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Primary progressive aphasia is a syndrome characterized by progressive loss of language abilities with three main phenotypic

clinical presentations, including logopenic, non-fluent/agrammatic, and semantic variants. Previous imaging studies have shown

unique anatomic impacts within language networks in each variant. However, direct measures of spontaneous neuronal activity

and functional integrity of these impacted neural networks in primary progressive aphasia are lacking. The aim of this study was to

characterize the spatial and temporal patterns of resting state neuronal synchronizations in primary progressive aphasia syndromes.

We hypothesized that resting state brain oscillations will show unique deficits within language network in each variant of primary

progressive aphasia. We examined 39 patients with primary progressive aphasia including logopenic variant (n = 14, age = 61 � 9

years), non-fluent/agrammatic variant (n = 12, age = 71 � 8 years) and semantic variant (n = 13, age = 65 � 7 years) using magne-

toencephalographic imaging, compared to a control group that was matched in age and gender to each primary progressive

aphasia subgroup (n = 20, age = 65 � 5 years). Each patient underwent a complete clinical evaluation including a comprehensive

battery of language tests. We examined the whole-brain resting state functional connectivity as measured by imaginary coherence

in each patient group compared to the control cohort, in three frequency oscillation bands—delta-theta (2–8 Hz); alpha (8–12 Hz);

beta (12–30 Hz). Each variant showed a distinct spatiotemporal pattern of altered functional connectivity compared to age-matched

controls. Specifically, we found significant hyposynchrony of alpha and beta frequency within the left posterior temporal and

occipital cortices in patients with the logopenic variant, within the left inferior frontal cortex in patients with the non-fluent/

agrammatic variant, and within the left temporo-parietal junction in patients with the semantic variant. Patients with logopenic

variant primary progressive aphasia also showed significant hypersynchrony of delta-theta frequency within bilateral medial frontal

and posterior parietal cortices. Furthermore, region of interest-based analyses comparing the spatiotemporal patterns of variant-

specific regions of interest identified in comparison to age-matched controls showed significant differences between primary

progressive aphasia variants themselves. We also found distinct patterns of regional spectral power changes in each primary

progressive aphasia variant, compared to age-matched controls. Our results demonstrate neurophysiological signatures of net-

work-specific neuronal dysfunction in primary progressive aphasia variants. The unique spatiotemporal patterns of neuronal

synchrony signify diverse neurophysiological disruptions and pathological underpinnings of the language network in each variant.
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Introduction
Primary progressive aphasia (PPA) is a clinical syndrome

where speech and language impairments are the predomin-

ant neurobehavioural deficits (Mesulam, 2003; Mesulam

et al., 2014). Three main clinical phenotypes of PPA have

been identified, each with a distinct deficit in language func-

tion: logopenic variant (lvPPA), characterized by prominent

phonological impairments; semantic variant (svPPA), char-

acterized by loss of word comprehension and object con-

cepts; and non-fluent/agrammatic variant (nfvPPA),

characterized by impaired motor speech and/or grammatical

processing (Gorno-Tempini et al., 2011). Each PPA variant

shows a unique anatomical pattern of neuronal loss—left

posterior temporo-parietal atrophy in lvPPA, anterior tem-

poral lobe atrophy in svPPA, and left posterior fronto-insu-

lar and subcortical atrophy in nfvPPA (Galantucci et al.,

2011; Grossman, 2012; Mandelli et al., 2014; Leyton

et al., 2016). Collectively the anatomical patterns of atrophy

in PPA encompass the language network of the brain.

Functional neuroimaging studies have demonstrated abnor-

mal blood oxygen level-dependent signal changes, disrupted

white matter tracts, and altered metabolic profiles within the

language network in PPA patients (Sonty et al., 2007;

Wilson et al., 2010; Guo et al., 2013; Lehmann et al.,

2013). Further, post-mortem neuropathological and

in vivo neuroimaging studies have identified Alzheimer’s dis-

ease-related molecular changes in lvPPA and frontotemporal

degeneration-type protein depositions in nfvPPA and svPPA,

suggesting selective vulnerability of each involved language

circuit (Rabinovici et al., 2008; Grossman, 2010;

Ossenkoppele et al., 2016). Despite these important ad-

vances in the field of PPA, the electrophysiological proper-

ties of altered temporal dynamics of neurons within affected

brain circuits remain largely unknown. The neural signa-

tures of disrupted coordinated activity within the language

network are prime candidates for understanding the mech-

anisms linking molecular pathology and system-level func-

tional deficits in PPA.

Magnetoencephalographic imaging (MEGI) allows non-in-

vasive mapping of neural oscillations in the brain with high

temporal and spatial resolution. Coupled with source space

reconstruction algorithms, MEGI is ideally suited to

characterize neuronal oscillations with millisecond precision.

Oscillations are a fundamental property of cortical networks

and represent the coordinated activity of neurons either

within local ensembles or as long-range connections. These

rhythmic patterns are typically segregated into distinct fre-

quency bands as delta (1–4 Hz), theta (4–8 Hz), alpha (8–

12 Hz), beta (12–30 Hz), and gamma (440 Hz).

Electrophysiological properties of different low and high fre-

quency oscillations have shown to be associated with specific

cellular and synaptic processes including pacemaker currents

and reciprocal coupling of excitatory and inhibitory neurons

(Buzsaki, 2011; Buzsaki et al., 2012). Neurophysiological

recordings in humans as well as in non-human primates

have demonstrated that spatiotemporal patterns of corre-

lated oscillations relate to canonical computations of under-

lying cognitive processes (Harris and Gordon, 2015). In

particular, spontaneous oscillations of the resting brain

have been reliably mapped onto large-scale functional

neural networks (de Pasquale et al., 2012). Altered spectral

patterns and impaired coherence of oscillations have been

identified as indicators of network dysfunctions underlying

specific cognitive deficits in Alzheimer’s disease, frontotem-

poral dementia, schizophrenia, and autism spectrum dis-

orders (Hinkley et al., 2010; Hughes and Rowe, 2013;

Khan et al., 2013; Ranasinghe et al., 2014).

In this study, we investigated the resting brain oscillations

in PPA patients compared to an age-matched control

population using MEGI. We examined the functional con-

nectivity patterns based on neuronal synchrony within

delta-theta, alpha and beta frequency bands, using an un-

biased whole-brain approach. We also examined the spec-

tral power changes within each frequency. We hypothesized

that PPA patients will show significant oscillatory changes

and that each PPA variant will be characterized by distinct

spatiotemporal patterns of altered neuronal synchrony.

