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Abstract

Introduction: Feedback is a fundamental aspect of aphasia treatments. However, learning from
feedback is a cognitively demanding process. At the most basic level, individuals must detect
feedback and extract outcome-related information (i.e., feedback processing). Neuroanatomical
and neuropsychological differences associated with post-stroke aphasia may influence feedback
processing and potentially how people with aphasia (PWA) respond to feedback-based treatments.
To better understand how post-stroke aphasia affects feedback-based learning, the current study
leverages event-related potentials (ERPS) to (1) characterize the relationship between feedback
processing and learning, (2) identify cognitive skills that are associated with feedback processing,
and (3) identify behavioural correlates of feedback-based learning in PWA.

Methods: Seventeen PWA completed a feedback-based novel word learning task. Feedback
processing was measured using the feedback-related negativity (FRN), an ERP hypothesized to
reflect the detection and evaluation of outcomes communicated via feedback. Individuals also
completed neuropsychological assessments of language (phonological processing, verbal short-
term memory) and executive functioning.

Results: PWA elicited an FRN that was sensitive to feedback valence. The magnitude of the
FRN was not associated with novel word learning but was strongly correlated with performance
on another feedback-based task, the Berg Card Sort. Cognitive variables (information updating,
selective attention) but not language variables were associated with novel word learning.

Discussion & Conclusion: For PWA, feedback processing may be associated with learning
in some but not all feedback-based contexts. These findings may inform future research in
determining which variables moderate the relationship between feedback processing and learning
with the long-term goal of identifying how feedback can be modified to support successful
learning during aphasia rehabilitation.
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Introduction

Aphasia affects two million Americans and may impact quality of life more than cancer

and Alzheimer’s Disease (Lam & Wodchis, 2010; National Institute on Deafness and Other
Communication Disorders, 2015) making rehabilitation aimed at improving communication
of the utmost importance. Aphasia treatments are effective at the group level (Brady et al.,
2016; Breitenstein et al., 2017; Robey, 1998); however, there is a substantial amount of
unexplained individual-level variability in outcomes (Charidimou et al., 2014; Lazar et al.,
2008). Heterogeneity in rehabilitation outcomes has driven researchers to identify variables
that may affect how well one responds to behavioural interventions for aphasia with the goal
of personalizing aphasia treatment (for discussion see Kristinsson et al., 2022).

Cognitive abilities, for example, are variable in people with aphasia (PWA) (Fonseca et al.,
2019; Marinelli et al., 2017) and have been identified in several studies as predictive of
aphasia treatment response (Dignam et al., 2016; El Hachioui et al., 2014; Gilmore et al.,
2019; Lambon Ralph et al., 2010; Senidw et al., 2009). Cognitive abilities likely play a
central role in supporting learning during rehabilitation. In rehabilitative contexts, learning
occurs when repeated training experiences confer durable change to the neural systems
being targeted by an intervention. Research in neurorehabilitation has found that variations
in treatment administration can influence the learning mechanisms engaged and ultimately,
the cognitive skills necessary for treatment success (Baddeley & Wilson, 1994; Kearney et
al., 2019; Levin & Demers, 2021). Similarly, differences in how aphasia interventions are
administered are thought to influence the mechanisms of learning engaged; however, how
these differences in administration specifically influence the cognitive skills necessary for
successful learning remains relatively unknown (Nunn et al., 2023).

Learning from feedback, for example, is fundamental to many aphasia treatments
(Simmons-Mackie et al., 1999; Sze et al., 2021) and is hypothesized to place additional
demands on learning systems. We define feedback as a signal from an external source on the
accuracy of an action. During feedback-based learning, individuals perform an action (e.g., a
naming attempt) and receive feedback from an external source on the accuracy of that action
(e.g., “that’s not right”). To use this feedback, individuals must detect the feedback and its
valence (positive or negative) and generate a corresponding neural signal that will influence
future actions (henceforth called “feedback processing™) (Holroyd & Coles, 2002; Luft,
2014). This signal is hypothesized to play a critical role in error-driven Hebbian learning

by altering the strength of connections between neurons (O’Reilly et al., 2017). In aphasia
rehabilitation, this error-detection mechanism has been described as one of three cognitive
skills that prevent learners from reinforcing erroneous responses (Fillingham et al., 2003;
Lambon Ralph & Fillingham, 2007). Errors must first be detected (either via self-monitoring
or feedback) (Ohlsson, 1996; Postma, 2000). Then, internal representations must be updated
with the correct response (e.g., Exton-McGuinness et al., 2015; Metcalfe & Eich, 2019)

and attentional-executive skills must support learners in temporarily pausing learning or
reinforcing the correct response over the error (Fillingham et al., 2003; Lambon Ralph &
Fillingham, 2007).
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Critically, the ability to process feedback may be affected in some people with aphasia
which in turn can affect their ability to learn successfully in feedback-based contexts. For
example, Vallila-Rohter and Kiran (2013) found that not all individuals with post-stroke
aphasia were able to learn in a feedback-based nonlinguistic task. Similarly, Pefialoza et

al. (2016) found that during a feedback-based novel word learning task, PWA with lesions
to frontal brain regions that are known to support executive skills, and potentially feedback-
based learning, had difficulty learning novel words. Characterizing feedback processing
ability in PWA may clarify how treatment ingredients such as feedback may place demands
on cognitive systems and potentially contribute to variability in treatment response.

