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Behavioral and neural outcomes
of training manipulable verbs in
aphasia: a proof-of-concept
single subject experimental
design

Yasmeen Farogi-Shah* and Kelly Marshall

Department of Hearing and Speech Sciences, Program in Neuroscience and Cognitive Science,
University of Maryland, College Park, MD, United States

Introduction: Training outcomes for verb naming impairment in post-stroke
aphasia are limited in their generalization to untrained verbs, and little is known
about neuroplasticity associated with verb naming impairment. This is a proof-
of-concept study that examined if manipulability (action involving a specific hand
shape) is a conceptual feature of verbs.

Methods: Individual differences in verb naming outcomes and associated
neuroplastic changes following training to produce manipulable verbs were
compared using FMRI in a case series of two persons with post-stroke
agrammatic aphasia who had a verb deficit.

Results: Following 12 sessions of training, trained verb naming improved
while untrained manipulable and non-manipulable verb naming was unchanged.
Functional magnetic resonance imaging of verb naming showed that correct
verb naming recruited unlesioned areas of the verb network recruited by
neurotypical speakers and a network of compensatory regions including the
bilateral perisylvian and subcortical regions. The participant with a larger
training effect size showed post-training upregulation in these compensatory
regions while the participant with the modest effect size mostly showed a
downregulation. In both participants, unlesioned regions of the neurotypical verb
network showed a downregulation following verb training.

Discussion: The findings provided limited support for verb manipulability as
a conceptual feature. The study also supported prior research on showing
that a more effective response to intervention is associated with increased
re-engagement of pre-existing networks associated with successful naming.
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1 Introduction

Post-stroke aphasia persists chronically in one-third of stroke survivors (Flowers
et al, 2016). To date, speech-language therapy aimed at re-training language is the
most effective treatment option for persons with aphasia (PWA) (Brady et al., 2016)
compared to other approaches (Elsner et al., 2019; Small, 1994). Yet, speech-language
pathologists (SLP) find it challenging to select language stimuli and make predictions
about treatment and generalization outcomes (Cheng et al., 2020) because of considerable
individual heterogeneity in behavioral and neural outcomes (Kristinsson et al., 2020, 2022;
Menahemi-Falkov et al., 2022; Schevenels et al., 2020). Methodological heterogeneity
across brain imaging studies examining treatment-induced neural plasticity has also
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contributed to the unclear picture of how treatment impacts brain
activity (Simic et al., 2023; Wilson and Schneck, 2021). Mechanisms
of treatment-induced neural plasticity are particularly imprecise for
verb (or action) naming difficulties in aphasia (De Aguiar et al,
2016; Hickin et al., 2020). This study investigates two fundamental
questions about individual variability in the context of manipulable
verbs in aphasia: the effect of conceptual overlap between trained
and untrained stimuli on verb naming outcomes and neural
plasticity, and patterns of treatment-induced recruitment in the
brain’s verb network (Faroqi-Shah et al., 2018).

1.1 Manipulability as a potential semantic
concept

Verbs are not only syntactically complex, but also vary widely
in their semantic properties. One of the earliest and most thorough
analysis of verbs classified verbs based on their correspondence
between semantic and syntactic properties (Levin, 1993). For
example, verbs which share the meaning component of “manner of
motion” (such as travel, run, walk), behave similarly also in terms of
subcategorization (I traveled/ran/walked, I traveled/ran/walked to
London, I traveled/ran/walked five miles). Verb naming accuracies
across verb classes have shown that some persons with aphasia are
more vulnerable to certain classes than others, including “change
of state” (e.g., melt, boil: Breedin et al., 1998, N = 6), “contact”
(e.g., hit, tap, slap: Kemmerer, 2003, N = 2) and “instrument”
(e.g., cut, sweep: Jonkers and Bastiaanse, 1996, N = 13). However,
these patterns have been relatively weak and inconsistent across
individuals. A larger group study focused on the semantic feature
of manipulability, which is associated with a specific hand shape
(Arévalo et al, 2007). Manipulable verbs are those that generate
a specific hand gesture when speakers are asked to mime the
verb (e.g., erase, pour, squeeze) and manipulable nouns are those
that can be held in the hand (e.g. pencil, scissors, knife). In a
group of 21 PWA, Arévalo et al. (2007) found that manipulable
verbs (and nouns) were especially difficult to name and read
compared to non-manipulable verbs (e.g., run, blow, listen). In
contrast, non-brain damaged control participants showed the
opposite pattern of poorer naming with non-manipulable items.
This double dissociation suggests that manipulability could be a
semantic feature of verbs. However, further research is needed to
verify the semantic status of verb manipulability.

In this study, verb training outcomes are used as a way
to test the semantic status of manipulability. In aphasiology,
generalization to untrained items following training in PWA has
been used as a method to better understand and test theories of
language representation (e.g., Kiran, 2008; Li and Kiran, 2023;
Marangolo et al., 2012; Thompson and Shapiro, 1995). For example,
Kiran (2008) found that training of bird names (e.g., penguin,
ostrich) generalized to other untrained bird names (robin, sparrow)
due to shared semantic features across trained and untrained
nouns. If manipulability is a neurally instantiated verb concept,
then we can make two predictions about training outcomes and
neural activity in PWA. First, training of verb naming using
manipulable verbs would strengthen the neural network associated
with this concept, and generalize to improved naming of untrained
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manipulable verbs. This generalization to manipulable verbs would
be larger than any improvement in untrained non-manipulable
verbs. The second prediction is that manipulable and non-
manipulable verbs would show distinct patterns of brain activity in
PWA. The next section highlights what is known about the neural
representations of verbs.

1.2 The “verb network”

Studies of the neural representation of verbs have yielded
a wide range of findings (Crepaldi et al., 2013). Faroqi-Shah
et al. (2018) conducted an activation likelihood meta-analysis
of probabilistic cytoarchitectonic maps of extant neuroimaging
studies of verb processing in neurologically healthy (neurotypical)
adults. Verbs (subtracted from Baseline) activated a left-dominant
peri-Sylvian network of regions consisting of large frontal clusters
(Brodmann’s areas [BA] 9/46, 6, 47), two superior-middle temporal
clusters (BA 21, 22), and fusiform gyrus (BA 37) (Faroqi-Shah
et al, 2018). In this study, we refer to this distribution as the
neurotypical verb network. Key terms used in this study are listed
in Table 1. The neurotypical verb network regions are identified in
Supplementary Figure 1. When subtracted from noun processing
(Verbs minus Nouns), the largest cluster was in the left mid-
temporal cortex (BA 21), followed by a left frontal cluster extending
into the insula (BA 44/45, BA 13), and two small clusters in the right
temporal (BA 21) and middle frontal (BA 6) regions. The largest
region of the neurotypical verb network is the left frontal cortex,
which has been associated with a variety of verb processes including
morphological transformation and verb semantics (Caspers et al.,
20105 Sahin et al., 2006; Shapiro et al., 2005, 2006). The left mid-
temporal region is associated with action verbs (Bedny et al., 2008;
Bedny and Caramazza, 2011; Peelen et al, 2012) and domain
general action concepts (Caspers et al., 2010; Watson et al., 2013).
This region is also associated with grammatical properties of verbs
(Herndndez et al., 2014; Papeo and Lingnau, 2015). While this was
not found in the activation likelihood meta-analysis, a few studies
have identified the bilateral parietal cortex for specific action plans,
such as when general verbs are compared to more specific action
verbs (e.g., clean vs. wipe) (van Dam et al., 2010), and left parietal
cortex activation for verbs with more complex (two- vs. one-)
argument structures (De Ouden et al., 2009; Thompson etal., 2013).

Some research has suggested that semantically distinct verb
classes may be processed in neuroanatomically distinct brain
regions. For example, different neural patterns were found for
verbs within the semantic classes of “action”, “motion”, “contact”,
“change of state” and “instrument” (Kemmerer et al., 2008). Studies
have also found unique representations for verbs associated with
specific body parts, such that mouth-verbs like smiling activate
sensorimotor cortex associated with the mouth (Hauk et al,
2004; Kemmerer et al., 2012; Riccardi et al., 2019). However,
other authors have criticized the interpretation of such findings
(Caramazza et al,, 2014) or have found conflicting findings (De
Zubicaray et al., 2013). For example, De Zubicaray et al. (2013)
found that verbs as well as non-words that sounded like verbs
activated the motor cortex, showing no unique activation for
action verbs. Additionally, meta-analyses have not found exclusive
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TABLE 1 Definitions of key verb related terms used in the present study.

