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The factors driving clinical heterogeneity in Alzheimer’s disease are not well understood. This study assessed the relationship

between amyloid deposition, glucose metabolism and clinical phenotype in Alzheimer’s disease, and investigated how these

relate to the involvement of functional networks. The study included 17 patients with early-onset Alzheimer’s disease (age at

onset 565 years), 12 patients with logopenic variant primary progressive aphasia and 13 patients with posterior cortical atrophy

[whole Alzheimer’s disease group: age = 61.5 years (standard deviation 6.5 years), 55% male]. Thirty healthy control subjects

[age = 70.8 (3.3) years, 47% male] were also included. Subjects underwent positron emission tomography with 11C-labelled

Pittsburgh compound B and 18F-labelled fluorodeoxyglucose. All patients met National Institute on Ageing–Alzheimer’s

Association criteria for probable Alzheimer’s disease and showed evidence of amyloid deposition on 11C-labelled Pittsburgh

compound B positron emission tomography. We hypothesized that hypometabolism patterns would differ across variants,

reflecting involvement of specific functional networks, whereas amyloid patterns would be diffuse and similar across variants.

We tested these hypotheses using three complimentary approaches: (i) mass-univariate voxel-wise group comparison of
18F-labelled fluorodeoxyglucose and 11C-labelled Pittsburgh compound B; (ii) generation of covariance maps across all subjects

with Alzheimer’s disease from seed regions of interest specifically atrophied in each variant, and comparison of these maps to

functional network templates; and (iii) extraction of 11C-labelled Pittsburgh compound B and 18F-labelled fluorodeoxyglucose

values from functional network templates. Alzheimer’s disease clinical groups showed syndrome-specific 18F-labelled fluoro-

deoxyglucose patterns, with greater parieto-occipital involvement in posterior cortical atrophy, and asymmetric involvement of

left temporoparietal regions in logopenic variant primary progressive aphasia. In contrast, all Alzheimer’s disease variants

showed diffuse patterns of 11C-labelled Pittsburgh compound B binding, with posterior cortical atrophy additionally showing

elevated uptake in occipital cortex compared with early-onset Alzheimer’s disease. The seed region of interest covariance
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analysis revealed distinct 18F-labelled fluorodeoxyglucose correlation patterns that greatly overlapped with the right

executive-control network for the early-onset Alzheimer’s disease region of interest, the left language network for the logopenic

variant primary progressive aphasia region of interest, and the higher visual network for the posterior cortical atrophy region of

interest. In contrast, 11C-labelled Pittsburgh compound B covariance maps for each region of interest were diffuse. Finally,
18F-labelled fluorodeoxyglucose was similarly reduced in all Alzheimer’s disease variants in the dorsal and left ventral default

mode network, whereas significant differences were found in the right ventral default mode, right executive-control (both lower

in early-onset Alzheimer’s disease and posterior cortical atrophy than logopenic variant primary progressive aphasia) and higher-

order visual network (lower in posterior cortical atrophy than in early-onset Alzheimer’s disease and logopenic variant primary

progressive aphasia), with a trend towards lower 18F-labelled fluorodeoxyglucose also found in the left language network in

logopenic variant primary progressive aphasia. There were no differences in 11C-labelled Pittsburgh compound B binding be-

tween syndromes in any of the networks. Our data suggest that Alzheimer’s disease syndromes are associated with degener-

ation of specific functional networks, and that fibrillar amyloid-b deposition explains at most a small amount of the

clinico-anatomic heterogeneity in Alzheimer’s disease.

Keywords: Alzheimer’s disease; posterior cortical atrophy; logopenic variant of PPA; positron emission tomography (PET); functional
networks

Abbreviations: FDG = fluorodeoxyglucose; MMSE = Mini-Mental State Examination; PIB = Pittsburgh compound B; PPA = primary
progressive aphasia

Introduction
Although episodic memory loss is considered the clinical hallmark

of Alzheimer’s disease, a significant number of patients with

underlying Alzheimer’s disease pathology present with focal,

non-amnestic clinical syndromes. Patients with early age-of-onset

Alzheimer’s disease (defined as 565 years in most studies) tend to

show more heterogeneous neuropsychological deficits, including

greater impairment in attention, executive, visuospatial and lan-

guage functions, and relatively spared memory compared with

patients with late age-of-onset (Koss et al., 1996; Frisoni et al.,

2007; Koedam et al., 2010). Alzheimer’s disease pathology is also

the most common cause of two focal cortical syndromes asso-

ciated with early age-of-onset: posterior cortical atrophy, a condi-

tion characterized by predominant visuospatial and

visuoperceptual dysfunction (Benson et al., 1988; Crutch et al.,

2012), and the logopenic variant of primary progressive aphasia

(PPA), a progressive disorder of language (Gorno-Tempini et al.,

2008; Mesulam et al., 2008). It has been suggested that up to

15% of patients with Alzheimer’s disease seen in dementia centres

have non-amnestic presentations (Snowden et al., 2007), and the

importance of these syndromes is reflected in their inclusion in

new diagnostic guidelines for Alzheimer’s disease (McKhann

et al., 2011). A better understanding of the factors that drive

the heterogeneity of these clinical phenotypes may yield important

insights into Alzheimer’s disease mechanisms and have direct im-

plications for diagnosis and management of non-amnestic patients

with emerging disease-specific therapies.

The pattern of neurodegeneration in Alzheimer’s disease vari-

ants is highly correlated with the clinical syndrome. Compared

with ‘typical’ amnestic late-onset Alzheimer’s disease, patients

with early-onset Alzheimer’s disease show relative sparing of the

medial temporal lobes and greater atrophy in temporoparietal and

lateral prefrontal cortex (Frisoni et al., 2005; Shiino et al., 2008;

Rabinovici et al., 2010). Patients with posterior cortical atrophy

and logopenic variant PPA show strikingly focal patterns of neu-

rodegeneration, with greater bilateral occipito-parietal atrophy and

hypometabolism in posterior cortical atrophy and highly asymmet-

ric left temporoparietal involvement in logopenic variant PPA

(Whitwell et al., 2007; Rabinovici et al., 2008; Migliaccio et al.,

2009; Rosenbloom et al., 2010; Lehmann et al., 2011).

There have been conflicting reports in the literature regarding

the relationship between the distribution of Alzheimer’s disease

pathology and the region-specific neurodegenerative patterns

seen in Alzheimer’s disease variants. Some autopsy studies have

reported an increased burden of both amyloid plaques and neuro-

fibrillary tangles in visual regions in posterior cortical atrophy

(Levine et al., 1993; Ross et al., 1996; Hof et al., 1997), whereas

others have found increases in tangle, but not plaque burden

(Renner et al., 2004; Tang-Wai et al., 2004). Similarly, pathology

studies in PPA due to Alzheimer’s disease have more frequently

found an increased burden of tangles than plaques in the left

hemisphere compared with amnestic Alzheimer’s disease

(Mesulam et al., 2008; Gefen et al., 2012), though this is highly

variable across patients and between studies (Galton et al., 2000;

Knibb et al., 2006). In vivo studies using PET with the

amyloid-b-specific tracer Pittsburgh compound B (PIB) have re-

ported greater PIB uptake in occipital cortex in posterior cortical

atrophy (Ng et al., 2007; Tenovuo et al., 2008; Kambe et al.,

2010; Formaglio et al., 2011), and left temporoparietal regions

in PPA (Ng et al., 2007) in single cases and small series studies,

whereas larger group studies have found no differences in PIB

retention patterns in posterior cortical atrophy or PPA versus

amnestic Alzheimer’s disease (Rabinovici et al., 2008;

Rosenbloom et al., 2010; de Souza et al., 2011; Leyton et al.,

2011). To our knowledge, no study has compared patterns of

amyloid aggregation and neurodegeneration across three

common clinical phenotypes of early age-of-onset Alzheimer’s dis-

ease. A better characterization of the relationship between

clinico-anatomical heterogeneity in Alzheimer’s disease and
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amyloid is particularly timely, given the emergence of therapies

that specifically target amyloid-b pathology (Holmes et al.,

2008; Salloway et al., 2009).

