial is completed containing all items
from List A and including lure words from List B and
new unrelated words. We extracted the following scores
from the RAVLT: immediate recall following the interfer-
ence trial (maximum score: 15); delayed recall following
30 min (maximum score: 15); and recognition following
30 min (maximum score: 15).

The Rey-Osterrieth Complex Figure [RCF; Meyers and
Meyers, 1995] was administered to obtain visual recall of a
complex design following a 3-min delay. Participants were
instructed to copy the complex figure as accurately as pos-
sible and, following a 3-min delay, were required to repro-
duce the figure from memory. The maximum score for
both the copy and recall trials is 36 points. A percentage
retained score was calculated by expressing recall per-
formance as a percentage of the initial copy score. A rec-
ognition subtest is available for the RCF task, however,
this component was not administered in the current study.

Visual recognition was assessed using the Doors and
People test [Part A; Baddeley et al., 1994]. The test stimuli
for Part A of this task comprise 12 colored photographs of
doors taken from various types of buildings (e.g., houses,
barns, public buildings, churches). Participants are pre-
sented with the images, one at a time, following which the
recognition test is administered, consisting of groups of
four doors arranged in a 2 x 2 spatial array. The partici-
pant must indicate which of the four doors was originally
presented. Importantly, the target and distractors belong
to the same category, for example if the target image is a
barn door, the three distractor photographs are also barn
doors. One point was awarded for each successful identifi-
cation of a target stimulus, leading to a maximum total
score of 12 points.

Statistical analyses

Cognitive data were analyzed using PASW Statistics
(Version 18.0.0). Kolmogorov-Smirnov tests were used to
determine suitability of variables for parametric analyses.
Briefly, all recall and recognition experimental variables
were found to be normally distributed (AD, all P values >
0.2; bvFTD, all P values > 0.2; Controls, all P values > 0.1).
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Multivariate analyses of variance with Sidak post hoc tests
were used to explore main effects of group (Controls,
bvFTD, AD) for all episodic memory tests. The rationale for
using Sidak modification of the traditional Bonferroni post
hoc test is that the statistical power of the analyses is not
affected, whilst the flexibility of the original Bonferroni
method is maintained [discussed by Keppel and Wickens,
2004]. Chi-squared tests (X?), based on the frequency pat-
terns of dichotomous variables, were also used. To investi-
gate relationships between patterns of gray matter intensity
and episodic memory performance, a Recall composite
score (comprising the RAVLT Immediate Recall, RAVLT
delayed recall, RCF delayed recall) and a Recognition com-
posite score (comprising RAVLT recognition and Doors
Recognition) were created. The two composite scores,
derived by averaging the percent correct responses of the
relevant tasks, were then used as covariates in the neuroi-
maging analyses.

Image acquisition

VBM was used to identify gray matter volume changes
across groups on a voxel-by-voxel basis using structural
MRI data. All participants underwent whole-brain
T1-weighted imaging using a 3T Philips MRI scanner with
standard quadrature head coil (eight channels). The 3D
Ti-weighted images were acquired using the following
sequences: coronal orientation, matrix 256 x 256, 200 sli-
ces, 1 x 1 mm? in-plane resolution, slice thickness 1 mm,
echo time/repetition time = 2.6/5.8 ms, flip angle a0 = 19°.
MRI data were analyzed with FSL-VBM, a VBM analysis
[Ashburner and Friston, 2000; Mechelli et al., 2005] using
the FSL-VBM toolbox from the FMRIB software package
(http:/ /www.fmrib.ox.ac.uk/fsl/fslvbm/index.html)
[Smith et al, 2004]. Briefly, structural images were
extracted using the brain extraction tool [Smith, 2002]. Tis-
sue segmentation was then carried out on the brain
extracted images using FMRIB’s Automatic Segmentation
Tool [FAST; Zhang et al., 2001]. The resulting gray matter
partial volumes were then aligned to the Montreal Neuro-
logical Institute standard space (MNI152) using the FMRIB
nonlinear registration approach [FNIRT; Andersson et al.,
2007a, b], which uses a b-spline representation of the regis-
tration warp field [Rueckert et al., 1999]. A study-specific
template was created, combining AD, bvFTD and Control
images, to which the native gray matter images were re-
registered nonlinearly. The registered partial volume maps
were then modulated by dividing by the Jacobian of the
warp field. This step was carried out to correct for local
expansion or contraction. The modulated segmented
images were then smoothed with an isotropic Gaussian
kernel with a sigma of 3 mm.