10.3389/flang.2025.1560115

Definition St
component baseline fMRI
Neurotypical verb network Left-hemisphere regions identified in an activation likelihood estimation analysis of fMRI
neuroimaging studies of healthy participants (Faroqi-Shah et al., 2018) for the Verb
minus Baseline contrast. This includes two frontal frontal clusters (Brodmann’s areas
[BA] 9/46, 6, 47), two superior-middle temporal clusters (BA 21, 22), and fusiform gyrus
(BA 37)
Compensatory verb Network of regions recruited for a language task by a person with aphasia. This is likely fMRI
network unique to each person based on the extent of their lesion and neuroplastic changes
Manipulable verb Verbs which generate a specific hand gesture when speakers are asked to mime the verb Training, fMRI
(Arévalo et al., 2007). These verbs have a hand action, either with or without a tool. For
example, brushing, clapping, combing. This study had N=61 manipulable verbs
Non-manipulable verb Verbs with an action that do not elicit a specific hand gesture. These could be performed | Training, fMRI
with the face (e.g., smiling), leg (e.g., pedaling), or whole body (running). This study had
N=70 non-manipulable verbs
Correct verbs Verbs that were named correctly by a participant during at least two out of three Training, fMRI
Baseline assessments. Correctness was defined as the use of a the target verb label that
was produced by neurotypical speakers for that action video
Incorrect verbs Verbs that were incorrectly named by a participant during at least two out of three Training, fMRI
Baseline assessments
Training verbs Subset of incorrect manipulable verbs that were used for training (N = 20). See also Training No
Incorrect manipulable verbs (below)
Generalization verbs All verbs in the study, excluding the Training verbs, including both correct and Training
incorrect verbs (N = 111)
Generalization verbs Subset of generalization verbs that were manipulable (N = 41) Training
-manipulable
Generalization verbs Subset of generalization verbs that were non-manipulable (N = 70) Training
-non-manipulable
Correct manipulable verbs Subset of correct verbs (at Baseline) that had manipulable actions (N = 16) fMRI Yes
(CM)
Correct non-manipulable Subset of correct verbs (at Baseline) that had non-manipulable actions (N = 16) fMRI Yes
verbs (CNM)
Incorrect manipulable Subset of incorrect verbs (at Baseline) that had manipulable actions. (N = 16) The fMRI No
verbs (IM) incorrect manipulable (IM) verb list for each participant's FMRI mostly consisted of
Training verbs for that participant, and thus represents trained verbs
Incorrect non-manipulable Subset of incorrect verbs (at Baseline) that had non-manipulable actions (N = 16) fMRI No
verbs (INM)

association between action verbs and motor cortex (Giacobbe et al.,
2022; Solana et al., 2024), and that prior studies of action-motor
associations were underpowered with a publication bias (Solana
and Santiago, 2022). Thus, there is a need to further examine the
semantic properties of verbs and their neural instantiation.

1.3 Behavioral and neural outcomes of verb
naming treatment in PWA

The most recent meta-analysis of verb treatment outcomes of
individual participant data revealed that trained verbs improved
in 80% of PWA, while untrained verbs improved in only 15% of
PWA (Hickin et al,, 2020). It has been proposed that generalization
outcomes of untrained verbs could be improved if there was
semantic overlap between untrained verbs and the verbs used
in training (Faroqi-Shah and Graham, 2011). Generalization to
semantically related untrained items has been found for nouns in
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several studies (Kiran, 2008; Li and Kiran, 2023; Sandberg and
Kiran, 2014). However, improvements in untrained semantically
related verbs have not been found in the two studies that examined
this (Faroqi-Shah and Graham, 2011; Li and Kiran, 2023). One
challenge in facilitating improvements in untrained verbs is our
limited understanding of the semantic constitution of verbs (IKable
et al., 2002; Van Valin, 2006). Consequently, the stimuli being
selected to test generalization to so-called “semantically” related
verbs may not be truly representative of the actual semantic
network of verbs. As argued earlier, manipulability holds promise
as a semantic feature. But it awaits empirical validation, both in
behavioral and neural realms. Another way in which generalization
to untrained verbs may be improved is by targeting multiple
aspects of verb retrieval, such as their use in sentence contexts,
verb argument relationships, as well as semantic and phonological
practice (Thompson et al., 2013). The verb training used in the
present study incorporates both these suggestions: overlap of
manipulability between training and untrained verbs as well as a
novel total verb therapy protocol.
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Few studies have specifically examined neural plasticity of verb
training in PWA using functional magnetic resonance imaging
(fMRI) (Durand et al., 2018; Thompson et al., 2013). Durand et al.’s
verb naming treatment (N = 2) focused on sensorimotor attributes
of actions such as observing, mimicking, and creating mental
images of the action. Following training, there was a decrease
in activation (downregulation) of regions used in naming and
an increase in activation (upregulation) of sensorimotor regions.
Thompson et al.’s (2013) verb naming treatment (N = 4) focused
on the argument structure of verbs. Following training, there was
upregulation in regions engaged by neurotypical speakers for verb
naming, in contrast to Durand et al.’s findings.

Typically, a post-training downregulation of neural activity
has been associated with increased efficiency or automatization
of the language process. An upregulation, in contrast, is
interpreted as increased cognitive effort that may occur from
engagement of new brain regions or compensatory strategies
(Thompson et al, 2013). A study that compared post-training
neural activation with treatment outcomes (N = 26) found that
responders (those who improved significantly) were more likely
to show upregulation compared to non-responders (Johnson
et al, 2019). A recent systematic review of 33 studies of
treatment-induced neural plasticity in anomia (documenting
mostly noun training) found that upregulation was more
commonly reported across studies, particularly in the left
supramarginal gyrus and left/bilateral precunei (Simic et al,
2023). Downregulation was less frequently reported following
therapy, and typically was noted in bilateral superior temporal
and right middle frontal gyri in individual data. A meta-analysis
of 86 non-treatment studies found that recruitment of left
hemisphere language regions (and possibly right temporal activity)
was associated with better language performance in aphasia
(Wilson and Schneck, 2021). Overall, both studies concluded
that (as yet) there is no robust pattern of neural plasticity
in PWA.

A key finding in both verb training studies (Durand et al,
2018; Thompson et al., 2013) and the systematic review (Simic
et al., 2023) was extensive individual variability in treatment-
induced neural changes. This variability is not surprising,
given differences in lesion extent and hypoperfusion patterns
across participants. Verb-related neural plasticity could be better
understood by identifying the network of regions recruited
for successful verb naming by each aphasic person prior to
verb training, which we refer to as the compensatory verb
network (Table 1). The term compensatory network has been
used to refer to the altered neural response pattern following
a neurological lesion (e.g., Hallam et al., 2018; van Hees et al,
2014). An individual-level region of interest (ROI) comparison
of compensatory vs. neurotypical verb networks will inform
how verb naming is achieved by persons with aphasia (PWA)
prior to- and in response to- verb training. Of particular
interest is the extent to which engagement of unlesioned
regions of neurotypical verb network is associated with successful
verb naming. We hypothesized that greater recruitment of the
neurotypical verb network would be associated with better verb
naming outcomes, for both trained items and generalization to
untrained items.
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1.4 The present study

To address the limited understanding of verb semantics and
mechanisms underlying verb naming training outcomes in PWA,
this proof-of-concept study sought to investigate two unresolved
issues: the effect of conceptual overlap (i.e., manipulability)
between trained and untrained stimuli on verb naming outcomes,
and how the compensatory verb network compares with the
neurotypical verb network (Faroqi-Shah et al., 2018). Given that
response to treatment may potentially impact neural change
(Johnson et al., 2019), we focused on individual variability across
two PWA who had a verb impairment and were in the chronic
phase (post 6-months). Using a single case experimental design,
each individual was trained for 12 sessions on a personalized
set of 20 manipulable verbs. Naming of trained and untrained
manipulable and non-manipulable verbs was assessed before and
after training behaviorally and using fMRI. For the FMRI task,
naming of action videos was compared with matched non-iconic
signs from American Sign Language which did not have a verb label
(see Methods Section 2.7 for protocol details).

Three research questions were posed. The first research
question is a proof-of-concept, testing whether verb manipulability
is a trainable semantic feature in PWA. This research question
was addressed by examining the efficacy of Total Verb Therapy
(TVT) on trained and untrained manipulable and non-manipulable
verbs. Based on prior findings on trained words in aphasia
(e.g., Hickin et al., 2020), we predicted improvement of trained
verbs (Hypothesis la). The critical support for manipulability
as a conceptual feature comes from comparing generalization
effects across untrained manipulable and non-manipulable verbs.
If naming of untrained manipulable verbs, but not untrained
non-manipulable verbs improves after manipulable verb training
(Hypothesis 1b), then we can conclude that manipulability is
a likely semantic feature of verbs (Faroqi-Shah and Graham,
2011). The second research question asked which brain regions
are utilized for correct verb naming in persons with damage
to (parts of) the neurotypical verb network. We hypothesized
that this compensatory verb network would consist of unlesioned
parts of the neurotypical verb network (Thompson et al., 2013),
ancillary regions identified in the Verb-minus-Noun contrast
by Faroqi-Shah et al. (2018), and right hemisphere homologs
of the neurotypical verb network (Hypothesis 2a). Further, if
manipulability is neurally instantiated, there would be unique
patterns of activation for correctly named manipulable vs. non-
manipulable verbs (Hypothesis 2b). The third research question
investigated training-induced neural plasticity across the two
participants for trained and untrained verbs. We hypothesized that
following training, the neural activation for trained verbs would
approximate the compensatory verb network of each participant
because this network is already recruited for verbs that are correctly
named before training (Hypothesis 3a). Given the likelihood of
individual variability in aphasia treatment outcomes, we expected
differences in neural plasticity across the two participants and
hypothesized that the PWA with a larger post-training effect size
would show a greater recruitment of the neurotypical verb network
as well as a greater upregulation of brain activity (Johnson et al.,
2019; Simic et al., 2023) (Hypothesis 3b).
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FIGURE 1

The timeline of the study showing the three phases of the study (baseline, training, and post-training) and the activities conducted at each phase.
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2 Methods

The study was performed with ethics approval from the
University of Maryland, College Park. Participants provided
informed consent prior to participation, in accordance with ethical
standards set forth by the Declaration of Helsinki. They received
monetary compensation for participating in the study. The Single-
Case Reporting Guideline In BEhavioural Interventions (SCRIBE,
Tate et al., 2016) protocol was followed in reporting the verb
training outcomes. The SCRIBE checKlist is given in Appendix A.

