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Recent models of Alzheimer’s disease progression propose that disease may be transmitted between brain areas either via local

diffusion or long-distance transport via white matter fibre pathways. However, it is unclear whether such models are applicable in

non-amnestic Alzheimer’s disease, which is associated with domain-specific cognitive deficits and relatively spared episodic

memory. To date, the anatomical progression of disease in non-amnestic patients remains understudied. We used longitudinal

imaging to differentiate earlier atrophy and later disease spread in three non-amnestic variants, including logopenic-variant primary

progressive aphasia (n = 25), posterior cortical atrophy (n = 20), and frontal-variant Alzheimer’s disease (n = 12), as well as 17

amnestic Alzheimer’s disease patients. Patients were compared to 37 matched controls. All patients had autopsy (n = 7) or CSF

(n = 67) evidence of Alzheimer’s disease pathology. We first assessed atrophy in suspected sites of disease origin, adjusting for age,

sex, and severity of cognitive impairment; we then performed exploratory whole-brain analysis to investigate longitudinal disease

spread both within and outside these regions. Additionally, we asked whether each phenotype exhibited more rapid change in its

associated disease foci than other phenotypes. Finally, we investigated whether atrophy was related to structural brain connectivity.

Each non-amnestic phenotype displayed unique patterns of initial atrophy and subsequent neocortical change that correlated with

cognitive decline. Longitudinal atrophy included areas both proximal to and distant from sites of initial atrophy, suggesting

heterogeneous mechanisms of disease spread. Moreover, regional rates of neocortical change differed by phenotype. Logopenic-

variant patients exhibited greater initial atrophy and more rapid longitudinal change in left lateral temporal areas than other

groups. Frontal-variant patients had pronounced atrophy in left insula and middle frontal gyrus, combined with more rapid

atrophy of left insula than other non-amnestic patients. In the medial temporal lobes, non-amnestic patients had less atrophy at

their initial scan than amnestic patients, but longitudinal rate of change did not differ between patient groups. Medial temporal

sparing in non-amnestic Alzheimer’s disease may thus be due in part to later onset of medial temporal degeneration than in

amnestic patients rather than different rates of atrophy over time. Finally, the magnitude of longitudinal atrophy was predicted by

structural connectivity, measured in terms of node degree; this result provides indirect support for the role of long-distance fibre

pathways in the spread of neurodegenerative disease.
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Introduction
Recent theories of neurodegenerative disease progression

have raised the possibility that pathogenic protein aggre-

gates do not arise spontaneously throughout the brain;

rather, they may be transmitted from areas of existing path-

ology through one or more mechanisms, including local

diffusion of pathogenic proteins through the extracellular

medium as well as long-distance transmission along white-

matter pathways between brain areas (Guo and Lee, 2014).

This transmission model of neurodegenerative disease is

supported by a diverse body of research ranging from

rodent models (Liu et al., 2012; Iba et al., 2013; Ahmed

et al., 2014; Mezias et al., 2017) to computational model-

ling of human neuroimaging data (Raj et al., 2012, 2015;

Iturria-Medina et al., 2014; Hu et al., 2016). This research

particularly supports the relevance of the transmission

model in typical, amnestic Alzheimer’s disease, which

spreads from the transentorhinal cortex and hippocampus

to the rest of the medial temporal lobes and ultimately to

the neocortex (Braak and Braak, 1991). This stereotyped

progression provides detailed expectations against which to

test models of interregional transmission.

However, it is unclear whether the transmission hypoth-

esis has equal relevance in atypical presentations of

Alzheimer’s disease, which demonstrate a number of patho-

logical and clinical differences from amnestic Alzheimer’s

disease, including relatively prominent neocortical disease

and relative hippocampal sparing (Galton et al., 2000;

Murray et al., 2011; Whitwell et al., 2012; Mesulam

et al., 2014a). Clinically, atypical Alzheimer’s disease in-

cludes at least four non-amnestic phenotypes: logopenic-

variant primary progressive aphasia (lvPPA), characterized

by primary language deficits (Gorno-Tempini et al., 2011);

posterior cortical atrophy (PCA), characterized by visuo-

spatial deficits (Crutch et al., 2017); a variant defined by

deficits in executive function and/or social behaviour

(Dubois et al., 2014), frequently referred to as frontal-vari-

ant Alzheimer’s disease; and corticobasal syndrome (CBS),

which can present with a constellation of lateralized motor

and cognitive deficits (Medaglia et al., 2017). These syn-

dromes are marked by different rates of clinical progression

than in amnestic Alzheimer’s disease (Duara et al., 2013;

Byun et al., 2015; Poulakis et al., 2018). Moreover, each

phenotype is associated with distinct anatomical distribu-

tions of disease, particularly in early stages. Patients with

lvPPA have strongly left-lateralized disease with patho-

logical accumulations in left superior temporal and inferior

parietal cortex (Mesulam et al., 2014b; Giannini et al.,

2017); additional disease is commonly observed in left

dorsolateral prefrontal cortex (Rogalski et al., 2016;

Giannini et al., 2017). PCA is marked by involvement of

the parietal and/or occipital lobes (Tang-Wai et al., 2004;

Crutch et al., 2017); depending on the patient, disease in

PCA may or may not have a right-hemisphere bias (Crutch

et al., 2012; Ossenkoppele et al., 2015a). In frontal-variant

Alzheimer’s disease, elevated pathology has been most com-

monly reported in the frontal lobes (Johnson et al., 1999;

Blennerhassett et al., 2014), although a recent report based

on a larger sample of these patients also highlights disease

in posterior cortical areas (Ossenkoppele et al., 2015b). In

CBS due to Alzheimer’s disease, disease is distributed

widely and often asymmetrically throughout the temporal

and parietal lobes, sometimes extending into the posterior

portion of the frontal lobes (Lee et al., 2011; McMillan

et al., 2016). Each of these non-amnestic Alzheimer’s dis-

ease phenotypes shares clinical similarities to presentations

of frontotemporal lobar degeneration (FTLD) spectrum

pathology, making it imperative to corroborate clinical

diagnosis through Alzheimer’s disease biomarkers.

Non-amnestic syndromes with underlying Alzheimer’s

disease pathology may be more prevalent than previously

thought (Peter et al., 2014; Dickerson et al., 2017).

However, relatively little research has examined the ana-

tomical spread of non-amnestic Alzheimer’s disease. In a

previous MRI analysis (Phillips et al., 2018), we inferred

patterns of atrophy spread in non-amnestic Alzheimer’s dis-

ease phenotypes from cross-sectional MRI data: following

the logic of post-mortem pathology studies, we explicitly

assumed that the relative frequency of atrophy in different

brain areas could be used to infer the anatomical progres-

sion of disease over time. These results corroborated the

hypothesis that each non-amnestic Alzheimer’s disease

phenotype has a distinct neocortical origin with relative

sparing of the medial temporal lobes (MTL). Moreover,

this study suggested that each non-amnestic Alzheimer’s

disease phenotype has a distinct pattern of disease spread

that differs from amnestic Alzheimer’s disease.
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In the present study, we sought to validate and extend

this previous work, using longitudinal MRI to differentiate

patterns of earlier atrophy from subsequent disease spread

in each phenotype. Additionally, we investigated whether

amnestic Alzheimer’s disease and non-amnestic Alzheimer’s

disease differ in the anatomic distribution and longitudinal

rate of grey matter atrophy over time. We reasoned that

such differences could explain phenotype-specific patterns

of clinical progression across amnestic and non-amnestic

Alzheimer’s disease variants. In a hypothesis-driven analysis

based on our previous cross-sectional study (Phillips et al.,

2018), we investigated differences in grey matter volume at

the time of initial MRI as well as volume change over time

in regions of interest associated with lvPPA, PCA, frontal-

variant, and amnestic Alzheimer’s disease. Exploratory,

whole-brain, voxelwise analysis of cortical thickness was

performed to map patterns of disease spread beyond

these initial regions of interest. We sought to identify

group differences in atrophy distribution and progression

independent of age, which has been reported previously to

differ between typical and atypical forms of Alzheimer’s

disease (Murray et al., 2011). Based on the high neocortical

disease burden and domain-specific cognitive deficits that

we previously observed in non-amnestic Alzheimer’s dis-

ease, we predicted that patients with non-amnestic

Alzheimer’s disease would exhibit faster rates of atrophy

in phenotype-specific neocortical regions of interest relative

to those with amnestic Alzheimer’s disease. Additionally,

we tested the hypothesis that patients with non-amnestic

Alzheimer’s disease would exhibit slower atrophy than

amnestic Alzheimer’s disease patients in the hippocampus

and surrounding MTL areas, as a possible explanation for

the relative memory sparing associated with these structures

in non-amnestic Alzheimer’s disease. Finally, we compared

longitudinal atrophy patterns to measures of interregional

structural connectivity estimated from a large population of

healthy controls; we predicted that connectivity would pre-

dict longitudinal atrophy, consistent with the transmission

hypothesis.

Materials and methods

Patients

The current study used a longitudinal case-control design
based on data retrospectively selected from the Integrated
Neurodegenerative Disease Database at the University of
Pennsylvania. Participants were recruited through the Penn
Frontotemporal Degeneration Center (FTDC) and the Penn
Memory Center (PMC). All procedures were approved by
the University of Pennsylvania’s Institutional Review Board,
and all patients and/or their caregivers gave written informed
consent according to the principles established by the
Declaration of Helsinki. An initial database query yielded
1897 patients scanned on the same 3 T Siemens MRI scanner
at the Hospital of the University of Pennsylvania. Of these,
360 patients had either autopsy or CSF biomarker evidence