Converging data from animal models and human imaging stu-

dies support the hypothesis that Alzheimer’s disease spreads

through interconnected neural networks (Clavaguera et al.,

2009; de Calignon et al., 2012; Zhou et al., 2012). In transgenic

mice, neurofibrillary pathology appears to spread sequentially from

synapse to synapse, ultimately reflecting the pattern of structural

connectivity (Clavaguera et al., 2009; de Calignon et al., 2012).

Neuroimaging studies in humans demonstrate that disease-specific

atrophy patterns closely match functional connectivity maps in

cognitively normal individuals, suggesting that Alzheimer’s disease

and other neurodegenerative disorders target specific functional

networks (Seeley et al., 2009; Zhou et al., 2012). In Alzheimer’s

disease, many studies have demonstrated disruption of the default

mode network in typical amnestic patients (Greicius et al., 2004;

Wang et al., 2007), including in the pre-dementia phase

(Rombouts et al., 2005; Sorg et al., 2007; Sheline et al., 2010;

Mormino et al., 2011). This finding is particularly compelling con-

sidering that disruptions to the default mode network are asso-

ciated with poor performance on memory tests (Otten and Rugg,

2001; Grady et al., 2006; Miller et al., 2008; Sambataro et al.,

2010). It is therefore conceivable that the disproportionate visual

and language deficits seen in patients with posterior cortical atro-

phy and logopenic variant PPA may reflect spread of disease

through visual and language networks, respectively, whereas the

high incidence of executive and attention difficulties in patients

with early-onset Alzheimer’s disease may indicate involvement of

the executive-control network. This model would suggest that

Alzheimer’s disease pathology may originate in a common net-

work, most likely the default mode network, and that clinical het-

erogeneity in Alzheimer’s disease reflects differential dissemination

of pathology from the default mode network into distinct ‘off-

target’ functional networks.

In this study, we sought to compare patterns of amyloid

deposition (PIB-PET) and neurodegeneration [fluorodeoxyglucose

(FDG)-PET)] across three primary clinical phenotypes of early age-

of-onset Alzheimer’s disease. These less common Alzheimer’s dis-

ease variants were chosen over the more common late-onset

amnestic variant of Alzheimer’s disease to maximize heterogeneity

in our study population and increase the likelihood of identifying

the mechanisms that contribute to the clinico-anatomic variance of

the disease. Our hypothesis was that neurodegeneration in the

three Alzheimer’s disease variants follows distinct patterns that

mirror the involvement of specific functional networks: execu-

tive-control in early-onset Alzheimer’s disease, language in logo-

penic variant PPA and higher-order visual in posterior cortical

atrophy, whereas the default mode network is a core network

that is involved in all three variants. We further predicted that

distinct patterns of neurodegeneration in the three Alzheimer’s

disease variants would not be explained by patterns of amyloid

deposition. We tested these hypotheses using three complimen-

tary approaches: (i) traditional mass-univariate voxel-wise group

comparisons; (ii) generation of covariance maps across all subjects

with Alzheimer’s disease from seed regions of interest shown to be

specifically affected in each variant, and comparison of these maps

with functional network templates; and (iii) extraction of PIB and
18F-labelled FDG values from templates of well-described func-

tional networks.

Materials and methods

Subjects
Patients with early-onset Alzheimer’s disease, logopenic variant PPA

and posterior cortical atrophy were recruited from research cohorts at

the University of California San Francisco (UCSF) Memory and Ageing

Centre. All patients underwent a history and physical examination by a

neurologist, a structured caregiver interview by a nurse and a battery

of neuropsychological tests (Kramer et al., 2003). Clinical diagnosis

was assigned by consensus at a multidisciplinary conference.

Clinicians were blinded to PET results at the time of diagnosis.

All patients had at least one usable FDG-PET, PIB-PET and MRI

scan. All subjects fulfilled criteria for probable Alzheimer’s disease

according to the National Institute on Ageing–Alzheimer’s

Association criteria (McKhann et al., 2011) and showed evidence of

amyloid deposition on PIB-PET. Patients were excluded if they pre-

sented with core features of other dementias, such as dementia with

Lewy bodies, therefore reducing the likelihood of underlying

co-pathologies that are associated with amyloid-b deposition.

Patients with posterior cortical atrophy and logopenic variant PPA

were initially selected based on their clinical diagnosis. Clinical and

neuropsychological reports were then reviewed to assess whether pa-

tients fulfilled specific diagnostic criteria (logopenic variant PPA:

Gorno-Tempini et al., 2011; posterior cortical atrophy: Mendez

et al., 2002; Tang-Wai et al., 2004). Patients with early-onset

Alzheimer’s disease had an age of onset 565 years and did not

meet criteria for posterior cortical atrophy and logopenic variant

PPA. Early age-of-onset patients were chosen over late-onset patients

to allow us to match this group to the relatively young logopenic

variant PPA and posterior cortical atrophy groups. The selection of

clinical phenotypes in this study also matched the clinical variants

included in Migliaccio et al. (2009) from which seed regions of interest

for the covariance analysis were identified (see later in the text).

The final cohort consisted of 17 patients with early-onset

Alzheimer’s disease, 12 patients with logopenic variant PPA and 13

patients with posterior cortical atrophy. Demographics and clinical data

are summarized in Table 1. A proportion of these patients were

included in previous PET studies [31% of patients with posterior cor-

tical atrophy and 59% of patients with early-onset Alzheimer’s disease

in Rabinovici et al. (2010); three patients with logopenic variant PPA

(25%) in Rabinovici et al. (2008); 77% of patients with posterior

cortical atrophy and 35% of patients with early-onset Alzheimer’s dis-

ease in Rosenbloom et al. (2010)]. Thirty healthy control subjects were

included for comparison. The majority of the control subjects (27 of

the 30) were recruited as part of the Berkeley Ageing Cohort

(Mormino et al., 2009), with three subjects recruited at the UCSF.

Selection of control participants was primarily based on the availability

of PET scans. Of those control subjects with PET scans, we selected

the youngest 30 participants to match the mean age of the control

group to that of the patient group. The Berkeley Ageing Cohort eli-

gibility criteria include a minimum age of 60 years, which prevented

more accurate age-matching of control subjects to patients. Further

eligibility criteria included normal performance on cognitive tests, ab-

sence of neurological or psychiatric illness and lack of major medical

illnesses and medications that affect cognition (Mormino et al., 2009).

