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Aims: This preliminary study aimed to investigate therapy-induced electrophysiological
changes in persons with primary progressive aphasia (PPA). The investigated event-
related potential (ERP) components associated with language processing were the
mismatch negativity, P300, N40O, and P600.

Methods: A linguistic ERP test battery and standardized language assessment were
administered in four patients with PPA of which two received speech-language therapy
(SLT) and two did not receive therapy. The battery was administered twice with
approximately 6 months in between in each patient. The results of the follow-up
assessments were compared to the results of the initial assessments.

Results: Although the results of the behavioral language assessment remained relatively
stable between the initial and follow-up assessments, changes in the mean amplitudes,
onset latencies, and duration of the ERP components were found in the four patients.
In the two patients that did not receive SLT, an increased delay in 50% and a
decreased mean amplitude in 25% of the measured ERP components were found.
The electrophysiological changes found in the patients that received SLT were variable.
Interestingly, the mismatch negativity and the N40O effect elicited by the categorical
priming paradigm were less delayed and had an increased mean amplitude at the
follow-up assessment in the patient with the non-fluent variant who received SLT. In
this patient, the P600 component was absent at the initial assessment but present at
the follow-up assessment.

Conclusion: Although no clear patterns in electrophysiological changes between
patients who received SLT and patients who did not receive SLT were found by
our preliminary study, it seems like the SLT induced improvements or compensation
mechanisms in some specific language comprehension processes in the patient with
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the NFV. The results of this study are still preliminary because only four heterogeneous
patients were included. Future studies should include larger patient groups of the three
clinical variants because the therapy-induced electrophysiological changes might differ
depending on the clinical variant and the underlying pathology.

Keywords: primary progressive aphasia, event-related potentials, language, neuroplasticity, language therapy,

follow-up

INTRODUCTION

The ability to communicate is one of the most important
activities in daily life that can deteriorate in various
neurodegenerative diseases. Primary progressive aphasia (PPA) is
a group of clinical syndromes in which the language abilities, and
consequently verbal communication, progressively deteriorate
with relative preservation of the other cognitive functions.
Gorno-Tempini et al. (2011) provided a framework for the root
diagnosis of PPA and the classification into three variants: the
non-fluent or agrammatic variant (NFV), the semantic variant
(SV), and the logopenic variant (LV). In the NFV of PPA, the
key characteristics are the presence of agrammatism in language
production and/or apraxia of speech. The comprehension of
syntactically complex sentences could be impaired and single-
word comprehension and object knowledge are most frequently
spared. The SV is characterized by an impaired confrontation
naming and single-word comprehension. In this variant, other
supportive features are impaired object knowledge, surface
dyslexia or dysgraphia, spared repetition, and a spared speech
production. The core features of the LV are impaired single-word
retrieval and an impaired repetition of sentences and phrases.
Phonologic errors could also be present in this variant but
single-word comprehension, object knowledge, motor speech,
and grammatical processing are most frequently spared.

Since the onset of PPA tends to be before the age of
65 (Mesulam et al, 2014), the psychosocial and economic
impact of this disease on the persons with PPA themselves,
but also on their caregivers, families, and the society at large
should not be underestimated. At this age, the persons are
often still employed, take care of relatives, and have a rich
social life, so that PPA likely influences their quality of life,
social activities, and full-life participation. Currently, no curative
or symptomatic pharmacological treatments are available for
PPA. However, the results of non-pharmacological interventions
such as support groups and speech-language therapy (SLT)
seem promising (Rogalski and Khayum, 2018). Although the
evidence for the effectiveness of SLT interventions in PPA
is sparse and limited to mostly small participant groups or
case studies, positive gains have been reported. Only a few
studies have included larger participant groups such as Rogalski
et al. (2016) and Henry et al. (2019). Two main types of
SLT interventions for persons with PPA can be differentiated
namely the impairment-based interventions and the functional
communication-based interventions (Volkmer et al., 2020a).
The impairment-based interventions consist mainly of word-
retrieval therapies in which only the function of word-retrieval
is targeted. Consequently, the main outcome of these studies

is also most frequently an improved or maintained language
function for the trained items. It is, however, less clear if these
gains are generalizable to functional communication (Carthery-
Goulart et al, 2013; Cadoério et al., 2017; Volkmer et al,
2020a). On the other hand, the systematic review of Volkmer
et al. (2020b) investigated the research literature on functional
communication-based interventions for PPA. These studies
investigated mainly the effectiveness of communication skills
training for the person with PPA (and their communication
partner) and alternative and augmentative communication.
All nineteen studies reported improvements in impairment-
based and communication-based assessments, social validity
judgments, or in the confidence and quality of life of the person
with PPA and their communication partner.

To identify which type of SLT serves which patient best
in each stage of the disease, it is important to understand
how specific improvements in language function and functional
communication due to specific SLT interventions relate to
mechanisms of reorganization or reactivation in the brain.
Therapy-induced brain changes have been investigated by
functional magnetic resonance imaging (fMRI) in three case
studies with PPA (Dressel et al., 2010; Marcotte and Ansaldo,
2010; Beeson et al., 2011). The results of these three cases, one
case of each of the three variants, suggest that the activation
might be increased due to SLT in the cortical areas that are
typically preserved in the specific variant to compensate for their
specific language loss.

