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Abstract.
Background: The hippocampus and temporal lobe are atrophic in typical amnestic Alzheimer’s disease (tAD) and are used
as imaging biomarkers in treatment trials. However, a better understanding of how temporal structures differ across atypical
AD phenotypes and relate to cognition is needed.
Objective: Our goal was to compare temporal lobe regions between tAD and two atypical AD phenotypes (logopenic
progressive aphasia (LPA) and posterior cortical atrophy (PCA)), and assess cognitive associations.
Methods: We age and gender-matched 77 tAD participants to 50 LPA and 27 PCA participants, all of which were amyloid-
positive. We used linear mixed-effects models to compare FreeSurfer-derived hippocampal volumes and cortical thickness
of entorhinal, inferior and middle temporal, and fusiform gyri, and to assess relationships between imaging and memory,
naming, and visuospatial function across and within AD phenotype.
Results: Hippocampal volume and entorhinal thickness were smaller bilaterally in tAD than LPA and PCA. PCA showed
greater right inferior temporal and bilateral fusiform thinning and LPA showed greater left middle and inferior temporal
and left fusiform thinning. Atypical AD phenotypes differed with greater right hemisphere thinning in PCA and greater left
hemisphere thinning in LPA. Verbal and visual memory related most strongly to hippocampal volume; naming related to
left temporal thickness; and visuospatial related to bilateral fusiform thickness. Fewer associations remained when examined
within AD group.
Conclusion: Atypical AD phenotypes are associated with greater thinning of lateral temporal structures, with relative sparing
of medial temporal lobe, compared to tAD. These findings may have implications for future clinical trials in AD.
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INTRODUCTION

Structural magnetic resonance imaging (MRI)
allows for the assessment of neurodegeneration (N)
in Alzheimer’s disease (AD) via cortical thickness
and volume, which along with pathologic amyloid-�
(A) and tau (T) deposition are elements of the 2018
National Institute on Aging – Alzheimer’s Associa-
tion Research Framework (AT/N Model) [1]. Typical
amnestic AD (tAD) is associated with atrophy of the
hippocampus [2] and cortical thinning across tem-
poral, parietal, and frontal regions [3–5]. Temporal
cortex is particularly affected in tAD and a tempo-
ral lobe meta-region of interest (ROI) has recently
been used to capture the regions that have the most
tau deposition in tAD [6–8]. The temporal meta-ROI
includes the entorhinal cortex, amygdala, parahip-
pocampal gyrus, fusiform, inferior temporal, and
middle temporal regions [6]. Recent investigations
using this temporal meta-ROI have demonstrated its
value as a biomarker relating to disease progression
and correlations with cognitive outcomes, particu-
larly memory, in tAD [7, 8]. Imaging measures from
the temporal lobe are also often utilized as outcome
measures for clinical treatment trials in tAD [8].

The temporal lobe is also atrophic in patients
with atypical clinical presentations of AD, includ-
ing logopenic progressive aphasia (LPA), in which
patients present with hesitant speech, anomia and
poor sentence repetition [9], and posterior cortical
atrophy (PCA), in which patients present with promi-
nent visuospatial and perceptual problems [10, 11].
Cortical thinning and atrophy have been observed
in the lateral temporal lobe in both LPA [12–16]
and PCA [15, 17, 18], although there appears to
be regional variability in temporal lobe involvement
across LPA, PCA, and tAD [15, 16, 18–20]. Prior
studies often focused on one atypical AD group com-
pared to controls or tAD, and less attention has been
paid specifically to evaluating temporal lobe regions
in atypical AD compared to one another. A better
understanding of how temporal thinning patterns dif-
fer across typical and atypical AD is important since
the findings may help inform the appropriateness of
temporal lobe focused imaging biomarkers for clin-
ical treatment trials that include both typical and
atypical AD.

