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Abstract.
Background: Alzheimer’s disease (AD) and behavioral variant frontotemporal dementia (bvFTD) are typically associated
with very different clinical and neuroanatomical presentations; however, there is increasing recognition of similarities.
Objective: To examine memory and executive functions, as well as cortical thickness, and glucose metabolism in AD and
bvFTD signature brain regions.
Methods: We compared differences in a group of biomarker-defined participants with Alzheimer’s disease and a group of
clinically diagnosed participants with bvFTD. These groups were also contrasted with healthy controls (HC).
Results: As expected, memory functions were generally more impaired in AD, followed by bvFTD, and both clinical groups
performed more poorly than the HC group. Executive function measures were similar in AD compared to bvFTD for motor
sequencing and go/no-go, but bvFTD had more difficulty with a set shifting task. Participants with AD showed thinner cortex
and lower glucose metabolism in the angular gyrus compared to bvFTD. Participants with bvFTD had thinner cortex in the
insula and temporal pole relative to AD and healthy controls, but otherwise the two clinical groups were similar for other
frontal and temporal signature regions.
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Conclusions: Overall, the results of this study highlight more similarities than differences between AD and bvFTD in
terms of cognitive functions, cortical thickness, and glucose metabolism. Further research is needed to better understand the
mechanisms mediating this overlap and how these relationships evolve longitudinally.

Keywords: Alzheimer’s disease, biomarkers, executive function, frontotemporal dementia, memory, MRI, PET

INTRODUCTION

At first glance it would appear simple to differ-
entiate classic cases of Alzheimer’s disease (AD)
from behavioral variant frontotemporal dementia
(bvFTD). AD as it classically presents is most
often characterized by impairments in consolida-
tion of new memories, while bvFTD is a disease
most often characterized by changes in personal-
ity and behavior along with cognitive deficits in
executive functioning. Although there are often dif-
ferences in presentation, there is also surprisingly
extensive overlap between the two diseases both
neuroanatomically and cognitively. This overlap is
further complicated by the differing phenotypes of
AD that have been identified beyond the prototyp-
ical presentation [1]. In some patients, this includes
primary dysexecutive and/or behavioral symptoms in
patients with AD (bvAD) that can resemble the clini-
cal syndrome of bvFTD [2–4]. The role of the frontal
lobe and executive dysfunction in the typical AD
phenotype has also been an increasing area of inter-
est as conceptualization of the disease has evolved
[5, 6].

From a cognitive standpoint, there have been
numerous prior studies supporting greater memory
impairment in AD relative to bvFTD [7–10]. This
was also supported by results of a large meta-analysis
[11], although it was noted that many of the cogni-
tive tasks examined did not adequately discriminate
between the two groups given significant observed
overlap. Some studies have not found evidence of
differing performances on memory tasks in patients
with bvFTD relative to early AD [12]. Historically,
memory was expected to be relatively preserved in
FTD until advanced stages of disease progression;
however, severe amnesia in early presentations of
FTD may be more common than initially thought
[13] and may contribute to mixed findings in the
existing literature. Although bvFTD is known to be
a condition primarily impacting executive functions,
studies comparing participants with bvFTD versus
AD on executive tasks have also shown mixed results.
Some studies have found evidence of the expected
greater impairments in bvFTD on tasks of executive

functioning [9, 14]. In contrast, other studies suggest
comparable performances in AD and bvFTD on tasks
of inhibitory control [15] as well as motor sequenc-
ing, phonemic fluency, and working memory [16, 17].
Furthermore, some evidence suggests that individuals
with bvFTD do not demonstrate a more dysexecutive
pattern of performances on memory tasks relative to
AD, as assessed by similar number of intrusion errors
and comparable rates of improvement with recogni-
tion cues [18].

Beyond the presenting cognitive symptoms, neu-
roanatomical structure and function are important
markers to aid in discrimination of such disease
processes. Atrophy of the mesial temporal cortex,
particularly of the hippocampus and entorhinal cor-
tices, is considered a hallmark of AD and has been
correlated with memory function [19]. bvFTD has
historically been associated with early atrophy in
frontal and insular regions [20] as opposed to the
diffuse changes in temporal and parietal cortex in
AD. Existing studies investigating neuroanatomical
differences between bvFTD and AD have shown vari-
ability in methodology and results. Several recent
studies have found no significant difference in hip-
pocampal atrophy when comparing individuals with
AD and bvFTD [18, 21]. Cortical thickness has
been suggested to be more sensitive than grey mat-
ter density or volume to subtle indicators of disease
pathology [22]. For example, participants with AD
showed cortical thinning in all lobes while FTD
showed thinning in more specific regions of the
frontal and temporal lobes [23]. Similarly, Möller and
colleagues [24] found more generalized decrease in
thickness throughout the entire brain in AD (although
this was more pronounced posteriorly), whereas
patients with bvFTD showed more selective thinning
in the frontal and anterior temporal cortices. Another
study compared behavioral/dysexecutive variant AD
to amnestic AD as well as to bvFTD using both
neuropsychological testing and cortical thickness.
They found more visuospatial impairments and corti-
cal thinning posteriorly in the left temporal-occipital
regions in bvAD relative to bvFTD. In addition,
patients with bvAD showed more frontotemporal
atrophy than patients with amnestic AD [25].
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While many existing studies have investigated
neuroanatomical differences between these disease
processes, others have sought to define unique cor-
tical signature regions specific to each disease. For
instance, Dickerson et al. [26] published a seminal
study on the “cortical signature” of AD. Using corti-
cal thickness, they identified the following areas that
were typically affected in AD and predictive of time to
diagnosis: middle temporal gyrus, inferior temporal
gyrus, temporal pole, middle frontal gyrus, superior
frontal gyrus, precuneus, angular and supramarginal
gyri of the inferior parietal lobe, and the superior pari-
etal lobule. These brain regions have been widely
used investigating AD and are associated with the
normal aging effects on memory [27] as well as pre-
dicting the progression to AD from asymptomatic or
normal condition [28, 29]. A similar investigation
was recently published examining the cortical sig-
nature of bvFTD which was found to span several
large scale neural networks [30]. While the terminol-
ogy in characterizing neuroanatomical regions differs
slightly between these studies, there are areas of over-
lap between signature areas for AD and bvFTD as
well as key, unique differences. Overlapping areas
include the middle and superior frontal gyrus, tem-
poral pole, and middle temporal gyrus. Areas unique
to AD are located in the parietal lobe and include the
precuneus, and inferior and superior parietal lobules,
as well as the inferior temporal gyrus. Areas unique
to bvFTD include the insula and anterior cingulate. It
is interesting to note the high number of overlapping
areas despite these two diseases being conceptual-
ized as pathologically and phenotypically distinct.
Given the recency of these published signature areas
for bvFTD, there are not yet any studies comparing
signature areas in a clinical sample of bvFTD versus
prototypical AD.