Another appropriate technique that could provide insights
into the brain changes induced by SLT is the event-related
potential (ERP) technique. ERPs are small voltage fluctuations in
the electroencephalography that are time-locked to a particular
event (Luck, 2014). ERP components that could be associated
with language processing are the mismatch negativity (MMN),
the P300, the N400, the late positivity complex (LPC) and the
P600. The language-related MMN and P300 components are
elicited respectively by a pre-attentive and attentive auditory
oddball paradigm in which a deviant linguistic stimulus
infrequently occurs in a sequence of standard linguistic stimuli
such as phonemes, syllables, and words (Aaltonen et al., 1987;
Néitanen et al., 1997; Aerts et al., 2013). The MMN is a negative
response that occurs between 160 and 220 ms and the P300
is a positive response that occurs at 300-600 ms after the
presentation of the deviant stimulus. The MMN is characterized
by a frontocentral topographic distribution and the P300 by a
parietal distribution. In terms of phoneme perception, the MMN
can be associated with phoneme discrimination and the P300
with phoneme categorization (Kok, 2001; Alain and Tremblay,
2007; Luck and Kappenman, 2012; Néiténen et al., 2012). The
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ERP component associated with semantic processing is the N400
which is a negative response that starts around 200-300 ms after
the onset of a visually or auditorily presented word and peaks
around 400 ms. The N400 is characterized by a centroparietal
topographic distribution and is often associated with unexpected
or incongruous words (Lau et al., 2008; Kutas and Federmeier,
2011; Luck and Kappenman, 2012). At the sentence level, the
N400 can be followed by a positive component with a bilateral
parietal distribution from approximately 500-1,000 ms after
word onset. This component has been referred to as the LPC. This
component might reflect the integration of plausibility conflicts
(Kim and Osterhout, 2005), more general reanalysis processes
(Friederici, 2002), and/or sentence context updating (Kaan et al.,
2007). Finally, the ERP component typically observed with
syntactically violated sentences is the P600. The P600 is a
positive response with a parietal topographic distribution that
starts around 500 ms after stimulus onset (onset of the word
that creates a syntactic processing problem) and lasts several
hundred milliseconds (Friederici, 2004; Kielar et al., 2012; Luck
and Kappenman, 2012).

Therapy-induced electrophysiological changes have not been
investigated in persons with PPA yet (Stalpaert et al.,, 2020).
In persons with aphasia after stroke, on the other hand, the
review of Cocquyt et al. (2020) investigated the sensitivity of
ERPs to objectify therapy-induced neuroplasticity. The authors
concluded that the amplitude and topography parameters of the
linguistic ERPs were sensitive to SLT in persons with aphasia
after stroke. More specifically, this review suggests that increased
amplitudes of early and mid-to-late ERP components and an
increase of left-hemispheric lateralization might reflect gains of
SLT. This preliminary follow-up study aimed to explore therapy-
induced electrophysiological changes in persons with PPA by a
linguistic ERP battery. Changes in the amplitude, latency, and
topographical distribution of the MMN, P300, N400, and P600
components might be induced by SLT in persons with PPA. These
therapy-induced changes might give information about phoneme
perception, verbal semantic, and syntactic reanalysis and repair
processes in persons with PPA. Importantly, these changes in
the various components might be different in the variants of
PPA. Since this is the first study to investigate therapy-induced
electrophysiological changes in patients with PPA, it is difficult to
hypothesize which changes are expected for each component and
in each variant.

MATERIALS AND METHODS

Participants

Four patients with a clinical diagnosis of PPA were included
in this follow-up study. These patients were recruited at the
Department of Neurology of the Ghent University Hospital.
Based on the case history, the neurological evaluation, the
neuroimaging results, and the evaluation of the language and
speech abilities, the clinical diagnosis was made by experienced
neurologists (TV and AS) and speech-language pathologists
(SLPs; MD and JS). Each patient met the criteria for the root
diagnosis of PPA and was classified following the criteria of

Gorno-Tempini et al. (2011). The four included patients were
evaluated twice with approximately 6 months in between with
an electrophysiological test battery, the Dutch version of the
Comprehensive Aphasia Test (CAT-NL) (Swinburn et al., 2014),
the Diagnostic Instrument for Apraxia of Speech (DIAS) (Feiken
and Jonkers, 2012), and the Montreal Cognitive Assessment
(MoCA) (Nasreddine et al., 2005). Furthermore, the Dutch
Handedness Inventory (DHI; Van Strien, 1992) was administered
to each included patient. After the initial assessment, SLT was
started in two of the four patients by SLPs (one patient with
NFV and one patient with PPA not otherwise specified). In
these two patients, SLT was administered twice a week with a
therapy session duration of 30 min. The SLT focused on the
identified language and speech impairments by the behavioral
and electrophysiological assessments. The specific content of the
SLT in each patient is specified in the section “Results.” The
remaining two patients (one patient with SV and one patient with
LV) were not interested to start SLT.

Two age-matched healthy control (HC) groups consisted each
of 30 right-handed adults recruited by snowball sampling (five
male and five female participants per age decade: 50-59 years,
60-69 years, and 70-79 years). In the first HC group, three ERP
paradigms (MMN, P300, and P600) of the electrophysiological
test battery were administered. The age of this HC group ranged
from 50 to 78 years with a mean of 63.9 years (SD = 8.31)
and the education level ranged from 10 to 17 years with a
mean of 14 years (SD = 2.05). The scores for the MoCA ranged
from 26 to 30 with a mean score of 28.4 (SD = 1). In the
second HC group, the remaining two ERP paradigms (categorical
priming and semantic anomaly) of the electrophysiological test
battery were administered. The age of this HC group ranged
from 51 to 84 with a mean of 64.2 years (SD = 9.09) and the
education level ranged from 9 to 17 with a mean of 14.33 years
(SD = 2.23). The MoCA scores of the HC group ranged from
25 to 30 with a mean score of 27.57 (SD = 1.36). All HCs
were right-handed following the DHI, had a (corrected-to-
)normal vision, and reported no subjective complaints of hearing
loss. None of the HCs had a history of neurological disorders,
developmental learning or language disorders, and psychiatric
disorders. The native language of all participants was Dutch.
The study was performed in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the
University Hospital Ghent. Informed consent was obtained from
all the participants.