There is evidence that different temporal lobe
regions may relate to cognitive symptoms across
the AD clinical spectrum, and that the defined pri-
mary cognitive domain according to phenotype may
not always separate out according to syndromic

expectation. Impaired episodic memory performance
is the hallmark cognitive feature of tAD [21] and
has been associated with atrophy of the hippocam-
pus. By definition, memory cannot be the primary
cognitive domain effected in atypical AD; however,
memory deficits may co-occur [22–24]. Indeed, when
typical and atypical AD are directly compared, the
expected poorer episodic memory in tAD is not
always found [23, 25–27]. Whether verbal or visual
memory is assessed among AD variants may con-
tribute to different conclusions [24], and therefore
a thorough assessment of episodic memory in AD
should include both modalities. Similarly, despite
primary language deficit in LPA, object naming
performance is at times comparable when directly
compared to other AD variants [24, 26]. Spatial
reasoning is one of the primary cognitive deficits
in PCA and is more commonly impaired in PCA
relative to other AD variants [19, 23, 27], though
comparable impairments have also been shown [26].
Studies have also found conflicting results regarding
the neuroanatomic correlates of memory impairment
in atypical AD. In LPA, one study found correla-
tions in the medial temporal lobe [24], but another
found correlations with the middle temporal gyrus
[28]. In PCA, memory has been associated with hip-
pocampal volumes, as is commonly found in tAD
[19]. Object naming deficits are commonly found in
the context of temporal lobe changes though the spe-
cific regions identified is mixed. For example, the
left superior temporal lobe gyrus has been associ-
ated with naming deficits in LPA and tAD [12], as
has the middle temporal lobe though not the supe-
rior temporal lobe in a separate study with similar
disease groups [28]. In a recent study combining
tAD and atypical AD, the left lateral and inferior
temporal and medial temporal, but not entorhinal
cortices were associated with naming deficits [29].
Notably, in the context of naming deficits, right tem-
poral lobe atrophy particularly involving the inferior
temporal gyrus as also been shown in tAD [12] and
when tAD and atypical AD are combined [29]. The
inferior temporal lobe has also been associated with
spatial object perception in PCA [17]. These cogni-
tive associations with temporal lobe regions occur
within atypical AD phenotypes that tend to present
with left greater than right temporoparietal atrophy
in LPA [16] and bilateral posterior cortical atrophy,
including posterior temporal more so in the right
hemisphere in PCA [18]. Given the expected later-
ality differences in the atrophy patterns associated
with cognition across the AD spectrum, evaluation
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of these cortical and cognitive relationships when
comparing tAD to atypical AD should include both
hemispheres.

Here, we included individuals on the AD con-
tinuum such that all participants were amyloid-�
positive. We aimed to determine whether tAD and
atypical AD 1) differed on structural measures,
specifically hippocampal atrophy and cortical thick-
ness of temporal regions, and 2) whether cognitive
performances differed between and within groups
and correlated with the temporal lobe measures. For
the first aim, we hypothesized that tAD would show
hippocampal atrophy compared to the atypical vari-
ants, that LPA would show more atrophy in regions
within the left temporal lobe and that PCA would
show more atrophy in regions within the right tem-
poral lobe. For the second aim, we hypothesized that
language would be associated with predominantly
left lateral temporal cortical thickness, predominantly
in the LPA group, that the visuospatial function
would most strongly correlate with posterior tempo-
ral fusiform regions predominantly in the PCA group,
and that memory performances would most strongly
correlate with medial temporal regions, particularly
in the tAD group.

METHODS

Standard protocol approvals and patient consent

The Mayo Clinic Institutional Review Board
approved this study. All participants provided written
informed consent before participating in the research.

Procedures and participants

All participants had a positive amyloid-PET scan
described below, thus confirming they fall on the
AD continuum. We age- and sex-matched 77 par-
ticipants (96% White, 97% Non-Hispanic) from the
Mayo Clinic Alzheimer’s Disease Research Center
(ADRC, recruited from 2005–2015) who met crite-
ria for tAD [30] to 27 participants who met criteria
for PCA [11] and 50 who met criteria for LPA [9]
recruited from the Mayo Clinic Neurodegenerative
Research Group (NRG) between 2007 and 2015. We
excluded those who did not speak English as their
primary language and who did not have an informant
who could provide an independent evaluation of the
patient’s functioning and history of impairment. Par-
ticipants were also excluded from the study if they had
concurrent illnesses that could account for the clinical

deficits, such as traumatic brain injury, or if there were
conditions that may confound brain imaging studies
(e.g., structural abnormalities).

