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ARTICLE INFO ABSTRACT

Background: Increasing evidence shows that the semantic variant of primary progressive aphasia (svPPA) is
characterized by hippocampal atrophy. However, less is known about disease-related morphological hippo-
campal changes. The goal of the present study is to conduct a detailed characterization of the impact of svPPA on
global hippocampus volume and morphology compared with control subjects and patients with Alzheimer’s
disease (AD).

Methods: We measured hippocampal volume and deformation-based shape differences in 22 patients with svPPA
compared with 99 patients with AD and 92 controls. Multiple Automatically Generated Templates Brain
Segmentation Algorithm (MAGeT-Brain) was used on MRI images obtained at the diagnostic visit.

Results: Comparable left and right hippocampal atrophy were observed in svPPA and AD. Deformation-based
shape analysis showed a common pattern of morphological deformation in svPPA and AD compared with
controls. More specifically, both svPPA and AD showed inward deformations in the dorsal surface of the hip-
pocampus, from head to tail on the left side, and more limited to the anterior portion of the body in the right
hemisphere. These results also pointed out that both diseases are characterized by a lateral displacement of the
central part (body) of the hippocampus.

Discussion: Our study provides critical new evidence of hippocampal morphological changes in svPPA, similar to
those found in AD. These findings highlight the importance of considering morphological hippocampal changes
as part of the anatomical profile of patients with svPPA.
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1. Introduction

The semantic variant of primary progressive aphasia (svPPA) is a
neurodegenerative disease characterized by progressive deterioration
of semantic memory (Gorno-Tempini et al., 2011; Hodges et al., 1992;
Neary et al., 1998). In the early stages of the disease, patients with
svPPA mainly manifest difficulties in confrontation naming, single word
comprehension, and object knowledge in the context of relatively
spared abilities in speech production (grammar and motor speech) and
in word and sentence repetition (Gorno-Tempini et al., 2011; Neary
et al.,, 1998). From an anatomical point of view, patients with svPPA

manifest bilateral atrophy of the anterior lateral temporal lobes, usually
asymmetrical in the very early stages of the disease, and becoming
bilateral as the disease progresses (Brambati et al., 2009, 2015; Davies
et al., 2009; Galton et al., 2001; Mummery et al., 2000; Rohrer et al.,
2008). However, growing evidence indicates that those suffering from
svPPA could present significant hippocampal atrophy, even in early
stages of the disease (Brambati et al., 2009; Chan et al., 2001; Chapleau
et al., 2016; Davies et al., 2004; Desgranges et al., 2007; Galton et al.,
2001; La Joie et al., 2014; Nestor et al., 2006).

An unresolved question is whether the hippocampal damage asso-
ciated with svPPA presents similarities or dissimilarities with that of

* Corresponding author at: Centre de Recherche de 'lUGM, 4565, Chemin Queen Mary, Montréal QC H3W 1WS5, Canada. Tel.: (514) 340-3540, ext. 4147.

E-mail address: simona.maria.brambati@umontreal.ca (S.M. Brambati).

https://doi.org/10.1016/j.nicl.2020.102305

Received 20 January 2020; Received in revised form 30 May 2020; Accepted 1 June 2020

Available online 03 June 2020

2213-1582/ © 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2020.102305
https://doi.org/10.1016/j.nicl.2020.102305
mailto:simona.maria.brambati@umontreal.ca
https://doi.org/10.1016/j.nicl.2020.102305
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nicl.2020.102305&domain=pdf

M. Chapleau, et al.

Alzheimer’s disease (AD). In fact, hippocampal atrophy is one of the
main anatomical hallmarks of the limbic-predominant AD dementia
(from now on referred to as AD) (Dubois et al., 2007; Frisoni et al.,
2010) and is considered a neuroimaging biomarker for AD diagnosis
and a possible target to determine the efficacy of disease-modifying
treatments (Dubois et al., 2007). A detailed analysis of hippocampal
damage in AD and its possible commonalities/differences with that of
svPPA could provide important insight for disease identification and
eventual pharmacotherapy.

The great majority of studies investigating the hippocampal de-
generation in svPPA have used a volumetric approach (i.e., the seg-
mentation of the hippocampus and the extraction of its global volume
or the volume of its subparts), and they have provided varying results.
Studies assessing the global volume of the hippocampus have provided
critical evidence that patients with svPPA present decreased hippo-
campal volume compared with controls (Chapleau et al., 2016), yet
direct comparisons of these volumes between AD and svPPA has yielded
inconsistent results, with some studies reporting no differences between
the groups (Nestor et al., 2006), some reported greater volume reduc-
tions in AD than svPPA (Davies et al., 2004; Lehmann et al., 2010), and
other studies reported the opposite pattern (Barnes et al., 2006). Such
inconsistent findings can be explained by these prior works relying on a
single volumetric measure of the hippocampus to estimate atrophy. To
our knowledge, the only study that compared the hippocampal sub-
fields volumes in AD and svPPA found no differences between the two
groups yet both patient populations had maximal volume decrease in
the CA1 and subiculum subfields compared with controls (La Joie et al.,
2013).