Electrophysiological measures can be used to measure feedback processing and determine
the extent to which it affects feedback-based learning in PWA. Event-related potentials
(ERPs) represent electrical brain activity that is collected from electroencephalographic
(EEG) data through signal averaging (Sur & Sinha, 2009). Each ERP is associated with
distinct cognitive or sensory processes (Sur & Sinha, 2009). The feedback-related negativity
(FRN), for example, is a measure of feedback processing. Specifically, the FRN is thought to
represent a prediction error elicited by feedback (Holroyd & Coles, 2002; Talmi et al., 2013)
and be a product of the dorsal anterior cingulate cortex (Becker et al., 2014; Hauser et al.,
2014; Holroyd & Coles, 2002; Nieuwenhuis et al., 2002). The FRN is associated with the
extraction of outcome-related information and relatedly, is larger when elicited by negative
relative to positive feedback (Miltner et al., 1997; Sambrook & Goslin, 2015; Williams et
al., 2021). Critically, the magnitude of the FRN is strongly related to learning outcomes
(Arbel et al., 2013, 2014, 2017; Arbel & Wu, 2016; Luft, 2014; van der Helden et al., 2010).
In a review paper, Luft et al. (2014) found that the FRN magnitude consistently predicted
learning outcomes in error-based contexts. The well-established relationship between the
FRN and learning makes it an ideal measure to elucidate whether impairments in the
processing of feedback affect feedback-based learning for PWA.

There are neuroanatomical and neuropsychological reasons to suspect feedback processing
may be affected in PWA.. Activation in the anterior cingulate cortex (hypothesized neural
generator of the FRN) can be variable in individuals with post-stroke aphasia (Abel et al.,
2015; Brownsett et al., 2014; Fridriksson et al., 2009). Fridriksson et al. (2009) found that
individuals with greater anterior cingulate cortex activation had better treatment outcomes.
Fridriksson et al. (2009) hypothesize that this association is not because the anterior
cingulate cortex supports language but because it supports error detection. Individuals who
can detect errors may have better outcomes because they can make behavioural adjustments
to avoid repeating errors. This work provides evidence that neural systems that support
learning from feedback can be affected in PWA and their functional integrity may influence
treatment outcomes.

Neuropsychological variables, such as executive functioning skills, may also affect feedback
processing and ultimately, learning. Executive functions such as information updating

and mental set shifting may influence the stimulus-response associations held in working
memory and predictions about the valence of upcoming feedback. The FRN is thought to

be larger when an outcome differs from what is expected (Holroyd & Coles, 2002; Talmi

et al., 2013) and thus, its magnitude may be sensitive to the accuracy of one’s predictions
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about feedback. Kabor et al. (2015) found evidence to support this hypothesis. In their
study, individuals with better executive skills (measured by computing the mean of the
three standardized values of a verbal fluency task, listening span task, and Go/No-Go task)
had larger FRN magnitudes following feedback during a decision-making task (Kobor et
al., 2015). Attention may also influence the magnitude of the FRN even though the FRN
does not specifically reflect attentional allocation. Selective attention is used to identify
environmental cues relevant to learning and possible responses, both of which are thought
to be used for computing prediction errors like the FRN (Rmus et al., 2021). Supporting
this notion, individuals with reduced attention, such as individuals with attention deficit/
hyperactivity disorder show smaller magnitude FRNs (Gong et al., 2014; Xiao et al., 2015).
Importantly, selective attention, information updating, and mental set shifting are executive
skills that can be impaired in individuals with post-stroke aphasia (Christensen & Wright,
2010; Fonseca et al., 2019; Fridriksson, Nettles, et al., 2006; Mohapatra & Marshall, 2020;
Murray, 2012; Purdy, 2002; Simic et al., 2020) EI Hachioui et al. (2014) found that 46.4%
of PWA 3-months post-stroke and 35.5% of PWA 1-year post stroke had scores on at least
one of the following assessments indicating executive dysfunction: Wisconsin Card-Sort
Task (Lineweaver et al., 1999), Trail-Making Tests (Reitan, 1958), and Weigl Sorting

Test (Laiacona et al., 2000). A better understanding of the relationship between feedback
processing and executive skills in PWA would support clinicians in identifying which
individuals may have difficulty processing feedback. Additionally, correlating ERPs with
neuropsychological variables may improve the clinical utility of ERPs in aphasia research
(Silkes & Anjum, 2021).

Despite the potential cognitive demands of feedback-based learning, there are benefits to
feedback-based learning contexts. In naming treatment, for example, research has identified
robust advantages in the retention of treatment gains when training requires effortful
retrieval of targets from long-term memory (for review see Nunn et al., 2023). While
effortful retrieval does not encourage error production, errors do occur, which benefit from
feedback (see evidence in psychology: Butler & Roediger, 2008; Pashler et al., 2005).
Furthermore, clinical interventions that intentionally reduce errors and thus, the need for
feedback, have been criticized as potentially being ineffective at engaging clients with mild-
moderate naming impairments (Conroy et al., 2009; Lacey et al., 2004, cf. Fillingham et al.,
2006). Finally, it is difficult, if not impossible, to eliminate errors from aphasia rehabilitation
due to intraindividual variability and concomitant conditions such as apraxia of speech.
Thus, it may be more practical to aim to (1) identify individuals who do not learn efficiently
from feedback and (2) determine how clinicians can modify feedback to support learning

at the individual level. The benefits of feedback-based learning on long-term retention and
client engagement, in addition to its ability to be modified within treatment contexts, make a
closer examination of feedback-based learning in PWA highly relevant.