VBM analysis

A voxel-wise general linear model was applied to inves-
tigate gray matter intensity differences via permutation-

based nonparametric testing [Nichols and Holmes, 2002]
with 5000 permutations per contrast. In a first step, differ-
ences in cortical gray matter intensities between patients
(bvFTD and AD) and Controls were assessed. Next, corre-
lations between performance on experimental episodic
memory tests and regions of gray matter atrophy were
investigated in bvFTD and AD patients combined with
Controls. This procedure serves to increase the statistical
power to detect brain-behavior relationships across the
entire brain by achieving greater variance in behavioral
scores [see Sollberger et al., 2009; Irish et al., 2012a). For
statistical power, a covariate only statistical model with a
[1] t-contrast was used, providing an index of association
between gray matter intensity and performance on the ex-
perimental measures. Two separate composite models
were created to investigate the neural substrates of recall
(RAVLT immediate, RAVLT delayed, RCF delayed) and
recognition (RAVLT recognition, Doors part A) perform-
ance. Anatomical locations of significant results were
overlaid on the MNI standard brain, with maximum coor-
dinates provided in MNI stereotaxic space. Anatomical
labels were determined with reference to the Harvard-
Oxford probabilistic cortical atlas. For all exploratory com-
parisons, a threshold of 100 contiguous voxels was used,
uncorrected at the P < 0.001 threshold. An overlap analy-
ses was conducted to identify common regions of gray
matter intensity decrease implicated in episodic memory
disruption. The statistical maps generated from the two
contrasts using episodic memory performance as a covari-
ate (i.e., bvFTD and Controls; AD and Controls), were
scaled using a threshold of P < 0.001, following which, the
two scaled contrasts were multiplied to create an inclusive,
or overlap, mask across groups. For the exclusive masks,
the same procedure was adopted, however, the scaled
images were subsequently divided by each other, to create
an exclusive mask for each patient versus control contrast.
For these overlap and exclusive masking analyses, we low-
ered the cluster-based threshold to 50 contiguous voxels
[see Hornberger et al., 2011].

RESULTS
Demographics

The groups were well matched for age, years in educa-
tion, and sex (all P values > 0.1). Additionally, AD and
bvFTD patient groups were matched for disease duration
(months elapsed since onset of symptoms (P > 0.1).

Global Cognitive Function

Neuropsychological testing revealed cognitive profiles
characteristic of each patient group (Table I). Briefly, both
patient groups were impaired compared to controls on a
general cognitive screening test (ACE-R) (P < 0.0001), but
did not differ from each other (P > 0.1). In both patient
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TABLE I. Demographic characteristics, clinical, and experimental composite scores for participants

a,b,c

bvFTD AD Controls Group effect AD versus bvFTD

N 19 18 19

Sex (m:f) 11:8 11:7 8:11 n/s n/s
Age (years) 63.6 (7.9) 65.8 (6.8) 68.1 (5.3) n/s n/s
Education (years) 12.6 (3.3) 12.1 (3.6) 13.1 (2.4) n/s n/s
Disease duration (months) 47.1 (27.2) 34.1 (13.6) n/a n/s n/s
ACE-R total (100) 77.5 (12.0) 772 (12.5) 94.8 (3.5) o n/s
Trails (B-A in s) 124.8 (100.1) 127.2 (72.8) 51.9 (29.6) * n/s
Letter fluency 23.9 (12.4) 30.9 (12.0) 45.9 (13.7) ** n/s
Hayling scaled score 2.6 (2.0) 3.8 (2.0) 6.2 (0.5) ** n/s
CBI Total (100) 44.4 (27.9) 57.5 (31.8) n/a n/s n/s
Recall composite score (100) 24.5 (16.8) 22.3 (19.1) 63.9 (13.4) ** n/s
Recognition composite score (100) 74.5 (17.1) 70.9 (16.9) 89.6 (9.0) *>* n/s

AStandard deviations in brackets, maximum score for tests shown in brackets.
PbvFTD = behavioral variant frontotemporal dementia; AD = Alzheimer’s disease; ACE-R = Addenbrooke’s Cognitive Examination

Revised; CBI = Cambridge Behavioral Inventory.