846 | Brain 2013: 136; 844–858 M. Lehmann et al.



Informed consent was obtained from all subjects or their assigned

surrogate decision-makers, and the study was approved by the

University of California Berkeley, the UCSF and the Lawrence

Berkeley National Laboratory institutional review boards for human

research.

Positron emission tomography image
acquisition and preprocessing
All subjects underwent PET imaging with 11C-PIB and 18F-FDG at

Lawrence Berkeley National Laboratory on a Siemens ECAT EXACT

HR PET scanner in 3D acquisition mode. Tracer synthesis, PET acqui-

sition and preprocessing are described in detail in the online

Supplementary material. For PIB, voxel-wise distribution volume

ratios were calculated using Logan graphical analysis (Logan et al.,

1996) with the grey matter cerebellum time–activity curve used as a

reference tissue input function (Price et al., 2005). FDG-PET frames

were summed and standard uptake volume ratios were calculated by

normalizing the summed FDG image to mean activity in the pons for

each subject (Minoshima et al., 1995). PIB and FDG volumes were

spatially normalized to Montreal Neurological Institute (MNI) space. All

normalized images were smoothed with a 12-mm kernel. In a post hoc

analysis, we corrected PET data for atrophy by applying a

two-compartmental partial volume correction (Meltzer et al., 1990)

(Supplementary material).

Magnetic resonance image acquisition
and processing
T1-weighted scans were collected on different MRI units, including

two 1.5 T units (Magnetom Avanto System, Siemens Medical

Systems; Magneton VISION system, Siemens Inc), one 3 T unit

(Siemens Tim Trio scanner) and one 4 T unit (BrukerMedSpec).

Acquisition parameters for all scanners have been previously described

(Rosen et al., 2002; Mueller et al., 2009; Mormino et al., 2012; Zhou

et al., 2012). The proportions of subjects studied on each scanner

were balanced across the three Alzheimer’s disease groups, although

90% of control subjects were studied on a single 1.5 T scanner.

Anatomical scans were processed using FreeSurfer version 4.5

(http://surfer.nmr.mgh.harvard.edu; Dale et al., 1999) to generate

subcortical parcellations used for defining subject-specific reference

regions.

Positron emission tomography image
analysis
PET data were analysed using three different approaches:

(i) mass-univariate voxel-wise group comparisons of FDG and PIB;

(ii) generation of covariance maps across all subjects with

Alzheimer’s disease from seed regions of interest shown to be specif-

ically atrophied in each Alzheimer’s disease variant and comparison of

these maps to functional network templates; and (iii) extraction of PIB

and FDG values from functional network templates. Although differ-

ent, these three approaches provide complimentary data that,

together, strengthen our findings and interpretations about the rela-

tionship between amyloid, hypometabolism, functional networks and

clinical Alzheimer’s disease phenotype.

Voxel-wise group comparisons
Voxel-wise comparisons of PIB distribution volume ratio and FDG

standard uptake volume ratio images were performed in SPM8 using

an analysis of covariance model that included diagnosis (control sub-

jects, early-onset Alzheimer’s disease, logopenic variant PPA and pos-

terior cortical atrophy) as the condition, and age, sex and education as

covariates. Pairwise contrasts were performed among the four groups.

This analysis was repeated including Mini-Mental State Examination

(MMSE) scores (Folstein et al., 1975) as covariate to adjust group-wise

comparisons for disease severity. All voxel-wise comparisons were also

repeated with atrophy-corrected data. Resulting T-maps were dis-

played on an MNI template brain corrected for multiple comparisons

using a family-wise error (FWE) correction at P5 0.05.

Voxel-wise region of interest
correlation analysis
We extracted PIB and FDG values from regions of interest previously

shown to be specifically affected in each Alzheimer’s disease variant

compared with the other two and applied these values as covariates in

a voxel-wise multi-linear regression model to identify regions that

Table 1 Subject demographics

Control subjects EOAD lvPPA PCA Pa

n 30 17 12 13

Sex % male 47 59 67 46 0.8b

Age, yearsc 70.8 (3.3) 60.7 (5.6) 61.4 (7.0) 62.6 (7.4) 50.0001

Education, years 17.6 (1.7) 16.9 (2.7) 16.6 (3.1) 15.8 (3.0) 0.2

MMSE (/30) 29.4 (0.9) 19.9 (7.2) 22.4 (6.7) 21.7 (5.6) 50.0001

ApoE "4 % carrierd 33 63 25 36 0.2b

Age at onset, years 56.3 (5.6) 56.9 (6.7) 57.8 (7.1) 0.8

Disease duration, yearse 4.5 (2.5) 4.5 (2.0) 4.8 (2.8) 0.9

Shown are mean (standard deviation) unless specified otherwise.
a one-way analysis of variance across groups (except sex and ApoE "4).
b Fisher’s exact test.
c Age at time of PET scan.
d ApoE available in 30 control subjects and 39 patients with Alzheimer’s disease (16 with early-onset Alzheimer’s disease, 12 with logopenic variant PPA and11 with

posterior cortical atrophy).
e Time between first symptoms and PET scan.
EOAD = early-onset Alzheimer’s disease; lvPPA = logopenic variant PPA; PCA = posterior cortical atrophy.
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showed correlated PIB or FDG uptake across the brain in all patients

with Alzheimer’s disease. This approach is analogous to the seed

correlation method used to identify networks of structural and func-

tional connectivity (Seeley et al., 2009) and was used to explore

whether we could identify region of interest-specific patterns of PIB

and FDG uptake that were not detected using traditional voxel-wise

comparisons of clinically defined groups.

Region of interest definitions

The seed regions of interest used in this analysis were based on peak

atrophy voxels defined in a previous study (Migliaccio et al., 2009)

that used voxel-based morphometry in early-onset Alzheimer’s

disease, logopenic variant PPA and posterior cortical atrophy to iden-

tify regions that were specifically atrophied in each variant compared

with the other two. These were found to be the right middle frontal

gyrus in early-onset Alzheimer’s disease (MNI 40 42 30), left superior

temporal sulcus in logopenic variant PPA (MNI �56 �40 1) and the

right middle occipital gyrus in posterior cortical atrophy (MNI 39 �88

10). Regions of interest were created by drawing 6-mm spheres

around the peak atrophy voxels (Supplementary Fig. 1). FDG standard

uptake volume ratio and PIB distribution volume ratio values were

extracted for each region of interest, masking by the individual’s

grey matter segmented images to exclude PET counts from white

matter and cerebrospinal fluid. There was some overlap in the cohorts

used in the study by Migliaccio et al. (2009) and the current study [six

patients with early-onset Alzheimer’s disease (four with same scan,

two with scans from different time points), three patients with logo-

penic variant PPA (one with same scan, two with scans from different

time points) and three patients with posterior cortical atrophy (one

with same scan, two with scans from different time points)]. All ana-

lyses were repeated excluding these subjects, producing very similar

results (data not shown).

