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Abstract

Overlapping clinical presentations in primary progressive aphasia (PPA) variants pre-
sent challenges for diagnosis and understanding pathophysiology, particularly in the
early stages of the disease when behavioral (speech) symptoms are not clearly evi-
dent. Divergent atrophy patterns (temporoparietal degeneration in logopenic variant
IVPPA, frontal degeneration in nonfluent variant nfvPPA) can partially account for dif-
ferential speech production errors in the two groups in the later stages of the disease.
While the existing dogma states that neurodegeneration is the root cause of compro-
mised behavior and cortical activity in PPA, the extent to which neurophysiological
signatures of speech dysfunction manifest independent of their divergent atrophy
patterns remain unknown. We test the hypothesis that nonword deficits in [vPPA
and nfvPPA arise from distinct patterns of neural oscillations that are unrelated to
atrophy. We use a novel structure-function imaging approach integrating magne-
toencephalographic imaging of neural oscillations during a non-word repetition task
with voxel-based morphometry-derived measures of gray matter volume to isolate
neural oscillation abnormalities independent of atrophy. We find reduced beta band
neural activity in left temporal regions associated with the late stages of auditory
encoding unique to patients with IvPPA and reduced high-gamma neural activity over
left frontal regions associated with the early stages of motor preparation in patients
with nfvPPA. Neither of these patterns of reduced cortical oscillations was explained
by cortical atrophy in our statistical model. These findings highlight the importance of

structure-function imaging in revealing neurophysiological sequelae in early stages of
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dementia when neither structural atrophy nor behavioral deficits are clinically

distinct.
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1 | INTRODUCTION

Primary progressive aphasias (PPA) are a category of neurodegenera-
tive diseases characterized by profound declines in linguistic abilities.
While diseases of aging with progressive language impairments have
been clinically appreciated for over a century, advancements in behav-
ioral neurology have identified three principal PPA variants—semantic
variant (svPPA), logopenic variant (IVPPA), and agrammatic/non-fluent
(nfvPPA).
et al., 2011) are based on behavioral presentation, and there are

variant Existing diagnostic criteria (Gorno-Tempini
instances where these clinical language presentations can overlap,
particularly in the early stages of the disease. It can therefore be diffi-
cult for the clinician to differentiate based on behavior alone (Bonner
et al., 2010; Gorno-Tempini et al, 2008; Mesulam et al., 2014;
Montembeault et al., 2018). The dominant behavioral distinction
between the logopenic and non-fluent variants is present during neu-
ropsychological tests of non-word (pseudoword) repetition, where
utterances are made that, while meaningless, nevertheless follow the
phonological constraints of the patient's native language. While both
variants make speech production errors during these tasks, nonword
repetition errors are hypothesized to arise from deficits in phonologi-
cal processing in IVPPA, while errors in nfvPPA are thought to be the
result of deficits in motor speech, with lengthened speech duration
during this task in the latter group (Ballard et al., 2014). Behaviorally,

based on nonword performance errors in IVPPA and nfvPPA as

vocal tract

vocal
output

FIGURE 1

“phonological” versus “motor speech” impairment is however an
oversimplification (Eikelboom et al., 2018; Watson et al., 2018), as
cognitive impairments beyond language deficits are salient in different
PPA subtypes. In the later stages of the disease, these speech errors
are associated with neurodegeneration—with temporoparietal atrophy
in IVPPA contributing to impaired phonological processing and frontal
atrophy in nfvPPA variants contributing to apraxic errors due to
impaired motor execution. At the early stages, however, both behav-
joral errors and atrophy patterns are less differentiated across PPA
variants, while functional activation differences between the variants
are prominent (Mandelli et al., 2018; Whitwell et al., 2015) suggesting
that these deficits in functional activation may act as prominent
markers of tracking the disease in its prodromal stages.

We have developed a theoretical framework for explaining the
speech repetition deficits in PPA that has at its core our state feed-
back control (SFC) (Hickok & Poeppel, 2007; Price, 2012; Scott &
Johnsrude, 2003) model of speech motor control (Figure 1a). This
framework shows how the perceptual, motor and cognitive compo-
nents of speech converge in the speech repetition task. In the SFC
model of the speech motor control system at the heart of this frame-
work, control of the vocal tract is based on estimating and changing
the state of the vocal tract articulators. In SFC, the speech motor con-
trol system has two key parts: a controller that sends controls to the
vocal tract articulators, moving them so that the articulatory state

(positions and velocities of the articulators) tracks the state sequence

(a) A theoretical framework for speech repetition deficits in PPA. Serial models of speech production—in their simplest form—pose

a model from auditory encoding in temporal regions (in pink) to speech execution in frontal cortical fields (in yellow). (b) Group level atrophy
comparisons between nfvPPA/IVPPA and matched healthy control cohorts showing disease-specific reductions in cortical volume (in red).
Although behavioral deficits in PPA map directly on to atrophy in these regions atrophy in PPA also includes regions of association cortex (in blue)
that modulate state estimation. Figure B reproduced with permission from Lukic et al. (2019).
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needed to produce a desired speech target, and an articulatory state
estimation process that estimates the state of the vocal tract articula-
tors in two steps: First, it predicts the state that will result from the
latest controls acting on the most recent estimate of the articulatory
state. Second, it corrects this articulatory state prediction by compar-
ing incoming sensory feedback with predicted feedback, and using the
difference to adjust the state prediction so that the sensory feedback
it predicts now matches incoming sensory feedback.