Neuropsychological testing

All participants underwent a comprehensive neu-
ropsychological evaluation. Tests included in the
present analysis were selected to assess the pri-
mary cognitive domains affected in each of the three
groups, and included: 1) memory (Wechsler Memory
Scale - Revised (WMR-R) or Third Edition (WMS-
III) Logical Memory (LM) and Visual Reproduction
(VR) delayed recalls [31, 32]; the Rey Auditory Ver-
bal Learning Test (AVLT) delayed recall [33]), 2)
language (15-Item Boston Naming Test (BNT) [34]
or 60-Item Boston Naming Test [35]), and 3) visu-
ospatial function (Rey-Osterreith Complex Figure
Test copy trial [36]). To account for different versions
of LM and VR due to participants coming from differ-
ent study protocols, we used published scaled score
norms. To account for different versions of the BNT,
we used percentage correct. Participants also com-
pleted the Mini-Mental State Examination (MMSE)
as a brief measure of global cognition [19].

Neuroimaging

All patients were scanned on a PET/CT scanner
(GE Healthcare) while operating in 3D mode.
Patients were injected with Pittsburgh Compound
B (PiB) of approximately 628 MBq (range, 385–
723 MBq) and after a 40-to-60-min uptake period
a 20-min PiB scan was obtained. All patients also
underwent a 3T volumetric head MRI within two
days of the PiB-PET scan, which included a 3D
magnetization prepared rapid acquisition gradient
echo sequence (MPRAGE). The parameters were
as follows: TR/TE/T1, 2300/3/900 ms; flip angle
8 degrees, 26 cm field of view (FOV); 256 × 256
in-plane matrix with a phase FOV of 0.94, and slice
thickness of 1.2 mm. All MPRAGE scans underwent
corrections for intensity inhomogeneity and gradient
unwarping before analysis. The PiB-PET scans
were registered to the corresponding MPRAGE
scan using a 6 degrees-of-freedom registration in
SPM12. The Mayo Clinic Adult Lifespan Template
(MCALT) (https://www.nitrc.org/projects/mcalt/)
was then transformed into the native space of each
MPRAGE using ANTs software [38]. Median A�
uptake was calculated for the following regions-
of-interest (ROIs) defined using MCALT: inferior

https://www.nitrc.org/projects/mcalt/
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parietal, superior parietal, supramarginal gyrus,
angular gyrus, cingulate (anterior, mid, posterior,
and retrosplenial), precuneus, superior frontal,
middle frontal, orbitofrontal, inferior frontal (oper-
culum+triangularis), medial frontal, fusiform, lateral
temporal (inferior, middle, and superior temporal
gyri + Heschl), and temporal pole. Uptake was
calculated from the grey and white matter in each
region and divided by uptake in the cerebellar
crus grey matter to calculate standard uptake value
ratios (SUVRs). A global A� SUVR was calculated
as the weighted median average from the ROIs.
Positive amyloid-PET was determined based on a
global SUVR ≥1.48 [6]. FreeSurfer (v5.3) software
was used to derive regional cortical thickness and
hippocampal volume [39]. Cortical thickness was
calculated for bilateral entorhinal, inferior temporal,
middle temporal, and fusiform regions, which were
defined using the Desikan parcellation scheme
[40]. We adjusted hippocampal volumes for total
intracranial volume (TIV) to account for individual
difference in brain size. Cortical thickness values
were not adjusted for TIV [4]. Imaging analysts
manually inspected hippocampal masks, FreeSurfer
segmentations and TIV for quality.

Statistical analysis

We used IBM SPSS Version 21 for Windows
to perform statistical analyses on basic clinical
and demographic variables. Because the neuropsy-
chological data were not normally distributed, we
used non-parametric Kruskal-Wallis tests for group
comparisons and Mann Whitney U Tests to deter-
mine individual group differences as appropriate. We
used parametric Chi-Square and one-way analysis
of variance (ANOVA) and Tukey HSD following a
significant ANOVA to assess demographic features
across groups as appropriate, with a p value < 0.05, to
determine clinical significance. We used three linear
mixed-effects models to address the main questions
of interest in this study. The first model predicted log-
transformed imaging value (grey matter thickness in
each region except the hippocampus where we used
TIV-adjusted volume) predicted by fixed effects for
each diagnosis in each region and a random intercept
per person to account for generally higher or lower
imaging values across regions within a person. From
this model, we can answer the question of whether
baseline imaging values are different across diagnosis
groups.