Materials and methods

Subjects

Participants were recruited from research cohorts at the
University of California San Francisco (UCSF) Memory and
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Aging Center and consisted of 39 patients meeting the diag-
nostic criteria for PPA (n = 14 lvPPA; n = 13 svPPA; n = 12
nfvPPA) (Mesulam, 2001) and 20 age-matched controls.
Each PPA patient was assigned to their specific variant accord-
ing to the current diagnostic criteria (Gorno-Tempini et al.,
2008, 2011). All patients underwent a complete clinical his-
tory, physical examination, and neuropsychological evaluation.
All participants underwent a 4–10 min session of magnetoen-
cephalogram (MEG) recording at rest and structural MRI of
the brain. Eligibility criteria for age-matched controls included
normal cognitive performance, normal MRI, and absence of
neurological, psychiatric, or other major medical illnesses.
Informed consent was obtained from all participants or their
assigned surrogate decision-makers. The study was approved
by the UCSF institutional review board for human research.

Neuropsychological assessment

For each patient, a structured caregiver interview documented
the Clinical Dementia Rating scale (CDR). Each patient was
assessed by a Mini-Mental State Examination (MMSE) and a
battery of neuropsychological tests (Kramer et al., 2003;
Ranasinghe et al., 2016) (Supplementary material).

Comparison of demographic and
cognitive variables

Statistical tests comparing demographic and cognitive abilities
were performed using SAS (SAS 9.4; SAS Institute, Cary, NC).
Age was compared using one-way ANOVA with Dunnett’s
post hoc comparison. Wilcoxon-Mann-Whitney test was used
to compare education between each patient group and the
control group. Fisher exact test was used to compare sex,
handedness, and race between each patient group and the con-
trol group. Neuropsychological test scores were compared
across the PPA variants using one-way ANOVA and Tukey
post hoc comparison.

MRI acquisition and voxel-based
morphometry analysis

Structural brain images were acquired using a unified MRI
protocol on a 3 T Siemens MRI scanner at the Neuroscience
Imaging Center (NIC) at UCSF, within 47 � 78 days of the
MEG evaluation. Structural MRIs were used to generate the
head model for source space reconstruction of MEG sensor
data, and to generate grey matter volume estimates
(Supplementary material). Voxel-based morphometry-derived
volumes were used for statistical corrections of functional con-
nectivity and spectral power estimates derived from MEGI
(described below).

Resting state MEG data acquisition

Each subject underwent MEG recording on a 275-channel whole-
head biomagnetometer system consisting of 275 axial gradiom-
eters (MISL, Coquitlam, British Columbia, Canada). Three fiducial
coils including nasion and left and right pre-auricular points were
placed to localize the position of head relative to sensor array, and
later co-registered to each individual’s respective MRI to generate
an individualized head shape. Data collection was optimized to

minimize within-session head movements and to keep it below
0.5 cm. Continuous recording (4–10 min) was collected from
each subject while lying supine and awake with eyes closed (sam-
pling rate: 600 Hz). We selected a 1-min continuous segment with
minimal artefacts (i.e. minimal excessive scatter at signal amplitude
510 pT), for each subject, for analysis. The study protocol
required the participant to be interactive with the investigator
and be awake at the beginning of the data collection. Spectral
analysis of each recording was visually inspected and those show-
ing known electrophysiological features of sleep were excluded.
Artefact detection was confirmed by visual inspection of sensor
data and channels with excessive noise within individual subjects
were removed prior to analysis. Both controls’ and patients’ data
were within our specified limits of signal scatter, and were not
different in the degree of head movement [unpaired t-test:
t = 1.5, P = 0.13; mean � standard deviation (SD), for patients =
0.32 � 0.23 cm; controls = 0.22 � 0.23 cm].

Source space reconstruction of MEG
data

Tomographic reconstructions of the MEG data were generated
using a head model based on each participant’s structural
MRI. Spatiotemporal estimates of neural sources were gener-
ated using a time–frequency optimized adaptive spatial filtering
technique implemented in the Neurodynamic Utility Toolbox
for MEG (NUTMEG; http://nutmeg.berkeley.edu). Tomogra-
phic volume of source locations (voxels) was computed
through an adaptive spatial filter (10 mm lead field) that
weights each location relative to the signal of the MEG sensors
(Dalal et al., 2008, 2011). The source space reconstruction
approach provided amplitude estimations at each voxel
derived through the linear combination of spatial weighing
matrix with the sensor data matrix (Dalal et al., 2008). We
used lead-field (column) normalization to account for the
reconstruction power bias towards the centre of the head. A
high resolution anatomical MRI for each subject was spatially
normalized to the Montreal Neurological Institute (MNI) tem-
plate using statistical parametric mapping version 8 software
(SPM8, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/), and
the resulting transformation parameters were applied to each
individual subjects’ source reconstruction maps.

Functional connectivity and spectral
power estimation

We computed imaginary coherence for each subject, at each
frequency band (2–8 Hz, delta-theta; 8–12 Hz, alpha; 12–
30 Hz, beta) between all pairs of voxels. Imaginary coherence
captures only the coherence that cannot be explained by
volume spread (Nolte et al., 2004), and is a reliable metric
for resting state functional connectivity analyses (Guggisberg
et al., 2008; Martino et al., 2011; Hinkley et al., 2012; Engel
et al., 2013). We computed the global connectivity at each
voxel as the average of the Fisher’s Z-transformed absolute
value of the imaginary coherence between a given voxel
(10 mm isotropic) and all other voxels in the grid.

We also examined the spectral power maps using the source
space reconstructed data. Each subjects’ reconstruction, within
each frequency, was spatially normalized to standard MNI
template by applying the transformation matrix from the
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structural MRI. Source spectral power density for each loca-
tion was derived through a noise-corrected power density stat-
istic for the signal magnitude in each frequency band during
the 60-s experimental time window.

Whole-brain analyses between each
PPA variant and controls

Using statistical non-parametric whole-brain mapping methods
incorporated in the NUTMEG toolbox (Dalal et al., 2008,
2011), we examined the differences between each PPA variant
and age-matched controls in: (i) functional connectivity (i.e.
imaginary coherence); and (ii) spectral power. To minimize
spatial frequency noise in the beamformer volumes, average
and variance maps for each individual frequency band were
smoothed using a Gaussian kernel with a width of
20 � 20 � 20 mm full-width at half-maximum (Barnes et al.,
2004). Statistical significance was estimated by obtaining a
permuted distribution (through 2N possible combinations of
negations) and estimating the significance of the test statistic
(imaginary coherence or spectral power) value from its pos-
ition in this permuted distribution. Multiple comparisons were
corrected using cluster correction procedures in NUTMEG
(Dalal et al., 2011; Kort et al., 2016) with a cut-off level of
20 voxels (only the clusters with 20 congruent voxels re-
mained), and P-values thresholded to P50.05. When effects
were significant, we applied more stringent thresholds of
P50.01 or 0.001 in order to yield the most robust effects.
We report the most conservative threshold producing signifi-
cant effects. The specific thresholds used in each comparison
are noted in the figure legends. In the cluster correction, fol-
lowing permutation testing, a voxel cluster was considered sig-
nificant if there were more contiguous voxels within a cluster
after passing a statistical (P-value) threshold. Clusters in the
thresholded statistical maps were discarded if they fell below
the 95% of null-distribution cut-off following permutation
testing and did not meet the required minimum value of con-
tiguous 20 voxels. This approach sufficiently minimized the
possibility of observing spurious effects. The images were
thresholded such that only the voxels that exceeded the signifi-
cance threshold can be seen in the figures.