Neurophysiological studies in controls using electrophysiological
(e.g., ECoG) recordings of these systems demonstrate that oscillatory
dynamics underlie these processes across the speech network with
functional significance for both linguistic perception and language
production (Crone et al., 2001; Edwards et al, 2010; Ojemann
et al., 1989). According to these studies, auditory encoding is driven
by perception of speech input itself through activation in the superior
and middle temporal gyri (STG, MTG) and primary auditory cortices
(Figure 1a, in pink). During speech tasks, induced oscillations in the
beta (around 30 Hz) and high-gamma (>50 Hz) range over these
regions of the temporal lobe are thought to reflect lexical access and
phonological processing (Mai et al., 2016; Pulvermuller et al., 1996). In
the speech repetition task, these lexical and phonological processes
are needed for encoding the speech input into the desired speech tar-
gets that the articulatory planning process uses to generate the
desired articulatory state sequences that the speech motor control
system (the controller and the state estimator) drives the vocal tract
to produce (Houde & Nagarajan, 2011; Tourville & Guenther, 2011).
These states are computed in frontal motor (inferior frontal gyrus
[IFG], ventral pre-motor cortex [PMv], primary motor cortex) regions
(Figure 1a, in yellow) where in healthy controls oscillatory dynamics in
both beta and high gamma frequency bands are activated during
speech tasks (Leuthardt et al., 2012; Zheng et al., 2021) link language
perception to motor production for speech articulation (Chang
et al., 2011; Haller et al., 2018) Cued speech production tasks like the
speech repetition task require not only activation of these aforemen-
tioned networks but also input from multiple parallel dorsal frontal-
parietal cognitive networks mediating attention, memory and
rehearsal (Figure 1a, in purple). Electrophysiological studies done in
healthy controls further illustrate that these processes are mediated
through task-induced oscillations in the beta and gamma frequency
bands (Jensen et al., 2007; Womelsdorf & Everling, 2015).

Studying the neurobiological bases of these functions can be a
challenge as they occur rapidly and dynamically change during speech,
making them difficult to capture using imaging techniques with
reduced temporal capabilities. Furthermore, many of the brain regions
that oversee these mediating processes during speech (Figure 1a, in
blue) are atrophied (Figure 1b) in both IVPPA and nfvPPA (Lukic
et al., 2019). Understanding how oscillations within speech motor cor-
tex operate in PPA variants independent of atrophy patterns can
inform us about how regional dysfunction contributes to language
deficits and how they contribute to cognitive impairments in PPA
more generally, especially in the early stages of the disease.

We use a novel structure-function imaging approach statistically

combining task-based imaging with cortical volumetrics in PPA. We

test the hypothesis that nonword performance deficits in PPA vari-
ants have distinct cortical oscillatory manifestations in the beta and
high gamma bands that cannot be explained by neurodegeneration.
We reconstruct task-induced neural oscillations during a non-word
repetition task using magnetoencephalographic imaging (MEG-I)
(Sekihara & Nagarajan, 2015) and combine those reconstructions with
voxel-level atrophy values (as covariates) in a structure-function sta-
tistical model. Nonword repetition is a commonly used cued task for
studying speech processing as it integrates the aforementioned func-
tions of perception, cognition, and action and has been successfully
used in studies on patient populations with speech and language defi-
cits (Coady & Evans, 2008). The nonword repetition paradigm addi-
tionally induces oscillations in the beta and gamma bands underlying
both auditory encoding and speech execution, respectively (Garagnani
et al., 2016; Mai et al., 2016). The exquisite spatial and temporal reso-
lution of MEG-I allows us to localize both the timing and frequency
components (beta, gamma) of cortical dynamics behind nonword rep-
etition with precision. Merging this data in a multimodal framework
with MRI volumetric data registered in the same space allows us to
estimate the group differences in neural oscillatory activity that can-
not be accounted for by cortical atrophy. Specifically, we predict a
spatiotemporal dissociation in neural activation distinguishing the two
variants statistically unrelated to atrophy, with impoverished neural
oscillations over the left temporal lobe during speech encoding in
IVPPA and impoverished oscillations over the left frontal lobe during
speech production in nfvPPA. Estimating unique neural deficits
during this speaking task that differ between these two variants unac-
counted for by atrophy will not only contribute to a better under-
standing of their underlying pathophysiology but could eventually
lead to improvements in differential diagnostic classification between
variants utilizing these time-frequency resolved dynamics in the earli-
est stages of the disease before structural atrophy differences are
detectable.

2 | METHODS

21 | Participants

All patients (IVPPA, nfvPPA; n = 22 in each group) and healthy con-
trols (n = 18; Table 1) were recruited through the UCSF Memory and
Aging Center (MAC) who met currently published criteria by trained
clinicians (medical history, neurological, neuropsychological, and lan-
guage evaluations (Gorno-Tempini et al., 2011). Individuals with a
Mini-Mental State Exam (MMSE) below 13 and/or a Clinical Dementia
Rating (CDR) score >1.0 were excluded. All patients underwent a bat-
tery of neuropsychological tests (Gorno-Tempini et al., 2004). All par-
ticipants were group matched for age, gender, and handedness with
no significant differences for either continuous (1 x 3 ANOVA for
age, Fo59) = 2.89, p >.05) or categorical (Fisher's 2 x 3 exact test,
p > .05 for gender and handedness). The study was approved by the
UCSF Committee on Human Research and all participants provided

written informed consent.
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TABLE 1  Study participants demographics.
n CDR box
Healthy control (HC) 18
Non-fluent variant PPA (nfvPPA) 22 1.32(0.26)
Logopenic variant PPA (IvPPA) 22 3.37 (0.28)

MMSE Age Gender Handedness
70.4 4M/14F 4L/14R

27.4(0.5) 65.9 10M/12F 4L/18R

21.0(1.2) 66.0 10M/12F 2L/20R

Note: Study participants demographics characteristics of the healthy control (HC), logopenic variant PPA (IvPPA), and non-fluent variant PPA (nfvPPA)
cohorts. All participants were matched across the cohorts for age, gender, and handedness. Standard error of the mean in parentheses.

Abbreviations: CDR, clinical dementia rating; MMSE, mini-mental state exam.