Metabolic neuroimaging, such as 18Fluoro-
deoxyglucose positron emission tomography (FDG-
PET), is also beneficial in distinguishing AD from
bvFTD [31]. Patients with AD often show early
hypometabolism in the posterior cingulate and pari-
etotemporal cortices while patients with bvFTD often
show early hypometabolism in the frontal and ante-
rior temporal cortices [32]. However, there is some
variability in findings across studies that may be
due in part to differing clinical phenotypes within
AD and bvFTD, differing methodologies, and the
potential for mixed pathology. For instance, one
study compared patients with FTD who presented as
amnestic versus non-amnestic and found evidence of
differing patterns of hypometabolism on FDG PET

within the parahippocampal and inferior temporal
gyri [33].

Given increasingly recognized overlap between
AD and bvFTD, mixed results and sample size limi-
tations in prior studies, and newly published cortical
signature areas for these diseases, additional research
is needed to better understand cognitive and neu-
roimaging correlates and how they relate. The mixed
results in prior literature and hypothesized overlap
in signature regions suggest that these two distinct
pathological processes may be more similar than his-
torically conceptualized. Furthermore, prior studies
have primarily included only participants with diag-
nosed dementia without those with very early disease
at the mild cognitive impairment stage. It is impor-
tant to examine these disease processes at early stages
given increasing clinical similarities between neu-
rodegenerative processes at more advanced stages.
The current study is the first we are aware of to exam-
ine cognition (memory and executive functioning),
and structural and functional neuroimaging (cortical
thickness and FDG PET) in signature brain regions
for both diseases in patients with biomarker-defined
AD versus bvFTD. The following signature areas
were included [26, 30]: inferior temporal, middle
temporal, temporal pole, middle frontal, superior
frontal, anterior cingulate, insula, precuneus, angu-
lar and supramarginal gyrus (inferior parietal lobule),
and superior parietal.

Hypotheses

For memory function, it was hypothesized
that performances would differ by group, with
AD < bvFTD < HC on all measures. For executive
measures, it was hypothesized that performances
would differ by group, with bvFTD < AD < HC.
For cortical thickness, group differences in thick-
ness were also hypothesized, with AD < bvFTD < HC
for temporal lobe regions, bvFTD < AD < HC for
frontal lobe regions, and AD < bvFTD=HC for pari-
etal lobe regions. Group differences in glucose
hypometabolism using FDG PET mimic the corti-
cal thickness hypotheses for temporal and parietal
lobe regions (AD < bvFTD) and for the frontal lobe
regions (bvFTD < AD).

MATERIALS AND METHODS

Participants

We retrospectively identified 81 individuals who
were evaluated in our academic medical center-
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Fig. 1. Group classification.

based memory health clinic (from June 2020 through
August 2023) who were biomarker-positive for AD
(see Fig. 1). Each participant was diagnosed by
consensus as MCI due to AD (n = 49) or AD demen-
tia (n = 32) using history, neurological examination,
brain MRI, and neuropsychological evaluation [1,
34]. All participants with MCI were classified as
having amnestic profiles, although some were sin-
gle domain (aMCI-SD = 24) and others multidomain
(aMCI-MD = 25). All participants with AD had
biomarker status determined by CSF analysis (n = 58)
of A�42 and p-tau or Amyloid PET using 18F-
florabetaben (n = 28). Five participants were amyloid
positive by both tests. All participants with AD
demonstrated evidence of temporal and/or pari-
etal atrophy on MRI. All participants were also
cognitively symptomatic with evidence of cogni-
tive impairment(s) on neuropsychological evaluation.
None of the participants with AD presented with the
behavioral/executive variant of AD.

Sixty-nine individuals were diagnosed with
bvFTD by consensus using standard criteria [35]
(MCI due to bvFTD n = 33; bvFTD dementia = 36).
All patients (and/or their caregivers) had concerns of
changes in behavior as a primary symptom, although
some also had concerns of impaired memory, atten-
tion, and/or language. Diagnosis of bvFTD included
MRI that demonstrated frontal and/or temporal atro-
phy and/or FDG PET that demonstrated frontal
and/or temporal hypometabolism. Thirty bvFTD
completed an MRI and FDG PET. All but three
participants showed frontal and/or temporal atro-
phy on MRI. The three participants who did not
have frontal/temporal atrophy on MRI showed a
pattern of frontal and/or temporal hypometabolism
on FDG PET interpreted by a neuroradiologist as

most consistent with FTD. Three participants were
unable to participate in MRI due to claustropho-
bia or pacemaker; all three showed frontal/temporal
atrophy on head CT and two of them also showed
hypometabolism consistent with FTD on FDG PET.
Four bvFTD participants had negative amyloid PET
imaging and fifteen also had negative CSF for amy-
loid. See Table 1 for participant biomarker data.