of underlying Alzheimer’s disease pathology. An additional
58 patients were excluded because of major cerebrovascular
disease, stroke, head trauma, or comorbid psychiatric, neuro-
degenerative, medical, or developmental disorders apart from
their primary diagnoses. Of the remainder, 90 patients had
longitudinal data available and exhibited clinical phenotypes
of interest, as described below. At time of recruitment, MRI
scans for all patients were screened for signs of cerebrovascu-
lar disease, hydrocephalus, or white matter lesions; those with
a Fazekas scale score4 1 were excluded. Additionally, MRI
scans were visually inspected by two raters (J.S.P. and F.D.R.),
and 16 patients were excluded for poor quality data. The final
sample included 181 T1-weighted MRI scans from 74 patients
(25 with lvPPA, 20 PCA, 12 with frontal-variant Alzheimer’s
disease, and 17 with amnestic Alzheimer’s disease) and 85
scans from 37 demographically-matched controls. A majority
of participants (48/74 patients and 29/37 controls) had only
two available scans; the remaining participants contributed
three to four scans each. We included scans acquired with a
minimum interscan interval of 6 months up to 3.5 years from
the initial MRI; beyond this window, there were insufficient
observations for a valid analysis. Seven patients had primary
neuropathological diagnoses and 67 had CSF biomarkers
(total tau/amyloid-b ratio4 0.34) indicative of Alzheimer’s
disease pathology according to methods previously described
(Shaw et al., 2009; Irwin et al., 2012; Toledo et al., 2012).
APOE genotyping was performed on 66 of 74 patients. One
patient (white male, amnestic Alzheimer’s disease, age 51 at
onset) with an APOE "3/"4 genotype was found to have a
mutation in the PSEN1 gene; supplementary analyses indicated
that excluding this patient did not have substantive effects on
the outcome of key analyses. All patients were clinically diag-
nosed by experienced neurologists (M.G., D.J.I., D.W., and
S.V.), and diagnoses were confirmed by consensus after pa-
tients’ initial visit by clinicians with expertise in dementia.
Clinical criteria for each patient phenotype were as follows:
for lvPPA, primary language impairment including deficits in
repetition and/or naming (Gorno-Tempini et al., 2011;
Giannini et al., 2017); for PCA, visuospatial deficits (e.g. in
object/spatial perception, neglect, or oculomotor apraxia)
(Crutch et al., 2017); for frontal-variant Alzheimer’s disease,
clinical evidence of a behavioural/dysexecutive syndrome per
Rascovsky et al.’s (2011) criteria for behavioural-variant fron-
totemporal dementia; and for amnestic Alzheimer’s disease,
primary memory impairment plus deficits in one or more add-
itional cognitive domains (McKhann et al., 2011). Patients
with non-amnestic Alzheimer’s disease had relatively preserved
episodic memory, as assessed through clinical interviews and
detailed mental status examinations; however, we note that the
label ‘non-amnestic’ is used throughout this manuscript to
denote patients’ initial presentation and does not preclude
the development of memory deficits in more advanced disease.
Patients with non-amnestic Alzheimer’s disease also had rela-
tively spared abilities in other cognitive domains except their
domain of primary impairment at initial presentation. Because
of the challenges of clinically differentiating behavioural/dysex-
ecutive syndromes due to Alzheimer’s disease versus FTLD, we
performed additional screening on the frontal-variant
Alzheimer’s disease group, as detailed in the Supplementary
material (‘Patient selection details’). The current study included
54 patients from our previous, cross-sectional study (Phillips
et al., 2018) (amnestic Alzheimer’s disease, n = 8; lvPPA,
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n = 24; PCA, n = 16; and frontal-variant Alzheimer’s disease,
n = 6).
Shapiro-Wilks tests indicated non-normal distributions for

education and disease duration, age, and Mini Mental Status
Examination (MMSE) score at initial MRI (all P5 0.001).
Kruskal-Wallis tests of group differences were non-significant,
with the exception of MMSE [�2(4) = 38.5, P5 0.001],
reflecting patients’ cognitive deficits relative to controls.
Mann-Whitney tests confirmed that all patient groups ex-
hibited significantly lower MMSE scores than controls (all
U5 428, P50.001); all other pairwise comparisons were
non-significant. To corroborate non-amnestic Alzheimer’s dis-
ease patients’ domain-specific cognitive impairment, we ana-
lysed neuropsychological performance on assessments
independent of those used in clinical diagnosis, including per-
formance on specific items of the Philadelphia Brief Assessment
of Cognition (PBAC) (Libon et al., 2011b). Only neuropsycho-
logical observations acquired within 1 year of an MRI scan
were included. Language was assessed in terms of speech fea-
tures (with lower scores indicating speech and language im-
pairment), forward digit span as a measure of repetition
(Giannini et al., 2017), and letter fluency, which is sensitive
to deficits in executive-mediated lexical retrieval (Rascovsky
et al., 2007; Ramanan et al., 2017). Visuospatial function
was assessed by patients’ ability to copy a modified version
of the Rey complex figure as well as the judgment of line
orientation. Social behaviour was assessed on an 18-point
scale evaluating social comportment, apathy, disinhibition, agi-
tation, empathy, and ritualistic behaviours. Executive function
was evaluated through an oral version of the trail-making test
as well as backward digit span. Finally, episodic memory was
assessed by recognition on the Philadelphia Verbal Learning
Test (PVLT) (Libon et al., 2011a) or the PBAC verbal memory
test, as available. All neuropsychological assessments were
acquired within 1 year of the initial MRI scan [PVLT:
mean = 0.19 years, standard deviation (SD) = 0.25; letter flu-
ency: mean = 0.14 years, SD = 0.25; PBAC: mean = 0.21 years,
SD = 0.27; digit span: mean = 0.11 years, SD = 0.21]. Results
were consistent with each phenotype’s primary impairment in
all domains except for executive function (Table 1). Post hoc
comparisons between patient groups for neuropsychological
performance at initial MRI are reported in Supplementary
Table 11. The median and maximum follow-up intervals for
the MMSE were 1.4 and 3.8 years, respectively; for verbal
recognition memory, 1.7 and 4.2 years; for letter fluency, 1.6
and 4.6 years; for forward and reverse digit span, 1.5 and 4.0
years; and for additional measures, which were derived from
the PBAC, 1.6 and 4.6 years.

Neuroimaging methods

T1-weighted magnetic resonance images were acquired axially
with 0.98mm � 0.98mm � 1mm voxels, a 256 � 192 matrix,
a repetition time of 1620ms, an inversion time of 950ms, and
a flip angle of 15�. Scans were visually inspected for quality by
two authors (J.P. and F.D.R.). Advanced Normalization Tools
(ANTs) (Avants et al., 2014; Tustison et al., 2014) was used to
process each image using an a priori-based approach. Images
underwent intensity normalization (Tustison et al., 2010) and
were spatially normalized to a template based on healthy con-
trols from the Open Access Series of Imaging Studies (OASIS)
dataset (Marcus et al., 2007) using a symmetric diffeomorphic

algorithm (Klein et al., 2009; Avants et al., 2011). Images were
segmented into six tissue classes (cortical grey matter, subcor-
tical grey matter, deep white matter, CSF, brainstem, and cere-
bellum) using template-based priors; this tissue segmentation
was then used to estimate cortical thickness; ANTs cortical
thickness measurements have been extensively validated rela-
tive to surface-based methods such as FreeSurfer (Tustison
et al., 2014; Klein et al., 2017). We used a joint label fusion
approach (Wang et al., 2013) to align the Mindboggle-101
labels (based on the Desikan-Killainy-Tourville label scheme)
(Klein and Tourville, 2012) with each image using pseudo-geo-
desic registration (Tustison and Avants, 2013) and calculated
the volume of grey matter voxels within each label, normalized
by intracranial volume and converted to a z-score relative to
controls’ initial scans. To perform voxelwise group analyses,
we warped cortical thickness images to the template using the
previously-computed spatial transforms; these images were
then spatially smoothed with a 2-sigma Gaussian kernel and
down-sampled to 2mm isotropic voxels.

Statistical analysis

In a hypothesis-driven analysis, we analysed grey matter vol-
umes in phenotype-specific regions of interest motivated by our
previous study of disease progression in non-amnestic
Alzheimer’s disease (Phillips et al., 2018). This study identified
the regions most commonly atrophied in each non-amnestic
Alzheimer’s disease phenotype, reflecting the likely anatomical
origin of disease. These regions of interest included left middle
and superior temporal gyri in lvPPA; right precuneus, superior
parietal lobule, and angular, supramarginal, and middle tem-
poral gyri in PCA; and left anterior insula and middle frontal
gyrus as well as right middle temporal gyrus in frontal-variant
Alzheimer’s disease (Table 2). Each region of interest was ex-
pected to exhibit lower volume at the time of participants’
initial MRI scan as well as more rapid volume loss over
time in its associated patient group(s) relative to other
groups. We additionally hypothesized that the amnestic
Alzheimer’s disease group would demonstrate selective atrophy
in the MTL, including bilateral hippocampi, parahippocampal
gyri, and entorhinal cortex. Atrophy at the time of initial MRI
was analysed using multiple linear regression models with a
factor of group and covariates for age, sex, and MMSE score
at the time of initial MRI; controls formed the reference group
in these models. Longitudinal atrophy was assessed using
linear mixed effects (LME) models with fixed factors of
group, time since first scan, and the interaction of group -
time. As in the baseline model, covariates included age, sex,
and MMSE score at initial MRI. A subject-specific random
intercept was included to account for intra-individual correl-
ations in imaging measures. Post hoc comparisons were per-
formed for the effect of group at initial MRI as well as the
group � time interaction in longitudinal models; values of
P5 0.05, corrected using the false discovery rate (FDR)
method, were considered significant.
We used LME models to relate grey matter volume change

to neuropsychological performance within 1 year of each ima-
ging session. Because of the limited number of observations,
only linear associations between atrophy and time were as-
sessed. The mean interval between test and MRI was 0.30
years (SD = 0.30) for recognition memory; 0.22 years
(SD = 0.29) for letter fluency; 0.18 years (SD = 0.29) for digit
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Table 2 Differences in grey matter volume at initial MRI and longitudinal atrophy in hypothesis-driven analysis of

regional brain volumes, relative to matched controls

A priori

association

Region FFirst MRI(4,103) aAD lvPPA PCA fvAD FGroup�time

(4,150)

aAD lvPPA PCA fvAD

aAD L entorhinal 7.2*** �3.4a �1.5 �1.5 �0.1 6.7*** �2.2 �3.7b �3.3b �3.9b

R entorhinal 5.5*** �2.6c 0.7 �1.9 �0.1 7.4*** �4.1c �2.9b �4.1b �3.0b

L hippocampus 8.4*** �4.6c �3.2c �2.1 �1.6 5.4*** �4.1c �2.9c �2.9b �0.3

R hippocampus 7.4*** �4.3c �1.7 �3.1c �1.8 4.7** �3.5c �2.3 �3.4c �1.2

L parahippocampal 2.8** �1.7 �2.1 0.1 0.8 5.6*** �3.5b �4.0b �2.6b �2.1

R parahippocampal 1.6* �2.2 �0.5 �1.3 �0.3 5.9*** �3.7b �2.5b �4.0b �0.5

lvPPA L middle temporal 30.5*** �3.0c �7.3c �3.2c �3.0c 34.7*** �9.6c �9.2c �6.4c �5.3c

L superior temporal 21.5*** �2.6c �6.8c �2.3 �1.8 17.3*** �4.4c �8.1c �3.7b �2.8b

PCA R angular 14.7*** �2.8a �1.3 �3.9c �3.0a 2.4 �1.4 �2.6b �2.5c �1.0

R precuneus 9.8*** �0.7 �0.5 �4.4c �1.3 13.7*** �6.5b �4.8b �4.5c �0.9

R superior parietal lobule 16.7*** 0.6 0.0 �5.5a �1.7 4.2** �3.6b �2.7b �2.1 �0.1

R supramarginal 6.4*** 0.2 0.4 �2.6c �0.6 11.2*** �6.5b �3.1b �2.6c �0.5

fvAD L anterior insula 10.3*** �2.1 �2.6a 0.6 �3.4c 3.5* �2.0 �1.6 �0.4 �3.3c

L middle frontal 15.3*** �2.6c �3.8c �2.4 �4.4a 8.2*** �3.9c �4.9c �3.8b �2.1

PCA, fvAD R middle temporal 23.6*** �2.8c �2.7c �5.6c �4.2c 44.8*** �11.3c �9.3c �7.5c �6.4c

Reference ROI L precentral 3.4*** 0.8 �1.3 �1.4 1.2 3.7** �3.1b �3.1b �2.1 �1.3

R precentral 5.4*** 0.2 �0.7 �2.9c �0.7 5.0** �3.3b �3.3b �3.3c �0.6

Hypotheses included selective atrophy of neocortical areas associated with early disease in non-amnestic Alzheimer’s disease (naAD) (Phillips et al., 2018) and of the MTL

(hippocampus, entorhinal cortex, and parahippocampal gyrus) in patients with anmesticc Alzheimer’s disease (aAD). The left and right precentral gyri are included to demonstrate the

regional specificity of atrophy. F-statistics indicate the main effect of group at initial MRI scan and the group � time interaction across all scans. Additional columns report z-statistics

for pairwise contrasts of each patient group versus controls.
aSignificant differences in volume only at initial MRI.
bSignificant differences in longitudinal atrophy rates.
cDifferences in both initial volume and longitudinal atrophy, based on a threshold of P5 0.05, corrected using the FDR method.

fvAD = frontal-variant Alzheimer’s disease; n.s. = non-significant; ROI = region of interest.