In this study, we compare hippocampal structural differences
emerging in AD and svPPA using a sophisticated deformation-based
shape analysis that provides volumetric as well as morphological in-
formation about the hippocampus. Morphological shape changes are
represented by local areas of inward (contractions) or outward (ex-
pansions) displacements (Voineskos et al., 2015). Hippocampal shape
analysis could be a useful tool for detecting signature sites of patholo-
gical changes in svPPA compared with controls and AD. Hippocampal
shape changes have been consistently reported in studies comparing
patients with AD to controls (Li et al., 2007; Scher et al., 2007; Wang
et al., 2003, 2006). Globally, the results showed regional patterns of
shape differences between AD and controls in regions approximately
corresponding to the CA1l subfield (Li et al., 2007; Scher et al., 2007).
However, the results varied across studies along the head-body-tail axis,
where some authors found larger shape differences in the body than in
the head (Scher et al., 2007), whereas others found larger shape dif-
ferences in the head (Li et al., 2007). Additionally, whether shape
changes in the hippocampus can differentiate between svPPA and AD
has not been appropriately tested. To our knowledge, only one study
has investigated hippocampal shape changes in AD and svPPA com-
pared with controls within the same study (Lindberg et al., 2012). The
authors have reported significant shape differences in the bilateral
medial hippocampus in AD compared with controls, whereas this por-
tion is relatively spared in svPPA (Lindberg et al., 2012). This study
reported no direct comparison between svPPA and AD.

The goal of the present study is to conduct a detailed characterization
of the impact of svPPA on hippocampal morphology compared with
controls and patients with AD. To this aim, we performed a deformation-
based shape analysis of the hippocampus on a sample of 22 patients with
svPPA, 92 controls, and 99 patients with AD using the Multiple
Automatically Generated Templates Brain Segmentation Algorithm
(MAGeT-Brain; cobralab.ca/software/MAGeTBrain) (Pipitone et al.,
2014). This approach is based on the multi-atlas automatic segmentation
of the whole hippocampus (Voineskos et al., 2015) and has been suc-
cessfully applied in population-based studies (Amaral et al., 2018;
Pipitone et al., 2014). This method is suitable for the analysis of hippo-
campal morphology in a large sample.
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2. Materials and methods
2.1. Participants

Data used in the preparation of this article were obtained from the
UCSF Memory and Aging Center ADRC (P30 AG062422) database. We
retrospectively identified all participants who received first-visit diagnoses
of svPPA or AD or who were recruited as cognitively unimpaired controls.
To be included in the study, participants must have had a usable high-
resolution structural T1-weighted magnetic resonance image (MRI), ob-
tained within 6 months of the diagnostic visit. The general exclusion cri-
teria for all participants were as follows: native language other than
English, left-handedness, developmental learning disabilities, history of a
psychiatric disorder, history of traumatic brain injury, uncorrected hearing
or vision problems, and motion or scanner artifacts in T1-weighted images.
The patients with svPPA were diagnosed according to its currently ac-
cepted criteria (Gorno-Tempini et al., 2011). The diagnosis of AD was
based on the criteria of the National Institute on Aging and the Alzheimer’s
Association workgroup (NIA-AA) (McKhann et al., 2011). As part of their
assessment, all patients underwent a multidisciplinary evaluation in-
cluding a neurological examination, neuropsychological assessment,
caregiver interview, screening laboratory tests, and high-resolution struc-
tural T1-weighted magnetic resonance imaging (MRI). Global cognition
and functional status were assessed using the Mini-Mental Status Ex-
amination (MMSE) (Folstein et al., 1975) and the Clinical Dementia Rating
scale (CDR) (Morris, 1993) , respectively. Neuropsychological assessment
included a previously described battery of standardized tests assessing
memory, visuospatial abilities, and executive functions (Kramer et al.,
2003). Patients with svPPA underwent a comprehensive speech and lan-
guage evaluation for diagnostic purposes, including object naming, se-
mantic and phonemic fluency, word and sentence comprehension, se-
mantic association and repetition. (Gorno-Tempini et al., 2004)

We identified 36 patients with a clinical diagnosis of svPPA (19
women, 17 men), 106 patients with AD (60 women, 46 men), and 93
cognitively unimpaired controls (56 women, 37 men) recruited at the
Memory and Aging Center UCSF. The three groups were matched for
age (controls: mean age = 67.0, standard deviation (SD) = 3.9; svPPA:
mean age = 66.5, SD = 7.2; AD: mean age = 66.9, SD = 10.4; H (2,
235) = 0.493, p = .781) and sex (2 (2, 235) = 0.643, p = .725).