Region of interest-based analyses

Suprathreshold clusters from the comparisons between each
PPA variant and controls, at each frequency, served as
non-contiguous variant-specific regions of interest for the
subsequent analyses. In these region of interest-based ana-
lyses, we first examined the functional connectivity and
spectral power after accounting for the grey matter volume
loss in the corresponding variant-specific regions of interest.
Next, we compared the functional connectivity patterns
within variant-specific regions of interest directly between
PPA variants.

Regional grey matter volume correction for

functional connectivity and spectral power deficits

To examine whether the MEGI-derived functional connectivity
deficits within the variant-specific regions of interest in each
PPA variant were significant after correcting for atrophy, we
used a general linear model and included cortical grey matter

volume of the corresponding variant-specific region of interest
as a covariate. A separate model was used for each PPA variant

versus control comparison, at each frequency. The step-by-step
details are as follows: first, we extracted the mean imaginary
coherence for each variant-specific region of interest (at a given
frequency band), for each subject. Next, we extracted the mean
voxel-based morphometry-derived grey matter volume of the

corresponding variant-specific region of interest, for each sub-
ject. Using PROC GLM in SAS, we then ran a general linear
model and included the voxel-based morphometry-derived
volume as a covariate. The model equation was as follows:
MEGI-derived imaginary coherence = Group + VBM-derived
volume + E, where ‘Group’ indicates the categorical label indi-

cating PPA variant or control, and E indicates the model error.
Inclusion of additional covariates of age and gender into the
model did not affect our results, and therefore we report results
here without these additional covariates. Identical methodology
was used, including spectral power as the dependent vari-

able to examine the effects after controlling for grey matter
volume.

Statistical comparison of functional connectivity

patterns between PPA variants

We used two separate approaches to examine whether the
MEGI-derived functional connectivity pattern observed when
each PPA variant was compared to age-matched controls are
significantly different between the PPA variants themselves. In

the first analysis, we used a general linear model where MEGI-
derived functional connectivity was the dependent variable and
PPA variant identity was the predictor variable. In the second
analysis, we used a logistic regression model where PPA vari-
ant identity was the dependent variable and MEGI-derived

functional connectivity was the predictor variable. For both
approaches, we first extracted the mean imaginary coherence
for each of the nine variant-specific regions of interest (for each
PPA syndrome at each frequency), for each patient. A separate
model was used at each frequency band, in each approach.

The general linear model (PROC GLM in SAS) tested
whether each pair of PPA variants were different from each
other based on imaginary coherence within the variant-specific
regions of interest of the given pair. Specifically, we used a
two-way ANOVA model, including PPA variant identity and
variant-specific region of interest identity as predictor vari-

ables, and the MEGI-derived imaginary coherence of the vari-
ant-specific region of interest is the dependent variable. The
model equation was as follows: MEGI-derived imaginary
coherence = Group + variant-specific-region of interest + E,
where ‘Group’ indicates categorical label of the PPA variant;

‘variant-specific region of interest’ indicates categorical label of
the variant-specific region of interest, and E indicates model
error.

The logistic regression-based discriminant analysis (PROC
LOGISTIC in SAS) quantified the extent of distinction between

each pair of PPA variants based on imaginary coherence
within the variant-specific regions of interest of the given
pair. The imaginary coherence values of the PPA pair com-
prised the predictor variables of the model, and the category
identity of the PPA variant was the dependent variable.
Receiver operating characteristic (ROC) plots were constructed

to quantify the confidence limits of each pairwise comparison.
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Results

Demographic characteristics and
global cognitive assessment

Each PPA variant—lvPPA, svPPA, and nfvPPA—was demo-

graphically matched with the control group in their distri-

bution of age, sex, handedness, race and education (Table

1). In pairwise comparisons, lvPPA patients were signifi-

cantly younger than nfvPPA patients (P50.05). PPA vari-

ants showed comparable degrees of disease severity as

measured by CDR (Table 2). The average MMSE of the

combined cohort of patients was mild to moderately im-

paired (MMSE = 23.9 � 4.8). In pairwise comparisons of

MMSE scores, nfvPPA patients significantly outperformed

both lvPPA and svPPA patients (Table 2).

Neuropsychological performance and
grey matter atrophy in PPA variants

Each PPA variant showed unique deficits in language abil-

ities. Patients with lvPPA showed predominant dysfunction

in repetition, in both western aphasia and motor speech

evaluation batteries (Table 2). Patients with nfvPPA

showed predominant motor speech errors, and reported

significantly higher dysarthria and speech apraxia ratings

(Table 2). Patients with svPPA showed a predominant

loss of semantic abilities with significantly poor confronta-

tion naming and vocabulary performance (Table 2).

In standard bedside neuropsychological testing, the

svPPA patients showed poor verbal memory abilities, but

relatively better executive function, compared to lvPPA and

nfvPPA patients (Table 2, pairwise comparisons of short

delay and delayed California Verbal Learning Test, and

set shifting). Patients with lvPPA as a group, showed the

lowest scores in verbal working memory and phonological

short term memory (Table 2).

Consistent with previous reports (Gorno-Tempini et al.,

2004), the grey matter volume compared to an age-

matched control population, demonstrated characteristic

patterns in each PPA variant (Supplementary Fig. 1).

Patients with lvPPA showed a left predominant atrophy

over the temporal and parietal lobes with the most signifi-

cant volume loss over the posterior temporal cortex extend-

ing into the adjacent parietal cortex. Patients with svPPA

showed a bilateral volume loss involving both anterior tem-

poral lobes, albeit with a more extensive distribution in left

temporal lobe. Patients with nfvPPA showed minimal cor-

tical atrophy and mild-to-moderate subcortical volume loss,

mainly involving the inferior frontal and pre-central regions

in the left hemisphere, consistent with previous reports

(Galantucci et al., 2011; Leyton et al., 2016).