*P5 0.05; **P5 0.01; ***P5 0.001.

Table 1 Participant characteristics at time of first scan

Control aAD lvPPA PCA fvAD P-value

n 37 (85) 17 (40) 25 (66) 20 (48) 12 (27)

Male, n (%) 16 (43.2) 6 (35.3) 9 (36.0) 7 (35.0) 7 (58.3) 0.672

Education 16.0 [16.0, 18.0] 16.0 [14.0, 18.0] 16.0 [14.0, 19.0] 16.0 [12.0, 16.0] 16.0 [13.5, 18.0] 0.421

Age at MRI, years 61.9 [57.9, 65.6] 59.4 [53.5, 70.3] 58.5 [56.9, 64.5] 58.0 [55.1, 61.4] 63.9 [59.7, 69.5] 0.137

Inter-scan interval, years 1.2 [0.9, 1.7] 1.2 [0.9, 1.5] 1.1 [0.9, 1.3] 1.0 [0.9, 1.2] 1.0 [0.7, 1.1] 0.162

Disease duration, years – 3.0 [1.9, 4.0] 2.7 [1.7, 3.9] 2.2 [1.3, 4.0] 2.2 [1.8, 5.2] 0.747

MMSE, 0–30 29.0 [28.0, 30.0] (20) 23.0 [20.0, 25.0] (17) 25.0 [23.0, 28.0] (25) 24.5 [18.8, 25.2] (20) 23.0 [17.0, 26.0] (12) 50.001

Recognition memory,

discrimination, 0–1

1.0 [0.9, 1.0] (7) 0.6 [0.5, 0.7] (10) 0.8 [0.8, 1.0] (25) 0.7 [0.6, 0.9] (19) 0.6 [0.6, 0.8] (12) 50.001

Speech, 0–4 4.0 [4.0, 4.0] (3) 2.5 [2.5, 3.0] (9) 2.5 [2.0, 3.0] (19) 3.0 [3.0, 4.0] (15) 3.5 [2.2, 4.0] (11) 0.004

Letter fluency, number

of words/60 s

19.0 [17.5, 20.5] (7) 9.0 [5.0, 13.0] (13) 8.5 [5.2, 10.8] (22) 10.0 [6.5, 15.5] (19) 6.5 [3.0, 11.0] (12) 0.001

Forward digit span,

length correct

7.0 [7.0, 8.0] (11) 5.0 [3.0, 6.0] (9) 5.0 [4.0, 5.0] (25) 6.0 [5.0, 7.0] (20) 5.0 [4.0, 6.0] (12) 0.005

Rey figure copy, 0–12 12.0 [12.0, 12.0] (3) 11.0 [4.0, 12.0] (9) 12.0 [11.0, 12.0] (19) 2.5 [0.0, 8.8] (12) 9.5 [4.5, 11.0] (10) 0.001

Judgement of line

orientation, 0–6

6.0 [6.0, 6.0] (3) 3.0 [0.8, 5.0] (8) 5.0 [4.0, 6.0] (19) 2.0 [0.0, 4.0] (13) 4.0 [3.0, 5.0] (9) 0.004

Social behaviour, 0–18 17.0 [17.0, 17.0] (3) 17.5 [16.8, 18.0] (8) 18.0 [17.0, 18.0] (19) 17.0 [16.0, 18.0] (15) 13.0 [11.1, 16.5] (11) 0.004

Oral trail-making

test, 0–6

6.0 [5.5, 6.0] (3) 0.0 [0.0, 3.0] (5) 2.0 [0.2, 3.0] (10) 0.5 [0.0, 2.8] (10) 2.0 [0.2, 3.8] (6) 0.051

Reverse digit span,

length correct

6.0 [4.5, 6.0] (11) 3.0 [3.0, 3.0] (9) 3.0 [3.0, 4.0] (25) 3.0 [2.0, 3.0] (19) 3.0 [2.0, 3.2] (12) 50.001

Data are presented as median [IQR] for all continuous variables. Education, age at MRI, interscan interval, and disease duration are expressed in years. Sample sizes (n) indicate

number of unique individuals per group; total number of scans per group is given in parentheses. For each cognitive score, numbers in parentheses indicate the number of

observations per group. P-values reflect the results of a chi-squared test for sex and Kruskal-Wallis tests for all other variables.

aAD= amnestic Alzheimer’s disease; fvAD = frontal-variant Alzheimer’s disease; naAD = non-amnestic Alzheimer’s disease.
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span; and 0.25 years (SD = 0.33) for all other longitudinal
neuropsychological measures. Separate LME models were
computed for each measure and change in associated regions
of interest. Thus, recognition performance was related to grey
matter volume in each of the six MTL regions of interest;
language measures were compared to volume change in left
middle and superior temporal gyrus; visuospatial measures
were related to change in the right superior parietal lobule,
precuneus, and angular, supramarginal, and middle temporal
gyri; and behavioural and executive measures were related to
left anterior insula and middle frontal gyrus as well as right
middle temporal gyrus. Neuropsychological performance
formed the outcome in each model; predictors treated as
fixed effects included regional grey matter volume at initial
MRI and subsequent volume change, as well as covariates of
sex and education. Additionally, a subject-specific random
intercept was included in the LME model. Because of limited
neuropsychological data, controls were omitted from these
models. The association with regional volume change in each
model was assessed at a significance level of P5 0.05, cor-
rected for FDR.
Additionally, we performed exploratory, whole-brain, voxel-

wise analysis to investigate differences in cortical thickness that
were not assessed by a priori regions of interest. Region of
interest-based and voxelwise analyses both present distinct ad-
vantages and weaknesses. Voxelwise analysis is not con-
strained by the borders of anatomically-defined regions of
interest, and it allows more precise anatomical localization of
effects. However, region of interest volume is regarded as a
more reliable measure of grey matter atrophy than cortical
thickness (Schwarz et al., 2016). Moreover, voxelwise para-
metric tests depend on patients displaying neurodegeneration
at the same precise point within a brain area. Thus, region of
interest-based volumetric analysis may be more sensitive to
atrophy if the precise focus of atrophy within a region differs
across individuals. Voxelwise analysis did not include hippo-
campus, where cortical thickness is not well estimated (Han
et al., 2006; Gronenschild et al., 2012; Schwarz et al., 2016),
but did include entorhinal cortex and parahippocampal gyri.
As in region of interest-based analysis, we used multiple re-
gression to assess group differences at initial MRI and an LME
model to investigate longitudinal atrophy. These voxelwise
models used the same regression formulae as region of inter-
est-based models, and the LME was implemented in the
3dLME (Chen et al., 2013) function from the Analysis of
Functional NeuroImaging (AFNI) software suite. Multiple
comparisons correction was performed by first thresholding
voxelwise results at P50.001 (uncorrected), then applying a
cluster extent threshold corresponding to a cluster-wise alpha
value of 0.05. To calculate cluster extent thresholds, we first
estimated spatial auto-correlation from the model residuals
using AFNI’s 3dFWHMx. We then used the 3dClustSim func-
tion, which is based on a Monte Carlo approach (Forman
et al., 1995; Cox et al., 2017), to determine the cluster size
corresponding to a false-positive rate of 0.05 at a voxelwise
threshold of P5 0.001 (uncorrected). These simulations indi-
cated a cluster threshold of 73 voxels (i.e. 584ml) for the base-
line MRI model and a threshold of 75 voxels (600 ml) for the
longitudinal LME model. For both the baseline effect of group
and the group � time interaction, we performed post hoc con-
trasts between all groups, which were corrected to cluster-wise
P50.05 using the same method. In the Supplementary

material, we display voxelwise contrasts versus controls at a

lenient threshold of P50.01, uncorrected for multiple com-

parisons (Supplementary Fig. 3).

Structural connectivity

To investigate associations between atrophy progression and

brain connectivity, we related longitudinal atrophy to struc-

tural population-average structural connectivity measures

computed by Yeh et al. (2018). The decision to use popula-

tion-average connectivity measures rather than estimating con-

nectivity from patients was based on both practical and

conceptual considerations. First, constraining participant selec-

tion by the availability of white-matter imaging data would

have further reduced sample sizes. Second, white-matter

degeneration in patients’ brains might adversely affect fibre

tractography, leading to false negatives in estimating region-

to-region brain connectivity.
Yeh et al. (2018) reported a whole-brain connectivity matrix

(available at http://brain.labsolver.org/) based on diffusion

MRI data from 842 healthy participants in the Human

Connectome Project; connectivity values represent average an-

isotropy values for white matter fibre tracts connecting 65 re-

gions in a modified version of the Automated Anatomical

Labeling (AAL) brain parcellation (Tzourio-Mazoyer et al.,

2002). Because label boundaries for major cortical structures

vary between the AAL and Mindboggle parcellations, we

warped the modified AAL atlas into the native acquisition

space for each of the T1-weighted scans in the current study

and recomputed grey matter volumes based on this parcella-

tion. An example of the anisotropy-based structural connect-

ivity values reported by Yeh et al. (2018) is shown in

Supplementary Table 6 for the areas of greatest overlap with

Mindboggle regions of interest in the hypothesis-driven ana-

lysis described above.
Using the igraph package for R (https://igraph.org/r/), we

created an unweighted, undirected graph of structural connect-

ivity from Yeh et al.’s (2018) connectivity matrix, omitting the

cerebellum and brainstem to yield a total of 62 nodes (i.e.

brain areas). The degree of each node was computed as the

number of non-zero white-matter connections with other re-

gions. Self-connections were excluded; thus, the maximum pos-

sible degree of a node was 61. As with Mindboggle labels,

volumes were normalized by each participants’ intracranial

volume and converted to a z-score relative to the region-wise

mean and standard deviation of the control sample. We calcu-

lated annualized change in grey matter volume over time for

each region by subtracting these z-score volume measures from

the first and last available scans for each participant and divid-

ing by the time interval. We then computed a linear mixed

effects model with annualized change as the outcome and

fixed effects of group, node degree, and the group � degree

interaction, covarying for the baseline volume of each region,

patients’ age at initial MRI, and sex. The average volume of

each region (i.e. raw volume divided by intracranial volume)

among control participants was also included as a covariate to

ensure that variation in node degree did not simply reflect

differences in region size. A random intercept was estimated

for each participant, and a significance threshold of P50.05

was used.
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Data availability

Computer code for the current manuscript (including all
text, analysis, and visualization of results) is available in
the form of Rmarkdown and LaTeX scripts in a public
GitHub repository (https://github.com/jeffrey-phillips/naAD-
longitudinal.git). Rmarkdown code requires R version 3.4.4
or higher. Investigators who wish to access imaging and clin-
ical data may submit a direct request to the corresponding
author.