2.1 Overall design

The timeline of language assessments, training, and FMRI
data collection is illustrated in Figure 1. The study followed
a multiple baseline across behaviors single case experimental
design (MB-SCED). SCEDs (also known as N-of-1-trials) utilize
multiple study phases, a Baseline phase, where pre-training data
are obtained, followed by a Training phase, where treatment is
administered and performance data are obtained, and finally a
measurement phase when treatment is withdrawn (Post-training)
(Tate et al., 2016). Multiple baselines (MB) refer to the two types
of verbs (manipulable and non-manipulable) whose performance
is measured across the study phases. During the Baseline phase,
participants’ overall language profile was assessed and an FMRI
scan was conducted during which participants named videos of
actions. Categorization of verbs into training and generalization
verbs for training and FMRI was based on each individual’s verb
naming performance in the Baseline phase (further explained in
Section 2.3). The Training phase included 12 (almost) daily sessions
of 1 h each over a period of 2 (or 3) weeks, and a mid-point naming
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6 session. The treatment

assessment of all verbs following the
duration of 12h was based on the significant treatment gains of
a prior action verb naming treatment study which provided 10h
of treatment (Marangolo et al, 2012). The Post-training phase
included one session each of language assessment and FMRI within

4 days of the last training session.

2.2 Participants

Two participants with aphasia are reported in this study, AP66
and AP96. These two participants are part of a cohort of seven PWA
with a verb deficit who participated in an efficacy study of TVT
(Faroqi-Shah, 2018) and also received two fMRI scans. Participants
were recruited consecutively based on meeting eligibility criteria
without any randomization. Demographic details are given in
Table 1. Both participants had developed aphasia consequent to
a single left hemisphere ischemic cerebrovascular accident of the
middle cerebral artery territory. They were also diagnosed with
right-sided hemiparesis. AP66 was also diagnosed with depression
following the stroke. They were at least 1-year post onset, were
native speakers of English, had at least high school education, and
had no pre-morbid history of psychiatric, neurological, cognitive,
or speech-language conditions. Both participants passed binaural
pure tone audiometric screening at 500, 1,000, and 2,000 Hz at
25 dBHL (ANSI, 1969) and passed a vision screen (at least 20/40
corrected or uncorrected vision and the absence of spatial neglect
and visual field deficits). Both participants underwent 2-4 months
of physical, occupational, and speech therapy following their stroke,
which is the standard care available to persons with aphasia in the
United States. Neither of the participants were engaged in other
speech-language therapy services for the duration of this study

05 frontiersin.org
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FIGURE 2
Horizontal slices showing each participant’s lesion in standard space (MNI-152). AP66 left panel, AP96 right panel

or had been part of any other funded treatment research. Both
participants have been reported in two other studies (Faroqi-Shah
etal., 2020, 2023).

2.2.1 Neuroanatomical lesion

Both participants received T1 and T2-weighted structural MRIs
using a Siemens Trio 3T scanner with 1.0 mm resolution. Each
participant’s lesion boundaries were manually traced by the 2"
author on these structural scans using MRICron (Rorden et al,
2007). Their lesions are shown in Figure 2. In Table 2, each
participant’s lesion is compared with the neurotypical verb network
(Faroqi-Shah et al, 2018). Both participants’ lesions spanned
perisylvian regions of the left hemisphere. Both participants’ lesions
included portions of primary motor cortex (“precentral gyrus”).
Their lesions encompassed all the regions of the neurotypical verb
network (IFG, MFG, MTG) with the exception of fusiform gyrus,
which was spared in both participants. There was considerable
overlap in the lesioned regions even outside the neurotypical verb
network. However, AP66/s lesion (49.5 cc) was larger than that of
API6 (24.2¢cc), occupying a greater volume in the frontal, temporal,
parietal and occipital lobes.

2.2.2 Language assessment

Language assessments focused on determining an overall
aphasia profile and the nature of verb impairment (Table 1). The
profile and severity of aphasia was assessed using a standardized
diagnostic battery (Western Aphasia Battery-Revised, WAB-R,
Kertesz, 2006). Narrative language samples were elicited using
a complex picture (cookie theft picture, Goodglass et al., 2001),
a story retell task (Cinderella story), and a personal narrative
(story of their stroke). Single word reading was screened using the
written word-to-picture matching portion of the Reading subtest
of the WAB-R. Apraxia of speech was assessed using Apraxia
Battery for Adults, 2" edition (Dabul, 2000). Both participants
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showed a profile of Broca’s aphasia of moderate severity (as per the
WAB-R) with negligible-to-mild apraxia of speech (as per Apraxia
Battery for Adults). As seen in Table 3, their narrative language
showed reduced production of verbs (high noun:verb ratio) and
fragmented utterances (low mean length of utterance [words]),
consistent with a profile of agrammatic language production
(see Table 1) (per the criteria noted in Hsu and Thompson,
2018).

Verb abilities. Verb naming was assessed using 131 action
videos developed for this study (described under Section 2.3) and
the Action Naming portion of the Verb and Sentence Test (VAST,
Bastiaanse et al., 2010). During the Baseline phase, verb naming
using the 131 action videos naming was administered thrice, at
least 1 week apart. Access to semantic representations of verbs
was assessed using the Verb Comprehension section of the VAST
(Bastiaanse et al., 2010) and the Kissing and Dancing Test (KDT,
Bak and Hodges, 2003). Both of these standardized measures have
been validated for assessing verb semantics in aphasia (Bak and
Hodges, 2003; Bastiaanse et al., 2010). The Baseline scores in Table 1
show that both participants were severely impaired in naming
verbs. For verb comprehension, both participants scored above
chance on the KDT (2-choice task, chance level is 50%, 26/52) and
VAST (4-choice task, chance level is 25%, or 10/40).

Inclusionary criteria. The participants had to fulfill multiple
eligibility criteria which were established prior to participant
recruitment. The main criterion was a verb naming impairment,
defined as less than 60% accuracy on the VAST action naming
subtest and action naming videos of this study. Additionally, they
had to have a relatively stable baseline of verb naming, defined
as less than 25% difference in total accuracy across the three
action video administrations. Finally, they had to have adequate
comprehension abilities to follow the study requirements, defined
as a composite comprehension score of at least 4 (out of 10) on the
WAB-R (Kertesz, 2006). Both participants met these inclusionary
criteria. Across all measures, AP66/s language abilities are more
severely impaired than those of AP96.
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TABLE 2 Lesion extent of each participant (Harvard-Oxford Atlas) along with the fronto-temporal regions of the verb network (Farogi-Shah et al., 2018)

in the left column.

