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Purpose of review

The aim of this paper is to summarize the latest work on neuroimaging in atypical Alzheimer’s disease (AD)
patients and to emphasize innovative aspects in the clinic and research. The paper will mostly cover
language (logopenic variant of primary progressive aphasia; lvPPA), visual (posterior cortical atrophy;
PCA), behavioral (bvAD) and dysexecutive (dAD) variants of AD.

Recent findings

MRI and PET can detect and differentiate typical and atypical AD variants, and novel imaging markers like
brain iron deposition, white matter hyperintensities (WMH), cortical mean diffusivity, and brain total
creatine can also contribute. Together, these approaches have helped to characterize variant-specific
distinct imaging profiles. Even within each variant, various subtypes that capture the heterogeneity of cases
have been revealed. Finally, in-vivo pathology markers have led to significant advances in the atypical AD
neuroimaging field.

Summary

Overall, the recent neuroimaging literature on atypical AD variants contribute to increase knowledge of
these lesser-known AD variants and are key to generate atypical variant-specific clinical trial endpoints,
which are required for inclusion of these patients in clinical trials assessing treatments. In return, studying
these patients can inform the neurobiology of various cognitive functions, such as language, executive,
memory, and visuospatial abilities.

Keywords

behavioral variant of Alzheimer’s disease, dysexecutive variant of Alzheimer’s disease, logopenic variant of
primary progressive aphasia, neuroimaging, posterior cortical atrophy
a

Douglas Research Centre, Montr�eal, Quebec H4H 1R3,
b

Department

of Psychiatry, McGill University, Montr�eal, Quebec H3A 1A1, Canada,

c

FrontLab, INSERM U1127, Institut du cerveau, Hôpital Piti�e-Sal-
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Correspondence to Raffaella Migliaccio, Paris Brain Institute, Hôpital de
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INTRODUCTION

Early-onset Alzheimer’s disease (AD) is a heteroge-
nous group of syndromes in terms of pathology
distribution, cognitive profile, and age of onset,
usually appearing before the age of 65. Many of
these patients present with an amnestic profile that
is associated with other clinical manifestations such
as greater impairment in attention, executive, lan-
guage, behavior/personality, and visuospatial func-
tions at the time of presentation (amnestic or typical
AD (tAD); [1]).

In a small number of cases, these early-onset
patients may present with nonamnestic symptoms
in the first instance with relatively preserved mem-
ory; those patients are defined as atypical. First, the
language variant corresponds to the logopenic var-
iant of Primary Progressive Aphasia, lvPPA [2], char-
acterized by impaired single-word retrieval,
sentence repetition, and phonologic errors, and rel-
ative sparing of motor speech, grammar, and single-
word comprehension. Significant brain damage is
rs Kluwer Health, Inc. All rights rese

t © 2023 Wolters Kluwe
located in the left posterior temporoparietal region.
The visual variant, named Posterior Cortical Atro-
phy (PCA), is characterized by initially isolated,
progressive impairment of higher order visual and
visuospatial skills, which usually manifest as visual
agnosia, prosopagnosia, environmental disorienta-
tion, and elements of Balint’s and/or Gerstmann’s
syndrome [3]. Patients with PCA show brain damage
in the parietal occipital and posterior temporal
rved. www.co-neurology.com

r Health, Inc. All rights reserved.
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KEY POINTS

� In recent years, distinct variant-specific imaging profiles
have been characterized for atypical AD, namely the
lvPPA, PCA, bvAD, and dAD.

� MRI and PET can detect and differentiate typical and
atypical AD variants, and novel imaging markers like
brain iron deposition, WMH, cortical mean diffusivity,
and brain total creatine can also contribute.

� Within each atypical AD variant, subtypes that capture
the heterogeneity of cases have been revealed.

� In-vivo pathology markers of amyloid and tau have led
to significant advances in the atypical AD
neuroimaging field.