The current study aimed to (1) determine whether feedback processing measured via the
FRN is associated with learning, (2) evaluate the relationship between feedback processing
and executive functioning ability, and (3) identify behavioural cognitive and language
variables that correlate with feedback-based learning. To achieve these objectives, PWA
completed a feedback-based novel word learning task. Novel word learning tasks have
previously been used in aphasia to gain insight into underlying mechanisms that support
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language rehabilitation (Breitenstein et al., 2004; Dignam et al., 2016; Freedman & Martin,
2001; Gupta et al., 2006; Kelly & Armstrong, 2009; Pefialoza et al., 2016, 2017; Tuomiranta
et al., 2011). Importantly, novel word learning ability has been shown to predict treatment
response in PWA, suggesting it has prognostic value (Dignam et al., 2016). Thus, insights
into the relationship between feedback processing and novel word learning task may have
direct implications for treatment and support the long-term goal of identifying ways that
feedback administration can be modified to complement PWAS’ learning and language
abilities.

This study was approved by the Institutional Review Board (IRB) of Mass General Brigham.
Twenty PWA consented to participate in this study. Three participants were deemed
ineligible (two due to stroke location and one did not meet the criteria necessary to be
considered aphasic) resulting in a sample size of 17. See Table 1 for the demographic
variables of participants. All eligible participants had aphasia due to a left hemisphere
stroke. Participants did not report concomitant neurologic or psychiatric conditions. Due to
the linguistic and visual demands of the task, all participants were fluent English speakers
and passed a pure-tone hearing screening unilaterally with or without hearing aids. All
participants scored at least a 42/60 on the Western Aphasia Battery — Revised (WAB —

R) Yes/No Questions sub-test (Kertesz, 2007), had vision that was normal or corrected-to-
normal per self-report, and passed the line-bisection task in the Comprehensive Aphasia
Test (Swinburn et al., 2004) to screen for visual inattention. One participant had a history
of right inattention which had been remediated.l Aphasia severity was characterized using
the WAB — R. The WAB-R was double-scored by the first author (KN), the third author
(SVR), and a graduate research assistant. Any disagreements were resolved between raters.
All participants scored below the WAB-R aphasia quotient cut-off of 93.8.

Cognitive and Linguistic Measures

Participants completed standardized cognitive and language assessments that have
previously been used with PWA (DeDe et al., 2014; Fillingham et al., 2005b; Laures-

Gore & Rice, 2019; Martin et al., 2018; L. L. Murray, 2012; Simic et al., 2020; Vallila-
Rohter & Kiran, 2013; Villard & Kidd, 2019). Language and cognitive behavioural
measures are described in Table 2. Previous research has identified that language variables
including phonological processing and verbal lexical-semantic short-term memory (STM)
are correlated with novel word learning ability (Gupta et al., 2006; Pefialoza et al., 2016,
2017; Tuomiranta et al., 2011). Thus, these linguistic variables were used to account for the
effect of language severity on novel word learning rather than an overall WAB-R aphasia
quotient which (1) includes sub-tests of language domains less central to our novel word
learning task (e.g., spontaneous speech content and fluency) and (2) collapses performance
across several language domains which can be affected to varying degrees in a single

110 verify that this participant did not have a response preference, we calculated the percent of responses that were for the target on
the left and the right. The participant chose the item on the left 48% of the time and the item on the right 52% of the time indicating no
response bias secondary to a history of visual inattention.
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individual. To increase the reliability and validity of the measures we created composite
scores (Murray et al., 2018). Of note, for the Berg Card Sorting Test (BCST, Fox et al.,
2013), administered to assess mental set switching, nine participants completed the 128-card
version of the BCST which was later reduced to the 64-card version due to participant
fatigue. Scores on the 128-card and 64-card versions of the BCST are comparable (Fox et
al., 2013).

Novel word Learning Task

Participants underwent training to learn the novel word names of 30 unfamiliar objects (see
Figure 1). The unfamiliar objects were randomly selected from Kroll and Potter (1984). To
control for naturalness, any items rated on average by Kroll and Porter (1984) as looking
“very much” (< 2 on a 7-point scale) or “nothing at all” (> 6 on a 7-point scale) like a real
object were removed. Next, the first author identified objects that were visually similar to
one another and replaced them with the next randomly selected image.

The novel words were from the ARC Novel Word Database (Rastle et al., 2002). All novel
words were three-letter consonant-vowel-consonant (CVC) forms that followed English
phonological and orthographic constraints (e.g., /teem/, spelled “tam™). A list of generated
novel words was evaluated by three independent reviewers who identified whether any of
the novel words were pre-existing words, abbreviations, or slang. Once the thirty novel
words and objects were selected, they were divided into three sets of ten. Each set contained
two words with each vowel, < 2 words with the same onset, and no minimal pairs. The
naturalness rating of the unfamiliar objects across sets was not significantly different (o>
.05).

Training—Each set (ten novel words per set, three sets total) was trained separately such
that training for the next set did not begin until training for the previous set had been
completed. Sets were trained over seven learning rounds and each round consisted of 10
trials (i.e., one trial per novel word). Altogether, each novel word was presented seven
times resulting in a total of 210 trials during training over the three sets (See Figure 2).
During training, participants were instructed to use feedback to learn the correct names for
the unfamiliar objects. In each trial, participants heard and saw a novel word and saw two
unfamiliar objects — a target and a foil — which remained on the screen for 5000 ms or until
a response. Participants selected the object they believed was referred to by the novel word
via a button-press and received immediate visual feedback on the accuracy of their response
(See Figure 1). Of note, for each trial, the foil object was the correct referent of another
novel word trained in the same set. During training, each target was only paired with each
foil once. The order of the novel words and images was pseudorandomized to ensure that
there were at least two trials between subsequent presentations of the same object.