Verb network AP66 lesion AP96 lesion
Frontal lobe
Middle frontal gyrus (BA6) Middle frontal gyrus Middle frontal gyrus*

Inferior frontal gyrus, pars orbitalis (BA47)

Frontal orbital cortex

Frontal orbital cortex™

Inferior frontal gyrus, pars opercularis/triangularis (BA9/46)

IFG, pars opercularis

IFG, pars opercularis

IFG, pars triangularis

IFG, pars triangularis

Frontal pole

Frontal pole

Precentral gyrus

Precentral gyrus

Frontal operculum cortex

Frontal operculum cortex

Temporal lobe

Middle temporal gyrus (BA21)

MTG, anterior division®

MTG, posterior division

Planum temporale

Planum temporale

Central opercular cortex

Central opercular cortex

Insular cortex

Insular cortex

Heschl’s Gyrus

Heschl’s Gyrus

Planum Polare

Planum Polare

MTG, temporo-occipital part

STG, anterior division

STG, anterior division

Superior temporal gyrus (BA 22)

STG, posterior division

STG, posterior division*

Temporal pole

Temporal pole

Fusiform gyrus (BA 37)*

Parietal lobe

Postcentral gyrus

Postcentral gyrus

Supramarginal Gyrus, anterior division

Supramarginal Gyrus, anterior division

Supramarginal Gyrus, posterior division

Parietal operculum cortex

Parietal operculum cortex

Angular gyrus

Superior parietal lobule

Precuneus

Occipital lobe

Lateral occipital cortex, superior division

Occipital pole

Lateral occipital cortex, inferior division

Striatum

Putamen

Putamen

Caudate

2Throughout this manuscript, we refer to the Harvard-Oxford Atlas label “Inferior Temporal Gyrus, Temporo-occipital Part” as “Fusiform Gyrus” to maintain consistency with anatomical

labels in Faroqi-Shah et al. (2018). Areas of lesion that are within the same atlas region as the 5mm sphere verb network ROIs are shown here in aligned rows, even if the lesion did not overlap
directly with the 5mm sphere verb network ROIs, as verb network ROIs represent the area around the weighted centers of Faroqi-Shah et al’s (2018) ALE analyses rather than exact locations.
Areas without direct overlap shown with*. All structures are located in the left hemisphere.
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TABLE 3 Demographic and language details of participants.
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‘ AP66 AP96 ‘
Demographic information
Age/gender 54/female 54/male
Race African American Caucasian
Premorbid handedness Left Right
Education (years) 18 17
Occupation Human resources specialist Chief information officer
Months post-onset (aphasia) 59 14

Baseline

Language scores

Western aphasia battery - revised

Post-Tx Baseline Post-Tx

Aphasia quotient (max = 100) 47.7 50.7 57.2 63
Fluency (max = 10) 4 6 4 4
Auditory comprehension (max = 10) 4.35 5.25 7.1 8.3
Repetition (max = 10) 5.9 7.8 6 4
Word retrieval (max = 10) 5.6 33 6.5 6.2
Verb naming

Action naming (VAST, max = 40) 5 7 16 22
Naming of action videos (proportion correct) 0.25 0.3 0.34 0.78
Verb semantics

Verb comprehension (VAST, max = 40) 16 19 32 24
Kissing and dancing test (max = 52) 37 - 48 -
Narrative language analysis

MLU words 2.13 2.67 3.74 3.15
Verbs/utterance 0.24 0.37 0.31 0.40
Noun-verb ratio 2.09 1.40 237 1.73
Open-closed class ratio 1.10 0.84 0.63 0.67

2.3 Stimuli for verb naming, training, and
FMRI

Three-second action videos (with no sound) were filmed for
131 verbs, all depicting an imageable human action. All videos
consist of one or two actors depicting an action with real scenarios
(e.g., knocking on a door, pedaling a bicycle, etc.). These videos
were shown to 10 native English speaking college students for
norming of naming. All videos elicited a verb label with more
than 60% name agreement. As noted in Table 1, Manipulable verbs
(N=61) had a hand action, either with or without a tool, and
were defined as those which generate a specific hand gesture
when speakers are asked to mime the verb (Arévalo et al., 2007)
(e.g., erasing, knocking, cutting). Non-manipulable verbs (N =
70) depicted an action that could be performed with the face
(e.g. smiling), leg (e.g., pedaling), or whole body (e.g., running).
Mlustrative examples of the videos are provided in Figure 3. The
entire list of stimuli is provided in Appendix B.

Each participant’s naming accuracy across the three Baseline
elicitations was used to identify verbs that were consistently named
accurately (correct verbs) and those that were named incorrectly
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in at least two out of three administrations (incorrect verbs). A
verb was scored as correct if the label provided by the participant
corresponded with the target verb name (as determined by the
naming norms from 10 neurotypical adults). Twenty incorrectly
named manipulable verbs were identified as Training verbs. Each
participant’s training verbs are identified in Appendix B. All other
verbs (N = 111) were classified as generalization verbs for the
purpose of measuring training outcomes. Depending on the type
of action, these verbs were labeled as Generalization-Manipulable
and Generalization-Non-Manipulable.

A subset of the verbs was used as stimuli in the FMRI scans. As
noted in Table 1, verbs were grouped into four categories, based on
whether they were correctly or incorrectly named during Baseline
assessments!, as described above, as well as whether they were
manipulable or non-manipulable verbs. Thus, the four categories
of verbs used in the FMRI study were: correct manipulable (CM),

1 Because the verb stimuli were labeled according to each participant’s
baseline performance, the categories referred to in FMRI analyses reflect
initial behavioral performance rather than whether the verb was named

correctly or incorrectly on any particular trial in the scanner.
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Verbs

Manipulable

FIGURE 3

used as the control condition for the FMRI component of the study.

Non-manipulable

Examples of video stimuli used in the study (A) a manipulable verb - chop; (B) a non-manipulable verb - sit, and (C) sign. Videos of signs were only

Signs

incorrect manipulable (IM), correct non-manipulable (CNM), and
incorrect non-manipulable (INM). Each participant’s stimuli in the
FMRI study corresponded to their individual performance. Based
on individual performance, the specific verbs in each category
differed for each participant. There were 16 verbs in each of the
four categories. The incorrect manipulable (IM) verb list mostly
consisted of training verbs for that participant, and thus represents
trained verbs. The incorrect non-manipulable (INM) verb list
consisted of untrained verbs, and thus represent untrained verbs. In
addition, 16 videos of non-iconic signs that had no straightforward
verb label were used from a prior study (Redcay and Carlson, 2015).
These sign videos had similar visual complexity as the verb videos
and served as a baseline for subtraction.

2.4 Verb training

Action videos of the 20 training verbs (for each participant)
were used. All training was conducted on a computer, either
in person or via videoconferencing. The training was conducted
by the first author (who is a SLP) and research assistants
trained by the first author. Each session began with naming
probes of treatment verbs. Naming probes were transcribed and
scored during the session. Following this, any one Training
verb video was presented and the steps of the TVT protocol
were followed. The TVT protocol steps were repeated for other
verbs (presented in random order). The treatment approach
(which was developed by the first author) sought to activate and
strengthen the verbs’ representations along multiple dimensions:
syntactic, semantic, and phonological. The TVT protocol consists
of four steps, administered in the same order for each verb:
naming and repetition, sentence production, semantic feature
generation, and intermittent recall. The first training step involves
strengthening lexical-phonological representation by engaging in
verb naming and repetition. Verb repetition also fosters errorless
learning (i.e., production without errored naming attempts) and
improves participant engagement by reducing the frustration
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associated with incorrect naming (Cahana-Amitay et al,, 2011).
Errorless learning was used only during the first six sessions.
The syntactic dimension (argument structure) is strengthened by
asking participants to construct sentences using the verbs. The
semantic dimension is targeted by having participants complete
a semantic feature analysis chart of the verbs that identified
relevant verb arguments (following Wambaugh and Ferguson,
2007). After cycling through five verbs with each of the above
steps, the participant was encouraged to recall the five verbs
that had just been practiced. This was done to promote retrieval
induced consolidation by testing for forward learning (Pastotter
and Bauml, 2014). Verbs were practiced in random order. Cueing
and guidance was significantly reduced during the last 6 sessions
to raise the level of challenge for the participant, and hence
promote learning (Schuchard and Middleton, 2018). There was no
homework involved.

As per the Rehabilitation Treatment Specification System
(RTSS, Fridriksson et al., 2022; Hart et al, 2019), the target
of training was naming of training and generalization verbs,
the ingredients of the TVT include phonological, syntactic and
semantic practice, as well as errorless learning and retrieval
induced reconsolidation. The mechanisms of action include the
repeated practice of verb naming with semantic feature generation
and sentence production for each trained verb during the
training phase.

2.5 Assessment of verb naming outcomes

Verb naming scores were transcribed and scored by the
tester during the session (no blinding). There were three verb
outcomes: training, Generalization - Manipulable, Generalization
- Non-Manipulable, and there were three study phases: Baseline
(3 measures), Training, and Post-Training. For the first research
question, change in verb accuracy between the Baseline (n = 3
sessions) and Post-Training (# = 1 session) phases was assessed
using two measures that are commonly used in aphasiology for
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SCED: effect size (Beeson and Robey, 2006) and Tau-U (Lee and
Cherney, 2018). Effect size was calculated using standardized mean
difference (SMD) using Beeson and Robey’s (2006) formula ([Post-
Training Accuracy - Baseline Mean Accuracy]/Baseline standard
deviation) and the magnitude of effect size was interpreted using
their values for aphasiology. To calculate Tau-U, scores from the
Baseline and Post-training were entered into a web application
(Tarlow, 2016). Neither participant had a slope in the Baseline
phase (AP66: Tau-U = 0.00, p = 1.46; AP96: Tau-U =.82, p = 0.54).
Hence baseline correction was not applied.

2.6 Training fidelity and scoring reliability

To document fidelity of the TVT protocol administration, a
research assistant or the first author observed four sessions of each
participant (30% of total training duration) and checked that each
training step in the protocol was followed. The protocol fidelity
was 100%. Scoring reliability for verb naming probes was obtained
by a research assistant who watched the videorecorded sessions.
Scoring reliability between the original and reliability scorers was
95% (intraclass correlation coefficient = 0.98).