Control/comparison participants were comprised
of 14 healthy older participants with no cogni-
tive concerns who completed the Mini-Mental State
Examination, Wide Range Achievement Test-4 Word
Reading subtest, and California Verbal Learning Test
and seven of those also had Trail Making Test (TMT),
Motor Sequencing (MS), and Go/No-go (G/NG). All
healthy controls completed a high-resolution MRI
scan of the brain. An additional 25 participants
were seen in our multidisciplinary memory clinic
for concerns of cognitive changes but were found on
examination to have normal cognition (within 1 SD
of the mean; [34]) on all neuropsychological mea-
sures as well as a normal MRI brain scan as read by a
board certified neuroradiologist with no greater than a
Fazekas rating of 1 for small vessel ischemic disease
[36].

Measures

The following standard neuropsychological mea-
sures were used: California Verbal Learning Test –
short form (CVLT-sf) [37] was used as a measure of
verbal learning and retention that includes 9 words, 4
learning trials with delayed recall, and yes/no recog-
nition testing. The following scores were used: recall
on trial 1, total words recalled over the 4 learning
trials, short delay free recall, long delay free recall,
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Table 1
Participant biomarker data

Measure Group Group Statistics Effect size
AD mean (SD) FTD mean (SD) F/p ηp

2

A�42* 776.6 (235.0) 1612.2 (342.3) 123.3/<0.001 0.6
Total Tau* 335.1 (197.5) 220.9 (82.4) 4.8/0.04 0.1
p-tau* 33.9 (22.0) 21.8(10.5) 4.2/0.05 0.1
p-tau/A�42** 0.05 (0.04) 0.01 (0) 12.5/<0.001 0.2
SUVr*** 1.8 (0.3) 1.0 (0.1) 18.4/<0.001 0.4

*AD n = 58, bvFTD n = 15. **AD n = 57, bvFTD n = 12. ***AD n = 28, bvFTD n = 4.

long delay cued recall, percentage of information
retained from the 4th trial to the delayed recall trial,
recognition discriminability index, number of hits
and false positives on recognition, and total number
of intrusion and repetition errors. Trail Making Test
Part B (TMT-B) was used as a measure of execu-
tive functioning (speeded set shifting) with total time
to complete the task used as the dependent measure.
We used a maximum score of 300 s. Motor Sequenc-
ing (MS), also known as the Luria 3-Step Test, was
used as a test of executive functioning requiring
individuals to learn a 3-step motor sequence (fist-
chop-slap). We used the total score for learning with
both hands (range 0-8 with higher scores = worse per-
formance) with increasing structure provided to assist
with learning (i.e., modeling, verbal cues). Admin-
istration and scoring were standardized according
to the procedures outline by Keifer and Haut [38].
Go/No-go (G/NG) was utilized as a measure of exec-
utive functioning, specifically response inhibition.
This task involved the examiner hitting the table
either forcefully or gently, while requiring individuals
to perform the opposite action of what the exam-
iner executed. Ten trials were conducted with each
hand and number of stimulus bound errors (i.e.,
errors in which the participant performed the same
action instead of the opposite action) was collected.
Total score was used (0 = no stimulus bound errors,
1 = < 3 stimulus bound errors, 2 = > 3 stimulus bound
errors, and 3 = consistent stimulus bound errors. Total
scores ranged from 0–6 with higher scores indicat-
ing greater stimulus bound responding. Mini-Mental
State Examination (MMSE) total score (0–30) was
used as a measure of general cognitive status [39].
Wide Range Achievement Test (WRAT-4) [40] Word
Reading subtest was used as a measure of premor-
bid functioning. Functional Activities Questionnaire
(FAQ) [41] was completed by informants and used
to assess functional deficits in daily life with scores
ranging from 0–30 (higher score = greater functional
impairment). Neuropsychiatric Inventory Question-
naire (NPI-Q) [42, 43] was also completed by

informants and used to assess behavioral symptoms
based on number and severity of symptoms. Specific
symptoms assessed included delusions, halluci-
nations, agitation/aggression, dysphoria/depression,
anxiety, euphoria/elation, apathy/indifference, dis-
inhibition, irritability/lability, motor disturbance,
nighttime behaviors, and appetite/eating behaviors.
The Short Form Zarit Burden Inventory (ZBI-12) [44]
was used to assess the level of burden for caregivers
with a range of scores from 0-48 with higher scores
indicating more burden.

MRI

High resolution isovoxel T1-weighted MPRAGE
images were acquired on a Siemens 3T Magnetom
Prisma scanner with 20 channel head coil with either
sagittal or axial acquisition and a minimum res-
olution of 1 × 1 × 1 mm (TR/TE = 2300 ms/2.26 ms
Flip angle: 8 degrees). Eighteen participants (8 in
AD group, 7 in bvFTD group, 3 in HC group)
received their imaging on a GE Architect 3T scan-
ner with a 48-channel head coil using a comparable
T1 Bravo SPGR sequence with 1 × 1 × 1 mm res-
olution (TR/TE = 8.5 ms/3.3 ms). We compared the
quality of the scanners using the IQR score from
Cat12, which was different between the two scan-
ners (F = 8.2, p = 0.005). Thus, scanner type was used
as a covariate in the analyses of cortical thickness.
Participants also received a T2 FLAIR 3D sequence
with 1 mm resolution (TR = 6000 ms; TE = 399 ms).
In some cases (N = 26; 11 in AD group, 12 in bvFTD
group, 3 in HC group), a lower resolution standard
clinical T2 FLAIR sequence was used with 5 mm
slice thickness. The resolution of the T2 FLAIR did
not make a difference in the volume of WMH (F < 1).