Testing—Testing trials mirrored training except that feedback was not provided. To reduce
inflated accuracy due to chance, during each test, each novel word was probed twice. Novel
words were only considered “learned” if they were identified correctly on both probes within
a test. Thus, chance performance was 25%. Learning was probed at three time points (See
Figure 2): immediately after the training of that set (immediate test), after a ~15-minute
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delay (same day test), and the next day, ~24 hours (next day test). For one participant, the
next day test occurred ~48 hours after training due to scheduling constraints.

EEG Recording and Signal Processing

EEG was collected during training using a GES 400 system by Electrical Geodesics, Inc
to assess feedback processing. Prior to training, participants were fitted with a 32-channel
HydroCel Geodesic Sensor Net from EGI. During training, the electrode impedances were
kept below 50 kQ. EEG was continuously recorded at a 1000 Hz sampling rate and
amplifiers were set to a band-pass of 0.1 Hzto 30 Hz The continuous EEG signal was
time-locked to the onset of feedback and segmented into 1000 ms long epochs (200 ms
before and 800 ms after feedback) which yielded ERPs that reflected cortical activity
associated with feedback processing.

Offline EEG data processing was performed using MATLAB scripts (The MathWorks Inc.,
2022) and EEGLAB toolbox (Delorme & Makeig, 2004). The channel spectra were plotted
and used to identify and remove noisy channels (e.g., channels that may have made contact
with participants’ face masks). Next, the epochs were visually inspected to identify and
remove movement artifacts. On average, 2.5 epochs were removed per participant. The
signal was re-referenced to the average reference and baseline corrected using the signal 200
ms prior to feedback presentation. Independent component analysis was then used to detect
and remove eye movements and blinks.

EEG Data Analysis

To identify the electrode that best captured the FRN, a topographic plot was created and
represented the brain activation across all electrode channels using the activity between

200 and 330 ms after feedback (Figure 3). FCz is often used to capture the FRN in

healthy adults (Sambrook & Goslin, 2015) as well as adults with neurologic injury (Larson
et al., 2007; Osbhorne-Crowley et al., 2016). In the current sample, FCz was detected as

the electrode which showed the greatest difference in activation for positive and negative
feedback. Therefore, ERP data from FCz in response to positive and negative feedback
were extracted for each participant. Latency correction was performed to compensate for
latency variability which is common in older adults. A time-window selection method was
used (Luck & Gaspelin, 2017; Picton et al., 2000). Via visual inspection, we identified

that the FRN peak occurred between 200 and 330 ms. Thus, for each participant, the most
negative value between 200 and 330 ms after feedback was identified and aligned across
participants resulting in epochs that were 870ms Iong.2 Averaged data from each participant
was then submitted to a temporal principal component analysis with Promax rotation (Dien,
2010; Spencer et al., 2001). Temporal principal component analysis facilitated the analytic
reduction of the temporal dimensionality of the data (Spencer et al., 2001). Seven temporal
factors accounted for 74.36% of the variance in the data. The first temporal factor was
identified as aligning with the activity reflecting the FRN. Factor scores from temporal

2To ensure that latency correction did not impact findings, analyses were run with both the latency and non-latency corrected data.
Significant findings were the same across data sets. Latency corrected data is presented here for visual clarity of figures.
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factor one were extracted and represented the relative magnitude of each participant’s FRN
to negative and positive feedback.

Statistical Analysis

Results

Training accuracy was calculated as percent correct and averaged across all three sets to
obtain a single score for training. For the testing data, the dependent variable was proportion
learned at each testing point. The number of times a target was identified accurately was
calculated. Targets that were identified accurately two out of two times in a test were

scored as “learned”. The proportion of novel words learned out of 30 was then calculated
for each participant. For the immediate test, the proportion learned was averaged across

all three sets to obtain a single immediate test score. In calculating composite scores for
cognitive measures, we examined correlations between the raw sub-assessment scores. All
sub-assessments within proposed composites showed medium to large positive correlations
among one another. Thus, it was deemed acceptable to create composite scores with the
intended sub-assessments. Raw sub-assessment scores were then converted to zscores and 2
scores were averaged together for each participant to create composites.

All statistical analyses were performed in R Studio (R Core Team, 2021). To evaluate
whether response accuracy improved over training a repeated measures ANOVA (DV:
accuracy in training, 1V: training rounds 1 through 7) was conducted. To determine if the
proportion of novel words learned correlated with the FRN magnitude, partial correlations
were calculated to control for previously identified predictors of novel word learning
(phonological processing, verbal STM). Pearson’s rcorrelation coefficients were calculated
to measure the relationship between (1) executive functioning and the FRN magnitude and
(2) language and cognitive behavioural measures and learning.

Non-Word Learning

The assumption of Mauchly’s test for sphericity was not significant (p = .11) allowing for
the planned repeated measures ANOVA to evaluate learning during training. Examining
accuracy across the seven rounds revealed a main effect of training round, ~(1, 16) =17.1, p
=.001, n2 = 0.52. Pairwise comparisons with a Holm correction revealed significantly lower
accuracy on round one (M= .44, SD = .08) relative to rounds five (M= 0.60, SD=0.12, p
=.01) and seven (M= 0.65, SD=0.14, p<.001); round two (M= 0.53, SD = 0.10) relative
to round seven (p = .049); and round four (M= 0.53, SD = 0.15) relative to round seven (p =
.01). Therefore, participant performance at the group level improved over the training rounds
(Figure 4).

To ensure that the proportion of novel words learned did not differ across training sets, we
conducted a three (item set: set one, set two, set three) by three (test interval: immediate,
same day, next day) repeated measures ANOVA. There were no significant main or
interaction effects suggesting equivalent performance across all sets at all testing intervals.