The participants provided written informed consent, which was
approved by the Internal Review Board of the University of California,
San Francisco.

2.2. Image acquisition

The participants were scanned at the UCSF Neuroscience Imaging
Center on a Siemens 3 Tesla Trio scanner using a body transmit coil and
an 8-channel receive head coil. A Tl-weighted 3D Magnetization
Prepared Rapid Acquisition Gradient Echo (MPRAGE) was acquired with
160 sagittal slices, TE/TR/TI = 2.98/2300/900 ms, flip angle = 9°,
isotropic voxel with size of 1 mm, field of view = 256 X 256 mm, and
matrix = 256 X 256.

2.3. MRI data analysis

2.3.1. Preprocessing

The T1-weighted images were first preprocessed using minc-bpipe-
library (https://github.com/Cobralab/minc-bpipe-library). This step
ensured a standardization of images and included the following: bias
field correction using N4ITK algorithm (Tustison et al., 2010), brain
extraction using BEaST (Eskildsen et al., 2012), and field-of-view
cropping to remove the neck. It provides standardized outputs in native
space for further processing and in stereotaxic space for quality control.
All images were closely observed for correct intensity homogeneity and
brain extraction. None of the images were discarded due to quality
control failure following this step.


https://github.com/CobraLab/minc-bpipe-library
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2.3.2. Hippocampal segmentation

The well-validated Multiple Automatically Generated Templates
(MAGeT-Brain; https://github.com/Cobralab/MAGeTbrain) (Chakravarty
et al., 2013) pipeline was used to automatically segment the hippocampus
(Pipitone et al., 2014).

MAGeT-Brain performs automatic hippocampal segmentation based
on five high-resolution in vivo reference atlases of the hippocampus.
These atlases were obtained from the manual segmentation of high-
resolution images from 2 males and 3 females, as described in prior
work (Pipitone et al., 2014). The five reference atlases were registered
to a subset of 21 MRI images (7 from controls, 7 svPPA, 7 AD) selected
from the 235 MRI images included in our study (i.e. MRI images from
svPPA, AD and control subjects included in the study) using transfor-
mations estimated by linear and nonlinear image registration. This step
allowed creating 105 segmentation labels (5 atlases X 21 images) re-
presenting the study-specific template library of hippocampal segmen-
tation. The use of a study-specific template library approach allows
overcoming possible hippocampal segmentation errors due to the fact
that the neuroanatomy of the reference atlases (based on the images of
5 healthy subjects) may not be representative of the neuroanatomy of
the subjects included in the study. Each image from the template library
was then registered to all subject images (including the subset of 21
images that were used to create the template library). Thus, 105 hip-
pocampal segmentations (one for each template included in the tem-
plate library) were generated for each subject included in the study. A
conclusive segmentation for each subject was determined by using the
segmentation label that most often occurs at a specific location, using a
majority voting (Amaral et al., 2018; Pipitone et al., 2014; Winterburn
et al., 2013).

To choose the subset of participant images for the template library,
a first step named “Best Templates for MAGeT” (https://github.com/
CobraLab/documentation/wiki/Best-Templates-for-MAGeT : developed
by Min Tae M. Park, MD.) was followed and required us to 1) run the
first part of MAGeT-brain to label our 235 participants with the five
manually segmented atlases, 2) perform quality control of each atlas to
participant combinations (235 images X 5 atlases = 1175 images), and
3) choose the best-performing 21 participants (7 participants per group)
over the five atlases as our template library.

The morphometric branch of MAGeT-Brain was used to produce
surface objects of both hippocampi for each participant, providing
displacement measurements on each vertex of the surfaces, [i.e., inward
(contractions) and outward (expansions) deformations] (Chakravarty
et al., 2015; Raznahan et al., 2014). MINC-bpipe-library and MAGeT-
Brain pipelines were used on Niagara, a super-computing cluster from
Compute Canada (Ponce et al., 2019).

Each participant’s segmentation label underwent a detailed quality
control (QC) inspection by the first co-author (rater: M.C.) to identify
gross segmentation errors and artifacts. The QC of the resulting hippo-
campal segmentation was executed on all images following official
MAGeT-Brain guidelines (https://github.com/CobralLab/documentation/
wiki/MAGeT-Brain-Quality-Control-(QC)-Guide). Briefly, the QC con-
sisted of visualizing each subject’s brain image with its corresponding
hippocampal segmentation label overlaid on the image and determining

Table 1
. Demographic characteristics of controls, AD patients, and svPPA patients.
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how accurately the label demarcates (segments) the underlying hippo-
campus. The QC was based on a three-point rating scale where « 1 »
corresponded to a perfect segmentation, « 0.5. » corresponded to a slight
over or under segmentation (a few voxels mislabeled) and « O » corre-
sponded to an obvious failure. Images that received the « 0.5 » label were
excluded if more than 4-5 voxels for 4 + slices were under/over seg-
mented.