“Trail Making test data available for 13 bvFTD and 12 AD cases. CBI information available for 17 AD and 15 bvFTD patients. Hayling

data available for 17 bvFTD cases.
*P < 0.05; **P < 0.0001; n/s = not significant; n/a = not applicable.

groups, impairments were observed on the attention,
memory and fluency subscales of the ACE-R (all P values
< 0.01). AD patients displayed additional impairments on
the language and visuospatial function subscales of the
ACE-R (all P values < 0.01). Compared to controls, patient
groups also showed deficits in executive function (Trail
Making, Letter fluency, and Hayling) (all P values < 0.05),
with AD and bvFTD patient groups scoring at comparable
levels on these tests (all P values > 0.1). On the CBI, carer-
rated apathy levels were higher in the bvFTD than the AD
group (P = 0.012). No other significant differences were
evident between the patient groups for total scores on the
CBI (P > 0.4).

Episodic Memory—Recall

On the RAVLT immediate recall, AD and bvFTD
patients showed significantly poorer recall in comparison
with Controls [Trial A6; F(2, 52) = 26.537, P < 0.0001] (Fig.
1, Supporting Information Table SI). No significant differ-
ences were evident between the AD and bvFTD groups on
this measure (P > 0.9). The same result profile was
observed on the RAVLT delayed recall (F(2, 52) = 26.183,
P < 0.0001). Again, no significant differences emerged
between the patient groups (P > 0.9).

Recall of the Rey complex figure was significantly
impaired in AD and bvFTD patients compared to Controls
[F(2, 51) = 36.490, P < 0.0001] but no significant difference
was present between the patient groups (P > 0.2). No sig-
nificant differences were evident between the patient
groups for Copy of the complex figure (P > 0.7). Express-
ing RCF recall score as a percentage of the encoding Copy
scores revealed the same pattern of performance across
groups.
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Figure I.
Bar chart showing overall memory performance (percentage
correct) across verbal and visual recall and recognition for
healthy Controls, behavioral variant FTD and AD participants.
Error bars represent standard error of the mean.
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Figure 2.
VBM analyses showing brain areas of decreased gray matter intensity in (A) AD patients in com-
parison with Controls, and (B) behavioral variant FTD patients in comparison with Controls.
Colored voxels show regions that were significant in the analysis with P < 0.00] uncorrected
for all contrasts, with a cluster threshold of 100 contiguous voxels. All clusters reported t > 3.9.
Clusters are overlaid on the MNI standard brain. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Episodic Memory—Recognition

No significant overall group differences emerged on the
recognition subscale of the RAVLT (P > 0.05). In contrast,
both patient groups showed significant deficits on the
Doors Part A compared with Controls (F(2, 53) = 10.482, P
< 0.0001), with no significant differences between the
patient groups (P > 0.9).

VBM Group Analysis
Patterns of atrophy

Compared to Controls, AD patients showed widespread
atrophy involving the medial and lateral temporal lobes
including the bilateral hippocampi and parahippocampal
gyrus, bilateral temporal fusiform cortex, bilateral inferior
frontal gyrus and right frontal pole, and posterior brain