Spatiotemporal patterns of
functional connectivity disruptions in
PPA variants

Neural synchronizations as measured by imaginary coher-

ence, in control subjects, showed distinct spatiotemporal

patterns (Supplementary Fig. 2). Delta-theta frequency (2–

8 Hz) showed strong synchrony in parieto-occipital cortices

extending into frontal cortices. Alpha (8–12 Hz) synchron-

izations were strongest in the occipital cortices, while beta

(12–30 Hz) showed strongest synchronizations in the par-

ietal cortices.

Confirming our initial hypothesis, each PPA variant

demonstrated a distinct pattern of functional connectivity

deficit compared to controls. As we present in detail below,

alpha and beta oscillations consistently showed reduced

functional connectivity (i.e. hyposynchrony) in all PPA vari-

ants, while delta-theta oscillations showed increased func-

tional connectivity (i.e. hypersynchrony) in lvPPA and

variable effects in nfvPPA and svPPA.

Unique patterns of left lateralized
alpha and beta hyposynchrony in PPA
variants

All three PPA variants showed alpha and beta hyposyn-

chrony when compared to age-matched controls. In the

Table 1 Participant demographics

lvPPA nfvPPA svPPA Controls

(n = 14) (n = 12) (n = 13) (n = 20)

Age (years) 60.9 � 9.0 71.0 � 7.7 65.4 � 6.6 65.2 � 5.4

Female sex, n (%) 9 (64.3) 7 (58.3) 7 (53.9) 13 (65.0)

Right handedness, n (%) 9 (64.3) 11 (91.7) 13 (100) 16 (80.0)

White race, n (%)a 11 (91.7) 10 (90.9) 11 (84.6) 18 (94.7)

Education, years 18 (14–20) 16 (15–18) 18 (16–20) 18 (16–19)

Disease duration, years 5.3 (2.2) 4.7 (1.9) 5.8 (2.5) -

Values for age indicate means � standard deviations of the participants at the time of evaluation. Values for education indicate medians with interquartile ranges within parentheses.
aRace was self-reported and the total number of observations reported for each group included, n = 12, n = 11, n = 13 and n = 19 for lvPPA, nfvPPA, svPPA, and control groups,

respectively.

One-way ANOVA and Dunnett’s post hoc comparison showed no significant difference of age between each patient group and the control group. Wilcoxon-Mann-Whitney test

showed no significant difference of education between each patient group and the control group. Fisher exact test for sex, handedness, and race between each patient group and

controls showed no statistical differences.
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left hemisphere, the anatomical patterns of hyposynchrony

corresponded to the language network and was uniquely

affected in each PPA variant (Fig. 1A–C and Supplementary

Table 1). In lvPPA patients, alpha hyposynchrony was

found in the inferior temporal cortex, and beta hyposyn-

chrony was found in the inferior temporal, posterior fron-

tal, and lateral parietal cortices, in the left hemisphere. In

contrast, nfvPPA patients showed alpha and beta hyposyn-

chrony in the left inferior frontal gyrus, while svPPA pa-

tients showed alpha and beta hyposynchrony in the left

posterior superior temporal and adjacent parietal cortices.

As opposed to the left hemisphere, the anatomic distribu-

tions of functional connectivity deficits in the right

hemisphere were less distinct between PPA variants. For

example, lvPPA and svPPA did not show any alpha deficits

in the right hemisphere, while all three groups showed an

overlapping pattern of beta hyposynchrony involving the

posterior parietal and temporal cortices (Fig. 1A–C), with

the notable exception of spared right temporal lobe in

svPPA (Fig. 1C). Collectively these results reveal unique

patterns of left lateralized alpha and beta hyposynchrony

involving the language network in each PPA variant.

Region of interest-based analyses of alpha and beta

hyposynchrony

To ensure that functional connectivity deficits were not an

epiphenomenon of cortical atrophy, we examined the im-

aginary coherence differences in each PPA variant against

controls, using a general linear model in which grey matter

volumes were included as a covariate. The alpha and beta

Table 2 Neuropsychological test performance

Variable lvPPA nfvPPA svPPA

(n = 14) (n = 12) (n = 13)

Global cognitive function

MMSE 21.4 � 1.1a 27.4 � 1.2 23.3 � 1.2b

CDR 0.6 � 0.1 0.4 � 0.1 0.7 � 0.1

Language function

WAB - Repetition 72.0 � 3.0c,d 85.3 � 3.3 91.8 � 2.9

Repetition 44.5 � 2.2d 50.2 � 2.8b 59.8 � 2.3

Speech Apraxia Rating 0.4 � 0.5 3.3 � 0.5a,e 0.2 � 0.5

Dysarthria Rating 0.0 � 0.5 3.1 � 0.5f,e 0.2 � 0.4

Syntax Comprehension 91.8 � 4.8 83.9 � 5.3 91.1 � 4.6

Boston Naming Test 10.2 � 0.9 11.7 � 1.0 4.9 � 0.8d,e

Peabody Picture Vocabulary Test 14.6 � 0.9 13.5 � 1.0 8.0 � 0.8d,e

Category Fluency (animals/1 min) 8.3 � 1.3 11.7 � 1.5 8.2 � 1.2

Visuospatial function

Face discrimination (CATS – face matching) 11.5 � 0.3 11.2 � 0.3 11.5 � 0.2

Visuoconstruction (Benson copy) 14.4 � 0.5 14.4 � 0.5 15.6 � 0.4

Location discrimination (VOSP number location) 8.4 � 0.6 8.6 � 0.6 9.1 � 0.5

Episodic memory function

Visual free recall (Benson 10 min) 7.2 � 1.1 9.7 � 1.2 7.9 � 1.0

Short delay verbal memory (CVLT 30 s) 4.1 � 0.6 5.1 � 0.7 1.9 � 0.6g,h

Verbal free recall (CVLT 10 min) 3.6 � 0.7 4.6 � 0.8 1.0 � 0.6g,h

Verbal recognition (CVLT recognition) 7.9 � 0.5 7.9 � 0.6 6.8 � 0.5

Executive function and working memory

Lexical fluency (D words/1 min) 7.4 � 1.0 4.7 � 1.2 7.9 � 0.9

Design fluency 6.8 � 0.9 5.6 � 1.0 7.3 � 0.8

Phonological short-term memory (Digits forward) 3.8 � 0.3d 4.5 � 0.4b 5.7 � 0.3

Verbal working memory (Digits backward) 2.9 � 0.3g 3.1 � 0.4 4.0 � 0.3

Set shifting (Modified trails – speed) 0.2 � 0.04i 0.2 � 0.05b 0.4 � 0.04

CATS = Comprehensive Affect Testing System; CDR = Clinical Dementia Rating; CVLT = California Verbal Learning Test containing nine items; MMSE = Mini-Mental State

Examination; VOSP = Visual Object and Space Perception; WAB = Western Aphasia Battery.