In a second model, we predict again log-
transformed imaging value, this time by an intercept
per clinical test per region, a slope per clinical test
per region, and a regional age adjustment. We also
again included a random intercept per person in this
model to account for the multiple observations per
person. Our third model was an extension of this sec-
ond model, including diagnosis-specific fixed effects.
These two models answer two related but different
questions; the second model addresses whether there
is a relationship between clinical score and imaging
across diagnosis groups and the third model assesses
whether these relationships are specific to each diag-
nosis group. Naturally, having split the sample into
multiple smaller groups, the uncertainty around each
effect estimate will be highest in this third model but
allow assessment of whether diagnosis groups may
differ or share a relationship between imaging and
clinical values.

Hierarchical models are an elegant solution to ana-
lyzing these rich, multimodal data. They use data
efficiently by including multiple observations per per-
son in a single model and proactively accounting
for the problem of multiple comparisons by using
helpful bias to shrink estimates, allocate uncertainty
across random effects (dependent data points), and
answer multiple questions simultaneously thereby
avoiding the problem of multiple comparisons [41,
42]. These models were fit using the statistical soft-
ware R version 4.0.3 [43] using the lme4 package
version 1.1-27.1 [44].

RESULTS

The groups did not differ on age at scan, age at
onset, education, or PiB SUVR (ps > 0.05). LPA had a
shorter illness duration (M = 3.4, SD = 1.4) than tAD
(M = 4.6, SD = 2.6) and PCA (M = 5.0, SD = 2.4) (F
(2, 146) = 5.76, p = 0.004, η2 = 0.07) (Table 1).

Neuropsychological testing

MMSE scores did not differ among groups [F (2,
150) = 1.24, p = 0.29]. Although all AD groups scored
below average on memory measures, there was a
significant difference in performance for all mem-
ory measures (LM: χ2 (2, n = 140) = 12.71, p = 0.002;
VR: χ2 (2, n = 113) = 54.85, p < 0.001; AVLT: χ2 (2,
n = 130) = 13.10, p = 0.001). Post-hoc testing revealed
that tAD had significantly worse performance across
all verbal and visual memory measures relative to
LPA and PCA (ps < 0.032). The Boston Naming Test
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Table 1
Demographic characteristics and neuropsychological test scores

tAD LPA PCA Total p
(n = 77) (n = 50) (n = 27) (N = 154)

Age (y) 68.2 (9.4) 66.3 (8.7) 63.9 (6.7) – 0.080
Education (y) 15.2 (2.9) 15.6 (2.7) 14.9 (2.7) – 0.051
Sex 41 (53%) 27 (54%) 14 (52%) 0.997
Illness duration (y) 4.6 (2.6) 3.4 (1.4) 5.0 (2.8) – 0.004a

Age at onset (y) 62.7 (9.2) 62.7 (8.4) 58.9 (6.0) – 0.100
PiB Ratio 2.2 (.24) 2.2 (.24) 2.3 (.35) – 0.240
MMSE 21.3 (4.7) 22.0 (6.2) 23.2 (6.2) – 0.290
AVLT Delay (ss) 3.6 (1.8) 5.9 (3.5) 5.6 (3.8) 4.8 (3.1) 0.001b

Logical Memory Delay (ss) 3.4 (2.1) 5.2 (3.4) 5.5 (3.9) 4.4 (3.1) 0.002b

Visual Reproduction Delay (ss) 2.8 (2.0) 6.9 (3.4) 5.8 (2.2) 5.1 (3.3) < 0.001b

BNT % Correct 77.6 (15.8) 48.1 (28.8) 77.2 (24.2) 67.7 (26.2) < 0.001a

Rey-O Figure Copy (/36) 20.4 (10.4) 17.7 (11.1) 4.2 (4.2) 16.4 (11.4) < 0.001c

Values reported are means (standard deviations). tAD, typical amnestic Alzheimer’s disease; LPA, logopenic primary progressive aphasia;
PCA, posterior cortical atrophy; PiB, Pittsburgh Compound B; AVLT, Rey Auditory Verbal Learning Test; Rey-O, Rey Osterrieth Complex
Figure Test; ss, scaled score (1-19); MMSE, Mini-Mental State Examination (/30). Contrasts: aLPA < Typical AD and PCA. bTypical
AD < LPA and PCA. cPCA < Typical AD and LPA.

differed among AD type (χ2 (2, n = 144) = 35.05,
p < 0.001), with LPA performing significantly worse
relative to tAD and PCA (ps < 0.001). Finally, visu-
ospatial function as measured by the Rey-Osterrieth
Complex Figure Test differed among AD type (χ2

(2, n = 132) = 35.95, p < 0.001), with PCA performing
significantly worse than tAD and LPA (ps < 0.001).
Please see Table 1 and Fig. 1 for neuropsychological
group differences.