regions, notably the posterior cingulate cortex and precu-
neus bilaterally, and left occipital pole. BVvFTD patients
showed striking atrophy relative to Controls predominantly
in the frontal lobes including bilateral orbitofrontal, medial
prefrontal, and insular cortices, as well as the frontal poles
and paracingulate gyri bilaterally. Further atrophy was evi-
dent in the bilateral temporal lobes including the temporal
fusiform cortex, temporal pole, amygdalae, and hippo-
campi, occipital poles and lateral occipital cortex (Fig. 2).
Direct comparison of the bvFTD and AD patients
revealed greater atrophy in the bilateral orbitofrontal and
medial prefrontal cortices, bilateral frontal poles, right in-
ferior temporal gyrus and right temporal pole in bvFTD
compared with AD. The reverse contrast revealed greater
atrophy in the bilateral intracalcarine, cuneal, and precu-
neal cortices, in the AD group (see Supporting Information
Table SII). These patterns of atrophy are consistent with
previous reports in bvFTD [Rosen et al., 2002; Hornberger
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Figure 3.
VBM analyses showing brain regions in which gray matter intensity correlates significantly with
episodic recall performance in (A) AD in comparison with Controls, and (B) behavioral variant
FTD compared with Controls. Colored voxels show regions that were significant in the analysis
with P < 0.001 uncorrected with a cluster threshold of 100 contiguous voxels. All clusters
reported t > 3.9. Clusters are overlaid on the MNI standard brain. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

et al., 2011] and in AD [Karas et al., 2004; Dickerson et al.,
2009].

Neural correlates of Recall performance

Recall performance in AD patients combined with Con-
trols was associated with a distributed network involving
bilateral frontal lobes, medial temporal regions including the
hippocampus bilaterally, bilateral lateral temporal cortices,
and bilateral posterior regions including precuneus, poste-
rior cingulate cortex, and the supramarginal gyrus (Fig. 3A,
Table II). A comparatively circumscribed set of regions were
implicated for recall performance in the bvFTD group com-
bined with Controls including bilateral paracingulate corti-
ces, anterior cingulate cortex, and orbitofrontal cortices, the
right temporal pole and the right hippocampus (Fig. 3B, Ta-
ble II). When we analyzed the neural correlates of recall per-
formance in the AD and bvFID groups combined, no
significant clusters were evident at the P < 0.001 threshold.

Next, we conducted an overlap analysis to investigate
common regions underlying recall performance in AD and
bvFTD (Table III, Fig. 4A). This overlap analysis revealed
that atrophy in the right temporal pole, right orbitofrontal

cortex, right frontal pole, left paracingulate gyrus and an-
terior cingulate cortex, and right anterior hippocampus
correlated significantly with episodic recall performance in
both the AD and the bvFTD groups.

Exclusive masking was used to determine the regions
uniquely contributing to recall performance in each demen-
tia group (Table IV). Bilateral atrophy in posterior regions
including the posterior lateral temporal cortices, precuneus
and posterior cingulate cortex, posterior hippocampi, left
supramarginal gyrus and lateral occipital cortices correlated
with recall performance exclusively in AD. Additionally, at-
rophy in the right frontal pole, and bilateral superior frontal
gyri correlated with recall performance in AD (Fig. 4B). In
contrast, atrophy in the bilateral frontal poles extending
into paracingulate and anterior cingulate cortices, right an-
terior inferior temporal gyrus and temporal pole, and the
left orbitofrontal cortex correlated with recall performance
exclusively in the bvFTD group (Fig. 4C).

Neural correlates of recognition performance

No significant correlations were evident between recog-
nition performance and gray matter intensity in either the
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TABLE Il. Voxel-based morphometry results showing regions of significant grey matter intensity decrease that
covary with episodic memory recall performance for the contrasts of AD and behavioral variant frontotemporal
dementia (bvFTD) patient groups and Controls

MNI coordinates

Number
Contrast Regions Hemisphere x Y z of voxels
AD and controls Frontal pole Right 16 70 —4 1204
Middle temporal gyrus Right 64 =32 -8 1143
Precuneus, posterior cingulate cortex Bilateral 4 —54 22 672
Supramarginal gyrus Left —38 —34 36 620
Hippocampus (anterior and posterior) Left —24 —-16 —24 579
Inferior temporal gyrus Right 62 —58 —22 474
Superior frontal gyrus Right 12 20 40 456
Inferior temporal gyrus Left —60 —22 -32 380
Orbitofrontal cortex Left —26 18 -12 368
Precuneus cortex Right 6 —76 56 348
Parahippocampal gyrus Right 26 —4 —-38 312
Temporal pole Right 22 6 —28 211
Postcentral gyrus Left —54 —22 24 189
Middle temporal gyrus Left —48 -50 6 176
Hippocampus, thalamus Right 20 —-34 —4 144
Precentral gyrus Right 30 10 28 112
bvFTD and controls Paracingulate gyrus, anterior cingulate cortex Bilateral 0 46 2 1173
Temporal pole Right 34 24 —34 1037
Orbitofrontal cortex Left —-10 24 —26 247
Hippocampus (anterior) Right 28 -12 -20 127

All results uncorrected at P < 0.001; only clusters with at least 100 contiguous voxels included. All clusters reported ¢t > 3.9. MNI =

Montreal Neurological Institute.