Experimental Procedure

The electrophysiological test battery consisted of five linguistic
ERP paradigms (Cocquyt et al., 2021; Stalpaert et al., 2021a,b;
Stalpaert et al., under review)'. At the initial evaluation, the five
paradigms of the test battery were administered randomly in one
session in each patient. For the follow-up evaluations, the order
was kept the same in each patient. Both the initial and follow-up
electrophysiological evaluations were conducted in the morning

IStalpaert, J., Miatton, M., Sieben, A., Van Langenhove, T., van Mierlo, P., and
De Letter, M. (under review). Syntactic event-related potentials in the diagnostic
process of the nonfluent and logopenic variants of primary progressive aphasia: a
case series. Int. J. Lang. Commun. Disord.
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or early afternoon in the same dimly illuminated room in the
Ghent University Hospital. In each paradigm, the stimuli were
presented by E-Prime 3.0 (Psychology Software Tools, Pittsburgh,
PA, United States) and the auditory stimuli were delivered at the
same comfortable listening level for all participants by ER1 insert
earphones (Etymotic Research).

Inattentive Oddball Paradigm (Mismatch Negativity)
The auditory oddball paradigm of Stalpaert et al. (2021b)
consisted of 600 standard and 150 deviant stimuli with a stimulus
onset asynchrony (SOA) of 500 ms. The standard stimulus [b9]
differed from the deviant stimulus [go] by one phonemic contrast,
namely the place of articulation. During this paradigm, the
participants were instructed to ignore the stimuli and to focus
on a silent movie (Mickey Mouse). The total duration of the
experiment was approximately 7 min.

Attentive Oddball Paradigm (P300)

The attentive oddball paradigm was also from the study of
Stalpaert et al. (2021b). The same stimuli were used as in
the inattentive oddball paradigm. The paradigm started with
a training block of sixteen standard and four deviant stimuli.
Subsequently, the experimental block consisted of 160 standard
and 40 deviant stimuli with an SOA of 2,000 ms. During this
paradigm, the participants were instructed to press the green
button on the Chronos response box (Psychology Software Tools,
Pittsburgh, PA, United States) when they heard the deviant
stimulus. A white fixation cross was presented on a black
background to focus their attention and to reduce vertical and
horizontal eye movements. The total duration of the experiment
was approximately 8 min.

Categorical Word Priming Paradigm (N400)

The categorical word priming paradigm of Cocquyt et al.
(2021) consisted of 120 Dutch prime-target pairs that were
auditorily presented to the participants. Half of the word pairs
were categorically related (e.g., rugby - basketball) while the
other half were members of a different category (e.g., potato -
photographer). None of the word pairs was associatively related.
The paradigm started with a practice block followed by seven
experimental blocks that were presented in random order.
Between blocks, participants could take a break as long as
they wanted. The inter-stimulus interval (ISI) between the
targets and primes varied between 830 and 1,520 ms and
the SOA was 1,800 ms. The interval between the trials was
2,500 ms. The participants were instructed to judge whether
the word pairs belonged to the same or a different category by
a button press response. To avoid contamination of response-
related potentials, this button press response was delayed
(Van Vliet et al, 2014). The HC group had to press their
left or right index finger on a green or red button for the
categorically related and unrelated pairs respectively. Due to
motor deficits in some patients, the patients had to press
the green and red buttons on the Chronos response box
with their hand of preference. The place of the green and
red buttons was not randomized. During the paradigm, a
white fixation cross was presented on a black background to

focus their attention and to reduce vertical and horizontal
eye movements. The total duration of the experiment without
breaks was 17 min.

Semantic Anomaly Paradigm at the Sentence Level
(N400)

The semantic anomaly paradigm at the sentence level of
Stalpaert et al. (2021a) consisted of 120 visually presented Dutch
sentences of which half were semantically and syntactically
correct sentences (e.g., “The girl tied the dog to the tree.”) and
the other half contained a semantic violation at the end of the
sentence (e.g., “The bucket is full of fever.”). The final words
(= target words) of the correct and incorrect sentences were
closely matched in orthographic length, amount of orthographic
neighbors (Marian et al., 2012), word frequency (Keuleers et al.,
2010), concreteness (Brysbaert et al., 2014), age of acquisition,
valence, arousal, and dominance (Moors et al., 2013). A cloze
probability test revealed that the sentences in both conditions
were equally constraining (cloze probability correct: 54.6%;
incorrect: 60.3%). The paradigm started with a practice block
followed by seven experimental blocks in which the stimuli were
presented randomly. The participants could take a break as long
as they wanted between the blocks. A white fixation cross on a
black background was presented for 1.5 s at the start of each
trial to warn the participants that they had to fixate their eyes
on the center of the screen. Subsequently, the sentences were
presented word by word in white, lowercase letters at the center
of the screen on a black background. Each word was presented
with a duration of 500 ms followed by a blank (black) screen
for 500 ms. After the presentation of the complete sentence, a
blank screen was presented during 1 s followed by the word
“press.” At the presentation of “press;” the participants had to
judge whether the sentence was semantically acceptable or not by
a button press response. This button press response was delayed
and measured in the same manner as in the categorical word
priming paradigm. The total duration of the experiment without
breaks was approximately 26 min.