Neuroimaging

To examine imaging ROIs by diagnostic group,
we first ran a model predicting imaging ROI value
by group. We then calculated pairwise comparisons
to assess whether volume/thickness of each region,
examining left and right hemispheres separately, dif-
fered between tAD and atypical AD (see Fig. 2). We
assessed left and right hemispheres separately given
these are not equivocally bilateral diseases. Hip-
pocampal volumes and entorhinal cortex thickness
were smaller in tAD compared to both atypical AD
variants (ps < 0.001). Right hippocampal volume was
smaller in PCA compared to LPA (p < 0.001). Com-
pared to tAD, LPA showed greater thinning of the left
middle (p = 0.025) and inferior temporal (p = 0.016)
and left fusiform gyri (p = 0.010) but were rela-
tively spared in the right middle temporal thickness
(p = 0.041). PCA compared to the tAD group showed
greater thinning of the right inferior temporal lobe
(p = 0.016) and bilateral fusiform (ps ≤ 0.001). When
comparing the atypical variants to one another, PCA
showed greater thinning of the right hippocampus

(p < 0.001), middle (p = 0.011), and inferior tempo-
ral (p = 0.009) regions and right fusiform (p < 0.001)
compared to LPA. In contrast, LPA showed greater
thinning of the left middle temporal (p = 0.016) and
left entorhinal cortex (p = 0.011) compared to PCA
(Fig. 2).

Associations between neuroimaging and
neuropsychological performance

To assess the relationship between cognitive per-
formance and neurodegeneration, we ran a mixed
model with the cognitive scores predicting imaging
values of the regions across the whole cohort regard-
less of diagnostic group (Fig. 3). This model showed
a positive association with left and right hippocam-
pal volume for all three memory tests (AVLT Delay,
Logical Memory Delay, Visual Reproduction Delay
ps ≤ 0.002). Another way to view these data, for the
AVLT Delay score for example, is to consider that
as the memory score decreases by 1 SD (the standard
deviation of this score across this data set), hippocam-
pal volume is expected to decrease by a little more
than 3% in the left and right hippocampus. Object
naming performance showed a positive association
with left middle and inferior temporal (ps < 0.001)
and left fusiform (p < 0.001) and entorhinal thickness
(p = 0.018), though somewhat surprisingly negatively
correlated with hippocampal volume (ps ≤ 0.003).
Spatial reasoning performance was most strongly
positively correlated with fusiform thickness, particu-
larly on the right (p = 0.002, left fusiform: p = 0.032).
Finally, we ran a mixed model with the cognitive
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Fig. 1. Cognitive Performances Among Groups. Note: Typical
AD = Amnestic Alzheimer’s disease. LPA = Logopenic Primary
Progressive. Aphasia. PCA = Posterior Cortical Atrophy. LM =
Logical Memory. VR = Visual Reproduction. AVLT = Auditory
Verbal Learning Test. BNT = Boston Naming Test. Copy Score
is Rey-Osterrieth Complex Figure Test, Copy Trial.

scores predicting imaging values of the regions by
diagnostic group (Fig. 4). This model resulted in
most of the previous associations not being retained.
In tAD, the left entorhinal cortex was associated
with naming performance (p = 0.027) and the right
entorhinal cortex was associated with Logical Mem-
ory Recall (p = 0.005). In LPA, the left fusiform was
associated with naming performance (p = 0.016) and
the right entorhinal cortex was associated with spa-
tial reasoning (p = 0.038). No associations remained
in PCA (see Supplementary Table 1).