Neuroimaging

D
ow

nloaded from
 http://journals.lw

w
.com

/co-neurology by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
K

G
K

V
0Y

m
y+

78=
 on 05/01/2024
cortices, which is often more prominent in the right
hemisphere. The behavioral variant of AD (bvAD)
must present two out of the five following symp-
toms, which are behavioral disinhibition, apathy or
inertia, loss of empathy or sympathy, hyperorality
and dietary changes, as well as documented impair-
ments in executive functions and/or episodic mem-
ory with relatively preserved language and
visuospatial abilities [4

&&

]. Brain damage in bvAD
usually follows a frontotemporal or temporoparietal
pattern. Finally, patients with the dysexecutive var-
iant (dAD) have executive dysfunctions as core
symptom with alterations of working memory, cog-
nitive flexibility, and cognitive inhibitory control,
in the absence of predominant behavioral features
[5]. In the dAD, the alteration seems to depend on
the interaction of themore anterior regions with the
parietal regions, with a very important implication
of the latter. Possible diagnoses of bvAD and dAD are
given in the presence of AD biomarkers such as
cerebrospinal fluid or positron emission tomogra-
phy amyloid or tau. Other forms of atypical AD
exist, such as the motor variant, which manifests
as corticobasal syndrome. Given the emphasis on
recent papers, the motor variant of AD will not be
covered in this review as no article on this variant
fulfilled the inclusion criteria.

The aim of this paper is to present the latest work
on neuroimaging in atypical AD patients and to
emphasize innovative aspects in the clinic as well
as in research.
LOGOPENIC VARIANT OF PRIMARY
PROGRESSIVE APHASIA

Compared to the other atypical variants of AD, the
neuroimaging pattern of lvPPA is relatively homo-
geneous across patients and localized in the
left temporoparietal, inferior parietal and posterior
246 www.co-neurology.com

Copyright © 2023 Wolters Kluwer H
temporal regions [2,6]. This pattern was confirmed
in a systematic review by Conca and colleagues,
including 207 papers and reviewing grey matter
atrophy, white matter fibre tracts, glucose metabo-
lism and perfusion data in addition to clinical fea-
tures [7

&&

]. This variant can be distinguished from
other AD variants based on a higher degree of atro-
phy in left temporal regions (vs. tAD and PCA), a
lower degree of hippocampal and entorhinal cortex
atrophy (vs. tAD) and of right hippocampal and
temporal regions (vs. PCA) [8]. lvPPA is also distin-
guishable from other PPA variants, namely the
semantic variant of PPA (svPPA) and the nonflu-
ent/agrammatic variants, using various neuroimag-
ing markers, including the integrity of the dorsal
and ventral streams of language [9].

Nonetheless, the differential diagnosis of lvPPA
can remain challenging and for this reason, new
pathology markers in imaging have been investi-
gated. Quantitative susceptibility mapping able to
detect iron has shown a specific pattern of iron
deposition in lvPPA in expected regions such as
the lateral temporal and parietal regions, predom-
inantly in the left hemisphere, but also less expected
regions like the occipital and medial temporal
regions [10

&&

]. White matter hyperintensities
(WMH) are markers of cerebral small vessel disease
and are associated with higher risk of tAD. None-
theless, the pattern of WMHs in lvPPA is mostly
consistent with neurodegeneration, and this marker
might be useful to differentiate lvPPA with PCA
(greater subcortical WMHs in left parietal lobe and
deep white matter WMHs) and tAD (greater fronto-
occipital subcortical and occipital periventricular
WM) [11

&

]. Other novel imaging markers include
cortical mean diffusivity, which reflects microstruc-
tural disorganization [12

&

]. It has been shown that
this marker might be more sensitive than macro-
scopic cortical changes such as cortical thickness in
lvPPA, since changes in cortical mean diffusivity
were observed beyond the regions showing cortical
thickness, as well as in very mild cases withminimal
cortical thinning. Finally, new magnetic resonance
spectroscopy markers, such as brain total creatine,
are also emerging, and show a good ability to detect
PPA variants [13

&

].
Beyond the structural markers, it appears that

the distribution of tau pathology (as measured using
tau-PET) shows a highly network-specific distribu-
tion in each AD variant, and that it is predominantly
correlated within the language network in lvPPA
patients [14

&&

] (Fig. 1). Interestingly, regions with
greater connectivity to the the disease-specific net-
work hub (in the case of lvPPA, the left superior
temporal gyrus), as defined in healthy controls, dis-
play similar longitudinal rates of tau accumulation,
Volume 36 � Number 4 � August 2023

ealth, Inc. All rights reserved.