Results

Hypothesis-driven analysis of region
of interest volumes

Areas of earlier atrophy in each phenotype

First, we assessed both regional volume at initial MRI and

longitudinal volume change in each group relative to

matched controls in regions of interest associated a priori

with each phenotype. The purpose of this hypothesis-driven

analysis was 2-fold: (i) to dissociate effects of earlier versus

later degeneration that are confounded in cross-sectional

studies; and (ii) to test hypotheses regarding differential

rates of atrophy between phenotypes. This analysis identi-

fied multiple regions displaying initial atrophy in each

phenotype (Table 2), which reflect atrophy prior to pa-

tients’ initial scans. While a subset of these regions contin-

ued to degenerate over the follow-up period, others

exhibited no further change (Table 2). Additionally, we

detected a number of regions that were not atrophied rela-

tive to controls at the initial scan but demonstrated pro-

gression over the follow-up period (Table 2); these areas

are interpreted as areas of later disease spread in each

phenotype. In cross-sectional analysis of participants’ initial

MRI scans, all regions of interest exhibited a main effect of

group, independent of age and MMSE.

Patterns of atrophy at initial MRI corroborated prior

cross-sectional studies of non-amnestic Alzheimer’s disease,

supporting the accuracy of clinical diagnoses. LvPPA pa-

tients exhibited strong lateralization of disease, with early

atrophy relative to controls and other patient groups in left

superior and middle temporal gyri (Table 2 and Fig. 1).

Additionally, they had significant atrophy relative to con-

trols in left anterior insula, hippocampus, and middle fron-

tal gyrus as well right middle temporal gyrus. PCA patients,

in turn, had significant atrophy at first MRI in right angu-

lar gyrus, precuneus, superior parietal lobule, and hippo-

campus as well as bilateral middle temporal gyri. Patients

with frontal-variant Alzheimer’s disease had significant at-

rophy in left anterior insula and middle frontal gyrus; right

angular gyrus; and bilateral middle temporal gyri. The pre-

central gyrus, which comprises primary motor areas, ex-

hibited early atrophy only in the PCA group and was

restricted to the right hemisphere, consistent with the gen-

eral right-lateralization of these patients’ atrophy pattern;

the relative sparing of these structures is consistent with

patients’ preserved motor function and demonstrates the

regional specificity of atrophy patterns. The amnestic

Alzheimer’s disease patients exhibited initial atrophy rela-

tive to controls in bilateral hippocampi and entorhinal

cortex, left middle frontal gyrus, bilateral temporal

cortex, and right angular gyrus. These temporoparietal

areas have been previously characterized as nodes of the

posterior default mode network in which different

Alzheimer’s disease phenotypes demonstrate convergence

of atrophy patterns (Ossenkoppele et al., 2015a).

Additionally, amnestic Alzheimer’s disease patients demon-

strated more severe atrophy than non-amnestic Alzheimer’s

disease groups in bilateral hippocampi and entorhinal

cortex (Fig. 1). Non-amnestic patients exhibited character-

istic sparing of MTL structures, with initial atrophy limited

to left hippocampus in lvPPA and right hippocampus in

PCA. In longitudinal models, areas of significant early at-

rophy tended to demonstrate further progression over the

follow-up period relative to controls (Table 2; see also

Supplementary Fig. 2). However, a subset of brain areas

had a non-significant slope of change over time (Table 2),

suggesting a slowing of atrophy. These areas included left

entorhinal and right angular gyrus in amnestic Alzheimer’s

disease; left anterior insula in lvPPA; right superior parietal

lobule in PCA; and left middle frontal gyrus in frontal-vari-

ant Alzheimer’s disease. Importantly, variation in sample

sizes should be taken into consideration when interpreting

results for different patient groups. For example, the fron-

tal-variant Alzheimer’s disease group (the smallest sample)

may be more susceptible to false negatives than larger

groups. We caution against drawing conclusions about

group differences by visual comparisons of each group’s

results versus controls (Table 2 and Fig. 3). Rather,

group differences in atrophy are assessed directly in

Figs 1–2 and 4–5.

Longitudinal analysis identifies areas of later change

in each phenotype

Additionally, multiple brain areas in each phenotype

demonstrated significant change over time despite an ab-

sence of atrophy at initial MRI; these areas appear to

represent disease spread in later stages. In the neocortex,

lvPPA patients exhibited longitudinal atrophy in right

temporoparietal areas, while PCA patients exhibited new

left-hemisphere atrophy in superior temporal and middle

frontal gyrus. Patients with frontal-variant Alzheimer’s dis-

ease exhibited new atrophy in left superior temporal gyrus,

marking lateral temporal cortex as one of the most consist-

ent areas of longitudinal change across patient groups. In

the MTL, amnestic Alzheimer’s disease, lvPPA, and PCA

patients all exhibited later atrophy in bilateral parahippo-

campal gyri; and all three non-amnestic Alzheimer’s disease

groups demonstrated later atrophy in bilateral entorhinal

cortex. Additionally, PCA patients exhibited later-stage at-

rophy in right hippocampus. Because a subset of PCA pa-

tients have a disease focus in the ventral visual processing
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stream (Crutch et al., 2017), we evaluated longitudinal at-

rophy in bilateral inferior occipital gyri (Supplementary

Tables 7–10); while we observed significant atrophy

across patient groups, there were no between-group differ-

ences in either mean atrophy or its rate of change. Finally,

in precentral gyrus reference regions, all patient groups

except frontal-variant Alzheimer’s disease exhibited longi-

tudinal change relative to controls, consistent with their

more advanced disease status; however, in the PCA group

this change remained restricted to the right hemisphere.

Group differences in regional rates of change

The longitudinal design allowed us to test the hypothesis

that each non-amnestic Alzheimer’s disease phenotype

would exhibit faster atrophy in its associated neocortical

regions of interest than other patient groups, consistent

with phenotype-specific disease patterns. Additionally, we

predicted that patients with non-amnestic Alzheimer’s dis-

ease would exhibit more gradual rates of change in MTL

structures than those with amnestic Alzheimer’s disease,

providing a dynamic correlate of MTL sparing in

Figure 1 Patient group differences at time of initial MRI in normalized volumes for a priori regions of interest. Box-and-whisker

plots represent the distribution of regional grey matter volumes, expressed in z-score units relative to the healthy control reference group and

adjusted for age, sex, and global cognition. More negative values on the x-axis indicate greater atrophy. The vertical bar in each box indicates the

median volume; the edges of the box represent the IQR, i.e. the difference between the first and third quartiles. The whiskers extend to the most

extreme point within 1.5 � IQR from the left or right edge of the box; observations falling outside this range are plotted individually. The notches

in each box extend 1.58 � IQR / ˇn, displaying a �95% confidence interval for the median. Black brackets indicate significant pairwise group

differences (P5 0.05 after FDR correction). Group is indicated by colour as well as by the shape centred over the median line in each box.

aAD = amnestic Alzheimer’s disease; fvAD = frontal variant Alzheimer’s disease.
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non-amnestic Alzheimer’s disease. These hypotheses were

tested through pairwise contrasts of group � time inter-

action terms from linear mixed effects models of grey

matter volume change. Consistent with hypotheses, patients

with lvPPA had more rapid atrophy than patients with

PCA in left superior temporal gyrus (z = 2.8, P5 0.02) as

well as marginally more rapid change than patients with

amnestic Alzheimer’s disease (z = 2.1, P50.09). Similarly,

the frontal-variant Alzheimer’s disease group exhibited sig-

nificantly greater atrophy rates in left anterior insula than

lvPPA (z = 2.5, P5 0.04) and PCA patients (z = 2.9,

P5 0.02). Contrary to hypotheses, patients with PCA did

not exhibit faster neurodegeneration during the follow-up

period than other phenotypes. Because PCA is associated

with heterogeneous disease distributions including both

dorsal and ventral occipito-temporal variants (Crutch

et al., 2017), we performed supplementary analyses of lon-

gitudinal atrophy in ventrolateral occipital cortex (i.e. bi-

lateral inferior occipital gyri). While PCA patients exhibited

significantly lower grey matter volumes than controls in

Figure 2 Patient group differences in the effect of time for a priori regions of interest. The plot displays annualized change in regional

grey matter volume in each group, expressed in z-score units relative to the healthy control reference group and adjusted for sex as well as age

and global cognition at initial MRI. More negative values on the x-axis indicate more rapid atrophy over time. The vertical bar in each box indicates

the median change in regional volume; the edges of the box represent the IQR, i.e. the difference between the first and third quartiles. The

whiskers extend to the most extreme point within 1.5 � IQR from the left or right edge of the box; observations falling outside this range are

plotted individually. The notches in each box extend 1.58 � IQR / ˇn, displaying an �95% confidence interval for the median. Black brackets

indicate significant pairwise group differences (P5 0.05 after FDR correction). Group is indicated by colour as well as by the shape centred over

the median line in each box. aAD = amnestic Alzheimer’s disease; fvAD = frontal variant Alzheimer’s disease.
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both left and right inferior occipital gyri, there were no

significant differences in either mean volumes or rates of

longitudinal change with other patient groups

(Supplementary Tables 7–10).