Word-Order Violations Paradigm (P600)

The word-order violations paradigm of Stalpaert et al. (see text
footnote 1) consisted of 60 Dutch sentences. Half of these
sentences were syntactically and semantically correct and the
other half contained a word-order violation (e.g., “The orchestra
played to an empty almost hall in Brussels.”). The correct
sentences were not the counterparts of the sentences with
the word-order violation. An adverb-adjective-noun or an
adjective-adverb-noun construction was present in the middle
of respectively the correct and incorrect sentences. The target
word was the adjective in the correct and the adverb in the
incorrect sentences. A practice block of six sentences was
followed by four experimental blocks in which the sentences
were presented randomly to the participants. The participants
could take a break as long as they wanted between the
blocks. The presentation of the sentences and the button press
response was the same as in the semantic anomaly paradigm.
The total duration of the experiment was approximately
17 min without breaks.

Frontiers in Human Neuroscience | www.frontiersin.org

March 2022 | Volume 16 | Article 766866


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Stalpaert et al.

Therapy-Induced Electrophysiological Changes in PPA

EEG Recording

Continuous EEG was recorded at 32 electrode sites in the
HC groups and 126 electrode sites in the patients with PPA,
both using an EasyCap electrode cap (Brain Products, Munich,
Germany). The same subsets of electrodes were analyzed in
both the HC and PPA group. FCz was used as the online
reference electrode and AFz as the ground electrode. The
electrode impedances were kept below 10 kQ by using an abrasive
electrolyte gel (Abralyt, 2000, EasyCap). Data were collected
with a BrainVision BrainAmp amplifier (Brain Products, Munich,
Germany) and were continuously digitized with a sampling
frequency of 500 Hz. BrainVision Recorder was used as recording
software (Brain Products, Munich, Germany).

Event-Related Potential Data Analysis
Offline EEG analysis was performed with the BrainVision
Analyzer 2 software (Brain Products, Munich, Germany). First,
the practice blocks were removed and bad electrode channels
were disabled. The online reference electrodes and the electrodes
of interest were not disabled in any of the participants.
Subsequently, continuous EEG recordings were band-pass
filtered using an infinite impulse response filter (zero phase shift
Butterworth filter) with half-amplitude cut-off frequencies of 0.3
and 30 Hz and a slope of 12 dB/octave. A notch filter was
applied at 50 Hz. The independent component analysis (ICA)
was used to remove eye blinks and horizontal eye movements.
Following the ICA, the disabled channels were interpolated and
the average of the mastoid electrodes (TP9 and TP10) was applied
as a new reference to the data. Next, the responses elicited by
the two conditions in each paradigm were segmented separately.
The conditions and the time window of the epochs of each
paradigm are presented in Table 1. Baseline correction was
applied after the segmentation using the pre-stimulus windows
presented in Table 1. Subsequently, artifact rejection was applied
automatically with the following settings: maximum gradient
criterion of 75 wV, minimal-maximal amplitude criterion of
100 nV, maximum difference criterion of 150 WV, and low
activity criterion of 0.5 0V during 100 ms. Following the artifact
rejection, the responses elicited by the two conditions in each
paradigm were averaged separately. At least 75% of the trials in
the HCs and 50% of the trials in the patients had to be included
in the averaged ERPs. The button press accuracies were also
collected but both the trials with a correct and incorrect button
press response were included in the analysis. Finally, difference
waves for each paradigm were computed by subtracting the
response elicited by one condition from the response elicited by
the other condition.

Two main outcome variables were extracted from the
difference waves of each paradigm namely the mean amplitude
and the onset latency. Concerning the mean amplitude, the
average voltage over three specified measurement windows was
computed (Luck, 2014). These time windows were defined
based on previous research, visual inspection of the topographic
distribution of the components in the HC group, and the
hypothesis that the components might be delayed or prolonged
in patients with PPA. For the onset latency, the negative area for

the MMN and the N400 or the positive area for the P300, LPC,
and P600 under the difference waveforms within a specific time
window was computed. The time point that divided the first 25%
of the area from the last 75% of the area was defined as the onset
latency, or 25% fractional area latency (Luck, 2014). The specific
time windows for both the mean amplitude and onset latency
of each paradigm can be found in Table 1. The mean of the
mean amplitudes and onset latencies was calculated for different
electrode subsets namely the frontal (F3, F4, Fz), central (C3, C4,
Cz), parietal (P3, P4, Pz), left (F3, C3, P3), midline (Fz, Cz, Pz),
and right electrode sites (F4, C4, P4).

Interpretation Event-Related Potentials

In clinical practice, ERP components are most frequently
assessed by visual inspection. Although statistical methods for the
interpretation of ERPs at the single-subject have been investigated
as well, contradictory results have been reported for the various
methods. The combination of two or more methods is proposed
to be the most sufficient to decide on the presence or absence
of an ERP component at the single-subject level (Kallionpéi
et al,, 2019). In this study, we combined two methods that are
easily applicable in clinical practice to interpret the ERP results
of each patient.