DISCUSSION

We aimed to explore the relationships between
structural change in the temporal lobe and cognitive
decline in typical and atypical AD. We hypothe-
sized that tAD would show greater hippocampal
atrophy compared to atypical AD, that there would
be greater left temporal thinning in LPA, and greater
right temporal thinning in PCA. We also hypothe-
sized memory would be most impaired in tAD and
most strongly correlated with medial temporal struc-
tures, that LPA would show greatest impairment on
the language naming task and that the left lateral tem-
poral regions would reveal the strongest correlation
with naming performance, and that PCA would show
greatest impairment on the visuospatial task and that
poor performance would be associated with fusiform
thinning. Overall, our hypotheses were partially sup-
ported.

Medial temporal regions, including bilateral hip-
pocampal volumes and entorhinal cortices, were
smaller in tAD compared to atypical AD variants.
While this is consistent with our hypothesis given
hippocampal atrophy as a biomarker of tAD [2], hip-
pocampal atrophy has not always differentiated tAD
from atypical AD in direct comparisons [24]. Inter-
estingly, in our sample the right hippocampus was
smaller in PCA compared to LPA. The medial tempo-
ral lobe findings here are consistent with prior work
showing atrophy of hippocampal subfields tends to
occur more bilaterally in typical AD and when present
in PCA, it tends to occur worse on the right [45,
46]. PCA also showed greater right inferior temporal
gyrus and bilateral posterior temporal (fusiform) thin-
ning compared to tAD and additionally right middle
temporal thinning compared to LPA. This bilateral
posterior thinning with a greater right hemisphere
bias of cortical degeneration is in keeping with the
general pattern of posterior cortical volume loss in
PCA [18] with additional support for a less common
finding of specific involvement in posterior tempo-
ral fusiform to a degree that uniquely differentiates
PCA from other AD variants. The LPA pattern of
thinning was more left sided, with generally greater
thinning of left lateral temporal regions, particularly
with the left middle temporal gyrus differentiating
LPA from other AD variants. This also extends some
of our prior work showing the middle temporal gyri
rate of atrophy separates nicely from healthy con-
trols [47] by demonstrating lateralized thinning of
the middle temporal gyri differentiating the atypical
AD variants.
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Fig. 2. Linear Mixed-effects model results showing pairwise comparisons of temporal lobe ROIs between AD variants. Notes: Values
represent estimated effect (circle) and 95% confidence interval (line) for each region and hemisphere, scaling volume to have effects in %
change. tAD = Typical Alzheimer’s disease. LPA = Logopenic Primary Progressive Aphasia. PCA = Posterior Cortical Atrophy.

Consistent with clinical expectation, the tAD group
had a prominent and greater deficit in episodic mem-
ory (verbal and visual memory), the LPA group had
poorer language/naming and the PCA group had
poorer visuospatial performance, respectively, com-
pared to the other AD variants. The direct comparison
of cognition in tAD and atypical AD is valuable as
similar cognitive domains are often impaired rela-
tive to controls and the literature is somewhat mixed
on whether the relative declines differ among AD
variants [22, 26, 48]. For example, Li et al. (2018)
compared PCA to tAD on memory and spatial reason-
ing and found no verbal memory difference between
groups though did find poorer spatial reasoning in
PCA [27]. In another study, verbal memory was mod-
estly stronger in LPA, but visual memory was poorer
compared to tAD [24]. As we have discussed previ-
ously [22], deriving a neuropsychological assessment
without the confound of language is very difficult if
not impossible given the overlap of cognitive skills
across domains. This is particularly salient while try-
ing to assess a higher order cognitive skill such as
memory in individuals with either a primary language
or spatial deficit, as occurs with LPA and PCA respec-
tively. As such, we chose to include common clinical
measures to assess both verbal and visual memory to
ensure that any separation of memory performance
in tAD from atypical AD was not modality spe-
cific and arguably solely attributable to their primary
cognitive deficit. With this approach, we demon-

strated that regardless of modality episodic memory
is most strikingly impaired in tAD relative to atypical
AD.