In addition, amnestic Alzheimer’s disease patients had

more rapid atrophy in right middle temporal gyrus than

lvPPA (z = 3.5, P50.01) and PCA patients (z = 3.2,

P5 0.01); in left middle temporal gyrus relative to

lvPPA (z = 2.7, P5 0.03); in right precuneus relative to

lvPPA (z = 2.5, P5 0.04) and frontal-variant Alzheimer’s

disease (z = 3.0, P5 0.02); and in right supramarginal

gyrus relative to all three non-amnestic Alzheimer’s dis-

ease groups (all z4 3.3, P5 0.01). We had predicted

that patients with non-amnestic Alzheimer’s disease

would exhibit more gradual atrophy than patients with

amnestic Alzheimer’s disease in MTL structures.

However, all patient groups demonstrated significant at-

rophy relative to controls in one or more MTL structures

(Table 2), and we found no significant differences between

patient groups in atrophy rates for bilateral hippocampi,

entorhinal cortex, or parahippocampal gyri. To

address limitations in statistical power, we performed a

supplementary analysis on MTL regions of interest in

which all non-amnestic Alzheimer’s disease phenotypes

were combined into a single group; while both the

non-amnestic and amnestic Alzheimer’s disease groups

had significantly faster atrophy than controls in all six

MTL regions, we again observed no difference in atrophy

rates between non-amnestic and amnestic Alzheimer’s dis-

ease (Supplementary Table 3).

Figure 3 Voxelwise differences in cortical thickness relative to matched controls. Image overlays are binarized t-statistic maps for

simple contrasts of controls minus each patient group. Blue: simple effect of group (patients5 controls) from cross-sectional analysis of par-

ticipants’ initial MRI scans; red: group � time interaction from longitudinal mixed effects models, indicating where patients have more rapid

cortical thinning than controls; green: overlap between group and group � time effects. All results were thresholded at voxelwise P5 0.001 with

a minimum cluster volume of 584 ml for results at initial MRI and 600 ml for longitudinal results, corresponding to a corrected cluster-wise

threshold of P5 0.05. aAD = amnestic Alzheimer’s disease; fvAD = frontal variant Alzheimer’s disease.
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Exploratory whole-brain analysis

Exploratory whole-brain analysis of cortical thickness was

performed to identify areas of early atrophy and later

spread that were not captured by a priori regions of inter-

est. As in the region of interest analysis (Table 2), areas

were categorized by whether they exhibited significant at-

rophy at patients’ first MRI and whether they exhibited

significant longitudinal change during the follow-up

period relative to controls. As mentioned above, the hippo-

campi were excluded from voxelwise analysis because of

the difficulty of reliably segmenting and estimating cortical

thickness for this structure (Han et al., 2006; Gronenschild

et al., 2012; Schwarz et al., 2016).

Voxelwise cortical thickness differences at initial MRI

Whole-brain atrophy patterns at initial MRI corroborated

region of interest-based analyses and indicated areas of ear-

lier neurodegeneration that fell outside of a priori regions

of interest. At initial MRI, the lvPPA group exhibited lower

cortical thickness versus controls in left middle and super-

ior temporal gyri, our hypothesized disease focus for lvPPA,

corroborating region of interest volume analysis (Fig. 3A).

In addition to these regions, patients with lvPPA exhibited

early atrophy in multiple left hemisphere temporal, parietal,

and frontal areas including central and parietal opercula,

planum temporale, planum polare, and inferior temporal,

fusiform, supramarginal, angular, inferior occipital, and

middle occipital gyri (Fig. 3). In prefrontal cortex, patients

with lvPPA had cortical thinning in left anterior insula and

frontal operculum as well as bilateral middle and superior

frontal gyri. Moreover, nearly all of these areas continued

to exhibit longitudinal change during the follow-up period

(Fig. 3, green areas). Peak t-statistics and cluster volumes

for these regions are reported in Supplementary Table 4.

Voxelwise analysis of the PCA group not only demon-

strated expected atrophy in right parietal, occipital, and

posterior temporal areas, but also in their left hemisphere

homologues (Fig. 3B). Additionally, PCA patients’ baseline

atrophy extended into right precentral, middle frontal, and

superior frontal gyri. Among these areas, the bilateral pre-

cuneus/posterior cingulate gyrus and middle temporal gyrus

continued to demonstrate change during the follow-up

period. Overall, baseline results thus indicated that despite

some right lateralization of disease, PCA patients in the

current sample had bilateral cortical involvement consistent

with recent consensus criteria for PCA (Crutch et al.,

2017). As in the region of interest-based analysis, patients

with frontal-variant Alzheimer’s disease exhibited initial at-

rophy relative to controls in left anterior insula and middle

frontal gyrus, right angular gyrus, and bilateral middle tem-

poral gyri. However, areas of early atrophy extended far

beyond these regions to include right insula and middle

frontal gyrus as well as bilateral medial and ventral pre-

frontal cortex, inferior and superior frontal gyri, temporal

poles, and opercular cortex (Fig. 3C). The frontal-variant

Alzheimer’s disease group also had initial atrophy relative

to controls in the anterior and dorsal portion of right

entorhinal cortex, a finding that was not captured by

region of interest-based analysis. In apparent contrast to

the findings of Ossenkoppele et al. (2015b), posterior atro-

phy was limited, most notably including the right precu-

neus. Among areas of initial atrophy in frontal-variant

Alzheimer’s disease, only right anterior insula and bilateral

central opercula displayed significant cortical thinning over

the follow-up period. The amnestic Alzheimer’s disease

group exhibited expected atrophy in right entorhinal

cortex as well as bilateral middle and superior temporal

gyri, partially replicating region of interest-based findings

(Fig. 3D). Outside a priori regions of interest, patients with

amnestic Alzheimer’s disease also exhibited early atrophy in

bilateral parietal areas including the precunei and middle

cingulate, posterior cingulate, angular, and supramarginal

gyri; right insula; and right frontal lobe areas including

anterior orbital, middle frontal, superior frontal, and

medial precentral gyri (Supplementary Table 4). Of these

areas, only the right insula demonstrated continued atrophy

throughout the follow-up period. Figure 4 presents con-

trasts between patient groups of initial cortical thickness.

Consistent with expectations from previous cross-sectional

studies, these results indicate left lateralized atrophy in

lvPPA (Fig. 4A); parietal and occipitotemporal disease in

PCA that exhibits some right-hemisphere bias (Fig. 4B, D

and F), and greater frontal lobe involvement in frontal-vari-

ant Alzheimer’s disease than in other phenotypes (Fig. 4C,

E and F). Collectively, these results replicate initial volume

differences from region of interest-based analysis and high-

light additional phenotype-specific areas of atrophy re-

ported in prior studies of lvPPA (Rogalski et al., 2016),

PCA (Lehmann et al., 2012), and frontal-variant

Alzheimer’s disease (Whitwell et al., 2011).

Voxelwise whole-brain analysis of longitudinal

disease spread

Longitudinal whole-brain analysis also allowed us to iden-

tify brain areas that were not significantly atrophied at

baseline but demonstrated progressive atrophy over the

follow-up period. As in region of interest-based analysis,

we interpret these effects to indicate the spread of disease

to brain areas that were relatively spared in early disease

stages. The lvPPA group showed extensive new atrophy in

right temporoparietal areas and throughout bilateral pre-

frontal, medial parietal, and anterior temporal cortex

(Fig. 3A, red regions), suggesting spread of disease to

these areas following patients’ initial scans. In PCA, pro-

gressive atrophy was observed in several areas unaffected at

initial MRI, including the temporal poles, bilateral superior

frontal gyri, and bilateral perisylvian cortex (Fig. 3B and

Supplementary Table 5). In contrast to lvPPA and PCA

patients, areas of newer atrophy progression were sparse

among patients with frontal-variant Alzheimer’s disease,

limited to portions of right anterior insula as well as left

opercular and perisylvian cortex (Fig. 3C). Because the

small sample size of this group might have limited
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statistical sensitivity, we also present voxelwise contrasts

versus controls at a liberal statistical threshold of

P50.01, without cluster-wise correction for multiple com-

parisons (Supplementary Fig. 3). While these results must

be interpreted with caution because of the potential for

false positive results, they suggest more extensive disease

spread to left posterior insula, left dorsolateral prefrontal

cortex, and bilateral anterior prefrontal areas. Finally, pa-

tients with amnestic Alzheimer’s disease showed new lon-

gitudinal change during the follow-up period in bilateral

parietal cortex as well as right posterior temporal, anterior

temporal, opercular, and prefrontal areas (Fig. 3D and

Supplementary Table 5).

Voxelwise whole-brain differences in regional rates of

change

As in region of interest-based analysis, we assessed group

differences in the regional pace of cortical thinning over

time. Consistent with region of interest-based analysis

(Fig. 2), patients with lvPPA had significantly more rapid

Figure 4 Voxelwise differences between patient groups in cortical thickness at time of initial MRI scan. Results are thresholded at

voxelwise P5 0.001 with a minimum cluster volume of 584 ml, corresponding to a corrected cluster-wise threshold of P5 0.05. Warm colours

indicate thinner cortical grey matter in the second group than the first; cool colours indicate thinner cortical grey matter in the first group than

the second. aAD = amnestic Alzheimer’s disease; fvAD = frontal variant Alzheimer’s disease.
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atrophy than patients with amnestic Alzheimer’s disease in

left anterior and posterior superior/middle temporal gyri

(Fig. 5A). Additionally, patients with amnestic Alzheimer’s

disease exhibited faster atrophy progression than patients

with frontal-variant Alzheimer’s disease in right middle oc-

cipital gyrus and superior parietal lobule (Fig. 5B), consist-

ent with parietal differences observed between these groups

in region of interest-based analysis. Similarly, patients with

lvPPA exhibited more rapid atrophy than patients with

frontal-variant Alzheimer’s disease in left precuneus and

bilateral middle occipital gyri (Fig. 5C). These results cor-

roborate region of interest-based findings that suggest neo-

cortical rates of atrophy may vary by region according to

patient phenotype.

Degree of structural connectivity predicts

longitudinal atrophy

Nodes in the AAL region graph had a median degree of 19.5

[interquartile range (IQR) = 17–25.75]. Nodes in the top

quartile corresponded to several a priori regions of interest,

including right superior parietal lobule; bilateral inferior,

middle, and superior temporal gyri; and right angular

gyrus. Both left and right hippocampus labels (which encom-

passed proximal MTL structures) had degrees of 17; left

insula, 23; left middle frontal gyrus, 21; right supramarginal

gyrus, 21; right precuneus, 22; and left and right precentral

gyri, 21 and 18, respectively. Node degree was positively

associated with regions’ average volume among controls

(Pearson’s R = 0.46, P5 0.001); to account for this potential

confound, average control volume for each region was

included as a covariate. Linear mixed effects modelling

showed that higher node degree predicted greater annualized

grey matter volume loss in each patient group relative to

controls (Fig. 6), as evidenced by group � degree interaction

terms: for lvPPA, b = �0.011, t(6703) = �6.4, P5 0.001;

for PCA, b = �0.0059, t(6703) = �3.1, P50.001; for fron-

tal-variant Alzheimer’s disease, b = �0.0049, t(6703) = �2.2,

P5 0.03; and for amnestic Alzheimer’s disease, b = �0.010,

t(6703) = �5.3, P50.001. The main effect of degree

was marginally significant [b = �0.0020, t(6703) = 1.7,

P5 0.09], reflecting the lack of substantial grey matter

volume loss in the control group (Fig. 6). Among covariates,

volume at participants’ first MRI was significantly associated

with annualized change [b = �0.024, t(6703) = �6.2,

P5 0.001], as was average region size among controls

[b = �13.2, t(6703) = �8.3, P50.001]. Simple effects of

group were not significant, although the frontal-variant

Alzheimer’s disease group had marginally lower volumes

relative to controls [b = �0.15, t(103) = �1.9, P50.06].