First, the ERP results of the initial and follow-up assessments
in each patient were visually inspected. The results of each
ERP paradigm were plotted on figures and two raters evaluated
independently whether the ERP component of interest was
present or not. The figures were presented in a random order
to the two raters. If both raters agreed on the presence,
we defined the component to be present (Kallionpii et al.,
2019). Furthermore, each rater also evaluated if the component
was delayed, prolonged, or showed an accelerated decay in
comparison to the HC group. The ERP results of the follow-
up assessments were also compared to the results of the initial
assessments by visual inspection. After visual inspection, the
results of each paradigm in each patient were compared to
the results of the HC group and the results of the initial
assessments were compared to the follow-up assessments by
Z-scores (Crawford et al., 2006). The means and standard
deviations of the mean amplitudes and the onset latencies at
the various electrode subsets of the HC group were calculated
and based on these results the raw values of the patients were
converted into standardized Z-scores. The raw values and the
Z-scores can be found in the Supplementary Material. Since
we do not know which Z-scores are clinically significant, we
consider Z-scores > 1.28 (o < 0.10) as impaired in comparison
to the HC group.

RESULTS

The demographic characteristics and the button press accuracies
during the ERP paradigms of each included patient are presented
in Table 2. In the section “Results,” each case is described by
summarizing (1) the diagnostic process including the results of
the neurological, imaging, language, and speech examinations,
(2) the results of the neurological, language, and speech follow-up
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TABLE 1 | The two conditions, the time window of the epoch, and the time windows of the mean amplitude and onset latency for each paradigm.

Paradigm Conditions Epoch Time windows Time window
mean amplitude onset latency
MMN 1. standard —100-500 ms: 150-250 ms 150-450 ms
2. deviant onset stimulus 250-350 ms
350-450 ms
P300 1. standard —300-1,200 ms: 350-550 ms 350-950 ms
2. deviant onset stimulus 550-750 ms
750-950 ms
Categorical priming (N400) 1. same category —300-1200 ms: 300-500 ms 300-900 ms
2. different category onset target word 500-700 ms
700-900 ms
Semantic anomaly (N400 and LPC) 1. correct sentence —300-1,200 ms: N400: N400:
2. incorrect onset target word 300-500 ms 300-900 ms LPC:
sentence 500-700 ms 700 — 500-1,100 ms
900 ms
LPC: 500-700 ms
700-900 ms
900-1,100 ms
P600 1. correct sentence —300-1,500 ms: 500-750 ms 500-1,250 ms
2. incorrect onset target word 750-1000 ms
sentence 1000-1,250 ms

MMN, mismatch negativity;, LPC, late positivity complex; ms, milliseconds.

assessments, and (3) the electrophysiological results of the initial
and follow-up assessments. Subsequently, the results of the
patients who received SLT were compared to the results of
the patients who did not receive SLT. In the Supplementary
Material, the raw values and the corresponding Z-scores of
the mean amplitudes and onset latencies of each component,
the results of the CAT-NL, and the results of the DIAS can
be found. The figures of the electrophysiological results of
each paradigm in each patient can also be found in the
Supplementary Material.

Case Descriptions

Patient With NFV (Speech-Language Therapy)

This patient was referred to the Department of Neurology of the
Ghent University Hospital because of progressive unintelligible
speech and difficulties with balance for approximately 1 year.
The initial clinical neurological examination showed a right-
lateralized, mild extrapyramidal syndrome, besides the language
and speech impairments. MRI was unremarkable and FDG-
PET showed a mild hypometabolism in the right precuneus of
unknown significance. CSF biomarkers and genetic mutations
were not investigated in this patient. At T1 (test moment 1),
3 months after the initial neurological examination, the language
and speech abilities were evaluated by the CAT-NL, the DIAS,
and the electrophysiological test battery. Although no deficits
were found in the CAT-NL, his spontaneous speech showed
a slow speech rate, a reduction of spontaneous speech, short
sentences, word-finding difficulties, and sporadically telegraphic
speech. His spontaneous speech also showed the presence
of AOS which was confirmed by the DIAS. Based on these
results, the clinical diagnosis of the NFV was made (Gorno-
Tempini et al., 2011) and SLT was initiated twice a week. The
therapy focused on training phonological input and output,
syntactic comprehension and production, and motor speech

on the level of words and sentences. At T2 (5 months after
T1), the CAT-NL still did not show any deficits except for
the reading words subtest. In the DIAS, no critical differences
between the scores of the subtests on T1 and T2 were found.
However, the DIAS showed the presence of five characteristics
of AOS which was two more than at T1. The patient reported
that he thought that language and speech difficulties did not
increase between T1 and T2. Differences in the presence,
mean amplitudes, and onset latencies of the ERP components
were found by four of the five paradigms at T1 and the five
paradigms at T2 in comparison to the HC group. Furthermore,
differences were found between the results of each paradigm
at T1 and T2. The electrophysiological results are presented
in Table 3.

Patient With PPA-NOS (Not Otherwise Specified;
Speech-Language Therapy)

This patient was referred to the Department of Neurology of
the Ghent University Hospital because of progressive difficulties
with forming sentences and speech problems. MRI showed
mild atrophy at the left frontal and temporal operculum and
FDG-PET showed a left fronto-insular hypometabolism. CSF
biomarkers and genetic mutations were not investigated in this
patient. One month after the initial neurological examination
(T1), the language and speech abilities were evaluated by the
CAT-NL, the DIAS, and the electrophysiological test battery.
Although the results of the CAT-NL only showed deficits in the
fluency and sentence repetition subtests, paragrammatic errors,
interrupted sentences, sporadic telegraphic speech, a reduction in
spontaneous speech, word-finding difficulties, and phonological
and semantic paraphasias were present in her spontaneous
speech. Also, the DIAS did not conclude the presence of AOS
because only two characteristics of AOS were present in this
assessment. However, she performed worse on the alternating
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TABLE 2 | Demographic characteristics and button press accuracies of the included patients with PPA.