2.7 Brain imaging

Structural and functional magnetic resonance imaging scans
were obtained during the same session, at two time points (Baseline
and Post-training), as illustrated in Figure 1. The experimental task
for FMRI involved oral naming of 3-second action videos presented
on a visual display. As noted in Section 2.3, the videos fell into five
categories: correct and incorrect manipulable (CM, IM) and non-
manipulable (CNM, INM) actions as well as Signs. The videos were
presented in three “runs” (or blocks) with a break in-between runs.
Participants were asked to either name the action if they knew its
label, or say “pass” if they could not name the action video. Thus all
non-iconic ASL signs and any verbs that could not be named were
responded with “pass”. Participants were given practice with this
FMRI task on a computer prior to brain imaging.

The same scanning procedure was used for Baseline and Post-
training scans. All scans were conducted using a 3T Siemens
Trio Scanner. A sagittal T1 weighted MPRAGE sequence (TR =
2,350ms, TE 1 = 2.15ms, flip angle = 7°, T1 = 1,200 ms, slice
thickness = 1.00 mm) was used to acquire structural images used
in the imaging analyses. For functional scans, blood oxygen level
dependent (BOLD) responses were measured with an echoplanar
imaging sequence (TR = 1,000 ms, TE = 31.0ms, flip angle =
90°, slice thickness = 2.20 mm). The BOLD response during the
4-s viewing and planning period following the start of the video
was analyzed.

FSL (FMRIB Software Library, Jenkinson et al., 2012) software
was used for image processing and analysis. Non-brain voxels were
removed using Opti-BET tools for brain extraction, accounting
for lesions. The same lesion mask was used for pre- and post-
therapy scans (Lutkenhoff et al, 2014). Additional image pre-
processing included application of standard motion correction with
MCFLIRT, spatial smoothing using a 5mm Gaussian kernel and
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high pass filtering (100 Hz). An interleaved slice-timing correction
was applied for functional scans. Images were normalized to MNI-
152 space (Fonov et al., 2009).

For each of the Baseline and Post-training runs, a first-level
analysis of the BOLD response for each participant used a general
linear model with regressors for each condition described in
Section 2.3 (CM, CNM, IM, INM, and Signs) convolved with a
double-gamma hemodynamic response function. Standard motion
parameters and temporal derivatives were applied. Two kinds
of second-level analysis were performed. We used a fixed-effects
analysis to average each participant’s available Baseline runs (3
runs for each participant) and post-therapy runs (3 runs AP96, 2
runs AP66). We also compared Baseline and Post-training scans
using a fixed-effects analysis with pre-therapy scans coded as 1
and post-therapy scans as —1 for each participant. For all analyses,
to evaluate significant voxels, we applied cluster correction with
Z-threshold = 3.1 and p-threshold < 0.05. For the second level
analyses, we applied a pre-threshold MNI152 T1 2 mm brain mask.
Whole brain analyses refer to the second-level results. We did not
exclude the lesion areas from analyses in order to capture changes
in peri-lesional tissue and to perform neurotypical verb network
ROI analyses (see below).

The critical comparisons for the second and third research
questions are presented in Table 4. For the second research
question, the Baseline FMRI data was analyzed for identifying
the compensatory verb network ((CM + CNM) > Signs)
and differences in neural activation for manipulable vs. non-
manipulable verbs (CM > CNM and CNM > CM). To analyze how
each participant’s activation compared with the neurotypical verb
network, we created a set of ROIs using the MNI coordinates of the
weighted center in each neurotypical verb network ROI in Faroqi-
Shah etal. (2018) (Supplementary Figure 1). Following conventions
from the previous literature (e.g., Sharer and Thothathiri, 20205
Skipper-Kallal et al., 2017), FSL tools (fslmaths) were used to
create a 5 mm sphere around each weighted center point and each
ROI was binarized (Skipper-Kallal et al., 2017). Each of the 5 mm
ROIs spanned 81 voxels. Overlap analyses between participants’
compensatory verb networks and between compensatory and
neurotypical verb networks used fslmaths tools to multiply images
of interest.

For the third research question, the critical comparisons
examined changes in neural activation for trained verb naming
between the Baseline and Post-training sessions (increased
activation/upregulation after therapy: Post (IM > Signs) > (IM >
Signs), decreased activation/downregulation after therapy: Baseline
(IM > Signs) > Post (IM > Signs), and activity when naming
trained verbs became more like (approximated) activity of the
baseline compensatory verb network identified in the second
research question (Baseline (CM > IM) > Post (CM > IM)). We
examined the same critical contrasts for untrained verbs (INM
and CNM). To test training-induced changes in neural activity
for verb naming, we used FSLs featquery tool to determine mean
activation and standard deviation of activations across voxels in
the neurotypical verb network ROIs for each participant’s Baseline
> Post-training difference in activation for naming trained (IM
> Signs) and untrained (INM > Signs) verbs. Because the value
of each voxel represents the parameter estimates for the Baseline
scan minus the Post-training scan, positive difference scores reflect
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FIGURE 4
Verb naming accuracies for each verb category during each study phase for AP66 (top) and AP96 (bottom). All verbs were assessed at Baseline, the
6" training session (mid-point), and at Post-training. Naming probes for training verbs were conducted at the start of each training session. Tx-Man
= Training Verbs; Gen-Man = Generalization Manipulable Verbs; Gen-NonMan = Generalization Non-Manipulable verbs.

a decrease in activation following treatment (downregulation)
and negative difference scores reflect an increase in activation
following treatment (upregulation). A two-tailed, one sample t-
test was conducted for each contrast (trained, untrained) in each
ROI for each participant to determine if the Baseline-Post-training
difference was significantly different than 0 (no change). With
Bonferroni correction to account for a family-wise error rate of 0.05
over 24 comparisons, the significance threshold was o < 0.002.

3 Results

There were no procedural changes to the a priori design or any
adverse events during the study.

3.1 Verb training outcomes

The dosage of verb training was comparable across the two
participants. They received a total of 520 (AP66) and 500 (AP96)
minutes of practice over 12 training sessions (that is an average
of 8.5 treatment hours)?, and practiced an average of 15 (AP66)
and 17 (AP96) verbs per session. Verb naming accuracies of each
participant across each study phase are plotted in Figure 4. The
raw accuracy data is provided at the Open Science Framework link
for this project: https://osf.io/vrbsg. AP66 improved by 42% from

2 Most sessions were 1h long, in which 10-15min were utilized for
assessing verb naming probes at the beginning of each session (as noted in
Section 2.4).
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baseline (8%) to post-training (50%) on trained verbs (SMD =
2.89; Tau-U = 0.80, SE = 0.35, p = 0.07). AP96 improved by 66%
(14% at Baseline, 80% at post-Training) on trained verbs (SMD
= 21.71; Tau-U = 0.91, SE = 0.25, p = 0.06). It is noteworthy
(for research question 3) that AP96 had a much larger magnitude
of improvement on trained verbs compared to AP66 (see also
Figure 4).

Untrained manipulable verb accuracy showed negligible
changes for AP66 (16% at Baseline, 24% at post-Training; SMD
= 0.95; Tau-U = 0.43, SE = 0.52, p = 0.38) and AP96 (57% at
Baseline, 55% at post-Training; SMD = —0.49; Tau-U = —0.78,
SE = 0.36, p = 0.08). Untrained non-manipulable verb scores
also showed negligible changes (AP66: 24% at Baseline, 29% at
post-Training, SMD = 0.87; Tau-U = 0.27, SE = 0.56, p = 0.66;
AP96: 39% at Baseline, 46% at post-Training, SMD = 0.55; Tau-
U = 0.26, SE = 0.56, p = 0.66). For additional statistical analyses,
generalized linear mixed effects analysis results are provided in
Supplementary Table 1. Critically, for the first research question,
that was improvement in trained verbs (Hypothesis 1la), but no
generalization advantage for manipulable verbs compared to non-
manipulable verbs (Hypothesis 1b). The result from these two
participants does not support that manipulability is a potential
semantic feature of verbs.

3.2 fMRI results

The activation clusters for the contrasts are given in Table 5 and
the results are illustrated in Figures 5-7. For ease of reporting, we
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FIGURE 5
(A) Baseline compensatory verb network for AP96 (blue) and AP66 (yellow). Significant clusters (>100 voxels, Cluster correction, Z>3.1, P < 0.05) for
contrasts comparing all correct verbs and signs ([CM + CNM]>Signs). CM, correct manipulable; CNM, correct non-manipulable; Signs, signs (control
condition). Left panel, left hemisphere; right panel, right hemisphere. Only brain surface is shown. For both participants, lighter colors indicate higher
z statistic values. (B) Overlap in baseline compensatory verb network for AP96 and AP66 (green; brain shown as transparent, superior view to view all
clusters). Anterior shown at top of image.

list only clusters with 100 voxels or more in Table 5. Tables with all
significant clusters can be found in the Supplementary Table 2.