T1-weighted images were processed using the
CAT12 (http://www.neuro.uni-jena.de/cat/) [45] seg-
mentation routine implemented within SPM12
(http://www. fil. ion.ucl.ac.uk/spm/software/spm12/)
and operated within the Matlab environment
(R2021b; https://www.mathworks.com) using the
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default parameters. Each individual T1 sequence was
reviewed for quality and only participants with an
IQR score of > 70 were included. There was a total of
12 MRIs that were read clinically for diagnosis that
were not included in the cortical thickness analysis
due to poor IQR (IQR < 70). These scans were from
outside facilities.

We chose to examine the published signature brain
areas in AD [26] and bvFTD [30]. There is overlap
between the two signatures (inferior temporal, mid-
dle temporal, temporal pole, superior frontal, middle
frontal) as well as several areas unique to each dis-
ease. Unique signature areas for AD included the
precuneus, angular gyrus, supramarginal gyrus, and
superior parietal lobule. Unique signature areas for
bvFTD included the insula and anterior cingulate
gyrus. We used cortical thickness as calculated by
CAT12 using the DKT atlas [46] averaged across
hemispheres for each of the above areas. T2 FLAIR
images were processed using the lesion segmentation
toolbox (LST) [47] operated within SPM12. We uti-
lized the lesion prediction algorithm [48] to measure
the total volume of WMH in ml.

18Fluoro-deoxyglucose (FDG) PET image
acquisition

After at least 4-h fasting, blood glucose level
was measured and was lower than 160 mg/dl. Each
participant received 8–10 mCi of 18F-FDG injec-
tion via a venous cannula after a 10-min rest in
a silent and dimly lit room, with unplugged ears
and closed eyes. PET scan was obtained using a
Siemens Biograph mCT system with 3 LSO rings and
20 slices and image acquisition beginning approxi-
mately 45–60 min after the 18F-FDG injection. The
acquired images were reconstructed with an ordered
subset-expectation maximization algorithm follow-
ing the standard protocols used for clinical purposes
and embedded in the Siemens workstations. Attenu-
ation correction was based on computed tomography
scan. In brief, the following parameters were used:
10 min of acquisition time, in a single bed posi-
tion; 120 kV, 400 mAs, 1-s rotation time; pitch 1;
slice thickness 2 mm; reconstruction interval 1 mm.
The True X + TOF (Ultra HD-PET) method with 4
iterations and 21 subsets was used for the three-
dimensional image reconstruction with a FWHM 1.0.
We used the mean standard uptake value (SUV) of a
mask of the cerebellar gray matter as a reference value
to convert each PET voxel into an SUVr value.

PET image processing

First, T1-weighted MRI images were processed
with Spatially Localized Atlas Network Tiles
(SLANT) [49]. This program rapidly segments and
classifies the tissue and segments the brain into 132
regions for volumetric analysis. The PET scan was
co-registered with the CT scan which in turn was
co-registered with the T1 MRI using an automatic
mutual information-based registration [50], and then
the segmentation from SLANT based on the T1 MRI
was applied to the PET scan.

Analysis plan

Analysis of variance (ANOVA) or Chi-square tests
when applicable, were used to compare the groups
for demographic and clinical variables. We also
conducted Pearson correlations to explore the rela-
tionships between memory and executive functioning
measures with thickness and glucose metabolism in
signature areas and corrected for the number of corre-
lations across all measures (14 cognitive measures ×
[11 MRI + 11 PET + WMH]; 0.05/322 = 0.000155).
A series of ANOVAs or ANCOVAs were used
to examine differences between the groups for 1)
Learning/memory, 2) Executive functions, 3) Cortical
thickness, and 4) Glucose metabolism. We corrected
for multiple comparisons across all measures by
dividing the standard p value by the number of anal-
yses conducted (0.05/36 = 0.0014). Follow up LSD
post hoc tests were used to examine significant dif-
ferences between the groups for each measure.

RESULTS

As seen in Table 1, the expected differences were
observed between AD and FTD groups on measures
of amyloid. However, there was not a reliable dif-
ference between the groups for total tau or ptau
when correcting for multiple comparisons. As seen in
Table 2, there was no significant difference between
the groups for gender. The control group was younger
than AD and FTD, without difference between the
two clinical groups. The bvFTD group had fewer
years of education than the AD and control groups.
The HC group had higher estimated premorbid func-
tioning than the AD group, and the AD group had
higher estimated premorbid functioning than the
bvFTD group. All groups were well-educated with an
average of some post high school education. The sam-
ple was overwhelmingly white (97%). The groups
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Table 2
Participant demographics and clinical characteristics

AD (n = 81) bvFTD (n = 69) HC (n = 39) F Eta2

Mean (SD) Mean (SD) Mean (SD)

Age*a 68.2 (7.3) 68.5 (8.5) 62.3 (7.8) 9.2 0.09
Gender+ 39F/38M 27F/38M 25F/14M 4.2 0.15
Education*b (y) 15.6 (2.8) 13.2 (2.3) 15.7 (3.2) 16.6 0.15
WRAT-4*c 102.2 (12.2) n = 81 95.3 (12.6) n = 67 107.3 (14.7) n = 39 11.2 0.11
MMSE*d 26.1 (2.5) n = 79 25.4 (3.5) n = 69 29.0 (1.2) n = 39 23.4 0.20
FAQ*e 8.6 (6.6) n = 71 11.7 (7.4) n = 62 1.3 (2.6) n = 35 29.0 0.26
NPITot*d 3.4 (2.9) n = 63 5.4 (2.7) n = 54 1.1 (1.5) n = 28 22.5 0.24
NPISev*e 4.8 (4.8) n = 60 11.0 (7.6) n = 53 2.6 (2.9) n = 12 15.9 0.21
ZBI*d 7.9 (7.4) n = 53 13.2 (9.5) n = 52 5.4 (4.2) n = 9 5.5 0.09
WMH Vol� 3.5 (4.5) n = 78 6.0 (7.1) = 58 1.2 (1.6) n = 39 5.8 0.06