2.2 | Study design

2.2.1 | MRl acquisition and preprocessing

For each participant, a high-resolution anatomical MRI was acquired
(3.0 T Siemens Trio; MPRAGE; 160 1 mm slices, FOV = 256 mm,
TR = 2300 ms, TE = 2.98 ms). MRI scans were acquired, on average,
within 3 months before or following MEG data acquisition (mean-
= 57 days, SE = 20 days). For atrophy correction all MRIs were pre-
pared using standardized voxel-based morphometry preprocessing
steps implemented in SPM8 (tissue segmentation, bias correction, and
spatial normalization). Gray matter value in each voxel was multiplied
by the Jacobian determinant derived from the spatial normalization
and spatially smoothed (8 mm FWHM) and a general linear model was
performed to detect differences specifically in gray matter volume
between the IvPPA and nfvPPA cohorts and healthy controls.

2.2.2 | MEG acquisition, preprocessing, and source
reconstruction

MEG data were collected from each participant using a whole-head
275 axial gradiometer MEG system with third-order gradient correc-
tion (MEG International Services Ltd. (MISL), Coquitlam, BC, Canada)
at a sampling rate of 1200 Hz. Three fiducial coils (nasion, left/right
preauricular) were placed to localize the position of the head relative
to the sensor array. All participants engaged in a non-word repetition
(NWR) task during MEG scanning (Hinkley, de Witte, et al., 2020)
where they were presented as auditory stimulus (nonword) at the
beginning of each trial and instructed to repeat back the word that
they hear into the microphone. Stimuli consisted of 100 non-words
(50 words repeated once) derived from a set of nouns using letter
substitutions respecting English phonotactical rules (Table 2). All MEG
datasets were pre-processed (excluding noisy sensors/trials with sen-
sor artifacts exceeding 10 pT) before source-space analysis. Trials
with no responses and clear false starts were removed from the data-
sets. Following preprocessing, datasets were reconfigured into a
stimulus-locked format (auditory nonword stimulus = 0 ms) repre-
senting the auditory encoding phase and a response-locked format
(vocal response = 0 ms) representing the response preparation phase.

MEG sensor data were reconstructed in source space using a
time-frequency optimized

adaptive spatial filtering technique

TABLE 2 Psycholinguistic characteristics of nonwords.
N 96
Examples vicket, lant, cag
Word length 4,74 (3:7)
Orthographic neighbors 6.32(5.5)
Phonological neighbors 14.86 (13.2)

Note: Psycholinguistic characteristics of NWR stimuli. Values shown
include range (Word Length) and standard deviation (Orthographic/
Phonological Neighbors).

implemented in the Neurodynamic Utility Toolbox for MEG
(NUTMEG; http://www.nitrc.org/projects/nutmeg). This algorithm
utilizes a beamforming technique to solve the M/EEG inverse problem
by generating a lead field of voxels derived from an individual sub-
ject's T1-weighted anatomical MRI and fitting M/EEG measurements
to this matrix thereby reconstructing the data in source space (Dalal
et al., 2008; Sekihara et al., 2001). This technique has reliably been
shown to capture task-induced (non-phase locked) changes in oscilla-
tory activity known to be underlying complex cognitive functions,
including speech (Chang et al., 2011; Hinkley, de Witte, et al., 2020).
From the participant's native MRI space, different sets of weights are
computed from each possible location in this grid to estimate that
location's contribution to the source solution. Raw MEG sensor data
was passed through several filter banks (beta [12-30 Hz], low gamma
[30-55 Hz], high-gamma [65-90 Hz], and ultra-high gamma [90-
115 Hz] bands) partitioned into partially overlapping time windows
(300 ms beta, low gamma; 100 ms high/ultra high gamma; 50 ms step
size) optimized for localizing spectral peaks in the MEG data (Hinkley,
Dale, et al., 2020). Tomographic volumes of source locations (voxels,
8 mm lead field) were generated through computation of frequency-
specific covariance matrices and weights of each location relative to
the signal of the MEG sensors. Source power for each location was
derived through a noise-corrected pseudo-F statistic expressed in log-
arithmic units (decibels; dB) comparing signal magnitude during an
“active” experimental time window versus a baseline “control” win-
dow. From these volumes, a pseudo-F statistic was obtained for each
voxel, time window, and frequency band. Frequency bands (beta, high
gamma, ultra-high gamma) were chosen in our analyses given the
prominent role that they play in cortical engagement during speech
reception and production in MEG (Hashimoto et al., 2017; Passaro
etal., 2011).
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2.3 | Statistical analysis

Within-subject group analyses (one-sample t-test) were evaluated at
the voxel level using existing parametric embedded in NUTMEG
(Hinkley, Dale, et al., 2020). Between-group (IvPPA vs. HC, nfvPPA
vs. HC) analyses comparing differences in oscillatory power from
MEG-I reconstructions corrected for measures of gray matter
(GM) cortical atrophy from MRI segmentation were performed using
the Nutmeg Atrophy Statistics (NAS) extension for NUTMEG (https://
www.nitrc.org/projects/nutmeg/). NAS consists of a series of custom
multimodal parametric tools allowing statistical correction of MEG-I
data from anatomical (MRI) information by registering this data in the
same space and computing statistics at the voxelwise level (Figure 2).
Registration and re-scaling of both MEG-I reconstructions and VBM
datasets in the same space/dimensions allow us to enter values from
these measurements at the same location (voxel) into our statistical
model. The statistical model (ANCOVA) embedded in NAS permits
evaluation of statistically significant differences in a dependent vari-
able measurement (MEG-I) between levels of a categorical indepen-
dent variable (group) while controlling for a continuously scaled
nuisance variable (GM intensity) at each voxel in these
registered maps.