AD combined with Controls contrast, or the bvFTD com-
bined with Controls contrast at the statistical threshold of
P < 0.001. Again, when we analyzed the neural correlates
of recognition performance in the AD and bvFTD groups
combined, no significant clusters were evident at the
P < 0.001 threshold.

DISCUSSION

The goal of the present study was to advance our
understanding of episodic memory retrieval by establish-
ing the neural correlates underlying episodic memory

dysfunction in two neurodegenerative conditions. AD and
bvFTD patients showed similar profiles of impairment
across a range of visual and verbal tests of episodic recall
and recognition memory. Whilst AD and bvFID patients
displayed commonalities in terms of the neural structures
implicated in recall performance, including the right tem-
poral pole, right frontal lobe, left paracingulate gyrus, and
right anterior hippocampus, divergent neural substrates of
recall performance were uncovered contingent on demen-
tia subtype. In bvFTD, memory recall performance corre-
lated with an anterior network involving the frontal and
anterior temporal lobes. In contrast, a widespread neural
network was implicated in the AD group, involving

TABLE Ill. Voxel-based morphometry results showing common regions of significant grey matter intensity
decrease that correlate with recall performance which overlap in behavioral variant frontotemporal dementia
(bvFTD) and Alzheimer’s disease (AD) patients

MNI coordinates

Number

Contrast Regions Hemisphere X y z of voxels
Regions of overlap Temporal pole, orbitofrontal cortex Right 26 12 -30 120
Frontal pole Right 16 70 —4 77
Paracingulate gyrus, anterior cingulate cortex Left 0 46 8 73
Hippocampus (anterior) Right 26 -16 -20 51

All results uncorrected at P < 0.001; only clusters with at least 50 contiguous voxels were used. All clusters reported ¢ > 3.9. MNI =

Montreal Neurological Institute.
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Figure 4.

VBM analyses showing brain regions in which gray matter inten-
sity correlates with recall performance in (A) both bvFTD and
AD, (B) exclusively in AD, and (C) exclusively in bvFTD. Col-
ored voxels show regions that were significant in the analysis
with P < 0.001 uncorrected with a cluster threshold of 100

frontal, as well as, posterior structures, including the pos-
terior cingulate cortex, and parietal and occipital cortices.
Although the behavioral data highlight the difficulties in
the differentiation of these dementia subtypes based on
episodic memory performance, our neuroimaging findings
suggest that distinctive neural systems underlie the epi-
sodic memory deficits in each group.

The present findings dovetail with a growing body of
evidence which suggests a significant level of episodic
memory impairment in bvFTD [Hornberger et al.,, 2010;
Irish et al., 2011a; Pennington et al., 2011]. This episodic
memory loss in bvFTD is not unexpected when we con-
sider the patterns of regional atrophy that characterize this

contiguous voxels for exploratory whole-brain analyses (B and
C) and 50 contiguous voxels for the overlap analysis (A). All
clusters reported t > 3.9. Clusters are overlaid on the MNI
standard brain. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

dementia syndrome. It is now well documented that
bvFTD patients show profound atrophy of the medial pre-
frontal cortices and temporal lobes, including the hippo-
campus [Rabinovici et al., 2007; Seeley, 2008; Whitwell
et al., 2009a; Whitwell et al., 2009b]. Our VBM analysis
revealed that episodic memory deficits in our bvFTD
cohort were underpinned by atrophy in the bilateral para-
cingulate gyri, right temporal pole, bilateral orbitofrontal
cortices, and right anterior hippocampus, key regions asso-
ciated with episodic memory performance in functional
neuroimaging studies of healthy participants [Rugg et al.,
2002]. Although some studies have pointed to posterior
temporal and MTL pathology as a determinant of memory
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TABLE IV. Voxel-based morphometry results showing regions of significant grey matter intensity decrease that
correlate with recall performance unique to Alzheimer’s disease (AD) and behavioral variant frontotemporal
dementia (bvFTD) groups