*p < 0.00014; abvFTD = AD > HC; bbvFTD < AD = HC; cbvFTD < AD < HC; dbvFTD = AD < HC;
ebvFTD > AD > HC; +Chi-square test of independence reporting chi-squared statistic and Cramer’s V;
�covarying age; WRAT-4, Wide Range Achievement Test Fourth Edition; MMSE, Mini-Mental State Examina-
tion; FAQ, Functional Activities Questionnaire; NPITot, Neuropsychiatric Inventory Total Symptoms; NPISev,
Neuropsychiatric Inventory Symptom Severity; ZBI, Zarit Burden Inventory Short Form.

did not differ for volume of WMH when covarying
age. We ran a series of correlations examining the
relationships of age, education, and WRAT-4 Word
Reading Standard Score (SS) with memory, execu-
tive function, MRI, and FDG-PET measures. We also
examined correlations between WMH and the mea-
sures of memory and executive functions. Correcting
for the number of correlations, age was significantly
correlated with TMT-B. Premorbid intelligence was
significantly correlated with Trial 1 recall and Total
recall on the CVLT and G/NG. Age was also inversely
correlated with the thickness of the middle tempo-
ral gyrus, middle frontal gyrus, and superior frontal
gyrus. Age was not related to any of the PET
measures. Education was not related to any of the
measures. Premorbid functioning was not related to
any of the MRI or PET measures. Thus, we used age
and WRAT-4 Word Reading SS (premorbid function)
as covariates during the ANCOVAs for select mem-
ory and the executive functions, age as a covariate
for ANCOVAs evaluating select regions of cortical
thickness, and scanner type for all regions of cortical
thickness. We did not include any covariates for FDG
PET, as age and premorbid functioning/education
were not related to glucose metabolism in any sig-
nature regions. We chose not to covary WMH from
cortical thickness analyses as there is no way to
covary out one without impacting the essence of the
other. See supplemental tables for all correlations and
covariates.

As expected, the clinical groups had lower MMSE
scores than the controls but did not differ from each
other (see Table 2). The level of impairment was mild.
Functional status was more impaired in bvFTD than

AD, and AD was more impaired than controls. Both
clinical groups had a greater number of neuropsy-
chiatric symptoms relative to HC, and the bvFTD
group had more severe neuropsychiatric symptoms
than the AD group. The caregivers of patients with
bvFTD reported higher burden than the caregivers of
participants with AD, but it did not survive correction.

Pearson correlations between the memory and
executive scores with cortical thickness and glucose
metabolism in signature areas are displayed in Table 3
as a heat map. Learning and recall variables showed
significant relationships with cortical thickness dif-
fusely across many signature areas. Percent retained,
intrusions, and false positive relationships did not
survive correction. Executive measures were related
to thickness in numerous regions. Because of the
low number of participants with available FDG PET,
correlations with glucose metabolism and cognitive
measures did not survive corrections.

ANOVAS and ANCOVAs examining memory per-
formances for the three groups revealed significant
main effects after controlling for age on some mea-
sures and after correcting for multiple comparisons
(p < 0.00014 for significance) for all CVLT variables
except repetition errors, intrusion errors, and number
of hits on recognition (see Table 4 and Figs. 2–4).
Post-hoc LSD revealed that the clinical groups per-
formed more poorly than the HC on trial 1 recall,
total recall, long delay cued recall, and percentage
retained, but did not differ from each other. For short
delay free recall, long delay free recall, false positive
errors, and recognition discrimination, both clinical
groups performed more poorly than HC, but AD per-
formed more poorly than bvFTD.
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Table 3
Heat map of correlations of cognitive with cortical thickness and metabolism

Significant correlations correcting for multiple correlations r = 0.29 for cortical thickness and r = 0.44 for glucose metabolism. an = 186;
bn = 50; CVLTTOT, total words recalled on CVLT trials 1–4; CVLTSDF, total recalled after 30” delay; CVLTLDF, total recalled after 10’
delay; CVLTLDC, total recalled with category cues; CVLT%R, percentage recalled after 10-min delay relative to trial 4; CVLTRep, total
repetition errors; CVLTIntr, total intrusion errors; CVLTHits, total correct on recognition; CVLTFP, total false positive errors on recognition;
CVLTDisc, discrimination score from recognition; TMT-B, total time to complete Trail making Test B; MS, score on motor sequencing;
G/NG, score on go/no-go.

ANCOVAs examining executive performances
between the three groups covarying age, WMH, and
WRAT-4 dependent on the measure, demonstrated
significant main effects for TMT-B, MS, G/NG, after
controlling for multiple comparisons (see Table 4).
Post hoc LSD revealed the clinical groups performed
worse than the healthy controls (with higher scores
indicating worse performances for these tasks) for
MS and GNG, but there were no differences between
the two clinical groups. For TMT-B, AD and bvFTD
performed worse than controls and bvFTD performed
worse than AD.