For VBM, NAS utilizes DARTEL tools in SPM12 (https://www.fil.
ion.ucl.ac.uk/spm/software/spm12/) to prepare segmented maps
(gray matter, white matter) for multimodal analysis. MEG-I and GM
datasets are prepared in parallel. For MEG-I, time-frequency recon-
structions in each subject are spatially normalized to an MNI template
using the transformation matrix derived from spatial normalization of
the T1-weighted image in SPM. For GM maps, T1-weighted MRIs are
preprocessed using the DARTEL pipeline (Ashburner, 2007) and seg-
mented into tissue types. GM maps are spatially normalized to a

NAS Pipeline

beamforming
Nutmeg)

NATIVE

spatnormm (Nutmeg) DARTEL Preprocessing (SPM12)

MNI

alignment alignment

Ve )

. Y
‘ANCOVA

(@ o

& 4

FIGURE 2 Workflow schematic of the NUTMEG Atrophy
Statistics (nas) Pipeline for atrophy corrected MEG-| data. Details for
this pipeline are provided in Methods section (Section 2.3).

custom group template (n = 100, matched for age, sex, gender, scan-
ner type) in MNI space, and then coregistered and resliced using the
same FOV and dimensions as the spatially normalized MEG-I images
(79 x 95 x 68 matrix, 2 mm resolution, smoothed 8 mm FWHM)
using tools in SPM12. With the MEG-I and GM maps aligned, group
statistics in each voxel are run using a parametric analysis of covari-
ance (ANCOVA) general linear model (https://www.mathworks.com/
matlabcentral/fileexchange/27014-mancovan). In our analysis, group
effects (differences between HC and IvPPA, HC and nfvPPA) are com-
puted at each voxel location by setting group type (HC, IVPPA,
nfvPPA) as our categorical independent variable and oscillatory power
values in each voxel from the registered MEG-I maps (in dB) as the
predicted variable, while controlling for GM intensity (derived from
the coregistered GM maps derived from the DARTEL pipeline) by set-
ting those values as a covariate/nuisance variable. F-values reflect
group differences in MEG-I oscillatory power (main effects) statisti-
cally significant even after GM values in the same voxel (covariate) is
taken into account. Corrections for multiple comparisons from the
resulting atrophy-corrected statistical maps are then performed using
cluster thresholding statistics (Hinkley, Dale, et al., 2020) where a
cluster of k contiguous voxels surviving a conservative alpha level are
chosen for significance. Here, we used a threshold selected to be
robust (p < .025, k = 50) against false positives (Eklund et al., 2016).

3 | RESULTS
3.1 | Neurophysiological deficits in IVPPA and
nfvPPA

Differences (two-tailed unpaired t-test) between the IVPPA and
nfvPPA participants for neuropsychological measures collected out-
side of the scanner are shown in Table 3. For measures of language
function, patients with IVPPA exhibit significantly reduced scores for
repetition measures (WAB, p <.0001; Modified Bayles Sentence,
p <.0001) and picture naming (Boston Naming, p = .0066) while
nfvPPA participants showed significant increases in both apraxia of
speech (AQS, p < .0001) and dysarthria (p = .0005). No significant dif-
ferences in measures of visuospatial function were observed between
the two cohorts. Lower measures in tests of episodic memory were
statistically significant (at p < .05) for all measures excluding recogni-
tion hits (Table 3). No significant differences were found in any mea-
sures of executive function and working memory (Table 3), These
observations are consistent with previously published observations in
the disorders (Gorno-Tempini et al., 2011) with deficits in repetition
and picture naming in IvPPA while patterns of apraxia/dysarthria were
present in nfvPPA.

3.2 | Cortical atrophy in IvPPA and nfvPPA

Patterns of cortical atrophy were also consistent with previous

reports (Lukic et al., 2019) of cortical volume reduction in inferior
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TABLE 3 Neuropsychological testing data from logopenic and non-fluent variant cohorts.

Characteristic nfvPPA

Language function

Apraxia of speech 2.7
WAB repetition 91.4
Modified Bayles sentence repetition 0.92
Dysarthria rating 1.7
Long syntax comprehension (%) 0.88
Short syntax comprehension (%) 1.00
Boston naming test 13.7
Semantic fluency (animals/min) 13.9

Visuospatial function

CATS face matching 114
Benson copy 15.0
VOSP number location 8.73

Episodic memory function

Benson delayed recall 111
CVLT-MS (30 s delay) 6.86
CVLT-MS (10 m delay) 6.27
CVLT recognition hits 8.41
Executive function and working memory
Design fluency: # Correct 7.05
Design fluency: # Repeated 1.68
Phonemic fluency (D-Words/min) 7.27
Modified trails time 20.8

Note: Categories of specific neuropsychological tests are labeled in italics.

frontal regions in nfvPPA and temporoparietal regions in IvPPA. In our
cohorts, compared with healthy controls, nfvPPA participants show
statistically significant reductions in left frontal regions and IvPPA par-
ticipants show statistically significant reductions in left temporal

regions (Figure 3).

3.3 | Increased error and decreased RT during
NWR task

Reaction times and error rates (% correct) from the NWR data col-
lected during MEG scanning are shown in Table 4. Reaction times
were derived from markers in the MEG dataset from stimulus chan-
nel onset to response (microphone, ADC channel) onset in all par-
ticipants. In a subset of these patients (n = 15 HC, n = 19 nfvPPA,
n = 16 IvPPA) correct responses were additionally scored from
audio recordings collected during scans and averaged across ratings
from three independent trained evaluators. Significant increases in
reaction time (compared with healthy controls) were only observed
for participants in the nfvPPA cohort (p = .0026). Both patient
groups exhibited decreased % correct trials (nfvPPA, p = .0001;
IVPPA, p = .0001) when compared with HC. No significant differ-
ences were observed between the two groups (IvVPPA vs. nfvPPA)

IVPPA p
0.2 .0001
75.1 .0001
0.62 .0001
0 .0005
0.80 >.05
0.96 >.05
10.6 .0066
10.9 >.05
114 >.05
13.9 >.05
8.25 >.05
7.9 .0299
3.94 .0024
3.67 .0088
8.33 >.05
6.06 >.05
1.17 >.05
7.76 >.05
12.8 >.05

in either RT (p=.15), accuracy (p=.91) or speech dura-
tion (p = .15).