2.3.3. Statistical analysis

One-way analysis of variance (ANOVA) was used to verify if overall
group differences were found for demographic characteristics, except
for sex where chi-square test was used. Bonferroni correction was used
for post-hoc comparisons. Analyses were two-tailed with the sig-
nificance level set at p < .05 and were carried out with scipy 1.3.1
module on python 3.7.

RStudio (https://www.rstudio.com) and the standardized RMINC
Toolkit (https://github.com/Mouse-Imaging-Centre/RMINC) were used
on a standardized Virtual Machine (https://github.com/Cobralab/
MINC-VM) to assess the deformation-based shape analysis between
the three groups for both hippocampi. One-way ANOVA was conducted
to determine whether there were statistically significant differences
between the three groups. Since significant differences were observed
in the ANOVA model, further t-tests were conducted to detect sig-
nificant differences in the following comparisons: svPPA vs. controls,
AD vs. controls and svPPA vs. AD. Whole hippocampal volumes (left
and right), mean displacements values (to account for possible non-
linear shifts), age, sex and intracranial volumes (ICVs) were extracted
and included in the model as nuisance variables. A false discovery rate
(FDR) threshold of 5% was used to correct for multiple comparisons.

3. Results
3.1. Characteristics of the participants included in the study

One out of 93 control subjects, 7 out of 106 AD and 14 out of 36
svPPA patients failed the QC of the hippocampal segmentation. They
were thus excluded from the analysis. Subjects excluded from the
analysis, regardless of group belonging, were significantly older
(p = .016). No differences were found for sex, CDR or MMSE.

A total of 22 svPPA patients, 92 controls and 99 AD patients were
included in the analysis (Table 1). The analyzed sample remained
matched by age (controls: mean age = 67.0, SD = 3.9; svPPA: mean
age = 65.3, SD = 8.3; AD: mean age = 66.2, SD = 10.2; H (2,
213) = 2.07, p = .355) and sex (controls: 56F, 36 M, svPPA: 10F, 12 M,
AD: 59F, 40 M; %2 (2, 213) = 1.80, p = .406). Kruskal-Wallis test
showed that the Clinical Dementia Rating (CDR) measure had a sig-
nificant effect between groups (H(2, 213) = 144.1, p < .001). A post-
hoc analysis using Dunn's test with Bonferroni correction showed that
the two patient groups were matched in terms of CDR scores (p = .808)
and that both groups significantly differed from controls (both
p < .001). Similarly, the three groups displayed significant differences
for the Mini-Mental State Examination (MMSE) (H(2, 155) = 101.7,
p < .001). Both AD and svPPA patients presented lower scores than

Controls (n = 92) AD (n = 99) svPPA (n = 22) p value Group comparison
Demographics
Sex (n) F/M 56/36 59/40 10/12 0.406 Controls = AD = svPPA
Mean age (in years) (s.d.) 67.0 (3.9) 66.2 (10.2) 65.3 (8.3) 0.355 Controls = AD = svPPA
Global dementia status
MMSE mean score (s.d.) 29.3 (0.9) 19.6 (6.3) 24.3 (4.1) < 0.001 Controls > AD = svPPA
CDR mean score (s.d.) 0.0 (0.0) 0.8 (0.6) 0.6 (0.3) < 0.001 Controls > AD = svPPA

Abbreviations: AD = Alzheimer’s Disease; CDR = Clinical Dementia Rating; MMSE = Mini-Mental State Examination; s.d. = standard deviation; svPPA = semantic

variant of primary progressive aphasia.
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controls (p < .001), whereas AD and svPPA patients presented similar
scores (p = .116). To characterize the pattern of gray matter atrophy in
svPPA and AD patients included in the study, a voxel-based morpho-
metry (VBM) analysis was conducted on MRI images. Anatomical
images were analyzed using Statistical Parametric Mapping software
(SPM12; http://www.fil.ion.ucl.ac.uk/spm/software/spm12) under
MATLAB 2017 (http://www.mathworks.com). Image pre-processing
followed standard procedures, including image segmentation, creation
of a custom template using diffeomorphic anatomical registration and
applying exponentiated lie algebra (DARTEL) approach (Ashburner,
2007), normalization of the GM tissue images to the MNI space, mod-
ulation to preserve the total amount of GM of original images, and
smoothing (isotropic Gaussian Kernel of 6 mm FWHM). Statistical
analysis was performed on smoothed modulated GM images. The
images of the three groups (svPPA, AD and controls) were entered in an
ANOVA statistical model. Age, sex and total intracranial volume were
entered in the model as covariates. Statistical differences between
svPPA and controls (pattern of GM atrophy in svPPA) and between AD
and controls (pattern of GM atrophy in AD) were tested at a statistical
threshold of p < 0.05, using family-wise error (FWE) correction. The
results are reported in Fig. 1 and Supplementary Tables 1 and 2.