FIGURE 1. Tau covariance networks (on the left) and brain network template showing the best goodness of fit (on the right) in
each AD variant: (A) typical AD (tAD); (B) logopenic variant of primary progressive aphasia (lvPPA); (C) posterior cortical
atrophy (PCA); (D) behavioral variant AD (bvAD). Reproduction from (14). AD, Alzheimer’s disease.
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providing support to selective vulnerability and
transneuronal spreading models of neurodegenera-
tion [14

&&

].
POSTERIOR CORTICAL ATROPHY

Two main clinical variants of PCA have been
described, depending on the main location of the
brain damage: the biparietal variant, anatomically
corresponding to an impairment of the dorsal visual
pathway; the occipitotemporal variant correspond-
ing to an impairment of the ventral visual pathway
[15–17] (Fig. 2). One of the most frequent and
invalidating symptoms in PCA patients is simulta-
nagnosia which depends on both dorsal and ventral
pathway. Simultanagnosia has been associated with
gray matter reductions and decreased functional
1350-7540 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese

Copyright © 2023 Wolters Kluwe
connectivity in the left middle occipital gyrus and
the left inferior occipital gyrus [18]. In addition to
the twomentioned variants, a rarer third phenotype
is reported, called occipital variant, clinically char-
acterized by basic-visual disorders and involvement
of primary occipital cortices (Fig. 1). This third
phenotype is also characterized by a less important
hypometabolism in temporal-parietal regions com-
pared with the other two variants [20

&&

]. Clinically,
these patients have less ideomotor apraxia, absence
of parkinsonism, and a milder degree overall symp-
tom severity, including fewer neuropsychiatric
features compared to the more documented pheno-
types. Finally, a recent study also suggest that dis-
ease presentation might vary according to age of
onset in PCA, with more involvement of temporal
regions in late-onset cases and more involvement of
rved. www.co-neurology.com 247

r Health, Inc. All rights reserved.



FIGURE 2. Neuroimaging features (Structural MRI on the left, fluorodeoxyglucose (FDG)-PET in the center, and amyloid- and
tau-PET on the right) observed in the subvariants of posterior cortical atrophy: (A) primary occipital variant; (B) Dorsal variant;
(C) Ventral variant. Reproduction from [20&&].

Neuroimaging
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parietal regions in early-onset cases, as observed on
FDG-PET [21].

PCA patients have greater thinning of lateral
temporal structures in comparison to tAD [8]. Con-
versely, while some degree of episodic memory
impairments and atrophy in the medial temporal
lobe can be observed in PCA [19], these observations
are significantly less severe than what is observed in
tAD [8].

Structural and functional network changes
occur early in AD but have not yet provided diag-
nostic specificity for atypical patients [22]. For these
reasons, in recent times, new imaging markers have
been used to study PCA. First, a specific pattern of
iron deposition, mainly including middle occipital
gyrus, amygdala, right inferior parietal, inferior tem-
poral, and angular gyri, has been observed in PCA.
Compared with tAD, PCA showed moderate and
strong evidence for greater susceptibility particu-
larly in medial and lateral parietal regions [10

&&

].
Furthermore, PCA patients have greater subcortical
WMHs in right occipital, parietal, and temporal.
Greater WMH is associated with visuoperceptual
performance in PCA, but also in another atypical
AD population, lvPPA [11

&

].
While the distribution of tau pathology (as

measured using tau-PET) shows a language net-
work-specific distribution in lvPPA, it is predomi-
nantly correlated within the visuospatial network in
PCA patients [14

&&

] (Fig. 1). Another study of func-
tional connectivity and tau pathology in lvPPA and
PCA has demonstrated high levels of tau pathology
in the posteromedial cortex and hypoconnectivity
between temporal and parietal nodes of the default
mode network (DMN) [23]. However, several nodes
remain strongly functionally connected to each
other comparable to healthy controls, including
FIGURE 3. Neuroimaging features (Structural MRI on the top, tau
variant of Alzheimer’s disease (bvAD): (A) relative frontal sparing
Reproduction from [4&&].