3.4 | Reduced temporo-parietal oscillatory power
in the beta (12-30 Hz) band in IvPPA

Results from both the within-group (one-sample t-test) and between
group (voxelwise ANCOVA) analyses of beta (12-30 Hz) power
change are shown in Figure 4 for both stimulus- and response-locked
analyses of the NWR task. Significant (p < .05 FWE) reductions in
beta power representing underlying neural activity are observed fol-
lowing stimulus presentation across several cortical fields (Figure 4a).
In the left hemisphere of the HC cohort, beta activation can be initially
observed across the inferior pre-central gyrus (PreCG; 250 ms),
followed by the lingual gyrus and fusiform (350 ms), then MTG and
posterior parietal cortex (PPC, 450 ms) and finally peaking in the pre-
central gyrus (PreCG) at the later stages of stimulus encoding
(550 ms). When the control group is compared with the IvPPA group
and adjusted for grey matter volume, patients with IvVPPA show signif-
icantly (p <.025 cluster corrected) weakened beta activation over
temporal regions, including the left anterior MTG (aMTg; F1 35 = 5.72,
p =.022), posterior middle frontal gyrus (pMFg; Fq3s= 10.5,
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nfvPPA < HC

IvPPA < HC

FIGURE 3 Statistically significant reductions of cortical volume
(in hot colors) in nfvPPA and IvPPA cohorts (compared with HCs)
derived from segmented T1-weighted images prepared using the
VBM pipeline. All maps are statistically thresholded and superimposed
on rendered brains using MRICro.

TABLE 4 MEG task performance.

% corr RT (ms) Duration (ms)
HC 86.4(1.7) 1018 (42) 396 (12)
IVPPA 64.9 (3.1)** 1151 (53) 395 (8)
nfvPPA 65.5 (3.8)*** 1277 (68)*** 417 (13)

Note: Within-scan behavioral performance during the MEG NWR task.
Percentage accuracy, reaction time (RT), and response duration scores in
all three cohorts. Values shown include standard error of the mean.

***p < ,005.

p < .001) dorsal motor cortex (dMC; F; 35 = 5.49, p = .025) and right
inferior frontal (IFt; F135 = 7.75, p =.008) regions in the first few
hundred milliseconds following stimulus presentation and over left
posterior inferior temporal gyrus (plTg; F13s = 7.64, p =.009) and
inferior temporo-occipital (ITo; Fy 35 = 12.01, p = .021) regions later
on (Table 5). A similar pattern is seen in the response-locked analysis
(Figure 4b), with significant activation over the left speech and lan-

guage network in all three groups, and in IVPPA, insufficient beta

activity (p <.025 cluster corrected) over left aMTG (Fq 35 = 9.03,
p =.005), ITo (F138=9.31, p=.004) and posterior STG (pSTG;
F138=9.47, p=.004) and robustly over left MTG (pMTG;
F138 = 15.58, p < .001) before response onset, even when corrected
for atrophy. No significant beta activation differences are identifiable
between the control and nfvPPA groups (Figure S1) specifying that
even when atrophy is taken into account beta oscillations over the left
temporal lobe are weaker during later time windows of speech encod-
ing only in IvPPA patients. Decreased beta oscillations are also seen
when the IVPPA group is contrasted against the nfvPPA group using
the same analyses (Figure S1) indicating that this decreased power is
only identifiable in the IvPPA cohort.

In the IvPPA versus HC atrophy corrected comparison, significant
(p < .025 cluster corrected) increases in beta activity (increased beta
power reduction, Figure 4) are observed in both hemispheres
(Table 5). For stimulus-locked (Figure 4a), increases in the IvPPA group
included the left hemisphere the posterior supramarginal gyrus (pMSg;
F138 =11.59, p=.002) and anterior MFG (aMFg; Fq3g= 6.99,
p =.019). In the right hemisphere, increases in the IVPPA group
included the cerebellum (Cb; F;3g = 13.33, p <.001), angular gyrus
(Ag; Fi3s=8.25, p=.007), pSMG (F;38 = 9.71, p =.004), aMFG
(F1,38 = 6.99, p = .019) right superior frontal gyrus along the midline
(SFg; Cb; F138 = 7.17, p = .011). For response locked, increased pat-
terns of beta suppression were statistically significant for the same
regions before response onset (Figure 4b, Table 5). These right hemi-
sphere increases were also identified when the IVPPA group is con-
trasted against the nfvPPA cohort as a control group (Figure S1). No
significant increases in beta activation were observed in the nfvPPA
versus HC comparison (Figure S1), indicating only IVPPA patients
showed both reductions in left temporal beta activation and increases
in right frontal-parietal beta activity unrelated to cortical atrophy.

3.5 | Similar oscillatory power in the high gamma
(65-90 Hz) band

In the high frequency (65-90 Hz) band during the stimulus encoding
and response generation phases of the NWR task (Figure 5) all three
groups show significant (p < .01 cluster corrected) high-gamma power
increases bilaterally over the superior temporal sulcus (STS) 150 ms
following stimulus presentation. No significant differences between
the groups were identified in the analysis (data not shown for
response-locked NWR analysis). Bilateral STS activation is consistent
with these areas being involved in auditory perception and not speech

production.

3.6 | Reduced frontal oscillatory power in the
ultra-high gamma (90-115 Hz) band in nfvPPA

Across all three cohorts, significant increases in ultra-high gamma
activity (90-115 Hz) during stimulus encoding and response prepara-

tion were significant (p < .01 cluster corrected) across several cortical
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Statistically significant patterns of beta frequency (12-30 Hz) neural activation and group differences (IvPPA) for the NWR task

(cool colors) and significant between-group atrophy corrected reductions (in violet) and increases (in green) in the IvPPA cohort for the NWR task.
(a) Stimulus-locked (0 ms = auditory presentation) analysis. (b) Response-locked (0 ms = vocal response) analysis. Conventions as in previous

figures.