3.2.1 Compensatory verb network

For the second research question regarding each person’s
compensatory verb network, we identified the regions with greater
activation for correctly naming verbs (manipulable and non-
manipulable) than signs during the Baseline scan (Table 4). Each
participant’s compensatory network is shown in Figure 5A and
the regions are listed in Table 5A. As is evident from Figure 5A,
AP66 and AP96 had overall different patterns of compensatory
verb network activity. However, there were some overlapping
locations, which are illustrated in Figure 5B and listed in Table 5A.
Both participants’ compensatory verb networks included activation
in canonical language production regions in the left hemisphere
(pars triangularis/middle frontal gyrus, insular cortex, and middle
temporal gyrus; Figure 5A) and right hemisphere homologs of
these regions (middle frontal gyrus; Figures 5A, B). There was
also overlap between participants’ compensatory verb networks in
regions less typically associated with language, including cortical
(bilateral frontal pole, right orbitofrontal cortex, and superior
frontal gyrus) and subcortical regions (bilateral caudate nuclei, and
right cerebellum; Figures 5A, B). Both participants had activations
in some of the same anatomical regions although the stereotaxic
coordinates did not directly overlap (left and right fontal pole,
left and right middle frontal gyrus, left and right putamen, left
insula, left middle temporal gyrus, right anterior cingulate gyrus).
Participants’ compensatory verb network had some overlap with
the neurotypical verb network ROIs. However, the overlap was
limited, with less than 30% of the voxels in any ROI for either
participant (Hypothesis 2a).

Besides these similarities, AP96 (blue in Figure 5A) showed
a much more extensive network of regions compared to AP66
(yellow in Figure 5A), with larger activation clusters in bilateral
frontal and parietal regions, left hemisphere sensorimotor cortices
and precuneus, and right hemisphere temporal regions. AP66/s
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network uniquely included portions of left middle frontal gyrus,
middle temporal gyrus, lateral occipital cortex, and putamen
(Figure 5A, Table 5A; Supplementary Table 2).

3.2.2 Manipulability

As shown in Tables 5B, C, there were no differences in
the representation of manipulable and non-manipulable verbs
for either participant (Hypothesis 2b). There was one small
cluster for AP66 that did not meet the 100-voxel threshold (see
Supplementary Table 2).

3.2.3 Training-induced neural plasticity

The results of the whole brain analysis comparing Baseline
and Post-Training activity are illustrated in Figure 6 and listed
in Tables 5D-I. The verb network ROI analyses results are
illustrated in Figure 7. The three whole-brain contrasts of
interest (upregulation, downregulation, and approximation to the
compensatory verb network) for trained and untrained verbs are
presented below. Results of the verb-network ROI analyses are
then discussed.

3.2.3.1 Trained verbs

The whole brain analysis showed that neither participant
had significant increases in the difference between correct and
incorrect manipulable verbs over the course of training (Hypothesis
3a). For AP66 showed that, following training, there was
no post-training approximation toward the compensatory verb
network (Figure 5 lower right; Table 5F; Supplementary Table 2).
While AP66 had no changes in activation relative to the
compensatory verb network, there were changes outside of
this network. There was relatively more downregulation than
upregulation following treatment (Figure 5 lower left; Tables 5D,
E; Supplementary Table 2). Upregulation was found in left orbito-
and medial frontal cortex, and right frontal pole. The extent
of downregulation was much more widespread compared to
AP96. This included significant decreases in bilateral frontal
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FIGURE 6

IM > Signs

Treatment effects for trained verbs for AP96 (top) and AP66 (bottom). The left panels show changes in trained verbs relative to Signs. Activation
increases/upregulation (Post > Baseline) are indicated in red and activation decreases/downregulation (Baseline > Post) are indicated in blue. The
right panels show approximation of trained verbs to each participant's compensatory verb network (green). Significant voxels reflect cluster
correction, z > 3.1, p < 0.05). IM = incorrect manipulable (trained), CM, correct manipulable; signs, signs (control).
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and temporal regions as well as right parietal regions (Table 5E;
Supplementary Table 2). There were significant decreases in
subcortical regions including the right brain stem, and bilateral
thalami and cerebellum.

AP96 showed a pattern of relatively more upregulation than
downregulation for the whole brain analysis (Hypothesis 3b).
AP96 showed upregulation primarily in right hemisphere frontal,
temporal, and parietal regions (frontal pole, precentral gyrus,
temporal pole, and supramarginal gyrus). There were also increases
in activation in the left temporal pole. There was downregulation
in perilesional tissue in left precentral gyrus (Figure5, upper
left; Tables 5D, E; Supplementary Table 2). A smaller difference
in activation between correct and incorrect manipulable verbs
Post-training than at Baseline (i.e., activation for incorrect verbs
became more like activation for correct verbs after therapy)
was found in the right hemisphere frontal, parietal, temporal,
and occipital regions. There was also one significant cluster in
the left supramarginal gyrus (Figure 5, upper right; Table 5F;
Supplementary Table 2).

The blue bars in Figure 7 show changes in the verb network
ROIs for trained verbs following training. Positive parameter
estimates indicate a post-training downregulation. Both AP96 and
AP66 showed a downregulation in two ROIs: left middle frontal
(BA6) and fusiform (BA37) gyri. AP96 also had a downregulation
inleft STG/MTG (BA22) and an upregulation in left inferior frontal
gyrus (BA47). In contrast, AP66 had an upregulation in the IFG,
extending dorsally (BA9/46), and in the left MTG (BA21).

3.2.3.2 Generalization verbs

As outlined in Section 3.1, there was no change in the naming
accuracy of generalization verbs following manipulable verb
training and no generalization advantage for manipulable verbs.
Following training, AP66 showed no Post-training upregulation for
generalization verbs. There was downregulation in the left putamen
and right precentral gyrus (Tables 5G, H; Supplementary Table 2).
AP66 showed no approximation toward the compensatory verb
network for non-manipulable verbs (i.e., a decrease in the
difference between correct and incorrect non-manipulable verbs)
(Table 5I; Supplementary Table 2).

AP96 also showed no upregulation for untrained verbs. For
AP96, there was downregulation of neural activity in the left
hemisphere parietal and occipital regions, as well as the cerebellum
(Tables 5G, H; Supplementary Table 2). Following training, AP96
also had a significant decrease in the difference between correct
and incorrect non-manipulable verbs in left and right hemisphere
frontal and parietal regions. In the left hemisphere this contrast
had significant decreases in precentral gyrus, postcentral gyrus, and
superior frontal gyrus. In the right hemisphere this contrast had
decreases in middle frontal gyrus, and precentral gyrus (Table 5I;
Supplementary Table 2). This shows approximation toward the
compensatory verb network, meaning that in these regions the
neural activity in response to naming initially incorrect verbs
became more like the neural activity in response to successful
verb naming.

In the verb network ROIs (green bars in Figure7), both
participants showed the same pattern of downregulation in three
regions: MFG (BA6), posterior IFG extending dorsally (BA9/46),
and Fusiform (BA37). It is noteworthy that the MFG/Fusiform
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downregulation mimicked the pattern for trained verbs AP96
additionally showed downregulation in the STG/MTG (BA21)
and in Left MTG (BA22). In BA47, the two participants showed
opposing patterns, with an activation decrease for AP66 and
activation increase for AP96.

4 Discussion

The present study used manipulable verbs as a test case
to examine fundamental questions about verb representation in
persons with aphasia. The first question explored the effect of
semantic overlap between trained and untrained stimuli on verb
naming outcomes. Second, we investigated the compensatory
verb network of each participant and its relationship with
the neurotypical verb network. The third research question
investigated individual variability in the neuroplastic response to
verb training. Using a single case experimental design, this study
found improvements in trained verb naming whose magnitude was
larger for AP96. There was no generalization to untrained verbs,
irrespective of manipulability. The compensatory verb network
recruited by each participant to correctly name (a few) verbs
prior to training included unlesioned areas of the neurotypical
verb network and bilateral perisylvian, frontal, and subcortical
regions. Following verb training, both participants showed a
downregulation of the neurotypical verb network for trained
and untrained verbs. Beyond this common downregulation, there
were several post-training individual differences. AP96 showed a
much larger extent of upregulation overall and an approximation
toward his compensatory verb network. In contrast, AP66,
who had a smaller treatment effect size, predominantly showed
downregulation of brain activity with no approximation toward her
compensatory verb network. The implications of these findings are
presented in the following sections.

4.1 Verb training outcomes and
manipulability

The finding of successful learning of trained verbs with Total
Verb Therapy provides efficacy data for this new treatment
approach. The verb training outcomes are consistent with prior
research which showed that 80% of PWA improve on trained verbs
(Hickin et al., 2020). The 12-session (average of 8.5h) dosage of
the present study was much lower than the median dosage of 20
treatment hours reported in PWA treatment research (Brady et al.,
2022; Cavanaugh et al., 2021). In fact, some studies provide as much
as 60 hours of treatment (e.g., Kendall et al., 2015).