ANCOVAs examining cortical thickness between
the three groups revealed significant main effects
after controlling for scanner in each region, con-
trolling for age for some measures, and correcting

for multiple comparisons (p < 0.00014 for signifi-
cance) in the temporal pole, insula, anterior cingulate
gyrus, supramarginal gyrus, and angular gyrus (see
Table 5). Post-hoc LSD revealed the clinical groups
had thinner cortex than the HC in the anterior cingu-
late gyrus and supramarginal gyrus but did not differ
from each other. The bvFTD group had thinner tem-
poral pole and insula relative to AD and HC (see
Figs. 5 and 6) who also differed from each other. The
AD group showed thinner angular gyrus relative to
bvFTD and HC (see Fig. 7), who also differed from
each other. ANOVAs examining glucose metabolism
on FDG PET for the two clinical groups revealed
significantly lower glucose metabolism in the angu-
lar gyrus in AD relative to bvFTD (see Table 5 and
Fig. 8).
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Table 4
Memory and executive functioning by group

AD N = 81 bvFTD N = 67 HC N = 39 F Eta2

Mean (SD) Mean (SD) Mean (SD)

CVLT T1*a 3.8 (1.6) 3.8 (1.4) 5.3 (0.8) 13.9 0.13
CVLTTOT*a 20.4 (6.3) 20.8 (5.6) 28.8 (2.8) 27.7 0.23
CVLTSDF*b 4.6 (2.2) 5.2 (2.3) 7.9 (1.1) 30.1 0.21
CVLTLDF*b 3.1 (2.7) 4.0 (2.7) 7.7 (1.3) 47.7 0.34
CVLTLDC*a 4.1 (2.5) 4.6 (2.3) 7.8 (1.1) 41.3 0.31
CVLT%R*a 49.2 (41.8) 59.8 (35.7) 94.7 (13.7) 21.6 0.19
CVLTRep 1.3 (1.6) 1.3 (3.2) 2.0 (1.9) 1.3 0.01
CVLTIntr 3.6 (4.2) 2.6 (3.0) 0.9 (1.3) 8.8 0.09
CVLTHits 7.4 (1.6) 7.5 (2.0) 8.5 (1.5) 5.6 0.06
CVLTFP*b 3.7 (3.4) 2.4 (2.5) 0.3 (0.7) 21.1 0.19
CVLTDisc*b 1.9 (1.0) 2.3 (1.0) 3.3 (0.4) 29.5 0.24
TMT-B*c 156.6 (94.9) n = 78 197.7 (99.6) n = 67 62.6 (24.7) n = 32 19.6 0.18
MS*d 4.3 (3.0) n = 79 4.9 (3.0) n = 64 1.3 (1.4) n = 31 14.3 0.15
G/NG*d 2.2 (1.6) n = 80 2.8 (1.9) n = 63 0.7 (1.0) n = 31 11.9 0.12

*Main effects after correcting for multiple comparisons p < 0.00014; aAD = bvFTD < HC; bAD < bvFTD < HC;
c bvFTD > AD > HC; dAD = bvFTD > HC; CVLT1, words recalled on trial 1; CVLTTOT, total words recalled on
CVLT trials 1-4; CVLTSDF, total recalled after 30” delay; CVLTLDF, total recalled after 10’ delay; CVLTLDC,
total recalled with category cues; CVLT%R, percentage recalled after 10-min delay relative to trial 4; CVLTRep,
total repetition errors; CVLTIntr, total intrusion errors; CVLTHits, total correct on recognition; CVLTFP, total
false positive errors on recognition; CVLTDisc, discrimination score from recognition; TMT-B, total time to
complete Trail Making Test B in seconds (lower score indicates better performance); MS, error score on motor
sequencing (lower score = fewer errors); G/NG, error score on go/no-go (lower score = fewer errors).

Fig. 2. Total learning by group.

DISCUSSION

In the current study, we aimed to characterize neu-
ropsychological and neuroanatomical correlates of
AD relative to bvFTD in a clinically diagnosed sam-
ple within an interdisciplinary memory clinic setting.
This study is the first we are aware of to contrast
AD and bvFTD within the signature regions for both
AD [26] and those newly published for bvFTD [30].
All participants with AD had biomarker evidence of

amyloid through CSF analysis and/or amyloid PET
imaging. Results indicated more similarities than dif-
ferences between the clinical groups. Consistent with
our hypotheses, comparison of performances on mea-
sures of a range of memory processes revealed worse
performances in patients with AD relative to bvFTD,
although both clinical groups performed worse than
HCs. In contrast to our hypotheses, performance on
executive functioning tasks were lower for both AD
and bvFTD relative to HCs, with bvFTD perform-
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Fig. 3. Retention by group.

Fig. 4. False positive errors by group.

ing worse than AD on TMT-B but not MS or G/NG.
Imaging findings paralleled and expanded upon these
behavioral similarities and differences. For corti-
cal thickness, participants with AD showed thinner
angular gyrus relative to bvFTD and healthy con-
trols, while participants with bvFTD showed thinner
insula and temporal poles. This was only partially
consistent with our hypotheses, as we did not find
thinner cortex in temporal regions in AD or thinner
frontal cortex in bvFTD as expected. Finally, par-
tially consistent with expectations, participants with
AD showed lower glucose metabolism in the angular
gyrus than participants with bvFTD, but the two clin-
ical groups did not differ in frontal or temporal lobe
metabolism.

Poorer overall memory performances observed
in participants with AD were consistent with our
hypotheses and with previous reports [7–10, 18].
Participants with bvFTD showed poorer memory per-
formances than healthy controls but performed better
than the AD group for many aspects of memory exam-
ined, including short and long delay free recall, false
positive errors during recognition, and recognition
discriminability. In contrast, the two clinical groups
did not differ from each other for initial learning,
total words recalled over learning trials, cued recall,
and percent retention. Taken together, participants in
the AD group showed more indications of consol-
idation problems as evidenced by worse free recall
and discriminability differences on recognition. In
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Fig. 5. Insula thickness by group.