fields (Figure 6). In the HC cohort, we see an initial increase in ultra
high-gamma activity over the left dorsal pre-motor cortex (PMd) and
the supplementary motor area (SMA) 250 ms following stimulus pre-
sentation, followed by increases in bilateral occipital-parietal regions
(375 ms). In the nfvPPA cohort, ultra-high frequency activation over
the dorsal frontal lobe did not survive statistical significance
(Figure 6). In the nfvPPA vs. HC atrophy corrected comparison, activa-
tion was significantly reduced in nfvPPA (Figure 6a) over the left pos-
terior SMA (pSMA; F135 = 6.41, p = .045), posterior PMd (pdPMC;
F138 = 1548, p<.001) and ventral pre-motor cortex (VPMC;
F138 = 10.6, p = .002) with the greatest differences <300 ms follow-
ing stimulus presentation (Table 5). Additionally, significantly reduced
ultra-high gamma power was observed over the left occipital cortex
(OC; F138 = 16.8, p <.001). A similar pattern was identified in the
response-locked analysis, with significantly reduced left frontal ultra-
high gamma activation in the nfvPPA cohort during the earliest stages
(Table 5) of response preparation (Figure 6b) over the pSMA
(F138 = 10.6, p = .002), vPMC (F; 35 = 11.0, p = .002), medial dPMC
(mdPMC; Fy35=6.8, p=.013), bilateral frontal pole (left FP;

F138 = 12.6, p = .001, right FP; Fy 35 = 12.6, p = .003), and anterior
MFG (aMFg; Fi35 =12.0, p =.001). Additional decreases in the
nfvPPA cohort localized to left OC (Fy 35 = 17.9, p < .001) and supe-
rior parietal lobe (SPL; F;3g =21.4, p <.001). No differences were
identifiable between the HC and IvPPA cohorts (Figure S2) indicating
that, while ultra-high oscillations during stimulus encoding and
response preparation are preserved in IVPPA, they are significantly
weakened in nfvPPA—a pattern not directly accountable by the
underlying cortical atrophy. This decrease in both frontal and parietal
ultra-high gamma activation was also seen when nfvPPA is contrasted
against the IVPPA cohort, indicating that these impoverished left-
hemisphere oscillations were specific to nfvPPA and not seen in IvPPA
(Figure S2).

4 | DISCUSSION

We sought to determine variant-specific deficits in oscillatory dynam-

ics underlying speech production in IVPPA and nfvPPA that are
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TABLE 5 Cluster locations of atrophy-corrected group differences for regions in Figures 3 and 5.

Region Abbrev +/— X y z F Time p

Beta (stimulus-locked) IVvPPA|HC
Left anterior middle temporal gyrus aMTg - -50 -9 -2 5.72 250 ms .022
Left posterior middle frontal gyrus pMFg — -53 10 35 10.5 250 ms .0003
Left dorsal motor cortex dMC - —52 -25 53 5.49 250 ms .0245
Right inferior frontal IFt 45 42 -6 7.75 250 ms .0083
Left posterior inferior temporal gyrus plTg — =21 -99 -13 7.64 750 ms .0088
Left inferior temporo-occipital ITo —54 —-54 -16 12.01 850 ms .0013
Right cerebellum Cb + 21 -75 —45 13.33 250 ms .0008
Left posterior supramarginal gyrus pSMg + -50 -59 39 11.59 550 ms .0016
Right angular gyrus Ag + 50 -70 33 8.25 650 ms .0066
Right anterior middle frontal gyrus aMFg + 24 40 47 6.99 750 ms .0188
Right posterior supramarginal gyrus pSMg + 45 —48 47 9.71 850 ms .0035
Left anterior middle frontal gyrus aMFg + -37 27 44 10.39 850 ms .0026
Right superior frontal gyrus SFg + 7 24 51 7.17 850 ms .0109

Beta (Response-Locked) IVPPA|HC
Left anterior middle temporal gyrus aMTg -59 -8 -8 9.03 —700 ms .0047
Left inferior temporo-occipital ITo — —48 -81 -8 9.31 —500 ms .0041
Left posterior superior temporal gyrus pSTg — -54 -34 15 9.47 —500 ms .004
Left posterior middle temporal gyrus pMTg -52 -55 -17 15.58 —300 ms .0003
Right cerebellum Cb + 22 -76 —44 10.87 —600 ms .0021
Left posterior supramarginal gyrus pSMg + —43 -57 50 7.11 —400 ms .0112
Right anterior middle frontal gyrus aMFg + 31 40 48 5.75 —300 ms .022
Left anterior middle frontal gyrus aMFg + -35 —24 48 6.12 —200 ms .0179
Right superior frontal gyrus SFg + 8 22 48 7.9 —100 ms .0078
Right posterior supramarginal gyrus pSMg + 42 —46 54 8.38 —300 ms .0063

Ultra High Gamma (Stimulus-Locked) nfvPPA|HC
Left posterior supplementary motor area pSMA — -2 -12 64 6.41 175 ms .0156
Left posterior-dorsal premotor cortex pdPMC -32 -16 64 15.48 225 ms .0003
Left ventral premotor cortex vPMC - —-60 —4 22 10.6 275 ms .0024
Left occipital cortex oC — -81 -81 24 16.84 475 ms .0002

Ultra High Gamma (Response-Locked) nfvPPA|HC
Left posterior-dorsal premotor cortex mdPMC — —28 -19 68 10.63 —825 ms .0024
Left ventral premotor cortex vPMC — -58 —-22 30 11.03 —825ms .002
Left posterior supplementary motor area pSMA - -4 —-22 74 6.8 —725ms .0130
Right frontal pole FP — 45 11 49 12.56 —725ms .0011
Left frontal pole FP — -34 65 13 10.19 —725ms .0028
Right anterior middle frontal gyrus aMFg - 45 11 49 12.01 —725 ms .0013
Left superior parietal lobe SPL - —18 —74 47 21.37 —575 ms <.0001
Left occipital cortex oC — -21 -85 9 17.91 —575ms .0001

Note: Statistically significant differences in oscillatory power in the patient groups are tabulated with respect to cluster location (MNI coordinates) and

anatomical label.

dissociable from neurodegeneration, and to examine how well they
can be accounted for by our theoretical speech framework. We used
a multimodal structure-function imaging approach combining neuro-
degeneration and functional data. As oscillations are induced across

the speech network in both beta and high-gamma bands during

nonword repetition tasks, we predicted broadband disruptions of
these oscillations over temporoparietal and frontal cortical fields in
spatiotemporal patterns unique to each patient group. We identified
specific network dysfunction patterns dissociable between the two

variants along the dimensions of spatial location, timing, and
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FIGURE 5 Statistically
significant patterns of high
frequency (65-90 Hz) neural
activation (in hot colors) for the
NWR task. Stimulus-locked