1350-7540 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese

Copyright © 2023 Wolters Kluwe
parietal to frontal regions comprising the ‘core’
DMN. This suggests that regions with low tau (ex.
anterior regions) are likely to retain functional con-
nections with other regions with the DMN which
carry a high tau burden (ex. posterior regions) until
later stages of the disease [23].
BEHAVIORAL VARIANT OF ALZHEIMER’S
DISEASE

In comparison to PCA and lvPPA, bvAD has been
described very recently [4

&&

,24], but imaging pat-
terns are starting to emerge, with atrophy observed
in the frontal, parietal and temporal lobes. In view of
the considerable heterogeneity in the neuroimaging
profiles observed in bvAD patients, two different
bvAD phenotypes that might exist on a continuum
have recently been proposed [4

&&

] (Fig. 3). The first,
and most prevalent, is an AD-like phenotype char-
acterized by spared frontal regions, while the second
is a bvFTD-like phenotype characterized by both
posterior and anterior involvement.

Recent neuroimaging work on bvAD has con-
tinued to establish its differentiation with tAD (dif-
ferent phenotype associated with the same
neuropathology) or with behavioral variant fronto-
temporal dementia (bvFTD; similar phenotype but
with different neuropathology). In comparison to
tAD, bvAD patients show more atrophy in frontal
regions [4

&&

], and potentially higher gray matter
volume in the posterior hippocampus [25]. In com-
parison to bvFTD, bvAD patients showmore cortical
thinning in left temporal-occipital regions, but less
frontal and anterior temporal lobe atrophy [25].

While the distribution of tau pathology (asmeas-
ured using tau-PET) shows a language network-spe-
cific distribution in lvPPA, it is predominantly
-PET on the bottom) observed in the subvariants of behavioral
subvariant; (B) Posterior and anterior involvement subvariant.

rved. www.co-neurology.com 249
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correlated within the salience network in bvAD
patients [14

&&

] (Fig. 1). This network, which includes
the anterior cingulate cortex, the ventral anterior
insula, the amygdala, the hypothalamus, the ventral
striatum, the thalamus, and specific brainstem
nuclei, plays a large role in socioemotional function
and shows selective vulnerability in bvFTD [26].
Nonetheless, tau aggregation is also observed inmost
bvAD patients in posterior parietal regions [14

&&

],
which provides support to the two phenotypes pro-
posed by Ossenkoppele and colleagues [4

&&

].
DYSEXECUTIVE VARIANT OF
ALZHEIMER’S DISEASE

Similarly, to bvAD, dAD has been very recently
described [5] and is characterized by fronto-parietal
atrophy and hypometabolism. The pattern of
FIGURE 4. Neuroimaging features (FDG-PET in the top left, amy
MRI on the bottom right) observed in the subvariants of dysexecut
parietal dominant, left-dominant and heteromodal diffuse subvaria

250 www.co-neurology.com

Copyright © 2023 Wolters Kluwer H
neurodegeneration in dAD is different than in
tAD, with lower cortical thickness observed in pari-
eto-frontal areas in dAD and in hippocampal and
temporal regions in tAD [27]. However, just like in
PCA and bvAD, neuroimaging patterns in dAD is
characterized by a large clinico-radiological hetero-
geneity [28,29