3.2. Characteristics of svPPA patients excluded from the study

The QC revealed that the automatic hippocampal segmentation
failed in 22 out of 235 participants, who were consequently excluded
from the study. The vast majority of excluded cases (14 out of 22) be-
longed to the svPPA group. A total of 14 out of 36 svPPA patients,
representing 39% of our initial sample, were excluded from the study.
This result raised questions about the underlying cause of pipeline in-
accuracy in these patients. No differences were observed between the
included and excluded svPPA patients concerning age, sex, CDR and
MMSE score. We then investigated the contrast in the pattern of GM
atrophy between svPPA participants for which the pipeline provided
accurate hippocampal segmentation (‘included svPPA, n = 22) and
those who failed the quality check (‘excluded svPPA’, n = 14), using
VBM. No differences were observed between the two subgroups at the
pre-established threshold of p < 0.05, family-wise error (FWE) cor-
rected, probably due to the small number of subjects included in the
analysis. However, using a more permissive threshold of p < 0.001
uncorrected, we observed a cluster of significant results located in the
anterior left hippocampus, indicating that excluded svPPA participants

Pattern of GM atrophy in svPPA
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had more atrophy in this region than included svPPA participants. The
peak voxel of this cluster showed a trend towards significance using the
pre-established corrected threshold (x = -33, y = -24, z = -14,
T = 5.64, p = 0.0058, FWE-corrected). Since the segmentation of the
hippocampus was not accurate in the excluded svPPA subgroup, we
could not compare the global hippocampal volumes between the two.

3.3. Whole hippocampal volumes

In order to determine whether there was a statistical difference in
the whole hippocampal volumes among the groups, two separate be-
tween-groups one-way ANCOVA models were performed for the left
and right hippocampus, with group as a factor of interest and age, sex
and total ICVs entered as nuisance variables. The between-groups
ANCOVA yielded a statistically significant effect for both the left
(controls: Mean = 2357 mm?>, SD = 257; svPPA: Mean = 2008 mm?>;
SD = 316; AD: Mean = 2101 mm?, SD = 432; F(2,210) = 17.8,
p < .001) and the right hippocampus (controls: Mean = 2793 mm?>,
SD = 342; svPPA: Mean = 2597 mm> SD = 562; AD:
Mean = 2590 mm?®, SD = 480; F(2,210) = 5.45, p = .005). To further
analyze the differences in the volume averages between the three
groups, we conducted a Bonferroni post-hoc analysis. The results
showed that both svPPA and AD groups showed significantly smaller
left volumes compared to controls (p < .001), and these volumes were
comparable to each other (p = .373). Regarding the right hippo-
campus, AD patients had significantly smaller volumes compared to
controls (p = .006) and svPPA and AD had comparable volumes
(p = 1.00). The residuals of the ANCOVA models for left and right
hippocampus of controls, AD patients and svPPA patients are reported
in Fig. 2.

3.4. Shape analysis

The results of the hippocampus deformation-based shape analysis
are presented in Fig. 3. Significant vertex-wise shape differences were
found when we compared the two patient groups to the controls group
(svPPA vs. controls, AD vs. controls) and between each other (svPPA vs.
AD), controlling for age, sex, intracranial volume, and mean displace-
ment values. The comparison between svPPA and controls showed
significant shape differences in svPPA bilaterally, but more severe in
the left hippocampus. When svPPA patients were compared to controls,
the analysis showed inward shape differences on the dorsal surface of