Correlation analysis

Multiple regressions were performed in SPM8 to assess correlations

between FDG and PIB uptake in each seed region of interest with

FDG and PIB uptake across the brain. Separate models were used

for each seed region of interest and each tracer, resulting in three

correlation models for FDG and three models for PIB. Analyses were

adjusted for age, sex, education and MMSE. Regressions were con-

ducted with all Alzheimer’s disease subjects pooled together (i.e. not

including the control subjects and not distinguishing between

Alzheimer’s disease clinical variants). The decision to perform this ana-

lysis in the subjects with Alzheimer’s disease rather than the control

subjects was based on the fact that there is greater variability of FDG

values in the Alzheimer’s disease group than the control subjects (as

control subjects typically have consistently high FDG values), and there

is a higher number of PIB-positive subjects available in the Alzheimer’s

disease group, which increases the power to detect effects. To assess

whether results are driven by individual clinical phenotypes, the ana-

lysis was repeated adjusting for diagnosis (Supplementary Fig. 2).

These analyses were also repeated using atrophy-corrected data.

T-maps were produced showing statistically significant correlations

using FWE-correction at P5 0.05. Overlap maps were produced by

overlaying correlation maps for each seed region of interest onto the

same MNI template brain.

Goodness of fit

The close resemblance of the correlation maps obtained in the region

of interest covariance analysis with specific functional networks moti-

vated a post hoc analysis in which we assessed the goodness of fit of

the PET correlation maps for each seed region of interest with func-

tional network templates published by the Stanford Functional Imaging

in Neuropsychiatric Disorders Lab (Shirer et al., 2012). As described in

Shirer et al. (2012), these networks were created by applying FSL’s

MELODIC independent component analysis software to resting state

data of 15 healthy control subjects. The resulting network templates

were downloaded as binary regions of interest from http://findlab.

stanford.edu/functional_ROIs.html. A total of 15 network templates

are available: dorsal and ventral default mode network, precuneus

network, primary and higher visual networks, visuospatial network,

language network (which was split into left and right language net-

works), left and right executive-control networks, anterior and poster-

ior salience networks, sensorimotor network, auditory network and

basal ganglia network. Functional connectivity networks have been

shown to be reproducible across centres and validated using diffusion

tensor imaging tractography and activation functional MRI data

(Hampson et al., 2002; Greicius et al., 2009; Smith et al., 2009).

Goodness of fit is expressed as two different variables: (i) as the

difference between the mean z score of all voxels of the region of

interest correlation map (transformed SPM t-maps) that fell inside the

network template (zinside) and the mean z-score of all voxels outside

the network template (zoutside), i.e. goodness of fit = zinside � zoutside;

and (ii) as the ratio between zinside and zoutside (i.e. zinside/zoutside).

Furthermore, to assess the robustness of the overlap between the

region of interest correlation maps and functional network templates,

the goodness of fit analysis was repeated using a second, independent

set of network templates, which consisted of networks identified by the

1000 Functional Connectomes Project (http://fcon_1000.projects.nitrc.

org; Biswal et al., 2010, results shown in the Supplementary material).

Fluorodeoxyglucose and Pittsburgh
compound B uptake in functional
network templates
FDG standard uptake volume ratio and PIB distribution volume ratio

values were extracted from the three network templates that showed

the highest fit with the FDG correlation maps (i.e. right

executive-control, left language and higher visual network), as well

as the dorsal and ventral default mode network based on our hypoth-

esis that the default mode network is affected similarly in all variants.

FDG and PIB values in these five networks were compared between

groups.

Statistical analysis
Statistical analyses were performed using STATA version 11.2 (STATA

Corporation). Group differences in continuous variables were exam-

ined using two-tailed independent sample t-tests or one-way analysis

of variance (ANOVA) and Tukey post hoc contrasts. Dichotomous

variables were compared with Fisher’s exact test.

Results

Subject characteristics
Subject groups were well matched for sex and education (Table 1).

Although the control group was older than the patients with

Alzheimer’s disease (P50.0001), there was no difference in age

between the three Alzheimer’s disease clinical groups (P = 0.7).

848 | Brain 2013: 136; 844–858 M. Lehmann et al.

http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aws327/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aws327/-/DC1
http://findlab.stanford.edu/functional_ROIs.html
http://findlab.stanford.edu/functional_ROIs.html
http://fcon_1000.projects.nitrc.org
http://fcon_1000.projects.nitrc.org
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aws327/-/DC1


There was no difference in ApoE "4 status between the four

groups; however, there was a trend towards a higher proportion

of ApoE "4 carriers in the group with early-onset Alzheimer’s dis-

ease compared with logopenic variant PPA (P = 0.067). As ex-

pected, MMSE scores (obtained closest to PET date) were higher

in the control subjects compared with Alzheimer’s disease

(P50.0001), but MMSE scores were not different between the

three Alzheimer’s disease clinical groups (P = 0.6). Alzheimer’s dis-

ease groups showed similar age-at-onset and disease duration.

Neuropsychological profiles
Neuropsychological test batteries obtained within 1 year of PET