MNI coordinates

Number
Group Regions Hemisphere x y z of voxels
AD and controls Inferior temporal gyrus, middle temporal gyrus Right 66 —38 —22 1143
Frontal pole Right 10 60 -6 905
Precuneus, posterior cingulate cortex Bilateral 8 -56 20 672
Supramarginal gyrus, superior parietal lobule Left -38 -36 36 620
Hippocampus (anterior and posterior) Left =22 —-16 —24 551
Inferior temporal gyrus, lateral occipital cortex Right 62 —58 —24 474
Paracingulate gyrus, superior frontal gyrus Right 14 20 38 456
Inferior temporal gyrus, middle temporal gyrus Left —64 —-16 —34 380
Orbitofrontal cortex Left —24 16 -12 368
Precuneus, lateral occipital cortex Right 8 —74 50 324
Temporal fusiform cortex, parahippocampal Right 26 —6 —40 223
gyrus, hippocampus
Supramarginal gyrus Left —58 -26 24 189
Middle temporal gyrus Left —46 -50 6 176
Hippocampus (posterior), thalamus Right 24 —34 —4 144
Inferior frontal gyrus Right 36 10 26 112
bvFTD and Frontal Pole, paracingulate gyrus, anterior Bilateral 16 68 -8 847
Controls cingulate cortex
Inferior temporal gyrus (anterior), temporal pole Right 42 2 —44 767
Orbitofrontal cortex, temporal pole Left —28 16 —28 229

All results uncorrected at P < 0.001; only clusters with at least 100 contiguous voxels were used. All clusters reported ¢ > 3.9. MNI =

Montreal Neurological Institute.

dysfunction in bvFTD [Soderlund et al., 2008], others have
suggested that frontal lobe atrophy is critical to the mem-
ory deficits in this cohort [Simons et al., 2002; Pennington
et al., 2011]. These inconsistencies across studies may
reflect patient group characteristics such as stage of dis-
ease, differences in episodic memory tasks employed, or
indeed the method used to quantify neural atrophy in
patient cohorts. Using a whole-brain analysis technique,
we demonstrated that the integrity of both medial and
prefrontal regions is essential for successful general epi-
sodic memory retrieval, reflecting current integrative per-
spectives which emphasize the importance of interactions
between frontal and temporal regions in episodic memory
performance [Simons and Spiers, 2003].

The neurocognitive mechanisms underlying the episodic
memory impairment in bvFTD remain unknown, although
it has been suggested that such memory deficits reflect ex-
ecutive dysfunction [Mendez and Cummings, 2003; Piolino
et al., 2003], most likely due to the overwhelming burden
of atrophy in the prefrontal cortices. Difficulties in selecting,
comparing and deciding on information may stem from
orbitofrontal cortex damage in this cohort [Collette and Van
der Linden, 2002; Piolino et al.,, 2007]. Disturbances in
remembering contextual details such as the source or
recency of the test information have also been documented
in bvFTD [Simons et al., 2002; Soderlund et al., 2008; Irish
et al, 2012b] in the context of relatively preserved item

memory [Simons et al.,, 2002; Harciarek and Jodzio, 2005].
Such source memory deficits have been interpreted as not
only reflecting frontal lobe damage [Simons et al.,, 2002],
but also point to the role of the medial and posterior tem-
poral lobe structures [Soderlund et al., 2008] in bvFTD. On
visual item recognition, however, we found that bvFTD
patients were impaired to the same extent as AD patients,
possibly reflecting the additional involvement of the hippo-
campus, although our imaging analysis did not reveal any
significant neural correlates for the recognition composite.