There were notable individual differences in treatment
outcomes although both participants had an overall similar aphasia
profile (agrammatic Broca’s aphasia with verb deficit). The session-
to-session data in Figure 4 show AP96 showing steeper (faster)
acquisition and AP66 showing a more gradual learning trajectory.
Likewise, AP96 had a large treatment effect while AP66/s effect size
was small. While AP96 had a shorter time post onset of stroke
than AP66, this may not have played a significant role in the
prognosis because both participants had chronic aphasia and there
is evidence that time post stroke does not impact treatment gains
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within the chronic phase (Moss and Nicholas, 2006). The better
prognosis of AP96 can be attributed to three factors. First, AP96
had higher initial language and verb scores (Table 3), and aphasia
severity is generally considered the single strongest predictor of
response to impairment-based therapy (Fridriksson and Hillis,
2021; Kristinsson et al., 2022; Nakagawa et al., 2019). Secondly,
AP66 had a larger lesion size than AP96 (Table 2, Figure 2). Larger
lesions are more likely to impact a greater number of language
network nodes, as well as domain-general systems supporting
language processing. Studies have found poorer treatment-induced
prognosis in PWA with larger lesion volumes (Goldenberg and
Spatt, 1994) although the lesion site and extent of connectivity
also play a critical role in prognosis (Kristinsson et al., 2022;
Yourganov et al., 2016). Relatedly, the fMRI results showed that
API6 recruited a more widespread compensatory verb network at
baseline than AP66 and re-recruited this network for trained verbs
following training. Other studies have similarly found that baseline
cortical activity and re-recruitment of language regions following
training to predict prognosis (Marcotte et al., 2013; Yourganov
et al., 2016). Understanding of factors that affect response to TVT
can be improved by examining differences in FMRI patterns of
AP96 and AP66 and with future research on TVT efficacy with
larger numbers of participants.

The lack of improvement in untrained verbs following TVT is
also consistent with prior research showing lack of generalizability
in verb training (De Aguiar et al., 2016; Faroqi-Shah and Graham,
2011; Hickin et al., 2020). Moreover, there was no generalization
advantage for untrained manipulable verbs compared to non-
manipulable verbs. Based on the assumption that generalization
occurs to semantically related lexical items (as observed for noun
naming in numerous studies, e.g., Kiran, 2008; Sandberg and
Kiran, 2014), an obvious explanation is that manipulability is
not a viable semantic feature of verbs. This interpretation is
further supported by the absence of significant differences in
neural activation patterns for manipulable and non-manipulable
verbs in these two verb impaired PWA (Tables 5B, C). While
both the treatment outcomes and neural activation patterns
cast doubt on manipulability as a semantic feature, further
research is needed to confirm this interpretation by integrating
complementary evidence from neurotypical speakers and PWA.
Given that manipulable verbs are a subset of hand-action verbs,
it is noteworthy that verb-impaired PWA have shown preserved
priming effects between hand-verbs in a prior study (Faroqi-
Shah et al., 2010; replicating findings in neurotypical speakers
by Bergen et al, 2010). If hand-verbs do co-activate other
hand-verbs (and by extension manipulable verbs), then it is
plausible that such spread of activation occurred during TVT.
However, the overall amount of practice in the present study
could have been insufficient to produce generalization to untrained
manipulable verbs. While the relationship between treatment
dosage and generalization outcomes is not well understood, a recent
meta-analysis found that greatest gains in standardized language
assessments were associated with >20 to 50h of intervention
(Brady et al, 2022). One could argue that trained verbs need
to be repeatedly retrieved with high criterion accuracy of 90-
100% and automaticity before generalization to untrained items
can be achieved (Hickin et al., 2020). Future research examining
generalization effects of manipulable verb TVT with increased
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dosage could provide a further test of manipulability as a
semantic feature.

4.2 Compensatory verb network

This studys second research question asked which brain
regions are utilized for successful verb naming in persons
with damage to (parts of) the neurotypical verb network. We
hypothesized that this compensatory verb network would consist
of unlesioned parts of the neurotypical verb network (Faroqi-
Shah et al, 2018; Thompson et al, 2013), ancillary regions
identified in the Verb-minus-Noun contrast by Faroqi-Shah et al.
(2018), and right hemisphere homologs of the neurotypical
verb network. As hypothesized, the compensatory verb network
included unlesioned regions containing the neurotypical verb
network (although not substantially within the verb network
ROIs per se) for both participants, notably the left fusiform
gyrus and other spared ROIs (middle frontal and superior
temporal) (Table 5, Figure 5A). In addition to these verb-specific
regions, a broader network of peri-Sylvian language regions was
activated bilaterally (middle temporal gyrus, pars triangularis,
middle frontal gyrus and insula). Overall, these findings support
that persons with aphasia engage pre-existing language networks,
and post-stroke language re-organization mainly occurs within
these language networks and their right hemisphere homologs
(Simic et al., 2023; Stockert et al., 2020; Wilson and Schneck,
2021). Additionally, we found activity in a network of non-
language regions (frontal pole, orbitofrontal, superior frontal, and
anterior cingulate cortex). One interpretation of these activations
is that in persons with a verb deficit, correctly producing (a
few) verbs requires extensive cognitive effort, thus over-engaging
cognitive networks associated with attention, cognitive control,
and self-monitoring. The predominantly superior and midline
frontal activation patterns support this interpretation of the non-
language neural activations, and is consistent with prior studies
that have found similar midline frontal activity in post-stroke
aphasia (Brownsett et al., 2014). However, recent meta-analyses of
neuroplasticity in aphasia have found inconsistent recruitment of
non-language (also called domain general) regions across studies
(Wilson and Schneck, 2021). It should be noted that these studies
did not separately analyze neural activity associated with correct
naming (as done in the present study), and this could explain the
difference in non-language neural recruitment across the present
study and the meta-analysis of Wilson and Schneck (2021).

In regard to individual differences, AP96 recruited a more
extensive compensatory verb network than AP66. This is consistent
with prior findings that smaller lesions of the language network
promote more extensive recruitment and reorganization of the
language network (Kristinsson et al., 2022; Skipper-Kallal et al.,
2017). Consistent with prior studies, we propose that AP96/s more
extensive compensatory verb network at Baseline heightened his
verb learning during the Training phase to a greater extent than
AP66 (Marcotte et al., 2013; Yourganov et al., 2016).

In terms of manipulability, no activation differences were found
between manipulable (CM, IM) and non-manipulable (CNM,
INM) verbs for either participant at Baseline or Post-training.
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TABLE 4 Overview of FMRI contrasts.

Research question (RQ)

MRI session(s)

10.3389/flang.2025.1560115

Analysis space and contrast(s)

non-manipulable verbs (RQ2)

Brain regions utilized for successful verb naming: the Baseline Whole brain, (CM+CNM) > Signs
compensatory verb network (RQ2)
Differences in brain activity for manipulable vs. Baseline Whole brain, CM > CNM and CNM > CM

Patterns of training-induced neural plasticity for trained
verbs (RQ3)

Baseline and Post-training

Whole brain and verb network ROI

Upregulation:

(Post-training (IM > Signs)) > (Baseline (IM > Signs))
Downregulation:

(Baseline (IM > Signs)) > (Post-training (IM > Signs))
Approximation of incorrect verbs to the compensatory verb network:
(Baseline (CM > IM) > Post-training (CM > IM))

Patterns of training-induced neural plasticity for untrained
verbs (RQ3)

Baseline and Post-training

Whole brain and verb network ROI

Upregulation:

Post-training (INM > Signs) > Baseline (INM > Signs)
Downregulation:

Baseline (INM > Signs) > Post-training (INM > Signs)
Approximation of incorrect verbs to the compensatory verb network:
(Baseline (CNM > INM) > Post-training (CNM > INM))

CM, correct manipulable; CNM, correct non-manipulable; IM, incorrect manipulable; INM, incorrect non-manipulable.

Coupled with the absent post-training verb naming differences
between manipulable and non-manipulable verbs, this study does
not support manipulability as a neurally instantiated feature of
verbs. To our knowledge, this is the first study to examine neural
differences for manipulability, and the neural findings need to be
interpreted cautiously given that the context of this study is persons
with left hemisphere lesions. Overall, this study adds to the body of
research on the neural representation of verbs (e.g., Bedny et al.,
2008; Caramazza et al., 2014; Crepaldi et al., 2013; De Zubicaray
et al., 2013; Giacobbe et al., 2022; Kemmerer et al., 2012; Riccardi
et al., 2019; Solana et al., 2024).