The proportion of items learned was above chance (25%) on the immediate test (/= 0.37,
SD=0.19), same day test (M= 0.41, SD=0.22), and the next day test (A/=0.40, SD =
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0.16). See Figure 5 for a boxplot showing the distribution of the data across testing intervals.
Pairwise comparisons revealed no significant differences in the proportion of novel words
learned across testing intervals (p > .05). Performance was variable across participants, with
a small subset of participants performing below chance: immediate test (7= 5), same day
test (7= 4), and next day test (/7= 2). Only one participant performed below chance across
all test points. All participants who performed below chance at any test point demonstrated
they understood the task by consistently and accurately responding (>75% accuracy) to a
small portion of items (median: 6, min: 2, max: 18) during training. See Appendix 1 for
individual learning and composite scores.

Feedback Processing

The grand average waveform (Figure 6) represents the average FRN for all 17 participants.
A negative going deflection in the expected window of the FRN peaked at approximately
270 ms after feedback. A two-tailed dependent samples t-test revealed a larger (more
negative-going) FRN magnitude in response to negative feedback (M= 0.35, SD = 1.00)
relative to positive feedback (M= 0.54, SD=1.01), £(16) = 2.84, p= .01 (Figure 7), as is
typically observed with the FRN (Miltner et al., 1997; Sambrook & Goslin, 2015; Williams
etal., 2021).

Feedback Processing and Learning

We computed partial correlations to determine whether the FRN magnitude to positive

or negative feedback was associated with learning when controlling for phonological
processing and verbal STM. No partial correlations were statistically significant (Table 3).
Zero-order correlations (Pearson’s r) were also non-significant.

Cognitive Correlates of Feedback Processing

To evaluate whether feedback processing was associated with cognitive scores, we computed
Pearson’s r correlation coefficients between cognitive measures and the FRN magnitude

to positive and negative feedback. Correlations between the FRN to positive and negative
feedback and the updating composite, positive: r=-.21, p=.41; negative: r=-.18, p= .48
and attention composite, positive: r=-.05, p=.85; negative: r<.001, p= 1 were small

and not significant. However, the correlation between the percent correct on the BCST and
the FRN to positive feedback was large and significant, r=-.52, p=.03 (Figure 8). A
negative correlation coefficient indicates that higher scores on the BCST were associated
with a larger magnitude FRN to positive feedback. There was a trending but non-significant
relationship between BCST and the FRN to negative feedback, r=-.40, p=.11. The
relationship between the BCST and FRN positive feedback did not remain significant after a
Holm correction for multiple comparisons was applied.

Given that the relationship between the FRN and learning is well-established, it was
reasonable to consider that a third variable may have influenced the relationship between
these two variables. Verbal STM, for example, may support individuals in keeping

novel words in memory making feedback that is detected more useful. To inform future
quantitative work, we evaluated and qualitatively described interaction plots between
behavioural composites and feedback processing. Data indicated a potential cross-over
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interaction between verbal STM and FRN magnitude and attention and the FRN magnitude
at the same-day and next-day tests, respectively (Figure 9). Individuals who had verbal
STM or attention composites at least 1 SD above the mean appeared to show the expected
negative relationship between the FRN magnitude and learning, while individuals with
scores 1 SD below the mean did not.

Behavioural Correlates of Learning

Figure 10 displays a correlation matrix between all dependent and independent variables and
Table 4 contains the mean sub-assessment scores used to calculate composites. Pearson’s r
correlation coefficients were computed to determine whether cognitive or linguistic variables
were associated with the proportion of novel words learned. There were no significant
correlates of performance at the immediate test. At the same-day test, the relationship
between verbal STM and the proportion of items learned was no longer significant once

we applied a Holm correction for multiple comparisons, r= .51, p=.038. At the next-day
test, attention, r= .62, p=.004 and information updating, = .65, p=.008 showed large
positive correlations with the proportion of novel words learned which remained significant
after correcting for multiple comparisons. The correlation between proportion learned at the
next day test and phonological processing approached significance, r= .48, p=.05.

Discussion

The current study evaluated the relationship between feedback processing and novel word
learning in PWA. First, PWA demonstrated above-chance performance, thus demonstrating
successful learning. The number of novel words learned varied across participants and
only one participant performed below chance across all three test points. Overall, the

novel word learning results provide additional evidence that individuals with post-stroke
aphasia can learn in feedback-based contexts (Pefialoza et al., 2016). There was no
significant difference in the proportion of novel words learned across the three testing
intervals, indicating maintenance of novel words learned. The design of the feedback-based
training may have supported retention by engaging individuals in repeated instances of
testing (i.e., opportunities to retrieve the correct object for a novel word from memory).
The “testing effect” is a well-studied phenomenon in education that demonstrates that
learned information is retained better when it is “tested” rather than “restudied” (i.e.,
reviewed without opportunities for retrieval) (Rowland, 2014) and is applicable to naming
treatment for aphasia (Middleton et al., 2015). The current study did not have a restudy
condition and thus, we cannot conclude that the testing itself supported retention; however,
future comparative studies may provide useful insights into components of feedback-based
learning conditions that may be beneficial for learning for PWA.