were available for 16/17 patients with early-onset Alzheimer’s dis-

ease, 11/12 patients with logopenic variant PPA and 13/13

patients with posterior cortical atrophy (Table 2). The mean inter-

val between cognitive testing and PET was 79.6 days (SD 77.6

days). As expected, patients with early-onset Alzheimer’s disease

performed poorly on verbal and visual memory tasks, whereas

patients with posterior cortical atrophy showed lower performance

on visuospatial tasks, as well as face matching and Stroop colour

naming. Patients with posterior cortical atrophy also performed

worse on the calculation test compared with patients with

early-onset Alzheimer’s disease (P = 0.03 in the direct compari-

son). The group with logopenic variant PPA performed signifi-

cantly worse on the digit span forward test, as well as on

sentence repetition, both tests that involve phonological loop pro-

cessing. Naming was also lower in patients with logopenic variant

PPA compared with the other two groups; however, this did not

reach statistical significance, supporting previous findings that

Table 2 Neuropsychological test scores

Neuropsychological test EOAD (n = 16) lvPPA (n = 11) PCA (n = 13) P-valuea

MMSE (/30) 21.1 (5.5) 23.0 (6.7) 21.7 (5.6) 0.72

Memory

CVLT-SF total learning (/36) 14.8 (7.6) 17.0 (7.3) 16.2 (6.9) 0.73

CVLT-SF 10-min recall (/9) 1.1 (2.3) 3.6 (2.5) 2.8 (2.7) 0.04

Modified Rey 10-min recall (/17) 2.8 (3.2) 6.5 (3.0) 2.5 (3.3) 0.01

Language

Boston Naming Test (/15) 11.9 (3.0) 10.3 (4.2) 11.1 (4.1) 0.54

Syntax comprehension (/5) 3.1 (1.5) 3.3 (1.3) 2.4 (1.7) 0.34

Letter fluency (D words) 9.3 (4.8) 7.3 (3.3) 9.1 (4.1) 0.45

Category fluency (animals) 10.0 (3.6) 8.9 (4.3) 9.8 (4.4) 0.78

Repetition and working memory

Sentence repetition (/5) 3.1 (1.6) 1.8 (1.0) 3.1 (1.0) 0.03

Digit span forward (/9) 5.0 (1.2) 4.1 (0.7) 5.4 (0.8) 0.04

Digit span backward (/8) 3.2 (1.4) 3.3 (0.8) 2.5 (0.7) 0.17

Executive function

Modified Trails B time (120s) 94.3 (38.6) 78.7 (34.3) 106.0 (21.3) 0.21

Modified Trails B correct lines/min 10.6 (13.2) 12.5 (9.7) 5.8 (4.7) 0.35

Stroop interference no. correct 17.3 (17.5) 19.8 (9.8) 12.6 (11.1) 0.53

Visuospatial

Modified Rey copy (/17) 11.3 (5.1) 13.8 (3.6) 6.3 (4.8) 0.002

VOSP number location (/10) 6.8 (2.9) 8.9 (1.7) 4.0 (2.0) 0.001

Calculations

Arithmetic, written (/5) 3.4 (1.3) 3.2 (0.6) 2.4 (1.5) 0.09

CATS

Face matching (/12) 11.2 (1.3) 11.6 (0.5) 9.1 (2.0) 0.001

Affect naming (/16) 11.0 (3.0) 12.8 (2.5) 11.9 (0.9) 0.29

Shown are means (standard deviations). MMSE based on 16 patients with early-onset Alzheimer’s disease, 11 patients with logopenic variant PPA and 13 patients with
posterior cortical atrophy (different to Table 1).
a one-way analysis of variance across groups.
CATS = Comprehensive Affect Testing System; CVLT-SF = California Verbal Learning Test-San Francisco; EOAD = early-onset Alzheimer’s disease; lvPPA = logopenic

variant PPA; PCA = posterior cortical atrophy; VOSP = Visual Object and Space Perception battery.
Missing data.
Rey Figure: two posterior cortical atrophy.
Syntax comprehension: two posterior cortical atrophy.
Digit Span Forward: nine early-onset Alzheimer’s disease, three logopenic variant PPA, six posterior cortical atrophy.
Digit Span Backward: one early-onset Alzheimer’s disease.
Modified Trails: five early-onset Alzheimer’s disease, one logopenic variant PPA, four posterior cortical atrophy.

Stroop: five early-onset Alzheimer’s disease, two logopenic variant PPA, four posterior cortical atrophy.
VOSP Number Location: one early-onset Alzheimer’s disease, one logopenic variant PPA, five posterior cortical atrophy.
Arithmetic: one posterior cortical atrophy.
CATS face matching: five early-onset Alzheimer’s disease, two logopenic variant PPA, three posterior cortical atrophy.
CATS affect naming: five early-onset Alzheimer’s disease, two logopenic variant PPA, six posterior cortical atrophy.
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naming may not be the most prominent deficit in logopenic vari-

ant PPA (Gorno-Tempini et al., 2004). No significant differences

were found on tests of executive functioning, possibly owing to

the relatively heterogeneous composition of the early-onset

Alzheimer’s disease group (including amnestic and dysexecutive

patients) and the relatively low performance on these tasks in

the group with posterior cortical atrophy owing to the high

visual demand of these tests.

Voxel-wise group comparisons

Fluorodeoxyglucose-positron emission tomography
results

Compared with control subjects, all three Alzheimer’s disease

groups showed syndrome-specific patterns of glucose hypometa-

bolism (Fig. 1). Although all Alzheimer’s disease groups showed

hypometabolism in temporoparietal regions, including the angular

gyrus, inferior parietal lobe, posterior cingulate/precuneus and

middle and inferior temporal lobe, the involvement of these re-

gions was asymmetric (left4 right) in logopenic variant PPA and

extended more posteriorly into the occipital lobes bilaterally in the

group with posterior cortical atrophy. Significantly lower glucose

metabolism was also found in inferior and superior frontal regions

bilaterally in early-onset Alzheimer’s disease, on the left in logo-

penic variant PPA, and on the right in posterior cortical atrophy.

The early-onset Alzheimer’s disease group also showed reduced

metabolism in the hippocampus, in particular in the right

hemisphere.

In the direct patient group comparison, patients with posterior

cortical atrophy showed greater hypometabolism in lateral occipital

regions compared with patients with early-onset Alzheimer’s dis-

ease (Fig. 2A) and logopenic variant PPA where differences ex-

tended into the right superior parietal lobule (Fig. 2B). The group

with early-onset Alzheimer’s disease showed reduced metabolism

in a small region in the right posterior cingulate gyrus/retrosplenial

cortex compared with logopenic variant PPA (Fig. 2C). None of

the other between-patient group comparisons were significant

after multiple comparison correction. Similar results were found

after correcting for MMSE and after atrophy correction, although

the spatial extent of between group differences was more re-

stricted on the atrophy-corrected maps (data not shown).

Pittsburgh compound B-positron emission tomography
results

Compared with control subjects, all three patient groups showed

diffuse patterns of higher PIB uptake across the cortex symmet-

rically in both hemispheres, with some sparing of the sensorimotor

strip, parts of the striate cortex and the medial temporal

lobes (Fig. 1). In the direct patient group comparisons, patients

with posterior cortical atrophy showed higher PIB uptake in the

right posterior lingual gyrus compared with patients with

early-onset Alzheimer’s disease (Fig. 2D), with no significant dif-

ferences after FWE correction found for any of the other patient

group comparisons. Relaxing the statistical threshold to P50.001,

uncorrected did not return any additional differences, with the

exception of lower PIB in the lingual gyrus in logopenic variant

PPA compared with early-onset Alzheimer’s disease. Neither

MMSE correction nor atrophy correction had a substantial

impact on the results, although the statistical significance of the

differences was greater in the atrophy-corrected than the

non-atrophy corrected comparisons (data not shown).

Figure 1 Patterns of FDG and PIB binding in early-onset Alzheimer’s disease (EOAD), logopenic variant PPA (lvPPA) and posterior cortical

atrophy (PCA) compared with healthy controls. Shown are T-maps after correction for multiple comparisons (FWE at P50.05) rendered

on the ch2 template brain. Blue in the FDG maps indicates significantly lower FDG uptake in the patient groups compared with controls,

whereas warmer colours in the PIB maps indicate significantly greater PIB binding in the patient groups.
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Region of interest covariance analysis

Voxel-wise correlation analysis

Correlating FDG in the three seed regions of interest with FDG

across the brain produced distinct patterns of covariance across

patients with Alzheimer’s disease (Fig. 3). There was only 7%

overlap of any two correlation maps, with no regions where all

three covariance maps overlapped. The regions involved for each

seed region of interest showed a remarkable resemblance to

specific functional networks. The results of the goodness of fit

analysis for each region of interest covariance map with the best

fitting network are shown in Table 3. Overlap maps of each region

of interest covariance map with the best fitting network template

are shown in Fig. 4. Correlation patterns for FDG with the

early-onset Alzheimer’s disease seed region of interest showed

the best fit with the right executive-control network, mainly invol-

ving right dorsolateral prefrontal and lateral parietal regions. The

correlation patterns for FDG with the logopenic variant PPA seed

region of interest showed the best fit with the left language net-

work, involving predominantly left lateral temporoparietal regions.

Finally, the FDG correlation map for the posterior cortical atrophy

seed region of interest showed the best fit with the higher visual

network template, mainly involving bilateral occipitoparietal

regions. Notably, goodness of fit scores expressed as the ratio

between zinside and zoutside (Table 3) were relatively high, indicat-

ing a large difference between zinside and zoutside, which, together

with the overlap maps shown in Fig. 4, suggests that the

best-fitting networks are specific to the corresponding region of

interest correlation map.

In contrast, PIB uptake in the three seed regions of interest

produced relatively diffuse covariance maps (Fig. 3), with 66%

overlap of any two correlation maps and 8% of all three maps.