The final aim of the current study was to explore
the relationship between changes in cortical thick-
ness and cognition among and within the AD
variants. Bilateral medial temporal structural thin-
ning (entorhinal cortex and hippocampal atrophy)
was associated with poorer memory performance, as
expected given the established association between
hippocampal volume and memory [19, 45, 49]. The
association of episodic memory deficit and hip-
pocampal atrophy is consistent with similar studies
that compare one atypical variant to tAD [19, 24],
but here we show that this core hippocampal finding
persists when combining three AD variants. Also,
consistent with Leyton et al. (2017), we found that
performance on the naming task was associated with
left inferior temporal and fusiform thinning. The
superior temporal gyrus was also associated with
anomia in the Leyton et al. study, and while that was
not an area of interest in the current study, we did
find additional correlations with the left middle tem-
poral and entorhinal cortices. Win et al. (2017) also
found this association with naming and left middle
temporal gyrus in tAD and LPA, though they did not
show a significant association with medial tempo-
ral structures [28]. Our data suggest that in addition
to the commonly found lateral temporal associations
with naming, the medial temporal structures also



486 A.M. Butts et al. / AD Phenotypes, Cognition, and Temporal Thickness

Fig. 3. Linear Mixed-effects model with cognitive scores predicting temporal lobe ROI values across all AD patients. Notes: Values represent
estimated effect (circle) and 95% confidence interval (line) for each test in each region and hemisphere, scaling volume to have effects in %
change and centering and scaling the predictors to be on the SD scale. Typical AD = Typical Amnestic Alzheimer’s disease. LPA = Logopenic
Primary Progressive Aphasia. PCA = Posterior Cortical Atrophy

play a role, perhaps given the role of semantic cat-
egorization of objects in the hippocampal-entorhinal
system [50]. Relatedly, Leyton et al. found single
word comprehension was associated with bilateral
fusiform atrophy, suggesting a role in ventral stream
semantic processing [12]. We found that while the left
fusiform was associated with naming performance,

right fusiform thinning was not, fitting more with
a predominantly asymmetrical language process-
ing ventral stream. Instead, our bilateral fusiform
regions were associated with visuospatial perfor-
mance, which has also been suggested to play a
role in spatial perception and integration of objects
in addition to faces [51]. The finding of posterior
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Fig. 4. Linear Mixed-effects models with cognitive scores predicting temporal lobe ROI values within each AD variant. Notes: Values
represent estimated effect (circle) and 95% confidence interval (line) for each test in each region and hemisphere, scaling volume to have
effects in % change and centering and scaling the predictors to be on the SD scale. Typical AD = Typical Amnestic Alzheimer’s disease.
LPA = Logopenic Primary Progressive Aphasia. PCA = Posterior Cortical Atrophy.

temporal right fusiform thinning in PCA relative to
other AD variants and its association with cognition
is an interesting finding that warrants further investi-
gation in tAD and atypical AD. The fusiform has also
been shown to separate cognitively unimpaired amy-
loid positive individuals from cognitively unimpaired
amyloid negative individuals in a longitudinal tau

imaging paradigm [7]. This prior work suggests that
the fusiform may play an important role early in the
AD disease process, and our data suggest this impor-
tant role may continue into the later symptomatic
stages of AD across the spectrum. Longitudinal stud-
ies across the AD spectrum are needed to assess the
potential value of the fusiform as an AD biomarker.
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Isolating structural and cognitive associations to
disease specific groups, yielded fewer relationships.
Naming was associated with left fusiform in LPA,
again supporting the possible critical role of the
fusiform as a biomarker, and left entorhinal in typ-
ical AD. Additionally, the right entorhinal cortex
was somewhat surprisingly associated with spatial
reasoning performance in LPA but more understand-
ably associated with memory recall on the Logical
Memory Delay test. We anticipated that naming per-
formance would most strongly associate with left
lateral temporal regions particularly in LPA but this
was not fully supported here. More associations
between a temporal regions and cognition within AD
phenotypes may become evident if examined longitu-
dinally, as suggested by a recent study following PPA
patients (non-semantic, and therefore may include
LPA or agrammatic) which showed greater rates of
atrophy particularly in the temporal lobe in those who
were amyloid positive [13].