Pattern of GM atrophy in AD
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Fig. 1. Voxel-based morphometry results: pattern of gray matter atrophy in svPPA and AD displayed using BrainNet Viewer. The colors indicate the level of
significance (p < 0.05, FWE-corrected, with blue being less significant than red). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. Hippocampus volumetric differences. Residuals of the model with age,
sex, and intracranial volume as covariates between controls, svPPA, and AD.
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the hippocampus, from head to tail in the left hippocampus, and limited
to the junction between the body and the head of the hippocampus in
the right hippocampus. Moreover, in the left hippocampus, the results
showed significant inward displacements in svPPA compared with
controls in the medial portion of the hippocampus, and outward dis-
placements in the lateral portion. These differences involved part of the
head (see Fig. 3 left, superior view) and the body of the left hippo-
campus, relatively sparing the tail. A similar pattern of deformation
changes was observed in the right hippocampus, although medial and
superior inward deformations were mainly limited to the anterior
portion of the body of the hippocampus. Moreover, the deformation
pattern observed in the right hippocampus appeared less diffused
compared with the pattern observed in the left one. The pattern ob-
served in the contrast svPPA versus controls was generally similar to the
one in the comparison between AD and controls. However, in AD,
medial and superior inward deformations seemed to be more diffuse in
both the left and the right hippocampus. In the left hippocampus, su-
perior inward deformations also involved the most posterior portion of

AD vs Controls
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Fig. 3. Shape differences between svPPA vs. controls (left) and in AD vs. controls (right) controlling for age, sex, intracranial volume, and mean displacement values.
Blue colors indicate regions with significant inward displacements in patients vs. controls; red regions indicate outward displacements. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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svPPA vs AD
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Fig. 4. Shape differences between svPPA and AD controlling for age, sex, in-
tracranial volume, and mean displacement values. Blue colors indicate regions
with significant inward displacements in svPPA vs. AD; red regions indicate
outward displacements in svPPA vs. AD. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

the hippocampus, whereas in the right hippocampus, it extended from
the anterior part of the body of the hippocampus to the head (see Fig. 3
right, superior view). AD also presented outward differences compared
with controls in the medial portion of the head of the hippocampus.

As observed in Fig. 4, svPPA, when compared with AD, showed
inward shape differences in the medial and inferior portion of the head
of the right hippocampus. This result probably reflects the fact that AD
patients present outward deformations in this region (see the compar-
ison AD vs. controls in Fig. 3 right) that are not significant in svPPA
versus controls (see comparison svPPA vs. controls in Fig. 3 left). On the
other hand, more severe outward deformations were observed in svPPA
compared with AD in the lateral portion of the head of the right hip-
pocampus.
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4. Discussion

In this study we measured global volumetry and deformation-based
shape differences of the hippocampus in 22 svPPA patients compared
with 99 AD patients and 92 controls. Comparable left and right hip-
pocampal global volumes were observed in svPPA and AD, controlling
for the variance accounted for age, sex, and total intracranial volume.
However, svPPA had significantly lower left hippocampal global vo-
lume than controls, but comparable right hippocampal volume. The
shape analysis showed a common pattern of morphological deformation
in svPPA and AD compared with controls. More specifically, both svPPA
and AD showed inward deformations in the dorsal surface of the hip-
pocampus, from head to tail in the left side, and more limited to the
anterior portion of the body in the right hemisphere. This left-right
asymmetry of deformation pattern seems to be more evident in svPPA
than in AD. In addition, both svPPA and AD showed a pattern of out-
ward shape deformation involving the lateral portion of the hippo-
campus and inward deformation mainly involving the medial and su-
perior portion of the hippocampus. These results seem to indicate that
both diseases are characterized by a lateral displacement of the central
part (body) of the hippocampus. In the direct comparison between the
two patient groups, svPPA patients showed larger outward deformation
of the lateral part of the head of the right hippocampus, whereas AD
patients showed larger inward deformation of the medial part of that
same substructure, suggesting a possible displacement of the head to-
ward the brain midline. No shape differences between svPPA and AD
were observed in the left hippocampus. These data provide evidence of
a global hippocampal volume reduction, and morphological shape
changes that are part of the anatomical portrait of svPPA. Moreover,
these disease-related hippocampal changes are similar to those ob-
served in AD.

To the best of our knowledge, the present study is the first one to
apply MAGeT-Brain automatic hippocampal segmentation to MRI
images of patients with svPPA. Unfortunately, a total of 14 out of 36
svPPA patients, representing 39% of our initial sample, were excluded
from the study because they failed the QC procedures. We have com-
pared excluded and included svPPA participants in terms of demo-
graphic characteristics (age, sex), global cognition (MMSE) and func-
tional status (CDR). The results revealed that the two subgroups were
matched for all these variables. We then compared the pattern of GM
atrophy between included and excluded svPPA participants using VBM
in order to verify whether the excluded svPPA participants had more
severe atrophy than the included ones. The results showed a trend to-
wards significant more severe atrophy in the left hippocampus in the
subgroup of excluded svPPA participants. The difference did not reach
the threshold of significance, probably because of low statistical power
due to small sample size (excluded svPPA, n = 14; included svPPA,
n = 22). No differences were observed between the two subgroups
besides a trend towards significant difference in the left hippocampus.
One possible interpretation of this result is that the MAGeT-Brain pi-
peline faced more difficulties in terms of hippocampal segmentation in
svPPA patients who presented more severe hippocampal atrophy.
However, the reason why the majority of excluded cases belonged to
the svPPA group, while only a minority (7 out of 106) belonged to the
AD group also characterized by severe hippocampal atrophy (as re-
vealed by the volumetric results), remains unclear. Further methodo-
logical studies aiming to improve the automatic segmentation in svPPA
should be conducted in order to optimize the use of this approach in
this patient population.