Fig. 6. Temporal pole thickness by group.

our sample, participants with AD also displayed more
false positive errors during recognition relative to par-
ticipants with bvFTD, in contrast with some previous
studies [18, 51] but consistent with others [52]. Group
differences in memory performances add further sup-
port to the known retrieval, storage, and consolidation
difficulties associated with AD, but also demonstrate
that bvFTD show memory difficulty relative to con-
trols. The poorer performances for many aspects of
memory were observed in the AD group despite sim-
ilar levels of cortical thickness and hypometabolism
in multiple temporal lobe regions for clinical groups.
This may be a function of the complexity of larger
scale interactions between multiple brain regions
involved in memory functions [6, 53].

For executive functioning measures, participants
with AD and bvFTD performed worse than HC for
all three measures, but the hypothesized group dif-
ferences were only observed for TMT-B with worse
performance in bvFTD relative to AD. We did not
observe performance differences between the clin-
ical groups for MS or G/NG. These findings were
observed in the context of mixed literature, with some
existing research indicating greater executive dys-
function in bvFTD compared to AD [9, 14] and other
findings suggesting that executive functioning tasks
discriminate poorly between these diseases [16, 17].
The absence of group differences in bvFTD versus
AD for MS and G/NG specifically has been supported
by a prior study [16]. As executive functions are com-
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Fig. 7. Angular gyrus thickness by group.

Fig. 8. Angular gyrus metabolism by group.

plex and can be assessed by a wide range of tasks [54],
replication and extension of these findings are needed
with a broader range of tests. It is also possible that
differences as a function of disease stage may occur,
such that earlier in the course of FTD, they may show
more executive functioning deficits relative to earlier
in the course of typical AD. Future studies examining
large samples of mildly affected participants will be
beneficial to further clarify differences across disease
stages, as our sample was not adequately powered to
separately examine MCI and dementia.

MRI results revealed cortical thinning in both
bvFTD and AD in multiple signature regions com-
pared to HCs. Thinner insula and temporal poles were
specific to the bvFTD group and thinner angular gyrus

was specific to the AD group. These findings are par-
tially consistent with expectations and prior research
published on signature areas for AD [26], and more
recently, bvFTD [30]. While there are multiple over-
lapping signature areas proposed between these two
diseases, the insula and anterior cingulate have been
suggested to be unique to bvFTD and parietal regions
specific to AD. The temporal poles, rather than the
anterior cingulate, unexpectedly showed thinning in
bvFTD relative to AD in our sample despite the tem-
poral pole being a proposed overlapping signature
area. Nonetheless, temporal lobe-mediated cognitive
functions (e.g., memory) were more impaired in the
AD group in our sample and as such, it is possible that
greater disruption to temporal lobe function exists
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Table 5
Cortical thickness and glucose metabolism by group

Cortical thicknessa

Area AD n = 79 FTD n = 57 HC n = 39 F Eta2

Mean (SD) Mean (SD) Mean (SD)

Middle temporal gyrus 2.5 (0.2) 2.5 (0.2) 2.7 (0.1) 5.6 0.06
Inferior temporal gyrus 2.5 (0.2) 2.4 (0.2) 2.6 (0.1) 8.7 0.09
Temporal pole*c 3.3 (0.4) 3.1 (0.5) 3.5 (0.3) 13.1 0.13
Anterior cingulate*d 2.4 (0.1) 2.4 (0.1) 2.5 (0.1) 14.8 0.15
Insula*c 3.0 (0.2) 2.9 (0.3) 3.1 (0.2) 10.6 0.11
Middle frontal gyrus 2.3 (0.2) 2.3 (0.2) 2.4 (0.1) 5.1 0.06
Superior frontal gyrus 2.5 (0.2) 2.4 (0.2) 2.6 (0.1) 5.5 0.06
Precuneus 2.2 (0.2) 2.2 (0.1) 2.3 (0.1) 7.0 0.08
Superior parietal lobule 2.0 (0.2) 2.1 (0.1) 2.2 (0.1) 6.1 0.07
Supramarginal gyrus*d 2.3 (0.2) 2.3 (0.1) 2.4 (0.1) 9.8 0.10
Angular gyrus*e 2.2 (0.2) 2.3 (0.1) 2.4 (0.1) 10.1 0.10

FDGb

Area AD n = 20 FTD n = 30 F Eta2

Mean (SD) Mean (SD)

Middle temporal gyrus 1.1 (0.1) 1.2 (0.1) 2.9 0.06
Inferior temporal gyrus 1.1 (0.1) 1.1 (0.2) 0.8 0.02
Temporal pole 0.9 (0.1) 1.0 (0.2) 2.1 0.04
Anterior cingulate gyrus 1.1 (0.1) 1.1 (0.1) 0.0 0.00
Insula 1.1 (0.1) 1.1 (0.1) 0.0 0.00
Middle frontal gyrus 1.3 (0.1) 1.3 (0.1) 0.3 0.00
Superior frontal gyrus 1.2 (0.1) 1.3 (0.1) 1.3 0.03
Precuneus 1.2 (0.1) 1.4 (0.1) 8.0 0.14
Superior parietal lobule 1.1 (0.1) 1.2 (0.1) 8.1 0.14
Supramarginal gyrus 1.1 (0.2) 1.3 (0.2) 6.8 0.12
Angular gyrus* 1.1 (0.2) 1.4 (0.2) 14.0 0.23

*Main effects after correcting for multiple comparisons for thickness and metabolism p < 0.00014;
covarying scanner type for thickness for each brain region and covarying scanner type and age for thick-
ness of Middle Temporal Gyrus, Middle Frontal Gyrus, and Superior Frontal Gyrus; aThickness is in
mm3; bMetabolism is in SUVr, post hoc comparisons by LSD for main effects; cbvFTD < AD < HC;
dAD = bvFTD < HC; eAD < bvFTD < HC.