Interestingly, PIB uptake in the posterior cortical atrophy seed

region of interest (right middle occipital) showed a more focal

correlation pattern that included bilateral (right more than left)

medial and lateral occipital lobe regions, and left middle temporal

and inferior frontal cortex. Assessing the goodness of fit of the PIB

correlation maps with functional network (see Fig. 4 for the over-

lap with best-fit network template) revealed that, again, the logo-

penic variant PPA and posterior cortical atrophy correlation maps

showed the best fit with the left language and higher visual net-

works, respectively, whereas the early-onset Alzheimer’s disease

region of interest correlation map showed the highest fit with

the auditory network template. However, as indicated by the

overlap maps in Fig. 4 and the low zinside/zoutside ratios

(Table 3), the best-fitting networks were relatively non-specific

to each corresponding covariance map. Similar results for both

FDG and PIB correlations were found after correcting for diagnosis

(Supplementary Fig. 2) and atrophy (data not shown). Testing the

goodness of fit against a second, independent set of network

templates (1000 Functional Connectomes Project templates) re-

vealed similar results for both FDG and PIB, indicating that the

overlap of the region of interest correlation maps with the func-

tional network templates is robust (Supplementary Tables 1 and 2,

Supplementary Figs 3 and 4).

Figure 2 Differences in FDG uptake between (A) early-onset Alzheimer’s disease (EOAD) and posterior cortical atrophy (PCA), (B)

logopenic variant PPA (lvPPA) and posterior cortical atrophy, (C) logopenic variant PPA and early-onset Alzheimer’s disease, and (D) PIB

uptake in posterior cortical atrophy compared with early-onset Alzheimer’s disease. Shown are T-maps after correction for multiple

comparisons (FWE at P5 0.05) rendered on the ch2 template brain. Blue in the FDG maps indicates less FDG uptake in posterior cortical

atrophy compared with early-onset Alzheimer’s disease and logopenic variant PPA, and in early-onset Alzheimer’s disease compared with

logopenic variant PPA. Warmer colours in the PIB map indicate significantly more PIB binding in posterior cortical atrophy compared with

early-onset Alzheimer’s disease. Between-patient group comparisons not shown did not return statistically significant differences after

FWE-correction.
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Fluorodeoxyglucose and Pittsburgh
compound B uptake in functional
network templates
Mean FDG and PIB values for the five functional networks exam-

ined for each group are illustrated in Fig. 5. Compared with con-

trols, all Alzheimer’s disease variants showed significantly lower

FDG and higher PIB uptake in all networks (P5 0.0001).

Between Alzheimer’s disease clinical variants, no differences were

found in the dorsal default mode network, indicating that FDG

was similarly reduced in all three groups. Although patients with

logopenic variant PPA showed higher FDG in the ventral default

mode network (P = 0.01 compared with early-onset Alzheimer’s

disease, P = 0.003 compared with posterior cortical atrophy), this

was driven by relative sparing of this network in the right hemi-

sphere in this group. Splitting the ventral default mode network

into left and right-sided components revealed higher FDG uptake

in the right (P50.001) but not left ventral default mode network

(P = 0.26). FDG uptake was also higher in the logopenic variant

PPA group in the right executive-control network (P = 0.02

Figure 3 Region of interest (ROI) correlation maps for FDG (top) and PIB (bottom). Shown are T-values after multiple comparisons

correction (FWE at P50.05) rendered on the ch2 template brain. Red maps show correlations with the early-onset Alzheimer’s disease

(EOAD) seed region of interest (right middle frontal gyrus); blue maps show correlations with the logopenic variant PPA (lvPPA) seed

region of interest (left superior temporal sulcus); green maps show correlations with the posterior cortical atrophy (PCA) seed region of

interest (right middle occipital gyrus). The overlap map shows the overlap of all three correlation maps for each tracer.

Table 3 Results of goodness of fit analysis of region of interest covariance maps with functional network templates

Correlation map Network template
with best fit

Mean z-score
inside network
(zinside)

Mean z-score
outside network
(zoutside)

GOF score
(zinside � zoutside)

Ratio
(zinside/zoutside)

FDG

EOAD seed Right executive-control 3.11 0.36 2.75 8.64

lvPPA seed Left language 4.08 0.18 3.9 22.67

PCA seed Higher visual 10.78 1.07 9.71 10.07

PIB

EOAD seed Auditory 7.52 2.47 5.05 3.04

lvPPA seed Left language 7.95 3.24 4.71 2.45

PCA seed Higher visual 4.97 0.66 4.31 7.53

Zinside and zoutside represent mean z-scores of all voxels of the region of interest correlation map that lie inside and outside the network template. The goodness of fit score
represents the difference between zinside and zoutside, whereas the ratio represents the ratio between zinside and zoutside. The greater the difference scores and ratios, the better
the fit between the correlation map and functional network.

EOAD = early-onset Alzheimer’s disease; lvPPA = logopenic variant PPA; GOF = goodness of fit; PCA = posterior cortical atrophy.
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Figure 4 Overlap maps showing each region of interest (ROI) correlation map with the best-fitting network template (i.e. network with

highest goodness-of-fit score) for FDG and PIB. Red, blue and green maps represent T-values for significant (FWE P5 0.05) correlations

with the respective seed regions of interest for early-onset Alzheimer’s disease (EOAD), logopenic variant PPA (lvPPA) and posterior

cortical atrophy (PCA), respectively, whereas yellow represents the corresponding network template.

Figure 5 Mean FDG and PIB values for each group and the functional network templates. All Alzheimer’s disease groups showed

significantly lower FDG and higher PIB compared with controls. Asterisk denote FDG in logopenic variant PPA significantly higher than in

early-onset Alzheimer’s disease and posterior cortical atrophy P5 0.05; double asterisk denotes FDG in logopenic variant PPA significantly

higher than in early-onset Alzheimer’s disease and posterior cortical atrophy P50.01; triple asterisks denote FDG in posterior cortical

atrophy significantly lower than in early-onset Alzheimer’s disease and logopenic variant PPA P50.0001. DMN = default mode network;

ECN = executive-control network.
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compared with early-onset Alzheimer’s disease, P = 0.04 com-

pared with posterior cortical atrophy), whereas the posterior cor-

tical atrophy group showed lower FDG in the higher visual

network (P50.0001). A trend for lower FDG in the left language

network was also found in logopenic variant PPA compared with

posterior cortical atrophy on pairwise comparison (P = 0.08).

Notably, within each Alzheimer’s disease group, patients with

early-onset Alzheimer’s disease showed greatest reduction in

FDG in the left executive-control network, whereas the logopenic

variant PPA group showed greatest hypometabolism in the left

language network, and the posterior cortical atrophy group in

the higher visual network. PIB uptake did not differ between

Alzheimer’s disease groups in any of the networks (P40.27).

Discussion
This is the first study to directly compare glucose metabolism and

amyloid deposition patterns in vivo across three clinical variants of

early age-of-onset Alzheimer’s disease: early-onset Alzheimer’s

disease, logopenic variant PPA and posterior cortical atrophy.