Effects of age and sex were also non-significant (both

P4 0.12). In pairwise post hoc contrasts, the amnestic

Alzheimer’s disease group had significantly greater overall

volume loss than the lvPPA group (z = 2.3, P50.02).

Additionally, the amnestic Alzheimer’s disease group had a

more negative slope of association between degree and lon-

gitudinal change than the PCA group (z = 2.0, P5 0.05) and

Figure 5 Voxelwise differences between patient groups in rates of cortical thinning over time. Image overlays are t-statistic maps

for the interaction of each group with time, calculated from LME models and thresholded at voxelwise P5 0.001 with a minimum cluster volume

of 600 ml, corresponding to a corrected cluster-wise threshold of P5 0.05. Warm colours indicate that cortical thinning over time is more rapid in

the second group than the first; cool colours indicate that cortical thinning is more rapid in the first group than the second. aAD = amnestic

Alzheimer’s disease; fvAD = frontal variant Alzheimer’s disease.
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the frontal-variant Alzheimer’s disease group (z = 2.1,

P5 0.04), suggesting that brain connectivity predicted

greater atrophy in amnestic Alzheimer’s disease than these

other phenotypes. Other contrasts of group and group � de-

gree interaction terms were non-significant (all z5 0.6,

P4 0.5). Importantly, these associations were based on

grey matter volumes estimated for AAL labels and are

thus unaffected by differences in the AAL and Mindboggle

parcellation schemes. Furthermore, because the present ana-

lysis relies on population-averaged connectivity values for all

groups, it does not address potential connectivity differences

between non-amnestic and amnestic Alzheimer’s disease in

networks associated with language, visuospatial function,

social behaviour, executive control, and memory.

Effects of global cognition and age

Initial MMSE score (which was included as a measure of

global cognitive impairment) was positively associated with

grey matter volume in the majority of regions of interest

[all t(103)5 2.3, P5 0.03], with the exception of bilateral

hippocampi and parahippocampal gyri [all t(103)5 1.0,

P40.3]. In contrast, age at initial MRI was inversely asso-

ciated with volume in all six MTL regions investigated,

including left and right hippocampus [t(103) = �2.5,

P50.02 and t(103) = �3.2, P5 0.02, respectively, after

FDR correction], left and right parahippocampal gyri

[t(103) = �3.7, P5 0.001 and t(103) = �4.9, P5 0.001],

and left and right entorhinal cortex [t(103) = �3.2,

P50.002 and t(103) = �3.8, P5 0.001]. In addition, age

effects were observed in bilateral precentral gyri [both

t(103)5�2.9, P5 0.01], suggesting age-related atrophy

in motor cortex. No other regions of interest displayed

an effect of age. To determine whether this age effect dif-

fered by group, we performed secondary analyses on MTL

volumes at the time of first scan using multiple regression

models with predictors of group, age, and their interaction,

covarying for MMSE score and the interval between

MMSE and MRI. After FDR correction, no MTL regions

showed a significant group � age interaction [all

F(4,99)5 2.3, P4 0.2], suggesting that the association of

increased age with MTL atrophy was similar across groups.

Age and MMSE effects for the exploratory voxelwise ana-

lysis are shown in Supplementary Fig. 1. Consistent with

region of interest-based results, voxelwise associations with

baseline MMSE score were distributed throughout all lobes

of the brain (Supplementary Fig. 1, bottom). Voxelwise

analysis further showed robust age effects in the MTL as

well as the precentral gyri, anterior temporal lobes, and

ventral prefrontal cortex. Conversely, age was positively

associated with cortical thickness in the precuneus, which

exhibits greater atrophy in early-onset than late-onset

Alzheimer’s disease (Möller et al., 2013). No significant

effects of sex were observed in either region of interest-

based or voxelwise analysis.

Effects of APOE genotype

We assessed the distribution of APOE genotypes among

amnestic and non-amnestic Alzheimer’s disease patients.

Genotyping data were unavailable for one lvPPA, one

PCA, one frontal-variant Alzheimer’s disease, and two

amnestic Alzheimer’s disease patients. One amnestic

Alzheimer’s disease, three PCA, and three frontal-variant

Alzheimer’s disease patients each carried one copy of the

"2 allele, which is associated with lower risk for

Alzheimer’s disease (Corder et al., 1994). The proportions

of lvPPA, PCA, frontal-variant Alzheimer’s disease, and

amnestic Alzheimer’s disease patients carrying one to two

copies of the APOE "4 allele were 29.2%, 36.8%, 63.6%,

and 73.3%, respectively. The frequency of individuals car-

rying zero, one, or two copies of the "4 allele significantly

differed across patient groups [�2(6) = 14.9, P5 0.02]. In

post hoc comparisons, these frequencies differed between

the lvPPA and PCA groups [�2(1) = 8.3, P50.02] and be-

tween the PCA and frontal-variant Alzheimer’s disease

groups [�2(1) = 6.1, P5 0.05]. Because APOE genotypes

were unavailable for control participants, we recomputed

LMEs for a priori regions of interest using lvPPA (the lar-

gest group) as the reference group and number of "4 alleles

as a covariate. No regions of interest exhibited an associ-

ation with number of "4 alleles independent of group (all

P4 0.2).

Longitudinal associations between

neuropsychological performance and grey matter

volume

Associations between longitudinal neuropsychological per-

formance and concurrent grey matter volume loss were

Figure 6 Node degree predicts annualized grey matter

volume decline among study participants in regions defined

by the AAL atlas. Node degree is based on structural connect-

ivity measures computed by Yeh et al. (2018) and reflects the

number of white matter connections that each AAL region has with

other regions. Shaded areas show the pointwise 95% confidence

interval for each regression line. aAD = amnestic Alzheimer’s dis-

ease; fvAD = frontal variant Alzheimer’s disease.
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evaluated in patients that had two or more assessments,

each within 1 year of a structural MRI scan. This longitu-

dinal analysis contrasts with previous studies that have

inferred associations by correlating brain imaging data

from a single time point with cognitive change. For recog-

nition memory, this yielded 121 observations from 51 pa-

tients, including 21 lvPPA, 13 PCA, eight amnestic

Alzheimer’s disease, and nine frontal-variant Alzheimer’s

disease patients. For letter fluency, 129 observations were

available from 20 lvPPA, 14 PCA, 12 amnestic Alzheimer’s

disease, and nine frontal-variant Alzheimer’s disease pa-

tients. For forward and reverse digit span, 117 observations

were available from 21 lvPPA, 13 PCA, eight amnestic

Alzheimer’s disease, and eight frontal-variant Alzheimer’s

disease patients. Ninety PBAC observations, from which

all other test measures were obtained, were available for

17 lvPPA, 11 PCA, seven amnestic Alzheimer’s disease, and

seven frontal-variant Alzheimer’s disease patients. In all

cognitive domains except for social behaviour, longitudinal

cognition was directly associated with grey matter volume

change in one or more associated brain areas, independent

of volume at the time of initial MRI (Supplementary Table

12). In the memory domain, volume loss in bilateral hippo-

campi and left entorhinal predicted declines in recognition

discrimination. In the language domain, volume loss in left

middle and superior temporal gyri was associated with de-

creases in letter fluency and forward digit span. In the

visuospatial domain, Rey figure copy performance over

time was associated with volume loss in right angular,

middle temporal, and supramarginal gyrus as well as

right precuneus. Judgment of line orientations was likewise

associated with right precuneus volume change. No signifi-

cant associations were found for social behaviour; however,

left middle frontal gyrus, left anterior insula, and right

middle temporal gyrus predicted reverse digit span, a meas-

ure of working memory and executive function (Kramer

et al., 2003).

Discussion
Our previous work (Phillips et al., 2018) used cross-sec-

tional analyses to identify areas of frequent atrophy in sev-

eral Alzheimer’s disease phenotypes, which we

hypothesized to be likely regions of disease onset. This ap-

proach was inspired by pathological staging studies that

have inferred disease progression over time in Alzheimer’s

disease (Braak and Braak, 1991), Parkinson’s disease

(Braak et al., 2003), and amyotrophic lateral sclerosis

(Brettschneider et al., 2013) based on post-mortem path-

ology. However, this cross-sectional design did not allow

us to directly observe within-patient effects of earlier versus

later disease progression in each phenotype. The current

study compared longitudinal disease progression in multiple

clinically-defined non-amnestic Alzheimer’s disease pheno-

types with autopsy or CSF evidence of Alzheimer’s disease

pathology. We differentiated earlier and later disease stages

through a two-part approach. Region of interest-based ana-

lysis allowed us to focus on grey matter volume change in

the most likely sites of disease onset for each phenotype

(Phillips et al., 2018). A second, exploratory analysis of

whole-brain cortical thickness values allowed us to examine

disease spread outside this cluster of a priori regions of

interest. In each phenotype, we observed a combination

of local spread surrounding areas of early atrophy and

distal spread to brain areas that were not significantly atro-

phied at the beginning of the follow-up period. Both pat-

terns of initial atrophy and subsequent progression differed

between phenotypes. Further, we found that longitudinal

rates of neurodegeneration differed across patient groups

in phenotype-specific neocortical disease foci, a result

which could at least partially account for each phenotype’s

characteristic disease distribution. In contrast, we observed

no evidence of phenotype-dependent differences in atrophy

rates within the MTL, although MTL atrophy appeared to

begin later in non-amnestic than in amnestic Alzheimer’s

disease. Finally, we found that structural connectivity, as-

sessed by node degree, was a significant predictor of grey

matter volume loss over time in both amnestic and non-

amnestic Alzheimer’s disease; this result supports brain con-

nectivity as a general factor mediating atrophy progression

in Alzheimer’s disease.

Atrophy at initial MRI indicates
possible sites of early disease

We hypothesized that each non-amnestic Alzheimer’s dis-

ease phenotype would be characterized by a distinct pattern

of early atrophy, observed through cross-sectional contrasts

of patients’ first MRI scans. We consider significant base-

line atrophy an expected and necessary marker for identify-

ing potential sites of disease onset, although early atrophy

alone is not sufficient to determine these onset sites.