Bilateral hippocampal atrophy is generally accepted as a biomarker
of AD (Jack et al., 2011; McKhann et al., 2011) and it has been proven
to be a valuable tool for distinguishing AD from healthy controls
(Laakso et al., 1998). Hippocampal atrophy occurs at early stages of the
disease and atrophy pattern are observable throughout the brain as the
disease progresses due to neuronal loss and neurofibrillary tangles
(Braak & Braak, 1991). However, its specificity has been challenged by
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the fact that hippocampal atrophy is common in other neurodegen-
erative diseases, such as svPPA. However, hippocampal volume loss
was not consistently reported in svPPA. Several issues could have
contributed to previous inconsistent results, including patient sample
size, disease severity, and statistical models employed (e.g., inclusion of
critical covariates such as age, sex and intracranial volumes in the
model). Here we included a larger sample of svPPA patients than in
most previous studies. The MRI images used in the present study were
obtained at the timepoint of the diagnostic visit, suggesting that the
patients were at relatively early stages of the disease. In addition, our
svPPA sample showed relatively mild functional and global cognitive
impairments, as assessed by the CDR and MMSE (CDR = 0.6 + 0.4,
MMSE = 24.3 + 4.1). Nonetheless, we controlled for the variance
explained by age, sex, and total intracranial volume in our group
comparisons. Our results suggest that svPPA presents comparable vo-
lumes to AD in both the left and right hippocampus. It must be noted
that while svPPA showed lower left hippocampal volume compared
with controls in the left hemisphere, the results were less conclusive for
the right hippocampus since no significant differences were observed
either with controls or AD. This left asymmetrical atrophy pattern in
svPPA is not surprising, given the fact that the anatomical presentation
of the disease is usually asymmetrical, with the left hemisphere more
damaged than the right, at least in the early stages of the disease
(Brambati et al., 2009; Gorno-Tempini et al., 2004; Mummery et al.,
2000; Rosen et al., 2002). It must be noted that our control group
displayed bigger volume in the right compared to the left hippocampus.
This asymmetry is consistent with the results of a previous meta-ana-
lysis (Pedraza et al., 2004). By pooling together the results of 82 studies
(a total of 3,564 participants), the meta-analysis indicated that healthy
adults show hippocampus asymmetry, with larger volumes in the right
hemisphere (Pedraza et al., 2004). In conclusion, our results indicate
global hippocampal atrophy in svPPA at relatively mild stages of the
disease, challenging the diagnostic accuracy of this biomarker in dis-
tinguishing AD from svPPA.

In the present study, we used a surface-based analysis to provide
complementary information to global volume analyses. In fact, surface
analysis applied to the hippocampus allows mapping the vertex-based
morphological properties of this structure, and it is a useful tool to
detect possible displacements or deformations associated with specific
diseases in clinical populations (Davatzikos & Bryan, 1996; Fischl et al.,
1999, 2008; Tosun & Prince, 2008). Changes in hippocampal shape
have been consistently reported in AD and its preclinical phases
(Chetelat et al., 2008; Gerardin et al., 2009; Tepest et al., 2008; Wang
et al., 2006). Our results showed inward deformation mainly involving
the dorsal surface of the hippocampus in AD compared with controls,
consistent with previous studies, mainly involving the left hemisphere.
The dorsal hippocampus primarily performs the cognitive functions due
to its connections with the medial and dorsolateral prefrontal cortex , as
opposed to the ventral hippocampus, which is more focused on emotion
processing and stress response due to its connections to the amygdala
(Fanselow & Dong, 2010). Shape differences in the left hemisphere
mainly involve regions of the dorsal CAl, but also CA2-3-4. Some
previous studies have noted CA1 to be one of the most reliable markers
to distinguish between early AD and subjects without dementia
(Csernansky et al., 2000, 2005). However, hippocampal shape differ-
ences in AD are usually not limited to CA1 but also expand to CA2-3-4
(Frisoni et al., 2006; Wang et al., 2003). In the right hemisphere, dif-
ferences in the shape of the dorsal surface were also reported but lim-
ited to the small surface between the head and the body of the hippo-
campus. Interestingly, in our study we generally found a similar pattern
of shape deformations when we compared svPPA with controls. These
results highlight how, at mild stages of the disease, svPPA pathology
targets the hippocampus and affects its morphology in the dorsal sur-
face. We also observed in both diseases a bilateral displacement of the
body of the hippocampus. Critically, morphological changes, although
more severe in the left hemisphere in svPPA, also involve the right side
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in AD. These results seem to contradict the hypothesis that the bilateral
hippocampus would be damaged in AD, and only the left one in svPPA
(Chan et al., 2001; Galton et al., 2001). In fact, although the lateral
anterior temporal lobes changes are usually asymmetrical, mainly af-
fecting the left hemisphere, the hippocampal morphological changes
seem to affect both the left and right hippocampus, even at mild stages
of the disease. Shape differences in the left hippocampus, similar to
those found in our study, were previously reported. However, in this
study, shape differences in the right hippocampus did not survive False
Discovery Rate (FDR) correction (Lindberg et al., 2012). This difference
in the results can be due to the smaller sample size used in this study. It
must be noted that the fact that we observed bilateral shape differences
does not exclude the hypothesis that the primary site of pathology in
svPPA is in the left hemisphere, and then spreading to the right one. In
fact, the present study does not allow determining the evolution of
morphological changes over time. Longitudinal studies in a large
sample of patients are necessary to better determine the time course of
the hippocampal morphological damage in svPPA.