Values are least-square means � standard deviation for each group adjusted for age and MMSE. Repetition, speech apraxia and dysarthria were evaluated using motor speech

evaluation battery. Scores on the MMSE range from 0 to 30, with higher scores denoting better cognitive function. Scores on the CDR range from 0 to 3 with higher scores denoting

greater impairment.
aP5 0.01 lvPPA versus nfvPPA.
bP5 0.05 svPPA versus nfvPPA.
cP5 0.05 lvPPA versus nfvPPA.
dP5 0.001 lvPPA versus svPPA.
eP5 0.001 svPPA versus nfvPPA.
fP5 0.001 lvPPA versus nfvPPA.
gP5 0.05 lvPPA versus svPPA.
hP5 0.01 svPPA versus nfvPPA.
iP5 0.01 lvPPA versus svPPA.
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hyposynchrony in all three PPA variants remained statistic-

ally significant in this analysis (Fig. 2A–C), indicating that

functional deficits that explicitly affect different network

components are robust to structural volume loss.

Direct pairwise comparisons between PPA variants, using

general linear models to predict alpha and beta imaginary

coherence (with in variant-specific regions of interest) con-

sistently showed significant group � variant-specific region

of interest interactions (Table 3). A logistic regression-based

discriminant analysis quantified the differences of alpha

and beta imaginary coherence (within variant-specific re-

gions of interest) between PPA variants, and demonstrated

confidence intervals consistently4 0.5 for all pairwise com-

parisons (Fig. 3A–C). Taken together these results indicate

that region-specific alpha and beta functional connectivity

deficits are distinct between PPA variants.

Distinct patterns of delta-theta
hypersynchrony in logopenic variant
PPA

In contrast to alpha and beta hyposynchrony, lvPPA pa-

tients showed significantly increased functional connectivity

(i.e. hypersynchrony) within delta-theta frequency over bi-

lateral medial frontal cortices and posterior superior par-

ietal cortices (Fig. 1A and Supplementary Table 1). Patients

with nfvPPA also showed a very small cluster of voxels in

the dorsal medial frontal cortex with delta-theta hypersyn-

chrony compared to controls (Fig. 1B and Supplementary

Table 1). Patients with svPPA, in contrast, showed both

increased and decreased patterns of delta-theta syn-

chrony—hypersynchrony in right anterior temporal and

hyposynchrony in left posterior temporal/occipital cortices

(Fig. 1C).

Region of interest-based analyses of delta-theta

synchrony

After accounting for the cortical grey matter loss within the

anatomic regions showing delta-theta hypersynchronous

patterns found in lvPPA, the differences between the

lvPPA and controls remained strongly significant

(Fig. 2A). The delta-theta hypersynchrony found in

nfvPPA also survived atrophy correction albeit at a lower

statistical threshold (Fig. 2B). In contrast, the delta-theta

synchrony changes in svPPA patients were no longer sig-

nificant (Fig. 2C) after correcting for cortical atrophy. In

Figure 1 Spatiotemporal patterns of resting state functional connectivity in each PPA variant compared to age-matched

controls. The rendering brain images depict the distinct patterns of global imaginary coherence differences within each frequency in the three PPA variants

compared to age-matched controls. (A) lvPPA versus controls; (B) nfvPPA versus controls; (C) svPPA versus controls. Colours indicate t-values depicting

statisticallysignificantpatternsof increased(hotcolours)anddecreased(coldcolours) imaginarycoherencecomparedtocontrols,withineach frequency.From

left to right each column represents frequency bands: delta-theta (2–8 HZ); alpha (8–12 Hz); beta (12–30 Hz), respectively. Images are statistically thresholded

usingclustercorrection (20voxelscut-off) andP5 0.01 for lvPPA,P5 0.05 fornfvPPAandsvPPA(n = 14 lvPPA;n = 13svPPA;n = 12nfvPPA;n = 20controls).
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summary, the delta–theta hypersynchrony showed a robust

pattern in lvPPA and a weaker, limited pattern in nfvPPA.

The two-way ANOVA model based on delta-theta syn-

chrony within variant-specific regions of interest also

showed robust effects in pairwise comparisons between

lvPPA against other two PPA variants. Specifically, the

pairwise comparisons identified a significant Group effect

in lvPPA versus nfvPPA and lvPPA versus svPPA compari-

sons (Table 3). However, in nfvPPA versus svPPA compari-

son, there were no significant group or interaction effects.

Quantitative differences from logistic regression analysis of

variant-specific region of interest-based delta-theta connect-

ivity showed consistently larger (40.5) confidence intervals

at lvPPA versus other PPA variants and a marginally high

confidence interval of 0.59 for nfvPPA versus svPPA com-

parison (Fig. 3). Collectively, these results indicate that

lvPPA patients are distinctly different from the other two

PPA variants based on the patterns of delta-theta

hypersynchrony.

Spatiotemporal patterns of spectral
power in PPA variants

Coherence analyses yield the degree of connectivity be-

tween neuronal ensembles and is mostly complementary

to the patterns of power spectra representing the ampli-

tudes of rhythmic activity (Bullmore and Sporns, 2009).

However, a change in connectivity does not necessarily

mean a change in activity. For example, within a given

functional network, the former may represent the func-

tional communication between nodes, while the latter

may represent the focal activity within a node. Neuronal

synchrony and spectral power hence provide two partially

independent means capable of modulating the function of a

cortical network. We next sought to examine the spectral

power density within each frequency oscillation and their

relative dependencies on cortical atrophy in each PPA

variant.

In healthy elderly controls the spatial patterns of oscilla-

tory power showed a posterior dominant distribution invol-

ving both hemispheres symmetrically (Supplementary Fig.

3). Both delta-theta and alpha frequencies showed the max-

imum spectral power density over the posterior parietal and

occipital regions of the brain. Spectral power density of

beta oscillations, on the other hand, showed maximum

power over the parietal lobes. As we describe below,

when compared to the patterns of healthy controls, PPA

variants showed unique spatiotemporal patterns of altered

spectral power.

Reduced alpha and beta spectral
power in all three PPA variants

The spectral power changes within both alpha and beta

bands were dominated by region-specific reductions in all

three PPA subgroups. Patients with lvPPA showed signifi-

cantly reduced power of alpha and beta in the posterior

brain regions with a bilateral, left4 right involvement

(alpha: posterior temporal and occipital cortex; beta: pos-

terior temporal, parietal and occipital cortex; Fig. 4A and

Supplementary Table 3). Patients with nfvPPA also showed

reduced alpha and beta power compared to controls.