A priori regions of interest for each phenotype (including

left temporal cortex in lvPPA, posterior temporoparietal

cortex in PCA, prefrontal cortex in frontal-variant

Alzheimer’s disease, and the MTL in amnestic Alzheimer’s

disease) demonstrated significant initial atrophy, consistent

with hypotheses. However, the lvPPA and PCA groups also

exhibited lateralized hippocampal atrophy versus controls

at initial MRI; although this atrophy was mild relative to

the amnestic Alzheimer’s disease group (Fig. 1), we cannot

rule out early, lateralized hippocampal disease in these

phenotypes. Longitudinal imaging of patients from earlier

disease stages, when atrophy will presumably be more focal

than in the current sample, is thus necessary to conclusively

determine whether focal neocortical disease precedes, fol-

lows, or arises concurrently with MTL disease in these

phenotypes. Nevertheless, the current study narrows the

field of brain areas where disease is likely to originate in

each non-amnestic Alzheimer’s disease phenotype, provid-

ing a valuable prior constraint on future hypothesis testing.

Overall, we propose that the current results are more
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consistent with the prevailing hypothesis that non-amnestic

Alzheimer’s disease patients have disease originating in the

neocortex, as inferred by cross-sectional or single-group

longitudinal imaging studies (Rogalski et al., 2011;

Lehmann et al., 2012; Rohrer et al., 2013; Ossenkoppele

et al., 2015a; Xia et al., 2017; Phillips et al., 2018) as well

as autopsy studies of hippocampal-sparing Alzheimer’s dis-

ease (Giannakopoulos et al., 1994; Murray et al., 2011;

Ferreira et al., 2017). Phenotypic variability in initial atro-

phy patterns (Table 2), including sparing of primary motor

cortex at the time of initial MRI, supports the regional

specificity of atrophy in non-amnestic Alzheimer’s disease

patients.

Interestingly, some areas of initial atrophy continued to

change over time, while others did not. From the data at

our disposal, we cannot say with certainty what differenti-

ates these regions. One statistical explanation is simply that

variability prevented reliable detection of longitudinal atro-

phy in some regions and phenotypes. An alternative, bio-

logical explanation is that areas that failed to exhibit

further change over the follow-up period (Table 2 and

Fig. 3) had already undergone massive atrophy by the

time of patients’ first MRI, reaching a plateau determined

by the limited amount of remaining grey matter tissue

(Sabuncu et al., 2011; Schuff et al., 2012). The right super-

ior parietal lobule in PCA and left middle frontal gyrus in

frontal-variant Alzheimer’s disease may exemplify such

slowing: in region of interest-based analysis, both regions

were severely atrophied at initial MRI and did not signifi-

cantly progress over time in their respective phenotypes.

Further research is needed to determine why the pace of

atrophy changes in some areas of early degeneration but

not others.

Differences between phenotypic
groups in the neocortical spread of
atrophy

Areas that exhibited longitudinal atrophy in the absence of

initial cross-sectional differences provide a window onto

disease spread in each phenotype. In region of interest-

based analysis, the lvPPA group showed strong left lateral-

ization of atrophy at baseline, consistent with prior studies

(Rogalski et al., 2016; Phillips et al., 2018). This pattern

included left lateral temporal cortex, an area specifically

associated with language deficits in lvPPA (Gorno-

Tempini et al., 2011). Region of interest-based analysis

also indicated early atrophy in left prefrontal cortex, anter-

ior insula, and hippocampus; and right lateral temporal

areas. Voxelwise analysis indicated atrophy in left precu-

neus and right prefrontal cortex as well. Over the follow-up

period, we observed new progressive atrophy in brain areas

both adjacent to and distal from these areas of initial atro-

phy. Proximal disease spread was observed throughout the

left temporal and parietal lobes as well as bilateral frontal

lobes. This proximal atrophy may indicate diffusive spread

of pathology through the extracellular medium or along

short-distance axonal connections between neighbouring

cells in cortex (Guo and Lee, 2014). However, we also

observed progression through parts of bilateral frontal

lobes and right temporoparietal cortex distal from foci of

initial atrophy (Fig. 3); diffusive spread from adjacent dis-

ease areas appears insufficient to account for this progres-

sion. Two possible explanations may account for new,

distal atrophy progression. First, pathology may have

arisen independently in these areas. Second, pathogenic

proteins may have been transmitted to these areas via

long-distance white matter projections, according to the

transmission hypothesis of neurodegenerative disease (Guo

and Lee, 2014). It is particularly interesting to consider

these two possibilities with respect to cross-sectional re-

ports of right temporal atrophy in lvPPA, which—if

observed—tends to be much milder than left temporal at-

rophy. In such cases, it is tempting to infer that right tem-

poral atrophy results from the spread of disease from left to

right hemispheres via callosal projections. However, this

apparent ‘progression’ may result from a subset of patients

having bilateral disease. The current study cannot rule out

this possibility, as region of interest-based analysis indi-

cated right temporal atrophy that predated lvPPA patients’

first MRI (Table 2). Earlier recruitment and longitudinal

imaging of patients with language disturbances is thus ne-

cessary to conclusively demonstrate interhemispheric dis-

ease spread in lvPPA.

The PCA group also exhibited a combination of prox-

imal and distal disease spread. Initial atrophy was observed

in bilateral precunei and temporoparietal regions (Fig. 3) as

well as right hippocampus (Table 2). These parietal areas,

in particular, are important to visuospatial processing

(Astafiev et al., 2003; Greenberg et al., 2010; Gmeindl

et al., 2016) and are consistent with early disease patterns

observed in prior studies of PCA (Tang-Wai et al., 2004;

Lehmann et al., 2012). In voxelwise analysis, patients with

PCA had newer atrophy extending from areas of early dis-

ease into inferior parietal, posterior temporal, and insular/

opercular cortex; they also exhibited spread proximal to

areas of prefrontal atrophy observed at baseline. In add-

ition, however, the PCA group exhibited atrophy progres-

sion in the anterior temporal lobes distal from any cluster

of existing atrophy (Fig. 3). This finding suggests testable

hypotheses regarding the diffusion of disease-causing agents

along fibre pathways that terminate in anterior temporal

cortex. These pathways include projections from MTL

areas as well as more distal connections via the inferior

longitudinal fasciculus to striate and prestriate cortex,

which may in turn connect with parietal cortex

(Nieuwenhuys et al., 2008).

In the frontal-variant Alzheimer’s disease group, region

of interest-based and voxelwise analysis collectively indi-

cated grey matter volume loss at initial MRI in bilateral

prefrontal, temporal, and anterior insular cortex as well

as right middle cingulate and angular gyri. The involvement

of the insula is particularly interesting given this group’s
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behavioural dysfunction, as anterior insula is crucially

implicated in primates’ emotion (Phan et al., 2002) as

well as in empathy and social life (Singer, 2006). The an-

terior insula is also implicated in behavioural-variant fron-

totemporal dementia (bvFTD) (Seeley, 2010), and

Ossenkoppele et al. (2015a) found that insula was one of

the few regions of atrophy specific to behavioural-variant

Alzheimer’s disease patients who were initially misdiag-

nosed as bvFTD. While our findings suggest early involve-

ment of frontal, temporal, and limbic regions, previous

studies of behavioural/dysexecutive Alzheimer’s disease

have shown either predominantly frontal (Blennerhassett

et al., 2014) or predominantly temporal (Ossenkoppele

et al., 2015a) disease. In region of interest-based analysis,

the frontal-variant Alzheimer’s disease group demonstrated

new atrophy progression only in left perisylvian cortex;

voxelwise analysis indicated additional disease progression

in bilateral insular/opercular cortex. These findings are

located proximally to atrophy clusters observed at first

MRI and thus may reflect local, diffusive spread of disease.

Although more distal atrophy progression was not

observed, we emphasize that null results in this group

should be interpreted with extreme caution due to the

small sample size; while the reported foci may represent

the areas of most robust atrophy in the current sample,

true disease progression may be missed due to type II stat-

istical error and may be more anatomically widespread

than reported here.

In the amnestic Alzheimer’s disease group, region of

interest-based analysis showed new neocortical atrophy

in bilateral precentral gyri as well as right temporoparietal

cortex (Table 2). Voxelwise analysis similarly indicated

neocortical atrophy progression throughout the right tem-

poral lobe as well as in bilateral parietal cortex and right

prefrontal cortex. The slight lateralization of disease pro-

gression (right hemisphere4 left) may be incidental to the

current sample, and we do not propose that it is charac-

teristic of amnestic Alzheimer’s disease generally.

However, the results are broadly consistent with spreading

neocortical disease in later Braak stages (Braak and Braak,

1991). Clusters of newer atrophy in right temporal cortex

may indicate local, diffusive spread from right angular

gyrus, which was atrophied at initial MRI in the amnestic

Alzheimer’s disease group. However, other areas of new

progression observed in the voxelwise analysis (Fig. 3) are

distal from sites of early atrophy and may result from

either white-matter-mediated disease spread or de novo

accumulation of pathology. Notably, structural connectiv-

ity data from healthy adults indicate that the superior

parietal lobule is connected to the hippocampus and an-

gular gyrus (Supplementary Table 6), both of which ex-

hibited baseline atrophy in the amnestic Alzheimer’s

disease group; newer areas of superior parietal atrophy

in amnestic Alzheimer’s disease may thus result from dis-

ease transmission along white-matter pathways connecting

these areas.

MTL atrophy in amnestic and
non-amnestic phenotypes

At initial MRI, patients with amnestic Alzheimer’s disease

demonstrated significant atrophy in bilateral entorhinal

cortex and hippocampi, as expected from Braak staging

(Braak and Braak, 1991). Bilateral parahippocampal gyri

were not atrophied, but they demonstrated significant

change over the follow-up period; this pattern of results is

consistent with progression from approximate Braak stages

IV–V (Whitwell et al., 2008) among our amnestic

Alzheimer’s disease sample. Based on well-characterized pat-

terns of disease spread in amnestic Alzheimer’s disease, these

MTL foci may be the source of disease spread to the neo-

cortex. The hippocampus has well-characterized white

matter connections to posterior cortical areas via the poster-

ior cingulate (Nieuwenhuys et al., 2008; Teipel et al., 2010);

these pathways thus represent tracts of interest for investi-

gating the spread of pathogenic proteins to the neocortex.

Patients with non-amnestic Alzheimer’s disease, in turn,

demonstrated relative sparing of MTL structures at baseline.