(0 ms = auditory presentation)
analysis. Conventions as in
previous figures.
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FIGURE 6 Statistically significant patterns of ultra-high frequency (90-115 Hz) neural activation (hot colors) and significant between-group
atrophy corrected reductions in the nfvPPA cohort (in violet) for the NWR task. (a) Stimulus-locked (0 ms = auditory presentation) analysis.
(b) Response-locked (0 ms = vocal response) analysis. Conventions as in previous figures.

oscillatory frequency band that cannot be accounted for by either dif- consistent with clinical presentation of phonological processing defi-
ference in neurodegeneration or behavior. Specifically, logopenic vari- cits. In contrast, non-fluent variants showed significantly reduced acti-
ants showed significantly reduced activation over the left posterior vation over motor association fields during the early stages of speech
temporal lobe late in speech auditory encoding only within low- preparation only in high-frequency (high-gamma) bands typically

frequency (beta) bands normally active during healthy controls, active during nonword repetition in healthy controls, consistent with



HINKLEY ET AL.

WILEY_L %%

clinical presentation of motor planning deficits (apraxia of speech).
These unique cortical oscillatory patterns provide a mechanistic basis
for differential clinical sequelae characteristic of the two variants that

extend beyond cortical atrophy patterns.

4.1 | Impoverished beta oscillations over
temporoparietal regions in IvPPA during auditory
encoding accounts for phonological processing deficits

In functional neuroimaging of healthy controls, patterns of cortical
activation during pseudoword repetition overlap strongly with real-
word repetition (Hartwigsen et al., 2013; Newman & Twieg, 2001). In
theoretical frameworks of this task, auditory stimulus features
encoded in the posterior regions of the temporal lobe (Figure 1a, in
pink) are relayed to motor cortical fields serving speech production
(Figure 1a, in yellow). Activation within temporal-parietal regions in
healthy controls, particularly in lower frequencies, have been associ-
ated with access to a word-specific assembly (Pulvermuller
et al., 1996) necessary for both phonological processing and lexical
access during these tasks (Mai et al., 2016). We identify prominent
reductions in this lower frequency activation over these regions in
IvPPA, where group differences were prominent in the later time win-
dows of auditory encoding and the early time windows of speech pro-
duction. While increased activation was observed bilaterally in
frontoparietal networks across time windows, reduced activation
in only these low-frequency overlapping time windows reflects a defi-
cit at the later stages of stimulus encoding in IvPPA. This finding is
consistent with speech production models (Hagoort & Levelt, 2009;
Indefrey & Levelt, 2004) that propose typical phonological processing
in posterior temporal regions occurs at the latest stages of linguistic
processing (Sahin et al., 2009). In IvPPA, neurodegeneration of these
regions is thought to interfere with this late-stage phonological pro-
cessing leading to speech production deficits (Gorno-Tempini
et al., 2008). As the posterior temporal lobe (MTG/ITG) acts as a core
component of the phonological loop (Papagno et al., 2017) both neu-
rodegeneration and reduced neural activity in this area during non-
word repetition could lead to phonological errors during speech
production. Differences over these regions being the most prominent
in the beta band are also consistent with known phonological deficits
in IVPPA and therefore impoverished beta oscillations during nonword
repetition reflect phonological processing deficits and errors during
the task. As atrophy patterns did not account for these reductions in
neural activity, our findings indicate that impoverished late low-
frequency temporal neural oscillations act as a physiological signature
of IVPPA unaccounted for by neurodegeneration, potentially repre-
senting underlying phonological processing deficits.

While significant reductions in beta-band activity were found in
the left hemisphere in our IVPPA cohort, increased activation over
right fronto-parietal regions in the same frequency band were also
identified in that cohort. It is possible that these findings are function-
ally analogous to the types of activation shifts observed in stroke-

related aphasia, where increased contralesional (right hemisphere)

activity occurs (Cao et al., 1999; Raboyeau et al., 2008; Rosen
et al., 2000). In contrast, it is also likely that this increase in right-
hemisphere activity (and a preponderance for right-hemisphere or
bilateral representation for language) exists at the earliest stages of
the disease prior to large scale neurodegeneration. Hemispheric shifts
for language dominance have been previously reported in PPA (Kielar
et al., 2018; Miller et al., 2015) suggesting that neurodevelopmental
mechanisms of lateralization may cause a differential pattern of dis-
ease susceptibility in this population. While it is possible that this acti-
vation in regions not normally robustly active in healthy controls may
act as a compensatory mechanism in IvPPA, our current sample size
did not allow us to test this hypothesis directly.

4.2 | Impoverished high-gamma oscillations over
frontal regions in nfvPPA during planning, articulatory
control, and state estimation accounts for motor
speech deficits

In the nfvPPA cohort, while low-frequency oscillations over temporal
regions were comparable to that in healthy controls, high-gamma
oscillations typically identified over PMd/SMA in healthy controls
were significantly reduced during the early stages of stimulus encod-
ing and response preparation. In speech neuroscience studies derived
from studies on healthy controls, increased activation of this network
during pseudoword generation specifically may reflect increased artic-
ulation demand and therefore direct generation and sequencing of
motor plans (Hartwigsen et al., 2013; Xiao et al., 2005). In theoretical
frameworks of speech production, articulatory state estimation signals
from sensorimotor association regions (Figure 1a, in blue) converge on
motor cortical fields (Figure 1a, in yellow) for articulatory planning
before speech output. Given nfvPPA activation differences in the high
gamma band occurred far before speech onset it likely represents
impoverished transient activation over motor association regions
linked to response preparation and articulatory planning, not execu-
tion. Slowed articulation rate has been suggested to be a reliable pre-
dictor of nfvPPA (Cordella et al., 2017). Processing for articulatory
planning may occur in early, high-frequency activation of motor
regions commonly reported in ECoG studies of word repetition
(Leuthardt et al., 2012). These studies have shown early high-
frequency activation over frontal motor regions as part of an associa-
tive network of activity (Pulvermuller, 2005) activated in parallel with
the temporal lobe. High-frequency activation in the frontal lobe can
link perceptual linguistic processing to motor output during pseudo-
word repetition tasks (Chang et al., 2011; Haller et al., 2018) and com-
promised high frequency activation in the frontal lobe may lead to
apraxic errors in nfvPPA. Non-human primate studies have shown
that activation in the superficial (feedforward) layers of cortex is
represented in high-frequency oscillations (Buffalo et al., 2011; van
Kerkoerle et al., 2014) and has been speculated to be compromised in
the frontal lobes in neurodegeneration (Hughes & Rowe, 2013).
Importantly, gray matter volume in did not contribute to differences