&&

], which has led to the preliminary
extraction of different phenotypes [28] (Fig. 4). First,
the ‘‘bi-parietal-dominant’’ subtype appears as the
most frequent and is defined by a mild hypometab-
olism in bilateral parietal regions and younger age at
onset. Second, the ‘‘heteromodal-diffuse’’ subtype,
which appears almost as frequent as the ‘‘bi-parietal-
dominant’’ subtype, is characterized by hypometab-
olism in bilateral heteromodal cortices, younger age
at onset and more severe cognitive impairments.
Third, patients with the ‘‘left-dominant’’ subtype
present predominant hypometabolism in the left
loid-PET on the top right, tau-PET on the bottom left, structural
ive variant of Alzheimer’s disease (dAD): right-dominant, bi-
nts. Reproduction from [29&&].
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heteromodal cortices. Fourth, the ‘‘right-dominant’’
subtype shows predominant hypometabolism in the
right heteromodal cortices. Interestingly, each sub-
type of dAD showed similar specific spatial patterns
of tau-PET uptake and neurodegeneration to those
seen in FDG-PET hypometabolism, but comparable
patterns of amyloid deposition.
CONCLUSION

The field of atypical ADhas seen tremendous growth
in recent years, particularly in the study of imaging-
based markers. These studies have highlighted the
potential of tools such as structural/functional MRI
and FDG/amyloid/tau PET to detect AD and distin-
guish typical and atypical variants from one
another. One interesting development in the field
is the investigation of new imaging markers such as
brain iron deposition, WMH, cortical mean diffu-
sivity, and brain total creatine.

Another important theme emerging from recent
research is the recognition of the complexity of
atypical AD variants. Studies have suggested that
even within atypical AD variants (PCA, bvAD, dAD),
various subtypes can be observed, which can better
capture the heterogeneity of cases. While further
validation is needed, this is an exciting perspective
that could help clinicians and neuroscientists better
understand and diagnose these patients, even if they
present with rarer features. While clinical heteroge-
neity has also been reported in lvPPA, no study has
proposed subtypes yet. Contrary to other dementias
such as frontotemporal dementia, in-vivo pathology
markers exist in tAD and atypical AD variants, which
has led to significant advances in the neuroimaging
field over the past year. Given that these markers are
sensitive early in the disease process, we hope that
this will facilitate the early diagnosis of atypical AD
patients, as it is the case in tADwith concepts such as
subjective cognitive decline and mild cognitive
impairment, and more recently mild behavioral
impairment [30].

While significant strides have been made in
understanding atypical AD, there are also many
aspects to be explored in the future. bvAD and
dAD have been more recently described, and there
is still much to be learned about them compared to
better-characterized subtypes such as lvPPA and
PCA. It is also important to further investigate the
similarities and differences between bvAD and dAD,
which were initially considered a single subtype.
Additionally, AD pathology can cause other pheno-
types not described in this review, such as motor
variant of AD or even svPPA, which have been
previously described as clinically indistinguishable
frompatients with non-AD svPPA but have a parietal
1350-7540 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese
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involvement that is absent in the others [31]. While
progress has been made in diagnosing atypical AD,
more longitudinal studies are needed to understand
the disease progression. Similarly, to what has been
observed in tAD, tau-PET uptake plateaus or declines
in older and more severe atypical AD cases [32

&&

],
which has significant clinical implications. Further-
more, it is important to investigate the interaction
between genetic factors and imaging marker. For
example, in atypical AD patients (PCA & lvPPA),
the influence of APOE e4 on both the patterns of
neurodegeneration and tau deposition has been
established, with individuals carrying this genetic
variant displaying more medial temporal involve-
ment at baseline, although there is evidence that
noncarriers may catch up in their rate of progression
over time [33

&

]. While there have been many group-
based studies, it is also important to investigate
single-subject markers that can be used in clinical
settings, where borderline profiles can be observed
[34,35].

In conclusion, while the focus on typical AD is
understandable, it is important to understand the
rarer subtypes of AD and their characteristics as they
may open up new targets for therapy and enable
better adaptation of existing treatments towards
personalized medicine. Clinical trials have mostly
focused on typical AD, but better characterization of
atypical ADmay facilitate their inclusion in disease-
modifying treatment studies. Additionally, knowl-
edge of the heterogeneity of AD may clarify the role
of different parts of the brain in cognitive processes
and behaviors, as well as in the pathogenesis of
neurodegenerative diseases.
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