The current paper provides the first electrophysiological investigation of feedback-based
learning in aphasia. A frontocentral negative-going waveform was identified within the
time window of the FRN. This waveform was larger for negative relative to positive
feedback, as is typical with the FRN (Miltner et al., 1997; Sambrook & Goslin, 2015;
Williams et al., 2021). These findings suggest that the FRN can be measured in people
with chronic post-stroke aphasia and that it follows a similar time course and sensitivity to
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feedback valence as adults without stroke. Niessen et al. (2020) found similar findings when
evaluating response monitoring via the error-related negativity (ERN) in individuals with left
hemisphere stroke, some of whom had aphasia. The ERN is hypothesized to be generated

by the same neural system as the FRN but is elicited when an individual realizes they have
made an erroneous response (Holroyd & Coles, 2002; Miltner et al., 1997). In their study,
the ERN was typical in those with chronic stroke but impaired in those in the subacute phase
(< 4 weeks). The findings of the current study and Niessen et al. (2020) suggest that error
monitoring as measured via ERPs may be intact in individuals with chronic aphasia due to
left hemisphere stroke. However, how error monitoring may change across stages of stroke
recovery warrants exploration, especially considering that much of language therapy occurs
during the subacute phase.

Models of gated Hebbian learning have described learning in the presence of errors as
requiring three major components: detection of errant behavior, memory and coding of
responses, and attention-executive skills important for correcting errors (Lambon Ralph

& Fillingham, 2007; Nunn et al., 2023). Our findings provide support for attention and
information updating being important for the retention of novel words learned in feedback-
based contexts. However, contrary to our expectations and previous research, we did not find
that the FRN, a measure of error detection, was associated with learning.

The FRN magnitude was strongly correlated with performance on another feedback-based
task within our study, the BCST. Interestingly, these findings suggest that the FRN is
associated with PWA'’s performance in some but not all feedback-dependent tasks. One
potential explanation for the absence of an association between the FRN and performance in
the novel word learning task is that the FRN did not entirely capture the kind of feedback
processing that was necessary for PWA to learn in this task specifically. Broadly, feedback
processing can be described as occurring in temporally distinct stages (West et al., 2012).
First, learners must detect feedback and extract information regarding the outcome of their
action (captured via the FRN); then, feedback must be used to update associations between
a stimulus and responses (Butterfield & Mangels, 2003; Li et al., 2018). The cognitive
requirements necessary to use feedback to update associations in memory may have varied
across tasks and affected the relationship between feedback processing (measured using the
FRN) and learning. Potentially relevant task differences are described below:

1 Mental operations required to associate feedback with responses. In the novel
word learning task, training stimuli were not visible when feedback was
presented. Thus, an individual needed to maintain novel words and unfamiliar
objects in STM so that feedback could reinforce the correct response. Attention
also had to be allocated to relevant aspects of stimuli that had to be recalled later.
In the BCST, stimuli were visible when feedback is presented reducing the need
to maintain previous responses in memory.

2. Time until presented feedback could be applied on future trials. In the BCST,
feedback could be used immediately on the next trial. Feedback in the novel
word learning task informed responses that occurred after several intervening
trials. If the memory trace of the correct association had faded prior to the next
presentation of the novel word, learners would be unable to reinforce and further
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strengthen the correct stimulus-response association (see Maddox et al., 2011 for
discussion on forgetting rates and spacing of training trials in older adults).

3. Timing of assessment. Performance on the BCST was assessed during training
while performance on the novel word learning task was assessed at testing
intervals that ranged from immediately after training to the next day. Measuring
outcomes during testing and not training required that novel words were
consolidated in long-term memory.

Considering these key differences, we propose that in the novel word learning task, after
feedback had been detected, updating associations in memory required additional cognitive
computations relative to the BCST. For some individuals, these cognitive demands may
have negatively affected performance, even if feedback was detected, as measured by the
FRN. As a result, the relationship between the FRN and learning was not observed in the
novel word learning task. Alternatively, in the BCST, there were fewer cognitive demands
necessary to update action-outcome contingencies and thus those who detected feedback
were more likely to learn, even if they had concomitant cognitive deficits.

To better understand the relationship between feedback processing and learning across
individuals with different cognitive profiles, we plotted the relationship between feedback
processing and learning for individuals with behavioural composites one SD above and
below the mean (Figure 9). Visual inspection indicated that those with better attention

and verbal STM (1 SD above the mean) may show the expected relationship between

the FRN and learning while individuals with lower scores (1 SD below the mean) may

not. While this relationship is anecdotal, it does provide a logical explanation of the
current findings that considers the cognitive skills necessary to learn from feedback. Future
evaluations of this hypothesis may aid in identifying which cognitive variables interact
with the relationship between feedback processing and learning, with the ultimate goal of
understanding how treatment tasks may be altered to reduce unnecessary cognitive demands
that may hinder learning. Figure 11 illustrates the potential relationship between feedback
processing, learning, and cognition and its implications for future research.

As stated above, these findings differ from previous research evaluating learning and the
FRN in adults without neurologic injury (Arbel et al., 2013; Arbel & Wu, 2016; Luft,
2014). The dissimilarity in findings may provide additional rationale for the evaluation of
ERPs within populations with varying cognitive-linguistic abilities. Interestingly, in children
between 8 and 11 years old, Arbel and Fox (2021) also found that the relationship between
the FRN and learning was affected by a third variable. Children who were older (> 10.5
years) showed the expected relationship between feedback processing and learning while
children who were younger (< 8.4 years) showed the opposite pattern. Conversely, the P3a,
an ERP associated with the post-processing of feedback and the updating of action-outcome
contingencies, predicted learning with no significant interaction with age. Age-related
changes in executive functioning are common during the early school years (Welsh et al.,
1991) and similar to PWA, differences in cognition may explain why the FRN may not

be associated with learning. How cognitive profiles influence learning in feedback-based
contexts warrants ongoing investigation.
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Prior research in people with aphasia has found relationships between phonological
processing and learning, which was not observed in the current study, potentially due

to differences in novel word learning tasks. Phonological processing, for example, has
been found to be a stronger predictor of learning when the assessment or trained material
places significant demands on the phonological system. Gupta et al. (2006) identified that
phonological processing was associated with performance when learning was assessed via
confrontation naming but not when assessed via receptive recognition. In the current task,
participants were not asked to produce novel words, only to indicate via button-press the
association between a novel word and a picture. Researchers who have found phonological
processing abilities to predict receptive performance have trained bisyllabic and trisyllabic
words (Pefaloza et al., 2016, 2017) which likely require more phonological skills relative to
the CVC words used in the current task.