Our findings in AD mesh well with a large body of evi-
dence implicating a widespread neural network underly-
ing episodic memory disturbances in this patient cohort
[Buckner et al., 2005]. Unsurprisingly, AD patients showed
marked episodic memory deficits irrespective of task
(recall, recognition) or modality (visual, verbal). Recall per-
formance in AD correlated with a distributed neural net-
work including the hippocampus, posterior cingulate
cortex, temporoparietal, occipital, and prefrontal regions.
These structures are known to participate in episodic
memory [Buckner et al.,, 2005] and visuospatial imagery
[Cavanna and Trimble, 2006], the prototypical functions
vulnerable in the early stages of AD [McKhann et al,
1984]. Interestingly, the posterior cingulate cortex has been
posited to underlie the capacity for old/new detection,
and may play a particular role in the recollective aspect of
episodic memory retrieval [Wagner et al., 2005].
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Our findings have potential clinical implications. We
have confirmed that patients with bvFTD are indistin-
guishable from AD patients across a battery of standar-
dized tests of verbal and visual episodic memory,
typically used in the differential diagnosis of these cohorts.
This raises concerns regarding the sensitivity of the cur-
rent diagnostic criteria for bvFTD given that severe amne-
sia remains an exclusion criterion for bvFID [Piguet et al.,
2009; Rascovsky et al., 2011]. The difficulty in accurate di-
agnosis of bvFTD is reinforced by our finding of common-
alities in the patterns of neural atrophy underlying the
episodic memory deficits in bvFTD and AD. Our VBM
analyses revealed common regions of neural atrophy that
were significantly related to general episodic memory dys-
function, irrespective of dementia type. Specifically, these
regions included the frontal and temporal poles, paracin-
gulate gyrus, and the hippocampus. The discovery of sig-
nificant hippocampal involvement mediating the episodic
memory impairment in bvFTD, coupled with considerable
frontal lobe involvement in episodic memory deficits in
AD, appears to run counter to the classic conceptualization
of these dementia syndromes. Hippocampal atrophy is
well documented in bvFTD [Rabinovici et al., 2007; Whit-
well et al., 2009b], yet paradoxically, episodic memory is
assumed to be relatively intact in the early stages of the
disease [Neary et al., 1998; Rascovsky et al., 2011]. This
dictum represents something of a conundrum for the accu-
rate diagnosis of bvFTD, when MTL atrophy and episodic
memory deficits continue to represent the hallmark fea-
tures of AD. Episodic memory is a complex construct,
relying on the integrity of dissociable underlying processes
[Easton and Eacott, 2010]. Using a general episodic mem-
ory composite, our results reinforce the inherent difficulty
in the differential diagnosis of bvFID from AD, and fur-
ther corroborate the growing opinion that the presence of
severe episodic memory deficits should not preclude a di-
agnosis of bvFTD [Hornberger et al., 2012].

Of particular interest, however, is evidence pointing to
divergent neuroanatomical structures which are differen-
tially implicated in episodic memory dysfunction contin-
gent on dementia syndrome. Specifically, posterior
regions, including the bilateral posterior cingulate cortices,
were exclusively implicated in the AD group. This finding
supports converging evidence pointing toward the poste-
rior cingulate cortex as a crucial region in the genesis of
episodic memory deficits in AD [Nestor et al., 2006], and
stands in contrast with the involvement of anterior
regions, including the bilateral anterior temporal poles and
bilateral frontal poles and paracingulate gyri, in the bvFTD
group. The precuneus has been implicated in successful
performance of tasks drawing on mental imagery proc-
esses, leading to the proposal that visuospatial aspects of
episodic memory rely on the integrity of this posterior
region [Cavanna and Trimble, 2006]. Accordingly, poor
performance on the RCF task may be anticipated in AD
patients given its visuospatial loading and the pathology
burden in more posterior brain regions in this disease.

Although we did not find significant differences between
AD and bvFTD patients on this task, our behavioral
results suggest that this task may be useful to differentiate
between these groups. Teasing apart the differential con-
tributing factors underlying poor performance in each
patient group is imperative: visuospatial dysfunction may
impair AD performance, whereas impaired organization
and planning of the figure may underlie memory difficul-
ties in bvFTD. Further exploration of the divergent neural
contributions to episodic memory dysfunction in bvFTD
and AD represents a potentially critical avenue in refining
accurate diagnosis of these dementia syndromes. In partic-
ular, it may be possible to develop specific neuropsycho-
logical tasks which rely on posterior parietal regions, and
thus visuospatial aspects of memory, versus those which
emphasize frontal processes, such as planning and organi-
zation, to aid in the differential diagnosis of AD and
bvFTD patients, respectively.