An alternative explanation for the limited associa-
tions that remained after separating by AD variant
may be related to sample size and heterogeneity
across groups. For example, by restricting the analy-
sis to look at associations between cortical thickness
and cognition within each AD variant individually,
while the homogeneity of the groups increase, the
ranges of both structural integrity as measured by
neuroimaging and distribution of clinical test scores
are reduced (i.e., the cognitive decline in disease
states over time lead to reduced ranges in cogni-
tive tests). For example, the PCA group did not
show any significant associations between structural
change and cognitive performance. This group also
had the widest confidence intervals, partly because
this is also the smallest sample in the current study.
Alternatively, there may not be an effect here to
find, particularly with PCA given that the major-
ity of cortical atrophy in this group tends to be
bilateral parietal and occipital, in addition to pos-
terior temporal [18]. This second explanation alone
seems less likely, particularly for LPA and tAD,
given the prior work demonstrating associations
between structural change and cognitive decline in
AD variants (e.g., [12, 19, 24]). Perhaps, too, the
cross-sectional nature of this study limits our abil-
ity to find differences among a dynamic process.
Multi-modal imaging studies exploring associations
between cognition and additional biomarkers, includ-
ing PiB PET and tau PET, may also help to elucidate
patterns of neurodegeneration and cognitive decline
[13, 24, 47, 52].

Taken together, these findings have important
research, clinical and potential treatment implica-
tions. They provide direct support of critical temporal
lobe differences between typical and atypical AD,
as well as the presence of pathognomonic cogni-
tive differences that drive the phenotype even when
directly compared to other AD variants. These impor-
tant distinctions may help determine which patient
would benefit from further biomarker investigation
(e.g., PET scanning, CSF analysis, etc.) as having
a high confidence in disease etiology and ensuring
the patient is on the AD continuum is important
in guiding appropriate treatment recommendations
and informing clinical trial enrollment [53]. Tempo-
ral ROIs, in particular, may have important utility
and require a smaller sample size than other modali-
ties for a clinical trial in cognitively unimpaired, yet
amyloid positive, individuals, for example [7]. Our
study lends further support for focusing on tempo-
ral regions and cognitive associations, with specific
attention paid to the phenotype of AD being exam-
ined. It will also be important to consider cognitive
outcomes as measured by neuropsychological tests
associated with each phenotype.

Strengths and limitations

Strengths of the current study include relatively
large groups of individuals on the AD continuum with
careful attempts at matching based on age and sex.
Our statistical methods were sophisticated, manag-
ing the structured nature of the data and proactively
managing the problem of multiple comparisons by
fitting just three models to answer many questions
of interest across multiple clinical tests and corti-
cal regions. Given that we matched the groups in
terms of age, a limitation is that our findings may
not generalize to older cohorts of tAD. We selected
temporal cortical regions a priori rather than look-
ing at whole brain differences. One could view this
decision as both a strength and a weakness given
that we did not look for differences and associa-
tions in other brain areas, which may have been
informative. Yet, a longitudinal comparison of sim-
ilar groups showed greatest atrophy related changes
in temporal regions in these AD variants [47]. We
also compared a limited number of neuropsycho-
logical tests which restricts detection of cognitive
differences among groups, though this was unavoid-
able due to limited availability of similar cognitive
tests across data sets. Relatedly, due to pooling par-
ticipants across data sets, we were unable to avoid
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using different versions of the two of the memory
and language tests, but we attempted to control for
this by using scaled scores on memory tests and per-
centage correct on different versions of the BNT. It
is also possible the language symptoms confounded
verbal memory, though we attempted to counterbal-
ance this by also examining visual memory. There
was also a lack of racial diversity in the study cohort
(most individuals were White, Non-Hispanic), which
may limit generalizability. These findings also may
not generalize to other variants of AD, such as the
dysexecutive AD variant [54], or other disease stages.
Furthermore, this study is not longitudinal, so we do
not know whether these represent meaningful find-
ings over time. These are areas of intended future
investigation.

Conclusions

Findings from this large study of well-matched
tAD and atypical AD groups show evidence of topo-
graphic brain changes within the temporal lobe that
correspond to clinical presentation. More specifically,
PCA is more likely to show greater cortical thinning
in right lateral and posterior temporal regions, LPA
is more likely to show greater thinning of left lateral
temporal regions, and tAD is more likely to show
medial temporal regional structural change. These
patterns of neurodegeneration were also associated
with cognitive performance, with memory associ-
ated with medial temporal atrophy, naming associated
predominantly with left temporal thinning, and spa-
tial associated with bilateral posterior, particularly
right hemisphere thinning. The fusiform emerged as
a unique area of thinning that may hold an important
role as a biomarker in future clinical trials for the AD
spectrum.
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