4.3 Training induced neural plasticity and
individual differences

The third research question investigated training-induced
neural plasticity across the two participants for trained and
untrained verbs. We hypothesized that post-training activation
patterns for trained verbs would approximate the compensatory
verb network (i.e., the network engaged in successful verb naming
at baseline). Further, we hypothesized that the PWA with a larger
post-training effect size would show a greater recruitment of the
neurotypical verb network as well as a greater upregulation of
brain activity (Johnson et al., 2019; Simic et al., 2023). Both of
these hypotheses were supported for trained verbs, and are in
line with prior research (Marcotte et al.,, 2013; Thompson et al.,
2013; Yourganov et al.,, 2016. Following verb training, AP96/s verb
naming activations showed an approximation to his compensatory
verb network (Table 4 for AP96). This approximation was observed
for both manipulable (Baseline (CM > IM) > Post-training
(CM > IM)) and non-manipulable (Baseline (CNM > INM)
> Post-training (CNM > INM)) verbs. AP96, with the larger
magnitude of improvement, showed relatively more upregulation
in his compensatory verb network while the participant with the
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modest effect size mostly showed relatively more downregulation.
These individual differences in treatment outcomes suggest that
more effective verb training occurs when (1) PWA have a more
extensive compensatory verb network at baseline (Johnson et al.,
2019; Kristinsson et al., 2022), and (2) increase engagement
of this compensatory network during verb training instead of
decreasing engagement of this network or recruiting newer/other
brain regions. This suggests that the TVT strengthened the pre-
existing successful verb naming strategies and neural networks and
extended this to the trained verbs for AP96.

There were two other noteworthy results. In both participants,
unlesioned regions of the neurotypical verb network (which
were also part of the compensatory verb network) showed a
downregulation following verb training, for both manipulable
and non-manipulable verbs (Figure 6 and Table5). A similar
downregulation following verb training was reported by Durand
et al. (2018), but contrasts Thompson et al’s (2013) finding of
upregulation. While the reason for this downregulation across both
participants is unclear, other authors have attributed post-training
downregulation to automatization or increased efficiency of word
retrieval (Thompson et al., 2013). The second interesting finding
was the change in neural activation for untrained non-manipulable
verbs despite no significant behavioral gains for both participants,
including approximation toward the compensatory verb network
and downregulation of the neurotypical verb network. While these
changes could suggest that neural engagement precedes behavioral
change (Warraich and Kleim, 2010), further research is needed to
better understand if this change is a reliable neuroplastic pattern.

4.4. Conclusions, limitations, and future
directions

This study is an early step in examining the efficacy of
TVT, advancing the understanding of verb semantics, and neural
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TABLE 5 Significant clusters of >100 voxels for whole brain analysis contrasts of interest.

AP66 AP96

Coordinates Volume Coordinates

A. Compensatory verb network

L Frontal Pole (-20, 40,—22) 178 L Frontal Pole (-22,56,—2) 3395
— — — L Pars Opercularis (-56, 18, 24) 151
L Middle Frontal Gyrus (-52, 30, 26) 121 — — —
— — — L Postcentral Gyrus (-60,—10, 32) 1009 180
(-10,—38, 52)
L Putamen (-22,18,—8) 192 — — —
L Pallidum (-12,—4,0) 163 — — —
L Middle Temporal Gyrus, (-68,—42,—14) 395 — — —
Posterior Division
— — — L Supplementary Motor Cortex (-12,—10, 44) 118
— — — L Supramarginal Gyrus, Posterior (-64,—46, 22) 799
Division
— — — L Cerebellum (-30,—36,—46) 151
— — — L Brain Stem (0,—30,—40) 135
R Frontal Pole (30, 60, -10) (46, 184 R Frontal Pole (28, 60,—8) 255
38,32) 174
— — — R Superior Frontal Gyrus (6, 14, 60) 638
— — R Pars Opercularis (60, 22, 22) 847
R Caudate (14, 18,—6) 167 — — —
— — — R Temporal Pole (40, 12,—22) 2011 146
(40, 14,—30)
B. Manipulability - manipulable
i [ -] [
C. Manipulability — non-manipulable
: [ - ] I —
D. Training-induced plasticity: trained verbs - upregulation
L Frontal Orbital Cortex (-4, 2,—20) 462 — — —
R Frontal Pole (24, 64,—16) 447 — — —
— — — R Precentral Gyrus (58, 6,22) 185

E. Training-induced plasticity: trained verbs - downregulation

L Superior Frontal Gyrus (-4, 20, 52) 298 — — —
L Subcallosal Cortex (0, 30,—6) 151 — — —
L Thalamus/L Caudate (-10,0,0) 282 — — —
R Frontal Orbital Cortex (42, 26,—6) 832 — — —
R Frontal Pole (30, 60, -10) (46, 343 — — —
38, 34) 259
R Subcallosal Cortex (0, 30,—6) 151 — — —
R Postcentral Gyrus (46,—28, 68) 112 — — —
R Brain Stem (2,—38,—46) 215 — — —

F. Training-induced plasticity: trained verbs — approximation of incorrect verbs into compensatory verb network

— — — L Supramarginal Gyrus (-60,—40, 40) 100
— — — R Middle Frontal Gyrus (40, 4, 60) 146
(Continued)
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TABLE 5 (Continued)

10.3389/flang.2025.1560115

AP66 AP96
Coordinates Volume Coordinates

— — — R Superior Temporal Gyrus, (66,—28, 8) 866221
Posterior Division (62,—10,—4)

— — — R Occipital (12,—88, 40) 1047
Pole/Cuneus/Precuneus

G. Training-induced plasticity: untrained verbs - upregulation

H. Training-induced plasticity: untrained verbs - downregulation

— — — L Precuneus (-12,—58, 6) 239

— — — L Occipital Pole (-36,—92, 16) 149

— — — L Cerebellum (-26,—68,—22) 137

L Putamen (-22,10,0) 161 — — —

I. Training-induced plasticity: untrained verbs — approximation of incorrect verbs into compensatory verb network

— — — L Postcentral Gyrus (-30,—30, 70) 146 117

(-56,—20, 46)
— — — R Precentral Gyrus (30,—18, 70) 230

(A) Compensatory verb network = (CM + CNM) > Signs during the Baseline session. (B) Manipulability - Manipulable = CM > CNM during the Baseline session. Non-manipulable = CNM >
CM during the Baseline session. (C) Training-induced plasticity: trained verbs - upregulation = (Post-training (IM > Signs)) > (Baseline (IM > Signs)). (D) Training-induced plasticity: trained

verbs - downregulation = (Baseline (IM > Signs)) > (Post-training (IM > Signs)). (E) Training-induced plasticity: trained verbs — approximation of incorrect verbs into compensatory verb

network = (Baseline (CM > IM) > Post-training (CM > IM)). (F) Training-induced plasticity: untrained verbs - upregulation = Post-training (INM > Signs) > Baseline (INM > Signs). (G)

Training-induced plasticity: untrained verbs — downregulation = Baseline (INM > Signs) > Post-training (INM > Signs). (H) Training-induced plasticity: untrained verbs — approximation of
incorrect verbs into compensatory verb network = (Baseline (CNM > INM) > Post-training (CNM > INM)). CM, correct manipulable; CNM, correct non-manipulable; Signs, signs (control
condition). Coordinates represent the location of maximum parameter estimate values in MNI space (x, y, z). Region labels determined by Harvard-Oxford Cortical Structural Atlas. Some

clusters may extend into other anatomical regions; the region labels represent the location of the maximum values. Cluster volumes shown as number of voxels within MNI 2mm space. R, right

hemisphere; L, left hemisphere. Regions listed in order of anatomical location. Non-overlapping or absent regions between participants shown by —.

plasticity associated with verb deficits and verb training in PWA.
This study is along the tradition of small N studies in aphasiology
which serve to test initial hypotheses of novel concepts (e.g.,
Durand et al, 2018 with N = 2 and Thompson et al, 2013
with N = 4). In terms of proof-of concept, TVT showed efficacy
for verb learning and there were neuroplastic changes associated
with verb learning in both participants. Generalization and FMRI
data showed no support for manipulability as a semantic feature
of verbs. Individual differences in response to training and
neuroplasticity supported prior findings of the role of aphasia
severity, lesion volume and baseline compensatory activity on
outcomes. There are a few limitations of this study. First, the sample
size of this study warrants caution in the conclusions about the
efficacy of TVT and related neuroplastic changes. Secondly, as
mentioned in the Discussion section, it is an open question whether
a longer and more intense intervention would have resulted in
improvement in untrained verbs. As for neuroplasticity, having
more than one Baseline fMRI scan would have helped to delineate
any scan-to-scan variability in brain activity from training-
induced changes. The FMRI paradigm did not include untrained
manipulable verbs condition that would have allowed us to examine
neural plasticity associated with overlap in manipulability (we
only had an untrained non-manipulable verbs condition). The
very different lesion volumes of the two participants complicated
the interpretation of individual differences in neural activity.
Future research that includes a larger more diverse group of
PWA, variation in treatment dosage, multiple fMRI baselines,

Frontiersin Language Sciences

treating lesion volume as a co-variate in FMRI analysis, and using
additional neuroimaging markers such as structural and functional
connectivity would improve our understanding of verb deficits and
verb training outcomes in PWA.
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