Reduced alpha power was limited to right hemisphere

and involved the right inferior frontal gyrus and adjacent

temporal cortex, while beta power was reduced bilaterally

and involved both left and right inferior frontal gyri and

adjacent temporal regions (Fig. 4B and Supplementary

Table 3). The svPPA patients showed significantly reduced

alpha power in both left and right anterior temporal lobes

Figure 2 Patterns of functional connectivity differences

after correcting for cortical atrophy. The bar plots depict the

results from a general linear model analysis for imaginary coherence

values including the cortical grey matter volumes as a covariate. The

analysis was done for each frequency, comparing each PPA variant

and controls. The stars indicate statistically significant differences

between patients and controls. (A) lvPPA versus controls; (B)

nfvPPA versus controls; (C) svPPA versus controls. *P5 0.05;

**P5 0.01; ***P5 0.001.
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(Fig. 4C and Supplementary Table 3). The beta power was

also reduced in svPPA patients and was limited to the left

anterior temporal lobe (Fig. 4C and Supplementary Table

3). In contrast to functional connectivity deficits of alpha

and beta bands, which were consistently independent of

cortical atrophy, the spectral power differences showed par-

tial dependencies on cortical volumes. For example, lvPPA

was the only group that showed atrophy-independent spec-

tral power changes in both alpha and beta bands (Fig. 5A).

Except for the alpha power in nfvPPA, other spectral

power differences in nfvPPA and svPPA were no longer

significant when corrected for cortical grey matter volume

loss (Fig. 5B and C).

Increased delta-theta spectral power
in logopenic variant PPA

Within delta-theta frequency lvPPA patients showed increased

spectral power specifically involving the frontal lobes, bilat-

erally (Fig. 4A and Supplementary Table 3). Patients with

nfvPPA showed a cluster of voxels with increased power

over the left temporal pole and reduced power in right pos-

terior-inferior frontal gyrus and adjacent regions, while svPPA

patients showed reduced delta-theta power in bilateral tem-

poral lobes (Fig. 4B and C and Supplementary Table 3).

However, the power changes in both nfvPPA and svPPA

were no longer significant when corrected for cortical grey

Figure 3 Receiver operating characteristic (ROC) curves based on functional connectivity patterns. The subplots display the ROC

curves derived from logistic regression analysis depicting the discriminability between pairs of PPA variants: (A) lvPPA versus nfvPPA; (B) nfvPPA

versus svPPA (C) svPPA versus lvPPA. Each subplot displays three ROC curves representing: delta-theta (2–8 Hz; yellow line); alpha (2–8 Hz; blue

line); beta (12–30 Hz; red line). In each logistic regression analysis, the imaginary coherence of the two PPA variants compared against each other

consisted the predictor variables of the model. The imaginary coherence values at each frequency for each group represented the average across

the voxel clusters of the respective anatomic regions as depicted in Fig. 1. The legends for each subplot show the area under the curve (AUC) and

the confidence intervals within parentheses, for the ROC curves.

Table 3 Two-way ANOVA of pairwise comparisons of functional connectivity patterns at each frequency

Pairwise comparison Effect of Group

(PPA variant)

F-value (P-value)

Effect of variant-specific

region of interest

F-value (P-value)

Effect of interaction

(variant-specific region

of interest by Group)

F-value (P-value)

Alpha lvPPA versus nfvPPA 0.16 (0.69) 13.46 (0.001) 6.83 (0.01)

(8–12 Hz) svPPA versus lvPPA 1.28 (0.26) 237.84 (50.0001) 4.19 (0.04)

svPPA versus nfvPPA 0.30 (0.59) 92.51 (50.0001) 4.53 (0.04)

Beta lvPPA versus nfvPPA 6.29 (0.02) 68.64 (50.0001) 17.68 (0.0001)

(12–30 Hz) svPPA versus lvPPA 4.70 (0.03) 199.92 (50.0001) 7.97 (0.01)

svPPA versus nfvPPA 0.00 (0.99) 80.82 (50.0001) 22.63 (50.0001)

Delta-theta lvPPA versus nfvPPA 5.46 (0.02) 2.23 (0.14) 0.18 (0.68)

(2–8 Hz) svPPA versus lvPPA 16.10 (0.0002) 29.75 (50.0001) 1.65 (0.21)

svPPA versus nfvPPA 0.83 (0.37) 14.43 (0.0004) 0.02 (0.88)

Table shows the F- and P-values for two-way ANOVA analyses examining whether the distinct patterns of functional connectivity observed in each PPA variant against age-matched

controls are different between the PPA variants themselves. Each pairwise comparison at each frequency was included in a general linear model. The two factors in the ANOVA

model included the region-of-interest identity (variant-specific region of interest identity) and the PPA variant identity.
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matter volume (Fig. 5B and C), indicating that these effects

cannot be ruled as independent of the distinctions created by

distinct atrophy patterns. In contrast, the increased delta-theta

spectral power of lvPPA remained significant even after cor-

recting for grey matter volume (Fig. 5A). Taken together with

increased imaginary coherence patterns shown earlier, lvPPA

is distinctly characterized by congruent delta-theta hypersyn-

chrony and hyperactivity.

Discussion
This study is the first to examine direct spontaneous neural

activity patterns as captured by MEGI across the three

main variants of PPA: lvPPA, svPPA, and nfvPPA. We

leveraged the high temporal resolution of MEGI and used

novel, unbiased, whole-brain methodology to compute

functional connectivity of neuronal oscillations at rest.

We demonstrated: (i) distinct spatiotemporal patterns with

network-specific hyposynchrony of alpha and beta bands in

each PPA variant and (ii) congruent hypersynchrony and

hyperactivity of delta-theta oscillations specific to lvPPA

patients. Our findings suggest that altered patterns of neur-

onal synchrony may relate to distinct pathophysiological

processes in each PPA variant, and is consistent with

theoretical and empirical models of network degeneration

that propose phenotypic variations are modulated by spe-

cific proteinopathies (Drzezga et al., 2011; Sepulcre et al.,

2013; Warren et al., 2013).

Synchronous oscillations entail the functional constructs

interfacing cellular processes and system-level activity

(Buzsaki, 2011; Buzsaki et al., 2012). Different oscillatory

frequencies are generated by specific intrinsic properties of

neuronal circuits including local and long-range, as well as

excitatory and inhibitory connections (Sohal et al., 2009;

Wang, 2010). While pathological mechanisms leading to

network dysfunction in neurodegeneration are currently

not yet fully understood, recent experimental and theoret-

ical works have generated important mechanistic insights.