The current study aimed to specifically evaluate the contribution of feedback processing

to learning and thus did not include a task without feedback. It is possible that

behavioural variables that correlated with the current feedback-based task also correlate with
performance on non-feedback-based tasks. However, this relationship cannot be evaluated
within this study. Determining how to best identify the unique demands of learning with and
without feedback and how they relate to cognitive-linguistic skills in people with aphasia is
an important area of future research that may help guide treatment selection.

The sample size limited our ability to investigate interaction effects between variables.
However, the current study may guide future research as to the sample size required to detect
an interaction between feedback processing and cognition. Additionally, our sample does not
reflect the diversity of the post-stroke aphasia population limiting our ability to understand
how individuals with varied linguistic, cultural, racial, ethnic, and educational backgrounds
may perform in feedback-based learning contexts. Importantly, we recognize that there are
known systemic racial biases in EEG research. Contact with the electrode and scalp is
affected by hair thickness, texture, and styling which predominantly influences the signal
quality and recruitment of Black and African American participants (Choy et al., 2022). We
were able to achieve acceptable scalp conductance with our participants identifying as Black
and African American; however, it is unknown if previous negative experiences with EEG
influenced the participant pool (see Choy et al. 2022 for potential developments for reducing
this bias in EEG research).

Finally, while more than 100 studies have been published using ERPs with individuals
with aphasia (Silkes & Anjum, 2021), additional work is needed to fully understand
how variables such as stroke location and time-post stroke influence the EEG signal and
interpretation.

Future Directions

Our findings indicate that for PWA, feedback-based learning may not only depend on
feedback processing but also on cognitive skills that facilitate the extraction of meaningful
information from feedback. Future research can further investigate this hypothesis by
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evaluating the relationship between the FRN and learning with a larger sample of PWA

who vary on relevant cognitive variables. Alternatively, other ERPs may provide insight into
the cognitive skills that support the post-processing of feedback and can also be evaluated

in PWA. Broadly, our study has identified that PWA can learn from feedback but that
outcomes are variable. Feedback is ubiquitous in aphasia interventions and an ingredient
that in other fields, is a known driver of learning (Kearney et al., 2019; Maas et al., 2008;
Wisniewski et al., 2020). Thus, understanding how feedback may affect learning during
aphasia rehabilitation and how clinicians can modify tasks to support learning from feedback
warrants ongoing exploration.

Conclusion

The current study evaluated the relationship between feedback processing and learning

in individuals with post-stroke aphasia. PWA showed an FRN that was sensitive to
feedback valence (larger for negative relative to positive feedback). The FRN magnitude
was not associated with novel word learning but was strongly correlated with performance
on another feedback-based task, the BCST. These findings suggest that in PWA, the
relationship between feedback processing and learning may vary across tasks. Inspecting
the relationship between feedback processing and novel word learning across individuals
with varied cognitive composite scores suggests that even those who can effectively process
feedback may not learn if using feedback has added cognitive demands (e.g., holding
previous stimuli in memory, attending to relevant stimulus dimensions). Broadly, these
findings indicate that PWA can process feedback and that this ability may be associated
with performance in some feedback-based tasks. This work contributes to a growing

area of research that aims to understand how language and learning systems work with
language systems to influence language recovery. Future research can further characterize
the relationship between individual cognitive profiles, feedback processing, and learning in
aphasia rehabilitation.
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Appendix 1.: Individual participant scores for language, cognitive,
electrophysiological, and learning measures.
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o WAS Phon oty Ao Ugiang BCST ERN RN Immalde 5o’ oy

Comp Test Test
Al 82.5 0.68 0.24 -0.83 -1.17 48.44 0.55 0.25 0.30 0.40 0.27
A2 64.0 -0.25 -1.23 -1.43 -1.48 37.50 2.95 2.96 0.20 0.33 0.37
A4 93.5 1.22 1.04 0.67 0.47 78.90 -0.06 -0.29 0.70 0.93 0.73
A5 91.7 0.19 0.95 0.32 1.17 61.72 -0.05 -0.16 0.87 0.83 0.70
A8 85.1 -1.05 -0.17 -0.69 -0.03 61.54 -097 -127 0.17 0.17 0.27
A9 89.5 0.61 1.63 -0.34 0.54 48.44 2.15 1.37 0.33 0.33 0.40
Al0 91.6 1.12 131 0.92 0.32 46.88 1.15 0.60 0.47 0.53 0.37
All 70.9 -046 -0.86 0.35 0.03 73.44 0.83 0.52 0.20 0.43 0.47
Al2 87.6 1.01 0.13 1.50 0.93 77.34 1.15 1.32 0.47 0.53 0.50
Al3 60.8 -1.00 -0.86 -0.84 -0.89 64.06 -0.42 -0.92 0.50 0.23 0.30
Ala 50.0 -2.14 -1.86 -0.94 -1.17 81.25 0.13 0.30 0.33 0.40 0.27
Al5 84.6 -0.72 0.34 0.54 0.32 76.56 0.49 0.32 0.50 0.37 0.30
Al6 66.3 0.16 -0.94 1.08 1.10 70.31 -059 -041 0.40 0.27 0.57
Al7 79.0 -0.80 -0.57 -0.82 0.13 8500 -0.71 -0.70 0.33 030 0.20
Al8 83.0 0.22 -0.10 -0.34 —-0.45 89.06 0.59 0.34 0.17 0.20 0.23
Al9 85.1 0.46 114 0.81 0.89 79.69 0.96 1.03 0.53 0.60 0.50
A20 68.6 0.74 -0.19 0.04 -0.72 53.13 1.00 0.72 0.43 0.17 0.30
Mean 78.46 66.66 0.54 0.35 41 40
(SD)  (12.69) - - -- -- (15.39) (1.02) (1.00)  .37(.19) (22)  (.16)