in AD through other complex connections. While
not all signature regions in the parietal cortex were
thinner in AD relative to bvFTD, we did observe thin-
ner cortex in the angular gyrus. We did not observe
hypothesized differences in cortical thickness in the
frontal signature regions independent of the insula.
Consistent with cortical thickness findings, glucose
metabolism findings demonstrated hypometabolism
in the angular gyrus in AD relative to bvFTD without
significant differences observed for frontal or tem-
poral lobes. In other words, participants with bvFTD
showed the expected pattern of cortical thinning and
hypometabolism in the frontal and temporal lobes but
findings for those regions were unexpectedly not dif-
ferent from the AD group. Cortical thickness and
glucose metabolism findings were consistent with
prior reports suggesting that neurodegeneration is
more diffuse in AD (e.g., impacting both anterior and
posterior brain regions) and more localized to frontal
and temporal lobes in FTD than posterior regions
[23, 24]. These findings add to a growing body of

literature highlighting the importance of considering
the prevalence of frontal dysfunction in AD [5, 6].
Interestingly, both memory and executive functioning
showed diffuse correlations with cortical thickness
in multiple signature brain regions, although learn-
ing and recall correlations were stronger and more
diffuse. These widespread correlations have been
reported by others [55, 56] and support the diffuse
nature of both disease processes.

Taken together, our results suggest that AD and
bvFTD may be more similar than different with
respect to cognitive and neuroimaging correlates,
especially for frontal regions and aspects of tem-
poral regions. These diseases have been historically
conceptualized as clinically distinct, especially in
the earlier stages prior to advanced disease pro-
gression. However, previous literature highlighting
neuropsychological and neuroimaging differences
between AD and bvFTD are highly mixed, likely
for a variety of reasons. The recent development of
signature regions specific to AD and bvFTD involv-
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ing widespread cortical regions highlight the growing
interest and understanding that these diseases are
complex and diffuse with significant overlap. We are
the first we are aware of to examine these signature
regions for both diseases, and our findings indicate
that while there were key differences between AD
and bvFTD, there were more similarities in cogni-
tive performances and neuroimaging variables. These
similarities were observed in a sample whose symp-
toms were generally mild (with included participants
ranging from MCI to mild dementia), when clin-
ical differences representing distinct pathology are
thought to be most prominent. While mixed pathol-
ogy must be considered as a possible contributor
and is supported by autopsy studies as common
[57], the role of potential shared mechanisms and
widespread network dysfunction impacted by both
diseases should also be considered [58, 59].

This study is not without limitations. Our sample
was clinically diagnosed, and while the AD group was
biomarker-defined, we did not have pathology-based
biomarker data to further confirm the specificity of
the diagnosis for the bvFTD group. Nonetheless,
twenty-five percent of participants with bvFTD had
additional biomarker data available (CSF or amyloid
PET) showing amyloid-negative results, all partici-
pants in the bvFTD group had biomarker evidence
of frontal and/temporal lobe atrophy on MRI, and
nearly half had additional support from FDG PET.
Differences in functional status, neuropsychiatric
symptoms, and level of caregiver burden also support
more behavioral disturbance in the bvFTD group. It
is important to note that we examined signature brain
areas for AD and bvFTD and as such, there may
be existing structural (MRI) or functional/metabolic
(FDG) differences between clinical groups for other
brain regions not examined. Similarly, it is possible
that with greater diversity of measures of executive
function, additional group differences may emerge.
Perhaps more sensitive and comprehensive measures
are needed to better differentiate these disease pro-
cesses. In addition, as this was a clinical sample
in which not all participants received all measures
examined; the sample had lower numbers of FDG
PETs relative to brain MRIs and a lower number
of MRIs than cognitive examinations. As imaging
measures were used in both diagnostic classification
and as variables of interest, imaging comparisons
might be considered circular. However, our neurora-
diologists visually interpreted brain volume for large
areas of cortex, whereas our analyses involved quan-
titatively processed specific regions of interest that

differed from those examined clinically. Some par-
ticipants in the HC group were seen clinically for
subjective cognitive concerns which can represent
the earliest signs of a neurodegenerative process in
some individuals; however, there was no concern
for a neurodegenerative etiology in the included HC
participants based on clinical presentation, cognitive
evaluation, and neuroimaging findings. The current
study was also cross-sectional with MCI and mild
dementia participants in both groups, and results may
differ at different stages in the disease processes;
longitudinal studies may help clarify such patterns.
This would be particularly informative to aid in pre-
dicting conversion from MCI to dementia and how
this differs across etiologies. Our sample was well-
educated, and further larger scale studies would be
beneficial to investigate the impact of education on
these observed relationships and replicate our find-
ings. Finally, our sample was limited with regard to
racial diversity and studies with a larger sample of
more diverse patients would improve generalizabil-
ity. Nonetheless, the present study is reflective of a
rural Appalachian population which is often under-
studied despite known health disparities and high
rates of risk factors for dementia [60–63].

In conclusion, results of this study are indicative
of much overlap in cognitive and neuroimaging cor-
relates of AD and bvFTD in a memory clinic sample.
Participants with AD showed worse performances on
some aspects of memory along with more cortical
thinning and reduced hypometabolism in the angu-
lar gyrus relative to bvFTD. Participants with bvFTD
showed more thinning in the insula and temporal pole
and worse performance on one measure of executive
functioning. Cortical thickness and hypometabolism
as assessed in this study were otherwise similar in
both clinical groups for multiple signature regions.
Additional research is needed to further examine
the mechanisms behind this overlap in structure and
function between these diseases and how these rela-
tionships progress longitudinally. By focusing on
similarities, it is hoped that advances in one disease
may have applicability with the other.
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