These less common focal variants of Alzheimer’s disease were

chosen to maximize heterogeneity in our study population and

increase the likelihood of identifying mechanisms that contribute

to the clinico-anatomic variance of the disease. We hypothesized

that Alzheimer’s disease syndromes would be characterized by

focal patterns of hypometabolism (FDG-PET), which would closely

mirror specific functional networks and would not be explained by

patterns of amyloid deposition (PIB-PET). We further predicted

that the default mode network would be involved in all three

Alzheimer’s disease variants, whereas the involvement of the

executive-control, language and visual networks would be specific

to early-onset Alzheimer’s disease, logopenic variant PPA and pos-

terior cortical atrophy, respectively. Using a traditional mass-

univariate voxel-wise comparison approach, we found

syndrome-specific patterns of hypometabolism in all three

Alzheimer’s disease variants compared with control subjects,

whereas PIB retention was widespread across association neocor-

tex. The seed region of interest covariance analysis revealed dis-

tinct, syndrome-specific FDG covariance patterns that greatly

overlapped with the predicted functional networks, whereas PIB

correlation maps were diffuse and largely overlapping. Finally,

assessing FDG and PIB uptake in functional network templates

revealed significantly lower FDG and higher PIB in the

Alzheimer’s disease variants compared with control subjects in all

networks. Although FDG uptake was similarly reduced across all

variants in the dorsal and left ventral default mode network, sig-

nificant differences between Alzheimer’s disease variants were

found in the right ventral default mode network, right

executive-control and higher visual networks, with a trend to-

wards lower FDG also found in the left language network in logo-

penic variant PPA. In contrast, PIB uptake did not differ between

Alzheimer’s disease variants in any of the networks. Together,

these findings suggest that clinical variants of Alzheimer’s disease

are characterized by differential involvement of specific functional

networks, whereas the dorsal default mode network is commonly

affected in all variants. Our results also suggest that fibrillar

amyloid-b deposition explains at most a small amount of the

clinico-anatomical heterogeneity in Alzheimer’s disease.

Our three FDG analyses provide converging evidence implicat-

ing differential involvement of specific networks in each clinical

variant of Alzheimer’s disease. Perhaps the most distinct pattern

was found in posterior cortical atrophy, where on voxel-wise

group comparisons, we found greater involvement of lateral

occipital and posterior inferior temporal regions. Patients with pos-

terior cortical atrophy showed lower FDG uptake than other vari-

ants in the higher-order visual network template, and showed the

most dramatic overlap between the seed region of interest correl-

ation map (focused in right middle occipital gyrus) and the

higher-order visual network template. Consistent with previous

reports (Rabinovici et al., 2008; Josephs et al., 2010), patients

with logopenic variant PPA showed hypometabolism in left tem-

poroparietal cortex that was far more asymmetric than the pattern

seen in early-onset Alzheimer’s disease. The region of interest cor-

relation map (seeded by the left superior temporal gyrus) best fit

the left language network template. On voxel-wise comparisons,

patients with early-onset Alzheimer’s disease showed greater

involvement of the hippocampus (versus control subjects) and ret-

rosplenial cortex (versus logopenic variant PPA), and low FDG

uptake in the ventral default mode network. Patients with

early-onset Alzheimer’s disease further demonstrated low FDG in

the right executive-control network, and the region of interest

correlation map (focused in right middle frontal gyrus) demon-

strated a best fit with this network. These findings match the

clinical profile of patients with early-onset Alzheimer’s disease,

which includes amnestic and dysexecutive deficits. Interestingly,

our region of interest correlation maps were not altered when

clinical group was added as a covariate, suggesting that these

correlation maps are not driven by each of the variants, but are

capturing involvement of networks across all subjects with

Alzheimer’s disease.

In addition to metabolic differences, we also found significant

overlap in FDG patterns across Alzheimer’s disease phenotypes.

This was most notable in the dorsal default mode network,

where FDG uptake was similarly reduced across all variants, sug-

gesting that the involvement of this network is a common feature

of Alzheimer’s disease, irrespective of clinical phenotype (Lehmann

et al., 2010; Whitwell et al., 2011). Although there was a signifi-

cant difference in FDG uptake in the ventral default mode net-

work, this was driven by the asymmetric pattern of logopenic

variant PPA, as a post hoc analysis that split the ventral default

mode network into left and right components revealed that FDG

uptake in the left ventral default mode network was as low in

logopenic variant PPA as in early-onset Alzheimer’s disease and

posterior cortical atrophy. Additional overlap occurred in the right

executive-control network in all but the logopenic variant PPA

variant, and also in the language network, although a trend to-

wards lower FDG uptake was found in logopenic variant PPA.

Overlapping involvement of these networks is consistent with

the observation that clinically defined Alzheimer’s disease variants

show some degree of behavioural and anatomical overlap at base-

line that increases with longitudinal evolution (Migliaccio et al.,

2009; Lehmann et al., 2012).
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In striking contrast to the syndrome-specific FDG patterns, PIB

binding was diffuse across clinical syndromes and between net-

works. Perhaps the one exception to this rule was posterior cor-

tical atrophy, where we found increased PIB uptake in the right

posterior lingual gyrus in posterior cortical atrophy compared with

early-onset Alzheimer’s disease. This finding stands in contrast to

other group imaging studies that have found no significant differ-

ences in PIB retention between posterior cortical atrophy and typ-

ical Alzheimer’s disease (Rosenbloom et al., 2010; de Souza et al.,

2011), although trends towards higher PIB uptake in cuneus and

lingual regions of interest were found after atrophy correction in

Rosenbloom et al. (2010). Reasons for discrepant findings be-

tween this and other PIB group studies may include differences

in sample size, group composition (e.g. early-onset Alzheimer’s

disease versus typical Alzheimer’s disease that may include cases

with late-onset Alzheimer’s disease) and methodological differ-

ences (e.g. different versions of SPM). However, even in posterior

cortical atrophy, there was a marked dissociation between the

largely overlapping PIB binding patterns and the very distinct

hypometabolic pattern seen on voxel-wise contrasts and in inter-

rogating the higher-order visual network. Interestingly, the PIB

covariance pattern of the posterior cortical atrophy (right occipital)

seed region of interest was also the most focal, raising the possi-

bility that occipital PIB binding is capturing a more distinct process.

Autopsy and PIB studies have suggested that cerebral amyloid

angiopathy is particularly prominent in the occipital lobe (Rosand

et al., 2005; Johnson et al., 2007; Ly et al., 2010), raising the

possibility that cerebral amyloid angiopathy contributes to the

strong occipital PIB signal in Alzheimer’s disease. Further studies

are needed to assess the prevalence of cerebral amyloid angiopa-

thy in Alzheimer’s disease and its contribution to the neurodegen-

erative patterns found in different Alzheimer’s disease syndromes.