in our study, making this observation consistent with existing
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hypotheses in nfvPPA where early, feed-forward stages of response
preparation and articulatory planning are compromised in the disor-
der. A lack of high-frequency oscillations over frontal motor associa-
tion fields that cannot be explained by atrophy can contribute to
challenges in state estimation and articulation, leading to both delayed
responses and high error rates during this task.

4.3 | Frequency specific abnormalities in PPA
variants and relationships to pathology

The IVPPA and nfvPPA variants are known to have distinct patholo-
gies, with AD pathology most common in the former and tauopothies
(specifically, FTLD-tau) most common in the latter (Montembeault
et al., 2018). Prior investigations in M/EEG suggest that these distinct
pathologies map onto the oscillatory dynamics of the underlying corti-
cal networks. More specifically, impoverished temporal beta oscilla-
tions have been observed in M/EEG studies of AD (Fernandez
et al., 2006; Nakamura et al., 2018; Pijnenburg et al., 2004) and
amnestic MCI patients (Fodor et al., 2018; Prieto del Val et al., 2015).
Less is known about how high-frequency oscillations are impacted in
FTLD-tau, although reduced gamma power and coherence in motor
cortex have been observed in some tauopothies (Hughes et al., 2018).
When MEG data in the frequency domain is contrasted between tau
and AD pathology, disruption of frontal oscillatory networks is more
consistent with underlying tau pathology, while disruption of temporal
oscillatory networks are more consistent with underlying AD pathol-
ogy (Sami et al., 2018). Our findings not only compliment these previ-
ous studies but build upon them by indicating that these oscillatory
abnormalities are not confounded by neurodegeneration and are
instead more closely linked to pathology in these patients.

44 | Functional activation differences cannot be
accounted for by neurodegeneration

Understanding the relationship between anatomy and physiology is
complicated, particularly in the context of normal and pathological
aging (Johnson et al., 2000; Maillet & Rajah, 2013). While the historical
conventional wisdom is that less brain leads to less activation, this is
not always the case, leading to several theoretical models (Park &
Reuter-Lorenz, 2009; Reuter-Lorenz & Cappell, 2008) detailing why
neurophysiological and neuroanatomical factors are by no means
directly associated. This is particularly applicable to imaging conditions
like PPA, where the current dogma dictates that reduced neural activity
(and ensuing behavioral deficits) are the direct result of neurodegenera-
tion. The findings of the present study emphasize the importance of
multimodal neuroimaging approaches and structure-function models to
understanding these relationships. By directly challenging an assump-
tion of one-to-one mapping between impoverished neurophysiological
processes and cortical atrophy, our findings in MEG reinforce the
notion that compromised activation is not purely due to cell death, con-

sistent with hypotheses derived from previous investigations combining

atrophy with neurovascular signals (e.g., PET/fMRI). An appreciation for
these atrophy-independent oscillatory patterns is imperative for under-
standing diseases like PPA, where behavioral manifestations are known
to precede gross cortical atrophy. The extent to which neurodegenera-
tion leads to decreases in the MEG signal (Greenwood, 2007) remains
to be seen, and requires large-scale integration of multiple imaging
modalities (MRI, MEG, PET) with clinical diagnostics.

4.5 | Limitations and future directions
We acknowledge that our study has a modest sample size, however it
is important to note that PPA is a rare disease and task demand in
MEG requires participants to be highly compliant, restricting our abil-
ity to recruit large elderly samples for our studies. Limited sample size
prevents investigation of how cortical rhythms relate to behavioral
deficits (e.g., speech errors). Given SNR constraints in MEG-I, we
include all trials during the task (including error trials). It would be
interesting (with larger samples, increased trials, and detailed behav-
ioral coding) to further study how errors specific to the two variants
(Ballard et al., 2014) relate to neural activity. Although dependence on
compliant participants creates an ascertainment bias in recruitment
(earlier stages of the disease) our results set up predictions about pro-
gression in the later stages of the disease that can be confirmed with
follow up longitudinal studies. Lastly, anatomical and functional data
in subjects were acquired with a separation in time (~2 months).
However, this is well within general practice in clinical research, with
ADNI-3 protocols requiring annual scanning (Weiner et al., 2017).
Nonetheless, this study is the first of its kind to combine MRI vol-
umetrics directly with MEG-| oscillatory dynamics in a statistical
framework to dissociate neurophysiological patterns between PPA
variants unaccounted for by neurodegeneration or behavioral differ-
ences. These differences in oscillatory signal can provide distinguish-
ing characteristics for markers unique to PPA in its earliest stages. A
better grasp of this neurophysiology is critical for differential diagnos-
tic classification and, ultimately, imaging-based biomarkers. As non-
word repetition as a behavioral test is used already to distinguish
between IVPPA and nfvPPA variants by examining errors, a deeper
understanding of how this works at the neural level could inform
which behavioral deficits to target (motor speech, phonology) for
innovative treatments in speech and language pathology. Our findings
demonstrate the potential for multimodal structure-function studies
of dementia variants in providing both understanding of the underly-
ing pathophysiology before structural atrophy differences are detect-

able or clinical sequelae are distinct.
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