Patient NFV PPA-NOS Lv sv

Sex male female male male
Handedness right right left right
Education (years) 12 12 14 12

Age at onset(years; months) 64;4 68 64 70
Assessment time T T2 T T2 T T2 ™ T2
Age at assessment(years; months) 65;9 66;2 70 70;8 68;3 68;9 74,3 74,9
Duration betweenT1 and T2 (in months) 5 8 6 6
Speech-language therapy yes yes no no

MoCA total score (30) 25 25 23 22 27 27 27 29
Button press accuracies (% correct)

P300 100 100 80 83.5 84.5 24 97.5 99.5
N400 (priming) 92.5 96.7 92.5 90.8 89.2 92.5 90.8 92.5
N400 (anomaly) 96.7 96.7 89.2 91.7 95.8 96.7 - -
P600 93.3 81.7 M7 53.3 98.3 95 - -

NFV, non-fluent variant; PPA-NOS, not otherwise specified; LV, logopenic variant; SV, semantic variant; MoCA, Montreal Cognitive Assessment; T1, initial assessment;

T2, follow-up assessment.

TABLE 3 | The electrophysiological results of each ERP component in the patients with NFV and PPA-NOS who received SLT at the initial assessment and the

follow-up assessment.

NFV PPA-NOS
T1vs. HCs T2vs. T1 T1vs. HCs T2vs. T1
MMN (inattentive oddball Present F, L: delayed, MA ¢ No delay and decay C, M, Absent Absent
paradigm) F: accelerated decay R: MA ¢
P300 (attentive oddball Present accelerated decay C: delayed F, C, L, M, R: Absent Absent

paradigm)

MA |

N400 (categorical priming Present Earlier onset latency F, C, P, Present prolonged Not prolonged F, B, L, M:
paradigm) L, M, R: MA ¢ delayed
N400 (semantic anomaly Present Absentat F, C, L, M, R Present prolonged No delay C, L: prolonged

paradigm)

LPC (semantic anomaly
paradigm)

P600 (grammaticality
judgment paradigm)

P: prolonged P: MA 1 F:
MA |

Present prolonged C, P, M,
R: delayed

Absent

No delay

Present at P

C: delayed

PresentF, C, P, L,
M, R: delayed

Present prolonged

Absent

Not prolonged
P, L, M: delayed

The differences in mean amplitude, onset latency, and topographic distribution between the initial assessment and the healthy control group are presented in the column
“T1 vs. HCs.” In the column “T2 vs. T1,” the differences in mean amplitude, onset latency, and topographic distribution between the initial and the follow-up assessments
are presented. NFV, non-fluent variant; PPA-NOS, primary progressive aphasia not otherwise specified; T1, initial assessment; T2, follow-up assessment; HC, healthy
control; MMIN, mismatch negativity; LPC, late positivity complex; F, frontal electrode sites; C, central electrode sites; P, parietal electrode sites; L, left electrode sites; M,

midline electrode sites; R, right electrode sites; MA |, reduced mean amplitude; MA 1, increased mean amplitude.

sequences than on the sequential sequences and articulatory
groping was noticed during the DIAS and spontaneous speech
which might suggest the discrete presence of AOS. Based on
these results, she was diagnosed with PPA-NOS (not otherwise
specified) since she met one core feature and two supportive
features of the NFV and two core features and three supportive
features of the LV (Gorno-Tempini et al., 2011).

Due to COVID-19 restrictions, she initiated SLT twice a week
only 2 months after T1. In the first 2 months, the therapy was
delivered online due to COVID-19. Based on the behavioral
and electrophysiological results, therapy goals were determined
by the first author (JS) in collaboration with the two SLPs
(SS and LD’H) who delivered the SLT to the patient. The
therapy focused on training phonological input and output,

word fluency, syntactic production, word comprehension, and
sentence comprehension. In the phonological training, she had
to discriminate phonemes and combine syllables and letters
into words. To practice word fluency, she had to generate
words within semantic categories (varying in frequency) and
generate words that started with a given sound. Phonological and
semantic cues were given in these exercises to stimulate errorless
learning. In the syntactic training, she practiced completing
sentences, composing sentences with keywords, judging the
grammaticality of sentences, and describing pictures. To train
word comprehension and production, she had to describe
words and pictures, name words based on a description, and
produce synonyms and antonyms. Finally, the patient asked
the SLPs to practice reading the newspaper. Reading aloud and
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text comprehension was therefore trained by the newspaper
“Wablieft” in which short and clear sentences are used. Six
months after the SLT was initiated (T2), almost the same results
as at T1 were found. In addition, the subtests spoken and written
sentence comprehension of the CAT-NL were impaired at T2.
The DIAS also confirmed the presence of AOS at T2 since three
characteristics of AOS were present. Differences in the presence,
mean amplitudes, and onset latencies of the ERP components
were found by the five paradigms at T1 and T2 in comparison to
the HC group. Furthermore, differences were found between the
results of each paradigm at T1 and T2. The electrophysiological
results are presented in Table 3.