If amyloid-b aggregation is the initiating event in the

Alzheimer’s disease cascade, how can we reconcile the diffuse

patterns of amyloid deposition with the network-specific patterns

of neurodegeneration seen in Alzheimer’s disease variants? One

possibility is to consider that amyloid-b and tau aggregation may

be driven by distinct mechanisms, with neurofibrillary rather than

amyloid pathology driving neurodegeneration. Studies have shown

that amyloid-b secretion and local aggregation in mouse models

correlate with neural activity (Cirrito et al., 2005; Bero et al.,

2011), and that amyloid-b accumulation in humans occurs in

highly interconnected cortical hubs (Buckner et al., 2009), even

in preclinical stages (Mintun et al., 2006; Fripp et al., 2008;

Mormino et al., 2011). Cortical hubs are distributed across wide

regions of association neocortex, leading to diffuse and symmetric

patterns of amyloid-b aggregation that are not confined to specific

networks. Interestingly, recent in vitro (Frost et al., 2009; Nonaka

et al., 2010; Guo and Lee, 2011) and in vivo findings in transgenic

mice (Clavaguera et al., 2009; de Calignon et al., 2012) have

found that misfolding and aggregation of tau may spread via syn-

aptic connections, therefore leading to the progression of disease

within specific interconnected neural networks. If relevant to

human disease, these observations suggest that the aggregation

of amyloid-b may be driven by total flow of neuronal activity

(yielding diffuse and symmetric patterns of PIB binding throughout

‘cortical hubs’), whereas the aggregation of tau may be driven by

transneuronal spread, generating patterns of neurodegeneration

that coincide with specific functional networks and ultimately

lead to specific clinical phenotypes.

Although speculative, this model would account for the exquis-

itely specific regional patterns of neurodegeneration seen in early

stages of Alzheimer’s disease (Reiman et al., 1996; Petrie et al.,

2009), which contrasts with the diffuse pattern of amyloid depos-

ition. This model could also explain the central role of the default

mode network in Alzheimer’s disease, as the default mode net-

work may represent a network in which early amyloid-b aggrega-

tion (as a central hub) and metabolic vulnerability (Liang et al.,

2008) converge. Trans-synaptic spread could explain how the dis-

ease spreads from the default mode network to closely intercon-

nected posterior networks, including those involved in visuospatial,

language and executive function. There is currently limited data on

the direction of the transneuronal spread, i.e. it is possible that

Alzheimer’s disease pathology begins in different ‘off-target’ net-

works in Alzheimer’s disease variants that later converge in the

default mode network. Further studies using longitudinal data will

provide insights into the chain of events in different Alzheimer’s

disease variants.

The centrality of tau pathology to clinical symptoms is consistent

with the vast majority of clinicopathological studies that have

found that tangle pathology is a better predictor of neurodegen-

eration, disease severity and cognitive symptoms in Alzheimer’s

disease than amyloid pathology (see Nelson et al., 2012 for a

review). Autopsy studies have also shown greater tangle, but

not amyloid pathology in posterior regions in posterior cortical

atrophy (Renner et al., 2004; Tang-Wai et al., 2004) and in left

hemisphere language regions in PPA versus amnestic Alzheimer’s

disease (Mesulam et al., 2008; Gefen et al., 2012). The regions

with greatest tangle pathology, therefore, greatly overlap with the

most atrophied and hypometabolic regions in these different syn-

dromes, suggesting good correspondence between the distribution

of tau and patterns of neurodegeneration. The factors that drive

neurofibrillary pathology into specific, distinct brain networks in

individuals with Alzheimer’s disease are largely unknown.

Genetic association studies suggest that the ApoE "4 allele and

perhaps specific tau haplotypes may drive neurofibrillary pathology

into the medial temporal lobe and hippocampus (Murray et al.,

2011; van der Flier et al., 2011; similar trend for a higher preva-

lence of "4 alleles in early-onset Alzheimer’s disease in our study),

whereas the high rate of developmental language disorders in

patients with PPA hints at premorbid developmental vulnerability

as a potential mechanism (Rogalski et al., 2008). It is likely that

many more genetic and environmental risk factors (as well as

interactions between the two) that have yet to be elucidated are

involved in determining the pattern of neurodegeneration in

Alzheimer’s disease.

It is also conceivable that distinct clinico-anatomical features in

Alzheimer’s disease variants may be driven by amyloid species that

are not captured by PIB, such as soluble amyloid-b or diffuse

plaques (Bacskai et al., 2007; Ikonomovic et al., 2008). In particu-

lar, amyloid-b oligomers, which are considered the most neuro-

toxic of all amyloid species (Mucke et al., 2000; Walsh and Selkoe,

2007), may significantly contribute to different neurodegenerative

patterns in Alzheimer’s disease. Additionally, we cannot exclude
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the possibility that Alzheimer’s disease variants may show focal or

asymmetric patterns of amyloid deposition in preclinical stages of

Alzheimer’s disease. Although the pattern of PIB binding in

amyloid-positive cognitively normal individuals appears relatively

diffuse at a group level (Mintun et al., 2006; Fripp et al., 2008;

Mormino et al., 2012), focal patterns can be seen in individual

cases, and these may be relevant to the subsequent pattern of

neurodegeneration. Interestingly, our PIB covariance analysis

showed best goodness of fit between the logopenic variant PPA

region of interest covariance map and the left language network,

and between the posterior cortical atrophy region of interest map

and the higher-order visual network. However, the PIB goodness

of fit findings should be interpreted with caution, as the high

number of other fits with similar goodness of fit scores suggests

that the best-fit network is relatively non-specific.

Our study has limitations. Autopsy confirmation of Alzheimer’s

disease is not available in any of our subjects, though our selection

criteria were designed to maximize the likelihood of underlying

Alzheimer’s disease pathology (clinical phenotypes highly asso-

ciated with post-mortem Alzheimer’s disease, exclusion of patients

with core features of other degenerative diseases, required evi-

dence of amyloid deposition on PIB-PET scans). Although the

sample size of the different Alzheimer’s disease groups in this

study is relatively large, given the frequency of the syndromes,

subject numbers may have been too small to detect significant

differences in PIB retention between Alzheimer’s disease variants,

although sample sizes were large enough to detect differences in

FDG. Our choice of an early age-of-onset Alzheimer’s disease

group controlled for the effects of age (as logopenic variant PPA

and posterior cortical atrophy typically occur in early-onset pa-

tients) and enhanced comparisons with a previous structural ima-

ging study (Migliaccio et al., 2009). However, this may have

limited our ability to detect behavioural and imaging differences

between ‘typical’ Alzheimer’s disease and logopenic variant PPA/

posterior cortical atrophy, as patients with early-onset Alzheimer’s

disease show early language and visuospatial deficits (Koss et al.,

1996; Koedam et al., 2010). Although the late-onset amnestic

Alzheimer’s disease phenotype is more common than the

early-onset variants, using these variants to study the factors driv-

ing clinical heterogeneity provides important insights into disease

pathogenesis that may be applicable to the more common,

late-onset Alzheimer’s disease. PIB, although a highly validated

tracer, is relatively novel and may have unknown limitations

(e.g. ceiling effects or unknown binding interactions). A further

point of ongoing debate is the potential confounding effects of

atrophy on PIB data. Reassuringly our results were consistent with

and without atrophy correction. MRI scans were acquired on dif-

ferent scanners. However, patient groups were relatively matched

for scanner type, and the use of structural imaging in this study

was limited to definition of regions of interest, spatial normaliza-

tion and atrophy correction of PET data. Finally, although

FDG-PET is closely related to synaptic activity (Jueptner and

Weiller, 1995) and has been widely used to assess brain function,

it is an indirect method of identifying functional neural networks.

Future studies applying both task-free and task-dependent func-

tional MRI data may help to confirm and further elucidate the role

of different functional networks in Alzheimer’s disease variants.
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