WAB-R AQ: Western Aphasia Battery — Revised Aphasia Quotient. Phon Comp: Phonological Composite. V-STM Comp:
Verbal Short-Term Memory Composite. Attention Comp: Attention Composite. Updating Comp: Updating Composite.
BCST %acc: Berg Card Sorting Task, percent accurate. FRN (Pos): FRN to Positive Feedback. FRN (Neg): FRN to
Negative Feedback.
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Figurel.
Illustration of a training trial with positive or negative feedback.
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Figure2.
Training structure and testing intervals.
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Figure 3.
Topographic plots of activation across all channels between 200 and 330 ms after feedback.

The difference in activation between positive and negative feedback is largest at FCz.
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Figure 4.
Mean response accuracy over training rounds one through seven.
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Figure 6.
Latency corrected grand average waveform measured at FCZ. The feedback-related

negativity (FRN) is highlighted in yellow.
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Figure7.
FRN factors scores to positive and negative feedback. Of note, because the FRN is a

negative-going waveform, a smaller factor score represents a larger magnitude FRN.
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Figure8.
Scatterplot illustrating the relationship between the FRN factor scores to positive (left) and

negative (right) feedback and the percent correct on the Berg Card Sorting Test.
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Figure9.

Visualization of the relationship between the FRN factor scores to positive feedback and
learning across participants with higher (blue) and lower (red) composite scores for verbal
short-term memory (top) and attention (bottom).
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Figure 10.
Correlation matrix showing Pearson’s rcorrelation coefficients all independent and

dependent variables.
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Figure11.
Schematic illustrating the potential relationship between feedback processing, feedback-

based learning, and cognition. Areas for future research are identified.
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Table 2.

Assessments administered to evaluate cognitive and language domains.

Phoneme Discrimination (Novel words, 1SUF)1: Participants judged if two novel words were the same or different.

Phonological
Processing 1 L . . . ]
Rhyme Judgment (Novel words, 1SUF)+: Participants judged if two novel words did or did not rhyme.
Digit Span (Pointing)l: Participants pointed to digits in serial order for lists of increasing length (1 through 7).
Discontinued when list accuracy was <50%.
Verbal STM

Word Span (Pointing)l: Participants pointed to words in serial order for lists of increasing length (1 through 7).
Discontinued when list accuracy was <50%.

Selective Attention

Map Search?: Participants identified as many target symbols as they could on a map in 2-minutes.

Elevator Counting with Distractions: Participants reported how many times they heard a target tone while ignoring
a distractor tone.

Information Updating

1-Back (Tones)3: Participants indicated if the tone they just heard was the same as the tone presented 1-back.

2-Back (Fruit)4: Participants indicated if the fruit they saw was the same as the fruit presented 2-back.

Mental Set Switching

BCST?: Participants sorted cards into piles using one of four rules which changed intermittently.

Note.

1 . . . . .

Temple Assessment of Language and Short-Term Memory in Aphasia (TALSA, Martin et al., 2018). The 1 Second Unfilled (1SUF) interval
condition of the tasks includes a 1-second interval between the two stimuli being compared and between the probe and response screen. Unfilled
means there is no distractor task during the 1-second intervals.

2Test of Everyday Attention (TEA, Robertson et al., 1996).

3Simic etal., 2020.

4Christensen & Wright, 2010.

5Berg Card Sorting Test via PEBL (Fox et al., 2013; Grant & Berg, 1948)
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Table 3

Partial correlations between FRN factor scores and learning controlling for phonological processing and verbal
STM

Immediate Test () SameDay Test (r) Next Day Test (r)
FRN to Positive Feedback ~ —.07 (p=.80) -.13 (p=.65) -.21(p= .45)
FRN to Negative Feedback .01 (p=.97) -.01 (p=.98) =11 (p=.71)
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Table 4

Means and standard deviations of cognitive and language assessments

Measure

Phonological Composite

M SD

Phonological Discrimination! (-/1) 0.77 0.12

Rhyme Judgementl (-/1)
Verbal STM Composite

Word Span (Poim‘/'ng)] (--/7)
Digit Span (Puinting)l (-/7)
Attention Composite
Map(--/80)

Elevator C‘oum‘ingz (--/10)
Updating Composite
Auditory 1-back3(~/1)

Visual 2-back*(-/1)

083 012
2.84 096
3.73 1.55
36.65 17.32
3.71 2.31
091  0.09
0.80  0.09

Switching(BCST %Correct®) (--/100) 66-66  15.39

Notes.

'ZTempIe Assessment of Language and Short-Term Memory in Aphasia (TALSA) (Martin et al., 2018).

2Test of Everyday Attention (TEA) (Robertson et al., 1996).

3Simic etal., 2020.
4, .
Christensen et al., 2010.

5Berg Card Sorting Test (Fox

etal., 2013; Grant & Berg, 1948)
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