Patient With Logopenic Variant (No
Speech-Language Therapy)

This patient consulted the neurologist because of difficulties
with speaking and short-term memory. The neuropsychological
examination showed a normal neurocognitive profile except
for deficits in visual alternating attention and left-right
orientation. MRI was unremarkable and FDG-PET scan
suggested hypometabolism in the right precuneus of unknown
significance. CSF biomarker profile was not compatible with
Alzheimer’s disease. One year after the initial consultation at
the Department of Neurology (T1), the language and speech
abilities were evaluated by the CAT-NL, the DIAS, and the
electrophysiological test battery. His spontaneous speech was
characterized by word-finding difficulties, circumlocutions,
phonological and semantic paraphasias, and unfinished
sentences. Scores outside the normative range were only found
in the repetition subcategory of the CAT-NL (mainly complex
words and sentences subtests). Consequently, the clinical
diagnosis of the LV was made (Gorno-Tempini et al., 2011).
At that time, the patient was not interested to start with SLT.
Six months later (T2), the same results were found on the
behavioral assessments. However, the patient reported that he
had more word-finding difficulties, difficulties in conversations
(by phone), and difficulties discussing with people. The results
of the MMN paradigm were unreliable due to a low number of
included trials. Differences in the presence, mean amplitudes,
and onset latencies of the ERP components were found by the
four paradigms at both T1 and T2 in comparison to the HC
group. Furthermore, differences were found between the results
at T1 and the results at T2. The electrophysiological results can
be found in Table 4.

Patient With Semantic Variant (No Speech-Language
Therapy)

This patient consulted the neurologist because of word-finding
difficulties and memory problems. The imaging results (MRI
and FDG-PET) indicated the possible diagnosis of the SV
based on predominant atrophy and hypometabolism on the
anterior temporal lobes bilaterally. However, the evaluation of
the language abilities by an SLP showed that not all criteria
of the SV were met at the time of the initial neurological
consultation. Twenty months after the initial consultation (T1),
the patient was included in this study. The CAT-NL and the
DIAS did not reveal any deficits except for a score outside the

normative range for the writing to dictation subtest due to an
error in an irregular word which suggests the possible presence of
surface dysgraphia. Furthermore, the patient complained about
deficits in word comprehension and word-finding difficulties.
In a spontaneous conversation between the patient and the
first author (JS), impaired word comprehension and word-
finding difficulties were also present. His spontaneous speech
was also characterized by circumlocutions, semantic paraphasias,
neologisms, and logorrhea. Based on these results, he met the two
core diagnostic criteria and possibly three of the four supportive
criteria of the SV (Gorno-Tempini et al., 2011). The patient was
not interested to start SLT. Six months later (T2), no deficits were
found in the behavioral assessments and the patient complained
of the same language difficulties. The results of the semantic
anomaly paradigm and the P600 paradigm were unreliable due
to a low number of included trials. In this patient, it is important
to mention that at both assessments and in all paradigms
much alpha activity was present which complicated the visual
inspection. The electrophysiological results are presented in
Table 4.

Electrophysiological Changes:
Speech-Language Therapy vs. No
Speech-Language Therapy

In general, electrophysiological changes were present after
approximately 6 months in multiple ERP components in each
included patient. More specifically, the mean amplitudes, the
onset latencies, and/or the duration of the ERP components
differed between the initial assessment and the follow-up
assessment. The changes in these variables are presented in
Table 5 for both the patients that received SLT and the patients
that did not receive SLT.

DISCUSSION

This preliminary study aimed to explore therapy-induced
electrophysiological changes in persons with PPA by the
language-related MMN, P300, N400, and P600 components. Four
patients with PPA of which two received SLT and two did not
receive SLT were included in this study. Since the effectivity
of SLT is most frequently measured by standardized language
assessments in clinical practice, we will first discuss the results
on the CAT-NL of the initial and follow-up assessments in the
four patients. The results remained stable in the two patients
that did not receive SLT. In the patients that received SLT,
the score of one additional subtest and two additional subtests
were outside the normative range at the follow-up assessment in
respectively the patients with NFV and PPA-NOS. Importantly,
almost no scores of the subtests of the CAT-NL were outside
the normative range in the four patients and no language
deficits were found in the subtests that investigated language
comprehension except for the follow-up assessment of the patient
with PPA-NOS. These results do not provide much information
about the linguistic deterioration or therapy-induced changes of
the specific language processes, or how to adapt and determine
therapy goals for SLT.
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TABLE 4 | The electrophysiological results of each ERP component in the patients with LV and SV who did not receive SLT at the initial assessment and the
follow-up assessment.

Lv sv

T1vs. HCs T2vs. T1 T1vs. HCs T2vs.T1
MMN (inattentive oddball - - Present Present
paradigm)
P300 (attentive oddball Present F: no delay or prolongation P: Present F, L, M, R: delayed
paradigm) F, C, L, M, R: delayed F, R: delayed C, L: prolonged

prolonged
N400 (categorical priming Absent Absent Absent Absent
paradigm)
N400 (semantic anomaly Present C, P, L, M: delayed Not - -
paradigm) F, P, L, M: prolonged R: delayed prolonged
LPC (semantic anomaly Present Prolonged F, C, B, L, M, R: no delay - -
paradigm) R: delayed
P600 (grammaticality Present F, C, L, M: delayed R: delayed F, C, P, M, R: - -
judgment paradigm) Prolonged accelerated decay, MA |

The differences in mean amplitude, onset latency, and topographic distribution between the initial assessment and the healthy control group are presented in the column
“T1 vs. HCs.” In the column “T2 vs. T1,” the differences in mean amplitude, onset latency, and topographic distribution between the initial and the follow-up assessments
are presented. LV, logopenic variant; SV, semantic variant; T1, initial assessment,; T2, follow-up assessment; HC, healthy control; MMN, mismatch negativity; LPC, late
positivity complex; F, frontal electrode sites; C, central electrode sites; F, parietal electrode sites; L, left electrode sites; M, midline electrode sites; R, right electrode sites;
MA |, reduced mean amplitude; MA 1, increased mean amplitude; —, unreliable data.