Below we discuss results of the current MEGI study in PPA

in the context of recent developments in pathophysiology

of network dysfunction in focal neurodegenerative diseases.

Distinct spatiotemporal patterns of
connectivity deficits in PPA

Our results demonstrate distinctive spatial patterns of

hyper- and hypo-synchrony in each PPA variant.

Specifically, the current study identifies alpha and beta

Figure 4 Spatiotemporal patterns of spectral power distribution in each PPA variant compared to age-matched controls. The

rendering brain images depict the distinct patterns of spectral power density for each frequency, in the three PPA variants when compared to age-

matched controls. (A) lvPPA versus controls; (B) nfvPPA versus controls; (C) svPPA versus controls. Colours indicate the t-values depicting statistically

significant patterns of increased (hot colours) and decreased (cold colours) spectral power within each frequency. From left to right columns represent

the frequency bands: delta-theta (2–8 HZ); alpha (8–12 Hz); beta (12–30 Hz), respectively. Images are statistically thresholded using cluster correction

(20 voxels cut-off) and P5 0.001 for lvPPA, P5 0.01 for svPPA and P5 0.05 for nfvPPA (n = 14 lvPPA; n = 13 svPPA; n = 12 nfvPPA; n = 20 controls).
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neural synchronizations (8–12 Hz and 12–30 Hz) as the

most dysfunctional pattern across all three PPA variants,

thus providing a common functional substrate underlying

language disability, albeit within different brain areas re-

cruited for language function. Previous MEGI studies on

healthy populations have demonstrated 8–30 Hz oscillation

to show the most salient synchronized patterns within, as

well as between, resting state functional networks (de

Pasquale et al., 2010, 2012). In this context, our results

demonstrate that regional specificity of neurodegenerative

diseases is integrally related to intrinsic network architec-

ture of the resting brain. MEGI-derived alpha and beta

hyposynchrony in PPA variants remained robust even

after correcting for grey matter volumes. This result is

consistent with the idea that functional disruptions of

neural networks is separated in space and time from struc-

tural disruptions (Jagust, 2013b). A wealth of evidence also

supports the hypothesis that functional circuits become dis-

organized early in the disease process and may precede

structural changes by several years (Jagust, 2013a).

Identification of syndrome-specific functional connectivity

deficits thus may indicate the earliest manifestations of net-

work dysfunctions.

Studies of functional connectivity have transformed our

approach to neurodegenerative diseases. The classic view

that the structural damage underlies cognitive impairment

via reduced cortical activity is challenged by recent neuroi-

maging studies demonstrating functional modulations of

spatially distributed neural networks. The framework of

selective network vulnerability (Seeley et al., 2009;

Pievani et al., 2011; Mattsson et al., 2016), suggests that

pathophysiological consequences of neurodegenerative dis-

eases reflect the interplay of network-specific factors that

determine targeted circuits and disease-specific factors that

determine molecular pathology. It is known that each vari-

ant of PPA is associated with higher probability of a spe-

cific molecular change at the cellular level, with Alzheimer’s

disease being the most common in lvPPA, frontotemporal

lobar degeneration (FTLD)-tau in nfvPPA and FTLD-TDP

in svPPA (Mesulam et al., 2014). In our cohort,

Alzheimer’s disease biomarkers were tested in 12 of 14

lvPPA and in all nfvPPA patients. All lvPPA patients

tested for Alzheimer’s disease biomarkers showed positive

results (i.e. positive amyloid imaging in positron emission

tomography or reduced amyloid-b42/Tau index in CSF),

while all nfvPPA patients were negative. In the following

discussion, we therefore relate our findings to known

Alzheimer’s disease biology in lvPPA and speculate that

the unique patterns of functional connectivity deficits in

nfvPPA and svPPA may relate to the most common

FTLD proteinopathies associated with each PPA syndrome

(Spinelli et al., 2017).

Network hypersynchrony and
hyperactivity in logopenic variant
PPA

MEGI revealed that lvPPA variant was the only group

associated with both hypersynchrony and hyperactivity of

delta-theta. The most common reported underlying path-

ology in lvPPA is Alzheimer’s disease (Mesulam et al.,

2008; Rabinovici et al., 2008; Teichmann et al., 2013;

Spinelli et al., 2017). Animal models of Alzheimer’s disease

as well as human functional neuroimaging have provided

compelling evidence that network hyperactivity plays a key

role in the pathogenesis of Alzheimer’s disease-related cog-

nitive dysfunction (Huijbers et al., 2015; Palop and Mucke,

2016). Spontaneous epileptiform activity has been docu-

mented in Alzheimer’s disease patients at early stages

(Vossel et al., 2013, 2016), and also in different animal

Figure 5 Patterns of spectral power differences after cor-

recting for cortical atrophy. The bar plots depict the results

from general linear model analysis of spectral power values including

the cortical grey matter volumes as a covariate, comparing each PPA

variant and controls, for each frequency. The stars indicate statis-

tically significant differences between patients and controls at each

frequency. (A) lvPPA versus controls; (B) nfvPPA versus controls;

(C) svPPA versus controls. **P5 0.01; ***P5 0.001.
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models of familial Alzheimer’s disease (Palop et al., 2007;

Harris et al., 2010; Um et al., 2012). In transgenic mice,

the network hyperexcitability and related cognitive behav-

ioural deficits have been attributed to toxic molecular

effects of soluble amyloid-b. The hyperactive and hypersyn-

chronous delta-theta that we detected in lvPPA patients

provide an in vivo biomarker of analogous Alzheimer’s dis-

ease-related pathophysiology in human disease. Network

hypersynchrony has also been observed on resting state

functional MRI in cognitively normal individuals with

PET evidence for amyloid-b deposition (Schultz et al.,

2017), suggesting this could be an early phenomenon in

Alzheimer’s disease. Since specific frequency oscillations ex-

plicitly recruit highly specialized inhibitory interneurons

(Wang, 2010), selective disruption of oscillatory patterns

may relate to dysfunction of specific neuronal subtypes.

The low frequency delta-theta oscillations of hippocampus,

in fact, have shown to be predominantly modulated by

cholecystokinin-expressing perisomatic inhibitory inter-

neurons and by dendrite-targeting GABAergic cells

(Klausberger and Somogyi, 2008). Future experiments in

animal models of Alzheimer’s disease exploring these spe-

cific cellular abnormalities will provide critical information

to bridge the gap between molecular and network anoma-

lies in Alzheimer’s disease.