A number of methodological issues warrant discussion.
Firstly, given that the majority of our sample had not yet
come to autopsy, we did not have access to neuropatho-
logical data to definitively confirm the underlying disease
pathology in each group. As such, we cannot exclude the
possibility that some of the bvFTD cases, in particular
those who performed very poorly on the experimental
memory measures, may have underlying AD pathology.
Importantly, 6 patients (4 AD, 2 bvFTD) whose initial clin-
ical diagnosis was uncertain, underwent Pittsburgh Com-
pound B (PiB) PET imaging which confirmed the AD
diagnosis in all four suspected AD cases (PiB positive
scans) and corroborated the bvFID diagnosis in the
remaining two cases (PiB negative scans). Our findings
converge well with previous reports of severe memory
disturbance in pathologically confirmed cases of bvFTD
[Graham et al., 2005; Hornberger et al., 2010; Hornberger
et al., 2012]. Nevertheless, replication of our results in
patient cohorts with a combination of in vivo PiB-PET
imaging and neuropathological data represents an impor-
tant area of future enquiry.

A second limitation of this study concerns the heteroge-
neity of the experimental measures used to probe episodic
memory recall and recognition. Although the aim of this
study was to elucidate the neural correlates of general epi-
sodic memory dysfunction in neurodegenerative disorders,
the composite scores we created for recall and recognition
performance do not permit the dissection of specific
aspects of retrieval or recognition. Differences in test
administration, such as incremental learning on the
RAVLT versus the one trial learning of the RCF and Doors
test, also need to be taken into consideration when discus-
sing the neural substrates of specific memory processes. In
spite of this limitation, our findings point to important
commonalities and differences in the neural networks that
underpin episodic disturbances in different neurodegener-
ative conditions. Finally, our neuroimaging results did not
survive conservative corrections for multiple comparisons
(i.e., Family-Wise Error) and were therefore reported
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uncorrected at P < 0.001. We reduced the potential for
false positive results, however, by applying cluster extent
thresholds of 100 and 50 contiguous voxels for the explora-
tory and overlap analyses, respectively. Importantly,
Monte Carlo simulations and experimental data demon-
strate that cluster thresholding is an effective tool to
reduce the probability of false positive findings without
compromising the statistical power of the study [Forman
et al., 1995]. Given our sample size, the application of
stringent cluster extent thresholds, and our a priori
assumptions, we are confident that our results do not rep-
resent false positive findings, however, it will be important
to replicate these findings in a larger patient cohort using
corrected neuroimaging results.

A number of avenues warrant future investigation, one
of which relates to the finding of significant frontal lobe
involvement in episodic memory dysfunction in AD.
Recent studies have demonstrated executive dysfunction
even in the early stages of AD [Gleichgerrcht et al., 2011].
The extent to which frontal pathology contributes to epi-
sodic memory deficits in this group remains, to date,
underexplored. Although we reported on the aggregate
performance of our patient groups, it is possible that the
neural underpinnings of episodic memory deficits may
differ contingent on disease stage. Although the patient
cohorts in this study were matched for disease severity
and disease duration, future studies using larger patient
samples, stratified by disease stage, will be necessary to
clarify at what point during the pathological process struc-
tures such as the hippocampus are implicated in episodic
memory disruption in bvFTD.

In conclusion, we have demonstrated that episodic
memory impairments in progressive cases of bvFTD are as
pronounced as in AD. Critically, while the neural regions
responsible for such general memory deficits were found
to overlap significantly in each patient group, including
the right temporal and frontal poles, left paracingulate
gyrus, and right hippocampus, divergent anterior versus
posterior neural networks were implicated exclusively in
bvFTD and AD, respectively. We suggest here that the
next challenge lies in the creation of suitably specific tasks
which differentially stress anterior versus posterior aspects
of episodic memory retrieval.
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