In region of interest-based analysis, atrophy was limited to

left hippocampus in lvPPA and right hippocampus in PCA;

these patterns of lateralization were consistent with the gen-

eral hemispheric bias observed in both phenotypes. Over the

follow-up period, patients with non-amnestic Alzheimer’s

disease demonstrated significant atrophy progression in the

MTL (Table 2); in the frontal-variant Alzheimer’s disease

group, these changes were limited to bilateral entorhinal

cortex, although null findings in other MTL structures

may reflect the small size of this group. MTL progression

in patients with non-amnestic Alzheimer’s disease suggests

that sparing of the hippocampus and surrounding MTL (a

set of clinically-defined syndromes) is a graded rather than

an absolute phenomenon, and that patients with non-amnes-

tic Alzheimer’s disease may become increasingly susceptible

to hippocampal degeneration at older ages and in more

advanced disease. Indeed, age was a strong predictor of

MTL atrophy, as evidenced by both region of interest-

based results (see above, ‘Effects of global cognition and

age’) and voxelwise results (Supplementary Fig. 1). We

note that while patients with non-amnestic Alzheimer’s dis-

ease tend to be younger than typical amnestic Alzheimer’s

disease patients, the current study controlled for this poten-

tial confound both by demographic balancing of groups and

by covarying for age in statistical models. Thus, baseline

differences between amnestic and non-amnestic Alzheimer’s

disease patients in grey matter volume within the MTL

(Fig. 1) were not attributable to age differences between

these patient groups. Seminal studies of hippocampal sparing

in Alzheimer’s disease (Giannakopoulos et al., 1994; Murray

et al., 2011; Whitwell et al., 2012) grouped patients based

on post-mortem pathology findings; these studies may not

have included patients who initially presented with non-

amnestic syndromes but developed hippocampal pathology

in later disease.
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Differences between phenotypic
groups in rates of atrophy progression

The design of the current study not only allowed us to

investigate differences between phenotypic groups in the

topographical distribution of atrophy but also differences

in the rate of atrophy within each region. We reasoned that

each phenotype might exhibit more rapid degeneration

within its associated disease foci, reflecting phenotype-spe-

cific susceptibility to disease (Bergeron et al., 2016;

Mattsson et al., 2016) in that area. Among neocortical

areas associated with non-amnestic Alzheimer’s disease

phenotypes, we found evidence to support this reasoning.

Patients with lvPPA demonstrated more rapid atrophy in

the left temporal cortex than the PCA group (region of

interest-based analysis, Fig. 2) and the amnestic

Alzheimer’s disease group (voxelwise analysis, Fig. 5).

Patients with frontal variant Alzheimer’s disease, in turn,

had more rapid atrophy in left anterior insula than both

PCA and lvPPA patients in region of interest-based analysis

(Fig. 2); and voxelwise analysis indicated additional pre-

frontal, temporal, and insular differences between frontal-

variant Alzheimer’s disease and lvPPA (Fig. 5C). Contrary

to our initial hypotheses, we saw no difference in MTL

atrophy rates between amnestic and non-amnestic

Alzheimer’s disease patients, even when all three non-

amnestic Alzheimer’s disease variants were combined to en-

hance statistical power. Considered together with amnestic

Alzheimer’s disease patients’ significant MTL atrophy at

initial MRI, this result suggests that relative MTL sparing

in non-amnestic Alzheimer’s disease may result from a

delayed onset of degeneration in these structures; but that

once neurodegeneration has begun, it proceeds at a similar

rate as in amnestic Alzheimer’s disease. However, we cau-

tion that these findings warrant replication in longitudinal

studies involving larger sample sizes.

Associations between longitudinal
atrophy and brain connectivity

To investigate the possible role of brain connectivity in

mediating disease spread, we related patients’ atrophy pat-

terns to population-average structural connectivity, as esti-

mated from Human Connectome Project white-matter

imaging data (Yeh et al., 2018). Several a priori regions

of interest in the current study corresponded to hubs in

Yeh et al.’s structural connectivity matrix, as evidenced

by their high node degree. These findings replicate estab-

lished functional connectivity results that have related the

neuroanatomy of Alzheimer’s disease to brain network

hubs including bilateral middle temporal, inferior parietal,

and superior parietal cortex (Buckner et al., 2009; Crossley

et al., 2014). Moreover, we found that node degree was a

significant predictor of regional grey matter volume loss

over time in each of the patient groups. We caution that

this result is correlative in nature and does not demonstrate

long-distance disease spread along white-matter pathways.

Indeed, network influences on neurodegeneration need not

be limited to physical transport of pathogenic proteins

along white-matter tracts; rather, they may reflect effects

such as diaschisis (Chételat, 2018), with disease in one

area leading to metabolic and functional disruptions in its

network neighbors. Computational analysis of atrophy pat-

terns using network models such as those of Raj and col-

leagues (2012, 2015), Iturria-Medina et al. (2014), and Hu

et al. (2016) offers a more rigorous approach for testing

hypotheses regarding disease spread in brain networks.

Nevertheless, associations between atrophy and node

degree provide supporting evidence for the hypothesis

that atrophy progression is mediated by structural connect-

ivity. Importantly, the structural connectivity analysis re-

ported here does not address potential hypotheses

regarding connectivity differences in non-amnestic and

amnestic Alzheimer’s disease. Indeed, initial research on

this question suggests that the connectivity of specific

brain networks may differ between typical and atypical

presentations of Alzheimer’s disease (Lehmann et al.,

2015; Whitwell et al., 2015). Because the current study

relied on population-averaged structural connectivity

values, it was limited to showing a general relationship

between degree of connectivity and magnitude of longitu-

dinal change; future analysis of patients’ specific connectiv-

ity patterns remains a high priority.

Convergence of atrophy in advanced
disease

The spread of disease along white-matter pathways may

help explain the reported convergence of atrophy patterns

across Alzheimer’s disease phenotypes. For example,

Ossenkoppele et al. (2015a) proposed that the common

temporoparietal atrophy observed among lvPPA, PCA,

early-onset Alzheimer’s disease, and late-onset Alzheimer’s

disease patients could result from convergent disease in

nodes of the posterior default mode network. In support

of the convergence hypothesis, we note that amnestic and

non-amnestic Alzheimer’s disease variants alike had

common early atrophy and subsequent progression in bi-

lateral temporal cortex (Table 2). These results replicate

findings from our previous study (Phillips et al., 2018) of

substantial overlap in temporoparietal areas among typical

and atypical patients with Alzheimer’s disease. Indeed, this

study reported that spatial distributions of atrophy become

more similar across phenotypes in later disease phases. At

the same time, however, we found that simple logistic re-

gression models could effectively discriminate non-amnestic

and Alzheimer’s disease phenotypes from one another

based on atrophy patterns, even in advanced disease

(Phillips et al., 2018). Moreover, post-mortem studies of

Alzheimer’s disease variants show that regional differences

in pathology burden persist among Alzheimer’s disease

variants even until the end of life. One proposal for
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resolving these apparently conflicting results is the proposal

of Warren et al. (2012) that different clinical presentations

of Alzheimer’s disease involve a common temporal, par-

ietal, and frontal network, but that genetic variation or

other factors cause the nodes of these networks to be dif-

ferentially engaged across syndromes.

Conclusions and limitations
Strengths of the current study include a novel comparison

of longitudinal anatomical changes in multiple clinically-

defined non-amnestic Alzheimer’s disease phenotypes

using both a priori region of interest-based and whole-

brain voxelwise analyses. The longitudinal study design

allowed us to differentiate areas of earlier and later atrophy

and to compare these patterns of disease progression across

phenotypes. Moreover, we sought to ensure the compar-

ability of the heterogeneous patient groups included here

by controlling for demographic and clinical characteristics

both during sample selection and in statistical analysis. The

relevance of a priori regions of interest is supported by

analyses showing that longitudinal anatomical change is

associated with concurrent domain-specific cognitive

decline.

However, one major limitation was the inability to evalu-

ate non-linear atrophy progression in Alzheimer’s disease:

prior evidence suggests that an initial acceleration due to

spreading cumulative damage is followed by a deceleration

due to the reduction of intact tissue (Sabuncu et al., 2011;

Schuff et al., 2012). Such non-linearities complicate study

design and interpretation in ways that may not be fully

addressed by equating patient groups for chronological

age and estimated disease duration: for example, in the

current study, it is possible that areas of early atrophy in

each phenotype (i.e. those exhibiting atrophy at initial

MRI) have entered the deceleration phase, while for other

phenotypes the same regions may have been imaged during

the acceleration phase. Investigating longitudinal change in

earlier-stage patients may allow us to observe a more com-

plete trajectory of neurodegeneration, and including a min-

imum of three to four imaging time points may allow us to

discriminate between linear, quadratic, and sigmoid models

of neurodegeneration. Another possible limitation in our

findings is statistical power, which is likely to have affected

voxelwise analysis more severely than region of interest-

based analysis due to the much stricter multiple-compari-

sons correction of the former. Power limitations may thus

have resulted in underestimation of disease spread in the

relatively small frontal-variant and amnestic Alzheimer’s

disease groups; we thus emphasize the importance of fur-

ther longitudinal study, particularly of patients for whom

post-mortem pathological diagnoses are available to rule

out the possibility of co-morbid FTLD or other pathologies.

Relatedly, the PBAC behavioural scale did not demonstrate

expected worsening of behavioural symptoms over time in

the frontal-variant Alzheimer’s disease group; while it is

possible that this null result stems from successful treatment

of behavioural symptoms through psychiatric medications,

future research should strive to include more sensitive

measures of behavioural dysfunction. An additional limita-

tion is that patients in the current sample were not selected

based on availability of white matter imaging data, pre-

venting us from performing a structured white matter ana-

lysis to support interpretations of disease spread along

white matter pathways. The current study was also not

designed to investigate associations with the APOE geno-

type or other genetic risk modifiers for Alzheimer’s disease.

We found that APOE "4 allele counts added little predict-

ive power to our imaging models after accounting for

group effects; however, continued study of the APOE geno-

type and other genetic risk modifiers in non-amnestic

Alzheimer’s disease remains an important research aim.

Finally, future studies should include patients with CBS

due to underlying Alzheimer’s disease pathology; insuffi-

cient longitudinal data prevented us from including this

uncommon non-amnestic Alzheimer’s disease phenotype

in the current study.

Understanding the neuropathological and clinical hetero-

geneity of Alzheimer’s disease is crucial to understanding

the mechanisms of its progression. The current study not

only corroborated probable areas of early disease for

lvPPA, PCA, and frontal-variant Alzheimer’s disease but

also showed that each phenotype has a different pattern

of atrophy progression across the cortex. Moreover, we

report novel evidence that the longitudinal rate of neocor-

tical atrophy varies by region and phenotype in non-amnes-

tic Alzheimer’s disease, reflecting phenotype-specific

cognitive decline. In contrast, the rate of MTL atrophy in

non-amnestic Alzheimer’s disease was similar to that found

in amnestic Alzheimer’s disease, suggesting that early spar-

ing of these structures results from a later onset of MTL

atrophy in non-amnestic Alzheimer’s disease. Finally, we

observed associations between longitudinal atrophy and

structural brain connectivity, providing indirect support

for models of interregional disease spread in association

with white-matter fibre pathways in non-amnestic

Alzheimer’s disease.
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