Distinct patterns of frontal
hyposynchrony in non-fluent/
agrammatic variant PPA

Previous studies have demonstrated compelling evidence

that motor speech and grammatical deficits in nfvPPA are

associated with deficits in the left fronto-insular-striatal

structures involved in speech production (Mandelli et al.,

2014). Consistent with this observation, our current results

demonstrated a similar anatomic distribution of alpha and

beta hyposynchrony (8–30 Hz) in nfvPPA. Given that post-

mortem pathological changes underlying nfvPPA are most

often FTLD-tau (Mesulam et al., 2008; Grossman, 2010;

Spinelli et al., 2017) one could speculate that the down-

stream effects of tau changes in nfvPPA selectively mani-

fests in circuit properties responsible of producing 8–30 Hz

oscillations. Pathological tau could mediate synaptic dys-

function in the local neuronal populations that participate

in these oscillations prior to overt loss of synapses (Hoover

et al., 2010). Previous MEG studies on frontotemporal de-

mentia patients, a disease that often involves FTLD-tau, has

also shown reduced beta frequency connectivity within left

frontotemporal interactions (Hughes and Rowe, 2013).

NfvPPA and lvPPA showed strikingly different patterns

of MEGI-derived functional connectivity and spectral activ-

ity. Although the diagnostic classification of PPA published

in 2011 clearly distinguish the clinical and neuroanatomical

features of these two PPA presentations, their early differ-

ential diagnosis in clinical practice remains challenging

(Gorno-Tempini et al., 2011; Sajjadi et al., 2012). Indeed,

both syndromes present with errors in speech production

and initial subtle anatomical changes. Explicit differences

detected by MEGI between these two variants therefore

are of particular clinical significance. The most salient

distinction was the congruent hypersynchrony and hyper-

activity in lvPPA patients within the low frequency delta-

theta, which was absent in nfvPPA. MEGI-derived low

frequency oscillatory patterns hence may provide a useful

tool for differential diagnosis between lvPPA and nfvPPA,

likely in relation to the above mentioned Alzheimer’s dis-

ease pathology in lvPPA.

Distributed functional connectivity
deficits in semantic variant PPA

Semantic variant PPA is characterized by word and object

knowledge impairment, and spared phonology and gram-

mar in association with temporal polar atrophy (Gorno-

Tempini et al., 2004, 2011; Mesulam et al., 2009).

Consistent with the severe anatomical damage of anterior

temporal lobe, spectral power analysis in svPPA showed

decreased activity in all frequency bands that was related

to volume loss. Instead, synchrony analyses showed specific

severe changes in the alpha and beta connectivity in the

posterior language network, which is not usually structur-

ally damaged in svPPA. The combination of these structural

and functional changes provides useful insights into the

organization of the language system and the pathophysi-

ology of svPPA.

The relative role of the left anterior temporal lobe in se-

mantic and language networks has been a matter of active

debate in cognitive neuroscience and behavioural neurology.

In classic aphasiology, consistent with the distribution of

lesions in stroke aphasia, the language network comprises

left perisylvian regions (Hillis, 2007; Price, 2012). In such

context, lesions of the posterior temporal and inferior par-

ietal regions were associated with word comprehension and

retrieval deficits. The description of the severe word

and object knowledge deficits in svPPA have challenged

this view and supported a cognitive-anatomical model

in which the anterior temporal lobe is a fundamental

region within the language network, functioning as a se-

mantic hub that links linguistic and perceptual features

into a coherent mental representation (Patterson et al.,

2007). However, the effect of anterior temporal lobe atro-

phy on the rest of the language network is still a matter of

debate. Recent functional MRI studies provide evidence for

altered connectivity related to modality-specific associations

between anterior temporal lobe and the rest of the temporal

cortex in svPPA, suggesting that anterior temporal lobe at-

rophy may cause widespread alteration in a distributed se-

mantic network (Goll et al., 2012; Hurley et al., 2015). The

current study expands these findings and identifies the left

posterior superior temporal and adjacent inferior parietal

cortex to be the region with most severely disrupted

alpha-beta synchrony in svPPA, likely in relation to its
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connectivity to the damaged left anterior temporal lobe.

Collectively these results indicate that the structural loss

of neurons and synapses in the left anterior temporal lobe

is strongly associated with the functional disruption of left

posteriori perisylvian language cortices. The current results

therefore provide a unitary framework between classic

neurological models of aphasia and modern cognitive

neuroscience approaches by showing that svPPA is charac-

terized by anterior temporal lobe structural damage and left

perisylvian functional damage.

In the past decade, svPPA has been reliably associated

with FTLD-TDP-43 (TAR DNA-binding protein 43) depos-

ition in post-mortem assessments. The strong impact of at-

rophy on spectral power in svPPA suggests that local

reductions in alpha and beta activity relate to structural

changes in TDP-43 disorders, possibly more so than in

other proteinopathies. The potential influence of TDP-43,

which is normally a nuclear protein, on neuronal activity or

on synaptic function is less understood than that of amyl-

oid-b and tau. Studying svPPA patients in early stage of the

disease hence would be useful to understand the specific

network alterations that precede neuronal loss. As further

evidence emergences regarding the biological mechanisms

of TDP-related neurodegeneration, we will be able to

relate MEG findings to possible neurophysiological

mechanisms.

Limitations and future studies

The current analyses were limited to identify distinct pat-

terns of neural oscillatory changes in each PPA variant

compared to an age-matched control group. Although our

region of interest-based direct comparisons between PPA

variants indicated reliable differences, given the scope of

this paper, we did not extend our analyses into direct,

whole-brain comparisons between PPA variants. The

region of interest-based logistic regression analysis we pre-

sent in this paper quantifies the differences within specific

anatomic regions identified from the comparisons against

controls, and does not provide a diagnostic metric for dif-

ferential diagnoses between PPA variants. Future studies

designed to compare the spatiotemporal characteristics

directly between the PPA variants themselves will greatly

improve our understanding of relative strengths and weak-

nesses of regional networks in each syndrome. Another im-

portant challenge for future studies is to clearly identify the

cellular and molecular mechanisms mediating altered pat-

terns of neuronal synchronizations in focal neurodegenera-

tive diseases. Furthermore, although previous experiments

have shown that the methods used in our analyses—adap-

tive spatial filtering and imaginary coherence—yield con-

sistent results with high reliability, future studies based on

other source localization methods and functional connect-

ivity metrics (Colclough et al., 2016) will extend our know-

ledge about electrophysiological signatures of disrupted

functional networks.

Conclusion
MEGI provides a valuable tool to characterize the resting

state electrophysiological signatures in each PPA syndrome.

Network dysfunction in neurodegenerative diseases pro-

vides a framework for further studies examining cognitive

correlates of electrophysiological changes and prediction of

longitudinal course as well as pathophysiological mechan-

isms of brain proteinopathies.
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