In the direct comparison between the two patient groups, no dif-
ferences were found in the left hippocampus. On the other hand, in the
right hippocampus, svPPA patients showed larger inward deformation
of the lateral part of the head of the right hippocampus, whereas AD
patients showed larger inward deformation of the medial part of that
same substructure. Previous studies have shown different roles of the
lateral versus medial parts of the anterior hippocampus in relation to
different cognitive functions. Previous work has showed that the lateral
anterior hippocampus distinguishes past from future episodes, whereas
the medial part of the anterior hippocampus would be more strongly
activated when imagining specific past or future events rather than
general events (Addis et al., 2011). Other studies have also found the
medial anterior hippocampus to be engaged during functional magnetic
resonance imaging (fMRI) tasks that require participants to vividly re-
call events from their past (Spreng et al., 2009). The medial anterior
hippocampus would also be activated during imagination, recall, and
perception of scenes (Zeidman & Maguire, 2016). These medial anterior
hippocampus activations in various episodic/autobiographical mne-
monic tasks are congruent with both our deformation-based results and
the well-known cognitive deficiencies presented by amnestic AD pa-
tients (McKhann et al., 2011), as they have issues recalling events from
their past. These cognitive deficits could thus be in part explained by
the shape abnormalities found in the medial portion of the anterior
hippocampus. However, this interpretation needs future investigation.

Our results raised the question why similar patterns of morpholo-
gical damage in svPPA and AD result in different cognitive portraits in
the two diseases, with the episodic memory mainly affected in AD and
semantic memory in svPPA. Growing evidence supports the idea that
cognitive deficits in neurodegenerative diseases would emerge from the
widespread neural networks supporting specific cognitive functions
rather than isolated brain regions (Seeley et al., 2009). Several studies
have shown that different functional networks would be anchored to
the hippocampus, with the anterior hippocampus being functionally
more connected to the semantic network, and the posterior hippo-
campus to the episodic network (La Joie et al., 2014). Consistently,
svPPA specifically affects the functional network anchored to the
anterior hippocampus, and relatively spares the functional network
anchored to the posterior hippocampus (Chapleau et al., 2019). How-
ever, this study did not analyze the network anchored to the lateral or
medial portion of the head of the hippocampus. Future studies directly
comparing both the structural and functional network of the hippo-
campus in the two populations, in association with their cognitive
profiles, are necessary. These studies could potentially provide more
specific biomarkers to differentiate the two diseases, and that could be
used to follow the progression of the disease and the effect of new
therapeutic trials. Moreover, studies using larger samples of svPPA
patients would be necessary to draw global conclusions in terms of
hippocampal neurodegeneration in this disease. In fact, we removed
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several svPPA participants from our main analysis because MAGeT-
Brain could not always segment thoroughly the hippocampus in these
patients. An optimization of the pipeline could help conduct studies on
larger samples of patients with svPPA or other atypical dementias.

In conclusion, our study provides critical new evidence that svPPA
patients present hippocampal morphological changes similar to those
found in AD at the time of the diagnostic visit, when the impact of the
disease on global cognition and functional status is still relatively mild.
These findings highlight the importance of considering morphological
hippocampal changes as part of the anatomical profile of svPPA pa-
tients. These results challenge the role of hippocampal shape for dif-
ferentiating these two diseases. Future studies are necessary to relate
these findings to the cognitive profiles of these patients.
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