TABLE 5 | Summary of the electrophysiological changes that occurred after approximately 6 months in patients with primary progressive aphasia that did and did not
receive speech-language therapy.

Electrophysiological changes % of ERP components in patients with SLT % of ERP components in patients with no SLT

Mean amplitude Increased 25 0
Decreased 25 25
Onset latency Increased delay 25 50
Decreased delay 33.3 12.5
Duration Increased prolongation 8.3 12.5
Decreased prolongation 16.7 12.5
Accelerated decay 0 12.5
No more accelerated decay 8.3 0
No electrophysiological changes 16.7 37.5

SLT, speech-language therapy.

While the results on the CAT-NL remained relatively stable
between the initial and the follow-up assessments, changes
in the mean amplitudes, onset latencies, and duration of the
ERP components were found in the four patients. The most
important changes that were found in the two patients that
did not receive SLT were an increased delay in 50% and
a decreased mean amplitude in 25% of the measured ERP
components. These results might indicate that the evaluated
language comprehension processes deteriorated between the
initial and follow-up assessments. The electrophysiological
changes found in the patients that received SLT were more
variable. Our most important findings were a decreased
delay in 33.3% and an increased mean amplitude in 25%
of the measured ERP components which might suggest
improvements and/or the presence of compensation mechanisms
in language comprehension processes. Cocquyt et al. (2020)
also found that an increased amplitude might reflect gains
of SLT in persons with aphasia after stroke. In contrast,

the mean amplitude decreased and the delay increased in
25% of the measured ERP components which might indicate
that some language comprehension processes progressively
deteriorated despite the SLT. These electrophysiological results
provide information about (therapy-induced) changes in specific
language comprehension processes which behavioral language
assessments cannot provide.

Focusing on the results of the MMN and P300 components,
no clear difference between the electrophysiological changes in
the patients who received SLT and the patients who did not
receive SLT was found. Interestingly, the timing of the processes
associated with phoneme categorization was more delayed at the
follow-up assessment than at the initial assessment regardless
of the therapy condition. In the patient with the NFV (who
received SLT), the MMN at the follow-up assessment was less
delayed and the mean amplitude was increased in comparison to
the initial assessment. This decreased delay and increased mean
amplitude might suggest improvements and/or the occurrence
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of compensation mechanisms in the processes associated with
phoneme discrimination. The same results were found for the
N400 effect elicited by the categorical priming paradigm in
this patient which might also indicate improvements and/or
the presence of compensation mechanisms in the processes
involved in this paradigm. Since this N400 effect elicited by the
categorical priming paradigm was absent in the two patients
that did not receive SLT, no conclusions can be drawn about
the differences in electrophysiological changes in the patients
that did and did not receive SLT. Concerning the results of
the N400 effect elicited by the semantic anomaly paradigm and
the P600, the electrophysiological changes between the initial
and follow-up assessments were very variable. An interesting
finding was that the P600 component was absent at the initial
assessment but present at the follow-up assessment in the patient
with the NFV, although only at the parietal electrode sites. This
result might also suggest improvements and/or the presence of
compensation mechanisms in the syntactic reanalysis and repair
mechanisms. Although no clear patterns in electrophysiological
changes between patients who received SLT and patients who
did not receive SLT were found by our preliminary study, it
seems like the SLT induced improvements or compensation
mechanisms in some specific language comprehension processes
in the patient with the NFV. The presence of compensation
mechanisms due to SLT was also found in the case studies
of Dressel et al. (2010), Marcotte and Ansaldo (2010), and
Beeson et al. (2011).

The results of this study are still preliminary because only
four patients were included. In the interpretation of these results,
it is important to take into account that the patients were all
various clinical phenotypes of PPA who had various language and
speech difficulties, were in another disease stage, and possibly
had a varying speed of linguistic decline. In future research,
it is important to compare larger groups of patients with the
same variant because the underlying pathology and the clinical
characteristics can differ between variants. Furthermore, the
ERP technique is characterized by the presence of individual
differences between averaged ERP waveforms across subjects
and the presence of alpha activity may severely diminish the
ability to identify an ERP component in some individuals such
as the patient with the SV (Luck, 2014). However, the main
advantage of the ERP technique is its temporal resolution to
provide continuous records of neural processing in the order
of milliseconds. In contrast to behavioral assessments, ERPs
give us objective information about the neural processes from
the period before the presentation of the stimulus, the period
between the stimulus and the response, and also the period after
the response. These linguistic ERPs may provide information
about the nature and timing of the processing deficiencies in
patients with PPA which the behavioral assessments cannot
provide (Luck, 2014). ERPs are also considered to have a
moderate to high test-retest reliability which is an important
characteristic for a measurement technique to evaluate the
effectiveness of SLT (Lew et al, 2007; Cassidy et al, 2012;
Kiang et al., 2013; Besche-Richard et al., 2014). Future studies
should include larger patient groups of the three clinical variants
because the therapy-induced electrophysiological changes might

differ depending on the clinical variant and the underlying
pathology. It is also important for further research to correlate the
electrophysiological changes with changes in language functions,
functional communication, and quality of life of the patient
to identify which type of SLT is the most beneficial for each
patient. Finally, the types of SLT and the usability of the ERP
technique to determine and monitor therapy goals and plans
should be investigated.
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